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Abstract The Oberstdorf nappe of the Western and the
Laab nappe of the Eastern Rhenodanubian Flysch (ERF)
were independently identified as out-of-sequence thrust
units by facies studies (Mattern 1999) and zircon analyses
(Trautwein et al. 2001a, b, ¢), respectively. A new look at
both areas reveals mutual similarities and new evidence for
the out-of-sequence concept. Paleocurrent and heavy
mineral data make it possible to reconstruct the sediment
influx directions. From the Barremian to the mid-Campa-
nian, the western and eastern basin segments were fed with
south-derived garnet and north-derived zircon/”’ZTR”’
(i.e., zircon, tourmaline, and rutile). Because both out-of-
sequence units are relatively rich in zircon/ZTR they must
have occupied the northernmost basin position. In the
Western Rhenodanubian Flysch segment, the Sigiswang
nappe occupied the central and the Untschen nappe the
southernmost basin position. In the ERF segment the cen-
tral basin is represented by the Greifenstein nappe and the
southernmost basin by the Kahlenberg nappe. Both out-of-
sequence units do not occur in the northernmost and tec-
tonically lowest position in their respective nappe piles as
they were thrust over the other nappes. The reconstructed
basin positions of the thrust units are suggested by the
observation of a gradient in heavy mineral content in the
thrust units. This paleogeographic arrangement is least
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problematic and renders models with differently positioned
thrust units, requiring debris-shedding intrabasinal ridges,
as unnecessarily complicated. Instead, we suggest that
gradual changes in heavy mineral composition existed in
across-basin direction. Garnet may stem from the Central
Gneiss Complex of the Tauern window and formerly ex-
posed lateral equivalents, all representing the southern
Mid-Penninic zone. We assign the Falknis/Tasna nappe
and formerly exposed lateral equivalents to the northern
Mid-Penninic zone which served as the zircon/ZTR source.
Interpreting Ebbing’s (Ph.D. thesis, Freie Universitit
Berlin, pp 1-143, 2002; Fig. 6.10) density section, we
suggest that Mid-Penninic crust exists beneath the Central
Gneiss Complex. During the latest Cretaceous much garnet
was also N-derived. This may reflect processes related to
the consumption of the North Penninic basin.

Keywords Eastern Alps - Rhenodanubian Flysch Zone -
Out-of-sequence thrusts - Heavy minerals - Paleocurrents

Introduction

Mattern (1997, 1999) and Trautwein et al. (2001b) inde-
pendently concluded that the Western and Eastern Rhe-
nodanubian Flysch (WRF/ERF, Fig. 1), respectively,
contain out-of-sequence thrusts. We outline similarities
between both areas as related to the out-of-sequence
structure. Moreover, we reevaluate heavy mineral and pa-
leocurrent data for possible support of the out-of-sequence
concept. In line with that, we reconstruct sediment/heavy
mineral influx directions to deduce the nappes’ relative
basin positions. We also address the issue of whether
gradual intrabasinal changes in heavy mineral composition
existed in across-basin direction.
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Mattern 1997; Trautwein et al.
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The WRF contains Cretaceous, the ERF Cretaceous—
Eocene strata (Figs. 2, 3). The thickness of individual
thrust nappes measures 1-3 km. The flysch was overthrust
mainly by Austroalpine nappes during the Eocene (Trau-
twein et al. 2001b). The Helvetic thrust units and the
Molasse foreland basin were overthrust by the flysch until
the Early Miocene (Decker et al. 1993).

South Alpine paleogeographic units are dominated by
garnet (Woletz 1980; Wildi 1985), northern ones by zircon/
»’ZTR association’’ (i.e., zircon, tourmaline, and rutile;
Woletz 1980; Wildi 1985). The latter include (1) Helvetic
units of Europe’s former passive margin, (2) Niesen nappe,
Feuerstitt mélange, Prittigau, and Vaduz flyschs of the
adjacent North Penninic ocean basin, and (3) Falknis/Tasna
nappe from the continental Mid-Penninic region south of
the ocean basin (Gasser 1967; Woletz 1980; Wildi 1985).
South of the Mid-Penninic realm, the South Penninic ocean
basin was located represented by the Arosa mélange, with
the Cenomanian Verspala Flysch, bearing high amounts of
chrome spinel (Burger 1978; Woletz 1980; Wildi 1985;
Winkler 1988; Faupl and Wagreich 1992). Further south
was the continental Austroalpine/Adriatic region.

The main ZTR mineral source is the granitic European
basement including the Alps’ external massifs (Wildi 1985).
The main garnet sources include South Alpine/Adriatic

basement units as well as the Central Gneiss Complex of the
Tauern area (Wildi 1985; see also Oberhauser 1964, 1968;
Frisch 1976). Wildi (1985, p. 91) also reflected on the
possibility of Mid-Penninic garnet sources.

In contrast to, e.g., Schmid et al. (2004), some authors
favor the idea that the Mid-Penninic region extends far into
the Eastern Alps (e.g., Clar 1965; Tollmann 1965, 1978,
1990; Faupl 1978; Frisch 1978; Frisch et al. 1987; Obe-
rhauser 1995; Faupl and Wagreich 1992, 2000; Mattern
1999) which is significant concerning the presence of a
possible southern garnet source. Oberhauser (1995) had
shown the paleogeographic relationships between the
Eastern Alps, including the Mid-Penninic Rhenodanubian
Flysch, and the West Carpathian Mountains.

Concerning European sources from the north, Wildi
(1985) considered the Bohemian Massif (Fig. 1) as a
possible garnet source. It was uplifted during the Late
Cretaceous (e.g., Wildi 1985; Ziegler 1987, Peterek et al.
1997) shedding increasing amounts of garnet to adjoining
areas (Fuchs et al. 1985). According to Fuchs et al. (1985),
the change from zircon to garnet dominance occurred at
the Santonian—Campanian transition in pre-Molasse fore-
land basin deposits.

Although the flysch’s paleogeographic origin is com-
monly believed to be North or South Penninic, Oberhauser

Fig. 2 Stratigraphy of the N — RELATIVE BASIN POSITION OF NAPPES — S
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Fig. 3 Stratigraphy of the ERF, N —— RELATIVE BASIN POSITION OF NAPPES —— S
mainly drawn after Trautwein
KAHLENBERG NAPPE
et al. (2001b) on the basis of LAAB NAPPE GREIFENSTEIN NAPPE & ST. VEIT KLIPPEN
Prey (1980), Plochinger and PRIABONIAN
Prey (1974), Egger (1995), and w BARTONIAN
AGSBACH
Faupl (199'6). Agsbach Meml?er, B UTETIAN MEMBER
Greifenstein Fm. and Anthering Q
Fm. according to Egger (1995) YPRESIAN [LAAB ™o = el ANTHERING FM.  GREIFENSTEIN FM.
and H. Egger (personal .| THANETIAN EM.
communication). Other T DANBN | |RALE, “QUARTZITE ALTLENGBACH FORMATION | SIEVERING FORMATION
information according to MAASTRICHTIAN | SHALE, “QUARTZITE” 7
Tollmann (1985) and Wessely
(2006) CAMPANIAN KAUMBERG PERNECK FM. KAHLENBERG FM.
SANTONIAN FORMATION ZEMENTMERGELSERIE
TURONIAN SEISENBURG FORMATION
CENOMANIAN REISELSBERG FORMATION
PICRITES
ALBIAN GAULT-FLYSCH
APTIAN NEOKOM FLYSCH
BARREMIAN
HAUTERIVIAN

(1995) and Mattern (1997, 1999) deduced a Mid-Penninic
position. It is not intended to elaborate on the flysch basin’s
Mid-Penninic position and, thus, duplicate existing litera-
ture but rather to further establish the out-of-sequence
concept by showing relevant similarities of both flysch
areas.

Thrust structure

The structure of the WRF has been documented in 54
cross-sections (Mattern 2004) that are used in the following
description. The WRF consists of the Oberstdorf nappe,
Sigiswang nappe, and Untschen nappe. The latter is
restricted to the westernmost area (Fig. 1). The out-of-
sequence Oberstdorf nappe, as the structurally highest and
southernmost flysch nappe, was thrust over the other two
nappes (Figs. 1, 4, 5). This thrust is marked by fault-bound
slices of units that are tectonically lower than the flysch and
by slices of the flysch itself.

The base of the Sigiswang nappe tends to display a
hanging-wall ramp geometry with relatively young basal,
frontal rocks and relatively old rocks at the trailing edge
(Fig. 6). The basal, frontal rocks of the Untschen nappe
(Ofterschwang Fm.) and Oberstdorf nappe (Tristel Fm.or
Gault-Flysch) are the oldest ones known in these nappes

Fig. 4 Cross-section showing Nw
the Untschen nappe overthrust
by the Oberstdorf nappe. Note
the internal thrusts within the
Oberstdorf nappe. For location
of section, see Fig. 1; drawn
after Zacher (1972)
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(Figs. 4, 5). For the Oberstdorf nappe this can be attributed
to a hanging-wall flat geometry (Figs. 4, 5). The structure
of the Oberstdorf nappe differs from that of the other two
nappes by more intense deformation with common internal
thrusts (Figs. 4, 5).

The ERF consists of the Kahlenberg, Laab, and Grei-
fenstein nappes. Only the latter extends along the entire
ERF (Fig. 1). It displays internal thrusts in the Vienna and
Salzburg areas (Fig. 7; Schnabel 1992a; Egger 1989).
Approximately 40 km west of the center of Vienna, the
structure is simple with the Laab nappe thrust over
the Greifenstein nappe (Fig. 7a). Close to the location of
the structural cross-section depicted in Fig. 7a, well St.
Corona 1 is located (Fig. 1) which penetrated a thin slice of
the Kahlenberg nappe between the Laab and Greifenstein
nappes (Wessely 2006). Northwest of Vienna the structure
is more complex. There, the Greifenstein nappe represents
the frontal, northernmost nappe occupying the tectonically
lowest position. At the surface, a part of the Kahlenberg
nappe rests on top of the Greifenstein nappe (Fig. 7b). In
the subsurface, the Laab nappe also has overridden the
Greifenstein nappe (Fig. 7b). The Kahlenberg nappe, rep-
resenting the tectonically highest nappe, also occurs on top
of the Laab nappe (Fig. 7b; Faupl 1996). A traditional view
implies diverticulation of the Kahlenberg nappe to a degree
that its northern part became isolated from the rest of the
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nappe (Prey 1979). Subsequent shortening and folding may
have given the impression in some sections that the Laab
nappe generally rests on the Kahlenberg nappe (Faupl
1996). A different view attributes the present structure to
out-of-sequence thrusting, implying emplacement of the
Kahlenberg nappe on the Laab and Greifenstein nappes
before the out-of-sequence thrust at the base of the Laab
nappe emplaced the Laab nappe on both the Greifenstein
nappe and the northern part of the Kahlenberg nappe.

Heavy mineral and facies gradients: analysis of relative
paleogeographic positions of nappes
Western Rhenodanubian Flysch Zone
The Tristel Fm. and Gault-Flysch (Fig. 2) occur in the
Oberstdorf, Sigiswang, and Falknis/Tasna nappes. The

Tristel Fm. contains submarine fans; a major fan existed in
the Tasna nappe (Schwizer 1984). The Gault-Flysch of the

@ Springer
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Falknis/Tasna nappe also contains a submarine fan which
supplied the basin plain of the WRF with sediment (Hesse
1973). High zircon contents characterize both formations.
For new data on the Lower Cretaceous rocks see Wort-
mann (1996) and Wortmann et al. (2004).

Schwizer (1984, quoting Woletz), who investigated the
Tristel Fm. mainly in the Falknis/Tasna nappe and the
WREF, reported the dominance of zircon, presence of rutile
and tourmaline, and absence of chrome spinel and garnet in
the western part of his study area. Farther east, Hesse
(1966) observed the dominance of zircon over garnet
(Fig. 8).

Zircon dominates the Gault-Flysch south of Munich and
in the Falknis/Tasna nappe (Fig. 9; Woletz 1967, 1980;
Faupl and Wagreich 1992). A comparison of spectra from
both areas is problematic since the authors did not reveal
the actual percentage figures. However, garnet is less
common in the Falknis/Tasna nappe than south of Munich
(Fig. 9), reflecting a gradual compositional change in
across-basin direction and indicating that the Falknis/Tasna
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Fig. 8 Heavy mineral
distribution and main
paleocurrent direction in the
Tristel Fm. Toward the east, the
garnet content increases where
paleocurrent information is
lacking
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GAULT-FLYSCH

100km

MUNICH

Hesse (1965, 1973)

FALKNIS NAPPE
(INCL. SULZFLUH
NAPPE)

(Von Rad 1972)

(Hesse 1966)

210% zircon 210% tourmaline <10% rutile
<10% garnet <10% apatite (decreasing order)

(Faupl and Wagreich 1992)

nappe occupied a basin position north of the WRF belt,
considering Wildi’s (1985) finding that garnet stems from
southern Alpine units. The garnet content of the Gault-
Flysch in the westernmost parts (Oberstdorf and Tasna
nappes) is very low and, thus, similar to the distribution
pattern observed in the Tristel Fm. (Figs. 8, 9).

During the early Cretaceous, the Rhenodanubian Flysch
was supplied with sediment from the Falknis/Tasna area
(Hesse 1973; Schwizer 1984). Although Hesse (1973;
Fig. 13) depicted a sediment influx from the south, he also
considered a possible sediment influx from the northwest
(Hesse 1973, p. 11). Schwizer (1984, p. 76) mentioned the
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orientations of paleoflow indicators of the Falknis/Tasna
area but did not mention the polarity of the currents. Early
Cretaceous paleocurrents in the Rhenodanubian Flysch are
mainly ESE-directed, intersecting with the flysch zone’s
trend from the north (Figs. 8, 9). Thus, these data indicate a
northern sediment influx for the Tristel Fm. and Gault-
Flysch which is compatible with Wildi’s (1985) concept of
northern ZTR sources.

With the Ofterschwang Fm. (Fig. 2), a new source was
activated in addition to the zircon-rich source. Samples
exhibit a dominance of zircon over garnet or vice versa
(Von Rad 1972). The new source became pre-dominant
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during deposition of the Reiselsberg Fm. (Figs. 2, 10). A
high garnet content also occurs in this formation of the
Untschen nappe (Woletz 1967) from where also small
amounts of chrome spinel are known (Oberhauser 1995).
Southwest of Munich, the Reiselsberg Fm. of the Oberst-
dorf nappe contains more zircon, tourmaline, and rutile and
less garnet than the neighboring parts of the Sigiswang
nappe (Fig. 10; Von Rad 1972, pp. 107-109, 128). This
observation concerns the Allgdu fan (Fig. 11). Farther east,
in the Oberstdorf nappe, the garnet content in the Isar fan is
higher than in the Allgdu fan (Figs. 10, 11). There, the
Oberstdorf nappe includes a southern basin segment with
inner fan facies (Fig. 11; Mattern 1998). The Falknis/Tasna
nappe lacks ‘‘Rhenodanubian Flysch formations’’ younger
than the Gault-Flysch.

The Reiselsberg Fm. contains sand-rich, submarine fans,
two of them exposing the inner fans in a lateral distance of
65 km (Fig. 11). This is significant since the inner fan al-
ways occurs adjacent to the basin slope (Normark 1970).
Thus, it is established that the flysch was tectonically re-
moved from the basin parallel to its Cenomanian—Turonian
basin slope contiguous to the fans—a prerequisite for the
interpretation of paleocurrents and lateral sediment influx
directions in the WRF. Since the WNW-directed paleo-
currents (Hesse 1965; Von Rad 1972; Mattern 1999)
intersect with the general trend of the WRF, a southern
sediment influx across the inner fans can be confidently
deduced. It also validates the deduced northern zircon in-
flux during the Early Cretaceous.

The higher ZTR and lower garnet contents in the Rei-
selsberg Fm. of the Oberstdorf nappe compared to that of
the Sigiswang nappe (above) is explained by a gradual

Fig. 10 Heavy mineral REISELSBERG FORMATION

distribution and main
paleocurrent direction in the
Reiselsberg Fm. Note that the
samples of Von Rad (1972)
reveal for the
paleogeographically northern
Oberstdorf nappe less garnet
than in the neighboring
Sigiswang nappe which
occupied a position south of the
Oberstdorf nappe

Sigiswang unit
Oberstdorf uni

Aligéu fan
(Von Rad 1972)

100km
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compositional change in across-basin direction due to the
influence of the depositional system of the northern basin
slope and sediment-mixing affecting the sediments of the
Oberstdorf nappe. Thus, the Oberstdorf nappe must have
occupied a basin position north of the Sigiswang nappe all
the more so since the Reiselsberg Fm. of the former is
thinner than in the latter (being the thickest in the Untschen
nappe; Mattern 1998).

The change in paleocurrent direction from ESE-directed
(Tristel Fm. and Gault-Flysch) to WNW-directed (Rei-
selsberg Fm.) coincides with the deposition of the Oft-
erschwang Fm. (Fig. 2) which displays zircon- and garnet-
dominated samples and a great scatter of paleocurrent
directions (Von Rad 1972).

The Piesenkopf Fm. (Fig. 2) is interpreted as a basin
slope deposit (Mattern 1998). The high garnet content of
this formation (garnet >ZTR despite its fine-grained char-
acter; Richter 1937; Von Rad 1972) and its greatest for-
mation and bed thickness in the Untschen nappe shows that
it was supplied with sediment from the depositional system
of the southern basin slope. The above analysis of forma-
tions establishes that garnet derived from the south and
zircon/ZTR from the north. It is the key for interpreting the
remaining Cretaceous formations, allowing for less de-
tailed explanations.

During deposition of the Zementmergelserie of the
Oberstdorf nappe and the facies equivalent and partly time
equivalent Kalkgraben Fm. of the Sigiswang nappe (Fig. 2),
a second major change in the depositional pattern occurred.
Both formations represent basin plain deposits (Hesse 1995)
and contain significantly more ZTR material and less garnet
than the Reiselsberg Fm. (Fig. 12). Since the paleocurrents
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Fig. 11 Reconstruction of the submarine fan system of the Reisels-
berg Fm. and basin positions of the WRF’s nappes (bold lines);
modified after Mattern (1998, 1999). Note the inner fan facies in the
Halblech and Isar fans. Also note that the Oberstdorf nappe contains
the most distal and, thus, thinnest fan deposits while the main
sediment influx was from the south. Reconstruction is based on 87
measured sections (Mattern 1999) and considers (1) paleocurrents, (2)
southern garnet-rich sediment influx centers, (3) relatively high ZTR

of both formations are similar to those of the Gault-Flysch
and since there is more ZTR material and less garnet in the
Zementmergelserie (Fig. 12), a northern sediment influx to
and basin position of the Oberstdorf nappe is concluded. The
heavy mineral spectra of both formations show again the
presence of gradual across-basin compositional changes.

The Hallritzer and Bleicherhorn fms. of the Sigiswang
nappe (Fig. 2) are dominated by garnet (Hesse 1972; Von
Rad 1972). The depositional systems of both formations
have not yet been identified. Only 17 paleocurrent direc-
tions are known from the Héllritzer Fm., 11 of which
intersect with the trend of the flysch belt from the north,
four from the south, the remainder being parallel (Hesse
1965). From the Bleicherhorn Fm. the only paleocurrent
direction (Hesse 1965) indicates SW-directed transport.
The limited data tentatively suggest that the paleogeogra-
phy had changed during the latest Cretaceous. Since the
Zementmergelserie is ZTR-dominated and the Hillritzer
and Bleicherhorn fms. garnet-dominated and all were
mainly fed with sediment from the north, it is concluded
that garnet was now being shed from the north along with
ZTR material.

Since the Oberstdorf nappe occupied the northernmost
basin position (Fig. 11, note caption) but represents the
tectonically highest flysch element (Figs. 4, 5), it is an out-
of-sequence thrust unit.

Eastern Rhenodanubian Flysch Zone
The trend of eastward increasing garnet content in the

Tristel Fm. is continuous into the ERF. Garnet may even
dominate the spectrum (Fig. 8; Niedermayr in Janoschek

and relatively low garnet content of the formation in the Oberstdorf
nappe in comparison to that of the Sigiswang nappe, (4) lateral
thickness, grain size, and facies variations as observed in the different
nappes, (5) distribution of (southern) basin slope deposits, (6) bed
correlations between thrust units, and (7) the distribution of the
Untere and Obere Bunte Mergel, Zementmergelserie, Piesenkopf, and
Kalkgraben fms. as discussed in Mattern (1998, 1999). All data
dictate to assign the Oberstdorf nappe to the northern basin position

1964). For this eastern segment, however, paleocurrent
information is lacking (Fig. 8).

The Gault-Flysch (Fig. 3) is zircon-dominated (Fig. 9).
Faupl and Wagreich (1992) found less garnet in the Gault-
Flysch of the Falknis/Tasna nappe than in the Greifen-
stein nappe which agrees with the idea that the Falknis/
Tasna nappe represents a northern influx center for the
Rhenodanubian Gault-Flysch (above). The spectra of the
Gault-Flysch reflect a gradual distribution trend across
the basin.

The Reiselsberg Fm. (Fig. 3) is garnet-dominated with
different spectra in the Greifenstein and Kahlenberg nappes
(Fig. 10). They may be similar to the gradual across-basin
changes as observed in the nappes of the WRF (above).
However, the relevant data by Faupl and Wagreich (1992)
lack the actual percentage figures (Fig. 3). The Reiselsberg
Fm. of the Kahlenberg nappe contains small amounts of
chrome spinel (Faupl and Wagreich 1992).

The three Turonian to Campanian formations (Fig. 3),
representing basin plain deposits (Faupl 1976, 1996), dis-
play gradual compositional changes across the basin
(Woletz 1954 and below). The Kaumberg Fm. of the Laab
nappe contains the most zircon and least garnet (Fig. 12).
The relative difference in zircon and garnet content is less
pronounced in the Zementmergelserie of the Greifenstein
nappe. In the Kahlenberg Fm. of the Kahlenberg nappe
garnet even outweighs zircon (Fig. 12). In the Kaumberg
Fm. garnet may be absent (Woletz 1962) and chrome
spinel may be present (Faupl and Wagreich 1992; Faupl
1996).

The mainly SE-directed paleocurrents in the Kaumberg
Fm. and E-directed paleocurrents in the Zementmergelserie
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ZEMENTMERGELSERIE
KALKGRABEN FORMATION
KAUMBERG FORMATION
KAHLENBERG FORMATION

Fig. 12 Heavy mineral
distribution and main
paleocurrent direction in the
Zementmergelserie, Kaumberg,
Kalkgraben, and Kahlenberg
fms. The samples by Freimoser
(1972) and Woletz (1950) show
that fine-grained sediment tends
to contain more zircon/ZTR
material and less garnet than
coarse-grained deposits. For
legend, see Fig. 8
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(Fig. 12) reveal a northern influx. In the garnet-rich Kah-
lenberg Fm., whose lithofacies is similar to that of the
Zementmergelserie, paleocurrents intersect with the trend
of the flysch belt in such a way that a southern source can
be assessed (Fig. 12). The data suggest a northern position
of the Laab nappe, a central position of the Greifenstein
nappe, and a southern position of the Kahlenberg nappe in
a basin with gradual compositional changes in across-basin
direction.

In the Altlengbach Fm. and laterally equivalent Siever-
ing Fm. (Fig. 3) of the respective Greifenstein and Kah-
lenberg nappes, garnet is the most common heavy mineral
(Fig. 13). Garnet is seemingly more common in the Alt-
lengbach Fm. than the Sievering Fm. which is contrary to
the trend so far deduced for the Greifenstein and Kahlen-
berg nappes. A further look at the data reveals that within
the Altlengbach Fm. a significant change in heavy mineral
spectra exists (Woletz 1962; Schnabel 1992b; Faupl 1996);
the older parts are garnet-dominated and characterized by
W-directed paleocurrents (Schnabel 1992b; Egger et al.
2002) intersecting with the strike of the flysch belt from the
south. Egger et al. (2002) also found Maastrichtian paleo-
flow directions from the north. Postmid-Danian beds are
ZTR-dominated which were transported from the west and
northwest (Schnabel 1992b) intersecting with the flysch
zone’s overall trend from the north.

The submarine fan-bearing (Faupl 1980) Sievering Fm.
displays paleocurrents that are either parallel to or inter-
sect with the trend of the flysch zone from the south
(Faupl 1996, Fig. 2). In a local study of Maastrichtian
sediments of the Sievering Fm., Faupl et al. (1970, Fig. 4)
documented S-directed paleocurrents associated with

@ Springer
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Fig. 13 Heavy mineral contents of the Sievering and Altlengbach
fms

garnet-rich turbidites and WSW-, W-, and NW-directed
paleocurrents intersecting with the general strike of the
flysch zone from the south associated with the ZTR-
dominated beds but also NW-directed currents with garnet
predominance.
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During the latest Cretaceous the paleogeography had
changed because garnet was now being shed from the north
and south to the Altlengbach and Sievering fms. It is
intriguing that a similar interpretation applies to the latest
Cretaceous rocks of the WRF (above). The significance of
ZTR transport toward ‘‘western directions’” in the Sie-
vering Fm. is unclear, but local channel/fan channel
meanders are a possible explanation (note that in the
younger Altlengbach Fm. ZTR-dominated beds were
transported from the west and northwest, thus, following
the previous pattern).

Flute casts from the Anthering Fm. (Fig. 3), near Salz-
burg, indicate transport parallel to the northeast—southwest
direction (Egger et al. 1997). The local heavy mineral
content is characterized by ZTR dominance over garnet
(31% tourmaline, 17% zircon vs. 17% garnet; 25% apatite;
Egger et al. 1997).

In the Greifenstein Fm. (Fig. 3), channel fills are present
(Faupl 1976). Egger (1992) interpreted this formation as a
submarine fan deposit fed with sediment from the north.
This is in agreement with zircon-dominated spectra
(Fig. 14) and SE-directed paleocurrents (Hosch 1985,
quoted in Faupl 1996). The Laab Fm. is divided into the
Hois and Agsbach members (Fig. 3). The Hois Member
contains lobe deposits and channel fills (Faupl 1996). Pa-
leocurrents are SE-directed (Ringhofer 1976, quoted in
Schnabel 1992b). The Agsbach Member is a basin plain
deposit with NW- to W-directed paleocurrents (Ringhofer
1976, quoted in Faupl 1996). The heavy mineral contents
of the Greifenstein and Laab fms. are hardly distinguish-
able (Fig. 14), showing that the basin was mainly fed by
zircon-rich/ZTR-rich sediment during the Eocene. Evi-
dently, the paleogeography had changed from the Creta-
ceous to the Eocene. Garnet had lost its importance.

Trautwein et al. (2001a, c) presented evidence related to
zircon fission-track geochronology and zircon morphology
for out-of-sequence thrusting in the ERF. They obtained
pre-Variscan, Variscan, and Permo-Triassic fission-track
ages and observed morphological characteristics in sedi-
ments of the Laab nappe linking the zircons to sources in
stable Europe. The Greifenstein nappe was supplied from
the evolving Eastern Alps indicated by Permian to Jurassic
FT cooling ages recording increased heat fluxes during
Pangea’s break-up and by Cretaceous FT cooling ages
reflecting eo-Alpine metamorphism (Trautwein et al.
2001a). Moreover, the zircon morphology differs from that
of the Laab nappe (Trautwein et al. 2001c). Based on their
findings, Trautwein et al. (2001a, b) positioned the Laab
nappe paleogeographically north of the Greifenstein nappe
and assigned the southernmost basin position to the Kah-
lenberg nappe. According to Trautwein et al. (2001a), a
sediment transfer from the basin realm of the Laab nappe to
that of the Greifenstein nappe was possible, but not vice

GREIFENSTEIN FORMATION

Zircon
Tourmaline
Rutile
Garnet
Other heavy
minerals
(Woletz 1963: (Faupl 1996)
averages of
2 spectra)
LAAB FORMATION
HOIS AGSBACH
MEMBER MEMBER

XXX

(Faupl 1996)

(Woletz 1963:
averages of
2 spectra)

(Faupl 1996)

Fig. 14 Heavy mineral contents of the Greifenstein and Laab fms

versa, suggesting that sediments of the Laab nappe were
deposited in shallower water than those of the Greifenstein
nappe.

Out-of-sequence thrust units and thrust processes

Since the Oberstdorf and Laab nappes represent the
northern basin realm but occupy the tectonically highest
and southernmost positions (Figs. 1, 4, 5, 7), they were
identified as out-of-sequence units by Mattern (1997, 1999)
and Trautwein (2001b), respectively. The out-of-sequence
position of the Laab nappe had already been envisaged by
Fuchs (1985) and Oberhauser (1995).

Trautwein et al. (2001b) explained the out-of-sequence
structure in the Vienna area by thrusting of Austroalpine
nappes over the flysch belt. During the Eocene, the Kah-
lenberg nappe was overthrust first by the Austroalpine
nappes (Fig. 15a). Later, but still during the Eocene, the
Greifenstein, and Kahlenberg nappes were thrust over the
Laab nappe which came to rest beneath the Kahlenberg
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nappe. During the Late Oligocene/Early Miocene, the Laab
nappe overrode the Greifenstein nappe, carrying the Kah-
lenberg nappe piggyback (Fig. 15a). Figure 15b explains
the structure of Fig. 7b.

In the WRF, Austroalpine nappes first overrode the Si-
giswang nappe. Then both overthrust the Oberstdorf nappe
which came to lie beneath the Austroalpine nappes
(Fig. 16). Later, the Oberstdorf nappe was thrust over the
Sigiswang nappe (Fig. 16).

Discussion of method

The northern parts of the Eastern Alps were deformed by a
conjugate set of northwest-trending dextral and northeast-
trending sinistral strike-slip faults (e.g., Kockel et al. 1931).
In addition, ENE-trending sinistral faults are regionally
important in having aided the eastward tectonic extrusion
of the Eastern Alps (e.g., Ratschbacher et al. 1991).

To this date there is incomplete understanding of pos-
sible vertical axis block rotations along strike-slip fault
systems of the study area. Such rotations could have af-
fected the orientation of paleocurrent indicators. The only
regional study of this aspect in the Rhenodanubian Flysch
by Egger et al. (2002; Fig. 2) revealed minor counter-
clockwise rotations between 5° and 7° between Salzburg
and Steyr, where left-lateral faults of different trend dom-
inate. ENE-trending faults which parallel the large Ennstal
lateral escape fault are particularly important in this region
(for overview see Tollmann 1977; Ratschbacher et al.
1991; Egger et al. 2002).

Rotations of the order of 5°-7° have no impact on the
validity of our conclusions. In the WRF and between Steyr

Fig. 15 Tectonic evolution of A
the ERF belt of the Vienna area
resulting in out-of-sequence
thrusting; a drawn after
Trautwein et al. (2001b);

b model to explain the complex
structure of Fig. 7b

g

g R

and the Vienna region, the strike-slip systems are largely
characterized by the presence of the conjugate set of
northwest and northeast-trending faults, fewer fault orien-
tations, and a lesser density of faults than in the area be-
tween Salzburg and Steyr (e.g., Tollmann 1977;
Ratschbacher et al. 1991). We, therefore, expect lesser
strike-slip intensity and, thus, lesser block rotations in these
areas. Moreover, we consider that in areas that are domi-
nated by dextral faults (e.g., Ammer Valley, Kockel et al.
1931), possible counterclockwise rotations of paleoflow
indicators may be statistically compensated by possible
clockwise rotations.

It is generally known that garnet in coarse samples, and
zircon in fine samples, is enriched. This also holds true for
the Rhenodanubian Flysch (Fig. 12; Woletz 1950; Freim-
oser 1972; Von Rad 1972). Our study uses data from
various scientists who unlikely would have used samples of
the same grain size. However, we trust our conclusions
(below) because they are not solely based on the evaluation
of heavy mineral data. We tied the heavy mineral data to
paleocurrent information and obtained analogous results
for both, WRF and ERF.

Conclusions

The evidence from the Western and ERF is striking,
mutually supportive and validates the out-of-sequence
concept. The Cretaceous influx pattern ‘‘garnet from the
south, zircon/ZTR from the north’’ is regularly observed in
both areas. Both out-of-sequence nappes are rich in zircon/
ZTR, whereas the other nappes are rich in garnet. Thus,
both out-of-sequence nappes represent the northern basin
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Fig. 16 Tectonic evolution of the WRF of Upper Bavaria resulting in
out-of-sequence thrusting

realm. Their positions in the nappe pile, however, are not
the northernmost and lowest ones. Both were thrust onto
flysch nappes of a more southern origin: the Oberstdorf
nappe onto the Untschen and Sigiswang nappes; the Laab
nappe onto the Greifenstein and Kahlenberg nappes.

Garnet may stem from the Central Gneiss Complex of
the Tauern window (Introduction) and formerly exposed
lateral equivalents, all representing the southern Mid-
Penninic zone. We assign the Falknis/Tasna nappe and
formerly exposed lateral equivalents to the northern Mid-
Penninic zone which served as the zircon/ZTR source.
Concerning a subdivided Mid-Penninic area it is of interest
that Steinmann’s (1994) model includes two continental
blocks between the South Penninic and Helvetic realms.
We assume that the northern Mid-Penninic source area was
partly overthrust by the Central Gneiss Complex. Ebbing’s
(2002; Fig. 6.10) density section identifies the Central
Gneiss Complex, the European and Adriatic plates. A
block beneath the Central Gneiss Complex, however, was
left unidentified (*“?”’ in his Fig. 6.10) due to its peculiar
density. Its contact to the European plate is marked by
seismic reflectors; its contact to the Adriatic plate is closely
paralleled by seismic reflectors (Ebbing’s 2002, Fig. 6.10).
We suggest that this block is Mid-Penninic and includes
parts of the northern Mid-Penninic crust.

During the latest Cretaceous the influx pattern changed
in both flysch sectors. Besides zircon/ZTR, garnet was now
also being shed from the north. This is tentatively attributed
to the presence of an accretionary wedge at the northern
margin of the Mid-Penninic realm (Stampfli and Marchant
1997; Fig. 17-9). The wedge formed due to S-directed
consumption of the North Penninic basin (Stampfli and
Marchant 1997; Fig. 17-9) and contained garnet from the
Bohemian Massif (see Faupl 1975; Fuchs et al. 1985) which
was uplifted during the Late Cretaceous (Introduction).

Paleogeographic models interpreting the Rhenodanubi-
an basin as either North or South Penninic are not viable
because of contrasting heavy mineral characteristics
(Introduction). We consider a Mid-Penninic basin position
as best-suited. The observed gradual compositional
changes in across-basin direction and the deduced basin
positions of the thrust nappes render basin models with
debris-shedding intrabasinal structural high(s) as unneces-
sarily complicated. For the Lower Cretaceous, these
changes also existed between the northerly located Falknis/
Tasna nappe and the flysch basin.
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