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Thermomechanical consequences of Cretaceous 
continent-continent collision in the eastern Alps (Austria): 
Insights from two-dimensional modeling 

Ernst Willingshofer, J. D. van Wees, and S. A. P. L. Cloetingh 
Faculty of Earth Sciences, Vrije Universiteit, Amsterdam, Netherlands 

F. Neubauer 

Institut ftir Geologie und Pal•iontologie, Universit/it Salzburg, Salzburg, Austria 

Abstract. We use two-dimensional numerical modeling 
techniques to investigate the thermomechanical consequences 
of closure of the Meliata-Hallstatt ocean and consequent 
Cretaceous continent-continent collision in the eastern Alps 
(Austria). In the modeling a lower plate position of the 
Austro-Alpine (AA) continental block is adopted during 
collision with the Upper Juvavic-Silice block. The thermal 
structure of the lithosphere was calculated for major AA 
tectonic units (Upper, Middle, and Lower Austro-Alpine) by 
integration of the transient heat flow equation along an 
approximately NW-SE cross section east of the Tauem 
Window. Indications of the rheological evolution of the AA 
were determined by calculating strength profiles at key stages 
of the Cretaceous orogeny, making use of the thermal 
modeling predictions combined with rock mechanics data. 
Cooling in the upper plate and lower greenschist facies 
metamorphism within footwall parts of the lower Upper 
Austro-Alpine (UA) plate, related to SE directed 
underthrusting of the UA beneath the Upper Juvavic-Silice 
block at circa 100 Ma, were predicted by the numerical 
model. The observed pressure-temperature path for deeply 
buried Middle Austro-Alpine (MA) upper crustal units and 
their subsequent isothermal exhumation are best reproduced 
assuming a pressure peak at 95 Ma and exhumation rates 
ranging between 4 and 7.5 mm yr -1. From the modeling 
results, we deduce that the temperature evolution during 
eclogite exhumation is primarily dependent on rates of 
tectonic movements and largely independent of the mode of 
exhumation (thrusting versus erosion). Furthermore, very 
rapid postmetamorphic exhumation of southern Lower 
Austro-Alpine (LA) units is predicted in order to account for 
subsequent cooling. This is constrained by 4øAr/39Ar data. The 
cooling paths of MA and LA rocks appear to be primarily 
controlled by their near-surface positions at the end of the 
Cretaceous rather than by other processes such as concurrent 
underthrusting. Upward advection of heat by rapid 
exhumation induced thermal weakening of the thickened 
crust. The inferred weakness of the central parts of the 
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orogenic system may play an inaportant role during 
detachment-related tectonic unroofing, orogenic collapse, and 
concomitant basin formation (central Alpine Gosau basins). 

1. Introduction 

Major plate reorganizations and the development of a 
Cretaceous mountain range in present-day central and eastern 
Europe are related to the opening of the Atlantic Ocean. 
Complex plate and microplate interactions resulted in 
continent-continent collisions following the closure of Tethys 
oceanic realms [e.g., Frisch, 1979]. 

The Austro-Alpine block (AA), a continental element of 
African affinity, at present covering large areas of the eastern 
Alps (Austria and eastern Switzerland), represents a series of 
accreted basement-cover units, stacked during Cretaceous 
continent-continent collision. According to Tollmann [1977], 
the main AA tectonic units (Upper, Middle, and Lower AA; 
Figure 1) were aligned from NW (Lower AA) to SE (Upper 
AA) with the Middle AA in between. They show profound 
differences in (1) the degree of the Cretaceous thermal 
overprint and (2) the sedimentary record and stratigraphic 
range of cover sequences. 

Cretaceous metamorphism and deformation within the AA 
realm (Figure 1) is commonly related to subduction of the 
South Penninic ocean (Figure 2a) and subsequent collision 
with the Middle Penninic continental block [Hawkesworth et 
al., 1975; Frisch, 1979; Tollmann, 1980; 1987; Behrmann, 
1990]. This model implies an upper plate position of the AA 
during the Cretaceous. The widespread Barrovian-type 
metamorphism within AA basement units was thought to be 
contemporaneous with high-pressure metamorphism and 
nappe stacking within Penninic units, together forming a 
paired metamorphic belt (for review see Stiiwe [1998] and 
references therein). Additionally, similar kinematic data (top- 
to-the-W-NW shearing within the AA as well as Penninic 
units) were used as an argument for their synchroneity 
[Behrmann and Ratschbacher, 1989; Behrmann, 1990]. 
However, recent structural investigations [Genser, 1993; 
Kurz et al., 1996] clearly showed that top-to-the-west 
shearing in the footwall Penninic units occurred during peak 
thermal conditions, circa 27-30 Ma [Reddy et al., 1993; Inger 
and Cliff, 1994], independently from Cretaceous top-to-the- 
west sheafing within the AA units [Krohe, 1987; Frank, 
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Figure 1. Tectonic map of the eastern Alps showing the main tectonic units of the Alps (inset) and the 
Austro-Alpine realm. EW, Engadine Window; GP, Graz Paleozoic; GNC, Gurktal nappe complex; KA, 
Kainach Gosau; KR, Krappfeld Gosau; RW, Rechnitz window group; SK, Sieggraben Klippen. 

1987; Ratschbacher et al., 1989; Neubauer et al., 1992a; 
Ehlers et al.; 1994, Stiiwe and Sandiford, 1995; Dallmeyer et 
al., 1996]. 

More recent geochronologic work, carried out on AA 
eclogites by Hoinkes et al. [ 1991 ], ThOni and Jagoutz [ 1992], 
Th6ni and Miller [1996], and Dallmeyer et al. [1996], 
revealed a Cretaceous age of high-pressure metamorphism, 
indicating a lower plate rather than an upper plate position of 
the AA block during Cretaceous orogeny [ThOni and Jagoutz, 
1992; Neubauer, 1994a; Froitzheim et al., 1996; von 
Blankenburg and Davies, 1996]. This fundamental difference 
led to the development of new models, explaining the thermal 
evolution of the AA units in terms of Cretaceous continent- 

continent collision between the Austro-Alpine and the Upper 
Juvavic-Silice blocks (Figure 2b), after the closure of the 
Meliata-Hallstatt ocean [ThOni and Jagoutz, 1992; 
Neubauer, 1994a; Froitzheim et al., 1996; von Blankenburg 
and Davies, 1996]. The timing of intra-AA crustal thickening 
by multiple imbrication of basement-cover nappes within 
different structural levels (Upper, Middle, and Lower Austro- 

Alpine), as Well as synorogenic to late orogenic extension 
associated with cooling of major basement units, is 

40 39 
constrained by an extensive set of At/ Ar data [Neubauer et 
al., 1995; Dallmeyer et al., 1996; 1998; Handler et al., 
1996]. Constraints on the opening, the spreading duration, 
and the closure of the Meliata-Hallstatt ocean are given by the 
sedimentary record [e.g., Kozur, 1991; Gawlick, 1996; 
Schweigl and Neubauer, 1997]. 

We used the paleogeographic relationships proposed by 
Tollmann [ 1977], together with pressure-temperature-time (P- 
T-t) paths and stratigraphic and kinematic data as constraints 
for our two-dimensional (2-D) numerical model. The thermal 
and mechanical structure of the lithosphere was calculated 
along an approximately NW-SE running cross section east of 
the Tauern Window within a given kinematic frame. Unlike 
Genser et al. [1996], who concentrated on the thermo- 
mechanical modeling of the Cenozoic evolution of the 
Penninic units, our major emphasis lies on the thermal and 
mechanical consequences of Cretaceous continent-continent 
collision, assuming a lower plate position of the AA in order 
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Figure 2. Sketches of different models for the Cretaceous tectonic evolution of the Austro-Alpine (AA) 
realm: (a) nappe stacking and metamorphism within the AA domain related to subduction of the South 
Penninic ocean [after Frisch, 1979; Behrmann 1990] and (b) nappe stacking and metamorphism within the 
AA domain is related to Cretaceous continent-continent collision between the AA- and the Upper Juvavic- 
Silice blocks [after Neubauer, 1994a]. 

to explain the observed P-T-t paths within the AA block. 
Furthermore, the relationship of heat flow and the timing of 
metamorphic events and the role of lithospheric strength with 
respect to formation of successor basins are investigated. 

2. Tectonostratigraphy and P-T-t Data 

In this section we briefly summarize the distinguishing 
characteristics of AA units. P-T-t data used as constraints for 
the numerical model are listed in Table 1. P-T-t data on the 

Cretaceous evolution of the AA realm are also reviewed by 
Frank et al. [1987]: Genser et al. [1996]; van Blankenburg 
and Davies [1996]; Stiiwe [1998]; and Frey et al. [1999]. 

2.1. Upper Austro-Alpine (UA) 

The UA nappe complex, the uppermost element of the AA 
nappe edifice, consists of internally imbricated basement- 
cover nappes (Figure 1). The basement consists of Ordovician 
to Carboniferous fossiliferous sequences exposed in the 
Paleozoic of Graz, the Gurktal thrust system and the 
Graywacke Zone with minor intercalations of crystalline 
basement in the last. The basement is unconformably covered 
by Permian to Eocene sequences, most of which are exposed 
in the Northern Calcareous Alps (NCA) (Figure 1). The 
sedimentary cover is thought to represent the allochthonous 
passive margin and basinal sequences of the Meliata-Hallstatt 
oceanic basin [Schweigl and Neubauer, 1997]. 

In general, Cretaceous P-T conditions within the UA 
nappe complex did not exceed lower greenschist facies 
conditions (Figure 3) as indicated by isotopic and illite- 
crystallinity data [Kralik et al., 1987, and references therein; 
Fritz, 1988]. In the NCA a distinct increase in metamorphic 

grade from unmetamorphosed in the north to very low to low 
grade in the south can be recognized [Kralik et al., 1987; 
Frey et al., 1999] (Figure 3). Intra-UA nappe stacking and 
related lower greenschist facies metamorphism in the 
Graywacke Zone was dated by a series of muscovite and 
whole rock phyllite 4øAr/39Ar measurements yielding ages 
between 98 and 94 Ma [e.g., Dallmeyer et al., 1996; Handler 
et al, 1996]. 

2.2. Middle Austro-Alpine (MA) 

The MA to the footwall of the UA contains imbricated 

polymetamorphic basement complexes and incomplete 
Permo-Triassic cover sequences. Most of the MA units were 
affected by a Cretaceous amphibolite to greenschist facies 
metamorphism following a high-pressure metamorphic event 
(Figure 3 and Table 1). 

Rocks formed under eclogite facies metamorphic 
conditions can be traced along a discontinuous and 
approximately E-W trending zone at the southern margin of 
the MA throughout the AA block (Figure 3). They are 
exposed in the Sieggraben unit at the eastern margin of the 
eastern Alps [Dallmeyer et al., 1992; Neubauer et al., 1999], 
the Saualpe-Koralpe region [e.g., Miller, 1990; ThOni and 
Miller, 1996; Gregurek et al., 1997], the Kreuzeckgruppe 
near the southeastern comer of the Tauem Window [Hake, 
1990], and the 0tztal crystalline, west of the Tauem Window 
[Hainkes et al., 1991 ]. 

Radiometric data of high-pressure mineral assemblages 
(Table 1) gave upper and lower age limits of circa 150 and 90 
Ma, respectively, for the high-pressure (HP) event with a 
concentration of ages in the range 100-95 Ma [ThOni, 1988; 
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very low grade low grade 

medium grade eclogite facies 

Figure 3. Spatial distribution of Cretaceous metamorphic overprint within the AA, redrawn from Genser et 
al. [1996] and modified after Frey et al. [1999]. SA, Saualpe; KO, Koralpe; SGE, Sieggraben eclogites. A-B 
marks the position of the modeled cross section. 

Hoinkes et al., 1991' Thdini and Jagoutz, 1992; 1993; Thdini 
and Miller, 1996]. 

Similar to the UA unit, an increase in metamorphic grade 
from greenschist in the north-northwest to amphibolite facies 
in the south-southeast can be recognized. The widespread 
amphibolite facies metamorphism clearly overprinted the HP 
event and took place at approximately 90 Ma [Frank et al., 
1983; 1987' Hoinkes et al., 1991' Dallmeyer et al., 1992; 
Thdini and Jagoutz, 1992; Thdini and Miller, 1996; Gregurek 
et al., 1997]. 

A vast number of cooling-related petrological [e.g., Ehlers 
et al., 1994] and geochronological data from the entire MA 
complex show that large parts of the MA had already cooled 

below approximately 100øC by the end of the Cretaceous to 
Paleogene (50 Ma) [Frank et al., 1976, 1983, 1987; Morauf, 
1982; Thdini and Hoinkes, 1987; Dunkl, 1992; Neubauer et 
al., 1995; Dallmeyer et al., 1996; Hejl, 1997]. 

2.3. Lower Austro-Alpine (LA) 

The lowermost AA subunit is the LA unit, which consists 
of polymetamorphic basement and Permian-Triassic cover 
sequences in the east and Permian-Lower Cretaceous cover 
sequences in the west representing the northwestern passive 
margin of the AA microcontinent, facing the South Penninic 
ocean. 

Table 2. Material Parameters and Rheological Stratification of the Model Section 

Thickness, Density p, Conductivity n, Specific Heat ct,, Heat Production A, 
Layer km kg m -3 W m-•øC -• J kg'•øC '• mW m -3 Rheology 

Upper crust 16 2800 2.6 1050 2.0 
Lower crust 16 2800 2.6 1050 0.5 
Mantle 3300 3.1 1050 0 

wet quartz 
wet diorite 

olivine 

Thermal parameters are after Pollak and Chapman [ 1977]; rock analogues are after Carter and Tsenn [ 1987]. 
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At the eastern margin of the eastern Alps, lower 
amphibolite facies metamorphic conditions in southern parts 
of the LA (Figure 3) [Moine et al., 1989; Neubauer et al., 
1992a; Frey et al., 1999] were reached before 77 Ma 
[Dallmeyer et al., 1996; 1998], probably contemporaneous 
with the greenschist facies metamorphism farther to the north 
[e.g., Wieseneder, 1972] circa 82 Ma [Dallmeyer et al., 
1996]. Zircon as well as apatite fission track data in the range 
70-60 Myr indicate rapid cooling of the rocks during the 
Upper Cretaceous [Dunkl, 1992]. 

Recently, greenschist and even blueschist facies 
metamorphic conditions have been assessed for LA cover 
series at the Radstadt Tauem area [Voll, 1977] and the 
Tamtal Mountains at the northwestern comer of the Tauem 

Window [Dingeldey et al., 1997], respectively. The 4øAr/39Ar 
dating gave exclusively Eocene ages for the blueschist event 
implying that final closure of the South Penninic ocean could 
not have occurred prior to this event. 

3. Numerical Model 

We used a two-dimensional finite difference model similar 

to that of van Wees et al. [ 1992] and Genser et al. [1996] to 
calculate the thermal and mechanical structure of the 

lithosphere through time by integration of the heat conduction 
equation 

OT= I [V(kVT)+Ai_vVT 

where T is temperature, t is time, p is density, cp is specific 
heat, k is thermal conductivity, A is radiogenic heat 
production and v is the velocity of tectonic movements. Here 
the numerical model is used as a tool to evaluate the 

conditions in terms of heat flow, timing of events, and rates of 
tectonic movements, required to reproduce observed P-T-t 
paths within an assumed kinematic frame. 

The rectangular-shaped model covers an area of 1800 km 
in length by 250 km in depth with a grid spacing of 4.5 by 2.5 
km, respectively. A model of continental lithosphere is 
adopted consisting of a 16 km thick upper crust, an equally 
thick lower crust, and a subcrustal lithosphere. The 
lithosphere-asthenosphere boundary is defined by a 
temperature of 1325øC, corresponding to the melting 
temperature of ultramafic rocks, and is allowed to migrate 
according to the imposed tectonic movements and resulting 
temperature change. Furthermore, a constant heat flux across 
the lithosphere-asthenosphere is assumed. Following Pollack 
and Chapman [1977], we assume that radiogenic heat 
production within the upper crust accounts for 40% of the 
surface heat flow. The initial steady state geotherm is 
determined on the basis of the heat flow assumptions 
mentioned above. The left- and right-hand sides of the 
numerical model are fixed (6T/15x = 0) during time 
integration. The surface temperature is taken to be zero. 
Material parameters used for the thermal modeling are listed 
in Table 2. 

The model is capable of simulating simple shear, pure 
shear, as well as combined shear tectonics, based on a 
velocity field approach [Buck et al., 1988; van Wees et al., 

1992, Figure 5]. Blocks separated by a fault move parallel to 
the fault plane with different constant horizontal velocities 
during time integration. The vertical velocity component 
depends on the dip of the fault plane. Bending of the layers 
where dips change is accommodated by vertical shear [van 
Wees et al., 1992]. 

The numerically modeled temperature and material 
structures are used to calculate two-dimensional strength 
profiles through the lithosphere based on extrapolation of rock 
mechanics data [Carter and Tsenn, 1987]. A constant strain 
rate of 10-•4 s-• and compressional deformation were assumed. 

4. Basic Assumptions 

In this section, kinematic and heat flow assumptions 
adopted for the numerical modeling that rely upon geological 
data and their interpretation are outlined. They are 
summarized in Table 3. An attempt was made to match 
kinematics used for the numerical model study closely to 
those deduced from geological information (see Table 3). 
Although this paper focuses on the Cretaceous tectonothermal 
evolution of the AA microcontinent, it is also necessary to 
account for pre-Cretaceous tectonic events since the Early 
Cretaceous thermal structure is a function of the preceding 
tectonics. The numerically modeled cross section to the east 
of the Tauem Window runs NW-SE, subparallel to the 
Cretaceous transport direction (Figure 3). 

The numerical model starts in the latest Permian (260 Ma). 
Opening of oceanic basins (Meliata and South Penninic) is 
modeled by pure shear extension. Sedimentation of the cover 
series throughout the Mesozoic is simulated by gradually 
adding sediments on top of the lithosphere to a maximum 
thickness of 4.5 km. Simple shear kinematics were used for 
subduction of the oceanic parts (e.g., Figure 4a) as well as the 
internal imbrication of the AA microcontinent. A 

progressively increasing angle of subduction, to a maximum 
dip of 40 ø, was used to mimic the geometry of a downbending 
plate. Intra-AA stacking was simulated by footwall 
propagation of the subduction zone (Figures 5a and 5b) [see 
also Davy and Gillet, 1986] assuming inherited weakness 
zones crosscutting the AA crust subparallel to the Meliata 
subduction zone. Underthrusting of the MA that reached its 
maximum burial depth at 95 Ma followed burial of the UA. 
Subsequent exhumation of UA and MA rocks was modeled 
by reversing the sense of movement on the subduction/thrust 
faults (Figures 5b and 5c) and during a later stage by erosion 
(Table 3 and Figure 5d). For both mechanisms a velocity has 
to be defined in the numerical model which may vary laterally 
in the case of erosion. The change of the exhumation 
mechanism was adopted in order to maintain correct 
tectonostratigraphic relationships between tectonic units. 
However, it is important to note that the choice of the 
exhumation mechanisms adopted for the numerical modeling 
does not contradict field observations (see Table 3) and has a 
minor effect on the model predictions as outlined in section 
5.2. Rapid exhumation of eclogites terminated in an 
amphibolite facies metamorphism. Tectonic unroofing of the 
MA basement is accounted for by removing the UA unit 
toward the northwest accompanied by erosion. This phase is 
intrinsically linked to the preceding one. Further shortening 
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Figure 4. Model configuration 120 Myr ago. (a) Configuration after the closure of the Meliata-Hallstatt 
ocean (MH) and the Mid-Jurassic opening of the South Penninic ocean (SP) along the NW-SE running model 
cross section. Shading (from hangingwall to footwall) depicts sedimentary layer, upper crust, lower crust, and 
subcrustal lithosphere, respectively. Isotherms have a spacing of 100øC. Dashed lines mark the positions of 
future thrust planes, separating the major Austro-Alpine t•tonic units. Symbols represent rocks for which the 
pressure-temperature (P-T) history was traced through time: circle, Graywacke Zone (Upper Austro-Alpine); 
triangle, eclogite of the Saualpe-Koralpe region (Middle Austro-Alpine); square, southern part of Lower 
Austro-Alpine crystalline. (b) Rheological stratification of the lithosphere for the configuration described in 
Figure 4a and according to the rheological layering listed in Table 2, using a strain rate of 10 q4 s -• and 
compressional deformation. Superimposed strength envelopes are displayed for a better visualization of the 
integrated strength profiles. Dark and light shading depicts strong and weak areas, respectively. Linear grey 
scale with a maximum of 2 GPa. Same grey scale for all strength envelopes. Note the distinct lateral changes 
of lithospheric strength. 

was accommodated by underthrusting of the LA unit (Figure 
5f) and, in a later stage, by the onset of subduction of the 
South Penninic ocean (Figure 5g). Erosion was used as the 
exhumation mechanism for LA and MA rocks until the end of 

the Cretaceous (e.g., Figure 5h). Because there are no lower 
crustal rocks exposed within the AA block, to the east of the 
Tauern Window, we assume in our model that the lower crust 
stays attached to the subducting mantle lithosphere [see also 
Wijbrans et al., 1993]. 

An initial surface heat flow of 78 mW m -2 was adopted for 
the thermal calculations. This particular value was chosen to 
account for the contemporaneity of metamorphism and 
deformation in the AA. In section 5, model results are 
summarized for the AA subunits separately to emphasize the 
major tectonothermal differences of the particular units, 
according to the kinematics outlined above. Furthermore, 
changes in heat flow assumptions and the timing of the HP 

event are explored. Numerically modeled P-T-t paths of grid 
nodes that are thought to be representative for rocks of 
particular AA subunits are shown graphically (Figures 6a- 
6d). 

5. Model Restfits 

5.1. Upper Austro-Alpine 

Cretaceous continent-continent collision following the 
closure of the Meliata-Hallstatt ocean starts in our numerical 

model at 120 Ma (Figure 4a). The thermal regime at that time 
is completely controlled by the subduction process at the 
southern margin of the AA; however, we still recognize a 
gentle upwelling of the isotherms in the area of the South 
Penninic ocean as a consequence of its Mid-Jurassic opening 
(Figure 4a). With the onset of collision the UA unit follows 
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the subducting slab and underthrusts the Upper Juvavic-Silice 
plate until it reaches its maximum burial depth 100 Myr ago 
(Figures 5a and 6a). The model geometry for the above 
mentioned underthrust event was chosen in such a way that 
the predicted P-T conditions gradually increase toward the SE 
in agreement with field data (Figure 5a). 

Subsequent exhumation of the UA domain by thrusting is 
accompanied by advective heat transport upward 
counteracting cooling during contemporaneous subduction of 
the MA (Figure 5b). Therefore a separate temperature peak is 
predicted by the numerical model (Figure 6a). The shape of 
the modeled P-T path during decompression is very much 
dependent on the velocities used (Figures 5c, 5d, and 6a). 
Slow exhumation (0.55 mm yr 4) from the thermal peak until 
91 Ma is marked by slow cooling (Figure 6a), whereas rapid 
exhumation until 90 Ma is nearly isothermal (Figure 6a). 
However, during this phase (100-90 Myr) of UA evolution, 
predicted temperatures are sufficiently high to open the 
4øAr/39Ar system for white mica (Figure 6a) and to cause 
lower greenschist facies metamorphism. Tectonic unroofing 
of the MA basement by surface-parallel motion of the UA 
nappe complex toward the NW (Figure 5e) caused a dramatic 
temperature decrease within UA units (see Figure 5e and 6a). 
Initial exhumation in the area of the coevally rising MA is 
followed by an apparent thickening event, which is a function 
of the model geometry (Figure 6a). Kinks in the modeled P-T 
path can be related to changing dips of the detachment 
(compare Figures 5e and 6a). Complete reequilibration of the 
isotherms at the leading edge of the UA is prohibited by 
subsequent underthrusting of the LA continental crust and the 
South Penninic ocean (Figures 5f and 5g). The latter resulted 
in a short-lived cooling phase (Figures 5g and 6a). In general, 
burial of UA units after its emplacement towards the NW 
(Figure 5e) is related to the deposition of overstep sequences 
(Gosau sediments) on top of the lithosphere (Figure 6a). 

5.2. Middle Austro-Alpine 

We have investigated the effect of various heat flow 
assumptions on P-T paths and their relationship to the timing 
of the eclogite facies metamorphism. For all model runs, rates 
of tectonic movements are the same. A direct correlation of 

deformation and the HP metamorphic event is predicted with 
initial surface and basal heat flow values of 78 and 38.8 mW 

m -2, respectively (Figure 6b). The use of lower initial surface 
and basal heat flow values (70, 34 and 60, 28 mW m -2) argue 
for the necessity of thermal relaxation phases in the order of 5 
and 15 Myr, respectively, until observed P-T conditions are 
reached (Figure 6b). Thus the time when rocks reach their- 
maximum burial depth does not correspond to the time of 
maximum P-T conditions, implying an earlier onset of the 
burial history and the temporal separation of deformation and 
metamorphic events. 

Insights on the timing of the HP event as well as on the 
rates of exhumation required to match the proposed 
isothermal exhumation path are gained by varying the 
exhumation duration (Figure 6c). For all model calculations 
an initial surface heat flow of 78 mW m -2 was adopted and 
we prescribed the regional amphibolite facies metamorphism 
at the end of the exhumation phase to have occurred at 90 Ma. 
For simplicity we have adopted thrusting as the only 

mechanism for eclogite exhumation. In our best fit model 
(BFM) we reach the pressure peak at 95 Ma (Figure 6c). The 
thermal consequences of an earlier pressure peak on the 
subsequent exhumation history are shown in Figure 6c. In 
order to preserve HP mineral assemblages, only a slight 
increase in temperature is allowed during their exhumation. 
Hence the probability of loosing the HP memory distinctly 
increases by prolonging the exhumation duration (Figure 6c). 
According to our model results, a time span of 5-10 Myr for 
eclogite exhumation (exhumation rates of 7.5-4 mm yr -I) 
gives a good fit with the P-T-t data. Fixing the P peak at 105 
Ma or 125 Ma corresponding to exhumation periods of 15 
and 35 Myr and exhumation rates of 2.4 and 1 mm yr -I, 
respectively, results in too high temperatures and in a nearly 
granulite facies metamorphic overprint after the major 
decompression phase (Figure 6c). 

According to the kinematics• outlined in section 4, we 
adopted a two-step exhumation history for the eclogites. The 
combination of thrusting (95-91 Myr, Figure 5c) and erosion 
(91-90 Myr, Figure 5d) led to an isothermal exhumation of 
the HP rocks. Exhumation rates of 7.2 and 7.8 mm yr -• were 
deduced for these steps, respectively. It is important to note 
that although we used different exhumation mechanisms, no 
significant differences in the predicted P-T paths can be 
observed (Figure 6b). In the absence of shear heating the 
shape of the P-T path appears to depend primarily on the 
velocities of tectonic processes (see also Figure 6c) and not on 
the exhumation mechanisms used. As mentioned in section 4, 
we adopted erosional unroofing for the above mentioned 
second step, although tectonic unroofing may have played an 
important role. The thermal structure of the lithosphere clearly 
reflects the decompression history such that a pronounced 
upwelling of the isotherms can be observed in the area of 
maximum vertical movements (Figure 5d). 

Continuous exhumation of the MA is related to the 

unroofing of the AA (Figure 5e). In fact, this tectonically 
induced denudation is thought to be directly related to the 
amphibolite facies metamorphism occurring around 90 Ma. 
Underthrusting of buoyant LA crust causes cooling at the 
base of the hot MA and UA domain but does not influence 

the temperature evolution of the exhuming eclogites (Figure 
5f). The cooling effect of the underthrusting nappe is 
restricted to a relatively narrow zone in the vicinity of the 
thrust fault. Although slow exhumation of the eclogites (0.8 
mm yq) is assumed during this time interval, they show rapid 
cooling triggered by their "near-surface" position (Figures 5f 
and 6b). Further cooling of the MA basement is influenced by 
rapid exhumation of LA rocks, which advects heat, slowing 
down the cooling process of the hangingwall MA rocks. In 
order to compensate this effect, higher exhumation rates (3.5 
mm y-l) were adopted to explain cooling of the rocks through 
the cooling range of biotite for the Rb-Sr system at 80 Ma 
(Figure 6b). Final cooling until the end of the Cretaceous is 
accompanied by slow exhumation of the MA unit (Figures 
5h, 5i, and 6b). 

5.3. Lower Austro-Alpine 

We have treated the LA unit as a single crustal segment, 
hence maximum P-T conditions are reached in the northern 

and southern parts at the same time (82 Ma, Figure 5f). Peak 
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Figure 5. Albian to Maastrichtian model configurations: (a) upper Albian (100 Ma) model geometry after 
continent-continent collision started and the Upper Austro-alpine (UA) unit was underthrusted underneath the 
Juvavic-Silice plate; (b) upper Cenomanian (95 Ma), when the UA was underthrusted by the Middle Austro- 
Alpine (MA); (c) middle Turonian (91 Ma), after the first step of eclogite exhumation by thrusting; (d) upper 
Turonian (90 Ma), after the second step of exhumation by erosion; (e) Coniacian (87 Ma), after extensional 
unroofing of the AA basement and orthwestward displacement of the UA; (f) lower Campanian (82 Ma), after 
underthrusting of the LA unit; (g) late Lower Campanian (80 Ma), after underplating of the South Penninic 
ocean started and rapid exhumation of the LA basement by erosional denudation; (h) middle Campanian (77 
Ma), showing further exhumation of the AA by erosion contemporaneous with underplating of the South 
Penninic ocean; and (i) Cretaceous-Tertiary boundary (65 Ma), with still ongoing underplating of the South 
Penninic ocean and slow erosional denudation of the AA basement. Dashed lines mark boundaries between 

major AA units. Arrows indicate directions of relative motions. The size of the arrows relates to the relative 
amount of motion with respect to each other. Shading of rheological stratifications of Figures 5b, 5d, and 5f 
is the same as that in Figure 4b. 
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Figure 5. (continued) 
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metamorphic conditions for southern parts, discussed in 
section 2.3, essentially correspond to our pressure maximum 
(Figure 6d). Even very fast exhumation (10 mm y-•) of these 
rocks is accompanied by a temperature increase and results in 
a separate temperature peak at considerably lower pressures 
(Figures 5g and 6d). Subduction of the South Penninic ocean 
started in our numerical model after deformation was locked 

in the AA system (80 Ma), thus postdating accretion of the 
LA complex (Figure 5g). Associated cooling of footwall 
portions of the LA unit by the subduction process has no 
influence on the exhumation path of the particular rock 
•article traced in this model (Figure 6d). 

Prescribed ongoing erosional denudation caused further 
exhumation of LA basement rocks. At this time only 
moderate exhumation (2.6 mm yr -•) of LA basement is 
required in order to induce cooling through the temperature 
range of the •øAr/•9Ar system for phengitic white mica at 77 
Ma (Figure 6d). Subsequent reequilibration of the isotherms 
during the last stage of the numerical model run is expressed 
by moderate cooling of the basement units (Figures 5i and 
6d). 

In our model, final consumption of the South Penninic 
ocean and subsequent collision between the AA and the 
Middle Penninic block occurred during post-Cretaceous 
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times. However, subduction of the South Penninic ocean 
cooled the base of the orogen but did not influence the cooling 
history of the particular basement rocks modeled in this study. 

5.4. Rheological Modeling 

Modeling of the paleorheology during continent-continent 
collision, along the cross section described in section 4, gives 
important indications on the mechanical evolution of orogens 
[see also van Wees et al., 1992; Genser et al., 1996]. The 
mechanical structure of the lithosphere is primarily a function 
of its composition and temperature. Hence thermal 
perturbations have a significant impact on the mechanical 
properties of the lithosphere. Below we discuss the effect of 
changing thermal regimes on the rheological evolution of an 
orogen. Predictions on the paleorheology are made using the 
kinematic and heat flow assumptions discussed in section 4. 
Crustal compositions are chosen, taking into account the 
surface geology of the eastern Alps and seismic velocity 
studies from the Alpine part of the European Geotraverse 
(Table 3) [e.g., Okaya et al., 1996]. Numerically modeled 
strength profiles are shown for selected stages, when major 
changes of the thermal regime occur. For a better 
visualization the rheological stratification of the lithosphere is 
displayed together with strength envelopes (e.g., Figure 4b). 

Strong lateral variations in lithospheric strength are 
predicted for the precollisional mechanical state of the 
lithosphere along the cross section (Figure 4b). Strong 
oceanic crust in the area of the thermally relaxed South 
Penninic ocean passes laterally into weak continental crust of 
the AA domain, characterized by 6-8 km of brittle upper crust 
and a weak subcrustal lithosphere. Similarly strong lateral 
variations in lithospheric strength are predicted at the 
transition of the AA to the Meliata oceanic crust as well as at 

the position of the oceanic sediments on top of the subducting 
oceanic slab (Figure 4b). This particular situation suggests 
that the AA lower crust and its subcrustal lithosphere together 
form a coupled system, decoupled from the upper crust. 
Although weak, AA lower crust and subcrustal lithosphere 
are thought to be subductable, pulled down by the sinking 
oceanic Meliata-Hallstatt slab [see also Chemenda et al., 
1996]. According to our strength calculations, subduction of 
cold and strong oceanic lithosphere also affects the overriding 
continental plate, which gains strength at its leading edge 
(Figure 4b). In the same way, UA rocks regain strength, when 
they are underthrusted by the MA, the LA or the South 
Penninic ocean (Figures 5b, 5f, and 5g). On the other hand, 
exhumation-related advective upward heat transport, together 
with an increased heat production rate due to radioactive 
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Figure 6. P-T graphs for modeled P-T paths of different tectonic units. Metamorphic facies distribution is 
drawn in simplified form and taken from Spear [1993]. Abbreviations: ZE, zeolith facies; PR-PU, prehnite- 
pumpellyte facies; BS, blueschist facies; GS, greenschist facies; AM, amphibolite facies; EC, eclogite facies; 
GR, granulite facies. All P-T graphs start at 260 Ma. Note that the first phase of burial and heating is due to 
deposition of Mesozoic cover series on top of the lithosphere. (a) P-T graph for the UA Graywacke Zone for 
the time steps as indicated. The nøAr/39Ar closing temperature range for muscovite is taken from [ 1993] and 
based on data from Dallmeyer et al. [1996, 1998] and Handler et al. [1996]. (b) P-T paths for the MA 
eclogites using different heat flow assumptions. Note that an initial surface heat flow of 78 mW m -2 gave the 
best fit with the observed P-T path compiled from Miller [1990], Th6ni and Jagoutz [1992], Th6ni and 
Miller [ 1996], and Gregurek et al. [ 1997]. Age data for the metamorphic and cooling events as indicated by 
the boxes are compiled from Frank et al. [ 1987], Th6ni and Jagoutz [1992], Th6ni and Miller [1996], and 
Morauf[ 1982]. The closing temperature range of biotite for the Rb/Sr system is taken from yon Blanckenburg 
et al. [ 1989]. (c) Thermal consequences in variations of timing of the high-pressure event and its influence on 
the exhumation path of the eclogites. Boxes are as those in Figure 6b. (d) Modeled P-T path for the southern 
part of the LA unit. P-T range is taken from Moine et al. [ 1989], and cooling ages are from Dallmeyer et al. 
[ 1996] and Dunkl [ 1992]. The closing temperature range of phengitic white micas for the nøAr/39Ar system is 
taken from yon Blanckenburg et al. [ 1989] and Kohn et al. [ 1995]. 
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decay in thickened continental crust, causes weakening of the 
thickened orogenic system (Figures 5d and 5f). It is important 
to note that depending on the thermal regime, lithospheric 
strength can vary considerably across an orogen. Using the 
kinematic and thermal assumptions outlined in preceding 
sections, low strength is predicted in central parts of the 
orogen whereas the leading edge of the overriding plate 
represents a high-strength region. 

6. Implications for Dynamics of the 
Austro-Alpine Unit 

In this section, modeling results are discussed and 
compared with models based on field and laboratory data. 
Furthermore, an attempt is made to relate model results to 
orogenic processes and their possible effects on the 
Cretaceous evolution of the AA. 

6.1. Onset of Middle Cretaceous Continent-Continent 
Collision 

Continental collision affecting first UA units is 
documented by thrusting within cover as well as basement 
series [Decker et al., 1994; Eisbacher and Brandner, 1995; 
Dallmeyer et al., 1996; Schweigl and Neubauer, 1997]. The 
adopted scenario invoking southeastward underthrusting of 
UA units underneath the upper plate (Figure 5a) is able to 
account for the observed southward to southeastward increase 

in thermal overprint within the cover series and the very low 
to low grade metamorphic overprint [e.g., Kralik et al., 1987; 
Dallmeyer et al., 1996]. The use of an elevated heat flow 
implies the mechanically weak behavior of the continental 
lithosphere, allowing a complete decoupling of upper crustal 
rocks, which are subsequently stacked, from the rest of the 
lithosphere at relatively shallow crustal levels (Figures 5b and 
5c). Since there are no estimates on the maximum pressures 
reached during greenschist facies metamorphism within the 
UA Graywacke Zone, it is difficult to assess how close the 
numerical model predictions come to "reality." However, the 
numerical model predicts maximum pressures of the order of 
0.48 GPa, equivalent to burial depths of approximately circa 
15 km. This is sufficient for the UA Graywacke Zone to 
induce a prograde lower greenschist facies overprint, as 
recorded by synkinematically grown white micas [Dallmeyer 
et al., 1996]. According to our model calculations, 
subsequent exhumation of these rocks, probably triggered by 
the underplating of buoyant MA continental crust, is required 
in order not to exceed the blocking temperatures of the 
4øAr/39Ar system for white mica. 

6.2. Eclogite Facies Metamorphism and Exhumation 
of HP rocks 

On the basis of radiometric age dating, ThOni and Jagoutz 
[1992] and ThOni and Miller [1996] argued for a "young" 
high-pressure event between 95 and 100 Ma (Figure 7a). 
They coupled their data with a P-T path that is characterized 
by an isothermal exhumation path terminating in an 
amphibolite facies metamorphic overprint around 90 Ma. 
Additionally, the intimate link of metamorphism and 
deformation was emphasized by Stawe [1998]. Using the 

model assumptions outlined in section 4, we were able to 
reproduce these particular features, placing the eclogite facies 
metamorphism as late as 95 Ma (Figure 7a). Only fast 
exhumation results in an isothermal exhumation path and 
prevents an obliteration of the HP-mineral assemblages due to 
thermal re-equilibration. According to our model results, it is 
important to note that isothermal exhumation of the eclogites 
occurs within 5-10 Myr, equivalent to average exhumation 
rates ranging from 7.5 to 4 mm yr -• respectively. The 
resulting P-T path seems to be largely independent of the 
exhumation mechanism (thrusting versus erosion) used but 
strongly dependent on the velocity of the processes. This 
suggests that the high-pressure event was followed by the 
amphibolite facies overprint within a time span of 10 Myr. 
In our numerical model approach we explain the P-T path 
related to the burial-exhumation history of the eclogites by 
heat conduction coupled with heat advection and radiogenic 
heat production. Alternatively, episodic release of heat due to 
syndeformational shear heating might have been an important 
heat source during the Cretaceous metamorphism- 
deformation history of the MA (for review, see Stiiwe [ 1998]). 
Rapid exhumation of the high-pressure rocks might have been 
driven by the density difference of the buried continental crust 
and the surrounding mantle lithosphere, although 
transformation of the continental material to eclogites caused 
an increase in rock density. Analogue modeling showed that 
exhumation of deeply buried continental crust by buoyancy 
forces is able to account for very rapid movement of the rocks 
toward shallower crustal levels [Chemenda et al., 1996]. 

6.3. Late Cretaceous Tectonics and Their Relationship 
to Gosau Basin Formation 

As shown by field studies, a combination of erosion and 
ductile normal faulting reduced the thickness of the orogen 
and caused the rise of metamorphic crust [Ratschbacher et 
al., 1989; Neubauer et al., 1992b; 1995]. Coevally, 
extensional basins (Gosau basins) formed on top of the 
thickened lithosphere [e.g., Neubauer et al., 1995]. 

Our modeling gives important implications for possible 
mechanisms underlying the formation of Gosau basins during 
the Late Cretaceous. As shown by the numerical model 
predictions, synorogenic extensional tectonics together with 
erosion have the potential to increase the geotherm 
significantly (Figure 5g). Therefore a very rapid increase of 
temperature with depth, coupled with a shift of the brittle- 
ductile transition to relatively shallow crustal levels can 
mimic a large break of metamorphic grade between rock 
units. In the case of the AA nappe edifice the numerical 
model predictions suggest that the observed metamorphic 
break and the break in deformation behavior between the MA 

unit of the Koralpe and Gleinalpe region and the overlying 
UA Graz Paleozoic unit do not require the excision of large 
quantities of crustal material. 

Pronounced lateral gradients in temperature and strength of 
the rocks can be observed along the modeled cross section. In 
areas of high synorogenic heat flow a decrease in rock density 
is expected to occur, probably facilitating buoyancy-driven 
exhumation of the rocks. However, it is important to note that 
the model predicts very weak lithosphere where the 
continental crust is most piled up [see also Genser et al., 
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Figure 7. Cartoon showing key stages in the evolution of the AA realm inferred from modeling and 
geological constraints: (a) Middle to early Late Cretaceous nappe stacking and (b) Late Cretaceous extension. 

1996; Okaya et al., 1996]. We therefore suggest that the AA 
continental crust was probably not able to support large 
stresses and collapsed (Figure 7b). This is expressed by the 
Late Cretaceous E-W directed extension although the system 
as a whole was still converging [Ratschbacher et al., 1989]. 

In this context the opening of the extensional Gosau basins 
is of particular interest, because no unique basin-forming 
mechanism seems to be able to account for the basic 

geological features observed [e.g., Wagreich and Faupl, 
1994; Wagreich, 1995]. Opening of Gosau basins on top of 
the Northern Calcareous Alps is dominated by strike-slip 
deformation [Wagreich, 1993; 1995]. An important 
regressional and erosional phase, separating the Lower Gosau 
group from the Upper Gosau group was mapped by Faupl et 
al. [1987] and Wagreich [1993; 1995]. In our numerical 
model approach we relate this uplift to progressive 
underthrusting of buoyant LA continental crust. We attribute 
subsequent tilting of the Northern Calcareous Alps and 
renewed subsidence of Gosau basins circa 84-70 Myr to the 
removal of the LA crust from its northern margin position 

[Neubauer, 1994b] and not to subcrustal tectonic erosion as 
postulated by Wagreich [1993]. In contrast, more internal 
parts of the orogen are thickened again by accretion of the LA 
unit. We therefore relate the major subsidence pulse in central 
Alpine Gosau basins (see also Figure 1) during the lower 
Campanian (approximately 82-80 Myr ago) to the collapse of 
the AA crust. 

If we compare the modeled crustal thickness before the 
collisional event with that predicted at the end of the 
Cretaceous, we have to realize that they are close to equal 
(compare Figures 4a and 5i), suggesting that ductile thinning 
of the AA crust and erosion left behind an only slightly 
thickened continental crust by the end of the Cretaceous. 

The role of the South Penninic ocean during the Cretaceous 
was twofold: (1) Cooling of the hanging-wall by underplating 
could have been accompanied by cooling related to the 
dehydration of water-saturated oceanic sediments and their 
subsequent infiltration into the hangingwall basement. This 
process, expressed by the formation of white schists [e.g., 
Moine et al., 1989], would probably facilitate the release of 
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heat compared to heat conduction only. (2) The mechanically 
strong and already cold oceanic crust (Figures 4a and 5f) is 
suitable to transmit stresses, leading to far-field 
compressional deformation in the European foreland 
(Bohemian Massif) due to collisional coupling of the Alpine 
orogen with the European foreland from circa 80 Myr onward 
[Ziegler et al., 1995, 1998]. 

7. Conclusions 

On the basis of our numerical model results and geological 
constraints, we conclude that (1) the P-T-t history of the AA 
part of the eastern Alps can be explained by Cretaceous 
continent-continent collision and related imbrication of AA 

tectonic units, (2) HP metamorphism probably occurred as 
late as 95 Ma, (3) exhumation rates between 4 and 7.5 mm y-1 
are consistent with isothermal exhumation of the eclogites 
within MA units, most likely related to a combination of 
tectonic and erosional unroofing, (4) amphibolite facies 

metamorphic conditions within southern MA units are 
reached at the end of the isothermal exhumation phase, (5) 
underplating of the LA unit was followed by rapid 
postmetamorphic exhumation, (6) major subsidence in central 
Alpine Gosau basins was probably due to the collapse of very 
weak and thickened continental crust, (7) rocks of the AA 
nappe complex, exposed at present, already reached a near- 
surface position at the end of the Cretaceous, and (8) lateral 
variations in lithospheric strength play an important role both 
during the buildup and dismembering of the AA nappe 
complex and in the context of collision-related foreland 
deformation. 
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