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Structural evolution of the central Northern Calcareous Alps:
Significance for the Jurassic to Tertiary geodynamics in the Alps

JOACHIM SCHWEIGL! & FRANZ NEUBAUER!
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ABSTRACT

The geological and structural evolution of the central Northern Calcareous
Alps (NCA), Eastern Alps, has been investigated in order to constrain the
geodynamic setting and sequence of deformations. The central NCA comprise
three nappe complexes with different lithologies and facies due to distinct Trias-
sic to Cretaceous geodynamic evolution: (i) The Tirolic nappes with mainly
Triassic shallow water deposits represent the footwall plate on which a Late
Jurassic to Early Cretaceous peripheral foreland basin developed (Oberalm to
Rossfeld formations) after the closure of the Meliata/Hallstatt ocean. (ii) The
overlying Lower Juvavic nappes comprise Triassic continental slope and ocean-
ic deposits, whereas (iii) the Upper Juvavic nappes include Triassic shallow
water deposits of the assumed opposite shelf. The presence of Late Cretaceous
to Paleogene Gosau basins allows division into pre-, syn- and post-Gosauian
tectonic events: (1) Crustal extension in approximately N-S direction during
Early Jurassic is documented by Neptunian dykes (D) and breccias. (2) After-
wards a top to NNE-NE emplacement of both Lower and Upper Juvavic
nappes combined with formation of NW trending folds (D) occurred. The
Upper and Lower Juvavic nappes west of the Salzach valley were thrust over
the Tirolic nappes during middle Cretaceous, while Lower Juvavic nappes east
of the Salzach valley were transported by submarine sliding processes from
Late Jurassic to Early Cretaceous. Syn- to post-Gosau deformations were: (3)
formation of Gosau basins within a transtensive wrench corridor mainly docu-
mented by syn-Gosauian orthogonally NNE and E trending extensional joints
and dip slip faults due to subvertical extension (D3); (4) syn- to post-Gosauian
NE-SW shortening (Ds): (5) post-Gosauian NW-SE contraction (Ds). (6) Sub-
sequent Neogene N-S contraction (Ds) and (7) a younger E-W contraction
(D7) affected the entire nappe pile along the northern margins of the Eastern
Alps.

ZUSAMMENFASSUNG

Die geologische und strukturelle Entwicklung der zentralen Nordlichen Kalk-
alpen (NKA). Ostalpen, wurde untersucht, um ihre Geodynamik und Defor-
mationsabfolge zu erfassen. Im Mittelabschnitt umfassen die NKA drei
Deckeneinheiten mit unterschiedlicher Lithologie und Fazies, die verschie-
dene geodynamische Entwicklungen aufweisen. Die Tirolischen Decken, die
hauptsichlich aus triassischen Flachwasserablagerungen bestehen, stellen die
Liegendplatte dar, auf welcher sich nach der SchlieBung des Hallstatt/Meliata-
Ozeans ein spatjurassisches bis frithkretazisches. peripheres Vorlandbecken
(Oberalmer bis Rossfeld-Schichten) entwickelte. Die dariiberliegenden Tief-
juvavischen Decken beinhalten Sedimente vom triassischen Kontinentalab-
hang und Ozeanbecken, wihrend die Hochjuvavischen Decken aus Flachwas-
serablagerungen vom wahrscheinlich urspriinglich gegeniiberliegenden Schelf
bestehen.

Unterkretazische bis paldogene Gosaubecken erlauben eine pri-, syn-
und postgosauische Einstufung der tektonischen Ereignisse: (1) Eine etwa N-S
gerichtete Extension (D;) im frihen Jura ist dokumentiert durch Lias-
spaltenfiillungen und Breccien (2). Danach erfolgte der Transport der Juva-
vischen Decken nach NNE bis NE, kombiniert mit einem NW-streichenden
Faltenbau (Dz). Die Hochjuvavischen und Tiefjuvavischen Decken westlich
des Salzach-Tales wurden in der mittleren Kreide tiber die Tirolischen Decken
geschoben, wihrend die Tiefjuvavischen Decken ostlich des Salzach-Tales
vom spiten Jura bis in die Frithkreide durch submarine Gleitprozesse trans-
portiert wurden.

Die syn- bis postgosauische Deformation fiihrte zuerst zu einer Exten-
sionsphase (D3) mit NNE bis E streichenden Extensionskliiften und Abschie-
bungen, vermutlich innerhalb eines Seitenverschiebungskorridors. Dann kam
es zu einer NE-SW-Einengung (D), gefolgt von einer NW-SE Einengung
(Ds). Eine darauf folgende, neogene N-S-Einengung (Ds) mit E-W-Extension
und eine jiingere E-W-Einengung (D7) deformierten die gesamten, vorher
gestapelten Deckeneinheiten entlang des Nordrandes der Ostalpen.

Introduction

The Northern Calcareous Alps (NCA) represent a cover fold-
and-thrust belt along the northern margins of the Austroalpine
nappe complex in the Eastern Alps (Fig. 1). The central NCA
are built up of four major tectonic units (Tollmann 1976a, b;
1985). These include from footwall to hangingwall (Fig. 1, 2):
(1) the Bajuvaric nappe complex, represented by only an nar-
row strip along the northern margins of the NCA; (2) the over-

lying Tirolic nappe complex includes a pre-Late Carbonifer-
ous basement exposed in the upper portion of the Greywacke
Zone (Fig. 1); (3) the Lower Juvavic nappe complex with the
so-called Hallstatt nappes and slices (e.g., Hallein unit) and (4)
the Upper Juvavic nappe complex (e.g. Berchtesgaden and
Dachstein nappes). The emplacement of the Northern Calcar-
eous Alps onto the southern, stable European continental
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margin sequences (Helvetic units and Molasse zone) and the
Penninic Rhenodanubian Flysch zone occurred during Late
Eocene to Early Miocene (Plochinger 1980; Tollmann 1985;
Decker et al. 1993; Linzer et al. 1995).

The stratigraphic succession of the central NCA ranges
from the Permian to the Eocene and was interpreted to repre-
sent the northwestern passive margin of the Tethys, facing the
Tethyan oceanic domain in the SE (Tollmann 1976a; Lein
1987; Haas et al. 1995). A key feature for this interpretation
was the presence of Middle to Late Triassic pelagic Hallstatt
limestones within Juvavic nappes, which were interpreted to
have been emplaced from the south onto Bajuvaric/Tirolic
nappe complexes containing Triassic shallow water deposits.
The discovery of Middle Triassic and Jurassic bathyal sequenc-
es, Middle Triassic radiolarites and pelagic limestones, Jurassic
shales and siliciclastic turbidites within the eastern NCA, cor-
responding to the oceanic Meliata sequences of the Western
Carpathians (Kozur & Mostler 1992; Gawlick 1993; Mandl &
Ondrejickova 1993), suggests more complex paleogeographic
and tectonic relationships. The original paleogeographic posi-
tion, transport distances and the time of thrusting are discussed
by Tollmann (1985, 1987), Frank (1987), Channel et al. (1992)
and Neubauer (1994), especially the nature of transport of the
Juvavic nappes. Fischer (1969) was the first to postulate gravity
processes for the emplacement of the Lower Juvavic nappes
and slices in the areas of Salzburg. Plochinger (1974, 1976,
1979, 1980), Schiffer (1976) and Tollmann (1981, 1987) postu-
lated the transport of both Lower and Upper Juvavic nappes
(e.g. Hallstatt, Dachstein and Berchtesgaden nappes) as large-
scale olistostrome complexes over the Tirolic nappes during
the Late Jurassic to Early Neocomian. The motor of the sliding
was considered to be salt diapirism (Haselgebirge). The com-
bined Tirolic/Juvavic nappe complex was interpreted to have

304 J. Schweigl & F. Neubauer

only marginally been overprinted by the subsequent Creta-
ceous to Tertiary contraction and nappe stacking, which
caused a tectonic overprinting of the orginally sedimentary
contacts between Juvavic nappes and underlying units (Lein
1987; Tollmann 1987).

New structural data from western and eastern sectors of
the NCA demonstrate a polyphase, internal deformation of
the NCA indicated by: (1) the presence of Late Cretaceous to
Eocene Gosau basins which overlie already deformed se-
quences; (2) the deformation of these Gosau sequences pro-
vides evidence for a post-Gosauian (late Eocene-Miocene),
internal imbrication and thrusting of the NCA onto underly-
ing, Penninic and European units (Tollmann 1985; Decker et
al. 1993; Eisbacher & Brandner 1995; Linzer et al. 1995).

Metamorphic overprint within the area of investigation
ranges from non-metamorphic in the northern sectors to low
grade in the southern sectors. Investigations of the conodont
colour alteration indices (CAl), carried out in the central part
of the NCA by Gawlick et al. (1994), indicate diagenetic to low
grade metamorphic conditions (CAI = 5-7) in some Juvavic
nappes predating the nappe emplacement during the Late
Jurassic to Early Neocomian. This pre-Neocomian age of a low
grade metamorphism is in line with Late Jurassic, apatite fis-
sion track cooling ages found by Hejl & Grundmann (1989)
within the Werfen and Lunzer Formations of the Tirolic nappc
complex. Illite-crystallinity of Permoscythian and Carnian
shales of different tectonic units in the central NCA shows an
increase from diagenetic conditions (200+50 °C) in the north-
ern and central part to anchimetamorphism (270-320 °C) in
the South (Kralik et al. 1987, Fig. 2). The age of the anchimeta-
morphism documented by K-Ar and Rb-Sr model and
isochron ages ranges between 103 and 141 Ma (Kralik et al.
1987).
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Fig. 2. Simplified geological map of the central NCA based on Ampferer (1927). Plochinger (1982, 1987) and Prey (1969).

The aim of this study is to present structural data from the
central part of the Northern Calcareous Alps in order to con-
strain the Jurassic to Neogene geodynamic evolution. Espe-
cially, we intend to demonstrate that the Lower Juvavic nappes
west of the Salzach valley and the Upper Juvavic nappes were
thrust over the Tirolic nappe during the Cretaceous and not
during the Late Jurassic as suggested by previous interpreta-
tions.

The discussion is based on interpretation of geological
maps (Ampferer 1927; Prey 1969; Tollmann 1973, 1976a,
1976b, 1985: Hiusler & Berg 1980; Plochinger 1980, 1982,
1983, 1987; Decker et al. 1994), on tectonic interpretation of
sedimentary sequences (e.g.., Gawlick 1991, 1992; Bohm et
al. 1995) and on new structural data, to show the succession
of tectonic events and their imprint on the sedimentary
record.

Tectonostratigraphy of the central NCA

The Tirolic, Lower and Upper Juvavic nappes are different in
sedimentary and structural thicknesses within the study area
(see Fig. 3, 4).

The Tirolic nappe complex includes Permian to Scythian
clastics and Middle and Upper Triassic carbonate platform se-
quences. These are overlain by pelagic Adnet limestones
(Early Jurassic), Strubberg marls and breccias, radiolarite and
basinal deposits of the Oberalm, Schrambach and Rossfeld
Formations. The Lower Juvavic nappes consist mainly of
Permian Haselgebirge and Triassic pelagic Hallstatt and
Potschen/Pedata limestones (slope to basin facies) and Upper
Jurassic shallow water deposits (Fig. 3) that are mostly in a tec-
tonic contact with salts and clays of the Haselgebirge Forma-
tion. The Upper Juvavic nappes are built up by Triassic carbo-

Northern Calcareous Alps: Structural evolution 305



Tirolic nappe complex

Lower Juvavic nappes

e.g., Osterhorn mountains,

e.g., Hallein unit, Lofer slices,

Lower

53 Hagengebirge, Rossfeld Lammer unit
< Ma
Miocene
“ Oligocene
=
D °© o o °© o o
.-Eoccnc°ooo © o0 0 o
09 500 . 0® 400
o ° c
%o
Palescene| 0l @1 = Gosau Group 9.4 °° Gosau G
65 S O o % osau Group
© o0 0 o © o0 0 o
[} 0,00 0% o0
Upper o ° o c
: e it J 2 e 2 2 J °e Q
NANANANANANANH NEANAUNANNASANN
§ hiatus aillh
Tannheim Marl \
g Rossfeld Fm.

Schrambach Fm.

Larchberg Formation

INNANNANNANANH

hiatus

Zlambach Formation

144 T
oo Oberalm Fm.
Malm A' - XAL' AK' ; A
~ P Wmng Radiolarite
RO AT W Strubberg marls
AN ND) ; g
o breccias
.2 Dogger W
g ] Klaus Limestone
3| .
==y | Lias
<
= Rhactian |~ — = — Kossen Formation
Nonan = Dachstein Fm.

= |Hauptdolomi <

Bu[l:l(a Hallstatl?p 400 Potschen
imestone Limestone

Lunz Cardita Fm,

Halobia marls

Wetterstein Fm.

Bunter Hallstan|
Limestone

Reifling

< Schreyeralm-

Limestone

Lercheck

Formation

L2
T
ke
Ladinian [11
= -
Gutenstein Fm. 1.1

G in Dolomite

I
Anisian
r—

Werfen Formation

W oo e e o - PR I A
Scythian | ", " | Werfen Formation Ll

- i
248 SE5F55 : RIS
. looesos Bundsandstein %
Permianjc <o =c=d Formation LV Vvey
o © oo ol VVVVVVVVVY

e et ] Btabaitd

Haselgebirge Fm.
(salt, clay, anhydrite)

Upper Juvavic nappes

e.g., Berchte

unit, Dachstein nappe

sgaden nappe, Lamme

Gosau Group

hiatus

Plassen Limestone

hiatus

Hierlatz Limestone

Dachstein Fm.

(Reitalm type))

Raibl Fm.

Ramsau Dolomite

Anisian Dolomite
and Limestone

Werfen Formation

Fig. 3. Stratigraphy of the main tectonic elements of the central NCA with major decollement horizons.

nate platform deposits and relatively thin Jurassic formations
(Fig. 3, 4). The uppermost unit is the Upper Juvavic nappe
complex which is represented in the central NCA by the
Berchtesgaden and Hohes Brett nappes in northern part of
the Bluntau valley and by the Gollinger Schwarzer Berg
nappe overlying the Lammer unit. In contrast to the Tirolic
nappes from Dogger to Middle Cretaceous the Upper Juvav-
ic nappes show only shallow-marine Late Jurassic Plassen
Limestone between two great hiatus. Thus the reason to
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Haselgebirge Fm.
(salt, clay, anhydrite)

separate the Upper and Lower Juvavic nappe complexes
from the Tirolic one is not only the higher tectonic position,
but also the marked difference in sediment records, thick-

ness and facies (Fig. 3).

Both the Tirolic and the Juvavic nappe complexes are dis-
cordantly overlain by Late Cretaceous to Middle Eocene
Gosau Formations. Haselgebirge, Raibl, Lunz, Halobia,
Kossen and Adnet Formations correspond to major decolle-

ment horizons.
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Paleogeography and geodynamic setting

It is well-known that a major part of the tectonic units within
the NCA represent specific facies developments (e.g. Toll-
mann 1976a, 1985) that strongly vary from one nappe to the
next (“facies nappe hypothesis™, e.g. Tollmann 1973). This is
obvious from the above given statements on the stratigraphy
of formations exposed within the Tirolic, Upper and Lower
Juvavic nappe complexes within the study area. For geodynamic
interpretations, the occurrence of Middle Triassic and Jurassic

LATE TRIASSIC:

Lower Juvavic/Meliata unit
Upper Juvavic units
a) passive continental margin l

continental basement

EARLY CRETACEOUS:

Lower Juvavic/
b Meliata unit
) Rossfeld basm\ - "

Oberalm basin

Fig. 5. Geological model for the possible paleogeographic origin of various
nappe complexes within the central NCA during (a) Middle Triassic rifting
and (b) or the emplacement of Juvavic nappes onto the Tirolic unit during early
Cretaceous, causing flexural bending of the Tirolic units by thrust loading.

Meliata oceanic sequences in the easternmost part of the NCA
(Mandl & Ondrejickova 1993; Kozur & Mostler 1992; Gawlick
1993; Fig. 1) at the same tectonic level (position) as the Lower
Juvavic nappe in the studied area is crucial. These relation-
ships lead to the idea to separate the paleogeographic origin of
Tirolic and Upper Juvavic Triassic shallow water deposits by
Triassic deep water sequences of the Meliata/Hallstatt unit in
between. The model is outlined in Figure 5a.It contrasts previous
interpretations, e.g. of Fischer (1969), Schaffer (1976) and Toll-
mann (1981, 1985), where the Upper Juvavic nappe complex is
in a paleogeographic position north of the Lower Juvavic
nappe complex. But the main proof for this model is the cross
section through the central NCA (Fig. 6, 7): The Upper Juvavic
Berchtesgaden nappe overlies the Lower Juvavic Hallein
unit, both overlying the Tirolic nappe complex; the thrust con-
tacts are sealed by the Late Cretaceous Gosau sediments.
Thrust contacts between Berchtesgaden nappe and Hallein
unit indicate a transport of the Berchtesgaden nappe top to the
NNE-NE. Also strataparallel fibrous slickensides within the
underlying Tirolic nappe show the same transport direction. If
we restore the original position of the three nappes in this
cross section, we get the following paleogeographic order: The
Tirolic nappe in the North, the Lower Juvavic nappe in the
middle position and the Upper Juvavic nappe to the South.

Furthermore the Hoher Goll unit south of the Hallein unit
acquires a Tirolic tectonic position because the Dachstein reef
passes laterally into Kossen basin sediments (Plochinger 1955;
Gawlick 1996, pers. comm.) and it is overlain by Late Jurassic
Oberalm conglomerates and limestones (Del-Negro 1972). Its
neighbour in the south, the Hohes Brett nappe belongs to the
Upper Juvavic nappe complex and is bounded by sinistral
strike slip faults (Fig. 6) both to the N (Hoher Goll) and to the
South (Bluntau valley).
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Obvious differences between Tirolic and Upper Juvavic
units occur from the Permian to the Middle Cretaceous (com-
pare Tollmann 1976a; Plochinger 1980). The most representa-
tive are (Fig. 3, 4): (i) Lagoonal evaporites (Haselgebirge
Formation) in the Upper Juvavic units vs. terrestrial Permian
clastic sequences in the Tirolic units; (ii) thin, clastic Halobia
Formation at the base of the Upper Triassic pelagic, basinal
sequence of the Lower Juvavic units vs. thick, clastic beds of
the Lunz Formation (Fig. 3) at the base of mainly shallow
water deposits (e.g. Dachstein Limestone) in the Tirolic units;
(iii) mainly Rhaetian reefs in the Tirolic in contrast to mainly
Norian reefs in Upper Juvavic units; (iv) Late Jurassic basinal
sequences (Oberalm Fm.) in the Tirolic units vs. shallow water
Plassen Formation in the Juvavic units; and, the most signifi-
cant one, (v) the transition from Late Jurassic basinal sequenc-
es to siliciclastic sequences of the Rossfeld Formation (see
Faupl & Tollmann 1979), a feature that is not reported from
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the Juvavic units. These differences in facies and thickness
between the sedimentary units of the Tirolic and Upper Juvavic
nappe complexes are interpreted as the result of their different
paleogeographic shelf position (Fig. 5a). The Lower Juvavic
units are interpreted to represent the westernmost sedimen-
tary outlier of the Hallstatt/Meliata oceanic seaway (Fig. 5a).
Another important aspect is represented by the continuous
Upper Jurassic to Lower Cretaceous deposits of the Tirolic
nappe complex where carbonate deposits of the Oberalm
basin grade into thick siliciclastic deposits of the Schrambach
and Rossfeld Formations. These coarsening upward sequences
with Tirolic and Juvavic components are interpreted as a clas-
tic wedge deposited within a peripheral foreland basin in a
contractional regime (Fig. 5b). A synorogenic origin of the
Rossfeld Formation was already postulated by Faupl & Toll-
mann (1979). The siliciclastic detritus of the Rossfeld Forma-
tion comprises volcanic quartz, feldspar, apatite and other
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components of volcanogenic rocks (Schweigl & Neubauer
1997). After a short sedimentary hiatus in the late early Creta-
ceous, caused by the Austrian tectonic phase (see Tollmann
1985). the deformed sequences were discordantly overlain by
Gosau sediments (shallow water to basin facies).

Analysis of map-scale structures

The large-scale structure is dominated by thrusts, strike-slip
faults and folds (Fig. 6). Lower Juvavic nappes occur in three
isolated exposure areas between the Tirolic and Upper Juvavic
nappes (Fig. 2): (1) Lofer-Unken-Reichenhall area, (2) Hallein
unit and (3) Lammer unit including the Bluntau valley.

The structural map and the cross section (Fig. 6, 7) show a
very important feature of pre-Gosauian kinematics of the cen-
tral NCA: The Upper Juvavic Berchtesgaden nappe overlies
the Lower Juvavic Hallein unit, both overlie the Tirolic nappe
system and the thrusting contacts are sealed by the late Creta-
ceous Gosau sediments.

To the south, the Lower Juvavic Hallein unit is limited by
the Tirolic Goll unit (Fig. 2) and in the northwest by the Upper
Juvavic Berchtesgaden nappe. The Middle and Upper Triassic
facies of the Upper Juvavic Berchtesgaden nappe and of the
Hohes Brett and the Tirolic Goll slices are quite similar: lagoo-
nal and reef facies. Therefore, the discussion. if the Goll nappe
belongs to the Tirolic or Juvavic nappe complex, is still going
on. Fischer (1969) and Plochinger (1980, 1987) put it to the
Juvavic nappes, while Del-Negro (1972), Gawlick (1995 pers.
comm.) and the authors put it to the to the Tirolic nappe com-
plex. However, the Hohes Brett nappe is bounded by strike
slip faults both to the N and to the S (Fig. 2, Sa).

Large, upright folds on km-scale, with fold axes trending

@ Zlambach Formation

Schrambach Formation Wetterstein Formation

NW to WNW_ are exposed in the western part of the Tirolic
nappe within the Osterhorn mountains, north- and southwest
of Hallein and in the Lammer unit (Fig. 6). Geological map-
ping on a 1 — 25,000 scale revealed that these folds are discor-
dantly overlain by the Glasenbach Gosau sediments (Fig. 6).
These folds are, therefore, older than Late Cretaceous. The
youngest folded formations (Oberalm limestone), which are of
Late Jurassic age, form a lower time marker for the formation
of these folds. The macrofolds are accompanied by mesofolds
on metre- to dekametre-scale with subhorizontal fold axes (see
next chapter). Similarly oriented mesofolds occur in the Lam-
mer valley and in the Rossfeld-Hallein area within the Tirolic
nappe.

A southeasterly overturned syncline on kilometre-scale,
the Rossfeld syncline. is oriented NE-SW to NNE-SSW (Fig. 6.
8). Originally it has also been oriented NW, but a drag caused
by the incoming thrust mass of the Berchtesgaden nappe
changed its orientation. This interpretation explains the gradu-
al change of orientation of the macro- and mesofolds from
NE-SW to NW-SE going from the Rossfeld to the North. These
fold structures are tectonically overlain by Lower Juvavic slices
(Fig. 8), as already known since Plochinger (1976). The fold
structures have to be middle Cretaceous or younger, because
the youngest folded sediments belong to the Rossfeld Forma-
tion. The youngest beds of the Rossfeld syncline are Aptian in
age. Furthermore, underlying Tirolic units of the Berchtesga-
den-Rossfeld area, e.g. Rossfeld sandstones and Schrambach
marls show strata-parallel fibrous slickensides which indicate a
thrusting top NNE to NE. A further important consequence of
these relationships is that thrusting of the Lower Juvavic
nappes over the Tirolic nappes in the central NCA occurred
after the Neocomian. North of the Rossfeld area, the macro-
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folds within the Tirolic nappes gradually change to NNW-SSE
orientations (Fig. 6). They are accompanied by m-scaled, NW
to NNW trending mesofolds.

Syn- to post-Gosauian, map-scale and metre-scaled dip-slip
faults are widespread in the whole study area, especially in the
Osterhorn mountains and Rossfeld area. They mainly trend
ENE and NNW respectively and display offsets from some
meters up to 10 meters. One of the major dip slip faults passes
through the Schmittenstein (Fig. 6).

The Osterhorn mountains are also characterized by some
post-Gosauian NE-directed thrusts within the Tirolic nappe
complex, e.g. near the locality Schwarzenberg some kilometres
southeast of Salzburg (Fig. 6). NE-directed thrusts are often
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Upper Juvavic nappes is sealed by Gosau depos-

fault its.

kinematically linked with WSW-NNE to SW-NE oriented sin-
istral strike-slip faults, e.g. the Schwarzer Berg thrust near the
Konigsee-Lammertal-Traunsee fault (Decker et al. 1994).
Decker et al. (1994) suggested a shortening of about 2 km
along this fault. The E-trending Konigssee-Lammertal-
Traunsee fault (K. L. T. F.) itself produced a displacement of
Sto 15 km (Decker et al. 1994).

The Neogene N-S and E-W contraction have left mainly
strike-slip faults and thrust structures. The Juvavic slices and
nappes of the Lammer unit are thrust over the Tirolic Strub-
berg Formation and Dachstein Limestone in the south. The
northern boundary of the Lammer unit complex is represented
by the Konigssee-Lammertal-Traunsee strike-slip fault and by



Fig. 9. Representative examples of deformation structures within the central NCA: a) Neptunian dyke filled with Hierlatz limestone, Adnet. b) Strata-parallel

fibrous slickensides in the Adnet formation. Adnet. ¢) Semiductile deformation in the Adnet formation with o-porphyroclast, shear bands and stylolithes, Adnet.

d) Dip slip fault (D) cuts structures of the D>-event, Adnet formation, Adnet

the Gollinger Schwarzer Berg thrust, which separate the Lam-
mer unit from the Tirolic Osterhorn mountains.

Thrust faults indicating a transport top to the N are situat-
ed north of the Lammer unit (Fig. 6). In the southern part of
the Lammer unit thrust faults and their outcrop-scale struc-
tures show backthrusting to the S.

Another important fault system of the Salzburg area are
NW-SE oriented, dextral strike-slip faults (e.g.. the Wolfgang-
see fault and faults in the NE and SW of the Osterhorn moun-
tains, Fig. 6). NW-SE oriented strike-slip faults are also sinis-
tral (e.g. faults W of the Watzmann, Fig. 6), which offset Juras-
sic beds. In contrast to the interpretations of Linzer et al.
(1995) new investigations along the Lammer fault showed a
further sense of movement. Paleostress data and Riedl planes
of different outcrops at the entrance of the Lammer valley

near Golling indicate only an activation during a NE-SW con-
traction (see also Fig. 14a), which proves a sinistral movement
along this fault. Fischer (1969) postulated a sinistral offset of
30-40 km for the Lammer fault, based on the sinistral offset of
the Upper Juvavic reefs. Outcrops in the central and the east-
ern Lammer valley demonstrate two displacement events, a
sinistral and a dextral activation of the about NW-SE oriented
Lammer fault.

Oberalm limestones and Schrambach marls of the Unken
area expose many open to tight, metre to dekametre-scaled
folds of two generations (see also Hausler & Berg 1980). The
first fold generation trends E (90° + 20°) and the second gener-
ation trends S (180 +20°). Both fold generations must be
younger than Late Jurassic.
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Fig. 10. Orientations of Neptunian dykes in Adnet (arca of Adnet) and Dach-
stein limestones (area S of Lofer). a) Orientation before clockwise rotation of
the NCA (= 307): b) orientation after rotation.

Structural field data

Structural work followed methods described in Ramsay &
Huber (1983, 1987). Hancock (1985) and Groshong (1988) for
semi-brittle to brittle rheologic conditions. Inhomogeneous

data sets of fault-slip analysis were separated into homogen-

cous data sets by the following methods: field observations on
the relative chronology of deformation phenomena: graphical
computation of P-T-axes (Turner 1953): graphical separation
method after Hoeppener (Hoeppener 1955): and the direct in-
version method (Angelier & Goguel 1979). For paleostress
tensor determination computations of P-T-axes were used
(Turner 1953) as well as the right-dihedra method (Angelier &
Mechler 1977) and the direct inversion method (Angelier &
Goguel 1979), which gives the ratio of the principal stress axes
(R-value). The computer versions of Delvaux (unpublished).
Ratschbacher et al. (1994) and Wallbrecher & Unzog (unpub-
lished) were used for computation. Stereographic projections
are in Schmidt net, lower hemisphere. The paleostress plots
were produced with the programme of Delvaux.

Structural investigations within the central part of the NCA
revealed a sequence of eight distinct deformation events,
based on overprint criteria: (1) N-S extension evidenced by
Neptunian dykes of Early to Middle Jurassic age within the
Tirolic nappe complex (Dy); (2) pre-Gosauian NNE-SSW to
NE-SW shortening due thrusting and folding (D2): (3) syn- to
post-Gosauian mutually orthogonal. about N and E trending
extensional joints and dip slip faults due to subvertical com-
pression (Ds): (4) post-Gosauian NE-SW shortening (Dy):
(5) post-Gosauian NW-SE contraction (Ds): (6) Neogene N-S
contraction combined with E-W extension (Dg): (7) Late Mio-
cene E-W contraction (D7) and post-Miocene N-§S extension
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Fig. 11. Tight folds in the Schrambach marl (D>-deformation) with Schmidt plot. Leube quarry, NE of Hallein.
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Tab. 1. Some representative paleostress data of D2-, D3- and Ds-deformation
stages: S.O.R. = Schrambach. Oberalm, Rossfeld Formations; n = number of
data: R = (62-03)/(01-03). For localities see Fig. 12.

Tab. 2. Some representative paleostress data of Ds-. Ds- and D>-deformation
stages: n = number of data: R = (62-63)/(01-03). For localities see Fig. 12.

(Ds) documented by dip slip faults. Deformations D4 to D7 are
evidenced by strike slip faults with fibrous slickensides and
Riedel planes, by thrusting, often with ramp-flat geometries,
by en-echelon tension gashes, by ductile shear zones and by
open to tight folds.

Deformation stage Di: The N-S extension in the Tirolic
nappes is well documented by synsedimentary ESE, some-
times NE trending extensional veins in the Adnet and Dach-
stein Limestones which are filled with red Liassic to Dogger

Outcrop Formation |Sigma 1 Sigma 2 Sigma 3 R-value |n
Outcrop |Formati |Sigma1]| [Sigma 2 Sigma 3 R-value [n azimuth [dip |azimuth [dip |azimuth |dip
i lazimuth [dip [azimuth [dip [azimuth |dip N
| 1 L [ | NW-SE contraction (D5-deformation) |
Strataparallel fibrous slickensides (D2-deformation): 6/Gosau 323[ 14 140/ 76 233] 0/0.5 8
~ 1[Rossfeld | 43[ 14] 230 76 134] 1]05 10 41]/Gosau 134] 19 256 57 34] 26/0.5 | 14)
~ 2[adnet | 22[37] 112] 1| 203] 53[0.59 |17 B 25/Gosau | 308| 16|  205| 37| 56| 49/0.47 |10
3[s.0.R. [ 66 16] _224[ 73 334/ 605 10 ~ 31]Hallstatt 321] 4 86 83 231 6[0.38 13
4|Oberalm, Lias | 18] 27 284 48 125/ 30/0.52 18 42|Oberalm 314] 26 185/ 52 57| 26[0.5 7
69[Oberaim | 16 7] 108 21 270| 68017 10| 34/Oberalm 158] 11 310] 77 66| 60.71 | 8|
Dip slip faults (D3-def ion): [ 43]Lias limest. | 350] 12 189 78 81| 404 7
5/Gosau | 100] 68 265] 21 357] 5/0.1 10 ~ 13|Liaslimest. |  346| 20 245] 28 108| 55[0.5 8
6/Gosau [ 185] 61 64] 16 327] 24]0.75 7 44[Schrambach | 131] 33 9| 39 246/ 33/0.5 10
7[Hall 1 67/ 74/ 264| 15|  173] 4[0.46 7 36/Schrambach | 17] 32 316] 57 212] 9J05 110]
| 8[Halistatt |  92] 68] 306 19 212] 11075 |11 35/Schrambach 147 3 259] 82 57| 7/0.79 14
9|Hallstatt 137] 86 316| 3 46, 004 10 45|Rossfeld 115] 0] 25| 67] 205/ 23[0.5 16
10/Oberalm 197 52 345 33 86| 16/0.67 |27 46|Rossfeld 150/ 9| 43] 61/ 245 28(031 | 7|
11]Oberalm 7] 68 107] 4 198] 22/0.5 9 47|Rossfeld |  308] 1| 217] 46] 39 44/0.33 7
12|Oberalm 21| 64 173| 23 268 11/0.59 7 48| Wetterstein 135 7] 36| 52 230/ 37/0.43 9
13|Lias limest. 131/ 85 26 1 296| 5/0.4 7 49|Wetterstein | 303 8/ 201] 56 38] 33/0.5 10
14/Schrambach 181] 69 83 3 352 21/0.33 7 B 21|Wetterstein | 308] 11] 39 4 149] 78/0.12 9
15/Schrambach 253] 60 67| 30 158] 3/0.83 7 23Werfen [ 18] 7] 209 2] 306] 73/0.0 [10
16|Schrambach 19| 74 260 8 168| 14/0.5 8 N-S traction (D6-def: tion): | | 1
17|Rossfeld ~127] 85 9 3 279| 5/0.5 9 50/Gosau 348] 4 241 77 79| 13]0.67 7
18 Rossfeld 336| 78 144| 12] 234, 2/0.15 20 51|/Gosau 187 8 86| 53 284! 36/0.11 8
19|Rossfeld 322| 84 59 1 149 6|04 25 52/Gosau 198 24 67| 56 299 23/0.5 T12
20 Dachstein 240/ 80 383, S 84/ 11]0.5 8 53|Hallstatt 177] 2 274 T 87] 19]0.5 14
21|Wetterstein 318| 76 100] 11 192 8/0.53 8 7 Hallstatt 348 6 257 5 123] 82/0.4 13
22|Wetterstein 285 75 179 5 87/ 14/033 | 8 9[Hallstatt 22| 18 264 56 122] 28/0.89 10
23 |Werfen 189 83| 283 0 13 7047 | 7 54|Oberam |  176] 18 25/ 70 268 9/0.8 |11
___24|Werfen 185| 81 63 5 332/ 805 | 7 32|Oberalm 167] 26 356] 63 259 404 7
25/Gosau 340| 61 157| 29 247| 1/05 | 7 [ 34|Oberalm 8l 12 223 76 99/ 8l05 7
NE-SW contraction (D4-deformation): | [ [ [ [ [ | 55/Lias limest. 18] 41 177] 47| 279 11j0.62 | 8]
26/Gosau 229] 9| 135 25 337| 63/0.5 | 7 [ 56/Schrambach 13[ 23] 277[ 15 158] 62(0.5 7
27|Gosau 57| 58 214 30 310 10/067 | 7] 16/Schrambach 191 6 54| 82 282 6/0.33 9
28|Gosau 69| 8 175| 63 335| 26/0.8 7 57|Wetterstein 356] 16 128] 67 261] 16/0.33 8
B 29 |Hallstatt 67| 12 199| 72 7334 13/0.4 7 24|Werfen 1731 7 270] 45 77! 44]0.5 7
B 730 Hallstatt 58, 23 225| 66 326 50.5 B er 58| Werfen 8l 78 143 8 234 801 7
__ 31jHalistatt 51 6] 309 64 144| 25/018 |12 59|Dachstein | 169] 18 59] 47| 274] 38[0.5 7
B - 32|Oberalm 214 12 72| 75 306| 9/0.47 17 EWc 13, (D7-defor tion):
B 33|Oberalm 39| 21 183| 65 304| 14/0.9 10 5/Gosau 88! 37 183 7 2——82 52/0.1 ’7_1
34 |Oberalm ! 55| 24 269 62 151| 14/0.33 19 53| Hallstatt - 266 15 167] 29 19| 57/0.57 1
14 Schrambach 59 23 271| 64 154| 12/0.0 |10 9[Hallstatt 98] 11 197] 39 355] 49/0.79 10
35/Schrambach 225] 16 117] 47 328 39/0.0 16 60/Oberalm 79 10 2101 75 347 111011 10
36 |Schrambach 226| 37 73| 50 - 327| 13/0.5 7 61/Lias limest. 281] 53 55| 28 157] 22/0.51 7
DL SR N SRR E L 62|Schrambach 90[ 30|  308] 46|  196] 20075 | ©
38|Rossfeld 40] 34 203] 55 304 8/0.62 13 63/Schrambach 39 16 3391 50 1911 35105 9
Rl | a8l § 125 18] 27 721098 | 7 47|Rossfeld 81] 13| 322[ 66] 175 21/0.53 |11
39[Dachstein | 238] 15 122 58 336] 27[0.5 16 64/Rossfeld 273 20 177717 516305 T8
__40|Wetterstein | 33) 11 136/ 48 294] 40(0.75 9 65 Rossfeld 2691 1 168 178 22009 KT
2fiWetterstein| | 224| 14 28 761  133] 310.5 9 66|Dachstein 93] 24|  1e7] 20]  331] 5105 |14
22|Wetterstein | 202] 17 99 35 314] 50(0.06 10 57[Wettersiein s 0 182 84 360] 6078 | ©
23|Werfen | 591 29| 315 23]  192] $2/0.67 7 48] Wetterstein 265] 16 92| 74| 355 2/0.52 |11
49|Wetterstein ~ 93] 10 352 48 191] 40[054 | 9
67|Werfen 267| 8 7] 50 171/ 38[0.51 8
68|Rossfeld 252] 40 51] 48 153/ 10]/0.49 9
25]Gosau 97] 13 190/ 14 327/ 71]0.5 7

sediments (Fig. 8, 9a), referred to as Neptunian dykes (e.g.
Bohm et al. 1995). Considering the clockwise (= 30°) rotation
of the NCA during Late Jurassic (Channel et al. 1992, Linzer
et al. 1995) the original orientation of the Neptunian dykes
(Fig. 10) indicates approximate N-S extension during Early
Jurassic. The Neptunian dykes are widespread in the whole
area of Salzburg. Their width ranges from millimetres to centi-
metres in the Adnet limestone, and from decimetres to meters
in the Dachstein limestone. The Neptunian dykes are offset by
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thrust planes of the D;-deformation. Another indication of ex-
tension in the Early to Middle Jurassic are gravity flows, like
the Adnet Scheck (a mass flow unit), the Strubberg breccia
(Gawlick 1992) and the Schwarzenbergklamm breccia within
beds of the Tirolic nappe complex (Fig. 3).

Deformation stage D,: NNE- to NE-directed thrusting of
the Juvavic nappe complex over the Tirolic nappe complex is
proved by strata-parallel fibrous slickensides (Tab. 1), sticko-
lithes, S-C-fabrics, o-porphyroclasts and oblique stylolites in
red nodular, strongly semiductilely deformed Adnet Lime-
stone (Fig. 9b, c). In the quarries of Adnet these structures are
cut by a steep dip slip faults (Fig. 9d), which has been reacti-
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vated as strike-slip fault of the NE-SW contraction (D4 defor-
mation). Strata-parallel fibrous slickensides and some stylo-
lithes are also present in marls, limestones and sandstones of
the Rossfeld, Schrambach, Oberalm and Hallstatt Formations,
e.g. in the Hallein-Rossfeld area. The Gosau sediments show
no strata-parallel fibrous slickensides. In the Osterhorn moun-
tains we found strata-parallel fibrous slickensides (Tab. 1) in
Jurassic limestones, which indicate not only top NNE thrusting,
but also a younger top to the ESE thrusting. Other structures,
indicating NE-SW oriented shortening, are upright folds and
other dm- to m-scaled folds in Triassic and Jurassic sediments,
which are discordantly overlain by Gosau sediments. In a quar-
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Fig. 13. Mineralized extension veins as kinematic indicators of the orientation of extensional strain and Schmidt plots with dip slip faults and orientation of
principal stress axes. Note similar orientations both in pre-Gosau and Gosau Formations.

ry N of Hallein such mesofolds show a planar axial cleavage
not related to folding (Fig. 11). The Berchtesgaden nappe
(Upper Juvavic) only shows tectonically overprinted contacts
with the underlying Tirolic nappe. Fault striae and Riedel
planes show a displacement top NNE to NE. The underlying
Tirolic beds show NW-SE oriented mesofolds and strata-par-
allel fibrous slickensides indicating a nappe transport to the
NNE. These deformation structures (D, deformation) are cut
by steep, conjugated dip-slip faults (D3 deformation), which
were partially reactivated by syn- to post- Gosauian transpres-
sive events.

Deformation stage D3: The third deformation event is
characterized by NNE and E trending extensional joints
(chocolate table structure), combined with conjugated dip-
slip faults. Sigma and R-values of the dip-slip faults are shown

in Table 1, localities of all sites are indicated on Figure 12.
This pattern implies a subvertical orientation of 61; 63 orien-
tations mainly vary between SW and NW. The joints, filled
with white sparite, range from mm- to cm- scale in width. The
structures linked to this kinematic phase can be observed in
the whole Salzburg area (Fig. 13). In some outcrops the E-W
oriented joints are crosscut by the N-trending joints or both
joint sets are partly activated as dip-slip faults. Furthermore,
within the Gosau, Oberalm, Adnet and Rossfeld Formations
along the Salzach valley occur dekametre-scale dip-slip faults
trending N to NW and with offsets of some metres. In the
quarries of Adnet the dip-slip faults cut structures of the D>
deformation (Fig. 9d). Often, the dip-slip faults are reactivat-
ed by subsequent deformation stages (D4 to D7) as strike-slip
faults.
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Deformation stage D4 This deformation, with NE-SW
contractional structures, is characterized by newly formed or
reactivated strike-slip faults with fibrous slickensides (Fig. 14a,
Tab. 1). Orientations of o trend subhorizontally NE, and the
orientation of G3 is subvertical, resp. NW trending. Dip-slip
faults of the D3 event were reactivated as strike-slip faults. E of
Ebenau and in the Lammer unit some small-scale top to the
NE thrusts occur. Thrusts with ramp-flat geometries top to the
SW can be observed within Oberalm, Dachstein and Wetter-
stein Formations of the Rossfeld area, the Goll unit and south
of Bad Reichenhall.

Deformation stage Ds: The NE-SW contraction (Dy) is
overprinted by fault sets indicating NW-SE oriented contrac-
tion. o1 is NW-SE oriented and o3 subvertical to NW-SE (Fig.
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14b, Tab. 2). This deformation shows mainly strike-slip faults.
Some small-scale thrusts top to the NW occur within Schram-
bach, Oberalm and Hauptdolomite Formations of the Hallein
area and Osterhorn mountains.

Deformation stage Dg: This event includes N-S oriented o)
and E-W extension with R ratios around 0.4 (Fig. 15a, Tab. 2).
The deformation is generally represented by major E-W to
SW-NE striking, sinistral strike-slip faults, i.e. the Konigssee-
Lammertal-Traunsee and Lofer—Reichenhall faults (Fig. 6).
Dip-slip faults occur together with the strike-slip faults. These
faults, also present in Eocene sediments of the Gosau Group.
fit well into the Miocene N-S contraction and E-W extension
formed during lateral extrusion of the Eastern Alps (e.g.
Ratschbacher et al. 1991, Decker et al. 1993, 1994). Similar
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fault patterns are recorded in the Molasse zone (Decker et al.
1993), which forms, therefore, a good time marker. Several
fault sets of older deformation events were reactivated by De.
Deformation stage D7: A young E-W contractional event,
depicted by o) trending subhorizontally E-W and by o3 sub-
horizontal N-S with R around 0.5 (Tab. 2, Fig. 15b). The D7
event is evidenced by strike-slip faults, dip-slip faults and N-S
oriented mesoscale folds. It overprints the D event. This de-
formation preferentially reactivated large-scale strike-slip faults
of the preceeding N-S contraction, i.e. the Lofer-Reichenhall,
the Lammer, the Wolfgangsee and the Konigssee-Lammertal-
Traunsee faults (Fig. 6). Decker et al. (1993) put this E-W
contraction in the Late Miocene because it affected the Oligo-
cene Molasse of the western Eastern Alps and it postdates the

lateral extrusion. Similar young E-W compressional events,
reactivating major strike-slip faults (e.g. Salzach-Enns-Maria-
zell-Puchberg (SEMP fault) have been reported from the
eastern part of the NCA (Nemes 1995).

Deformation stage Dg: This deformation displays 61 sub-
vertical and o3 subhorizontal N-S (Fig. 16). It is documented
by dip slip faults and probably by some E-W trending exten-
sional joints which we relate to the D3 event. The relative age
is quite clear because these dip-slip faults overprint strike-slip
faults of the D7 deformation in the Lammer unit and south-
eastern Osterhorn mountains, and because they cut about N
trending dip-slip faults formed during the D; deformation
northeast of Golling (Fig. 16).

Northern Calcareous Alps: Structural evolution 317



47 4

14738

Gosau group

—v—v— thrust fault

0 5 km

i

Fig. 15. Schmidt plots with faults and orientation of principal stress axes calculated by the right-dihedra method: a) Strike-slip, thrust and dip-slip faults dominate

D¢ deformation, while b) D7 is characterized by strike-slip and thrust-faults.

Discussion

The analysis of the main geological features and structures of
the central sectors within the NCA reveals evidence that
makes it necessary to change some geodynamic concepts. The
most important difference to previous interpretations is that
final thrusting of the Juvavic nappes onto the Tirolic nappe
complex postdates deposition and predates subsequent defor-
mation of Neocomian formations. Only small slices of Juvavic
material have been transported by olistostromes into Tirolic
basins from Middle to Late Jurassic. Therefore, the present
nappe structure of the central NCA cannot be related to
Jurassic gravitational emplacement of olistostromes preserved
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within Late Jurassic marly sediments of the Tirolic nappe com-
plex as suggested before (e.g. Tollmann 1981, 1987). This is
well proved by the the tectonic superposition of Lower Juvavic
slices over the Neocomian Rossfeld syncline (Fig. 6, 8). An-
other important proof are strata-parallel fibrous slickensides
in the underlying Neocomian sediments of the Rossfeld-Berch-
tesgaden area, that indicate a top to NNE to NE thrust direc-
tion (Tab. 1). A key feature is presented by the tectonic ar-
rangement of major units in Figure 7: The Upper Juvavic
Berchtesgaden nappe lies over the Lower Juvavic Hallein
nappe and both over the Tirolic nappe and the thrust contacts
were sealed by Gosau sediments. This implies an original
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paleogeographic position, where the Tirolic nappe is situated
in the North, the Lower Juvavic nappe in the middle and
the Upper Juvavic nappe in the South (see Fig. 5a, b). These
relationships indicate that the entire nappe structure of the Ju-
vavic nappe complex (with Lower and Upper Juvavic nappes),
except some Juvavic slices within the Lammer unit, must be
tectonic in origin, and not sedimentary. In the Lammer unit
sedimentary slices of Lower Juvavic material occur within olis-
tostromes of the Strubberg and Oberalm Formations
(Plochinger 1955, 1979; Tollmann 1987; Gawlick 1992, 1996).
The paleontological and sedimentological proofs for this inter-
pretation are: there are two well-known Lower Juvavic slices
(interpreted as olistolithes), the Kellauwand (Hinterkellau)
slice, east of Golling and the Sommereck slice in the Lammer
valley (Fig. 2). The first one is in a sedimentary contact with

the surrounding Upper Jurassic sediments of the Tirolic
nappes (Plochinger 1983). The Sommereck slice shows a sedi-
mentary contact to the underlying Jurassic, Tirolic material
and consists of Potschen limestone (Gawlick 1996). A sliding
breccia virtually forms the contact to the underlying Strubberg
Formation. Stratigraphical and paleontological data of Gaw-
lick (1992, 1994) showed that the Gollinger Schwarzer Berg
complex belongs to the Upper Juvavic nappes. We found only
fault contacts between this complex and the surrounding
Lower Juvavic and Tirolic sediments. This leads to the idea
that the Schwarzer Berg complex was transported by thrusting
like the Berchtesgaden nappe. The thrust contacts of the
Berchtesgaden nappe to the underlying Tirolic nappes and the
nappe itself is sedimentary, discordantly overlain by Gosau
sediments (Fig. 6, 7), which means that the thrusting occurred
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Fig. 16. Plots showing relative chronology of the deformation stages.

before the deposition of the Upper Cretaceous Gosau Group.
No strata-parallel fibrous slickensides as in the underlying
Tirolic units have been found in Gosau sediments. Rb-Sr and
K-Ar ages of Permo-Scythian slates in the southern part of the
central NCA between 103 and 141 Ma are interpreted by
Kralik et al. (1987) as the result of heat transport due to long
lasting crustal thinning combined with incipient thrusting at
the Jurassic-Cretaceous boundary.

Our conclusion is that Upper Juvavic nappes and the
Lower Juvavic nappes west of the Salzach valley were thrust
over the Tirolic nappes. Most of the Lower Juvavic nappes and
slices east of the Salzach valley were transported over Tirolic
nappes by sedimentary processes sensu Tollmann (1987) and
others (e.g. Plochinger 1979) within mass flows (olistostromes).
Gawlick (1991, 1992, 1996) demonstrated this for the Strub-
berg breccia in the Lammer valley and Plochinger (1983) also
found Lower Juvavic material in Oberalm conglomerates.
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The NE-SW to NNE-SSW-oriented shortening occurred
before deposition of the Gosau sequence. This contrasts inter-
pretations from other areas where pre-Gosauian shortening is
interpreted to have been NW-SE-oriented (e.g. Linzer et al.
1995; Eisbacher & Brandner 1995) and where NNE-SSW
shortening postdates Gosau deposition. A Cretaceous, pre-
Gosau nappe displacement top to the N to NE also affected
the Greywacke Zone, the Gurktal nappe and the Permo-
Mesozoic cover of the Middle Austroalpine, postdating a W to
WNW-thrusting (Ratschbacher 1986; Neubauer et al. 1987,
1995). In the Plattengneis mylonite of the Middle Austroalpine
Koralm unit early Late Cretaceous structures also show a
thrusting top to the NNE (Frank 1987).

Our Ds-extension phase is most likely syn-Gosauian be-
cause it also affects basal Gosau beds. This is in line with mod-
els of an extensional formation of Gosau basins in a transten-
sional regime (e.g. Wagreich 1993, 1995). Post-Gosau defor-



Tab. 3. Summary of deformation event within the NCA worked out by different authors.

Western NCA Central NCA Eastern NCA
Time Deformation Deformation Deformation Deformation Deformation Deformation phases
phases after phases after phases after phases after phases after after Nemes et al. 1995
Channel et al. Tollmann (1976, |Ratschbacher et | Decker et al. Schweigl &
1992; Eisbacher | 1987), al. 1991, Linzer | 1993, 1994 Neubauer (this
& Brandner Pléchinger et al. 1995 paper)
1995, (1980, 1995)
Liassic extension, scarp extension, breccias D,: about N-S
faults extension, breccias
Dogger to sliding tectonics of
Lower the Juvavic nappes
Cretaceous
mid- WNW-NW thrust nappe D,: 0, E-W, 03 D.: N to NE thrusting
Cretaceous | directed thrusting | formation, thrusting subvertical; of Juvavic nappes; o,
together with of Tirolic nappes thrusting NNE-SSW, o3
folding over Bajuvaric subvertical
nappes
Late continuation of continuation of mid- | NW-directed continuation of mid- D,: NW-directed nappe
Cretaceous | mid-Cretaceous Cretaceous thrusting and nappe | Cretaceous stacking; o; NW-SE, o;
deformation deformation stacking deformation subvertical
Eocene NNE-SSW thrusting of the continuation of D;: 6, N-S, 63 Ds: o, subvertical, o3 | D;: 6, N-S, o3 vertical or
contraction; strike | NCA over the Late-Cretaceous subvertical; E-W and N-§; subhorizontal; thrusting and
slip, reverse Helvetic and Flysch | deformation thrusting, folding extension strike-slip faulting
faulting nappes
Oligocene |NNW-SSE D, o, NE-SW, o, D;: NE-SW compression;
contraction; mostly subhorizontal | thrusting and faulting
folding, thrusting NW-SE;
Dsi NW-SE
contraction
Miocene continuation of a) Further folding a) NW directed D;: o) N-S, o3 Ds: 61 N-S, o3
Oligocene NNW- | and imbrication of | thrusting; subvertical; trending E-W;
SSE contraction the NCA, thrusting | b) N-S contraction |D,: o, subvertical, |D;: o, E-W, o3N-S; | Ds: E-W contraction, 63 N-S;
over the Molasse ¢) NE-directed o3 E-W; extension | both D6 and D7 show | strike slip and thrust faults
b) NW-SE and NE- | extension Ds: o) E-W, o3 N-S; | thrusts, strike slip
SW trending faults | d) clockwise faults, folds
rotation of the NCA
post- continuation of Late Dq¢: o, subvertical, | Dg: o, subvertical, o3 | Ds: NW-SE compression;
Miocene Miocene faulting a3 N-S; extension | about N-S; D¢: N-S directed extension

mation is interpreted as the final piggy-back emplacement of
the NCA onto the European lithosphere. The emplacement is
polyphase, too, and records changing deformation directions
due to partitioning into orthogonal shortening relatively to the
foreland, and orogen-parallel lateral transfer of the Central
Alps towards the east (e.g. Ratschbacher et al. 1991).
Comparing these results with structural results of Ratsch-
bacher et al. (1991), Decker et al. (1993, 1994) and Linzer et al.
(1995), there are some differences (Tab. 3): the first event,
early Jurassic extension (D), is not described in all three pa-
pers, but it is well known (e.g., Channel et al. 1992, Bohm et al.
1995). The second deformation corresponds neither to the sec-
ond event (thrusting related N-S directed contraction) of
Decker et al. (1993) nor to the NW thrusting in the western
NCA (Eisbacher & Brandner 1995). The third and fourth defor-
mation events (D3, D4) are not separately described in pre-
vious works. The post-Gosauian NW-SE contraction (Ds) is
well documented by late Early Cretaceous to late Eocene NW-

directed, dextral-transpressional stacking of nappes, described
by Ratschbacher et al. (1991) and Linzer et al. (1995). N-S con-
traction (Ds) fits well with the third event (o) subhorizontal
N-S, o3 subhorizontal E-W) of Decker et al. (1993), but also
with Miocene sinistral displacement along ENE to NNE trend-
ing strike-slip faults with offsets up to 15 km (Ratschbacher et
al. 1991 Linzer et al. 1995). The deformation stage D7 can be
correlated with the fifth tectonic event (o) subhorizontal E-W,
o3 subhorizontal N-S) described by Decker et al. (1993).

The sense of movement along the Lammer fault (Fig. 6)
contrasts with interpretations given by Linzer et al. (1995).
Paleostress data of slickensides and Riedl planes of three out-
crops along the ESE-WNW trending Lammer fault indicate not
only a dextral but also an older and younger sinistral shear. This
result is in line with the work of Fischer (1969), who postulated
30 km sinistral displacement of the Norian barrier reef (exposed
within Upper Juvavic nappes) along the Lammer fault.

Because of missing basement sequences we suggest an ori-
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gin of the Juvavic units of the NCA to the south of the present
exposure of the Tirolic nappes. Possible origins could be within
the eastern Southern Alps in Slovenia, where similar Juvavic
units are in normal, sedimentary contact with a basement. On
the other hand, the sediments of the Tirolic unit are connected
with a basement, the uppermost portion of the Greywacke
Zone exposed to the south of the NCA. The Juvavic units do
not contain a basement on which these Permian to Triassic
units were deposited. We assume that the Juvavic units were
detached from their basement during late Lower Cretaceous
decollement. Following evidence from the literature, Creta-
ceous nappe transport of the NCA was first towards NW
(Ratschbacher 1986; Ratschbacher & Neubauer 1989; Ratsch-
bacher et al. 1991; Linzer et al. 1995) and later directed to-
wards NNE (Eisbacher & Brandner 1995). We did not find ev-
idence for a NW-directed nappe transport in the Cretaceous.

Concerning the origin of tectonic elements exposed in the
central NCA the following model is proposed: In the Triassic
the Meliata/Hallstatt ocean (with Hallstatt and Meliata strati-
graphic elements) separated the Upper Juvavic continental
margin in the south from the Tirolic continental margin in the
north (Fig. 5a). In the earliest Jurassic the Piemontais ocean
opened and caused further tectonic instability. The Triassic
carbonate platforms were destroyed, scarp faults (Channel et
al. 1992) and Neptunian dykes (D)) developed. The formation
of basins within the Tirolic unit began, e.g. the Lammer
through. During Middle/Late Jurassic the Hallstatt/Meliata
ocean was closed and a major part of the Lower Juvavic mate-
rial was subducted or incorporated in an accretionary wedge
(Fig. 5b).

From Middle to Late Jurassic the former accretionary
wedge was uplifted and moved northwards. So we can find
Lower Juvavic and Meliata detritus in the Strubberg breccias
and Lower Juvavic material in Oberalm and conglomerates
(e.g. Plochinger 1979; Gawlick 1992). Even Lower Juvavic
nappes were tansported by submarine gravity flows into the
Tirolic basins, e.g. Sommereck and Kellauwand slices. Gaw-
lick (1992) found also some Upper Juvavic material in Strub-
berg breccias of Middle to Late Jurassic age. From the Lower-
most Cretaceous onwards siliciclastic detritus arrived in the
peripheral foreland basin. Volcaniclastic material in the Ross-
feld formation indicates simultaneous volcanic arc activity in
the hinterland (Schweigl & Neubauer 1997). During late Early
and early Late Cretaceous the sediments (Tirolic units) were
folded and overthrusted by the remaining Lower Juvavic
nappes and the Upper Juvavic nappes.

The Gosau basins developed (D3) in a transpressional
regime (Wagreich 1995) and Gosau sediments transgressed
the already assembled Tirolic and Upper Juvavic nappe
complexes. NE-SW contraction (D4) may relate to late Cre-
taceous sinistral shear along ENE trending ductile shear
zones in the central Austroalpine areas as recorded by Neu-
bauer et al. (1995). The final closure of the Piemontais
through during late Eocene caused a NW-SE (Ds) contrac-
tion (Ring et al. 1989). Afterwards the deformation events
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D¢ and D7 affected the central part of the NCA. The N-S
contraction (Dg) corresponds to the lateral extrusion of the
Eastern Alps (e.g. Ratschbacher et al. 1991). Decker et al.
(1993) tentatively interpreted the E-W contraction (D7) as a
result of Africa’s motion relative to Europe to the NW
during Late Miocene.

Acknowledgments:

We acknowledge discussions with D. Bernoulh (Ziirich). R. Brandner (Inns-
bruck), G. Eisbacher (Karlsruhe). H. Kozur (Budapest) and R. Lein (Vienna).
J. Genser, R. Handler, W. Kurz, F. Nemes and G. Winkler (all Salzburg)
helped with offering computer facilities and discussions. Comments from
M. Burkhard (Neuchatel), K. Decker (Vienna), G. Mandl (Vienna) and
G. Stampfli (Lausanne) led to improvements of the manuscript and are much
appreciated. The studies have been supported by the grant P9918-GEO of the
Austrian Research Foundation.

REFERENCES

AMPFERER, O. (Ed.) 1927: Geologische Spezialkarte der Republik Osterreich
1: 75 000, Lofer und St. Johann. Geol. Bundesanst.. Wien.

ANGELIER, J. & MECHLER. P. 1977: Sur une methode graphique de recherche
des constraintes principales egalement utilisable en tectonique et en scis-
mologie: la methode des diedres droits. Bull. Soc. Geol. Fr. VII. 729-737.

ANGELIER, J. & GOGUEL, J. 1979: Sur une methode simple de determination
des axes principaux des contraintes pour une population de failles. C.R.
Acad. Sci. Paris 288, 307-310.

BonMm, F., DOMMERGUES, J.L. & MEISTER, C. 1995: Breccias of the Adnet For-
mation: indicators of a Mid-Liassic tectonic event in the Northern Cal-
careous Alps (Salzburg/Austria). Geol. Rdsch. 84, 272-286.

CHANNEL, J.LE.T.. BRANDNER. R.. SPIELER. A. & STONER, J.S. 1992: Paleomag-
netism and Paleogeography of the Northern Calcarcous Alps (Austria).
Tectonics 11, 792-810.

DECKER, K., MESCHEDE, M. & RING, U. 1993: Fault slip analysis along the
northern margin of the Eastern Alps (Molasse, Helvetic nappes. North
and South Penninic flysch. and the Northern Calcercous Alps). Tectono-
physics 223, 291-312.

DECKER, K., PERESSON, H. & FaupL, P. 1994: Die miozine Tektonik der
ostlichen Kalkalpen: Kinematik, Palaospannungen und Deformationsauf-
teilung wahrend der “lateralen Extrusion™ der Zentralalpen. Jb. Geol.
Bundesanst. 137, 5-18.

DEL-NEGRO, W. 1972: Zur tektonischen Stellung des Hohen Goll (Salzburger
Kalkalpen). Verh. Geol. Bundesanst. 1972/2, 309-314.

E1sBACHER. G.H. & BRANDNER, R. 1995: Role of high-angle faults during het-
eroaxial contraction, Inntal thrust sheet, Northern Calcareous Alps, West-
ern Austria. Geol. Palaont. Mitt. Innsbruck 20, 389-406.

FaupL, P. & ToLLMANN, A. 1979: Die Rossfeldschichten: Ein Beispiel fur
Sedimentation im Bereich einer tektonisch aktiven Tiefseerinne aus der
kalkalpinen Unterkreide. Geol. Rdsch. 68, 93-120.

FisCHER, A.G. 1965: Eine Lateralverschiebung in den Salzburger Kalkalpen.
Verh. Geol. Bundesanst. 1965, 20-33.

FrANK, W. 1987: Evolution of the Austroalpine Elements in the Cretaceous.
In: Geodynamics of the Eastern Alps (Ed. by FLUGEL, HW. & FaupL, P.).
Deuticke, Wien, 379-406.

GAWwLICK, H.J. 1991: Die Lammereinheit - eine oberjurassische Beckenfiillung
(Nordliche Kalkalpen, Salzburger Land, Osterreich). Nachr. Dt. Geol.
Ges. 46, 23-24.

- 1992: Die frith-oberjurassischen Brekzien der Strubbergschichten im
Lammertal - Analyse und tektonische Bedeutung (Nordliche Kalkalpen.,
Osterreich). Ph.D. Thesis, Marburg University.

- 1993: Triassische Tiefwasserfazieskomponenten (Kieselkalke, Radio-
larite) in der jurassischen Strubbergbrekzie am Tennengebirgsnordrand
(Nordliche Kalkalpen, Osterreich). Jb. Geol. Bundesanst. 136, 347-350.



- 1994: Metabentonite in dolomitisierten oberladinischen Beckensedimen-
ten westlich von Abtenau (Nordliche Kalkalpen, Salzburger Land.
Osterreich) Jb. Geol. Bundesanst. 137, 35-41.

- 1996: Die frith-oberjurassischen Brekzien der Strubbergschichten im
Lammertal-Analyse und tektonische Bedeutung (Nordliche Kalkalpen,
Osterreich). Mitt. Ges. Geol. Bergbaustud. Osterr. 39/40, 119-186.

Gawrick, HJ. KrystyN, L. & LEIN, R. 1994: Conodont colour alteration in-
dices: Palacotemperatures and metamorphism in the Northern Calcareous
Alps - a general view. Geol. Rdsch. 83, 660-664.

GROSHONG, R.H. 1988: Low-temperature deformation mechanisms and their
interpretation. Geol. Soc. Amer. Bull. 100, 1329-1360.

Haas. J.. Kovacs. S, KrysTyn, L. & LEiN, R. 1995: Significance of Late Per-
mian-Triassic facies zones in terrane reconstructions in the Alpine-North
Pannonian domain. Tectonophysics 242, 19-40.

HAusLER, H. & BERG. D. 1980: Neues zur Stratigraphie und Tektonik der
Hallstdtter Zone am Westrand der Berchtesgadener Masse. Verh. Geol.
Bundesanst. 1980/2, 63-95.

Haxcock, P.L. 1985: Brittle microtectonics: principles and practice. J. Struct.
Geol. 7,437-457.

HEJL, E. & GRUNDMANN, G. 1989: Apatit-Spaltspurendaten zur thermischen
Geschichte der Nordlichen Kalkalpen. der Flysch- und Molassezone. Jb.
Geol. Bundesanst. 132, 191-212.

HOEPPENER, R. 1955: Tektonik im Schiefergebirge. Geol. Rdsch. 44, 26-58.

Kozur, H. 1992: The evolution of the Meliata-Hallstatt ocean and its signifi-
cance for the early evolution of the Eastern Alps and Western Carpath-
1ans. Palacogeography Palacoclimatology Palaecoecology 87, 109-135.

Kozur. H. & MoOSTLER, H. 1991/1992: Erster palaontologischer Nachweis von
Meliaticum und Siid-Rudabanyaicum in den Nordlichen Kalkalpen
(Osterreich) und ihre Bezichungen zu den Abfolgen in den Westkarpa-
ten. Geol. Paldont. Mitt. Innsbruck 18, 87-129.

KRALIK, M., KRUMM. H. & SCHRAMM, J.M. 1987: Low Grade and Very Low
Grade Metamorphism in the Northern Calcareous Alps and in the Grey-
wacke Zone: lllite - Crystallinity Data and Isotopic Ages. In: Geodynam-
ics of the Eastern Alps (Ed. by FLuGEL, HW. & FaupL, P.). Deuticke,
Wien, 164-178.

LeiN, R. 1987: Evolution of the Northern Calcareous Alps During Triassic
Times. In: Geodynamics of the Eastern Alps (Ed. by FLUGEL, HW. &
FaupL, P.). Deuticke. Wien, 85-102.

LINZER, H.G.. RATSCHBACHER, L. & FRISCH. W. 1995: Transpressional colli-
sion structures in the upper crust: the fold-thrust belt of the Northern Cal-
careous Alps. Tectonophysics 242, 41-61.

MANDL, G.W. & ONDREJICKOVA, A. 1993: Uber eine triadische Tiefwasser-
fazies (Radiolarite, Tonschiefer) in den Nordlichen Kalkalpen - ein Vor-
bericht. Jb. Geol. Bundesanst. 134, 309-318.

NEMES. F., PAVLIK, W. & MOSER. M. 1995: Geologie und Tektonik im Salzatal
(Steiermark) - Kinematik und Palaospannungen entlang des Ennstal-
Mariazell-Blattverschiebungssystems in den Nordlichen Kalkalpen. Jb.
Geol. Bundesanst. 138/2, 349-367.

NEUBAUER, F. 1994: Kontinentkollision in den Ostalpen. Geowissenschaften
12, 136-140.

NEUBAUER, F.. FRISCH. W. & HANSEN, B.T. 1987: Time Relations Between
Eoalpine Metamorphism and Thrusting: Evidence from the Crystalline
Basement of the Eastern Greywacke Zone. Geodynamics of the Eastern
Alps (Ed. by FLUGEL, H.W. & FaupL, P.). Deuticke, Wien, 263-271.

NEUBAUER, F.. DALLMAYER, R.D.. DUNKL, I. & SCHIRNIK, D. 1995: Late Cre-
taceous exhumation of the metamorphic Gleinalm dome, Eastern Alps:
kinematics, cooling history and sedimentary response in a sinistral wrench
corridor. Tectonophysics 242, 79-98.

PLOCHINGER. B. 1955: Zur Geologie des Kalkalpenabschnittes vom Torrener
Joch zum Ostfuss des Untersberges. die Gollmasse und die Halleiner
Hallstatter Zone. Jb. Geol. Bundesanst. 98/1. 93-144.

- 1968: Die Hallstatter Deckscholle ostlich von Kuchl/Salzburg und ihre in
das Aptien reichende Rossfeldschichten-Unterlage. Verh. Geol. Bundes-
anst. 1968, 80-86.

- 1974: Gravitativ transportiertes permisches Haselgebirge in den Ober-
almer Schichten (Tithonium, Salzburg). Verh. Geol. Bundesanst. 1974/1,
71-88.

- 1976: Die Oberalmer Schichten und die Platznahme der Hallstatter Mas-
sen in der Zone Hallein-Berchtesgaden, mit Beitrigen von K. Bader und
H. Holzer. N. Jb. Geol. Paldaont. Abh. 151, 304-324.

- 1979: Argumente fir die intramalmische Eingleitung von Hallstatter
Schollen bei Golling (Salzburg). Verh. Geol. Bundesanst. 1979/2, 181-194.

~ 1980: Die Nordlichen Kalkalpen. In: Der Geologische Aufbau Osterreichs
(Ed. by OBERHAUSER. R.). Springer, Wien, 217-264.

- (Ed.) 1982: Geologische Karte der Republik Osterreich 1:50 000, 95 St.
Wolfgang im Salzkammergut. Geol. Bundesanst., Wien.

- 1983: Salzburger Kalkalpen. Sammlung geologischer Fiihrer 73, Gebriider
Borntrager. Stuttgart.

- (Ed.) 1987: Geologische Karte der Republik Osterreich 1:50 000, Blatt
94, Hallein. Geol. Bundesanst.. Wien.

Prey. S. (Ed.) 1969: Geologische Karte der Umgebung der Stadt Salzburg,
1:50 000. Geol. Bundesanst., Wien.

Ramsay, J.G. & HuBER, M.I. 1983: The Techniques of Modern Structural
Geology: Vol. L. Strain analysis. Academic Press, London, 1-307.

~  1987: The Techniques of Modern Structural Geology: Vol. II, Folds and
Fractures. Academic Press, London, 308-700.

RATSCHBACHER, L. 1986: Kinematics of Austroalpine cover nappes: changing
translation path due to transpression. Tectonophysics 125, 335-356.

RATSCHBACHER, L., FRISCH, W., LINZER, H.G. & MERLE, O. 1991: Lateral ex-
trusion in the eastern Alps, part 2: Structural analysis. Tectonics 10,
257-271.

RATSCHBACHER. L. & NEUBAUER. F. 1989: West-directed decollment of Aus-
tro-Alpine cover nappes in the eastern Alps: geometrical and rheological
considerations. In: Alpine Tectonics (Ed. by CowarD, M.P. et al.). Black-
well, Oxford, 243-262.

RATSCHBACHER, L., SPERNER, B., MESCHEDE, M. & FRIsCH, W. 1994: Comput-
er techniques and applications: A program library for stress and strain
analysis. Tub. Geow. Arb. A/21, 1-61.

RING. U.. RATSCHBACHER, L., FRISCH. W., BIEHLER, D. & KRALIK, M. 1989:
Kinematics of the Alpine plate-margin: structural styles, strain and motion
along the Penninic-Austroalpine boundary in the Swiss-Austrian Alps. J.
Geol. Soc., London 146, 835-849.

SCHAFFER, G. 1976: Einfithrung zur Geologischen Karte der Republik
Osterreich. Blatt 96, Bad Ischl. In: Arbeitstagung der Geologischen Bun-
desanstalt 1976 Bad Ischl (Ed. by GATTINGER, T. et al.). Geol. Bunde-
sanst., Wien, 6-26.

SCHWEIGL, J. & NEUBAUER, F. 1997: New structural, sedimentological and
geochemical data on the Cretaceous geodynamics of the central Northern
Calcareous Alps (Eastern Alps). Zbl. Geol. and Paldont., Teil 11/1996,
277-296.

ToLLMANN, A. 1973: Grundprinzipien der alpinen Deckentektonik. Deuticke,
Wien, 1-404.

- 1976a: Analyse des klassischen nordalpinen Mesozoikums. Deuticke.
Wien, 1-580.

- 1976b: Der Bau der Nordlichen Kalkalpen. Deuticke, Wien, 1-449.

- 1981: Oberjurassische Gleittektonik als Hauptformungsprozess der
Hallstatter Region und neue Daten zur Gesamttektonik der Nordlichen
Kalkalpen in den Ostalpen. Mitt. geol. Ges. Wien 74/75, 167-195.

- 1985: Geologie von Osterreich, Band 2. Deuticke, Wien, 1-710.

-~ 1987: Late Jurassic/Neocomian Gravitational Tectonics in the Northern
Calcareous Alps in Austria. In: Geodynamics of the Eastern Alps (Ed. by
FLUGEL, H.W. & FaurL, P.). Deuticke, Wien, 112-125.

TURNER, F.J. 1953: Nature and dynamic interpretation of deformation lamel-
lae in calcite of three marbles. Amer. J. Sci. 251, 276-298.

WAGREICH, M. 1993: Subcrustal tectonic erosion in orogenic belts — a model
for the Late Cretaceous subsidence of the Northern Calcareous Alps
(Austria). Geology 21, 941-944.

WAGREICH, M. 1995: Subduction tectonic erosion and Late Cretaceous subsi-
dence along the northern Austroalpine margin (Eastern Alps, Austria).
Tectonophysics 242, 63-78.

Manuscript received February 27, 1996
Revision accepted March 27, 1997

Northern Calcareous Alps: Structural evolution 323






	Structural evolution of the central Northern Calcareous Alps : significance for the Jurassic to Tertiary geodynamics in the Alps

