§ sciendo pwes Qe
Austrian Journal of Earth Sciences Vienna 2025 Volume 118 75-94 | DOI: 10.17738/ajes.2025.0004

Diabase is petrologists best friend: quantitative P-T constraints on the
NW-SE trending Eoalpine metamorphic gradient in the western Aus-
troalpine nappe stack (Otztal Nappe, Texel Nappe, Silvretta Nappe)
using metamorphosed mafic dikes

Gabriel Raso", Peter TropPeR', Hannah PomeLLAZ, Dieter RAMMLMAIR®

Y Institute of Mineralogy and Petrography, University of Innsbruck, 6020 Innsbruck, Austria
? Institute of Geology, University of Innsbruck, 6020 Innsbruck, Austria

¥ Institute of Mineralogy, Leibniz University, Hannover, Germany

" Corresponding author: Gabriel Raso, email: gabriel.raso@uibk.ac.at

_ KEywoRrbps: metamorphic mafic dikes, Otztal Nappe, Eoalpine metamorphism,

geothermobarometry, metamorphic petrology

Abstract

The Otztal Nappe (Austroalpine Superunit, Eastern Alps) is volumetrically the largest polymetamorphic nappe of the
western Austroalpine nappe stack and consists of paragneisses and micaschists with various intercalations of orthogneiss-
es, amphibolites and rare marbles. The main foliation of these rocks is cross-cut by numerous dikes of basaltic to andes-
itic composition. Field- and textural investigations reveal that these dikes underwent only Eoalpine metamorphism and
deformation and are not part of the earlier Variscan history of the region. While quantitative Eoalpine P-T data are only
available from the central and southeastern Otztal Nappe, almost no such data is available from the northwestern part of
the nappe. The aim of this study therefore is to refine the P-T constraints of the northwest to southeast trending Eoalpine
metamorphic gradient in the western Austroalpine nappe stack especially in the central and northwestern Otztal Nappe
using metamorphic mafic dikes. For this purpose, multi-equilibrium geothermobarometry paired with classical geother-
mobarometry was performed on 19 dike samples from the Otztal Nappe, the Texel Nappe and the Silvretta Nappe from
the investigations of Rammlmair (1980). The metamorphic mafic dikes contain the mineral assemblage plagioclase +
amphibole + quartz + chlorite + epidote + titanite + biotite + muscovite + garnet. The anorthite content in plagioclase
and the tschermakite and edenite component in Ca-amphiboles are clear mineral chemical indicators for increasing P-T
conditions from the northwest to the southeast of the Otztal Nappe. The thermobarometric calculations with multi-equi-
librium geothermobarometry (THERMOCALC v.3.21) yield P-T conditions of 250-300 °C and 2-4 kbar for the northwestern
Otztal Nappe, reaching 550-600 °C and 8-10 kbar in the southeastern Otztal Nappe, adjacent to the Schneeberg Nappe.
The metamorphic mafic dike from the western Texel Nappe yields P-T conditions of 540+41 °C and 8.9+1.6 kbar. Geother-
mobarometric calculations using THERMOCALC v.3.45 yield similar results. Our results represent the first quantitative P-T
estimates of the complete northwest to southeast trending Eoalpine metamorphic field gradient in the Otztal Nappe
above and below the chloritoid isograd.

1. Introduction The main foliation of these rocks is cross-cut by numer-

The Otztal Nappe (ON) is a large, polymetamorphic ous dikes of basaltic to andesitic composition. Field- and
nappe, which is part of the western Austroalpine nappe textural investigations reveal that these dikes underwent
stackin the European Eastern Alps (Fig. 1). It consists main- only Eoalpine metamorphism and deformation and are
ly of paragneisses and micaschists with various interca- not part of the Variscan earlier history of the region (Amp-
lations of orthogneisses, amphibolites and rare marbles. ferer and Hammer, 1924; Hammer, 1929; Harre et al., 1968).
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Figure 1: Tectonic map of the investigated area (modified from https://geokatalog.buergernetz.bz.it). The six metamorphic zones after Purtscheller
and Rammlmair (1982) are represented by coloured spheres and delimited by grey dashed lines. The Eoalpine chloritoid isograd after Purtscheller

(1967) is represented by a red dashed line.

Metamorphic mafic dikes from the ON have been used to
indicate qualitatively the increase of the Eoalpine meta-
morphic overprint from northwest to southeast of the ON
(Purtscheller and Rammlmair, 1982). Quantitative P-T data
concerning the Eoalpine metamorphic gradient have
only been determined for the southeastern ON and the
adjacent tectonic units, the Schneeberg- and the Texel
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Nappe (Hoinkes, 1981; Tessadri, 1981; Dietrich, 1983; Hoin-
kes et al., 1991; Spalla, 1993; Konzett and Hoinkes, 1996;
Sélva et al., 2001; Tropper and Recheis, 2003; Habler et al.,
2006; Tribus et al., 2008; Zanchetta et al., 2013; Miladinova
etal., 2022; Tropper et al., 2023). So far, no quantitative P-T
data concerning the Eoalpine metamorphic gradient for
the central and northwestern ON are available.
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Figure 2: (a) Sample localities of the investigated dikes. The samples are coloured with respect to their mineral assemblage and metamorphic zone
after Purtscheller and RammImair (1982) as discussed in section 3. The tectonic units are the same as in Figure 1, the red dashed line represents the
Eoalpine chloritoid isograd after Purtscheller (1967). (b) Field overview of a metamorphosed mafic dike (GR11/34).

The aim of this study is to extend the quantitative P-T
constraints of the Eoalpine metamorphic gradient in the
northwestern and central part of the ON by using these
monometamorphic mafic dikes. In fact, the Eoalpine met-
amorphic gradient can best be studied on these dikes
because they are of the same lithology across the entire
gradient and for that reason the gradient is of extremely
high tectonic interest. Therefore, the mineral chemistry
of 17 dike samples from the ON, based on samples from
Rammlmair (1980), were analysed and multi-equilibrium
geothermobarometry paired with classical geothermo-
barometry was performed. Additionally, one dike sample
from the Silvretta Nappe (SN) in the northwest and one
from the Texel Nappe (TN) in the southeast were anal-
ysed to see if there is an Eoalpine prograde P-T correla-
tion between the three adjacent tectonic units.

1.1. Geological setting and metamorphism

The ON is located between the Inn valley in the north
(North Tyrol, Austria) and the Vinschgau in the south
(western South Tyrol, Italy). This Austroalpine nappe ex-
tends between two tectonic windows (Fig. 1): In the west,

the Engadin Line represents the boundary between the
ON and the Engadin window (Schmid and Froitzheim,
1993), in the east the ON is offset from the Tauern win-
dow along the Brenner Normal Fault (Behrmann, 1988;
Selverstone, 1988). In the north, the dextral Inn valley
shear zone represents the boundary between the ON and
the Northern Calcareous Alps (Ortner et al., 2006). In the
northwest the ON borders to the Landeck Quartzphyllite
and the Phyllite Gneiss Zone, which corresponds to the
northern part of the Silvretta Nappe (Maggetti and Flisch,
1993). In the south the ON is separated from the Sesven-
na Nappe, the Campo Nappe and the Texel Nappe along
the sinistral Vinschgau Shear Zone (VSZ; Montemagni et
al., 2023) and its western continuation, the Schlinig Line
(Schmid and Haas, 1989; Fig. 1). The VSZ branches out to-
wards the east, where the northern branch extends into
the Schneeberg Normal Fault System (SNFS; Solva et al.,
2005), which separates the ON from the Texel Nappe. The
Matsch Nappe is situated in a hanging wall position with
respect to the VSZ (Habler et al., 2009). It's origin and tec-
tonometamorphic attribution to the Austroalpine nappe
stack is still under discussion (Pomella et al., 2022).
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The ON is a polymetamorphic nappe that is cross-cut
by numerous dikes of basaltic to andesitic composition
(Purtscheller and Rammlmair, 1982). These dikes are
striking mostly northeast-southwest, but also north-
south and northwest-southeast striking dikes occur.
Their thickness varies between 0.5 and 30 m. They can
be traced along strike for several hundreds of meters.
The crystalline basement of the ON is covered by a Per-
momesozoic (meta-)sedimentary succession. This is the
so-called “Brennermesozoikum” (BM; Kiibler and Miller,
1962), which is exposed in the eastern parts of the ON,
and which contains no metamorphosed mafic dikes thus
providing a pre-Mesozoic age limit to the dikes.

The crystalline basement of the ON underwent at
least three metamorphic overprints: The oldest is Ordo-
vician in age (490-460 Ma), leading to the formation of
orthogneisses and scattered occurrences of migmatites
(e.g., Thony et al.,, 2008). The second was the Variscan
event, with a first stage of high-pressure metamorphism,
leading to the formation of eclogites in the central and
western parts of the ON (Miller and Théni, 1995). The
second and more dominant Variscan amphibolite-facies
stage of metamorphism reached 570-640 °C and 5.8-7.5
kbar in the northwestern ON around 340-330 Ma (Trop-
per and Hoinkes, 1996). The third and most recent met-
amorphic overprint occurred in the Cretaceous during
the Eoalpine Orogeny (100-73 Ma; Thoni, 1999). Meta-
morphic assemblages formed during Eoalpine metamor-
phism vary within the ON, from lower greenschist-facies
in the northwest to epidote-amphibolite facies in the
southeast. This was already constrained by Thoni (1980)
in the ON using K-Ar and Rb-Sr data of white mica and
biotite which show a striking rejuvenation of mica ages
from Variscan in the northwest to Eoalpine in the south-
east. Purtscheller and Rammlmair (1982) constrained
the Eoalpine metamorphic conditions in the ON based
on six metamorphic mineral zones (MZ, Fig. 1) and the
mineral chemistry of the post-Variscan metamorphosed
mafic dikes. This is well established by the chemical vari-
ability of hornblende and by the anorthite content of pla-
gioclase from the metamorphic mineral assemblage. In
the southeastern ON the P-T conditions range from 550
to 600 °C and 7.2 to 8.8 kbar (Tropper and Recheis, 2003),
with the metamorphic peak at ~88 Ma (Harre et al., 1968).
In the Schneeberg Nappe P-T conditions of 550 to 600 °C
and 8 to 10 kbar at ~93-91 Ma were estimated (Hoinkes,
1981; Konzett and Hoinkes, 1996; Solva et al., 2005). Even
higher P-T conditions are reported for the Texel Nappe
with the metamorphic peak of the dominant amphibo-
lite-facies metamorphism at ~90 Ma, ranging between
550 to 650 °C and 8-11 kbar (Hoinkes et al., 1991; Spalla,
1993; Solva et al., 2001; Tribus, 2008; Zanchetta et al., 2013;
Tropper et al., 2023; Lanziner-Oberrauch, 2024). Eclogite
relics in metabasites from the Texel Nappe also indicate
a pressure-dominated metamorphic stage pre-dating
the amphibolite facies stage of Eoalpine metamorphism,
with P-T conditions of 550-650 °C and 19-22 kbar (Habler
et al., 2006; Thoni, 2006; Tribus et al., 2008; Miladinova
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et al., 2022; Tropper et al., 2023). Zanchetta et al. (2013)
even postulated P-T conditions of 630-690 °C and 26—
29 kbar. In the BM the Eoalpine metamorphic tempera-
tures are ranging from 450 °Cin the north to 530 °Cin the
south (Hoernes and Friedrichsen, 1978; Dietrich, 1983).
Similarly, the Eaolpine metamorphic gradient in the Aus-
troalpine units east of the Tauern window shows increas-
ing P-T conditions from the north to the south (Faryad
and Hoinkes, 2003; Tenczer and Stiwe, 2003; Schorn and
Stliwe, 2016; Iglseder et al., 2022; Stumpf et al., 2024).
Tectonically the ON is part of the Otztal-Bundschuh
Nappe System following the classification of Schmid et al.
(2004). During the Cretaceous in the Eastern Alps a north-
west-directed nappe stack evolved, where the Otztal-
Bundschuh Nappe System takes an upper plate posi-
tion, overriding both the Koralpe-Wélz Nappe System
(Schneeberg- and Texel Nappe) and the Silvretta-Seckau
Nappe System to which are attributed the Silvretta-, the
Sesvenna- and the Campo Nappe. It is assumed that the
dipping of the Eoalpine metamorphic gradient towards
northwest is attributed to this Cretaceous ramp geome-
try of the Austroalpine nappe stack and the subsequent
Eocene Indentation of the Southalpine Indenter into the
Austroalpine nappe stack (Pomella et al., 2016). There-
fore, in the northwest shallow crust is exposed, whereas
in the southeast at the tip of the Southalpine Indenter
structurally deeper crustal levels are exposed.

2. Methods

In total 17 dike samples from the ON, one from the
TN and one from the SN were analysed with respect to
their petrography and mineral chemistry. We used 13
dike samples from the ON that Dieter Rammlmair has
collected during his dissertation at the University of Inns-
bruck. In addition, we took four samples from the cen-
tral and southern ON, as well as one sample from the TN
(GR13/01) and one sample from the SN (GR144/01). The
sample locations and the respective coordinates are giv-
en in Figure 2 and Table 1.

The major elements of the metamorphic mineral as-
semblage were analysed using the JEOL JXA-iSP100 elec-
tron probe microanalyzer (EPMA) at the Institute of Min-
eralogy and Petrography at the University of Innsbruck.
For quantitative analysis 5 WDS spectrometers and the
following mineral standards containing the elements of
interest were used: quartz (Si), corundum (Al), orthoclase
(K), diopside (Ca), rutile (Ti), chromite (Cr), rhodonite (Mn),
almandine (Fe), jadeite (Na) and periclase (Mg). The mea-
surement conditions were 15 kV and 10 nA. The electron
beam was focused down to a spot to prevent mixed anal-
yses. Counting times were 20 s on the peak and 10 s on
the background. For each phase of each sample we car-
ried out at least 3 measurements.

Multi-equilibrium geothermobarometry was per-
formed using the programs THERMOCALC v.3.21 (tcds55
data set from 1999), THERMOCALC v.3.33 (tcds55s data
set from 2003) and THERMOCALC v.3.45 (tcds62 data set
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Figure 3: Textures of the investigated dike samples. (a) Hand specimen of a dike sample from the SN (GR144/01). This sample is fine grained with
a dark grey colour that sometimes contains rounded yellow-green epidote/clinozoisite inclusions. (b) Photomicrograph of a dike sample from the
northwestern ON (RH1). This sample is characterized by a pronounced schistosity formed mostly by amphibole. (c) Photomicrograph of a dike sample
from the northwestern ON (RP4). This sample is characterized by reddish-brown kaersutite crystals surrounded by a rim of pale green actinolite. (d)
Photomicrograph of a dike sample from the Stubai valley (RE1). This sample is characterized by hornblende crystals surrounded by a rim of actinolite.
(e) Photomicrograph of a dike sample from the Stubai valley (RE1). This sample contains also fine-grained areas of darker colour with individual larger
crystals (up to 200 um). (f) Photomicrograph of a dike sample from the central ON (R2S). This sample shows a weak schistosity formed by amphibole
and less pronounced by biotite. Sometimes biotite is also developed obliquely to the schistosity and forms clusters of multiple crystals. Mineral ab-
breviations according to Whitney and Evans (2010): Bt = biotite, Amp = amphibole, Pl = plagioclase, Ep = epidote/clinozoisite, Act = actinolite, Hbl =
hornblende, Krs = kaersutite.
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from 2012). THERMOCALC is based on an internally con-
sistent thermodynamic database (Holland and Powell,
1998; 2011) coupled with the AX program to calculate the
activities of the phase components. The reason of using
three different versions of THERMOCALC was to evaluate
the influence of amphibole activity models on the calcu-
lations. THERMOCALC v.3.21 uses a 2000 version of AX
with the amphibole model of Dale et al. (2000), whereas
THERMOCALC v.3.33 uses a 2008 version of AX with the
amphibole model of Dale et al. (2005) and THERMOCALC
v.3.45 uses the 2018 version of AX62 with the amphibole
model of Diener et al. (2007). THERMOCALC offers two
types of calculations: Mode-2 (average PT Mode) calcu-
lates an independent set of reactions from the endmem-
bers of the mineral assemblage (Powell and Holland,
2008). Each reaction is assigned a specific P-T band, the
bands are being correlated to each other via the activi-
ties. The results are then combined statistically using the
least-squares method to get a best fit of P-T estimates.
Mode-1 calculations involve only mineral reactions
around invariant points in specific chemical systems. For
the multi-equilibrium calculations we assumed a H,O ac-
tivity of 1.

In addition to multi-equilibrium geothermobarome-
try we also used classical geothermometers: The horn-
blende-plagioclase geothermometer by Holland and
Blundy (1994) was used on amphibole-plagioclase pairs
and the Ti-in-amphibole geothermometers by Colombi
(1989), Ernst and Liu (1998) and Liao et al. (2021) were ap-
plied on Ca-amphiboles from the metamorphic mineral
assemblage. The hornblende-plagioclase geothermom-
eter is calibrated based on the two reactions: (A) edenite
+ 4 quartz = tremolite + albite and (B) edenite + albite =
richterite + anorthite. The Ti-in-amphibole geothermom-
eters were empirically calibrated on the temperature-de-
pendent incorporation of Tiin Ca-amphibole. The advan-
tage of the multi-equilibrium approach over the classical
geothermobarometry is that thermodynamic data from
all phase components of the equilibrium assemblage are
from one internally consistent database and the phase
components are considered for the P-T calculations with-
in the uncertainty of their activities.

3. Petrography

The northwesternmost dike sample from the SN
(GR144/01) is extremely fine grained (~20 pm) and con-
sists of albite + chlorite + quartz + muscovite. This sam-
ple sometimes contains rounded yellow-green epidote/
clinozoisite inclusions with diameters of 2-3 cm (Fig. 3a).
The samples from the northwestern ON (RH1, RF5) are
fine grained (50-200 pm) and characterized by a pro-
nounced schistosity formed mostly by amphibole (Fig.
3b). The sample RP4 from the northwestern ON contains
magmatic relics, e.g. reddish-brown kaersutite porphyro-
clasts surrounded by a rim of pale green actinolite (Fig.
3c). Additionally, it contains the mineral assemblage
mentioned above. The sample from the Kauner valley
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Mz

Accessory Minerals

Mineral Assemblage

Tectonic Host Rock

Unit

Coordinates

Nord

Locality

Sample

East

Ap + Rt + Zrn + llm + Py

Ap + llm + Py
Ap + Stp + Zmn

Ap

Ab + Chl + Qz + Ms

P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P

quartzphyllite

10.571565°E SN

47.138002°N

Landeck

GR144/01
GR11/40

10.590216°E  ON

+ Ms + Chl + Ep + Ttn + Amp

ST OOTOLLANOTOOO®

+ Kfs + Qz + Ms + Chl + Ep + Ttn

+ Amp + Bt + Chl + Qz + Ttn + Ep

Ap

+ Bt + Amp + Qz + Grt + Chl + Ttn + Ep

+ Bt + Amp + Qz + Grt + Ep + Chl

Ap + Rt

Ap + Zrn
Cal
Ap

+ Amp + Bt + Chl + Qz + Ms + Ep + Ttn + Kfs
+ Amp + Bt + Chl + Qz + Ms + Ep + Ttn
+Amp + Bt + Qz + Ep + Ttn + Chl + Ms
+Amp + Qz + Bt + Ep + Ttn + Chl

+ Amp + Qz + Chl + Bt + Ep + Ttn + Ms + Kfs
+Amp + Bt + Chl + Qz + Ep + Ttn + Ms
+ Amp + Ms + Chl + Ep + Ttn

+ Amp + Ms + Chl + Ep + Ttn
+ Amp + Ms + Chl + Ep + Ttn

Ap

Cal +Zmn

+ Bt + Chl + Qz + Ep + Ttn + Amp

+ Amp + Bt + Qz + Chl + Ttn + Ep + Ms

biotite-plagioclase-gneiss

orthogneiss

46.821395°N

Langtaufers

10.524618°E  ON

46.780095°N

St. Martin, Graun

GR11/34

10.766119°E  ON

orthogneiss

46.642809°N

Talatsch, Schlanders
Tschigot, Partschins

Obergurgl
Soélden

GR12/01

orthogneiss of Parcines

11.055857°E TN

46.720162°N

GR13/01
RO1

11.002215°E  ON

biotite-plagioclase-gneiss

gneiss

46.836016°N

11.012802°E  ON

46.949718°N

R2S, GRS/01
R8K, R6K
R11T

RE2

RH1

10.744232°E  ON

gneiss

46.925310°N

Kauner valley

11.095486°E  ON

gneiss, galenite-amphibolite

biotite-plagioclase-gneiss
granite-gneiss, gneiss

46.900506°N

Timmelsjoch

11.229600°E  ON

47.066981°N

Stubai valley
Kuhtai

11.025086°E  ON

47.229851°N

10.873180°E  ON

biotite-schist, biotite-gneiss
biotite-plagioclase-gneiss

47.048304°N

Pitz valley

R2D
RE1

11.281937°E  ON

47.121070°N
47.185283°N

Stubai valley

11.039596°E  ON

biotite-plagioclase-gneiss

Finstertaler Seen

RF5
RP4

10.953072°E  ON

biotite-plagioclase-gneiss

47.174472°N

Plankogel, Umhausen

Bachfallenferner

11.073197°E  ON

migmatite
galenite-staurolite-schist

47.081450°N

47.176661°N

R3W
RU2

11.190142°E  ON

Fotscher valley

Table 1: Mineral assemblage of the dike samples from the ON, the Texel Nappe (TN) and the Silvretta Nappe (SN). MZ

tions according to Whitney and Evans (2010): Ab = albite, PI
Grt = garnet, Ap = apatite, Rt = rutile, Im = ilmenite, Py

metamorphic zones according to Purtscheller and RammImair (1982). Mineral abbrevia-

epidote/clinozoisite, Ttn = titanite, Amp = amphibole, Kfs = orthoclase, Bt = biotite,

plagioclase, Chl = chlorite, Qz = quartz, Ms = muscovite, Ep =

pyrite, Stp = stilpnomelane, Cal = calcite, Zrn = zircon.
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Figure 4: Textures of the investigated dike samples. (a) Photomicrograph of a dike sample from the southeastern ON (R11T). This sample is coarse
grained (up to a few mm) and it only shows a weak schistosity. Biotite has developed large crystals (up to T mm) with overgrowths of chlorite. (b) Pho-
tomicrograph of a dike sample from the southeastern ON (R11T). This sample is characterized by the occurrence of two different types of amphiboles:
pale green actinolite and grass-green hornblende. (c) Hand specimen of a dike sample from the Texel Nappe (GR13/01). This sample is characterized
by a pronounced schistosity formed by amphibole and biotite also visible on macroscopic scale. Furthermore, it contains garnet porphyroblasts with
grain sizes ranging between 50 and 250 um. (d) Backscattered electron (BSE) image of a dike sample from the TN (GR13/01). Plagioclase at the bottom
right of the image shows an internal zonation, titanite forms aggregates of rhomboidal crystals. (e) Photomicrograph of a dike sample from the south-
eastern ON (RO1). This sample is characterized by large amphibole and biotite crystals (up to 1 mm) and the occurrence of garnet porphyroblasts. (f)
Backscattered electron (BSE) image of a dike sample from the southeastern ON (R11T). This sample contains the characteristic mineral assemblage.
Titanite forms aggregates of rhomboidal crystals, which replace older ilmenite crystals. Mineral abbreviations according to Whitney and Evans (2010):
Bt = biotite, Amp = amphibole, Pl = plagioclase, Ep = epidote/clinozoisite, Qz = quartz, Chl = chlorite, Act = actinolite, Hbl = hornblende, Ttn = titanite,
Ap = apatite, Grt = garnet.
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(RéK), as well as the sample from the Stubai valley (RE1),
is characterized by grass-green hornblende crystals
surrounded by a rim of actinolite (Fig. 3d). The samples
from the Kauner valley (R6K, R8K) and from the Pitz val-
ley (R2D) are characterized by a pronounced schistosity,
whereas the sample from the Stubai valley (RE1) has only
developed a weak schistosity. This sample also contains
fine grained areas of darker colour with individual larg-
er crystals, generally not exceeding 200 um (Fig. 3e). The
sample from the central ON (R2S) contains the mineral
assemblage plagioclase + amphibole + biotite + chlorite
+ quartz. It has developed a weak schistosity formed by
amphibole and less pronounced by biotite. Sometimes
biotite is also developed obliquely to the schistosity and
forms clusters of multiple crystals (Fig. 3f). The samples
from the southeastern ON (RO1, R11T) are coarse grained
(up to some mm) and they only show a weak schistosity
(Fig. 4a). These samples contain the mineral assemblage
plagioclase + amphibole + biotite + quartz. Biotite has
developed large crystals (up to 1 mm) with overgrowths
of chlorite. In the sample R11T two different types of am-
phiboles can be observed: pale green actinolite form-
ing typical needles and grass-green hornblende with a
well-developed 120° cleavage (Fig. 4b). The sample from
the TN (GR13/01) is characterized by a pronounced schis-
tosity formed by amphibole and biotite, visible also on
macroscopic scale (Fig. 4c). Plagioclase commonly shows
an internal chemical zonation (Fig. 4d). This sample and
the sample RO1 from the southeastern ON contain gar-
net porphyroblasts with grain sizes varying between 50
and 250 um (Fig. 4e). All samples contain as minor com-
ponent epidote. Epidote has generally an equidimen-
sional shape but develops also prismatic crystals, which
sometimes also shows an internal chemical zonation. The
main Ti-bearing phase is titanite, which occurs in almost
all the samples, with exception of the samples GR144/01
and RO1. Titanite generally forms aggregates of rhom-
boidal crystals, which sometimes replace older ilmenite
crystals (Fig. 4f). Other accessory minerals are rutile, ap-
atite, zircon, pyrite, stilpnomelane and calcite. The most
common alteration mineral is chlorite, which forms over-
growths on both amphibole and biotite. Other alteration
minerals are sericite and zoisite.

The dike samples are characterized by the occurrence
of minerals of their respective metamorphic zone (MZ;
Purtscheller and Rammlmair, 1982):

MZ 1: albite + chlorite + stilpnomelane

MZ 2: albite + chlorite + epidote + titanite + actinolite

MZ 3: albite + chlorite + epidote + titanite + actinolite +
biotite

MZ 4: albite + chlorite + epidote + titanite + actinolite +
biotite + hornblende

MZ 5: oligoclase + biotite + hornblende + chlorite + epi-
dote + titanite

MZ 6: oligoclase + biotite + hornblende + ilmenite + gar-
net
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4. Mineral Chemistry

Plagioclase: The plagioclase composition varies from
almost pure albite (X,,<0.1) in the northwestern ON to
plagioclase with an anorthite component X,,=0.30-0.35
in the southeastern ON (Fig. 5a). Plagioclases from the
southeastern ON with a compositional zonation show in-
creasing anorthite component from the core to the rim
(Tab. 2).

Amphibole: Amphibole shows a compositional varia-
tion as a function of metamorphic grade especially in Si,
Al and Na. The Si-content varies between 7.50 and 7.88
apfu for the northwestern dike samples and between
6.47 and 6.73 apfu for the southeastern dike samples (Fig.
5b). The AlY-content varies between 0.12 and 0.50 apfu
for the northwestern dike samples and between 1.27 and
1.53 apfu for the southeastern dike samples (Fig. 5¢). The
Na*-content varies between 0.00 and 0.13 apfu for the
northwestern dike samples and between 0.21 to 0.39 apfu
for the southeastern dike samples (Fig. 5d). The Al"'-con-
tent varies between 0.11 and 0.32 apfu for the northwest-
ern dike samples and between 0.86 and 1.21 apfu for the
southeastern dike samples (Fig. 5e). In the #(Na+K+2Ca)
vs. “(Al+Fe**+Mn*+Cr+2Ti) diagram with the stability
fields according to Hawthorne et al. (2012) the rim-am-
phiboles from the northwestern dike samples plot in the
actinolite field, whereas the amphiboles from the south-
eastern dike samples are magnesio-hornblendes (Fig. 5f).
This is also shown by the X, vs. Si diagram with the sta-
bility fields of the amphibole endmembers according to
Leake et al. (1997) (Fig. 6a). The glaucophane component
according to Schumacher (2007) [GL = Na®] ranges from
0.04 to 0.24 apfu (Fig. 6b). The tschermakite component
[TS = AlY-Na*-K*-2Ca*] ranges from 0.13 to 0.44 for the
northwestern dike samples and from 0.99 to 1.32 apfu
for the southeastern dike samples (Fig. 6¢). The edenite
component [ED = Na*"+K*+Ca"] varies between 0.00 and
0.12 for the northwestern dike samples and between 0.21
and 0.39 for the southeastern dike samples (Fig. 6d). The
glaucophane, the tschermakite and the edenite compo-
nent in amphibole increase from northwest to southeast
within the ON. Amphiboles with a compositional zona-
tion show decreasing edenite component from the core
to the rim. Also, the Ti-content varies from the core to the
rim, ranging between 0.28 apfu in the core and 0.01 apfu
in the rim.

Muscovite: The white micas are phengitic with a Si-con-
tent ranging between 3.27 and 3.53 apfu. The paragonite
component [X,, = Na/(Na+K)] varies between 0 and 0.32.
No systematic chemical variation was found.

Chlorite: The Si-content of chlorite varies between 2.68
and 3.20 apfu (Fig. 6e). The clinochlore component [X,
= Mg/(Mg+Fe?")] varies between 0.38 and 0.58 for the
northwestern dike samples and between 0.52 and 0.64
for the southeastern dike samples (Fig. 6f).

Epidote/Clinozoisite: The epidote component [Xg, =
Fe3t/(Fe**+Al+Cr-2)] varies between 0.02 and 0.86 but no
systematic chemical variation was found.
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Figure 5: Plagioclase (a) and amphibole (b-f) compositional plots. The data points correspond to a single analysis and the colours represent the
spatial distribution of the dike samples as indicated in Figure 2. (a) X,, in plagioclase vs. temperature [°C]. (b) Si in amphibole vs. temperature [°C].
(c) AV in amphibole vs. temperature [°C]. (d) Na* in amphibole vs. temperature [°C]. (e) A" in amphibole vs. temperature [°C]. (f) #(Na+K+2Ca) vs.
S(Al+Fe**+Mn**+Cr+2Ti) diagram with the stability fields of the amphibole endmembers according to Hawthorne et al. (2012). The amphiboles from
the northwestern dike samples plotin the stability field of actinolite, whereas the amphiboles from the southeastern dike samples are magnesio-horn-
blendes. The plotted temperatures derive from multi-equilibrium geothermobarometry (circles) and from the hornblende-plagioclase geothermom-
eter (triangle) as discussed in section 5. Mineral abbreviations according to Whitney and Evans (2010): Act = actinolite, Hbl = magnesio-hornblende,
Ed = edenite, Ts = tschermakite, Prg = pargasite, Sdg = sadanagaite.
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Figure 6: Amphibole (a-d) and chlorite (e-f) compositional plots. The data points correspond to a single analysis and the colours represent the spatial
distribution of the dike samples as indicated in Figure 2. (a) Xy, vs. Si diagram with the stability fields of the amphibole endmembers according to
Leake et al. (1997). The amphiboles from the northwestern dike samples are actinolites, whereas the amphiboles from the southeastern dike samples
are magnesio-hornblendes. (b) GL vs. Si diagram shows increasing glaucophane component [GL = Na®] from northwest to southeast of the ON. (c) TS
vs. Si diagram shows increasing tschermakite component [TS = Al*-Na"-K"-2Ca*] from northwest to southeast of the ON. (d) ED vs. Si diagram shows
increasing edenite component [ED = Na*+K"+Ca"] from northwest to southeast of the ON. The GL, TS and ED components are according to Schumach-
er (2007). (e) X4 vs. Si diagram of chlorite. No systematic chemical variation could be found. (f) X, vs. temperature [°C] shows increasing clinochlore
component from northwest to southeast of the ON. The plotted temperatures derive from multi-equilibrium geothermobarometry (circles) and from
the hornblende-plagioclase geothermometer (triangle) as discussed in section 5. Mineral abbreviations according to Whitney and Evans (2010): Tr =
tremolite, Act = actinolite, Hbl = magnesio-hornblende, Ts = tschermakite, Fe-Act = ferro-actinolite, Fe-Hbl = ferro-hornblende, Fe-Ts = ferro-tscher-

makite, Clc = clinochlore.

84



Gabriel Raso et al.

Figure 7: Backscattered electron (BSE) images of the analysed dike samples which indicate the areas used for the geothermobarometric calculations.
(a) GR11/34, (b) GR11/40, (c) GR12/01, (d) GR13/01, (e) GR144/01, (f) RO1, (g) R2D, (h) R2S, (i) R3W, (j) R6K, (k) R8K, (I) R11T, (m) RE1, (n) RE2, (o) RF5,
(p) RH1, (q) RP4, (r) RU2.
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Figure 8: Temperature profiles along a northwest to southeast transect across the Austroalpine units west of the Tauern window (B-B’ in Fig. 9a). The
colours of the data points represent the spatial distribution of the dike samples as indicated in Figure 2. (a) Ti-in-amphibole geothermometer by Colombi
(1989). (b) Hornblende-plagioclase geothermometer by Holland and Blundy (1994). (c) Al,O, vs. TiO, geothermobarometer by Ernst and Liu (1998). (d)

Ti-in-amphibole geothermometer by Liao et al. (2021).

Titanite: The Al-content [X, = Al/(Al+Ti+Fe*")] rang-
es from 0.02 to 0.13 for the northwestern dike samples
and from 0.04 to 0.07 for the southeastern dike samples.
The Fe**-content [X.;, = Fe**/(Fe**+Al+Ti)] is low, ranging
from 0 to 0.05. Again, no systematic chemical variation
was found.

5. Geothermobarometry

5.1. Conventional geothermometry

The geothermobarometric results for the dike sam-
ples calculated with the different methods are listed in
Table 3. The uncertainties are those given in the respec-
tive geothermometer publications. For the calculations,
we only considered the rim chemistries of the metamor-
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phic mineral assemblage in textural equilibrium from the
same area of the thin section (Fig. 7). The Ti-in-amphibole
geothermometer by Colombi (1989) yields metamor-
phic temperatures of 459-617 + 50 °C (Fig. 8a) and the
hornblende-plagioclase geothermometer by Holland
and Blundy (1994) yields metamorphic temperatures
of 438-627 + 40 °C, with increasing temperatures from
northwest to southeast (Fig. 8b). These temperatures
derive from the edenite-tremolite equilibrium, whereas
only a few temperatures could be calculated from the
edenite-richterite equilibrium. The calculations with the
semiquantitative geothermobarometer by Ernst and Liu
(1998) give metamorphic temperatures of 450-600 + 40
°C (Fig. 8c). The Ti-in-amphibole geothermometer by
Liao et al. (2021) results in metamorphic temperatures of
258-605 + 35 °C (Fig. 8d). By comparing the temperature
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RE1 GR13/01
Amphibole Plagioclase Muscovite Chlorite Epidote Titanite Amphibole Plagioclase Chlorite Epidote Titanite Biotite
core rim core rim
SiO, 46.97 52.11 68.57 52.10 26.76 37.91 30.54 43.85 64.99 61.61 26.08 39.08 30.23 36.97
TiO, 0.60 0.07 0.01 0.03 0.01 0.07 36.84 0.54 0.01 nd. 0.08 0.04 38.80 2.20
Al20, 8.98 4.19 19.41 27.33 20.45 24.37 1.77 14.22 21.65 24.25 21.20 31.29 1.07 16.52
Cr,04 0.02 0.08 0.01 n.d. 0.14 0.02 0.05 n.d. 0.01 n.d. n.d. 0.03 0.01 0.03
Fe 05 1.99 217 0.49 1.96 n.c. 10.65 0.88 1.55 0.05 0.09 n.c. 0.31 n.c. n.c.
FeO 10.19 10.61 n.d. 0.76 19.45 0.40 n.d. 13.94 n.d. n.d. 23.41 1.48 0.16 18.23
MnO 0.28 0.41 0.03 0.01 0.33 0.16 0.02 0.37 nd. 0.01 0.34 n.d. n.d. 0.16
MgO 14.02 15.03 0.01 3.95 19.70 n.d. 0.01 9.32 n.d. n.d. 15.84 0.03 n.d. 11.48
Ca0 11.70 11.17 0.14 n.d. 0.06 23.03 27.86 11.19 3.03 6.09 0.02 24.36 28.28 n.d.
Na,O 1.63 0.89 10.94 0.16 nd. 0.01 0.03 1.44 9.86 8.02 0.01 0.02 0.01 0.09
K0 0.41 0.15 0.11 9.95 0.01 0.01 n.d. 0.83 0.10 0.08 0.02 n.d. 0.02 9.44
Totals 96.79 96.89 99.71 96.25 86.90 96.64 98.00 97.24 99.70 100.16 86.99 96.63 98.59 95.12
Si 6.880 7.546 2.999 3.415 2.758 3.033 1.014 6.499 2.869 2.730 2.739 3.028 1.000 2.803
Ti 0.066 0.008 n.d. 0.001 0.001 0.004 0.920 0.061 n.d. n.d. 0.006 0.002 0.965 0.125
Al 1.551 0.715 1.001 2112 2.485 2.299 0.069 2.485 1.127 1.267 2.625 2.858 0.042 1.477
Cr 0.003 0.009 n.d. nd. 0.012 0.001 0.001 n.d. nd. nd. nd. 0.002 0.000 0.002
Fe® 0.219 0.236 0.016 0.097 n.c. 0.642 0.011 0.173 0.002 0.003 n.c. 0.018 n.c. n.c.
Fe?* 1.249 1.285 nd. 0.041 1.677 0.027 0.011 1.727 n.d. n.d. 2.057 0.096 0.004 1.156
Mn 0.035 0.051 0.001 0.001 0.029 0.011 0.001 0.046 n.d. n.d. 0.030 n.d. n.d. 0.011
Mg 3.061 3.244 0.001 0.386 3.026 n.d. 0.000 2.059 n.d. n.d. 2.480 0.003 n.d. 1.297
Ca 1.836 1.733 0.006 n.d. 0.006 1.974 0.991 1.777 0.143 0.289 0.002 2.022 1.002 n.d.
Na 0.463 0.251 0.928 0.021 n.d. 0.002 0.002 0.414 0.844 0.689 0.002 0.002 0.001 0.013
K 0.076 0.028 0.006 0.832 0.001 0.001 nd. 0.157 0.006 0.005 0.002 n.d. 0.001 0.913
Sum 15.511 15.183 4.959 6.906 9.993 7.994 3.021 15.455 4.991 4.982 9.944 8.032 3.015 7.796
Mg-Hornblende Actinolite Mg-Hornblende
XAb  0.994 XAb 0.855 0.704
XAn  0.006 XAn  0.145 0.296
XPg  0.025
XClin 0.639 XClin 0.543
XCham  0.354 XCham 0.450
XEp 0.682 XEp 0.021
XCzo/Zo  0.317 XCzolZo  0.977
XAl 0.069 XAl 0.041
XFe*  0.011 XFe* /
Oxygens 23 23 8 11 14 13 5 23 8 8 14 13 5 11
R2S RH1
Amphibole Plagioclase Muscovite ~Chlorite Epidote Titanite Biotite Amphibole Plagioclase Muscovite Chlorite Epidote Titanite
rim rim
SiO, 52.03 67.87 48.74 27.33 38.65 30.44 37.19 52.30 67.93 49.43 25.25 37.83 28.96
TiO, 0.05 n.d. 0.27 0.04 0.08 37.88 1.18 0.02 n.d. 0.12 0.03 0.10 35.27
Al20, 4.21 19.67 29.58 19.28 27.57 1.70 16.57 1.28 19.38 26.25 19.92 26.02 1.72
Cr,03 0.02 n.d. n.d. 0.01 0.05 0.01 0.02 0.02 n.d. 0.02 n.d. 0.01 0.00
Fe O3 1.20 0.08 0.40 n.c. 7.15 n.c. n.c. 0.15 0.26 2.94 n.c. 8.68 0.72
FeO 12.42 n.d. 2.32 22.33 0.07 0.39 16.15 18.85 n.d. 2.36 29.52 0.38 nd.
MnO 0.37 n.d. 0.03 0.37 0.10 0.04 0.24 0.37 nd. 0.05 0.69 0.17 0.04
MgO 13.87 n.d. 2.70 17.19 0.04 0.01 12.72 11.02 n.d. 2.98 11.44 0.02 3.80
Ca0 11.67 0.73 n.d. 0.05 23.34 28.46 0.01 11.95 0.44 n.d. 0.03 23.19 26.44
Na,O 0.63 11.18 0.35 0.02 0.02 0.02 0.12 0.18 11.42 0.11 0.01 0.01 0.04
K0 0.18 0.07 10.74 0.02 0.01 0.03 9.55 0.18 0.09 10.53 0.05 n.d. 0.15
Totals 96.65 99.60 95.14 86.64 97.07 98.97 93.74 96.31 99.52 94.79 86.94 96.42 97.14
Si 7.595 2.979 3.272 2.866 3.028 1.003 2.834 7.879 2.986 3.354 2.758 3.012 0.972
Ti 0.005 n.d. 0.013 0.003 0.005 0.939 0.068 0.002 nd. 0.006 0.003 0.006 0.890
Al 0.725 1.018 2.341 2.383 2.547 0.066 1.489 0.227 1.004 2.100 2.565 2.442 0.068
Cr 0.003 n.d. nd. 0.001 0.003 nd. 0.001 0.002 n.d. 0.001 nd. 0.001 0.000
Fe* 0.131 0.003 0.021 n.c. 0.422 n.c. n.c. 0.017 0.009 0.151 n.c. 0.520 0.018
Fe?* 1.517 n.d. 0.129 1.958 0.004 0.011 1.029 2.375 n.d. 0.133 2.697 0.025 n.d.
Mn 0.046 n.d. 0.002 0.033 0.007 0.001 0.016 0.047 nd. 0.003 0.064 0.012 0.001
Mg 3.017 n.d. 0.270 2.686 0.005 n.d. 1.444 2.474 n.d. 0.301 1.862 0.003 0.190
Ca 1.825 0.034 n.d. 0.006 1.959 1.004 nd. 1.929 0.021 nd. 0.003 1.978 0.951
Na 0.179 0.951 0.046 0.004 0.002 0.001 0.018 0.054 0.973 0.015 0.001 0.001 0.003
K 0.033 0.004 0.920 0.003 0.001 0.001 0.928 0.034 0.005 0.912 0.008 n.d. 0.006
Sum 15.119 4.989 7.017 9.943 7.983 3.027 7.827 15.045 4.997 6.978 9.961 8.001 3.099
Mg-Hornblende Actinolite
XAb  0.965 XAb  0.979
XAn 0.035 XAn 0.021
XPg  0.048 XPg 0.016
XClin 0.574 XClin 0.403
XCham 0.419 XCham 0.583
XEp 0.434 XEp 0.540
XCzo/Zo  0.563 XCzo/Zo  0.459
XAl 0.066 XAl 0.070
XFe* / XFe*  0.019
Oxygens 23 8 11 14 13 5 23 8 11 14 13 5

Table 2: Electron probe microanalyses of four representative dike samples from the ON and the Texel Nappe (GR13/01). RE1: Stubai valley, GR13/01:
Partschins, R2S: Solden, RH1: Kiihtai. Amphibole: Formula calculation based on 24 anions and 23 oxygens using the excel spreadsheet version 1.9.8
from the amphibole classification of Hawthorne et al. (2012) = IMA 2012. Plagioclase: Formula calculation based on 5 cations and 8 oxygens; Ab =
albite, An = anorthite. Muscovite: Formula calculation based on 11 oxygens; Pg = paragonite. Chlorite = Formula calculation based on 10 cations and
14 oxygens; Clc = clinochlore, Chm = chamosite. Epidote = Formula calculation based on 12.5 oxygens; Ep = epidote, Czo/Zo = clinozoisite/zoisite.
Titanite: Formula calculation based on 3 cations. Biotite: Formula calculation based on 11 oxygens. Abbreviations: n.d. = not detected, n.c. = not cal-

culated.
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Figure 9: Eoalpine P-T conditions in the Austroalpine units west of the Tauern window calculated with THERMOCALC v.3.21. The colours of the data
points represent the spatial distribution of the dike samples as indicated in Figure 2. (a) Map with Mode-2 (boxes with thin frame) and Mode-1 (boxes
with thick frame) calculations. (b) P-T diagram northern transect A-A'. (c) P-T diagram central transect B-B'. (d) Temperature profile northern transect
A-A'. (e) Temperature profile central transect B-B'. (f) Temperature profile C-C'. The Eoalpine chloritoid isograd after Purtscheller (1967) is given as a

grey line.

estimates of individual dike samples, the hornblende-pla-
gioclase geothermometer yields slightly higher tempera-
tures than the Ti-in-amphibole geothermometers.

5.2. Multi-equilibrium geothermobarometry
Multi-equilibrium geothermobarometry was done
in the system CaO-FeO-MgO-Na,0O-K,0-Al,0;-SiO,-H,0
(CFMNKASH) with the mineral assemblage plagioclase
+ amphibole + chlorite + epidote/clinozoisite + biotite
+ muscovite + quartz. Due to the rigorous statistical ap-
proach and the calculation of linearly independent min-
eral reactions the focus was on using average PT Mode-2
calculations, because they most likely represent robust
equilibrium P-T conditions. In addition, for some samples
it was necessary to use invariant points (Mode-1) instead
for the calculations when there were not enough indepen-
dent mineral equilibria available for the average PT Mode.
THERMOCALC v.3.21 yields P-T conditions of 276-568
°Cand 2.0-9.1 kbar with 1o-errors of 27-64 °Cand 0.9-2.1

88

kbar (Fig. 9a-c). The P-T conditions increase from north-
west to southeast of the ON. Along the northern transect
(A-A’) in the ON temperatures range from 276 °C in the
northwest to 545 °C in the southeast (Fig. 9d). The cal-
culated pressures range from 2.0 kbar in the northwest
to 4.5 kbar in the southeast. In the central ON (transect
B-B’) temperatures range from 338 °C in the northwest to
568 °C in the southeast (Fig. 9e). The estimated pressures
range from 3.4 kbar in the northwest to 9.1 kbar in the
southeast. For 5 out of 14 dike samples invariant point
(Mode-1) calculations had to be used (Fig. 10a).
THERMOCALC v.3.33 yields P-T conditions of 232-556
°Cand 2.4-9.5 kbar with 10-errors of 20-89 °C and 0.7-2.9
kbar (Fig. 10b). In the northern ON (transect A-A") tem-
peratures range from 254 °C in the northwest to 479 °C
in the southeast. The estimated pressures range from 2.5
kbar in the northwest to 4.2 kbar in the southeast. In the
central ON (transect B-B’) temperatures range from 286
°Cin the northwest to 556 °C in the southeast. The calcu-
lated pressures vary between 2.4 kbar in the northwest
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Figure 10: Eoalpine P-T condi-
tions in the Austroalpine units
west of the Tauern window. (a)
Map with Mode-2 (yellow boxes)
and Mode-1 (green boxes) THER-
MOCALC v.3.21 calculations. (b)
Map with Mode-2 (yellow boxes)
and Mode-1 (green boxes) THER-
MOCALC v.3.33 calculations. (c)
Map with Mode-2 (yellow boxes)
and Mode-3 (green boxes) THER-
MOCALC v.3.45 calculations. The
Eoalpine chloritoid isograd after
Purtscheller (1967) is given as a
grey line.
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Figure 11: P-T constraints for the northwest to southeast trending Eoalpine metamorphic field gradient in the Austroalpine units west of the Tauern
window. The P-T conditions in the Texel Nappe are of the dominant amphibolite facies metamorphism of the post-eclogitic stage. The Eoalpine chlo-

ritoid isograd after Purtscheller (1967) is given as a grey line.

Between the three THERMOCALC versions the follow-
ing differences could be observed: THERMOCALC v.3.45
calculates slightly higher P-T conditions than THERMO-
CALC v.3.21 and THERMOCALC v.3.33 but corresponds
to the calculations with the hornblende-plagioclase and
the Ti-in-amphibole geothermometers. This is probably
due to the higher glaucophane and the lower tremolite
activity calculated with the amphibole model of Diener
et al. (2007) used in the AX62 program of THERMOCALC
v.3.45. The calculations with THERMOCALC v.3.33 yield
the largest 10 uncertainties of 20-89 °C and 0.7-2.9 kbar,
followed by the other two THERMOCALC versions with
10 uncertainties of ca. 30-60 °C and 1-2 kbar. Tropper et
al. (2023) attributes the high standard deviations of the
THERMOCALC v.3.33 calculations to slight modifications
in the continuously refined thermodynamic data of the
internally consistent databases. Since the geothermo-
barometric calculations with THERMOCALC v.3.33 yield
high 10 uncertainties, we consider that THERMOCALC
v.3.21 with the amphibole activity model of Dale et al.
(2000) and THERMOCALC v.3.45 with the amphibole ac-
tivity model of Diener et al. (2007) provide the most ro-
bust results.

Our geothermobarometric calculations represent the
first quantitative P-T constraints for the complete north-
west to southeast trending Eoalpine metamorphic gradi-
ent in the Austroalpine units west of the Tauern window
above and below the chloritoid isograd after Purtscheller
(1967). We obtain P-T conditions of 250-300 °C and 2-4
kbar for the northern ON and 300-400 °C and 4-6 kbar
for the western ON in Kauner valley, Pitz valley and Lang-
taufers (Fig. 13). Zanon (2010) calculated similar pressures
of 3-4 kbar and slightly higher temperatures of 300-350
°Cfor phyllites from the northern ON using the muscovite-
chlorite-plagioclase-quartz geothermobarometer by
Vidal and Parra (2000). Since we could not calculate
any reliable P-T data for the dike sample from the SN
(GR144/01), it was not possible to correlate the two adja-
cent tectonic units with each other. The geothermobaro-
metric results from the southeastern ON and from the
Stubai valley, below the Mesozoic succession of the “Kalk-
kdgel”, agree with previous P-T estimates by Tropper and
Recheis (2003). They have performed multi-equilibrium
geothermobarometry with THERMOCALC v.2.7 (Holland,
1999; written comm.) on metapelites with the mineral as-
semblage garnet + biotite + plagioclase + muscovite +
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quartz. Compared to our approach of using Mode-1 and
Mode-2 calculations, they only used Mode-1 calculations.
For the southeastern ON they have obtained 550-600 °C
and 7.2-8.8 kbar, for the northeastern ON, underneath
the “Kalkkdgel” succession, they have obtained 469 + 56
°C and 4.2 + 0.9 kbar. Together with the temperature es-
timates by Hoernes and Friedrichsen (1978) and Dietrich
(1983) for the BM P-T conditions of 450-550 °C and 4-5
kbar can be attributed to the northeastern ON. The P-T
estimates for the dike sample from the TN (GR13/01: 540
+4 1 °C, 8.9 = 1.6 kbar) corresponds to the P-T estimates
of 550-600 °C and 8-10 kbar obtained by Lanziner-Ober-
rauch (2024, unpublished M.Sc. thesis) for a metapelitic
sample approximately 1.5 km north of the dike location.
Further to the east Hoinkes et al. (1991), Tribus et al. (2008)
and Tropper et al. (2023) obtained P-T conditions of 600-
650 °C and 10-11 kbar for amphibolite samples from the
Saltaus and the Spronser valley near to the southeast-
ern border of the Texel Nappe. The same P-T conditions
have also been obtained by several authors from other
locations within the TN (Spalla, 1993; Sélva et al., 2001;
Zanchetta et al., 2013; Lanziner-Oberrauch, 2024). Our
geothermobarometric results point to a predominant
Eoalpine amphibolite facies metamorphism in the south-
eastern ON and in the TN and they agree with the already
published P-T data from this area. Also, we could not find
any evidence of the pressure-accentuated eclogite facies
stage of metamorphism in the dike from the TN. This
demonstrates once more the increase of the Eoalpine
metamorphic gradient from the lower greenschist facies
in the northwest to the amphibolite facies in the south-
east in the Austroalpine units west of the Tauern window.

7. Conclusions

Our geothermobarometric results provide for the first
time a continuous profile for the northwest to southeast
trending Eoalpine metamorphic gradient in the Aus-
troalpine units west of the Tauern window. In the north-
western ON we obtained P-T conditions of 250-300 °C
and 2-4 kbar, reaching 550-600 °C and 8-10 kbar in the
southeastern ON, near to the Schneeberg Nappe. In the
southerly adjacent TN we obtained 540+41 °C and 8.9 +
1.6 kbar. The observed Eoalpine metamorphic gradient
is consistent with this Cretaceous ramp geometry of the
Austroalpine nappe stack and the subsequent Eocene In-
dentation of the Southalpine Indenter into the Austroal-
pine nappe stack (Pomella et al., 2016).
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