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Abstract

The Schlinig fault at the western border of the Otztal nappe (Eastern Alps), previously interpreted as a west-directed
thrust, actually represents a Late Cretaceous, top-SE to -ESE normal fault, as indicated by sense-of-shear criteria found
within cataclasites and greenschist-facies' mylonites. Normal faulting postdated and offset an earlier, Cretacedus-age,
west-directed thrust at the base of the Otztal nappe. Shape fabric and crystallographic preferred orientation in completely
recrystallized quartz layers in a mylonite from the Schlinig fault record a combination of (1) top-east-southeast simple
shear during Late Cretaceous normal faulting, and (2) later north-northeast-directed shortening during the Early Tertiary,
also recorded by open folds on the outcrop and map scale. Offset of the basal thrust of the Otztal nappe across the Schlinig
fault indicates a normal displacement of 17 km. The fault was initiated with a dip angle of 10° to 15° (low-angle normal
fault). Domino-style extension of the competent Late Triassic Hauptdolomit in the footwall was kinematically linked to
normal faulting.

The Schlinig fault belongs to a system of east- to southeast-dipping normal faults which accommodated severe
stretching of the Alpine orogen during the Late Cretaceous. The slip direction of extensional faults often parallels the
direction of earlier thrusting (top-W to top-NW), only the slip sense is reversed and the normal faults are slightly steeper
than the thrusts. In the western Austroalpine nappes, extension started at about 80 Ma and was coeval with subduction
of Piemont-Ligurian oceanic lithosphere and continental fragments farther west. The extensional episode led to the
formation of Austroalpine Gosau basins with fluviatile to deep-marine sediments. West-directed rollback of an east-dipping
Piemont-Ligurian subduction zone is proposed to have caused this stretching in the upper plate.
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1. Introduction nappe above and Mesozoic sedimentary rocks of the

Engadine dolomites (S-charl nappe) below (Fig. 1).

The Schlinig fault is the shallowly dipping con-
tact between pre-Mesozoic basement of the Otztal
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San Vito (CA), Italy.

It has gained some fame in the Alpine literature
because it is spectacularly exposed, shows the su-
perposition of basement on sedimentary rocks in a
text-book manner, and has given rise to different
interpretations and controversies among Alpine ge-
ologists. The kinematics and age of this fault are
not only of local interest but greatly affect the tec-

0040-1951/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.

PI1 S0040-1951(97)00037-1




268 N. Froitzheim et al. / Tectonophysics 280 (1997) 267-293

Northern Calcareous e

Tauern
window

7 Sesia zone ——

“Southern Al ACER 1 I
Insubric line pS<J \ I T T T

| 1D valais basin, European margin

-+ | Briangonnais

- Piemont-Liguria basin

| Apulian margin 100 km,

cover Upper ¢
basement| Austroalpine

Vinschgau

shear zone Lower Austroalpine

Southern Alps
Penninic units

Helvetic

ENN RN

Tertiary intrusives

Tertiary normal fault
thrust

Cretaceous normal f.
thrust

CLFLE

10 20 30km

11°E

ig. 1. Tectonic overview of the western part of the Eastern Alps. Inset: sketch map of the Alps showing palacogeographic provenance
of tectonic units. MH = Meliata—Hallstatt units: § = Schlinig fault; ZG = Zentralgneiss.

tonic interpretation of the western part of the Aus-
troalpine nappe system. Hammer (1908) and Spitz
and Dyhrenfurth (1914) interpreted the Schlinig fault
as a W- to WNW-directed thrust of the Otztal mass
over the Engadine dolomites. They were criticized
by Heim (1922) who postulated that the thrust-
ing was directed northward. Triimpy (1980) and
Thoni (1980a), among others, again inferred west-

ward thrusting along the Schlinig fault. Both authors
assumed that at least the late stages of thrusting oc-
curred in the Tertiary period, postdating earlier, Late
Cretaceous deformation and metamorphism, because
the Schlinig fault truncated early folds of the Enga-
dine dolomites and disturbed the zonation of Cre-
taceous-age metamorphism (Thoni, 1980a). Schmid
and Haas (1989) studied an east—-west-trending my-
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lonite zone at the southern border of the Otztal nappe
in the Vinschgau valley, the Vinschgau shear zone
(Fig. 1), and demonstrated that it accommodated a
westward transport of the Otztal nappe relative to
the underlying Campo nappe, during the Cretaceous.
They assumed that the Schlinig fault represented the
continuation of the Vinschgau shear zone towards
northwest into shallower levels of the crust. Con-
sequently, they interpreted the Schlinig fault as a
Cretaceous-age, top-west thrust.

In the following, we will present a kinematic
study of the Schlinig fault between the Vinschgan
valley to the south and the Reschen pass to the north,
and of its southwestward prolongation, the Gallo
fault (Fig. 2). The result of this study contradicts all
of the above interpretations: the Schlinig fault is not
a thrust, but a Late Cretaceous, top-southeast normal
fault postdating earlier nappe imbrication. This has
important implications for the tectonic history of the
Austroalpine nappes.

2. Regional setting

The study area belongs to the western Aus-
troalpine nappes. These originated from the south-
eastern margin of the Mesozoic Tethys ocean. They
were stacked east-over-west in Late Cretaceous time
and were later, during the Early Tertiary, thrust north-
ward as one large thrust mass over the Penninic
nappes. The latter are exposed in the Tauern and
Engadine windows, framed by the overlying Aus-
troalpine nappes. The sequence of deformation in the
Austroalpine nappes of Graubiinden was recently es-
tablished as follows (Froitzheim et al., 1994; Fig. 3):
Cretaceous deformation includes west- to northwest-
directed nappe imbrication and associated folding
(Trupchun phase, ca. 100-80 Ma), followed by ESE-
directed asymmetric extension of the nappe stack
(Ducan-Ela phase, ca. 80-67 Ma). Subsequently, in
the Early Tertiary, the Austroalpine nappe stack was
thrust northward over the Penninic nappes and folded
around WNW-ESE axes (Blaisun phase, 50-35 Ma,
possibly beginning earlier). This was followed by
renewed E-~W extension along the Turba mylonite
zone located at the base of the Cretaceous nappe
stack, contemporaneously with north—south shorten-
ing (Turba phase, ca. 35-30 Ma) (Dal Piaz et al,,
1988). Finally, the nappe stack was mildly folded

around SW-NE axes (Domleschg phase, ca. 30-25
Ma; von Blanckenburg, 1992), and dissected by the
Engadine line, an oblique-slip fault which accom-
modated important block rotations (Figs. 1 and 2;
Schmid and Froitzheim, 1993).

For this study, the following Austroalpine tectonic
units are of interest (Figs. 1 and 2):

(1) The Otztal nappe largely consists of Pre-Per-
mian crystailine basement. Remnants of its Permo—
Mesozoic cover are preserved near the eastern bor-
der of the nappe (Brenner Mesozoics). The Permo—
Mesozoic rocks of Jaggl, often interpreted as a tec-
tonic window through the Otztal nappe (Hess, 1962;
Stutz and Walter, 1983), represent, according to our
results, another remnant of the sedimentary cover of
the Otztal nappe.

(2) The S-charl nappe, underlying the Otztal
nappe along the Schlinig fault, includes pre-Per-
mian basement as well as Permian to Mesozoic
cover rocks. The Permian to Middle Triassic part
of the cover was folded and slightly imbricated to-
gether with the basement (‘S-charl-Unterbau’; Spitz
and Dyhrenfurth, 1914), whereas the Upper Trias-
sic Hauptdolomit was detached from the underlying
rocks along the evaporite-bearing Raibl Formation,
and deformed independently (‘S-charl-Oberbau’).

(3) The Umbrail-Chavalatsch Schuppenzone
(UCS) represents an imbricated stack of crystalline
basement and Mesozoic, mostly Upper Triassic, sed-
imentary rocks (Schmid, 1973). The basement rocks
are lithologically identical to certain rock types
of the Otztal nappe. Within the UCS, the base-
ment/sediment ratio decreases westward. Hence, the
whole UCS appears as a zone of tectonic interfinger-
ing of the Otztal basement, dominating to the east,
with a stack of sediment thrust sheets to the west.
The largest of these thrust sheets is the Quattervals
nappe, consisting almost exclusively of Upper Trias-
sic carbonates. To the north, the Quattervals nappe
and the UCS overlie the S-charl nappe along the
southwest- to southeast-dipping Gallo line. In the
northern part of the study area, the Triassic rocks
of Piz Lad near Nauders occupy a similar posi-
tion as the sedimentary constituents of the Umbrail-
Chavalatsch Schuppenzone (Fig. 2). To the north-
east, the Piz Lad sediments rest along a tectonic
contact on Otztal basement rocks. To the south, the
sediments are overlain by the main mass of Otztal
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basement, along the Schlinig fault. Thus, Piz Lad ap-
pears as a wedge of Triassic sediments intercalated
between Otztal basement rocks above and below. To
the northwest, the Piz Lad sediments directly over-
lie cover rocks of the S-charl nappe along a thrust
ornamented by slivers of basement (Torricelli, 1956).

(4) The Ortler nappe consists of Permo-Triassic
to Cretaceous sedimentary rocks and underlies the
Quattervals nappe and the UCS along the Trupchun—
Braulio thrust (Schmid, 1973; Conti et al., 1994).

(5) The Campo nappe consists of Pre-Mesozoic
basement and is divided from the overlying Ortler
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nappe by an Alpine thrust (Zebrt thrust; Conti, 1992,
1994).

(6) The mylonite of the Vinschgau shear zone is
partly derived from pre-Permian basement, partly
from Permo—Triassic sedimentary rocks (Schmid
and Haas, 1989). This thick layer of mylonite is
found between the Otztal nappe and the UCS above,
and the S-charl nappe, Ortler nappe, and Campo
nappe below.

The term ‘Engadine dolomites’ summarizes the
sedimentary portions of the S-charl, UCS, Quatter-
vals and Ortler nappes, cropping out in the form of
a triangle between the Engadine line, the Otztal, and
the Campo nappe (Fig. 2).

3. Results

3.1. Fault geometry

The Schlinig fault is exposed over a N-S distance
of 20 km between the Reschen pass in the north and
Clusio/Schleis in the Vinschgau valley, in the south
(Figs. 2 and 4). Near Clusio, the fault disappears
under the Quaternary fill of the Vinschgau valley. In
the North, the fault leaves the sediment—basement
contact and becomes an intra-basement fault in the
Otztal nappe. The eastward extension of this fault
within the Otztal nappe has not yet been mapped.
Between the Reschen pass and Clusio/Schleis, the
Schlinig fault describes a westward convex arc. This
is due to a listric shape of the fault which dips 16°
northeast in the south, 8° to 9° east in the middle
part, and 17° southeast in the north (see contour
map in Stutz and Walter, 1983, from which also
the dip angles were taken). Measured parallel to the
movement direction (see below) between Piz Rims
and Clusio/Schleis (Figs. 5 and 6), the dip angle
is 7.5°. Erosion through the Schlinig fault has cre-
ated a tectonic window of S-charl-nappe sediments
surrounded by Otztal basement rocks in the Rojen
valley (Rojen window, Fig. 2), and several isolated
klippen of Otztal rocks on top of S-charl-nappe sedi-
ments farther west.

$ +~Piz Lad thrust

pPiz

|t —

shear sense in mylonites and cataclasites:

~~ D1 (Trupchun phase)
D2 (Ducan -Ela phase)

M- (@ sample localities (see text)

Fig. 5. Map showing shear direction and shear sense in mylonites
and cataclasites from the Schlinig-Gallo fault system and sur-
rounding area. Earlier, Trupchun-phase mylonites are abundant
in the hanging wall of the normal fault system, whereas in the
footwall, they were largely overprinted by top-SE shear. P; and
P, are intersection points of the Schlinig fault with the basal
thrust of the Otztal nappe in the footwall and in the hanging
wall, respectively. VCS = Vinschgau shear zone.

The Otztal nappe in the hanging wall consists
of gneiss and mica schist with amphibolite layers,
discordantly cut by the Schlinig fault (see Fig. 1

Fig. 4. Cross-sections through the Engadine dolomites and the overlying Otztal nappe. Traces of cross sections: see Fig. 2. Cross-sections
(b) and (c) are from Schmid and Haas (1989), with the only modification of the slip sense along the Schlinig fault, which is top-SE
according to this study. SCH = Schlinig fault, EL = Engadine line, ST = basal thrust of the Silvretta nappe.
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‘n Hammer, 1908). The regional amphibolite-grade
—Jetamorphism of these rocks is Hercynian in age
(Thoni, 1980b). The Alpine deformation of the Otz-
tal rocks 1s restricted to the lowermost few metres
where a cataclastic or, in the southernmost exposed
part of the Schlinig fault, mylonitic overprint of
the Hercynian structures is observed. The footwall
of the Schlinig fault mainly consists of Mesozoic
sediments of the S-charl nappe or, in the northern-
most part, the Piz Lad unit. An older, pre-Schlinig-
fault deformation of the S-charl nappe is represented
by SW-NE-striking, northwest-facing folds of the
Trupchun phase which deform the sediments and
the basement—sediment contact in the footwall but
are truncated by the Schlinig fault (Stutz and Wal-
ter, 1983; Fig. 2). In the area northwest of Clu-
si0/Schleis (Figs. 2 and 4b), the thickness of the
sediments decreases towards the southeast so that
the Otztal nappe almost directly rests on the base-
ment of the S-charl nappe. In this area, a mylonitic,
_ schlinig-fault-related overprint of the footwall base-
ment rocks is not restricted to the vicinity of the fault
itself but is observed over a structural thickness of
several hundred metres into the footwall. Kinematic
analysis of fault rocks (see below) revealed that the
Gallo fault (Bose, 1896; Hess, 1953; Schnud, 1973;
Conti, 1994; Fig. 2) represents the southwestward
prolongation of the Schlinig fault. The Gallo fault
separates the S-charl nappe to the north from the
overlying Umbrail-Chavalatsch-Schuppenzone and
Quattervals nappe, to the south. It generally dips

south (SW in the western part and SE in the eastern
part). It truncates earlier thrust faults and recumbent
folds of the Trupchun phase (see figs. 15 and 16 of
Schmid, 1973) and is itself, in its eastern part, gen-
tly folded around later, open, WNW-ESE-striking
anti- and synforms which are ascribed to the Blaisun
phase (Fig. 2: Miinstertal antiform, Ofenpass syn-
form; Schmid, 1973; Conti, 1994). We assume that
the Gallo and Schlinig faults are connected around
the hinge of the east-dipping Sesvenna antiform,
also formed during the Blaisun phase (Fig. 2). The
connection is buried under the Vinschgau valley fill.
In addition to the Schlinig and Gallo faults,
fault rocks were also sampled along the Arlui fault
(Figs. 2 and 4a). This is the moderately to steeply
southeast-dipping contact between Permo—-Mesozoic
rocks of Jaggl, to the southeast and above the fault,
and Otztal basement, to the northwest and below.

3.2. Kinematic analysis of mylonites and
cataclasites

Although the Schlinig fault is well visible from a
distance through the contrast between gneiss in the
hanging wall and sedimentary rocks in the footwall,
good outcrops of the fault contact itself are rare. The
best outcrops along the fault are locations 1 to 3 (see
Fig. 5) described below.

Location 1 is an approximately 100 m thick sec-
tion of mylonites exposed on the northern side of
the stream west of Clusio/Schleis (Swiss coordi-
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nates 835.200/176.150). These mylonites are derived
from basement gneisses of the S-charl nappe, sericite
phyllite (representing Permian volcaniclastic rocks),
Lower Triassic sandstone, and Middle Triassic car-
bonate rocks. Mylonitized Otztal gneiss occurs in
the uppermost part of the section. Triassic sediments
and older rocks are imbricated, producing strati-
graphic repetitions. The mylonites exhibit a well
developed foliation dipping shallowly north to east,
and a stretching lineation in quartz-rich layers which
is oriented SE to ESE. Additionally, a weak post-
mylonitic crenulation, subparallel to slightly oblique
with respect to the stretching lineation, is observed in
mica-rich layers. In the field, the shear sense of the
mylonites is difficult to assess; only indistinct shear
band/foliation relationships and occasional porphy-
roclast systems reveal a top-to-the-SE shear sense
(Fig. 7a).

Thin sections perpendicular to the foliation and
parallel to the lineation show abundant shear sense
criteria (Fig. 7b—e), including shear band/foliation
relationships (Fig. 7b), S—-C fabrics (Fig. 7c), asym-
metric porphyroclast systems (Fig. 7d), asymmetric
mica fish (Lister and Snoke, 1984), and grain-shape
preferred orientations in thin quartz layers (Fig. 7e).
The porphyroclasts are feldspar-. quartz-, and tour-
maline-grains. Generally the observed porphyroclast
systems are of the o-type (Passchier and Simpson,
1986). The shear sense indicated by the criteria listed
above is consistently top-to-the-southeast (Fig. 5).

Quartz is observed in thin layers between mica-
rich layers and as former porphyroclasts in a
sericite—feldspar—quartz-rich matrix. Quartz is com-
pletely dynamically recrystallized. The grain size in
the recrystallized layers is approximately 100 pm.
The shape of the former porphyroclasts can still be
discerned, but they now consist entirely of recrystal-
lized grains. The shape fabric of the recrystallized
grains in the thin quartz layers indicates top-SE shear
sense (Fig. 7e).

Location 2 is about 10 km farther to the northwest
(Swiss coordinates 828.125/186.00). The footwall in
this area consists of mylonitized, Middle Triassic
limestone with an E- to SE-dipping foliation and a
pronounced ESE- to SE-striking stretching lineation.
Foliated, basement-derived cataclasite occurs in a 10
to 20 m thick layer at the base of the overlying
Otztal gneiss. Typically, these cataclasites have a

main foliation dipping shallowly SE and abundant
shear bands, also dipping SE but at a higher angle. A
slickenside lineation is formed on the foliation and
on the shear bands. This lineation is oriented SE—
NW, perpendicular to the intersection of foliation and
shear bands. Hence, the lineation, foliation, and shear
bands are interpreted to be all related to the same
deformation process that formed the cataclasites.
From the asymmetry of the shear band-foliation
relationship, a top-to-the-SE sense of shear is clearly
recognized in the field.

In thin section, three types of planar elements
are observed: (1) a foliation (‘s” in Fig. 7f) defined
by mica grains, elongated fragments of chloritized
and sericitized gneiss protolith, and thin layers of
ultracataclastic, very fine-grained material; (2) shear
surfaces with ultracataclastic material, oriented par-
allel to the Schlinig fault (‘c’ in Fig. 7f); (3) shear
bands, inclined with respect to the Schlinig fault.
A slightly sheared and recrystallized pseudotachy-
lyte vein was observed in one sample. Criteria on
the microscopic scale (S—C structure, foliation/shear
band relations, asymmetric clasts) clearly confirm
the top-SE shear sense.

Quartz is mainly observed as porphyroclasts em-
bedded in a fine-grained foliated matrix of feldspar,
white mica, and quartz. The quartz porphyroclasts
exhibit older (pre-Alpine) microstructures formed by
grain boundary migration recrystallization, a mecha-
nism which is active at elevated temperatures (Guil-
lopé and Poirier, 1979; Drury and Urai, 1990), higher
than the temperatures reached during the Alpine
orogeny in this area. This former, higher-temperature
deformation phase is responsible for the large bulges
and serrated grain boundaries observed inside the
porphyroclasts. These older microstructures are over-
printed by the colder deformation during movement
along the Schlinig fault. Quartz porphyroclasts and
layers show strong undulatory to patchy extinction,
deformation bands, and subbasal deformation lamel-
lae. The latter usually indicate high flow stresses
(Avé Lallemant and Carter, 1971; Drury, 1993). The
initiation of dynamic recrystallization is observed
along narrow bands with newly recrystallized grains
(size 20 um, see Fig. 7g), but completely recrys-
tallized quartz layers as observed at location 1 are
not present. This indicates lower temperature during
deformation at location 2 as compared to location 1.




Fig. 7. Shear-sense indicators and quartz microstructures in mylonites and cataclasites from the Schlinig fault. In photographs (a) to (f), the main mylonitic foliation is
horizontal and NW is to the left. (a) Quartz nodule forming a o-type porphyroclast system in mylonite derived from Triassic carbonatic sandstone (Fuorn Formation).
Asymmetry indicates dextral (top-SE) shear sense. Diameter of coin is 2 cm. Loc. 1 near Clusio/Schleis. (b) Mylonite derived from Otztal basement rock. Shear bands
(sh) indicate dextral (top-SE) shear sense. Plane-polarized light. Loc. 1 near Clusio/Schleis. (¢) Mylonite derived from Triassic carbonatic sandstone (Fuorn Formation).
S—C structure indicates dextral (lop-SB) shear sense. Plane-polarized light. Loc. 1 near Clusio/Schleis. (d) Mylonite derived from Triassic carbonatic sandstone (Fuorn
Formation). Asymmeltric pressure shadows around two porphyroclasts of detrital tourmaline indicate dextral (top-SE) shear sense. Plane-polarized light. Loc. 1 near
Clusio/Schleis.
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Location 3 1s still farther north, southwest of Piz
Lad (Swiss coordinates 830.388/191.787). Here, the
footwall is formed by Upper Triassic Hauptdolomit
of the Piz Lad unit. Cataclastic deformation of Otztal
basement rocks is restricted to a thin zone of 2 to 3 m
(Schmid and Haas, 1989). Differently from location
2, foliation, lineation, and shear bands are not well
developed and do not yield a consistent shear sense.
Again the pre-Alpine deformation microstructures
are observed in the quartz porphyroclasts and are
clearly overprinted by the later colder deformation
phase. This is indicated by incipient bulge nucle-
ation observed on the old, large bulges. Furthermore,
the quartz grains have subbasal deformation lamel-
lae, some Bohm lamellae, and subgrain boundaries
parallel to the prism planes, corresponding to the
deformation bands described by Carter et al. (1964)
(Fig. 7h). There is no evidence for recrystallization
of quartz, which indicates still lower temperatures as
compared to location 2.

3.2.1. Gallo line

Along the eastern portion of the Gallo line, a
layer of mylonite is found in the uppermost part
of the footwall. The protoliths are basement gneiss
and Permo-Triassic volcaniclastic rocks. The folia-
tion of the mylonites dips shallowly southeast, and
the stretching lineation is oriented parallel to the dip
direction, SE to ESE (Fig. 5). Quartz microstruc-
tures are very similar to those from the southern
part of the Schlinig fault (loc. 1), indicative of
lower-greenschist-facies conditions during deforma-
tion. The shear sense in the mylonites is consistently
top-southeast. Along the western, NW-SE-striking
portion of the Gallo line (outside the area of Fig. 5),
both sides of the fault are formed by Triassic sedi-
ments, mainly dolomite. The deformation of the wall
rocks is cataclastic in this area. Slickenside lineations
along the fault are generally horizontal and NW-SE
oriented, but indications of the slip sense could not
be found.

3.2.2. Arlui fault

Foliated cataclasites and lower-greenschist-facies
mylonites derived from Otztal basement rocks were
also found along the Arlui fault (Figs. 2 and 4a.
and Fig. 5). Foliation/shear band relations, S—-C
structures, asymmetric porphyroclast systems, and

mica fish in these fault rocks consistently yield
a southeast-side-down sense of displacement. Tri-
assic dolomite belonging to the Permo—Mesozoic
successions of Jaggl, directly overlying these foot-
wall-derived fault rocks, is cut by numerous top-east
normal faults, also indicating normal displacement
along the Arlui fault.

The study of the fault rocks yielded the following
main results: (1) the shear sense along the Schlinig
fault and the eastern part of the Gallo fault is con-
sistently top-SE to top-ESE, with the exception of
the northernmost locality 3 along the Schlinig fault
where shear sense could not be determined; and (2)
the microstructures of quartz in the fault rocks in-
dicate a systematic northwestward decrease of the
maximum deformation temperature. Taken together,
the top-southeast shear sense, the overall eastward
dip of the fault, and the increase of syn-deforma-
tion temperature in the transport direction clearly
document the normal fault character of the Schlinig
fault. Obviously, this normal fault movement must
have postdated nappe imbrication, because basement
rocks overlie Mesozoic sediments along the fault.
The Gallo fault prolongates the Schlinig fault to
the southwest. The top-southeast shear sense of the
Schlinig fault is incompatible with the consistent
top-west shear sense documented for the Vinschgau
shear zone by Schmid and Haas (1989). Therefore,
the latter cannot represent the prolongation of the
Schlinig fault towards deeper crustal levels but rep-
resents an older Alpine shear zone, truncated by the
Schlinig fault (see Fig. 6).

The Arlui fault is also a top-southeast normal
fault and is interpreted as a hangingwall splay of
the Schlinig fault (Fig. 4a). Consequently, the Jaggl
Permo—Mesozoic rocks do not, according to our
results, represent a window of the S-charl-nappe
cover underlying the Otztal nappe, as was often
assumed (Hess, 1962; Thoni, 1973, 1980a; Stutz and
Walter, 1983; Schmid and Haas, 1989), but a piece
of Otztal-nappe cover (Staub, 1937) thrown down
towards the southeast along the Arlui normal fault.

3.3. Shape fabric and crystallographic preferred
orientation of quartz

Shape fabric and crystallographic preferred orien-
tation were analyzed quantitatively in a sample from
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location 1 along the Schlinig fault (E409). Both the
shape fabric and the crystallographic texture turned
out to be strongly influenced by later, post-mylonitic,
NNE-SSW-directed shortening (Blaisun phase), not
visible on the hand specimen. In thin sections per-
pendicular to foliation and stretching lineation, how-
ever, mica-rich layers exhibit a crenulation resulting
from this shortening (see Fig. 8a).

3.3.1. Shape preferred orientation (SPO)

The SPO was analyzed in three sections (Fig. 8):
(1) parallel to lineation and normal to foliation (X—-Z
section), (2) normal to lineation and foliation (Y-Z
section), and (3) parallel to lineation and foliation
(X-Y section). In the geographic reference frame,
the foliation dips 12° ESE (107°), and the stretching
lineation (X direction) plunges ESE (103°) at an
angle of 12°. SURFOR and PAROR methods of
shape analysis (Panozzo, 1983, 1984) were applied.
The three-dimensional shape fabric is unusual for a
mylonite and can be explained by two successive
deformation events.

The axial ratio of the elongated grains in the X—
Z section (E409A) 1s 1.95 calculated by PAROR. In
this section the grain long axes distribution (PAROR)
has its maximum oriented oblique with respect to the
foliation plane by 20° (Fig. 8c). The maximum of the
grain boundary distribution (SURFOR) is inclined
25° with respect to the foliation plane (Fig. 8c). The
obliquity of the maxima with respect to the foliation
1s consistent with top-ESE shear.

The axial ratio of the quartz grains in the Y-Z
section (E409D) is 1.57. The SPO suggests flatten-
ing parallel to the Y axis and extension parallel to
the Z axis. The maximum of the long axes of the
grains is inclined 80° to the foliation. The maximum
of the preferred orientation of the grain boundaries
is inclined 90° to the foliation. This cannot be ex-
plained by the mylonitic shearing because from this
we would expect the grains to be elongated par-
allel to the foliation. Instead, these microstructures
are consistent with the later compressional event
(Blaisun phase).

Section E409F, the X-Y section parallel to the
foliation, has an axial ratio of 1.76. The maxima
of the preferred orientations of the grain long axes
and of the grain boundaries are subparallel to the
macroscopically visible stretching lineation, with a

slight deviation which is anticlockwise for the grain
long axes and clockwise for the grain boundaries.

As argued above, the non-coaxial, top-ESE my-
lonitic shearing (Ducan-Ela phase) is likely to be
responsible for the oblique orientation of the grain
long axes with respect to the foliation in section
E409A. During the following coaxial, N-S-directed
shortening (Blaisun phase), a microscopic crenula-
tion developed with axes subparallel to the stretching
lineation produced by the Ducan-Ela phase. It is
suggested that this shortening event accounts for the
microstructure in section E409D but did not oblit-
erate the obliquity of the grains with respect to the
foliation in section E409A.

3.3.2. Crystallographic preferred orientation (CPO)

Quartz CPO was measured in section E409A (X~
Z section) with the X-ray texture goniometer and the
U-stage. With respect to the foliation and macroscop-
ically visible stretching lineation, the measurements
yielded an unusual type of texture. From the field ob-
servations, the shear sense criteria in the X—Z plane,
and the measured SPO, this section was supposed to
contain the principal kinematic direction. The g-axis
maxima, however, are perpendicular to the stretching
lineation (Fig. 9a). By rotating the pole figure 90°
around an axis normal to the foliation, it becomes
clear that section E409D (perpendicular to lineation)
contains the kinematic reference frame for that part
of the deformation which led to the present quartz
CPO. Fig. 9b shows the rotated pole figures. The
c-axis pole figure is almost symmetric and resem-
bles a type II cross-girdle (Lister, 1977; Schmid and
Casey, 1986) or two-girdle pattern (Sander, 1970).
We assume that this texture was formed by coax-
ial NNE-SSW shortening in the Blaisun phase. The
deviation from a normal type II cross-girdle (com-
pare Schmid and Casey, 1986) may be explained
by a preexisting texture that formed during the top-
ESE shearing and was not completely obliterated
during the N-S shortening. The above suggests that
the quartz CPO reflects two successive deformation
phases, which is quite unusual. According to Lister
and Williams (1979), the skeletal outline of a pattern
of preferred orientation will only remember the last
strain increment. In our case, the incomplete obliter-
ation of the older texture is understandable because
the overprinting deformation was rather weak.
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reference frames c-axes a-axes

Fig. 9. (a) Quartz c-axis and a-axis pole figures as measured in section E409A, the X-Z section of the mylonitic deformation. W is to the
left. The c-axis girdle does not pass through the center of the stereonet, and the g-axis maxima are at high angles to this section. (b) Pole
figures after a 90° rotation around Z, that is, viewed in the Y-Z section. N is now to the left. a-axis maxima are at the periphery now, and
c-axes show a type-1I cross girdle, interpreted as indicating post-mylonitic coaxial shortening in the Y direction, that is, perpendicular to
the mylonitic shear direction (X). Numbers below the pole figures give the intensity of the maxima (e.g. 4.05 times uniform).

From the analysis of the SPO and the CPO and
the comparison of the two, the following conclu-
sions can be drawn. (1) Both SPO and CPO can
best be explained by two successive deformation
events, the first of which was noncoaxial, top-ESE

shearing (Schlinig normal fauit, Ducan-Ela phase),
and the second was coaxial, NNE-SSW shortening
(Blaisun phase). (2) Although the N-S shortening is
macroscopically invisible in this particular sample, it
significantly modified the SPO and CPO.

Fig. 8. Shape fabrics in a dynamically recrystallized quartz vein from a Schlinig-fault mylonite. (a) Sketch of the sample, illustrating
the relationship between the macroscopic stretching lineation developed during Schlinig fault movement and microscopic crenulation
developed during later N-S shortening. (b) Quartz grain boundaries in the X-Y section (E409F) and resulting PAROR and SURFOR
diagrams. (c) Shape fabric in X-Z section (E409A). (d) Shape fabric in Y-Z section (E409D). Foliation is always E-W in the rose
diagrams. PAROR rose diagrams represent the orientation distribution of the long axes of the grains, SURFOR diagrams represent the

grain boundary orientation distribution.
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3.4. Amount of displacement across the Schlinig
Sfault

Since extension along the Schlinig fault post-
dates nappe imbrication, the offset of thrust faults
by the normal fault may be used for determining
the amount of displacement. The basal thrust of the
Otztal nappe is exposed in the hanging wall and in
the footwall of the Schlinig fault. In the hanging
wall it is represented by the Vinschgau shear zone,
along the northern side of the Vinschgau valley. The
top of this north-dipping shear zone is truncated by
the Schlinig fault in the vicinity of Glorenza/Glurns,
under the Quaternary valley fill (P; in Fig. 5). In
the footwall, the thrust at the base of the Piz Lad
unit (Piz Lad thrust, Fig. 2) is interpreted to rep-
resent the basal thrust of the Otztal nappe. West
of Piz Lad, this thrust places Triassic rocks of the
Piz Lad unit on Jurassic rocks of the S-charl nappe
Fig. 4a). Slivers of basement rocks occur along the

" thrust. Farther northeast, the thrust is between Otztal
basement rocks above and S-charl basement below,
with a thin layer of mylonitized Mesozoic sediments
in between. This Piz Lad thrust is truncated by the
Schlinig fault at P; (Fig. 5). Fig. 6 is a cross-section
parallel to the movement direction of the Schlinig
normal fault, from Glumns to the Piz Rims klippe. Py
and Py are the intersection points of the Otztal basal
thrust with the Schlinig fault in the footwall and
in the hangingwall, respectively, projected into the
cross-section. The projection of Py is not well con-
strained because the Piz Lad thrust is not planar. The
intersection point in the cross-section must, however,
be located northwest of the Piz Rims klippe because
at Piz Rims, the base of the Otztal rocks is still the
cataclastic top-southeast normal fault, and there are
no remnants of an older top-west thrust. Hence, the
offset of the Otztal basal thrust across the Schlinig
‘ault measured parallel to the movement direction

"~ amounts to about 17 km (Fig. 6).

3.5. Initiation angle

As stated above, the present average dip angle of
the Schlinig fault parallel to the movement direc-
tion is 7.5°, measured between Clusio/Schleis and
the Piz Rims klippe (Fig. 6). Was the Schlinig fault
initiated as a low-angle normal fault, or was it only

later rotated into its present shallow orientation? An
estimate of the initiation angle can be made us-
ing the variation in peak metamorphic temperatures
across the footwall, provided that (1) these tempera-
tures reflect the thermal state immediately preceding
extensional faulting, (2) the preextensional geother-
mal gradient is known, and (3) the isotherms were
horizontal prior to normal faulting (Wernicke, 1995).

For the footwall of the Schlinig fault, palacotem-
perature data exist from petrologic and geochrono-
logical work of Théni (1980b, 1981), and from com-
bined illite crystallinity/vitrinite reflectance studies
of Kirmann (1993) and Henrichs (1993). Otztal
gneiss above the Schlinig fault yielded undisturbed
Variscan K—Ar biotite ages, whereas biotite in the
footwall basement was partly rejuvenated during
Cretaceous metamorphism (Thoni, 1980a,b). Hence,
the Schlinig fault emplaced colder on hotter rocks
and is discordant with respect to the tempera-
ture zonation. Therefore the temperature peak of
Cretaceous metamorphism in the footwall (S-charl
nappe) must have predated normal faulting along
the Schlinig fault. On the other hand, the footwall
did not cool down significantly before the normal
faulting event, because microstructures in Schlinig
mylonites and cataclasites (see above) indicate syn-
faulting temperatures that were still near the peak
metamorphic temperatures. Therefore, the tempera-
ture data from the footwall can be taken as repre-
senting the thermal state immediately before normal
faulting. For the southern S-charl nappe, Kiirmann
(1993) estimated a geotherm of 35 #+ 5°C/km from
illite crystallinity/vitrinite reflectance determinations
at different structural depths. Henrichs (1993), us-
ing the same method, found geotherms of 40°C/km
for the western S-charl nappe and 43°C/km for the
southeastern S-charl nappe. For Cretaceous meta-
morphism in the southwestern Otztal nappe, Schmid
and Haas (1989) inferred conditions of ca. 440°C
and 4 kbar for the chloritoid-in boundary. Assum-
ing a density of 2.7 g/cm?, this corresponds to a
geotherm of 29.7°C/km. From these estimates, a gra-
dient between 30°C/km and 45°C/km seems realistic.
We chose 30° for the construction in Fig. 6. As-
suming a higher geotherm would result in a lower
initiation angle. The assumption that the isotherms
in the S-charl nappe were about horizontal prior to
exhumation appears reasonable because no Late Cre-
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taceous igneous intrusions are known that could have
complicated the thermal structure.

The distribution of palasotemperatures estimated
from combined illite crystallinity and vitrinite re-
flectance by Kiirmann (1993) and Henrichs (1993)
shows a temperature increase towards southeast
within the S-charl nappe, indicative of a post-meta-
morphic northwest-side-down rotation of the nappe.
Three of the sample localities lie on the profile of
Fig. 6. The temperature at locality Schleis is above
300°C from IC/VR (Kiirmann, 1993). From the min-
eral paragenesis and the results of radiometric dat-
ing, Thoni (1980b)) concluded that the temperature
in this area was ‘around 350°C but not much higher’.
We assume 350°C for the locality Schleis. The tem-
perature distribution fits a 30°C/km geotherm if the
isograds are drawn with a northwesterly dip of 5°
(Fig. 6). Hence, 5° is the rotation we can assume
for the footwall. This implies that the initiation an-
gle of the Schlinig fault was 7.5° (present dip angle
between Piz Rims and Schleis) + 5° (rotation) =
12.5°. Hence, field relations suggest that the Schlinig
fault represents a low-angle normal fault which was
initiated at a shallow angle of 10° to 15° and was
rotated only moderately during or after its activity.

3.6. Relation between shortening and extension in
the footwall of the schlinig fault

The Upper Triassic Hauptdolomit of the S-charl
nappe, in the footwall of the Schlinig fault, was
severely stretched in a northwest—southeast direc-
tion (Schmid and Haas, 1989). The Hauptdolomit
represents a carbonate platform of Norian age. It is
embedded between two potential décollement hori-
zons, the evaporite-bearing Raibl Formation of Car-
nian age below, and calcareous and shaly Jurassic
to Cretaceous formations above. In the southeastern
S-charl nappe, the Hauptdolomit is present as a layer
of northwest-side-down tilted ‘domino’ blocks sep-
arated by southeast-dipping normal faults (Fig. 4b,
c). This layer of tilted Hauptdolomit blocks (‘S-charl
Oberbau’) is decoupled from the lower part of the
Triassic sediments and the basement (‘S-charl Unter-
bau’) along the Raibl formation. As demonstrated by
Schmid and Haas (1989), the importance of the nor-
mal faults dissecting the Hauptdolomit diminishes
northwestward. In the northwest part of the S-charl

nappe, the normal faults are absent and instead,
northwest-directed thrust faults and northwest-fac-
ing folds with NE-striking axes deform the Haupt-
dolomit layer. Similarly oriented folds also occur in
the *S-char]l Unterbau’.

These relations were interpreted by Schmid and
Haas (1989) to indicate simultaneous folding/thrust-
ing and normal faulting. According to these au-
thors, the stretching reflects forced extrusion of the
Hauptdolomit layer from below the westward ad-
vancing Otztal nappe during Cretaceous thrusting.
The same mechanism was proposed by Froitzheim
(1988) to explain Alpine domino-style extension of
Hauptdolomit in the Ortler nappe. Our new findings
along the Schlinig fault, however, allow a differ-
ent interpretation, namely, that the stretching of the
Hauptdolomit layer postdates the folding and thrust-
ing, and reflects extension in the footwall of and
related to the Schlinig normal fault. As a third al-
ternative, the stretching of the Hauptdolomit in the
S-charl nappe might not be related to Alpine tecton-
ics at all, but to Jurassic rifting (evidence for Jurassic
rifting in the S-charl nappe was found by Mader,
1987). To test these alternatives, we retrodeformed
the stretching of the Hauptdolomit using the cross-
section by Schmid and Haas (1989) oriented parallel
to the slip direction of the normal faults (Fig. 4c,
Fig. 10). Retrodeformation was done by fitting the
Hauptdolomit blocks together. Two generations of
normal faults exist (Schmid and Haas, 1989). We
first retrodeformed the younger and then the older
generation. The retrodeformation is completely con-
strained by the geometry of the tilted-block layer.

The shape of the retrodeformed Hauptdolomit
corresponds to an anticline (Fig. 10). This directly
results from the keystone-like shape of the dominos
which are wider at the top than at the base. The
anticline may be interpreted as a fault-bend anticline
related to a thrust underneath. The most important
result of this retrodeformation is that the normal
faults did not form simultanecously with the folds
nor before the folds, but that they postdate folding.
The amount of extension of the Hauptdolomit layer
can be directly read from Fig. 10 (distance A'~B’
minus distance A-B). It is 7.85 km, corresponding
to a stretch 1 4+ ¢ of 2.67 (A’-B’ divided by A-
B). This is in the range of what Schmid and Haas
(1989) calculated (1 + e = 3.45) with a different
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Fig. 10. Retrodeformation of domino-style extension in the footwall of the Schlinig fault. Lower section is taken from Schmid and Haas
(1989) and is identical to Fig. 4c. Upper section shows pre-normal-faulting situation, restored by fitting the fault blocks together. SCH =
Schlinig fault. A, B, C etc. are reference points. For further explanation, see text.

method, using the angular relationships of faults and
bedding planes. Minor normal faulting also affected
the ‘S-charl Unterbau’. Extension of the ‘Unterbau’
amounts to 3.15 km (C'-D’ minus C-D). Hence,
the Hauptdolomit was extended by 7.85 km, and
the ‘Unterbau’ only by 3.15 km. The difference is
4.7 km. This extra extension of the Hauptdolomit
must have been transferred to deeper crustal levels
along the Schlinig normal fault (if we do not as-
_ sume rootless extension of the Hauptdolomit, e.g.,
by gravitational gliding, for which we do not see any
evidence). Therefore, extension of the Hauptdolomit
was kinematically linked to normal faulting along
the Schlinig fault.

To conclude, we assume that the NW-SE ex-
tension of the Hauptdolomit layer postdates nappe
imbrication and formation of NW-facing folds, and
1s kinematically linked with the Schlinig normal
fault. The rotation of the Hauptdolomit blocks is an-
tithetic (NW-side-down) with respect to the Schlinig

fault, and is compatible with top-SE shear of the
Hauptdolomit layer (compare fig. 6 in Schmid and
Haas, 1989), with the domino-normal faults acting
in a similar way as synthetic Riedel shears or shear
bands in a mylonite.

4. Discussion

4.1. Reconstruction of pre-normal fault geometry

An attempt at restoring the geometry of the nappe
stack before extensional faulting is made in Fig. 11.
The cross-section used is the one of Fig. 6. Fig. 11a
is the restored section. We assumed an initiation an-
gle of 15° for the Schlinig fault, in accordance with
the field relations (see above). The basal thrust of
the Otztal nappe is used as a reference level for the
reconstruction. The Arlui fault is projected into the
section from the north. In the reconstructed section,
it joins the Schlinig fault at the point where the
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Fig. 11. Reconstruction of the Schlinig fault. (a) Pre-normal-faulting geometry of the Cretaceous nappe stack. Stippled lines are
trajectories of future normal faults. (b) Present-day situation after normal faulting along the Schlinig and Arlui faults. A = Arlui fault; §

= Schlinig fault; VSZ = Vinschgau shear zone.

latter passes through the Otztal basal thrust. Two
large thrust sheets exist in the reconstructed section,
the lower S-charl-Campo thrust sheet (including the
Ortler nappe south of the section) and the higher Otz-
tal thrust sheet (including the Umbrail-Chavalatsch
zone and the Quattervals nappe). These were dis-
sected by the Schlinig-Gallo fault. The S-charl—
Campo thrust sheet was divided into a part in the
hanging wall of the Schlinig—Gallo fault (Campo
nappe, Ortler nappe) and a part in the footwall
(S-charl nappe). The reconstruction shows some fea-
tures that we regard as typical for the Late Cre-
taceous collapse in the western Austroalpine. The
normal faults have a similar orientation as the ear-
lier thrusts, only that they are often slightly steeper
and the slip sense is reversed. They partly reactivate
earlier thrusts, as was observed along the base of the
Silvretta nappe (Froitzheim et al., 1994), but partly
follow new trajectories at small angles to the thrusts.
The extension is strongly asymmetric, to such a de-
gree that antithetic, northwest-dipping normal faults
are hardly ever observed.

4.2. Age of normal faulting

The Schlinig—Gallo fault system overprints older
Alpine structures, mainly thrust faults and open to
isoclinal folds. These older structures are attributed
to the west- to northwestward imbrication of the
Austroalpine nappe stack during the Late Creta-
ceous Trupchun phase. Trupchun-phase mylonites
with top-west to top-northwest shear sense are abun-
dant in the Umbrail-Chavalatsch Schuppenzone and
in the Ortler nappe south of the Gallo line (Conti,
1994; Fig. 5). In the footwall of the Gallo—Schlinig
fault system, they are largely overprinted by top-
ESE shear due to normal faulting (Fig. 5). On the
other hand, the Schlinig and Gallo normal faults
are themselves slightly folded around ESE-striking
axes, leading to anti- and synforms on the regional
scale (Fig. 2), and to the quartz microfabrics de-
scribed above on the microscopic scale. These folds
are assigned to the Early Tertiary Blaisun phase.
The normal faulting along the Schlinig and Gallo
faults can therefore be attributed to the Ducan-Ela
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extensional phase as defined in the area west of
the Engadine line. We will briefly summarize the
age constraints for the Ducan-Ela phase in order to
discuss the large-scale tectonic scenario.

The youngest sediments in the Engadine dolo-
mites are Cenomanian to possibly middle Turonian
foraminiferal marls in the core of a Trupchun-phase
syncline at the western end of the Ortler nappe
(Caron et al., 1982). Trupchun-phase thrusting and
folding in this area can therefore only have be-
gun after about 93.5 Ma (age of the Cenomanian—
Turonian boundary after Gradstein et al., 1994). On
the other hand, the youngest fossils found in Pen-
ninic units of the Engadine window, underlying the
Austroalpine nappes, are Paleocene to Lower Eocene
Formanifera found in a flysch unit in the western
part of the window (Ziegler, 1956; Rudolph, 1982;
Eiermann, 1988). Hence the thrusting of the Aus-
oalpine nappes en bloc over the Penninic units of

—the window, occurred soon after 50 Ma. Overprint-
ing relations (see above and Froitzheim et al., 1994)
show that this thrusting postdates the Ducan ex-
tension. Therefore, from biostratigraphic evidence,
Trupchun-phase thrusting and subsequent normal
faulting along the Schlinig-Gallo fault system oc-
curred between 93.5 and 50 Ma.

Radiometric data further constrain the timing.
Dating of extension-related pseudotachylyte in the
Silvretta nappe (79-73 Ma using Rb-Sr, Thoni,
1988) and of mica grown along Ducan-Ela-phase
cleavage in the Lower Austroalpine (80-67 Ma us-
ing K—Ar, Tietz et al., 1993) suggest that the Ducan-
Ela extensional phase in the western Austroalpine
realm lasted from about 80 Ma to 67 Ma, with some
uncertainty due to the scarcity of data. Alpine meta-
morphism in the Engadine dolomites, Campo nappe,
and Otztal nappe was radiometrically dated by Théni
‘nd coworkers (Thoni, 1980b, 1981, 1986, 1988;

—honi and Miller, 1987, reviewed in Schmid and
Haas, 1989). Virtually all the ages from the study
area are between 100 and 70 Ma. These include
both formation ages and cooling ages. K/Ar ages
from fine-grained muscovite/phengite in the south-
eastern S-charl nappe clustering around 80 + 6 Ma
are interpreted as cooling ages, whereas ages from
the northeastern S-charl nappe around 90 =35 Ma
are interpreted as formation ages (Thoni, 1980b).
The cooling ages approximately coincide with the

assumed age of the Ducan-Ela extensional phase,
which suggests that cooling was related to exten-
sional exhumation.

4.3. In search of a tectonic model for Late
Cretaceous extension

A Late Cretaceous extensional overprint has been
demonstrated in many areas of the Austroalpine
realm. Prior to the present study, such extensional
faulting was already reported by Krohe (1987),
Ratschbacher et al. (1989), Froitzheim (1992), Wer-
ling (1992), Froitzheim et al. (1994), Neubauer et al.
(1995), Fugenschuh (1995), and several others. The
extensional faults and shear zones identified by these
authors generally overprint earlier thrust faults, have
a transport direction towards east (NE to SE), and
have important displacements, often in the range of
tens of kilometres. In many areas, but not generally
(see Krohe, 1987), the transport direction is opposite
to the direction of earlier thrusting.

4.3.1. Late Cretaceotts extension and the Gosau
basins

According to Krohe (1987), Ratschbacher et al.
(1989) and Neubauer et al. (1995), Late Cretaceous
normal faulting is related to the formation of basins
in which sediments of the Gosau Group were de-
posited. The Gosau Group is of late Turonian to
Early Eocene age (90 to 50 Ma) in the Northern
Calcareous Alps and of Santonian to Maastrichtian
age (86 to 65 Ma) in the Central Austroalpine base-
ment east of the Tavern window (Wagreich, 1995;
Neubauer et al., 1995). The Lower Gosau Subgroup
(Wagreich and Faupl, 1994) rests unconformably on
folded and imbricated older rocks and comprises flu-
viatile (at the base) to shallow marine (at the top)
sediments deposited in small, fault-bounded basins
(Wagreich, 1995). The Upper Gosau Complex com-
prises deep-sea fan facies, deposited partly below the
CCD, and marly slope facies, and was not restricted
to single basins but covered the entire Northern Cal-
careous Alps (Wagreich, 1995). The boundary be-
tween the Lower and Upper Complex is related to a
major subsidence pulse that occurred diachronously,
between late Turonian/Santonian {90 to 83.5 Ma) and
Maastrichtian (71 to 65 Ma) (Wagreich, 1995). The
correlation between Late Cretaceous normal faulting
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and Gosau basin formation is well established for
the Gosau basins located in the Central Austroalpine
basement east of the Tauern window (Neubauer et
al., 1995), and is also probable for the Northern Cal-
careous Alps because Ortner (1994) and Eisbacher
and Brandner (1996) demonstrated that Gosau sedi-
ments of the western Northern Calcareous Alps seal
SW-NE-trending folds (= Trupchun phase) and are
themselves deformed by WNW-ESE-trending folds
(= Blaisun phase).

4.3.2. Relation between extension and strike-slip
faulting

Neubauer et al. (1995) demonstrated that in the
Central Austroalpine area east of the Tauern win-
dow (Fig. 1), Late Cretaceous extensional shearing
and Gosau basin formation were coeval with sinis-
tral strike-slip along E~W- to NE-SW-striking shear
zones. On the other hand, Ortner (1994) and Eis-
bacher and Brandner (1996) demonstrated that for-
mation of Gosau basins in the Northern Calcareous
Alps (Fig. 1) was related to dextral slip along faults
that presently trend SE-NW but trended E-W dur-
ing the Late Cretaceous (fig. 4 of Eisbacher and
Brandner, 1996). Therefore, the extension was ap-
parently associated with sinistral strike-slip in the
more southerly located Central Austroalpine, and
with dextral strike-slip to the north, in the NCA.

4.3.3. Contemporaneity of extension and subduction

In the western Austroalpine, the extensional phase
is coeval with subduction of Piemont-Ligurian
oceanic lithosphere and continental slivers below
the Austroalpine continental crust. As discussed
in Froitzheim et al. (1996), the Sesia zone in the
Western Alps (Fig. 1, inset) probably represents a
continental sliver in the Piemont-Ligurian oceanic
basin. near the Apulian (Austroalpine—South Alpine)
continental margin. The widespread eclogite facies
metamorphism of the Sesia zone (Compagnoni et
al., 1977) developed when this continental sliver
was subducted under the Apulian margin. Recent
geochronological studies (Ramsbotham et al., 1994;
Rubatto et al., 1995) indicate that peak pressures
were reached at or shortly before 65 Ma. Hence
the Sesia rocks must have been on their way down
the subduction zone at the same time when the
Austroalpine crust in the upper plate was severely

stretched in an east—west direction (80-67 Ma).
On the other hand, the Late Cretaceous extension
postdates older Cretaceous eclogite metamorphism
within the Austroalpine nappes. These older eclog-
ites formed during collision after the closure of
the Meliata—Hallstatt ocean, remnants of which are
found in the eastern NCA (Fig. 1, inset). The ex-
humation of these eclogites was at least partly
accommodated by the Late Cretaceous extension
(Neubauer, 1994; Froitzheim et al., 1996). The con-
temporaneity of extension in the Austroalpine realm
and subduction along the southeastern margin of
the Piemont-Ligurian ocean puts an important con-
straint on the tectonic model: Late Cretaceous ex-
tension occurred in the upper plate of an active
subduction zone.

A model for Late Cretaceous extension of the
Austroalpine region is constrained by the following
observations: (1) regional subsidence to below-CCD
depth concomitant with extension; (2) connection of
east—west-directed extension with dextral strike-slip
in the north and sinistral strike-slip in the south;

"(3) contemporaneity of extension with subduction

along the Austroalpine—Penninic boundary. Regional
extension of previously thickened crust in orogenic
belts is caused by a change in the stress regime
within this crust from deviatoric compression to
deviatoric tension. Several models have been put for-
ward to explain this (Fig. 12). In models of Fig. 12a—
d (left side), extension is driven by locally generated
forces associated with topography. In the orogenic
wedge model (Platt, 1986; Fig. 12a) extension oc-
curs when the surface slope of the wedge exceeds
a dynamically stable configuration, for example, due
to underplating of material at the base of the wedge.
A decrease or cessation of plate convergence may
also lead to a decrease of horizontal normal stress
in the orogen and hence to a change from devi-
atoric compression to tension (Fig. 12b; see Mol-
nar and Lyon-Caen, 1988). Convective removal of
lithosphere (Fig. 12¢; Fleitout and Froidevaux, 1982;
Platt and England, 1994) and slab breakoff (Fig. 12d;
Wortel and Spakman, 1992; von Blanckenburg and
Davies, 1995, 1996) both lead to a rapid increase in
surface elevation which may result in extension of
the orogen. Models where the extension is mainly
driven by forces created outside the extending area
are sketched on the right side of Fig. 12 (e-g):
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Fig. 12. Different models explaining regional extension in orogens. (a) Gravitational adjustment of an unstable orogenic wedge (after
Platt, 1986). (b) Cessation of plate convergence. (¢) Convective removal of lithospheric root (after Fleitout and Froidevaux, 1982). (d)
Slab breakoff (after von Blanckenburg and Davies, 1996, slightly modified). (e) Pull-apart extension. (f) Lateral extrusion from a collision
zone (after Ratschbacher et al., 19589, 1991. Note that this model was designed for Miocene, not Cretaceous, extension in the Eastern
Alps). (g) Subduction rollback (after Hetzel et al., 1995). Stippled represents mantle lithosphere, black is oceanic crust.

pull-apart extension in a strike-slip regime, lateral
extrusion from a collision zone (Ratschbacher et al.,
1991), and subduction rollback (Royden and Burch-
fiel, 1989).

Gravitational adjustment of an unstable orogenic
wedge (Fig. 12a; Platt, 1986), was proposed by
Ratschbacher et al. (1989) and Froitzheim et al.
(1994) to explain Late Cretaceous extension in the
Austroalpine realm. More specifically, Ratschbacher
et al. (1989) assumed that the extension was caused
by underplating of the buoyant ‘Zentralgneiss ter-
rane’ exposed in the Tauern window of the Eastern
Alps (Fig. 1, inset). The model appears unlikely for
two reasons. Firstly, gravitational adjustment tends

to keep the surface slope in the orogenic wedge
constant in order to maintain the dynamically stable
configuration (Platt, 1986). This process can there-
fore hardly explain the subsidence of the surface
of the orogenic wedge to below the CCD, as ob-
served during extension in the Austroalpine realm.
Secondly, underplating of the Zentralgneiss terrane
postdated the Late Cretaceous extension of the Aus-
troalpine nappes (Kurz et al., 1996). A cessation or
significant decrease of plate convergence (Fig. 12b)
may be ruled out as well because contemporaneous
eclogitization of Sesia rocks (see above) indicates
ongoing convergence. Convective removal of litho-
sphere (Fig. 12c¢) or slab breakoff (Fig. 12d) may
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have occurred in the Cretaceous Alps (von Blanck-
enburg and Davies, 1996), but we doubt that these
mechanisms have caused the extension. In both mod-
els, extension is mainly the result of a rapid increase
in surface elevation, leading to a high mountain
chain or plateau (Platt and England, 1994; von
Blanckenburg and Davies, 1996). The absence of
volumetrically significant molasse-type sediments of
Cretaceous age within the Austroalpine and in the
neighbouring areas makes the existence of such a
high range unlikely. During the Cretaceous period,
the Austroalpine area represented a sea with tem-
porarily emergent highs rather than a high mountain
range (see palacogeographic maps in Oberhauser,
1995).

Neubauer et al. (1995) proposed that Late Cre-
taceous extension in the eastern part of the Aus-
troalpine nappes resulted from a releasing bend
in an east—west-trending sinistral wrench corridor
(Fig. 12c¢). This cannot serve as a general expla-
nation for Late Cretaceous extension, since exten-
sion is connected with dextral strike-slip along east—
west faults in other parts of the Austroalpine region
(see above). Lateral extrusion from a collision area
(Fig. 12f) is unlikely as well because Late Creta-
ceous extension in the Austroalpine region occurred
before the continental collision between Europe
and the Austroalpine region, when the Piemont—
Liguria ocean was still open (e.g., Neubauer, 1994;
Froitzheim et al., 1996).

4.3.4. Late Cretaceous subduction rollback in the
Piemont—Liguria ocean

Royden and Burchfiel (1989) and Royden (1993)
proposed that systematic variations in the style of
thrust belts in the Alpine system resulted from dif-
ferent ratios between the rate of subduction and the
rate of plate convergence. Contemporaneous subduc-
tion and back-arc extension occur when the rate of
subduction of one plate is greater than the rate of
overall plate convergence. This results in oceanward
retreat of the subduction boundary (subduction roll-
back, Fig. 12¢). Royden (1993) assumed that this
process can affect limited segments of a subduction
boundary while other segments of the same bound-
ary remain stationary (with respect to a point in the
interior of the upper plate) which leads to the forma-
tion of strongly arcuate segments retreating into the

ocean, bounded by strike-slip zones on both sides.
The driving force of the rollback is gravity acting
on a dense subducting slab (Royden, 1993). We pro-
pose that this model applies to the Late Cretaceous
extension of the Austroalpine area (Fig. 13). The
marginal, southeastern part of the Piemont-Ligurian
oceanic lithosphere which was subducted under the
Austroalpine—South Alpine margin during the Late
Cretaceous (probably beginning at about 100 to 90
Ma, see discussion in Froitzheim et al., 1996), was
in fact dense. It was old (formed since about 165
Ma) and devoid of a well-developed crustal sec-
tion, because it had been formed by extensional
denudation of subcontinental mantle (IL.emoine et al.,
1987; Froitzheim and Manatschal, 1996). The con-
temporaneity of the extension with subduction along
the plate boundary (see above) strongly favours this
model. Furthermore, we can explain the association
of extensional structures with dextral strike-slip in
the north (Northern Calcareous Alps) and with sinis-
tral strike-slip in the south (Central Austroalpine).
These two strike-slip systems accommodated the
westward retreat of a small segment of the subduc-
tion boundary (Fig. 13c). Typical for a subduction
rollback scenario is also the low topographic ele-
vation (Royden, 1993) of the Austroalpine area in
the Late Cretaceous, below sea level for the most
part.

The assumed westward retreat of the subduction
boundary in the Late Cretaceous would also explain
why Late Cretaceous east—west extension is ubig-
uitous in the Austroalpine nappes but absent in the
Southern Alps: the Southern Alps were located south
of the sinistral strike-slip fault delimiting the west-
ward retreating segment of the subduction boundary.
This assumption implies that the dextrally trans-
pressive, Tertiary-age Insubric line (Fig. 1), forming
the limit between Austroalpine and Southern Alps,
had a sinistral forerunner in the Late Cretaceous
(palaeo-Insubric line in Fig. 13c). In fact, there is
some structural evidence that Late Cretaceous sinis-
tral strike-slip zones exist adjacent to the Periadriatic
fault in the Eastern Alps (Unzog, 1989).

After the stage sketched in Fig. 13b and ¢, the
main direction of convergence between the Aus-
troalpine area and Europe changed from E-W to
N-S. In this new kinematic framework, the closure
of the Piemont-Ligurian ocean and continental col-
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Fig. 13. Hypothetical large-scale scenario for the Late Cretaceous evolution of the Austroalpine nappes. (a) Situation at 100 Ma
(Trupchun phase). Crustal stacking within the Austroalpine realm results from footwall propagation of thrusting after continental
collision along the Meliata—Hallstatt suture. Subduction of Piemont-Ligurian oceanic lithosphere is just about to begin. (b) Situation
at 70 Ma (Ducan-Ela phase). Piemont-Ligurian lithosphere is being subducted at a rate higher than the overall plate convergence,
zading to oceanward retreat of the subduction boundary and extension of the Austroalpine upper plate by ESE-dipping normal faults,
- contemporaneous with subduction of the Sesia zone to eclogite-facies depth. (c) Map view of the situation at 70 Ma. Westward retreat of
the subduction boundary is restricted to the Austroalpine segment of this boundary and is accommodated by a sinistral shear zone to the

south (‘palaeo-Insubric line’) and a dextral shear zone to the north.

lision (= Blaisun phase) took place in the Paleocene
to Eocene. Finally, Late Oligocene to Miocene NW—
SE-convergence led to a reversal of the shear sense
along the Insubric line which then accommodated
dextral strike-slip and south-directed backthrusting
(Schmid et al., 1987).

5. Conclusions

The Schlinig fault is a Late Cretaceous normal
fault overprinting a stack of thrust sheets imbricated
slightly earlier, also during the Late Cretaceous. The
slip direction of the normal fault is SE to ESE,
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and the displacement in this direction amounted to
about 17 km. The present dip angle of the fault,
measured parallel to the slip direction, is between
5° and 10° The initial dip angle of the fault was
less than 20°. Hence, the Schlinig fault represents
a low-angle normal fault. Although apparently at
variance with Andersonian fault mechanics and the
seismic record (Jackson, 1987), existence of such
low-angle normal faults 1s indicated by an increasing
body of field evidence (e.g. John and Foster, 1993;
Wernicke, 1995) to which the present study adds.

Shape fabric and crystallographic preferred ori-
entation in dynamically recrystallized quartz layers
of a Schlinig mylonite record two subsequent de-
formation events, first the top-ESE shear related to
Late Cretaceous normal faulting, and second, short-
ening in the NNE-SSW direction related to Early
Tertiary collisional deformation. The same sequence
of events is reflected by large-scale, open folding of
the normal fanlt around ESE-trending axes. Domino-
style extension of the competent Hauptdolomit layer
in the footwall of the Schlinig fault was kinemati-
cally linked with normal, slip along the fault itself.
Extrusion models which assume domino extension
to be caused by thrusting do not apply in this
case.

Late Cretaceous extensional deformation in the
Austroalpine realm accommodated the formation
of the Gosau basins, was associated with sinistral
strike-slip in the south (Central Austroalpine) and
with dextral strike-slip in the north (Northern Cal-
careous Alps), and was coeval with subduction along
the Austroalpine—Penninic boundary. Westward re-
treat (rollback) of a part of this subduction boundary
i1s proposed to have caused the extension.Netre-
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