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Geochronological constraints for the time of metamorphism in
the Gruf Complex (Central Alps) and implications for
the Adula-Cima Lunga nappe system

Anthi Liati! and Dieter Gebauer!

Abstract

The Gruf Complex, Central Alps, consists of high-grade, upper amphibolite- to granulite-facies metamorphic rocks.
Previous petrological studies of sapphirine-bearing granulites indicate maximum P-T conditions of ca. 10 kbar, 830
°C for the granulite-facies metamorphism, applicable to the whole Gruf Complex. We dated by SHRIMP zircon
domains from a sapphirine-bearing granulite in Val Codera. The rock consists of a major dark-colored part (restite)
and a minor light colored part (leucosome). Zircon occurs in both parts as relatively large, euhedral and prismatic
crystals. Cathodoluminescence (CL) imaging reveals a quite uniform zircon population, identical in both the restitic
part and in the leucosomes, with large oscillatory (magmatic) domains, often surrounded by metamorphic rims with
bright, homogeneous CL-characteristics. No inherited cores were found inside the oscillatory domains. Five spots on
the oscillatory domains of zircons from both the restite and the leucosomes yielded a weighted mean age of 272.0 £
4.1 Ma (95% c.l.), interpreted to reflect the crystallization time of the magmatic protolith. The consistent Permian
ages obtained from different zircon crystals, together with the large crystal size, the uniformity in zircon morphology
and CL-characteristics, as well as the lack of inherited cores point to a magmatic protolith. This is at variance with the
generally accepted view that these rocks are of metapelitic origin. Six spots from the metamorphic rims yielded a
weighted mean age at 32.7 = 0.5 Ma. This age is identical to granulite-facies ages of crustal and mantle rocks in
different parts of the Adula-Cima Lunga nappe system (e.g.,Alpe Arami, Cima di Gagnone). The new SHRIMP data
strongly favour the view that the sapphirine-bearing granulites are restites formed during Alpine partial melting of
Permian granitoids. Moreover, they are in agreement with the previous view that the Gruf Complex belongs to the
Adula-Cima Lunga nappe system, i.e. that it is part of the European margin. Thus, this area of the Central Alps
compares well with the geotectonic position of the Dora Maira and the Monte Rosa nappes in the Western Alps,
which have recently been interpreted to belong also to the European margin, tectonically emplaced from below and
to the south of the Brianconnais nappes.

Keywords: Gruf Complex, Adula nappe, Central Alps, SHRIMP-dating, U-Pb geochrenology, zircon, granulites.

1. Introduction

The metamorphicrocks of the Central Alps occur
in a series of nappes originating from the Adriatic
plate in the south, the European plate in the north
and intervening ocean basin(s) and micro-
continent(s). The rocks formed during subduc-
tion/collision and exhumation processes of Her-
cynian basement and its largely Mesozoic sedi-
mentary cover rocks during the Alpine orogeny,
i.e.,, since the Late Cretaceous (e.g., Gebauer,
1999). The geodynamic reconstruction of the dif-
ferent nappes depends largely on reliable geo-
chronological data of the metamorphic rocks. An
effective geochronological technique used to un-
ravel the complicated geological history of these
rocks (including successive magmatic, sedimen-
tary and multiple metamorphic episodes) is the

cathodoluminescence (CL)-controlled ion micro-
probe dating (SHRIMP) on distinct zircon do-
mains. The effectiveness of this technique relies
mainly on the fact that zircon commonly forms
multiple domains which correspond to different
stages ol its growth/recrystallization history, as Pb
diffusion in crystalline zircon seems to be negligi-
ble, at least for most crustal temperatures (e.g.,
Lee et al., 1997; Cherniak and Watson, 2000). The
different domains of the zircon crystals can be
identified by imaging its internal structure in CL.
These domains can be individually dated by
SHRIMP even if they are as narrow as 10 um.
Thus, in rocks metamorphosed under upper am-
phibolite-facies conditions or higher (see section
6) one expects to obtain at least two ages by
SHRIMP dating of zircon: the age of the proto-
lith, preserved in the core domain of the zircon
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Fig. 1 Map of the Western and Central Alps showing the different paleogeographic units (modified from
Froitzheim et al., 1996. Units of disputed origin in the Central Alps are denoted with a question mark). Upper
Eocene-Lower Oligocene HP- and granulite-facies metamorphic ages are summarized in this map (see text). Based
on a series of radiometric data (see summary by Gebauer, 1999) and on a recently suggested tectonic model by
Froitzheim (2001), the internal massifs, Dora Maira, Gran Paradiso, and Monte Rosa, are given here as having a
European provenance. Abbreviations: grnl—granulite; CiL—Cima Lunga. (1) Gebauer (1996); (2) Gebauer (1994);
(3) Gebauer et al., (1997); (4) Rubatto and Hermann (2001); (5) Rubatto and Gebauer (1999).

crystal, and the age of metamorphism, obtained
by dating metamorphic domains usually devel-
oped at the outermost part of the crystal.

An important factor that may lead to distur-
bance of the isotopic systems applied in several
mineral chronometers to infer metamorphic ages
1s the presence of post-metamorphic fluids. This
seems to be the case, at least for part of the meta-
morphic rocks in the broad area of study (Adula-
Cima Lunga nappe and Gruf Complex), which is
situated in the so-called “Lepontine area” of the
Central Alps. The term “Lepontine” has been in-

troduced to describe the high-grade Tertiary meta-
morphism of rocks in the area between the
Gotthard massif in the north and the Insubric line
in the south, and between the Simplon area in the
west and the Bergell area in the east (e.g., Wenk,
1956; Trommsdorff, 1966; Frey and Ferreiro Mihl-
mann, 1999 and references therein). The Lepon-
tine metamorphism was believed to have taken
place at ca. 38 Ma (Jdger, 1973), referring to both
the southern European margin and the Briancon-
nais terrane. The latter represents the northeast-
ern, peninsula-like part of the Iberian microconti-
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Fig. 2 'Tectonic map of part of the Central Alps, with the Gruf Complex (modified from Schmid et al., 1996a). FLL.—
Forcola Line; ILL.—Insubric Line; PRSZ —Preda Rossa Shear Zone; C— Chiavenna; F—Forno; M —Malenco; L.— Lizun.

nent, which also includes Sardinia and Corsica
(e.g., Stamptli, 1993). Recent geochronological
work revealed a temperature peak at ca. 33 Ma
for units belonging to the southern European
margin (see summary by Gebauer, 1999). The
presence of high amounts of fluids, connected to
the intrusions of the Bergell and Novate plutons,
contributed substantially to fluid induced recrys-
tallization in the regional metamorphic rocks
(e.g., Villa, 1998; Liati et al., 2000), which led to
partial or complete resetting of ages. As a conse-
quence, many of the existing geochronological
data and interpretations have no clear geological
significance and are therefore inconclusive.

The area of study, the Gruf Complex (Figs. 1
and 2), is characterized by high-temperature (HT)
regional metamorphism and intense migmatiza-
tion. A well-established age for the HT metamor-
phism of this unit is still missing. Within the
framework of the present paper, we dated by
SHRIMP zircon domains from a sapphirine-bear-
ing granulite of the Gruf Complex. Our primary
aim was to determine the age of metamorphism
and examine how it correlates with that of meta-
morphic rocks from the Adula nappe and other
nappes of the Alps. An additional goal of our work
was to clarify (by means of zircon size, morphology,
CL-characteristics and age uniformity) whether
the protolith of the sapphirine-granulites, generally
characterized as “metapelites”, was indeed a sedi-

mentary rock or if it was of igneous origin. In the
case of a sedimentary protolith, we would deter-
mine the age of the youngest detrital zircon and
obtain the minimum age for the sedimentation,
and if the protolith were an igneous rock, we would
determine the age of crystallization.

2. Geological setting

The Gruf Complex (GC), Central Alps, occurs
east of Val Mera and is structurally situated below
the Bergell pluton (Fig. 2). It consists of high-
grade, upper amphibolite- to granulite-facies meta-
morphic rocks, mainly migmatitic quartz-feldspar
gneisses. Pelitic schists and gneisses, as well as
amphibolites and calc-silicate marbles are subor-
dinate. The GC has been correlated with the zone
of Bellinzona (Wenk, 1973). However, in most of
the recent interpretations (e.g., Schmid et al.,
1996a; Frey and Ferreiro Mahlmann, 1999) the
GC is considered as SE continuation of the Adula
nappe, which is exposed west of Val Mera (Fig. 2).
The Adula-Cima Lunga nappe, the largest base-
ment nappe in the eastern part of the Central
Alps, consists of pre-Mesozoic orthogneisses, pe-
litic schists and metabasic/ultrabasic rocks, as well
as metamorphosed Mesozoic marls, limestones,
dolomites and sandstones (see e.g., Frey and Fer-
reiro Mahlmann, 1999 for a summary and refer-
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ences). Especially in the upper parts of the Adula
nappe and the corresponding parts of the thinner
Cima Lunga nappe, strong imbrication of differ-
ent tectonic slices is observed and interpreted as
“lithospheric mélange” (Trommsdorft, 1990). A
different early P-T evolution has been invoked
for different tectonic slices in this part of the
Southern Steep Belt (Engi et al.,2001 ). According
to Schmid et al. (1996a, b) the original paleogeo-
graphic position of the Adula-Cima Lunga nappe
is at the distal European margin, north of the Valais
ocean. This view is supported also by geochrono-
logical arguments (e.g., Gebauer, 1999), as well as
by recent geodynamic reconstructions (Froitzheim,
2001). Metamorphism in the Cima Lunga nappe
(Alpe Arami and Cima di Gagnone) has been dat-
ed at the uppermost Eocene (ca. 35 Ma: high-pres-
sure) to lowermost Oligocene (ca. 33 Ma: granu-
lite-facies; Gebauer, 1994, 1996).

Regarding the time of metamorphism of the
GC, different opinions exist, based mainly on ra-
diometric and structural/geological data from the
Gruf Complex itself and from adjacent metamor-
phicrocks, as well as from the neighboring pluton-
icrocks of Bergell and Novate. The few radiomet-
ric data do not lead to a clear and straightforward
conclusion for the time of metamorphism. This is
partly true due to poor, insufficient and scattered
Rb-Sr data, lack of correction for disequilibrium
and, as a result of this, lack of demonstration of
concordancy in the case of the early monazite
data, as well as problems with the interpretation
of the “ages”. Gulson (1973), based on whole-rock
Rb-Sr data, interpreted the migmatites as reflect-
ing Hercynian migmatization. Similarly, Huber
(1999) and Huber et al. (1999) suggest pre-Alpine
(late Permian to Early Mesozoic) ages for the
granulite-facies metamorphism in the GC, based
on structural/deformational arguments. Hanny et
al. (1975) report Rb-Sr whole-rock and U-Pb
monazite data for migmatites from Val Bodengo,
on the western side of Val Mera (southern Adula
nappe), generally assumed to have the same ori-
gin and metamorphic history as those of the GC.
These authors claim that the migmatites are of
Paleozoic age and have experienced high-grade
metamorphic overprint during the Tertiary (ther-
mal maximum at about 20-25 Ma). An Alpine age
of ca. 38 Ma has been suggested for the peak, gran-
ulite-facies metamorphism (Droop and Bucher-
Nurminen, 1984), probably because at that time,
the Lepontine event was believed to have taken
place at ca. 38 Ma (Jdger, 1973). The same authors
report an age of ca. 30 Ma for the time when the
metamorphic rocks were at depths corresponding
to ca.4-5 kbar. Migmatization has been considered
as contemporaneous or slightly post-dating the fi-

nal emplacement of the Bergell pluton (Davidson
etal., 1996; Berger etal., 1996). It is noted that ages
of 31.88 +£ 0.09 Ma and 31.5 + 0.35 Ma are reported
by von Blackenburg (1992) for the older parts of
the Bergell pluton (tonalite) and 30.03 + 0.17 Ma
for the younger ones (granodiorite). An Alpine age
of the migmatites has been inferred also on the ba-
sis of structural arguments (Hafner, 1993).

3. Sample description and petrological data
3.1. Sample description

The sapphirine-bearing granulites that we dated
here by SHRIMP were discovered by Cornelius
(1916) in form of blocks, east of Bresciadega, in
Val Codera (Fig. 2). Wenk et al. (1974) report an-
other locality of these rocks (again in form of
blocks) in Val Codera (southern end of Val Con-
co). Our sample derives from a block in the river
gravel (locality with Swiss coordinates 761’40/
125°40). The “in situ” outcrop must be in the inac-
cessible rock cliffs at the catchments area of this
local creek. This rock-type received special atten-
tion and has been petrologically studied by Ack-
ermand and Seifert (1969), and in great detail by
Droop and Bucher-Nurminen (1984).

The rock sample studied here is medium- to
coarse-grained, predominantly dark-colored with
a minor light-colored part forming a fine, irregu-
lar network with local development of small
“pockets”, up to 2-3 mm across. It does not have
the typical appearance of a banded migmatite, in
that no leucosome-melanosome-paleosome rela-
tionships are observed.The present rock probably
represents the refractory product of advanced
melting (restite) of a rock, from which the major
part of the extracted melt was transported away.
Only a small part of the melt crystallized “in situ”
giving rise to the few and small leucosomes. This
idea is in agreement with the Mg—Al rich, refrac-
tory nature of these granulites (see also Droop
and Bucher-Nurminen, 1984; Clemens, 1990). The
dark-colored, main part of the rock consists pre-
dominantly of garnet (commonly up to 1 cm
large), orthopyroxene, biotite, sapphirine, spinel
and many very fine-grained symplectites in form
of coronae, mainly around garnet (see Droop and
Bucher-Nurminen, 1984). The nature of the min-
erals taking part in the symplectites could not be
defined here microscopically, due to their very
fine grain size. The light-colored minor part con-
sists mainly of K-feldspar, plagioclase, quartz, dis-
seminated biotite, and minor cordierite.

Zircon is a relatively abundant accessory min-
eral and has been observed as inclusion in sap-
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phirine, orthopyroxene, garnet, biotite, spinel and
the symplectites of the dark-colored part, as well
as inside plagioclase and K-feldspar of the light-
colored part of the rock. As discussed later (sec-
tion 7), zircon seems to have been already present
in the precursor of the granulites and was partial-
ly recrystallized during high temperature meta-
morphism, thereby developing metamorphic rims,
which we dated here by SHRIMP.

It 1s worth mentioning that the term “pelite”,
which implies a sedimentary protolith is widely
used to define the granulites studied (e.g., Droop
and Bucher-Nurminen, 1984; Huber, 1999). How-
ever, as discussed in the present paper, these rocks
very likely originated from an igneous precursor
(see sections 4 and 7).

3.2. Petrological data

The petrology of the granulites dated here has
been studied by Droop and Bucher-Nurminen
(1984).This detailed petrological work provides a
good basis for the present study. Therefore, our
own work in these terms is restricted to the petro-
graphic description of the dated sample, as given
above.

Droop and Bucher-Nurminen (1984) suggest
that partial melting processes took place during
metamorphism of the presumed metapelitic pre-
cursors of the granulites and that the actual granu-
lites represent restites after extraction and migra-
tion of high amounts of melt from the original
rock. This view is in accordance with recent stud-
ies on anatectic migmatites (e.g., Watt et al., 1996;
Kriegsman, 2001; White and Powell, 2002), which
suggest absence of retrogression in the granulites
due to melt extraction and migration. In the stud-
ied rocks from the GC, features of retrogression
are not observed. Maximum metamorphic condi-
tions of ca. 10 kbar, 830 °C are given by Droop
and Bucher-Nurminen, who suggest that these P—
T conditions apply for the whole GC, since there
1s good evidence that partial melting occurred “in
situ” (e.g., absence of late stage tectonic emplace-
ment of the sapphirine-bearing granulites, ab-
sence of shearing along restitic granulite and leu-
cosome). This suggestion is in line with the meta-
morphic history of metapelitic gneisses and ultra-
matfic rocks of the GC (Bucher-Nurminen and
Droop, 1983). Formation of the granulites is at-
tributed to a single metamorphic cycle (Droop
and Bucher-Nurminen, 1984) and is related to the
“Lepontine” event, which at that time was be-
lieved to be at ca.38 Ma (Jdger, 1973). Re-evalua-
tion of the metamorphic conditions for the granu-
lites, based on more recent mineralogical and pet-
rological data of the participating mineral phases

(e.g.,Harley, 1998 and references therein) may re-
sultin some deviation from above P-T conditions.
However, this possible discrepancy would have
no influence on the interpretation of the age data
of the rock dated in this study.

3.3. Criteria for the selection of the sapphirine-
granulite for dating the granulite-facies
metamorphism in the GC

In view of the different rock types that occur in
the GC and their metamorphic history, we would
like to emphasize here the reasons why we chose
the sapphirine-granulite for dating: (1) Leuco-
somes within migmatized ortho- or paragneisses
do not always contain syn-genetic zircon crystals
(or crystal domains), i.e. crystallized newly within
the partial melt. However, metamorphic zircon
domains are ubiquitous in granulites and thus can
be dated easily by SHRIMP (e.g., Vavra et al,,
1999; Schaltegger et al., 1999). (2) The restitic na-
ture of the sapphirine-bearing granulites and the
fact that they remained “dry” during decompres-
sion (absence of retrogression; Droop and Buch-
er-Nurminen, 1984) are very good conditions for
the preservation of the first, high-grade age signa-
ture in the metamorphic zircon domains. Thus, in
these rocks we would not expect age resetting
(e.g., by Pb-loss), due to post-metamorphic fluid
circulation and/or reheating related to later plu-
tonic activity (Bergell and Novate plutons, see
also below). This is different for rocks containing
hydrous minerals: partial Pb-loss and age reset-
ting to various degrees due to the presence of high
amounts of fluids have been observed in a meta-
basic rock (metagabbro) of the neighboring Chia-
venna unit, at the immediate northern contact to
the GC (Prata arca; Liati et al., 2004). Thus, with
the choice of a dry granulite sample, the possibili-
ty of multiple younging of ages at 32-30 Ma (age
of the Bergell tonalite and granodiorite) and/or at
24-25 Ma (age of the Novate granite), and/or
after the intrusion of the Novate granite (Liati et
al., 2000) can be minimized. (3) Previous
SHRIMP work on zircons from a leucosome
(both newly crystallized oscillatory zoned, as well
as granulite-type zircons or zircon domains) at
Alpe Arami and from a paragneiss close to peri-
dotites at Cima di Gagnone (both Cima Lunga
nappe) were interpreted to reflect granulite-
facies conditions at 32.4 £ 1.1 Ma and 33.0 £ 0.6
Ma, respectively (Gebauer, 1994, 1996). At Alpe
Arami, part of the dated zircons (oscillatory
zoned) crystallized newly in the leucosome, while
at Cima di Gagnone the morphology and CL-char-
acteristics of the metamorphic zircon domains are
of granulite-type (e.g., Vavra et al., 1999). Apart
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from the CL-evidence that the metamorphic zircon
domains are of granulite-type, characteristic miner-
als indicating a granulite-facies stage are not re-
ported for these high-grade quartzofeldspathic
rocks. It was therefore of special interest for us to
compare the existing SHRIMP data from the Cima
Lunga nappe with the age of granulite-type zircon
domains from the sapphirine-bearing Gruf rocks,
where granulite-facies metamorphism is petrologi-
cally well documented.

4. Description of the zircons, cathodolumines-
cence characteristics and interpretation

We separated zircons from both the dark- (res-
tite) and light-colored (leucosome) fractions of
the mineral concentrates of these granulites, in
order to examine whether newly formed zircon
crystals are present in the leucosomes and if so,
whether these zircons would show any difference
in metamorphic age to the ones from the restite.
The morphological, as well as the CL characteris-
tics of the zircon crystals, however, proved to be
identical for both the restitic part and the leuco-
somes. Zircons are usually large, ranging between
ca. 400-170 pm in length and ca. 160-40 um in

width. They are commonly elongate, prismatic,
euhedral to subhedral with rounded outlines, a
common feature in granulite-facies rocks (e.g.,
Vavra et al., 1999). The large size and abundance
of zircon crystals already preclude a pelitic origin
for these granulites, since in pelites zircons, if
present, are commonly very small (<30 um). CL-
imaging revealed a very uniform zircon popula-
tion. All crystals consist of a large oscillatory
zoned inner domain with closely spaced lamellae
(Fig. 3), typical for zircons precipitating in a melt.
No inherited cores (either detrital or formed dur-
ing previous melting events) were found within
these oscillatory zoned domains. The presence of
abundant zircons with uniform magmatic-type
CL-pattern and morphology also suggests that
the protolith of this rock was igneous and not sed-
imentary, as previously assumed. This view is fur-
ther strengthened by the consistency of the proto-
lith ages obtained from the oscillatory zoned
domains (see below).

The large oscillatory zoned domains are, in
most cases, surrounded by rims that range in
thickness from several um to ca. 50 um and show
bright, homogeneous CL intensitiy (Fig. 3). The
rims probably derived from recrystallization
processes during metamorphism. This interpreta-

Fig. 3 Cathodoluminescence (CL) pictures of representative zircon crystals from the sapphirine-bearing granulite
(A, B from the restitic parts; C from the leucosome) of the Gruf Complex. (A) zircon consists entirely of a magmatic
domain of Permian age with no metamorphicrim. In (B) and (C), arelatively broad metamorphic rim (bright in CL)
is observed around the co-magmatic, oscillatory zoned domain. Note the bright CLL domain in the middle/lower part
of crystal (B) possibly formed by recrystallization due to fluid circulation along fractures through the crystal. Note
also the ghost oscillatory zoning in the rim domain of crystal (C), indicating that the original size of the magmatic
crystal extended to the actual size of the crystal and that the metamorphicrim formed by recrystallization, and not by

new zircon growth.
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tion is based mainly on the preservation of the
oscillatory zoning pattern in most rim domains,
which is “inherited” from the original igneous
crystal. This pattern is visible in some parts of the
metamorphic rims as “ghost oscillatory zoning”,
with alternating dark and light bands, parallel to
those preserved in the igneous core (e.g., Fig. 3C:
left and right parts of the rim). Mineral inclusions
were not observed in the zircon rims, which is in
line with the interpretation that the metamorphic
domains probably formed by recrystallization of
preexisting zircon crystals. Newly grown zircon
crystals could not be observed in the leucosomes
of the dated granulite, in agreement with previous
observations reported for other leucosomes in
different units of the European Hercynides (Ge-
bauer et al., 1989) or for a migmatite suite of the
Kirtomy nappe, Scotland (Watt et al., 1996). In
other cases, however, co-genetic entire zircon
crystals or overgrowths within the leucosomes of
migmatized leucocratic gneisses are described
(e.g., Gebauer, 1996; Oliver et al., 1999; Liati and
Gebauer, 1999; Ordoifiez Casado et al., 2001).
The fact that zircons from both the restitic part
and the leucosomes of the sapphirine-granulites
are identical in terms of morphology, internal
structure as imaged by CL and, as shown later,
also in regard to protolith and metamorphic age,
leads us to the following interpretation: zircon
crystals were widespread in the igneous precursor
of the granulite and were subsequently recrystal-
lized, as soon as the rock reached partial melting
and granulite-facies conditions (see also section
6). Some of the zircons were left behind in the res-
titic fraction of the rock, while others were extract-
ed from the original rock together with the melt.

5. Analytical techniques and data evaluation
5.1. Analytical techniques

The SHRIMP-data presented in this paper were
obtained on SHRIMP II at the Geological Survey
of Canada in Ottawa, following the standard op-
erating techniques. A spot size of ca. 20 pm was
used for the measurements. For data collection, 7
scans through the critical mass range were made.
For further details on the SHRIMP technique see
Stern (1997).

All CL pictures were photographed from a
split screen on a CamScan CS 4 scanning electron
microscope (SEM) at ETH, Zurich, operating at
13 kV and equipped with an ellipsoidal mirror
located close to the sample within the vacuum
chamber, in order to increase the CL-signal. In
general, weak CL-emission (dark-colours in the

picture) reflects high amounts of minor and trace
elements, strong CL-emission (light colours in the
picture) reflects low amounts of minor and trace
elements, including Uranium. Thus, the U con-
tents can be roughly predicted via CL.

CL images of the zircon crystals were obtained
before SHRIMP-dating, in order to distinguish
between different domains and avoid mixing of
ages, as well as after the SHRIMP-analyses, to
check the exact location of the SHRIMP-spot.

5.2. Data evaluation

For the calculation of the Pb—U ratios, the data
were corrected for common Pb using the 2°/Pb
correction method. The data are graphically pre-
sented on Tera-Wasserburg (TW) diagrams (Tera
and Wasserburg, 1972), where total 27Pb/2"Pb wvs.
the calibrated total 2¥U/2%Pb is plotted. For the
data presentation, we used the program “Isoplot/
Ex” by Ludwig (2000). In the diagrams, the error
axes on the ellipses are at the 2o level.

The amount of common Pb was calculated us-
ing the isotope composition of common Pb ob-
tained from the model of Cumming and Richards
(1975). The mean ages are given as weighted
mean; the error of the weighted mean is at the
95% confidence level. For single analyses (Table
1), the 1o error is given.

6. Results of SHRIMP dating and interpretation

Nine data points were obtained from the oscilla-
tory zoned core domains of eight different zircon
crystals (Table 1). On aTW diagram, five analyses
plot on a mixing line with common Pb and cali-
brated total 2*U/%Pb as end members intersect-
ing the concordia at a weighted mean age of 272.0
+ 4.1 Ma (Fig.4A). This age is interpreted to reflect
the crystallization time of the magmatic protolith.
One analysis (No. 7 in Table 1) was not taken
into consideration for the weighted mean calcula-
tion because of its very high U content (4053
ppm), although it overlaps within analytical un-
certainty (2o) with analyses 1-5. SHRIMP analy-
ses with U contents higher than ca. 2000 ppm may
yield erroneously high “ages” (see e.g., Mc Laren
et al., 1994 or Williams et al., 1996). Two further
analyses (Nos.8 and 9) plot to the right of the mix-
ing line. They yield younger — but also Permo-Tri-
assic — “ages”, probably due to partial Pb-loss at-
tributed to post-crystallization events. Such
events could be either younger Permo-Triassic
thermal pulses, a feature identified commonly in
the poly-episodic rifting of the Permo-Triassic pe-
riod in the area of the Alps (see summary by
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Schaltegger and Gebauer, 1999) or metamorphic
overprint in the Tertiary (see below). Finally, one
analysis (No. 6) plots to the left of the mixing line
of Fig. 4A and yields a higher “age” at 293.6 + 4.9
Ma,slightly deviating, within analytical uncertain-
ty (20), from the weighted mean age. Post-
SHRIMP CL studies reveal that this spot lies
entirely on a crack. Thus, some accumulation of
radiogenic Pb in the crack may have been the
cause for this slightly higher age.

Six spots were analyzed from the metamor-
phic rims of six different zircon grains from both
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the leucosomes (analyses named COD1b in Table
1), as well as the restitic part (analyses named
CODla in Table 1). On a TW diagram, they all
plot on a mixing line with common Pb and cali-
brated total 2*U/2%Pb as end members (Fig. 4B).
The weighted mean age of these analysesis 32.7 +
0.5 Ma, which is interpreted as the age of the gran-
ulite-facies metamorphism. Late action of fluids
and resetting to younger ages due to Pb-loss is
very unlikely for these “dry” sapphirine granulites
(see section 3).
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Fig. 4 Tera-Wasserburg (TW) diagrams with data of zircons from: (A) the co-magmatic, oscillatory zoned zircon
domains. Five analyses plot along a mixing line with common Pb (composition according to the model of Cumming
and Richards, 1975) and radiogenic 23U2%Pb as end members intersecting the concordia at 272.0 + 4.1 Ma, inter-
preted as the age of crystallization of the magmatic protolith. Two outliers (dashed ellipses) on the right side of the
mixing line are due to post-crystallization Pb-loss. One outlier on the left side of the mixing line is probably due to
excess radiogenic Pb in a crack inside the analyzed spot (see text). (B) the metamorphic rims. All analyzed points plot
along a mixing line intersecting the concordia at 32.7 + (.5 Ma, interpreted as the age of the granulite-facies metamor-
phism (see text). WM: weighted mean; error at the 95% confidence level; error axes of the ellipses are 20 errors.
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Assignment of the 32.7 £ 0.5 Ma age of the
metamorphic zircon rims to the granulite-facies
metamorphism is based on a series of arguments
and observations acquired over the past decade of
CL-controlled ion microprobe dating of complex
(poly-) metamorphic zircons from orogens world-
wide. It has been empirically ascertained that zir-
con starts responding to recrystallization only at
or above T conditions corresponding to the upper
amphibolite/granulite or high-temperature eclog-
ite-facies (e.g., Vavra et al., 1999 and references
therein). Thus, the age obtained from the meta-
morphic rims of the zircon probably reflects the
time when the rocks were at or close to the ther-
mal peak. This either coincides with or post-dates
the pressure peak. Since the rates of exhumation
are usually fast (>1-2 cm/y), as identified in sever-
al (high-pressure [HP])-HT rocks from orogens
worldwide (e.g., Gebauer etal.,1997; Amato et al.,
1999; Liati and Gebauer, 1999; Cartwright and
Barnicoat, 2002 and references therein), the time
difference between temperature and pressure
peak is relatively short. Therefore, the age data
obtained from metamorphic zircon crystals (or
crystal domains) of (HP)-HT rocks, is likely to
correspond to the peak of metamorphism, with
respect to both P and T.

Above arguments are supported by the results
of SHRIMP-dating of zircons drilled out directly
from thin sections, therefore offering a good pet-
rological control, in e.g., HP granulites of South
Bohemia (Kréner et al., 2000). The zircons dated
“in situ” on the thin section were assoclated with
mineral assemblages characteristic of different
temperature stages along the P-T path. They all
showed identical metamorphic ages within ana-
lytical uncertainties. These ages were also identi-
cal to the ones obtained from the zircon separates
of the whole rock. The above authors explain
these results on the basis of fast decompression
processes that usually characterize such terranes
and imply that formation of metamorphic zircon
domains during HP and decompressional stages
along the P-T path occurred within the time scale
of the SHRIMP-age errors. Another plausible in-
terpretation may be that the metamorphic do-
mains of the zircons from these Bohemian granu-
lites formed originally at (or close to) the thermal
peak and remained since then unaffected during
later stages of metamorphism, probably due to
the absence or very limited amounts of fluids.

7. Discussion

The SHRIMP data obtained within the frame-
work of the present study, in combination with the

zircon morphology and CL-patterns, as well as
with SHRIMP data from other metamorphic
rocks of the Central and Western Alps, led us to
the following implications.

7.1. Protolith of the sapphirine-granulites

The sapphirine-bearing granulites from the GC
are very likely not of pelitic origin, as presumed so
far, but rather Hercynian magmatic rocks. This
conclusion is based on: (a) the observation that
zircons in pelites are either absent or extremely
small (<30 pm), in contrast to the much larger
(400-170 um long) and abundant zircons that oc-
cur in the studied granulites; (b) the uniform sub-
to euhedral morphology and oscillatory zoned
(magmatic) CL-patterns of the relatively large
domains of the numerous zircon crystals recov-
ered from this rock. Such uniformity is expected
in zircons that crystallize in a magmatic rock. If
the parent rock is of sedimentary origin, one typi-
cally finds detrital cores of round shape and vari-
ous CL-patterns; (c) absence of inherited cores;
and (d) the consistent Permian magmatic ages. In
a rock of sedimentary origin, one expects to find
detrital zircon cores with a variety of ages. Mag-
matic rocks of Permian age are common in the
Alps and are related to the large-scale rifting
event that took place during the Permo-Triassicin
the Alps and the European Variscides, usually in
multiple phases (e.g., summary by Schaltegger
and Gebauer, 1999).

7.2. Time of metamorphism in the GC and corre-
lation with age data in the Adula nappe

The 32.7 £ 0.5 Ma age of the zircon rims, interpret-
ed here as the time of granulite-facies metamor-
phism, strongly supports the view that these rocks
formed during Alpine partial melting (compare
Droop and Bucher-Nurminen, 1984). The identi-
cal morphology, CL-characteristics and age of the
metamorphic zircon rim domains from both the
restitic parts and the leucosomes of the granulites
suggest that high-grade metamorphism at 32.7 £
0.5 Ma caused partial recrystallization of the orig-
mally magmatic zircon crystals. Recrystallization
at the zircon rims and along cracks led to forma-
tion of metamorphic domains around the mag-
matic cores and on either side of the cracks (Fig.
3B, C).New growth of zircon did not take place in
the restites nor in the leucosomes probably be-
cause recrystallization of zircon took place be-
fore melt extraction. In that case, one part of the
zircon crystals remained inside the restitic frac-
tion and one part was mechanically transported
by the extracted melt. This interpretation is in
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Table 2 Upper Eocene-Lower Oligocene SHRIMP ages in the Adula-Cima Lunga-Gruf unit (Central Alps) attrib-
uted to HP and granulite-facies metamorphism and comparison with (ultra) HP ages of the Dora Maira and Monte

Rosa units (Western Alps).

Area Rock-type HP age (Ma) granulite age (Ma) Source

garnet-peridotite 35407 33.4£0.5 (1)
, pyroxenite 351415 32.5+0.8 (1)
Alpe Arami eclogite 35.4+0.8 (1)
orthogneiss leucosome 35.8£2.8 32.4+1.1 (1)
. . peridotite 36.0+0.8 (2)
Cimedl Gagrone | ot 36.0+0.5 33.040.6 2)
. gneiss 35.4£1.0 (3)
Dora Maira gneiss 35.140.9 (4)
Monte Rosa gneiss 349+1.4 (5)

Gruf Complex sapphirine-granulite 32.710.5 this study

(1) Gebauer (1996); (2) Gebauer (1994); (3) Gebauer et al. (1997); (4) Rubatto and Hermann (2001); (5) Rubatto

and Gebauer (1999).

line with the idea that melt extraction and migra-
tion are significantly faster when compared to
the rates of zircon dissolution in granitic melts
(e.g.,Watt and Harley, 1993), which prevents new
growth of zircon.

Resetting of ages, subsequent to the granulite-
facies metamorphism at 32.7 = 0.5 Ma, is not ob-
served in the metamorphic zircon domains, prob-
ably because of limited fluid circulation in these
rocks after the T peak. This observation is com-
patible with the absence of retrograde features in
the granulites.

The 32.7 £ 0.5 Ma metamorphic age attributed
to the granulites of the GC is identical to previ-
ously reported granulite-facies zircon ages of
crustal and mantle rocks in various parts of the
Adula-Cima Lunga nappe system (e.g., Alpe Ara-
mi or Cima di Gagnone; Gebauer, 1994,1996).Ta-
ble 2 and Fig. 5 summarize SHRIMP data of the
granulite-facies overprint and the HP metamor-
phism at Alpe Arami, Cima di Gagnone, and the
GC.Asshown in Fig.5,the SHRIMP age obtained
here for the Gruf granulites matches perfectly
with the ages reported for granulite-facies meta-
morphism in peridotites, pyroxenites and gneisses
from Alpe Arami and Cima di Gagnone. This over-
lap of ages supports previous structural/geologi-
cal arguments that the GC is part of the Adula-
Cima Lunga nappe (e.g., Schmid et al., 1996a).

The heat input responsible for the inferred ca.
33 Ma old granulite-facies metamorphism n parts
of the Adula-Cima Lunga nappe (Alpe Arami,
Cima di Gagnone) was interpreted to be mainly
associated with subduction processes (Gebauer
1994, 1996). A connection between granulite-
facies metamorphism in the GC and the heat re-
lated to the magmatic activity of the Bergell plu-
ton cannot be excluded a priori, because of their
immediate vicinity. Thus, Berger et al. (1996), for

instance, suggest that emplacement of the western
margin of the Bergell pluton occurred at tempera-
tures leading to partial melting in the Adula-Grut
unit. However, the Bergell tonalite age (31.88 +
0.09 Ma) is statistically clearly younger than the
327 £ 0.5 Ma age attributed to the granulite-
facies metamorphism in the GC, even if one con-
siders the unlikely case of extreme analytical un-
certainty for the two ages. Intrusion of the syntec-
tonic Bergell tonalite under amphibolite-facies
conditions may have caused some local migmati-
zation at the immediate contact with the previ-
ously migmatized lower crustal Gruf orthogneiss-
es but this is of no regional significance. The heat
source for the granulite-facies metamorphism in
the GC, therefore, does not seem to be directly
connected to the Bergell pluton, but is rather as-
sociated with regional metamorphic processes.
Such is the case for Alpe Arami and Cima di Gag-
none, ca. 10 km and 20 km, respectively, away
from the contact to the Bergell tonalite, where the
age of the high-temperature metamorphism (32.4
+ 1.1 and 33.0 + 0.6 Ma, respectively), inferred to
be of granulite-facies conditions (Gebauer, 1994,
1996), is identical to the granulite-facies age in the
GC (32.7 + 0.5 Ma, this work).

Taking into consideration that the Bergell to-
nalite was emplaced at 31.88 + 0.09 Ma at 6 kbar
(ca. 18 km; Davidson et al., 1996) and intruded the
metamorphic rocks of the GC, and assuming that
the granulites reached their maximum T and P
(830 °C, 10 kbar, equivalent to ca. 30 km) at 32.7 +
0.5 Ma, we can calculate an average exhumation
rate of 12 km/0.92 Ma or 1.3 cm/y for the GC.This
exhumation rate is in agreement with the exhu-
mation rates of ca. 2cm/y (at lower crustal levels)
suggested for Alpe Arami (Gebauer, 1996) or
Cima di Gagnone (Gebauer, 1994). It is also in
agreement with the >1-2 cm/y exhumation rates
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identified for metamorphic rocks in many oro-
gens worldwide (see section 6 for references).

Exhumation rates immediately following the
emplacement of the tonalites are difficult or im-
possible to assess due to the very restricted data
set for this time period (see e.g.summary of Hans-
mann, 1996). The only data that may be used for
the time interval 30-28 Ma are apatite fission track
and K/Ar amphibole data from a tonalite boulder
in the Gonfolite Lombarda (Giger and Hurford,
1989). The calculated average exhumation rate is
0.5-0.6 cm/y and applies for a depth range of 15-2
km.This exhumation rate applies for shallow levels
and is, as expected, lower than the one inferred for
the GC (1.3 cm/y), which refers to greater depths at
earlier time (3—4 Ma). Other exhumation rates re-
ported for the Bergell area were calculated for
shallower crustal levels and for time intervals at
younger ages, and therefore give lower values (see
summary of Hansmann, 1996).

7.3. Geodynamic implications

The Gruf Complex probably belongs to the Adu-
la-Cima Lunga nappe and is therefore part of the
European margin. The paleogeographic and geo-
tectonic position of this part of the Central Alps
compares well with the Dora Maira Massif and
the Monte Rosa nappe in the Western Alps. This
correlation 1s in line with the view that the Dora

A. Liati and D. Gebauer

Maira Massif and the Monte Rosa nappe belong
to the European margin, tectonically emplaced
from below and to the south of the Brianconnais
nappes (Gebauer et al., 1997; Rubatto and Ge-
bauer, 1999; Froitzheim, 2001). This view is at var-
iance with the interpretation of the Dora Maira
and Monte Rosa units as being of Brianconnais
origin (e.g., Keller and Schmid 2002; see also re-
view by Froitzheim, 2001 and references). The
correlation between Adula-Cima Lunga-Gruf
unit (Central Alps) and Dora Maira and Monte
Rosa nappes (Western Alps) applies also for the
metamorphic ages: Dora Maira and Monte Rosa
record metamorphic ages of 35.4 + 1.0 Ma and
34.9 £ 1.4 Ma, respectively, for HP metamorphism
(Gebauer et al, 1997; Rubatto and Gebauer,
1999), identical to the HP metamorphic age at
Alpe Arami and Cima di Gagnone (Table 2, Fig.
5).In the Dora Maira Massif, post-HP decompres-
sion ages at 32.9 £ 0.9 Ma (U-Th-Pb SHRIMP on
titanite) are identified (Rubatto and Hermann,
2001). These ages are identical to those reported
for the HT stage in the Adula-Cima Lunga nappe
and determined here for the GC. Based on these
data, and considering previous structural/geologi-
cal arguments (e. g. Schmid et al., 1996a), we con-
clude that the GC together with Alpe Arami and
Cima di Gagnone represent part of an Upper
Eocene-Lower Oligocene Alpine metamorphic
belt extending to the WSW to the Dora Maira
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Fig. 5 Distribution of SHRIMP- (ultra) high-pressure and granulite-facies metamorphic ages in the Adula-Cima
Lunga-Gruf unit of the Central Alps, and comparison with (ultra) high-pressure metamorphic ages in Dora Maira
and Monte Rosa units (Western Alps). grnl—granulites; pd—peridotites; py —pyroxenites; ecl —eclogites; gn—
gneisses. Age data are as follows: (1) Gebauer (1996); (2) Gebauer (1994}); (3) Gebauer et al., (1997); (4) Rubatto and

Hermann (2001); (5) Rubatto and Gebauer (1999).
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Massif. The generalized map of the Western and
Central Alps shown in Fig. 1 summarises the age
distribution of HP and granulite-facies (over-
printing) metamorphism of the units, assigned
paleogeographically to the European margin.
These units record the youngest regional meta-
morphic event in the Alps, which reached its peak
between the uppermost Eocene (for the (U)HP
metamorphism) and lowermost Oligocene (for
the granulite-facies metamorphism).

Acknowledgements

P. Nievergelt, ETH Zurich, kindly provided the granu-
lite sample analyzed. We greatly appreciate the assist-
ance of M. Hamilton during SHRIMP analyses and data
reduction, as well as the help of R. Stern, Geological
Survey of Canada, Ottawa, during different stages of the
SHRIMP work. Thanks are due to S. Schmid, Basel, N.
Froitzheim, Bonn, P. Nievergelt and N. Mancktelow,
ETH Ziirich, for discussions. We acknowledge the con-
structive comments of C. Rosenberg, Berlin and A.
Berger, Bern, who reviewed the manuscript, as well as
the help of R. Gieré who besides the editorial support
made useful suggestions for the paper. This research was
supported by a grant of the Swiss National Science
Foundation (Nr. 2-77044-01).

References

Ackermand, D. and Seifert, F. (1969): Druck und Tem-
peraturbedingungen bei der Bildung der sapphirin-
fiihrenden Gesteine von Val Codera. Fortschr. Min-
eral. 47, p. 1 (abstract)

Amato, M., Johnson, CM., Baumgartner, L. and Beard,
B.L. (1999): Rapid exhumation of the Zermatt-Saas
ophiolite deduced from high-precision Sm-Nd and
Rb-8r geochronology. Earth Planet. Sci. Lett. 171,
425-438.

Berger, A7, Rosenberg, C. and Schmid, S.M. (1996): As-
cent, emplacement and exhumation of the Bergell
pluton within the Southern Steep Belt of the Central
Alps. Schweiz. Mineral. Petrogr. Mitt. 76, 357-382.

Bucher-Nuorminen, K. and Droop, G.L.R. (1983): The
metamorphic evolution of garnet-cordierite-silli-
manite-gneisses of the Gruf Complex, Eastern Pen-
nine Alps. Contrib. Mineral. Petrol. 84,215-227.

Cartwright, I.”and Barnicoaf, A.C. (Z00Z): Petrology,
geochronology and tectonics of shear zones in the
Zermatt-Saas and Combin zones of the Western
Alps. J. Metamorphic Geol. 20,263-281.

Cherniak, DT and Watson, L.B. {Z000): Pb diffusion in
zircon. Chem. Geol. 172, 5-24.

Clemens, J'D. (T990): The granulite-granite connexion.
In: Vielzeut, D. and Vidal, P. (eds.): Granulites and
crustal evolution. Kluwer, NATO ASI series C, 311,
25-36.

Cornelius, H.P. (1916): Fin Alpines Vorkommen von
Sapphirin. Cent. Mineral.,265-269.

Cumming, G.L. and Richards, G.R. (1975): Ore lead iso-
tope ratios in a continuously changing Earth. Earth
Planet. Sci. Lett. 28,155-171. -

Davidson, T, Rosenberg, C. and Schmid, S.M. (1996):
Synmagmatic folding of the base of the Bergell plu-
ton, Central Alps. Tecionophysics 265,213-238.

Droop, G'T.R. and Bucher-Nurminen, K. (1984): Reac-
tion textures and metamorphic evolution of sapphir-

ine-bearing granulites from the Gruf Complex, Ital-
ian Central Alps. J. Petrol. 25, 766-803.

Engi, M., Berger, A. and Roselle, G. (20071 ): The role of
the tectonic aceretion channel in collisional orogeny.
Geology 29,1143-1146.

Frey, M. and Ferreiro Méhlmann, R. (1999): Alpine
metamorphism of the Central Alps. Schweiz. Miner-
al. Petrogr. Mit1. 79,135-154.

Froitzheim, N. (2001): Origin of the Monte Rosa nappe
in the Pennine Alps — A new working hypothesis.
Geol. Soc. Am. Bull. 113, 604-614.

Froffzheim, N, Schmid, S. and Frey, M. (1996): Mesozoic
paleogeography and the timing of eclogite-facies
metamorphism in the Alps: A working hypothesis.
Eclogae geol Helv. 89,81-110.

Gebauer, D., Williams, L.S., Compston, W. and Griinen-
felder, M. (1989): The development of the Central
European continental crust since the Early Archean
based on conventional and ion-micro-probe dating
of up to 3.84 b.y. old detrital zircons. Tectonophysics
157, 81-96. e ———

Gebauer, D (1996): A P-T-t path for a (ultra?-) high-
pressure ultramafic/mafic rock associations and
their felsic country-rocks based on SHRIMP-dating
of magmatic and metamorphic zircon domains. Ex-
ample: Alpe Arami (Central Swiss Alps). In: Basu,
A. and Hart, S. (eds.): Special AGU-monograph:
Earth Processes: Reading the Isotopic Code. Geo-
physical Monograph Series vol. 95, 307-329.

Gebauer, D. (1994): A P-T-t path for some high-pressure
ultramafic/mafic rock associations and their felsic
country-rocks based on SHRIMP-dating of mag-
matic and metamorphic zircon domains. Example:
Central Swiss Alps. Extended abstract version for
16th general meeting of IMA, Pisa, Italy, Sept. 4-9;
Abstract Volume, 139-140.

Gebauer, D., Schertl, H.-P.,, Brix, M. and Schreyer, W.
(1997): 35 Ma old ultrahigh-pressure metamorphism
and evidence for very rapid exhumation in the Dora
Maira Massif, Western Alps. Lithos 41, 35-24.

Gebauer, D. (1999): Alpine geochronology of the Cen-
tral and Western Alps: new constraints for a complex
geodynamic evolution. Schweiz. Mineral. Petrogr.
Mirt.’79,191-208.

Giger, M. and HurTord, A.J. (1989): Tertiary intrusives of
the Central Alps: Their Tertiary uplift, erosion, re-
deposition and burial in the south Alpine foreland.
Eclogae geol. Helv. 82, 857-866.

Gulson, B.L. (1973): Age relations in the Bergell region
of the Southern Swiss Alps: with some geochemical
comparisons. Eclogae geol. Hely. 66,293-323.

Hafner, M. (1993} Strukturgeologische und geoche-
mische Untersuchungen von leukokraten Granit-
Géngen und Migmatiten der siidlichen Adula am
Monte Peschiera (It.). Unpubl. Diploma Thesis,
Univ. Basel.

Hénny, R., Grauert, B. and Soptrajanova, G. (1975):
Paleozoic migmatites affected by high-grade Terti-
ary metamorphism in the Central Alps (Valle Bo-
dengo, Italyg. Contrib. Mineral. Petrol. 51, 173-196.

Hansmann, W. (1996} Age deferminations on the Terti-
ary Masino-Bregaglia (Bergell) intrusives (Italy,
Switzerland): a review. Schweiz. Mineral. Petrogr.
Mitt. 76, 421-451.

Harley, ST.(T988): On the occurrence and characteriza-
tion of ultrahigh-temperature crustal metamor-
phism. In: Treloar, PJ. and O’Brien, PJ. (eds.): What
drives metamorphism and metamorphic reactions?
Geol. Soc. London Spec. Publ. 138, 81-107.

Huber, R. (1999}): Tectonometamorphic evolution of the
Fastern Pennine Alps during Tertiary continental
collision: Structural and petrological relationships




172 A. Liati and D. Gebauer

between Suratta, Tambo, Chiavenna and Gruf units
(Switzerland/Ttaly). Unpubl. Dissertation, Univ.
Neuchatel.

Huber, R., Challandes, N. and Marquer, D. (1999): Sub-
duction and exhumation rates during Tertiary colli-
sional tectonics in the eastern Pennine units for the
Suretta, Tambo, Chiavenna and Gruf units (Val
Bregaglia, Switzerland/Italy). EUG 10, J. Conf. Ab-
stracts, 4, 434.

Jager, E. (1973): Die Alpine Orogenese im Lichte der

radiometrischen Altersbestimmung. Eclogae geol.

Helv.66,11-21.

Kriegsman, L.M. (Z001): Partial melting, partial melt ex-
traction and partial back reaction in anatectic mig-
matites. Lithos 56, 75-96.

Kroéner, A., U Brien, PJ, Nemchin, A.A. and Pidgeon,
RUT. (2000): Zircon ages for high pressure granulites
from South Bohemia, Czech Republic, and their
connection to Carboniferous high temperature
processes. Contrib. Mineral. Petrol. 138,127-142.

Lee, JK.W., Williams, I.S-and Ellis, DI {1997): Pb, U and
Th diffusion in natural zircon. Nature 390, 159-162.

Liati, A. and Gebauer, D. (1999): Constraining the pro-
grade and retrograde P-T-t path of Eocene HP-
rocks by SHRIMP dating of different zircon do-
mains: inferred rates of heating, burial, cooling and
exhumation for central Rhodope, northern Greece.
Contrib. Mineral. Petrol. 135, 340-354.

Liafr, A7, Gebauer, D. and Fanning, C.M. (2000): U-Pb
SHRIMP-dating of zircon from the Novate granite
(Bergell, Central Alps): evidence for Olicocene—
Miocene magmatism, Jurassic—Cretaceous conti-
nental rifting and opening of the Valais trough.
Schweiz. Mineral. Petrogr. Mitt. 80,305-316.

Liafi, A7, Gebauer, DD. and Fanning, C.M. (Z004): The
youngest basic oceanic magmatism in the Alps (Late
Cretaceous; Chiavenna unit, Central Alps): geo-
chronological constraints and geodynamic signifi-
cance. Contrib. Mineral. Petrol. 146, 144-158.

Ludwig, K. (Z000): User’s Manual for Isoplol/Ex, ver-
sion 2.4. A geochronological Toolkit for Microsoft
Excel, Berkeley Geochronological Center, Special
Publication No. 1a, 53 pp.

Mc Laren, A.C., Fitzgerald, J.D. and Williams, 1.S. (1994):
The microstructure of zircon and its influence on the
age determination from Pb/U isotopic ratios meas-
ured by ion microprobe. Geochim. Cosmochim. Acta
58, 607-610.

Oberli, I, Meier, M., Berger, A., Rosenberg, C. and
Gieré, R. (1996): Th/2®U disequilibrium systemat-
ics in U-Th-Pb dating: nuisance or powerful tool in
geochronometry? Goldschmidt Conference 1996, J.
Conf. Abstr. 1, 439.

Oliver, N.I1.S., Bodorkos, S., Nemchin, A.A., Kinny, PD.
and Watt, G.R. (1999): Relationship between zircon
U-Pb SHRIMP ages and leucosome type in migma-
tites of the Halls Creek orogen, Western Australia. J.
Petrol. 40,1553-1575. i

Ordénez Casado, B., Gebauer, D., Schiifer, H.-J., Gil
Ibarguchi, J.I. and Peucat, J.J. (2001): A single Devo-
nian subduction event for the HP/HT metamor-
phism of the Cabo Ortegal complex within the Iberi-
an Massif. Tectonophysics 332,359-385.

Rubatto, D. and Gebauer, D). (1999): Uligocene (35
Ma) high-pressure metamorphism in the Monte
Rosa nappe (Western Alps): implications for
paleogeography. Schweiz. Mineral. Petrogr. Mitt. 79,
353-362.

Rubatto, Diand Hermann, J. (2001): Exhumation as fast
as subduction? Geology 29, 3-6.

Schaltegger, U. and Gebauer, D. (1999): Pre-Alpine geo-
chronology of the Central, Western and Southern
Alps. Schweiz. Mineral. Petrogr. Mitt. 79, 79-88.

Schaltegger, U., Fanning, C.M., Giinther, D., Maurin,
J.C., Schulmann, K. and Gebauer, D. (1999): Growth,
annealing and recrystallization of zircon and preser-
vation of monazite in high-grade metamorphism:
conventional and in-situ U-Pb isotope, cathodolu-
minescence and microchemical evidence. Contrib.
Mineral Petrol 134, 186-201.

Schmid, S:M., Berger, A., Davidson, C., Gieré, R., Her-
mann,J., Nievergelt, P, Pusching, R. and Rosenberg,
C. (1996a): The Bergell pluton (Southern Switzer-
land, Northern Italy): overview accompanying a
geological-tectonic map of the intrusion and sur-
rounding country rocks Schweiz. Mineral. Peirogr.
Min, 76, 329-355,

Schmid, S.M, Piittner, O.A., Froitzheim, N., Schonborn,
(., and Kissling, E. (1996b): Geophysical-geological
transect and tectonic evolution of the Swiss-Italian
Alps. Tectonics 15,1036-1064.

Stampili, G M. {T993): Le Brianconnais, terrain exotique
dans les Alpes? Eclogae geol. Helv. 86,1-45.

Stern, R. (1997): The GSC Sensitive High Resolution
Ion Microprobe (SHRIMP): analytical techniques
of zircon U-Th-Pb age determinations and perform-
ance evaluation. In: Radiogenic Age and isotope
studies: Report 10; Geological Survey of Canada,
Current research, pp. 1-31.

Tera,F. and Wasserburg, G.J. (1972 ). U-Th-Pb systematics
in three Apollo 14 basalts and the problem of initial
Pb in lunar rocks. Earth Planet. Sci. Lett. 14,281-304.

Trommsdorft, V. (1990} Metamorphism and tectomnics m
the Central Alps: The Alpine lithospheric mélange
of Cima Lunga and Adula. Societa Geologica Ital-
iana, Memorie, vol. 45,3949,

Trommsdorff, V. (1966): Progressive Metamorphose
kieseliger Karbonatgesteine in den Zentralalpen
zwischen Bernina und Simplon. Schweiz. Mineral.
Petrogr. Mift. 46, 431-460.

Vavra, G., Schmid, R. and Gebauer, D. (1999): Internal
morphology, habit and U-Th-Pb microanalysis of
amphibolite-to-granulite facies zircons: geochrono-
logy of the Ivrea Zone (Southern Alps). Contrib.
Mineral. Petrol. 134, 380-404. -

Villa, T.{T998): Isotopic closure. Terra Nova 10,4247,

von Blackenburg, F (1992). Combined high-precision
chronometry and geochemical tracing using acces-
sory minerals: applied to the Central-Alpine Bergell
intrusion (central Europe). Chem. Geol. 100, 19—0.

Watt, G.R. and Harley, S.1.. (1993} Accessory phase con-
trols on the geochemistry of crustal melts and res-
tites produced by dehydration melting. Contrib.
Mineral. Petrol. 125,100-111. -

Waft, GR., Burns, .M. and Graham, G.A. (1996):
Chemical characteristics of migmatites: accessory
phase distribution and evidence for fast melt segre-
eation rates. Contrib. Mineral. Petrol. 125,100-111.

Wenk, E. (1956): Die Teponiinische Gneissregion und
die jungen Granite der Valle della Mera. Eclogae
geol. Helv. 49,251-265.

Wenk, H.-R., Wenk, E. and Wallace, J.H. (1974): Meta-
morphic mineral assemblages in pelitic rocks of the
Bergell Alps. Schweiz. Mineral. Petrogr. Mitt. 54,
507-554.

White, R“W-and Powell, R. (2002): Melt loss and preser-
vation of granulite facies mineral assemblages. J.
Metamorphic Geol. 20, 621-632. -

Williams, I.S., Buick, S. and Cartwright, 1. (1996): An ex-
tended episode of early Mesoproterozoic metamor-
phic fluid flow in the Reynolds Range, central Aus-
tralia. J. Metamorphic Geol. 14,29-47.

Received 29 January 2003
Accepted in revised form 17 July 2003
Editorial handling: R. Gieré



	Geochronological constraints for the time of metamorphism in the Gruf Complex (Central Alps) and implications for the Adula-Cima Lunga nappe system

