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[1] Comparison of the results of a thin viscous sheet
model with the velocity field determined by GPS
stations in the Alpine-Pannonian realm shows that the
Adpriatic plate is only slightly stronger than the Eastern
Alps. The observed velocity field is best approximated
with a Newtonian fluid. However, this scenario must
be fairly recent, as the overall geometry of the orogen
can only be reproduced if the rheology contrast was
about 1:10 before the late Miocene. The boundary
conditions for this model are tested against the
orientation of the intraplate stress field and are
robust for Argand numbers between 1 and 5. We
conclude that the convergence rate between the
Adriatic and European plates must have slowed
since the Miocene and that the present-day eastward
extrusion of the Eastern Alps is largely due to lateral
escape and only to a minor degree due to gravitational
collapse. Scaled viscosities of the Eastern Alps are on
the order of 10%® Pa s. Citation: Robl, J., and K. Stiiwe
(2005), Continental collision with finite indenter strength: 2.
European Eastern Alps, Tectonics, 24, TC4014, doi:10.1029/
2004TCO001741.

1. Introduction

[2] The eastern part of the European Alps has been
described as a typical example of an orogen formed by
indenting one continent into another. Within this model, the
southern Adriatic plate is assumed to be rigid and is assumed
to have indented obliquely into a softer region along the
southern margin of the European plate [Ratschbacher et al.,
1991a, 1991b; Frisch et al., 1998]. This model is consistent
with the overall geometry of the Alps, with the region of
maximum horizontal shortening being located north of the
indenter front and long, orogen-parallel structures that fan
out toward the east and extrude the orogen eastward toward
the Pannonian Basin (Figure 1).

[3] However, several observations indicate that the
Adriatic indenter cannot be assumed to be rigid in its
present stage and, in fact, that there must be rheological
variations within the European plate between the orogen
and the European foreland in the far field. Field data also
show that the indenter must have experienced significant
changes in its rheology relative to the Eastern Alps over
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the past 30 m.y. For example, structural data from the
Adriatic plate [e.g., Castellarin and Cantelli, 2000] and
from the Eastern Alps [e.g., Ratschbacher et al., 1991Db]
indicate that ever since the Eocene, the deformation was
variably partitioned between the two colliding plates.
While orogen parallel extension and lateral extrusion was
the dominant feature during early to mid-Miocene times,
the evolution of the orogen since the late Miocene was
characterized by thrusting and surface uplift within the
Adriatic plate [Castellarin and Cantelli, 2000; Zattin et al.,
2003]. Extrusion is also associated with some minor
folding and even reverse faulting as evidenced by
Miocene basins [e.g., Nemes et al., 1997]. Today, most
of the current seismicity is located within the Adriatic
plate, while the region of largest crustal thickness inside
the European plate is seismically comparatively calm
(Figure 2a).

[4] Clearly, such observations show that the Adriatic
plate cannot be assumed to be a rigid indenter throughout
the evolution of the Alps and that not only changes in the
kinematic boundary conditions play an important role in
shaping the orogen, but that changes in the rheology must
also be considered. In this study, we use observations on
the partitioning of deformation between the European and
the Adriatic plates to infer aspects of the rheology contrast
between the two plates and its changes since the Miocene.
In our approach, we use a two-dimensional numerical thin
sheet model in plan view. In a companion paper we have
introduced this numerical model and investigated the
principles of deformation partitioning between two plates
for indenters of finite strength [Rob! and Stiwe, 2005]. In
this paper, we apply a somewhat more refined model to
the rheological evolution of the Adriatic-European colli-
sion zone. Details of our rheological assumptions and their
justification are discussed in section 5. We show that the
present-day stress, strain and velocity pattern of the
Alpine orogen indicates that the Adriatic indenter has
currently a rheology that is similar to that of the European
plate, at least in the region of the orogen. However, we
also show that the European plate must have been about
an order of magnitude softer than the Adriatic plate in the
Miocene.

[5] In our terminology we refer to the “Alpine orogen”
as the general region of thickened crust and elevated
topography on both the Adriatic and European plates.
The term “Eastern Alps” is used for the region east of
9°30'E (the meridian of Lake Constance), corresponding to
the western most exposure of typical units of the Eastern
Alps. The Eastern Alps are therefore entirely located east

1 of 21



TC4014

European plate

Tyrrhenian Adriatic

ROBL AND STUWE: CONTINENT COLLISION AND INDENTER STRENGTH, 2
_
[ ]
2 E
g o _‘é&‘@.—;
8 [Western Carpathians|
Te : .
S o S T
59 =
¢ SRt Paronian Basin
QT G
® Southern Alps |
o | B, i
3
K
o

10u N - = - a ) b N Gn
12 14° 16° 18° 20° 22’ 24 2

12 14° 16 18° 20° 22 24

Figure 1. Topographic map of the investigated region showing (a) the most important geological units
and structures discussed in the text and (b) the velocity field calculated from the motion of GPS station
relative to the central European reference frame after Nocquet and Calais [2003]. The positions of the
GPS stations are marked by circles. The topographic map is calculated from the SRTM30 digital
elevation model and is shown in a transverse Mercator projection with a central meridian at 18°30’E.
Major rivers are shown in Figure la for better orientation (thin black lines). Thick solid black lines
indicate important faults within the Eastern Alps. PF, Periadriatic fault system; SEMP, Salzachtal-
Ennstal-Maria Zell-Puchberg fault; KF, Katschberg fault; BF, Brenner fault; MMF, Mur-Miirz fault
system; IF, Inntal fault; LF, Lavanttal fault. Dashed black lines show approximate position of plate
boundaries. The thick white line indicates the position of the Alpine-Carpathian deformation front
[modified after Peresson and Decker, 1997].
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of the Euler pole of the Adriatic plate and lie therefore
fully within a region of convergence between the two
plates (Figure la) [Nocquet and Calais, 2003]. In the
south the Eastern Alps are bound by the Periadriatic fault
system that is explained in detail in section 2. We also use
the term ‘“‘orogenic wedge” for the Eastern Alps, as it
appears to be a region of different rheology and kinematics
to the remainder of the European plate. The European
plate north of the Alpine orogen is referred to as the
“European foreland”. Note, that we use the term “fore-
land” here only for the far-field part of the European plate,
while we use this term for the entire plate north of the
indenter in our companion paper [Robl and Stiiwe, 2005].
The “Southern Alps” is the part of the Alpine orogen that
is located within the Adriatic plate. The Adriatic and
European plates are separated by the Periadriatic fault
system which has been described in some detail by
Mancktelow et al. [2001].

[6] The terms related to lateral extrusion also need to
be defined: ‘““Lateral extrusion” refers to the general
displacement of rocks parallel to the orogen that occurs
in the Eastern Alps in response to the northward motion
of the Adriatic plate [Ratschbacher et al., 1989, 1991a].
The term was coined by Ratschbacher et al. [1991b] and
encompasses the lateral displacement of rocks due to both
“tectonic escape” and “extensional collapse”. Both lat-
eral motions form important components of the velocity
field interpreted below, but they are caused by different
stress fields. “Tectonic escape” describes the lateral
motion of crustal blocks away from a zone of plate
convergence in a compressional environment [7apponnier
et al., 1982]. In the upper crust, tectonic escape will be
accommodated by orogen-parallel strike-slip faults. “Exten-
sional collapse” describes lateral displacement of rocks
under horizontal deviatoric tension along lateral gradients
of gravitational potential energy [Dewey, 1988; Molnar and
Lyon-Caen, 1988; Stiiwe and Barr, 2000]. Extensional
collapse may be accommodated by normal faults oriented
normal to the orogen. England and Houseman [1989]
showed that the process of continental convergence may
lead to tectonic escape, but can generally not lead to
extensional collapse if the orogenic boundaries are con-
strained. Extensional collapse during continental conver-
gence is only possible if the convergence rates or the
rheological strength of the orogen decrease, or if other
mechanisms can be invoked to insert additional potential
energy into the orogen [England and Houseman, 1989;
Stiiwe and Sandiford, 1995]. It is in part the subject of
this paper to evaluate the relative contribution of tectonic
escape versus gravitational collapse in the lateral extru-
sion of the Eastern Alps.

2. Development of the Eastern Alps and
Bordering Regions
[7] Our study focuses on aspects of the rheology of the

Alps following the initial collision of the Adriatic and
European plates. This was initiated with the final subduc-
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tion of the last oceanic lithosphere of the Piemontais ocean
in the Early Eocene [e.g., Neubauer et al., 1999]. The
subsequent continent-continent collision must be seen in
view of the fact that on the European plate, the Austroalpine
nappe stack was already a piece of overthickened crust from
the earlier Eo-Alpine events [Neubauer et al., 1999; Liu et
al., 2001]. During the collision, this nappe stack was
partially overridden by the Adriatic plate. At the Early/Late
Oligocene boundary around 30 Ma, crustal thickening in the
European plate reached its maximum [Frisch et al., 2000].
Thermal relaxation of this stack led to a zone of weak
and easily deformable lithosphere between the stiff
lower plate of the European foreland and the thermally
weakened Adriatic upper plate [Ratschbacher et al., 1991a;
Willingshofer and Cloetingh, 2003]. This zone is what is
here referred to as an orogenic wedge and coincides largely
with the elevated region of the Eastern Alps (Figure la).
Additional weakening of this wedge was caused by the
rapid exhumation of hot material in the central orogenic
wedge [Genser et al., 1996; Dunkl et al., 1998; Kuhlemann
et al.,2001] and by magmatic intrusions in the southern part
of this wedge along the Periadriatic fault. These magmatic
intrusions were caused by the slab break off of the sub-
ducted lithosphere [von Blanckenburg and Davies, 1995]
and were accompanied by elevated heat flow in the wedge
[Sachsenhofer et al., 1997; Sachsenhofer, 2001; Rosenberg,
2004] and reduced lithospheric strength. The appearance of
conglomerate fans within the Molasse basin north of the
central and Eastern Alps indicates significant surface uplift
at that time [Frisch et al., 2000; Kuhlemann and Kempf,
2002].

[8] The early to middle Miocene evolution was dominated
by the lateral extrusion of the Eastern Alps toward the
east [Ratschbacher et al., 1991a; Frisch et al., 2000]. This
was facilitated by the roll back of a subduction zone beneath
the Carpathian arc [Royden et al., 1983; Cloetingh and
Lankreijer, 2001] causing large scale normal faulting and
crustal thinning in the Pannonian domain. In the Eastern
Alps, a corridor bordered by the dextral Periadriatic fault
system (PF) in the south and by several large sinistral fault
systems in the north (e.g., Salzachtal-Ennstal-Maria Zell-
Puchberg (SEMP) fault) was affected by orogen parallel
extension (Figure 1a) [Peresson and Decker, 1997]. Crustal
blocks moved eastward between these strike slip zones and
along large low-angle detachments like the Brenner and
Katschberg normal faults [Selverstone, 1988; Behrmann,
1988; Genser and Neubauer, 1989; Fiigenschuh et al.,
1997]. This period is characterized by the fast exhumation
of core complexes [Dunkl et al., 1998; Dunkl and Demény,
1997; Kuhlemann et al., 2001] and the formation of
intermontane basins [Frisch et al., 1998, 2000].

[0] Atthe Badenian-Sarmatian boundary (around 13 Ma),
the subduction beneath the Carpathian arc terminated. This
led to an inversion of the stress field from extension to
compression in the entire Eastern Alps—Pannonian realm
[Peresson and Decker, 1997; Cloetingh and Lankreijer,
2001]. This inversion is indicated by buckling of the
lithosphere in the Pannonian basin [Horvdth and Cloetingh,
1996] and by recent stress data (J. Reinecker et al.,
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2003 release of the World Stress Map, Res. Group of the
Heidelberg Acad. of Sci. and Humanities, Heidelberg,
Germany, available at www.world-stress-map.org). Because
of the ongoing convergence between the counterclockwise
rotating Adriatic plate and the European foreland, east
directed lateral escape of crustal blocks is continuing with
rates up to 4 mm yr ' at the Alpine-Pannonian-Dinaric
junction zone [Grenerczy et al., 2000].

[10] As the Periadriatic fault separates the Adriatic in-
denter from the Eastern Alps, it represents a key feature in
the evolution the whole domain. Its initial orientation and
the amount of offset through its evolution are under debate.
According to Frisch et al. [2000], this 700 km long fault
system was originally oriented in an approximately east-
west direction. Ongoing indentation of the Adriatic micro-
plate led to the separation of the Periadriatic fault system
into a western segment with sinistral displacement (the
Guidicarie fault) and an eastern segment with dextral
displacement (the Gailtal fault) [Schmid et al., 1987,
1989; Scarascia and Cassinis, 1997]. However, according
to Viola et al. [2001] this model is not supported by
geochronological and structural data. Initial activation of
the Guidicarie fault segment occurred before Miocene (in
the Oligocene) and is therefore coeval with the other fault
segments of the Periadriatic fault. The subsequent Miocene
sinistral offset along the Guidicarie fault did not exceed
20 km. This implies that the initial geometry was compa-
rable with the present-day situation [Viola et al., 2001].
Whatever the case may be, the Periadriatic fault and other
Miocene fault systems discussed above are not active today
(compare Figure la and Figure 2a) and are therefore
unlikely to control the velocity field interpreted here.

3. Present-Day Tectonic Setting

[11] The present-day dynamics of the Alpine-Pannonian
realm (Figures 2 and 3) is predominantly the result of the
Adriatic-European plate collision which is still evidenced by
a high-velocity region in the upper mantle [Lippitsch et al.,
2003]. However, to be fully understood (in particular the
stress field in the stable European foreland), the effect of the
ridge push of the Mid Atlantic ridge must also be consid-
ered [Gélke and Coblentz, 1996]. A large number of stress
data from the world stress map project (www.world-stress-
map.org) allow the distinction of several stress provinces
(Figure 3b). The European foreland is divided into a
western and a central European stress province. The orien-
tation of the maximum horizontal stress (o) rotates grad-
ually from north-west in the western part to north-east in the

ROBL AND STUWE: CONTINENT COLLISION AND INDENTER STRENGTH, 2

TC4014

eastern part [Golke and Coblentz, 1996; Reinecker and
Lenhardt, 1999]. In general, the stress regime of the whole
region is compressional (Figure 3a).

[12] The Bohemian massif shows a central European
stress pattern with a northwest-southeast orientation of the
maximum horizontal stress. This rigid block is surrounded
by a radially oriented stress pattern indicating a high
rheology contrast between the Bohemian massif and the
surrounding regions [Bada et al., 1998; Reinecker and
Lenhardt, 1999]. The Adriatic stress province is character-
ized by a NNW-SSW oriented oy in the western part and
ENE-WSE orientation of o at the transition to the Dinaric
stress province. The Eastern Alps represent the transition
between the Adriatic and the western European stress
province. Toward the Pannonian basin, the stress trajectories
turn into an east-west orientation and diverge. The Adriatic
realm is characterized by mainly reverse faulting. Fault
activity within the Dinaric stress province shows both
reverse and strike-slip faulting. Faults in the Eastern Alps
and the Pannonian basin reflect a strike-slip stress regime.

[13] Because of the sparse distribution of GPS stations,
the velocity field of the region is not as well constrained
as the stress field. Nevertheless, it can be seen in Figure 1b
that the direction and magnitudes of the velocities in the
European plate are consistent with the stress field. The
Adriatic plate is characterized by a north directed velocity of
up to 2 mm yr ' relative to the central European reference
frame as measured in the GPS sites UPAD and VENE
(Figure 1b) [Nocquet and Calais, 2003]. Toward the Pan-
nonian basin, the velocity field rotates to the east. The
velocity declines from west to east. An east directed
velocity of about 1 mm yr—' is measured at GRAZ and
of about 0.6 mm yr ' at PENC. Because of different
calculation methods, increasingly longer time series and
higher precision of GPS measurements, the calculated
Euler pole and angular velocity of the Adriatic plate has
changed significantly over the last 20 years from 45.8°N,
10.2°E [Anderson and Jackson, 1987] to 44.5°N, 9.5°E,
0.3° my. ' [Westaway, 1990] to 46.8°N, 6.3°E, 0.3° =+
0.06° m.y.”" [Ward, 1994] and finally to 45.36°N, 9.10°E,
0.52° m.y.”' [Nocquet and Calais, 2003].

[14] Active deformation of the Adria-Europe collision
zone is also demonstrated by high seismicity in the region.
Figure 2a shows that both the Adriatic plate and the
European plate are seismically active, with a total of 1043
seismic events above magnitude 3, collected by the Incor-
porated Research Institutions for Seismology (IRIS) data-
base (http://www.iris.edu/) since 1960, within the box
shown in Figure 2a. Interestingly, Figure 2b shows that

Figure 2. Distribution of seismicity in the Alpine-Pannonian realm. Seismic events are taken from the Incorporated
Research Institutions for Seismology (IRIS) data set (www.iris.edu). (a) Map showing 7805 seismic events with magnitudes
between 3 and 6.4 from the time span between 1960 and 2004. The size of the circles is proportional to the magnitudes
of the seismic events (see legend). The box indicates the region for which the seismic events are plotted in Figure 2b.
(b) Distribution of earthquakes (in the boxed region of Figure 2a) with elevation, normalized to 1. The top left plot shows
the distribution of elevation within this region; 3% of the region is above 2500 m elevation, and about 10% of the region is
between 250 and 500 m elevation. The top right, bottom left, and bottom right plots show the distribution of earthquakes
with elevation, where elevation is sliced into slabs of 200, 500, and 1000 m thickness, respectively.
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Figure 3. Data constraining the present-day tectonic setting of the study region. (a) Stress regime,
orientation, and magnitude of seismic events as constrained by seismic focal mechanisms (A. O.
Mostrioukov and V. A. Petrov, Catalogue of Focal Mechanisms of Earthquakes 1964—1990, 1994,
available at http://www.brk.adm.yar.ru/). The symbol size of the focal mechanisms is proportional to the
seismic moment. (b) Orientation and qualitative nature of the intraplate stress field from the World Stress
Map project (www.world-stress-map.org).
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there is a correlation between surface elevation and seis-
micity: the Eastern Alps are surrounded by regions of high
seismicity while the topographically highest region appears
seismically comparatively calm. This relationship is high-
lighted by plotting the number of seismic events against the
surface elevation above the epicenter (Figure 2b). It may be
seen, that about twice as many seismic events occur per area
at surface elevations below 1000 m than occur per area
above 2000 m. While this may be related to the simple fact
that the topographically low valleys in the Eastern Alps are
incised along faults, it also may indicate that deformation of
the orogen has propagated to the foothills, while the regions
of high potential energy regions are seismically calm.

4. Model

[15] In order to extract rheological information on the
Europe-Adria collision zone from the stress and velocity
data discussed above, we employ a two-dimensional thin
sheet model of the region shown in Figures 1, 2, and 3.
While a thin sheet model represents a gross simplification of
the three-dimensional geometry of the orogen (e.g., com-
pare horizontal length scale of the orogen to its depth extent
as shown by tomography [Lippitsch et al., 2003]), our
model describes a two-dimensional end-member of the
mechanics of this mountain belt. Together with other two-
dimensional models that have been published on cross
sections [Willingshofer et al., 1999; Pfiffner et al., 2000]
our plan view model completes a series of two-dimensional
numerical models that have, albeit separately, considered all
three spatial dimensions of the orogen.

[16] Because our model is two-dimensional, it is neces-
sary to average vertical rheological variations in the crust.
Although we will test our model against velocities measured
on the surface of the brittle crust, at least two thirds of the
crust are likely to behave viscously [e.g., Sonder and
England, 1986]. We therefore chose to model a viscous
rheology. We consider both linear and nonlinear viscous
rheologies and explore the dependence of our results on
changes in the nonlinearity as expressed in the power law
exponent n. This is of interest because highly nonlinear
viscous rheologies will cause localization of strain in
regions of stress gradients and will therefore begin to
approximate brittle plastic behavior.

[17] In order to solve the force balance equations in two
dimensions for the assumed rheology, we have used the
finite element code BASIL of Barr and Houseman [1996],
which is explained in detail in our companion paper [Robl!
and Stiiwe, 2005]. The code has also been used successfully
to describe other orogens, in particular the India-Asia
collision zone [England and Houseman, 1986, 1989;
Houseman and England, 1986]. However, in contrast to
previous applications of this model, we have considered the
evolution of the Alpine orogen too complex to justify a
time-dependent exploration of the collision process. Instead,
we model only the incremental deformation of the orogen at
the present time and make some rough extrapolations to the
past, so that we can infer the rheological changes since the
Miocene. Nevertheless, in order to apply the finite element
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code to describe the Alps, we have performed several
adaptations of the code.

[18] First, a routine was implemented that allows to
preallocate a crustal thickness to every grid node, so that
the instantaneous deformation field of the orogen can be
calculated on the basis of an existing distribution of the
potential energy (L. Evans, personal communication, 2003).
For this we assume that the crustal thickness S is directly
related to topography FE, that topography is fully isostati-
cally compensated and that crustal thickness variations
are the only contribution to gravitational potential energy
(Figure 4). Then, the relationship between crustal thickness
and surface elevation can be described by

S =S80+ (E — Ep)Ap, (1)

where Ap is the density contrast between crust (p.) and
mantle (p,,) and is given by Ap = p,,/(p,, — pe). The densities
are assumed to be p,, = 3100 k gm > and p, = 2700 k gm .
Ey and S, are the default surface elevation and crustal
thickness for which we assume E, = 100 m and S, =
35 km, respectively. The density contrast and the default
values for surface elevation and crustal thickness are cho-
sen, so that doubling the crustal thickness corresponds to an
elevation of about 4600 m. Although we have introduced
these variables for crustal thickness and surface elevation, it
is important to note that our model is not three-dimensional
but a thin sheet model. Thus all lithospheric thickness
parameters are only implemented in terms of a dimension-
less layer thickness L’ that is given by L' = L/D, where L is
the real layer thickness and D is the horizontal length scale.
The default value for L is set to Ly = 100 km and D is set to
one radian of the Earth as detailed below. By introducing
topography, the original layer thickness is perturbed. The
dimensionless layer thickness can be expressed in terms of
crustal thickness or surface elevation:

v (o) - () e

The dimensionless layer thickness is derived from
equation (2) and using a digital elevation model to define E.
Nevertheless, all results presented below are scaled using
Table 1 to convert dimensionless values to real values (see
Appendix A).

[19] As a second adaptation, the finite element code of
Barr and Houseman [1996] was adapted to perform thin
viscous sheet calculations in spherical coordinates. This
adaptation was performed by G. Houseman (personal com-
munication, 2003) and is used here for the first time. Our
model region spans 19° in longitude, which corresponds to
roughly 0.4 radian. While this implies that curvature may
play only a minor role over the arc length of the study
region, it is important to note that it determines our choice
of horizontal length scale as 1 radian or about D = 6378 km.

[20] Finally, we generalized the model by implementing a
facility that allows the insertion of regions of general shape
and variable rheology into the finite element mesh. Trian-
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Figure 4. Cartoon illustrating the relationship between surface elevation (E), crustal thickness (S), and
layer thickness (L) in the thin viscous sheet model used here. Ey, Sy, and L, are the default values for
elevation, crustal thickness, and layer thickness. Note that the actual calculations are performed in terms
of dimensionless layer thickness (see equation (2) in text).

gulation of meshes was previously used in BASIL to
produce meshes around simple geometrical regions of
variable rheology by using the computer program “poly-
circle” by L. Evans (personal communication, 2001) and a
robust mesh generator [Shewchuck, 2002]. This was used,
for example, by Tenczer et al. [2001] or Biermeier et al.
[2001]. For further generalization, a program called
“Tracelt” was written for the present study. The program
reads several formats of map images in Mercator projection
and enables the user to create a list of vertices with a few
mouse clicks (for details see Appendix B). Results of
Tracelt can be directly read by BASIL to create a general
mesh that contains all node points chosen by the user.

5. Initial and Boundary Conditions

[21] For our model calculations we apply horizontal
boundary conditions to the region shown in Figure 5 and
define variable layer thickness and rheology contrasts
inside the model region. The northern, western and eastern
boundaries of the modeled region are those also shown in
Figures 1 and 2. The boundaries in the north and east are
located well within the European foreland. This region shows
low seismicity and little internal deformation (Figures 1
and 2), so that we apply zero velocity normal and tangential
to this boundary. The southern boundary is of interest here
and is discussed in detail below. The western boundary is
the most problematic one, as it must run somewhere through
the orogen unless the entire central European realm is
modeled, which we tried to avoid. Here we chose a western
boundary of the model region which runs through the Euler
pole of the Adriatic plate at about 9°E. North of the Euler
pole the north-south velocity of the Adriatic plate must be
zero and, because the Euler pole is located near the northern
boundary of the plate, there is no significant east-west

directed velocity related to plate rotation either. This is
partly confirmed by GPS studies that show significant west
and south directed velocities in the Western Alps, but north
and east directed velocities in the Eastern Alps and Pan-
nonian realm [Nocquet and Calais, 2003], suggesting some
symmetry about the Euler pole. To minimize boundary
effects, zero stress is set in tangential direction along the
western boundary. In the European foreland sector of the
western boundary the tangential boundary condition is of
little importance, as the modeled north-south velocities in
this region are practically zero.

[22] The southern boundary of the maps shown in
Figures 1 and 2 is located well within the Tyrrhenian plate
and contains regions of extremely high seismicity in the
Appenines, which is outside our region of interest. Thus we
chose to model only the region north of the 45th parallel.
North of this line the Po plain is largely aseismic. Along this
boundary we apply zero velocity in tangential direction and
zero stress in normal direction, except in a boundary
segment west of 15°E which is occupied by the counter-
clockwise rotating Adriatic plate. This segment is described

Table 1. Scaling of Dimensionless Values Used in BASIL to
Actual Values®

Variable Model Value Dimension Actual Value
Length X,y D X,y
Velocity u Uy U
Time 14 D/U, t
Strain rate 4 Uy/D €
Viscosity n B2 n
Stress o nt o

“Model value times dimension equals actual value.
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Figure 5. Model setup and boundary conditions. The shading shows four different zones of different
rheology as indicated. The white circle shows the position of the Adriatic Euler pole. White arrows
indicate the direction and magnitude of the velocity applied to the model boundary. The black line at
47°N from 9°E and 22°E shows the position of velocity profiles shown in Figure 7. The four black dots
are, from west to east, the locations of the GPS stations BZRG, HFLK, GRAZ, and PENC (see also
Figure 1b), for which velocities are discussed in Figures 7 and 8.

by an increasing north directed velocity from west to
east, according to an Euler pole of the Adriatic plate at
45.36°N, 9.10°E and a counterclockwise angular velocity of
0.52° m.y.”' [Nocquet and Calais, 2003]. Taking this Euler
pole and angular velocity, the maximum north directed
velocity of 4 mm yr~' occurs at the eastern end of the
indenter and decreases to the west. The east directed com-
ponent of the velocity vector is constant at 0.4 mm yr~' over
the whole indenting boundary (Figure 5).

[23] Inside the model region, a potential energy function
was predefined by interpolating a digital elevation model
onto the finite element mesh. We used the SRTM30 data set
[Farr and Kobrick, 2000] with a Gaussian filter and a filter
wavelength of 50 km to eliminate features of wavelengths
that are substantially shorter than the elastic thickness of
the lithosphere. The filtered data are then resampled at every
5 arc min, so that resolution of our digital elevation model is
comparable to that of the finite element mesh. Filtering and
resampling was performed with GMT3.4.3 [Wessel and
Smith, 1991]. Filtered and resampled elevation data are
used to calculate a dimensionless layer thickness with
equation (2) at every grid node of the finite element mesh
using a bilinear interpolation routine.

[24] Four zones of different rheology are defined inside
the model region: the European foreland, the Pannonian
basin, the Adriatic plate and the Eastern Alps. The bound-
aries of these four regions were chosen to follow the plate

boundaries shown in Figure la, and lines of high heat flow
contrast. The European foreland including the Bohemian
massif is known as a rigid block. This is indicated by the
low seismicity, negligible residual velocities [Nocquet and
Calais, 2003] and the radial stress pattern around the south
Bohemian spur [Reinecker and Lenhardt, 1999; Bada et al.,
1998]. Thus the European foreland north of the Alpine-
Carpathian deformation front (Figure 1a) is set to be hard
enough so that the modeled strain rates are negligible. This
is about 10 times as viscous as the Eastern Alps. The crust
of the Pannonian basin is thin compared to the crust in the
Eastern Alps and weakened by the elevated average heat
flow (90 mW m~?) [Bada et al., 1999]. It is therefore likely
to be softer than the orogen. The effective viscosity of this
region is set to 0.8 times the viscosity of the Eastern Alps.
Substantially higher or lower viscosity contrasts will both
cause a decrease in the modeled velocities inside this region
that are lower than those observed (Figure 1b). The viscos-
ity contrast (1) of the Adriatic plate with the Eastern Alps is
of interest here and is used as a variable in the model
calculations. In our model runs we vary this viscosity
contrast, from m = 1 to n} = 1000 (Figure 5).

6. Model Results

[25] In order to find an adequate rheology model for the
Eastern Alps and the surrounding domains, we have com-
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pared numerical models for a wide range of different
rheologies with field data. In particular, we explore the
influence of the Argand number (4r), the non linearity of
the viscosity (n) and the viscosity contrast (n) on the
velocity and stress field. A detailed description of these
parameters is presented in the companion paper [Rob! and
Stiiwe, 2005]. The present-day stress and velocity fields are
compared with incremental time step calculations of our
model.

6.1. Stress Field

[26] The orientation of the axis of maximum compres-
sional horizontal stress (oy) is sensitive to the applied
boundary conditions. It provides therefore a good test to
control the model geometry and its boundary conditions.
Figure 6 shows that there is a good coincidence between
modeled and measured orientation of the oy of the
major stress provinces as discussed in the literature [e.g.,
Reinecker and Lenhardt, 1999]. Measured stress data
often reflect only a local state of stress (see www.world-
stress-map.org), so that smoothing and extrapolation algo-
rithms [e.g., Hansen and Mount, 1990] are used to
determine a consistent stress pattern [e.g., Bada et al.,
1998]. Deviations between the modeled and smoothed
stress field in the European foreland are caused by the
complex origin of oy4. The stress field of the investigated
region is a result of the ridge push along the Mid-Atlantic
ridge and of collisional forces along the southern and
eastern plate boundaries [Golke and Coblentz, 1996]. As
our interest here focuses on the processes along the
southern boundary of the model region we have neglected
forces acting on the western and eastern plate boundaries,
which cause the differences between the modeled and the
measured stress field in the European foreland as shown
in Figure 6. Nevertheless, in the Eastern Alps and the
Pannonian region, modeled and smoothed stress data
coincide well and we therefore suggest that the boundary
conditions discussed above are appropriate to describe the
collision geometry.

[27] Although the orientation of the modeled stress field
is sensitive to the applied boundary conditions, it is robust
with regard to the internal rheology. For example, the
orientation of the maximum horizontal stress is almost
identical in Figures 6a and 6b, although the rheology
contrast between the Adriatic plate and the Eastern Alps
is 10 times larger in Figure 6b. In contrast to its orientation,
the magnitude of the modeled stress field is sensitive to the
internal rheology, but stress magnitudes are not very well
constrained by field data. Thus we use the modeled velocity
field and compare it to the relative velocities between the
region of interest and the central European reference frame
(residual velocities) as constrained by GPS data in the
remainder of our considerations.

6.2. Velocity Field

[28] In order to compare the GPS-determined velocity
field with the modeled velocity field, we begin by compar-
ing velocities along an east-west profile at 47°N from 9°E to
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22°E. This line is shown in Figure 5 and transects the entire
Eastern Alps from west of the Tauern Window to east of the
Pannonian basin. This profile includes many of the features
known to be characteristic for the lateral extrusion of the
Eastern Alps during the Miocene [Ratschbacher et al.,
1991a] and still shows evidence for substantial east directed
residual velocities [Nocquet and Calais, 2003]. A more
general comparison with several GPS stations is also shown
in Table 2.

[20] Profiles for east and north directed components of
the velocity vectors (u, and u,) are shown in Figure 7.
Velocity profiles are presented for a Newtonian rheology
(n = 1) and a highly nonlinear rheology (n = 3), for two
different Argand numbers and for two viscosity contrasts
between the Adriatic plate and the Eastern Alps of n = 3
and n = 10. Overall it may be seen that the Argand number
has a small influence on the velocity field and that an
increasing power law exponent leads to smoother changes
in the velocity from west to east. Maxima and minima are
also shifted because of the stronger strain localization with
increasing n.

[30] For m = 3, u, shows slight west directed motion in
the western part of the profile (Figure 7a). At 13°E a rapid
inversion to east directed motion occurs. The eastward
velocity reaches a maximum at around 15°E. Further
eastward, u, decreases rapidly for » = 1 and smoothly for
n=3. At the eastern end point of the profile, #, ~ 0 mm yr'
for n = 3, while there is still significant east directed motion
for n = 1. The culmination point for u, at about 13°E is
caused by the increasing northward motion of the Adriatic
plate from east to west and by the triangular shape of the
indenter (Figure 7b). The maximum u, for n = 1 is about
50% larger than for n = 3. From the peak, u, decreases
rapidly to around zero at the eastern end of the profile. For
n = 10 the shape of the profiles is similar but differs in
some points. The profiles for u, show pronounced west
directed motion from 13°E westward and reach with about
1 mm yr— ' higher values than the maximum west directed
velocity for the same model run for =3 (compare Figures 7a
and 7c). Peak values for u, larger than 2 mm yr— are
reached for ) = 10 (Figure 7d). This is clearly related to the
high viscosity contrast of the indenter, which transmits most
of the velocity applied on the boundaries to the Eastern
Alps. To summarize the results explored in Figure 7, an
increasing viscosity contrast leads to increasing west
directed velocities in the western part of the profile and
an overall increasing northward motion. A smoother shape
of the velocity profiles and lower peak values of u, and u,
occur for increasing n. The magnitude of A4r is only of
secondary importance.

[31] Although Figure 7 is useful to illustrate the modeled
changes in the velocity field from east to west, it is difficult
to use for the comparison of modeled and measured
velocities. This is (1) because it does not consider veloci-
ties in the Adriatic plate and (2) because it is difficult to
explore the entire parameter space of n and # in Figure 7.
In order to generalize our results and to investigate the
influence of n and m on the velocity field, we therefore
compare the modeled velocity with measured velocities at
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selected GPS stations in Figure 8. Figure 8 shows modeled
horizontal velocity contours in the coordinate system n
versus m at three geographic locations: The location of the
GPS stations VENE (in the Adriatic domain), GRAZ (in
the Eastern Alps) and PENC (in the Pannonian basin) (see

11 of

Figure 1 for the location of the GPS stations). These
stations were chosen because they show significant residual
velocities relative to the central European reference frame,
with standard deviations that are relatively small compared
to the magnitude of motion (see also Table 2). It may be
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Table 2. Comparison of Modeled and Measured Velocities for a Series of GPS Stations in the Alpine-Pannonian Realm®
Measured Values Modeled Values
Ar=1 Ar=73
Station Long Lat Velocity GPS n=1 n=3 n=10 n =100 n=1 n=3 n=10 n =100
Power Law Exponent n = 1
UPAD 11.88 4541 Uy 0.7 £0.1 0.15 0.14 0.08 0.01 0.20 0.17 0.09 0.02
u, 2.0+0.1 (2.04) 2.17 2.26 231 (2.00) 2.16 2.25 2.31
VENE 1233 4544 Uy 03+0.2 (0.18) (0.16) 0.08 —0.01 (0.23) (0.18) 0.09 —0.01
iy, 22+03 (2.34) (2.49) 2.60 2.66 (2.30) (2.48) 2.59 2.66
GRAZ 1549  47.07 Uy 1.0 £ 0.1 0.83 (0.87) 0.75 0.59 (0.99) (1.02) 0.88 0.70
uy, 0.2 £0.1 0.71 1.04 1.32 1.56 0.63 0.96 1.26 1.51
PENC 1928  47.79 Uy 0.6+02  (0.40)  (0.49) (0.52) (0.54) (0.44) (0.51) (0.55) (0.57)
u, 0.0+0.2 (0.05) (0.09) (0.13) 0.17) (—0.05)  (—0.01) (0.03) (0.08)
BZRG 1134  46.50 Uy, —-0.7+0.6 —0.06 (=0.29) (-0.67) (—1.04) 0.03 (—0.23)  (—0.64) (—1.04)
u, —-0.5+0.7 1.05 1.47 1.76 1.91 0.99 1.45 1.75 1.91
HFLK 11.39 4731 Uy 0.7 0.1 —0.01 —0.28 —0.70 —1.17 0.06 —0.22 —0.66 —-1.15
u,, 0.5+0.2 (0.66) 1.07 1.42 1.65 (0.69) 1.11 1.47 1.71
MOPI 17.27 4837 Uy —-03+0.3 0.41 0.51 0.55 0.57 0.46 0.56 0.60 0.61
uy, 0.5+0.4 (0.23) (0.32) (0.39) (0.46) (0.19) (0.28) (0.35) (0.42)
Power Law Exponent n = 3
UPAD 11.88 4541 Uy 0.7 0.1 0.09 0.11 0.10 0.04 0.11 0.12 0.11 0.04
u, 2.0 +£0.1 1.89 (2.02) 2.14 2.26 1.83 (1.98) 2.12 2.25
VENE 1233 4544 Uy 03+0.2 0.09 (0.12) (0.11) 0.03 (0.11) (0.13) (0.13) 0.04
uy, 22403 (2.11) (2.27) (2.42) 2.59 (2.05) (2.23) (2.40) 2.59
GRAZ 15.49 47.07 Uy 1.0 £ 0.1 0.21 0.30 0.35 0.30 0.23 0.34 0.39 0.34
u,, 0.2 +0.1 (0.15) (0.28) 0.41 0.59 (0.14) 0.27) 0.41 0.58
PENC 19.28  47.79 Uy 0.6 £0.2 0.05 0.08 0.10 0.10 0.05 0.08 0.11 0.11
u, 0.0 +0.2 —0.01 0.00 0.00 0.02 —0.01 —0.01 —0.01 0.01
BZRG 1134  46.50 Uy -0.7+0.6 —0.05 (-0.13) (-0.31) (—0.80) —0.02 —0.08 (=0.27)  (=0.77)
uy, —0.5+0.7 0.76 1.11 1.45 1.80 0.70 1.06 1.42 1.79
HFLK 1139 47.31 Uy 0.7 +0.1 0.00 —0.08 —0.26 —0.75 0.02 —0.05 —0.24 -0.73
u,, 0.5+0.2 (0.40) (0.68) 0.98 1.33 (0.40) (0.69) 1.01 1.38
MOPI 17.27 4837 U, —03+03 0.07 0.10 0.13 0.14 0.07 0.12 0.15 0.16
u, 0.5+04 0.02 0.04 0.07 (0.10) 0.02 0.04 0.07 (0.10)

Station names are the international abbreviations for the GPS stations, and their location is shown in Figure 1b. Long means longitude; Lat means
latitude. Measured velocities are from Nocquet and Calais [2003]. Modeled velocities that are within the standard deviation of the measured data are given
in parentheses. The measured data shown for stations VENE, GRAZ, and PENC are those also shown in Figure 8 where a larger model parameter space is

explored.

seen that the modeled velocities at the chosen three
locations are generally larger for low n and high n
(Figure 8) and are strongly dependent on the power law
exponent n. It may also be seen that modeled and measured
velocities match most GPS stations for low rheology
contrasts below about 1 = 3 and low power law exponents
around n = 1 (white dot in Figure 8). It is concluded that
these values for the rheological parameters provide a good
model to reproduce the velocity field in the Alpine-
Pannonian realm.

[32] The good match between modeled and measured
velocities for » = 1 and m < 3 for the stations shown in
Figure 7 is also illustrated in Table 2. Other stations shown
in Table 2 can only partly be compared with the model
results: UPAD and HFLK show good matches for u,, for low
n but no match for u, for any Ar, n or n, so that their
measured velocities are likely to relate to causes not
explored here. In fact, station HFLK is known to be subject
to significant seasonal changes in position (P. Pesec, per-
sonal communication, 2003) and station UPAD is located

within a seismically active zone so that its velocity may be
related to local causes. The measured velocities at stations
MOPI and BZRG have standard deviations of about 100%
and their correlation with the modeled data is therefore
arbitrary.

[33] To illustrate the good match between modeled and
measured velocity field for 1 <3 and n = 1 across the entire
study region, Figures 9a and 9b show the horizontal
velocities in the model region for n = 1.5, n =1 and 4r =
1. The choice of this Argand number implies a viscosity of
1.3 x 10** Pa s for the Eastern Alps and 2.0 x 10%* Pa s for
the Adriatic plate, but it was shown above that the velocity
is not very sensitive to Argand number (and therefore
absolute viscosity, see Table 1). The orientation of the
velocity field shows the same pattern as the stress field in
Figure 6. The modeled total magnitude of velocity fits very
well with the measured total motion at various GPS loca-
tions, in particular at UPAD, VENE and PENC (Figure 9a
and Table 2). For GRAZ only the eastward component of
the velocity fits the measured data for u, well (Figure 9b),
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Figure 7. Modeled velocity profiles along the profile shown as the black line in Figure 5. Solid curves
indicate model runs with Ar = 1. Dashed curves are for Ar = 3. Curves are shown for two different power
law exponents (n =1 and n = 3). (a and b) East-north directed components of the velocity (u, and u,) for a
viscosity contrast n = 3. (c and d) East and north directed velocity components for a viscosity contrast n =
10. Measured residual velocities with error bars from four selected GPS stations near the profile line are
shown for comparison. For more detail, see Figure 8 and Table 2.

but the modeled north directed component is larger than the
measured u,.

7. Discussion

[34] Our model calculations have shown that the present-
day stress and velocity field of the Alpine-Pannonian region
can be described reasonably well with a thin sheet model, a
Newtonian viscous rheology and a low rheology contrast
between the Adriatic and the European plates below about
n < 3. This result is interesting, because viscous flow of
most rocks is characterized by high power law exponents.
In order to remain undeformed, the European foreland must
be at least 10 times as hard as the Eastern Alps and the
Pannonian basin is characterized by about 80% of the
viscosity of the Eastern Alps, with higher or lower viscosity
contrasts resulting horizontal velocities that are too small.
These results were obtained using boundary conditions that
match the Euler pole of Nocquet and Calais [2003].

[35] As viscous and elastic constitutive relationships
correspond for incremental calculations (¢ = 0) our results

can directly be compared to results of elastic models. For
example, Bada et al. [1998] showed that with an elastic
model the stress field in the Pannonian basin can be best
reproduced if convergent boundary conditions are applied
not only along the Dinaric front, but also along the edge of
the Bohemian massif and in the Southern Carpathians.
Small differences between the modeled stress field shown
in Figure 6 and the results of Bada et al. [1998] are due to
these different boundary constraints. Also, in contrast to our
study, Bada et al. [1998] used the Euler pole of Ward
[1994], which is located some 240 km further west and
80 km further south, compared to the Euler pole of Nocquet
and Calais [2003] used here. Similar to our study, Bada et
al. [1998] showed that the orientation of the stress field is
only dependent on the boundary conditions and that internal
rheology variations in the model region have little influence
on the orientation of oy.

[36] Mismatches between the modeled and measured
velocity field are strongly dependent on internal rheological
variations. GPS time series are still short and measured
residual velocities are typically associated with large error
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Figure 8. Contour plots for modeled north and east directed components of velocity (u, and u,)

at selected GPS stations in mm yr~—

! Each plot contains 100 model runs ranging from 1= 1 to = 10 and

n=1to n=3. All plots are calculated for 4r = 1. Shaded areas show the measured velocity within errors
after Nocquet and Calais [2003]. See Figures 1b and 5 for location of selected GPS sites. From Figure 1b
it may be seen that VENE shows only small «, and PENC shows no u,. Plots for these velocities are
therefore not shown. The white dot shows n and m used in Figures 9—11 and matches measured velocities

at all considered stations best.

bars. For example, the GPS sites MOPI, BZRG and UNPG
(Figure 2c) show standard deviations in the same order of
magnitude as the residual velocities themselves, so that they
cannot be used for the comparison with the modeled results.
Other GPS stations show erratic trends such as an annual
cyclicity of elevation changes (e.g., HFLK). The motion of
crustal blocks, especially in the upper crust may be signif-
icantly influenced by large strike-slip faults that we have not
considered in our thin sheet model. Crustal blocks move
along these (preexisting) faults zones and remain internally
undeformed. Fault zones may not be oriented optimally
relative to the present-day stress field. We interpret that the
deviation of the northward velocity at GRAZ from our
modeled is caused by active faulting, as indicated by recent
seismicity in the region. The permanent GPS station GRAZ
is situated at the point of maximal change of the orientation
of crustal motion: within 100 km west-east distance, the

velocity field rotates from north-south to east-west. For that
reason this point is extremely sensitive to small changes in
the boundary conditions, the collision geometry or disconti-
nuities like faults.

7.1. Changes Over Time

[37] This study has shown that the present-day tectonics
of the Adriatic-European collision zone can be described
with an indenter that is only 1.5 times as viscous as the
Eastern Alps, using incremental model calculations. These
results suggest that a region of high surface topography will
develop in the Adriatic-Dinaric junction zone (Figure 9c).
While we are not in a position to test this prediction for the
future, it is clear that the current region of highest topog-
raphy is not in this region, but inside the Eastern Alps. This
suggests that the rheology used to reproduce the present-day
velocity and strain rate fields in Figure 9, is unlikely to be
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Figure 9. Modeled velocities and uplift rates using the best fit estimates from Figure 8 with n = 1 and
1 = 1.5. (a) Comparison of modeled (white arrows) and measured (black arrows) horizontal velocities.
Measured velocities are relative to the central Europe reference frame after Nocquet and Calais [2003]
and are also shown in Figure 9b. GPS stations are labeled using the internationally used abbreviations.
The two contours shown are for the modeled velocity field and are labeled in mm yr—". (b) Contour plot
for east-west directed components of the velocity field. Maximum velocities are shaded, while zero
velocity is unshaded. The contours are for u, in mm yr—'. (c) Modeled surface uplift rate for the same
parameters as in Figure 9b in mm yr~ ' as calculated from the vertical strain rate. A.D.J. refers to the
Adriatic-Dinaric junction zone. Note that these modeled uplift rates are significantly lower than those
observed.
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Figure 10. Time-dependent model of the collision between the Adriatic and European plates. Contour

plots show vertical strain rate after 30 m.y. of convergence. Contours are multiples of 107'® s

—1

Boundary conditions are slightly changed from Figures 6—9 to simulate the tectonic setting in the
Miocene better, but the convergence rate between the Adriatic and European plates was left unchanged
from Figures 6—9. Changes include tension along the eastern boundary, slip along the southern boundary,
and no topography at time zero. (a) Viscosity of the indenter at 10 times the viscosity of the Eastern Alps.
(b) Viscosity of the indenter at 1.5 times the viscosity of the Eastern Alps. The contour for zero vertical
strain rate separates regions of compression from regions of extension. Note that for realistic convergence
rates, no extension occurs within the Eastern Alps in either Figure 10a or Figure 10b despite a significant

pull in the east.

the same as that at the onset of the collision. In order to test
our speculation that the rheology contrast between Adriatic
plate and Eastern Alps has decreased over time, we have
performed a series of time-dependent calculations that
describe the evolution of the region over the last 30 m.y.
(Figure 10). In contrast to Figures 6—9, the model runs
shown in Figure 10 were started without topography using a
flat thin sheet model. Also, in order to reflect the Miocene
tectonic setting better, a pull was exerted along the eastern
boundary and, in absence of better geological constraints, a
free-slip boundary condition was applied to the eastern half
of the southern margin to reduce the boundary effects.
While we will proceed in this discussion to use these
somewhat loosely justified boundary conditions, we em-
phasize that our model has some significant shortcomings

for time dependent considerations. In particular, the model
does not consider faults or erosion, which both are an
integral part of the Miocene evolution of the orogen.

[38] Figure 10 shows that the bulk of crustal thickening
over time occurs within the orogenic wedge of the Eastern
Alps only if the indenter is at least 10 times as viscous as
the Eastern Alps (Figure 10a). In contrast, the geometry of
the orogen develops in a much more distributed way, if the
indenter is characterized by m = 1.5 throughout its evolution
(Figure 10b). Since it is observed that (1) the crustal
thickness inside the Eastern Alps is significantly higher
than in the Adriatic plate and (2) the Miocene extrusion was
largely confined to the orogenic wedge, it is argued that the
Adriatic indenter must have been significantly more viscous
in the Miocene than today (at least 10 times as viscous as
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the Eastern Alps). These observations also indicate that the
triangular shape of the indenter is already a Miocene
feature, because other indenter shapes result in very differ-
ently distributed deformations. Rob! and Stiiwe [2005] have
shown that progressive deformation will flatten initially
triangular shaped indenters unless the viscosity contrast to
the foreland is at least 10. This is in some contrast to Frisch
et al. [1998] who argued that the Adriatic indenter was
originally rectangular in shape and evolved into a triangular
shape by the activation of the Guidicarie fault. In contrast,
Viola et al. [2001] showed that the Periadriatic fault has
never been a straight and that the Guidicarie fault was
already part of the Periadriactic fault system, which implies
a primarily triangular shaped indenter.

[39] The result of Figure 10 has a number of predictions
for the tectonic evolution of the region over the last 30 m.y.
First, the vertical strain rates predicted by Figure 10 (using
convergence velocities from the present day) are far too
small to build up an orogen. Modeled crustal thickening
rates do not exceed a few tens of millimeters per year which
is not even enough to compensate erosion (Figures 9¢ and
10). For that reason it is likely that the convergence rate was
larger in the past and decreased with the absence of the slab-
pull force after the slab break off [von Blanckenburg and
Davies, 1995], although parts of the subducted European
plate still appear attached [Lippitsch et al., 2003]. As shown
by Houseman and England [1993], significant crustal
thickening and topography build up occur within a realistic
time span only at convergence rates of about 50 mm yr~".

[40] Second, the results presented above allow inferen-
ces about the middle Miocene large-scale orogen-parallel
extension. Large scale extensional features like the Brenner
or Katschberg fault cannot exclusively be explained by
tensional forces caused by the rollback of the subduction
zone beneath the Carpathian arc in the east (assuming a
plate retreat of 50 mm yr'). Even at the low present—day
north-south convergence velocities of around 4 mm yr -,
the roll back of the subduction zone in the east is not
sufficient to cause extension within the Eastern Alps
(Figures 10a and 10b). Two alternatives present them-
selves. (1) Selverstone [1988] has argued that the Miocene
extension in the Tauern Window is related to dextral
displacement along the Periadriatic fault. As the results
discussed here assume the model region as a fault-free
continuum, this idea remains untested but provides an
interesting possibility for further modeling. (2) Stiwe and
Sandiford [1995] suggested that thinning of the mantle part
of the lithosphere during the Miocene provided an addi-
tional input of potential energy into the Tauern region.
They argued that the Miocene extension was related to this
event and also suggested this as an explanation for the
simultaneous metamorphic Tauern event.

[41] Third, Figure 10 can also be used to infer causes of
the predicted change in rheology contrast. Changes of the
rheology contrast between the Adriatic plate and the Eastern
Alps may be invoked by either weakening of the Adriatic
plate or by strengthening the Eastern Alps. We argue that
there is good geological evidence that the Eastern Alpine
orogenic wedge strengthened substantially since the Bade-
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nian-Sarmatian boundary (13 Ma). With the cessation of
subduction beneath the Carpathian arc, extension stopped,
the heat flow (that was substantially perturbed in the middle
Miocene [e.g., Sachsenhofer et al., 1997]) decreased and the
lithospheric strength increased. The rheology contrast be-
tween the Adriatic indenter and the Eastern Alps became
smaller. Potential energy gradients between the overthick-
ened crust in the Eastern Alps and the Adriatic indenter led
to the propagation of the main deformation into the South-
ern Alps, with several km of uplift within a few million
years [Zattin et al., 2003]. This is also indicated by the high
seismicity within the Adriatic indenter. The seismically
calm domain of the Eastern Alps may confirm this, as it
appears to indicate that a balance between the driving force
and the gravitational potential energy has been reached
there. However, this region belongs to the fastest uplifting
part of the orogen, so that this model for seismically calm
elevations may not apply.

7.2. Gravitational Collapse Versus Lateral Expulsion

[42] The lateral extrusion of the Eastern Alps described
by Ratschbacher et al. [1991a, 1991Db] is caused by both
gravitational collapse and tectonic escape. Our model
allows us to place constraints on the relative importance
of these two processes. Figure 11a shows the velocity field
in the study region that occurs because of gravitational
collapse only. This was obtained by refraining from apply-
ing velocity boundary conditions along the southern margin,
so that no tectonic escape is forced. As a consequence, the
velocity field shown in Figure 1la arises entirely because
of potential energy variations and velocities follow gra-
dients of crustal thickness. Accordingly, the east directed
velocity field in the Eastern Alps turns southward in the
Pannonian basin. Scaled to an Argand number of Ar = 1
(implying a viscosity of 1.36 x 10** Pa s for the Eastern
Alps) the maximum horizontal velocity due to gravity is no
larger than 0.1 mm yr~'. This corresponds to about 10% of
the total velocity when using convergent boundary condi-
tions (Figure 9a). Correspondingly, for an unrealistic Argand
number of A7 = 10 (implying a viscosity of 1.36 x 10** Pas),
maximum velocities would be around 1 mm yr~' or about
half of the lateral extrusion rate. These results are in some
contrast to Bada et al. [2001] who suggested that gravita-
tional potential energy may provide significant contributions
to the stress and strain field in the Pannonian basin, but the
results correspond to those of Selverstone [2005] who also
argued that the majority of the east directed displacement of
the Alps is due to tectonic escape.

[43] Gravitational collapse can be illustrated by plotting
vertical strain rates (Figure 11b) or by tracking the topog-
raphy through time (Figures 1lc and 11d). Mountainous
regions with the highest topography and the largest crustal
thickness show the highest negative values for the vertical
strain rate (i.e., horizontal extension), while domains cov-
ered by basins show compression (positive vertical strain
rates). For Ar = 1, the highest negative values for the
vertical strain rate occur in the Tauern Window region and
are around 4 x 107'7 s~'. Figures 11c and 11d illustrate
that it would take about 160 m.y. to reduce the highest
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Figure 11. Plots showing the gravitational collapse if no forces are applied at the boundaries.
(a) Velocity field that is exclusively due to the gravitational collapse (arrows). (b) Contours for the
vertical strain rate in multiples of 107'7 s™' for 4r = 1. (¢ and d) Decrease of elevation with elapsed

time.

elevation of the Eastern Alps to about 1500 m (Figure 11c)
and almost 1600 m.y. to remove the Eastern Alps by
gravitational collapse, neglecting erosion (Figure 11d).
These times scale linearly with Argand number: For Ar =
10, rates of vertical strain rates are 10 times as large and
topography decays ten times as rapid. Nevertheless, the
change from positive to negative vertical strain rate; that is,
the change from a compressional to and extensional regime
does not change with Argand number. In Figure 11b it may
be seen that when horizontal compression is neglected the
contour for zero vertical strain rate covers a region that is
much larger than the aseismic zone shown in Figure 2a.

7.3. Uplift and Strain Rates

[44] Horizontal strain rates in the Eastern Alps are not
very well known and an interpretation of seismic moment
tensors in terms of strain rate is still missing for the Eastern
Alps. We therefore refrain from interpreting horizontal
strain rates but briefly discuss surface uplift rates predicted
by the model, which are, in isostatic equilibrium, directly
related to the vertical strain rates. However, we note that the
interpretation of uplift rates from a model that does not
consider erosion is difficult at best [England and Molnar,
1990]. Moreover, uplift rates of the Eastern Alps are both
not very well known and unlikely to relate to vertical strain
rate. Only time integrated ballpark estimates for uplift rates

since the Miocene exist in the study region [e.g., Frisch et
al., 1998; Zattin et al., 2003; Dunkl et al., 2003] and
present-day measurements [e.g., Ruess and Hoéggerl,
2002] are unlikely to be representative, as they predict
subsidence in parts of the study region where there is clear
geological evidence for recent uplift. In fact, the geodeti-
cally determined uplift rates for the Eastern Alps are known
to be related to elastic rebound following the deglaciation,
rather than the response to vertical strain rates [Ruess and
Hoggerl, 2002].

[45] Regardless, our model can be used to show that
crustal thickening is only of 2nd order importance to
surface uplift. Within the model uplift rates are related to
vertical strain rate by AE = S¢__/Ap where AE stand for the
uplift rate, S for the crustal thickness, €., for the vertical
strain rate and Ap is the density contrast. Uplift rates
shown in Figure 9c are around tens of meters per million
years Highest uplift rates are modeled in the Tauern
Window and at the corner of the Adriatic-Dinaric junction
zone (Figure 9c), which is consistent with observations:
The Tauern Window is the region of highest topography in
the study region and the Adriatic-Dinaric junction zone
has been described as a currently rapidly uplifting region
by Zattin et al. [2003]. In the Styrian basin, there is also a
reasonable correspondence between modeled and mea-
sured uplift rates: the Styrian basin is currently about
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200-300 meters above sea level and the last marine
sedimentation occurred around 10 Ma, suggesting mean
uplift rates around 20—30 m m.y. .

8. Conclusion

[46] The stress and velocity field of the Alpine-Pannonian
realm can be successfully reproduced with a two-dimen-
sional thin viscous sheet model and boundary conditions
that reflect the present-day collision geometry between the
Adriatic and European plate. The orientation of the intra-
plate stress field is strongly dependent on these boundary
conditions and is therefore used as an independent test for
our assumed boundary conditions. However, the orientation
of the intraplate stress field is robust toward internal
rheology contrasts between different geological domains
in the model region.

[47] In contrast to the orientation of the stress field, the
velocity field is strongly dependent on internal rheology
contrasts between different geological domains in the Al-
pine-Pannonian realm. We suggest that the region may be
viewed in terms of four regions of different viscous rheol-
ogy: the Pannonian basin, the European foreland, the
Eastern Alps and the Adriatic indenter. The Pannonian
basin and the European foreland are suggested to be 0.8
and 10 times as viscous as the Eastern Alps, respectively.
The value for the European foreland is large enough to
suppress significant velocities in this region. The value for
the Pannonian basin is fairly well constrained as lower as
well as higher values for its viscosity contrast would both
cause a decrease in the velocity field below the values
observed at GPS sites in the basin.

[48] The GPS-determined velocity field in the model
region can best be reproduced if the Adriatic indenter is
less than 3 times as strong as the Eastern Alps and
is described with a Newtonian rheology. This estimate is
largely independent of the Argand number. A stronger
rheology is not consistent with the extensive deformation
within the Adriatic domain. The high seismicity within the
Adriatic domain and the absence of seismicity in the Eastern
Alps suggests that crustal deformation propagated to the
proximal domains of the orogen driven by gradients in the
potential energy.

[49] The overall geometry of the Eastern Alps, the shape
of the Adriatic indenter, as well as the timing and distribu-
tion of crustal thickness and topography imply that the
similar viscosity of Adriatic plate and Eastern Alps is a
recent feature and that this contrast was significantly higher
in the Miocene. We suggest that the contrast was higher
because the Eastern Alps was significantly softer at this
time, allowing the bulk of the shortening to be accommo-
dated within the European plate.

[s0] The lateral velocity of the Eastern Alps, which has
been termed lateral extrusion, is 10% due to gravitational
collapse and 90% due to lateral escape. This ratio is for an
Argand number of the orogen of 1. For this Argand number,
the viscosity of the Eastern Alps scales to about 10> Pa s
and the gravitational collapse alone would take more than
1000 m.y. to destroy the topography. In the Miocene the

ROBL AND STUWE: CONTINENT COLLISION AND INDENTER STRENGTH, 2

TC4014

022

viscosity would have been around 10°° Pa s. These values

scale linearly with the Argand number.

Appendix A: Scaling of Nondimensional
Values

[s1] Although most parameters in this paper are pre-
sented in terms of scaled values, BASIL performs calcu-
lations using dimensionless variables. Table 1 summarizes
the dimensionless variables and shows how to scale them
to actual values. Of the first three lines, (length, velocity
and time) only two are independent and the third is given
by the other two. When using spherical coordinates, the
length scaling is hard wired through D and the velocity
dimension is typically given by the scale for the boundary
conditions (e.g., ' = 1 corresponds to Uy = 4 mm yr ')
so that dimensionless time is readily converted to real
time from the other two variables (i.e., ¥ = 1 corresponds
to £ = 1594.5 m.y. or ¢’ = 1 corresponds to ¢ = 1.99 x
10717 s7h. Similarly, of the last two lines (stress and
viscosity) only one is independent (and its dimension can
be freely chosen) and the other one is then implicitly
determined, because the viscous constitutive relationship
states that stress is directly related to viscosity via strain
rate. However, when using the Argand number 4r as an
input variable, then neither stress nor viscosity are inde-
pendent. For Newtonian rheologies, where stress is linearly
related to strain rate, viscosity is related to Ar by n = g
L? p. (I — pdpm)/(2 Ar Up), where the factor 2 arises
from the relationship of stress to strain rate and has been
mistakenly omitted by Tenczer et al. [2001] or Biermeier
et al. [2001] (see also Robl and Stiiwe [2005] for details
on Argand number). Inserting the numbers for the phys-
ical parameters from above, the viscosity is 1 = 1.36 X
10% Pa s for Ar = 1 and a dimensionless stress of o’ = 1
corresponds to o = 2.7 x 10° Pa.

Appendix B: Defining Regions Using Tracelt

[52] Within the finite element code BASIL, the triangula-
tion process is controlled by poly files, that are used to define
the model region, the shape and position of regions of variable
rheology and the resolution. The tool Tracelt was coded to
speed up the time consuming process of writing poly files for
regions of arbitrary shape by an easy to use graphical user
interface. Graphic files in jpg or bmp format can be used to
trace the desired structures with a few mouse clicks. An
outline function allows to generate a regular outline with a
user defined width around a traced feature. A trap function
enables to meet exactly a previous defined point. Two text
fields allow to define points manually. A function to create a
circle or an ellipse is also implemented. The defined regions
are itemized in a list box. Defined regions can be streamed to
and from disk, so that once defined regions can be stored for
further projects. Tracelt can also write the defined regions as
GMT readable multisegment files. Tracelt was written to trace
geological maps and to match the input for the finite element
code BASIL, but can be a useful tool for a wide range of
modeling software that require real geometries from maps or
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rocks, for example when tracing microstructures as input for
grain boundary codes. Tracelt is free software and can be

obtained from the first author.

[53] Acknowledgments. Lynn Evans is thanked for her help with
implementing the topography interpolation into the finite element code
BASIL and her patient help with a countless number of questions.
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