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Abstract

The morphology and ultrastructure of spores of Selaginellites leonardii Kustatscher et al. 2010 from the Anisian (Middle
Triassic) of the Dolomites is studied. The microspores are assignable to Uvaesporites Doring, 1965. Distally and equato-
rially they are covered with verrucae fused into rugae; proximally they are smooth or finely granulate. The sporoderm
includes two layers, which appear homogeneous; the outer layer greatly varies in thickness at the expense of the
sculptural elements, is much thicker and slightly less electron dense than the inner layer. The microspores were pro-
bably originally acavate, with an homogeneous sporoderm. Although a multi-layered sporoderm forming a cavum is
the most common type occurring in selaginellalean microspores, acavate sporoderms are also known with a very high
ratio between sporopollenin units and the spaces between them. The megaspores are rounded to rounded-triangular,
with a very dense two-layered sporoderm, with the outer layer many times as thick as the inner layer. We suppose that
originally the megaspore sporoderm was granular, formed by fused spheroid units, and could belong to the irreqularly
granular type or to the laterally fused type of selaginellalean sporoderms. The occurrence of various spore types in the
Selaginellales is known from the Carboniferous until the present day. Available data on the sporoderm ultrastructure
in the Selaginellales and Isoetales, similarities and dissimilarities between the two groups are discussed in light of the
newly obtained information.

Keywords. Selaginellites, in situ spores, sporoderm ultrastructure, Uvaesporites, Middle Triassic, Dolomites.

1. Introduction

The genus Selaginellites was defined by Zeiller
(1906) for fossil herbaceous lycophytes resembling
the living genus Selaginella Palisot de Beauvois,
1804. Selaginellites is restricted to heterosporous
species, whereas Lycopodites Lindley et Hutton, 1833
(fossil representatives of the extant Lycopodium Lin-
naeus, 1753) includes isosporous taxa, but also taxa
of which it is unknown if they are hetero- or isospo-
rous (Zeiller, 1906; Halle, 1907; Seward, 1910; An-
drews, 1961).

The oldest Selaginellites fossils have been found
in Carboniferous sediments; they are often based on
sterile fragments only (Thomas, 1992), because fer-
tile remains are rare (but known already from the
Carboniferous, e.qg., Selaginellites fraipontii (Leclercq)
Schlanker et Leisman, 1969). Leaves are organized
generally in four ranks with two ranks being smaller
in size, like in living Selaginella. Some authors (e.g.,
Schimper, 1869; Lee, 1951; Pal, 1984; Schweitzer et
al., 1997) consider these dimorphic (anisophyllous)



leaves typical of Selaginellites even if no spores have
been found. Others, however, do not consider the
presence of anisophyllous leaves enough evidence to
distinguish between Selaginellites and Lycopodites
(Halle, 1907; Thomas, 1992).

There is some debate as to whether fossil species
should be assigned to the extant genus Selaginella or
kept apart in the fossil genus Selaginellites (e.g. Tho-
mas, 1992; Schweitzer et al., 1997). One of the main
differences between Selaginella and Selaginellites is
the higher amount of megaspores per sporangium in
the fossil material (16-24 against 4 in extant Selagi-
nella; Zeiller, 1906; Halle, 1907), although there are
some living species with more than four megaspores
per sporangium (Thomas, 1992, and references the-
rein).

From the Triassic only few lycophytes were at-
tributed to the genera Selaginella or Selaginellites:
Selaginella anasazia Ash, 1972 from the Upper Trias-
sic of Arizona, Selaginellites polaris Lundblad, 1948
from the Triassic of East Greenland, Selaginellites
hallei Lundblad, 1950 from the Rhaetian of Sweden
and Selaginellites yunnanensis Hsii, 1950 from the
Rhaetian of China. Megaspores and microspores are
known only in two of them: Selaginellites hallei and
Selaginellites polaris.

The Triassic was an important moment during the
evolution of this particular genus, and also a time of
high abundance and diversity of lycophytes. With the
disappearance of the arborescent Lepidodendrales
during the Permian, various “pseudoherbaceous” or
herbaceous forms radiated in the Early-Middle Tri-
assic (Taylor et al., 2009). These genera are, however,
not closely related but belong to various groups, such
as Lycopodiales (e.g. Lycopodites), Selaginellales (e.g.
Selaginellites Zeiller, 1906), Pleuromeiales (e.g., Pleu-
romeia Corda ex Giebel, 1853, Chinlea Daugherty,
1941, Takhtajanodoxa Snigirevskaya, 1980, and Cy-
clomeia White, 1981) and Isoetales (e.g. /soetes Lin-
naeus, 1753 / Isoetites Miinster, 1842, Lepacyclotes
Emmons, 1856, and Tomiostrobus Neuburg, 1936
sensu Retallack, 1997).

Recently, a new species was described (Selagi-
nellites leonardii Kustatscher et al., 2010) from an
Anisian (Middle Triassic) fossil locality in the NW-
Dolomites (Kiihwiesenkopf). The present paper sup-
plements this description with additional information
on the spore morphology and provides new data on
the sporoderm ultrastructure. We believe these data
will help to understand better the genus in general
and its evolution into the extant Selaginella.

2. Selaginellalean spore morphology

Microspores

The morphology of selaginellalean spores under-
went many changes through geological times and
they were represented by more than one type of mi-
crospores and megaspores in each epoch. Modern
spores are also quite diverse in terms of morphology.

The most ancient, Carboniferous, members are
known to have produced trilete, zonate, labrate, and
distally hilate (or with a few distal foveolae, depen-
ding on morphological interpretation) microspores
ascribed to Cirratriradites Wilson et Coe, 1940 and
trilete, cingulate or cinguli-zonate spores attribut-
ed to Densosporites (Berry) Butterworth et al., 1964.
Spore dimensions range from 36 to 80 um. Cirratri-
radites spores were extracted from Selaginella gut-
bieri (Goeppert) Thomas, 1997 and S. cf. leptostachys
(Bek et al., 2001). Taylor & Taylor (1990), who studied
with SEM and TEM Cirratriradites type of microspo-
res extracted from S. fraipontii, suggested similarities
between these fossil microspores and those from mo-
dern Isoetes and Selaginella, such as the presence of
a paraexospore (a layer external to and largely free
from the exospore, but with a similar ontogeny and
staining characteristics, as defined by Tryon & Lugar-
don, 1991) and proximal multilamellate zones. Alt-
hough multilamellate zones are usually considered
an isoetalean feature, they are also known in the
Selaginellaceae. Taylor & Taylor (1990) considered
their microspores to be closer to Selaginella, namely,
S. selaginioides (Linnaeus) Link, 1841. The sporoderm
of the dispersed spore Densosporites meyeriae Tel-
nova, 2004 probably consists of one homogeneous
layer only (though the author mentioned lamellae in
the sporoderm, they are not visible in the published
section). No traces of a cavum are seen, thus questio-
ning the paracavate nature of this spore type, hypo-
thesized on LM basis (Telnova, 2004). Spores of Cir-
ratriradites were found in situ only in selaginellalean
strobili, spores of Densosporites were also found in
the Chaloneriaceae (Balme, 1995).

The Permian Selaginella harrisiana Townrow, 1968
yields circular, paracavate (zonate, cingulate?), tri-
lete, endopapillate, distally spinose microspores, of
43-58 um diameter attributed to the genus Indotri-
radites Tiwari emend. Foster, 1979 (Townrow, 1968).
Such microspores are also known from the Permian
lycopsid of uncertain affinity Azaniodendron fer-
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tile Rayner, 1986 (Balme, 1995). No information is
available about its sporoderm ultrastructure.

Triassic in situ microspores are represented by two
types. The first one is subcircular, cavate, endo-tri-
papillate, scabrate, 40 um in diameter and assigned
to the genus Densoisporites (Weyland et Krieger)
Dettmann, 1963. These spores are known in situ from
the Pleuromeiaceae, and also as sporae dispersae
in pre- and post-Triassic deposits (e.g., Guy-Ohlson,
1979; Retallack et al., 2006). Triassic Densoisporites
extracted from Pleuromeia rossica Neuburg, 1936 (=
Lycomeia rossica (Neuburg) Dobruskina, 1985) shows
a lamellate sporoderm with multilamellate zones
around the proximal pole (Lugardon et al., 1999). A
similar structure was revealed in Permian Densoispo-
rites associated with another pleuromeiaceous plant,
Viatcheslavia vorcutensis Zalessky 1936 (Naugolnykh
& Zavialova, 2004). The ultrastructure of the disper-
sed microspores D. psilatus (de Jersey) Raine & de Jer-
sey, 1988 and D. microrugulatus Brenner, 1963 (now
synonymized with D. velatus Weyland et Krieger,
1953) was documented from the Triassic by Raine et
al. (1988) and interpreted as a lycopsid sporoderm ul-
trastructure. Consequently, though some information
on the Densoisporites ultrastructure is available, we
still do not know if and how selaginellalean Densois-
porites differ from pleuromeiaceous Densoisporitesin
its sporoderm ultrastructure.

Uvaesporites Doéring, 1965 includes subcircular,
cingulate, distally rugulo-verrucate spores, 29-50 pm
in size. So far, Uvaesporites spores were never found
in situ, only associated with selaginellalean macrore-
mains. Ultrastructural information about this spore
type was related to end-Permian dispersed spores
(Looy et al., 2005). The sporoderm is complex, consi-
sting of several sublayers, interpreted as a faint solid
inner exospore, wavy and more electron dense outer
exospore and three layers of paraexospore: the ou-
ter thicker solid layer forms sculptural elements, the
middle thinner layer is composed of thin interwoven
filaments, and the inner layer is composed of ele-
ments similar to those of the outer layer, but smal-
ler in size. Additionally, Collinson (1991) reported
Lundbladispora Balme, 1963 emend. Playford, 1965
as selaginellalean microspores, while Balme (1995)
attributed the same in situ spores to the genus
Densoisporites. The ultrastructure of dispersed end-
Permian Lundbladispora resembles closely those of
Densoisporites, although the presence or absence of
multilamellate zones is not proved (Looy et al., 2005).
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Microspores of Foveosporites Balme, 1957 (con-
vexotriangular, trilete, distally foveolate and proxi-
mally smooth, 38-52 pum in diameter) are known from
Cretaceous deposits. So far, in situ such a spore type
is only known from selaginellalean macroremains.

Microspores of modern Selaginella are 18-60 pum
in diameter, tetrahedral-globose, or slightly flatte-
ned, often with an equatorial flange and a trilete
aperture with the arms varying in length between
1/2 and almost 7/8 of the spore radius. The surface is
variable: often finely to coarsely echinate, sometimes
rugulate, cristate, baculate, striate, papillate, or with
large spherules. The exospore is plain, verrucate, or
spinulose, usually overlain by either perispore or pa-
raexospore; sometimes one of them or both may be
lacking (Tryon & Lugardon, 1991).

Modern analogues can be found for most micro-
spore types known from fossil Selaginellaceae. More-
over, the microspore diversity of modern Selaginella
is much higher (e.g., their sculpture) than that so far
known of in situ microspores of fossil Selaginellaceae.
On the other hand, dispersed assemblages from vari-
ous geological periods, starting from the Carbonife-
rous or even Late Devonian, contain plenty of spores
which are comparable with microspores of modern
Selaginella in their ornamentation and could, thus,
have a selaginellalean origin, but so far have not
been found in situ. In addition, some types of mi-
crospores are recorded in situ in both selaginellalean
and isoetalean remains, as well as from lycopsid ma-
croremains of unclear position (Table 1).

Megaspores

Three types of megaspores were extracted from
Carboniferous selaginellalean macroremains. The
most commonly occurring type, Triangulatisporites
(Potonié et Kremp) Karkzewska, 1976, includes sub-
triangular trilete, labrate megaspores, although the
main spore body of permineralised specimens may
appear spherical. These spores are paracavate and
zonate: they are characterized by an equatorial flan-
ge which usually appears as a flattened wing. Both
hemispheres are covered with a more or less develo-
ped reticulum (Cottnam et al., 2000; Bek et al., 2001).
Taylor (1994) described the sporoderm of Triangula-
tisporites from Selaginellites fraipontii as a complex
of interconnected units forming a fine 3D reticulum
sharing common features with modern members of



Geological age | microspore/megaspore | Isoetalean Lycopod taxon of unclear
affinity
Carboniferous Cirratriradites/ -/- -/-
Triangulatisporites
Carboniferous ?/Bentzisporites -/- -/-
Carboniferous Densosporites/ Chaloneriaceae/- | -/Bothrodendrostrobus,
Setosisporites ?Barsostrobus
Permian Indotriradites/ -/- Azaniodendron/
Bacutriletes Synlycostrobus tyrmensis
(from Jurassic/Cretaceous)
Triassic Densoisporites/ Pleuromeiaceae/ | Bisporangiostrobus/-
Banksisporites Pleuromeiaceae
Triassic and Uvaesporites/ - -/-
Triassic/Jurassic | Banksisporites /Pleuromeiaceae
Cretaceous Foveosporites/ -/Isoetaceae -/Limnoniobe
Minerisporites (?)

Table 1. Occurrence of micro- and megaspores known from selaginellalean remains in situ in non-selaginellalean taxa (compiled from

Balme, 1995 and including our data)

the Selaginellaceae and Isoetaceae. Nevertheless, in
situ Triangulatisporites finds are so far restricted to
selaginellalean macroremains. Cottman et al. (2000)
studied dispersed Triangulatisporites from several
Carboniferous localities and in situ megaspores of the
same type extracted from Selaginellites gutbieri and
showed the diversity of the sporoderm ultrastructure:
they described some sporoderms as particulate and
others as more laminate.

The second Carboniferous type is Setosisporites
(lorahim) Potonié et Kremp, 1954 emend. Dybova-Ja-
chowicz et al., 1979 (circular, labrate, trilete, distally
with bifurcating spines, proximally smooth, 300-400
um in diameter). The sporoderms of dispersed Car-
boniferous S. hirsutus (Loose) lbrahim, 1933 and S.
brevispinosus (Zerndt) Brzozowska, 1969 are two-la-
yered; the outer layer is much thicker than the inner,
very dense, indistinctly stratified toward the inner
hollow (Kempf, 1973). The third type is Bentzisporites
Potonié et Kremp, 1954, which is 315-400 um in dia-

meter, convexotriangular, cingulate, curvaturate, la-
brate, trilete, subverrucate and endopapillate. Trian-
gulatisporites and Bentzisporites were found in situ
only in selaginellalean strobili, while Setosisporites
was also found in lycopsid macroremains of unclear
systematic position (Balme, 1995).

Megaspores of the Permian Selaginella harrisiana
belong to the Bacutriletes (van der Hammen) Poto-
nié, 1956 type, which is described as circular, cavate,
trilete, endopapillate, baculate, and 180-320 pm in
diameter (Townrow, 1968). Such megaspores were
also recorded in Synlycostrobus tyrmensis Krassi-
lov, 1978, a lycopsid of uncertain affinity (Krassiloy,
1978). Electron microscopical data are available on
dispersed Bacutriletes: B. ferulus Koppelhus et Bat-
ten, 1989 and B. majorinus Koppelhus et Batten,
1989 were studied with SEM (Koppelhus €& Batten,
1989), TEM studies were made on Lower Cretaceous
B. triangulatus Taylor et Taylor, 1988 and Bacutriletes
spp. (Taylor & Taylor, 1988), B. guttula Archangelsky
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et Villar de Seoane, 1991 (Archangelsky & Villar de
Seoane, 1991).

Megaspores of Banksisporites Dettmann, 1961
emend. Banerji et al., 1978, described as circular,
trilete, cavate, labrate, scabrate, 392-421 pm in
diameter, are found in situ in selaginellalean stro-
bili in sediments of Triassic-Jurassic age. Selaginel-
lites hallei from the Rhaetian of Sweden (Lundblad,
1950) yields putatively immature, spheroidal, trilete,
smooth-granulate, cavate megaspores of 330-425
um diameter, attributed to Triletes pinguis Harris,
1935 (now Banksisporites pinguis (Harris) Dettmann,
1961). Unfortunately, no information was given on its
ultrastructure. TEM data are available from dispersed
B. dejerseyi Scott et Playford, 1985, B. viriosus Scott
et Playford, 1985 (Hemsley & Scott, 1989) and Upper
Keuper B. pinguis (Harris) Dettmann, 1961 (Kempf,
1971).

Cretaceous Selaginella dawsonii (Seward) Watson,
1969 yields megaspores supposedly assignable to Mi-
nerisporites Potonié, 1956 (Watson, 1969). The me-
gaspores are convexo-triangular, paracavate, labrate,
distally coarsely vermiculate, with verrucate contact
faces, 284-305 pm in diameter. Such a spore type is
also known in Limnoniobe Krassilov, 1982. However,
much more often, this type was reported from the
Isoetaceae. A considerable bulk of information is ob-
tained with application of electron microscopes, al-
beit on dispersed specimens. SEM data were obtained
on Cretaceous M. labiosus Baldoni et Taylor, 1985
(Baldoni & Taylor, 1985), M. dissimilis Tschudy, 1976
and M. marginatus (Dijkstra) Potonié, 1956 (Kovach
& Dilcher, 1988) and M. aequatus Villar de Seoane et
Archangelsky, 2008 (Villar de Seoane & Archangels-
ky, 2008). SEM and TEM data were obtained on Lo-
wer Cretaceous M. elegans Archangelsky et Villar de
Seoane, 1989, M. patagonicus Archangelsky et Villar
de Seoane, 1989 (Archangelsky & Villar de Seoane,
1989), M. laceratus Archangelsky et Villar de Seoa-
ne, 1990 (Archangelsky & Villar de Seoane, 1990),
Maastrichtian M. succrassulus Tschudy, 1976 (Bergad,
1978), and Upper Paleocene and Paleocene/Eocene of
M. glossoferus (Dijkstra) Tschudy, 1976, M. mirabilis
(Miner) Potonié, 1956, and M. mirabillissimus (Dijk-
stra) Potonié, 1966 (Batten & Collinson, 2001). Spo-
roderms of all studied megaspores are rather similar
and show a multilamellate ultrastructure common in
Isoetales, with considerable spaces between lamel-
lae. In addition, monolete spores (comparable with
the typically isoetalean microspore Aratrisporites Le-
schik, 1955) were reported associated with dispersed
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megaspores, e.g., those found in hollows of the sur-
face of M. mirabilis (Miner) Potonié, 1956 (Batten &
Collinson, 2001). Keeping in mind that most indices
point to an isoetalean affinity of Minerisporites, ul-
trastructural study of the megaspores of S. dawsonii
would be very pertinent to find out if any differences
between such megaspores of selaginellalean and iso-
etalean affinities exist at ultrastructural level.

Several genera of dispersed megaspores (or some
of their species) have not been so far reported in
situ but are considered as supposedly selaginellale-
an in affinity because of their ultrastructure: Thyla-
kosporites retiarius (Hughes) Potonié, 1956, Trileites
persimilis Erdtman, 1947 ex Potoni¢, 1956, Hughe-
sisporites patagonicus Archangelsky, 1963, Erlanso-
nisporites Potonié, 1956 (see e.g. Takahashi et al.,
2001), Horstisporites Potonié, 1956, Rugotriletes van
der Hammer, 1955 ex Potoni¢, 1956, Ricinospora
Bergad, 1978, and Cabochonicus Batten et Ferguson,
1987 (Kovach, 1994).

Megaspores of modern species of Selaginella are
200-1033 pm in diameter, tetrahedral-globose, often
with an equatorial flange, trilete, with the arms re-
aching 2/3 of the radius or equal to it. The surface is
often reticulate, sometimes rugate, baculate, verru-
cate, scabrate, or granulate. The exospore consists of
two layers, the outer usually with distinctive zones. A
perispore is lacking (Tryon & Lugardon, 1991).

Selaginellalean megaspores are very diverse and
represented by more than one morphological type in
each geological period. The number of dispersed me-
gaspore genera showing presumably selaginellalean
features is much greater than the number of selagi-
nellalean megaspores so far found in situ. With new
in situ finds, our concept of selaginellalean megaspo-
res will be corrected. Several types of megaspores are
known from both selaginellalean and isoetalean ma-
croremains (Table 1), posing two problems: unclear
affiliation of dispersed megaspores of spore types
known in both groups (such as Setosisporites, Bank-
sisporites, and Minerisporites), and a possibility that
spores so far known only in one of the groups can
be later found in macroremains of the other. In this
relation, accumulation of data on in situ megaspo-
res is important as ultrastructural information may
differentiate between selaginellalean and isoetalean
megaspores.

Both selaginellalean microspores and megaspores
are very diverse, and there are enough grounds to be-
lieve that a considerable portion of this diversity has



been still undiscovered. More studies on in situ mate-
rial with application of SEM and TEM will help us to
understand better the morphological diversity of one
of the oldest groups of higher plants (Table 2). The
comparison between selaginellalean and isoetalean
spores from various epochs is important in order to
reveal characters allowing to differentiate between
the two groups on the basis of spore morphology and
ultrastructure as well as to estimate their similarities.
The diagnostics of dispersed spores as members of
one of the two groups also should be mentioned.
The present study deals with in situ spores of Tri-
assic Selaginellites leonardii. Data on their morpho-
logy and ultrastructure contribute to these aims.

3. Material and Methods

The strobili of Selaginellites leonardii belong to
the rich flora from Kiihwiesenkopf / Monte Pra della
Vacca section in the Dolomites (for more informati-
on see Broglio Loriga et al., 2002; Kustatscher, 2004;
Kustatscher et al., 2006, 2010), stored nowadays at
the Museum of Nature South Tyrol (BZ, Italy). The
well-known section (Bechstddt & Brandner, 1970:
De Zanche et al., 1993; Senowbari-Daryan et al.,
1993) has been dated by brachiopods (Bechstadt &
Brandner, 1970), foraminifers (Fugagnoli & Posenato,
2004), ammonoids and palynomorphs (Kustatscher et
al., 2006; Kustatscher & Roghi, 2006) to the middle -
late Pelsonian (upper Anisian, Middle Triassic).

The strobili have been studied with a dissecting
microscope and in situ spore preparations were made
(for more details see also Batten, 1999). For this pur-
pose, small sporophyll fragments were macerated
in Schulze's reagent (KCIO3 and 30% HNO3) and
neutralized with 5% ammonia. The sporangia were
separated with the aid of needles, and monads or
groups of spores (depending on their maturity) were
extracted, mounted in glycerine jelly and sealed with
paraplast.

In transmitted light, the spores were studied with
a ZEISS AXIOPLAN-2 and a Leica DFC-420 digital ca-
mera, under 100x oil immersion objective at the Pale-
ontological Institute of the Russian Academy of Sci-
ences, Moscow. In addition, some microspores were
studied with help of a Leica DM6000 fluorescent mi-
croscope using a Leica DC300F camera, HBO 103 W/2
Mercury Lamp reflected light source and A filtercube
(BP340-380, LP 425) at the Institute of Molecular
Genetics (Moscow). Slides were observed under 63x

oil objective. Image-Pro AMS has been used as acqui-
sition software. To calculate an EDF (extended depth
of field) composite image, a stack of 30 slices was
produced using motorized Z-drive function of the
microscope, and the composite image calculated in
Image-Pro (PI. 1, fig. 6).

Several groups and individual microspores were
mounted on scanning electron microscopy (SEM)
stubs and coated with platinum/palladium and vie-
wed on a CAMSCAN SEM at Lomonosov Moscow
State University, at 20 kV accelerating voltage.

For transmission electron microscopy (TEM), me-
gaspores and microspores were removed from tem-
porary light-microscopical slides and embedded fol-
lowing the method of Meyer-Melikian & Zavialova
(1996). Ultrathin sections of 50 nm thick were made
with an LKB ultra-microtome, the sections were vie-
wed unstained on Jeol 100 B and Jeol 400 TEM and
photographed. The accelerating voltage was 80 kV.

Although the terminology developed by Tryon &
Lugardon (1991) is most desirable to describe strata
in sporoderms, the definitions imply sufficient data
on the position, ultrastructure, electron density, and
ontogenesis of particular strata of the sporoderm. No
ontogenetic information can be deduced for the fos-
sil sporoderms at hand, and the preservation is far
from ideal: at least some ultrastructural information
is probably lost. Therefore, we refrain from designa-
ting the sublayers revealed as exospore or paraexo-
spore and use instead such neutral terms as outer
and inner layers of the sporoderm.

4. The strobilus

So far only two strobilus fragments (up to 17 mm
long and 3 mm wide) of Selaginellites leonardii Kus-
tatscher et al., 2010 have been found. They are not
in organic connection but preserved on slightly dif-
ferent horizons on the same rock sample (collection
number PAL536). The sporophylls are helically to de-
cussately arranged in four irreqular vertical rows of
microsporophylls and megasporophylls (Kustatscher
et al., 2010, pl. 1, figs. 1-3). The sporophylls are ovate
(1.5-2 x 1-1.2 mm) and entire margined, with a long,
acuminate apex (about 2 mm long).

Maceration of the sporophylls resulted in small
cuticle fragments with isodiametric cells and slightly
immature micro- and megasporangia. Additionally,
megaspores were found dispersed in the sediment at
the apex of one strobilus.
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Geological age | Spore type Data on sporoderm Parent plant,
ultrastructure, if available, with | references
the interpretation of sporoderm
layers, which can be preserved in
fossil state

Microspores

Carboniferous | Cirratriradites Thin exospore and paraexospore | S.
of three sublayers. crassicinctus =
Multilamellate zones are present | S. fraipontii,

Taylor &
Taylor 1990

Triassic Uvaesporites Supposed exospore of two S. leonardii,
homogeneous layers. present paper
Multilamellate zones are not
found.

Modern Spores are trilete, The exospore consists of inner General
tetrahedral-globose, | lamellate and outer amorphous characteristic
often with an layers. It can either include of the modern
equatorial flange; multilamellate zones or be genus
the surface is often | pierced with numerous radial Selaginella,
echinate, sometimes | canals. In some species, Tryon
rugulate, cristate, paraexospore and/or perispore &Lugardon,
baculate, striate, may be present enveloping the 1990
papillate, or with exospore.
large spherules.

Megaspores

Carboniferous | Triangulatisporites | Exospore of highly S.
interconnected network of wall | crassicinctus=
units, which are thickest and S. fraipontii,
least compressed in the center. Taylor 1994

Triassic ? Supposed exospore of two S. leonardii,
layers: thin inner layer and present paper
thicker outer layer of granular
elements.

Modern Spores are trilete, The exospore of two layers: an General

tetrahedral-globose, | inner compact layer and a much | characteristic

often with an
equatorial flange;
the surface is often
reticulate,
sometimes rugate,
baculate, verrucate,
scabrate, or

granulate.

larger, outer labyrinth or gridlike
layer, often heavily infiltrated
with silica. The perispore is

absent.

of the modern
genus
Selaginella,
Tryon &
Lugardon,
1990

Table 2. Available ultrastructural data on in situ selaginellalean spores compared with
modern Selaginella
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Plate 1 (LM)
1. Megaspore with a trilete scar. 2. Megaspore, no proximal scar is visible. 3. Microspore, equatorial view. 4.
Group of microspores, distal sculpturing is distinct. 5. Group of microspores under higher magnification, note
uneven contours of microspores. 6. Microspore tetrad, fluorescence microscopy. 7. The same tetrad as in fig. 4.
Scale bar (1, 2) 100 pm, (3-7) 20 um.

5. Microspore morphology and ultrastructure

Microspores are in clusters as well as in damaged
tetrads and monads, significantly varying in sizes (PI.
1, figs. 3, 4-7; PI. 2, figs. 1, 3). The spores are roun-
ded-triangular and most probably trilete (no monad
preserved in polar position was found). The distal and
equatorial surfaces of the microspores are rugulate:
covered with verrucae mostly fused into ridges eleva-
ted at a various height over the surface of the spores
(PL. 1, figs. 4, 6, 7; Pl. 2, figs. 1, 2, 4). The specimens
greatly vary in the development of the sculptural ele-
ments. The proximal sporoderm is smooth or covered

with small granules (PI. 2, fig. 2). In general morpho-
logy and sculpturing, the microspores are assignable
to the dispersed genus Uvaesporites. The sporoderm
is two-layered, both layers look homogeneous, the
outer layer is slightly less electron dense than the
inner layer (PI. 3, figs. 3, 4, 6). The outer layer greatly
varies in thickness at the expense of the sculptural
elements: equatorial areas are thickest, and proximal
areas are thinnest (PI. 3, fig. 4). The sculptural ele-
ments more often appear in sections as elongate ap-
pendages, stretched along the rest of the sporoderm
(PI. 3, fig. 6). No cavum between the outer and inner
layers or within the outer layer was found, but some

Geo.Alp, Vol. 7, 2010



gaps were detected between sculptural elements and
the rest of the sporoderm. The inner layer is more or
less constant in thickness, about 0.22-0.26 um.

In the microspores of modern Selaginella the spo-
roderm layer enveloping the exospores varies: it may
form a perispore, an paraexospore, or may be missing
(Tryon & Lugardon, 1991), and the perispore is rarely
preserved in fossil state. Thus, the two layers of the
sporoderm most probably can be either two subla-
yers of the exospore or correspond to exospore and
paraexospore. We consider the former theory more
probable, since the paraexospore is usually largely
detached from the exospore, and that is not the case
of the outer layer of the sporoderm under study.

6. Megaspore morphology and ultrastructure

Megaspores are irregularly rounded or rounded-
triangular, 265-303 x 306-336 um in size (about 283
x 320 pum on average). Most specimens do not show
a tetrad scar (PIl. 1, fig. 2); the only specimen that
retains it shows an open trilete scar, occupying more
than a half of the radius (PI. 1, fig. 1). The megaspo-
res are deep brown (PI. 1, fig. 2) or uneven in colour
(PL. 1, fig. 1), with numerous traces of corrosion and
mechanical damage.

No inner hollow of the spore is visible in optical
sections. No unequivocal cavum is visible, but a torn
specimen (Pl. 1, fig. 1) shows a space between the
layers of the sporoderm that, however, can be of me-
chanical origin. Since we are not sure that all ge-
neral morphological characteristics are preserved, we
refrain from assigning the megaspores to a particu-
lar genus of sporae dispersae. The sporoderm is very
dense, two-layered. The outer layer varies in thick-
ness from 4.9 um to 11.3 pum, pierced with numerous
minute alveolae, 0.01-0.05 pum in diameter (PI. 3, figs.
1, 2, 5, 7-9). In some places, globular units of about
0.4 um also pierced with alveolae are vaguely reco-
gnizable (PI. 3, figs. 1, 5, 7). The inner layer is of con-
stant thickness, 0.17-0.23 um, appearing homogene-
ous (PI. 3, fig. 2). No definite cavum was revealed. In
places, gaps in the outer layer were observed (Pl. 3,
fig. 5). The inner hollow looks like a narrow slit (PI.
3, fig. 2).

The uneven coloring of the megaspores, traces of
corrosion and the fact that the inner hollow which
once contained the gametophyte now is indistingu-
ishable in transmitted light allow us to suspect that
the megaspores are too much secondarily changed
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to reveal the original sporoderm ultrastructure in
ultrathin sections. Our TEM observations confirmed
this suspicion. In our opinion, the minute alveolae
numerous in the outer layer of the sporoderm are
secondary changes not reflecting its original ul-
trastructure. This is supported by the fact that they
are also present at the contact between the inner
sporoderm layer and the megaspore hollow (PI. 3, fig.
2). Besides, one of the authors (N.Z.) observed very
similar minute alveolae in places in the sporoderm of
Biharisporites capillatus Fuglewicz et Prejbisz, 1981,
a megaspore from much older deposits and suppo-
sedly produced by an unrelated plant group (Turnau
et al., 2009, pl. IV, fig. 5); in case of Biharisporites, it
was also concluded that such alveolae did not reflect
the typical ultrastructure of the sporoderm (Turnau
et al., 2009). On the other hand, the areas of the
sporoderm where globular units are distinguisha-
ble, are altered in a less degree than the majority of
the sporoderm, in our opinion. The outer layer of the
sporoderm might have been composed of such glo-
bular units fusing with each other and more or less
elongated around the inner layer of the sporoderm.
A few gaps observed in the sporoderm are most pro-
bably traces of mechanical damage: one of them is
situated in the outer layer, cuts the inner layer, and
reaches the inner hollow of the spore (Pl. 3, fig. 5).
Dealing with such degree of preservation, we cannot
decide about the presence or absence of a cavum.
However, if our guess about globular units constitu-
ting the outer layer of the sporoderm is correct, such
an ultrastructural type quite easily allows sporoderm
splitting.

In modern Selaginella megaspores, the exospore
consists of two layers: a thin and usually lamellate
inner exospore and a much thicker outer exospore
containing the aperture (Tryon & Lugardon, 1991).
The inner layer under study appears homogeneous,
and the ultrastructure of the aperture has remained
unknown; however, the relative development of the
two layers (thin inner layer and much thicker outer
layer) implies that they may represent inner exospore
and outer exospore.

7. Discussion

New finds of in situ spores have contributed to
the knowledge on selaginellalean spores characteri-
zing this group of plants during various periods of its
geological history. Keeping in mind the diversity of



Plate 2 (SEM)
1. Individual microspore in lateral position. 2. Blowing-up of fig. 1 showing rugulate sculpturing of the equa-
torial to distal area and finely granulate sculpturing of the proximal area. 3. Cluster of several microspores
showing rugulate distal sculpturing. 4. Enlargement of distal and equatorial sculpturing. Scale bar (1, 3, 4) 10
um, (2) 3 um.

Plate 3 (TEM)

1,2, 5, 7-9. Ultrathin sections of megaspore sporoderm. 3, 4, 6. Ultrathin sections of microspore sporoderm.
1. Area of the section (closer to the surface of the megaspore), supposedly showing a region of the outer sporo-
derm with less alternated ultrastructure; nonetheless, minute alveolae are present. 2. Area of the section show-
ing outer (to the left) and inner (to the right) layers of the sporoderm, the inner hollow of the megaspore is vi-
sible between the proximal and distal portions of the inner layer; minute alveolae are present in the outer layer
and at the contact between the inner layer and the inner hollow. 3. Blowing up of fig. 4 showing outer and inner
layer of microspore sporoderm. 4. Composite image of ultrathin section of microspore sporoderm. 5. An area of
the section showing gaps in the sporoderm. Note outer and inner layers of the sporoderm. 6. Area of section of
microspore sporoderm, elongated sculptural elements are cut. 7. Area of the section showing inner layer of the
sporoderm and the outer layer of the megaspore sporoderm that in part pertains its supposed original globular
ultrastructure. Note the globular units between the gap filled with black mineral stuff and the inner layer of
the sporoderm. The inner hollow of the megaspore is traceable only as a darker contour between proximal and
distal portions of the inner layer. 8. Area of section of megaspore sporoderm in the equatorial region, the most
common appearance of megaspore sporoderm. 9. Minute alveolae piecing the megaspore sporoderm, an area
of the outer layer shown situated close to the surface. Legend: black arrows - inner layer of sporoderm; white
arrows - inner hollow of spore; asterixes - supposed globular units in megaspore sporoderm; p - proximal area
of sporoderm; d - distal area of sporoderm; e - equatorial area of sporoderm; dotted line - boundary between
two members of microspore tetrad. Scale bar (1-9) 1 um.
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spores in hundreds of modern species of Selaginella
and the diversity of supposed selaginellalean spores
from dispersed palynological assemblages that have
never been reported from strobili, our concept about
selaginellalean spores will become much more rami-
fied with accumulation of additional data on in situ
spores.

Spores of Uvaesporites, a dispersed genus suitable
for microspores of S. leonardii, were already reported
in situ from Selaginellites hallei, the macromorpholo-
gically most similar Triassic Selaginellites species to
S. leonardii (Lundblad, 1950). Microspores of S. hallei
are slightly smaller than those of S. leonardii (29-50
um against 45-62.5 pum), but fall partly within its va-
riability range. Although Lundblad (1950) interpre-
ted the sculpturing of S. hallei as damaged (because
of taphonomy or maceration), microspores of both
species show a similar rugulate sculpturing. Unfortu-
nately, no data about the ultrastructure of microspo-
res of S. hallei are available. End-Permian dispersed
Uvaesporites spores have a complex sporoderm that
differs strongly in ultrastructure from microspores
of S. leonardii: the sporoderm of the Permian spo-
res was interpreted as consisting of an exospore and
a complex paraexospore, whereas the two layers of
the sporoderm of the Triassic microspores more pro-
bably both represent exosporal layers. To date, Uva-
esporites was only reported from Selaginellales, but
the ultrastructure of the Permian Uvaesporites does
not exclude an isoetalean affinity. No Uvaesporites
is so far known in situ from Permian strobili (either
selaginellalean or isoetalean). Indeed, all these indi-
ces imply that the Permian Uvaesporites may be of
isoetalean rather than selaginellalean origin. Simi-
lar spores are found in situ in both groups (Table 1).
Future studies of the sporoderm ultrastructure will
show if any differences exist between selaginellalean
and isoetalean spores similar in gross morphology.

Although a sporoderm that includes several layers
and easily allows splitting under forming a cavum is
the most common type in selaginellalean microspo-
res, acavate and much denser sporoderms are also
known, where the ratio between sporopollenin units
and spaces between them is very high. For example,
dispersed Carboniferous Densosporites probably has
a homogeneous sporoderm (Telnova, 2004). Taylor &
Taylor (1989) studying dispersed the Lower Cretace-
ous megaspore Erlansonisporites sparassis (Murray)
Potonié, 1956 of supposed selaginellalean affinity,
found in their surface reticulum small trilete spores,
which could have been produced by the same parent
plant. The proximally smooth and distally verrucate
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spores are two-layered; both layers appear homo-
geneous. Although the preservation of our material
forces us to be cautious in our conclusions, we con-
sider the microspores acavate and with a homogene-
ous sporoderm. Of interest is that though Uvaespo-
rites type was not reported in situ from younger than
Jurassic strobili, it seems to exist in some modern
species. Thus, modern Selaginella gracillima (Kun-
ze) Spring ex Salomon, 1883 has microspores that,
as one can judge by illustrations, fit the genus Uva-
esporites, if found as fossil sporae dispersae (Tryon &
Lugardon, 1991, fig. 231.3).

Non-selaginellalean lycophytes are also abundant
in Lower-lower Middle Triassic sediments, but strobili
are only known for a few of them, and even less have
preserved in situ spores. Thus, only Aratrisporites,
Lundbladispora, and Densoisporites are known in
situ. The microspores of S. leonardii differ from these
types in general morphology and from Densoispo-
rites (on which ultrastructural information is availa-
ble) also in sporoderm ultrastructure. The intriguing
question if Triassic Densoisporites of selaginellalean
affinity differs in its ultrastructure from contempora-
neous Densoisporites of isoetalean affinity is pending
till in situ spores of the former will be studied by TEM.

There are classifications of extant selaginellalean
megaspore sporoderms, proposed by Morbelli (1977),
Minaki (1984) and Taylor (1989). The first two au-
thors distinguished granular and spongy types; Mi-
naki subdivided the granular type into irreqular and
ordered types, and the spongy type into two types.
Taylor (1989) distinguished an ordered granular type
and two spongy types: laterally and laminar fused.
The laterally fused type is composed of anastomosing
rod-like or spherical elements (so, in part it corre-
sponds to an irregular granular type), and the lami-
nar type is composed of wider sheet-like elements,
often forming closed vesicles. These types can be
used to reveal selaginellalean ultrastructure in fos-
sil sporoderms. We incline that, when unaltered, the
sporoderm of megaspores S. leonardii was granular,
formed by fused spheroid units. In terms of the above
classifications, it belongs to irregular granular type
or to laterally fused type. Most dispersed megaspores
of presumed selaginellalean affinity can be incorpo-
rated into this group, e.g., Banksisporites and Bacu-
triletes (other Triassic in situ finds of megaspores).

In dimensions, megaspores of S. leonardii are
slightly smaller than those of S. hallei (270-340
x 300-410 pum against 330-425 pm) but fall part-
ly within its variability range (Lundblad, 1950). The
megaspore surfaces of both species lack distinct
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sculptural elements, but megaspores of S. hallei are
distinctly labrate, and their sporoderm is thicker than
that in S. leonardii (about 15 pm against about 5.1-
11.5 um). The megaspores of S. hallei were assigned
by Lundblad (1950) to Triletes pinguis Harris, 1935,
which is now Banksisporites pinguis (Harris) Dett-
mann, 1961. Ultrastructural data on dispersed me-
gaspores of this species from the Upper Keuper of
Denmark were obtained by Kempf (1971). The spo-
roderm is two-layered. The outer layer is 15-20 um
thick, composed of numerous, irregularly distributed,
more or less spherical particles (0.3-0.5 pym in dia-
meter against about 0.4 pum of S. leonardii), partly
fused and interconnected, with considerable spaces
between them; the porosity of this layer does not
seem to vary over the distance from the sporoderm
surface. Such a sporoderm can be incorporated in
the irreqular granular type, the same type we have
chosen for S. leonardii. However, the sporoderm of S.
leonardii’is so much denser and some of the units we
managed to distinguish seem to be aligned along the
inner layer. The inner layer in B. pinguis seems nearly
homogeneous and reaching about 1-2 pm proximally
(comparable with S. leonardii), but transforms into
a loose lamellate net more than 10 um in thickness
distally (nothing comparable was observed in S. leo-
nardii). Unlike S. leonardii, a cavum is clearly seen in
B. pinguis (Kempf, 1971). Dettmann (1961, pl. 1, fig.
5) published a microtome section viewed in transmit-
ted light of B. pinguis from the Triassic of Tasmania
showing a cavate nature of the spore.

Kovach (1994) pointed out that the differences in
sporoderm ultrastructure between two living groups
of heterosporous lycopsids are less obvious than in
their gross morphology. The sporoderms are compo-
sed of anastomosing sporopollenin elements, which
range from rod-like to granular and form a porous
network. Rod-like elements of living /soetes tend to
orient parallel to the surface of the spore and the
sporoderm has a high porosity; sporopollenin ele-
ments of Selaginella are oriented more randomly and
the sporoderm has lower porosity than in Isoetes: the
sporopollenin elements tend to have less open space
between them. Using these criteria, Kovach (1989)
succeeded at differentiating between Cretaceous
megaspores of the Selaginellales and Isoetales. Ho-
wever, Taylor (1994) dealing with older megaspores
failed: isoetalean coats were very dense and fell into
selaginellalean group. Although the general criterium
(by higher/lower porosity) for differentiation between
Isoetales and Selaginellales does not work for pre-
Cretaceous specimens, some fossil sporoderms can
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be considered selaginellalean with much confidence
because of their similarity to certain ultrastructural
types of modern species. Thus, very characteristi-
cally looking labyrinthine structure (e.g. Selaginella
erythropus (Mart.) Spring, 1840, Tryon €& Lugardon,
1991, fig. 231.83) and highly ordered grid-like struc-
ture (e.g. S. marginata (von Humboldt & Bonpland
ex von Willdenow) Spring, 1838, Morbelli and Row-
ley, 1996, fig. 14; S. sulcata (Desvaux ex Poir.) Spring
ex Mart., 1837, Morbelli et al., 2001, fig. 36D) were
repeatedly observed in dispersed fossil megaspores:
e.g. Horstisporites harrisii (Murray) R. Potonié illus-
trates the former type (Bergad, 1978, pl. 3, fig. 6) and
Erlansonisporites sparassis (Taylor & Taylor, 1988, pl.
2, fig. 7), and Richinospora cryptoreticulata Bergad,
1978 (Bergad, 1978, pl. 5, figs. 1, 3) show the latter
structure.

However, other types are not as easy to differen-
tiate from the isoetalean ultrastructure, and this pro-
blem is still pending. Further ultrastructural studies
will contribute to differentiation between these two
groups or, alternatively, might show clearly overlap-
ping characteristics. The current rarity of TEM stu-
dies on in situ selaginellalean spores by comparison
to those accomplished on dispersed material should
be underlined (Table 2), as well as the greater im-
portance of the former for differentiation between
the Selaginellales and Isoetales on the basis of spo-
roderm ultrastructure.

Outlining non-selaginellalean Triassic lycophytes,
a greater number of in situ finds of megaspores can
be mentioned compared to microspores. These in situ
megaspores can be ascribed to Dijkstraisporites Poto-
nié, 1956, Minerisporites, and Tenellisporites Potonié,
1956, Horstisporites, and Maiturisporites Mahes-
hwari et Banerji, 1975. Megaspores of two species
of Banksisporites were extracted from Cylostrobus
strobili (one of them, B. pinguis, is the same species
as was extracted from Selaginellites hallei). Some of
the above-mentioned spore types are known in the
Selaginellaceae as well; some (e.g. Minerisporites
and Horstisporites) being found as sporae dispersae
although in younger deposits, were considered by
different authors as megaspores of selaginellalean
(Archangelsky & Villar de Seoane, 1989) or isoetalean
(Batten &t Collinson, 2001) affinity.

Although the ultrastructural characteristics ascri-
bed to the Selaginellales and Isoetales are often
merging and certain types of megaspores are known
from both groups, megaspores of the species under
study show an ultrastructure that is quite dissimi-
lar from typical isoetalean ultrastructure and corre-
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sponds quite well to one of the known types of sela-
ginellalean ultrastructure.

8. Conclusions

This study further elucidates the diversity in spo-
re morphology and ultrastructure in one of the most
long-living groups of higher plants and documents
for the first time the ultrastructure of its in situ spo-
res dated to the Middle Triassic. The microspores are
supposedly acavate and have a two-layered homo-
geneous sporoderm; similar sporoderms are rare but
not a unique case among selaginellalean microspores.
Further ultrastructural studies on the Triassic materi-
al seem very promising, in particular, to estimate how
typical selaginellalean the ultrastructure revealed in
the microspores of Selaginellites leonardii is. In situ
finds of Permian Uvaesporites might resolve the si-
gnificance of the ultrastructural differences revealed
between Permian Uvaesporites and in situ microspo-
res of S. leonardii. The sporoderm ultrastructure of
the megaspores is interpreted as belonging to the
irregular granular or laterally fused types, which are
common among megaspores of presumed selaginel-
lalean affinity, including Triassic megaspores.
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Abstract

The famous Lunz flora from Lower Austria is one of the richest and most diverse Late Triassic floras of the Northern He-
misphere. The historical outcrops (mainly coal mines) are no longer accessible, but showy fossils can still be collected
from natural exposures around the town of Lunz-am-See and from several of the old spoil tips. This paper presents
an annotated check list with characterisations of all currently recognised gymnosperm foliage taxa in the Lunz flora.
The descriptions are exemplified by illustrations of typical specimens and diagnostic features of the leaf morphology
and epidermal anatomy. Moreover, a simple identification key for the taxa based on macromorphological features is
provided that facilitates identification of newly collected specimens.

1. Introduction

The Carnian (Late Triassic) flora from Lunz in Lo-
wer Austria is one of only a few well-preserved flo-
ras from the Alpine Triassic (Cleal, 1993; Dobruskina,
1998). The flora includes sphenophytes, ferns, cyca-
daleans, bennettitaleans, conifers, and putative gink-
gophytes (Dobruskina, 1989, 1998), and is currently
comprised of more than 4,000 specimens (compres-
sions) kept in various museum, geological survey, and
university collections in Austria and beyond. The Lunz
flora represents one of the richest and most diverse
Late Triassic floras of the Northern Hemisphere. Alt-
hough the classic outcrops (mainly coal mines) are
long since closed, Lunz fossils can still be collected
from several natural exposures around the town of
Lunz-am-See (Figure 1), as well as from some of the
old spoil tips in the vicinity of the coal mines. Apart
from the unusually high proportion of fertile ele-

ments (i.e. reproductive structures) among the fossils
(see e.g., Krasser, 1917, 1919; Kriusel, 1948, 1949,
1953; Pott et al., 2010), the most striking feature of
the Lunz flora is the superabundance of exquisitely
preserved gymnosperm foliage.

It has been suggested that the Lunz flora repre-
sents a standard for Carnian floras that can be used
for the identification, correlation, and comparison of
coeval and slightly younger Mesozoic floras elsewhere
(Dobruskina, 1989, 1998). In order to fully serve this
purpose, however, a detailed documentation of the
composition of the Lunz flora, together with user-
friendly identification keys for, and descriptions of,
the individual taxa are instrumental. Such tools have
not been available to date since the various elements
of the Lunz flora have been (formally) described in
series of separate papers by different authors (e.g.,
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Figure 1

Map of the area of Lunz-am-See in Lower Austria showing the historical fossil localities. 1-Hollenstein/Ybbs, 2-Ahornberg, 3-Holz-
apfel, 4-Pramelreith, 5-Lunz am See, 6-Gaming, 7-Sankt Anton/JeBnitz, 8-Wienerbruck, 9-Loich, 10-Kirchberg/Pielach, 11-Tradigist,
12-Schrambach, 13-Lilienfeld, 14-Kleinzell, 15-Ramsau, 16-Kaltenleutgeben.

Stur, 1871, 1885, 1888; Krasser, 1909a-b; Kriusel,
1921, 1943, 1949; Kriusel & Schaarschmidt, 1966),
and subsequent synopses did not include detailed de-
scriptions of individual taxa (e.g., Dobruskina, 1998).
Moreover, some of the historical binominals that
were established based on Lunz fossils are invalid,
and only a few forms are sufficiently illustrated.

During the last six years, a research project focu-
sing on the entirety of gymnosperm foliage fossils
from Lunz has been conducted that resulted in a re-
vision and detailed photographic documentation of
most of the taxa based on both macromorphology
and epidermal anatomy (Pott et al., 2007a-e). Based
on the results from this project, we have compiled
an annotated check list with brief descriptions for
all currently recognised gymnosperm foliage taxa in
the Lunz flora that is presented in this paper. The de-
scriptions are accompanied by illustrations of typi-
cal specimens and of characteristic features of the
morphology and epidermal anatomy. Moreover, an
identification key for the taxa is given. A synopsis at
the end of the paper lists the various names histori-
cally assigned to the gymnosperm foliage fossils from
Lunz against the current binominals that are based
on our revision (Table 1).

20

Brief overview of the genera and species

Thirteen gymnosperm foliage taxa, in the rank of
species, are currently recognised in the Lunz flora,
including five bennettitalean and five cycadalean
foliage types, two putative ginkgophytes, and one
conifer. In the following sections, brief characterisa-
tions of the macromorphology of these foliage types
are given. Information on the epidermal anatomy is
provided for those taxa that have yielded cuticles
and where species definition and discrimination from
morphologically similar forms heavily rely on epider-
mal features such as the architecture of the stomatal
apparatus.

BENNETTITALES
Genus Pterophyllum Brongniart, 1825

Pterophyllum is a morphogenus used for bennet-
titalean foliage characterised by segmented leaves
with laterally or almost laterally inserted, almost
parallel-sided leaf segments or leaflets (Figure 2), a
striate rachis and cuticles displaying brachyparacy-
tic (syndetocheilic) stomata (Pott et al., 2007e; Pott
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Figure 2

Midrib portion of leaves of Pterophyllum (above) and Nilssonia
(below), illustrating the two different types of leaflet insertion
(above: lateral insertion; below: adaxial insertion).

& Mcloughlin, 2009; syndetocheilic in the sense
of Thomas, 1930; Florin, 1933; Harris, 1969a; Van
Konijnenburg-van Cittert, et al., 2001). Two species
assignable to Pterophyllum, P. filicoides and P. brevi-
penne, occur in the Lunz flora. They represent by far
the most common sterile gymnosperm foliage taxa,
and are present on nearly every slab.

Pterophyllum filicoides (Schlotheim, 1822)
Zeiller, 1906

Estimated total leaf size: up to 60 cm long (probably
more) and 20 cm wide

Characters: segmented, leaflets insert laterally to
rachis, terminal leaflet similar in shape and size to
lateral ones, leaflet length/width ratio always >7:1.
Figures: 3G, H; 4H, K, L

Pterophyllum filicoides leaves are petiolate impa-
ri-segmented and oblong to broadly oval. The largest
specimens (all incomplete) from Lunz are ~47 cm
long and 20 cm wide. The lamina is subdivided into
numerous long and narrow, parallel-sided to spate-
olate leaflets, which are oppositely arranged, >100

Geo.Alp, Vol. 7, 2010

mm long and 2-9 mm wide. Leaflets insert lateral-
ly to the prominent and longitudinally striate rachis
and are basally more or less constricted. Constric-
tion is usually prominent in leaflets positioned in the
proximal portion of the leaf, but rather indistinct or
absent in distally positioned leaflets. Leaflet apices
are obtuse to acutely rounded. The length/width-ra-
tio of the leaflets is always >7:1; in some specimens,
it reaches up to 22:1. The distal five leaf segments
form the apex. The terminal leaflet does not differ in
shape from the laterally positioned subterminal leaf-
lets. Numerous parallel veins enter each leaflet and
usually fork once near the base. Occasionally additi-
onal bifurcations occur in the proximal portions of
the leaflets.

Cuticles of Pterophyllum filicoides are well-
known. The leaves are amphistomatic but with only a
few stomata present on the adaxial side, and produce
robust cuticles; costal and intercostal fields are di-
stinguishable on both sides of the leaf. Occurrence of
stomata is limited to the intercostal fields. Epidermal
cells are narrow, rectangular, and elongate to isodi-
ametric (square) in outline. Anticlinal cell walls are
generally straight, but cells on the abaxial side may
occasionally display faint and irregular undulations.
Cells often bear a long and hollow papilla. The dia-
cytic stomatal complexes are brachyparacytic; sto-
matal pores are oriented perpendicularly to the veins,
stomata are slightly sunken (see Pott et al., 2007e).

Pterophyllum brevipenne Kurr ex Schenk, 1864
emend. Pott et al., 2007

Estimated total leaf size: up to 25 cm long (probably
not longer) and 6 cm wide

Characters: segmented, leaflets insert laterally to ra-
chis, terminal leaflet differs from lateral ones, leaflet
length/width ratio always <7:1.

Figures: 3J;4J, M

Pterophyllum brevipenne, leaves are petiolate and
impari-segmented. They differ from P. filicoides in
that they are oblong and more lanceolate or spatu-
late to inverted-conical in outline. The largest leaf
portions are up to 22.7 cm long and 6 cm wide. The
lamina is subdivided into numerous narrow and short,
spateolate leaflets, which are oppositely arranged
and closely spaced. Leaflets are up to 27 mm long
and 2.5-5 mm wide. Proximal leaflets are short, but
increase in length toward the distal third of the leaf.

21



Figure 3

Gymnosperm foliage fossils from Lunz. A-Arberophyllum florinii (NHMW 1889/VI/0008), B-Nilssoniopteris angustior (GBAW
1909/002/0187), C-Nilssoniopteris lunzensis (NHMW 1888/1/0018), D-Nilssoniopteris haidingeri (NHMW 2006B0008/0042), E-Sta-
chyotaxus (Elatocladus) lipoldii (NRM S148587), F-Pseudoctenis cornelii (NHMW 1887/1/0037), G, H-Pterophyllum filicoides (NRM
S148314, GBAW 1909/003/0403), J-Pterophyllum brevipenne (NHMW 1884/D/1209), K-Nilssonia neuberi (GBAW 2006/004/0014),
L-Nilssonia riegeri (GBAW 1909/003/0589), M-Nilssonia lunzensis (NRM S148602), N-Nilssonia sturii (GBAW 1909/003/0396). Scale
bars 2 cm.
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The proximal one or two leaflets often lack counter-
parts on the opposite side of the rachis. The leaflets
are usually broadly attached to the rachis, but may
occasionally display a distinct basal constriction. They
are bluntly rounded apically. The length/width-ratio
of the leaflets ranges from 4:1 to 6:1 but is always
<7:1. The segments insert laterally to the prominent
and longitudinally striate rachis. The apical portion
of the leaf usually consists of three, sometimes up
to five, leaflets; the terminal leaflet usually differs
in morphology from the laterally positioned ones in
that it is more rounded in outline and distinctly wi-
der distally. Numerous parallel veins enter each of
the leaflets. Veins usually fork once near the base.
Additional vein bifurcations may sporadically occur;
however, the occurrence of additional bifurcations is
not limited to the proximal portion of the leaflet as it
is in the very similar P, filicoides.

Leaves are amphistomatic but with only a few
stomata present on the adaxial surface, and produce
robust cuticles; costal and intercostal fields are di-
stinguishable on both sides of the leaf. Occurrence
of stomata is limited to the intercostal fields. Ada-
xial stomatal density in Pterophyllum brevipenne is
distinctly higher than that of P. filicoides. Epidermal
cells are rectangular, and elongate to isodiametric
(square) in outline. Anticlinal cell walls are straight.
In contrast to P. filicoides, anticlinal cell walls in P.
brevipenne are never sinuous or faintly undulating.
Cells often bear a long and hollow papilla. The dia-
cytic stomatal complexes are brachyparacytic; sto-
matal pores are oriented perpendicularly to the veins,
stomata are slightly sunken (see Pott et al., 2007e).

Genus Nilssoniopteris Nathorst, 1909 emend.
Pott et al., 2007

Nathorst (1909) introduced the genus Nilssonio-
pteris for entire-margined cycadophyte leaves from
the Jurassic of Europe. With regard to macromorpho-
logy, some Nilssoniopteris fossils may resemble Ano-
mozamites Schimper, 1870 emend. Harris, 1969a (see
Pott & McLoughlin, 2009). Typical representatives of
Nilssoniopteris are characterised by an entire-mar-
gined leaf lamina. However, some specimens from
Lunz show a lamina that is partially lobed or dis-
sected up to the rachis. Fully segmented leaves are
traditionally assigned to Anomozamites. However,
several authors, e.g., Harris (1969a) and Boyd (2000),
have illustrated intermediate types. Unfortunately,
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the information available on the epidermal anatomy
of Anomozamites is incomplete (Harris 1969a; Pott
& McLoughlin, 2009) and does not provide features
useful in the discrimination of Anomozamites from
Nilssoniopteris. Boyd (2000) emended the diagnosis
of Nilssoniopteris to include the lobed leaves that are
intermediate between Nilssoniopteris and Anomoza-
mites and display bennettitalean epidermal anatomy.
In order to include also leaves dissected down to the
rachis, Pott et al. (2007c) further expanded Boyd's
(2000) diagnosis of Nilssoniopteris.

Three morphospecies of Nilssoniopteris, i.e. N. hai-
dingeri, N. angustior and N. lunzensis, have recently
been described from Lunz (Pott et al., 2007¢c) based
on specimens that were originally interpreted as
marattialean ferns of the genus Macrotaeniopteris
Schimper, 1869 by Krasser (1909a). Epidermal ana-
tomy, especially stomatal morphology, demonstrates
that they in fact belong to the Bennettitales.

Nilssoniopteris haidingeri (Krasser, 1909)
Pott et al., 2007

Estimated total leaf size: up to 70 cm long and 15
cm wide

Characters: usually entire-margined, but may also be
partly segmented; lanceolate, lamina/leaflets insert
laterally to rachis

Figures: 3D; 4E, G

Nilssoniopteris haidingeri leaves are quite large,
(up to nearly 70 cm long and 15 cm), petiolate enti-
re-margined or partially segmented, almost regular,
broadly oval or oblong to lanceolate in outline, and
have an obtuse-rounded apex. The rachis is marked-
ly striate. The lamina is usually coarsely divided into
several squarish segments that are oppositely to sub-
oppositely arranged and insert laterally to the rachis.
Segmentation is typically more profound in the pro-
ximal portion of the lamina. Segments are 2-4 cm
long and 3-13 cm wide, and generally increase in
length toward the leaf apex; some may taper distal-
ly and become slightly wider proximally. The width
of the individual segments varies considerably; some
are more than twice as wide as others. Numerous
parallel veins enter each segment and run straight to
the margin. Veins usually fork twice in the basal part
of the segment.

The cuticles provide evidence that the leaves are
amphistomatic; stomatal density is considerably hig-

Geo.Alp, Vol. 7, 2010



her on the abaxial side of the leaf. The leaves have
robust cuticles. Costal and intercostal fields are di-
stinct on the abaxial, but indistinct on the adaxial
side of the leaf. The epidermal cells are rectangular
and elongate to isodiametric in outline. Anticlinal
walls are smooth. Epidermal cells on the abaxial side
often bear a small, solid papilla. Stomata are slight-
ly sunken and only occur close to the rachis on the
adaxial side of the leaf, while they are reqularly dis-
tributed within the intercostal fields on the abaxial
side. Stomata are brachyparacytic; stomatal pores
are orientated perpendicular to the veins. Subsidiary
cells are often slightly more heavily cutinised than
the normal epidermal cells. The arrangement of epi-
dermal cells in distinct rows gradually disappears
towards the rachis. Epidermal cells positioned close
to the lamina margin are much smaller than cells lo-
cated in the middle portion of the lamina (see Pott et
al., 2007¢).

Remark: The material was originally assigned
to Taeniopteris haidingeri Goeppert mnsc. nec Ett.
by Stur (1885), which is a nomen nudum and not
conspecific with T haidingeri Ettingshausen, 1851 (a
marattialean fern), as clearly stated by Stur (1885:
‘nec’). Krasser (1909a) transferred the material to a
different genus (i.e. Macrotaeniopteris) and M. hai-
dingeri is a valid name; it has a good diagnosis, il-
lustrations were not necessary before 1912. Pott et
al. (2007c¢) assigned all species of Macrotaeniopteris
from Lunz to Nilssoniopteris based on the bennetti-
talean nature of their cuticles but erroneously named
this species Nilssoniopteris haidingeri (Stur ex Kras-
ser); the correct indication of authorities is Nilssoni-
opteris haidingeri (Krasser) Pott et al., 2007.

Nilssoniopteris angustior (Stur ex Krasser, 1909)
Pott et al., 2007

Estimated total leaf size: up to 35 cm long and 6 cm
wide

Characters: segmented, leaflets insert laterally to rachis
Figures: 3B; 4C, D

Nilssoniopteris angustior leaves appear to have
been relatively large (the largest fragments are up
to 29 cm long and 5.2 cm wide). They are petiolate,
narrow, oblong to lanceolate in outline, and have an
acute apex. The lamina is not subdivided into seg-
ments, but occasionally growth aberrations of the
leaf margin occur that resemble faint lobations. The
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lamina is inserted laterally to the striate rachis. It
is very narrow close to the petiole, but then rapid-
ly increases in width. Numerous parallel veins enter
perpendicular to the lamina and run straight to the
margin. Veins usually fork twice close to the rachis.

Cuticles reveal that the leaves are amphistomatic,
and stomatal density is considerably higher on the
abaxial side of the leaf. The leaves have relatively thin
cuticles. Costal and intercostal fields are not clearly
differentiated. Epidermal cells are isodiametric, usu-
ally rectangular. Virtually every epidermal cell pos-
sesses a distinct central cuticular thickening on the
outer periclinal wall. This feature becomes more di-
stinct towards the margin of the lamina. Anticlinal
cell walls are smooth and well cutinised, partly with
triangular cuticular thickenings in the cell corners.
Stomata are brachyparacytic, slightly sunken, and
occur sporadically in areas close to the rachis on the
adaxial side, while stomata and subsidiary cells on the
abaxial side are arranged in long rows that are ori-
entated perpendicularly to the rachis; stomatiferous
rows alternate with non-stomatiferous bands of cells
(see Pott et al., 2007c).

Nilssoniopteris lunzensis (Stur ex Krasser, 1909)
Pott et al., 2007

Estimated total leaf size: up to 25 cm long and 7 cm
wide

Characters: segmented, leaflets insert laterally to ra-
chis, terminal leaflet differ from lateral ones
Figures: 3C; 4F

Nilssoniopteris lunzensis is characterised by rela-
tively small petiolate leaves (up to 17.2 cm long and
6.2 cm wide). They are imparipinnate, lanceolate to
oval in overall outline and possess a longitudinally
striate rachis. The lamina is subdivided into individual
segments, which insert laterally to the rachis. Leaf
segments are broadly attached, slightly decurrent,
irreqularly to regularly opposite in position and up
to 32.0 mm long and between 4.4 mm and 17.5 mm
wide. The apex is formed by the uppermost three leaf
segments. Individual leaf segments are more or less
rectangular in outline and obtusely rounded apically.
The apical leaf segment differs from the lateral seg-
ments in being much narrower; however, it is rarely
preserved. Numerous parallel veins enter each leaf
segment. Veins usually fork once or twice immedi-
ately after entering the segment. This species may
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Figure 4

Gymnosperm foliage cuticles (ginkgophytes and bennettitaleans). A, B-Arberophyllum florinii (abaxial cuticle and stoma, NHMW
1886/1/0022/0001), C, D-Nilssoniopteris angustior (stoma, NHMW 1884/0015/0012; and abaxial cuticle, NHMW 1884/0015/0010), E-
Nilssoniopteris haidingeri (stoma, NHMW 1885/D/3983/0003), F-Nilssoniopteris lunzensis (abaxial cuticle, NHMW 1885/D/4021/0001),
G-Nilssoniopteris haidingeri (abaxial cuticle, GBAW 1909/002/0247/0008), H-Pterophyllum filicoides (abaxial cuticle, NHMW
1884/0021/0007), J-Pterophyllum brevipenne (abaxial cuticle, GBAW 2006/004/0003/0001), K, L-Pterophyllum filicoides (sinuous cell
walls, GBAW 1909/003/0518/0005; and papillae, GBAW 1909/003/0518/0005), M-Pterophyllum brevipenne (adaxial cuticle, NHMW
1885/D/4087/0003). Scale bars 100 um (A, D, F, G, J, M), 10 um (B, C, E, H, K, L).
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be confused with Pterophyllum; however, leaflets are
much wider in N. lunzensis than in both Pterophyllum
species known from Lunz (see above).

Cuticles are well-known. The leaves are amphi-
stomatic; however, stomatal density is considerably
higher on the abaxial side of the leaf. Cuticles are ro-
bust; costal and intercostal fields are not clearly dif-
ferentiated. Epidermal cells are isodiametric, typically
rectangular or squarish, not or only slightly elonga-
ted. Anticlinal cell walls are smooth and sometimes
have triangular cuticular thickenings in the corners.
A central idiocuticular thickening may occur on the
outer periclinal cell wall. Stomata sporadically occur
on the adaxial side, while they are arranged in long
rows orientated perpendicular to the rachis on the
abaxial side. The stomatiferous rows alternate with
non-stomatiferous bands of cells. Stomata are bra-
chyparacytic, sunken, and the pores are orientated
perpendicular to the cell rows. Long and hollow pa-
pillae may occur on the epidermal cells of both leaf
sides (see Pott et al., 2007¢).

CYCADALES
Genus Nilssonia Brongniart, 1825

Brongniart (1825) introduced the genus Nilsonia
for once-pinnate leaves from the Lower Jurassic of
Scania (Sweden) that are characterised by a promi-
nent venation. The spelling Nilsonia, which is some-
times seen in the older literature, is a typographi-
cal error, and the spelling Nilssonia is today widely
accepted in literature. The most important character
used to distinguish Nilssonia leaves from Pterophyl-
lum is the insertion of the leaf segments to the ra-
chis. Segments are inserted to the upper side of the
rachis in Nilssonia, while they are laterally inserted
in Pterophyllum (Figure 2). Additional characters of
Nilssonia leaves include conical to tongue-shaped
leaf segments and veins that do not fork. Cuticles
show in most cases actinocytic (or more rarely cy-
clocytic) stomata (haplocheilic in the sense of Florin,
1933) and often papillate surfaces.

Four species are currently recognised in the Lunz
flora, including Nilssonia sturii, N. riegeri, N. lunzen-
sisand N. neuberi. Nilssonia sturii is the most com-
mon representative of the genus in the Lunz flora.
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Nilssonia sturii Krasser, 1909 emend.
Pott et al., 2007

Estimated total leaf size: up to 80 c¢cm long and 26
cm wide

Characters: segmented, leaflets inserted to the upper
side of rachis, terminal leaflet unknown, veins un-
forked

Figures: 3N; 5B, E, F

Nilssonia sturii leaves are petiolate, pinnate (seg-
mented), of almost regular, oblong, more or less
lanceolate shape; the apex remains unknown. The
lamina is subdivided into numerous, irreqularly op-
positely positioned segments whose length continu-
ously decreases towards the leaf tip. Segments are
crescent- to sword-shaped, all of the same general
shape, distally tapering and slightly widened at the
base. The width of the individual segments may vary
considerably, some segments being twice as wide as
others. Segments are attached to the upper side of
the rachis. Numerous parallel, unforked veins enter
each segment and run straight to the segment tip. In
adaxial surface view, the prominent rachis is nearly
completely covered by the bases of the leaf segments.
The largest incomplete leaf portions from Lunz are up
to 54.5 cm long and 26.2 cm wide. Leaf segments are
up to 13.2 cm long and ranging from 6.7 mm up to
18.8 mm in width at their base.

Cuticles are delicate, but well-known for this spe-
cies. Leaves are hypostomatic. Costal and intercostals
fields are distinguishable on the abaxial but not on
the adaxial side. Epidermal cells are polygonal or rec-
tangular in outline, elongate with acute or pointed
ends. Anticlinal cell walls are smooth. Stomata are
absent from the adaxial side, which does not show
any other special features. The epidermis of the aba-
xial side shows a clear differentiation into costal and
intercostal fields. Every second or third cell bears
a short, thick-walled, hollow papilla positioned at
one end of the cell. Stomata are irreqularly orien-
ted within the intercostal fields. Actinocytic stomatal
apparati are mono- to diacyclic, with 6-8 trapezoid
to rectangular subsidiary cells (see Pott et al., 2007a).
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Figure 5
Gymnosperm foliage cuticles (cycadaleans). A-Pseudoctenis cornelii (abaxial cuticle, NHMW 2007B0002/0005), B-Nilssonia sturii (aba-
xial cuticle, GBAW 1909/002/0518/0007), C, D-Pseudoctenis cornelii (stomata, NHMW 2007B0002/0005), E, F, Nilssonia sturii (stoma
and papilla, GBAW 1909/002/0518/0006). Scale bars 100 pm (A), 10 um (B-F).

Nilssonia riegeri (Stur ex Krasser, 1909)
Pott et al., 2007

Estimated total leaf size: up to 35 cm long and 9 cm
wide

Characters: segmented, leaflets inserted to the upper
side of rachis, terminal leaflet unknown, veins un-
forked

Figure: 3L

Nilssonia riegeri leaves are oblong to lanceolate
in outline, pinnate, and the narrow leaf segments
are densely spaced. The lamina is subdivided into
numerous, irreqularly faced, narrow and lanceolate
segments. Segments are attached to the upper side
of the rachis in a way that they cover most of the ra-
chis. Individual segments taper towards the tip, which
results in an irreqular outline of the leaf. Leaf seg-
ments are narrow, basally slightly expanded, the tip
is rounded. All segments are almost equal in width,
bent slightly towards the leaf apex, more than five
times as long as wide. Five to eight parallel, unforked
veins enter the segments. Incomplete leaves are up to
16.0 cm long and 8.9 cm wide. Leaf segments are up
to 5.2 cm long; their width ranges between 1.7 mm
and 3.3 mm.
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Leaves are amphistomatic and possess delicate
cuticles. Costal and intercostals fields are distingu-
ishable on the abaxial, but not on the adaxial side.
Epidermal cells are polygonal or rectangular, elongate
with acute or pointed ends. The adaxial and abaxial
cuticles of Nilssonia riegeri are quite similar to those
of N. sturii, morphologically as well as with regard to
cell sizes, but N. riegeri differs from N. sturii in having
stomata on the adaxial side. The monocyclic stomata
of N. riegeri are oriented irregularly. Stomata are sur-
rounded by an actinocytic ring of 6-8 trapezoid to
rectangular subsidiary cells (see Pott et al., 2007a).

Nilssonia lunzensis Stur ex Pott et al., 2007

Estimated total leaf size: up to 50 cm long and 15
cm wide

Characters: segmented, leaflets inserted to the upper
side of rachis, terminal leaflet rhomboidal

Figure: 3M

Nilssonia lunzensis leaves are characterised by
impari-pinnate, individual segments, which are atta-
ched to the upper side of the rachis, strongly decur-
rent basiscopically and tapering towards their tips,
resulting in a rather open appearance of the leaf.
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Figure 6
Ginkgoites lunzensis (GBAW 1942/001/0002). Scale bar 1 cm.

The differences in width of the individual segments,
some being twice as wide as the adjacent, create an
irreqular appearance. The overall outline of the leaf
is oblong to pointed-oval. Segment length gradually
decreases towards the leaf apex. The apex consists of
a large terminal segment that is rhomboidal in out-
line. Leaf segments are bent towards the leaf apex.
Numerous parallel veins enter each segment at an-
gles of c. 80°, and run straight towards the segment
tip without forking; each vein consists of two narrow
vascular strands. Incomplete leaves from Lunz are up
to 24.6 cm long and 13.9 cm wide. Individual leaf
segments are up to 85.0 mm long and 16.8 to 42.1
mm wide.

Studying the cuticles of this form is difficult sin-
ce they are very delicate. Leaves are amphistomatic.
A differentiation into costal and intercostal fields is
recognisable on both the adaxial and abaxial epider-
mis. Cells are elongate, rectangular to polygonal or
isodiametric in outline, occasionally ending acutely.
Anticlinal cell walls are smooth and heavily cutini-
sed. Stomata are confined to the intercostal fields,
irreqularly oriented and slightly sunken; they are mo-
nocyclic with a ring of 6-7 polygonal subsidiary cells
(see Pott et al., 2007a).
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Nilssonia neuberi Stur ex Pott et al., 2007

Estimated total leaf size: up to 150 cm long and 40
cm wide

Characters: segmented, leaflets inserted to the upper
side of rachis, terminal leaflet unknown, veins un-
forked

Figure: 3K

Nilssonia neuberi leaves clearly differ from all
other Nilssonia species in the Lunz flora by their lar-
ge size. Leaves are robust, reqgularly pinnate with leaf
segments widely spaced. Individual leaf segments are
slightly decurrent, attached to the upper side of the
rachis, long and narrow in outline, and hardly tape-
ring towards their tips. The striate rachis is remarkab-
ly thin. Leaf petiole and apex remain unknown. Vena-
tion is dense, and consisting of a large number of
parallel, unforked veins that enter the leaf segments
at 90° angles. The largest incomplete leaf portions
are 52.5 cm long and 39.3 cm wide, with segments
of each up to 23.3 cm long and 12.3-26.4 mm wide.

Cuticles are delicate and rather poorly preserved.
Leaves are hypostomatic; costal and intercostals
fields are distinguishable only on the abaxial side.
Epidermal cells are rectangular, elongate, and nar-
row to isodiametric in outline. Anticlinal cell walls
are straight, periclinal walls smooth, some bearing a
thick-walled hollow papilla. Haplocheilic stomata are
randomly oriented, monocyclic, and sunken (see Pott
et al., 2007a).

Genus Pseudoctenis Seward, 1911

The genus Pseudoctenis was introduced by Seward
(1911) for Zamites-type leaves from the Jurassic of
Sutherland, Great Britain. However, Seward did not
provide a generic diagnosis, but only a comparison
to Ctenis Lindley et Hutton, 1834 (cycadalean foli-
age). Although Ctenis and Pseudoctenis are similar
in macromorphology, Seward (1911) noted that they
are easily distinguishable based on the occurrence of
anastomoses in the venation of Ctenis. Harris (1950)
concurs with Seward (1911) in that the Ctenis/Pseu-
doctenis series consists of two distinct groups.

The epidermal anatomy of the type species Pseu-
doctenis eathiensis Seward, 1911, and of two addi-
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Identification key

1 Lamina entire-margined 2

Lamina partially or completely segmented ................. 3

2 Leaves lack petioles and rachis, tongue-shaped,

narrow, up to 1.5 cm wide and 20 cm long .....eeeeeee. Arberophyllum florinii (A)

Leaves with distinct robust rachis,

up to 6 cm wide Nilssoniopteris angustior (B)
3 Segments inserted laterally to rachis .......ceeeen. 4

Segments inserted to upper side of rachis ................ 9 (Nilssonia)

4 Segments broad, laminar,
less than 3 times longer than wide .......ceeerenn. 5

Segments narrow, more than 3 times longer
than wide 6

5 Leaves completely segmented, segments narrow,
leaf length <20 cm Nilssoniopteris lunzensis (C)

Leaves only partially segmented, entire-margined
at base and/or tip, large segments, leaves large,
up to 60 cm long Nilssoniopteris haidingeri (D)

6  Segments actually represent individual leaves,
each with a single central vascular strand (vein);
leaves densely arranged, arcuated towards tip,
leafy twigs small Elatocladus (Stachyotaxus) lipoldii (E)

Segments with more than 5 parallel veins ... 7

7 Segments long, conical towards tip, segment
base decurrent, typically loosely spaced,
venation robust Pseudoctenis cornelii (F)

Segments parallel-sided or conical towards base,
segment bases not decurrent, consistently
densely spaced, venation dense, veins delicate ........ 8 (Pterophyllum)

8 Segments parallel-sided, long, always >7 times
longer than wide, apical segment identical to
lateral ones, leaves parallel-sided, >50 cm long ...... Pterophyllum filicoides (G)
Segments parallel-sided or conical at base,
consistently appearing rounded, always <7 times
longer than wide, apical segment distinctly different,
leaf conical in shape, up to 25 ¢m 10NQ .ccooeeerereeeunennns Pterophyllum brevipenne (H)

9 Leaves very large and robust, segments up to

25 cm long, parallel-sided Nilssonia neuberi (J)
Segments distinctly shorter, conical ......ccoeerreecerrnees 10
10 Segments acute, pointed, leaves delicate .........cc..... Nilssonia riegeri

Segments wide, conical, apically
obtuse-rounded n

11 Segment bases distinctly decurrent, segment
spacing typically wide Nilssonia lunzensis (K)

Segments not decurrent, segment spacing
typically rather dense Nilssonia sturii (L)
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tional species, i.e. P. spectabilis Harris, 1932 and P.
depressa Harris, 1932 establishes the cycadalean
affinities of Pseudoctenis based on the presence of
haplocheilic stomata (Harris, 1932; Van Konijnen-
burg-van Cittert & Van der Burgh, 1989), which are
especially valuable in distinguishing Pseudoctenis
leaves from those bennettitalean foliage types that
are similar in macromorphology, e.g., certain types of
Pterophyllum and Zamites Brongniart, 1828. One leaf
type assignable to the genus Pseudoctenis has been
described from Lunz (Pott et al. 2007b) that repre-
sents one of the earliest occurrences for the genus.

Pseudoctenis cornelii Pott et al., 2007

Estimated total leaf size: up to 70 cm long and 15
cm wide

Characters: loosely segmented, leaflets insert lateral-
ly to rachis, terminal leaflet unknown, venation pro-
minent

Figures: 3F; 5A, C, D

Pseudoctenis cornelii leaf fragments are up to 14.5
cm long; based on the material at hand adult leaves
of P.cornelii are estimated to have grown up to 70 cm
long. The blade has a somewhat lax appearance be-
cause the leaf segments are relatively loosely spaced.
Tongue-shaped leaf segments extend from the rachis
at angles between 80° and 90°. They are oppositely
to sub-oppositely positioned, polymorphous (size and
shape strongly depend on the position in the leaf),
generally oblong in outline, tapering, and with roun-
ded tips. The largest leaf segments may be >70 mm
long and up to 6.5 mm wide. The segments are wholly
adherent to the rachis and basiscopically decurrent.
The venation is conspicuous. Seven to twelve parallel
veins, forking once shortly after entering, enter each
leaf segment from the rachis

Cuticles are well-preserved. The leaves are hy-
postomatic. Both the adaxial and abaxial epidermis
are differentiated into costal and intercostals fields.
Epidermal cells are rectangular or elongate to isodi-
ametric in outline; anticlinal walls are slightly undu-
lated to sinuous. The intercostal fields of the abaxial
cuticle are broad, between 350 and 450 um wide,
and com-posed of polygonal to broadly rectangular,
isodiametric cells. Stomata are confined to the inter-
costal fields, haplocheilic, reqularly scattered across
the intercostal fields, randomly oriented, and sur-
rounded by 4-6 subsidiary cells. Each subsidiary cell
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bears a small hollow papilla that overarches the pit
mouth and covers the sunken guard cells (see Pott et
al., 20070).

GINKGOALES
Genus Arberophyllum Doweld, 2000

Arberophyllum forms an isolated taxon that differs
in various morphological traits from other members
of the Mesozoic ginkgophytes (Tralau, 1968; Dobrus-
kina, 1998). The most characteristic features of Arbe-
rophyllum are strap-shaped leaves that lack petioles.
The genus name Arberophyllum is a substitute for the
original genus name Glossophyllum Krausel, 1943,
used i.a. by Krdusel (1943), since Glossophyllum
(Mdller Hal., 1851) Hampe, 1879 is preoccupied by
a genus of mosses and the name of the fossil genus
thus is a younger synonym and had to be replaced
(for details, see Doweld 2000).

Arberophyllum florinii (Krdusel, 1943)
Doweld, 2000

Estimated total leaf size: up to 20 cm long and 2 cm
wide

Characters: tongue-shaped leaves without petioles,
lamina entire-margined

Figures: 3A; 4A, B

Arberophyllum florinii leaves are common in the
Lunz flora and usually yield excellently preserved
cuticles. Kriusel (1943) assigned the species to the
gymnosperm order Ginkgoales based on epidermal
anatomy. The most characteristic features of A. flo-
rinii are tongue-shaped leaves, up to 20 cm long and
1.5 cm wide, that lack petioles and a central rachis.
Leaves of A. florinii in the Lunz flora are very distinc-
tive, also due to their thick, leathery cuticles that ea-
sily chip off from the rock.

Cuticles reveal that the leaves are amphistoma-
tic. Stomatiferous costal and non-stomatiferous in-
tercostal fields are well-defined. Epidermal cells are
polygonal to rectangular elongate or isodiametric.
The anticlinal cell walls are straight and the outer
periclinal walls smooth, producing only faint idiocu-
ticular striae. Stomata are reqularly distributed in the
costal fields; stomatal pores are randomly oriented.
The adaxial cuticle is thicker than the lower cuticle.
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Comparison of the historical and modern taxa names (green) of gymnosperm foliage from Lunz.

Geo.Alp,Vol. 7, 2010 33



Stomata are separated from one another by one to
several ordinary epidermal cells. However, they are
usually interconnected by idiocuticular striae. Guard
cells are sunken and possess prominent circum-poral
thickenings. The guard cells are surrounded by 5-7
subsidiary cells, which are more heavily cutinised
than the normal epidermal cell. A distinct and solid
papilla extends from each subsidiary cell and ove-
rarches the pit mouth (see Pott et al., 2007d).

Genus Ginkgoites Seward, 1919

Based on works by himself, Seward (1919) intro-
duced the genus Ginkgoites to accommodate fossil
leaves that are similar in morphology to leaves of the
extant Ginkgo biloba Linnaeus, 1771, but that cannot
be positively assigned to the extant genus Ginkgo
Linneeus, 1771 with certainty.

Ginkgoites lunzensis (Stur, 1885) Florin, 1936

Estimated total size: up to 15 cm long and 10 cm
wide

Characters: fan-shaped, dissected, leaflets band-like
Figure: 6

Krausel (1943) described several specimens from
Lunz under the name Ginkgoites lunzensis and provi-
ded illustrations of well preserved cuticles. Although
the specimens based on morphology alone could also
be interpreted as fern aphlebiae, the cuticles provide
evidence for seed plant affinities. Krdusel (1921) first
assigned the leaves to the genus Baiera Braun, 1843
but later changed his opinion and reassigned them to
Ginkgoites based on earlier studies by Florin (1936).
Leaves of G. lunzensis resemble very large leaves of
the extant Ginkgo biloba. They are fan-shaped with
an actinomorphically dissected lamina. The dissection
may reach down to the leaf base. Leaf segments are
band-like with almost parallel margins and several
delicate parallel veins producing a palmate venation
due to regular bifurcation. Preserved leaf fragments
are up to 10 cm long; Kréusel (1921) suggested a to-
tal leaf length of up to 15 cm. Due to the fragmenta-
ry preservation of the less-than-ten specimens that
have been discovered from Lunz to date, this species
was not included in the identification key included in
this paper (see below). Details of the epidermal ana-
tomy of the leaves are given in Krausel (1943).
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Genus Elatocladus Halle, 1913 emend. Harris, 1979

The systematic position of this Mesozoic conifer-
like leaf type remains uncertain. Although affiliation
with the Coniferales has been invoked, this issue is by
no means settled (Florin, 1958; Harris, 1969b, 1979;
Arndt, 2002). The general difficulties in assigning
sterile leafy conifer or conifer-like twigs to clearly
demarcated morphogenera were discussed in detail
by Harris (1979). This author used criteria such as
leaf proportions, leaf base and tip shapes, leaf diver-
gence and manner of leaf insertion as discriminative
features of genera. He favoured the assignment of
sterile conifer shoots bearing divergent, elongate,
dorsiventrally flattened, univeined leaves to Elato-
cladus in agreement with an earlier proposal by Ber-
ry (1924). Rees and Cleal (2004) adopted a similar
strategy and, in accordance with their study, we here
follow Harris' (1979) diagnosis of Elatocladus. Ho-
wever, we note that very similar or conspecific leafy
axes have been inferentially linked, although never
convincingly found attached, to Palissya Endlicher,
1847 cones by several workers (Nathorst, 1908; Flo-
rin, 1958; Parris et al., 1995; Schweitzer & Kirchner,
1996). Although Elatocladus has generally been used
for younger (Jurassic-Cretaceous) shoots and leaves
than those described below (Late Triassic), temporal
separation is not a strong basis for differentiation
of morphotaxa, and we note that Harris (1935) also
recognised several species of this genus from Rhae-
tian deposits of Greenland. Stachyotaxus Nathorst,
1886 in contrast includes both cones and shoots
and is known only from Rhaetian strata. Shoots are
dimorphic with a proximal part covered with small
scale-like leaves and a distal part bearing longer en-
siform leaves that are confined (distichously) in one
level (Nathorst 1886, 1908; Harris, 1935). The cones
consist of loose, spirally arranged bract-scale com-
plexes each bearing a single seed inserted within a
cup-like structure on the adaxial surface (cf. Pott &
McLoughlin, in press).

Elatocladus (Stachyotaxus) lipoldii Krausel, 1949
Estimated total size: up to 20 cm long and 4 cm wide
Characters: leafy twigs, leaves with prominent

mid-vein
Figure: 3E
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The leafy coniferalean twigs from Lunz were assi-
gned to Stachyotaxus lipoldii by Kriusel (1949), who
also studied cuticles of the leaves. Originally, they
were erroneously included in Pterophyllum by Stur
(1885), but the leaves show only a single prominent
midvein, which separates it from Pterophyllum that
possesses several parallel veins per leaflet. Following
the definitions and studies by Harris (1979), as well as
those by several other workers, we feel that it would
be more reasonable to transfer the leafy twigs from
Lunz to Elatocladus. The twigs are stalked, up to 20
cm long, and bear several acute leaves (not leaflets
in the sense of Kriusel, 1949), which are bent slightly
forward towards the apex of the twigs. Leaf apices
are somewhat acute, but mainly bluntly rounded.
Leaves are up to 20 mm long and 3 mm wide. Krausel
(1949) described cuticles with haplocheilic stomata.
Elatocladus lipoldii is the only conifer species known
from the Lunz flora to date; it is a less common ele-
ment than, e.qg., Pterophyllum and Nilssonia leaves,
but adds another typically Rhaetian genus to the in-
ventory of the Lunz flora (cf. Pott et al., 2007e, 2008;
Pott & McLoughlin, in press).

Comments on the key:

Drawings included in the key are simplified or ge-
neralised, and slightly oversubscribed to underline the
main characteristics of the species. A typical speci-
men of each species, along with typical features of
the cuticles, is illustrated in Figures 3-6.

The identification key largely relies on macro-
morphological features because it was our intention
to keep it as simple as possible and make it usable
for a broad audience. Characteristics of the epider-
mal anatomy are not included since cuticular analy-
sis requires some effort and may not be available to
everyone interested in the fossils from Lunz. The key
was tested and works well for most hand specimens.
It has to be taken into account, however, that some
small and/or ill-preserved specimens may not be sa-
fely identified down to species level based exclusively
on macromorphology. The macromorphological diffe-
rences between the species are sufficiently well re-
cognisable in fossils that show a larger portion of the
leaf. Fossils of entire but particularly small leaves pose
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another problem with regard to identification since
they may represent immature foliage or mature folia-
ge of juvenile plants or seedlings that does not display
all the features characteristic of mature leaves from
full-grown individuals of the same taxon (cf. Pott et
al., 2007e; Pott & McLoughlin, 2009). In all of these
instances, only the preparation of cuticles provides a
data set of sufficient clarity for species identifica-tion.
For detailed information on the epidermal anatomy of
the species, the reader is referred to the publications
that are indicated along with the species descriptions.
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Zusammenfassung

Das Kartierungsgebiet befindet sich bei Gufidaun/Gudon (Stdtirol, Italien), nordstlich von Klausen (BZ, ). Geologisch
gesehen liegt das Arbeitsgebiet im nordlichsten Siidalpin und umfasst den Amphibolit/Metagabbro Komplex sowie
Quarzphyllit, Klausenit (Diorit), Hornfels, Orthogneis und Griinschiefer. Das Ziel der Arbeit war einerseits die petrolo-
gische Untersuchung der Metamorphoseentwicklung des Amphibolit/Metagabbro Komplexes von Gufidaun mittels
thermobarometrischer Auswertung sowie eine geologische Kartierung im MaBstab 1:5000. Mineralchemisch wurden
in beiden Gesteinsarten dhnliche Beobachtungen gemacht. Die Metagabbros enthalten folgende Mineralparagenese:
Amphibol + Plagioklas + Klinozoisit + Chlorit + Titanit + limenit + Quarz + Kalzit. Die Amphibole der Metagabbros
und Amphibolite zeigen teilweise starke chemische Zonierungen. In den Amphiboliten konnten texturell zwei Am-
phibolgenerationen (Amp I, Amp II) unterschieden werden. Chemisch sind sie aber sehr dhnlich in ihrer Zusammen-
setzung. Amp | kénnte mdglicherweise einen reliktischen, spatmagmatischen Amphibol darstellen. Amp Il weist eine
prograde, metamorphe Zonierung, wie in den Metagabbros, auf. Die Amphibole der Metagabbros weisen eine prograde
Zonierung mit einem variszisch metamorphen, aktinolithischen Kern, und Mg-Hornblende und Pargasit bzw. Edenit
in den Randern, auf. Bei den nicht zonierten Amphibolen handelt es sich um Mg-Hornblenden. Es kann daher ein
Temperaturanstieg wahrend des Amphibolwachstums (vom Kern zum Rand hin) angenommen werden. Gegen Ende
oder moglicherweise auch nach der Abkiihlung der Intrusion setzte eine Dekompression ein. Die Granate der Hornfelse
(kontaktmetamorpher Quarzphyllit) besitzen einen variszischen Kern und einen jiingeren Anwachssaum, wobei dieser
z.B. die Folge der Permischen Kontaktmetamorphose darstellt. Thermobarometrische Berechnungen mit den Program-
men THERMOCALC v.3.21 und PET 5.01 sowie semiquantitative Methoden ergaben fiir die Metagabbros und Amphi-
bolite variszische Metamorphosebedingungen von 488-588°C und 3-5 kbar. Die Ergebnisse aus den untersuchten
Metagabbros und Amphiboliten stimmen mit den P-T Daten von ca. 450-550°C und 5-6.5 GPa von Ring &t Richter
(1994) gut tiberein. Die P-T Bedingungen von 520-550°C und 5.3 GPa aus den Quarzphylliten bei Brixen (Wyhlidal,
2008), stimmen ebenfalls mit den errechneten Daten des Amphibolit/Metagabbro Komplexes tiberein. Auffallig ist das
primdre, magmatische Gefiige der Metagabbros, die mit den randlichen Amphiboliten zusammen einen alkalischen
Intrusivkdrper bilden. Fraglich ist allerdings, wann die Platznahme des Komplexes erfolgt ist. Anhand der mineralche-
mischen Untersuchungen und der thermobarometrischen Ergebnissen ldsst sich schlieBen, dass dieser Komplex bereits
vor der variszischen Orogenese in das kristalline Basement des Siidalpins intrudierte.
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Abstract

This study area is located in the northernmost
Southalpine basement. Geographically it is located
in the Eisack Valley near Klausen (BZ, I). The area
around the village Gufidaun was the focus of the
mapping project in the course of this study. The aim
of this study was the investigation of the petrology of
the metagabbros and amphibolites and mapping on
a scale of 1:5000. Within this rather uniform quartz-
phyllite basement a large metagabbro/amphibolite
complex occurs near the village Gufidaun. Since this
basement has only been overprinted by the Variscan
amphibolite-facies metamorphic event, it was the
aim of this study to obtain Variscan P-T conditions
from these metabasic rocks. The amphibolites and
metagabbros contain the mineral assemblage amphi-
bole + plagioclase + clinozoisite + chlorite + titanite
+ ilmenite + quartz + calcite. Chemical zoning in idi-
omorphic amphiboles shows evidence for a prograde
growth history. The cores of the chemical zoned am-
phiboles show actinolite composition and the rims
can be chemically classified as Mg-hornblende,
edenite, Mg-hastingsite and pargasite. The chemical
zoning shows increasing edenite- and tschermakite
substitutions towards the rims which indicates incre-
asing T conditions during amphibole growth. On the
other hand, matrix plagioclase is almost pure albite
(Ab95AN5). Garnet in the hornfelses shows Variscan
cores and Permian rims. Application of multi-equi-
librium thermobarometry (THERMOCALC v.3.21, PET)
to the matrix assemblages of the metagabbros and
amphibolites yielded P-T conditions of 488-588°C
and 3-5 kbar. These P-T data agree with the P-T data
of ca. 450-550°C and 5-6.5 kbar by Ring & Richter
(1994) and the P-T data of 520-550°C and 5.3 kbar of
quartzphyllites from Brixen by Wyhlidal (2008). The
metagabbros show clear magmatic textures and form
together with the amphibolites the intrusive complex
of Gufidaun, which represents an alkaline magmatic
complex, which intruded into the Southalpine Vari-
scan basement prior to the Variscan metamorphic
event.

1. Einleitung
Das Ziel dieser Arbeit war einerseits die petrolo-
gische Untersuchung der Metamorphoseentwicklung

des Amphibolit/Metagabbro Komplexes von Gufidaun
mittels thermobarometrischer Methoden sowie eine
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geologische Kartierung im MaBstab 1:5000. Die Be-
arbeitung des Amphibolit/Metagabbro Komplexes
bei Gufidaun stellt eine interessante Aufgabenstel-
lung dar, da bislang keine bekannten thermobarome-
trischen Daten dieser Gesteine existieren. Die vorhan-
dene geologische Karte von HeiBel & Ladurner (1936)
stellt die dort anzutreffende komplexe Tektonik dar,
jedoch ist eine moderne Kenntnis des Gesteinsbe-
standes unbedingt notwendig geworden. Obwohl der
angrenzende Teil der Westlichen Dolomiten vermehrt
Ziel geologischer und petrographischer Untersu-
chungen war (Brandner et al., 2007), fand das Gebiet
um Gufidaun bisher nur in wenigen Arbeiten Erwéh-
nung (Gisser, 1926; HeiBel & Ladurner, 1936; Staindl,
1971). Unvollstidndig geklart war bisher die Frage
nach der genetischen Beziehung zwischen Amphi-
bolit und Metagabbro, der Altersstellung der beiden
Gesteine sowie ihre Metamorphoseentwicklung. Im
Zuge der Gelandearbeit wurden bereits bekannte und
neue Lithologien festgestellt. Metagabbros wurden
in fein- und grobkdrnige Metagabbros unterschieden
sowie das verschiedene Auftreten des Brixner Quarz-
phyllites dokumentiert. Die Gesteinseinheiten wurden
anschlieBend mit Hilfe verschiedener Arbeitsmetho-
den petrographisch, petrologisch, mineralchemisch
und thermobarometrisch untersucht.

2. Geographischer Uberblick

Das Arbeitsgebiet befindet sich bei Gufidaun/Gu-
don in Stdtirol (Italien) und umfasst eine Flache von
etwa 12 km2. Die Ortschaft Gufidaun liegt norddst-
lich von Klausen auf der dstlichen Seite des Eisackt-
ales am Eingang des Villndsser Tales auf einer Hohe
von 730 m. Das in etwa 12 km lange Villndsser Tal
zweigt nach Osten vom Eisacktal ab, und an dessen
Ende ragen die Aferer und Villnosser Geisler auf.

Die Abgrenzung des Gebietes erstreckt sich im Nor-
den oberhalb der Villngsser Haltestelle, vom Kropf-
steiner Hof (unterhalb Feldthurns), bis nach Hauben
oberhalb der Ortschaft Teis auf einer Hohe von 1258
m. Im Osten reicht das Gebiet bis nach Nigglun im
VillnoBtal, von dort aus zieht die Abgrenzung im Sii-
den Uber Schiilerbrunn und Spisserhof nach Schloss
Anger, wo man dann auf die Brennerautobahn (A22)
trifft. Die westliche Grenze der Kartierung verlauft
orographisch rechts im Tal, etwa auf einer Hohe von
670 m (Weinbaugebiet). In einigen Bereichen des Kar-
tierungsgebietes ist das Geldnde aufgrund der steilen
Hange oder gefahrlichen Abbruchzonen wie z.B. die
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zahlreichen Hangsicherungen am Eingang und ent-
lang des Villndsser Tales, nur sehr schlecht bzw. gar
nicht zuglanglich. Der tiefe Einschnitt des Villndsser
Tales bietet jedoch sehr gute Aufschlussverhaltnisse.

3. Geologischer Uberblick

Geologisch gesehen liegt das Arbeitsgebiet im
nordlichsten Siidalpin. Die Gesteinseinheiten, die
zum Sidalpin zdhlen sind lberwiegend als mesozo-
ische Sedimentauflagen in den Dolomiten den Kara-
wanken und den Karnischen Alpen aufgeschlossen.
Der Bereich des Siidalpins war im Mesozoikum dem
Austroalpin benachbart. Gegeniiber den helvetischen
Decken unterscheiden sich die Siidalpen deutlich
durch ihren tektonischen Bau. Im Gegensatz zu den
groBen Uberschiebungen im Helvetikum zeichnet
sich das Siidalpin durch eine siidvergente Falten- und
Schuppentektonik aus. Das Siidalpin wird im Norden
durch das Periadriatische Lineament begrenzt und
taucht im Siiden unter die kdnozoische Fiillung des
Po-Beckens ab. Dieses Stérungssystem des Periadri-
atischen Lineamentes entstand in seiner heutigen
Auspragung nach der Kollisionsphase durch eine
dextrale Transpression zwischen der adriatischen Mi-
kroplatte und dem européischen Vorland (Schmidt
et al., 2004). Die Uberschiebungen im Siidalpin sind
en-échelon (abgestufte, konsequent Uberlappende
Falten) angeordnet, was sich mit der gleichzeitigen
dextralen Seitenverschiebung entlang des periadri-
atischen Stdérungssystems erklaren lasst. Dabei han-
delt es sich um fiederartig ausgebildete Spalten, die
im Bereich von Scherzonen diagonal zur eigentlichen
Scherrichtung verlaufen. Im Oligozén kam es am
Periadriatischen Lineament zu einer vertikalen Kru-
stenbewegung von mehreren km und zu einer hori-
zontalen Bewegung von 300 bis 500 km. Die Basis
der Siudalpen bilden paldozoische Sedimente oder
magmatische Gesteine, sie tauchen nach Siiden hin
an groBBen Flexuren und Briichen unter die Molasse
der Poebene (Bogel & Schmidt, 1976) ab. An der Peri-
adriatischen Linie oder in unmittelbarer Nahe treten
Intrusionen wie Granit- (z.B. Kreuzberg-, Iffinger-,
Brixener Granit) und Tonalitmassen verschiedenen
Alters auf. Das Siidalpin wurde an seinem Nordrand
am starksten herausgehoben da dort das kristalline
Basement zutage tritt, wahrend sidlich davon durch
stufenweises Absinken des Untergrundes jlingere Se-
dimente und Vulkanite auftreten. Ein durchgreifender
Deckenbau im Siidalpin ist nicht vorhanden obwohl
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seismisch ein ausgepragter Vorlandsiiberschiebungs-
glirtel nachgewiesen wurde. Geologisch kartierbar
sind alpidische Faltungen und intensive bruchhafte
Storungsbildungen, insbesondere in Nahe der Peria-
driatischen Linie. Die permomesozoischen Abfolgen
lagern im Siidalpin ebenfalls diskordant auf dem Kri-
stallin (Brixner Quarzphyllit) und dem schwach me-
tamorphem Paldozoikum.

Mefsdrparll ) Ribads
Albrruriag

Abb. 1: Ausschnitt der geologischen Ubersichtskarte von Siid-
tirol nach Mair (2001, schriftl. Komm.) basierend auf Brandner
(1982, schriftl Mitt.). Das Rechteck kennzeichnet die Lage des
Arbeitsgebietes.

Im Mittelpunkt des Arbeitsgebietes steht der Am-
phibolit/Metagabbro Komplex bei Gufidaun (Abb. 1).
Die wichtigste Frage ist wohl jene nach der Entste-
hungsgeschichte des Amphibolit/Metagabbro Kor-
pers, welcher im Brixner Quarzphyllit (kristallines
Basement) eingebettet ist. Vorwiegend westlich des
Eisacktales, vereinzelt jedoch auch dstlich davon, sind
dem Quarzphyllit auch Gneise und Glimmerschiefer
zwischengeschaltet. Innerhalb des Quarzphyllits ste-
cken an verschiedenen Stellen Intrusionskorper, die
sogenannten Klausenite (Diorite).
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4. Metamorphoseentwicklung und Alter

Aufgrund der vorliegenden Geologie im Arbeits-
gebiet kdnnen mehrere geodynamisch aktive Phasen
unter-schieden werden: Die variszische Regionalme-
tamorphose (360-310 Ma), die permische Kontakt-
metamorphose (290-250 Ma) und eine alpidische
(100-30 Ma) tektonische Uberprigung. Das domi-
nante Ereignis, welches im gesamten Gebiet auftritt
war jedoch die variszische Orogenese, welche die Ge-
steine bei niedrigen bis mittleren P-T Bedingungen
tberpriagte (Ring & Richter, 1994; Wyhlidal, 2008).
Folgende Ereignisse erfassten die Gesteine:

a) Variszische Metamorphose (360-310 Ma):

Die variszische Metamorphose erreichte ihren
Hohepunkt vor 360 bis 310 Ma. In das kristalline
Basement (Brixner Quarzphyllit) intrudierten jedoch
schon vor-variszisch gabbroide Gesteine, die heu-
te als Amphibolite und Metagabbros in der Gegend
von Klausen, bei Gufidaun vorliegen. Dieser Amphi-
bolit/Metagabbro Kdrper wurde von der variszischen
Metamorphose gepragt, wobei die Intrusion im Kern
noch die grobkdrnige primédre Textur (Metagabbro)
aufweist und zum Rand hin zunehmend feinkdrniges
und schiefriges Aussehen erreicht (Amphibolit).

b) Permische Kontaktmetamorphose (290-250 Ma):

Durch die Extensionstektonik (Grabenbruchsy-
stem) im Perm kam es zur Bildung von tiefreichenden
Stérungszonen und damit verbundener Schertekto-
nik. Diese bildeten die Aufstiegswege fiir einen aus-
gepragten Magmatismus, wobei hier die sogenannten
.Klausenite" in das variszische Basement intrudierten.
Dadurch kam es zur Kontaktmetamorphose. Ein ty-
pisches Merkmal kontaktmetamorpher Gesteine sind
die durch Mineralreaktionen hervorgerufene Knoten-
bildung sowie hdufig das Fehlen einer Schieferung.
Durch die Dioritintrusion (Klausenite) entstanden die
im Arbeitsgebiet vorzufindenden Hornfelse (kontakt-
metamorphe Quarzphyllite). In dieser Phase wurde
auch die Villngsser Linie angelegt (Furlani-Cornelius,
1924).
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c) Alpidische tektonische Uberprigung (<100 Ma)
und Reaktivierung der VillnGsser Linie.

Die Villngsser Linie ist wahrscheinlich eine per-
misch angelegte, alpidisch reaktivierte E-W verlau-
fende Stérung. Die spréde Deformation ist besonders
gut bei Schloss Summersberg, das auf Amphibolit
steht, aufgeschlossen. Es entstanden zahlreiche Risse
und Kliifte im Gestein sowie im Gelande erkennbare
Stérungszonen und Bruchgraben.

5. Lithologische Einheiten

Aufgrund der durchgefiihrten Detailkartierung
wurden im Gebiet einige neue sowie bereits bekann-
te Lithologien kartiert. Von Bedeutung und Schwie-
rigkeit war die Unterscheidung zwischen Amphibolit
und Metagabbro, sowie der Griinschiefer im Gelande.
Der Amphibolit bildet mit dem Metagabbro einen In-
trusionskorper, der sich lber die gesamte Ortschaft
von Gufidaun erstreckt. Das Gestein weist eine griine
Farbe auf und besitzt eine deutlich erkennbare Schie-

Abb. 2: Schloss Summersberg steht auf Amphibolit; das Gestein
ist vollig zerklliftet und besitzt eine hellgriine Farbe.
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Abb. 3: Mittelkérniger Metagabbro (VR32).

ferung. Hauptsdchlich aufgeschlossen findet man
den Amphibolit beim Schloss Summersberg im Dorf-
kern (Wanderweg Richtung Villngsser StraBe) sowie
immer wieder als kleine Kérper im Metagabbro (Abb.
2). Da diese Gesteine kaum Glimmer enthalten, sind
sie sehr verwitterungsresistent und die Bildung von
z.B. Rundhdcker oder Felsen wird dadurch begiinstigt.

Weiters konnten mittelkérniger (Abb. 3) und grob-
kérniger Metagabbro (Abb. 4) beobachtet sowie der
Ubergang zwischen beiden Typen festgestellt und
auskartiert werden. Mit dem Amphibolit bildet der
Metagabbro einen Intrusionskomplex, wobei das Ge-
stein die noch sehr gut erkennbare primdre magma-
tische Textur aufweist. An Handstlicken der Metag-
abbros lasst sich makroskopisch der hohe Anteil an
Amphibolen (dunkelgriine Hornblendekristalle bis zu
1 cm Lange) deutlich erkennen.

Der im Arbeitsgebiet anzutreffende kontakt-
metamorphe Quarzphyllit (Hornfels) weist starke
Verwitterungserscheinungen auf. Man beobachtet
Hornfelse als Kontaktgesteine zwischen den Me-
tagabbrokorpern und den Quarzphylliten sowie im
Zusammenhang mit der Intrusion der Klausenite
stidlich des Einganges des Villndsser Tales sowie ver-
einzelt im Ortskern von Gufidaun. Der Quarzphyllit
tritt im gesamten Kartierungsgebiet als stark verfal-
teter, blattrig-schiefriger Phyllit auf. Der Amphibo-
lit/Metagabbro Komplex steckt als Intrusionskérper
im Quarzphyllit. Im Arbeitsgebiet beobachtet man
nordlich der Ortschaft Gufidaun sowie siidlich davon
Quarzphyllit, der weit ins Villndsser Tal sowie nach
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Abb. 4: Grobkdrniger Metagabbro (VR82).

Teis reicht. Auf der anderen Talseite des Eisacktales,
in Richtung Pardell und Feldthurns, findet man Klau-
senite im Quarzphyllit.

6. Stérungen

Im Arbeitsgebiet kdnnen einige Stbérungszonen
beobachtet werden, da das gesamte Gebiet alpi-
disch reaktiviert wurde. Von groBer und besonderer
Bedeutung ist die vorkommende ,Villndsser Linie". Es
handelt sich um eine permisch angelegte, alpidisch
reaktivierte E-W verlaufende Stérung. Die Villndsser
Linie wurde von Mutschlechner (1932) aus dem Ge-
biet der Peitlerkofel Gruppe, von Raniu bis etwa St.
Peter im VillnoB verfolgt. Von St. Peter aus verlduft
die Stérungszone, sich immer an das siidseitige Tal-
gehdnge haltend, bis zu den Héfen von Ganeit, wo sie
dann auf die Nordseite des Tales Gibergreift (hier liegt
Quarzphyllit auf Quarzporphyr).

Ostlich der Einmiindung des Flitzer Baches in den
Villnosser Bach greift sie noch einmal fiir ein kurzes
Stiick auf die siidliche Talgflanke iiber. Ostlich von
Pardell Gberquert sie wieder das Villngsser Tal, um
dann fiir langere Zeit auf der nordlichen Talseite zu
verlaufen (es finden sich keinerlei Anzeichen dafiir,
dass sie auf der siidlichen Talflanke verlduft). Beim
Gasthof Stern, Nahe dem Ausgang des Villngsser
Tales, zeigt der Quarzphyllit des siidlichen Talhanges
starke Zerriittungen, die tektonisch entstanden sind.
Der sonst flach nach SW bis SE einfallende Quarz-
phyllit fallt hier ziemlich steil gegen N ein. Aus den
dort komplex vorherrschenden tektonischen Verhalt-
nissen sind weiter gegen W keine genauen Anhalts-
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punkte gegeben, welche eine sichere Festlegung des
weiteren Verlaufs der Villndsser Linie ermdglichen
(HeiBel & Ladurner, 1936).

Die in E-W Richtung verlaufende Villndsser Linie
schneidet das Arbeitsgebiet in zwei Schollen: nam-
lich in eine sldliche, tiefer liegende, und in eine nord-
liche, die von der Stérungslinie gegen Norden abfallt.
In beiden Schollen finden sich Stérungen, die eine
Verschiebung der Schollen in horizontaler Richtung,
gegen S bzw. SW, anzeigen. Das Lagerungsverhalt-
nis lasst somit erkennen, dass die Entstehung dieser
Villngsser Linie, in diesem Gebiet nicht auf Senkung
der Schollen zurilickgefiihrt werden darf, sondern auf
heftige, horizontal wirkende Krafte. Auch weiter im
Osten ist die Villngsser Linie als Uberschiebungslinie
erkannt worden.

7. Arbeitsmethoden
Durchlichtmikroskopie

Das Polarisationsmikroskop wurde fiir die mikro-
skopische Untersuchung der Gesteinsschliffe ver-
wendet, wobei die Mineralparagenesen als auch die
Strukturen und Texturen ermittelt werden konnten.
Weiters ermdglichte die Durchlichtmikroskopie eine
engere Probenauswahl fiir die Analytik mit der Elek-
tonenstrahImikrosonde.

Mikrosondenanalytik

Die Mineralanalyse wurde mit der Elektronen-
strahimikrosonde des Typs JEOL JXA 8100 SUPER-
PROBE am Institut flir Mineralogie und Petrogra-
phie der Universitat Innsbruck durchgefihrt. Fiir die
quantitativen Analysen der Minerale wurden wellen-
langendispersive Messungen durchgefiihrt. Die Son-
denschliffe wurden mit einer Beschleunigungsspan-
nung von 15 kV und einem Probenstrom von 10 nA
gemessen. Die Messzeiten lagen bei 20 Sek. (Peak)
und 10 Sek. (Background). BSE Bilder (Backscattered
Electron Images) wurden als wichtiges Abbildungs-
verfahren verwendet. Rontgenverteilungsbilder stel-
len die raumliche Verteilung der einzelnen Elemente
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in den Mineralen dar. Die Aufnahme erfolgte Uber ei-
nen definierten, flachigen Bereich. Dadurch konnten
chemische Mineralzonierungen z.B. in Amphibolen,
Epidoten und Granaten dargestellt und zur weiteren
Interpretation herangezogen werden.

Rontgenfluoreszenzanalyse

Gemessen wurden die Haupt- und Spurenele-
mente von ausgewdhlten Gesteinsproben mittels
WDXRFA Analyse (Wavelength Dispersive X-Ray
fluorescence analysis, RFA: Réntgenfluoreszenzana-
lyse) am Institut fiir Mineralogie und Petrographie
der Universitat Innsbruck. Bei der Anlage handelt es
sich um den Typ SPECTRO XEPOS. Fiir die Messungen
wurden die ausgewdhlten Proben mit der Achat-
Scheibenschwungmiihle zu einem Pulver von etwa
5-10 g gemahlen. Die Probenmenge (mindestens 5
g) wurde anschlieBend im Ofen bei einer Temperatur
von 1000°C (iber 3 Stunden gegliiht und somit der
Gliihverlust (LOI durch H20 bzw. CO2 Emission) er-
mittelt. Zur Bestimmung der Hauptelemente wurden
Schmelztabletten mit 0.6 g Probe und 4.6 g Dilithi-
umtetraborat Li2B407 homogenisiert, anschlieBend
in einem Platintiegel liber einer Flamme geschmolzen
und vollautomatisch in eine kreisformige Platinform
gegossen. Fiir die Spurenelementanalyse wurden
Presstabletten von ebenfalls 0.6 g Probenpulver und
4.6 g Dilithiumtetraborat Li2B407 in der dafiir vorge-
sehenen Pressmaschine hergestellt.

8. Petrographie

Fiir die petrographischen Untersuchungen wurden
an den Gesteinen Diinn- bzw. Sondenschliffauswer-
tungen mit dem Polarisationsmikroskop (Abb. 5-8)
und der Elektronenstrahlmikrosonde (BSE Bilder in
Abb. 9, 11, 13, 14, 16) durchgefiihrt. Im Folgenden
wird nur auf eine Auflistung der Mineralparagenesen
in den Gesteinen eingegangen. Die verwendeten Mi-
neralabkilirzungen entsprechen der Norm nach Kretz
(1983).
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Abb. 5: Amphibole (Amp) und unregelmiBige Verteilung von zo- Abb. 6: Stengelig-nadelige Amphibole, im Metagabbro (VR82).
nierten Epidotkérnern (Ep) im Amphibolit (VR16). MaBstab: 500 MaBstab: 500 pum. IIP.
um. xN.

Abb. 7: Zahlreiche Granate im Hornfels sind in Lagen angerei- Abb. 8: Gefiige des Quarzphyllites (VRO2E). MaBstab: 500 um. xN.

chert. Die Probe ist stark alteriert (VR14/2). MaBstab: 500 um.

[IN.

Amphibolit: Quarzphyllit:

Amp + Pl + Czo/Ep + Chl + Bt + Ttn + llm + Cc + Qtz + Ap Ms + Chl + Bt + Pl + Qtz + Cc
Metagabbro: Orthogneis:

Amp + Pl + Czo/Ep + Chl + Ttn + Qtz + Ilm + Cc + Ap Pl + Kfs + Qtz + Ms + Bt

Diorit (Klausenit): Griinschiefer:

Pl + Cpx + Bt +Ilm + Mag + Ttn + Qtz + Py + Zr Chl + Ab + Amp + Qtz + Cc + Ep
Hornfels:

Chl+ Ms+Qtz +Grt + Cc + Ap + IIm
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Abb. 9: Das BSE Bild zeigt einen Metagabbro mit unzonierten
Amphibolen (VR03/1). Amp: Amphibol, Ep: Epidot, PI: Plagioklas,
Ce: Kalzit, Ttn: Titanit.

Abb. 11: Das BSE Bild zeigt die chemische Zonierung von idi-
omorphen Amphibolen (core, R1, R2) im Metagabbro (VR04).
Amp: Amphibol, PI: Plagioklas.

9. Mineralchemie

Die P-T Geschichte einer Probe kann durch eine
Kombination verschiedener qualitativer, textureller als
auch quantitativer Methoden bestimmt werden. Diese
beinhalten die Untersuchung von chemischen Zonie-
rungen und Reaktionsgefiigen, von Einschliissen und
Entmischungen in den auftretenden Mineralen und die
Geothermobarometrie. Markante chemische Zonie-
rungen weisen hauptsachlich Amphibole (Abb. 11) und
Epidot/Zoisite (Abb. 13) aus den Metagabbros und den
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Calcic amphiboles Probe VR03/1
1,0
actinolite
magnesiohornblende d .
tschermakite
& ]
@ ® 00 ]
[ L]
+ ' 0.5
f=2] ]
g |, _
- erfo 1 ferrohornblende ferro-
g actinolite tschermakite
t t 0,0
8,0 7.5 7.0 6,5 6,0 5,5

Si[T]in formula

Abb. 10: Klassifizierung der Ca-Amphibole der Probe VR03/1 nach
Leake et al. (1997). Diagramm Parameter: Cag =1.50; (Na + K)p
=0.50; Cap <0.50.

Calcic amphiboles Probe VRO4
Trémadibe 0
magnesic-
& hemblands
adhle "ﬁ* _ totharmabite Acore
= actinalite
E [edenite)
+ 05 e
g farro- farvoharnbland o ]
f setinsiity e = tacharmakits | iz
- —_ et 00
8.0 7.5 7.0 65 .0 55

Si[T] in formula

Abb. 12: Klassifizierung der Ca Amphibole der Probe VR04 nach
Leake et al. (1997). Diagramm Parameter: Cag =1.50; (Na + K)
A =<0.50; Cap <0.50. Die roten Symbole kennzeichnen die Kerne
(core), die Griinen die Rdnder R1 und die Blauen die Rénder R2.
Fiir das Edenit-Feld, welches sich mit dem Magnesiohornblende-
feld deckt, gelten andere Parameter: Cag =1.50; (Na + K)5 =0.50;
Ti <0.50. Davon sind nur sind die Punkte R2 (blau) betroffen.

Amphiboliten auf. Plagioklas und Chlorit zeigen hin-
gegen keine oder nur eine sehr schwache chemische
Zonierung. Die Anderung der Zusammensetzung der
Amphibole wurde mittels BSE Bildern und Rontgen-
verteilungsbildern dargestellt. Die Kationenzahlen
werden in apfu (atoms per formula unit) angegeben.
Fiir die Tabellen mit den gesamten mineralchemischen
Daten wird auf die Diplomarbeit von Rofner (2010)
hingewiesen.
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9.1 Mineralchemie der Metagabbros
Amphibol

In den untersuchten Proben kann man zwischen
nicht zonierten (Abb. 9) und zonierten Amphibolen
(Abb. 10) unterscheiden. Zahlreiche Amphibole in
den Metagabbros zeigen sehr starke chemische Zo-
nierungen, wobei sich sowohl einfache als auch kom-
plexe Zonierungen ermitteln lassen. Die untersuchten
Amphibole der Metagabbros gehdéren nach der No-
menklatur der Amphibole von Leake et al. (1997) zu
den Ca-Amphibolen. Die Abbildung 9 stellt die Zu-
sammensetzung der nicht-zonierten Amphibole dar,
Abbildung 11 zeigt die Amphibolzonierungen, welche
im Kern aus Aktinolith und zum Rand hin aus Mg-
Hornblende (R1) und Edenit (R2) bestehen.

Plagioklas

Die untersuchten Feldspate der Metagabbros sind
kaum, wenn lberhaupt zoniert und sehr selten lassen
sich Zwillingslamellen erkennen. In der Probe VR1a
koexistiert Plagioklas und Kalifeldspat, wobei es sich
um Plagioklase mit XAb = 99.6 und Kalifeldspate mit
XKfs = 99.7 handelt. In allen anderen Analysen ist fast
reiner Albit (XAb = 0.99) zu finden. Die Plagioklase in
den Metagabbros sind also sehr albitreich und variie-
ren nicht in ihrer Zusammensetzung.

Epidot/Klinozoisit

Die Epidot/Klinozoisite zeigen deutliche chemische
Zonierungen, wobei die Rander R1, R2, R3 und der
Kern (core) unterschieden werden kdnnen. Man er-
kennt Fe-reiche Kerne und Fe-drmere Rdnder und
zudem variieren die Ti- und Al-Gehalte, wobei Ti
(wie auch Fe) vom Kern zum Rand abnimmt und Al
vom Kern zum Rand zunimmt. Die SiO2-Gehalte lie-
gen zwischen 37.40-38.66 Gew.%. Nur geringe Ver-
anderungen zeigen die Elemente wie Mn (max. 0.28
Gew.%) und Ca (zwischen 23-24 Gew.%). Sr weist
maximale Werte von 0.3 Gew.% auf. Die Analysen der
Epidot/Klinozoisite weisen meistens keine REE (Rare
Earth Elements) wie Ce, La und Pr auf und nur eine
Analyse zeigt hohe Gehalte an Mn, Sr, Ce, La (sowie
auch Pr). Bei dieser Analyse handelt es sich um den
in Abbildung 13 weiBen Bereich (Kern), der sich von
allen anderen Analysen deutlich unterscheidet und
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als Allanit innerhalb der Epidotgruppe angesprochen
werden kann.

00016917

Abb. 13: BSE Bild eines chemisch zonierten Epidotes mit Allanit
im Kern (core, weiBer Bereich) und Randern (R1-R3) mit unter-
schiedlichen REE Gehalten (VR06J).

Chlorit

Die Chlorite der untersuchten Metagabbros plot-
ten nach Hey (1954) in das Feld der Rhipidolite und
gehoren somit zur Gruppe der Mg-Fe Chlorite (Dia-
bantit-Pyknochlorit-Rhipidolit Reihe).

Kalzit

Bei den untersuchten Karbonaten handelt es sich
um fast reinen Kalzit, nur untergeordnet sind Mg, Mn
und Fe eingebaut. Dolomit ist nicht vorhanden. Die
Kalzite der Metagabbros enthalten im Durchschnitt
980 CaC03, 1% MgCO03, 0.1% FeCO3 und <0.1%
MnCO3.

9.2 Mineralchemie der Amphibolite
Amphibol

Teilweise weisen die Amphibolite texturell zwei
Generationen von Amphibolen (Amp I, Amp II) auf,
die sich jedoch chemisch nicht unterscheiden. Amp
| reprasentiert idiomorphe, reliktische Kristalle, wah-
rend Amp Il 1angliche, idiomorphe Nadeln bildet. Man
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erkennt auch Amphibole die von Plagioklas zersetzt
werden (Abb. 14). Ausgeprigte chemische Zonie-
rungen sind in den untersuchten Amphiboliten sel-
tener.

Abb. 14: Das BSE Bild zeigt zwei texturell unterschiedliche Gene-
rationen von Amphibolen, Amp | und Amp Il (VR22). Amp: Am-
phibol, Ep: Epidot, PI: Plagioklas, Cc: Kalzit, Chl: Chlorit.

Nach Leake et al. (1997) plotten die Amphibole
beider Generationen (Amp | und Amp I1) ins Feld der
Mg-Hornblende (Abb. 15).

Calcic amphiboles Probe VR22
1,0
magnesiohornblende
A tschermakite
P A @iy
‘*‘;‘D actinolite AAmpl
w
+ 0,5
OAmp2
fe”f°' . ferrohornblende ferro- .
= actinolite tschermakite
0,0
8,0 7,5 7,0 6,5 6,0 5,5

Si[T]in formula

Abb. 15: Klassifizierung der Ca-Amphibole der Probe VR22 nach
Leake et al. (1997). Diagramm Parameter: Cag =1.50; (Na + K)p
=0.50; Cap <0.50.

Die Amphibole, Amp |, weisen Ti-Gehalte von
0.09-0.17 Gew.% Ti02 und Mn-Gehalte von 0.28-
0.33 Gew.% MnO auf, die Amphibole, Amp Il, zeigen
hingegen Ti-Gehalte von 0.22 Gew.% TiO2 und 0.26-
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0.31 Gew.% MnO. Die Cr-Gehalte dndern sich bei bei-
den Generationen kaum (max. 0.16 Gew.% Cr203).
Die Na- und K-Gehalte beider Amphibolgenerationen
variieren leicht zwischen 1.28-1.91 Gew.% Na20 und
0.31-0.40 Gew.% K20.

Plagioklas

Bei den untersuchten Plagioklasen handelt es
sich ebenfalls um fast reinen Albit (XAb = 0.95) mit
durchschnittlichen Anorthitgehalten <5 Mol%. Die
Plagioklase zeigen keine chemischen Zonierungen
und sind in ihrer Zusammensetzung sehr konstant.

Epidot/Klinozoisit

Die Epidot/Klinozoisite in den untersuchten Am-
phiboliten zeigen ebenfalls deutliche Zonierungen
(Abb. 16), wobei die Rander R1 und R2 und der Kern
(core) unterschieden werden. Die Epidot/Klinozoisite
zeigen eine Abnahme des Fe3+ Gehaltes vom Kern
zum Rand.

00015582

Abb. 16: BSE Bild der Zonierungen (core, R1, R2) im Epidot, ep
(VR22).

Chlorit

Chlorit tritt in Amphiboliten auf, allerdings sel-
ten und wenn meist mit Hornblende und Plagioklas.
Die analysierten Chlorite der Amphibolite plotten im
Klassifikationsdiagramm nach Hey (1954) in das Feld
der Rhipidolithe.
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10. Geochemie der Amphibolite und Metagabbros
Geochemische Gesteinsklassifizierung

Die Klassifikation mittels Si02-Gehalt wurde mit-
hilfe der RFA durchgefiihrt. Bei den im Arbeitsgebiet
vorkommenden Metagabbros und Amphiboliten han-
delt es sich daher um ultrabasische bis basische Ge-
steine. Der hochste Si02-Gehalt betrdgt etwa 47.5
Gew.%. Eine klassische Diskriminierung magma-
tischer Gesteine ist nach Cox (1979) im sogenannte
TAS-Diagramm (Total Alkalis versus Silica) gegeben.
In diesem Diagramm wird Si02 gegen Na20 + K20
aufgetragen wird. Die gekrlimmte Linie trennt die al-
kalischen (oberer Teil) von den subalkalischen Gestei-
nen (unterer Teil).

Ultrsbasisch | Basisch | Intermedite | Saver |
=

1ot S

Hay+ K0 [Gew. %]

&
&
A
a8

L=l

5i0; [Gew. 3]

Abb. 17: Das TAS-Diagramm nach Cox (1979), abgeéndert nach
Wilson (1989) fiir plutonische Gesteine.

In Abbildung 17 ist zu erkennen, dass die Ge-
steinsansprache im Geldnde auch mit den geoche-
mischen Daten libereinstimmt. So fallen die Proben
auch ins entsprechende Feld der alkalisch betonten
Gabbros. Grobkdrnige Amphibolite spiegeln daher
die ehemals magmatische Textur wider und als Aus-
gangsgesteine kommen daher Gabbros in Frage.

Geotektonisches Setting

Nachdem die Gesteine geochemisch klassifiziert
wurden, konnten diese nun geochemisch mit einem
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plattentektonischen Setting korreliert werden. Von
mehreren Autoren wurde mit Hilfe von unterschied-
lich vielen Proben aus verschiedenen geotekto-
nischen Positionen versucht, einzelne Felder gegen-
einander abzugrenzen, die typisch fiir die jeweilige
geotektonische Positionen sind. Die geotektonische
Einordnung magmatischer Sequenzen anhand geo-
chemischer Daten erfolgte mittels sogenannter ge-
otektonischer Diskriminierungsdiagramme. In der
Abbildung 18 ist deutlich erkennbar, dass die analy-
sierten Proben ins Feld ,within-plate basalt” d.h. ins
Feld der Intraplattenbasalte plotten. Es handelt sich
daher bei den untersuchten Gesteinen um Produkte
eines ,Intraplattenvulkanismus"

10 —after Pearce and Gale (1977)
8 -
Plate-margin
z 6 basalt
— A
N ;4| A L A
4 “ A
Within-plate
2+ A basalt
0 L 1 | |
0 200 400 600 800 1000
T/Y

Abb. 18: Geotektonisches Diskriminierungsdiagramm TifY [ppm]
versus ZrfY [ppm] nach Pearce & Gale (1977).

Nach Pearce et al. (1984) zeigen Intraplattenba-
salte, ob alkalisch oder tholeiitisch, generell eine An-
reicherung der Elemente Th bis Ti. Die untersuchten
Gesteine entsprechen in etwa dem beschriebenen
Verteilungsmuster, variieren jedoch in der Anreiche-
rung dieser Elemente. Derartige heterogene Ergeb-
nisse sind vor allem fiir kontinentale, Intraplattenge-
steine charakteristisch, da eine starke Beeinflussung
durch den subkontinentalen Mantel zu erwarten ist
(Pearce et al., 1984).
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11. Geothermobarometrie
11.1 Semiquantitative Thermobarometrie

Ti-in-Hornblende Geothermometer: Der Ti-Gehalt
in Amphibolen kann in magmatischen und meta-
morphen Gesteinen als Geothermometer verwendet
werden (Otten, 1984). Der Ti-Gehalt ist tempera-
turabhdngig und nimmt bei steigender Temperatur zu
(Otten, 1984: Ernst & Liu, 1998). Das Thermometer
von Otten (1984) wurde fiir ilmenitfiihrende Gabbros
in einen Druckbereich von 6-10 kbar kalibriert. Die
errechnete Durchschnittstemperatur der Metagab-
bros liegt bei 506°C, die Temperatur der Amphibolite
bei 504°C (Otten, 1984).

Metamorphe Faziesserien nach Laird & Albee
(1981): Die Amphibole der untersuchten Metagab-
bros und Amphibolite plotten in den Diagrammen
nach Laird & Albee (1981) in Abbildung 19 in den
Bereich der Niederdruck-Fazies (Abukuma Typ) und
in die Mitteldruck-Fazies (Dalradian Typ).

100 G
ibé.? Kat
50| = Win t sBar
. - " SANBAGAWA
40| . & :
K FRANCISCAN
"’ «Ed ’-_-~'_+ =Pgs
| . - ’ 4
s0f -, e
; },:" 3 Ve
100Na | ¢ # - Wiy
Ca + Na| ¢ DALRATMAN . 74

JTs
10 20 30 a0
100 Al
S+ A

Abb. 19: Faziesserien der Amphibole nach Laird & Albee (1981),
welche Amphibolanalysen verschiedener mafischer Serien aus
HP-, MP- und LP-Gesteinseinheiten darstellen. Die Felder er-
mdglichen die Abgrenzung von Amphibolen, die unter unter-
schiedlichen Metamorphosebedingungen gebildet wurden. Die
Symbole stellen die Analysen aus den Metagabbros dar.
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11.2 Geothermobarometrie

Zur Berechnung der P-T Daten wurden hauptsach-
lich die Programme THERMOCALC v.3.21 von Holland
& Powell (1998), und PET 5.01 von Dachs (1997) ver-
wendet. Mit dem Programm THERMOCALC werden
alle moglichen Mineralreaktionen zwischen einem
definierten Set an Phasenkomponenten berechnet.
Aus diesen ergeben sich einzelne Gruppen an Reakti-
onen, welche einen Schnittpunkt ergeben. Es ergaben
sich folgende P-T Daten:

THERMOCALC v.3.21

Probe

wobei aH20=1 Metagabbro Amphibolit
VR1a VR15b VR22

T[°C] 452 -483 550 - 583 536 - 565

Plkbar] 4-5 4-5 4-5

PET steht fiir ,Petrological Elementary Tools"
(Dachs, 1997). Dabei konnen zahlreiche Anwen-
dungen wie Mineralformeln und Aktivitaten berech-
net sowie Geothermobarometer verwendet werden.
Die Ermittlung von Mineralgleichgewichten basiert
auf dem intern konsistenten Datensatz von Holland
& Powell (1998). Zusatzlich kdnnen die errechneten
Ergebnisse in Diagrammen dargestellt werden. Es
wurden das Geothermometer Amphibol-Plagioklas
und das Geobarometer Amphibol-Chlorit verwendet.

Geothermometer Amphibol - Plagioklas: Die Tem-
peraturen wurden nach der Kalibration von Holland
& Blundy (1994) ermittelt (Abb. 20, 21).

Druck [kbar]
-

0

500 520 540 560 580 600 620 640
Temperatur [°C]

Abb. 20: Amphibol-Plagioklas Thermometrie nach Holland & Blundy
(1994) nach der Kalibration 0 (Edenit - Tremolit) mittels der Reaktion
Albit + Tremolit = Edenit + Quarz (Probe VR03/1, Metagabbro).
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Druck [kbar]

500 520 540 560 580 600 620 840
Temperatur [°C]

Abb. 21: Amphibol-Plagioklas Thermometrie nach Holland &
Blundy (1994) mittels der Kalibration O der Probe VR22 (Amphi-
bolit).

Druck [kbar]

200 300 400 500 600 700 800
Temperatur [°C]

Abb. 22: Amphibol-Chlorit Barometrie nach Cho (1988, schriftl.
Mitt., in Laird, 1988) der Probe VR04J (Metagabbro).

Geobarometer Amphibol - Chlorit: Die Drucke be-
ruhen auf dem Fe-Mg Austausch zwischen Amphibol
und Chlorit nach Cho (1988, schriftl. Mitt., in Laird,
1988). Eine detaillierte Studie ber die Druckabhan-
gigkeit des FeMg-1 Austausches zwischen Aktinolith
und Chlorit zeigt, dass der Kd-Wert zwischen Am-
phibol und Chlorit druckabhdngig ist und somit als
Geobarometer in niedriggradigen Metabasiten ange-
wandt werden kann (Abb. 22):

P [kbar] = 10.5 In Kd + 0.5

wobei Kd = (Mg/Fe)Act /(Mg/Fe)Chl
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Zusammenfassend ergaben sich folgende P-T Daten:

MATHEMATICA - PET 5.01
Amphibol-Plagioklas Thermometrie

Probe Metagabbro Amphibolit
VR03/1 VR15b VR22

T[°C]

P = 5 kbar

550 - 588 Kalibration O:

405 - 447 Kalibration 1:

488 - 568 Kalibration O:

567 - 587 Kalibration O:

Amphibol-Chlorit Barometrie

Metagabbro
VR04J VR19
P [kbar] 3.97 - 5.13 3.00 - 4.50

12. Diskussion

Den Schwerpunkt der Arbeit bildete der Amphi-
bolit/Metagabbro Komplex bei Gufidaun und dessen
geochemische und thermobarometrische Untersu-
chungen. Mineralchemisch wurden in beiden Ge-
steinsarten dhnliche Beobachtungen gemacht. Die
Amphibole der Metagabbros und Amphibolite zeigen
teilweise starke Zonierungen. In den Amphiboliten
konnten texturell zwei Amphibolgenerationen (Amp
[, Amp 1l) unterschieden werden. Chemisch sind sie
aber sehr dhnlich in ihrer Zusammensetzung. Amp |
kdnnte moglicherweise einen reliktischen, spatmag-
matischen Amphibol darstellen. Amp Il weist eine
prograde Zonierung, wie in den Metagabbros, auf.
Die Amphibole der Metagabbros weisen eine pro-
grade Zonierung mit einen variszisch metamorphen,
aktinolithischen Kern, und Mg-Hornblende und Par-
gasit bzw. Edenit in den Randern, auf. Bei den nicht
zonierten Amphibolen handelt es sich um Mg-Horn-
blende. Es kann daher ein Temperaturanstieg in den
Amphibolen (vom Kern zum Rand hin) angenommen
werden. Gegen Ende oder moglicherweise auch nach
der Abkiihlung der Intrusion setzte eine Dekompres-
sion ein. Die Granate der Hornfelse (kontaktmeta-
morpher Quarzphyllit) besitzen einen variszischen
Kern und einen jingeren Anwachssaum, wobei die-
ser die Folge der Permischen Kontaktmetamorphose
darstellt. Granat wurde nur im Hornfels gefunden, in
allen anderen Gesteinen fehlt er vollig.
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Thermobarometrische Berechnungen mit den Pro-
grammen THERMOCALC V.3.21 und PET 5.01 sowie
semiquantitative Methoden ergaben fiir die Metag-
abbros und Amphibolite variszische Metamorphose-
bedingungen von 488-588°C und 3-5 kbar (Abb. 23).
Die Ergebnisse aus den untersuchten Metagabbros
und Amphiboliten stimmen mit den P-T Daten von
ca. 450-550°C und 5-6.5 kbar von Ring & Richter
(1994) gut tliberein. Die P-T Bedingungen von 520-
550°C und 5.3 kbar aus den Quarzphylliten bei Brixen
(Wyhlidal, 2008), stimmen ebenfalls mit den errech-
neten Daten des Amphibolit/ Metagabbro Komplexes
uberein.

Pikbar)

w [

106 2000 3000 ET1] 5000 Ll (s ]

Abb. 23: P-T Diagramm mit den thermobarometrischen Daten
dieser Arbeit (rotes Rechteck und strichlierter Kreis). Die Bereiche
Dv1, Dv2 und Dv3 représentieren die P-T Abschatzungen von De-
formationsevents der Gesteine von der Gegend bei Brixen und
Toblach (von Ring & Richter, 1994). Die Stabilitdtskurven Biotit
(Bt-in) und Staurolith (St-in) stammen von Yardely (1989). Ein-
gezeichnet sind thermobarometrische Daten von Wyhlidal (2008)
(Probe WO07) und Rofner (2010) (Probe RO7).
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Abstract

The W (Mo, Sn, Bi) and Cu (Pb, Zn, Ag, Te, Co, Ni, etc.) deposits of Bedovina mark the closure of the Middle-
Triassic magmatic cycle of the Predazzo-Monzoni Eruptive Complex, composed of latiandesitic and latiba-
saltic lavas, monzonitic stocks with shoshonitic affinity, K-alkaline monzosyenitic bodies, and some granitic
masses. The mineralization is hosted in a stockwork of veins which intersects the volcanics and, occasionally,
granitoid masses, and rarely acidic and mafic veins. Two different metalliferous phases can be recognized, the
first mainly wolfram-bearing, the second copper-polymetallic. The wolfram phase is represented by quartz+K-
feldspar+tourmaline veins, with scheelite, minor apatite and rutile, rare cassiterite, and hematite. Sporadic
synchysite-(Ce) and molybdenite occur in granite breccias.

The copper-polymetallic phase was superimposed to the wolfram one after a brittle tectonic event; it com-
prises quartz, chalcopyrite, minor pyrite, sphalerite, galena and traces of other sulfides and sulfosalts such as
cobaltite, argentite/acantite, members of the tetraedrite-tennantite series, bismutiferous sulfosalts (arcubisite/
silver-copper-cosalite), Ag (hessite) and Bi tellurides (pilsenite) with native Bi and other bismutiferous phases
finely intergrown with chalcopyrite.

The mineralization of Bedovina is related to hydrothermal metal fluids derived from the crystallization of two
distinct granitoid magmas: the first is of “S type” character, and probably would have generated the parage-
neses typical of the "wolfram phase” (W with minor Sn, REE, Th); the second is of “/ type” character, is assumed
to be responsible for the polymetallic associations (Cu, with Zn, Pb, Ag, Bi, etc.).

1. Introduction

The copper-wolfram Bedovina deposit outcrops of
Mt. Mulat, embedded in the Ladinian eruptive com-
plex of Predazzo, Southern Alps (Fig. 1). It has been
mined since prehistoric times for copper (Sebesta,
1992) and since 1909 also for tungsten. The mining
was concentrated between 1600 and 1750 m on the
north-western slope of M. Mulat (Bedovina mine)
and between 1900 and 2000 m on the south-eas-
tern slope of that mountain (Mine of Cima del Mulat
or "Vecchia Bedovina"). The Bedovina Mine was ac-
tive mainly in the twentieth century: the Consor-

tium Montanistico Oss Mazzurana, which obtained
the mining claim in 1895, reorganized the mine on
eight levels (Fig. 2) connected by shafts and rises (Oss
Mazurana, 1905-1906; Oss Mazurana and Hesser,
1909). The extracted ore was transported by cable-
way to the plant of Mezzavalle, just north of Pre-
dazzo, producing copper sulfate. At the beginning of
World War | the Austrian government confiscated the
mine and operated with military personnel extracting
about 6,000 tons of ore with an average 1.6% of Cu
and 0.48% of WO,; the plants of Mezzavalle were
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Fig. 1. Geological sketch of the Predazzo area (compiled on the basis of Vardabasso 1930, ENI-Aquater 1997, Visona 1997 and data of the Authors).
Legend: 1 - Undifferentiated Quaternary deposits. PREDAZZO ERUPTIVE COMPLEX: 2 - Biotitic amphibolic granites and muscovite-bio-
tite tourmaliniferous leucogranites; 3 - Quartz monzo-syenites and nepheline sodalite syenites (m3); 4 - Grey-pinkish monzo-syenites
and quartz-monzonites (m2); 5 - Monzonites, olivine monzo-gabbros and pyroxenite bodies (m1); 6- Latiandesitic and andesite-basaltic
lava flows, volcanoclastics and subvolcanic bodies. PERMO-TRIASSIC SERIES: 7 - Undifferentiated Sciliar Fm. (Upper Anisian - Ladinian),
Contrin Fm. (Upper Anisian), Morbiac Fm. (Upper Anisian), Richthofen Conglomerate (Upper Anisian); 8 - Werfen Fm. (Lower Triassic);
9 - Undifferentiated Val Gardena sandstone and Bellerophon Fm. (Upper Permian). 10 - Dacitic-rhyolitic lavas and ignimbrites of the
Volcanic Permian Complex (Lower Permian); 11 - Main faults. 1. Bedovina mine; 2. Vecchia Bedovina - M. Mulat mine.

used to produce concentrates of chalcopyrite and
scheelite. After the war the mine was returned to the
Consortium Oss Mazzurana but, for lack of funding,
remained inactive and was progressively abandoned.
In 1939 the Cogne National Society restructured the
mine and the plant of Mezzavalle, resuming the mi-
ning activity that continued until 1948. After several
years of stagnation in the mid "50s, the claim was
taken by the M. Mulat Company which undertook re-
search works also on the south-eastern slope of the
M. Mulat ("Vecchia Bedovina"); during this period a
few thousand tons of raw ore were retrieved, with
low concentrations (0.5% Cu and 0.06% in W), taken
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from the ore already stored at landfills and storage
rooms (Dellantonio, 2000). It is estimated that bet-
ween 1910 and 1955 about 20,000 tonnes of raw ore
with average concentrations of 1.2% Cu and 0.35%
WO;, have been mined. At the final closure of the
mine it was estimated that 50 - 70,000 t of ore were
still available, with contents comparable to those
mentioned above. The Cima del Mulat Mine ("Vecchia
Bedovina") includes traces of opencast mining, man-
holes, trenches and tunnels. Mineralization, outcrop-
ping from the ridge of M. Mulat (2030 m) to 1910 m
was followed by two galleries (Fig. 3), with portals
at an altitude of 1975 and 1925 m respectively. The
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Level QUARTO m. 1.740
Level LANTERMOM m. 1.733

Leval TERZO m. 1.720

Lovel SECONDO m. 1,700

Lovel PRIMO m, 1853

Fig. 3. Cross section of the Vecchia Bedovina-M. Mulat mine.

lower extends for about 170 m towards the deposit,
the upper one, a bit shorter, connects some digging
rooms. The explorations undertaken during the "50s
of the last century for estimation of ore reserves in-
dicated 40,000 t of ore containing about 0.7% of
Cu and 0.1% of W. According to some authors (e.g.
Pelloux, 1919; Degiampietro, 1975, etc.) the mine
was particularly flourishing in the first half of the XVI
century. An examination of the traces of the under-
ground works revealed that at least these are more
recent, since they have been entirely made with the
use of explosive (black powder) technique back to
the XVI century (Vergani, 2002). Archival documents

Geo.Alp,Vol. 7, 2010
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demonstrate that in Predazzo, around 1730, German-
speaking workers mined and smelted copper on be-
half of the family Hilleprandt (Stella, 1953, 1957). On
the plateau just west of the portal at an elevation of
1975 m upgrading of the raw ore took place before it
was transported by mule to the furnaces of Forno and
Mezzavalle. The mining was active during some years
in the first half of the XIX century (Pelloux, 1919), but
was abandoned due to the high cost of transporting
the ore to the furnaces of Chiusa (BZ). Towards the
middle of the last century when, in an effort to stre-
amline and expand the mining activity, stockworks
of the south-eastern slope (M. Mulat Mine/"Vecchia
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Fig. 4. Volcanic clasts, cemented by quartz veins with K-feldspar
and chalcopyrite. Bedovina mine. The maximum length of the
sample is 11cm.

Bedovina") were also explored; reserves for the two
ore deposits were estimated to be 100,000 tons con-
taining about 1% Cu and 0.1% of W. More recent
estimates (Eni-Aquater, 1997), based on the assump-
tion of the continuity of the mineralization also in
the uncharted stretch of about 400 m between the
two deposits, suggest possible additional reserves of
200,000 tons.

2. Geological framework
2.1 The Predazzo Eruptive Complex

The geological context of Bedovina is basical-
ly represented by the Ladinian Eruptive Complex
of Predazzo (Fig. 1) produced by a single magmatic
cycle developed roughly between 237 and 228 Ma.
The Eruptive Complex includes effusive, intrusive
and dike products, crossing the lithostratigraphic
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Fig. 5. Banded mineralization of chalcopyrite and pyrite in tour-
maline (black) and quartz. Vecchia Bedovina-M. Mulat mine. The
maximum length of the sample is 8cm.

sequence that ranges from Vulcaniti Atesine (Lower
Permian) to the terrigenous and carbonate forma-
tions of the Lower and Middle Triassic. Magmatism
started with the emission of subaerial pyroclastics
of volcano-phreatic origin which was followed by
emission of pyroclastics and lavas with latitic, lati-
andesitic and lati-basaltic chemistry (Coltorti et al.,
1996) to form a large volcanic complex with central
pipe, many hundreds meters thick, lying on the Sciliar
Fm. (Upper Anisian - Lower Ladinian). The large initi-
al outflow of volcanic products was followed by the
collapse of the volcanic caldera with major slumps
in the M. Mulat area (Castellarin et al., 1982). The
fractures of the collapse favoured the rising of pluto-
nic bodies (Laurenzi and Visona, 1996). These bodies
form an outer ring of monzonites (Fig. 1) with fewer
masses of quartz monzo-syenites and nepheline-so-
dalite syenites, and an innermost semi-ring of gra-
nites (Vardabasso, 1930: Visona, 1997).

Geo.Alp, Vol. 7, 2010



Mineral chemistry and isotope data suggest that
the Predazzo Plutonic Complex (Marrocchino et al.,
2002) was generated by fractional crystallisation of
different magmas injected during a multiple sequen-
ce of events related to subduction processes: Me-
negazzo et al. (1995) and Visona (1997) recognize
(Fig. 1) three monzonitic units (m1, m2 and m3) and
one granitic unit (g). These products derived from
two different magma sources of mantle origin: the
first is of shoshonitic composition and located at a
depth of 10-12 km, and formed the monzonitic units
m1 (monzonites and quartz-monzonites) and m2
(monzonites, olivine monzogabbros with pyroxenite
masses). The second is of alkaline-sodic character,
15-17 km deep, and produced the monzonitic unit
m3 (monzosyenites with masses of quartz syenite,
and nepheline and sodalite syenites) and the granite
unit (g) comprising biotite granites and two micas
and tourmaline leucogranites. The petrological links
with the previous units are not fully clarified (Visona,
1997). The products of the two magmatic sources
intruded and differentiated in subvolcanic environ-
ment without direct connection between them. Some
petrological characters denote a significant level of
crustal contamination at least for granites (Coltorti
et al. 1996).

The swarm of dykes that intersects the eruptive
complex and underlying Permian-Triassic formations
is constituted of rocks equivalent to those of the
volcanic succession and of the shoshonitic intrusi-
on, but also K-basanitic, monzo-syenitic and nephe-
line-syenitic dikes (tinguaites), essexites, aplitic and
pegmatitic dikes, and lamprophyric dikes (campto-
nites) are included. Terrigenous or carbonate rocks in
contact with the intrusive masses show a thermo-
metamorphic aureole characterized by marble local-
ly with brucite (predazzites and “pencatites” Auct)
composed of complex Ca-silicate parageneses with
diopside, vesuviane, grossular, andradite, forsterite,
wollastonite, clintonite, tremolite, epidote, serpenti-
ne, and locally skarn with magnetite, hematite, pyrite
and other sulfides.

2.2 The ore deposits

The copper-wolfram mineralization of Bedovina
is represented by stockworks of millimetre to deci-
metre size veins, controlled by a series of faults and
cracks crossing Mt. Mulat in NW-SE direction (Figs.
4, 5). Along the main fault, known as “Fessuraccia”,
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the monzonites (north-eastern part) are in contact
with the volcanics (south-western part); within the-
se last ones the copper-wolfram mineralization is
embedded. In the belt, closest to the Fessuraccia,
volcanics are crossed by numerous minor fractures
oriented NW, NNW and N-S; some of these, especial-
ly the most continuous, enclose tinguaitic and lam-
prophyric dikes partly coupled (Eni-Aquater, 1997).
A system of more discontinuous and polyphase frac-
tures, successive to those followed by dikes, hosts the
mineralized stockworks: these appear one after the
other from the north-western (Bedovina mine) to the
south-eastern side of Mt. Mulat (M. Mulat - Vecchia
Bedovina mine), passing through the top. The most
important mineralized bodies extend over distances
of 100-200 m in both direction and dip, and are 1
to 4 m thick. The Bedovina deposit is composed of
two subparallel stockworks 2-4 m thick, which ex-
tend over nearly 200 m with direction N4OW, at a
distance of almost 10 m, even with frequent conver-
gences and divergences. The M. Mulat mine is on a
stockwork some meters thick that extends over about
200 m within the volcanics, along a tinguaitic dike
directed N15W.

3. Materials and methods

The study was conducted on several representa-
tive samples, selected from a rich collection located
at the Geological Museum of the Dolomites of Pre-
dazzo. Some of them are part of historical collec-
tions and were taken during the mining activity in
the level Primo, Paolo and Ottavo in the Bedovina
Mine. Because of the difficult access to the ancient
galleries of the Bedovina and Mulat mines, only some
of the studied samples were taken directly from the
ore body and most of them come from the dumps.
The samples were mainly studied under the optical
microscope on polished and thin sections integrated
with SEM-EDS analysis.

4. Mineralization

4.1 The copper-wolfram ore bodies

The copper-wolfram stockworks of Bedovina are
composed of a network of prevailing quartz veins

that cement a breccia of pyroclastic rocks and lavas
with latitic, lati-andesitic and lati-basaltic chemi-
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Fig. 6. Volcanic clasts, intensely altered, crossed by pneumato-
lytic-hydrothermal veins with quartz, tourmaline, scheelite and
sulphides. The dashed lines mark the salbands. Box see Fig. 7.

stry (in some cases with fragments of metamorphic
rocks composed of quartz, plagioclase and muscovite,
pulled away by magma rising through the crystalline
basement); occasionally, some breccia fragments de-
rived from acidic and basic dikes. Clasts cemented by
mineralized veins show the effect of the pervasive
action of pneumatolytic and hydrothermal fluids that
generated the mineralization.

Clasts of lavas are characterized by a large felt-
like mass with scattered phenocrysts of feldspar
(K-feldspar1) locally several millimeters in size and
without inclusions and, to a lesser extent, of alte-
red femic silicates and magnetite (magnetite1). Ma-
gnetite1 phenocrysts (70-200 um) include tiny in-
dividuals of apatite (apatite1) and plagioclase. The
original groundmass hosts swarms of small grains of
magnetite (magnetite2) 5-30 pm in size (skeletal the
smaller, cubic the larger) and more rare rutile, part-
ly acicular. Magnetite1 phenocrysts are titaniferous
and frequently present at the nucleus oriented exso-
lutions of ilmenite, indicating the nature of primitive
crystals from magma solidification; microgranular
magnetite (magnetite2) is instead characterized by
minimum content of Ti and probably represents a co-
product of chloritization of femic silicates (Fig. 6 and
Fig. 7). Some hematite developed around the magne-
tite grains of both generations.

More rarely clasts cemented by the mineralization
derived from the fracturing of porphyritic dikes or
masses of granitoids. In the first case it regards por-
phyritic breccias with feldspars and pyroxenes with
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Fig. 7. Detail of Fig. 4 (box). Groundmass of the altered volcanic
rock containing a phenocryst of magnetite1 with exsolutions of
ilmenite, numerous tiny grains of non titaniferous magnetite2,
and rare needles of rutile.

scattered quartz plagues and small crystals of apatite
epigenetic on chloritized pyroxene; locally thermo-
metamorphic effects induced by porphyritic dike on
hosting lava lithotypes are recognized. The action of
pneumatolytic-hydrothermal fluids on clasts of gra-
nitoid rock are evidenced by sericitization and epi-
dotization on plagioclase and/or K-feldspar (K-feld-
spar2). In some cases these are alkali-feldspar granite
breccias with K-feldspar occurring as large crystals,
both white and dark micas, quartz, chlorite and apa-
tite, the latter represented by two generations of
crystals: the first is magmatic and linked to the so-
lidification of granite, and the second is epigenetic
and formed by the early pneumatolytic-hydrothermal
alteration. The K-feldspar2, frequently sericitized, is
locally replaced by chlorite and/or zeolite aggregates;
biotite is transformed into chlorite.

4.2 Mineralogy

The main component of the mineralized veins is
quartz. Coarse quartz is normally typical of the pneu-
matolytic veins in which it is frequently associated
with K-feldspar (K-feldspar 3), tourmaline, mainly
schorl (in granular and prismatic crystals sometimes
in sheaves), and minor calcite: some tourmaline cry-
stals show a zoned core and an irregular "fibrous"
periphery. Associated to the fine grained quartz are
most commonly plagues of carbonate and rare chlo-
rite, and small magnetite crystals, locally with pyrite

Geo.Alp, Vol. 7, 2010



Fig. 8. Veins with scheelite (Sch), chalcopyrite (Ccp) and quartz
(Qtz) cement granite clasts containing K-feldspar phenocrysts
(Kfs) and tiny plates of molybdenite (in the box see Fig. 9).

inclusions. The metalliferous paragenesis indicates
formation in two distinct phases: the first, wolfram-
bearing phase, contains scheelite hosted in veins
composed of quartz, K-feldspar, tourmaline, locally
carbonate, chlorite, apatite and, according to Eni -
Aquater (1997), allanite; the copper prevailing phase
generated quartz veins with plagues and nodules of
chalcopyrite accompanied by pyrite and polymetallic
sulfides, less abundant, but present with a large vari-
ety of mineralogical species. The transition between
lithic clasts and mineralization is usually marked
by a thin band of quartz, which may occur in small
“combs” of crystals oriented normally to the salband,
accompanied by minor, slightly ferriferous calcite, bi-
otite with tiny exsolutions of ilmenite, rare apatite,
scattered skeletal individuals of rutile and ilmenite,
magnetite grains (without titanium) and sporadic
interstitial small plagues of chalcopyrite. At places
chalcopyrite and quartz tend to pervade the margin
of lava clasts. In the context of the Bedovina Nuova
mine, sporadic occurrences of molybdenite should be
reported also, independent both from the copper and
the wolfram parageneses. They consist of tiny plates
of molybdenite (Fig. 8 and Fig. 9), intergrown with
quartz, K-feldspar and micas in a fine-grained alkali-
ne granite. These are minor mineralizations geneti-
cally correlated to those of Aivola (Ricerca Predazzo),
still attributable to the granitic magmatic event, but
to a pulse of metalliferous fluids slightly preceding
the wolfram-bearing phase. Traces of molybdenite
are also reported from the debris of the dump of the
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Fig. 9. Detail of Fig. 8 (box). Tiny plates of molybdenite in granite
matrix.

Galleria Ventosa and other sites of the magmatic
complex of Predazzo and Monzoni.

4.2.1. The wolframiferous phase

Wolfram occurs as scheelite grains and up to
several mm large crystals disseminated in quartz-
feldspar-tourmaline gangue. There is no evidence
of wolframite. SEM microchemical analysis identi-
fied low, but locally significant, contents of Mo in
some scheelite grains. The paragenetic sequence
characteristic of wolfram veins starts with the for-
mation of quartz (which continues throughout the
whole phase) and scheelite, followed and accompa-
nied by tourmaline (which may include scheelite), K-
feldspar, chlorite, occasional crystals of apatite (apa-
tite2, zoned for fluorine content increasing towards
the edge), and finally carbonate. The quartz gangue
accompanying the scheelite contains locally tiny cry-
stals of magnetite.

The structural and textural characteristics of the
mineralization of Bedovina indicate that the wolfram
phase anticipates the copper phase: chalcopyrite in
fact appears as late as tourmaline, which at places
incorporated some relics after the selective replace-
ment of feldspar. In other places (Fig. 10) scheelite is
fractured and cemented by calcite and quartz vein-
lets containing chalcopyrite plagues and some small
crystal of apatite. We also observed locally scheelite
grains surrounded by a thin edge of sericite likely to
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Fig. 10. Scheelite (Sch) fractured and cemented by quartz (Qtz)
and calcite (Cal) gangue with chalcopyrite (Cep) and apatite (Ap).
Chalcopyrite contains small grains of galena and rare tiny tellu-
rides. In the box, small grains of galena and sulfosalts (see Fig. 25).

Fig. 12. Quartz (Qtz), K-feldspar (Kfs), tourmaline (Tur), apatite (Ap)
and small grains of synchysite (Sy).

witness the action of corrosion/dissolution induced
by hydrothermal polymetallic fluids.

Locally the scheelite occurs in narrow veins of
quartz which cemented a granite breccia: in this
context the salbands are marked by thin packages
of chlorite2/biotite and rutile grains. At places the
quartz veinlets also contain small crystals of pyrite,
scattered or in swarms with interstitial chalcopyrite.

In the quartz, K-feldspar and tourmaline gangue,
which normally characterize the wolfram phase,
grains of rutile and ilmenite locally are also relatively
common; in some cases the K-feldspar and quartz
groundmass replaced by chalcopyrite show minuscu-
le “crevasse” covered with tiny crystals of rutile (Fig.
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Fig. 11. Chalcopyrite (Ccp) in quartz-feldspar gangue (Kfs), con-
taining a small “crevasse” encrusted by tiny crystals of rutile (Rt)
and K-feldspar.

Fig. 13. Cassiterite (Cst) in quartz (Qtz) near a relic of chalcopy-
rite (Ccp) rimmed by an oxidation rim.

11). Associated with granitic breccias, locally thorian
synchysite-(Ce) (Fig. 12), a REE containing fluorcar-
bonate occurs, according to a SEM analysis, (Ce,04
ca. 24%), La (La,05 ca. 14%), Nd (Nd,05 ca. 9%)
Pr,05 (ca. 2.5%), Sm (Sm,05 ca. 1%), minor amounts
of various other REE and about 2.7% of ThO,.

Tiny grains of cassiterite (1-10um), with minor
contents of Ti (2-3%) and Fe (1-29%), are scattered
across quartz gangues (Fig. 13). The closure of the
wolfram phase is marked by the crystallization of he-
matite as marginal accretions on grains of magnetite
and in flakes disseminated in quartz.

Geo.Alp, Vol. 7, 2010



Fig. 14. Pseudomorphic magnetite (Mgt) after radiated plates of
hematite (mushketowite) accompanied by some calcite gangue
(Cal), inherited by penetrating chalcopyrite (Ccp). A network of
thin later fractures is cemented by calcite.

Fig. 16. Apatite (Ap) in quartz, replaced and penetrated by pyrite2
(Py2).

Fig. 18. Co, Fe, Ni sulfo-arsenides(Cbt) at the edge of chalcopyrite
(Cep).

Geo.Alp, Vol. 7, 2010

Fig. 15. Quartz (Qtz) and tourmaline (Tur), with occasional cry-
stals of apatite (Ap) and pyrite (Py), the latter including inter-
growths of ilmenite and rutile.

Fig. 17. Marcasite (Mc) in chalcopyrite (Ccp).

Fig. 19. Chalcopyrite (Ccp) containing a cluster of polymetallic sul-
fides including galena (Gn), Co, Fe, Ni sulfo-arsenides (Cbt), hessite
(He) and very tiny intergrowths of sulfides, selenides and sulfosalts.

63



4.2.2. The sulfidic polymetallic phase

The sulfides phase mainly generated chalcopyrite
accompanied by minor amounts of pyrite, sphalerite,
galena and other sulphides and various sulfosalts.
Chalcopyrite occurs as micrometer to millimetre lar-
ge plagues interstitially developed with quartz, calci-
te and radially grown chlorite. Nodules, up to centi-
meters of chalcopyrite are common in the widening
of some veins. Locally, granules of scheelite and small
plagues of chalcopyrite coexist in the same vein, but
usually occupy distinct sites in the gangue; in some
cases, scheelite and chalcopyrite may be contiguous,
but the structural, textural and paragenetic context
indicates that the two mineralogical phases belong
to different depositional steps, separated by an epi-
sode of brittle deformation.

Included in chalcopyrite, crystals of pyrite are
common, up to a millimetre large, cubic, at places
fractured and cemented by the same chalcopyrite.
The main enrichments of chalcopyrite are subsequent
to the formation of tourmaline; in fact, they cement
its fractures and, in places, chalcopyrite appears to
have selectively replaced feldspar, quartz and carbo-
nate, which still remain as relic plagues, saving the
tourmaline. Chalcopyrite also includes relics of ma-
gnetite and hematite (Fig. 14) accompanied by rests
of the original quartz-carbonate gangue; in some
instances, the paragenetic and textural character
indicate original lamellar aggregates of hematite
partially transformed into magnetite (muschketo-
wite). The start of the sulfide formation seems still
marked by pyrite1, which overlaps, even with phe-
nomena of selective substitution, both on the me-
tallic and gangue paragenesis of the wolframiferous
event. This paragenesis is locally preserved as relics of
mineral species relatively stable also under the new
hydrothermal conditions, such as certain aggregates
of ilmeno-rutile enclosed in pyrite1 (Fig. 15). Pyrite,
locally with interstitial chalcopyrite, occurs generally
as cubic crystals (few tens of microns up to 500-600
um) scattered or aggregated in plagues. Some of the-
se plagues are bordered and partially replaced by a
rim of arsenopyrite which may in turn be surrounded
by second-generation pyrite. Occasionally pyrite2 re-
places, along boundaries and fractures, apatite cry-
stals scattered in quartz (Fig. 16). Occasionally chal-
copyrite hosts aggregates of marcasite (Fig. 17).

The metalliferous paragenesis accompanying
chalcopyrite and pyrite is quantitatively incidental,
but extraordinarily rich in mineral phases.
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Pyrite may include tiny plagues of galena, chal-
copyrite and sphalerite and, less frequently, Co, Fe,
Ni sulfur-arsenide of the cobalt-glaucodoto family,
at places grown on bravoite (Fig. 18 and Fig. 19).
The SEM analysis of some cobaltite granules showed
significant contents of Fe (about 6-8 wt%) and Ni
(about 2-3 wt0%b).

Inclusions of sphalerite and galena are common in
chalcopyrite. The small plagues of sphalerite locally
show chalcopyrite exsolutions: in some cases "“stars"
of sphalerite are scattered in swarms in chalcopyrite.
The sphalerite grown outside the plagues of chalco-
pyrite shows low Fe contents (1-2 wt%). Galena is
generally poorly argentiferous: frequently, however,
some of its plagues included in chalcopyrite contain
or are accompanied by argentite/acantite occurring
as both tiny grains (Fig. 20 and Fig. 21) and small
plagues of discrete size (Fig. 22). Chalcopyrite also
hosts few grains of hessite (Fig. 23 and Fig. 24), rare
minuscule plagues of sulfosalts of the tetrahedrite-
tennantite series slightly argentiferous and Zn-rich
(7-8 wt% approx.) (Fig. 25). SEM analysis has also
revealed the presence of tetrahedrite containing ap-
prox. 6 wt% of As and ca. 9 wt% of Bi and further-
more tiny plagues of a highly argentiferous sulfosalt
of bismuth (approx. Bi 56 wt%, Cu 11-12 wt%, 17-18
wt0 Ag, approx. S 14 wt%) for the identification of
which more accurate microchemical and diffracto-
metrical analyses are needed; it possibly represents
an intergrowth of a phase like arcubisite/argento-cu-
pro-cosalite/pavonite with other bismuth sulfosalts
(Fig. 26).

In the quartz gangue accompanying the sulfides
a variegated polymetallic microparagenesis is also
disseminated: small grains of cobaltite (Fig. 27);
tiny crystals of apatite and magnetite; grains of Ag-
telluride, such as hessite, and Bi-telluride, probably
pilsenite Bi,Te; (Fig. 28); sporadic plagues consisting
of fine intergrowths of chalcopyrite and various bis-
mutiferous species (currently not defined), among
which native Bi is recognizable. Eni - Aquater (1997)
recorded also traces of electrum.

The closure of the hydrothermal sulphide-bearing
event is preceded by a mild fracturing involving
both the lithic clasts and the mineralized veins. A
network of thin narrow veins of calcite with minor
micro-quartz (flint-opal) cements the late fractures
(Fig. 29). These veinlets contain rare tiny plagues of
chalcopyrite and galena (galena2), and sporadic mi-
crograins of rutile.
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Fig. 20. Pyrite (Py) and chalcopyrite (Ccp) with small grains of Fig. 21. Detail of Fig. 20. Chalcopyrite (Ccp) including small grains
sphalerite (Sp) and galena (Gn, white) associated with argentite/ of galena (Gn) with argentite/acantite (arrow).

acantite (box, Fig. 21). Gangue of quartz and tourmaline (Tur).

Alteration veinlets (mainly goethite and cuprite) cross the chal-

copyrite.

Fig. 22. Chalcopyrite (Ccp) enclosing a intergrowth with pre- Fig. 23. Hessite (He) in argentite.
vailing argentite (Agt), small grains of argentiferous galena and
sporadic hessite.

Fig. 24. Chalcopyrite (Ccp) including a polymineralic aggregate of Fig. 25. Tennantite (Te), galena (Gn) and sphalerite (Sp) dissemina-
galena (Gn), hessite (He) and sphalerite (Sp). ted in gangue of quartz (Qtz). See also Fig. 10.
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Fig. 26. Chalcopyrite (Ccp) enclosing galena (Gn) with strongly
argentiferous Bi sulfosalt (arrow).

Widespread supergenic alteration affects sulphi-
des, mostly in the samples collected in the dump or
outer squares of the galleries of Vecchia Bedovina.
Particularly sensitive to oxidation phenomena are
pyrite and chalcopyrite. Many of the minor chalco-
pyrite plagues isolated in the gangue are completely
transformed into aggregates of covelline, malachite,
azurite, cuprite, goethite etc.; nodules and the larger
plagues are frequently bordered and locally crossed
by characteristic composite bands of “colloform”
aspect (Fig. 29) in which films of alternating goethite
and cuprite are at places combined with malachite
and azurite. Quite common is the alteration of pyrite
to goethite which often spreads along a myriad of
cryptic small uncemented fractures, presumably in-
duced by alpine tectonics.

5 Summary and metallogenic considerations

The emplacement of the deposits of W (Mo, Sn, Bi,
REE) and of Cu (with Pb, Zn, Ag, Te, Co, Ni ...) of Bedo-
vina marks the end of the Mid-Triassic magmatic cy-
cle of the Predazzo-Monzoni Complex. The minerali-
zation forms a network of veins, from pneumatolytic
to hydrothermal. The veins crosscut all the magmatic
rocks, including the most recent terms as some minor
granitic bodies and some acidic and basic dykes.

A genetic link between Bedovina mineralization
and granitic intrusions has been suggested by several
authors (e.g. Becke, 1895; Hoffmann, 1903; Granigg
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Fig. 27. Tiny grains of cobaltite (Cbt) and galena (Gn) in quartz
(Qtz) close to chalcopyrite (Cep) with an alteration vein at the
quartz-chalcopyrite boundary.

& Koritschoner, 1913; Lazarevic & Kittle, 1913; Di
Colbertaldo, 1955; Bianchi & Di Colbertaldo, 1956);
some of the cited authors point out the presence of
small radial growths of tourmaline crystals and traces
of other minerals characteristic of the mineralization
of Bedovina in the "pink granite" outcropping bet-
ween Predazzo and Mezzavalle, strongly altered by
pneumatolytic-hydrothermal processes. Brigo (1989)
instead links scheelite mineralization and polymetal-
lic sulfides of Bedovina with fluids derived from the
monzonitic-syenitic and monzodioritic masses; some
minor events bearing Mo and W would be related to
the granites.

Data from our study indicate that, in the area of
Bedovina, the main metalliferous event is anticipated
by sporadic leaves of molybdenite genetically corre-
lated with the mineralization of Aivola, in which mo-
lybdenite was formed during the final stages of cry-
stallization of the host granite characterized by large
K-feldspar crystals. Shortly later tectonic movements
originated the bands of clastesis who guided the rise
of pneumatolytic-hydrothermal metalliferous fluids,
late products of granite crystallization. In a regime of
decreasing temperature these fluids generate stock-
works of copper-wolframiferous veins forming firstly
the pneumatolytic paragenesis, carriers of wolfram
(and minor Sn and REE) and later the hydrothermal
mainly cupriferous mineralization, but with distinct
polymetallic connotations (Fe, Zn, Pb, Ag, Co, Ni, Sb,
As, Bi, etc.) evidenced by sulphides, sulfosalts, tellu-
ride, etc..
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Fig. 28. Quartz (Qtz) and chalcopyrite (Ccp) surrounding a com-
plex intergrowth of chalcopyrite, native Bi and some very tiny of
not specified Bi-bearing minerals. Quartz encloses Bi-tellurides
(likely pilsenite, Pil) and hessite (He)).

The paragenesis of the wolfram phase is characte-
rized by scheelite with quartz, tourmaline, K-feldspar,
some carbonate, minor biotite and chlorite, and ac-
cessory amounts of magnetite, ilmenite, apatite
(with enrichment of fluorine at the edge of crystals),
rutile (locally with significant contents of Fe and Sn,
especially in the core), rare cassiterite (with discrete
contents of Ti and Fe), synchysite-(Ce) and finally
hematite. According to Champion and Blevin (2005),
Sn#+ is related to strongly fractionated and reduced
granites in which the ratio Fe,05/Fe0 <1 and Rb/Sr
>>1, and it tends to disperse in titanium minerals;
Cu and Mo probably correlate to slightly fractionated
magmas, island-arc or Andean type, in which Fe,0,/
FeO>1 and Rb/Sr >>1.

The moderate and at places high contents of Mo
checked in some grains of scheelite, the persistence
of apatite2 and of REE, U and Th minerals (e.g. mo-
nazite in MoS, occurrences, synchysite in the wolf-
ram paragenesis) seem to emphasize a geochemical
relationship between the wolfram mineralization and
the molybdenite occurrences and the relationship of
both with granites, which seem to have been affected
by crustal contamination processes, as suggested by
Coltorti et al. (1996).

The sulfide paragenesis follows, overlapping and
partly replacing, the wolfram mineralization. The es-
sentially cupriferous characters are accompanied by
evident polymetallic connotations, defined by the
minor but widespread presence of Zn, Pb, Ag, Te, Co,
Ni, Bi, As, Sb, etc. Sulfides were deposited by hydro-
thermal fluids that followed the same pathways of

Geo.Alp, Vol. 7, 2010

Fig. 29. Chalcopyrite (Ccp) in gangue of quartz, includes small
grains of sphalerite (Sp) and galena (Gn). Alteration veinlets (main-
ly oxides and hydroxides of Fe and Cu) cross the chalcopyrite: some
of them are arranged on late fractures cemented by carbonates
and galena2 (Gn2).

wolfram reactivated by a new clastic event and in a
substantially changed redox context. The transition
between the wolfram phase and the copper-polyme-
tallic sulfides phase is indeed marked by a "momen-
tary" onset of oxidizing conditions evidenced by the
crystallization of hematite present both as dissemi-
nated plates in the quartz gangue and as overgrow-
ths on existing grains of magnetite; immediately af-
ter that, the local transformation of hematite into
magnetite (mushketowite), as observed at Vecchia
Bedovina, marks the establishing of the reducing
conditions that accompanied the sulfides stage.

The sulfides paragenesis, which comprises tiny
crystals of cobaltite, chalcopyrite with spread stars
of sphalerite, but also sphalerite (with low contents
of Fe), poorly argentiferous galena and several Ag-
bearing minerals (sulfides such as argentite/acantite,
tellurides like hessite, bismutides and sulfosalts),
shows meso-epithermal characters.

Of a particular metallogenic significance is thori-
an synchysite-(Ce). It has been reported at M. Mulat
by Ravagnani (1974) and in the Vicentine Alps by
Pegoraro (1998) in the context of the Val Riolo iron
mineralization, genetically related to the Middle Tri-
assic magmatism (Frizzo, 1997; 2003). According to
Forster (2000) the synchysite present in the granites
with "A type" affinity of Markersbach (Erzgebirge) is
derived from the leaching effect of late-magmatic
fluid rich in F, CO,, Ca, on REE minerals such as mo-
nazite and xenotime present as accessories in the
granite; fluids would have released REE and Th re-
precipitating them nearby as fluocarbonates. Similar
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processes may have acted in the context of Bedovi-
na (and more generally on the granitoid masses of
Predazzo and Monzoni Complexes), from where mo-
nazite in granites and thorian synchysite-(Ce) in the
wolframiferous veins are reported.

Finally, it is important to stress that:

i) the metal paragenesis of the "wolfram phase” of
Bedovina, is characterized by the association W, (Sn,
Nb, Ta, REE, Th). In terms of metallogenesis (e.g. Be-
ckinsale, 1979; Pitcher, 1983; Sawkins, 1990), it indi-
cates a kinship with magmas of the leucogranitic se-
ries, and in particular with peraluminiferous “S type”
granitoids, with A/CNK>1.1. These are granites poor
in magnetite and with abundant ilmenite, commonly
characterized by low contents of Sr with respect to
Rb, with high Rb/Sr, low K/Rb ratios and 87Sr/86Sr>
0.706. Similar geochemical characters, thus favoura-
ble to W and Sn minerogenesis, are shown by “gra-
nites” of Predazzo (sienogranites - sensu Eni- Aqua-
ter, 1997); in the granites, SiO, varies from 62 wt%
to 86 wt% in positive correlation with Rb, K,0, Be, Nb
and negative with Fe,05, Ca0, TiO,, MgO, MnO, Co, V,
Zn; the concentrations of Ba and Sr are low (about 60
ppm). The contents of B (on average present with 100
ppm), F (up to 1200 ppm) and Li (60-250 ppm) are
significantly high. The high concentrations of Rb and
the low values of Ba and Sr, which determine high
Rb/Ba (up to 40) and Rb/Sr ratios (up to 100) and
low K/Rb ratios (decreasing from 200 to 100 in the
more strongly sericitized rocks), indicate granitoids
and magmatic-postmagmatic residual fluids rich in
incompatible elements and potentially productive for
W and Sn mineralization;

ii) the metal paragenesis with Cu, Zn, Pb, Ag, Te,
Co, Ni, Bi, As, Sb, (and Mo?) that characterizes the
sulfide “copper phase” refers to, from the metalloge-
nic point of view (e.g. Evans, 1993; Hutchinson, 1983
and references therein), a relationship with “/ type”
granitoids of the calcalkaline series with A/CNK<1.1,
Mg-rich biotite, disseminated magnetite, absent or
very scarce ilmenite and monazite, Sr/Rb ratios inver-
ted compared to “S type” granitoids. Other character
would be a higher f0,.

The mineralization of Bedovina therefore seems
to derive from residual metalliferous fluids produ-
ced from the crystallization of two distinct granito-
id magmas: the first, marked by “S type” characters,
would have generated the parageneses typical of the
“wolfram phase” with W (Sn, REE, Th); the second,
with "I type" characters, would be responsible for po-

d
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lymetallic associations that characterize the “copper
phase” The sporadic molybdenite occurrences could
be related to this last type of magma.

Alternatively, the hypothesis of a single hybrid
granitic magma could justify the complexity of the
copper and wolfram parageneses and the significant
contents of Mo sometimes present in the scheelite.
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Zusammenfassung

Diese Untersuchung behandelt die tektonische Entwicklung der Austroalpinen Decken im Norden des Tauernfensters
im nordlichen Zillertal (Tirol). Die bearbeiteten Einheiten sind der Kellerjochgneis (Schwaz Augengneis), der Innsbrucker
Quarzphyllit und der Wildschénauer Schiefer. Sechs unterschiedliche Deformationsabfolgen konnten gefunden werden.
Die erste Deformationsphase (D,) ist nur als reliktische Schieferung im Diinnschliff erkennbar. Im Innsbrucker Quarz-
phyllit manifestiert sich die erste Deformationsphase in Form von isoklinalen Falten. Die dominante Foliation wurde
wihrend der zweiten Phase (D,), welche das Resultat einer NW-SE Einengung ist, gebildet. Diese duktile Hauptdefor-
mationsphase driickt sich ebenso in Form isoklinaler Falten aus. Diese Struktur begleiten Scherbdnder, welche einen
W-NW-gerichteten Deckentransport anzeigen und somit D, daher mit der kretazischen Deckenstapelung korreliert
werden kann. Die dritte duktile Deformationsphase (D) flihrte zur Ausbildung offener Falten, welche auf eine NE-SW-
gerichtete Kompression hinweisen. Die vierte Deformationsphase (D,), welche eine NNW-SSE Kompression anzeigt, ist
ebenso durch offene Falten und einer Achsenebenenschieferung charakterisiert. Die letzte duktile Phase (D) fiihrte zur
Ausbildung semiduktiler Knickbander, welche die alteren Deformationselemente diskordant durchschneiden. Die darauf
folgende Sprodverformung (Dg) kann in vier Unterphasen gegliedert werden (Dg,_g). Die strukturelle Entwicklung dieses
Gebietes kann mit Hilfe der geochronologischen Daten aus dieser Region als tektonometamorphe Entwicklung inter-
pretiert werden. Zusammenfassend kann behauptet werden, dass die Platznahme des Innsbrucker Quarzphyllits, des
Kellerjochgneises und der Wildschénauer Schiefer wahrend der Oberkreide nach der SchlieBung des Hallstatt-Meliata
Ozeans unter Bedingungen der oberen bis mittleren Griinschieferfazies stattgefunden hat.

Abstract

This investigation addresses the tectonic evolution of the Austroalpine nappes north of the Tauern Window in the
northern Zillertal (Tyrol). The investigated units are the Kellerjochgneiss (Schwaz Augengneiss), the Innsbruck Quartz-
phyllites and the Wildschonau Schists. Six stages of deformation are distinguished. The first stage (D,) is present as a
relic foliation, observed only in thin sections. In the Innsbruck Quartzphyllite the first deformation stage is represented
by isoclinal folds. The dominant foliation is represented in the second stage (D), which is the result of a NW-SE-orien-
ted compression. This main ductile deformation event also is expressed by the formation of isoclinal folds. Associated
shear bands indicate W-NW-directed transport and thus D, is related to the Cretaceous nappe stacking. The third duc-
tile deformation stage (D) leads to the formation of open folds most likely associated with the NE-SW contraction.
The fourth stage (D,) is also characterized by open folds and an axial plane foliation, reflecting subsequent NNW-SSE
compression. The last ductile stage (Dg) produced semi-ductile kink bands, which crosscut the earlier deformation
structures. The subsequent brittle deformation (Dg) can be divided into four stages (Dg,_g)- This structural succession
can be interpreted in terms of the existing geochronological framework for this area, suggesting that nappe stacking
of the Innsbruck Quartzphyllites, the Kellerjochgneiss and the Wildschénau Schists took place during the Late Cre-
taceous under middle- to upper greenschist-facies conditions, related to the closure of the Hallstatt-Meliata Ocean.
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1. Introduction

These investigations are closely related to the in-
ternational geophysical TRANSALP-project, which in-
tends to provide a seismic reflection-profile through
the Eastern Alps along a transect between Bad To6lz
in the north, located to the south of Munich, and
Venice in the south (Transalp Working Group, 2002).
The area of the structural investigation covers ca.
60 km2 in the northern part of the Zillertal near the
city of Schwaz (Fig. 1). Lithologically the investiga-
ted area consists of polymetamorphic basement units
(Kellerjochgneiss or Schwaz Augengneiss), Paleozoic
carbonates and quartzphyllites (Schwaz Dolomite,
Innsbruck Quartzphyllite and Wildschénau Schists)
(Fig. 2A). The Wildschénau Schists mainly consist of
meta-greywackes. The units are strongly deformed,
with abundant synformal and antiformal structures
as shown in a cross-section in Figure 2B. In the nort-
hern part of the working area, a strong tectonic im-
brication of the above mentioned units occurs. The
contact between the three units in the area of inve-
stigation is always of tectonic nature, with the Inns-
bruck Quartzphyllite representing the lowermost unit
and the Wildschdnau schist representing the upper-
most unit. Figure 2B shows a profile through a large
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antiformal structure in the Kellerjochgneiss, with the
Innsbruck Quartzphyllite occurring as the core.

This investigation aims to provide structural data
to better constrain the tectonic evolution of the
three units, i.e. the Innsbruck Quartzphyllite, the
Kellerjochgneiss and the Wildschdnau Schists. Our
results contribute to the ongoing discussion concer-
ning the paleogeographic setting of these units, as
well as providing data for the interpretation of the
seismic data along this section of the TRANSALP
transect (Transalp Working Group, 2002). Based on
its tectonic position in the Austroalpine nappe stack
of the western part of the Eastern Alps, the Innsbruck
Quartzphyllite has always been unambiguously at-
tributed to the lower Austroalpine units (Tollmann,
1963). The Wildsch6nau Schists represent the Paleo-
zoic basement of the Upper Austroalpine Tirolic nap-
pe, which is itself a part of the Northern Calcareous
Alps and hence it was always attributed to be of up-
per Austroalpine origin. However, the paleogeogra-
phic provenance of the intermediate basement rock
units on top of the Innsbruck Quartzphyllite, namely
the Patscherkofel Crystalline Complex, the Keller-
jochgneiss and other similar bodies located further
east (e.g. Steinkogelschiefer) is still a matter of dis-
cussion. Tollmann (1963) considered the Kellerjoch-
gneiss to be a middle Austroalpine nappe, together

Geo.Alp, Vol. 7, 2010
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reverse strike-slip faults. These faults are thought to belong to the Inntal Fault system.
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Figure 3: Photomicrograph of the mineral assemblage of the Innsbruck Quartzphyllite. Quartz (Qtz), chlorite Chl), muscovite (Ms) and
albite (Ab) can be observed (sample A-133; X Nicols). The predominant foliation (S2) is also shown in the upper left corner.

with the Steinkogelschiefer and the Patscherkofel-
Glungezer Crystalline Complex. On the other hand,
Schmidegg (1964) interpreted these basement units
as representing the base of an inverted lying Inns-
bruck Quartzphyllite. While the tectonic nature of
the contact between the Innsbruck Quartzphyllite
and the Kellerjochgneiss has been established, there
is still disagreement concerning the timing of move-
ments along this contact (e.g. Steyrer et al., 1996).
Satir and Morteani (1978a) interpreted this contact
to be of Variscan age, leading to the conclusion that
all units, with respect to the Eo-Alpine orogeny, have
to be classified as Lower Austroalpine. Tollmann
(1977), on the other hand, interpreted the contact
as having formed during the Alpine orogeny and thus
defined it to be the boundary between the lower-
and middle Austroalpine units. Fligenschuh (1995)
and Steyrer et al. (1996) described a zone of ultramy-
lonites separating the two units and suggested that
the Kellerjochgneiss is a thinned relic of middle Aus-
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troalpine units. According to Schmid et al. (2004) The
Kellerjochgneiss and the Greywacke Zone are part
of the Upper Austroalpine cover and the Innsbruck
Quartzphyllite belongs to the Silvretta-Seckau nappe
system, which forms the basal nappes of the Upper
Austroalpine basement nappe system.

The aim of this study is therefore two-fold: 1) The
primary goal is a detailed structural investigation of
the area, to determine the structural successions in
the Innsbruck Quartzphyllite, the Kellerjochgneiss
and the Wildschdnau Schists. These results will be
compared with previous studies and tectonic models
obtained from the three units as well as of neigh-
boring units such as the Northern Calcareous Alps
by Schmidegg, (1964), Roth (1983), Eisbacher and
Brandner (1995), Ortner and Sachsenhofer (1996),
Steyrer et al. (1996), Kolenprat et al. (1999), Ortner
et al. (1999), Reiter (2000) and Grasbon (2001) and
2) the other aim is to relate the observed sequen-
ce of deformational events to the regional tectonic
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evolution of this part of the Eastern Alps. The defor-
mational sequence will therefore also be discussed
in the context of the available geochronological and
thermobarometric framework from the Austroalpine
nappes north of the Tauern Window.

2. Geological overview

The Innsbruck Quartzphyllite outcrops between
Mittersill in the east and Innsbruck in the west. It is
typically a rather monotonous, fine-grained, greenish
to grayish phyllitic schist, with the mineral assem-
blage muscovite + chlorite + albite + quartz + calcite
(Fig. 3). Locally, garnet-bearing schists occur south
of the Patscherkofel. It has been divided into three
stratigraphical units consisting of Devonian carbona-
tic black shales, Silurian carbonatic-sericitic phyllites
and Ordovician quartzphyllites and greenschists, ho-
wever numerous transitions may be found (Haditsch
and Mostler 1982). Although most of the Innsbruck
Quartzphyllites were affected by lower greenschist-
facies metamorphism (Hoschek et al. 1980; Sassi and
Spiess, 1992; Piber, 2005; Piber and Tropper, 2005),
some central parts of the Innsbruck Quartzphyllite
have been affected by middle greenschist-facies me-
tamorphism (Kolenprat et al. 1999; Piber, 2005; Piber
and Tropper, 2005). Geochronological investigations
revealed a complex metamorphic history indicating a
possible Permian- and Eo-Alpine overprint (Dingeldey
et al., 1997; Rockenschaub et al., 1999; Handler et
al., 2000). Recently, a number of new results have
been obtained concerning the internal structure of
the Innsbruck Quartzphyllite (Kolenprat et al., 1999).
Large parts of the Innsbruck Quartzphyllite must the-
refore be considered as highly deformed, retrograde
old (Variscan?) basement. These studies revealed a
metamorphic zonation with garnet-free phyllites at
the northern and southern rims and garnet bearing
phyllites in the central part (Fig. 1), thus reflecting a
slightly higher grade of metamorphism in the center.
This observation was interpreted in terms of a km-
scale isoclinal fold of the Innsbruck Quartzphyllite
(Schmidegg 1964, Rockenschaub 1998; Kolenprat
1998). Kolenprat et al. (1999) show, that the Inns-
bruck Quartzphyllite has a complex deformation hi-
story, with structures ranging from pre-Alpine (Vari-
scan) to late Alpine (Neogene) in age. The pre-Alpine
foliation is preserved only locally. During the Eo-
Alpine orogeny, intensive mylonitization associated
with W- to NW-directed nappe stacking, occurred.
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The Meso (Early Tertiary)- and Neo (Miocene)-Alpine
deformation is characterized by the imbrication of
the Lower Austroalpine units as a consequence of N-
directed thrusting of the Austroalpine nappes over
the Penninic Units and subsequent exhumation of
the Tauern-Window during N-S-shortening and E-
W-extension (Kolenprat et al., 1999).

The Kellerjochgneiss was first mapped on a large
scale by Ampferer and Ohnesorge (1918, 1924) and is
a mylonitic augengneiss. The mineral assemblage of
the Kellerjochgneiss includes biotite + muscovite +
plagioclase + K-feldspar + quartz + stilpnomelane +
clinozoisite (Fig. 4A). Accessories are titanite, rutile,
zircon, epidote, apatite, hematite and ore minerals.
The protolith of the Kellerjochgneiss was probably an
S-type alkaline-feldspar-granite according to Steyrer
and Finger (1996) and Gangl et al. (2002, 2005). Only
few petrological and structural studies have been
carried out so far on these rocks (Satir and Morteani,
19784, b; Satir et al. 1980; Wezel, 1981; Roth, 1983,
1984, Piber, 2002). Metamorphic P-T conditions of an
earlier overprint (Variscan) of 5.3 kbar at 400°C were
determined by Satir and Morteani (1978b). A quali-
tative estimate of the later metamorphic overprint
(Eo-Alpine) indicates temperatures <350°C at 2-3
kbar (Satir and Morteani, 1978b). In contrast, the la-
test P-T estimates yield temperatures between 286°
- 345°C at pressures ranging from 4.3 - 6.5 kbar and
are thought to represent the Eo-Alpine metamor-
phic overprint (Piber and Tropper, 2005; Gangl et al.,
2005). Single zircon U/Pb analyses point to an intru-
sion age of 468 + 1 and 469 + 2 Ma and thus provide
further evidence for pre-Variscan age data in additi-
on to the two dominant metamorphic overprints, the
Variscan and the Eo-Alpine event (Satir and Mortea-
ni, 1978a, b; Steyrer and Finger, 1996; Handler et al.,
2000, Gangl et al., 2005). In his structural investiga-
tions, Roth (1983) identified deformation structures
that he related to the Variscan and Alpine orogeny
respectively. According to these observations early
(Variscan) mylonites, related to nappe emplacement
were re-activated during the N-directed nappe sta-
cking associated with the Eo-Alpine orogeny. After-
wards, NE-SW striking and NW-verging folds formed
which he related to the subsequent continental colli-
sion following the nappe transport (Roth, 1983).

The Stengelgneiss occurs only in the NE part of the
area of investigation and is a mylonite that is most
likely still part of the Kellerjochgneiss as indicated
by geochemical investigations (Gangl et al., 2002).
Additionally, a single zircon U/Pb age of 479 + 2 Ma
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Figure 4: (A): This photomicrograph depicts the characteristic mineral assemblage of the Kellerjochgneiss (sample A-56) with relict
K-feldspar (Kfs), albite porphyroblasts and relict biotite (Bt I) containing abundant rutile (Rt) needles, and chlorite (Chl) and muscovite
(Ms). On the top of the picture at the rim of the K-feldspar titanite (Ttn) and clinozoisite (Czoi) occur (X Nicols). (B): This photomicro-
graph shows albite porphyroblasts containing sericite within a relict K-feldspar crystal. Newly grown albite predominately occurs at
the rim or along fractures within the old feldspar crystals (sample A-98, X Nicols). (C): This photomicrograph shows shearbands in the
Kellerjochgneiss indicating top to WNW movements.
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Figure 5: Photomicrograph of the comparison of pre - and syn-
kinematically grown biotite in the Stengelgneiss. The synkine-
matically grown minerals, such as muscovite (Ms), biotite (Bt 11},
albite (Ab), chlorite (Chl) and quartz (Qtz) are strongly flattened,
while the older biotite (Bt I) was rotated during deformation and
titanite (Ttn) and clinozoisite (Czoi) grew along its rims. Chlorite
occurs in the pressure shadow of Bt | (sample A-106, Il Nicols).

indicates an affiliation to the Kellerjochgneiss (Gan-
gl et al.,, 2005). Similar to the Kellerjochgneiss, the
Stengelgneiss displays also a mylonitic fabric but the
minerals are stronger elongated along the NE-SW
striking stretching lineation. The mineral assemblage
of the Stengelgneiss consists of biotite + muscovite
+ plagioclase + K-feldspar + quartz. As accessories,
titanite, rutile, zircon, epidote, apatite, hematite and
ore minerals occur (Fig. 5). Strongly deformed quartz
grains are stretched parallel to the lineation and
quartz aggregates form rods which gave the Stengel-
gneiss its name.

The Wildschénau Schists and the Schwaz Do-
lomite are part of the Greywacke Zone (Ortner and
Reiter, 1999) and according to Mostler (1973) the
Western Greywacke Zone is a stratigraphic sequen-
ce of meta-sediments with volcanic intercalations,
ranging from the Ordovician to the Late Devonian.
The Wildschdnau Schists are composed of light gray
phyllites similar to the Innsbruck Quartzphyllite. Roth
(1983) characterized two different varieties of the
Wildschonau Schists, the sandy type and the phyllitic
type. Grasbon (2001) established that these two va-
rieties of Wildschénau Schists are intercalated even
on outcrop scale and therefore these two variations
will be treated together in this investigation. The mi-
neral assemblage of the Wildschénau Schists is very
similar to the Innsbruck Quartzphyllites containing
the mineral assemblage muscovite + chlorite + albite
+ quartz + calcite (Fig. 6). Muscovite 40Ar-39Ar ages
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Figure 6: Photomicrograph of the mineral assemblage of the
Wildschénau Schists containing muscovite (Ms), quartz (Qtz),
albite (Ab) and chlorite (Chl) (sample A-101, X Nicols).

(Handler et al., 2000) from the Wildschdnau Schists
indicated a Variscan or Permian metamorphic over-
print at 267 + 6 Ma. In addition Angelmaier et al.
(2000) obtained 40Ar-39Ar ages of 264 + 11 Ma on
muscovite, which correlates very well with the age
of Handler et al. (2000). Although few 40Ar-39Ar data
from the Wildschénau Schists yield late Variscan
ages (Handler et al., 2000), 49Ar-3%Ar ages from the
central Greywacke Zone yield 102 - 98 Ma (Schmid-
lechner et al., 2006) and 87Rb-87Sr ages of 137 to 127
Ma and 40K-3%Ar ages of 113 to 92 and 113 to 106 Ma
from the Greywacke Zone close to Zell am See give
reasonable evidence for an Eo-Alpine metamorphic
overprint around ca. 300°C (Kralik et al., 1987).

In the Western Greywacke Zone, modern thermo-
barometric data were lacking until recently. Based
on index minerals, Hoschek et al. (1980) estimated
lower greenschist facies conditions for the Wildscho-
nau Schiefer. Piber (2005) obtained P-T conditions
of 4.5 kbar and 330°C, based on multi-equilibrium
thermobarometry on one sample of the Wildschénau
Schists. Geochronological investigations by Handler
et al. (2000) and Anglmeier et al. (2000) in this area
indicate only a Permian metamorphic overprint so far.
However, investigations from the central Greywacke
Zone yield clear evidence for a Cretaceous metamor-
phic overprint around ca. 300°C (Kralik et al., 1987;
Schmidlechner et al., 2006).
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Figure 7: Block diagrams showing the tectonic structures of
the Innsbruck Quartzphyllite (A) the Kellerjochgneiss (B) and the
Stengelgneiss (C). In addition, stereo plots showing the orientati-
on of the different fold axes and stretching lineations, are added
to the tectonic block images.

3. Structural data
Ductile deformation

Based on structural data obtained in the field and
petrographic and textural observations in oriented
thin sections, four stages of ductile (D, - D,) and one
stage of semiductile (Ds) deformation could be di-
stinguished. The spatial relationship of the structural
elements is illustrated in Figures 7 A - C, showing
idealized block diagrams of a sample of each of the
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units discussed. The structural successions of the in-
vestigated units are also shown in Table 1, which give
a comprehensive overview of the observed structures.

Deformation D,

Relict D, structures, such as a foliation and iso-
clinal folds, are preserved in all investigated units. In
the Innsbruck Quartzphyllite and in the Kellerjoch-
gneiss, a relict of an earlier foliation (S,) is visible
in very few thin sections. Due to the intensive over-
print of the earlier foliation S; by S,, the orienta-
tion of S; could not be determined in these units.
Remnants of a stretching lineation (L,), which seems
to accompany S,, rarely occur and exhibit no clear
orientation. In the Wildschénau Schists, remnants of
a relict S, foliation show a strike ranging from NNE-
SSW to NW-SE. In addition, this deformational event
also causes isoclinal folding (iso-F;) of intercalated
quartz segregations in the Innsbruck Quartzphyllite
and the Stengelgneiss with wavelengths up to a few
centimeters as shown in Figure 7A, B and 8A, B. These
folds are absent in the Kellerjochgneiss and the Wild-
schénau Schists.

Deformation D,

A younger foliation (S,), which is the dominant
foliation in the area of investigation, overprints S,
in the Innsbruck Quartzphyllite (Fig. 7A). Occasio-
nally a stretching lineation occurs in the Innsbruck
Quartzphyllite in quartz-rich aggregates, quartz-
and calcite-rich ribbons and/or carbonate-rich ag-
gregates. This lineation (L,) strikes ENE-WSW (Fig.
7A). During this stage of deformation, the relict iso-
clinal folds (iso-F,) in the Innsbruck Quartzphyllite
were also refolded and formed a second generation
of isoclinal folds (iso-F,) with hinge lines striking
ENE-WSW (Fig. 7A, Fig. 8A). The S, foliation is also
the dominant mylonitic foliation in the Kellerjoch-
gneiss and the Stengelgneiss (Fig. 7B, C, Fig. 8B, C).
Stretching lineations (L,) in the Kellerjochgneiss and
the Stengelgneiss trend NE-SW (Fig. 7B, C). Isoclinal
folds (iso-F,) with WSW-ENE striking hinges, simi-
lar to the Innsbruck Quartzphyllite, were also found
in the Kellerjochgneiss and Stengelgneiss (Fig. 7B, C,
Fig. 8B, C). Accompanying the ENE-WSW striking iso-
clinal folds (iso-F,), a stretching lineation (L,), which
strikes NE-SW, also occurs. Locally small top-NW
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Figure 8: This image shows a sequence of fold structures in the
Innsbruck Quartzphyllite (A), the Kellerjochgneiss (B) and the
Stengelgneiss (C). Referring to (A) and (B) the folds (F3) with NW-
SE striking hinge lines can not be seen because of the NW-SE
orientation of the outcrop. The same applies to the kink bands in
the Stengelgneiss (C).

Geo.Alp, Vol. 7, 2010

to WNW shear bands (Fig. 4B), crosscutting S,, also
occur in the Kellerjochgneiss. These shear bands in-
dicate ongoing deformation under cooler conditions.
The Stengelgneiss shows the same structural features
as the Kellerjochgneiss and therefore ENE-WSW stri-
king isoclinal folds (iso-F,) accompany the stretching
lineation (L,), which strikes NE-SW, (Fig. 7C). In the
Wildschdnau Schists, S, shows a wide range in ori-
entations with strikes ranging from WNW-ESE to
NE-SW whereas NW-SE to N-S striking directions
are dominant (Fig. 9). During this deformation stage,
tight folds (F,), striking ENE-WSW were also formed
(Fig. 9). Similar to the two units discussed above,
the stretching lineation in the Wildschénau Schists
shows preferred orientation varying from NNE-SSW
to ENE-WSW (Fig. 9). Preferred orientation may also
be indicated by stretched mineral fibers trending
NNE-SSW (L,) which coincides with the stretching
lineation in the Kellerjochgneiss.

Deformation D,

During this stage, folding of S, led to the generati-
on of open folds (F;) with NW-SE striking hinge lines
(Fig. 7A). These folds were observed in the northern
part of the studied area, especially in the vicinity of
tectonic contacts between the Kellerjochgneiss and
the Innsbruck Quartzphyllite. These folds vary in size
and occur as small scale folds with wavelengths ran-
ging from several centimeters up to a few meters.
Their interlimb angle can be open to tight (down to
ca. 35°). A probably younger, second lineation (crenu-
lation lineation), striking NW-SE (L;), was observed in
the Innsbruck Quartzphyllite. This crenulation lineati-
on is formed by chlorite. In the Kellerjochgneiss, tight
folds (F3), overprinting the S, foliation, with NW-SE
striking hinge lines similar to the Innsbruck Quartz-
phyllite, also occur (Fig. 7B). These folds show a ver-
gence towards the NE (Fig. 7C) and only occur spora-
dically in the NW and W of the area of investigation,
in proximity to the tectonic boundary between the
Kellerjochgneiss and the Innsbruck Quartzphyllite. In
the Kellerjochgneiss, a second lineation (crenulation
lineation - L), striking NW to SE was occasionally
found, which is also formed by chlorite. The Sten-
gelgneiss shows similar structural features as the
Kellerjochgneiss, but younger NW-SE (F;) striking
open folds, overprinting F1 and F2 isoclinal folds are
rare (Fig. 7C, Fig. 8C). A NW-SE striking lineation has
not been found in the Stengelgneiss. NW-SE striking
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Figure 9: These stereo plots show the orientation of the predominant foliation (S,), lineation (L) and folds (F,) of the Wildschénau Schist.

folds (F3) also occur rarely in the Wildschonau Schist.
Similar to the stretching lineation L, which formed
during D,, a possible second generation of lineations
(crenulation lineation - Lj) striking in NW-SE direc-
tion occurs locally, which is also formed by chlorite.
Due to the broad spread in the measured directions,
these data have to be considered with caution.

Deformation D,

In the Innsbruck Quartzphyllite the subsequent
deformation stage led to the formation of a younger
generation of folds, (F,), which show NE-SW striking
hinge lines (Fig. 7A, Fig. 8A). The interlimb angles
of these folds are gentle to tight (ca. 25°) (Fig. 8A).
Locally another foliation (S,) developed as an axial
plane foliation to F,, which ordinarily strikes E-W. A
large fold structure with a hinge line striking SW to
NE and a wave length of more than one kilometer oc-
curs in the central section of the area of investigati-
on (Fig. 2B). Its hinge line dips towards the NE. In the
Wildschdnau Schists, numerous open chevron folds
(F,) occur, which strike NNE-SSW, and represent the
youngest fold generation observable in this unit.

Deformation Dy

The latest semi-ductile structures occur as kink
bands and can be found in all units. Due to different
lithological characteristics their orientation varies
strongly and thus no characteristic strike direction
could be discerned.
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Brittle deformation

An analysis of the brittle faults was done using the
program TECTONIC FP v. 1.6.01 by Ortner et al. (2002).
Since the brittle structures are part of the youngest
tectonic activity (Dg) in the area, they crosscut all li-
thologies. The data from all units showed that brittle
deformation took place in four stages (Dg, - Dgg).

(1) The oldest brittle faults are NW-SE to WNW-
ESE striking strike-slip faults (Dg,) with a dextral
sense of motion and conjugate sinistral strike-slip
faults, which strike NNW-SSE (Fig. 10A). (2) The
next generation of brittle faults, overprinting Dg,,
is expressed through thrust faults (Dg,) which strike
E-W to NW-SE (Fig. 10B). (3) The younger Zillertal-
parallel faults, which crosscut (Dg,) in the working
area, strike NNW-SSE (Dg) (Fig. 10C). They common-
ly dip steeply to the NE and are normal faults with
oblique dextral motions. (4) The youngest faults are
the Inntal-parallel faults which are the dominant
faults occurring in the whole area. These faults strike
NE-SW and are mostly strike slip faults (Dgy) with an
oblique normal or reverse sense of motion (Fig. 10D,
Fig. 2B). These NE-SW striking faults are more com-
mon toward the tectonic contact between Innsbruck
Quartzphyllite and Kellerjochgneiss. These faults
and their subsystems cause an intensive imbrication
of the units, especially in the northern part of the
area of investigation, where Innsbruck Quartzphyl-
lite, Stengelgneiss and Schwaz Dolomite are strongly
imbricated. The NE-SW striking faults cause lateral
displacements which can range up to several kilome-
ters. The largest sinistral lineament, crosscutting the
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Figure 10: (A): This stereo plot shows the orientation of the oldest brittle faults, representing Dg,, occurring in the area of investigation. Con-
jugated sinistral strike-slip faults are also illustrated in this plot. (B): Examples of thrust faults (Dgy), which lead to strong imbrication of the
lithologies to the vicinity of the Inn Valley, indicating a NE-SW contraction. (C): Examples showing normal faults from the area of investigation
caused by E-W extension (D): Examples of faults reflecting the ongoing Miocene deformation. The plot shows Inn-Valley parallel sinistral strike-
slip faults. They are accompanied by synthetic Riedel shear faults.
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1A Deformation Sequence of the Innsbruck Quartzphyllite
lithological | deformation tectonic character of
unit |  stage structures deformation
relic S,
D1 axial plane foliation ductile
Q of iso Fy
= penetrative S, feliation;
§‘ D2 WSW-ENE striking iso F; folds ductile
= E-W striking ing li ion L,
o D3 NW-SE striking mineral lin. Ly ductile
‘E NW-SE striking F; folds
© ME-SW striking
- D4 open to tight F, folds ductile
(e s, foliation
> D5 kink bands semi ductile
Q Déa NW to SE striking brittle
E dextral strike-slip faults
K] D&b NW-SE to W-E brittle
g striking thrust faults
c Dée N to S striking brittle
= normal faults
Dad NE-SW to NNE-SSW striking brittle
sinstral strike-slip faults
1B Deformation Sequence of the Kellerjochgneiss & Stengelgneiss
lithological | deformation tectonic character of
unit stage def it
relic S, foliation
D1 IN-5 striking ductile
relic stretching lineation
penetr. S; foliation; NE-SW to
[E-W striking stretching lineation ductile
D2 ENE-WSW striking iso F; folds
3 shear bands ductile
'a top to the WNW - NW
c D3 NW to SE striking mineral lin. Ly ductile
{e)] NW to SE striking Fs folds
£ NE to SW striking
8 D4 open to tight small scale ductile
= F, folds
o D5 kink bands semi ductile
3 D6a NW to SE striking brittle
¥ dextral strike-slip faults
D6b NW-SE to W-E brittle
striking thrust faults
Déc N to S striking brittle
normal faults
Déd NE-SW to NNE-SSW striking brittle
sinstral strike-slip faults
Deformation Sequence of the Wildschiénau Schist
lithological | deformation tectonic character of
unit stage structures deformation
D1 5, foliation ductile
- S, foliation; NE to SW
[7:] D2 striking stretching lineation Ly ductile
E ENE to WSW striking F folds
Q D3 NW to SE striking mineral lin. Ly ductile
n NW to SE striking F; folds
=1 NNE to SSW striking
g D4 F folds ductile
0
= D5 kink bands semi ductile
Q D6a NW to SE striking brittle
% dextral strike-slip faults
i Déb NW-SE to W-E brittle
; striking thrust faults
Déc N to S striking brittle
normal faults
Ded NE-SW to NNE-SSW striking brittle
sinstral strike-slip faults

Table 1: Compilation of the deformation sequence of the Innsbruck Quartzphyllite, the Kellerjochgneiss the Stengelgneiss and the Wild-
schdnauer Schists from this investigation.
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Wildschonau Schists and the Kellerjochgneiss, is re-
presented by the Finsinggrund Fault (Fig. 2A), which
strikes NE-SW with an oblique motion trending to
NE. This fault offsets the Wildschénau Schists from
the Kellerjochgneiss by about 3 kilometers, which
was also established from previously published geo-
logical maps by Roth (1983).

4. Discussion

Comparison of the structural successions with pre-
vious investigations

The structural data from this work (Table 1) may
be compared to structural data from other authors,
such as Roth (1983), Ortner and Sachsenhofer (1996),
Steyrer et al. (1996), Kolenprat et al. (1999), Ortner
et al. (1999) and Grasbon (2001) as shown in Tables
2, 3A-C. Recently Kolenprat et al. (1999) developed a
structural model for the Innsbruck Quartzphyllite to
the south of Innsbruck (Table 2). In their model, the
authors correlate the observed deformation stages
with the deformation sequence in the Eastern Alps
from further west near the Swiss border, obtained by
Froitzheim et al. (1994). Kolenprat et al. (1999) de-
scribe a relic Pre-Alpine foliation (S,), which is the
axial plane foliation of relict isoclinal folds (iso-F,).
An indicator for the Pre-Alpine age of the foliation
(S,) is the post-S,/pre-S; garnet growth of Permian
garnets in mica schists. The Cretaceous evolution of
the Innsbruck Quartzphyllite has been associated
with the Trupchun Phase by these authors. These
structures are expressed as a penetrative mylonitic
foliation (S5) with E-W stretching lineations and W-E
striking isoclinal folds (iso-F5). Shearbands within la-
yers of chlorite-bearing schists indicate top-to-NW
motions that post-date the Trupchun Phase. These
movements were interpreted as being associated
with post-Trupchun NW directed nappe stacking.
Kolenprat et al. (1999) found no structural features
that could be correlated with the Ducan Ela Phase,
which is associated with the extensional collapse
and formation of Gosau basins during the Uppermost
Cretaceous (80 - 67 Ma, Froitzheim et al. 1994). De-
formation structures, associated with the Alpine Ter-
tiary evolution during the Blaisun Phase (50-35 Ma)
are open chevron folds with NE to SW trending hinge
lines (F,,) and an axial plane foliation (S,). Subse-
quent semi-ductile structures are expressed as kink
bands, which were correlated with the Turba Phase
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(35 - 30 Ma.). The following brittle deformation is
polyphase (Dg,-Dgg)-

Concerning the Innsbruck Quartzphyllite, our re-
lic S; axial plane foliation and the F, isoclinal folds
(Tab. 3A) are in a good correlation with the relic S,
foliation from the structural succession scheme of
Kolenprat et al. (1999) in Table 2. Furthermore, the
dominant D, and D; deformation structures agree
with their observations, except that the NW-SE stri-
king folds and NW-SE striking stretching lineations
were not observed by Kolenprat et al. (1999) and we
did not observe top to the NW shear bands (Tab. 3A).
The data from the structural succession scheme of
Grasbon (2001) are also similar to the structural data
from this work, except that she did not observe any
relic D, structures.

Concerning the Kellerjochgneiss the structural
succession of Grasbon (2001) as seen in Table 3B,
is again very similar to the structural data from this
investigation, except for the absence of relic D, de-
formation structures and the NE-SW striking small
scale folds (F,). Steyrer et al. (1996) also proposed a
similar succession of structures. Our D, shearbands
are in accordance with their shear bands indicating
motions top to the W to NW during D,. Their NE-SW
striking folds can also be correlated with the ENE-
WSW striking folds (F,). Furthermore, they observed
chevron folds which are similar to our NE-SW stri-
king open F, folds (Tab. 3B). The NE striking folds de-
scribed by Roth (1983) may be compared to the ENE-
WSW striking folds assigned in our scheme to D,. His
W-NW striking folds may also be correlated to the F,
folds, which strike NW-SE. However, the remainder of
our deformation scheme does not correlate with the
deformation sequence of Roth (1983).

Concerning the Wildschénau Schists, the struc-
tural data from this work are compared in Table 3C
with the structural succession of Grasbon (2001). Si-
milar to the Innsbruck Quartzphyllite and the Keller-
jochgneiss, Grasbon (2001) did not identify any relic
D, deformation structures within the Wildschénau
Schists. Her N(E)-S(W) striking folds with the accom-
panying (N)NE-(S)SW striking stretching lineation
can be correlated to the ENE-WSW striking F, folds
and the NE-SW striking stretching lineation (L,). The
NE-SW striking chevron folds may be compared with
the NNE-SSW striking open folds (F,) from this inve-
stigation (Tab. 3C).
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Tectonic Scheme of the Innsbruck Quartzphyllite

Kolenprat et al. (1999 & oral com.)

presumed age Deformation stage structures
Permian Dv1 relic iso F,
or Dv2 S, foliation
Variscan Garnet post S, pre S;
Cretaceous mylonitic S
Trupchun Phase D3a str. lineation top to the W
100-80 ma. W-E striking iso F5 folds
post Trupchun Phase D3b shear bands
top to the NW
NE-SW striking open
Blaisun Phase/50-34 ma. D4 F.q folds
S, foliation
Blaisun Phase/50-34 ma. D5 kink bands

Table 2: Tectonic scheme of the westernmost part of the Innsbruck Quartzphyllite by Kolenprat et al.

(1999).
3A Comparison of the Deformation Sequence of the Innsbruck Quartzphyllite
Kolenprat (1999 & oral com.) this study
Deformation stage structures structures Deformation stage
Dv1 relic iso Fy relic S,
Dv2 S, foliation axial plane foliation D1
Garnet post S; pre S; of iso F,
mylonitic S3 penetrative S; foliation
D3a str. lineation top to the W WSW-ENE striking iso F, folds
W-E striking Iso F; folds E - W striking str. lineation L D2
D3b shear bands
top to the NW
NW-SE striking mineral lin. L, D3
NW-SE striking F; folds
NE-SW striking open NE-SW striking
D4 F 4, folds open to tight F, folds D4
penetrative S, foliation S, foliation
D5 kink bands kink bands D5
Grasbon (2001) this study
Deformation stage structures structures Deformation stage
relic S
axial plane foliation D1
of iso F,
NE-SW striking folds penetrative S; foliation
D1 NE-SW striking WSW-ENE striking iso F, folds
stretching lineation E - W striking str. lineation L, D2
D1 shear bands
top to the NW
NW-SE striking folds NW-SE striking mineral lin. La D3
D2 NW-SE striking NW-SE striking F; folds
stretching lineation
E-W striking folds NE-SW striking
D3 shear bands top to the N/S open to tight F,4 folds D4
NE-SW striking chevron folds S, foliation
kink bands D5

Table 3A: Correlation between the deformation sequence of the Innsbruck Quartzphyllite from this investigation with the defor-
mation sequences deduced by Kolenprat et al. (1999) and Grasbon (2001).
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Geochronological constraints on the evolution of
the Austroalpine nappes north of the Tauern Win-
dow

Recently there have been several geochronological
investigations in the western part of the Innsbruck
Quartzphyllite in the vicinity of the Brenner Fault and
the overlying Patscherkofel Crystalline Complex. Din-
geldey et al. (1997) conducted one Ar-Ar stepwise
heating experiment on a sample from the western
part of the Innsbruck Quartzphyllite. They found a
rejuvenation of the phengite age from 250 Ma to 35
Ma, indicating that the temperature of the Alpine
metamorphic overprint probably exceeded 350°C in
this area. Recently, Ar-Ar and Rb-Sr dating has been
performed on samples from the Brenner area by Ro-
ckenschaub et al. (1999). The Ar-Ar plateau ages
(206 - 268 Ma) and Rb-Sr ages (229 - 255 Ma) of
phengites from porphyritic orthogneisses within the
Innsbruck Quartzphyllite, as well as one monazite
microprobe age (280 + 25 Ma), gave indications for
a Permian event (Rockenschaub et al., 1999). They
also obtained Eo-Alpine Ar-Ar ages of 135 Ma for
synkinematically grown phengites from the domi-
nant foliation S, in the northern and central parts of
the Innsbruck Quartzphyllite. This result might indi-
cate the onset of the Eo - Alpine metamorphic event
and hence put an age constraint on the earliest stage
of the Alpine deformation. While these ages show
considerable spread due to incomplete resetting and
partial mineral growth during the Eo-Alpine orogeny,
these results represent the only current absolute age
constraint on Alpine deformation in the sequence. In
addition to these metamorphic mineral ages, there
are also a few data available on the low tempera-
ture cooling history (<300°C), based on fission track
measurements, available. Fligenschuh et al. (1997)
obtained two fission track ages on zircon from the
western part of the Innsbruck Quartzphyllite which
yielded ages of 42 and 67 Ma. A fission track age on
apatite yielded 13 + 2 Ma. This age is similar to the
apatite fission track age of 14.3 + 2.8 Ma, obtained
by Grundmann and Morteani (1985).

Satir and Morteani (1978a) conducted the first
geochronological investigations in the Kellerjoch-
gneiss. They obtained a protolith intrusive age of the
orthogneisses of 425 Ma based on a Rb-Sr isotope
study. Latest protolith intrusive age data based on
U/Pb single zircon dating yield 468 + 1 and 469 + 2
Ma (Gangl et al., 2005). Satir and Morteani (1978a)
also applied the Rb-Sr whole rock isochrone method
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to the Kellerjochgneiss to infer the age of the me-
tamorphic overprint, which yielded 322 + 24 Ma,
which is clearly Variscan. Additional Rb-Sr data on
phengites from the Kellerjochgneiss yielded cooling
ages of 260 and 273 Ma. Furthermore, their data also
constrain the Variscan age of the metamorphic over-
print. Based on Th-U-Pb model ages of monazite and
thorite, Steyrer and Finger (1996) obtained ages of
323 + 9 and 353 + 26 Ma. In addition, there are a
few data constraining the low-temperature evoluti-
on of the Kellerjochgneiss. There are only two fission
track ages of apatites from the study of Grundmann
and Morteani (1985) available, which yielded 14.5 +
2.2 and 17.6 + 1.5 Ma. Zircon and apatite ages from
Angelmaier et al. (2000) yielded ages of 57 - 63 Ma
and 13 + 1 Ma.

Muscovite Ar-Ar ages (Handler et al., 2000) from
the Wildschdnau Schiefer indicate a Variscan or Per-
mian metamorphic overprint at 267 + 6 Ma. In addi-
tion Angelmaier et al. (2000) obtained Ar-Ar ages of
264 + 11 Ma, which correlates very well with the age
of Handler et al. (2000). 4Ar-30Ar ages from the cen-
tral Greywacke Zone yielded 102 - 98 Ma (Schmid-
lechner et al., 2006), 87Rb-87Sr ages and ,oK-59Ar
close to Zell am See yielded 137 to 127 Ma and 113
to 106 Ma. One zircon and one apatite fission track
age available from Wildschdnau Schists yielded 116
+ 4 Ma and 38 + 5 Ma (Angelmaier et al., 2000),
respectively.

Compiling the published muscovite Ar-Ar data
(Handler et al., 2000; Schmidlechner et al. 2006), bi-
otite Rb-Sr data (Satir and Morteani, 1978a,b), zir-
con fission track ages (Angelmaier et al., 2000) and
apatite fission track data (Grundmann and Morteani,
1985; Angelmaier et al., 2000; Fiigenschuh, 1995)
from this area, allows time constraints to be placed
on the deformation sequence in the three units.
While D, is clearly related to a pre-Alpine event of
probably Variscan age, D, can unambiguously be at-
tributed to the early stages of the Eo-Alpine event.
Since the closure temperature of the zircon fission
track system is ca. 260-220°C (Fligenschuh, 2005,
pers. comm.), this puts time constraints on the last
stages of ductile (D,) and/or semiductile (D) defor-
mation. These data establish that all three units ex-
perienced temperatures of 300 - 400°C at pressures
ranging from 4 to 6.5 kbar at around 90 - 135 Ma,
based on available Ar-Ar and Rb-Sr age data (Ro-
ckenschaub et al., 1999). Although some Ar-Ar data
from the Wildschonau Schists yielded late Variscan
ages (Handler et al., 2000), Ar-Ar ages from the cen-
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3B Comparison of the Deformation Sequence of the Kellerjochgneiss
Grasbon (2001) this study
Deformation stage structures structures Deformation stage
relic S, foliation
N-S striking str. lin. L, D1
NE-SW striking folds penetr. S, foliation
D1 NE-SW striking WSW-ENE striking iso F, folds D2
stretching lineation NE-SW to E-W str. lin. L,
D1 shear bands shear bands D2
top to the NW-W top to the NW-W
NW-SE striking folds NW-SE striking F; folds
D2 NW-SE striking NW-SE striking mineral lin. L, D3
stretching lineation
E-W striking folds NE-SW striking
D3 shear bands top to the SSW open F, small scale folds D4
(N)E-(S)W striking chevron folds
kink bands D5
Steyrer et al. (1996) this study
Deformation stage structures structures Deformation stage
penetrative mylonitic foliation top N relic S, foliation
Dv1/Dv2 sF,: muscovite1 N-5 striking str. lin. L, D1
stretch. lin. N-S/NNE-SSW
semiductile shearbands penetr. S, foliation
D1 deform. of musc. 1/2nd mica gener. WSW-ENE striking iso F; folds
lineation N-S, S-vergent transport NE-SW to E-W str. lin. L, D2
shear bands
top to the NW-W
D2 (S)E-(N)W contraction NW-SE striking F5 folds D3
N-S to NE-SW striking folds NW.-SE striking mineral lin. Ly
NE-SW striking
D3 chevron folds open F, small scale folds D4
D4 brittle deformation kink bands D5
Roth (1983) this study
Deformation stage structures structures Deformation stage
1. N-S contraction S-vergent nappe relic S, foliation
Dv1/Dv2 stacking/ 2. E-W contraction N-S striking str. lin. L, D1
early zenith of T, following
variscan double mylonitization
stretch. lin. N-Sffolds strike NE-N
nappe stacking top (N)NE penetr. S; foliation
D1 folds strike W-NW WSW-ENE striking iso F, folds
NE-SW to E-W str. lin. L, D2
shear bands
top to the NW-W
D2 motions top to (S)E NW-SE striking F5 folds
folds E-SE vergent NW-SE striking mineral lin. Ly D3
folds strike N-NE
N-S contraction NE-SW striking
D3 conjugated faults strike NE-SW open F, small scale folds D4
and NW-SE
D4 brittle deformation kink bands D5

Table 3B: Correlation between the deformation sequence of the Kellerjoch Gneiss from this investigation with the deformation
sequences deduced by Grasbon (2001), Steyrer et al. (1996) and Roth (1983).
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tral Greywacke Zone yielded 102 - 98 Ma (Schmid-
lechner et al., 2006) and Rb-Sr ages of 137 to 127
Ma and K-Ar ages of 113 to 92 and 113 to 106 Ma
from the Greywacke Zone close to Zell am See give
reasonable evidence for an Eo-Alpine metamorphic
overprint around ca. 300°C (Kralik et al., 1987). Zir-
con fission track ages from the Wildschénau Schists
indicate temperatures of ca. 260-220°C already at
116 Ma, which is in disagreement with the Ar-Ar data
from Schmidlechner et al. (2006). Clearly more zircon
fission track data are needed for this unit. Concer-
ning the correlation to the structural sequence of Ko-
lenprat et al. (1999) and the ages of synkinematically
grown phengites, ductile deformation in the area of
investigation (D, - D,) probably took place during
the Eo-Alpine metamorphic event. These conditions
prevailed until approximately 40 - 60 Ma when then
the zircon fission track ages indicate temperatures
<220-260°C. Probably around this time, semi-ductile
deformation (Ds) took place which is in agreement
with the proposed tectonic model of Kolenprat et al.
(1999)

Tectonic implications for the evolution of the Aus-
troalpine nappes in the northern Zillertal area

Tectonic data indicate that the Kellerjochgneiss as
a recumbent fold structure “embedded” between the
Innsbruck Quartzphyllite below, and the Wildschénau
Schist above. The first deformation stage, which is
responsible for the folding of the Kellerjochgneiss,
probably is D,. This event caused tight folding of the
Kellerjochgneiss and the Innsbruck Quartzphyllite,
resulting in a large scale fold structure. Compression
from NW to SE during D5 led to an open refolding of
these lithologies. Afterwards, this structure was in-
tersected and imbricated due to subsequent brittle
deformation (Dg,_q). Especially SE-NW striking sini-
stral strike slip faults with oblique thrust motions are
responsible for strong imbrication of the different
lithologies in the vicinity of the Inn Valley. The data
from the TRANSALP seismic profile from the area
north of the Tauern Window show S-dipping reflec-
tors, especially in the Northern Calcareous Alps, indi-
cating strong imbrication. The area between the NCA
and the Tauern Window shows rather weak reflec-
tions, indicating thrusting of the crystalline units on
top of the NCA in the North (Transalp Working Group,
2002). These thrusting movements along SE-digging
faults, as shown in Figure 2B, were also found in the
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Kellerjochgneiss (Dgy). No other structural features
could be discerned in this area from the seismic data,
due to insufficient resolution of the data and the lack
of lithological contrast.

The data presented above display the similarity
of deformation structures occurring within the In-
nsbruck Quartzphyllite, the Kellerjochgneiss and the
Wildschonau Schist. Each lithological unit also ex-
hibits a similar succession of deformation processes.
S, forms the penetrative foliation in all three units.
The D, stretching lineations of the Innsbruck Quartz-
phyllite, the Kellerjochgneiss and the Wildschénau
Schists indicate a E-W movement during D,. In ac-
cordance with the structural succession scheme of
the Innsbruck Quartzphyllite given by Kolenprat et al.
(1999), the W-E to SW-NE striking stretching linea-
tions (L,), the isoclinal F, folds (iso-F,) of the Inns-
bruck Quartzphyllite and the isoclinal F, folds (iso-F,)
of the Kellerjochgneiss are thought to have formed
during a W-directed nappe transport. Subsequent
deformation continuing during D, caused the forma-
tion of shear bands, which can be seen in the Inns-
bruck Quartzphyllite and the Kellerjochgneiss, which
also indicate a top to W-NW motion. These struc-
tures are interpreted to be the result of ongoing nap-
pe stacking towards W-NW under somewhat cooler
conditions. During D5, the NW-SE striking folds (F),
occurring subordinated in all three lithological units,
are interpreted as extensional collapse folding as a
result of E-W extension. Similar folds with compara-
ble axial trend also have been reported by Froitzheim
et al (1994) from the Austroalpine tectonic units in
Graubtlinden (Switzerland). In addition, similar folds
were described by Brandner and Eisbacher (1996) in
the adjacent Northern Calcareous Alps and by Rei-
ter (2000) in the Triassic sediments near Schwaz. In
contrast to extensional collapse folding, the folds
described by Brandner and Eisbacher (1996) and
Reiter (2000) are attributed to NNE-SSW-directed
contraction, which is thought to have taken place in
the latest Cretaceous or even the Paleocene. In ana-
logy to the observations and interpretations made by
Froitzheim et al. (1994) and Flgenschuh (1995) D,
and the formation of F, folds can be attributed to
northwards thrusting of the Alpine basement nappes
onto the Penninic units. Since this part of Austroal-
pine nappe pile cooled to temperatures below 200°C
(Fligenschuh, 1995), the open NE-SW striking che-
vron folds are most probably related to this event.
Kink bands reflect the youngest structures in the
ductile-semiductile regime.
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Comparison of the Deformation Sequence of the Wildschdnau Schist

Grasbon (2001) this study
Deformation stage structures structures Deformation stage
S, foliation D1
N(E)-S(W) striking folds S, foliation
D1 (N)NE-(S)SW striking WSW-ENE striking F; folds D2
stretching lineation NE-SW striking str. lin. L,
D1 shear bands
top to the N(W)
D2 NW-SE striking folds NW-SE striking F; folds
shear bands top to the NE NW-SE striking mineral lin. Ly D3
D3 shear bands top to the S NNE-SSW striking
NE-SW striking chevron folds F4 chevron folds D4
kink bands D5

Table 3C: Correlation between the deformation sequence of the Wildschénauer Schiefer from this investigation with the deforma-

tion sequence deduced by Grasbon (2001).

In accordance with the geodynamic model of
Froitzheim et al (1994) and the two-stage model of
Neubauer et al. (2000), the ductile structural data
can be viewed in a larger geodynamic context. Both
models suggest the Alpine geodynamic evolution can
be considered in terms of two orogenic cycles with
five stages of tectonic evolution: (1) Late Cretaceous
nappe imbrication with sinistral transpression (Trup-
chun phase), (2) Late Cretaceous extension (Ducan-
Ela phase), (3) Early Tertiary collisional deformation
(Blaisun phase), (4) Early to Mid - Oligocene extensi-
on (Turba phase), (5) Late Oligocene post-collisional
shortening (Domleschg phase).

The ENE-WSW striking folds (F,) and the accom-
panying stretching lineations (L,), which strike E-W
to NE-SW, are all in agreement with the W directed
Eo-Alpine nappe stacking of the Austroalpine units
during the Late Cretaceous, related to the closure of
the Hallstatt-Meliata Ocean. Thermobarometric in-
vestigations of the Kellerjochgneiss and the Stengel-
gneiss by Piber (2002) were based on synkinematical-
ly grown minerals, which constitute the predominant
foliation (S,). Therefore the P-T results from these
lithologies can be directly related to the D, defor-
mation, which therefore took place under Eo-Alpine
greenschist-facies metamorphic conditions. The data
suggest that the Kellerjochgneiss has been meta-
morphosed under similar pressures (4.3 - 6.5 kbar)
as the Innsbruck Quartzphyllite and the Wildscho-
nau Schists (4.4 - 5.9 kbar) at a similar temperatures
ranging from 286 to 345°C (Piber, 2005; Piber and
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Tropper, 2005). The NW-directed shearbands, which
Kolenprat et al. (1999) attributed to D,, reflect dis-
placement under greenschist conditions and may
also be related to this event. According to Froitzheim
et al. (1994) the NW-SE striking folds (F; of the In-
nsbruck Quartzphyllite, the Kellerjochgneiss and the
Wildschdnauer Schists) can be related to the initial
extensional collapse during the Late Cretaceous and
Paleocene. This rarely observed “collapse folding”
displays folds which show no axial-plane cleavage.
These folds also could be an expression of changing
in contraction regime of clockwise rotation of 60°
during the early Oligocene caused by collision pro-
cesses and blocking of the Alpine wedge (Thény et. al,
2004). Zircon fission track data from the Innsbruck
Quartzphyllite Complex (Fiigenschuh, 1995) and the
Kellerjochgneiss (Angelmaier et al., 2000) show evi-
dence for cooling of the Alpine basement nappes du-
ring latest most Cretaceous and Paleocene, hence ex-
tensional collapse folding would be more reasonable
for the formation of F; folds in contrast to NNE-SSW
directed contraction as described by Brandner and
Eisbacher (1996) and Reiter (2000) for the same time.

The open NE-SW striking folds (F, of the Innsbruck
Quartzphyllite and the Kellerjochgneiss) and the
NNE-SSW striking chevron folds of the Wildschdnau
Schists (F,) are comparable with the NW-N directed
ductile to semiductile shear within the Austroalpine
nappe pile during the Early Eocene, which was po-
stulated by Froitzheim et al. (1994) and Fligenschuh
(1995). The kink bands (Dg) may be correlated to the
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ongoing contraction and the initial exhumation of
the Tauern Window.

The temporal sequence of the brittle deformation
can be interpreted in terms of the established geo-
logical framework developed by authors working in
surrounding areas (Ortner et al, 1999; Reiter, 2000).
The oldest brittle faults (Dg,) in the area of investi-
gation are NW-SE striking faults with a dextral shear
sense, which are conjugate to NNW-SSE striking
sinistral strike-slip faults. These faults are correla-
ted with similar faults in the Angerberg area, which
are described by Ortner et al. (1999). The faults in
the Angerberg area considered to be part of a pre-
Oligocene deformation with a NW-SE/NNW-SSE
contraction (Ortner et al., 1999). The subsequent
deformation (Dg) in the Early Oligocene (NE-SW/
NNE-SSW contraction) caused thrust faults showing
motions towards the NE, crosscutting the faults of
Dg,. These faults can be correlated to faults occur-
ring in calcareous marls and turbiditic sandstones in
the Angerberg area described by Ortner et al. (1999).
Normal faults indicating E-W extension (Dg.) are as-
sumed to be generated during the Miocene by E-W
(WSW-ENE) extension and may be associated with
the uplift of the Tauern Window. Ortner et al. (1999)
found similar faults in Miocene deposits. The young-
est faults (Dgq) that can be determined in the area of
investigation are sinistral strike-slip faults, which are
mostly parallel to the Inntal-Fault. These faults are
probably the result of the ongoing Miocene deforma-
tion characterized by N-S contraction, which were
described by Reiter (2000) and Ortner et al. (1999).
Overall, the brittle deformation (Dg,_4) sequence may
be the consequence of continuing contraction of the
Austroalpine realm and coeval uplift of the Tauern
Window.

5. Conclusions
Based on geochronological and structural evi-
dence from the three lithological units, it is possible

to distinguish between pre-Alpine (D,) and Alpine
(D, - Dg) deformation structures. The earliest stage
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of deformation (D,) can be linked with a pre-Alpine
event (Permian and/or Variscan). The first stage of
Eo-Alpine deformation (D,) can be correlated with
the W-directed nappe stacking during the Middle
to Late Cretaceous. Thermobarometric data indicate
that the onset of this event during Early to Mid Cre-
taceous took place under greenschist-facies condi-
tions. The ongoing W-directed nappe transport led
to intensive folding of all units and mylonitization of
the Kellerjochgneiss. The subsequent nappe transport
and stacking under progressive cooling accompanied
by detachment of upper crustal parts during the Mid-
to Late Cretaceous led to the formation of shear-
bands within the basement nappes. This event was
then followed by the extensional collapse during the
Uppermost Cretaceous (D), which was succeeded by
Early Tertiary collisional deformation events and the
overriding of the Austroalpine nappe pile onto the
Penninic units (D,). The early to middle Oligocene ex-
tension related to the onset of exhumation of the
Tauern Window resulted in the last ductile deforma-
tion stage (Dg). The last brittle stages (Dg,_q) of the
deformation sequence are probably associated with
movements along the major fault lines in the area
due to late Oligocene post-collisional shortening.

Thermobarometric estimates indicate that
the Kellerjochgneiss, the Innsbruck Quartzphyllites
and parts of the Wildschonau Schists seem to have
been in similar crustal positions during low-grade
metamorphic overprint. The P-T conditions of 286
- 345°C and 4.3 - 6.5 kbar also indicate that the
Eo-Alpine metamorphic overprint possibly took place
in a geodynamic setting with a moderate to low geo-
therm. U/Pb zircon age constraints of the Kellerjoch-
gneiss and the bordering Stengelgneiss, which are
in good accordance to zircon ages of metaporphyric
rocks of the Greywacke zone (Gangl et al., 2005), and
the similarity of the temperature - time data of the
Innsbruck Quartzphyllite, the Kellerjoch Gneiss and
the Wildschonau Schists from the Eo-Alpine meta-
morphic event therefore indicate that all units are
part of the Upper Austroalpine unit, which agrees
with the paleogeographic model by Schmid et al.
(2004).
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PERMAFROST WORKSHOP OBERGURGL

14. - 15. Oktober 2010
Universitatszentrum Obergurgl, Tirol

VORWORT

Alpiner Permafrost (Blockgletscher, Permafrost in Lockersedimenten, Spaltenfrost) ist auch in den Ost- und
Siidalpen weit verbreitet. Die Bedeutung des Permafrostes in den Alpen wurde lange unterschdtzt, erst der
Klimawandel mit seiner seit etwa 1990 spiirbaren Erwdrmung hat auch in der Offentlichkeit das Interesse fiir
den Permafrost in den Alpen geweckt.

Inzwischen gibt es auch in Osterreich mehrere Arbeitsgruppen die sich mit dem Thema ,Alpiner Permafrost"
befassen. Ziel dieser Veranstaltung ist, alle, alle, die sich in Osterreich und Siidtirol mit Alpinem Permafrost
befassen oder an diesem Thema interessiert sind, zu einem Workshop einzuladen. Dieser Workshop soll dazu
dienen, neue Daten und Ergebnisse liber Alpinen Permafrost in den Ostalpen und Siidalpen zu prasentieren und
diskutieren sowie ldeen und Gedanken zum Thema Alpiner Permafrost auszutauschen.

Der Permafrost Workshop verlief sehr erfolgreich, wurde letztlich von mehr als 40 Teilnehmern besucht. An
der Diskussion {iber die Zukunft der Permafrostforschung in Osterreich am 14. Oktober haben Vertreter aller
Arbeitsgruppen in Osterreich und Siidtirol teilgenommen und alle Diskussionsteilnehmer begriiBen die Bildung
einer ,Arbeitsgruppe Permafrost Osterreich” mit dem Ziel, in Zukunft nach AuBen als geschlossene Gruppe
aufzutreten, die Permafrostforschung inOsterreich und Siidtirol besser zu koordinieren und fiir ein langfristiges
Permafrost-Monitoring geeignete ,key sites” auszuwahlen und entsprechend zu bearbeiten und betreuen.

Karl Krainer

ORGANISATION

Karl Krainer
Institut flir Geologie und Paldontologie, Universitat Innsbruck, Innrain 52, A-6020 Innsbruck.
Tel.: +43 512 507 5585, email: Karl.Krainer@uibk.ac.at

Helmut Hausmann, Ewald Briickl
Institut fiir Geoddsie und Geophysik, Technische Universitat Wien, GusshausstraBe 27-29, A-1040 Wien.
Tel.: +43 1 58801 12823 oder 12820, email: hausmann@mail.tuwien.ac.at, ebrueckl@mail.tuwien.ac.at

WORKSHOP PROGRAMM

13. Oktober Anreise, gemitliches Treffen am Abend

14. Oktober Vortrige und Posterprésentationen, Diskussion iiber die Zukunft der Permafrostforschung in Osterreich
15. Oktober Exkursion zum Blockgletscher AuBeres Hochebenkar

16. Oktober Abreise
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Kurzfassungen der Beitrdge (Vortrdge und Poster)

C4AUSTRIA CLIMATE CHANGE CONSEQUENCES
FOR THE CRYOSPHERE

Bollmann, E.1, Briese, C.2, Fischer, A.3, Krainer, K.4, Pfeifer, N.2,
Rieg, L.1, Sailer, R.1:5, Stétter, J.1

1 Institut fiir Geographie, Universitat Innsbruck

2 |nstitut fiir Fernerkundung und Photogrammetrie, TU Wien

3 Institut fiir Meteorologie und Geophysik, Universitat Innsbruck
4 Institut fiir Geologie und Paldontologie, Universitit Innsbruck
5 alpS, Centre for Climate Change Adaption and Technology,

Innsbruck

In Folge des globalen Klimawandels und dessen
regionalen Folgen erfahren die Europdischen Alpen
seit den 1980er Jahren einen lberdurchschnittlich
hohen Temperaturanstieg. Fiir die nahe Zukunft ist
fuir die Alpenregionen ein weiterer Temperaturanstieg
prognostiziert, welcher weitreichende Folgen fiir die
Kryosphdre haben wird. Besonders augenscheinlich
sind die verdnderten Klimabedingungen an den stark
schmelzende Alpengletschern zu erkennen. Aufgrund
dessen finden intensive Forschungsbemiihungen zu
Klima-Gletscher-Beziehungen seit mehreren Jahr-
zehnten statt. Im Gegensatz dazu, werden den raum-
zeitlichen Verdnderungen des alpinen Permafrosts
und damit einhergehende Folgeerscheinungen erst in
jiingerer Zeit verstarkte Aufmerksamkeit zugewen-
det.

Das vom Osterreichischen Klima- und Energiefonds
geforderte Projekt C4AUSTRIA zielt ab, neue Metho-
den fiir ein flachenhaftes Monitoring ausgewahlter
Komponenten der Kryosphdre, wie beispielsweise
Gletscher, Toteis, Permafrostflichen (in Schuttmate-
rial und Felswinden) sowie Blockgletschern zu ent-
wickeln und zu testen. Ein Schwerpunkt des Projekts
liegt auf der Anwendung von Laserscanningverfahren
- sowohl flugzeuggestiitzt (ALS) in full-wave und ge-
pulster Form als auch terrestrisch (TLS) - um Verén-
derungen der Kryosphdre raumlich zu erfassen und
darlber hinaus Verdnderungsraten zu quantifizieren.
Dazu wurden verschiedene Untersuchungsregionen
und Ziele festgelegt: 1) Weiterfiihrung des weltweit
einzigartigen ALS-Datensatzes am Hintereisferner
(17 Befliegungskampagnen seit 2001) um die Aus-
wirkungen des Klimawandels auf Flachen- und Volu-
mendnderungen des Gletschers und Toteis zu erfas-
sen. Neben den Untersuchungen am Gletscher selbst,
wird im Hintereisfernergebiet zudem das Potential
von multi-temporalen ALS-Daten fiir die Erfassung
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von flachenhaft ausschmelzenden Permafrostgebie-
ten (Rofenberg) evaluiert. 2) ALS-Befliegungen an
Blockgletschern im AuBeren Hochebenkar, Inneren
Reichenkar, Innerer Olgrube und im Schrankar mit
dem Ziel sowohl Veranderungen der Blockgletschero-
berflache, welche durch Ausschmelzen des Eisanteils
und Deformation bedingt, sind zu erfassen, sowie
FlieBbewegungen (Richtung und Geschwindigkeit)
abzuleiten. 3) Um die Auswirkungen des Klimawan-
dels auf ausschmelzendes Eis in Felswianden und da-
mit einhergehende Steinschldge zu erfassen, werden
multitemporale TLS-Messungen im Krummgampen-
tal (Kaunertal) durchgefiihrt.

Die angewandten Fernerkundungsmethoden wer-
den durch verschiedene in-situ Messungen in den
Testgebieten unterstlitzt und evaluiert.

Prasentiert werden erste Ergebnisse des Projekts
wie beispielsweise Oberflachenhéhenanderungen
und Deformation der Blockgletscher sowie Volumen-
anderungen des Hintereisferners.

WIE BEEINFLUSST PERMAFROST DEN ABFLUSS? -
ANSATZ UND ERSTE DATEN VOM EINZUGSGEBIET
KRUMGAMPENTAL, OTZTALER ALPEN

Hausmann, H.1, Krainer, K.2, Briickl, E.", Chirico, G. B.3,
Blgschl, G.4, Eipeldauer, S.7, llinar, R.1, Komma, J.4

1 Institut fiir Geodasie und Geophysik, Technische Universitat
Wien, Gusshausstrasse 27-29, A-1040 Wien

2 |nstitut fiir Geologie und Paldontologie, Universitit Innsbruck,
Innrain 52, A-6020 Innsbruck

3 Dipartimento di Ingegneria Agraria e Agronomia del Territorio,
Universita di Napoli Federico Il, Napoli

4 Institut fiir Wasserbau und Ingenieurhydrologie, Technische
Universitat Wien, Karlsplatz 13, A-1040 Wien

Wie beeinflusst Permafrost im Lockergestein das
hydrologische Regime? Diese Arbeit zeigt wie im
Rahmen des Projekts ,Permafrost in Austria’ diese
Fragestellung untersucht wird und prasentiert er-
ste Ergebnisse des Einzugsgebietes Krumgampental
(Otztaler Alpen, Tirol). Fiir die Erfassung der Perma-
frostverbreitung wurde zunachst eine seismische Me-
thode verwendet. Mit einem empirisch-statistischen
Modell (Hohe, Strahlung) wurden diese Daten fla-
chenhaft extrapoliert. Als Nachweis fiir die Existenz
von Permafrost wurden kontinuierliche Aufzeich-
nungen von BTS-Loggern verwendet. Zur Quantifi-
zierung der Sedimentspeicher wurden geophysika-
lische Methoden (Georadar, Seismik) in Kombination
mit geomorphometrischen Analysen verwendet. Fiir
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die hydrologische Untersuchung stehen Feldbeo-
bachtungen, Wasserproben, Sedimentproben, und
AbfluBmessungen an vier Pegel zur Verfligung. Zur
Trennung des Grundwasseranteils von Oberflachen-
und Zwischenabfluss wurde eine Rezessionsanalyse
des Basisabflusses angewandt.

Das Krumgampental (2400-3300 m) hat eine Fl3-
che von 5.5 km2, einen mittleren Jahresniederschlag
von 1500 mm, die mittlere Jahrestemperatur an derin
der Nihe liegenden meteorologischen Station (2500
m) betrdgt -0.7°C. Die vorherrschenden Untergriinde
bestehen aus Mordnenablagerungen (27% LIA, 18%
pra-LIA), Schutthalden (17%), Blockgletscher (5%),
und Fels (33%). Permafrost mit aktiven Schichtdicken
von ~5 m wurden in Hohenlagen von 2500 (nordsei-
tig) bis 2850 m detektiert. Die Mittelwerte fiir die
Sedimentspeicher betragen 8 m (Schutthalden), 6 m
(pra-LIA Mordnenablagerung), 5 m (LIA Mordnen-
ablagerung), und 20 m (Blockgletscher). Die aufge-
zeichneten Abflussdaten sind durch die Prozesse der
Schneeschmelze, Grundwasserabfluss sowie Oberfla-
chen- und Zwischenabfluss mit Spitzenwerten von
2000 I/s charakterisiert. Die Abflussdaten vom Jahr
2009 zeigen eine Anreicherung von Grundwasser von
Ende April bis Anfang August. Die Rezessionsanalyse
ergab eine Reaktionszeit von liber 30 Tagen fiir das
Grundwassersystem. Der Vergleich zwischen Grund-
wasserspeicher aus der Rezessionsanalyse und dem
Sedimentspeicher aus den geophysikalischen Unter-
suchungen zeigen dhnliche Werte.

PERMAFROST IM FELS - ERSTE ERGEBNISSE DER
SEISMISCHEN TOMOGRAPHIE AM SONNBLICKGIP-
FEL (3106 m, HOHE TAUERN)

Hausmann, H.1, Staudinger, M.2, Briickl, E.7, Riedl, C.2

1 Institut fiir Geodasie und Geophysik, Technische Universitit
Wien, Gusshausstrasse 27-29/128-2, 1040 Wien.

2 Zentralanstalt fiir Meteorologie und Geodynamik, ZAMG
Kundenservice Salzburg und Oberdsterreich, Freisaalweg 16,
5020 Salzburg.

Die vorliegende Studie wurde im Rahmen des
OAW-Projektes ,Permafrost in Austria' durchgefiihrt,
um durch Messung von Felstemperatur, meteorolo-
gischen und geophysikalischen Parametern rund um
den Sonnblickgipfelaufbau (3106 m, Hohe Tauern,
Salzburg) den Einfluss des Klimawandels auf den Per-
mafrost zu dokumentieren. Der verwendete Daten-
satz umfasst vier seismische Tomographien wahrend
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der Sommer 2008 und 2009 sowie Felstemperaturen
dreier 20 m tiefer Bohrlécher. Die Anordnung der
seismischen Tomographie besteht aus einem 120 m
langen Profil. Die seismischen Signale wurden an der
Oberflache angeregt und an Bohrlochgeophonen re-
gistriert. Die Darstellung des seismischen Wellenfelds
zeigt die zeitliche Variation von P- und vertikal pola-
risierten S-Wellen. Im Vergleich zu der Messung bei
noch teilweise gefrorener aktiven Schicht (Anfang des
Sommers) zeigt das ankommende Wellenfeld nach
vollstindigem Auftauen (Ende des Sommers) eine
deutliche Verz6gerung mit geringerer lateraler Streu-
ung. Die Laufzeitdifferenzen der P-Wellen zeigen
ebenfalls diese Verzégerung und konnen den Auftau-
Prozessen in der aktiven Schicht (< 1 m) zugeordnet
werden. Die beobachteten Felstemperaturen zeigen
wahrend eines Sommers Temperaturschwankungen
bis in ca. 8 m Tiefe. Die aus der Inversion von Lauf-
zeiten resultierende Geschwindigkeitsverteilung des
Untergrundes am Sonnblickgipfel indiziert geklif-
teten Fels bis in diese Tiefe. Eine 1D-Modellierung
der Wirmeleitung ergibt in dieser Tiefe eine Ande-
rung der thermischen Eigenschaften des Permafrosts.
Ab einer Tiefe von 8 m zeigen die Laufzeitdifferenzen
keine starken Anderungen des sich in Permafrost be-
findlichen Fels/Kluftsystems. Die Ergebnisse der Tem-
peraturdaten sowie jene der seismischen Tomogra-
phie deuten auf die Existenz tief reichender Prozesse
im Untergrund hin, welche die zukiinftige Stabilitat
des Gipfelaufbaues beeinflussen konnten.

INTERNE STRUKTUR UND DYNAMIK ZWEIER
BLOCKGLETSCHER: OLGRUBE UND KAISERBERG-
TAL (OTZTALER ALPEN)

Hausmann, H.1, Ullrich, C.2, Krainer, K.3, Briickl, E.1

T Institut fiir Geodasie und Geophysik, Technische Universitit
Wien, Gusshausstrasse 27-29, A-1040 Wien.

2 Bundesamt fiir Eich- und Vermessungswesen, Gruppe
Vermessungswesen, Schiffamtsgasse 1-3, 1020 Wien.

3 Institut fiir Geologie und Paldontologie, Universitt Innsbruck,
Innrain 52, A-6020 Innsbruck.

Die Dynamik aktiver Blockgletscher hangt mal-
gebend von deren interner Struktur und Eisgehalt
ab. Beobachtete Verschiebungsraten stehen daher
im Zusammenhang mit der Struktur der Blockglet-
scher. In dieser Studie werden die Ergebnisse der mit
geophysikalischen Methoden erfassten Struktur der
Blockgletscher Olgrube und Kaiserbergtal présentiert.
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Basierend auf dieser Struktur wird ein Kriechmodell
angewendet um die dynamischen Prozesse und das
geophysikalische Modell selbst zu diskutieren.

Die Olgrube ist ein zusammengesetzter, zungen-
formiger, Blockgletscher mit zwei Stirnflachen, ist
880 m lang, 250 m breit und reicht von 2800 bis
2380 m. Charakteristisch sind die zur Stirn zuneh-
menden Verschiebungsraten (von 0.4 bis 2 m/a) und
der steile Frontwall von 40-45°. Die Auswertung der
Georadar und Seismik Daten ergaben die folgende
Struktur; 5 m Blockschutt, 25-30 m Permafrost, und
13 m ungefrorene Sedimente. Ein Eisgehalt von 45-
60 % wurde aus Schweremessungen in Kombination
mit der Struktur ermittelt. Das Kriechmodell wurde
fiir zwei Bereiche berechnet und ergab je nach an-
genommenen Luftgehalt (0 oder 10 %) Werte von
1 bzw. 2.2 m/a(Wurzelbereich) sowie 1.6 bzw. 5.9
(Stirnbereich) m/a. Das auf den geophysikalischen
Daten basierende Kriechmodell ermdglicht die Be-
schreibung der folgenden dynamischer Prozesse; (i)
die zur Stirn ihn zunehmenden Verschiebungsraten
konnen durch zunehmende Dichten erklart werden,
(i) eine Zone mit steiler Gelindeneigung entspricht
steilem Untergrund und ergibt eine Ausdiinnung des
Permafrosts sowie einen lokalen Anstieg der Dichte,
(iii) Die Richtungsanderung der Verschiebungen kann
mit der ermittelten Neigung des Untergrunds erklart
werden.

Der Kaiserberg Blockgletscher zeigt ein spatenfor-
miges Erscheinungsbild mit den AusmaBen von 550
m Breite und 350 m Lange und reicht von 2710 m bis
2585 m. Die Verschiebungsraten betragen im Teil der
geophysikalischen Messungen 1 - 2 m/a und nehmen
entlang der FlieBrichtung (von W nach 0) zum Rand
hin zu (3 - 4 m/a). Die interne Struktur ergab einen
5.5 m dicken Blockmantel, 23 m Permafrost und 8
m ungefrorene Sedimente. Der Eisgehalt wurde mit
Werten von 25-40 % ermittelt. Das Kriechmodell er-
gab je nach angenommenen Luftgehalt (O oder 10 %)
Werte von 0.3 bzw. 0.8 m/a. Die festgestellte Struktur
des Blockgletschers gibt einen Hinweis auf die Ent-
stehung der spatenférmigen Erscheinungsform. Die
im Kriechmodell verwendete Struktur produziert Ver-
schiebungsraten dhnlich jenen aus der direkten Beo-
bachtung und gibt einen Hinweis auf die Plausibilitat
der geophysikalischen Interpretation.
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PHOTOGRAMMETRISCHE BEWEGUNGSMESSUNGEN
AN DEN HOCHEBENKAR-BLOCKGLETSCHERN

Kaufmann, V.

Institut fiir Fernerkundung und Photogrammetrie; Technische
Universitat Graz; Steyrergasse 30; A-8010 Graz, Austria

Oberflachliche Bewegungsmessungen an Block-
gletschern kénnen mit unterschiedlichen Methoden
durchgefiihrt werden. Eine besonders leistungsfahige
ist jene der Photogrammetrie, welche auf eine be-
reits viele Jahrzehnte lange Tradition in der Hochge-
birgsforschung zuriickblicken kann. Die bildgestiitzte
Bewegungsmessung fand ihre erste Umsetzung in
der terrestrischen Photogrammetrie. Nach einer an-
fanglichen Bliitezeit wurde diese Vermessungsme-
thode jedoch durch die Luftbildauswertung abgelost.
Billige digitale Spiegelreflexkameras und auch auto-
matische Auswerteprogramme lassen wiederum eine
Wiedergeburt der terrestrischen Photogrammetrie im
Gletscher-Monitoring erahnen.

In diesem Beitrag werden am Beispiel der beiden
Blockgletscher im AuBeren und Inneren Hochebenkar,
Otztal, moderne digital-photogrammetrische Aus-
wertemethoden zur Quantifizierung der Morphody-
namik von Blockgletschern vorgestellt. Im Zuge von
Studienarbeiten wurden sowohl Luftbild- als auch
terrestrische Zeitreihenaufnahmen ausgewertet. Die
zugrunde liegenden photogrammetrischen Prozessie-
rungsketten werden fiir beide photogrammetrischen
Aufnahmedispositionen im Detail diskutiert.

Das raum-zeitliche Bewegungsverhalten der bei-
den genannten Blockgletscher wird sowohl in nume-
rischer als auch in graphischer Form dargestellt. Zur
eindriicklichen Visualisierung der relativ langsamen
und daher direkt visuell nicht wahrnehmbaren Block-
gletscherbewegung wurden Zeitraffersequenzen in
Form von Computeranimationen erstellt.

Neue, erstmals vorzustellende Auswerteergeb-
nisse beziehen sich auf die vergleichende Analyse
von hochauflésenden Orthophotos der Geo-Browser
Google Maps und Microsoft Bing Maps mit alteren
Datensatzen.
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BLOCKGLETSCHERBEWEGUNG UND KLIMAWANDEL
IN ZENTRALOSTERREICH IN DEN LETZTEN 15 JAHREN

Kellerer-Pirklbauer, A.1: 2, Viktor Kaufmann, V.2, Lieb, G.K. 1 und
Avian, M. 2

1 Institut fiir Geographie und Raumforschung, Universitit Graz
2 |nstitut fiir Fernerkundung und Photogrammetrie, Technische
Universitat Graz

Aktive Blockgletscher sind Kriechphdnomene des
kontinuierlichen und diskontinuierlichen Permafrosts
und werden in ihrer Bewegung unter anderem von
klimatischen Bedingungen und in der Folge von Bo-
dentemperaturverhdltnissen beeinflusst. Eine Zunah-
me der Bodentemperatur in aktiven Blockgletschern
fihrt zur Erwdrmung und folgend zum partiellen
Abtauens des Permafrosts. Dies bewirkt eine hohere
Verfiigbarkeit von fliissigem Wasser was wiederum
eine Bewegungszunahme des Blockgletscherkor-
pers bewirken kann. Bei weiterer Erwarmung und
Abtauen des Permafrosteises kommt es jedoch zur
reibungsbedingten Geschwindigkeitsabnahme sowie
letztendlich nach kompletter Permafrostdegradation
zu einer volligen Inaktivitdt des nunmehr eisfreien
Blockgletscherkdrpers. Neben diesen klimatischen
Faktoren sind es jedoch auch andere Faktoren wie
beispielsweise Hangneigung, Topographie des Block-
gletscheruntergrundes, seitliche Reibung, Wasserge-
halt sowie Dicke, Dichte, Schuttanteil, Schuttvertei-
lung und interne Struktur des Blockgletscherkdrpers,
welche die Blockgletscherbewegung beeinflussen
konnen. In diesem Vortrag wird von den diesbeziig-
lichen Forschungsarbeiten im Bereich der Block-
gletscher Désen (Ankogel Gruppe), WeiBenkar sowie
Hinteres Langtalkar (beide Schobergruppe) berichtet.
Fiir die gegenstandliche Fragestellung liefern jahrlich
durchgeflihrte geodatische Bewegungsmessungen,
Klimastationen in den Untersuchungsgebieten sowie
Bodentemperatursensoren an und nahe der Ober-
flache der untersuchten Blockgletscher die Daten-
basis. Am Ddosener Blockgletscher werden seit 1995
jahrlich geodatische Messungen durchgefiihrt sowie
seit 2006 ein intensives Bodentemperatur- und Kli-
mamonitoring betrieben. Am WeiBenkar Blockglet-
scher wurde im Jahr 1997 ein dhnliches geodatische
Messprogramm sowie ein Bodentemperaturmonito-
ring initiiert. Am Hinteren Langtalkar Blockgletscher
erfolgte die Einrichtung eines geodatischen Mess-
netzes im Jahr 1998. Ahnlich der Situation am D&-
sener Blockgletscher wurde auch hier im Jahr 2006
ein intensives Bodentemperatur- und Klimamonito-
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ring eingerichtet und seither erfolgreich betrieben.
Ergebnisse der einzelnen Messprogramme sowie die
Erkenntnisse der Korrelationsanalysen werden im
Vortrag vorgestellt und diskutiert.

MODELLIERUNG  GRAVITATIVER ~ MASSENBE-
WEGUNGEN ZUR ABSCHATZUNG DES GEFAH-
RENPOTENTIALS FUR ALPINTOURISTINNEN UND
-TOURISTEN SOWIE INFRASTURKTUR IM GEBIET
GROSSGLOCKNER-PASTERZE

Kern, K.1, Lieb, G.K.7, Seier, G." und Riedl, C.2

T Institut fiir Geographie und Raumforschung, Universitit Graz
2 Zentralanstalt fiir Meteorologie und Geodynamik (ZAMG)

Felssturz, Steinschlag und andere gravitative Mas-
senbewegungen kommen in Hochgebirgen besonders
haufig vor und sind daher von groBem Interesse fiir
die Gefahrenbeurteilung. Kommt es zu einer rdum-
lichen Uberlagerung des Prozessraumes von Massen-
bewegungen mit Personen oder Infrastruktur, kénnen
diese Prozesse schnell zu Naturgefahren werden.
Das Untersuchungsgebiet GroBglockner-Pasterze ist
eine der beliebtesten Bergtourismusdestinationen
Osterreichs und verfiigt somit {iber sehr hohes Risi-
kopotential. Ziel dieser Studie ist die Erstellung einer
Gefahrenhinweiskarte fiir Sturz- und flachige Abtra-
gungsprozesse zur Abschdtzung des derzeitigen und
zukiinftigen Gefahrenpotentials fiir Alpintouristinnen
und -touristen sowie Infrastruktur.

In einem ersten Schritt werden mit Hilfe eines
Dispositionsmodells potentielle Ursprungsgebiete
fir Massenbewegungen erfasst und mobilisierbare
Fels- und Schuttmassen abgeschdtzt. Gemeinsam
mit einem Digitalen Hohenmodell (DHM) flieBen die
Informationen aus dem Dispositionsmodell dann in
ein Prozessmodell zur Ermittlung der Reichweite und
Ausbreitung des sich hangabwarts bewegenden Ma-
terials ein. Neben der Modellierung des derzeitigen
Gefahrenpotentials erfolgt auch die Auseinanderset-
zung mit einem maoglichen zukiinftigen Szenario fiir
2030. Die Erstellung des Dispositionsmodells und die
Abschdtzung der mobilisierbaren Massen erfolgen
unter besonderer Beriicksichtigung von Gletscher-
schwund und Permafrost-Degradation, wobei sowohl
das Ansteigen der Permafrost-Untergrenze als auch
die VergroBerung der sommerlichen Auftautiefe Be-
rlicksichtigung finden.
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Das Ergebnis der Arbeit umfasst zwei Gefahren-
hinweiskarten (gegenwartige und zukiinftig mogliche
Gefahrdungssituation) in einem mittleren MafBstab,
die eine Klassifizierung der Gefahrdungswahrschein-
lichkeit bzw. -intensitit beinhalten. Die Uberlage-
rung dieser Information mit den markierten Wegen
und Routen macht jene Abschnitte dieser Infrastruk-
turen erkennbar, an denen MaBnahmen zur Erhéhung
der Sicherheit von Alpintouristinnen und -touristen
sinnvoll sein kdnnen. Eine Validierung der Ergebnisse
erfolgt durch Lokalisierung von Unfallstellen und
Wegabschnitten, an denen bereits zusatzliche Siche-
rungsmaBnahmen oder Neutrassierungen vorgenom-
men werden mussten.

ENTWICKLUNG EINES EXPERTENSYSTEMS ZUR
UBERWACHUNG GEFAHRLICHER FELSWANDE -
KONZEPT UND ERSTE ERGEBNISSE (KITZSTEIN-
HORN, HOHE TAUERN)

Keuschnig, M., Hartmeyer, I., Otto, J-C. & Schrott, L.

Department of Geography and Geology, University of Salzburg,
HellbrunnerstraBe 34A, A-6020 Salzburg

Die Stabilitdt von Felswanden im Hochgebirge ist
im Kontext der Klimaverdnderungen ein wichtiger
Risikofaktor fiir die lokale Bevélkerung, den Touris-
mus und fiir die Infrastruktur. Zahlreiche Felsstiirze
und Steinschldage in den Hitzesommern 2003 und
2005 im Alpenraum weisen auf eine mogliche Zu-
nahme von gravitativen Massenbewegungen als Re-
aktion auf verdnderte Klimabedingungen hin. Um auf
solche Gefahren und Risiken vorbereitet zu sein, ist
innerhalb des nachsten Jahrzehnts die Entwicklung
von Klima-Anpassungsstrategien notwendig. Dafir
ist das Verstandnis der kurz- und mittelfristigen Re-
aktionen von Felswanden auf klimatische Verdnde-
rungen wie Temperatur und Niederschlag von ent-
scheidender Bedeutung.

Das Projekt MOREXPERT erfasst und analysiert
relevante Faktoren (Felstemperaturen, Permafrost-
verbreitung, Gesteinseigenschaften, Kliiftigkeit, Fels-
bewegungen, Kluftwasser, Lufttemperatur, Strahlung,
Niederschlag, u.a.) und identifiziert kritische Schwel-
lenwerte und deren Sensitivitdt gegeniiber Veran-
derungen. Das Hauptziel ist die Entwicklung eines
innovativen Expertensystems, basierend auf einer
kombinierten Uberwachung (Monitoring) der Oberfls-
chen- und Untergrundbedingungen. Verwendet wer-
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den state-of-the-art Technologien wie terrestrisches
Laserscanning und geophysikalische, geothermische,
geotechnische und klimatologische Methoden. Eine
groBe Herausforderung ist die Integration und das
Management der im Untersuchungsgebiet erhobenen
Datensatze und deren Transformation in praktische,
zielgruppengerichtete Information (Decision Support
System). Durchgefiihrt wird das Projekt am Kitzstein-
horn (3204 m, Gemeinde Kaprun, Bundesland Salz-
burg — Osterreich). Das Untersuchungsgebiet bietet
alle Voraussetzungen fiir die Entwicklung und der
Anwendung kosteneffektiver Adaptionsstrategien in
Hochgebirgsraumen. Hauptziel des Projekts ist die
Entwicklung einer kombinierten Methodenstrategie
fiir die Uberwachung der Oberfliche und des oberfl-
chennahen Untergrundes von Felswénden. Dies um-
fasst die folgenden Schritte und Teilziele:

e Erfassung von hochaufgeldsten Daten der
externen und internen Einflussfaktoren;

¢ Quantifizierung der Oberflachendynamik auf
verschiedenen Skalenniveaus;

® Erweiterung bzw. Spezifizierung des system-
theoretischen Verstandnis von Felswanden
und deren Sensitivitdt (Schwellenwerte) in
Bezug auf Klimaverdnderungen im Hochgebirge;

e Entwicklung eines Uberwachungssystem
(Expertensystem) fiir Felswénde mit automatisier-
ten und semiautomatisierten Datenanalysen;

® Entwicklung eines Systems zur Entscheidungsfin-
dung (Decision Support System) fiir unterschied-
liche Zielgruppen.

Prasentiert werden die Projektstruktur, das Unter-
suchungsgebiet und erste Ergebnisse aus den geolo-
gischen, geomorphologischen und geophysikalischen
Voruntersuchungen.
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DER EINFLUSS SCHMELZENDEN PERMAFROSTES
AUF DIE WASSERQUALITAT UND DIE AQUA-
TISCHEN ORGANISMEN ALPINER SEEN - UNTER-
SUCHUNGEN AN SEDIMENTEN

Koinig, K.A.1, llyashuk, E., Tessadri, R.2, Lackner, R.1, Kéck, G.3,
Psenner, R.1

1 nstitut fiir Okologie, Universitat Innsbruck, TechnikerstraBe,
A-6020 Innsbruck

2 |nstitut fiir Mineralogie und Petrographie, Universitat
Innsbruck, Innrain 52, A-6020 Innsbruck

3 Osterreichische Akademie der Wissenschaften und Institut fiir
Zoologie, Universitat Innsbruck, TechnikerstraB3e,
A-6020 Innsbruck

Das Schmelzen der Permafrostbdden in den hoch-
alpinen Regionen wird nachhaltig von der rezenten
Erwdrmung beeinflusst. Das Schmelzwasser, das aus
dem Permafrost und den Blockgletschern abrinnt,
hat auf aquatische Okosysteme unerwartete Aus-
wirkungen: diese reichen von einer Erh6hung der
Leitfahigkeit bis hin zu einem Anstieg der Metallkon-
zentrationen auf ein Niveau, das nicht nur toxisch
ist, sondern auch einer vielfachen Uberschreitung
der Grenzwerte fiir Trinkwasser entspricht. Dabei ist
der Prozess, der die Zusammensetzung und v.a. die
Metallkonzentration im Schmelzwasser steuert, noch
nicht bekannt. Gut belegt ist, dass hohe Metallkon-
zentrationen aquatische Lebewesen beeinflussen:
so kommt es u.a. zu Deformationen und zur Ande-
rung der Artenzusammensetzung. Diesen Sommer
wurden aquatische Organismen auf verschiedenen
Trophieebenen - von Algen (Diatomeen), tiber Wiir-
mer (Oligochaeten) und Insekten (Chironomiden), bis
hin zu Fischen (Saibling) - in zwei Hochgebirgsseen
mit Permafrost im Einzugsgebiet untersucht. Um die
zeitliche Entwicklung des Metallanstiegs, die daraus
resultierenden Anderungen in der Artenzusammen-
setzung oder toxische Auswirkungen zu erfassen, ha-
ben wir kurze Sedimentkerne entnommen. Die Ergeb-
nisse der Untersuchung an den Sedimenten werden
mit den Temperaturmessdaten der letzten 220 Jahre,
den gemessenen Anderungen atmo-spharischer De-
positionen und mit Daten aus Eiskernen und Moor-
profilen verglichen werden. Hier prasentieren wir die
ersten Ergebnisse der Sedimentuntersuchung.
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BLOCKGLETSCHER UND NATURGEFAHREN: DER
AKTIVE BLOCKGLETSCHER ,MURFREIT* IN DER
NORDLICHEN SELLAGRUPPE, DOLOMITEN

Krainer, K. und Mussner, L.

Institut fiir Geologie und Paldontologie, Universitdt Innsbruck,
Innrain 52, 6020 Innsbruck

Der Blockgletscher ,Murfreit" befindet sich in der
nordlichen Sellagruppe auf der ,Mittelterrasse”, siid-
lich des Grodner Joches bzw. westlich der Pisciadu-
Hiitte auf einer Seehdhe von 2670 m. Der Blockglet-
scher ist 420 m lang und 1100 m breit und bedeckt
eine Flache von 33.6 ha. Die Stirn endet auf einer
Seehdhe von 2590 m, die Wurzelzone liegt auf 2770
m. Er zeigt eine lobate Form und fiir aktive Blockglet-
scher typische morphologische Erscheinungsformen
wie steile und meist unbewachsene Stirn, steile Flan-
ken und im westlichen Teil ausgepragte transversale
Riicken und Vertiefungen sowie eine Depression im
Wurzelbereich. AuBerdem sind im Sommer an der
Oberflache ein, zeitweise auch zwei Thermokarst-
seen entwickelt, an deren Randern unter einer diin-
nen Schuttdecke massives Eis aufgeschlossen ist.
Das Eis ist ziemlich rein, grobkristallin und deutlich
gebandert. Der Blockgletscher wird aus den steilen
Felswanden oberhalb der Wurzelzone mit Hauptdolo-
mitschutt beliefert. In der oberflachlichen Schuttlage
liberwiegen Gerdlle mit Korndurchmessern von 1 -
10 und 11 - 20 cm, Gerdlle mit Durchmessern von >
60 cm sind selten.

Die Wassertemperaturen der Blockgletscherquel-
len (< 1°C), BTS-Messungen und Bewegungsmes-
sungen bestdtigen, dass der Blockgletscher Eis ent-
halt.

Im Gegensatz zu den beiden Blockgletschern Im
Bereich der Hohen Gaisl flieBt beim Blockgletscher
Murfreit ein GroBteil der Schmelzwéasser oberflach-
lich ab, der Abfluss zeigt starke saisonale und tdg-
liche Schwankungen.

Georadar-Messungen zeigen, dass der Blockglet-
scher bis zu ungefdahr 30 m machtig ist, wobei im
oberen Abschnitt dhnliche Strukturen wie am Block-
gletscher im Gletscherkar (Hohe Gaisl) auftreten, die
auf einen massiven Eiskern mit Scherbahnen im Eis
hinweisen.
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Bewegungsmessungen zeigen, dass derzeit der
westliche Abschnitt des Blockgletschers noch aktiv
ist mit jahrlichen Bewegungsraten von meist 5 - 10
cm, stellenweise bis zu 40 cm. Die Stirn des Block-
gletschers ist meist um die 20 m, im westlichen, ak-
tiven Teil bis zu 40 m machtig. Die steile Stirn reicht
lokal bis an die Abbruchkante der Terrasse. Dadurch
konnten im Jahr 2003 Starkniederschldge auch Teile
der steilen Stirn mobilisieren und damit Murgédnge
auslosen, die die StraBe von Wolkenstein zum Grod-
ner Joch vermurt haben. Vor allem die immer noch
aktive und entsprechend steile westliche Stirn des
Blockgletschers stellt nach wie vor ein Gefahrenpo-
tential dar, Starkniederschldge kdnnen hier jederzeit
weitere Murgdnge ausldsen.

BLOCKGLETSCHERINVENTAR
OTZTALER - STUBAIER ALPEN

Krainer, K. und Ribis, M.2

1 Institut fiir Geologie und Palsontologie, Universitat Innsbruck,
Innrain 52, 6020 Innsbruck
2 Michael Pfurtscheller Weg 4, 6166 Fulpmes

Im Rahmen des Projektes PermaNET wurde zu-
nachst ein Datenerhebungsblatt fiir ein Blockglet-
scherinventar Tirol erstellt. Dieses Datenblatt ent-
hilt unter anderem folgende Daten: Nummer (nach
Einzugsgebiet), geographische Bezeichnung, Koor-
dinaten, Hoéhe der Stirn, Wurzelzone und mittlere
Hohe, maximale Lange und Breite, Flache, Exposition,
Oberflachenmorphologie, Form, Entstehung, Zustand
(aktiv, inaktiv, fossil), Gewadsser-Einzugsgebiet, Ge-
birgsgruppe, Festgesteine im Einzugsgebiet, Quel-
laustritte im Stirnbereich, Angaben lber vorhandene
Wasseranalysen, Pegeldaten, Literatur. Diese Daten
sind aus den Luftbildern oder Laserscannaufnahmen
oft nur beschrinkt oder gar nicht zu erfassen. Auch
die Unterscheidung in aktiv, inaktiv und fossil ist aus
den Luftbildern nur schwer zu treffen, da es zwischen
diesen Typen flieBende Uberginge gibt und der ge-
genwartige Zustand eines Blockgletschers meist erst
durch Bewegungsmessungen und andere Untersu-
chungen erfasst werden kann.

In den Otztaler und Stubaier Alpen konnten auf
oOsterreichischem Gebiet insgesamt 1200 Blockglet-
scher festgestellt werden. Davon wurden ungefahr
350 als aktiv, 350 als inaktiv und 500 als fossil ein-
gestuft.
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Allein im Einzugsgebiet der Otztaler Ache konnten
421 Blockgletscher lokalisiert werden, die eine Flache
von ca. 30.5 km2 bedecken. Davon wurden 135 als
aktiv (14.1 km2), 142 als inaktiv (8.1 km2) und 174 als
fossil (8.3 km2) klassifiziert.

Im Einzugsgebiet der Pitze (Pitztal) wurden 133
Blockgletscher aufgenommen mit einer Gesamtfla-
che von ca. 7.7 km2. Davon sind 43 aktiv (3.3 km2), 46
inaktiv (1.9 km2) und 44 fossil (2 km2). Im Kaunertal
(Einzugsgebiet der Fagge) wurden 123 Blockgletscher
identifiziert mit einer Flache von 7.3 km2. Davon sind
ungefahr 39 aktiv (3.4 km2) 42 inaktiv (2 km2) und
42 fossil (1.9 km2). Eine groBe Anzahl von 205 Block-
gletschern befindet sich in den Nauderer Bergen, di-
ese bedecken immerhin eine Fldche von ca. 12.9 km2.
Ein betrachtlicher Teil (95) wurde als aktiv eingestuft
(7.2 km2), 35 als inaktiv (1.4 km2) und 75 als fossil
(4.3 km2). Die gr6Bten aktiven Blockgletscher sind bis
zu ca. 1650 m lang (z.B. Reichenkar) und bedecken
eine Flache von knapp 0.6 km2.

Die meisten aktiven Blockgletscher sind nach Nor-
den (NNW -NNE) exponiert. Nach Siiden exponierte
Blockgletscher sind relativ selten und liegen um ca.
400 m héher als nach Norden exponierte Blockglet-
scher. Die meisten aktiven Blockgletscher (mittlere
Hohe) in den Otztaler Alpen liegen zwischen 2600
und 2850 m Seehohe.

PERMAFROSTMONITORING SONNBLICK - ERSTE
ERGEBNISSE UND ERKENNTNISSE

Kroisleitner, C., Schoner, W., Reisenhofer, S. und Weyss, G.

Abteilung Klimaforschung/Department Climate Research,Bereich
Daten, Methoden, Modelle/Division Data, Methods, Modeling,
Zentralanstalt fiir Meteorologie und Geodynamik, Hohe Warte
38, 1190 Wien

Seit dem Jahr 2006 finden am Sonnblick im Zuge
des Projektes PERSON (PERmafrostmonitoring SONn-
blick) Messungen der Bodenoberflachentemperatur
(BOT) statt, welche durch Messungen der Basistem-
peratur der Schneedecke (BTS) erginzt werden.

Es konnten aufgrund der BOT-Messungen erste
Ergebnisse, wie zum Beispiel die Untergrenze der
Permaforstverbreitung in zwei unterschiedlich expo-
nierten Untersuchungsgebieten, festgestellt werden.
Im siid- bis siidostexponierten Gebiet Goldbergspit-
ze ergab die Regression aus BOT und Seehdhe eine
Untergrenze von ca. 2700m (. NN. In der nord- bis
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nordwestexponierten Wintergasse lag diese Grenze
bei etwa 2500m {i. NN. Generell zeigt sich in den
jeweils etwa 1km2 groBen Untersuchungsgebieten
allerdings eine sehr heterogene Verteilung der Ober-
flachentemperatur die sehr stark durch kleinrdumige,
topographische Unterschiede bestimmt wird.

Da BOT-Sensoren nach dem Abschmelzen der win-
terlichen Schneedecke stark dem atmosphérischen
Einfluss unterworfen sind, wurden Anfang September
2010 im Untersuchungsgebiet Wintergasse 5 Bohr-
[6cher mit unterschiedlichen Tiefen zwischen 30cm
und 130cm gebohrt. Die Bohrlécher wurden in meh-
reren Tiefen und an der Bodenoberflaiche mit Tem-
peratursensoren ausgestattet. Dies ermdglicht die
Messung des Warmegradienten zwischen Fels und
Oberflache und der bodennahen Temperatur ohne at-
mospharischen Einfluss. Durch diese Messungen an
der Schnittstelle Erde/Atmosphire, sollen in Zukunft
grundlegende Informationen Ulber die Verbreitung
und das Verhalten von Permafrost gewonnen werden.

PERMAFROST IM FELS - ERSTE DATEN DER HO-
RIZONTALBOHRUNG AN DER GRAWAND IM
SCHNALSTAL  (ALPENHAUPTKAMM, SUDTIROL,
3.200 m)

Lang, K.1, Mair, V.1, Tonidandel, D.1, Leiter, J.2

1 Amt fiir Geologie und Baustoffpriifung, Autonome Provinz
Bozen - Sidtirol, Eggentaler Str. 48, 1-39053 Kardaun

2 |nstitut fiir Geographie, Universitat Innsbruck, Innrain 52,
A-6020 Innsbruck.

Der Grat der Grawand (3.251 m) im hintersten
Schnalstal (Stdtirol) verlduft ziemlich genau in Ost-
West-Richtung und ist Teil des Alpenhauptkammes.
AnstoB zur Durchfiihrung der Bohrungen und Mes-
sungen waren die teilweise schlechten Stabilitatsver-
héltnisse am Bergkamm. Der Felskamm der Grawand
war bis vor einigen Jahrzehnten noch vom Eis des
Hochjochferners bedeckt. Wegen des Abschmelzens
des Eises liegen heute die nackten Felsflanken frei.
Der zum Teil stark zerlegte Hangabschnitt stellte eine
zunehmende Gefahrdung des darunter liegenden Ski-
wegs durch Stein- und Blockschlagereignisse bis hin
zu moglichen Felsstiirzen dar. Die Schnalstaler Glet-
scherbahn AG wollte zudem Informationen {iber die
allgemeine Standfestigkeit des Felskammes gewin-
nen, um bereits bestehende Infrastrukturen eventuell
zu schiitzen und zukiinftige Investitionen besser zu
planen. Bei dem an der Grawand aufgeschlossenen
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Gestein handelt es sich um Metasedimente des
ostalpinen Otztalkristallin. Die Metasedimente an der
Grawand bestehen aus einer Wechsellagerung von
Paragneisen und Glimmerschiefern, die einen unter-
schiedlichen Mineralbestand und somit verschiedene
Farbgebung aufweisen. Aus diesem Grund sind die La-
gerungsverhaltnisse der Gesteine besonders deutlich
zu erkennen und zu verfolgen. Die Gesteine sind stark
isoklinal verfaltet, wobei die Schieferung im Bereich
der Schenkel mehr oder weniger konstant gegen NNE
einfallt. Weitere bedeutende Strukturelemente, die
den E-W streichenden Bergkamm kennzeichnen, sind
3 Kluftsysteme (K1, K2 und K3). Der Verschnitt dieser
Kluftsysteme mit der Schieferungsflache bewirkt das
Entstehen von Pultflichen, welche ideale Abgleit-
flachen fiir Blocke und ganze Felspartien bilden. Der
Bergkamm zeigt einen starken Zerlegungsgrad, der
mit der oberen Auftauschicht des Permafrostes, der
aktiven Schicht, in Verbindung steht.

Die in den Bohrlochern installierten hochempfind-
lichen Messgerate fiir Bewegung (Stangenextenso-
meter) und Temperatur (Thermistorenketten) dienen
somit zum Einen als Beobachtung der mdglichen
Hangbewegungen und zum Anderen als Forschungs-
station zur Untersuchung der klimatisch bedingten
Veranderungen des Permafrosts.

Das erste Bohrloch (B1) verlduft ziemlich genau
senkrecht zur Schieferung der Gesteine und hat eine
Lange von 162 m. In diesem Bohrloch wurden fiinf
Stangenextensometer installiert, welche die inneren
Bewegungen (thermische Dilatation) des Festge-
steines messen und registrieren.

Das zweite Bohrloch (B2) verlauft ziemlich genau
in Nord-Siid-Richtung, hat eine Liange von 133 m
und erreicht sowohl an der Nord- als auch an der
Siidseite die Oberflache. Es wurde mit Thermistoren-
ketten ausgestattet, welche automatisch ein Tempe-
raturprofil im gesamten Bohrloch aufzeichnen.

Weiters wurden beide Bohrldcher mit optischen
Bohrlochaufnahmen befahren, die einen Aufschluss
der inneren Struktur des Festgesteins geben. Bereits
bei den Bohrarbeiten wurden in verschiedenen Tiefen
immer wieder groBe, offene Kliifte angefahren, was
den Bohrfortschritt wesentlich verlangsamte. Diese
Kltifte waren nicht mit Eis verfillt.

Die Temperatur- und Bewegungsdaten beider
Bohrlécher konnen seit Dezember 2009 iiber eine
GSM Leitung (vom Datenlogger zur Bergstation der
Seilbahn) und Internetverbindung vom PC aus ein-
gesehen werden. Eine erste Analyse der Temperatur-
daten hat ergeben, dass an der Nordseite der Gra-
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wand bis in einer Bohrlochldnge von 5 m extreme
Temperaturschwankungen herrschen. Weiters wurde
festgestellt, dass im Bohrloch von Anfang Dezember
2009 bis Anfang Juni 2010 durchgehend Minusgrade
herrschen. Im Sommer herrschen im Bohrloch an der
Nordseite der Grawand zwar wahrend des Tages bis
in eine Ldnge von 4 m Plusgrade, an wenigen Tagen
im Sommer wurden bis in eine Ldnge von maximal
2 m permanent Plusgrade gemessen. Ab einer Lange
von 4 m herrschen im Bohrloch durchgehend Minus-
grade.

An der Siidseite der Grawand sind die Tage hau-
figer, an denen die Temperatur im Bohrloch Plusgrade
erreicht. Der dauerhaft gefrorene Bereich liegt we-
sentlich tiefer, und zwar liber 25 m Bohrlochldnge.

HUBSCHRAUBER-GESIUTZTE VERMESSUNG VON
STEILEN UND UNZUGANGLICHEN GEBIETEN

Legat, K., Trimmel, W., Mendes-Cerveira, P. J.

Vermessung AVT ZT GmbH, Eichenweg 42, A-6460 Imst

Eine wesentliche Grundlage flr die Dokumenta-
tion und das Verstandnis von klimatisch bedingten
Umweltveranderungen sind hochauflosende raum-
liche Daten. Fiir die flachenhafte Aufnahme mit hoher
Qualitat bietet sich die luftgestiitzte Vermessung mit
Photogrammetrie und Laserscanning an. Die Vermes-
sung AVT hat gemeinsam mit ihrem Partner Bewag
Geoservice ein hubschraubergestiitztes Messsystem
entwickelt, das fiir die Aufnahme in topographisch
schwierigen Umgebungen ideal geeignet ist. Fiir die
Vermessung von steilen Oberflachen kann die Senso-
rik zur Seite geneigt werden, um eine bestmdgliche
Aufnahmegeometrie zu erzielen.

Mit diesem Messsystem wurden im September
2009 das Gebiet der Bliggspitze |/ Kaunertal und
im August 2010 der Gross Karpf im Kanton Glarus
| Schweiz aufgenommen. Anhand von Daten die-
ser Befliegungen wird die Leistungsfahigkeit dieses
Messsystems demonstriert. Darliber hinaus werden
Vergleiche mit Daten aus friiheren Befliegungen in
diesen Gebieten gezogen. Dadurch erhdlt man ein
Bild tber die geometrischen Veranderungen in dem
Gebiet.
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PERMAFROST UND BLOCKGLETSCHER -
EIN THEMA FUR DIE SCHULISCHE UND
INFORMELLE UMWELTBILDUNG?

Lieb, G.K.,1, Nutz, M.2 und Krobath, M.3

1 Institut fiir Geographie und Raumforschung, Universitit Graz
2 KommunikationsDesign, Graz
3 Umweltbildungszentrum Steiermark, Graz

Die Begriffe Permafrost und Blockgletscher finden
sich in den Lehrplanen der dsterreichischen Schulen
nicht. Es wére jedoch falsch, daraus den Schluss zu
ziehen, dass man diese Themen somit nicht in den Fa-
chern Geographie und Wirtschaftskunde sowie Biolo-
gie und Umweltkunde behandeln kénne/diirfe. Ganz
im Gegenteil: Lehrerinnen und Lehrer sind nicht nur
in der Wahl der Unterrichtsmethoden, sondern viel-
fach auch der Inhalte frei, um die in den Lehrplénen
definierten Lehrziele zu erreichen. Dies ist in vielen
Féllen durch die Behandlung einer komplexen Quer-
schnittsmaterie wie dem Permafrost sehr effizient
mdglich und kann bei entsprechender methodischer
Umsetzung zum Aufbau von persénlichern Qualifika-
tionen in den Bereichen Umwelt- und Synthesekom-
petenz bei Schiilerinnen und Schiilern beitragen.

Im Bereich der informellen Umweltbildung hat der
Permafrost hingegen langst Eingang in die Inhalte
etwa von Informationstafeln und Lehrwegbroschii-
ren gefunden, wenn auch die schwerpunktmaBige
Behandlung des Themas bislang noch selten ist. Eine
solche bietet sich jedoch im iibergeordneten Kontext
des globalen Klimawandels an, weil fiir erlebnisori-
entiertes Umwelt-Lernen die (intakte) Hochgebirgs-
Landschaft ein ideales Erlebnis-Setting darstellt, das
mittels relativ einfacher Inszenierungstechniken ein
vertieftes Freizeiterlebnis fordert. Dieses wiederum
kann die Mdoglichkeit eréffnen, bei den Konsumen-
tinnen und Konsumenten solcher Angebote Bewusst-
seinsanderungen hervorzurufen und in weiterer Folge
die Bereitschaft zu nachhaltigem Handeln zu steigern.

Der Vortrag diskutiert die Rahmenbedingungen,
die die Vermittlung des Themas Permafrost und
Blockgletscher im schulischen und informellen Be-
reich vorfindet. Dies wird mit Hilfe zweier konkreter
Umsetzungsbeispiele veranschaulicht:
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e Ein im Rahmen des Projekts PermaNET (Teil der
Européischen Territorialen Kooperation, kofinan-
ziert vom Europdischen Regionalentwicklungs-
fonds ERDF im Rahmen des Alpine Space
Programms: www.alpine-space.eu) entwickeltes
Lernmodul mit Schiilerinnen und Schiilern der
Sekundarstufe als wichtigster Zielgruppe.

® Der erste speziell dem gegenstandlichen Thema
gewidmete Erlebnisweg in den dsterreichischen
Alpen, der ,Blockgletscherweg Désental” (Hohe
Tauern), der seit 2002 existiert und seit 2009 auch
tber eine nach umweltdidaktischen Prinzipien
gestaltete Begleitbroschiire verfiligt.

BLOCKGLETSCHERKATASTER IN SUDTIRO_I__ - PI-
LOTSTUDIE MIT VORBILDCHARAKTER FUR DEN
GESAMTEN ALPENRAUM?

Mair V.

Amt fiir Geologie und Baustoffpriifung, Autonome Provinz Bozen
- Siidtirol, Eggentaler Str. 48, 39053 Kardaun

Im Rahmen des Projektes PROALP (Kartierung und
Uberwachung von Permafrost-Phinomenen in den
Alpen) wurde ein Inventar der Blockgletscher in Siid-
tirol erstellt. Als Basis fiir die Kartierung der Block-
gletscher wurde in einem ersten Schritt die Struktur
der Datenbank (GIS) entwickelt. Das Datenmodell fiir
die Kartierung der Blockgletscher lehnt sich an das
Klassifikationsschema von Burger et al. (1999) und
an verschiedene Inventare des Alpenraums an (Car-
ton et al. 1988, 1993; Frauenfelder 1997; Gugliel-
min & Smiraglia 1997; Imhoh 1994, Juen 1999). Der
Datensatz wird in Form von Polygonen dargestellt.
GroBere Blockgletscher, die eine Unterteilung in ei-
nen inaktiven und einen aktiven Teil zulassen, werden
als Teilflachen dargestellt. Bestehende Kartierungen
wie aus dem CARG- Projekt wurden in den Block-
gletscherkataster eingearbeitet. In diesem Fall ist die
Quelle im Datensatz zitiert.

Die Zuweisung der Information uber die Aktivitat
der einzelnen Blockgletscher erfolgte neben der vi-
suellen Interpretation der Morphologie mit Hilfe des
digitalen Gelandemodells (Auflésung 2,5 x 2,5 m aus
dem Jahr 2006), der Orthofotos verschiedener Ge-
nerationen (2000, 2003, 2006, 2008) sowie mit Hil-
fe der Radarinterferometrie. Aufgrund der Lage der
Blockgletscher oberhalb des dichten Vegetationsgiir-
tels eignet sich diese Technik sehr gut fiir die Analyse
von Hangbereichen, die sich verandern. Das Grund-
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prinzip der differenziellen Radarinterferometrie be-
ruht auf der Kombination von zwei Radarszenen des
gleichen Gebiets, die jedoch zu zwei verschiedenen
Zeitpunkten und somit von zwei leicht unterschied-
lichen Positionen des Radarsensors aufgenommen
wurden (Zilger et al . 2006, Mair et al. 2008). Im Rah-
men dieses Projektes kamen Radarszenen der Erdbe-
obachtungssatelliten ERS-1/-2 und ENVISAT (Europa)
sowie JERS und ALOS-PALSAR (Japan) zum Einsatz.

Die Struktur des Blockgletscherkatasters konnte
ohne groBen Aufwand an die Erfordernisse der Da-
tenbank des Interreg IVB Projektes PermaNET - Per-
mafrost long-term monitoring network angepasst
werden und diente dieser sogar als Vorbild.

Derzeit enthalt der Kataster 1779 Blockgletscher,
davon wurden etwa 20% als intakte (aktiv und inak-
tiv) und 70% als fossile Blockgletscher bewertet. Bei
etwa 10% konnte nicht mit Sicherheit Auskunft liber
den Status der Aktivitdt gegeben werden.

Die Datenbank wird vom Amt fiir Geologie und
Baustoffpriifung gewartet und wird bei weiteren
Detailuntersuchungen und neuen Erkenntnissen er-
ganzt. Die Daten sind im GeoBrowserPro iber die
website der Abteilung Informationstechnik fir alle
Biirger zuganglich.

STOFFKONZENTRATIONEN
BLOCKGLETSCHERN

IM  ABFLUSS VON

Nickus, U. 1, Thies, H. 2, Krainer, K. 3 und Tessadri, R. 4

T Institut fiir Meteorologie und Geophysik, Universitit Innsbruck,
Innrain 52, A-6020 Innsbruck

2 |nstitut fiir Okologie Universitat Innsbruck, TechnikerstraBe,
A-6020 Innsbruck

3 Institut fiir Geologie und Paldontologie Universitat Innsbruck,
Innrain 52, A-6020 Innsbruck

4 Institut fiir Mineralogie und Petrographie Universitit
Innsbruck, Innrain 52, A-6020 Innsbruck

Der Abfluss von aktiven Blockgletschern weist
in der Regel ausgepragte saisonale und tagliche
Schwankungen auf. Messungen der elektrischen
Leitfahigkeit und 180 Werte im Abfluss von aktiven
Blockgletschern in den osterreichischen Alpen wei-
sen auf die wechselnden Beitrdge von Schmelzwasser
aus der winterlichen Schneedecke, der Eisschmelze
und von Grundwasser hin (e.g. Krainer & Mostler
2002, Krainer et al. 2007). Uber die in Blockglet-
scherabfliissen vorliegenden Stoffkonzentrationen
und deren saisonale Variabilitat ist in der Literatur
bisher nur wenig bekannt. Messungen im Schnalstal
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(Siidtirol), Otztal und im Kaunertal (Nordtirol) zeigen
eine meist ausgepragte Zunahme der Konzentration
von lonen und Metallen zwischen Friihsommer und
Herbst und bestédtigen Ergebnisse von Williams et al.
(2006) aus den Rocky Mountains. Kalzium, Magnesi-
um und Sulfat bestimmen mit einem relativen Anteil
von bis zu 98% die Gesamtionensumme. Maximale
Werte der elektrischen Leitfahigkeit liegen tber 500
uS/em. Auch der Gehalt an Metallen kann in Block-
gletscherabfliissen stark erhoht sein. So libersteigen
z.B. im Kaunertal (Krumgampen) die Konzentrati-
onen an Nickel und Aluminium die fiir Trinkwasser
geltenden Grenzwerte um den Faktor 10 bis 30. Die
Herkunft der im Abfluss von aktiven Blockgletschern
gemessenen hohen Konzentrationen an lonen und
Metallen ist noch nicht geklart. Vergleiche mit Ba-
chen, die nicht mit Schmelzwasser aus Blockglet-
schern gespeist werden, legen den Schluss nahe, dass
als Folge des Anstiegs der Lufttemperatur vermehrt
Stoffe aus dem Eis aktiver Blockgletscher freigesetzt
werden. Dies kann die chemische Zusammensetzung
von Hochgebirgsbdachen und -seen, in deren Ein-
zugsgebiert aktive Blockgletscher liegen, langerfri-
stig verandern, wie am Beispiel von Rasass See und
Schwarzsee ob Sélden gezeigt werden konnte (Thies
et al. 2007).

PERMAFROSTVERBREITUNG IN DEN HOHEN TAU-
ERN - EIN ZWISCHENBERICHT AUS DEM PROJEKT
PERMALP.AT

Otto, J-C.1, Rupprechter, M.1, Ebohon, B.1, Keller, F2, Schrott, L1

1 Fachbereich Geographie und Geologie, Universitat Salzburg
2 Academia Engiadina & Padagogische Hochschule Graubiinden,
Samedan, Schweiz

Im Projekt ,permalp.at”, das von mehreren Part-
nern unterstiitzt wird, wird die rdumliche Verbreitung
des Permafrostes im Bereich der Hohen Tauern un-
tersucht (www.permalp.at). Hauptziel des Projektes
ist die Modellierung der  Permafrostverbreitung
durch die Anpassung der bestehenden, bewdhrten
Ansétze des topoklimatischen Schliissels (vergl. PER-
MAKART) auf die lokalen Bedingungen des Unter-
suchungsgebietes unter Einbeziehung vorliegender
und neu erhobener Daten aus Osterreich. Der to-
poklimatische Schliissel enthdlt empirische Werte
in welchen Gelidndepositionen (H6he, Hangneigung,
Exposition) Permafrostbedingungen vorherrschen.
Die einflieBenden Daten stammen aus lokalen Test-
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gebieten innerhalb der Hohen Tauern, die unter-
schiedliche Geldndeeigenschaften beziiglich der
Gletscher-, Vegetations-, Schutt- und Felsanteile
aufweisen. Die Berechnungen werden auf Basis eines
digitalen Gelandemodells mit einer Aufldsung von
10 m umgesetzt, um das stark strukturierte Gelande
des Hochgebirges mdglichst genau abzubilden. Zur
Verbesserung der Modellierung werden zusatzliche
Einfliisse auf die Verbreitung des Permafrostes, z.B.
die Oberflichenbedeckung oder die Solarstrahlung
miteinbezogen. Als Modelloutput ersetzt eine in-
dexbasierte Darstellung des Permafrostvorkommens
die bisher verwendeten ,scharfen” Untergrenzen von
mdoglichem und wahrscheinlichem Permafrost. Durch
den flieBenden Ubergang und die Angabe von einem
Indexwert der Auftretenswahrscheinlichkeit von Per-
mafrost zwischen 0 und 100 wird die Qualitdt der
Karte deutlich verbessert.

Zudem werden Temperatur-, Geldnde- und Un-
tergrunddaten mit geomorphologisch-geophysika-
lischen Methoden erhoben, um die gegenwartige
Permafrostverbreitung mit hoher raumlicher Aufl6-
sung und Genauigkeit zu erfassen. Seit 2008 sind
ca. 600 Messungen der Basistemperatur der win-
terlichen Schneedecke (BTS) in den Hohen Tauern
durchgefiihrt und 25 Temperatur-Datalogger zur
Gewinnung von Zeitreihen der Bodentemperatur in-
stalliert worden. Im Testgebiet Kreuzkogel wurden
die BTS-Werte bereits gut durch das Modell repro-
duziert. Die BTS-Werte zeigen eine hohe Variabilitat
in Zusammenhang mit dem Oberflachenmaterial der
Messstandorte (Vegetation, Blockschutt, Feinschutt).
Die Auswertungen bestatigen, dass Blockschutt die
Auftretenswahrscheinlichkeit von Permafrost erhoht,
wahrend Vegetation diese stark senkt. An weiteren
19 Standorten in den Testgebieten wurden bislang
Geoelektrikmessungen (2D elektrische Widerstand-
stomographie) durchgefiihrt, die es ermdglichen, lo-
kale Eisvorkommen indirekt tGiber hohe Widerstands-
werte zu detektieren.

Eine erste Abschatzung der Permafrostverbreitung
in den Hohen Tauern ist bereits mit dem abgedn-
derten Modellierungsansatz erfolgt und lasst auf eine
Fldche von ungefahr 760 km2 (ca. 18 % des Untersu-
chungsgebietes) schlieBen, wobei auf ca. 260 km2 mit
einer Auftretenswahrscheinlichkeit von tber 50 % zu
rechnen ist.
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FELSTEMPERATUREN UND PERMAFROSTVERBREI-
TUNG AM HOHEN SONNBLICK, 3106 m, HOHE TAU-
ERN, SALZBURG

Riedl, C.1, Klee, A.7, Bockli, L2, Staudinger, M.!

1 Zentralanstalt fiir Meteorologie und Geodynamik (ZAM@G),
Salzburg, Osterreich
2 Geographiedepartment, Universitat Ziirich, Schweiz

Im Rahmen des OAW Projekts ,Permafrost in Aus-
tria" wird seit Sommer 2006 in drei 20 m Bohrléchern
die Felstemperatur gemessen, um die Auswirkungen
des aktuellen Klimawandels auf den Permafrost zu
dokumentieren. Die Lage der Bohrldcher erstreckt sich
in einem Abstand von etwa 30 m vom Sonnblickgipfel
in Richtung Siiden. Der Gipfelaufbau ist nicht verglet-
schert jedoch beginnt direkt unterhalb des am tiefsten
gelegenen Bohrlochs ein Dauerschneefeld und das obe-
re Goldbergkees.

Die Felstemperaturen zeigen, dass die Erwdarmung
im Sommer (Juni bis September) bis in eine Tiefe von 15
Metern wirkt und das mit einer Verzégerung von etwa
einem halben Jahr. Die maximale Auftauschschicht be-
tragt 100 cm.

Fiir die Modellierung der Permafrostverteilung des
Sonnblickgipfelaufbaus im Rahmen des Alpine Space
Projekts PermaNET stehen neben den Felstemperaturen
aus den Bohrlochern die lber 120 jahrige Klimaze-
itreihe des Sonnblickobservatoriums, aktuelle meteo-
rologische Daten, zahlreiche oberflachennahe Tempe-
ratursensoren sowie geophysikalische Parameter (z.B.
seismische Tomographie) zur Verfiigung.

LASERSCANNING MONITORING VON
PERIGLAZIALEN POZESSFORMEN -
POTENTIALE UND LIMITATIONEN

Sailer, R.112, Erik Bollmann, E.", Briese, C.3, Fischer, A.4, Krainer, K.5,
Rieg, L., Stotter, J.1

1 Institut fiir Geographie, Universitat Innsbruck

2 alps, Centre for Climate Change Adaption and Technology,
Innsbruck

3 Institut fiir Fernerkundung und Photogrammetrie, TU Wien

4 Institut fiir Meteorologie and Geophysik, Universitit Innsbruck

5 Institut fiir Geologie and Paldontologie, Universitit Innsbruck

Die Kryosphédre mit ihren Komponenten Gletscher,
Permafrost und dessen Leitform Blockgletscher rea-
gieren sensibel auf klimatische Veranderungen. Unter-
schiedlichste Verfahren zum Nachweis und Monitoring
von Gletschern und Permafrost wurden bisher entwickelt
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und angewandt (Lingenmessungen, Seismik, Geoelek-
trik, Bodenradar). In jlingster Vergangenheit gewinnen
Fernerkundungsverfahren zunehmend an Bedeutung.
Ein vielversprechendes Instrument zur fldchenhaften
Erfassung und Analyse von Oberflachenveranderungen
bieten dabei terrestrische (TLS) und flugzeuggestiitzte
(ALS, Airborne Laserscanning) Laserscanningverfahren.

In den vergangenen Jahren wurden in den Otztaler
und Stubaier Alpen immer wieder Laserscanningbeflie-
gungen durchgefiihrt. Die langste durchgehende und
damit weltweit einzigartige ALS Datenreihe existiert
in der Region Hintereisferner/Rofental. Die ersten Be-
fliegungen haben im Jahr 2001 stattgefunden und bis
2010 wurde mindestens eine Laserscanningkampagne
pro Jahr durchgefiihrt. Hauptziel dieser Messungen war
die Erstellung von Gletscher-Massenbilanzen. Dariiber
hinaus hat sich gezeigt, dass die hohe ALS Prazision und
Genauigkeit Analysen von periglazialen Prozessformen
zulassen, die bisher flachen- und volumenmaBig nicht
quantifizierbar waren. Demzufolge ist bei einem konsi-
stenten (sowohl die Datenaufnahme als auch die Nach-
prozessierung betreffenden) ALS Monitoring in Nei-
gungsbereichen unter 35° der Messfehler kleiner als +
0.04 m. Mit zunehmender Steilheit des Gelandes nimmt
der Fehler zu, liegt bei Neigungen unter 60° immer noch
unter + 0.15 m und steigt bis 80° auf +1.0m an. Aufbau-
end auf den Ergebnissen einer fundierten Fehleranalyse
werden die Ergebnisse diverser periglazialer Prozess-
aktivitdten quantifiziert (Fldche-, Volumen-, Hohenén-
derungen) und prasentiert. Besonderes Augenmerk wir
dabei auf Oberflachenveranderungen am Rofenberg, die
durch Permafrostdegradation hervorgerufen werden,
gelegt. Es zeigt sich, dass insbesondere durch jahrliche
ALS Messungen ein Nachweis dieser permafrostindu-
zierten Oberfldchenveranderungen erfolgen kann.

Laserscanningverfahren werden auch vermehrt zur
Erfassung und Quantifizierung der Veranderungen von
Blockgletschern herangezogen. Das Projekt C4AUSTRIA
setzt sich zum Ziel, auf Basis von ALS sowohl Flie3-
geschwindigkeiten als auch Volumenanderungen von
Blockgletschern zu quantifizieren. Erste ALS Auswer-
tungen liefern dariiber hinaus ein sehr differenziertes
Bild von Veranderungen der Oberfliche, die mit her-
kémmlichen Verfahren nicht oder nur punktuell nach-
weisbar waren.
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GEOMON4D - A NEW HIGH SPEED TOOL FOR
GEOELECTRICAL MONITORING IN PERMAFROST
REGIONS

Supper, R, Ita, A, Romer, A., Jochum, B., Ottowitz, D.

Geological Survey of Austria, Department of Geophysics, Neu-
linggasse 38, 1030 Vienna

Changes of climate parameters due to global war-
ming generate increased permafrost “warming” in
Alpine regions, thus involving severe environmental
and engineering problems.

The applicability of the geoelectric method for
permafrost investigations (repeated measurements
at larger time intervals) was recently demonstrated
by several authors. Results suggest that the interpre-
tation of resistivity changes should allow observing
seasonal freezing and thawing processes thus lea-
ding to a better understanding of related processes.
However for detailed analysis of these processes per-
manent geoelectrical monitoring has to be applied,
which so far has never been performed due to the
technological challenge of operating such a system
in remote areas.

Within recent years the Department of Geophysics
of the Geological Survey of Austria has developed a
new geoelectrical instrument, called the GEOMON4D.
The GEOMON4D is a tool for high speed (approx.
3000 measurements per hour in single channel
mode) ground resistivity and self-potential measure-
ment. Recording of the full signal enable effective
noise analysis and filtering. Moreover, a completely
open architecture allows installation of any number
of current or potential electrodes by adding parallel
or serial cards. Due to GPRS data transfer mainte-
nance is performed fully remote-controlled. Data,
such as measurement results, test sequences and log
files, containing information about system and GPRS
connection status are sent automatically via email to
the data processing center. Consequently, immediate
availability of information can be guaranteed.

For the special case of permafrost monitoring the
GEOMONA4D had to be further adapted. The key limi-
tation of the standard Geomon4D as well as other
commercial instruments is that the measuring range
is limited and therefore most of the time the mea-
sured potential differences are in the range of satu-
ration. Therefore a constant current source was deve-
loped. Consequently the injected current can be kept
very small and constant so that the measured poten-
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tial differences stay under the saturation range of the
instrument and polarization effects are adjusted.

Additionally a specific lightning protection device
had to be developed for all input and output channels
to protect the system from lightning strokes.

Within this talk the requirements for a permanent
geoelectrical monitoring system will be discussed
and first results presented.

ERSTE ERGEBNISSE DER KERNBOHRUNGEN AUF
DEM AKTIVEN BLOCKGLETSCHER IN LAZAUN,
SCHNALSTAL(SUDTIROL)

Tonidandel, D. 1, Leiter, J. 2, Mair, V. 1, Lang, K. !

1 Amt fiir Geologie und Baustoffpriifung, Autonome Provinz
Bozen - Siidtirol, Eggentaler Str. 48, 1-39053 Kardaun

2 Institut fir Geographie, Universitat Innsbruck, Innrain 52,
A-6020 Innsbruck.

Im Rahmen des Interreq IVB Projektes PermaNET
wurden auf dem aktiven Blockgletscher in Lazaun im
hintersten Schnalstal (Stdtirol) zwei Kernbohrungen
abgeteuft. Ziel der Bohrungen ist es, Aufschliisse der
inneren Struktur von Blockgletschern zu erhalten,
die Eiskerne auf ihre chemische Zusammensetzung
zu analysieren und Messdaten iiber die Bewegungs-
dynamik und das Temperaturverhalten zu gewinnen.
Dazu wurden in den Bohrlochern Inklinometerrohre,
Koaxialkabel und Thermistorenketten eingebaut.

Die erste Bohrung wurde auf einer Lobe im mitt-
leren Bereich des Blockgletschers auf einer Seehdhe
von 2.580 m abgeteuft. Die Endbohrtiefe betrdgt 40
m. Das erhaltene Bohrprofil kann in sechs Bereiche
unterteilt werden:

(1) 0 bis 3 m: Dezimeter bis Meter groBe Glimmer-
schieferblocke (active layer); (2) 3 bis 14 m: Wechsel-
folge von Dezimeter bis Meter groBen Glimmerschie-
ferblocken und einer Eis-Kies-Sand Mischung; (3) 14
bis 16 m: Glimmerschieferblocke mit zwischengela-
gertem Kies; (4) 16 bis 24 m: Wechselfolge von Dezi-
meter bis Meter groBen Glimmerschieferblécken und
einer Eis-Kies-Sand Mischung; (5) 24 bis 28 m: De-
zimeter bis Meter groBe Glimmerschieferblocke und
(6) 28 bis 40 m: Dezimeter bis Meter groBe Glimmer-
schieferblocke mit Zwischenlagerungen von schluf-
figem Sand und Kies. Dieser Bereich bildet wahr-
scheinlich die untere Grenze des Blockgletschers. Es
kdnnte sich hierbei um eine Grundmorane handeln.

Die erste Inklinometermessung hat gezeigt, dass
sich der Blockgletscher bis in einer Tiefe von 24 m
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(Basis der zweiten Eisschicht), im Laufe eines Monats
(Mitte August bis Mitte September 2010) etwa 1,2
cm bewegt hat. Die hdchste Bewegungsrate (1,8 cm)
wurde an der Basis der ersten Eisschicht in einer Tiefe
von 14 m gemessen. Ab einer Tiefe von 24 m befinden
sich die Bewegungen im Submillimeter Bereich.

Die zweite Kernbohrung wurde im Stirnbereich des
Blockgletschers auf einer Seeh6he von 2.538 m ab-
geteuft und erreichte eine Bohrtiefe von 32 m. Auch
in diesem Fall kann das Bohrprofil, dhnlich wie das
oben genannte, in sechs Bereiche unterteilt werden.
Der Unterschied besteht vor allem in der geringeren
Machtigkeit der Eisschichten. Der erste durch das
Vorhandensein von Eis charakterisierte Abschnitt be-
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findet sich zwischen 4 und 10 m Bohrtiefe, der zweite
zwischen 16 und 18 m. Die schluffigen Sand- und
Kiesschichten befinden sich ab einer Tiefe von 25 m.
Diese Schichten werden mit der Grundmoréne der er-
sten Bohrung korreliert.

Vom zweiten Bohrloch sind noch keine Inklinome-
terdaten vorhanden.

Der Einbau des Koaxialkabels und der Thermi-
storenkette in beiden Bohrldchern hat erst kiirzlich
stattgefunden. Erste Daten werden ab Mitte Oktober
2010 erwartet. Die chemischen Analysen der Eisbohr-
kerne werden am Institut fiir Geologie der Universitdt
Innsbruck durchgefiihrt.
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BOOK REVIEW
LATE CRETACEOUS GRUNBACH FLORA OF AUSTRIA

Evelyn Kustatscher

Naturmuseum Sidtirol, Bindergasse 1, 39100 Bolzano, Italy; e-mail: Evelyn.Kustatscher@naturmuseum.it

The Griinbach Flora is one of the most important Upper Cretaceous floras of Europe and one of the few antracophilous
(mire) floras in the Northern Hemisphere for this time period. The plant fossils (over 1000 specimens) are derived from
the lower Campanian Griinbach Formation in the Neue Welt Basin (near Vienna, Austria) and is nowadays stored in se-
veral collections in Austria (e.g., Natural History Museum und Austrian Geological Survey in Vienna) and Czech Repu-
blic (e.g., Narodni Muzeum, Prag). The plant remains are represented by leaf impressions, compression, fructifications
and fossil wood belonging to 53 species mostly of angiosperms and ferns. Although collected since the 19th century,
the flora has been poorly studied and described and it is almost unknown within the palaeobotanical community.
This monograph gives, for the first time, an extensive and detailed description of the flora. The historical overview
provides a good insight on the previous studies, done e.g. by Unger, Ettingshausen and Krasser. The geological setting is
briefly explained; the attribution of the flora to the lower Campanian is based on foraminifers and palynomorphs. The
sporomorphs are enlisted and briefly discussed. The microflora is characterized by the "Normapollen” group, typical of
the ancient angiosperms, although even several reworked Triassic genera have been found.

The description of the flora is extensive and detailed. Almost for each of the species also drawings are provided in
order to show the venation pattern and other details of the leaves that are hard to see in the macrofossils. Additionally
several pictures, arranged in 36 plates, complete the detailed description and discussion for each taxon. Within the
flora four new genera (Gosauopteris, Gruenbachia, Theiaiphyllum and Compositiphyllum) are introduced as well as 27
new species.

The flora is used also for palaeofloristic and phytogeographic considerations. The Griinbach flora is a typical flora of
the Euro-Sinian palaeophytogeographic region. The authors suggest that during the formation of the Griinbach flora
the area was a large island, temporarily connected to the continent. The flora reflects a highly diversified ecology, from
shallow fresh water tables, to swampy lowland, juglandaceous forests and mesophytic coniferous forests. According
to the palaeoclimatic analysis using nearest living relative (NRL), leaf margin analysis (LMA) and Climate Leaf Analysis
Multivariate Program (CLAMP) the flora grew in a humid subtropical frost-free climate, with hot summers and short
dry seasons.

Palaeoecological interpretations of the flora reveal that the plants were thriving in different biotopes ranging from
aquatic and mire communities to wetland and mesophytic forests.

In short, this monograph contains a comprehensive description of an important Late Cretaceous flora that was poorly
discussed and studied so far. It is, however, not restricted only to the description of the plant fossils themselves but
gives also important contributions on the palaeoclimate and palaesophytogeography during the Upper Cretaceous in
Central Europe. Written by two experts in Cretaceous fossil floras and covering every possible angle of interpretation
(ecology, geography, climate, geology, biostratigraphy) this book will be very value not only to palaeobotanists but also
to specialists working on palaeoclimate. This volume is especially important since it gives a detailed overview of one
of the most important floras of the Upper Cretaceous of Europe, a time that is very important for the evolution of the
angiosperms.

Late Cretaceous Griinbach Flora of Austria. Herman, A.B., Kvatek, J., 2010. Verlag Naturhistorisches Museum Wien,
224 pp. ISBN: 978-3-902421-43-2.
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