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The tectono-metamorphic evolution of the Cretaceous
northern Adriatic margin as recorded by sedimentary
series (western part of the Eastern Alps)

WILFRIED WINKLER
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ABSTRACT

Cretaceous convergence between the Penninic oceanic and Adriatic continental plates is recorded by coeval
terrigeneous clastic sediments preserved in melange zones and Austroalpine units. This paper firstly reviews the
possible provenance of the detrital grains. Their composition and spatial distribution gives evidence for the
presence of two main source areas. One was situated along the northern Adriatic margin (interpreted as the
North-Adriatic obduction belt), the other along the southern margin of the Austroalpine domain, the Vardar
suture zone (Tethyan suture zone of other authors). Both sources included mixed continental and oceanic rock
associations. In addition, the North-Adriatic obduction belt supplied blueschist metamorphic mineral grains.
The corresponding metamorphic event is tentatively correlated with the Early Cretaceous convergence along
the Penninic-Austroalpine margin. The lack of convergence-related calc-alkaline volcanism and ordered accre-
tionary prism formation suggests that south dipping Penninic oceanic subduction under the Adriatic margin did
not drive blueschist metamorphism and ophiolite uplift. Instead, early convergence is paralleled by extension
and alkaline volcanic activity from sub-continental mantle source within the Adriatic plate. The combination of
geodynamic and sedimentary arguments suggests an Oman-type dip-slip regime for the formation of the North-
Adriatic obduction belt. In front of this belt, on the Adriatic (Austroalpine) leeway, a foreland basin was gener-
ated receiving increasingly oceanic, continental and blueschist metamorphic detritus from this source. This
northern source vanished during Late Coniacian to Santonian. From the Santonian-Campanian on the Vardar
suture zone became a dominant source of sediment particles.

ZUSAMMENFASSUNG

Die kretazische Konvergenz zwischen der penninischen Ozeanplatte und der adriatischen (austroalpinen) Kon-
tinentalplatte wird in gleichaltrigen, terrigenklastischen Sedimentserien abgebildet. Die Sedimente sind in Me-
langezonen und als kohidrente Serien in den ostalpinen Decken erhalten. Der vorliegende Artikel gibt zuerst
eine Ubersicht iiber die vermutliche Herkunft des klastischen Detritus. Die Art und die raumliche Verteilung
des Materials bestitigt die Anwesenheit von zwei Hauptquellen. Ein Liefergebiet lag am nérdlichen Rand der
Adria-Platte, das im folgenden als kretazischer Obduktionsgiirtel interpretiert wird (Nord-adriatischer
Obduktionsgiirtel). Das andere befand sich am siidlichen Rand der Adria-Platte und wird mit der Vardar-Su-
turzone korreliert (Tethys-Suturzone anderer Autoren). Von beiden Liefergebieten wurde gemischter, konti-
nentaler und ozeanischer Schutt in die Becken geschiittet. Der Nord-adriatische Obduktionsgiirtel lieferte auch
Detritus von Blauschiefer-Gesteinen. Es wird angenommen, dass diese Blauschiefer-Metamorphose ein alpines
kretazisches Ereignis ist. Im Anschluss wird ein geodynamisches Modell fiir die Bildung des Nord-adriatischen
Obduktionsgiirtels entwickelt. Die Abwesenheit von kretazischem calc-alkalischem Vulkanismus und das Feh-
len von geordneten Akkretionsprismen deutet darauf hin, dass die Blauschiefermetamorphose und die Hebung
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von ozeanischen Serien nicht durch kontinuierliche, siiddgerichtete Subduktion der penninischen Ozeanplatte
unter den adriatischen Kontinent verursacht wurde. Im Gegenteil, die frilhe Konvergenz wird von Extension
und alkalischem Vulkanismus von einer sub-kontinentalen Mantelquelle in der adriatischen Platte begleitet.
Die Kombination der geodynamischen und sedimentologischen Argumente weist darauf hin, dass ein mit dem
spitkretazischen Oman-Rand vergleichbares dip-slip-Regime die Obduktion von penninischer Ozeankruste auf
den adriatischen Kontinentalrand bewirkt hat. Entlang der Stirn dieses Obduktionsgiirtels bildete sich auf der
adriatischen Platte ein Vorland-Becken aus, das ab der spiten Unterkreide zunehmend mit ozeanischem, konti-
nentalem und blauschiefer-metamorphem Detritus beliefert wurde. Der Sedimenteintrag von dieser nordlichen
Quelle versiegte wihrend des spiten Coniacien und Santonien. Ab dem Santonien und Campanien wurde die
Vardar Suturzone die dominierende Sedimentquelle im austroalpinen Bereich.

Introduction

After Jurassic to Early Cretaceous extension und ocean formation the Penninic-Adriatic
margin turned to convergence during late Early Cretaceous (e.g. Weissert & Bernoulli
1985, Winkler & Bernoulli 1986, Winkler 1988). Convergence-related sediments consist
of turbiditic deep-water deposits (also referred to as flysch deposits), shallow marine and
continental formations. The detrital composition of the clastic series indicates the conver-
gence-related emergence of variably composed ophiolitic and continental basement
source terrains. The age of sediment formation, composition and mode of formation is
expected to reflect the tectonic processes which have driven both uplift and erosion of
crustal portions and the subsidence leading to basin formation.

Vestiges of the Penninic oceanic domain and of the Lower Austroalpine distal conti-
nental margin series are preserved in the Arosa zone, a complex unit of imbricates and
melange formations (Fig. 1, 2, e.g. Dietrich & Franz 1976; Bernoulli & Weissert 1985;
Liidin 1987; Winkler 1988). Clastic series deposited on the Adriatic (Austroalpine) conti-
nental margin are present as coherent turbiditic deep-water formations in the Allgdu and
Lechtal nappes of the Northern Calcareous Alps (NCA) and in imbricates and melanges
as in the Randzone of the NCA and the Walsertal zone (see Fig. 1, 2, e. g. Gaupp 1980,
Weidich 1984, Winkler 1988). A great wealth of published work provides information on
the stratigraphical range, mode of deposition and detrital composition of the Upper Cre-
taceous Gosau series in the central and eastern NCA (Fig. 3), which is subdivided into a
Lower and an Upper Gosau Group (e.g. Faupl et al. 1987, Wagreich & Faupl 1994). The
Lower Gosau Group comprises essentially continental and shallow marine sequences, the
Upper Gosau Group deep-water turbiditic deposits. The alluvial to deep-water Central
Alpine Gosau series in southeastern Austria (Fig. 3) overlies unconformably Upper Aus-
troalpine nappes of the Graz Palaeozoic and Gurktal nappe system (e.g. Gollner et al.
1987; Wagreich & Faupl 1994).

From structural and tectonic work it has been established that the Penninic and Aus-
troalpine domains experienced important reorganisation related to the change from an
extensional to a compressive tectonic regime sometime during the Early Cretaceous.
Generally, Cretaceous top to the W or NW compressive movements are reported from
Austroalpine units (e.g. Ratschbacher 1986; Fritz 1988; Ring et al. 1988; Froitzheim et al.
1994). Consequently, and assuming an approximately E-W orientation of the Penninic-
Adriatic boundary (Fig. 4), this should also have induced important E-W parallel trans-
current movements (e.g. Ratschbacher 1986).

Compared with the Jurassic rift-related clastic formations, the Cretaceous conver-
gence-related sedimentary formations reveal significant changes in pebble and clastic
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and Inntal nappes (Northern Calcareous Alps)
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Penninic nappes I Northern Calcarcous VU

Rhenodanubian nappe
(Penninic) E Walsertal zone

Helvetic nappes E Arosa zone Austroalpine basement nappes

sedimentary formations of Silvretta nappe

Fig. 2. Simplified geological map of the western part of the Eastern Alps depicting the main tectono-strati-
graphic units. Note the transition of the melange-bearing Walsertal zone to the Randzone (imbricate zone) of
the NCA at Hindelang. The Randzone consists mainly of Lower Cretaceous limestone formations and the
Tannheim-Losenstein-Branderfleck Group. In comparison to the ophiolite-bearing Arosa zone, in the Walser-
tal zone only a few ophiolitic slivers are present. The palinspastic sections in Fig. 5 cross the presented area in
approximatively NW-SE direction.

mineral composition (Liidin 1987; Winkler 1988). These changes include an increase of
the variety of pebble and mineral clasts, and in particular, the appearance of clasts de-
rived from oceanic crust and of suspected convergence-related blueschist metamorphic
terrains (Winkler & Bernoulli 1986; Winkler 1988). Obviously, general (oblique) conver-
gence along the Penninic-Adriatic margin created new areas for erosion. Related volcan-
ic activity is scarce and consists of alkaline basanitic dykes (ehrwaldites) cutting across
Jurassic and Cretaceous sediments (Radiolarite Fm., Aptychus Limestone Fm., Tromms-
dorff 1962) in the Lechtal nappe. Total rock potassium/argon and zircon fission track
measurements point to an intrusion age of ca. 100 Ma (Trommsdorff et al. 1990; Seward



531

Cretaceous northern Adriatic margin evolution

"SID119] [[BWS UIIM PIIEIIPUL 2IB SIIUILINID0 UIRIF [RIGUIW JOUTIA
DU + AUIRWINOY + U0dMIZ = Y 7 ‘dmnsiaey = ¥y ‘doqydwe = gy *sjoqiydwe anjq = 10 “19uled = n ‘ojopidg = 7 ‘ourds uerwoiyd = JHD ‘PIOILONYD = THD
SUONeIAIQQY CA[danenenb pajespul st judjuod [erouiw AAedy Jofew oy) pue Ajddns juowipas Jo 21 Yyl YON AUl Ul SIS AIRJUSWIPAS SNOIDIBIDL) SNO
-LRA 10 (ph61 [dne p yoaides pue 8861 1PUIAN (L861 YurL] 1a1je papidwod) siun 51101991 pateal pue ([ auym) sdpy snoasesfe)) wiayioN ay) jo depy ¢ 81

saduejaw Juureaq-airjorydo pue sanjorydo ===E_E== SUOINEBULIOJ NSO (UeLIA)G [enua))) surd|y [enua)

suoneuuoy neson) roddn pue somoT RN

(aU0Z [EUDS[E AL SY) Ut $90URLIN020 Jtay “[our) “sw yoopepueig-uasussoT-wioyuuel, [T ‘w soperyosaprony ey [ uoneuuog plajssoy =

[e1ouad ur suondanp uodsuen « ‘swiy neson) ueruedure) “J-uetuoIn] ‘() ul sauoispues Juueaq-anunuadies L [ uy 001 ]

L DI N

auidjeonsny
12ddn) pue APPYN \ N\ T il
42 'qu ‘D “19 “THD "WLZ "WHD
‘woy - wy

: k5 .. s Sl - T o
P & 8ngaduane] o !!:!-m
=\ o Lmmwms |] e R e e e e e e e s e e

yougssmy &
NESOD) w3




532 W. Winkler

and Trommsdorff pers. comm. 1995). Notably, the deep-seated sub-continental mantle
source of these volcanics is not compatible with the presence of a subduction zone cross-
ing at that time, or earlier the pathway of the rising magmas (Trommsdorff et al. 1990).
In the Alpine domain, possible subduction induced calc-alkaline magmatism (Adamello
intrusion, dykes in the Ortler nappe) and reworking of volcanic arc material only appears
during the late orogenic stage in the Eocene. The position of that Taveyannaz arc is a
matter of debate (e.g. Waibel 1993), but it is definitively too young to be correlated with
the very early Cretaceous history of convergence. Metamorphic ages interpreted in Aus-
troalpine basement and cover series mostly document Late Cretaceous tectonic events.
Only few data point to Early Cretaceous tectonic activity (see e.g. Winkler & Bernoulli
1986; Winkler 1988).

Shaping of the problem

We are confronted with the enigmatic situation that the Cretaceous Penninic-Adriatic
sediment record implies the generation of new detrital sources. In particular, this applies
to the formation of various oceanic basement- and blueschist-bearing (“exotic™) terrains.
However, the required long lasting subduction for oceanic basement and blueschist meta-
morphic rock uplift is not indicated by coeval volcanic activity and ordered accretionary
prism formation. The application of conventional subduction models with continuous
southward dipping subduction of the Penninic ocean under the Adriatic margin fails, be-
cause of the lack of calc-alkaline volcanism and the early appearance of blueschist detri-
tus during the Albian in the Adriatic margin series (Winkler 1988). Also by taking into
account a delay of several tens of Ma to acquire a sufficiently long Penninic oceanic slab
(ca. 400 km) subducted (to initiate a continental arc volcanism) does not help to solve the
controversy.

Petrographic and palaeotransport data from the convergence-related Cretaceous sed-
iment series in the Eastern Alps suggest the presence of two main sources of the detrital
material. One can be allocated to the hypothetical ridge which formed along the northern
Adriatic (Austroalpine) margin (Rumunischer or Ultrapienidischer Riicken of earlier in-
vestigators, see e.g. Faupl 1978; Winkler 1988). The other source may be correlated with
the presumably earlier closing of the Vardar oceanic domain to the south or southeast of
the Austroalpine domain (also so-called Tethyan suture zone, e.g. Pober & Faupl 1988;
Wagreich & Faupl 1994). Both source areas may have provided oceanic and blueschist
metamorphic mineral grains which are of great interest for geodynamic interpretations.
Evidence from the sediment series will allow the development of a more refined picture.

In order to approach the problem of the location of the blueschist metamorphic and
ophiolitic source areas I shall review a variety of sedimentological, stratigraphical and
petrographical (mainly heavy mineral) data which reliably constrain the derivation of the
clastic material. The resulting arguments will be combined to propose an alternative ob-
duction model for the Cretaceous evolution of the northern Adriatic margin. They are
thought to be compatible with general geodynamic implications as the missing calc-alka-
line volcanic activity and the mode of oceanic basement and blueschist metamorphic se-
ries uplift as documented by the sedimentary record.

Because of the close resemblance to the present topic, some comparisons with the
Western Carpathians (Fig. 1) will be presented. The Cretaceous clastic series show a sim-
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Fig. 4. Palinspastic sketch of the Albian situation in the Eastern Alpine and Carpathian domains summarizing
the supply of ophiolitic and blueschist metamorphic grains. Compiled after Dercourt et al. (1990), Rakus et al.
(1990), Winkler & Slaczka (1994), Ricou (1994) and Wagreich & Faupl (1994). For the Middle Penninic, an
eastern termination is assumed for the area representing approximatively the actual boundary between West-
ern and Eastern Alps (see also Trimpy 1992). East of this meridian a single Penninic domain is suggested. Key:
AZ = Arosa zone, BKG = Brezovské Karpaty Gosau, CAG = Central Alpine Gosau, LAA = Lower Austroal-
pine. LF = Lavant Fm., LG = Lower Gosau Group, RF = Rossfeld Formation, RZ = Randzone of NCA, SP =
South Penninic, TLB = Tannheim-Losenstein-Branderfleck Group, UG = Upper Gosau Group, UPN = Upper
Prealpine nappe. V/NP = Valais/North Penninic, VSZ = Vardar suture zone, WZ = Walsertal zone.

ilar timing in the occurrence of ophiolitic and blueschist detrital grains as in the Eastern
Alps. The formation of an “exotic” ridge during the closing of the older Triassic-Early
Jurassic Pieniny-Meliata oceanic domain is interpreted to have triggered the uplift and
exhumation of ophiolitic and blueschist metamorphic rocks.

Sources of the detrital grains

Chromian spinel is the characteristic mineral grain in Cretaceous Penninic, Lower and
Upper Austroalpine units of the Eastern Alps (Wildi 1985). This observation goes back
to Woletz (1963) and has been confirmed by many other authors. As suggested ecarly by
Dietrich & Franz (1976), reworked chromian spinel, serpentinite and basalt grains can be
reliably assumed to have been derived from uplifted Alpine Mesozoic oceanic basement.
Typically, the ophiolitic detritus is associated with variable amounts of clasts derived
from Adriatic (Austroalpine) continental margin basement and sedimentary cover series.
Generally, it can be assumed that during convergence at the Adriatic margin, composite
source terrains were uplifted and reworked into adjacent basins. Chemical investigations
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on detrital chromian spinels prove their derivation from lherzolitic mantle rocks (Pober
& Faupl 1988).

Along the northern Adriatic margin, good evidence for the derivation from mixed
Penninic/Adriatic source terrains comes from the Arosa zone and the western NCA (Fig.
1, 2). In the Arosa zone ophiolitic basement detritus is associated with other detrital
grains derived from the sedimentary cover, in particular also with siliceous Palombini
limestone clasts from the Penninic oceanic series (Liidin 1987). In the Lower to Upper
Cretaceous Tannheim, Losenstein and Branderfleck Formations of the western NCA
(Fig. 2) the co-occurrence of ophiolitic detrital grains with Austroalpine Variscan base-
ment and Mesozoic sedimentary cover pebbles is well documented (Gaupp 1983; Wink-
ler 1988). In contrast, chromian spinel grains are generally lacking in older, Jurassic,
Lower Austroalpine syn-rift clastic formations (Liidin 1987; Hausler 1988; Winkler 1988).
The scarce occurrence of chromian spinel in pre-Cretaceous sediment series may be part-
ly due to the erosion of Variscan suture zones which were present in the Adriatic base-
ment. On the other hand, local ultrabasic detritus, including chromian spinel, may have
been derived from cliffs in the distensive Lower Austroalpine continental margin where
ultrabasic rocks were exhumed (Hédusler 1988). Alternatively, also the supposedly earlier
closing Vardar ocean may have provided chromian spinel grains to older sediment series.
However, in the present discussion I refer primarily to the abundant occurrence of chro-
mian spinel in the Cretaceous deposits of the Austroalpine domain.

A similar arguiment can be applied partly to the detrital blueschist mineral grains (in-
cluding rare lawsomite) present in the western NCA and the Randzone of the NCA (Mill-
er 1977; Faupl 1984; Winkler & Bernoulli 1986; Winkler 1988) which are documented
from the Middle /Albian onward (Winkler 1988). These grains are not observed in the
rift-related Jurassiic series. In addition, the delicate chemistry of the blueschist minerals
(glaucophane, Fe-glaucophane, crossite; Miller 1977; Winkler 1988) most probably rules
out a derivation frrom the polymetamorphic Varscan basement. There, the final regional
greenschist metamorphic overprint would have altered such a mineral assemblage. Also,
no occurrence of riocks with a corresponding mineral grain paragenesis is known from the
remaining Variscain basement of the Eastern Alpine margin (Chr. Miller written comm.
1995). For these rezasons an Alpine blueschist metamorphic origin as proposed by Wink-
ler & Bernoulli (1986) and Winkler (1988) can be assumed for these mineral grains.

In the western part of the NCA (Fig. 2) considerable amounts of chloritoid, garnet
and epidote (partly clinozoisite) mineral grains are observed in pre-Santonian sediments.
Their pertinent co--occurrence with blue amphibole and their general close stratigraphical
and regional association (Winkler 1988) suggests that they may originate from Alpine
greenschist metarmorphic series which were genetically associated with the blueschist
metamorphic seriess, The occurrence of a few percent of magnesio-hornblende and ferro-
tschermakite in northem Lechtal nappe heavy mineral separates (Kaltwasserlaine sec-
tion, Winkler 1988;) indicates the presence of high-grade metamorphic rocks in the source
area. In the Upperr Gosau formations garnet is a main component in the heavy mineral
fractions. Its origim is not clear, but a derivation from higher grade Variscan basement
rocks can be assummed.

The stable heaivy minerals zircon, tourmaline, rutile, brookite and anatase are the
dominant constitutents n nft-related Jurassic sandstone formations of the Lower Aus-
troalpine domain ((e.g. Liidn 1987). They reflect the shallow continental granitic compo-
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sition of the Variscan basement involved in Jurassic extension and related uplift or exhu-
mation. Their continued occurrence in Cretaceous clastic series indicates that similar
Variscan rock series were tectonically imbricated and eroded together with the other,
Alpine and Variscan metamorphic series postulated above. In addition, the high stability
of these mineral grains during weathering, transport and diagnetic processes may partly
imply an origin from older sediments.

From a few Cretaceous clastic series in the NCA, the occurrence of detrital kaersutite
(brown amphibole) is known. This is reported from the Cenomanian Walserberg series
(associated with chromian spinel and blue amphibole; Miller 1977; Faupl & Miller 1977;
Faupl 1984) and from the Valanginian to Barremian, chromian spincl-bearing Rossfeld
Formation (e.g. Decker et al. 1987). Kaersutite (formerly syntagmatite) is a frequent con-
stituent in the alkaline ehrwaldite dykes and sills in the Upper Tithonian to Barremian
Aptychus Limestone Fm. of the Lechtal nappe (Trommsdorff 1962; Trommsdorff et al.
1990). Hence, the occurrence of detrital kaersutite in the sedimentary series may be ex-
plained by the nearby synsedimentary volcanic activity in the palaeogeographic domain
from where the NCA were derived. Therefore, for the Rossfeld Fm. it may be suggested
that, in addition to the Vardar suture zone (Decker et al. 1987), the volcanic clastic
source supplied detrital material to the basin. The reported radiometric ages from the
basanitic dykes (ca. 100 Ma) correlate with the sedimentation age of the Walserberg se-
ries but are not compatible with the stratigraphic range of the Rossfeld Fm. Possibly, the
volcanic activity started earlier. However, from the observed cutting relations of the
dykes with the Aptychus Limestone Fm., Trommsdorff et al. (1990) also infer an older
Early Cretaceous maximum age.

Supply of the mineral grains

Because of the geodynamic significance, I will mainly discuss the supply of chromian spi-
nel and blue amphibole grains to the various basins. To reconstruct the spatial prove-
nance, it is essential to combine the petrographic data with sedimentological observa-
tions. However, it must be borne in mind that multi-phase tectonic deformation and rota-
tion may introduce uncertainities. In the following presentation I refer to examples from
which the site of clastic grain input is known from the geometry and lateral facies devel-
opment (e.g. grain-size trends, continent to shallow sea transitions etc.) recognized on a
regional scale, and from sediment transport indicators such as pebble imbrication or sole
marks. For a compilation see figures 3 and 4.

Chromian spinel

Earliest, abundant chromian spinel reworking is known from the Valanginian to Barre-
mian Rossfeld Fm. in the NCA. From facies relations, namely the southward deepening
of the E-W striking trench-like basin, and from the chemical signature of the spinel
grains, a derivation from the Vardar suture zone to the south is inferred (e.g. Decker et
al. 1987; Pober & Faupl 1988). With few exceptions, chromian spinel is also present in all
Albian to Lower Coniacian clastic series comprised in the Arosa (melange) zone and im-
bricated Lower Austroalpine units (Liidin 1987; Winkler 1988, see Fig. 3). Scarce, earlier
deposition of detrital chromian spinel is reported from the Arosa zone in sandstone inter-
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calations in the Palombini Shale Fm. (Liidin 1987) which on lithostratigraphic grounds is
tentatively allocated to the pre-Aptian series. Because of the strong tectonic deforma-
tion, in the Arosa zone and Lower Austroalpine sandstone formations palaeocurrent
data are not reliable. However, in several places their partly Penninic oceanic deposition-
al environment is indicated by the grading up from the ophiolitic basement and sediment
series. Characteristically, the sandstones are composed of reworked Penninic oceanic (in-
cluding Palombini limestone clasts, Liidin 1987) and Austroalpine continental basement
and sedimentary cover clasts. The present detrital composition suggests that the clastic
material was derived from a northern Adriatic composite source which was formed dur-
ing Early Cretaceous convergence between the Penninic oceanic and Adriatic continen-
tal plates (e.g. Dietrich & Franz 1976; Winkler 1988; Faupl & Wagreich 1992a).

Chromian spinel is also ubiquitous in the Aptian to Coniacian (Santonian?) Tann-
heim, Losenstein and Branderfleck Formations in the Walsertal zone, Randzone of the
NCA (or “Randcenoman”) and in sediments discordantly overlying the Allgdu and ex-
ternal Lechtal nappe series (Fig. 2, 3; e.g. Gaupp 1980, 1982, 1983; Winkler 1988; Faupl &
Wagreich 1992a). As discussed below, arguments for a derivation from a northern source
(the present North-Adriatic obduction belt) are the same as for the blue amphiboles.
Earlier, Barremian occurrences of chromian spinel in the NCA (Randzone and Lechtal
nappe) were reported by Hagn (1982) and Winkler (1988). In the Lechtal nappe, chro-
mian spinel is present in turbiditic sandstones intercalated in the Barremian Aptychus
Limestone Fm. (Winkler 1988). In the Aptian to Albian (Lower Cenomanian?) Lechtal
Kreideschiefer Fm. (Fig. 3) chromian spinel is the dominant heavy mineral species
(Winkler 1988). Palaeocurrent data are not available, but generally, the close resem-
blance of the detrital composition with several sandstone formations in the Arosa zone
(Lidin 1987) and Walsertal zone (Winkler 1988) might suggest a derivation from a north-
ern source (Winkler 1988).

The Upper Turonian to Campanian, Lower Gosau Group formations were deposited
in continental to shallow marine basins separated by emergent land areas. Chromian spi-
nel was supplied in variable, but partly significant proportions from sources situated to
the north of these basins. This is well constrained by palaeocurrent data and lateral coars-
ening trends in the occurrences of Brandenberg, Gosau, Weisswasser and Lilienfeld (see
Fig. 3, and e.g. Wagreich 1993; Wagreich & Faupl 1994). In several Upper Turonian to
Lower Campanian Gosau formations serpentinitic sandstone beds are intercalated.
Scarce palacocurrent data and a southward directed coarsening trend is tentatively inter-
preted to indicate a derivation from a southern ophiolitic source (Fig. 3 and Wagreich
1993). During the deposition of the Upper Gosau Group formations, from Late Santon-
ian onwards, a considerable NW to SE migrating deepening of the area occurred which
led to the deposition of bathyal/abyssal pelagic and turbiditic series from the Late Cam-
panian to the Eocene (Wagreich & Faupl 1994). The resulting northward deepening ba-
sins were supplied more and more from southern sources providing mainly metamorphic
detritus (garnet, chloritoid etc., but no blue amphiboles) and generally lower amounts of
chromian spinel than earlier (see the localities Muttekopf, Gosau, Spitzenbach and Li-
lienfeld in Fig. 3, e.g. Faupl et al. 1987; Wagreich 1993; Wagreich & Faupl 1994, Ortner
1994). However, chromian spinel is an ultra-stable mineral grain and may undergo sever-
al cycles. Its occurrence does not necessarily point to the presence of primary serpentinit-
ic source rocks. For example, chromian spinel grains in the turbiditic Upper Gosau For-
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mations of the Muttekopf area are suggested to be derived from older, eroded chromian
spinel-bearing sandstones (Ortner 1994).

Further evidence for a supply of chromian spinel from northern and southern sources
comes from chemical data. Based on regional transport indications and related trends in
chromian spinel chemistry, Pober & Faupl (1988) postulated a supply of several Upper
Gosau Group formations and the Albian Lavant Fm. (comprised in the Drau Range, see
Fig. 3) from a Vardar (Tethyan) suture zone to the south. Chromian spinels from other
Gosau Group formations, the Cenomanian deep-water Losenstein Fm. of the western
NCA and turbiditic sandstones in the Arosa zone and Lower Austroalpine (see Figs. 2, 3)
units show a chemical grouping which correlates with a northern provenance (Pober &
Faupl 1988). The chromian spinel data from the Branderfleck Fm. (Fig. 2) are not fully
compatible with the northern provenance interpretations (Pober & Faupl 1988). Howev-
er. their close stratigraphical relationship with the Losenstein Fm. and the common oc-
currence of the other heavy minerals (including blue amphiboles) and rock fragments
strongly suggest a northern source provenance (Gaupp 1980, 1983; Winkler 1988).

Blue amphiboles

In the western Eastern Alps detrital blue amphibole (frequently associated with chlori-
toid, sporadically with lawsonite) is present in the Walsertal zone, in formations of the
Randzone and in those coherently overlying the NCA (Fig. 2, 3). In this paper the term
Randzone (Kalkalpine Randzone, Winkler 1988) is preferred to the former “Randceno-
manzone”. The latter term originates from earlier views when a Cenomanian transgres-
sion of the sediment series was assumed. In contrast, this sediment series comprises not
only Cenomanian, but Albian to Turonian-Coniacian clastic deep-water deposits (Wei-
dich 1984; Winkler 1988). Detrital blue amphiboles are also found in turbidites of the Al-
bian to Coniacian Tannheim, Losenstein and Branderfleck Fms. (Winkler 1988). Micro-
probe analyses revealed glaucophane, ferroan glaucophane and crossite compositions
(Winkler 1988, pers. comm. von Eynatten & Gaupp 1995). The three formations repre-
sent a deep-water, pelagic/turbiditic, coarsening upward sequence, prograding from ex-
ternal (Allgau nappe domain) to internal position (Lechtal nappe domain, Gaupp 1980,
1982, see Fig. 3). During the southward progradation of the Losenstein-Branderfleck
system a shallow marine swell developed from Early Turonian onwards along the south-
ern border of the basin, supplying carbonate material to the north (e.g. Oberaudorf ridge,
Weidich 1984). The reconstructed regional facies pattern (Gaupp 1980, 1982, 1983) indi-
cates a derivation of the terrigeneous clastic material (including chromian spinel and blue
amphiboles) from the north. Further to the east, generally in the northern peripheral part
of the NCA, formations similar to the Tannheim-Losenstein and Branderfleck Group
can be observed (e.g. Losenstein area, Locsei 1974; Faupl 1978, 1984; Faupl & Wagreich
1992a, b). In particular, the Cenomanian turbiditic Walserberg Series in the Randzone
near Salzburg also contains blue amphiboles with a chemistry similar to that of the men-
tioned formations (Miller 1977) as well as kaersutite (Faupl 1984).

In conclusion, in the Adriatic domain of the Allgdu and Lechtal nappes during Aptian
to Coniacian (Santonian) an E-W trending turbidite basin developed, in which the Tann-
heim-Losenstein-Branderfleck succession was deposited. It was supplied essentially from
a northern source area with terrigeneous clastic material (North-Adriatic obduction belt,
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Fig. 3, 4). To the south the basin was bordered by a sheltering carbonate platform and
emergent areas (Weidich 1984; Wagreich & Faupl 1994).

Rarely, detrital blue amphiboles are recorded from the Gosau formations. They are
present in some of the Coniacian, Lower Santonian and Campanian series in the central
and eastern NCA (e.g. Wagreich 1988; Faupl & Wagreich 1992b; Wagreich & Faupl
1994). Facies geometries present in the alluvial and shallow marine series in the Gosau
area (Fig. 3) indicate the supply of blue amphiboles from the north and west (Wagreich
1988). In the same locality, during the Early Campanian, a marked change to a southern
derivation of the clastic material (without blue amphiole) is documented (Fig. 3 and Wa-
greich 1988). More data are needed to reveal precisely the supply pattern in other places.
Important problems in interpretation may also arise from the definition of Gosau forma-
tions. These are considered as sediment series deposited unconformably, after Eoalpine
(early Late Cretaceous) deformation, on the Central and Upper Austroalpine nappes
(Graz Paleozoic, Gurktal nappe system and NCA). However, the Branderfleck Fm. also
shows discordant contacts with the older (often Triassic) sediment series of the NCA
(Lechtal nappe). The close spatial and time relations of the Branderfleck Fm. with Gosau
deposits is emphasized by Weidich (1984), the Gosau series of the Hieselberg area near
Grossraming (Fig. 3) being a good example. In this area reworking of sandstone pebbles
and blue amphiboles from underlying Branderfleck sediments into the Coniacian Gosau
sediments is documented in detail (Faupl & Wagreich 1992b). Consequently, the prove-
nance of blue amphiboles in Gosau sediments must be tested carefully.

Western Carpathian occurrences of chromian spinel and blue amphiboles

For the present purpose it is important to consider some Carpathian examples (Fig. 1).
Like in the Alps, Cretaceous siliciclastic formations of the Western Carpathians contain
considerable amounts of chromian spinel. Chromian spinel is found in Aptian/Albian and
Upper Cretaceous clastic formations in the Tatric and Fatric (Krizna) units (e.g. Misik in
Rakus et al. 1990) which represent Adriatic domains in the Carpathian chain equivalent
to these in the Alpine domain. Across the Vienna basin, the Cretaceous palaeogeograph-
ic domains of the easternmost NCA and the Inner Carpathians can be correlated on the
basis of similar Gosau formations in the Brezovské Karpaty Mountains (Fig. 1, 4). Chro-
mian spinel is a major constituent in the present heavy mineral associations (also bearing
scarce chloritoid and blue amphibole) of the Upper Coniacian to Paleocene series and
the provenance from a northern source situated between the Penninic and Adriatic do-
mains is inferred (Wagreich & Marschalko 1995).

Ophiolitic pebbles and/or chromian spinel mineral grains are also present in the Slow-
akian, Albian to Cenomanian parts of the Manin and Klape units (Fig. 1, Misik & Mars-
chalko 1988). However, their precise palacogeographic position with respect to the
source area (the “exotic” ridge, Fig. 4) is not clear. Generally, the existence of an ophio-
litic source is related to the closure of the Pieniny-Meliata ocean (e.g. Birkenmajer 1986;
Rakus et al. 1990). In the Western Carpathians of Poland chromian spinel mineral grains
occur in Upper Cretaceous sediments of the northern Pieniny basin, thus pointing to the
emergence of ophiolite-bearing sources during similar times as in the Alpine domain
(Fig. 4; and Winkler & Slaczka 1994).

The Albian deep-marine conglomerates of the Klape unit are also known to contain
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detrital blueschist clasts (Marschalko 1986) and blue amphibole mineral grains (Winkler
& Slaczka 1994). Preliminary dating of such blueschist pebbles revealed three K/Ar
whole rock ages of ca. 150-160 Ma (pers. comm. P. Stille 1994) and Ar/Ar phengite ages
of 155.4 + 0.6 Ma (Dal Piaz et al. 1995). These age interpretations would point to an old-
er, Jurassic subduction and blueschist metamorphic event (Dal Piaz et al. 1995). The pa-
laecogeographic position of the basin is difficult to interprete, because palaecocurrent data
indicate a basin parallel transport from E/SE to W/NW (Marschalko 1986). Partly a posi-
tion of the basin in the Pieniny ocean in front or to the N or NW of the supplying ridge is
inferred (Rakus et al. 1990, see also Fig. 4). According to Birkenmajer (1986) the Klape
basin may have been situated on the Adriatic plate to the south of the supplying “exotic”
ridge. On the other hand, a position of the basin on the Adriatic plate and a supply from
the Meliata zone to the SE (Fig. 1, 4) also may be suggested. In spite of the similar timing
with respect to the deposition of ophiolitic and blueschist clastic material in the Eastern
Alps and Carpathians, the radiometric age of the blueschist pebbles in the Western Car-
pathians would point to Late Jurassic (time scale of Harland et al. 1990) subduction and
metamorphism in the Carpathians (Dal Piaz et al. 1995). According to current palaeotec-
tonic models, in the Eastern Alps this period is not correlated with important convergent
movements along the Penninic-Adriatic margin.

Summary

In the Austroalpine (Adriatic) and Penninic domains of the Eastern Alps reworking of
chromian spinel is recorded from the Valanginian (Rossfeld Fm.) and Barremian (Arosa
zone, Randzone, Allgidu und Lechtal nappes) on. Detrital blue amphiboles appear from
the Albian onwards in clastic sediments which are preserved in the Randzone, Walsertal
zone and NCA. The spatial relations of the basins with the hypothetical source areas are
summarized in Fig. 4.

For the Penninic Arosa zone, Lower Austroalpine, the Walsertal zone and the Rand-
zone of the NCA, a derivation of the clastic material from mixed, uplifted oceanic/conti-
nental sources appears well constrained. They supposedly formed an elongated belt
(North-Adriatic obduction belt) along the northern Adriatic margin and supplied sedi-
mentary basins situated in the Penninic and Austroalpine domains. During Aptian to Co-
niacian, in the external (in particular the NW) part of the Austroalpine domain a deep-
sea basin with turbiditic and mass flow sedimentation developed (Tannheim-Losenstein-
Branderfleck system) which also received detritus from the emerged belt to the north
(Fig. 4). The supplying belt was composed of a variety of continental and oceanic base-
ment and sedimentary cover series and, in addition, of blueschist rocks. Blueschist meta-
morphic detritus appears from the Middle Albian onward. The depositional axis of the
elongated basin migrated south/southeastward in time (Fig. 3). The basin extended prob-
ably far to the east and was bordered along its southern side by productive carbonate
ridges and emergent land areas. The southeastward prograding trend in the Tannheim-
Losenstein-Branderfleck sedimentary system and the emergence along its southern mar-
gin, supposedly reflects a foreland basin evolution in front of the southward advancing
and supplying northern belt (Fig. 4). From Late Coniacian/Santonian on, the emergent
area was increasingly occupied by continental and shallow marine basins (Lower Gosau
Group) which still were partly supplied from northern source areas. Subsequent Santon-
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ian to Campanian deepening of the Gosau basins is paralleled by increasing supply from
a southern source (Vardar suture zone, Fig. 4). The input from the northern belt suppos-
edly ceased during the Coniacian/Santonian. Continued deepening resulted in north-
sloping bathyal/abyssal basins receiving the turbiditic Upper Gosau Group sediments
supplied from a southern source.

The Late Santonian to Maastrichtian Central Alpine Gosau of Styria represents a
special case. Contrary to the Gosau formations in the NCA it was not supplied with ophi-
olitic detritus (e.g. chromian spinel, Fig. 3). Pebble analysis in conglomerates suggest a
derivation of the clastic material from South Alpine sediment series (Gollner et al. 1987).
Hence, the Styrian Gosau series do not provide information about the palinspastic posi-
tion of the Vardar suture zone.

From the spatial occurrence of the chromian spinel and blue amphibole detrital min-
erals (Fig. 4) it clearly appears that grains derived from blueschist metamorphic terranes
are restricted to the sedimentary series connected with the northern source, whereas,
chromian spinel is supplied from the northern and southern sources. The southern source
is assumed to reflect ophiolite obduction during the closing of the Vardar oceanic domain
since the Jurassic (Pober & Faupl 1988; Faupl & Wagreich 1992a, Wagreich & Faupl
1993). From the present palaeotransport and petrographic data this suture zone does not
appear to have supplied blueschist metamorphic minerals to the Austroalpine domain. A
similar paleogeographic pattern may be postulated for the Western Carpathian area
(Fig. 1, 4). After common palinspastic reconstructions, the Klape basin was probably situ-
ated to the north of the supplying ridge (Fig. 4 and Rakus et al. 1990). However, a posi-
tion to the south of the exotic ridge and detrital input from the Meliata suture zone also
appears possible. Indeed, a similar timing of reworking of ophiolitic and blueschist meta-
morphic rocks in the Western Carpathian and Austroalpine domains is observed. From
sedimentological evidence, Alpine convergence-related blueschist metamorphic terrains
would have been included in a belt bordering the Adriatic margin to the north. The pos-
sible processes for the formation of this composite structure in the western part of the
Austroalpine domain is the topic of the next section.

Subduction versus obduction

As argued above, the history of the northwestern Adriatic margin is characterized by the
Early Cretaceous appearance of a northern sediment source bearing ophiolitic and blue-
schist metamorphic series. This reflects the uplift of considerable volumes of oceanic
basement and blueschist metamorphics. However, these oceanic and metamorphic com-
plexes are no longer preserved. Therefore, only indirect evidence and comparisons with
preserved examples can be used to explain their generation.

Ancient and modern oceanic subduction and uplift of oceanic crust at convergent
margins typically is accompanied by important continental or oceanic volcanic arc forma-
tion (e.g. Searle & Stevens 1984). At the Cretaceous Penninic-Adriatic margin no sub-
duction-related calc-alkaline volcanism appears to have developed. On the contrary, Ear-
ly Cretaceous extension in the continental margin gave way to dyke and sill intrusions de-
rived from a sub-continental mantle source (Trommsdorf et al. 1990). Taking into
account the crustal dimension indicated by these volcanic processes, the extensional pro-
cess must have been of regional importance. These arguments suggest that subduction
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may not have played a major role in the uplift of ophiolitic rocks and in the formation of
the North-Adriatic source terrain.

Continued oceanic subduction may give rise to ordered accretionary prism formation
which means the regular oceanward stratigraphic younging of successively accreted sedi-
ment packages or imbricates. In several works (e.g. Dietrich & Franz 1976; Stampfli 1993;
Wagreich & Faupl 1994) the formation of a Cretaceous subduction-related accretionary
prism along the Penninic-Austroalpine margin is suggested. This opinion is not shared by
Liidin (1987) and Winkler (1988), because of the lack of positive evidence for it in the
marginal domains of the Adriatic margin, in the Arosa zone and Walsertal zone. There,
from stratigraphical and lithological evidences one major, short-lived imbrication and
melange formation period can be inferred (Late Coniacian to? Early Santonian). Also
the reconstruction of relative motions of the NCA nappes in Winkler (1988, using plate
path data of Savostin et al. 1986) does not suggest a continuous northward movement of
the Adriatic margin during the Cretaceous. A rapid northward movement of Adria can
be assumed for the period from 130 to 110 Ma (corresponding approximately to the Bar-
remian to Early Albian stages, Harland et al. 1990). From 110 to 80 Ma (ca. Late Albian
to Early Campanian) left lateral transpressive movement with minor convergence should
have occurred between the Adriatic and Penninic realms. Major S-N oriented conver-
gence started only during Late Campanian and lasted until the collision with the Europe-
an margin in the Eocene (see also Fig. 19 in Winkler 1988). This suggests that Late Co-
niacian to Early Santonian melange formation and tectonic imbrication in the Arosa and
Walsertal zones occurred during transpressive movements along the Penninic-Adriatic
margin. The age of the youngest (Turonian-Early Coniacian) elements in these melange
zones brackets the melange formation event from the Late Coniacian to Early Santonian
and the later reactivation in the Late Eocene, when they were remobilized during the
main Alpine thrusting (see Fig. 6 and discussion below).

If it is accepted that continued subduction and accretion was not the driving mecha-
nism for the uplift of ophiolite and blueschist metamorphic rocks along the northern
Adriatic margin, the current corner flow models (Cowan & Silling 1978; Cloos 1982) or
the orogenic wedge model of Platt (1986) do not apply. This can be demonstrated, be-
cause both models demand high subduction rates over tens of millions of years. Conse-
quently, in the areas where the models were established, significant subduction-induced
volcanism developed in the overriding continental plate. On the other hand, simple
oceanic subduction as prevailing for example along the western South American margin
1s not an efficient mechanism in order to drive important accretion or obduction and up-
lift of oceanic crust (Dalziel & Forsythe 1985). Terrane collision may be considered to
represent an efficient mechanism for obduction and uplift of oceanic crust. Terranes es-
sentially may consist of far travelled fragments of continental crust, intra-oceanic volcan-
ic arcs, or detached fragments of the continental margin which were re-welded during lat-
er convergene (Howell 1989). It appears possible that during Jurassic-Early Cretaceous
asymmetric extension at the Adriatic margin distal blocks were separated. The formation
of such extensional allochthons at the Adriatic margin has been suggested earlier (e.g.
Trommsdorff et al. 1993, Manatschal 1995; Froitzheim & Manatschal, in press). During
consequent Cretaceous convergence they became amalgamated with the main Adriatic
continental plate. Possibly, at the same time extension-related buoyant intervening
oceanic lithosphere could have been obducted onto the cool Adriatic margin.
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Fig. 5. Interpreted Jurassic to Creataceous palinspastic sections including informations extrapolated from the
western part of the Eastern Alps. The trace of the sections is indicated in Fig. 3. The possible presence of exten-
sional allochthones is ignored. Vertical exaggeration of the thickness of sediment series is admitted. Numerical
ages are from Harland et al. (1990). Key to tectono-stratigraphic units: AN = Allgdu nappe, AZ = Arosa zone,
GZ = Grauwacke zone, IN =Inntal nappe, LAA = Lower Austroalpine nappes, LB = Lombardian basin,
LN = Lechtal nappe, Oe = Oetztal nappe, Si = Silvretta nappe, WZ = Walsertal zone. B and G indicate hypo-
thetical sites of Alpine blueschist and greenschist metamorphism. Key to heavy minerals: chl = chloritoid,
cont = zircon, tourmaline, apatite, rutile and other titanoferous minerals, chr = chromian spinel, g = garnet,
gl = glaucophane plus traces of lawsonite.

The lack of evidence for long lasting subduction at the northern Adriatic margin sug-
gests that primarily the obduction of oceanic lithosphere could have been responsible for
ophiolite and blueschist rock uplift and erosion. Two alternative models are available to
explain the uplift of oceanic and blueschist terranes in obduction regimes. Firstly, preced-
ing intra-oceanic subduction governed blueschist metamorphism and the resulting rocks
were transported and obducted onto the continental margin (as supposed for Papua New
Guinea, Pieters 1978; Davies & Jaques 1984), or, secondly, blueschist metamorphism oc-
curred in the overthrusted cool continental plate during the obduction of an oceanic slab
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(Oman model, e.g. Gealey 1977; Lippard et al. 1986; Robertson & Searle 1990; Le
Métour et al. 1990). Concerning the latter model it may be argued that probably the nec-
essary pressure conditions were not reached. However, it is known that metamorphic
glaucophane/lawsonite formation can occur at relatively shallow depth, if the available
chemistry of the protoliths is favourable. Generally, carbonate-bearing rocks and basalts
have a suitable chemical composition (Oberhinsli 1986).

Along the Oman margin (see e.g. Lippard et al. 1986; Robertson & Searle 1990; Le
Métour et al. 1990) during the Campanian a young oceanic slab (Semail ophiolite, ap-
proximately 10 km thick, about 1000 km long and 100 km wide) was thrusted over the
distal, thinned Arabian continental margin. In the overthrusted, cool continental base-
ment and sedimentary cover blueschist metamorphism occurred. Greenschist metamor-
phism took place in warmer levels above. Tectonic thickening of the crustal portion in-
duced uplift and exhumation of the continental basement and the metamorphics. Obduc-
tion and uplift are reported to have occurred during a time span of about 20 Ma (Lippard
et al. 1986). In front of the obducted and uplifted Semail ophiolite a deepening marine
foreland basin formed (Suneinah foredeep) which was increasingly supplied by the uplift-
ing allochthonous complex (Figa and Juweiza Fms., Boote et al. 1990; Robertson &
Searle 1990). A theoretical succession of heavy minerals in basins adjacent to such an ob-
ducted slab would be such that at first ophilitic mineral grains appear and later on, conti-
nental basement and related metamorphic material.

A similar mineral succession is observed along the Early Cretaceous western Adriatic
margin. Pre-Aptian siliceous limestones in the Arosa zone (Liidin 1987), Barremian lime-
stones of the Lechtal nappe and Randzone of the NCA (Hagn 1982; Winkler 1988) con-
tain turbidite intercalations with chromian spinel dominating the heavy mineral fraction.
Mixed ophiolitic, continental basement and Alpine blueschist material was supplied later,
from the middle Albian on to various western Adriatic margin series (see Fig. 4). Ophio-
lite obduction along the Adriatic margin and related thickening of the crust could have
caused down-bending and extension in the distal Adriatic lithosphere giving way for bas-
anitic dyke intrusion and extrusion (Trommsdorff et al. 1990). In summary, the obduction
scenario of Oman as interpreted from preserved outcrops, may serve as a model for the
Cretaceous northwestern Adriatic margin. The implied geographical dimension, sedi-
mentation pattern and time requirement are all compatible. The Barremian to Early
Albian convergence along the Penninic-Adriatic margin, as reconstructed from general
plate movements (Savostin et al. 1986; Winkler 1988) matches well the constraints of the
sedimentary record. The Oman-type obduction is a model for several other ancient and
modern convergent margins. One analogue may be found in the Brooks Range of Arctic
Alaska where (Oman-type) obduction of an ophiolitic complex is inferred to have trig-
gered blueschist and greenschist metamorphism (Harris 1992). The resulting metamor-
phic core supplied detrital glaucophane, chloritoid and garnet to the adjacent Albian
foreland basin fill series to the north (Till 1992).

A model for the western part of the Eastern Alps

During the Middle to Late Jurassic, extension occurred along the Adriatic margin. Prob-
able asymmetrical extension may have given rise to the formation of a lower plate rift
shoulder in the “Middle” Austroalpine (sensu Tollmann 1977) domain (Fig. 5a). Differ-
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ent interpretations of upper/lower plate geometries at the Adriatic margin are proposed
by Froitzheim & Eberli (1990), Trommsdorff et al. (1993), Manatschal (1995) and Froitz-
heim & Manatschal (in press). The observed fault geometries suggest that the Adriatic
domain represented a lower plate margin (Froitzheim & Eberli 1990; Manatschal 1995
and Froitzheim & Manatschal in press). During the breakaway a rift shoulder formed
which is manifested in the coeval sediment record. The products of uplifted and exposed
shallow continental basement and sedimentary cover are known from the widespread
Lower Austroalpine, Middle Jurassic turbiditic deposits (e.g. Saluver Fm., Fig. 5a). The
probable formation of extensional allochthons is neglected here for the purpose of sim-
plicity.

The interpretation of the subsequent convergence-related processes is hypothetical
(Fig. Sb—d). However, there are two main points to be considered which are in line with
an earlier asymmetric extensional development. Firstly, the Cretaceous convergence
along the Adriatic margin does not appear to be driven by oceanic crust accretion in the
Penninic realm, but mainly by the relative northern displacement of the Adriatic conti-
nent with respect to the Penninic and Eurasian domains (Savostin et al. 1986), and sec-
ondly, close to the distal Adriatic margin buoyant oceanic lithosphere could have been
inherited from asymmetric extension (sensu Wernicke 1985). Generally, these conditions
may have governed solely the obduction of an oceanic slab (or serpeninite ridge, Winkler
1988) on the distal Adriatic margin. Alternatively, during the earliest Cretaceous an
intra-Penninic subduction regime could have been established which was probably driven
by the opening of the North Penninic branch in the Western Alpine domain (Stampfli
1993; Steinmann 1994). The presence and orientation of such a subduction zone is specu-
lative. However, for subsequent Late Coniacian-Santonian thrusting and melange forma-
tion (Fig. 5d) an incipient southward-dipping oblique subduction may be plausibly in-
ferred.

To satisfy the time constraints implied by the occurrence of volcanic activity and by
the appearance of detrital chromian spinel grains in the sedimentary record, a Hauteriv-
ian to Aptian obduction (Fig. 5b) of an oceanic slab on the distal Adriatic margin may be
suggested. Resulting loading and down-bending of the Adriatic crust would have forced
extension and rising of basanitic sub-continental magmas as described by Trommsdorff et
al. (1990). Consequent emergence of the oceanic slab is documented by the intercalation
of chromian spinel bearing turbidites into coeval Barremian and (?) older pelagic carbo-
nate sediments deposited on the continental and oceanic side (NCA and Arosa zone) of
the obduction belt. Blueschist metamorphism could have occurred in the overthrusted
continental margin basement and sediment series (Fig. 5b). Greenschist and amphibolite-
grade metamorphism, as indicated by later reworking of chloritoid, garnet, epidote and
minor amounts of green hornblende, may probably be attributed to the presence of a
metamorphic sole at the base of the obducted slab. Due to loading exerted by the obduc-
tion complex on the continental side of the slab (Fig. 5b, c¢) a foreland basin was formed
which represented the depositional sites of the Albian to Coniacian Tannheim-Losen-
stein-Branderfleck system. Foreland bulge uplift in the Lechtal nappe domain may have
caused the establishment of small shallow-water carbonate shelves and emerged land are-
as bordering the terrigeneous clastic domain to the south.

Obduction related thickening (or flexural relaxation) of the distal continental margin
induced rapid isostatic uplift and exhumation of continental basement and metamorphics
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(Fig. 5¢) as indicated by the detrital grains in Albian to Coniacian continental margin
foreland series (Tannheim-Losenstein-Branderfleck prograding system). Regional south
facing relief and/or simply asymmetrical occurrence of the exhumed blueschist series may
have controlled reworking of the metamorphic detritus towards the foreland basin to the
south. Clastic series on the oceanic side, now preserved in the Arosa zone, were supplied
with ophiolitic and continental margin basement grains.

The youngest Turonian to Early Coniacian stratigraphic age of clastic sediments com-
prised in the Arosa and Walsertal zones suggests that transpressive melange formation
and tectonic imbrication occurred during the Late Coniacian to Early Santonian (Fig.
5d). For this period several radiometric cooling age data are available, documenting ear-
lier deformation and metamorphism in the Austroalpine basement and cover (ca. 100-
80 Ma, Thoni 1980, 1982, 1983, 1986) which are correlated with the pre-Gosauian defor-
mation event (e.g. Frank 1987). The formation of the melanges and nappe imbrication
can be correlated with the Trupchun phase of Froitzheim et al. (1994). Related Late Co-
niacian to Santonian W/NW directed thrusting (e.g. Ratschbacher 1986; Ring et al. 1988:
Froitzheim et al. 1994) in the Austroalpine domain may have been governed by the east-
ward movement of the Adriatic plate from 110-80 Ma (Winkler 1988 following Savostin
et al. 1986). This process would have induced shortening in the eastern Alpine and Car-
pathian domains and subsequent deformation propagation (extrusion) towards the west
along a sinistral wrench zone as suggested by Froitzheim et al. (1994). During this period
the thrusting and emplacement of the NCA nappes in front of the Silvretta/Oetztal units
may have occurred.

In this regard, different views of the palaeogeographical derivation of the NCA must
be discussed. Based on facies correlations, Tollmann (1977) proposed a derivation of
these nappes from south of the Oetztal/Silvretta basement complexes. However, on
grounds of tectonic relations of the Phyllitgneis zone and the NCA with the Silvretta
nappe (Fig. 2), and oblique metamorphic zoning in the Oetztal basement, Frank (1987)
demonstrates that the NCA were not thrusted over the Oetztal/Silvretta nappes. Their
actual tectonic relations suggest that the NCA domain was situated to the north of the
basement complexes, because the latter occupy a higher structural position (Frank 1987)
with respect to the former. However, the Coniacian to Santonian westward thrusting of
the NCA (Fig. 5d), as proposed here, could have transported the NCA nappe pile in
front of the Silvretta/Oetztal basement. Actual N-S oriented sections do not represent
the original palinspastic arrangement of the concerned palaeogeographic domains. The
observed overthrusting of the NCA by the Silvretta/Oetztal basement nappes could have
occurred during later (Tertiary) northward movements. The present model conceives an
original, approximatively W-E arrangement of the Silvretta/Oetztal basement and the
NCA domains, and it is in line with a peripheral northern Adriatic position of the NCA
domains as implied from structural (Frank 1987) and sedimentary arguments (Gaupp
1982, 1983; Winkler 1988).

The above discussed westward thrusting of the NCA has driven melange formation
and imbrication present in the Walsertal zone and in the Randzone (Fig. 5d). Oblique
convergence along the Penninic-Adriatic border zone also induced melange formation
and imbrication in the Arosa zone (Fig. 5d). The lithological content and inferred palae-
otectonic position of the Walsertal zone is different from the Arosa zone (Winkler 1988).
However, their similar stratigraphical range suggests their coeval formation. At the tran-
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Fig. 6. Schematic presentation of the tectonic position of the western Austroalpine (Adriatic) margin units, ac-
quired during an earlier Late Cretaceous and the Tertiary main thrusting events. The Walsertal zone and Rand-
zone (imbricate zone) are sandwiched between the Northern Calcareous Alps and the Penninic Rhenodanu-
bian nappe (comprising youngest series from Maastrichtian up to the Eocene). The Arosa zone typically occu-
pies a position between the Austroalpine basement and Lower Austroalpine nappes above and the Middle and
North Penninic units of the Western Alps below (see also Fig. 2).

sition between the Austroalpine and South Alpine domains Late Cretaceous sinistral
transpressive deformation is inferred by Schuhmacher et al. (in press). According to
these authors, south verging folding and thrusting (Fig. 5d) triggered the uplift of high-
grade metamorphic basement and overlying sedimentary cover which was reworked into
the Lombardian (flysch) basin (Bernoulli & Winkler 1990).

The nappe emplacement of the NCA coincides with the start of the continental and
shallow marine Lower Gosau series (see Fig. 5d and Fliigel et al. 1987). These series were
first supplied from remnants of the obduction belt and uplifted NCA series to the north
(e.g. Faupl & Wagreich 1992). Farther to the east, the southern source of the Vardar su-
ture zone also became more important with time. The existence of the Vardar suture
zone is inferred by Faupl & Wagreich (1992) from Cretaceous eclogite metamorphism in
the Austroalpine basement (Koralpe and Saualpe, see Fig. 3 and Thoni & Jagoutz 1992).
However, recording a last thermal climax at around 90 Ma (Thoni & Jagoutz 1992) these
series could not have supplied high-P/low-T metamorphic grains to the sediment basins
discussed here. Other radiometric age data from Upper Austroalpine Palaeozoic and
Mesozoic sediments in that area (Neubauer et al. 1987; Frank et al. 1987; Fritz 1988)
point to deformation and cooling at ca. 140-130 Ma. Generally, these radiometric age
data may be correlated with the Early Cretaceous tectonic event during which the North-
Adriatic obduction belt formed.

The presently proposed situation, reached during the Late Coniacian and Early San-
tonian was modified during the latest Cretaceous (from 90 Ma on) to Eocene develop-
ment of the Austroalpine margin. Northward movement of the Adriatic margin units
caused the block (consisting of the NCA nappes and underlying Walsertal zone and
Randzone, Austroalpine basement and sedimentary nappes and Arosa zone) to be thrust
over external North and Middle Penninic units which contain sediments as young as Ear-
ly Eocene (Fig. 6). The different sites of formation of the Arosa zone and Walsertal zone
as depicted here (Fig. 5) and their final, different structural position (Fig. 6) proves the
individuality of each of these units.
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Conclusion

The Cretaceous sedimentary record along the Penninic-Adriatic continental margin pro-
vides information about surface processes which are thought to reflect deep-seated crus-
tal dynamics. The convergence-related clastic sediment series of the Austroalpine realm
were supplied from the North-Adriatic obduction belt to the north and from the Vardar
suture zone to the south. Blueschist metamorphic grains were supplied solely from the
North-Adriatic obduction belt.

For the early to early Late Cretaceous history of the northern Adriatic margin, a
model is developed which proposes a southward obduction of Penninic oceanic crust and
related blueschist metamorphism. The model is based on the nature of detrital grains in
the sedimentary formations, their supply in space and time and the assumption of an Al-
pine metamorphic formation of blueschists. Conclusive answers will be available only
when the blue amphibole grains have been dated adequately. The lack of calc-alkaline
volcanism and long lasting formation of ordered accretionary prisms supports the pro-
posed ophiolite obduction model and excludes continuous Cretaceous subduction of
South Penninic crust under the Adriatic margin as a driving mechanism of blueschist
metamorphism.

The Late Cretaceous history of the Adriatic margin is in good agreement with several
data derived from structural and geochronological work in the Austroalpine units. The
supposed Early Cretaceous history of the northern Adriatic margin, however, is docu-
mented only scantily by geochronological and structural data. These will probably remain
difficult to prove, because the uplifted basement and sedimentary complexes, recognized
as sources of coeval clastic sediments have been partly eroded. In addition, latest Creta-
ceous and Tertiary subduction should have triggered their deep burial under the north-
ward thrusted Austroalpine units.
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