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SCHWEIZ MINERAL PETROGR MITT 71, 261-274, 1991

Frau Prof Dr Emilie Jager gewidmet

Relics ofhigh pressure metamorphism in the Lepontine Alps
(Switzerland) - 40Ar/39Ar and microprobe analyses on white K-micas

by Konrad Hammerschmidt' and Eric Frank2

Abstract

Microprobe and 40Ar/39Ar isotope data are reported for metamorphic white K-mica from granitic rocks, sampled
along a NW-SE profile of increasing meso-Alpine metamorphism from greenschist facies (400 °C, 2-3 kb) to the
upper staurolite zone (600 °C, 6-8 kb) in the Lepontine Alps, Switzerland The phengite content (up to 7 2 Si per
formula unit) and the 3T polytype of white K mica in the assemblage muscovite-biotite-K-feldspar-quartz reveals a
formation pressure of —13 kb, reflecting conditions of the eo-Alpine metamorphism With increasing meso-Alpine
metamorphic grade a systematic evolution of white K mica composition from phengite to muscovite can be observed
Electron microprobe analyses of single mica grains reveal large compositional variations in Si-content indicating
chemical disequilibrium Thus the random distribution of high Si-contents reflects relics of the high pressure eo-
Alpme event

With increasing meso-Alpine metamorphism the white K-mica composition evolved from phengite to muscovite
Local disequilibrium led to randomly distributed domains of high Si-content - even within one single muscovite gram

The age spectra of these white K-micas are hump-shaped with the highest apparent ages (up to 25 Ma) at medium
degassing temperatures With increasing metamorphic grade, the hump-shaped age spectra dimmish and at meta
morphic temperatures of 600 °C the age spectrum of the muscovite (KAW 201) gives a well defined plateau age of
14 0 ± 0 3 Ma, interpreted as a coohng age Prior Rb-Sr and K-Ar age determinations on biotite of these rocks gave
age values of 10-14 Ma, which are widespread in the Lepontine Alps K-Ar ages of white micas from the Mesozoic
calcareous schists in this area also fall in the same age range We conclude that, phengitic components m the white
K-mica of the granitic rocks formed during the eo Alpine metamorphism survived the meso-Alpine temperatures
of 400-500 °C m the NW part of the investigated cross-section In contrast, the white K-micas of the calcareous schists
of the same area are completely equilibrated due to the meso-Alpine event

Keywords 40Ar/39Ar data, K-mica, Alpine metamorphism, Lepontine Alps, Switzerland

Introduction

Stepwise40Ar/39Ar age spectra of thermally altered
minerals of contact aureoles have allowed valuable
insights into the thermal effects associated with
igneous intrusions on the resetting of K-Ar ages
(Berger, 1975, Hanson et al., 1975, Harrison and
McDougall, 1980)

In polymetamorphic terrains also, 40Ar/39Ar

ages of minerals have turned out to be a very
successful tool for elucidating the effects of different
thermal events, for understanding the processes of
mineral age resetting and mineral reequihbration

(e g Chopin and Monie, 1984, Dallmeyer and
Gee, 1986, Wubrans and McDougall, 1986), and
for testing theoretical models of distributed diffusion

domain sizes (Lovera et al, 1989)
In this paper, we consider a suite of polymetamorphic

gramtic rocks and their white K-micas
collected along a NW-SE profile of increasing
metamorphic grade in the Lepontine Alps, Switzerland
Here we find the unique opportunity to study the
influence of Barrow-type Alpine metamorphism
from lower greenschist facies through to the upper
staurolite zone on the chemical composition of
white micas and on the age resetting behaviour of

1 FU Berlin, Institut fur Mineralogie, FR Geochemie, Boltzmannstrasse 18-20 D 1000 Berlin 33
2 Bundesamt fur Energiewirtschaft, HSK, CH 5303 Wurenhngen
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these minerals as a function of increasing metamor-
phic grade. Using microprobe and40Ar/39Ar analyses,

we re-investigated white micas from a meta-
morphic profile between Brig and Verampio
(Fig. 1) which has been studied previously by
Purdy and Jager (1976). Due to similar closure
temperatures for both K/Ar-white mica and Rb/Sr-
biotite systems, we anticipate similar ages in a
regional metamorphic but cooling terrain. However,
near Brig the K/Ar ages on white K-micas are a
factor of two greater than the biotite ages: behaviour

attributed to the possible influence of excess
argon by Purdy and Jager (1976).

To date, the significance of these high ages
remains unclear. Two main possibilities must be
considered for this paradox. Firstly, higher ages may be
due to the presence of excess or inherited radiogenic

argon. Alternatively, these phengites may
have been overprinted by at least two if not several
metamorphic events with only partial and incomplete

resetting of the K-Ar isotope system. In order
to distinguish between these possibilities detailed
40Ar/39Ar incremental release analyses and micro-
probe analyses were performed on five samples

selected from the cross-section Brig to Verampio
(KAW 400,401,164,165, and 201 of Fig. 2).

Geological setting

STRUCTURAL FEATURES

The study area is located in the western part of the
Lepontine Alps and extends from Brig to Verampio

where the lower Pennine nappes are exposed
(Fig. 1). These units represent the deepest tectonic
elements of the Central Alps and consist of intensively

folded pre-Triassic basement rocks (mainly
granitic and quartz feldspatic gneisses, paraschists
and amphibolites) which are separated from each
other by strongly squeezed Mesozoic cover rocks
(calcareous schists and marbles). According to
Hall (1972) and Milnes (1974), one of the most
characteristic structural features in this area is the
complex large-scale folding suffered by the nappe
units subsequent to their initial emplacement. At
least three phases of major post-nappe folding can
be distinguished. The earliest post-nappe folds

Fig. 1 Tectonic sketch map of the Central Alps, showing the location of the study area. Alpine metamorphic zone
boundaries according to Frey and Wieland (1978), Niggli and Niggli (1965), and Trommsdorff (1966), refering to
the first appearence of chloritoid (ctd), staurolite, and diopside-calcite. The box indicates the investigated area.
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were essentially isoclinal and were accompanied by
a strong schistosity which is the main foliation in
this area. Later, two successive phases of back-
folding led to the present overall structure (Milnes
et al., 1981). According to Steck (1987) the
emplacement of the gneissic folds and nappe-folds
took place mainly in a ductile shear zone underneath

a large overburden of up to 20-30 km thickness.

The western margin of the area is marked by
the late-stage Simplon fault, characterised by my-
lonites and cataclasites, which reflect post-meta-
morphic displacement movements.

METAMORPHIC HISTORY

According to a number of recent investigations it is

now well established that the Alpine orogeny had
at least two distinct metamorphic phases (Frey et
al., 1974; Trumpy, 1980): an eo-Alpine high-pressure

event of late Cretaceous age, followed by a

high temperature regime during the mid-Tertiary
(meso-Alpine metamorphism). In the study area
no petrological or geochronologtcal evidence of an
eo-Alpine high-pressure metamorphism has been
found to date. On the other hand, the zones of the
meso-Alpine metamorphism are well documented
in the area from Brig to Verampio, and show a

systematic increase in grade from greenschist to
higher amphibolite facies (Niggli and Niggli,
1965; Frey and Wieland, 1978; Frank, 1979) which
crosscuts the tectonic units. Detailed investigations
of the metamorphic conditions (Frank, 1983) of
the Mesozoic rocks in the cross-section have shown
a systematic increase in pressure and temperature
from about 400-420 °C at 2-3 kb (Brig) up to
580-620 °C at 6-8 kb (Verampio).

PREVIOUS GEOCHRONOLOGICAL
INVESTIGATIONS

Many isotope mineral age data are available from
this area. Concordant U/Pb monazite ages from the
Verampio granite of 20 Ma indicate that high-temperature

conditions of the meso-Alpine phase
prevailed until this time in the southern part of the
cross-section (Koppel and Grunenfelder, 1978).
Quite recently, Vance and O'Nions (1991) reported

age values of 29 and 26 Ma for the core and the
rim of garnets from Mesozoic rocks indicating
meso-Alpine metamorphism began at least 29 Ma
ago. Much younger Rb/Sr biotite ages from granitic
rocks and K/Ar mica ages from the Mesozoic cover
rocks (8-13 Ma) have also been reported reflecting
the timing of the closure temperatures for Sr and
Ar (Hunziker and Bearth, 1969).
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Fig 2 Summary of apparent mica ages in two different
rock types along the cross-section from Brig to Verampio;

data from Frank (1979) and Purdy and Jager
(1976). Samples analysed (KAW 401 to KAW 201) in
this study are shown in the schematic structural profile.

In figure 2 the regional distribution pattern of
K/Ar muscovite and Rb/Sr biotite ages along the
cross-section from Brig to Verampio is summarized,

and represents apparent mica ages in two
different rock types (Mesozoic cover rocks
calcareous schists; crystalline basement rocks granite

gneisses). In the cover rocks conventional K/Ar
muscovite ages of 8-13 Ma are found along the
whole cross-section. Incremental40Ar/39Ar release
analyses on two muscovite samples yielded well
defined plateau ages of 9.0 and 11.8 Ma (Frank and
Stettler, 1979).

These ages are interpreted as cooling ages,
reflecting the time when the rocks cooled below the
temperature range critical for argon retention. In
spite of the significant change in metamorphic
grade along this cross-section, all muscovites were
closed to Ar loss at about the same time indicating
a more or less horizontal "cooling isotherm" cutting

the steeply inclined metamorphic isograde-
surfaces (Frank, 1983). This implies a differential
uplift and cooling regime along the cross-section,
beginning with faster cooling rates in the SE and
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Tab. 1 Chemical compositions (% wt) and structural formulae for white K-mica from the profile Brig to Verampio.

KAW 401 401 164 164 165 165 1345 1345 201 201

S i O2 51.70 48.60 47.98 49.80 47.10 48.60 48.00 47.90 45.80 45.98

A12°3 22.10 25.80 28.50 26.30 24.90 24.80 29.70 29.80 29.20 29.00

FeO 6.30 6.29 4.15 3.60 7.20 6.70 4.70 4.50 5.68 5.49

MnO 0.00 0.11 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00

MgO 3.30 2.51 2.52 3.10 2.70 2.80 1.45 1.25 1.30 1.30

CaO 0.00 0.19 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na20 0.02 0.11 0.15 0.20 0.11 0.20 0.20 0.22 0.30 0.30

K?0 11.30 11.10 10.90 11.00 10.89 10.90 11.50 11.60 10.60 10.80

TI02 0.60 0.40 0.49 0.43 0.71 0.98 0.37 0.30 0.86 0.93

Total 95.32 95.11 94.78 94.53 93.60 94.97 95.91 95.57 93.74 93.80

Si 7.07 6.69 6.54 6.77 6.63 6.71 6.49 6.50 6.37 6.39
Al1 v 0.93 1.31 1.46 1.23 1.37 1.29 1.51 1.50 1.63 1.61

A1V1 2.63 2.87 3.11 2.98 2.75 2.74 3.22 3.26 3.15 3.13

Tl 0.06 0.04 0.05 0.04 0.07 0.10 0.04 0.03 0.09 0.10
Fe2+ 0.72 0.72 0.47 0.41 0.84 0.77 0.53 0.51 0.66 0.63

Mn 0.01 0.01

Mg 0.67 0.51 0.51 0.63 0.56 0.57 0.29 0.25 0.27 0.26

oct. occ. 4.08 4.15 4.14 4.07 4.22 4.18 4.08 4.05 4.17 4.12

Ca 0.03 0.01

Na 0.01 0.03 0.04 0.05 0.03 0.05 0.05 0.06 0.08 0.08
K 1.97 1.95 1.89 1.91 1.96 1.92 1.98 2.00 1.88 1.91

int. 1 ay. 1.98 2.01 1.94 1.96 1.99 1.97 2.03 2.06 1.96 1.99

calculated on the basis of 22 oxygens per formula unit and with the tetrahedral sites beemg completely filled by Si
and Al. The white K-micas of sample KAW 401 show 3T and 2M, polytype and all the other samples show 2M,
polytype.

much slower cooling in the NW at Brig thus pointing

to a post-metamorphic updoming of the deepest

tectonic units - the Verampio complex.
For both isotope systems (K/Ar-white mica and

Rb/Sr-biotite), similar closure temperature of
about 300 ± 50 °C has been estimated (Jager et al.,
1967). In the granitic basement rocks the Rb-Sr
biotite age pattern, ranging from 10 to 12 Ma, is
consistent with the cooling ages found in the Meso-
zoic cover rocks (Fig. 2). Flowever, significantly
higher K-Ar ages are found for coexisting phengite
in these gneissic samples, where ages up to 22 Ma
can be observed. In the northwestern part of the
cross-section, the age discrepancy between coexist¬

ing biotite and phengite is up to 12 Ma. With
increasing metamorphic grade, the white mica K-Ar
ages decrease and become concordant with the
Rb-Sr ages of coexisting biotite as well as with the
K-Ar muscovite ages of the Mesozoic rocks.

Microprobe studies

CHEMICAL COMPOSITION OF THE
WHITE K-MICAS

Compositions of white K-mica were obtained by
microprobe analyses for the assemblage white
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Fig. 3 Correlation ol tetrahedral Si versus total Al with respect to the endmembers muscovite, ferrimuscovite and
celadonite.

K-mica-biotite-potassic feldspar-plagioclase + qz.
This assemblage can be followed in the granitic
basement rocks along the whole cross-section from
NW to SE, from lower greenschist to higher amphi-
bolite facies. In order to trace the chemical evolution

of the white K-mica as a function of increasing
metamorphic grade, detailed microprobe analyses
were performed on the samples shown in figure 2.

Some selected geochemical data for typical mica
compositions from the cross-section are given in
table 1, with all data summarized in a Si vs Altot
diagram (Fig. 3) and in terms of the Si-content
(Fig. 7).

The lower grade samples (KAW 401, 164, and
165) are essentially muscovite-celadonite solutions
with minor components of ferrimuscovite and par-
agonite. In sample KAW 401 Si-contents range up
to 7.20 pfu (per formula unit) which is close to
phengite, a species defined as intermediate
between muscovite and celadonite (Guidotti and
Sassi, 1976). The Si vs Altot correlation in figure 3

points to a Tschermak substitution (Fe, Mg) Si
A1VA1,V. In sample KAW 401 strong chemical
variations can be observed within the scale of one thin
section, with Si ranging from 6.30 up to 7.20 (pfu).
Detailed microprobe analyses on two mica flakes
permitted contouring of the Si-content which
reveals that strong chemical variations can be
observed even on the scale of a single mineral grain
(Fig. 4). Irregular Si-distribution patterns with ran¬

dom or sometimes concentric Si variations reflect
local domains of reequilibration.

Considering the close textural relationship of
phengite to biotite (Fig. 5) the Si-contours may
reflect a "frozen in" reaction texture, where one of
the reactant phases has been exhausted. Equilibration

must have been restricted to local domains.
The most likely exchange reaction has been biotite
+ phengite I + potassic feldspar + quartz + water
phengite II, a reaction which was recently investi¬

ng. 4 Si-contours in two white K-mica flakes, reflecting

relic domains of high phengite content; plane per-
penticularto (001). Sample KAW 401.
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Fig. 5 Textural relationship between phengitic mica
(phe), biotite (bi), and the matrix minerals quartz (qz),
K-feldspar (Kf), and plagioclase (plag). In sample KAW
401 relics of biotite can be observed overgrown by phen-
gite.

gated experimentally by Massonne and Schreyer
(1987).

EVOLUTION OF THE P,T-PATH

The meso-Alpine metamorphic grade increased
from 400-420 °C at 2-3 kbar (Brig) to 580-620 °C
at 6-8 kbar (Verampio). As can be deduced from
figures 3 and 7 the Si- or celadonite-content as well
as the extent of the Tschermak substitution are
clearly related to metamorphic grade, reflecting a
chemical evolution of phengite towards muscovite
as a function of increasing metamorphic temperature

and pressure.
In the limiting assemblage phengite-biotite-po-

tassic feldspar-quartz, the compositions of white
K-mica are uniquely defined by the p,T-conditions
and by aHl0. These data may therefore be used to
trace the evolution of possible p,T-paths. An
interpretation for the large compositional variations of
Si in sample KAW 401 (Si 6.3 to 7.2) is discussed in
figure 6. In this p,T-diagram the stability limits of
the Si-phengites for the limiting assemblage phe-bi-
kf-qz are shown based on the experimental data of
Massonne and Schreyer (1987). The results of
sample KAW 401 indicate that this rock originally
experienced high pressure conditions (p -13 kbar)
at eo-Alpine time and was subsequently overprinted

at slightly higher temperatures and lower
pressures (meso-Alpine), which reduced the Si from 7.2
to 6.3. Obviously, under meso-Alpine metamorphic

conditions disequilibrium must have been an
important phenomena, locally preserving the high
Si-contents. In the higher grade samples at Verampio

(KAW 201) the results indicate that we have
reached the stability field of muscovite with
complete chemical equilibration. This chemical evolution

of white K-mica along the cross-section has
important implications for the interpretation of the
K-Ar age results.

(kb)
P

12

10

8
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4

2

Fig. 6 Compilation of stability curves for phengites with
different Si-contents in the limiting assemblage phengite-
biotite-potassic feldspar-quartz according to Massonne
and Schreyer (1987). A possible p,T-path is shown
which can be deduced from the variation of si-content in
sample KAW 401.

40Ar/39Ar analyses

METHOD

Five samples, together with six monitors (Be 4 M),
were irradiated using the fast neutron facilities
at the Kernforschungszentrum Karlsruhe, BRD.
Sample weights were between 8 and 14 mg. Sample
preparation for irradiation and extraction, neutron
fhience measurements, Ar extraction and gas
purification have been described previously (Hammerschmidt,

1982; Hurford and Hammerschmidt,
1985). The integrated mean fluence of neutrons
with energies above 0.1 MeV was about 6.0 • 1017 nf
cur2. The fluence inhomogeneity over all samples
was found to be smaller than 1.6%. With argon
standards the reciprocal sensitivity of the mass
spectrometer was determined as (5.691 ± 0.080) •

10"12 cm3 STP40 Ar/mV. At blank measurements the
39Ar/41Ar ratio of about 0.85 was typical for
hydrocarbons. The amount of mass 41 increased to a
maximum value of 8.0 • 10~13 cm3 Ar-equivalents. In
the temperature range between 600 and 1300 °C
the hydrocarbon contribution to mass 39 was
always less than 0.03%. The blank measurements
were made for the whole extraction procedure
and included the gas load from the extraction
line and mass spectrometer. For temperatures
less than 1200 °C extraction blanks were
typically 2.5 • 10 10 cm3 STP 40Ar, and increased to

E. FRANK
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KAW 401, white K-mica, 0 25 - 0 15 mm

Fig. 7 The age spectra of the investigated samples in the metamorphic profile from Brig to Verampio. The rectangle
shows the geographical relationship of the samples. The metamorphic conditions are from Frank (1983). The K/Ar
ages are given by Purdy and Jager (1976). The higher the Si-content of the micas the larger the celadonit component
of the micas. With increasing metamorphic grade and with decreasing Si-content the hump-shaped spectra diminish
and results in a plateau age of 14.0 ± 0.3 Ma (KAW 201) interpreted as a cooling age.
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Tab. 2 40Ar/19Ar analytical step degassing data for white K-mica from the profile Brig to Verampio.

Temp. 49Ar

°C xlO~8cm3STP/g

Temp. 40Ar 40Ar/36Ar 39Ar/37Ar 36Ar/38Ar(cl, rad/tot ,0Ar*/39Ar(K) ape (Ma)

KAW 401, white K-mica, 150-250 ym, Gebidem, 13.59 mg

615 9.10 + 1.30 354 + 40 19.60 + 1.20 1.30 + 0.30 0.165 2.60 + 1.50 13.0 8.0
695 6.41 + 0.60 444 + 70 144 +_ 30 3.46 + 0.50 0.334 1.95 +. 0.80 10.0 ± 4.0
745 5.81 0.70 970 + 350 98.5 + 10.0 1.23 + 0.40 0.696 2.45 + 0.50 12.5 ± 2.5
805 11.23 _+ 0.60 1312 310 157 15 5.70 1.35 0.774 2.85 ± 0.30 14.6 1.4
860 103.6 + 1.6 1935 +_ 80 282 + 30 1.685 ± 0.070 0.847 3.770 + 0.060 19.20 0.40
915 90.3 + 1.5 3510 + 290 365 + 20 0.795 + 0.065 0.916 4.513 + 0.080 22.95 ± 0.45
940 115.0 + 2.1 3935 + 330 225 + 10 0.440 + 0.040 0.925 4.860 + 0.090 24.70 _+ 0.50
965 98.0 + 1.80 3290 + 250 201.0 +_ 7.5 0.300 ± 0.020 0.910 4.848 + 0.090 24.65 +_ 0.50
995 115.5 _+ 2.1 1405 ± 45 209.5 _+ 12.0 1.312 0.040 0.790 4.929 ± 0.090 25.05 ± 0.55

1030 90.40 + 1.70 3460 + 310 203.5 + 11.0 0.441 +_ 0.040 0.915 4.616 + 0.080 23.45 0.50
1055 71.93 + 1.30 4355 +_ 580 268.0 +_ 17.0 0.430 + 0.060 0.932 4.361 0.080 22.20 _+ 0.50
1085 44.50 +_ 1.00 3450 5. 580 171.0 +_ 13.0 0.328 +_ 0.050 0.914 4.117 ± 0.100 20.95 ± 0.60
1100 42.40 + 0.90 2910 ± 440 1050 300 1.25 _+ 0.18 0.899 4.058 0.110 20.65 _+ 0.60
1140 47.20 + 0.90 4780 1000 700 + 100 1.00 _+ 0.20 0.938 3.864 _+ 0.090 19.65 ± 0.50
1250 46.16 + 0.90 4780 _+_ 1100 250.5 + 10.0 0.74 0.17 0.938 3.650 + 0.090 18.60 i 0.50
1800 18.2 + 1.0 443 100 13.40 _+ 0.50 13.7 1.5 0.334 3.75 _+ 0.90 19.1 + 3.5

Total 916.0 + 13.7 2256 + 95 203.7 10.0 0.816 + 0.090 4.319 + 0.060 21.95 + 0.40

KAW 400, white K-mica, 150-180 ßm, Nanztal, 10.25 mg

690 26.15 + 0.80 326 + 30 21. 0 + 1.9 5.4 _+ i.l 0.096 2.4 _+ 1.7 12.5 8.0
755 5.10 + 0.80 450 ± 130 12.05 ± 0.40 1.65 ± 0.40 0.351 1.97 ± 1.20 10.0 6.0
815 56.80 1.20 1040 +_ 55 11.08 0.08 1.80 +_ 0.09 0.716 2.91 0.09 14.85 ± 0.50
860 30.40 + 0.90 1635 _+ 250 155.0 _+ 14 1.16 £ 0.17 0.819 3.36 ± 0.16 17.10 _+ 0.80
900 67.35 _+ 1.30 2430 + 250 267 _+ 12 1.00 ± 0.10 0.878 3.710 _+ 0.090 18.90 + 0.50
930 81.10 + 1.50 2130 + 150 520 ± 50 2.18 + 0.16 0.861 4.035 + 0.090 20.55 0.50
960 84.15 + 1.60 4725 750 408 + 25 0.571 _+ 0.090 0.938 4.185 _+ 0.080 21.30 _+ 0.50

1000 102.0 2.00 4030 +_ 475 310 13 0.335 _+ 0.040 0.927 4.265 _+ 0.080 21.70 0.50
1035 130.6 ± 2.20 6365 900 450 ± 25 0.400 +. 0.050 0.954 4.350 ,+ 0.070 22.10 £ 0.45
1080 110.7 ± 1.90 6470 + 1100 1130 + 150 0.59 0.10 0,954 4.185 + 0.070 21.20 + 0.45
1150 95.15 + 1.70 4660 + 660 5000 + 2500 0.83 + 0.11 0.937 4.085 + 0.070 20.80 + 0.45
1250 33.75 ± 1.00 3690 ± 1200 950 300 0.41 + 0.13 0.920 3.57 0.15 18.20 0.80
1850 21.2 i. 0.9 429 + 80 200 + 100 12.5 _+ 2.0 0.312 3.54 0.90 18.0 + 4.5

Total 844.4 + 13.0 2170 + 140 103 _+ 11 1.11 + 0.10 3.967 + 0.060 20.20 0.35

KAW 164, white K-mica, 180-250 ßm, Gantergneis, 10.11 mg

525 70 20 358 +_ 19 2.2 JL 1.2 0.20 0.03 0.173 16.0 + 4.5 80 + 20
650 135 +_ 30 337 _+ 20 0.83 Jt 0.40 0.162 + 0.002 0.124 12.5 + 5.0 64 + 20
710 10.65 _+ 0.90 360 + 60 6.80 +_ 0.90 0.154 + 0.040 0.180 4.1 + 2.9 21 + 15
750 3.60 _+ 0.90 690 390 20.5 _+ 3.0 0.150 +_ 0.080 0.574 3.0 + 1.6 15.5 + 8.0
830 56.7 ± 1.4 990 + 60 155.0 8.0 0.710 _+ 0.035 0.702 3.40 + 0.12 17.30 ± 0.60
855 23.7 _+ 1.3 1865 + 400 132.0 _+ 11 0.225 0.050 0.842 3.27 + 0.20 16.70 ± 1.0
910 53.5 1.8 2370 340 178.0 8.0 0.265 JL 0.035 0.875 3.51 + 0.10 17.85 J: 0.60
955 83.9 +. 3.0 3190 +_ 460 209.5 J. 9.0 0.229 ± 0.025 0.908 3.61 _+. 0.08 18.40 + 0.50

1000 196.5 + 4.0 2880 +_ 350 267.0 + 8.0 0.202 0.011 0.897 3.69 + 0.07 18.80 + 0.40
1035 93.7 + 4.0 2350 + 320 181.0 + 10 0.180 +_ 0.013 0.874 3.66 + 0.09 18.65 + 0.50
1070 102.0 + 2.5 1480 + 90 280 + 15 0.614 + 0.03 0.801 3.76 + 0.10 19.10 + 0.50
1105 60.7 + 1.3 2030 +_ 210 507 70 3.10 ± 0.30 0.855 3.71 ± 0.10 18.90 + 0.55
1140 49.0 ± 1.1 4050 ± 1000 860 _+ 200 1.05 ± 0.25 0.927 3.56 + 0.10 18.15 i 0.60
1200 35.2 ± 1.0 5525 +_ 2500 560 100 '0.65 0.30 0.947 3.31 + 0.12 16.90 ± 0.70
1285 7.1 ±. 1.0 2220 + 2150 45.5 4.0 0.20 + 0.20 0.867 3.01 + 0.60 15.4 + 3.0
1870 9.8 + 1.0 390 + 70 10.1 +. 1.0 0.91 _+ 0.70 0.241 3.4 + 3.0 17 + 15

Total 993.9 + 40 982.8 + 55 71.2 _+ 7.5 0.21 + 0.10 3.720+ 0.070 18.95 + 0.60

KAW 165, white K-mica, 180-250 ßm, Eistengneis, 12.37 mg

605 16.4 + 1.3 314 + 16 6.80 + 0.50 0.9 + 0.3 0.059 1.8 + 1.5 9.0 + 7.5
665 27.60 0.80 322 12 14.70 + 1.80 2.5 ± 0.4 0.080 5.45 2.40 28 + 10
730 6.45 0.70 495 90 34.75 "+ 4.00 0.68 _+ 0.13 0.403 3.05 ± 1.00 15.5 ± 5.0
760 9.10 0.75 645 110 45.75 + 4.50 0.66 _+ 0.11 0.542 3.30 ± 0.60 16.8 + 3.0
835 80.1 1.9 1220 _F 60 143.0 ± 5.5 0.682 ± 0.025 0.758 3.430 0.090 17.45 ± 0.50
880 64.2 _+ 1.8 2000 + 160 134.5 + 2.0 0.387 +_ 0.030 0.852 3.51 _+ 0.10 17.85 + 0.50
920 114.2 + 4.5 1640 + 100 92.0 + 3.0 0.334 ± 0.013 0.820 3.45 0.11 17.55 + 0.60
950 135.8 6.5 900 35 72.7 +. 3.5 0.478 ± 0.025 0.672 3.56 _+ 0.13 18.10 ± 0.70
980 84.35 + 3.00 1805 + 135 176 + 30 0.292 + 0.016 0.836 3.46 _+ 0.11 17.65 ± 0.60

1020 79.80 T 3.00 1915 _+ 170 117 + 10 0.306 +_ 0.018 0.846 3.53 ± 0.12 17.95 ± 0.60
1055 100.7 ± 1.8 1215 50 226 +. 11 1.01 ± 0.04 0.757 3.69 ± 0.08 18.80 + 0.50
1085 60.15 0.80 1850 140 565 + 60 1.21 0.09 0.840 3.64 0.09 18.55 + 0.50
1135 44.65 0.80 2330 _+ 300 690 ±100 1.65 _F 0.20 0.873 3.43 0.10 17.50 + 0.50
1215 26.05 + 0.80 2460 + 570 550 + 90 0.84 + 0.20 0.880 3.33 _F 0.15 16.95 + 0.80
1860 14.40 + 0.80 450 _+ 80 53.3 ± 7.5 1.45 + 0.90 0.344 3.44 + 0.80 15.6 ± 4.0

Total 864 + 10 1155 + 35 131.0 ± 7.0 0.582 + 0.50 3.506 + 0.060 17.85 ± 0.35



HIGH PRESSURE METAMORPHISM IN THE LEPOTINE ALPS 269

KAW 201, white K-mica, 180-250 /im, Verampio, 11.97 mg

675 101.3 + 1.6 332 + 5.5 11.4± 2.5 11.9 + 1.0 0.109 20.7 + 2.5 103 + 20
805 11.20 + 0.70 350 + 50 215 ± 100 70 + 20 0.156 2.0 + 2.0 10 + 10
845 53.75 + 1.00 714 + 25 780 + 110 7.50 ± 0.25 0.586 2.76 + 0.09 14.05 + 0.50
870 50.30 + 1.00 519 ± 15 1380 ± 620 12.25 + 0.40 0.430 2.93 + 0.14 14.95 + 0.70
910 94.8 + 4.5 775 ± 35 580 + 60 5.65 ± 0.17 0.618 2.80 + 0.14 14.30 + 0.70
945 35.75 + 1.80 975 ± 30 425 + 35 2.64 t 0.09 0.696 2.805 + 0.060 14.30 + 0.40
980 69.5 + 1.3 1650 ± 90 415 ± 25 1.40 ± 0.08 0.820 2.750 + 0.060 14.00 + 0.35

1010 66.2 + 1.3 2410 + 220 430 ± 35 0.78 ± 0.07 0.877 2.730 + 0.060 13.95 + 0.35
1045 47.6 + 1.0 1195 + 80 525 ± 80 3.08 + 0.20 0.753 2.710 + 0.080 13.85 + 0.451080 43.65 + 0.95 1770 ± 180 2600 ± 1400 2.08 ± 0.20 0.833 2.730 i- 0.080 13.90 + 0.451150 42.30 + 0.95 1700 ± 170 4700 + 4400 5.04 ± 0.50 0.826 2.740 + 0.090 14.00 + 0.50
1160 86.70 + 1.5 1880 ± 110 3900 + 1600 1.65 ± 0.10 0.843 2.740 + 0.060 13.95 ± 0.30
1220 39.20 + 0.90 2530 ± 410 4000 + 3500 2.13 ± 0.35 0.883 2.720 ± 0.090 13.90 + 0.50
1380 18.30 + 0.80 345 ± 40 45 ± 15 25.4 ± 2.5 0.143 3.90 + 1.9 20.0 + 9.5

Total 810 + 13 815 ± 20 546 + 75 4.2 ± 2.0 2.813 + 0.050 14.34 + 0.30

J-value 0.002837 ± 28
39

Ar(K) neutron induced onlv from K

36Ar/37Ar(Ca) (2.7 + 0.2) * 0"4

38Ar/37Ar(Ca) (6.0 + 2.0) * o-5
I .U .G.S.constants (Steiger and Jager,1977) 39Ar/37Ar(Ca) (6.8 + 0.2) * 0~4

Be 4M muscovite standard: 40Ar/37Ar(Ca) (3.0 + 3.01 o-4
K 8.70 ± 0.05 % (Purdy and Jager, 1976) 38Ar/39Ar(K) (1.4 + 0.3) * _ 0

0 "

t 13.5 ± 0.2 Ma (Flisch, 1982) 40Ar/39Ar(K) (6.0 + 2.0) * 0"3

(Stettler et al.,1973)

(Turner et al.,1973)
(Maurer, 1973)

(Stettler et al.,1973)

5.2 • KT10 cm3 STP 40Ar. For masses 36, 38, 39 the
blanks were 9.0 10~13 cm3 STP, for masses 35 and
37 of the order of 2.2 • 10 13 cm3 STP (in40Ar
equivalents). The values listed in the table were corrected

for blanks, Ar interferences from neutron reaction

with Ca and K, and for neutron fluence inho-
mogeneity. The errors given in the table are at the
95% confidence level and include all error sources
except those of the decay constants and the
uncertainties of the standard itself. Recommended ratios
and constants were used for age calculations
(Steiger and Jäger, 1977).

RESULTS AND DISCUSSION

40Ar/39Ar analyses are reported in table 2. The
results of argon isotope determinations are shown in
age spectrum diagrams, where the apparent ages
are plotted versus the cumulative fraction of 39Ar
released (Fig. 7). The age spectra of the samples
correlate to the increasing meso-Alpine meta-
mophic grade. The samples KAW 401, 400, 164,
and 165 exhibit hump-shaped age spectra; the
apparent ages increase with successive incremental
heating steps to a maximum apparent age at medium

degassing temperatures, and then decrease in
the following heating steps. With increasing meso-
Alpine metamorphic grade the hump of the age
spectra is less pronounced and disappears in
sample KAW 201, which yields a plateau age of
14.0 ± 0.3 Ma as given by 88% of39Ar released. This

age is in the same range as the K/Ar and40Ar/39Ar
ages of the white K-mica from the Mesozoic cover
rocks and the Rb/Sr biotite ages from the granitic
gneisses of the basement rocks. Since the regional
age pattern crosscuts tectonic units as well as reaction

isogrades the ages are interpreted as cooling
ages (Purdy and Jäger, 1976); Frank and Stettler,

1979; Frank, 1983).
The temperature of the heating step which

corresponds to the maximum age of the spectrum is
called the maximum differential age temperature
(Tmda). The Tmda varies in a systematic manner. In
sample KAW 401 Tmda appears at 995 °C where
57.9% of 39Ar is released. For samples KAW 400,
164, and 165 the Tmda varies between 1035 °C,
1070 °C, and 1055 °C for an increasing percentage
of 39Ar released - 68.7%, 78.8%, and 81.6%,
respectively. The hump-shaped producing component

shifts to more retentive places in the white
K-micas, and with increasing metamorphic grade
diminishes its influence on the age spectra.

In samples KAW 401,400, and 165 the first few
temperature steps yield apparent ages of 11 ± 2 Ma
related to a39Ar release of 1.8%, 1.04%, and 0.3%,
respectively. These ages are geologically significant,

because they are concordant with the K-Ar
muscovite and Rb-Sr biotite ages found in the
investigated region (Purdy and Jäger, 1976; Jäger et
al., 1967; Frank, 1979).

In sample KAW 164 and 201 the first steps show
high apparent ages up to 103 Ma with 0.3% and
1.13% 39Ar released. This may be due to an excess
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component or, more likely, a small amount (0.3-
1.13%) of 39Ar transferred from less retentive
lattice sites to more retentive ones by39Ar recoil.

In general, disturbed age spectra for which the

apparent ages are too old, are suspected of having
suffered Ar recoil or having excess Ar. However,
the total degassing ages of KAW 401,400,164,165
and 201 amounting to 21.95 ± 0.40 Ma, 20.20 ± 0.35

Ma, 18.95 + 0.60,17.85 ± 0.35 Ma, and 14.35 ± 0.30
Ma respectively, are identical compared to the
conventional K/Ar ages of 21.6 Ma, 19.4 Ma, 18.3 Ma,
18.1 Ma, and 14.1 Ma within the error limits of 3%
(Purdy and Jager, 1976). It appears that either
radiogenic nor neutron produced 39Ar loss occurred
during the irradiation. Using the conversion factor
1.932 • 10 11 cm3 39Ar/ppm K the potassium content
calculated from the 40Ar/39Ar data are identical to
those given by Purdy and Jager (1976), which also

support that39Ar loss, generated by recoil effects
due to neutron irradiation as reported by Foland
et al. (1984) on sheet silicates (glauconites) seems
to be negligible. Due to theoretical considerations,
Jessberger (1982) has pointed out that even for
moderate temperatures (150-400 °C) during irradiation

the expected diffusion losses exceed the39Ar
recoil loss for a given grain size. However, the
effective diffusion path will not be identical with the
physical grain size; rather it will be controlled by
subgrain boundaries, density of linear dislocations,
exsolution interfaces and planar effects such as

stacking faults. Some of these effects and their
consequences for 40Ar/39Ar age spectra are discussed
by Harrison and Fitz Gerald (1986), Onstott
and Peacock (1987) and Ross and Sharp (1988).
Hess and Lippolt (1986) have reported loss and
redistribution of39Ar due to recoil where the losses
are < 0.5% for biotites with low and non-stoichio-
metric K contents (< 7%). Recoil effect does not
play a major role to cause the hump-shaped age
spectra in our samples for several reasons. First, the
grain size of the samples between 0.15 and 0.25 mm
exceeds an average recoil distance of about
0.1 • 10~3 mm (Hunnecke and Smith, 1976). Moreover,

all the samples have the same grain size and
all should have suffered nearly the same 39Ar loss.

Finally, the amount of 39Ar recoil loss would
require approx. 50% to explain the age difference of
-12 Ma (KAW 401). Such an amount is far greater
than the loss reported for micas (Hess and Lippolt,
1986).

Therefore, excess or inherited argon most likely
explains the age discrepancy between the mica ages
from the two lithologies. Excess argon can be
discriminated in a39Ar/40Ar vs 36Ar/40Ar diagram. The
implications and advantages of this diagram have
been discussed by Roddick et al. (1980), Gillespie
et al. (1983, 1984), and Radicati di Brozolo et

al. (1981), and critically commented upon by Dal-
rymple et al. (1988). The ordinate intercept (39Ar/
40Ar) reflects the age of the sample, which should
correspond to the plateau age of the age spectrum.
The abscissa intercept represents the trapped Ar
component which has been incorporated during
the mineral growth. Generally, this trapped
component has an atmospheric 40Ar/36Ar ratio of 295.5
and due to the variable amount of the endmembers
(the trapped and the age component) in each heating

step, the data points fall on a binary mixing line;
deviations from the athmospheric ratio indicates
excess argon.

Now, we make use of the correlation diagram to
look for excess argon and to trace the evolution
from the hump-shaped to the plateau age
spectrum. For this purpose three samples were selected
again according to the increasing grade of meta-
morphism. The data points for KAW 401,164, and
201 are represented in figure 8. The data of the
most pronounced hump-shaped age spectrum
(KAW 401) show no correlation in this diagram
which implies a heterogenous 40Ar excess component

of variable 40Ar/36Ar composition which
decreases the 39Ar/40Ar ratio. Basically, the data
points of the samples KAW 400 and KAW 165

point to the same behaviour. Therefore a simple
mixing line between two endmembers - the age
and an excess component - does not exist and the
scatter of the data points may be explained by an
inherited argon component which is only partially
degassed during the meso-Alpine event. We
consider that the high pressure mineral phase phengite
which is found in domains within the mica flakes is

a possible candidate for retaining inherited argon
from an older - eo-Alpine - high pressure event. In
some of these samples the meso-Alpine metamor-
phic temperature exceeded 500 °C. This temperature

was not high enough or did not persist long
enough to completely reset the white micas.

In sample KAW 164 the age spectrum is rather
flat and the heating steps between 995 °C and
1140 °C yield a straight line, intersecting the abscissa

at a 36Ar/40Ar ratio of 2.655 • 10 3 which
corresponds to a40Ar/36Ar ratio of 377 + 25, indicating a

homogeneously distributed 40Ar excess component.

The ordinate intercept gives an age value of
17.9 ± 0.5 Ma - too high compared to the K-Ar
white K-mica ages from the Mesozoic schists and
the Rb-Sr biotite ages (10-12 Ma) from the crystalline

basement of the same area. The metamorphic
temperature was obviously high enough to force
the homogenization of the inherited Ar component
in these micas. This inherited Ar component is now
detected as an excess component, but also the age
is affected which is too high compared to the
regional distribution of the cooling ages.
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4 KAW 201, white K-mica

* KAW 164. white K - mica

KAW 401, white K - mica

Fig. 8 Correlation diagram of39Ar/40Ar vs36Ar/40Ar; the heating steps of KAW 164 between 995 and 1140 °C (Tab.
2) yield a straight line. The intercept on the x-axis points to an excess component. The data points of the well-defined
plateau age (14.0 ± 0.3 Ma) of sample KAW 201 show a binary mixing line between an atmospheric component and
the radiogenic40Ar and its parent isotope represented by the neutron induced39Ar. No correlation may be seen from
the data of the hump-shaped spectrum of sample KAW 401.

In contrast, the heating steps of sample KAW
201 between 845 and 1200 °C give a regression line
with a trapped component of which the 40Ar/36Ar
ratio is equal to 311 ± 20. The corresponding age of
13.9 ± 0.3 Ma is comparable to the plateau age of
14.0 ± 0.3 Ma. Only this sample seems to be
completely reset in respect to the meso-Alpine meta-
morphism, which led to temperature of 600 ±
20 °C. According to the criteria of Lanphere and
Dalrymple (1978) reviewed by Dalrymple et al.
(1980), the plateau age of the white K-mica (KAW
201) seems to be meaningful.

Wijbrans and McDougall (1986) have reported
hump-shaped age spectra in a polymetamorphic

terrain on the island Naxos (Greece). They
concluded that the mechanical mixture of fine and
coarse grained micas differing in age and in argon
retentivities led to the hump-shaped age spectra.
However, in our samples, the natural grain size
found is quite uniform and matches the grain sizes
of the analysed micas. Moreover, the phengite
content in the white K-mica is randomly distributed
in domains as shown by detailed microprobe analyses;

therefore, we conclude that within individual
minerals the chemical evolution from the eo-
Alpine high pressure event to the meso-Alpine
Barrow-type metamorphism is at least partly
preserved.

In figure 9 the 37Ar/39Ar ratios of the samples
KAW 401 and KAW 201 are plotted against the
temperature of the particular heating step. The
variation of this ratio is compared to the 40Arrad/39Ar
ratio. The 37Ar/39Ar ratio should represent the
K/Ca atomic ratio of the samples, according to the
conversion of 39K to39Ar by a (n,p)-reaction and of
"•"Ca to37Ar by a (n,a)-reaction. For instance,
Harrison and Fitz Gerald (1986) found an antithetic
variation between 40Arrad/39Ar and 37Ar/39Ar in
hornblende. In contrast, results of single grain analysis

of the K-feldspars (Foster et al., 1990) show
only a weak correlation betwen age and 37Ar/39Ar.
In sample KAW 401 we also did not find a simple
correlation between 40Arrad/"'Ar and37Ar/39Ar, but
it seems to be that the hump-shaped part of the age
spectrum has higher 37Ar/39Ar ratios. This part of
the spectrum is attributed to the phengite domains.
These domains, however, have Ca contents below
the detection limits of the microprobe and only
domains with the same or larger diameter than the
electron beam (< 5 • 1(T3 mm) can be detected. The
high 37Ar/39Ar ratios can be influenced by very
small, but Ca-rich phengite domains. On the other
hand, the chemical composition of the sample
KAW 201 is very uniform and, surprisingly, the
variation on the 37Ar/39Ar ratio does not correlate
with the age. Therefore, the 39Ar/37Ar ratios ap-
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Fig. 9 The37Ar/39Ar and the 4,1Ar739ArK ratios are plotted

against the temperature of the heating step. No
correlation can be observed between the age reflecting ratio
"°Ar739ArK and the 37Ar/39Ar which refer to the Ca/K ratio

either in the hump-shaped spectrum of sample KAW
401 or in the plateau age spectrum of sample KAW 201.

pears not to reflect the chemical composition of the
white K-mica but the different diffusive behaviour
of 39Ar and 37Ar during the extraction procedure.
One reason for this might be the different locations
of39Ar and37Ar in the crystal lattice.

CONCLUDING REMARKS

Along the cross section from Brig to Verampio
p,T-conditions of meso-Alpine metamorphism are
well defined deduced by petrological data of Meso-
zoic cover rocks (Frank, 1983). They show a
systematic increase in temperature and pressure from
about 400 °C and 2 kbar to 600 °C and 6-8 kbar.
Along the same profile, microprobe analyses on
potassic white mica in granitic gneiss samples show
that the phengite content of white K-mica in the
assemblage Mu-Bi-Kfsp-Qz is clearly related to
metamorphic grade. Using the geobarometer as
calibrated by Massonne and Schreyer (1987) the
very high Si-content in sample KAW 401 (up to 7.2
Si per formula unit) indicates high formation pres¬

sures of about 13 kbar, reflecting conditions of eo-
Alpine metamorphism. As a function of increasing
metamorphic grade, a systematic evolution of
potassic white mica composition from phengite to
muscovite can be observed along the profile. In
addition, a change in the structural polytypes from
3T to 2M, is found. This result is in accordance with
the study of Frey et al. (1983) who suggested an eo-
Alpine origin for the 3T phengites as deduced from
their regional distribution pattern in the Central
Alps.

Strong and rather random variations of the Si-
content in white K-mica samples KAW 401, 164,
and 165 indicate local disequilibrium which is in-
terpretated as "frozen-in" reaction textures. Complete

equilibration was reached only in high grade
samples in the Verampio area (muscovite of sample

KAW 201) where meso-Alpine metamorphism
exceeded temperatures of 580-620 °C.

The 40Ar/39Ar incremental degassing analyses
reveal a systematic evolution of the age spectra,
which again may be clearly related to metamorphic
grade along the investigated profile:

- Potassic white mica samples from the northern

part of the profile (KAW 401, 400, 164, 165),
showing randomly distributed phengitic domains,
gave typical hump-shaped age spectra (12-25 Ma)
which decrease systematically with increasing
metamorphic grade.

- At metamorphic temperatures above 580 °C
(Verampio) the hump-shaped spectra disappear
and muscovite sample KAW 210 gives a plateau
age of 14.00 ± 0.30 Ma, which is interpreted as a

cooling age.
The reason for the hump-shaped spectra is not

simply caused by the mechanical mixture of two
mica generation or the overgrowth of phengite by
muscovite, as this would result in a staircase age
pattern with increasing apparent ages at higher
temperatures steps. Most probably, the reason is
that relics of phengitic components are randomly
distributed in the mica grains, as traced by our
microprobe study, and survived the meso-Alpine
event and thus were only partially degassed.
Evidently, the meso-Alpine temperatures of 400-
500 °C in the northern part of the cross-section
were not high enough to reset the radiogenic
system completely. To some extent the mineral reaction

and reequilibration processes may be controlled

to the migration behaviour of metamorphic
fluids in these rocks as suggested by Frank (1983).
From evidence of different mica ages in different
rock types within the same locality, we conclude
that age resetting may be controlled to some extent
by the grade of deformation and the type of the
mineral reactions. Deformation induced recrystal-
lization processes may have continued in the more
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ductile Mesozoic cover rocks whereas they could
have ceased much earlier in the granitic gneisses
The complete resettmg of the K-Ar age in the
Mesozoic rocks suggests open system behaviour m
respect to Ar migration, whereas no complete Ar
escape was possible m the closed system of the
granitic gneisses.
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