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Zusammenfassung 2) eine wahrscheinlich frih-hercynische Metamorphose in un-

Texturelle und mineralchemische Beziehungen lassen aut
die polymetamorphe Geschichte der Otztaler-Stubaier Amphi-
bolite schlieBen. Mit steigendem Metamorphosegrad nehmen
die Gehalte an NaA, K, NaM4 AV AIVi und Ti ebenso wie die

An-Gehalte der Plagioclase zu. Die zonierten Ca-Amphibole .

zeigen in lhrer Zusammensetzung verschiedene Kern-Rand-
Beziehungen zwischen Aktinolith und Hornblende, die als Hin-
weis flir mehrere Wachstumsphasen der Amphibole gedeutet
werden.

Folgendes Schema der polymetamorphen Entwicklungen
kann aus den Otztaler-Stubaier Amphiboliten abgeleitet wer-
den:

1) Eine vor-hercynische (kaledonische?) hoch-P und hoch-T

Metamorphose;

*) Authors’ address: Dr. ABERRA MOGESSIE, Univ.-Prof. Dr. FRI-

DOLIN PURTSCHELLER, Institut fir Mineralogie und Petrographie,
Universitat Innsbruck, Innrain 52, A-6020 Innsbruck.

terer Griinschieferfazies (Phase l);
3) eine hercynische Amphibolit-Fazies mit mittleren P- und ho-
hen T-Bedingungen (Phase Ii});
eine altalpidische Metamorphose mit absteigendem Meta-
morphosegrad vom SE des Otztales (Amphibolit-Fazies)
nach NW (untere Grlnschiefer Fazies).
5) Retrograde Mineralparagenesen, bedingt durch die Abkinh-
lung nach dem Altalpidischen Hdéhepunkt im nérdlich an
den Schneeberger Zug angrenzenden Altkristallin.
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Summary

Based on the rock and mineral analyses and the observed
textural relationships, evidence for the polymetamorphic na-
ture of the QOetztal-Stubai amphibolites have been established.
With increasing grade of metamorphism NaA, K, NaM4, AV, A|lv
and Ti contents of the amphiboles increase. The anorthite con-
tent of the plagioclase also increases. The zoned calcic am-
phiboles represent various combinations of core-rim composi-
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tion, i. e. actinolite-hornblende, hornblede-actinolite. These
types of textural relationships are considered to indicate mul-
tiple periods of mineral growth. Thus, the polymetamorphic si-
tuation in the Oetztal-Stubai amphibolites records

1) a high P&T metamorphism of pre-Hercynian (Caledonian?)
age;

a low grade greenschist facies metamorphism of possible
early Hercynian age (phase I);

a low to medium P and high T metamorphism (amphibolite
facies) of Hercynian age (phase ll);

a medium P Alpine overprint whose metamorphic grade de-
creases from SE (amphibolite facies) towards NW Qetztal
(low greenschist facies);

early Alpine cooling (represented by retrograd mineral as-
semblages in amphibolites of the old crystalline Basement
bordering the Schneeberg complex to the north).

2)
3)

4)

5)

1. Introduction

Although a considerable amount of data is available
on the geology, petrography and mineral chemistry of
the pelitic schists or metasedimentary rock units in the
Oetztal-Stubai Alps (see PURTSCHELLER, 1978 and re-

geologic and petrographic studies of the amphibolites
of the central QOetztal (HEZNER, 1903; HOFFER, 1967;
HOERNES & HOFFER, 1973; MILLER, 1970) a complete
petrographic and mineral chemistry as well as
geochemical study of the amphibolites occurring in the
Oetztal-Stubai Alps has been lacking to date.

The purpose of this study is to provide new data on
the petrography and mineral chemistry of the amphibo-
lites of the Oetztal-Stubai old crystalline Basement; and
based on these data to try to understand the nature of
the polymetamorphism in this part of the Eastern Alps.

1.1. Geologic Setting and metamorphism

The Oetztal-Stubai complex (Eastern Alps) is an
overthrusted mass mainly consisting of pre-Hercynian
rock series covered by mesozoic metasedimentary
units (Brennermesozoikum) (see Fig. 1).

The principal para rock types are quartzo-feldspathic-
biotite plagioclase gneisses, schists, calc-silicate rocks
and quartzites. Rocks of magmatic origin inciude grani-
tic to granodioritic gneisses, banded amphibolites,

ferences therein; HOINKES et al., 1982), except the peridotites, eclogites, eclogite-amphibolites and garnet
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Fig. 1: Symplified Geological Sketch Map of the Oetztal-Stubai Basement, showing Hercynian and Alpine heat domes and increasing Alpine metamorphism from
NW to SE, established by Hercynian mica cooling ages (THONI, 1980) and Alpine chioritoid line (PURTSCHELLER, 1967). Sample locations 1-4 represent those from
the N/NW (Pramayur, Pitztal, Kaunertal, Kihtai, Zirmalm); 5-6 are from central Oetztal (Milchenkar, Liisens, Pollestal, Solden) 9-15 are from S/SE OQetztal
(Ranalt, Ventertal, Gaisbergtal, Rotmoostal, Schneeberger Zug, Pfossental, Jaufen Pass).
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amphibolites. These pre-Hercynian para and ortho-
rocks of the Basement are cut by younger post-Hercy-
nian diabase dikes.

Geochemical investigations of amphibolites from the

Oetztal-Stubai complex (MOGESSIE, 1984; MOGESSIE et
al., 1985) show striking regional differences from N/NW
to S/SE. Major and trace element chemistry data indi-
cate a typical magmatic trend (ortho-amphibolite} for
amphibolites of central and N/NW Oetztal (originated
from a tholeiitic magma) whereas amphibolites from S/
SE Oetztal (Schneeberg complex) were found to be
para-amphibolites.
" Based on petrological studies of the metapelites
(PURTSCHELLER, 1967, 1969; HOINKES, 1981); the meta-
basites (MILLER, 1970; HOERNES & HOFFER, 1973,
PURTSCHELLER & RAMMLMAIR, 1981), the carbonate
rocks (HOINKES, 1978; 1983), the granitoids (HOINKES et
al., 1972), radiometric investigations (THON!, 1980,
1981) and as recently summerized by HOINKES et al.
(1982) the Oetztal-Stubai complex is considered to be
an example of an overprint by two successive metamor-
phic events, which now appear as heat domes of simi-
lar grade, but geographically separated by a distance of
35 km.

The dominant metamorphism is of Hercynian age and
reached a maximum temperature of 670°C (Winnebach
migmatite). It is important to note that SOLLNER &
ScHMIDT (1981) have determined a Caledonian age of
46337 m.y. for this migmatite, which is at the moment
controversial. This heat dome is overprinted by a later
cretaceous metamorphism with a temperature climax of
about 600°C in the south (south of Schneeberger Zug).
The metamorphic grade of this younger event and its
retrograde effect on the pre-Alpine parageneses de-
creases to the northwest (see Fig. 1: Hercynian mica
cooling ages, alpine biotite cooling ages, zone of mixed
ages of THONI [1981], and Alpine chloritoid line by
PURTSCHELLER [1967]).

2. Petrography
2.1. Amphibolite

The amphibolite assemblage mostly consists of elon-
gate, parallel crystals of colourless, blue-green to
brown hornblendes; epidote, plagioclase, biotite, chlo-
rite with subordinate amounts of quartz, carbonate,
sphene, rutile and ilmenite. In some samples all the
three common titanium oxides are present, generally
displaying a replacement texture rutile-ilmenite-sphene.
Hornblende ranges from 30 % to 65 % by volume. The
hornblendes are mostly zoned with distinct sharp opti-
cal boundary. The zoning is characterized by a colour-
less, very weakly pleochroic actinolite core and a
greenish hornblende rim in one case (samples MK-3,
KN-1, ASC-2) and a greenish hornblende core with a
colourless actinolite rim in the other (samples RL, L-37,
LT-126, MK-8, DO-417). In some samples Fe-Mg am-
phiboles occur. Cummingtonite grows with calcic am-
phibole actually sharing the same crystallographic
boundary, and in some cases the colourless cumming-
tonite rims greenish hornblende. Anthophyllite lamellae
in calcic amphibole associated with talc-chlorite-actino-
lite also occur in only one sample from Pollestal (PA-
42). These parageneses mostly occur at grain bound-

aries and textural evidence suggests a retrograde pro-
cess.

Plagioclase feldspars range from 10 % to 30 % by
volume. Twinning is rarely observed. Albite occurs as
single grain (e. g. ASC-1 from Pfossental) and as a re-
trograde product (e.g. DO-417 from Kubhtai). Some
grains are intensively sericitized and altered to aggre-
gates of clinozoisite and white mica (e. g. FL-1 & FL-2
from Fotschertal). Alkali feldspars have been observed
only in very few samples (e. g. KN-5 from Kaunertal,
and S-10 from Burgstein) as secondary alteration pro-
duct.

Epidote-clinozoisite minerals occur as granular or
crudely tabular forms associated with hornblende and
plagioclase. Some samples contain up to 30 % epidote
by volume. In most cases the epidotes are zoned.

Biotite and chlorite occur as primary phases and as
retrograde products of hornblende. Chlorites that have
been produced as a result of a retrograde process from
hornblende show anomalous interference colour.

2.2. Garnet amphibolite

Generally considered the garnet amphibolites can be
characterized by 47-49 % hornblende, 28-30 %
plagioclase, 3—10 % garnet, 0,2—13 % biotite, 0—1 %
chlorite, 0—3 % epidote, 2—4 % quartz, 1-2 % sphene
and 2—-5 % ilmenite in modal abundance. The garnets
are euhedral to anhedral in shape with varying grain
size. The garnets and hornblendes commonly alter to
chlorite; and this is more pronounced in garnet am-
phibolites of southeastern Oetztal. Some garnets are
optically zoned mostly with inclusion rich cores (quartz,
epidote) and inclusion free homogenous rims. The
hornblendes display varying textures and colour (rang-
ing from colourless to greenish/brown).

2.3. Eclogite amphibolite

Microscopically these rock series are characterized
by garnet grains of varying grainsize within a feldspar-
plagioclase matrix and some relics of the origina! om-
phacite; and one observes the formation of greenish
hornblende around garnet and homogenization of the
matrix, where the pyroxene and garnet are being re-
placed by hornblende and plagioclase. The garnets
have inclusions of rutile, hornbiende and in rare cases
kyanite and quartz.

2.4. Diablastic garnet amphibolite

The diablastic garnet amphibolites are characterized
by the formation of more diablasts (feldspars and
hornblende) and zoisite from the primary mineral
parageneses clinopyroxene, colourless hornblende,
garnet and kyanite.

The garnet rim contains hornblende, plagioclase and
titanium oxides such as ilmenite. Quartz occurs scatter-
ed in the matrix. Kyanite totally alters to zoisite.

3. Analytical methods and data reduction

Chemical compositions of minerals were analysed
with an ARL-SEMQ electronmicroprobe at the Institute
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of Mineralogy and Petrography University of Innsbruck
using standard methods. The matrix effects were cor-
rected according to BENCE & ALBEE (1968).

Each mineral was subjected to several spot analyses
depending on the size of the grain. Where significant
zoning was found, such as in amphibole, epidote,
plagioclase and garnet, analytical data are presented
for core and rim compositions in the respective tables.
Where variation in composition for each phase is found
to be significant such as the calcic amphiboles, aver-
ages are given.

Electronmicroprobe technique does not allow for
routine distinction of Fe2+ and Fe3+; therefore, total iron
was considered as Fe2+ in chlorite, biotite, garnet, and
Fe3+ in plagioclase and epidote. For amphiboles the
minimum and maximum amount of Fe3+ that could be
present in an amphibole structure of a given chemistry
was calculated and an attempt has been made to deter-
mine the name based on amphibole nomenclature of
LEAKE (1978). Cation proportions were calculated on
anhydrous basis.

4. Mineral chemistry
4.1. Plagioclase

Plagioclase from most of the garnet-bearing and gar-
net-free amphibolites have been analysed and show a
wide range of compositions. Representative analyses
are presented in Table 1.

Eventhough correlation of plagioclase composition
with specific metamorphic stages is difficult because of
the obscuring overprint resulting from the polymetamor-
phic nature of the region, a general picture of variation
in An-content can be pointed out. The presence of pure

albite in sample ASC-1 from Pfossental, and a feldspar
compositon of An,, from a nearby sample, with a trend
of increasing An-content towards central Schneeberger
Zug (reaching a maximum value of Ang, in a garnet am-
phibolite from Seebertal), suggests that around the
Eishof the Alpine amphibolite facies grades into a lower
grade greenschist facies. In most cases the presence
of albite rimming An-rich core occurs in the same reg-
ion where actinolite is found rimming Al-rich hornblende
core (see Fig.1: locations 4, 5, 6, 9 & 11). This
suggests a retrograde phenomenon from amphibolite to
greenschist facies.

Alternatively, the majority of the analysed plagioclase
grains show inverse zonation with An-poor core and
An-rich rim.

The general rise in An-content is associated with de-
cline of modal epidote and increase in the alumina con-
tent of amphibole. This is the prograde metamorphic ef-
fect that has been documented by several authors
(LEAKE, 1965; Liou et al., 1974; SPeAR, 1981; LAIRD &
ALBEE, 1981).

4.2. Amphiboles

Electronmicroprobe analyses of the amphiboles from
the Oetztal-Stubai amphibolites are presented in
Table 2.

Various procedures have been proposed for calculat-
ing amphibole analyses (HIMMELBERG & PAPIKE, 1969;
ROBINSON, Ross & JAFFE, 1971). In the present case
the method proposed by STouT (1972) to calculate the
maximum and minimum amount of Fe3* in an am-
phibole structure based on stochiometric constraints is
employed. The analytical data of the amphiboles are re-
duced by a computer program designed specifically for

Table 1: Representative Electronmicroprobe analyses of feldspars from the amphibolites of the Oetztal-Stubai Basement.

ASC-1 SW-185 S-9 PA-4 P2-5 KN-6 DO-417/1  DO-417/2
. §i0, 67.81 53.34 59.08 63.45 62.29 59.04 57.37 68.40
Tio2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07
A1203 20.09 28.00 25.54 24.64 23.32 25.88 27.44 20.87
FeO 0.20 0.19 0.33 0.33 0.14 0.08 0.35 0.39%
MnO 0.00 0.00 0.00 0.02 0.00 . 0.00 0.00 0.00
Mgo 0.01 C.26 0.05 0.04 0.01 0.00 0.00 0.21%
Ca0 o.21 12.65 7.39 4.82 4.31 6.92 8.87 0.44
KZO 0.07 0.07 0.09 0.10 0.08 0.06 0.09 0.16
Nazo 11.33 4.67 6.99 7.14 8.60 7.56 6.61 9.21
Total 99.72 99.18 99.47 100.54 98.75 99.54 100.73 99.75
Atoms per formula unit based on._8 Oxygens
Si 2.9713 2.4405 2.6491 2.7743 2.7848 2.6434 2.5567 2.9748
al 1.0375 1.5099 1.3497 1.2698 1.2287 1.3656 1.4413 1.0698
Ti 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0023
Fe 0.0073 0.0073 0.0124 0.0121 0.0052 0.0030 0.0130 0.0142
Mn 0.0000 0.0000 0.0000 0.0007 0.0000 0.0000 G.0000 0.0000
Mg 0.0007 0.0177 0.0033 0.0026 0.0007 0.0000 0.0000 0.0136
Ca 0.0099 0.6201 0.3550 0.2258 0.2064 0.3320 0.4235 0.0205
K 0.0039 0.0041 0.0051 0.0056 0.0046 0.0034 0.0051 0.0089
Na 0.9626 0.4143 0.6077 0.6053 0.7455 0.6563 0.5711 0.7766
Total 4.9932 5.0139 4.9823 4.8962 4.9759 5.0037 5.0107 4.8807
Or 0.40 0.39 0.53 0.67 0.48 0.35 0.51 1.10
Ab 98.59 39.89 62.79 72.35 77.94 66.18 57.13 96.35
An 1.01 59.7 36.68 26.99 21.58 33.48 42.36 2.54
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Table 2: Representative Electronmicroprobe analyses of calcic amphiboles from the amphibolites
of the Oetztal-Stubai Basement.

PZ-1 P2-2 PZ-4 PZ-5 KN-5 KN-6 ST-3 N494
SiO2 45,77 42.21 42.06 44.56 45.71 43.67 48.08 45.79
TiO2 0.44 0.74 0.76 0.67 0.72 0.81 0.63 0.44
A1203 13.50 13.82 12.40 11.94 9.18 11.92 8.84 11.66
FeO 12.96 18.66 17.32 15.37 17.52 16.42 13.27 14.77
MnO 0.22 0.37 0.28 C.39 0.28 0.42 0.43 0.27
MgOo 11.99 8.32 10.27 11.80 10.79 11.08 12.76 11.55
CaC 10.85 10.36 12.48 .21 13.09 12.26 12.67 11.72
KZO 0.20 0.53 0.37 0.27 0.19 0.62 0.35 0.54
Nazo 1.76 2.16 1.82 1.80 1.23 1.53 0.93 1.67
Total 97.69 97.17 97.76 98.01 98.71 98.73 97.96 98. 41

Atoms per formula unit based on 23 oxygens and FeTotal=Fe2+

si 6.6448 6.3944 6.3395 6.5721 6.7806 6.4693 6.9890 6.7006
atv 1.3552 1.6056 1.6605 1.4279 1.2194 1.5307 1.0110 1.2994
AlVI 0.9547 0.8619 0.5423 0.6477 0.3855 0.5505 0.5035 0.7116
Ti 0.0485 0.0852 0.0870 0.0751 0.0811 0.0912 0.0917 0.0489
Fe 1.5734 2.3640 2.1831 1.8957/ T 2.1734 2.0342 1.6131 1.8075
Mn 0.0271 0.0475 0.0357 0.0487 0.0352 0.0527 0.0529 0.0335
Mg 2.5940 1.8783 2.3068 2.5936 2.3852 2.4461 2.7641 2.5187
Ca 1.6877 1.6815 2.0154 1.7715 2.0805 1.9459 1.9733 1.8375
Na 0.4954 0.6344 0.5319 0.5147 0.3538 0.4395 0.2621 0.4738
K 0.0370 0.1024 0.0711 0.0508 0.0360 0.1172 0.0649 0.1008
Total 15.4178 15.6552 15.7733 15.5978 15.5307 15.6773 15.3256 15.5323

Magnesio- Tschermakitic- Magnesian- Tschermakitic- Magnesio- Tschermakitic Magnesio- Magnesio-

Hornblende Hornblende Hastingsite- Hornblende Hornblende Hornblende Hornblende Hornblende

Hornblende

PA-3 PA-4 MK-1 MK-3 MK-8 S6 s9 §10
sio, 44,37 43.92 46.21 40.02 45.86 43.06 42.71 44.10
Tioz 0.48 0.80 0.44 0.26 0.21 0.27 0.72 0.46
)\1203 13:03 11.29 12.07 14.58 12.25 15.21 13.04 9.87
FeO 15.56 17.56 12.68 12.44 11.07 14.7 14.83 17.11
MnO 0.1 0.4 0.26 0.24 0.20 0.22 0.31 0.18
MgO 11.55 9.73 12.96 13.23 14.18 10.52 11.36 11.01
Cao 11.28 11.92 12.26 12.84 12.24 11.34 12.52 12.63
KZO 0.1 0.59 0.34 0.24 0.18 0.20 0.35 0.35
Na,0 2.4 1.72 1.70 2.37 1.46 2.10 1.93 1.45
To;al 98.90 97.94 98.92 96.22 97.65 97.63 97.77 97.16

Atoms per formula unit based on 23 Oxygens and FeTotal=Fe2+

Si 6.4871 6.5868 6.6608 6.0263 6.6381 6.3527 6.3512 6.6565
artVv 1.5129 1.4132 1.3392 1.9737 1.3619 1.6473 1.6488 1.3435
ar'! 0.7323 0.5823 0.7113 0.6138 0.7279 0.9974 0.6366 0.4123
Ti 0.0533 0.0912 0.0482 0.0297 0.0231 0.0303 0.0813 0.0528
Fe 1.9024 2.2023 1.5285 1.5665 1.3400 1.8149 1.8442 2.1597
Mn 0.0136 0.0521 0.0317 0.0306 0.0245 0.0275 0.0390 0.0230
Mg 2.5165 2.1746 2.7839 2.9689 3.0587 2.3129 2.5174 2.476b
Ca 1.7670 1.9154 1.8934 2.0716 1.8983 1.7925 1.9948 2.0426
Na 0.6832 0. 5001 0.4751 0.6919 0.4097 0.6007 0.5565 0.4244
K 0.0205 0.1129 0.0625 0.0461 0.0332 0.0376 0.0664 0.0674
Total 15.6888 15.6309 15.5346 16.0191 15.5154 15.6138 15.7362 15.6588

Tschermakitic- Edenitic- Magnesio- Magnesio- Magnesio- Tschermakitic- Ferroan- Edenitic-

Hornblende Hornblende Hornblende Hornblende Hornblende Hornblende Pargasitic Hornblende

Hornblende
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Table 2 (continued).

WSC-1 WSC-2 P-21 SW-185 RL FL-1 G-2 VN-1
Sio2 46.66 43.20 43.05 43.60 48.99 43.55 43.49 42.86
'I‘io2 0.51% 0.62 0.51 0.57 0.34 0.73 0.54 0.53
A1203 13,11 12.46 14.89 15.74 11.86 14.42 14.18 14.27
FeO 13.02 18.91 14,97 14.28 12.32 14.91 17.00 15.82
MnO 0.23 0.18 0.20 0.07 0.20 0.24 0.21 0.
MgO 11.94 9.16 10.83 10.91 13.58 10.76 9.31 9.10
Ca0 10.99 9.35 11.87 11.53 9.69 12.24 10. 1 n.m
KZO 0.39 0. 41 0.40 0.44 0.24 0.46 0.60 0.50
Nazo 1.62 1.76 1.46 1.50 1.28 1.51 1.90 1,57
98.47 96.05 98.18 98.64 98.50 98.82 97.34 96.67
Atoms per formula unit based on 23 Oxygens and FeTotal=Fe2+
Si 6.7183 6.5805 6.3303 6.3372 6.9575 6.3685 6.4871 6.4348
AlIv 1.2817 1.4195 1.6697 1.6628 1.0425 1.6315 1.5129 1.5652
mVI 0.9429 0.8174 0.9108 1.0335 0.9427 0.8539 0.9799 0.9599
Ti 0.0558 0.0718 0.0570 0.0629 0.0367 0.0811 0.0619 0.0605
Fe 1.5677 2.4089 1.8408 1.7357 1.4632 1.8234 2.1206 1.9863
Mn 0.0280 0.0232 0.0249% 0.0086 0.0241 0.0297 0.0265 0.0394
Mg 2.5619 2.0793 2.3732 2.3631 2.8741 2.3449 2.0695 2.0360
Ca 1.6954 1.5260 1.8701 1.7956 1.4745 1.9178 1.6158 1.8837
Na 0.3522 0.5257 0.4163 0.4227 0.3525 0.4281 0.5495 0.4570
K 0.0716 0.0797 0.0750 0.0816 0.0435 0.0858 0.1142 0.0958
Total 15.2755 15.5320 15.5681 15.5037 15.2113 15.5647 15.5379 15.5186
Magnesio- Tschermakitic- Tschermakite Tschermakite Magnesio- Tschermakitic- Tschermak- Tschermak-
Hornblende Hornblende Hornblende Hornblende itic- itic

Hornblende Hornblende

Table 3: Representative Electronmicroprobe analyses of zoned calcic amphiboles from the amphibolites
of the Oetztal-Stubai Basement.

Pz-3 ASC-2
core rim core rim core rim core rim
Sio2 53.52 43.84 50.63 44.52 52.98 43.30 51.39 47.29
Tioz 0.09 0.31 0.23 0.74 0.05 0.40 0.22 0.44
A1203 3.10 13.79 8.58 12.19 3.53 12.60 6.54 11.42
FeO 9.74 13.47 7.36 8.87 7.17 12.87 11.10 12.74
MnO 0.20 0.18 0.14 0.20 0.03 0.21 0.17 0.24
MgO 18.12 14.42 16.88 15.81 19.29 12.95 14.46 11.64
ca0 13.28 9.82 11.45 12.92 13.64 13.06 11.20 10.42
K,0 0.08 0.43 0.15 0.28 0.08 0.10 0.17 0.27
NaZO 0.33 0.7 1.26 1.79 0.54 2.17 1.06 1.77
Total 98. 46 96.97 96.68 97.32 97.31 97.66 96.31 96.23
Atoms per formula unit based on 23 Oxygens and FeTotal=Fe
Si 7.5763 6.4223 7.1938 6.4554 7.5017 6.3805 7.4359 6.9272
atv 0.4237 1.5777 0.8062 1.5446 0.4983 1.6195 0.5641 1.0728
a1Vl 0.0916 0.8032 0.6306 0.5387 0.0%08 0.5688 0.5512 0.8988
Ti 0.0096 0.0345 0.0248 0.0815 0.0054 0.0448 0.0242 0.0490
Fe 1.1488 1.6502 0.8745 1.0756 0.8490 1.5860 1.3432 1.5606
Mn 0.0239 0.0233 0.0168 0.0246 0.0036 0.0262 0.0208 0.0298
'Mg 3.8084 3.1480 3.5742 3.4163 4.0704 2.8438 3.1180 2.5410
Ca 2.0067 1.5410 1.7431 2.0072 2.0693 2.0619 1.7364 1.6354
Na 0.0902 0.2017 0.347 0.5032 0.1482 0.6200 0.2974 0.5027
‘K 0.0144 0.0804 0.0272 0.0518 0.0145 0.0188 0..0314 0.0505
Total 15.1936 15.4823 15.2383 15.6989 152512 15.7703 15.1226 15.2678
Actinolite Tschermakite Magnesio- Magnesio- Actinolite Ferroan- Actinolitic- Magnesio-
Hornblende Hastingsite- Pargasitic- Hornblende Hornblende
Hornblende Hornblende
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Table 3 (continued).

MK-8 PA-4 RL LT-126
core rim core rim core rim core rim
5102 44.76 54.92 43.92 52.55 48.99 53.83 45.54 54.23
TiO2 0.58 0.02 0.80 0.06 0.34 0.1 0.42 0.18
A1203 12.99 3.63 11,29 2.22 11.86 3.4 12.73 3.70
FeO 12.01 8.1 17.56 16.67 12,32 8.85 11.63 8.11
MnO 0.20 0.15 0. 41 0.31 0.20 0.16 0.14 0.1
MgO 12.96 18.45 9.73 12.80 13.58 19.10 13.15 18.26
Ca0o 12.75 13.33 11.92 12.92 9.69 12.21 11.42 12.17
KZO 0.56 0.03 0.59 0.17 0.24 a.03 0.24 0.01
Na20 1.75 0.28 1.72 0.20 1.28 0.29 1.78 0.59
Total 98.56 98.92 97.94 97.90 98.50 97.99 97.05 97.36
Atoms per formula unit based on 23 Oxygens and FeTotal=Fe2+
si 6.4869 7.6383 6.5838 7.7162 6.9575 7.5846 6.6385 7.6520
atv 1.5131 0.3617 1.4162 0.2838 1.0425 0.4154 1.3615  0.3480
vt 0.7057 0.2333 0.5785 0.1004 0.9427 0.1508 0.8256  0.2673
Ti 0.0639 0.0021 0.09M1 0.0067 0.0367 0.0118 0.0465 0.0193
Fe 1.4556 0.9433 2.2013 2.0470 1.4632 1.0428 1.4178 0.9570
Mn 0.0246 0.0177 0.0521 0.0386 0.0241 0.0191 0.0173 0.0131
Mg 2.7990 3.8240 2.1736 2.8009 2.8741 4.0105 2.8567 3.8397
Ca 1.9798 1.9864 1.9145 2.0326 1.4745 1.8433 1.7837 1.8399
Na 0.4917 0.0755 0.4999 0.0569 0.3525 0.0792 0.5031 0.1614
K 0.1035 0.0053 0.1128 0.0318 0.0435 0.0054 0.0446 0.0018
Total 15.6238 15.0576 15.6238 15.1149 15.2113 15,1622 15.4953 15.0995
Actinolite Ferroan- Actinolite Edenitic- Tremolitic- Magnesio- Actinolite Magnesio-
Pargasitic- Hornblende Hornblende Hornblende Hornblende
Hornblende

amphiboles (MOGESSIE & TESSARDI, 1982), following the
recommendation of the IMA nomenclature compiled by
LEAKE (1978).

The calculated structurai formulae of the amphiboles
(Tables 2 & 3) indicate that at least some coupled sub-
stitution mechanisms (SPEAR, 1981) were operative in
the Oetztal-Stubai amphiboles.

On Figs. 2 a,b the NW Oetztal (Pitztal, Kaunertal)
amphiboles plot above the pargasite substitution line
and towards the edenite substitution, indicating an ede-
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nite-ferro-edenite composition resulting from a tremolite
composition by the entry of Na into the A-site together
with a balancing replacement of one Si by one Al:

NarAlv = Gjv M
The samples from the SE Oetztal plot towards tscher-
makite, actually reflecting a tschermakite-ferro-tscher-

makite substitution derived from a tremolite composition
by the substitution of the following type:

AIVIAIV = MgVISilV (2)
B R
& o NW
° @ .. . [} Central
S o. [ . 4 L] SE
i o ® J' [ ]
[} o ®
. %
° (o]
o o ® 4
b Edenite
0 0-4 0-8 1-2 1.6 2
AVZS Oxygens

Fig. 2: Plot of AV vs. AM for calcic amphiboles from the amphibolites of the Oetztal-Stubai Basement. Open circles: N/NW Oetztal; closed circles: Central Oetztal;

closed squares: SE Oetztal.
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The central Oetztal (Soélden—Langenfeid) samples
plot below and on the pargasite substitution line. This
type of substitution is produced by a combination of the
edenite and tschermakite substitutions indicated in (1)
and (2) above:

NarAlY + AIVIAIIV = MgVISiV + Sitv
NaAl; = MgSi,

Figures 3 and 4 show that the calcic amphiboles of
the Oetztal-Stubai Basement plot in an area bounded
by the endmembers tschermakite and edenite.. The plot
of AV vs. Na+K for the Oetztal amphiboles is similar to
the plots of HIETANEN (1974) and JAN & HOWIE (1982)
with the ratio at about 3 : 1.

As can be seen in Figs. 3 a,b and ¢ where bound-
aries are indicated for amphiboles of the high pressure
Sanbagawa and Fransiscan terrain, the medium pres-
sure of the Dalradian and the low pressure fields of the
Abukuma plateau and the Haast river; the Oetztal-
Stubai, especially the central and NW Oetztal am-
phiboles, plot within the overiapping region of the San-
bagawa and Fransiscan terrain, the Dalradian and
Abukuma plateau. This suggests changing pressure
conditions from low to medium pressure within the
Oetztal-Stubai Basement. The amphiboles from the
southeast are scattered in all the plots but indicate a
trend towards medium pressure conditions.

20 PTsch ! ) ) ¥ e ' Parg 0§

Fig. 4: AIVvs. (Na+K) plot for calcic amphibole analyses. Tielines indicate
core and rim compositions of zoned calcic amphiboles. Symbols as in Fig. 2.

o Nw
e Central
| SE

11

Altotal

Fig. 5: Aliyg vS. AV plot of calcic amphiboles from the regionally distributed amphibolites of the Qetztal-Stubai Basement. Symbols as in Fig. 2.

77



Apart from the low alumina calcic amphiboles (actino-
lites), the majority of the calcic amphiboles are charac-
terized by more than half-filled A-site (i.e. >0,5,
Fig. 4). _

Considering the Ti-content of the calcic amphiboles a
higher value (Ti = 0,88) from the NW Qetztal and a
lower value (Ti = 0,04) in the central Oetztal, especially
amphiboles from eclogite or diablastic garnet amphibo-
lites is registered. This same regional difference is also
displayed by the AlV vs. Al plot (Fig. 5) whereby the
amphiboles from the NW and central Oetztal occupy a
region around the 1 : 1 line and those from the SE plot
in a region with a ratio AllV : Al,, close to 1 : 2, indicat-
ing a higher grade of metamorphism in central and NW
Oetztal compared to those in the SE (MiscH & RICE,
1974).

4.2.1. Hornblende actinolite series

The Oetztai-Stubai amphibolites are marked by
hornblendes of varying textures and chemical in-
homogeneity. Zoned calcic amphiboles of colourless
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actinolite core, greenish hornblende rim and vice versa
are observed in several amphibolite samples. The
sharp optical discontinuity is also marked by a similar
discontinuity in chemistry (Table 3).

In most studies of the actinolite-hornblende series in
calcic amphiboles the gap in chemistry between the Al-
rich and Al-poor end members is considered to be due
to the presence of miscibility gap between tremolite/ac-
tinolite and hornblende (HALLIMOND, 1943, KLEIN, 1969;
COOPER & LOVERING, 1970; DOOLAN et al., 1973; BRADY,
1974; KUNIYOSHI & Liou, 1976); and due to abrupt
change (or discontinuous change) in the composition
of, or in the appearance or disappearance of, other ph-
ases involved in reactions occurring at the actinolite-
hornblende transition (SMULIKOWSKI, 1974; COMPTON,
1958; GRAHAM, 1974; GRAPES, 1975; GRAPES &
GRAHAM, 1978).

The question of the presence of a miscibility gap or a
disequilibrium reaction are considered below. Evidence
cited by most authors (references quoted above) for
supposed equilibrium crystallization, and therefore the
existence of a miscibility gap between actinolite and
hornblende include:

1
c HORNBLENDE CORE
zAP 2
T MK8
zapP1
5
ACTINOLITE  RIM
v . v v
w .
Al/s cations
d HBD  CORE
- PA4
zaP1
ZAP2
RL K8
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[o] 0-4 1-6

T L]
0-8 1-2
WV
Ag//gaoxygens

Fig. 6: A-site vs. Al'V(a&c) and Mg. vs. AlV(b&d) plots of zoned calcic amphiboles from the Oetztal-Stubai amphibolites. a and b indicate core and rim composi-
tions of Hercynian calcic amphiboles. ¢ and d represent hornblende core of Hercynian age and actinolite rim of Alpine overprint.
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1. The large chémical difference and composition gaps
between actinolite and hornblende in various ter-
rains.

2. Sharp contacts, both optically and chemically bet-
ween actinolite and hornblende; hornblende typically
rims actinolite in a simple zonal arrangement, and/
or occurs as an irregular patchy domain within ac-
tinolite.

3. Separate, homogenous grains or fibers of the two
amphiboles.

4. Exsolution lamellae of hornblende in actinolite and
vice versa.

If petrographically observed, only evidence of types
(3) or (4) are in themselves believed to be sufficient to
establish the existence of a miscibility gap.

The actinolite-hornblende series of the QOetztal-Stubai
amphibolites are characterized by (1) and (2) given
above. Sample KN-1 from Kaunertal and sample MK-3
from Milchenkar show large actinolite cores with numer-
ous lamellae parallel to the cleavage surfaces and
greenish hornblende rim free from these lamellae.
Since the lamellae are very small a painstaking effort
.has been made to check their chemistry with the elec-
tronmicroprobe and an attached energy dispersive sys-
tem. To our surprise these lamellae (especially those
from Kaunertal) proved to be epidote, quartz, and chlo-
rite inclusions rather than a hornblende lamellae in ac-
tinolite.

Therefore, this evidence suggests the presence of re-
lict low grade greenschist mineral paragenesis which
have been preserved as a result of a disequilibrium or
discontinuous reaction which caused an abrupt change
from colourless actinolite to greenish hornblende of
high alumina content.

The actinolite-hornblende transition can be defined
by several reactions accompanied with complex
changes associated with the breakdown or composi-
tional change of albite to oligoclase, chlorite becomes
more magnesium rich and ultimately disappears. These
changes in chemistry and final disappearance of some
phases (chlorite, epidote) with increasing grade of
metamorphism contribute to the production of
hornblende from actinolite according to the generalized
reactions suggested by (SHiDO, 1958; COOPER, 1972;
Liou et al., 1974; GRAHAM, 1974) and outlined below.

© NaAlSi;Oq (albite) + Cay(Mg,Fe)sSigO,(0H), (trem/
actinolite) = NaCa,(Mg,Fe)s;AlSi;0,,(0OH), (edenite)
+ 4 SiO, (quartz)

@ Cay(Mg,Fe);SigO,(0H), (trem/actinoilite) +

14 (Mg,Fe)sAl;Sis049(OH)g {clorite) +

24 Ca,Al;Siy0,,(0H) (epidote) + 28 SiO, (quartz)
25 Cay(Mg,Fe)3Al,Sig0,,(OH), (tschermakite) +
+ 44 H,0

©®© 6 (Mg,Fe)sAlLSiz0.(0OH)g (chlorite) +
+ 12 Ca,Al;Si;0,,(OH) (epidote) + 14 SiO, (quartz)
= 10 Ca,y(Mg,Fe)3Al,SigO,(0H), (tschermakite) +
+ 4 CaAl,Si, 04 (anorthite) + 20H,0.

o+ +

Reaction @ is dominant in NW Oetztal where at high
temperature and low pressure the edenite substitution
becomes dominant (Fig. 2). in SE Oetztal the tscherma-
kite substitution is dominant and the central Oetztal is
represented by calcic amphibole series displaying par-
gasite type substitution.

Thus the central and SE Oetztal actinolite-hornblende
transition are dominated by reactions @ and @. This
combination of the edenite and tschermakite substitu-
tions results (as also outlined above) in a decrease or
disappearence of epidote thereby increasing the Al-
content of the plagioclase; enrichment of chlorite in Mg
with increasing grade accompanied with enrichment of
coexisting amphibole in Fe and Al. Plots of A-site occu-
pancy versus Al and Mg versus AlV (Fig. 6) indicate a
gap between actinolite and hornblende. Fig. 6a,b repre-
sent hornblende core — actinolite rim, whereas Fig.
6¢,d represent actinolite rim — hornblende core. In
these diagrams the hornblende is characterized by
higher A-site occupancy, higher AlIV and lower Mg.

This gap between the low alumina actinolite and the
high alumina hornblende is documented at certain P-T
conditions of metamorphism.

However, analyses of unzoned hornblendes from the
same sample or other samples (from the same locality)
fill this gap (Fig. 4) indicating that the gap actually rep-
resents conditions of disequilibrium as discussed in the
foregoing paragraphs.

4.2.2. Dependence of amphibole chemistry
on bulk rock composition

Using various oxide variation diagrams, a strong
positive correlation is observed between the am-
phiboles and the host rocks for MgO/MgO + FeO and a
random distribution for TiO,, Na,0O and K,O. For the
other oxides the correlation between amphibole and
host rock chemistry is not found to be strong, with
some positive tendency for CaO, MnO, Al,Oj and to
some extent SiO, (MOGESSIE, 1984).

This implies that for titanium and the alkalies
(Na + K) the influence of the pressure and temperature
of metamorphism seem to be possibly more significant
than the effect of bulk chemistry of the host rock.

4.3. Epidote minerals

Compositions were obtained for epidotes of more
than 30 amphibolites. Representative analyses are
listed in Table 4. Where zoning has been documented
maximum variation in core and rim compositions are
also included. The pistacite component (stoichiometric
pistacite) Caz(Al, Fe3+)Al,Si0;0,,(OH) with the principal
variation occurring in Fe3+/(Fe3+ + Al) ranges from 5 %
to 25,5 % when regionally distributed epidotes are con-
sidered together. The increase in Fe3*+ content (pista-
cite component) of the epidote-clinozoisite solid solu-
tion with decreasing metamorphic grade has been
documented by several authors (e.g. MIYASHIRO &
SEKI, 1958; ERNST, 1972; HORMANN & RAITH, 1973; Liou
et al., 1982).

Since the variation in chemistry of epidotes is mainly
dependent on bulk rock chemistry and oxygen fugacity,
correlation of changes in epidote composition with
changes in metamorphic conditions is difficult. How-
ever, examination of the zoned epidotes shades light
on the changing metamorphic conditions in the Oetztal-
Stubai Basement as has been recorded in other miner-
als (amphiboles, plagioclase). The only significant
chemical variable of the epidote minerals crystallized in
the various stages of metamorphism involves substitu-
tion of octahedral AIV' and Fe3+ as is shown in Fig. 7.
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Fig. 7: Proportions of octahedrally coordinated Ferric Iron and Aluminium in
epidotes of the Oetztal-Stubai amphibolites. Dashed line indicates ideal substi-
tutions for Fe3+ = AM. Arrows indicate towards rim.

Zoned epidotes from central Oetztal (PA-1, PA-2 from
Pollestal) show a lower pistacite content at the rims and
a higher amount in the cores suggesting increasing
grade of metamorphism. Zoned epidotes from northern
Oetztal (ZA-1 from Zirm Alm) show pistacite rich rims
and pistacite poor cores indicating a lowering in
metamorphic grade.

4.4. Chlorite

Chemical composition of chlorites from several am-
phibolite samples have been obtained. Representative
analyses and structural formulae calculated on the
basis of 28 oxygens are listed in Table 5. Plotted on the
diagram of HEY (1959) the chlorites are dominantly Pyc-
nochlorite and Ripidolite. The variation of chlorite
chemistry seems however to be greatly influenced by
extremes in bulk composition (COOPER, 1972). It is also
suggested by most authors (e. g. LIOU et al., 1982) that
high grade chlorites are consistently more magnesian
than greenschist facies chlorites. A comparison of chlo-
rites from central Oetztal and those chlorites from SE
Oetztal shows distinct differences in Mg/Fe ratio. Sam-
ple MK-3 from Milchenkar with high MgO value in rock
(17,9 wt.-%) contains chlorite with Mg/Fe ratio equal to
4,61. Sample WSC-2 from west end of the Schneeberg

Table 4: Representative Electronmicroprobe analyses of epidotes from the amphibolites of the Oetztal-Stubai Basement.

PA-1 Za-1 G-2
core rim core rim core rim
sio, 38.50 40.46 39.20 39.95 38.95 39.30
Tio,, 0.22 0.00 0.00 0.02 0.10 0.12
Al,0, 28.23 29.80 28.89 27.15 24,98 26.37
FeO 7. 41 3.73 6.29 8.03 11.60 9.04
Mno 0.17 0.03 0.08 0.00 0.00 0.04
MgO 0.10 0.10 0.06 0.11 0.10 0.17
Cao 25.26 22.92 22.81 21.14 21.48 22.20
K,0 0.00 0.00 0.00 0.00 0.00 0.00
Na,0 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.89 97.04 97.33 96. 40 97.21 97.24
Atoms per formula unit based on 12.5 Oxygens
Si 2.94 3.14 3.06 3.17 3.10 3.10
a1ty 0.06 0.00 0.00 0.00 0.00 0.00
aVl 2.54 2.72 2.65 2.54 2.35 2.145
Ti 0.01 0.00 0.00 0.00 0.01 0.01
Fe 0.43 0.22 0.37 0.48 0.70 0.54
Mn 0.01 0.00 0.01 0.00 0.00 0.00
Mg 0.01 0.01 0.01 0.01 0.01 0.02
Ca 2.06 1.91 1.90 1.80 1.83 1.87
K 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.06 8.00 8.00 8.00 8.00 7.99
Ps % 14.22 7.37 12.15 15.78 22.73 17.72

80



Table 5: Representative Electronmicroprobe analyses of chlorites from the amphibolites of the Oetztal-Stubai Basement.

ZAP-1 PA-1 S-11 KN-4 .P21* P21**
5102 37.83 33.97 35.39 33.38 34.55 35.35
' TiO2 1.49 1.47 2.20 1.65 2.02 2.07
A1203 16.24 20.21 16.94 19.17 16.75 18.45
FeO 16.05 19.98 20.53 22.88 21.40 16.28
MnO 0.06 0.00 0.06 0.07 0.33 0.12
Mgo 13.32 10.25 11.01 8.37 9.87 13.27
Ccao 0.08 0.12 0.02 0.80 0.12 0.03
KZO 8.13 8.33 8.94 7.53 9.08 9.80
NaZO 0.02 0.00 0.15 0.19 0.12 0.13
Total 93.22 94.33 95.24 94.04 94.24 95.50
Atoms per formula unit based on 22 Oxygens
Si 5.7234 5.2108 5.4231 5.2152 5.3936 5.3135
atVv 2.1054 2.6179 2.3208 2.5889 2.3669 2.4501
AlVI 0.7904 1.0358 0.7387 0.9411 0.7149 0.8184
Ti 0.1713 0.1713 0.2561 0.1958 0.2396 0.2364
Fe 2.0307 2.5630 2.6309 2.9894 2.7937 2.0464
Mn 0.0077 0.0000 0.0078 0.0093 0.0436 0.0153
Mg 3.0032 2.3431 2.5143 1.9488 2.2962 2.9725
Ca 0.0130 0.0197 0.0033 0.1339 0.0201 0.0048
K 1.5691 1.630d 1.7476 1.5008 1.8082 1.8791
Na 0.0059 0.0000 0.0446 0.0576 0.0363 0.0379
Total 15.4201 15.5916 15.6872 15.5808 15.7131 15.7744
Mg/Fe 1.4789 0.9142 0.9557 0.6519 0.8219 1.4525
Mg/Mg+Fe 0.5966 0.4776 0.4887 0.3946 0.4511 0.5923

* Biotite associated with hornblende

** Biotite associated with garnet

Complex with lower MgO vaiue in rock (3 wt.-%) con-
tains chlorite with Mg/Fe ratio equal to 0,9. Texturally,
the chlorite in sample WSC-2 is a retrograde product of
hornblende showing a deep blue interference colour,
whereas the chlorite from Milchenkar is a stable
paragenesis which is diminishing in modai amount as a
result of the reaction:

actinolite + chlorite + epidote = hornblende

Thus, it can be assumed that both the bulk chemistry
of the rock and the P-T conditions of metamorphism
have a strong influence on the chemistry of the chlo-
rites.

4.5. Biotite

Representative electronmicroprobe analyses of biot-
ites are presented in Table 6. The biotites as can be
seen in the TiO, vs. Mg/Fe and AIV! vs. Mg/Fe plots
(Fig. 8) are very heterogeneous in aggregate composi-
tion, although a small variation occurs in a single speci-
men. The Mg/Fe ratio ranges from 0,65 to 2,36 and AIV!
from 0,65 to 1,15, and MgO from 9,72 to 16,16 wt.-%,
FeO from 13 to 19 wt.-%.

The few biotite analyses from the NW and central
Oetztal (Hercynian and mixed ages of THONI [1981])
plot on the high TiO, and low Mg/Fe side. On the AIV!
vs. Mg/Fe plot, much cannot be said as the trend for all
biotites is, increasing Mg/Fe ratio with almost constant
value of AIVl. Such a large chemical variation appears
to be due to significant differences in bulk rock compos-
ition. According to COOPER (1972) the low Ti, high AV
and Si are suggested to be characteristic features of
greenschist facies biotites from metabasic rock.

The MgO vs. FeO plot (Fig. 8b) shows that the biot-
ites from the SE Oetztal and those biotites from the
north (Zirm Alm, sample ZAP-2) believed to be of Al-
pine age plot on the high MgO side. Biotites from Pol-
lestal (PA-1), Burgstein (S-11) and Kaunertal (KN-4)
plot on the high FeO side. Especially significant is:the
biotite from the Kaunertal sample which plots at the
same position as the primary biotites from the Oetztal
diabase dikes of RAMMLMAIR (1980).

In sample P-21 where complex zonation of garnets is
recorded two different biotite chemistries are also ob-
served (Table 5). The biotites associated with the gar-
net have high MgO (13,27 wt.-%)} and lower FeO
(16,28 wt.-%) than the biotites associated with
hornblende (MgO = 9,87 wt.-%; FeO = 21,4 wt.-%).
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Table 6: Representative Electronmicroprobe analyses of biotites from the amphibolites of the Oetztal-Stubai Basement.

WSC-2 P-21 s$-9 MK-3 KN-5 KN-6
sio, 22.66 27.38 26.33 28.46 23.41 28.78
Tio, 0.04 0.12 0.04 0.00 0.00 0.61
Al,0, 25.41 19.94 20.57 18.79 21.46 17.46
FeO 26.12 25.77 16.27 10.78 28.70 19.09
MnO 0.11 0.54 0.14 0.06 0.53 0.35
Mgo 13.24 13.08 22.83 27.87 13.42 19.73
Cao 0.11 0.12 0.07 0.05 0.05 1.07
K,0 0.00 0.00 0.00 0.00 0.00 0.35
Na,0 0.00 0.64 0.00 0.00 0.03 0.19
Total 87.69 87.59 86.25 86.01 87.60 87.63

Atoms per formula unit based on 28 Oxygens

Si 4.8035 5.7848 5.3821 5.6557 5.0698 5.8980
alv 3.1901 2.1959 2.6117 2.3443 2.9302 2.0071
a1Vl 3.1583 2.7694 2.3440 2.0567 2.5474 2.2101
Ti 0.0064 0.0193 0.0062 0.0000 0.0000 0.0950
Fe 4.6304 4.5532 2.7812 1.7915 5.1978 3.2716
Mn 0.0198 0.0966 0.0242 0.0101 0.0972 0.0608
Mg 4.1825 4.1183 6.9545 8.2537 4.3311 6.0255
Ca 0.0250 0.0272 0.0153 0.0106 0.0116 0.2349
K 0.0000 0.0000 0.0000 0.0000 0.0000 0.0915
Na 0.0000 0.2622 0.0000 0.0000 0.0126 0.0755
Total 20.0159 1 19.8269 20.1192 20.1226 20.1977 19.9699
Mg/Fe 0.9033 0.9045 2.5005 4.6071 0.8333 .8418
Mg/Mg+Fe 0.4746 0.4749 0.7143 0.8217 0.4545 0.6481
Two possibilities can be considered to be responsnble exhibits normal zoning of HOLLISTER (1966) and

for these chemical differences:

1) Based on textural grounds the biotites can be consi-
dered to be of different generation.

2) Within the rock there could have been sites of min-

eral growth (Fe-poor) in some parts and (Fe-rich) in

" others resulting in the different biotite chemistries.

4.6. Garnet

Several hundred analyses of garnets have been
made. Representative analyses are presented in
Table 7. Generally considered the garnet chemistry
ranges, on the basis of endmember formulae; alman-
dine (15—80 %), pyrope (4—-32 %), andradite
(0—12 %), spessartine (0,12—15 %), and grossular
(6—30 %). The garnets from SE Oetztal are charac:
terized by lower pyrope content compared to those of
central and NW Qetztal. The maximum pyrope content
is obtained from a diablastic garnet amphibolite in Mil-
chenkar, central Oetztal (MK-6 with a pyrope con-
tent = 32.29 mol.-%). Representative zoning profiles of
these garnets are shown in Figs. 9, 10. The garnets
from the Schneeberg Complex (SW—-165, Fig. 9a) have
zonations that are typically bellshaped, showing prog-
ressive depletion of Mn and Ca from core to rim. This
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suggests continuous growth of garnet during a single
metamorphic episode rather than the more complex zo-
nation patterns of various maxima and minima (e. g.
KN-4, and P-21) observed with intermittent growth dur-
ing multiphase metamorphism (ATHERTON & EDMUNDS,
1966).

This growth of garnet in a single metamorphic
episode has also been documented from metapelites of
the Schneeberg complex (HOINKES and PURTSCHELLER ,
1979; HOINKES, 1978, 1980, TESSARDI, 1981).

Observation of the garnet zoning profiles of samples
KN-4 and P-21 (Figs. 9, 10) gives a complex picture of
garnet growth in the Oetztal Stubai Basement. Sample
KN-4 (from Kaunertal): an inner homogenous core of
high CaO, low FeO and MgO with a constant amount of
MnO is separated from a rim of low CaO and high FeO,
MgO. At the outer rim the MgO still increases and the
FeO decreases with a simultaneous increase in CaO.

The sharp break or discontinuity in chemistry espe-
cially CaO and FeO from core to rim suggests at least
two stages of garnet growth; the core representing an
older lower grade metamorphic event and the rim a
younger high grade metamorphic event. This garnet
profile is also found to be similar to the garnet profiles
reported by RAHEIM (1975) from the Precambrian eclo-
gites in western Tasmania. ‘
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Sample P-21 (from Pfossental): This sample shows
zoning like that of sample KN-4. However, there is a
difference in the zoning pattern of the outer rim shown
in Fig. 10 (P-21a). The inner cores of the two garnets
are characterized by a decrease in CaO and increase in
FeO and MgO towards rims. The MnO in this sample
shows the same zoning pattern as CaO. At the outer
rim the amount of MnO and CaO are found to increase
with simultaneous decrease of FeO and a constant
MgO value, suggesting a type of resorption or reverse
zonation noted by many authors (e. g. GRANT & WEIB-
LEIN, 1971; DE BETHUNE et al., 1968). Therefore, it may
be assumed that this garnet grain from Pfossental rep-
resents two main stages of garnet growth like sample
KN-4 with a third one resulting from a retrograde pro-
cess. The two stages of garnet growth have been
documented by HOINKES (1980) and TESSARDI (1981) in
the rocks of the old crystalline Basement bordering the
Schneeberger Zug.

4.6.1. Zoning Pattern
of Different Sized Garnet Grains

In a routine electronmicroprobe -analyses of garnet
grains of different sizes from samples P-21 (Figs.
10a,b&c) a variation in the nature of the zoning pattern
is observed. Several other garnet grains from the same
sample have been checked in order to evaluate if these
different profiles are due to a cut effect of the garnets.

The chemical composition of the garnet interiors vary
considerably with size. With diminishing size the inner
core of the garnet is disappearing, and the complete
profile is displayed by the bigger grains. A similar rela-
tion of zoning pattern with garnet size has also been
documented by RAHEIM (1975). ATHERTON & EDMUNDS
(1966) have also noted that the most numerous and the
smallest crystals are homogeneous while the largest
and least numerous show the greatest variation across
a crystal. Therefore, if zoning reflects changing condi-
tions of metamorphism, the interpretation of the zoning
pattern should take the garnet size into consideration.

5. Interpretation and Discussion

5.1. Polymetamorphism
of the Oetztal-Stubai Amphibolites

Based on the rock and mineral analyses, combined
with the observed petrographic relationships, the
polymetmorphic_nature of the Oetztal-Stubai amphibo-
lites is established. Generally, these mineral
parageneses can be represented similar to the common
mineral assemblages of mafic schist of LAIRD (1980),
but in the present case with or without garnet:
Amphibole + chlorite + epidote + plagioclase + quartz
+ Ti-phase * carbonate * garnet + K-mica +
+ Fe3+oxide
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Table 7: Representative Electronmicroprobe analyses of garnets from the amphibolites of the Oetztal-Stubai Basement.
KN-4 P21 SW-165 MKo§
rim core rim core rim core
sio, 37.66 37.18 34.46 34.80 38.10 37.61 39.10
Tio, 0.03 0.15 0.06 0.55 0.00 0.17 0.03
Al,0, 23.34 22.60 24.99 24.53 21.60 21.35 22.91
FeO 30.88 29.70 26.59 27.70 30.18 26.18 18.74
Mno 0.36 0.10 3.1 2.60 1.21 3.82 0.53
MgO 5.45 1.83 2.37 2.59 3.58 1.49 8.28
cao 3.21 8.83 9.06 7.59 5.69 9.91 9.10
K,0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na,0 0.02 0.03 0.02 0.00 0.02 0.04 0.53
Total 100.95 100. 42 100.66 100. 36 100.38 100.57 99.22
Atoms per formula unit based on 24 Oxygens
Si 5.8563 5.8778 5.4655 5.5253 6.0076 5.9665 5.9592
alv 0.1402 0.1042 0.5272 0.4084 0.0000 0.0130 0.0373
aVe 4.1374 4.1068 4.1441 4.1818 4.0141 3.9789 4.0779
Ti 0.0035 0.0180 0.0072 0.0663 0.0000 0.0205 0.0035
Fe 4.0157 3.9265 3.5268 3.6779 3.9796 3.4732 2.3885
Mn 0.0474 0.0134 0.4178 0.3496 0.1616 0.5133 0.0684
Mg 1.2630 0.4311 0.5602 0.6128 0.8412 0.3523 1.8806
Ca 0.5348 1.4957 1.5396 1.2912 0.9613 1.6845 1.4860
K 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Na 0.0060 0.0092 0.0062 0.0000 0.0061 0.0123 0.1566
Total 16.0043 15.9827 16.1946 16.1133 15.2715 16.0145 16.0580
Alm 68.52 66.93 58.35 62.01 66.95 57.54 41.01
Andr 0.00 0.00 0.00 0.00 0.00 0.44 0.00
Pyr 21.55 7.35 9.27 10.33 14.15 5.87 32.29
Spess 0.81 0.23 6.91 5.89 2.72 8.55 1.17
Gross 9.13 25.14 25.47 21.77 15.89 27.61 25.52
Uvarov 0.00 0.35 0.00 0.28 0.00 0.00 0.00
Mg/Fe 0.3145 0.1098 0.1588 0.1666 0.2114 0.1014 0.7874
Mg/Mg+Fe ©.2393 0.0989 0.1371 0.1428 0.1745 0.0921 0.4405

LAIRD & ALBEE (1981) suggested that with increasing
grade of metamorphism amphibole changes from ac-
tinolite-hornblende-tschermakite; meaning NaA, K,
NaM4 AV Ti, (AIV! + Fe3+ + Ti + Cr) and AlV contents
increase. Plagioclase becomes more anorthitic with
metamorphic grade.

The zoned calcic amphiboles of the Oetztal-Stubai
amphibolites represent various combinations of core-
rim composition, i. e. actinolite-hornblende; hornblende-
actinolite. These types.of textural relationships are con-
sidered to indicate multiple periods of mineral growth
(LAIRD & ALBEE, 1981). The cores appear to be relics,
preserved because of incomplete equilibration.

Textural relations show that the calcic amphiboles of
the Oetztal-Stubai amphibolites represent at least four
different periods of mineral growth as given below:

1) High-alumina calcic amphiboles (stage ) within
diablastic garnet amphibolites (retrograde products
of eclogites).

2) Low-alumina actinolite core (stage Il) rimmed by Al-
rich calcic amphibole (stage llI).

3) Al-rich calcic amphibole (stage Ill) rimmed by low-
alumina actinolite (stage IV).

The other minerals, garnet and plagioclase also show
the same zoning pattern like the amphiboles indicating
changing metamorphic conditions.
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In order to evaluate the different growth periods of
the zoned minerals of the Oetztal-Stubai amphibolites
and conclude a sequence of metamorphic events, some
suggested models for the evolution of the Eastern Alps,
especially the Oetztal-Stubai Basement are considered.

PURTSCHELLER & SAss! (1975) suggested the follow-
ing succession of events in the Oetztal-Stubai Complex:

1) Basic magmatism
2) High pressure metamorphism
3) Granitoid plutonism, of certainly Caledonian age

(415—486 m.y.)

Retrograde phase

Tectonic activity

Metamorphism of rather low pressure, of Hercynian
age (Rb-Sr-cooling ages around 300 m. y.) and re-
lated post kinematic Hercynian anatexis.

They considered events 1,2,3 and possibly 4 to make
up the Caledonian cycle. Event 6 would represent the
Hercynian cycle. The chronological attribution of event
5 is uncertain. They also suggested that the regional
Caledonian metamorphism to have ended with a low
temperature high Py,gphase, whose age could be early
Hercynian.

The compositionally and texturally distinct calcic am-
phiboles outlined above could fit the evolutionary
model. The high alumina calcic amphiboles, because of
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their occurrence within diablastic garnet amphibolites
are considered to be the oldest calcic amphiboles of
the Oetztal-Stubai amphibolites. Thus, they could be
assigned to an older pre-Hercynian age which could
possibly be Caledonian.

The occurrence of a low grade (greenschist facies)
mineral parageneses which could be late Caledonian or
early Hercinian age has not been documented hereto-
fore in this part of the eastern Alps. However, the
polyphase nature of the Hercynian event has been con-
sidered by many authors (FRANK et. al., 1978).

As can be seen from the evolutionary model
(PURTSCHELLER & SAssi, 1975) the age of event 4 was
questionable but it has been suggested that the end of
the Caledonian event is characterized by a low temper-
ature and high Py,. Thus, the actinolite core may be
considered to have grown at this stage which may re-

flect a P-T condition of the greenschist facies.
~In central Oetztal actinolite rim-hornblende core rela-
tions are observed in samples PA-4 from Pollestal, MK-
8 from Milchenkar. Based on the decreasing nature of
the Alpine metamorphism towards the NW, (PURTSCHEL-
LER & RAMMLMAIR, 1981), the actinolite rims represent
the effect of the Alpine overprint on the original Hercy-

nian amphibolite facies parageneses. The same is true
for the actinolite rim hornblende core relations ob-
served in samples DO-417, DO-420, ZAP-1, ZAP-2
from Sellraintal; LS-1, LS-5 from Lisens.

However, the hornblende core in samples RL (Rot-
moostal), L-37 (Gaisbergtal), LT-126 (Langtal) repre-
sent the Alpine amphibolite facies overprint on the Her-
cynian parageneses, which in principle has equilibrated
at similar P-T conditions of metamorphism, (Alpine
temperatures of 550°C are suggested, RAMMLMAIR
(1980), PURTSCHELLER & RAMLMAIR (1981), HOINKES
(1980). The actinolite rim in these samples is assumed
to be the result of the early Alpine cooling, in agree-
ment with the garnet zoning in Pfossental (Fig. 10,
sample P-21).

In order to have a clear picture of the nature of the
polymetamorphism of the Oetztal-Stubai amphibolites
the actinolite core-hornblende rim and the actinolite rim
hornblende core relations are presented in Fig. 11 of
LAIRD & ALBEE {1981). In this diagram the Na-side indi-
cates increasing pressure and the Al-side increasing
temperature of metamorphism. The actinolites plot on
the low Na x 100/Na + Ca and Al x 100/Al + Si side
and the Al-rich amphiboles on the high Al and Na-side.
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The arrows indicate the path of metamorphic processes
that have been effective in the Oetztal-Stubai Complex
as discussed above. The petrolocic description and age
assignments of the mineral growth events are tabulated
below (Table 8).

5.2. Physical Conditions of Metamorphism

The various mineral growth periods and the mineral
parageneses representing these periods are considered
below in terms of the physical conditions of metamorph-
ism and comparison with other experimental and pet-
rographic studies.

Phase relations between greenschist and amphibolite
facies mineral assemblage for basaltic bulk-composition
have been investigated both in the field and in the
laboratory (COOPER, 1972; Liou et al., 1974; KUNIYOSH!
& Liou, 1976; SPEAR, 1980, 1981; Liou et al., 1982).
The stability of hornblende and the associated phases
for an olivine tholeiite composition has been determined
by SPEAR (1981). These experimentally determined
stabilities as well as the characteristic mineral as-
semblage for the olivine tholeiite composition are pre-
sented in Fig. 12. On this P-T diagram the positions of
the amphibolite assemblages and their retrograde pro-
ducts (greenschist equivalents) are indicated and the P-
T conditions of formation estimated.
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The amphibolites are characterized by hornblende +
plagioclase + epidote + sphene * ilmenite = garnet +
quartz. Sphene occurs in most of the amphibolites sug-
gesting that the amphibolite assemblage is bounded by
the sphene-out reaction at high temperature and the
chlorite-out reaction at low temperature. Thus, the am-
phibolite metamorphism took place between 550°C and
700°C and at values of P; on the order of 5Kb. These
values are in agreement with the P-T data of HOINKES
et al. (1972) for the Hercynian metamorphism in this
part of the Oetztal Alps. (T = 670°C, P = 3—4Kb).

The amphibolites are recrystallized to actinolite + al-
bite + epidote + quartz + chlorite + biotite + sphene
as a result of the Alpine overprint. Because of the oc-
currence of both the amphibolite assemblages and their
retrograde greenschist assemblages in all the studied
samples, and the fact that a calcic plagioclase (Anyg) is
found altering to pure albite (An,), the temperature of
metamorphism for the Alpine overprint in central Oetz-
tal is assumed to be within the range 475°C-550°C,
representing the transition zone between the greensch-
ist and the amphibolite facies.

Occurence of biotite as a retrograde product in these
samples also suggest a metamorphic condition charac-
teristic of the upper greenschist facies. IN SE Oetztal
the Alpine overprint is characterized by amphibolite
facies assemblages hornblende + plagioclase; and a
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tamorphism of the Ostztal-Stubai amphibolites.

temperature greater than 550°C is suggested, in agree-
ment with PURTSCHELLER & RAMMLMAIR (1981) and
HOINKES (1980).

6. Conclusion

Based on the rock and mineral analyses and the ob-
served petrographic relationships, evidence for the
polymetamorphic nature of the Oetztal-Stubai amphibo-
lites have been established. In central Qetztal and NW,
low-K tholeiitic gabbros, in SE possible tuffaceous

material (MOGESSIE et al., 1985) have been subjected to
different grades of metamorphism at different stages to
produce the presently exposed amphibolitic units. In the
NW and central Oetztal amphibolites with or without
garnet associated with eclogites, peridotites and meta-
gabbros occur. These associated gabbros of tholeiitic
composition and the ultramafics could be ocean floor
rocks. The nature of the transformation from eclogite to
amphibolite can be observed in a series of hand speci-
men and with the miscroscope, from a garnet +
pyroxene to a hornblende + plagioclase assemblage.
The occurrence of relict high alumina clacic amphiboles
enclosed within garnets of eclogite and diablastic gar-
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Fig. 12: Py,qe-T diagram showing stability relations of mineral assemblages for
various metamorphic facies in system of basaltic composition. Experimentally
determined stabilities are shown for Chlorite-decreasing and Chlorite-out (Liou
et al., 1974), Sphene-out and Clinopyroxene-in for basaltic compositions
(SPEAR, 1981). Basaltic assemblages + quartz for various P;-T conditions are
also shown.

Act = actinolite, Chl = chlorite, Sp = sphene, Pl = plagioclase, Hb = homn-
blende, Il = ilmenite, Cpx = clinopyroxene.

The estimated P-T regions for the different texturally and chemically distinct
calcic amphiboles of the Oetztal-Stubai amphibolites are also indicated.

| = high alumina calcic amphibole (pre-Hercynian); |l = actinolite core (Her-
cynian phase I); ill = alumina rich calcic amphibole (Hercynian phase Il; IV =
actinolite rim (Alpine overprint). The Alpine overprint in SE Oetztal is compar-
able to Hercynian phase II.

net amphibolites suggest that some of these amphibo-

lites record mineral parageneses of pre-Hercynian or

possible Caledonian age.

The change from actinolite + chlorite + epidote +
quartz (a greenschist facies assemblage) to a
hornblende + plagioclase (amphibolite facies) during
the Hercynian stage of metamorphism, followed by a
complex relation of possible Hercynian retrograde
parageneses/Alpine overprint are documented. The
Hercynian greenschist facies (phase | or stage Il) and
the Hercynian amphibolite facies (phase il or stage lll)
mineral assemblages may be related to the regional
metamorphism and associated tectonic breaks during
the Carboniferous and the permian respectively (Mos-
TLER personal communication).

The polymetamorphic situation in the Oetztal-Stubai
amphibolites can be summarized as follows:

1) A high P & T metamorphism of pre-Hercynian age.

2) A low grade greenschist facies metamorphism of
possible early Hercynian age (phase |)-Carbonifer-
ous.

3) A low to medium P and high T amphibolite facies
metamorphism of Hercynian age (phase |l}-Permian;
with a maximum in central Oetztal and decreasing
towards the N and the SE, but still remaining within
the amphibolite facies.

4) An Alpine overprint whose metamorphic grade de-
creases from SE Oetztal towards the NW, of Cre-
taceous age.

5) Early Alpine cooling (represented by retrograde min-
eral assemblages in amphibolites of the old crystal-
line Basement bordering the Schneeberger Zug).
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Appendix

Location of samples studied (Oetztal-Stubai Basement).

Sample Locality Rock Type

PZ-1 Pitztal Garnet Amphibolite
Pz-2 Pitztal Garnet Amphibolite
PZ-3  Pitztal Epidote Amphibolite
PZ-4 Pitztal Amphibolite

PZ-5 Pitztal Amphibolite

KN-1 Kaunertal Amphibolite

KN-4  Kaunertal/Ober Kaltenbrunn Eclogite-Amphibolite
KN-5  Kaunertal/Ober Kaltenbrunn Garnet Amphibolite
KN-6  Kaunertal/Ober Kaltenbrunn Garnet Amphibolite
St-3 Kaunertal near the dam Amphibolite

P-1 Pramayur Amphibolite

N 494 near Kihtai Amphibolite

ZAP-1  near Zirm Alm Amphibolite

ZAP-2 near Zirm Alm Amphibolite

ZA-1 near Zirm Alm Amphibolite

ZA-9 near Zirm Alm Garnet Amphibolite
Do-417 Sellraintal/Silz Amphibolite

Do-420 Sellraintal/Silz Amphibolite

RN-3  Ranalt Garnet Amphibolite
RN-4  Ranalt Amphibolite

BN-7  Ranalt Epidote Amphibolite
LS-1 Lisens Garnet Amphibolite
LS-4  Lisens Amphibolite

LS-4 Liisens Amphibolite

PA-1 Pollestal Alm Diablastic Garnet Amphibolite
PA-2 Pollestal Alm Diablastic Garnet Amphibolite
PA-3  Pollestal Alm Eclogite Amphibolite
PA-4  Pollestal Aim Amphibolite

PA-42 Pollestal Aim Amphibolite

MK-1  Milchenkar Amphibolite

MK-3  Milchenkar Amphibolite

MK-6  Milchenkar Diablastic Garnet Amphibolite
MK-8  Milchenkar Amphibolite

S-2 Solden Eclogite Amphibolite

S-3 Solden (before the tunnel
in the direction of Langenfeld)

Eclogite Amphibolite

S-4 Solden (before the tunnel Eclogite Amphibolite
in the direction of Langenfeld)

S Aschbach near Sélden Amphibolite

S-5 Sélden Garnet Amphibolite
S-6 Sélden Epidote Amphibolite
S-7 Sélden Epidote Amphibolite
S-8 Burgstein near Langenfeld ~ Garnet Amphibolite
S-9 Burgstein near Langenfeld ~ Amphibolite

S-10  Burgstein near Langenfeld  Garnet Amphibolite
S-11 Burgstein near Langenfeld  Garnet Amphibolite
VN-1 Ventertal Amphibolite

R6 Rotmoostal Garnet Amphibolite
RL Rotmoostal Amphibolite

ASC-1 Pfossental near Eishof Garnet Amphibolite
ASC-2 Pfossental near Eishof Amphibolite
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Wsc-1  Pfossental (western end

of Schneeberger Zug)

Amphibolite

Wsc-2  Pfossental (western end Garnet Amphibolite
of Schneeberger Zug)

P-17 Pfossental Garnet Amphibolite

P-21 Pfossental Garnet Amphibolite

P-26 Pfossental Garnet Amphibolite

FL-1 Fotschertal Amphibolite

FL-2 Fotschertal Amphibolite

G-1 Gaisbergtal
G-2 Gaisbergtal

Garnet Amphibolite
Epidote Amphibolite

o-21 Gaisbergtal Garnet Amphibolite
L-37 Gaisbergtal Amphibolite
LT-126 Langtal Amphibolite
F-89 Festkogel Garnet Amphibolite
F-5 Festkogel Garnet Amphibolite
F-44 Festkogel Garnet Amphibolite
F-78 Festkogel Amphibolite

SW-165 Seebertal
SW-170 Seebertal
SW-185 Seebertal

Garnet Amphibolite
Garnet Amphibolite
Garnet Amphibolite

PL-83 Pfelderertal Garnet Amphibolite

PL-95 Pfelderertal Garnet Amphibolite

J-6 Jaufen Pass Amphibolite
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