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Abstract Mafic rocks of a Permian crust to mantle
section in Val Malenco (Italy) display a multi-stage
evolution: pre-Alpine exhumation to the ocean floor,
followed by burial and re-exhumation during Alpine
convergence. Four prominent generations of amphiboles
were formed during these stages. On the basis of
microstructural investigations combined with electron
microprobe analyses two amphibole generations can be
assigned to the pre-Alpine decompression and two to the
Alpine metamorphic P-T evolution. The different am-
phiboles have distinct NaM?* Ca, K and Cl contents
according to different P-T conditions and fluid chemis-
try. Analysing these mixed amphiboles by the **Ar—*°Ar
stepwise heating technique yielded very complex age
spectra. However, by correlating amphibole composi-
tions directly obtained from the electron microprobe
with the components deduced from the release of Ar
isotopes during stepwise heating, obtained ages were
consistent with the geological history deduced from field
and petrological studies. The two generations of pre-
Alpine amphiboles gave distinguishable Triassic to Late
Jurassic/Early Cretaceous ages (=225 and 130-140 Ma
respectively). High-Na™* amphiboles have higher iso-
topic ages than low-Na™* ones, in agreement with their
decompressional evolution. The exhumation of the
Permian crust to mantle section is represented by the
former age. The latter age concerns Cl-dominated am-
phibole related to an Early Cretaceous oceanic stage.
For the early Alpine, pressure-dominated metamor-
phism we obtained a Late Cretaceous age (83-91 Ma).
The later, temperature-dominated overprint is signifi-
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cantly younger, as indicated by *’Ar—*Ar ages of 67—
73 Ma. These Late Cretaceous ages favour an Adriatic
origin for the Malenco unit. Our data show that
FAr—*Ar dating combined with detailed microprobe
analysis can exploit the potential to relate conditions of
amphibole formation to their respective ages.

Introduction

In many metamorphic rocks, “minerals” consist of
multiple generations formed at different times with dif-
ferent chemical compositions. Electron microscopy has
shown in recent years that intergrowths of multiple
generations are ubiquitous, usually at the sub-micro-
metre scale (Livi and Veblen 1987; Veblen 1992; Parsons
et al. 1999). In view of these mineralogical complexities,
it might be necessary to question the assumption of
simple, homogeneous minerals on which geochronology
was based.

Multi-chronometric investigations are hampered by
the fact that most isotopic methods are capable of dating
bulk minerals only, which reduces the information that
can be obtained from polymetamorphic rocks. Only
dating methods that allow insight into intra-mineral
isotopic heterogeneities may be useful in such cases. Yet
FAr-*Ar dating of mineral mixtures is generally not
considered productive, because mixtures often result in
irregular age spectra.

Turner et al. (1971) were first to realize that whole
rocks showed a correlation between Ca/K ratio and
39 Ar—*Ar step ages because they reflected polymineralic
assemblages. However, in the following years, no prac-
tical way of disentangling the age spectra was proposed,
and the occurrence of mineral mixtures was considered
to prevent the reconstruction of geological histories.
Only in the very recent past has it become possible to

We follow the convention of all other isotopic systems and denote
the dating method in the order parent—daughter.
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estimate ages for the components of the mixing. This
approach makes use of suitable Ar isotope correlation
diagrams to recognize mineral mixtures (Villa et al.
1996a, b, 1997; Boriani and Villa 1997). Three-isotope
correlation diagrams are a prime tool allowing identifi-
cation of separate rare gas components (Hohenberg
et al. 1967); these components have generally been
viewed as physically distinct reservoirs. With the help of
the electron microprobe (EMP) it is then possible to test
for the existence of such inferred, chemically and
mineralogically resolvable entities.

Amphibole has been widely recognized as a monitor
of polyphase metamorphic evolutions (Raase 1974;
Laird and Albee 1981) due to its compositional sensi-
tivity to changing pressure, temperature and bulk rock
composition. The variety of amphiboles is such that a
small difference in the P-T conditions of amphibole
formation will result in a detectable chemical difference
between successive amphibole generations. Amphiboles,
on the other hand, are quite stable once formed, and it is
a common microstructural observation that amphiboles
overgrow, without necessarily substituting, one another.
The diffusivity of structure-forming ions appears to be
negligible compared to the effects of new crystallization.
The diffusivity of trace radiogenic daughters has been
recently reassessed; the diffusion coefficients for doubly
charged Sr and for neutral Ar are identical (Brabander
and Giletti 1995; Villa et al. 1996b). Atoms of trace

elements having either a high charge (such as Sr) or a
large radius (such as Ar) cannot move out of the unit cell
they occupy unless the mineral structure forms vacan-
cies. For example, Ar cannot diffuse faster than the
structure-forming Al and Si exchange in sanidine (Nyf-
eler et al. 1998). In the case of amphiboles, comparison
of Sr and Ar diffusivities (Brabander and Giletti 1995;
Villa et al. 1996b) strongly suggests the same to be the
case: Ar is not lost from an amphibole unless its struc-
ture-forming cations also moved. Therefore, it is plau-
sible that minor elements or radiogenic isotopes preserve
the record of the conditions under which their host
amphibole was formed. If an amphibole is observed to
be chemically homogeneous, this is taken to mean that it
did not change its composition by diffusion of elements
including Ar.

In the present work we describe how to unravel the
geochronological information hidden in a heteroge-
neous, polyphasic amphibole. In order to do so, we
selected a sample suite for which the chronological
evolution was already known, albeit broadly. In the
Malenco unit (Fig. 1) geological and petrological con-
straints exist that permit an independent control of the

Fig. 1 Geological map of the Val Malenco area with sample
locations. For a detailed geological map and description of rock
types, see Miintener and Hermann (1996)
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inferences of our geochronological study. Our aim was
twofold: firstly, to attempt to refine the chronological
constraints on the metamorphic evolution of the Mal-
enco unit; secondly, to use the exceptionally well-defined
geological framework to understand to what extent the
pre-Alpine record was preserved in these polymetamor-
?hic rocks. For both aims it is necessary to combine the
SAr-*"Ar stepwise heating technique on hand-picked
amphiboles with detailed microchemical investigations
on the mineral separate.

Geological constraints

The Malenco unit, situated at the Penninic—Austroal-
pine boundary in the Val Malenco (N Italy, Alps;
Fig. 1), formed a crust-to-mantle transition in Permian
times. A gabbro intruded the lithospheric mantle as well
as the lowermost continental crust at 35 km depth
(Trommsdorff et al. 1993; Miintener and Hermann
1996; Hermann et al. 1997). U-Pb age determinations

Fig. 2a P-T-age constraints on
the evolution of the Malenco
lower crust — upper mantle
complex (after Miintener

et al. 2000). Characteristics of
amphiboles formed during this
evolution are given in italics.

b Schematic field relations of
pargasite blackwalls (not to
scale). Blackwalls formed at the
contact between mafic and
ultramafic rocks. Rodingites
formed during metasomatism
near the ocean floor and partly
recrystallized during Alpine
metamorphism. The degree of
Alpine overprint increases from
the upper right to the lower left
corner. The positions of the
dated samples are indicated.
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on zircons yield a Permian age of 270 + 6/—4 Ma for
the gabbro intrusion (Hansmann et al. 1996).

The pre-Alpine P-T evolution and subsequent exhu-
mation has been discussed by Miintener et al. (2000) and
is sketched here in Fig. 2. Firstly, the rocks underwent
anhydrous recrystallization and cooled from 800 °C
down to 600 °C with moderate decompression from 1.0—
0.85 GPa. Then, a near-isothermal decompression is
documented by hydrous parageneses. Amphiboles
formed during decompression display a decrease in Na™*
content (Hermann 1997; Miintener 1997). Serpentiniza-
tion of ultramafic rocks, concomitant rodingitization of
ultramafic-mafic contacts, and formation of ophicar-
bonates (Fig. 1) provide evidence of subsequent exhu-
mation to the ocean floor (Trommsdorff et al. 1993).
Stable isotope results (Burkhart and O’Neill 1988; Poz-
zorini and Frith-Green 1996) further support oceanic
serpentinization. The mantle rocks are crosscut by MOR-
type basalts of the Forno unit (Fig. 1), which are overlain
by sediments that correlate well with Jurassic sequences
(Peretti 1985; Weissert and Bernoulli 1985). On the basis
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of this combined geological evidence, Trommsdorff et al.
(1993) suggested that the Malenco rocks formed part of
the Tethyan ocean floor in Jurassic times. To explain the
exhumation of rocks originating from 30 km depth,
large-scale extension has been considered. Extensional
tectonics are well documented in Jurassic syn-rift sedi-
ments in the Austroalpine units (Froitzheim and Eberli
1990). The onset of Jurassic rifting has been proposed by
Miintener et al. (2000) as the cause of near-isothermal
decompression of the Malenco rocks.

During the subsequent Alpine cycle, the rocks of the
Malenco unit were metamorphosed under epidote—
amphibolite facies conditions. The pressure peak of 0.4—
0.7 GPa inferred from Na™* in amphiboles (Bissig and
Hermann 1999) was followed by peak temperatures
around 450 °C as determined by calcite—dolomite ther-
mometry (Trommsdorff and Evans 1977; Mellini et al.
1987) and garnet-amphibole thermometry (Hermann
1997). The metamorphic pressures and temperatures are
thus very similar to those in the overlying Margna nappe
(Guntli and Liniger 1989; Bissig and Hermann 1999).

In summary, tight geological constraints exist in
terms of the evolution between the Permian and the
Cretaceous. There is a lack of precise geochronology of
the metamorphic evolution: blackwalls (rocks at the
contact between ultramafic and mafic ones, consisting
predominantly of amphibole and chlorite) are almost
monomineralic and contain no other unaltered mineral
to use in a two-point isochron (e.g. Rb—Sr). Moreover,
bulk analyses (such as Rb—Sr or conventional U-Pb) are
clearly meaningless to date polymetamorphic minerals.

Sample description

Blackwalls consisting of about 90% pargasitic amphi-
boles, with minor zoisite, chlorite and diopside, formed
at the contact between mafic and ultramafic rocks. On
the basis of field and microscope observations, different
pargasite generations are recognized (Fig. 2b). The
oldest pargasite pre-dates rodingitization, as it occurs as
inclusions in grossular and because rodingite veins cut
pargasite-bearing rocks (1, 2 in Fig. 2b). It formed
coevally with an early hydration of ultramafic-mafic
contacts during pre-Alpine exhumation (Fig. 2a). A pre-

Alpine origin of the blackwalls is further supported by
the first Alpine foliation which in places deforms rod-
ingite—blackwall contacts (3 in Fig. 2b). In most cases,
however, pargasite recrystallized along the main Alpine
foliation (3, 4 in Fig. 2b). Late recrystallization is doc-
umented by pargasites formed within the axial plane
surface of late-stage folds (5 in Fig. 2b) and in pargasites
forming shear bands (6 in Fig. 2b).

The three samples used for *Ar—*"Ar dating were
collected in areas with different degrees of Alpine over-
print (Fig. 2b). Sample locations and characterizations
are given in Table 1. Sample L-UM 218 comes from a
garnet—clinopyroxenite that was partly replaced by
pargasite. The surrounding ultramafic rocks are meta-
peridotites with little Alpine metamorphic overprint.
Sample B-F 1 was collected from a gabbro dyke within a
partly serpentinized dunite. Pargasite is aligned within the
Alpine foliation, providing evidence for Alpine recrys-
tallization. Pre-Alpine pargasite is rare and enclosed in
rodingitic garnet. Sample L-F 6 derives from a pervasively
foliated and recrystallized blackwall between metagabb-
ros and serpentinites which preserves no pre-Alpine relics.

Analytical techniques

The rocks were crushed and sieved. Amphiboles between
0.125 and 0.25 mm were enriched by magnetic and
gravimetric means. Prolonged hand-picking of the
separate led to a visual purity >99.5%.

Electron microprobe

The separated minerals were mounted in epoxy resin and
polished. Additionally, polished thin sections of the
samples were used. Mineral compositions were analysed
using a Cameca SX-50 microprobe, equipped with five
crystal spectrometers. Samples were coated with 200 A
of carbon. Operating parameters include an acceleration
potential of 15 kV, a beam current of 20 nA and a beam
size of ~1 um. The volume excited by the electron beam
was approximately a 5-pm-diameter spheroid. Data
collection on background positions on both sides of the
peaks was half the time of data collection on the

Table 1 Sample location (with Swiss grid coordinates) and short description of assemblage accompanying the pargasites

Sample

Macro- and microscopic description of assemblage accompanying the pargasites

L-UM 218, Val Orsera, 781'130/128"600

Amphibolitized garnet—pyroxenite dyke within partly serpentinized peridotite

Pargasite forms ~90% of the matrix, minor relics of clinopyroxene and garnet
Pargasite overgrows statically the pyroxenite texture

B-F 1, Val Firaas, 784"250/128400

Central part of a partly rodingitized gabbroic dyke cutting the ultramafic rocks

Mg-pargasite coexists with clinozoisite, has small clinopyroxene inclusions
Mg-pargasite replaces pyroxene and forms a weak foliation

L-F 6, Lagazzuolo, 782'750/129°480

Pargasitic blackwall in Fe-gabbro 1 m away from contact to ultramafic rocks

Fe-pargasite coexists with titanite and apatite
Fe-pargasite oriented along main schistosity, few postkinematic grains




respective peak position. Natural and synthetic oxides
and silicates were used as standards. Counting time on
peaks was generally 20 s, except Na (10 s), Ni (40 s) and
Cl (60 s). Raw data were corrected for drift, dead time
and background. A ZAF-type correction procedure was
applied to the data (Pouchon and Pichoir 1984).

P Ar-*Ar stepwise heating

I Ar—*Ar analyses were performed in an all-metal ex-
traction system containing a double-vacuum resistance
oven with an external thermocouple. Typical steps lasted
20 min; the crucible was not cooled between steps. Of
some relevance to the present paper is the temperature
control: it is both known from the literature (Foland
et al. 1993) and very easily directly controlled by melt-

Table 2 Ar—Ar stepwise heating results. All Ar concentrations are
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ing-point calibrations and optical pyrometry that dou-
ble-vacuum furnace thermocouples read outside
temperatures which can be too high by 100 K compared
to those in the crucible, whereby the temperature dif-
ference becomes smaller at high temperatures because of
Stefan—Boltzmann’s law. While our absolute T values
are therefore probably no better known that £ 30 K, the
intra-sample relative temperature differences are likely
to be better controlled than +5 K, and inter-sample
comparisons than +2 K, as all samples were measured
in immediate succession and crucible and resistance
conditions were practically unchanged.

Samples were irradiated at the Rise research reactor
(DK). Ar isotope analyses were performed on a MAP™
215-50B rare gas mass spectrometer. All isotopes were
measured on the Faraday collector. Data listed in
Table 2 were corrected for mass spectrometer back-

are given in wt%; Cl is given in ppm. These values are calculated
from the total *°Ar, 3’Ar and *®Ar, the production ratios and the

in picolitres per gram (pl/g). Errors are 1 sigma. Ar* denotes total
“OAr minus atmospheric *’Ar; the integrated K,O and CaO values irradiation time. Ages are given in Ma

Step T (°C) YOAT of PAr BAr YAr AL Age + lo
L-UM 218 (50.0 mg; J = 1.876 * 107%; Ar* = 684; K,O = 0.16; CaO = 9.9; Cl = 1077)

1 856 563.81 + 0.04 0.117 £ 0.005 0.728 £ 0.004 4.56 + 0.02 1.814 £+ 0.009 688 + 56
2 1034 112.75 + 0.01 0.232 £+ 0.006 0.554 + 0.004 6.67 £ 0.02 0.332 £ 0.004 211 £ 16
3 1089 231.80 £+ 0.02 3.998 + 0.006 8.396 £ 0.016  105.64 £+ 0.28 0.437 £+ 0.003 92.8 £ 0.7
4 1124 152.17 £ 0.03 2.551 £ 0.006 6.056 £ 0.012 66.55 £ 0.18 0.290 £ 0.003 93.7 £ 1.2
5 1140 121.38 + 0.01 2.041 + 0.005 5.188 + 0.013 53.06 £ 0.14 0.245 + 0.003 869 + 1.5
6 1156 127.73 £ 0.02 2.157 £+ 0.006 5.671 £+ 0.011 56.65 + 0.15 0.246 £ 0.004 919 + 1.7
7 1184 100.32 + 0.01 1.369 £ 0.006 3.712 £ 0.008 36.15 + 0.10 0.200 £ 0.004 107 £ 2.8
8 1219 125.26 + 0.03 1.010 £ 0.005 2.739 + 0.009 26.44 + 0.07 0.285 £+ 0.006 140 + 5.0
9 1248 78.16 £ 0.02 0.494 £ 0.005 1.323 £ 0.007 13.98 £+ 0.04 0.206 £ 0.005 123 + 8.8
10 1322 199.45 £+ 0.03 1.644 + 0.006 4.544 + 0.010 48.06 = 0.13 0.386 £ 0.005 178 £ 2.5
11 1348 171.05 + 0.02 1.219 £ 0.007 3.476 £+ 0.011 39.51 £ 0.11 0.350 + 0.004 190 + 3.0
12 1488 181.35 + 0.01 1.173 £ 0.007 3.195 £ 0.009 39.02 + 0.10 0.348 + 0.004 226 + 3.2
B-F 1 (34.02 mg; J = 1.871 * 107%; Ar* = 946; K,0 = 0.36; CaO = 9.5; Cl = 2I)

1 852 634.11 £ 0.05 0.153 + 0.004 0.589 + 0.009 5.03 + 0.02 2.011 £ 0.009 742 + 42
2 1032 263.31 £+ 0.04 0.135 £ 0.007 0.186 =+ 0.003 432 + 0.02 0.880 £ 0.009 87 + 63
3 1090 271.86 £+ 0.04 3.247 £ 0.007 0.168 £ 0.009 41.03 £+ 0.11 0.670 £ 0.007 763 + 2.1
4 1120 202.75 £+ 0.04 2.574 £+ 0.005 0.198 + 0.006 31.53 £ 0.09 0.497 £+ 0.007 72.5 £ 3.0
5 1141 230.56 + 0.01 3.349 + 0.007 0.152 £ 0.004 40.14 £+ 0.11 0.520 £ 0.006 73.1 + 3.1
6 1160 308.14 + 0.03 4.608 + 0.009 0.266 £+ 0.009 52.82 + 0.15 0.713 £ 0.005 73.2 £ 0.9
7 1178 309.26 + 0.03 4.742 £+ 0.009 0.232 + 0.011 54.53 + 0.15 0.660 £+ 0.005 82.8 £ 1.0
8 1195 290.33 £+ 0.03 4.451 £+ 0.009 0.266 = 0.010 50.77 + 0.14 0.665 £ 0.007 73.0 £ 1.4
9 1226 399.09 + 0.04 9.158 £ 0.011 0.324 £ 0.010  105.12 + 0.28 0.645 + 0.008 78.5 £ 0.8
10 1258 209.48 £+ 0.03 1.469 £ 0.005 0.135 £+ 0.009 19.59 £ 0.06 0.547 £ 0.008 111 + 5.1
11 1325 264.79 £+ 0.04 1.928 £ 0.007 0.213 £ 0.004 29.60 + 0.08 0.740 £ 0.004 90.9 + 2.0
12 1384 232.38 £+ 0.02 1.718 £ 0.005 0.240 + 0.012 2593 £+ 0.07 0.610 £ 0.005 104 £+ 2.6
13 1491 240.91 £ 0.06 1.733 £ 0.006 0.212 £+ 0.010 27.00 £ 0.08 0.667 £+ 0.004 83.6 + 2.3
L-F 6 (55.13 mg; J = 1.869 * 107%; Ar* = 1038; K,O = 0.52; CaO = 10.1; Cl = 24)

1 850 263.16 £ .03 0.646 £ 0.003 0.284 £ 0.007 3.05 £ 0.02 0.816 £ 0.005 1129 £ 7.5
2 1033 104.81 £+ 0.01 1.191 £+ 0.004 0.087 £+ 0.003 3.34 £ 0.03 0.296 + 0.004 493 + 28
3 1090 209.13 £+ 0.05 9.020 £ 0.011 0.324 £ 0.006 93.62 £+ 0.25 0.203 £ 0.001 577 £ 0.2
4 1120 113.68 + 0.02 4.428 £+ 0.007 0.135 £ 0.005 48.16 = 0.13 0.146 £ 0.002 558 £ 0.3
5 1140 124.05 + 0.02 5.036 + 0.006 0.165 £+ 0.006 51.00 + 0.14 0.148 + 0.003 557 £ 0.6
6 1176 23594 + 0.01 10.355 £ 0.011 0.296 =+ 0.003 104.02 £+ 0.28 0.160 £ 0.002 63.1 £ 0.2
7 1206 299.75 £ 0.02  12.680 = 0.012 0.328 + 0.004  121.70 + 0.32 0.176 £+ 0.002 67.3 £ 0.2
8 1239 92.48 + 0.01 2.531 £+ 0.005 0.105 + 0.003 27.14 £ 0.07 0.144 £ 0.001 68.1 £ 0.5
9 1281 124.36 + 0.01 4.118 £ 0.007 0.118 £ 0.003 4785 + 0.15 0.127 £ 0.005 73.0 £ 1.1
10 1321 123.74 + 0.01 3.947 £ 0.008 0.137 + 0.004 50.27 + 0.14 0.179 £+ 0.002 63.1 £ 0.5
11 1387 68.25 + 0.01 1.255 £ 0.003 0.067 £ 0.005 16.06 £ 0.05 0.152 £ 0.004 65.0 £ 2.6
12 1490 86.90 + 0.02 1.841 + 0.005 0.111 £ 0.006 21.62 £+ 0.06 0.188 £ 0.004 59.7 £ 1.9
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ground (0.5 = 0.15 fL for masses 36, 37 and 39) and
discrimination (0.13%/amu favouring heavy masses,
determined by a micropipette open to atmosphere).
Furnace blanks always had atmospheric composition
and ranged from 0.2 pL at 1000 °C to 0.5 pL at
1400 °C; they contained no detectable *’Ar at any
temperature. The dataset in Table 2 is complete and
additional information [e.g. radiogenic ““Ar (**Ar¥)
concentrations, Cl/Ca and “’Ar*/*°Ar,,, ratios, etc.l can
be easily derived. The interference factors were: (*°Ar/
3TAr)c, = 0.00067; (BAr/Ar)c, = 0.00023; C°Ar/’Ar) e, =
0.000255; (*“*Ar/*Ar)x = 0.011; (*Ar/*’Ar)x = 0.0118.
Errors in Table 2 are in-run statistics only (with
assigned uncertainties of 0.35% on discrimination and
1.5-3% on interference corrections) and purposefully do
not take into account uncertainties on J gradient,
monitor age and decay constants, which all affect all
steps in the same way and therefore potentially mask the
significance of inter-step age differences. The combined
uncertainties on these are about 1.5% (Renne et al.
1998). The age monitor was the originally distributed
MMhb-1, with an age of 523.1 Ma (Renne et al. 1998).
We used the production rates from Ca and ClI calculated
by Onstott et al. (1995).

Modelling the degassing behaviour of polymineralic
aggregates

A major problem is the discordant and irregular am-
phibole age spectra (Figs. 4, 6, 7). In general, such
spectra cannot be interpreted by the conventional ap-
proach which assumes that ““the method relies upon the
release of the Ar by thermal diffusion” (McDougall and
Harrison 1988, p. 12) and that hornblendes “preserve
and later reveal diffusion gradients” (McDougall and
Harrison 1988, p. 113). It was therefore conventionally
believed that age spectra mirrored a spatial “concen-
tration profile” (McDougall and Harrison 1988, p. 106).
Internally discordant age spectra are interpreted as
contaminated by excess Ar and usually not discussed
further. Recently, an alternative approach has been
proposed, which takes into account both mineralogy
and differential breakdown during laboratory degassing
(Villa et al. 1996a, b). As our amphiboles exhibit over-
growth of several generations (Fig. 5), this approach has
been further extended and is described below. It is im-
portant to point out that the scale of the overgrowths
limits the analytical techniques that can be successfully
used to unravel them. In order to achieve a counting
uncertainty of 1%, it is necessary to measure ~1 pL of
YOAr*. For example, if one were to date a 100-Ma am-
phibole with a K concentration of 1000 ppm by laser
microprobe, one would need to vapourize ~10° ym® (a
100-um cube), while the scale at which the Malenco
amphiboles are intergrown is much smaller (Fig. 5).
All five Ar isotopes were measured: YOAr, ¥Ar, BAr,
37Ar and *°Ar. The age of a sample is calculated from
the ratio of *°Ar to *°Ar. Because the irradiation of K,

Cl and Ca produces *°’Ar, *®Ar and *’Ar respectively, the
relative concentrations of these elements in the sample
can be obtained from the Ar isotope data. As the
amphibole overgrowth zones have a scale of several
micrometres (Fig. 5), recoil of Ar isotopes during
irradiation (Turner and Cadogan 1974; Villa 1997) is
negligible. Therefore the **Ar/*Ar and *’Ar/*°Ar ratios
of each heating step are a sufficiently good approxima-
tion of the CI/K and Ca/K ratios of the phase that
contributes most gas to that heating step.

It is well known (Lee et al. 1991; Wartho et al. 1991;
Lee 1993) that amphibole releases its Ar in vacuo by a
breakdown reaction. Lee et al. (1991) and Wartho et al.
(1991) proposed that the **Ar release rate has three
peaks as a function of temperature. Actually, Ca-derived
STAr is probably a better proxy for degassing of am-
phibole sensu stricto, as K-derived *°Ar released below
1000°C could derive from minute K-rich impurity
phases (Villa et al. 1996b, Fig. 2). The *’Ar release in
Wartho et al.’s (1991) and Lee et al.’s (1991) samples
only shows two peaks which are identified as the
breakdown by reaction to pyroxene + feldspar (B) and
melting (M) respectively (Wartho et al. 1991). It is likely
that Ar is expelled from the structure when a major
rearrangement of structure-forming cations occurs. The
data of Lee et al. (1991) and Wartho et al. (1991) imply
that the most important cation rearrangement corre-
sponds to reaction “B”’. In a mixture containing two or
more amphiboles, and possibly other intergrown impu-
rities, these additional reagents may enhance the overall
reaction rate, and the temperature of the B degassing
peak may be lowered. Texture and mineralogy may play
an additional role; for example, they might be the cause
of alternating degassing of the different components and
contribute to the “‘crankshaft-style” release pattern in
the high-temperature steps of some samples (S.P. Kelley,
personal communication 2000).

Because of the compositional variability of ampbhi-
boles, their average ionic bond length/strength (Dahl
1996a) is different. The in vacuo breakdown rates are a
function of binding energy and therefore a priori also
expected to be different (cf. Dahl 1996b, p. 28; Villa
et al. 1996a, Fig. 4c). Accordingly, the data from our
laboratory in Fig. 3a shows that the peaks of the de-
gassing rate of different amphiboles span a temperature
interval of over 300 °C. This interval is wider than that
reported by Lee (1993), as a larger range of amphibole
compositions is considered here. The peak degassing
temperature is a function of chemical composition and
reflects Dahl’s (1996a) predicted sequence. In most of
these examples, the “B” peak is by far predominant and
the “M” peak is small or non-existent. It is important to
point out that all samples were analysed in the same
furnace, so that effective crucible temperatures are not
expected to be biased relative to each other.

To illustrate the possible role of zoned minerals on an
age spectrum, a theoretical “‘stepwise heating experi-
ment” has been modelled with a 200-Ma amphibole
(am;), rich in K and Ca, inter-/overgrown by a 100-Ma
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dence of degassing rate, i.e in

vacuo breakdown temperature,
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tolotti et al. 1995); D actinolite 2
AP 36 (Boriani and Villa 1997);
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blende 93/533 (Kamber et al.
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G tschermakite > Mg-hornble-

nde 95/655 (F and G both

Belluso et al. 2000). b Sche- 1
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¢ Chemical correlation diagram.

In an ideal binary mixture the

correlation is perfectly linear. 0
d Age spectrum, e Ca/K spec- 750
trum, both showing irregulari-
ties. f Temperature dependence
of degassing rate for the three
samples from this study. The
extended temperature interval
over which degassing occurs,
compared to the examples of
Fig. 3a, argues for the presence
of more than one amphibole 1 , B
composition (cf. Fig. 5) z

(%/°C)

Degassing rate

|, Amphibole degassing b

Heating step

— L-UM 218
E weee B-F 1 = f
wenn | -Fi |

1250 T (°C)

7o N

Amphibole 1= 45 vol %

high T, low p

{Ca=1.92, K=0.18, CI=0.016 a.p.f.u)
Age = 200 Ma

Amphibole 2= 55 vol%

low T, high p

(Ca=1.28 K=0.08 CI=0.024 a.p.f.u)
Age = 100 Ma

i 5 i
0.2 £ 150
SE

g ° 125 4
01 &

amy

- : : 100

12 14 16 o

Ca/K

amphibole (am,) with lower K and Ca, and higher CI
contents (Fig. 3b). One amphibole (say am,) degasses
earlier than the other. The peaks of maximum outgas-
sing, B, and M,, are shown in Fig. 3b at lower tem-
peratures than the corresponding peaks for am;, B; and
M,. The gas released during each heating step is a
variable mixture of gas from both amphiboles, and the
resulting complexity of the age spectrum discourages a
direct interpretation. However, by taking into account
microchemical information we can resolve the mixture.

An interesting exception would occur if the two amphibole gener-
ations had exactly the same chemistry, because in that instance the
peaks of maximum outgassing would perfectly overlap and the
stepwise degassing would result in a constant Ar isotopic compo-
sition throughout the release. Due to the sensitivity of amphibole
composition to the P-T conditions, formation of exactly iso-
chemical amphiboles during two distinct metamorphic events seems
rather unlikely.
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Fig. 4 Results for sample
L-UM 218. a Age, b Ca/K and

d Cl/Ca spectra. In the three-
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In the first heating step, am, is the dominant phase.
Both the *’Ar/*’Ar (Ca/K) ratio and the **Ar/*Ar (Cl/
K) ratio lie near the composition of pure am, (Fig. 3c);
the Ar—Ar age is in the vicinity of the real crystallization
age of am, (Fig. 3d). A higher proportion of am; than
am, is outgassed in heating step three. This is mirrored
in a significantly different chemical signature (Ca/K, Cl/
K) as well as in an older age. The modelled age spectrum
is rather irregular and does not evolve steadily from
young to old ages. Equally erratic is the Ca/K spectrum
(Fig. 3e). The whole spectrum is not at all a plateau.
However, this does not imply that the spectrum is
meaningless. The key to diagnosing the presence of a
two-component mixture is shown in the chemical vari-
ation plot, Ca/K vs. CI/K (Fig. 3c). In such a common-

denominator three-isotope correlation diagram, it is
simple to prove that ideal binary mixtures all lie on
segments defined by the two components, and that
n-component mixtures all lie within a convex n-polygon
spanned by the n components (see also Belluso et al.
2000, p. 56; Villa 2000, Fig. 2). Figure 3c clearly indi-
cates that a binary mixture of two amphiboles exists
because all six steps lie on a line. The exact crystalliza-
tion age of am; and am, cannot be read from the age
spectrum (Fig. 3d). Nevertheless, a minimum age for the
older amphibole is given by step 6, which corresponds to
a chemical composition and age closest to the pure amy,
and a maximum age is obtained for am, in step 1.
While the sequence of breakdown reactions appar-
ently complicates the age spectrum, it is still possible to



L-UM 218

N

Fig. 5 Backscattered electron images of the mineral separates
display the different generations of amphiboles. a Pre-Alpine
amphiboles am; with high Na™* values form rare cores within an
amy—amz matrix in sample L-UM 218. b Alpine pressure-
dominated amphibole (am;) with rare clinopyroxene inclusions
(cpx) predominates in sample B-F 1. Am,; is bordered by later
amphibole am,. ¢ In sample L-F 6 am, occurs only as relics and the
temperature-dominated amphibole am, predominates. Scale bars
are 20, 25 and 20 um respectively

exploit the wealth of information provided by the Ar
isotopes produced from Ca, Cl and K (see Boriani and
Villa 1997). As we have indicated in Fig. 3b, am; and am,
are assumed to have Ca/K = 12 and 16, and CI/K = 0.30
and 0.10 respectively. Then the Ca/K and CI/K ratio of
each step can be used to reconstruct the relative propor-
tions of am; and am, in that step by mass balance
(Fig. 3c). The sequence of the data points is not a
monotonic one, but they define a linear correlation, as
expected for binary mixing. The position of the two
components is exactly specified in our forward model. In
natural samples, however, it can only be inferred as up-
per/lower limit, unless independent chemical constraints
(such as electron microprobe data) exist that fix the
components precisely. If such microprobe data are
available, it becomes straightforward to supplement the
limited chemical information provided by the Ar isotopes
(the Ca/Cl/K ratios for each heating step) with the full
chemical composition that also includes elements (such
as Si, Ti, Al, Na) that are not directly monitored by
artificial Ar isotopes. This forms a link connecting the
components identified from stepwise heating to the
characteristic parameters describing petrogenesis. This
aspect is illustrated below with microprobe data on
natural samples.

While a linear array in the Ca/Cl/K diagram is the
necessary consequence of a binary mixing, it could be
argued that not all linear arrays are due to mixing. For
instance, it could appear that in a chemically homoge-
neous amphibole with “domain” sizes smaller than the
recoil length of **Ar, linear covariation could be an ar-
tefact due to mobility of the common denominator (i.e.
removal or addition of *’Ar by recoil). However, this is
not a realistic explanation: firstly, because the magnitude
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of the required recoil redistribution needs to account for
the whole range of CI/K variations (often >50%); sec-
ondly, because one of the numerators, *’Ar, undergoes a
greater recoil than *’Ar; thirdly, because the same linear
correlation is seen between other ratios, whose denomi-
nators are not as sensitive to recoil (e.g. Ca/Cl vs. Ar*/Cl).

The P-T evolution thus obtained can finally be
combined with another common-denominator three-
isotope correlation diagram such as Ca/K vs. Ar*/K. In
this way it is possible to assign a K—Ar age to the
components of the mixing. This assignment constrains
the segment of the P-T—t evolution bounded between
the earliest and the latest amphibole generation.

In summary, the procedure should include all of the
following steps, in the correct order:

1. Plot Ar data in a common-denominator three-isotope
correlation diagram.

2. Identify corners of n-polygon enclosing the data
points.

3. Compare inferred chemical composition of these n
corner-points with measured EMP data on Ca, K, CL

4. If they match, identify components as chemically
(and mineralogically) distinct reservoirs.

5. By using a diagram correlating age with chemical
composition, assign formation ages to each reservoir.

It is important to stress that these distinct Ar reservoirs
are modelled by combining the Ar isotopic systematics
with the microchemical data. The pure modelled com-
positions do not need to correspond to specific steps,
and indeed may never be directly observed in the de-
gassing of a polyphase aggregate due to possible partial
overlap of their Ar releases. Only to the extent that clear
and consistent corner-points of polygons are identified
from the combination of Ar and EMP data is the present
approach legitimate.

The use of Ar isotope systematics to extract chemical
information has proved successful in the case of poly-
metamorphic amphiboles from the Limpopo Belt. In
that instance, Belluso et al. (2000) obtained a close
correspondence between the components derived from
FAr—"Ar stepwise heating and those observed by
analytical electron microscopy.
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Table 3 Representative electron microprobe analyses of the pargasites. Cations are calculated using NAMP normalization. Mg# refers to

total iron. Vector substitutions starting from tremolite are indicated

Sample L-UM 218 L-UM 218 L-UM 218 B-F1 B-F 1 B-F 1 L-F 6 L-Fo6 L-Fé6
Am type aml am?2 am3 amla amlb am?2 aml am?2 am3
SiO, 44.4 42.2 423 45.6 45.7 44.2 45.0 42.0 41.7
TiO, 0.09 0.06 0.09 0.27 0.05 0.17 0.36 0.45 0.38
Cr,03 0.62 0.09 n.a. 0.03 n.a. n.a. n.a. n.a. n.a.
AlL,O3 17.5 17.5 15.9 14.7 18.1 16.7 12.2 14.7 14.7
Fe,05 2.10 0.58 2.97 0.90 0.43 0.66 4.17 3.85 2.90
FeO 5.48 7.40 6.26 5.36 4.44 4.89 11.8 13.5 13.4
MnO 0.11 0.18 0.18 0.13 0.07 0.13 0.31 0.28 0.25
MgO 13.5 13.9 14.7 15.5 15.1 16.2 10.7 9.27 9.70
NiO 0.31 <0.04 n.a. <0.04 n.a. n.a. n.a. n.a. n.a.
CaO 9.71 11.8 11.7 10.3 9.14 11.9 9.05 10.0 10.4
Na,O 4.77 4.10 4.05 4.53 5.57 4.13 4.49 4.15 4.12
K,0 0.14 0.23 0.22 0.40 0.37 0.44 0.39 0.64 0.54
Cl 0.07 0.18 0.11 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
H,0 2.11 2.04 2.09 2.11 2.16 2.14 2.04 2.03 2.01
b 100.9 100.2 101.7 99.9 101.1 101.6 100.4 101.0 100.1
Si 6.26 6.07 6.14 6.47 6.35 6.19 6.59 6.21 6.20
Ti 0.01 0.01 0.01 0.03 0.01 0.02 0.04 0.05 0.04
Cr 0.07 0.01 — 0.00 - — - -

Al 2.90 2.96 2.66 2.46 2.96 2.75 2.10 2.56 2.59
Fe? 0.22 0.06 0.32 0.10 0.05 0.70 0.46 0.43 0.33
Fe? 0.65 0.89 0.75 0.64 0.52 0.57 1.45 1.67 1.66
Mn 0.01 0.02 0.03 0.02 0.01 0.02 0.04 0.04 0.03
Mg 2.84 2.98 3.09 3.28 3.11 3.39 2.33 2.04 2.15
Ni 0.04 0.00 - 0.00 - - - -

Ca 1.47 1.82 1.78 1.56 1.36 1.78 1.42 1.59 1.66
Na 1.30 1.14 1.11 1.25 1.50 1.12 1.28 1.19 1.19
K 0.03 0.04 0.04 0.07 0.07 0.08 0.07 0.12 0.10
Cl 0.02 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00
H 1.98 1.96 1.97 2.00 2.00 2.00 2.00 2.00 2.00
Mg# 0.77 0.76 0.74 0.82 0.85 0.84 0.55 0.49 0.52
Tschermak 1.47 1.11 1.14 1.09 1.37 1.05 1.22 1.30 1.20
Edenit 0.80 1.00 0.94 0.88 0.92 0.98 0.77 0.90 0.95
Na(M4) 0.53 0.18 0.22 0.44 0.64 0.22 0.58 0.41 0.34

Results and discussion
Pre-Alpine relics: amphibolite pyroxenite L-UM 218
Microchemistry

Microprobe analyses reveal that three different amphi-
bole types have been preserved (Fig. 4 and Table 3). BSE
images (Fig. 5a) show a distinct zonation between am,
and am,; am, predominates over am;. Am, and amj
cannot be distinguished by BSE images; however, am;
which rims am, has a lower Cl/Ca ratio. The three am-
phibole generations have different chemical composi-
tions (Table 3). Am; has higher Na™* and lower ClI
contents and a higher Ca/K ratio with respect to ams,.
Am, and amj can be distinguished by their chlorine
contents, 1,800 and 1,100 ppm respectively.

FAr-*Ar dating

The age spectrum is shown in Fig. 4a. The first two
heating steps, containing a very small proportion of the

total Ar, feature Ca/K and CI/K ratios markedly dif-
ferent from the rest of the heating steps (Table 2). The
identification of these steps as degassing of minor al-
teration phases follows Villa et al. (1996b), who related
the anomalous Ca/Cl/K ratios to the TEM observation
of secondary minerals. Amphibole sensu stricto is only
degassed from step 3 onwards. In the first section (75%
of the release, between steps 3 and 8), the Ca/K ratio
remains constant (Fig. 4b), but the Cl/Ca ratio steadily
increases (Fig. 4d). From steps 8 to 12, Cl/Ca reverses its
trend and decreases, while Ca/K monotonically
increases.

The behaviour of the step ages also shows a rational
pattern. Heating steps 7 and 8 exhibit the highest ap-
parent ages of the first section. This indicates that (1) an
Ar reservoir exists with a high Cl/Ca ratio and com-
paratively high ages and (2) the apparent “‘plateau”
spanning steps 3 to 6 is an artefact without geological
significance (cf. Villa et al. 1997, Fig. 2) and represents a
mixing between younger (Alpine) and older (pre-Alpine)
ages.

The step heating points are compared with the mi-
croprobe data in Fig. 4c. It is clear that the two data-sets
are closely related. In this correlation diagram, the linear
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nantly binary mixtures between reservoirs am,—amjs and
am;—am, respectively. The similarity between the Ar
stepwise release data and the microchemistry is readily
understood as differential breakdown of different
amphiboles.

The degassing rate of L-UM 218 is shown in Fig. 3f.
In contrast to the narrow peaks of Fig. 3a, this sample
releases its Ar over a broad temperature interval. This is
an additional argument for the presence of more than
one amphibole composition, in addition to the electron
microprobe observations and Ar correlation diagrams.

Textural relationships unambiguously indicate that amj;
is younger than am; and am, is younger than am,. This
provides support for our isotopic identification of three
chemically and temporally distinct amphibole genera-
tions. The correlation plot in Fig. 4f (age vs. Cl/Ca)
allows us to assign each of the three inferred amphibole
components a K—Ar apparent age. However, estimating
components is always underconstrained, and it is clear
that the age assignments are only maximum (or mini-
mum) values.
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The correlation between chemical element ratios and
age as we propose it in Fig. 4e, f would assign a
maximum age <90 Ma for ams. The chemical signature
of the high-temperature steps (10-12), on the other
hand, gradually approaches the measured chemical
composition of am; (Fig. 4c). Steps 11 and 12 have the
highest Ca/K ratios and lie on the tieline between am,
and am, in Fig. 4c, i.e. they result from simple binary
mixing. An age of 225 Ma for the pure am; reservoir is
calculated as the asymptote of the final heating steps in
a correlation diagram of Cl/Ca vs. age (Fig. 4f). Two
factors limit the precision of the am; age estimate: (1)
the rather low K and Cl concentrations which result in

a significant scatter of K/Ca and Cl/Ca ratios in the
EMP analyses, and thus make the chemical fingerprint
of the component imprecise; and (2) the possible
presence of excess Ar. It is necessary to clearly distin-
guish between “excess Ar” and “inherited Ar” (we
follow the strict definition by Lanphere and Dalrymple
1976). In our samples, there is no evidence that step
ages are any older than that which can be accounted
for by inheritance only. We therefore maintain that
excess Ar was not an important factor in the Malenco
amphiboles.

The formation age of am, is more difficult to esti-
mate, as all intermediate steps contain some Ar from



am; and ams. In the chemical correlation diagram
(Fig 4c¢), the vertex corresponding to am, is inferred to
have Cl/Ca > 0.175, K/Ca =0.02; in the age-Cl/Ca
diagram (Fig. 4f) this vertex has an age of 130-140 Ma.

An additional by-product of our approach is insight
into the petrologic evolution. By determining a param-
eter such as Na on the M4 site on the same amphibole
for which we have estimated an age, we are able to
estimate the relative formation pressure corresponding
to the K—-Ar age of individual amphibole generations
obtained from Fig. 4c, f.

In terms of metamorphic conditions, the texturally
oldest amphibole (am,) exhibits the highest Na™*, indi-
cating formation under relatively high pressures. It has
an apparent age of ~225 Ma. If this age is interpreted as
true, then the evolution of L-UM 218 acquires the
following meaning. Am; formed at relatively high pres-
sures at =225 Ma during an initial stage of rifting. A
second pre-Alpine amphibole (am,) crystallized under
relatively low pressure as indicated by low NaM?*. It
shows elevated Cl/Ca ratios (and high Cl and K contents)
and has an age around 130-140 Ma. Am, and amj; are
not distinguishable on the basis of their NaM* content,
but of their Cl/Ca ratio. Modelling the third component
(amj) from Fig. 4c, f gives an apparent age of 87 to
93 Ma, approaching the age of early Alpine metamor-
phism. The Alpine evolution will be addressed in the
following paragraph.

Alpine amphiboles

Two Alpine pargasites were analysed from pargasite-
bearing gabbro dyke B-F 1 and pargasitic blackwall L-F
6. Petrographic observations suggest a different preser-
vation of pre-Alpine relics: in B-F 1 the gabbroic texture
is still clearly recognized, while in L-F 6 recrystallization
was pervasive (Fig. 2b).

Pargasite-bearing gabbro B-F 1
Microchemistry

The BSE images of the amphibole separate (Fig. 5b)
show a strong zonation with relict clinopyroxene, idio-
morphic pargasites (am;) and a later rim (am,). Am;, is
more abundant than am,. Within am,; an older amphi-
bole generation am;, could be detected that displays
only a weak BSE contrast to the more abundant am-
phibole am;,. The amphiboles have different chemical
characteristics. Am;;, displays the highest Na™* content
of 0.66 and a constant Ca/K ratio (Fig. 6a, b). Unfor-
tunately, the Cl concentration in these amphiboles is
mostly below the detection limit of 0.01 wt% and
therefore makes meaningful CI/K microprobe measure-
ments impossible. The Ca/K ratio of am, overlaps the
range of am, but partly displays higher values. Am, is
characterized by significantly lower Na™* (0.21) and
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slightly higher edenite content than am;,. Am;, can be
distinguished from am;;, by slightly lower edenite and
NaM* contents.

The textural and chemical information permits cor-
relation of amphibole growth to the Alpine P-T path
(Fig. 2a). Am,;, recrystallized during the recorded peak
pressure. Am, may be correlated to peak temperature
that occurred at significantly lower pressure. Am;, most
probably formed during prograde metamorphism near
peak pressure conditions.

FAr-*Ar dating

The age and Ca/K spectra (Fig. 6¢c, d) show less pro-
nounced variations than those of L-UM 218. In partic-
ular, the Ca/K ratio (Fig. 6d) only varies between 21 and
23 over 80% of the release.

In the chemical correlation plot (Fig. 6¢) steps 5-9
are aligned along a well-defined line with a negative
slope. This line, and the anticorrelation of Cl with Ar*
(Table 2), both mean that the mineralogical difference
seen by EMP is reflected in the Ar systematics, and we
attribute the higher ages to the Cl-poor component am,,
and the lower ages to am,. Steps 10—13 show the highest
Ca/K ratios and the highest age. The higher ages might
be due to excess argon (either in amphibole or in
pyroxene); however, there are two arguments that step
ages around 100-110 Ma are meaningful.

1. The chemical signature — especially of step 12,
which yields the highest age — is different from the
composition of the other amphiboles indicating that an
additional component has to be considered. This com-
ponent is significantly richer in Cl. CI is unlikely to be
contained in saline fluid inclusions, as absorbed electron
imaging shows that Cl is rather homogeneously dis-
tributed within amphibole. Apatite inclusions have very
high Cl/Ca ratios (Belluso et al. 2000), different from
that of steps 10-13. Pyroxene has no CI substitution in
its stoichiometry. We therefore believe it is more likely
that this component is correlated to the pre-Alpine,
high-Cl amphiboles detected in sample L-UM 218.

2. Although our 26 electron microprobe point ana-
lyses on the mineral separate do not unambiguously
discriminate am,; from am,, textural evidence for a pre-
Alpine amphibole generation is provided by pargasite
inclusions in pre-Alpine grossular (Fig. 2b). While
it is impossible to decipher the presence or absence
of excess Ar if only sample B-F 1 is taken into account,
we believe that the geological context (a regional Jur-
assic amphibole formation) and the comparison with
related sample L-UM 218 argue against excess Ar.
Finally, an isochron plot is shown in Fig. 6f. As can be
seen, the data points plot near, but not on, a 72 Ma
regression line. While this age may seem a legitimate
average, it is not, because of two reasons.

1. A real isochron that corresponds to a geologically
meaningful age is a two-component mixture between
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one single trapped Ar and one single radiogenic com-
ponent. In Fig. 6f, the dispersion of the data about the
72 Ma regression line by far exceeds statistical fluctua-
tions, as MSWD = 17. By definition, the points must
not be regarded as defining a two-component isochron;
at least a third, different Ar reservoir is involved.

2. This additional reservoir is suggested by the other
isotope correlation plots discussed above. Since this
sample consists of at least two intergrown amphiboles, it
is clearly arbitrary to pretend that they have a single
radiogenic component (i.e. the same age) and that they
trapped the same initial Ar.

Interpretation

The interpretation of the age spectrum must take into
account mineralogy. Since the Ca/K ratio measured by
EMP is very similar in amphiboles 1 and 2, and the Cl
concentrations are below the detection limit of the
electron microprobe, it is not possible to estimate com-
ponents by mass balance as was done for L-UM 218.
However, textural relationships and geological con-
straints may help to correlate heating steps with am-
phibole generations. BSE images indicate that am; and
am, are the most abundant amphiboles in the separate.
Therefore they should be related to the heating steps 6—
9, which contain about 60% of the total **Ar. These four
steps have a very similar, low Ca/K ratio, in agreement
with the compositions determined by EMP. Amongst
them, two steps show lower CI/K, slightly higher Ca/K
ratios and higher ages (steps 7 and 9), and are tentatively
equated to am;. Steps with lower Ca/K, higher CI/K and
lower ages (6 and 8) are assigned to am,. We note that
this attribution is not only based on small age differences
(in which case it would be underconstrained), but rather
on the chemical correlation.

The age of the pure, Cl-poor component am; is
inferred to be >83 Ma. In Fig. 7e, the position of the
am; component is most closely approximated by step 7
(with a step age of 83 Ma; Fig. 7f), which nevertheless
still contains Ar from the younger am, rims. In turn,
the age of component am, is a function of both the
fractional contribution of am; to steps 6 and 8, and of
the latter’s true age; in any case, am, has to be no
older than the age of step 6 or 8, i.e. 73 Ma. From step
10 onwards, the Ca/K rises sharply. We interpret this
as one (or more) pre-Alpine relict amphibole am,, and
the highest observed step age of 110 Ma as its mini-
mum age. This age is away from the true formation
age because the mass fraction of this amphibole gen-
eration is very small. If these pre-Apline relics are too
small for unambiguous EMP detection (<1 pm) then
Ar recoil during irradiation becomes significant. In this
case, differential recoil redistribution of *’Ar, **Ar and
3Ar might explain some irregularities of the last four
steps.

On the other hand, a constraint on the age of am; is
provided by step 11: if this step is interpreted to reflect a

mixture between amg and amy, it follows that pure am;
must be younger than the step age, 91 Ma. In the high-
Ca/K steps the modal proportion of cpx is low, as
indicated by the comparatively high CI/Ca ratio.

The chemical element ratios permit us to make a
connection between age and petrolo;ic indicators, as
seen above. Am;, with its high Na™?, corresponds to
a pressure-dominated metamorphism, for which we
estimate an age between 83 and 91 Ma. Am,; is the
predominant amphibole in sample B-F 1. Am, rims
document a pressure decrease and possibly a tempera-
ture increase, as K increases; we assign them an age
<73 Ma.

Pargasitic blackwall L-F 6
Microchemistry

The BSE images of grain mounts display two distinct
amphibole generations. Am,; occurs as irregular small
cores within a younger am,—amjs mixture that predom-
inates (Fig. 5¢). Chemical analyses of the separated
amphiboles provide evidence for three distinct amphi-
bole compositions (Fig. 7a, b). Am, contains little Ca
and correspondingly high NaM? similar to am; in
sample B-F 1. Am, has significantly higher Ca and K
contents. The Ca content of amj is again higher, whereas
the K trend is reversed. This leads to a characteristic
Ca/K ratio for each of these three amphibole types.

From texture and chemical composition the amphi-
bole generations can be correlated to the Alpine P-T
evolution (Fig. 2a). The relict am, has the highest Na™M*
contents and is texturally oldest. It crystallized at highest
pressure conditions. From am; to am, to am; the NaM*
content decreases. We interpret this, together with the
textural relation, as indication for a pressure decrease
illustrated in the P-T path (Fig. 2a). The Na™* content
can thus be used as a relative time marker. Am, displays
a significantly higher K and edenite content than am;
and is correlated to peak temperature conditions. Amj is
interpreted to have formed under retrograde conditions.
We note that, unlike B-F 1 (where the oldest amphibole
generation had a chemical evolution that does not lead
to the am, generation), in L-F 6 am; and am, appear to
grade into each other (Fig. 7b).

FAr—*Ar dating

The Ca/K ratio and the age spectrum both show a
complex behaviour (Fig. 7¢c, d). Steps 1 and 2 were
identified as alteration products on account of their Cl/
Ca/K signature (Table 2), as discussed for L-UM 218. In
the three-element correlation diagram (Fig. 7e), the
heating steps 3, 5, 6 and 7 are aligned along a first
mixing line and the steps 7, 9 and 10 form a second
mixing line. This suggests that three amphibole genera-
tions are involved in the degassing, which is in agree-



ment with the microchemical investigation (Fig. 7a). In
the age vs. Ca/K diagram (Fig. 7f) we observe a sys-
tematic evolution, with the Ca/K ratio first decreasing
up to step 7 and later increasing again.

Interpretation

The Ca/K ratio determined by microchemistry (Fig. 7b)
and in the Ar—Ar analyses (Fig. 7f) permits a correlation
of the heating steps with the different amphibole gen-
erations. The predominant amphibole am, is best rep-
resented by heating step 7 which displays the lowest Ca/
K ratio. Accordingly, steps 3—6 are interpreted to result
from degassing of a mixture between am, and ams;.
Because of its small mass fraction, am; gas is never
completely pure in any step, and therefore the Ca/K
ratio never exceeds 21 in the Ar data while it reaches 26
in the EMP data. The steps with highest ages, 7-9,
originate from a mixture between am,; and am,. The age
of am; is thus 273 Ma. This minimum age is compatible
with the 83-91 Ma inferred from sample B-F 1. This less
tight constraint is easily explained by the observation
that in sample B-F 1 the most abundant amphibole is
am; whereas in L-F 6 it is the younger one, am,. The age
of am, can be estimated from steps 4-7, which account
for ~60% of the total *°Ar release. The mixing indicates
a maximum age of 55 Ma for am; and a minimum age of
67 Ma for am,. From B-F 1 we have derived a maxi-
mum age for am, of ~73 Ma. This means that the sec-
ond phase of amphibole growth occurred between 67
and 73 Ma, at the temperature peak of the Alpine cycle.

The role of diffusion

The Malenco amphiboles provide the opportunity to
compare laboratory-based and field-based estimates for
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the diffusion of Ar. As was mentioned earlier, the tem-
perature reached by Malenco rocks during Alpine
metamorphism was about 450 °C.

Of special interest is the laboratory determination of
the Ar diffusivity in hornblende. The laboratory phe-
nomena have been reviewed and discussed by Villa et al.
(1996b) and it is now clear that several artefacts had
plagued the earlier determinations (Villa et al. 1996b,
pp. 78-79). As shown by these authors, the true diffu-
sivity is at least one order of magnitude lower than that
used by McDougall and Harrison (1988). With the new
diffusivity data it is straightforward to calculate that for
an ambient T = 450 °C and a heating duration of 20 Ma
(Fig. 8) the mean diffusion length of Ar was 2.5 pm,
insufficient to significantly affect the Ar* budget of our
samples.

Do the Malenco amphiboles conform to this expec-
tation, or do they show a reduced retention of radio-
genic Ar*? Pre-Alpine relics that are petrographically
visible appear to have preserved a significant proportion
of their Ar*. This observation confirms that diffusive
loss of Ar has been negligible during the Alpine P-T
loop. The pre-Alpine amphiboles sensu stricto, am; and
am, of sample L-UM 218 and am, of sample B-F 6,
retained a well-distinguishable Ar signature. They were
largely unaffected by the formation (by local reaction
leading to recrystallization) of ams and am, respectively,
in the Cretaceous.

The Ar retention of our diachronically grown, hete-
rochemical amphibole generations provides support for
the conjecture that petrographic relics always carry

Fig. 8 Summary of age information of the three samples analysed.
Arrows indicate obtained minimum/maximum ages, the grey field
corresponds to the probable time span of amphibole formation.
The data are compared to age constraints from Austroalpine
sediments (Furrer et al. 1985; Froitzheim and Eberli 1990) and to
previous radiometric age determinations in the Penninic—Austro-
alpine boundary region (Frey et al. 1974; Handy et al. 1996)
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isotopic inheritance (Villa 1998, p. 44) because trace el-
ements, including radiogenic Ar, cannot diffuse faster
than the structure-forming major cations.

Internal consistency

The three discussed age spectra of polymetamorphic
amphiboles are very complex and thus might have been
considered worthless. Nevertheless, we have applied an
approach that relates the isotopic data to independent,
external support, such as textural and microchemical
information. We assigned ages to all amphibole gener-
ations; these ages are not very precise and are restricted
to minimum and maximum estimates. Only the combi-
nation of three samples having different Alpine overprint
permits us to constrain the age of the four metamorphic
phases (Fig. 8). It is clear that with internal criteria alone
it is impossible to decipher these spectra.

How well founded is the interpretation of internally
discordant age spectra as reflecting mixtures of different
mineral generations? BSE images of the separates pro-
vide relative ages of amphibole formation which agree
with the age sequence deduced from the Ar—Ar ages. The
known chemical evolution of amphiboles in the investi-
gated area give further age constraints: it is known that
the pre-Alpine amphiboles evolve from high Na™* and
intermediate Cl concentrations to low Na™* and high CI
(Miintener 1997). This evolution is again in agreement
with our interpretation of the spectra. The BSE images
further show which amphibole generation is dominant in
a sample. Pre-Alpine amphiboles are well preserved in
L-UM 218, resulting in a spectrum with half of the step
ages exceeding 110 Ma. Sample B-F 1 contains mostly
amphiboles of the first Alpine generation, whereas the
second Alpine generation predominates in L-F 6. Ac-
cordingly, the prevalent ages are older in B-F 1 than in
L-F 6. Hence, the tightest bracket for an amphibole
generation is always given by the sample in which this
generation is petrographically predominant; the other
samples can provide a consistency control on this age
bracket.

The P-T—t evolution

Combining the data from all three samples, we have
estimated the age ranges for the formation of the dif-
ferent amphibole generations shown in Fig. 8. It would
appear that the uncertainty ranges for a single amphi-
bole generation are quite large; however, the novelty of
our approach is that estimates can be made at all on
polymetamorphic rocks, in a way that satisfies the desire
to take into account petrological information such as
pressure, temperature and fluid composition. Further-
more, even if the ages that we infer for our samples may
appear at first sight ambiguous and imprecise when one
limits oneself to individual samples, it is the context of
all samples together that should be considered.

Our data suggest that the first pre-Alpine amphibole
generation formed around 225 Ma at lower crustal levels
as documented by high NaM* contents. The second
pre-Alpine amphibole generation formed around 130-
140 Ma and displays an increase in Cl content and a
decrease in NaM# (see Fig. 4e, f) consistent with possible
interaction with seawater-derived fluids. Hydration,
decompression and exhumation to the seafloor are likely
to be associated with Jurassic rifting (Fig. 9).

In the investigated area, the earliest Alpine meta-
morphism is pressure-dominated and minerals grew
synkinematically with respect to the first deformation
D;. This deformation is related to the stacking of nap-
pes. The Na™* values of our samples are consistent with
0.5-0.6 GPa determined in mafic rocks, with tempera-
tures around 400-450 °C (Bissig and Hermann 1999).
We attributed an age of 83-91 Ma to this amphibole
generation.

The synkinematic metamorphism at peak pressures
is followed by a thermal peak. Increasing temperatures
(T = 450 °C; Fig. 9) are documented in the Malenco
unit by chemical zoning of garnets in mafic rocks
(Hermann 1997). As seen above, in this temperature
range diffusion of Ar out of amphibole is negligible,
and the ages can be safely interpreted as formation
ages. A second generation of amphiboles has formation
ages of ~67-73 Ma. Amphibole composition indicates
a significant decrease in pressure. This is in good
agreement with structural observations in the overlying
Austroalpine units. There, the D, deformation is in-
terpreted as extensional, leading to the collapse of
the nappe pile accompanied by a pressure decrease
(Hermann and Miintener 1992; Liniger 1992; Spill-
mann 1993). As second-generation amphibole growth
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Fig. 9 Compiled P-T—t—fluid path. The ages obtained by this study
are indicated in bold. Pre-Alpine retrograde hydration is charac-
terized by an increase of Cl in the fluid. By contrast during Alpine
dehydration the CI content of the fluid is very low. Independent age
constraints are shown in italics [U-Pb on zircons for the Braccia
gabbro intrusion (Hansmann et al. 1996); age of post-rift sediments
(Froitzheim and Eberli 1990) and of first flysches (Bernoulli and
Winkler 1990)]



occurred at 67-73 Ma and contemporaneous or later
than D, extension (Fig. 9), both nappe formation and
later extension are of Cretaceous age (see also Handy
et al. 1996).

A still later phase of amphibole growth, younger than
54 Ma, is documented in sample L-F 6. New growth of
pargasites is documented in axial plane foliations of later
backfolding events and in shear bands cutting the
pargasite foliation (Fig. 2b). The latter have a low Na™*
content, indicating a further pressure decrease relative to
the second generation (see Hermann 1997).

External control

What are the independent, non-isotopic constraints
which can support or contradict our reconstruction of
the Jurassic—Cretaceous P-T evolution?

The formation of the first pre-Alpine amphibole
generation is attributed to hydration at the onset of
Jurassic rifting (Miintener et al. 2000). The second pre-
Alpine generation was produced by hydration and ex-
posure to saline fluids near the seafloor. The inferred
ages are in good agreement with the sedimentary record
of the Austroalpine continental margin. The first am-
phibole generation is inferred to have formed during the
first rifting phase of Froitzheim and Eberli (1990;
Fig. 8). The second generation, formed close to the
ocean floor, post-dates rifting (Fig. 8). It is noteworthy
that oceanic crust formation in the nearby Platta unit
has been dated at 161 + 1 Ma (Desmurs et al. 1999) on
single zircon grains from oceanic gabbros.

The age of Alpine metamorphism in the Malenco
area is also constrained by the sedimentary record. The
youngest sediments incorporated in the nappe pile are
Turonian (Finger 1978; Caron et al. 1982). Conse-
quently, the metamorphism must be post-Turonian, i.e.
younger than =90 Ma according to the time-scale of
Haq and Eysinga (1987). On the other hand, Cretaceous
flysch sediments (Bernoulli and Winkler 1990) indicate
that relief caused by convergence was well developed
before ~90 Ma. Thus, the sedimentary record requires
active tectonics in Turonian times.

The **Ar—*°Ar ages presented here can be compared
with data reported from the overlying Margna nappe
(Fig. 1). Age determinations of the Alpine metamor-
phism on white mica (Rb-Sr) and on biotite (K—Ar,
Rb-Sr) given in Frey et al. (1974) scatter between 60
and 80 Ma and are generally in agreement with the
data presented here (Fig. 8). However, one problem
with these data is that the bulk extraction techniques
(K-Ar, Rb-Sr) lack the resolution of the **Ar—*°Ar
stepwise heating method and most probably the ages
reported by the authors represent mixing ages between
minerals of the two generations discussed here. The
Cretaceous, P-dominated amphibole growth overlaps
with the timing of peak pressure in the Austroalpine
high-P belt between Saualpe and Otztal (Thoéni and
Jagoutz 1993).
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The ages of the Alpine metamorphism presented here
agree with data from the Penninic-Austroalpine
boundary further to the north reported by Handy et al.
(1996). These authors report 80-88 Ma for the pressure-
dominated first metamorphism on the basis of D,
synkinematic phengites dated with the K—Ar method
(Fig. 8). D, synkinematic amphiboles (*’Ar—*°Ar) and
phengites (K—Ar) have crystallization ages of 69-80 Ma.
This is comparable to the thermal peak of 67-73 Ma
which follows the D, extension (Fig. 9).

The proposed P-T-t evolution for the Malenco unit
is thus in agreement with sedimentological and isotopic
data of adjacent geological units. The Late Cretaceous
ages for Alpine metamorphism further strongly support
an origin of the Malenco unit from the Adriatic conti-
nental margin.

Conclusions

1. Amphiboles in the polymetamorphic Malenco unit
consist of several generations that crystallized under
different P-T conditions. The isotopic record of each
generation is largely unaffected by the crystallization of
texturally younger amphiboles.

2. Chronological information can be extracted from
irregularly discordant *’Ar—**Ar age spectra; “plateaus”
are not a prerequisite for successful dating.

3. The in vacuo breakdown properties of a mineral
are determined by its interatomic bond length/strengths.
The release of Ar from a mineral mixture will therefore
have a different temperature dependence for each min-
eral. The Ar isotope ratios enable identification of het-
erogeneous components (i.e. reservoirs) in a **Ar—*"Ar
stepwise heating experiment.

4. Mixing components inferred from the Ar isotope
correlation diagrams are indistinguishable from the
compositions determined by electron microprobe on
texturally distinct amphibole generations. The identity
of the chemical signatures obtained in two independent
ways gives confidence that the systematic behaviour of
mixtures is correctly understood.

5. The treatment of amphibole generations in terms
of diagrams correlating ages with chemical composition
provides a link between compositional parameters of
one particular amphibole generation, such as Na™*,
with the K—Ar age of that same generation.

6. Relating *’Ar—*"Ar data to petrological, micro-
textural and microchemical information is expected to be
applicable to other multiple-generation mineral systems
and to open new perspectives in understanding the
geochronology of metamorphic minerals.

7. The P-T—t evolution of polygenic amphibolites of
the Malenco unit was established applying the above
criteria to three rocks. They document a double P-T
loop between the Triassic and the Cretaceous. The
geological evolution corresponding to this P-T—t loop
includes a Late Triassic/Early Jurassic decompression
from high pressure (and high temperature), exhumation
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to the ocean floor in the Late Jurassic, and a Creta-
ceous reburial, in agreement with known non-isotopic
data.
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