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In regions where shortening of the continental lithosphere through orogenic 
subduction or collision interferes with lateral extension deformational styles are versatile 
over short distances as a consequence of laterally changing forcing conditions. The study 
of such complex three dimensional tectonic settings demands an integrative approach in 
which the link between deep and shallow processes is important for relating deformation 
at different levels in the crust and lithosphere to the underlying tectonic processes. 
It is, therefore, the focus of this thesis to establish quantitative relationships between 
interacting processes and their contribution to the geometry as well as horizontal and 
vertical motions of the studied area, which is the transition of the Alps and northern 
Dinarides to the Pannonian Basin. In this region, the evolution of the Alps and Dinarides 
are strongly related to the motion of the Adriatic continental plate and the opening of the 
Pannonian back-arc basin during the Carpathian slab roll-back. Against this background, 
this thesis is in particular focussed on: (1) quantifying vertical motions and their structural 
control in key areas of the Eastern Alps-Dinarides-Pannonian Basin transitions, (2) 
understanding the influence of subduction and convergence direction of the Adriatic plate 
on structure and style of upper plate deformation and related topography development 
(3) understanding the contribution of far-field processes such as the Carpathian slab-pull 
on the lateral escape tectonics observed in the Eastern Alps. 

This thesis is organized in a brief introduction, followed by outcrop- and micro-scale 
observations coupled with thermochronological analysis (Chapters 2 and 3), which are 
linked to crustal- and lithospheric- scale processes through physical analogue modelling 
(Chapters 4 and 5). This approach ensures a strong connection between observations and 
phenomenological process-oriented modelling. The conclusions of the thesis (Chapter 6) 
contain an integrated view on the tectonics at the transition of the Alps and Dinarides 
to the Pannonian Basin based on the outcome of the research, as described in previous 
chapters.

The interplay between back-arc extension and collision has been studied at the Eastern 
Alps-Pannonian basin transition by means of field kinematics and low-temperature 
thermochronology (Rb-Sr biotite, zircon and apatite fission track). The results, presented 
in Chapter 2, indicate exhumation during the latest Cretaceous and during the latest 
Miocene-Pliocene. The first phase of latest Cretaceous exhumation is associated with 
orogen-parallel extension that migrates towards the north-east, as recorded by the 
younging trend of Rb-Sr biotite and zircon fission track cooling ages. This cooling pattern 
and associated extension observed in the Eastern Alps is probably related to oblique 
subduction or roll-back of the Alpine Tethys slab. Slow cooling of the Eastern Alps 
during the Paleocene to middle Miocene was coeval with closure of the Alpine Tethys 
and lateral extrusion in the Eastern Alps. Close to the Pannonian Basin, lateral extrusion 
was accommodated by transcurrent displacements along the segmented Mur-Mürz 
sinistral strike-slip fault, a deformation that is not accompanied by significant vertical 
motions during the Middle Miocene, as indicated by field data and low-temperature 
geochronology. Uplift and cooling resumes during the late Miocene-Pliocene times due 
to a combination between local underthrusting of the Bohemian Massif and as a far-field 
effect of locking the Carpathian subduction zone. 
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The study of the Medvednica Mountains of Croatia by the means of field kinematics 
and microstructural analysis combined with low temperature thermochronology (Rb-
Sr, zircon and apatite fission track) provide important constraints to understand the 
interaction between processes acting in the Eastern Alps, Dinarides and Pannonian Basin. 
The new results, as described in Chapter 3, show that the Alpine tectonics had a much 
larger influence in the Dinarides than previously thought. This influence is observed by 
the formation of a Late Cretaceous extensional detachment with presently top-E sense of 
shear that exhumed the metamorphic core of the mountains in its footwall and formed 
Gosau-type of basins in the hanging-wall. This deformation is similar with our results of 
latest Cretaceous extension and associated exhumation observed in the Eastern Alps. In 
the Medvednica Mountains, this deformation was followed by the typical latest Cretaceous 
– Eocene shortening observed elsewhere in the Dinarides. Our observations demonstrate 
a period of Oligocene-earliest Miocene out-of-sequence contraction that was related 
to the South Alps thrusting and nappe emplacement, farther into the Dinarides than 
hitherto assumed. A second phase of extensional exhumation took place during the 
Early-Middle Miocene that was coeval with the formation of the larger Pannonian Basin. 
This deformation was followed by latest Miocene - Pliocene inversion related to the 
indentation of the Adriatic promontory. 

The influence of the Adriatic subduction on lateral extrusion is investigated in Chapter 
4. In this chapter, lithosphere-scale physical analogue experiments are specifically 
designed to study the link between continental subduction and tectonic extrusion in 
the upper plate. Both scenarios of subduction and indentation have been tested, both 
combined with a weak and laterally extending domain perpendicular to the direction of 
convergence. The experiments demonstrate that continental subduction is a plausible 
geodynamic mechanism for lateral extrusion in the upper plate. When compared with the 
indentation scenario, only continental subduction creates similar deformation patterns 
with the observed thin-skinned thrust system of the Southern Alps, and, therefore, is a 
better mechanism for simulating the studied natural scenario. When compared with 
orthogonal continental subduction, the oblique subduction partitions strain against the 
plate boundary and show significantly different deformation geometries combined with 
lower amounts of topographic build-up in the upper plate. The observed result is less 
extrusion of the upper plate and distribution of strain over a larger area. The extrusion 
into the weak domain gradually decreases laterally the amount of observed continental 
subduction, which provides a key explanation for the rapid decrease of the Adriatic slab 
length beneath the Eastern Alps towards the Pannonian Basin. 

The analogue experiments in Chapter 5 were designed to study the interplay 
between subduction/indentation and extension by slab retreat and their influence on 
lateral extrusion and topography evolution. In other words, these experiments study 
the effects of orogenic pushing and lateral extensional back-arc pulling. The results 
show that the rheology of the weak lateral confinement is important for the efficiency of 
lateral extrusion: low resistance by weak rheology facilitates more lateral extrusion with 
deformation patterns similar to the escape tectonics of the Eastern Alps. In the case of an 
increased lateral strength or a temporary locking of the weak lateral confinement, the style 
of deformation is dominated by shortening and little to no lateral extrusion takes place. 
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These results demonstrate the importance of slab roll-back ‘pull’ and associated back-arc 
extension in driving extrusion. When applied to the Eastern Alps, these results suggest 
that the slab roll-back and Pannonian Basin extension should have started at 24 Ma, earlier 
than previously assumed, to activate the coevally observed lateral extrusion. Furthermore, 
the experimental results suggest that oblique convergence created the large-scale dextral 
displacement along the Periadriatic fault and was followed by orthogonal convergence 
that created the observed fault patterns, which also explains the observed topography of 
the Eastern Alps. 

The analysis of the studied natural laboratory and the process-oriented modelling 
were furthermore integrated in the conclusive Chapter 6 to discuss the main processes 
triggering deformation and associated vertical motions at the transition from the Alps 
and Dinarides to the Pannonian Basin. The Alps-Adria convergence was characterized by 
the formation of the Southern Alps, strain partitioning along the Periadriatic fault, low 
topography of the eastern most Alps until the Middle Miocene, Early Miocene onset of 
extrusion and consecutive Middle – Late Miocene acceleration. To explain the observed 
deformation and the lateral variability of deep mantle processes, such as decreasing the 
slab length, the continental subduction of Adria is the most suitable process during initial 
oblique convergence starting in the Oligocene and subsequent orthogonal convergence 
starting with the Middle Miocene. In this context, the initiation and efficiency of extrusion, 
the early Miocene exhumation of deeply buried units and the latest Miocene-Pliocene 
uplift are controlled by the far-field effect of the Carpathian slab roll-back and by the 
subsequent termination of slab retreat. All these observations reflect the strong coupling 
between the deep-Earth and shallow processes in interfering orogenic dynamics.

Photo (facing page): Overlooking, in northeasterly direction, the northern slopes of the Kozjak 
Mountains near Maribor (Slovenia) with the Styrian basin seen at the horizon.
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Over de hele wereld zien we spectaculaire gebergteketens die zijn ontstaan als gevolg 
van twee botsende tektonische platen. Veelal beweegt één van de platen onder de ander 
door, wat een zogenaamde subductiezone kenmerkt. Gebergteketens weerspiegelen 
vaak een breed scala aan deformatiestructuren en een sterk afwisselende topografie en 
geometrie die niet alleen door twee botsende platen verklaard kunnen worden. Deze 
veranderingen over korte afstanden zijn het gevolg van interacties tussen verschillende 
tektonische en andere geologische processen, zoals de wisselwerking tussen gebergte- 
en bekkenvorming. Om de geologische evolutie van gebergteketens te begrijpen is het 
daarom van essentieel belang om de individuele processen te herkennen die het systeem 
beïnvloeden, waarna hun effect op het gebergtesysteem kan worden begrepen en 
gekwantificeerd. 

Een dergelijk complex gebergtesysteem is de Oost-Alpen, inclusief de aangrenzende 
Dinariden en Zuid-Alpen. De geologische evolutie van deze gebergteketens zijn 
gerelateerd aan de verplaatsing van de Afrikaanse continentale plaat richting de 
Europese plaat, waarbij het microcontinent Adria zit ingeklemd tussen de twee platen. 
Het Adriatische microcontinent speelt daardoor een cruciale rol in het lokaliseren 
en aansturen van de deformatie in de Alpen en Dinariden. Een ander proces dat de 
uiteindelijke structuren en geometrie van deze gebergteketens sterk heeeft beïnvloed 
is het ontstaan van het naastgelegen Pannoonse bekkensysteem. Dit bekkensysteem is 
het gevolg van extensie tijdens een terugrollende beweging van de subductiezone in de 
Karpaten, waardoor de bovenliggende plaat, waar ook de Alpen en Dinariden onderdeel 
van zijn, wordt opgerekt. De combinatie van de botsing met Adria en de extensie in het 
Pannoonse bekken zorgt ervoor dat voornamelijk de Alpen lateraal worden verplaatst 
tijdens een proces dat laterale extrusie heet. Hierbij verplaatst de gefragmenteerde korst 
van de Alpen zich langs transformbreuken richting het Pannoonse bekken. 

Tot nu toe is onduidelijk hoeveel gebergtevorming en extensie gedurende de laatste 
30 miljoen jaar hebben bijgedragen aan het ontstaan en instant houden van deze laterale 
extrusie en welke rol de Adriatische plaat hierin speelt. Over het type botsing tussen de 
Alpen en Adria bestaan twee theorieën die lijnrecht tegenover elkaar staan: in de eerste 
theorie stuwt de Adriatische plaat als een soort bulldozer de Alpen vooruit, terwijl in de 
tweede theorie de Adriatische plaat onder de Alpen subduceert. Voor beide theorieën 
is echter niet uitgewerkt hoe het type botsing de structuren, geometrie en topografie 
van de Oost- en Zuid-Alpen en de noordelijke Dinariden beïnvloedt. In dit proefschrift 
staan deze probleemstellingen centraal, waarbij de focus ligt op zowel het analyseren en 
kwantificeren van de verticale en laterale bewegingen, als ook de evolutie van de topografie 
en geometrie van deze gebergteketens. De aanpak van dit onderzoek is gebaseerd op het 
combineren van een grote diversiteit aan methodes: analoog modelleren van tektonische 
bewegingen, deformatieanalyse op basis van micro- en macro-structuren in het veld, en 
thermochronologie om verticale bewegingen te kwantificeren.

In Hoofdstukken 2 en 3 worden veldgegevens gepresenteerd van de meest oostelijke 
Alpen en de noordelijke Dinariden, beide in de overgang naar het Pannoonse bekken. Er is 
daarbij gebruik gemaakt van micro- en macro-structuren om de deformatiegeschiedenis 
te reconstrueren, gecombineerd met thermochronologie (op basis van Rubidium-
Strontiumdateringen van biotiet en door sporenanalyses van kernsplijtingen in zirkoon en 
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apatiet). De resultaten tonen aan dat beide gebieden beïnvloed zijn door exhumatie tijdens 
het Laat-Krijt (ca. 80 miljoen jaar geleden). Hoewel het niet vast staat dat onderliggende 
geologische processen hetzelfde zijn in beide gebieden, zijn er sterke indicaties dat er wel 
een verband is. Dit verband zou het gevolg kunnen zijn van tektonische processen die 
de zowel de Alpen als de Dinariden beïnvloeden, zoals het wijdverspreide effect van een 
schuine subductie van de Europese plaat of een effect van een terugrollende beweging 
tijdens het sluiten van de Neo-Tethys oceaan. 

De volgende fase van exhumatie is waargenomen in de noordelijke Dinariden tijdens 
het Midden-Mioceen. Deze fase is gerelateerd aan de extensie in het Pannoonse bekken 
waarbij opheffing en afkoeling van gesteente optreedt onder afschuivende breuken. Deze 
verticale bewegingen zijn niet waargenomen in de meest oostelijke Alpen. Hier wordt 
deformatie gekenmerkt door laterale bewegingen tijdens het Vroeg- en Midden-Mioceen, 
die in de meest oostelijke Alpen o.a. plaats vinden lang de gesegmenteerde Mur-Mürz 
transformbreuk. Het gebrek aan exhumatie (m.a.w. geen verticale bewegingen) tijdens 
dit proces is in lijn met de verwachting bij de overwegend laterale bewegingen van de 
Oost-Alpen. In de meest oostelijke Alpen is er echter wel een jongere fase van exhumatie 
geconstateerd: tijdens het Laat-Mioceen tot Vroeg-Plioceen. In tegenstelling tot de vorige 
fases van exhumatie of extrusie die sterk gerelateerd waren aan extensieprocessen, is 
deze jonge fase van exhumatie juist het resultaat van de stagnatie van extensie in het 
Pannoonse bekken. Deze verandering wordt geassocieerd met compressie in de meest 
oostelijk Alpen, maar is ook waargenomen in de noordelijke Dinariden. Verder wordt in 
de oostelijke Alpen de jonge exhumatie lokaal versterkt door het onderschuiven van het 
Boheems Massief. 

Kortom, in beide hoofdstukken wordt aangetoond dat de gebieden in directe relatie 
staan tot de processen die zich afspelen in het Pannoonse bekken, waarbij de resultaten 
suggereren dat de invloed van deze processen wellicht groter is dan tot nu toe werd 
gedacht. 

In de volgende twee hoofdstukken (Hoofdstukken 4 en 5) worden resultaten 
gepresenteerd op basis van analoge modellen. Deze modellen, op schaal van de lithosfeer, 
simuleren een convergent systeem wat in samenspel is met extensie die loodrecht 
staat op de richting van convergentie. De modellen zijn zo ontworpen dat ze de sterk 
versimpelde Oost-Alpen nabootsen en waarbij het mogelijk wordt om de twee scenario’s 
met betrekking tot de rol van Adria te testen. De modelresultaten tonen aan dat zowel 
een stuwende Adriatische plaat als een subducerende Adriatische plaat gepaard kunnen 
gaan met laterale extrusie van de bovenliggende plaat. Beide theorieën zijn plausibel, 
maar alleen de subductiemodellen leveren ook een cruciaal mechanisme om de Zuid-
Alpen te vormen.

De correlatie van de experimentele resultaten met de structuren van de Oost-Alpen 
laten ook zien dat de geologische evolutie van de Oost-Alpen, tijdens de laatste 30 
miljoen jaar, gekenmerkt wordt door een Alpen-Adria botsing met schuine convergentie, 
gevolgd door frontale convergentie. De typische breukpatronen kunnen door middel 
van deze twee fases worden verklaard. Eerst vindt veel laterale beweging plaats langs 
de plaatgrens, doordat spanningen niet gelijkmatig worden verdeeld in de korst tijdens 
schuine convergentie. Tijdens de tweede fase van orthogonale convergentie ontstaat 
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er een groot lateraal verschil in de hoeveelheid opheffing, kenmerkend is voor de Oost-
Alpen, met sterke opheffing in het westen en overwegend laterale verplaatsingen in het 
oosten. De schuine convergentie en subductie in combinatie met extrusie levert daarbij 
ook een mechanisme om de lengte van de subducerende plaat sterk te laten afnemen in 
de richting van het Pannoonse bekken, waar tot op heden geen verklaring voor was.

In hoofdstuk 6 zijn de resultaten geïntegreerd en geven de indruk dat een scenario 
met subductie van de Adriatische plaat het meest overeenkomt met de structuren, 
geometrie en topografie van de Alpen en noordelijke Dinariden. Zowel de modellen 
als de veldgegevens tonen aan dat de invloed van extensie in het Pannoonse bekken 
groter is dan tot nog toe werd gedacht. Traditioneel wordt de laterale extrusie vrijwel 
volledig toegeschreven aan de botsing met de Adriatische plaat en speelt extensie in het 
Pannoonse Bekken slechts een kleine rol. De resultaten tonen aan dat zowel extensie en 
convergentie nodig zijn om extrusie te laten plaatsvinden, waarbij de hoeveelheid laterale 
bewegingen worden bepaald door de mate en snelheid van de extensie. Dit impliceert 
dat er wellicht al veel eerder sprake is van extensie in het Pannoonse bekken systeem; ca. 
24 miljoen jaar geleden in plaats van 19 miljoen jaar geleden. Deze en overige implicaties 
van de geïntegreerde resultaten voor de Oost-Alpen en de noordelijke Dinariden worden 
in hoofdstuk 6 verder uiteengezet aan de hand van reconstructies van de regionale 
tektoniek. 

Tot slot, het onderzoek toont aan dat het essentieel blijft om de diepe aarde processen 
te koppelen aan de observaties van de ondiepe aarde en aan het oppervlak. Slecht een 
geïntegreerde aanpak kan mogelijke tektonische processen uitsluiten of juist aan het licht 
brengen.

Photo (facing page): Overview of the Southern Alps as seen from Monte Averau (2648 m., Italy) in 
northerly direction.
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The high topography of the Alps-Carpathians-Dinarides (AlCaDi) mountain chain in 
central Europe surrounds the low-land area of the Pannonian basin (Figure 1.1a). The 
various segments of this orogenic system are distinct in orientation and style of structures, 
the direction of shortening, the degree of metamorphism and the level of exhumation as 
recorded by the presently exposed rocks [Figure 1.2, Schmid et al., 2008, and references 
therein]. This complex architecture of the crust and lithosphere is the cumulative result 
of multiple orogenic events and overlap of orogenic segments (e.g. Alps-Dinarides 
transition). The orogenic buildup of the AlCaDi system is coupled to the overall Adria-
Europe convergence and associated subduction and collision processes. Significant 
modifications to the mountain chain occurred during the opening of the Pannonian 
basin, which had a strong impact on the style and kinematics of deformation as well as 
the crustal and lithospheric architecture, in particular at the transition from the Alps and 
Dinarides to the basin. Both, the transition of the Alps to the Dinarides and the transition 
of the Alpine-Dinaric mountain chain to the Pannonian basin are not well understood and 
are key areas for studying the interplay of collisional and extensional processes, which is 
the focus of this thesis.

Understanding such transition zones, where contraction and extension interfere is 
also relevant for other orogenic systems such as the Himalayas [e.g., Lepichon et al., 1992] 
or the Rocky Mountains [e.g., Dickinson, 2004]. In all these settings, the classical model of 
continent-continent collision [Dewey and Bird, 1970] inadequately explains the evolution 
of these mountain belts calling for detailed quantitative research of areas which are 
affected by multiple and simultaneously operating tectonic processes. As an example, the 
interplay of indentation and slab roll-back has been proven critical for the lateral escape 
of crustal or lithospheric blocks in the case of the Asian collision system [Tapponnier et al., 
1982], Anatolia [Jolivet and Brun, 2010; McKenzie, 1970], the North American cordillera 
[Marechal et al., 2015] or the Alps [Ratschbacher et al., 1991b]. In the case of the Eastern 
Alps, the natural laboratory for this study, lateral extrusion has been interpreted as the 
result of indentation by the Adriatic plate, which forced crustal blocks to escape towards 
a weak domain, the Pannonian back-arc basin [Ratschbacher et al., 1991b]. However, high 
resolution tomography [Lippitsch et al., 2003] suggests that the Adriatic plate has been 
subducting underneath the extruding Eastern Alps, questioning the traditional concept 
of lithosphere-scale indentation. 

This rigorous difference in geodynamics, indentation versus subduction, clearly 
demonstrates the need for better understanding the link between deep and shallow 
processes. For this, an integrated observational and phenomenological approach is 
needed [e.g., Cloetingh and Willett, 2013], targeting the feedback relations between 
interfering processes and their impact on horizontal and vertical movements in crust and 
lithosphere. 

1.1 Lithospheric processes of the AlCaDi orogenic system.

The AlCaDi orogenic system (Figure 1.2) is a complex system that surrounds the 
Pannonian Basin and its evolution is related to geodynamic processes driven by multiple 
subduction and collision zones. The tectonic evolution of the Eastern Alps and Dinarides 
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1.1 Lithospheric processes of the AlCaDi orogenic system.

Figure 1.1: The AlCaDi orogenic system. [a] The most important tectonic structures are shown on 
top of a topographic map. The arrows represent recorded GPS motions as presented by Metois et al. 
[2015]. The yellow boxes outline the study regions addressed in Chapter 2 (inset A), Chapter 3 (inset 
B) and Chapters 4 and 5 (inset C). [b] The tomographic image at 150 km depth showing the different 
slabs (high velocity anomalies, blue colours) present within the AlCaDi system. The coloured 
bars indicate the direction of the mantle anisotropy; where the colour indicates the approximate 
recorded depth, see the included legend. Data is derived from Faccenna et al. [2014]. The white 
arrows indicate the dip direction of the slabs and the yellow arrows indicate the present and past 
recorded direction of slab retreat.
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(Figure 1.3) are strongly influenced by the collision and motion of the Adriatic microplate 
[e.g., Schmid et al., 2008; Ustaszewski et al., 2008; and references therein]. Additionally, 
both orogens have been affected by the Pannonian Basin back-arc extension related to 
the Carpathian and Dinaridic slab roll-back [Horváth et al., 2006; Matenco and Radivojević, 
2012; Royden, 1993]. The combination of Adriatic collision and back-arc extension resulted 
in lateral transfer of crustal material in the Eastern Alps, referred to as lateral extrusion 
that took place during Miocene times [Ratschbacher et al., 1991a; Ratschbacher et al., 
1991b]. In this geodynamic scenario the Adriatic microplate acted as an indenter of the 
Eastern Alps, which is incompatible with a scenario in which the Adriatic plate subducts 
underneath the Alps as constrained by teleseismic tomography [Figure 1.1b, Lippitsch 
et al., 2003]. Subduction possibly took place since the late Oligocene [e.g., Schmid et al., 
2004], shortly after the break-off of the Alpine Tethys slab [von Blanckenburg and Davies, 
1995], with lateral extrusion of the overriding plate, i.e. the Eastern Alps, commencing 
in the late early Miocene [Ratschbacher et al., 1991b]. The extrusion process entails the 
combined effect of extensional collapse and tectonic escape towards a ‘free’ or weakly 
constrained margin represented by the Pannonian Basin back-arc extension for the 
Eastern Alps escape [Figure 1.2, Horváth et al., 2006; Royden, 1993]. 

The combined effect of indentation or subduction and coeval extension in the 
Pannonian Basin region results in the lateral displacement of crustal wedges, from an area 
with high gravitational potential energy and topography, towards a low-land and weakly 
constrained margin (Figures 1.1a and 1.2). Structures that accommodated the extrusion 
tectonics include strike-slip faults, such as the dextral Periadriatic fault (PF), sinistral 
Salzachtal-Ennstal-Mariazell-Puchberg fault (SEMP) or the sinistral Mur-Mürz fault (MMF, 
Figure 1.2), and low-angle detachment faults that exhume rocks from lower tectonic units 
in the Tauern and Rechnitz windows [Figure 1.2, Dunkl and Demény, 1997; Fügenschuh et 
al., 1997; Ratschbacher et al., 1991b].  

In addition, two other geodynamic processes should be taken into account which 
contributes to the complexity of the study region. The first process is the locking of the 
Carpathian subduction zone possibly triggering late Miocene inversion of the Pannonian 
Basin and Northern Calcareous Alps [Horváth and Cloetingh, 1996; Peresson and Decker, 
1997] which coincides with a phase of enhanced exhumation around 5 Ma in the Eastern 
Alps [e.g., Legrain et al., 2015; Wagner et al., 2010]. The other complexity is the overlap 
of Alpine and Dinaridic structures at the Eastern Alps, Southern Alps and Dinarides 
transition [Bosellini and Doglioni, 1986] that developed on pre-existing structures related 
to previous phases of mountain building (Figure 1.3), starting in the Early Cretaceous 
for the Carpathians, the Eastern Alps and the Dinarides [Fügenschuh and Schmid, 2005; 
Neubauer et al., 2000; Schmid et al., 2008]. 

For many of the above mentioned interacting processes their influence on the AlCaDi 
orogenic system is not well constrained and quantified, leading to ongoing debate on 
the mode of Alps-Adria convergence for instance. Recently published structural data, 
analogue models, thermochronology and tectonic reconstructions generally support 
intra-continental subduction of the Adriatic plate [Handy et al., 2015; Luth et al., 2013; 
Schmid et al., 2013], which is, however, questioned by Mitterbauer et al. [2011] and Qorbani 
et al. [2015] based on geophysical data. This controversy has profound implications on 
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as-to-whether the structural style of lateral extrusion would develop in a similar way in a 
scenario of subduction of the Adriatic plate and how lower plate subduction and upper 
plate extrusion feedback on the laterally changing length of the Adriatic slab (Figure 1.1b).

1.2 The scope of the thesis

Within the frame of interfering geodynamic processes recorded in lithospheric 
structures of the Alps-Carpathians-Dinarides orogenic system, this thesis aims to: (1) 
distinguish the effects of subduction versus indentation on the dynamics and kinematics 
of lateral extrusion in the Eastern Alps and the crust and lithosphere structure of the Alps, 
(2) study the influence of far field effects like slab pull on the escape of crustal material and 
(3) quantitatively investigate the impact of the above named processes on the vertical 
motions and topography development at the transition from the Eastern Alps and the 
northern Dinarides to the Pannonian Basin.

To address these first order problems and understand the interplay of orogenic 
processes at Eastern Alps-Dinarides-Pannonian basin transitions, field studies have been 
integrated with process oriented physical analogue modelling. The field and analytical 
data aims at constraining vertical and lateral displacements by means of kinematic and 
thermochronological studies (Chapters 2 and 3). The physical analogue experiments 
(Chapters 4 and 5) focus on the feedback relations between collision/subduction and 
extensional processes and their influence on vertical and lateral displacements, as well 
as topography development, through time. Integrating the field and analogue modelling 
results provides a better understanding of the spatial and temporal link between shallow 
and deep processes applicable to the AlCaDi system as well as other complex orogenic 
systems. 

1.3 Thesis outline

The thesis consists of 6 chapters. Following the introduction to the study region 
(Chapter 1), new field and thermochronological data are presented from two regions 
that are affected by interacting subduction/collision and back-arc extension, namely: 
the Eastern Alps-Pannonian Basin transition (Chapter 2) and the Eastern Alps-Dinarides-
Pannonian Basin transition (Chapter 3). The other two chapters present novel physical 
analogue modelling results (Chapters 4 and 5) that discuss interfering lithosphere-
scale processes related to Alps-Adria convergence. Finally, the integration of the field, 
geochronological and experimental results in the synthesis (Chapter 6) forms the basis for 
a discussion on interfering tectonic processes within the AlCaDi orogenic system.

In the easternmost Alps, at the transition with the Pannonian basin, kinematic and low 
temperature thermochronological data is less abundant compared to the western Eastern 
Alps. There the exhumation of the Penninic units exposed in the Tauern Window and the 
surrounding Austroalpine units have been subjected to many studies resulting in a high 
density of available thermochronological and kinematic data [e.g., Favaro et al., 2015; 
Fügenschuh et al., 1997; Lammerer and Weger, 1998; Luth and Willingshofer, 2008; von 
Blanckenburg et al., 1989]. The studies reflect two stages of orogeny, a Late Cretaceous Eo-
Alpine event and a Tertiary Neo-Alpine event, with an intermediate stage of rapid cooling 
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and a successive Miocene rapid exhumation during indentation of Adria and lateral 
extrusion. However, to the east of the Tauern Window much less is known about these 
phases of exhumation, the relationship of vertical motions associated with the lateral 
extrusion of crustal blocks [Ratschbacher et al., 1991b], or the mechanism driving the 
young exhumation recorded along the Pannonian Basin-Eastern Alps margin [e.g., Robl et 
al., 2008; Wagner et al., 2010]. The obtained low temperature thermochronological data, 
presented in Chapter 2, will quantify the vertical motions related with these aspects at the 
Eastern Alps-Pannonian basin transition (see inset A in Figure 1.1), linked to the structural 
evolution of the sinistral Mur-Mürz fault that continues into the Vienna basin. 

To further understand and quantify the influence of the Pannonian back-arc extension 
as well as the effects of Alps-Adria convergence, the Medvednica Mountains are situated 
in a key position to study these aspects (see inset B in Figure 1.1). The mountains comprise 
an inselberg in the northern Dinarides at the transition with the Alps, where previously 
presented tectonic evolutions are primarily attributed to Dinaridic orogenic processes 
despite its close spatial relation to the Southern and Eastern Alps. The current evolution 
describes a Cretaceous-Paleogene period of Dinaridic nappe stacking with subsequent 
Miocene extension and Pliocene inversion [e.g., Tomljenović et al., 2008; Vrabec and Fodor, 
2005]. Other inselbergs in the area are affected by Miocene extensional detachments, 

Figure 1.3: An overview of the most important tectonic and geodynamic processes that took place 
within the AlCaDi orogenic system since the Cretaceous, demonstrating the link between deep and 
shallow processes.
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exhuming previously stacked and metamorphosed Adriatic units in their footwalls 
[Matenco and Radivojević, 2012; Stojadinović et al., 2013; Toljić et al., 2013; Ustaszewski 
et al., 2010]. This is also observed in the Eastern Alps with the transition to the Pannonian 
Basin, such as the exhumation of Penninic units exposed in the Rechnitz window or the 
rapid exhumation of the Pohorje pluton [Dunkl and Demény, 1997; Fodor et al., 2008]. The 
kinematics of such Miocene exhumation in the Medvednica Mountains is still unclear, as 
well as the influence of Alpine derived structures. These aspects are discussed in Chapter 
3 by means of structural field data, low temperature thermochronological data and 
microstructural and petrological analysis. 

What the implications are of subduction of the Adriatic continental microplate on 
extrusion of the Eastern Alps is largely unknown and has not been addressed up to 
now. Past numerical or analogue modelling studies on lateral extrusion only incorporate 
(semi-)rigid indenters [e.g., Ratschbacher et al., 1991a; Robl and Stüwe, 2005; Rosenberg 
et al., 2007; Sokoutis et al., 2000; Willingshofer et al., 2005]. To directly study the effect of 
subduction on the process of lateral extrusion a series of novel physical analogue models 
are presented in Chapter 4. By comparing the first order results to the Eastern Alps (see 
inset C in Figure 1.1) valuable insights are obtained on the mode and direction of Alps-
Adria convergence and their implications for the structural and topographic development 
of the Alps. 

Convergence between the Adriatic microplate and the Alps predates the opening of 
the Pannonian back-arc extension. Therefore, current views propose that lateral extrusion 
is triggered by collision [e.g., Wölfler et al., 2011] and that Pannonian basin extension only 
enhances the escape. To study these feedback relations we present a series of analogue 
experiments in Chapter 5 to explore the influence of ‘pushing’ (collision) versus ‘pulling’ 
(extension) on lateral extrusion. The insights provide valuable constraints for the timing 
and influence of geodynamic processes in the AlCaDi orogenic system. 

Chapter 6 integrates the field and modelling results to deduce and summarize the effect 
of interfering tectonic processes and their link between surface and mantle processes and 
their implications for the Eastern Alps-Dinarides-Pannonian Basin system. To conclude the 
thesis, I will provide an outlook on possible and necessary follow-up studies.  

Photo (facing page): View towards the Hochwechsel (1743 m.) and the surrounding Wechsel 
Window. The  outcrop in the foreground is the  Wechsel gneiss at sample location S-02 (1181 m.).
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Non-uniform cooling of the Eastern Alps and its implications 
for Late Cretaceous to Pliocene tectonics. 
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Abstract
New structural and thermochronological (Rb-Sr biotite and zircon and apatite fission 

track) data from the eastern most Alps highlight distinct differences in exhumation and 
deformation history with respect to the western Eastern Alps, including the Tauern Window. 
Thermochronological cooling ages document rapid (ca. 15°C/Ma) and diachronous Late 
Cretaceous to Paleocene exhumation with eastward younging of cooling ages across 
a greenschist facies normal shear zone. This cooling pattern is interpreted to reflect 
Campanian-Maastrichtian post-metamorphic exhumation of rocks during synorogenic 
extension that probably migrates towards the east. This migration might be related to 
oblique subduction or slab roll-back driven processes. Subsequent Eocene to Oligocene 
slow cooling (ca. 2°C/Ma) suggests that the region was not affected by significant crustal 
thickening, strongly contrasting with the units exposed in the Tauern Window and the 
surrounding Austroalpine units. Kinematic inferences along the Mur-Mürz fault (MMF) 
suggest ongoing slow cooling is contemporaneous with early Miocene pre-extrusion 
NW-SE contraction, and subsequent middle Miocene syn-extrusion NE-SW to NNE-
SSW directed shortening, both characterized by strike-slip faulting. The kinematics and 
cooling ages across the MMF suggest that lateral extrusion in the eastern most Alps is 
not associated with significant vertical motions, but resulted in a complex distribution 
of cooling ages during fragmentation of the Styrian Block and MMF as a consequence of 
wrenching and distributed strike-slip deformation. Successive E-W inversion is associated 
with late Miocene to Pliocene renewed fast exhumation (ca. 14°C/Ma) of Austroalpine 
units, associated with an increase in river discharge and a drastic change in the course of 
the Mur river. The young uplift is not uniform and concentrates at the MMF-Vienna basin 
transition in response to the underthrusting of the Bohemian Massif, where it enhances a 
regional exhumation of the Eastern Alps during Pannonian basin inversion. 
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2.1 Introduction

The Alpine orogenic belt, in central Europe, shows remarkable along strike differences 
in the distribution of the major tectonic units, its architecture and its tectonic evolution 
[e.g., Schmid et al., 2004]. Most importantly, the Eastern Alps retain the memory of two 
collisional events, referred to as Eo-Alpine (Cretaceous) and Neo-Alpine (Eocene-Miocene) 
events [Neubauer et al., 2000a], whereas only one collisional event is known from the 
Western Alps. Furthermore, the tectonic evolution of the Eastern Alps is strongly influenced 
by the Miocene opening of the Pannonian Basin, a back-arc basin that developed during 
roll-back of the Carpathian slab [Horváth et al., 2006, and references therein]. This is key 
for facilitating lateral extrusion of the Alpine crust and lithosphere towards the Pannonian 
Basin during indentation of the Eastern Alps by the Adriatic microplate[Ratschbacher et 
al., 1991].

Research in the Eastern Alps over the last decades has largely focused on the key 
aspects of the  Eo-Alpine phase of deformation [e.g., Faryad and Hoinkes, 2003; Frank, 
1987; Froitzheim et al., 2008; Janák et al., 2004; Krohe, 1987; Kurz and Fritz, 2003] including 
the Late Cretaceous syn-orogenic formation of Gosau basins [Froitzheim et al., 1997; 
Neubauer et al., 1995; Wagreich, 1994; Willingshofer et al., 1999a], the Neo-Alpine phase 
of deformation [e.g., Pomella et al., 2015; Scharf et al., 2013; Schmid et al., 2013], as well as 
the first order structures related to lateral extrusion [e.g., Frisch et al., 2000; Ratschbacher 
et al., 1991; Wölfler et al., 2011]. In particular, many geological and geophysical studies 
have focused on understanding the structure and evolution of the Tauern Window and 
its close proximity. However, not much is known up to now about the post Eo-Alpine Late 
Cretaceous–Oligocene cooling east of the Tauern Window, or the relationship of vertical 
motions associated with the lateral extrusion of crustal blocks, i.e. the Gurktal and Styrian 
block (Figure 2.1b), towards the east [Ratschbacher et al., 1991]. Furthermore, insights on 
the structural evolution for some of the major escape related faults is limited, in particular 
for the sinistral Mur-Mürz Fault (MMF, Figures 2.1b and 2.2), which is important for the 
discussion on possible tectonic triggers, such as the locking of the Carpathian subduction 
systems, for a frequently documented post-extrusion inversion [Legrain et al., 2015; 
Wagner et al., 2010; Wölfler et al., 2016].

In this study we present new field kinematic data from the MMF together with new 
thermochronlogical data, including Rb-Sr biotite ages, as well as zircon and apatite 
fission track data, to get a clear perspective on cooling rates since the Eo-Alpine phase 
of orogeny. The integrated results are used to: (1) portray the cooling history and cooling 
patterns within Austroalpine units east of the TW and discuss their significance for the 
Late Cretaceous to Eocene and Miocene evolution of the Alps; (2) quantitatively asses the 
amount of vertical motions associated with the extrusion of the Styrian block and the 
post-extrusion inversion. 

2.2 Geological framework

The Eastern Alps consist of tectonic units derived from four paleogeographic 
domains. From bottom to the top, respectively from north to south, these are the Helvetic 
and Subpenninic units representing the southern continental European margin, the 
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Penninic unit derived from the Alpine Tethys ocean and continental fragments therein, 
the Austroalpine unit formed from Adriatic continental crust and tiny remnants of the 
Neotethys ocean referred to as the Meliata unit [Schmid et al., 2004, and references 
therein]. 

Unmetamorphosed Helvetic and Penninic units crop out at the northern margin of the 
Eastern Alps, whereas metamorphosed Penninic nappes are exposed within the Lower 
Engadin, Tauern, and Rechnitz windows (Figure 2.1). The structurally deepest parts of the 
Tauern Window are formed by Subpenninc nappes [e.g., Froitzheim et al., 1996; Schmid et 
al., 2004 and references therein]. 

The overlying Austroalpine unit is divided in two sub-units, the Lower and Upper 
Austroalpine units, which are further subdivided in nappe systems [Figures 2.2 and 2.11; 
Schmid et al., 2004]. The Lower Austroalpine unit consisting of crystalline basement 
is overlain by a Permomesozoic (meta) sedimentary cover and is present in the frame 
of the Penninic units. In the east it is represented by the Semmering–Wechsel nappe 
system. The Upper Austroalpine unit on top comprises the following units: the Northern 
Calcareous Alps (NCA) is built up by Permomesozoic sediments of the Juvavic, Tirolic and 
Bajuvaric nappe systems. In between the first two, slices of the Meliata Unit are present, 
coinciding with the Lower Juvavic units. The Grauwacke zone comprises mostly Palaeozoic 

Figure 2.1: [a] Digital Elevation Model of the Alps and surrounding regions. The dashed box outlines 
the area of the schematic tectonic map in Figure 2.1b. [b] Simplified tectonic map of the Eastern Alps 
and its surroundings illustrating the main Paleogene and Neogene structural features. The map is 
modified after Willingshofer and Cloetingh [2003] and Froitzheim et al. [2008]. The red box outlines 
the area presented in Figures 2.2 and 2.8. Abbreviations: Periadriatic fault (PaF), Pöls-Lavanttal fault 
(PLF), Salzach-Ennstal-Mariazell-Puchberg fault (SEMP), Mur-Mürz fault (MMF), Brenner fault (BF), 
Katschberg fault (KF), Görtschitz fault (GF), Tauern Window (TW), Lower Engadine Window (LEW), 
Niedere Tauern (NT), Niedere Tauern fault (NTF), Rechnitz Window (RW), Tamsweg basin (TB), 
Fohnsdorf basin (FB), Styrian basin (StB), Vienna basin (VB), Krappfeld basin (Kb).
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metasediments and volcanics and forms the Tirolic-Noric nappe systems together with the 
Silbersberg and Veitsch nappes. To the south, from bottom to top, the Silvretta-Seckau, 
Koralpe-Wölz, Ötztal-Bundschuh and Drauzug-Gurktal (i.e. Paleozoic of Graz) nappe 
systems are located. All nappe systems are build-up of crystalline basement overlain by 
a Permomesozoic (meta)sedimentary cover, except for the Koralpe-Wölz nappe system 
which lacks Permomesozoic rocks but contains Cretaceous eclogites like the Sieggraben 
nappe at the eastern margin of the Eastern Alps (Figure 2.2).

Shortening related to the formation of the Alps started in the Middle Jurassic when 
intraoceanic subduction within the Neotethys ocean resulting in the thrusting of ophiolitic 
nappes and melanges, forming the current Meliata unit, onto the eastern margin of the 
Adriatic promontory of Africa [Gawlick et al., 2001]. The following tectonic evolution is not 
well understood yet. However, in the Early Cretaceous the formation of the Austroalpine 
nappes initiated along a southeast dipping intracontinental subduction zone [Janák et 
al., 2004]. Most probably this subduction zone formed along a sinistral strike-slip corridor 
cutting through the northern part of the promontory [Stüwe and Schuster, 2010]. 

The subduction and associated top-to-the-NW directed stacking of the Austroalpine 
nappes, referred to as the Eo-Alpine orogeny, is associated with metamorphism reaching 
eclogite and ultra-high pressure conditions terminating at ca. 95 Ma [Faryad and Hoinkes, 
2003; Hoinkes, 1981; Janák et al., 2015; Thöni, 2006]. During subsequent rapid exhumation 
of these units to middle crustal levels, a greenschist to amphibilote facies overprint 
occurred, documenting cooling that lasted until 65 Ma [Thöni, 1999]. The widespread 
Late Cretaceous exhumation was partly coeval with the formation of sedimentary basins 
(Gosau basins) on top of the orogenic wedge [Willingshofer et al., 1999a]. Remnants of 
these basins are found on Upper Austroalpine nappes of the Northern Calcareous Alps 
and the Drauzug-Gurktal nappe system. Late Cretaceous sedimentary basins are generally 
characterised by a rapid deepening from continental to deep marine conditions [Faupl and 
Wagreich, 1996; Ortner, 2001; Wagreich, 1995; Willingshofer et al., 1999a]. Basin formation 
occurred in an overall N-S convergent and E-W extensional regime and was coeval with 
the final closure of the Neotethys ocean in the east and subduction of the Alpine Tethys 
along the north-western and northern boundary of the Cretaceous orogenic wedge 
[Froitzheim et al., 1997; Handy et al., 2010; Willingshofer et al., 1999a].

Subduction of the Alpine Tethys ocean during the Paleocene and Eocene forms the 
prelude to the second collisional event, the Alpine phase of deformation. The transition 
to continent-continent collision is marked by N to NW-directed folding and faulting in the 
Austroalpine nappes of the NCA, but also by the switch from flysch deposits to Molasse 
sedimentation in the foreland of the orogenic wedge starting in the late Eocene [Genser 
et al., 2007]. During continent-continent collision, the Austroalpine units, together with 
Penninic units, were thrust onto the European continental margin. The latter consists of 
the Helvetic nappes, exposed at the northern front, and the Subpenninic nappes, presently 
exposed within the Tauern Window, are European derived nappes that were sheared off 
during collision [Schmid et al., 2013]. The Penninic and Subpenninic nappes that are 
exposed in tectonic windows (i.e. Tauern and Rechnitz Window, Figure 2.1b) record an 
Eocene to early Oligocene subduction related blueschist and, partly also, eclogite facies 
imprint and a late Oligocene to Miocene greenschist to amphibolite facies overprint 
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(“Tauernkristallisation”) [Hoinkes et al., 1999; Thöni, 1999]. The exhumation of these units 
occurred in response to a combination of folding, erosion  and successive orogen parallel 
extension [Bertrand et al., 2017]. 

The latter is tied to the indentation of the Adriatic plate, starting no later than ca. 28 
Ma, and subsequently forcing eastward lateral escape of the Eastern Alps at ca. 23 Ma 
[Favaro et al., 2015]. Lateral escape affected the entire Eastern Alps lithosphere and is often 
referred to as “lateral extrusion”, because this process possibly also involved a component 
of gravitational collapse [Ratschbacher et al., 1991]. Both the gravitational collapse and 
forced orogen parallel extension is facilitated by Pannonian back-arc extension by 19 
Ma at the latest [Horváth et al., 2006] but possibly as early as 25-28 Ma [Matenco and 
Radivojević, 2012]. Extrusion is accommodated by orogen-parallel flow at lower and mid 
crustal levels and the fragmentation of the brittle upper crust, the Austroalpine units, into 
rhomboid-shaped fragments that are bound by strike-slip faults.

Major strike-slip faults associated with lateral extruding crustal blocks, east of the 
Tauern Window, include the sinistral Salzach-Ennstall-Mariazell-Puchberg fault (SEMP), the 
sinistral Mur-Mürz fault (MMF), the dextral Periadriatic fault (PaF), the transtensive dextral 
Görtschitz fault (GF) and the dextral Pöls-Lavanttal fault (PLF) as shown in Figure 2.1b. The 
escaping blocks are regarded as rigid blocks where deformation is mainly concentrated 
along the bounding faults accommodating their dominantly horizontal (eastward) 
motion. The major crustal blocks, bounded by a number of the aforementioned strike-slip 
faults, are referred to as the “Gurktal block”, the ‘’Saualpe block’’ and the “Styrian block”, 
the latter includes the Koralm mountains and the Styrian basin (Figure 2.1b), which also 
record post-extrusion inversion and uplift [Pischinger et al., 2008; Wagner et al., 2010]. 

The Styrian block is bounded to the north by the NE-SW striking MMF, a sinistral en-
echelon strike-slip fault, and to the west by the NNW-SSE striking PLF (Figures 2.1b and 
2.2). The largest basin (i.e. Fohnsdorf basin, Figure 2.2) along the MMF is formed at the 
intersection with the PLF and is connected to the Seckau Basin further to the east. Detailed 
study of the Fohnsdorf basin by Strauss et al. [2001] displayed that the basin and the 
Seckau basin were initially formed as separate pull-apart basins between overstepping 
en-echelon segments of the strike-slip fault during E-W directed extension. The eastern 
extent of the MMF marks the transition to the Vienna basin, a pull-apart basin that formed 
between 16-9 Ma [e.g., Decker, 1996; Fodor, 1995]. This coincides with peak activity (18-12 
Ma) of sedimentation in pull-apart basins, for instance the Fohnsdorf or Lavantal basins 
which evolved along the PLF [e.g., Kurz et al., 2011; Pischinger et al., 2008]. During the 
Miocene the MMF accommodated ~30 km of lateral displacement and approximately 12 
km is accommodated along the PLF [Linzer et al., 2002].

Lateral extrusion continued into the late Miocene but stagnated when incipient E-W 
shortening occurred [Peresson and Decker, 1997a], kinematically linked to late Miocene-
Pliocene inversion of the Vienna and Styrian basins as well as basins along the PLF [e.g., 
Decker, 1996; Reischenbacher and Sachsenhofer, 2013; Sachsenhofer et al., 2000]. It 
is suggested that the inversion might be associated with a young exhumation (~5 Ma) 
recorded in the eastern Eastern Alps [Legrain et al., 2014; Wagner et al., 2010]. The trigger 
for this young uplift is however still debated and both tectonic [Peresson and Decker, 
1997a; Wölfler et al., 2016] and climatic triggers are discussed [Kuhlemann, 2007; Willett, 
2010], although the latter seems less probable in comparison to a tectonic trigger. 
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2.3 Brittle kinematics along the Mur-Mürz Fault
2.3.1 Approach and methodology used for stress regime analysis.

Kinematic and fault slip analysis was targeted along the north-easterly extent of 
the MMF, including the transition from the MMF to the Vienna Basin (Figure 2.2). The 
studied segment of the fault and its surroundings are characterized by a topographic 
high, the Semmering pass, whilst the main extent of the fault is marked by an incised 
ENE-WSW striking valley. Most of the data stem from the flanks of the fault valley and 
are complemented by data from dominantly NNW-SSE striking side-valleys and the 
Semmering pass. A total of 131 outcrops have been studied and used to reconstruct the 
sequence of brittle deformation phases along the MMF. 

Collected structural data include fault planes and their associated kinematic indicators 
[Angelier, 1994; Petit, 1987], including Riedel shears, tension gashes, and striations 
such as slickensides, steps and stylolites. The measurements are accompanied by the 
description of qualitative observations, such as time relations between the different 
sets of brittle deformation within the outcrops, e.g. cross-cutting fault planes and Riedel 
shears, or reactivation of fault planes emphasized by overprinting relations of striations. 
Other qualitative observations include, for instance, the rock type, fracture dimensions, 
associated crystallization of calcite and a confidence level for the sense of shear. 

To analyse the kinematic data the Win-Tensor software [Delvaux and Sperner, 2003] was 
used. The program assumes that slip on a plane occurs in the direction of the maximum 
shear stress and results in the calculation of four parameters related to a tectonic stress 
tensor, namely, the three principal stresses and the (R) ratio of the principal stresses [e.g. 
Angelier, 1989]. Most outcrops contained sufficient data to perform a multi-phase stress 
tensor analysis to derive a series of deformation phases, taking into account the observed 
time-relations. The approach used to separate the datasets into multiple phases is done in 
a similar fashion as described in Kipata et al. [2013]. The results of the stress tensor analysis 
per outcrop location are listed in Appendix 2A.

2.3.2 Field kinematics along the MMF

The kinematic analysis along the MMF has resulted in the differentiation of four main 
deformation phases, based on time-relations observed in 21 outcrops. The description of 
the stress regimes corresponding to the four deformation phases are listed in Table 2.1 
and are graphically presented in Figures 2.3 and 2.4. Furthermore, the fault slip analysis is 
listed per outcrop in Appendix 2A.

2.3.2.1 D1: Strike-slip faulting with dominant N-S striking sinistral faults

The oldest recognized stage of brittle deformation (D1) is characterized by N-S striking 
sinistral strike-slip faults accompanied by conjugate WNW-ESE striking dextral strike-slip 
faults (Figure 2.3a). Fault planes are steeply dipping and contain dominantly shallow 
plunging striations (see the rose diagrams in the inset in Figure 2.3a) attesting strike-slip 
faulting. Steep planes which deviate from the mean N-S strike, for instance a NNE-SSW 
strike, have a strong oblique-normal slip component (e.g. stereoplot of outcrop 92 in 
Figure 2.3a). Furthermore, normal faulting also occurs within the D1 phase, e.g. outcrop 
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17 (Figure 2.3a), along NW-SE striking planes with SW and NE plunging striations.
Overall a total of 32 locations with a sum of 249 fault planes are ascribed to the D1 

phase reflecting a strike-slip event with a mean stress ratio of 0.45 (map inset in Figure 
2.3a). The strike-slip regime is characterized by NE-SW extension (σ3 = 240/00) and a NW-
SE direction of contraction (σ1 = 149/22). The individual locations also reflect primarily 
strike-slip regimes except for the locations with dominant normal faulting which results in 
an extensional stress regime (map Figure 2.3a). However, both regimes are characterized 
by the same direction of extension. The D1 stress regimes are concentrated in two clusters 
along the MMF; a first cluster is situated at and around the Semmering Pass and a second 
cluster is located to the SW of Mürzzuschlag (Figure 2.3a).  

2.3.2.2 D2: Transtension with NE-SW shortening and NW-SE extension direction

The second deformation event (D2) with mainly oblique strike-slip faults is less 
strongly developed compared to D1. Only 20 datasets could be included in this event with 
a total of 172 fault planes and their associated kinematic indicators (Figure 3b). The stress 
tensor that is obtained when combining the datasets is characterized by NW-SE directed 
extension (σ3 = 148/14) and NE-SW directed contraction (σ1 = 049/22) with an average 
stress ratio of 0.6. The combined data produces a stress regime which indicates that D2 is 
a transtensive stress regime. 

The D2 extensional structures include NW and SE dipping oblique normal faults 
with a dip angle between 50-70°, for instance outcrop 17 (see stereoplot in Figure 2.3b). 
Furthermore, strike-slip faulting is present with N-S striking dextral displacements, hence 
clearly peaking in the rose diagram (map inset in Figure 3b), and WNW-ESE striking 

Figure 2.3 (next page - even): [a] Summary of the performed fault slip analysis of D1 deformation 
structures comprehending a strike-slip stress regime (SF) with a NW-SE direction of contraction. 
The obtained stress regimes per outcrop location for the D1 deformation phase are plotted on the 
tectonic map of the eastern segment of the MMF (see Figure 2.2 for legend and the corresponding 
data is listed in appendix 1). Above the map a selection of stereoplots is presented for key outcrop 
locations showing the measured fault planes, the fault kinematics, the associated stress regime and 
the orientation of the σ1 (Shmax, red circles), σ2 (red triangles), σ3 (Shmin, red squares). The inset in 
the map features the the stress tensor sopecifications for the D1 deformation phase based on the 
compilation of D1 fault planes and associated kinematics. The number of datasets and the amount 
of fault planes included (No. data) are listed below the stress tensor, along with the values for the 
σ1 (Shmax) and σ3 (Shmin) and the obtained stress ratio (R`). The orientation of the σ1 (Shmax, red 
circle), σ2 (red triangle), σ3 (Shmin, red square) are also displayed on the stereoplot. The presented 
series of rose diagrams show: (i) dip of the fault planes, (ii) strike of the fault planes, (iii) plunge of 
the striations, and (iv) trend of striations. 
[b] Summary of the performed fault slip analysis of D2 deformation structures comprehending a 
transtensive regime (NS) with a NE-SW direction of contraction. See description above for a detailed 
specification on the different elements.

Figure 2.4 (next page - odd): Summary of the performed fault slip analysis of: [a] D3 deformation 
structures comprehending a strike-slip stress regime (SS) with a NNE-SSW direction of contraction, 
and [b] D4 deformation structures comprehending a strike-slip stress regime (SS) with an E-W 
direction of contraction. Refer to Figure 2.3 for a detailed description on the different elements.



Chapter 2.

18



2.3 Brittle kinematics along the Mur-Mürz Fault

19



Chapter 2.

20

sinistral faults. The scatter in the rose diagram representing fault striae (inset in Figure 
2.3b) indicates that the strike-slip and normal faults have a strong oblique component. 

2.3.2.3 D3: Strike-slip faulting during N-S shortening 

A total of 48 locations representing 659 fault planes and their kinematic indicators are 
part of a third deformation phase (D3), comprising the most profound deformation event 
along the MMF (Figure 2.4a). D3 structures reflect a strike-slip deformation regime (see 
map inset in Figure 2.4a) with NNE-SSW directed contraction (σ1 = 191/02) and WNW-ESE 
directed extension (σ3 = 281/01) and an average stress ratio of 0.45. 

The structures associated with D3 are dominantly NW-SE striking dextral faults and 
the conjugate ENE-WSW striking sinistral faults, e.g. see the stereoplots of outcrop 62 
or 84 in Figure 2.4a. The dominance of these fault plane orientations is clearly reflected 
in the rose diagrams (map inset in Figures 2.4a). The foremost sub-horizontal transport 
direction reflected in the rose diagram of the lines is in accordance with strike-slip 
kinematics. Furthermore, the azimuth of the striations has a slightly larger scatter as the 
strike of the faults, suggesting that some faults are also associated with oblique strike-slip 
displacements.  

The D3 phase is observed along the entire studied section of the MMF. The map in 
Figure 2.4a shows that most outcrops are associated with a strike-slip regime. However, in 
some outcrops the deformation event is locally expressed by a contractional or extensional 
regime, e.g. outcrop 32 and 42. Moreover, the direction of extension or contraction 
corresponds to the above described σ3 and σ1 respectively.

2.3.2.4 D4: E-W directed shortening and reactivation of D3 faults

The last phase of deformation (D4) is distinguished in 31 locations along the studied 
section of the MMF and includes 279 measurements of fault planes and associated 
kinematic indicators (Figure 2.4b). D4 is expressed by a stress tensor with E-W directed 
contraction (σ1 = 270/29) and N-S directed extension (σ3 = 180/01) encompassing an 

Phase
N data P(σ1) B (σ2) T(σ3) Theta R R’

dip dir. dip dip dir. dip dip dir. dip Value Regime

D1 123 237 8 32 80 147 3 46.14 0.6 1.4 SF

D2 111 320 19 145 70 50 1 47.79 0.43 1.57 SF

D3A 249 12 1 143 88 282 1 40.27 0.55 1.45 SF

D3B 81 189 84 360 6 90 1 50.19 0.55 0.55 NS

D4 132 259 49 86 40 353 2 50.3 0.74 1.26 TT

Table 2.1: Corresponding data to the defined stress regimes resulting from the WinTensor stress 
tensor analysis. Abbreviations: Number of measurements included (N), prinicipal finite strain axes 
(σ1,σ2,σ3), dip direction (d.d.), Stress Ratio (R), Tectonic Stress Regime (R’) with the categories Normal 
faulting (NF), Transtensive faulting (NS), Strike-Slip faulting (SF), Transpressive faulting (TS) and Thrust 
faulting (TF). The data is also presented in Figures 2.3 to 2.6.
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overall strike-slip stress regime with a stress ratio of 0.68. Faults that were activated during 
this phase are often reactivated fault planes. Most D4 kinematics is observed near the 
eastern extend of the MMF (Figure 2.6b). Characteristic faults for this phase include north 
and south dipping normal faults (e.g. stereoplot of outcrop 53 in Figure 2.4b), NE-SW 
striking dextral faults and NW-SE striking sinistral faults (e.g. outcrop 4, Figure 2.4b). The 
strike of the strike-slip faults is similar to the D3 faults but the sense of displacement along 
the faults is opposite, suggesting reactivation of the structures. The same accounts for 
the other D4 structures, e.g. inverted normal faults. From the rose diagrams, as seen in 
the map inset in Figure 2.4b, it emerges that steep faults are dominant, whereas the strike 
of the structures show a more scattered distribution compared to previous deformation 
phases. This correlates to our observation that many previously formed structures have 
been reactivated during the D4 event. 

2.4 Interpretation of the structural data

The structural data presented in Chapter 2.3 are interpreted against the tectonic 
frame of eastward lateral extrusion of the Austroalpine crust. Interpretation is based on 
a comparison with deformation histories deduced from extrusion related sedimentary 
basins and enables to embed our results in a stratigraphically controlled time frame 
(Figure 2.5). 

NW-SE shortening within an overall transpressional stress regime is characteristic for 
D1. Although this shortening direction is not compatible with the activation of the MMF 
as a sinistral strike-slip structure, it is consistent with the piggy-back basin phase of the 
Vienna basin during the early Miocene (Ottnangian and early Karpathian) and out-of-
sequence thrusting within the Northern Calcareous Alps [see Figure 2.5, Beidinger and 
Decker, 2014; Decker et al., 2005; Fodor, 1995; Hölzel et al., 2010]. Similar early Miocene 
shortening directions have been inferred along the Pöls-Lavanttal strike-slip fault 
[Pischinger et al., 2008]. Faults along the MMF that could have been activated during this 
phase are small N-S striking sinistral faults near Kraubath and is most likely related to the 
early Miocene opening of the Waldheimat basin and the Fohnsdorf basin [Figures 2.2 and 
2.5; Neubauer and Unzog, 2003]. In summary, we propose that our D1 kinematics are early 
Miocene or older but are not directly linked to lateral extrusion tectonics because the 
orientation of the shortening direction is not favourable for activating the NE-SW striking 
sinistral strike-slip faults such as the MMF or the SEMP.

Fault slip analysis suggests that the shortening direction changed from NW-SE (D1) 
to NE-SW (D2) to NNE-SSW (D3). Although field relations allow for discriminating among 
D2 and D3 related structures, the exact timing of the two events remains uncertain. It is, 
however, reasonable to assume that D2 and D3 are related to significant sinistral movement 
of the MMF and associated conjugate dextral faults including the Pöls-Lavanttal fault or 
the Palten fault (Figure 2.2). The MMF consists of many fault segments such as the Eiwegg 
fault, Trofaiach fault or the fault segment near Seckau (Figure 2.2). Besides strike-slip faults 
the roughly N-S contraction associated with D2 and D3 kinematics triggered inversion 
of D1 structures, such as the E-W striking normal fault along the northern rim of the 
Waldheimat and the Leoben basins, which is said to occur the middle Miocene [Gruber 
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Figure 2.5: Comparison of the presented deformation phases along the MMF to previously published 
deformation histories determined in extrusion related sedimentary basins of the Eastern Alps and 
other performed fault slip analyses in the eastern Eastern Alps. References: 1/ Peresson and Decker 
[1997a], 2/ Decker et al. [1993], 3/ Beidinger and Decker [2011], 4/ Hölzel et al. [2010], 5/Fodor [1995], 
6/ [Decker, 1996], 7/ Ebner and Sachsenhofer [1995], 8/ Hohenegger et al. [2009], 9/ Ratschbacher 
et al. [1991], 10/ Reischenbacher and Sachsenhofer [2013], 11/ Kurz et al. [2011], 12/ Pischinger et 
al. [2008], 13/ Zeilinger [1997], 14/ Reinecker and Lenhardt [1999], 15/ Strauss et al. [2001] , and 16/ 
Sachsenhofer et al. [2010]
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and Sachsenhofer, 2001; Neubauer and Unzog, 2003; Sachsenhofer et al., 2010; Strauss et 
al., 2001]. 

The D2 and D3 phase also lead to the formation of associated pull-apart basins [Figure 
2.2; Gruber and Sachsenhofer, 2001], including the Vienna basin during the middle 
Miocene, and thus coincides with the main phase of lateral extrusion in this part of the 
Eastern Alps [Frisch et al., 2000; Ratschbacher et al., 1991; Wölfler et al., 2011]. Middle 
Miocene associated pull-apart basins include the Lavanttal, Seckau and Tamsweg basins 
that opened contemporaneously with the formation of the extensional Styrian basin, 
which is connected to the Pannonian basin system [see Figure 2.5; e.g., Fodor, 1995; 
Hohenegger et al., 2009; Ratschbacher et al., 1991; Reischenbacher and Sachsenhofer, 
2013; Strauss et al., 2001]. For all the above listed examples, rapid subsidence is associated 
with either a strike-slip or an extensional regime, with a similar D2 ~NE-SW directed σ1 
(Figure 2.5). Subsequent D3 deformation records deformation related to an NNE-SSW 
directed σ1 (Figure 2.7) and favours ongoing lateral extrusion. This stress regime is similar 
to the middle Miocene to early Pannonian (~10 Ma) stress regime that is hold accountable 
for the opening for the Vienna basin and the ongoing subsidence in the Styrian basin 
[Decker, 1996; Hohenegger et al., 2009]. Farther to the west, rapid subsidence and a main 
event of basin infill occurred in the Tamsweg basin (Figure 2.1) during the Karpathian, 
continuing into the Badenian [Zeilinger et al., 1999]. Furthermore, structures in the 
eastern part of the Northern Calcareous Alps [Peresson and Decker, 1997b] document 
similar shortening directions and deformation regimes during this time-span (Figure 2.5). 

According to kinematics and stratigraphy of the intramontane Styrian and Vienna 
basins the strike-slip kinematics, representative for our D1, D2 and D3 kinematics, cease 
during the Pannonian when uplift and inversion of the basins occur as a result of E-W 
contraction, which continues into the Pliocene [see Figure 2.5; e.g., Pischinger et al., 2008; 
Strauss et al., 2001; Zeilinger, 1997]. The Pannonian-Pliocene E-W contraction has been 
described in detail by Peresson and Decker [1997a], who suggest a phase of inversion in 
response to the termination of Carpathian slab roll-back. The presented D4 kinematics 
along the MMF is also characterized by reactivation of older structures in response to E-W 
contraction (Figure 2.4b) and is similar to the present-day stress field inferred by Bada et 
al. [2007], that is associated with Pannonian basin inversion. Thus, we propose that the D4 
stress regime is related to inversion tectonics during the Pannonian-Pliocene to possibly 
recent times, and has reactivated segments of the sinistral MMF with a dextral sense of 
shear and north-south trending normal faults as inverted faults. 

2.5 Thermochronology 

The kinematic analysis suggests the easternmost Alps are predominantly affected by 
lateral displacements since Oligocene times. To further quantify the amount of vertical 
and lateral motions, associated with the tectonic evolution east of the Tauern Window, a 
new dataset with zircon and apatite fission track ages is presented. To further constrain 
the tectonic evolution east of the Tauern Window we also provide ample new Rb-Sr biotite 
ages to obtain cooling trajectories for the area since the Eo-Alpine peak metamorphism. 
Thereby, the Rb-Sr biotite ages together with the fission track ages will also provide insights 
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on possible regional cooling trends, such as a regional tilt that might be associated with 
extensional tectonics during lateral extrusion or earlier.   

2.5.1 Rb-Sr biotite dating and analytical procedures

A total of 11 new Rb-Sr biotite ages (Table 2.2) are presented, obtained from samples in 
the surroundings of the MMF (Figure 2.6). The samples are aimed at obtaining new insights 
on the Late Cretaceous-Paleocene cooling of the easternmost exposed Austroalpine units 
in the Eastern Alps following Eo-Alpine metamorphism. The mechanical and chemical 
preparations needed to obtain the ages of the biotites was performed at the Geological 
Survey of Austria in Vienna following the procedure described by Sölva et al. [2005].

The Rb-Sr biotite dating procedure was started by removing the weathered surfaces 
from the sample material. Thereafter we split the samples to extract the biotites and obtain 
whole rock powder by using the standard methods of crushing, grinding, sieving and 
magnetic separation. Subsequently, a total of about 100 mg of whole rock powder and 
~200 mg of biotites were weighed for dissolution to determine element concentrations 
by isotope dilution using mixed 84Rb/87Sr spikes. Total procedural blanks are ≤1 ng for 
Rb and Sr. 

From the dilution the isotopic ratios were measured at the Department of Geological 
Sciences, University of Vienna, with a ThermoFinnigan® Triton TI TIMS. For some Rb 
measurements a Finnigan® MAT 262 was used. Sr was run from Re double filaments, 
whereas Rb was evaporated from Ta single filaments. To control the quality of the 
measurements the standard NBS987 was used. As the measurements are obtained from 
different sample batches it is not possible to provide a single range for the value of the 
NBS987. However, during consecutive periods of measurements more than 10 standard 
values were determined; the values for NBS987 was 86Sr/87Sr = 0.710253 ± 8 (n=20, 2σ). 
Errors of 1% were determined for the 87Rb/86Sr ratio based on interactive sample analysis 
and spike recalibration. 

Ultimately, we calculated the Rb-Sr biotite ages with the ISOPLOT/Ex software [Ludwig, 
2012] using the Rb-decay constant of 1.42 x 10−11 a−1.

2.5.1.1 Results of Rb-Sr biotite dating

The Rb-Sr biotite ages (Table 2.2 and appendix 2A) obtained in this study extends the 
existing data set considerably and most of them come from areas where biotite is scarce 
and no biotite ages were available until now. The new biotite ages represent lithologies 
from several Austroalpine units (Table 2.2 and Figure 2.6) and are calculated from biotite 
(Bt) and the corresponding whole rock (WR). Most biotites show a typical composition 
with several hundred ppm Rb, <10 ppm Sr and a 87Rb/86Sr ratio of 300-700.

From the Lower Austroalpine Wechsel nappe a biotite separated from a two-mica 
paragneiss (sample 15R25) shows a low 87Rb/86Sr ratio (~45) which is due to a high 
Sr content (~25 ppm) compared to the other biotites. The high Sr content indicates 
submicroscopic inclusions of a Sr-rich mineral which is most probable apatite. The age 
for the biotite is 39.2 ± 0.4 Ma, one of the youngest ages. The other ages were measured 
from rocks of the Upper Austroalpine unit and, except one, come from the Koralpe-Wölz 



2.5 Thermochronology 

25

Fi
gu

re
 2

.6
: O

ve
rv

ie
w

 o
f a

re
al

 d
is

tr
ib

ut
io

n 
of

 n
ew

 R
b-

Sr
 b

io
tit

e,
 Z

FT
 a

nd
 A

FT
 a

ge
s p

lo
tt

ed
 o

n 
th

e 
ge

ol
og

ic
al

 m
ap

 o
f t

he
 e

as
te

rn
 E

as
te

rn
 A

lp
s (

fo
r l

eg
en

d 
an

d 
de

ta
ils

 s
ee

 F
ig

ur
e 

2.
2)

. T
he

 m
ap

 a
ls

o 
sh

ow
s 

pr
ev

io
us

ly
 p

ub
lis

he
d 

Rb
-S

r b
io

tit
e,

 Z
FT

, a
nd

 A
FT

 a
ge

s 
in

 th
e 

re
gi

on
 [B

al
og

h 
an

d 
D

un
kl

, 2
00

5;
 D

ra
ga

ni
ts

, 1
99

6;
 

D
un

kl
 a

nd
 D

em
én

y,
 1

99
7;

 H
an

dl
er

, 1
99

4;
 H

ej
l, 

19
97

; M
ul

le
r, 

19
94

; N
eu

ba
ue

r e
t a

l.,
 1

99
5;

 P
fin

gs
tl 

et
 a

l.,
 2

01
5;

 S
ch

an
tl 

et
 a

l.,
 2

01
5;

 S
ch

ar
be

rt
, 1

99
0;

 S
ch

m
id

t, 
19

99
]. 

Re
fe

r t
o 

Fi
gu

re
 2

.2
 fo

r t
he

 le
ge

nd
 o

f t
he

 te
ct

on
ic

 u
ni

ts
 a

nd
 a

bb
re

vi
at

io
ns

.



Chapter 2.

26

nappe system. Two samples from the nappes west of the Anger-Piregg fault (Figure 2.6) 
yield similar ages; biotite from a paragneiss (sample 13R05) collected from the southern 
part of the Seckau nappe (Silvretta-Seckau nappe system) revealed an age of 80.7 ± 0.8 
Ma and 80.8 ± 0.8 Ma was determined for biotite from a diorite (sample 11R21) of the 
Exenberg nappe. 

Four biotites from orthogneisses of the Stuhleck-Kirchberg nappe (samples 14R51 
and 15R30) and the overlying Rabenwald nappe (samples 05R13 and 14R01) collected 
from east (north) of the Anger-Piregg fault but west of the Wechsel area (Figure 2.6) show 
ages in the range of 59.2 ± 0.6 Ma to 67.4 ± 0.7 Ma. In contrast, a coarse grained biotite 
schist with a well preserved pre-Alpine texture (sample RS36/97) from the Rabenwald 
nappe yielded a higher value of 93.4 ± 1.0 Ma. This older age is most probably due to an 
incomplete resetting of the biotites during the Eo-Alpine event.

Biotite age determinations from the east of the Wechsel area show variable results. 
From an orthogneiss of the Stuhleck-Kirchberg nappe (sample 15R28) 74.4 ± 0.7 Ma was 
determined for biotite, whereas a paragneiss from the same unit further to the south 
yielded an biotite age of 59.3 ± 0.6 Ma. An exceptional young age of 29.4 ± 0.3 Ma was 
measured from a garnet-biotite-quartz hornfels (sample RS8/96) from the Sopron area.

2.5.2 Zircon and apatite fission track analysis

2.5.2.1 Sampling strategy and analytical procedures

In this study we present new zircon fission track (ZFT) and apatite fission track (AFT) 
ages (Tables 2.3 and 2.5) to infer potential differential vertical motions across the MMF 
and to provide new constraints on regional cooling trends as recorder of large-scale 
deformation processes in the Austroalpine unit, east of the Tauern Window. Samples 
have been taken along 3 sampling lines crossing the MMF at a high angle (Figure 2.6 and 
Table 2.2). Lithologies that were preferentially sampled were (ortho-) gneisses and mica-
schists from the metamorphic series of the Upper and Lower Austroalpine nappes and 
from Paleozoic rocks of the Grauwacke zone. The three sampling lines, with a total of 29 
sampling locations (Figure 2.6 and Table 2.2), are situated near the cities of Kraubath (KR-
sampling line), Sankt Marein (SM-sampling line) and Semmering (S-sampling line), and 
roughly represent a western, middle and eastern transect respectively.

Using a standard mineral separation procedure [e.g., Merten, 2011], performed at the 
VU University Amsterdam (The Netherlands), apatites and zircons were extracted from 
the rock samples (3-4 kg per sample). After mineral separation zircons and apatites were 
prepared for irradiation which includes mounting, grinding, polishing and etching of the 
crystals. The mounts were covered with an external detector (an annealed white-mica) 
which records induced fission during irradiation [e.g., Gleadow, 1981]. Furthermore, 
during irradiation at the nuclear reactor in Munich (Germany), the neutron flux was 
monitored with a CN1 dosimeter glass for the zircon mounts and a CN5 dosimeter glass 
for the apatite mounts. In Reiners and Ehlers [2005] additional information is available on 
the apatite and zircon fission track analytical procedures.  

After irradiation the density of spontaneous fission tracks in the apatite and zircon 
grains, and induced fission tracks on the external detectors were measured. Using the 



Sa
m

pl
e

Li
th

ol
og

y
Te

ct
on

ic
 U

ni
t

La
ti

tu
de

Lo
ng

it
ud

e
M

at
er

ia
l

Rb
[p

pm
]

Sr
[p

pm
]

87
Rb

/86
Sr

87
Sr

/86
Sr

 + /-
 2

s
A

ge
[M

a]

05
R1

3
G

ra
ni

te
Ko

ra
lp

e-
W

öl
z 

n.
s. 

/ 
Ra

be
nw

al
d 

n.
47

.2
72

22
2

15
.8

04
44

4
W

R
12

6.
9

13
.3

1
27

.7
70

0.
77

28
55

0.
00

00
04

Bt
53

3.
0

3.
37

7
47

6.
98

1.
16

03
14

0.
00

00
22

60
.7

 ±
 0

.6

08
R0

6
Pa

ra
gn

ei
ss

Ko
ra

lp
e-

W
öl

z 
n.

s. 
/ 

St
uh

le
ck

-K
irc

hb
er

g 
n.

47
.5

89
44

4
16

.0
97

91
7

W
R

13
9.

8
77

.5
3

5.
23

78
0.

74
57

69
0.

00
00

06

Bt
69

1.
9

4.
24

5
49

2.
42

1.
15

61
86

0.
00

00
15

59
.3

 ±
 0

.6

11
R2

1
D

io
rit

e
Ko

ra
lp

e-
W

öl
z 

n.
s. 

/ 
Ex

en
be

rg
 n

.
47

.4
57

05
6

15
.5

14
25

0
W

R
63

.1
8

65
9.

2
0.

27
74

0.
70

73
24

0.
00

00
04

Bt
34

2.
5

10
.5

9
94

.5
54

0.
81

55
47

0.
00

00
04

80
.8

 ±
 0

.8

13
R0

5
Pa

ra
gn

ei
ss

Si
lv

re
tt

a-
Se

ck
au

 n
. /

 
Se

ck
au

 n
.

47
.1

89
47

2
14

.8
60

63
9

W
R

82
.3

4
23

8.
0

1.
00

17
0.

71
39

63
0.

00
00

03

Bt
33

6.
6

2.
06

4
49

8.
60

1.
28

41
72

0.
00

00
06

80
.7

 ±
 0

.8

14
R0

1
O

rt
ho

gn
ei

ss
Ko

ra
lp

e-
W

öl
z 

n.
s. 

/ 
Ra

be
nw

al
d 

n.
47

.2
80

38
9

15
.7

56
08

3
W

R
10

1.
4

46
8.

7
0.

62
62

0.
70

88
33

0.
00

00
03

Bt
39

3.
0

2.
21

8
53

8.
56

1.
22

37
67

0.
00

03
14

67
.4

 ±
 0

.7

14
R5

1
O

rt
ho

gn
ei

ss
Ko

ra
lp

e-
W

öl
z 

n.
s. 

/ 
St

uh
le

ck
-K

irc
hb

er
g 

n.
47

.4
98

72
2

15
.3

68
91

7
W

R
24

1.
8

59
.9

6
11

.7
26

0.
75

74
51

0.
00

00
04

Bt
15

06
6.

43
1

72
0.

55
1.

35
36

45
0.

00
00

20
59

.2
 ±

 0
.6

15
R2

5
Pa

ra
gn

ei
ss

Se
m

m
er

in
g-

W
ec

hs
el

 
n.

s. 
/ W

ec
hs

el
 n

.
47

.5
69

63
9

16
.3

29
47

2
W

R
11

4.
7

34
3.

0
0.

96
84

0.
71

17
60

0.
00

00
04

Bt
39

7.
8

25
.2

1
45

.8
08

0.
73

67
18

0.
00

00
03

39
.2

 ±
 0

.4

15
R2

8
O

rt
ho

gn
ei

ss
Ko

ra
lp

e-
W

öl
z 

n.
s. 

/ 
St

uh
le

ck
-K

irc
hb

er
g 

n.
47

.7
12

66
7

16
.2

72
33

3
W

R
17

9.
0

16
6.

1
3.

12
40

0.
72

15
62

0.
00

00
04

Bt
81

7.
2

4.
09

3
61

5.
17

1.
36

84
41

0.
00

00
10

74
.4

 ±
 0

.7

15
R3

0
O

rt
ho

gn
ei

ss
Ko

ra
lp

e-
W

öl
z 

n.
s. 

/ 
St

uh
le

ck
-K

irc
hb

er
g 

n.
47

.4
40

11
1

15
.6

98
83

3
W

R
18

4.
8

14
3.

5
3.

73
46

0.
72

70
15

0.
00

00
03

Bt
74

8.
3

4.
70

7
48

0.
39

1.
15

97
64

0.
00

00
44

63
.9

 ±
 0

.6

RS
8/

96
G

ar
ne

t-
qu

ar
tz

ite
Ko

ra
lp

e-
W

öl
z 

n.
s. 

/ 
St

uh
le

ck
-K

irc
hb

er
g 

n.
47

.6
41

38
9

16
.5

25
83

3
W

R
29

.6
4

20
.3

3
4.

23
47

0.
74

21
67

0.
00

00
04

Bt
63

7.
9

10
.8

8
17

1.
40

0.
81

19
80

0.
00

00
05

29
.4

 ±
 0

.3

RS
36

/9
7

M
ic

as
ch

is
t

Ko
ra

lp
e-

W
öl

z 
n.

s. 
/ 

Ra
be

nw
al

d 
n.

47
.3

84
47

2
15

.7
90

52
8

W
R

17
7.

3
42

.3
3

12
.1

97
0.

76
93

15
0.

00
00

04

Bt
63

4.
1

6.
36

6
30

0.
79

1.
15

21
95

0.
00

00
05

93
.4

 ±
 1

.0

2.5 Thermochronology 

27

Ta
bl

e 
2.

2:
 R

b-
Sr

 is
ot

op
ic

 d
at

a 
on

 w
ho

le
 r

oc
ks

 a
nd

 b
io

tit
es

 f
ro

m
 A

us
tr

oa
lp

in
e 

un
its

 in
 t

he
 e

as
te

rn
 p

ar
t 

of
 t

he
 E

as
te

rn
 A

lp
s. 

A
na

ly
tic

al
 t

ec
hn

iq
ue

s 
ar

e 
de

sc
rib

ed
 in

 te
xt

, a
ge

s 
ar

e 
ca

lc
ul

at
ed

 fr
om

 b
io

tit
e 

an
d 

w
ho

le
 ro

ck
, a

ss
um

in
g 

an
 e

rr
or

 o
f ±

1%
 o

n 
th

e 
87

Rb
/8

6S
r r

at
io

. A
bb

re
vi

at
io

n:
 n

ap
pe

 sy
st

em
 (n

s)
      

      
      

  



Chapter 2.

28

Figure 2.7: Radial plots showing the distribution of the measured ZFT cooling ages per sample. The 
dashed line in the radial plot indicates the obtained central ZFT age corresponding to the denoted 
age in the plot with the 1σ standard error. The sample locations are shown in Figure 2.8 and list of 
the analytical data is presented in Table 2.3. Abbreviation: Number of grains (n).
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Sample NGr.

Ns ρs Ni ρi ρd Age P (χ2)

(x106 cm-2) (x106 cm-2) (x106 cm-2) (Ma ± 1σ) (%)

Kr-01 15 1414 48.135 656 22.331 0.50 68,7 ± 3,7 98.28

Kr-02 15 1252 37.912 589 17.836 0.50 67,8 ± 3,8 99.99

Kr-04 15 3572 42.379 1557 18.472 0.50 73,1 ± 2,9 55.55

Kr-07 11 869 55.196 397 25.216 0.50 69,8 ± 4,6 97.73

Kr-08 14 2010 53.824 949 25.412 0.50 67,5 ± 3,1 99.61

S-02 15 1654 24.613 996 14.821 0.50 53,0 ± 2,5 99.96

S-07 13 1336 55.007 617 25.403 0.50 69,0 ± 3,8 99.77

S-09 12 968 75.815 464 36.341 0.50 66,5 ± 4,1 100

S-10 15 1984 64.382 1170 37.967 0.50 54,1 ± 2,4 99.03

S-11 15 2608 108.667 1552 64.667 0.50 53,6 ± 2,2 99.8

S-15 13 1015 49.638 474 23.181 0.50 68,3 ± 4,2 95.7

Gl-06 15 2211 67.343 1101 33.534 0.43 55,6 ± 2,5 96.3

Table 2.4: Zircon Fission Track analytical data. The presented ZFT cooling ages are central ages with 
1σ standard error [Galbraith and Laslett, 1993]. The data is discussed in the text, see also Figure 
2.10. Abbreviations: NGr. - Number of dated zircon crystals; ρd – dosimeter track density; Nd – Number 
of tracks counted on the dosimeter; ρd (ρi) –spontaneous (induced) track densities; Ns (Ni) - Number of 
spontaneous (induced) tracks counted; P (χ2) - Probability obtaining Chi-square (χ2) for n degrees of 
freedom (n is number of crystals); Disp. - Dispersion in single grain ages.

Table 2.3: Detailed sample information for ZFT and AFT samples

Sample Lithology Tectonic Unit
Coordinates Elevation

latitute longitude (m)

Kr-01 Augengneiss Silvretta-Seckau n.s. /Seckau & Pirbachkogel n. 47.213230 15.056994 1616

Kr-02 Paragneiss Grauwacke zone /Noric n. 47.468610 15.061940 668

Kr-04 Paragneiss Silvretta-Seckau n.s. /Seckau & Pirbachkogel n. 47.323610 15.209440 1050

Kr-07 Orthogneiss Grauwacke zone / Veitsch n. 47.408330 15.167220 1475

Kr-08 Paragneiss Grauwacke zone / Noric n. 47.513890 15.168330 770

S-02 Gneiss Semmering-Wechsel n.s / Wechsel n. 47.562545 15.873928 1181

S-07 Grobgneiss Koralpe-Wölz n.s. / Stuhleck-Kirchberg n. 47.481304 15.722570 826

S-09 Grobgneiss Koralpe-Wölz n.s. / Stuhleck-Kirchberg n. 47.592502 15.723046 844

S-10 Grobgneiss Koralpe-Wölz n.s. / Stuhleck-Kirchberg n. 47.559323 15.745774 1543

S-11 Grobgneiss Koralpe-Wölz n.s. / Stuhleck-Kirchberg n. 47.578484 15.738597 1138

S-14 Biotite-Gneiss Silvretta-Seckau n.s. / Troiseck-Floning n. 47.645752 15.690000 986

S-15 Glimmerschist Semmering-Wechsel n.s /Mürz-Tachenberg n. 47.620834 15.677313 786

Gl-06 Grobgneiss Koralpe-Wölz n.s. / Stuhleck-Kirchberg n. 47.609471 16.005305 562

Sm-01 Grobgneiss Koralpe-Wölz n.s. / Stuhleck-Kirchberg n. 47.496667 15.367213 662

Sm-02 Augengneiss Silvretta-Seckau n.s. / Troiseck-Floning n. 47.524094 15.367965 917

Sm-04 Gneiss Silvretta-Seckau n.s. /Seckau & Pirbachkogel n. 47.445670 15.454369 698
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Figure 2.8: Radial plots showing the distribution of the measured AFT cooling ages per sample, 
along with the histograms indicating the distribution of track length measurements. The dashed 
line in the radial plot corresponds to the listed central AFT age with the 1σ standard error. The 
sample locations are shown in Figure 2.8 and accompanying analytical data is presented in Table 4. 
Abbreviation: Number of grains (n), Mean Track Length (MTL), Number of measured lengths (NL).
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Trackkey software, version 4.2 by Dunkl [2002], the single-grain ages for the apatites and 
zircons were determined as function of the spontaneous versus induced fission track 
densities. To calculate the ages we used the zeta-calibration method by Hurford and 
Green [1983] with a zeta-factor of 128±3 for the CN1 glass (zircons) and 352±10 for the 
CN5 glass (apatites). Additionally, to analyse the homogeneity of the single-grain ages 
per sample the Chi-square (χ2) test was used returning the probability (P(χ2)) that the 
single-grain ages are derived from the same population. To consider the age population 
as homogeneous the probability P(χ2) needs to be greater than 5%, hence the sample 
passes the chi-square test [Barbarand et al., 2003; Bernet, 2009].

In addition to the counted apatite fission tracks (AFT) as many as possible AFT 
lengths were measured in the grains and subsequently used to simulate possible cooling 
trajectories for the different samples. In order to verify the annealing properties of fission 
tracks in apatite, Dpar measurements, as a proxy for the chemistry of apatites [Donelick et 
al., 1999], have been taken for the apatite grains that are used in the age determination. 
The cooling trajectories are modelled using inverse modelling of the HeFTy software, 
which is based on fission track annealing algorithms [Ketcham, 2005; Ketcham et al., 2007].

2.5.2.2 Zircon Fission Track results

A total of 12 samples contained adequate zircons for age determination and returned 
ZFT ages ranging between 73.1±2.9 Ma and 53±2.5 Ma (Table 2.4). All the measured 
samples passed the chi-square test. In Table 3 analytical data and the calculated ZFT 
central ages are reported, and in Figure 7 supplementary ZFT radial plots are shown. Five 
of the 12 ZFT ages belong to the KR-sampling line and the remaining seven ZFT ages to 
the S-sampling line (Figure 2.6 and 2.9).

The oldest ZFT ages are documented for samples located along the western transect 
(KR-sampling line), ranging between 67.5±3.1 Ma (sample KR-08) and 73.1±2.9 Ma (sample 
KR-04). The younger ZFT ages are found along the eastern transect and range between 
53.0±2.5 Ma at the Wechsel area (sample S-02) and 69.0±3.8 Ma (sample S-07). 

In contrast to the along strike trend, the age distributions across the fault do not show 
any trend, ZFT ages being similar within errors on either side of the MMF. In summary, a 
first order analysis suggests an age difference along the strike of the MMF with overall 
younger ZFT ages in the east (Figure 2.6), independent of their structural position (Figure 
2.11).

2.5.2.3 Apatite Fission Track results

A total of 12 samples (Table 2.5) contained sufficient apatite grains for AFT analysis; 
5 samples belong to the KR-sampling line, 3 samples to the SM-sampling line, and 4 
samples to the S-sampling line. The samples that passed the chi-square test (Table 2.5), 
have AFT central ages ranging between 50±3.2 Ma and 4.9±0.7 Ma, their radial plots are 
shown in Figure 2.8. When comparing the AFT ages along strike of the MMF, we notice 
progressively younger ages to the east (Figure 2.6 and 2.10). Samples that are situated 
along the KR-sampling line, near the western extend of the MMF, yield AFT central ages 
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Figure 2.9: Age distribution of Rb-Sr, AFT and ZFT ages graphically displayed along strike the cross-
section A [modified after Schuster, 2003] and B [modified after Neubauer et al., 1995; Schuster, 
2003]. The locations of the cross-sections as well as the legend are shown in Figure 2.2. Below the 
cross-sections the thermochronological modelling results are presented based on the ZFT cooling 
ages, AFT cooling ages and apatite track length measurements. The light grey shaded area in the 
Temperature-Time graphs shows the 2σ standard deviation, the dark grey area the 1σ standard 
deviation and the thick black line follows the Temperature-Time path of the most probable cooling 
trajectory. The APAZ is indicated by a shaded domain in each graph.
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between 50.0±3.2 Ma (sample KR-08) and 41.8±1.9 Ma (sample KR-01). AFT ages along 
the two sampling lines towards the east vary between 32.6±4.0 Ma (sample SM-02) and 
4.9±0.7 Ma (sample S-11). 

Overall, no clear differences in the AFT age distribution across the MMF seems to 
emerge, yet statistically more AFT ages are younger to the south of the MMF (Figures 
2.6 and 2.9). Instead, local variations of AFT ages are large and probably reflect cooling 
related to the development of the complex Mur-Mürz fault system. Nevertheless, also for 
the AFT samples a first order analysis advocates an age difference between the western 
and eastern area of the MMF, with significant older ages in the west (Figure 2.12).

For the two samples (KR-04 and KR-07) that did not pass the chi-square test, sample 
KR-07 still reflects an AFT central age (48.1±4.9 Ma) within the age range as described 
above for the KR-sampling line. More interesting is sample KR-04, which has a central age 
of 12.4±0.9 Ma, significantly younger than the other central ages in the KR-sampling line. 
Although the number of grains counted for age determination is limited, two age groups 
are visible in the radial plot (Figure 2.11) suggesting the occurrence of grains with a mean 
age of ~59 Ma and a group of grains with a younger mean age of ~11.5 Ma. The two 
age groups correspond to the mean age trend along the west and the east of the MMF, 
namely Paleocene-Eocene ages (KR-sampling line) and Miocene ages (S-sampling line) 
respectively.

2.6 Thermochronological modelling
In two samples (KR-01 and KR-02) some 100 spontaneous fission track length could 

be measured; in 6 other samples the number of measured FT lengths is far less (Figure 
2.8 and Table 2.4). The mean confined track length (MTL) of the 8 samples in total range 
between 13.2±1.6 µm (sample KR-08) and 14.53±1.7 µm (sample KR-01). The distribution 
of measured FT lengths differ, for instance, the histogram for sample KR-01 (Figure 2.8) 
indicates a significant spread with track lengths varying between 17 and 9 µm, other 
samples have the peak of FT lengths between 12 and 16 µm.

AFT track length measurements provided sufficient length data for 2 samples (KR-01 
and KR-02) in order to perform thermochronological modelling. Besides using the AFT 
data as input for the inverse thermal history modelling we also used the ZFT central age 
per sample, which has a closure temperature and a zircon partial retention zone (ZPRZ) 
between 250-200 °C [Foster et al., 1996; Schneider et al., 2015; Tagami and Shimada, 1996; 
Wagner and Van Den Haute, 1992]. Thus, for the ZFT closure temperature we used the 
minimum of 200 °C as input for the models. The apatite partial annealing zone (APAZ) is 
set between 120 °C and 60 °C [Green et al., 1986], which is used as a boundary condition to 
model the measured AFT track length distributions (see the shaded areas in the T-t graphs 
in Figures 2.9).

The two thermochronological models presented in Figure 2.9 show two distinct cooling 
events. In KR-02 we observe elevated cooling rates between ~50-70 Ma, and remaining 
near surface conditions after this event. KR-01 also records a contemporaneous phase 
of rapid cooling, with increased cooling rates between 60 and 75 Ma but subsequently 
documents a second phase of increased cooling rates starting around 15 Ma. In between 
is a period of slow cooling during which annealing took place of the present fission tracks. 
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In spite of the insufficient number of length measurements on the other samples 
we still performed thermochronological analyses on these samples, used as a rough 
indication for regional cooling events by comparison with the two valid models. The 5 
presented models are in line with the above mentioned stages of increased cooling rates 
(Figure 2.9). Sample KR-08 has a similar cooling history as sample KR-01, with increased 
cooling rates between 70-50 Ma and passing from the ZFT closure temperature directly 
through the APAZ and remaining at near surface conditions until recent times. Sample 
S-06 is very similar to KR-01 indicating two stages of increased cooling rates. The first 
stage occurs around 55 Ma and the second stage after 10 Ma, following a period of slow 
cooling and fission track annealing. The other 3 models (samples S-10, S-14, and KR-04) 
do not clearly reflect the older stage of increased cooling rates but dominantly record an 
increased cooling event in latter times, namely during the last ~10 Ma. 

The AFT ages across the fault, as previously mentioned, are slightly younger to the 
south of the MMF. In light of the modelling this difference is especially obvious along 
the KR-sampling line. In cross-section A (Figure 2.9) the samples to the south of the MMF 
reflect both cooling events, whilst the samples to the north already reside near the surface 
since the Eocene, ~50 Ma.  

Figure 2.10: Distribution of AFT cooling ages across the Eastern Alps. The map is based on our new 
data and previously published data by, according to numbering shown below the Figure; 1) Balogh 
and Dunkl [2005], 2) Bertrand et al. [2015], 3) Coyle et al. [1994], 4) Di-Fiore et al. [2013], 5) Dunkl 
et al. [2005], 6) Dunkl and Demény [1997], 7) Foeken et al. [2007], 8) Fügenschuh et al. [1997], 9) 
Grundmann and Morteani [1985], 10) Hejl [1997], 11) Most et al. [2003], 12) Pomella et al. [2011], 13) 
Reinecker [2000], 14) Sachsenhofer et al. [1998], 15) Staufenberg [1987], 16) Steenken et al. [2002], 
17) Stöckli and Fügenschuh [1995], 18) Viola et al. [2001], 19) Wölfler et al. [2008], 20) Wölfler et al. 
[2012], 21) Wolfler et al. [2015], 22) Wölfler et al. [2016], and 23) Zattin et al. [2007]. Interpolation 
of the data has been done following the procedure described in Luth and Willingshofer [2008]. 
Abbreviations: Periadriatic fault (PaL), Pöls-Lavanttal fault (PLF), Salzach-Ennstall-Mariazell-Puchberg 
fault (SEMP), Mur-Mürz fault (MMF), Brenner fault (BF), Katschberg fault (KF), Northern Calcareous Alps 
(NCA), Seckau Tauern (ST), Gleinalm area (Gl), Wechsel Window (WW), and Rechnitz Window (RW).
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2.7 Integrated thermochronological data: complex cooling of the 
Austroalpine orogenic system.

Cooling of Austroalpine units east of the Tauern Window follows peak metamorphic 
temperatures related to Eo-Alpine (Cretaceous) stacking of these units [e.g., Dallmeyer 
et al., 1996; Thöni, 1999]. Metamorphic conditions related to the temperature peak vary 
from sub-greenschist to amphibolite or eclogite facies within the Upper Austroalpine 
unit, whereas nappes of the Lower Austroalpine unit have been metamorphosed within 
greenschist facies conditions [e.g., Dallmeyer et al., 1998; Schuster et al., 2004 and 
references therein]. Age data from high-temperature closure systems suggest that peak 
temperatures within amphibolite and eclogite grade rocks of the Upper Austroalpine 
nappes have been attained at ca. 95-90 Ma. Post-metamorphic cooling as recorded by 
Ar-Ar muscovite and Rb-Sr biotite ages are 85-75 Ma and 80-65 Ma respectively [e.g., 

Figure 2.11: The new and previously published ages of the Rb-Sr biotite and FT ages plotted according 
to their tectonic position. The plot also graphically illustrates the timing of the Eo-Alpine and Alpine 
peak metamorphic conditions recorded in the nappes. Data is based on the compiled data by Schuster 
et al. [2004], Schuster et al. [2016] and Cao et al. [2013]. Please refer to Figure 2.6 for detailed references 
on the Rb-Sr biotite ages and FT ages.
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Dallmeyer et al., 1998; Faryad and Hoinkes, 2003; Müller et al., 1999; Schuster et al., 2004; 
Thöni, 1999, and references therein], and cooling below the ZFT closure temperature (ca. 
200oC) occurred already during the Campanian to middle Paleocene. In contrast, the 
Cretaceous metamorphic peak in the Lower Austroalpine nappes occurs at about 80 Ma, 
some 15 Ma later than in the Upper Austroalpine Unit [e.g., Liu et al., 2001]. 

However, in some parts of the Austroalpine unit, e.g. to the southwest of the Tauern 
Window, in the surrounding of the Rechnitz Window [Cao et al., 2013; Dunkl and Demény, 
1997] and in the Pohorje area [Fodor et al., 2008], Paleogene and partly also Miocene 
cooling ages are reported [e.g., Thöni, 1999 and references therein]. While those in the 
Upper Austroalpine unit most probably reflect early and middle Miocene exhumation of 
formerly deeply buried units which stayed at elevated temperatures since the Cretaceous, 
those in the Lower Austroalpine unit might also reveal prograde subduction related 
Cenozoic metamorphism together with the underlying Penninic units. The latter indicate 
fast cooling during the early and middle Miocene [figures 2.11 and 2.12;  Cao et al., 2013; 
Dunkl and Demény, 1997].

Our integrated Rb-Sr biotite, ZFT and AFT ages and modelling results highlight the 
complex cooling history of the eastern part of the Austroalpine units in the Eastern Alps. 
Cooling is diachronous and commenced in the western parts of the study area (Seckauer 
Tauern, Gleinalm area) already during the Turonian and in the eastern part (surrounding 
the Wechsel area) during the Campanian (Figures 2.6 and 2.12). The western part is 
built up by a succession of nappes including the Seckau nappe (Silvretta-Seckau nappe 
system) and several nappes of the Koralpe-Wölz nappe system (e.g. Radegund, Exenberg, 
Waxeneck nappes), whereas the eastern part is formed by the Stuhleck-Kirchberg, 
Rabenwald and Sieggraben nappes of the Koralpe-Wölz nappe system (Figures 2.6 and 
2.11). The boundary between these two areas is the Anger-Piregg fault, the thrust fault 
in its northern continuation, the Trofaiach fault, and the fault in between Koralpe-Wölz 
nappe system (including the Stuhleck-Kirchberg and Rabenwald nappe) and the Silvretta-
Seckau nappe system (Troiseck-Floning nappe) to the north of the MMF (see the faults 
indicated in green in Figures 2.2 and 2.6). For the western part Rb-Sr biotite ages cluster 
around 80 Ma. In contrast, in the eastern part to the west of the Wechsel area most of the 
ages are about 65 Ma, whereas east of the Wechsel area they are scattering between 59 to 
83 Ma but also younger ages occur within the Lower Austroalpine nappes and tectonically 
lowermost parts of the Upper Austroalpine unit [data from this study; Dallmeyer et al., 
1998; Draganits, 1996; Muller, 1994; Pfingstl et al., 2015; Schantl et al., 2015; Scharbert, 
1990; Schmidt, 1999]. A similar difference can be observed for the ZFT ages which are 67-
73 Ma in the west and about 10-15 Ma younger in the eastern part. 

Ar-Ar muscovite data (Figure 2.12) display a similar age distribution. For the Gleinalm 
area in the western part three ages are in the range of 84-88 Ma [Dallmeyer et al., 1998; 
Neubauer et al., 1995], whereas four ages from the eastern part west of the Wechsel area 
are 70-77 Ma and three ages from east of the Wechsel area are 78-94 Ma [Dallmeyer et al., 
1998; Dallmeyer et al., 1996; Schuster et al., 2001]. According to these data the cooling 
rates following Eo-Alpine peak metamorphic condition are approximately 10-15 °C/Ma 
between 420°C and 200 °C for the western and eastern part.   

After the Late Cretaceous-Paleocene (earliest Eocene) cooling the thermochronological 
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models suggest slow cooling of all Austroalpine nappes until at least 15 Ma (Figure 2.9 
and 2.12). The associated cooling rates are approximately 1.5 °C/Ma for the Seckau Tauern 
area, which continues to the present day, and 1.7 °C/Ma and 2.0 °C/Ma for the Gleinalm 
area and the eastern part of the Koralpe-Wölz nappes, respectively. The latter two areas 
are subsequently affected by a young phase of increased cooling around 15 Ma in the west 
and around 10-5 Ma in the east (late Miocene-Pliocene). During this phase of rapid cooling 
the temperatures dropped from approximately 90°C to surface temperature (~20°C) 
within 10 to 5 Ma, hence cooling rates of 7 °C/Ma up to 14 °C/Ma for the Gleinalm area 
and eastern part of Koralpe-Wölz nappe system respectively. The temperature decrease 
is the equivalent to the removal of ~2-3 km of overlying crust assuming a normal heat 
flow (i.e. between 55-75 mW/m2 correlates to a geothermal gradient of approximately 
20-30°C/km) for Miocene to recent times [Sachsenhofer, 2001]. This rapid cooling was 
predominantly recorded to the south of the MMF (i.e. the Gleinalm area) and near the 
eastern extent of the MMF, with a delay of ~5 Ma to the east.

The variations of AFT cooling ages for the eastern Eastern Alps are even greater when 
analysed on the scale of the entire Eastern Alps (Figure 2.10). The contrast is particularly 
evident between the young Niedere Tauern [23-14 Ma;  Hejl, 1997; Wölfler et al., 2016] 
and the older Gurktal block [35-29 Ma, Hejl, 1997], which is separated by the Niedere 
Tauern Fault (NTF, Figure 2.1). Across the MMF, AFT cooling ages are slightly younger 
(Figure 2.6) to the south, however the local age variations on either side of the fault are 
considerably large, rendering any possible age trend across the fault based on the current 
data coverage. The along strike MMF variation in AFT cooling ages is however much more 
evident, with younger AFT cooling ages (ranging between 24-5 Ma) at the eastern extent 
of the MMF displaying similar and younger cooling ages compared to the Niedere Tauern. 
Overall, the AFT age distribution for the Eastern Alps emphasizes the complex cooling 
evolution with distinct differences on a regional and local scale.

 
2.8 Discussion

In this section the latest Cretaceous to recent evolution of the Austroalpine units is 
discussed, integrating structural and thermochronological data. Four time intervals, 
summarized in Figure 2.13, are highlighted: 1) Latest Cretaceous and Paleocene cooling 
during E-W extension, 2) pre-extrusion tectonics and vertical motions in the Eocene-
Oligocene, 3) Syn-extrusion tectonics in the Miocene, and 4) post-extrusion inversion and 
young exhumation since late Neogene times.

2.8.1 Latest Cretaceous and Paleogene cooling (80-60 Ma)

The presented enhanced cooling rates (10 to 15 °C/Ma) for the Late Cretaceous to 
late Paleocene (earliest Eocene) is coeval with cooling frequently described elsewhere 
in the Eastern Alps following the Eo-Alpine thermal maximum, e.g. the Schneeberg 
complex to the SW of the Tauern Window [Krenn et al., 2011] or the Kreuzeck block to the 
SE of the Tauern Window [Wölfler et al., 2015]. Exhumation occurs in a setting of overall 
convergence [Froitzheim et al., 1997; Ortner, 2007] and it is coeval with the SE-directed 
oblique subduction of the Alpine Tethys ocean [Figure 2.13a; Neubauer et al., 1995; 
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Figure 2.12:  [a] Cooling paths of the Seckau nappe (divided into the Seckau Tauern and the 
Gleinalm area), the eastern part of the Koralpe-Wölz nappe system and the Penninic nappes in the 
Rechnitz Window. The graph demonstrates the Late Cretaceous-Paleocene cooling and the slow 
cooling during the Eocene-early middle Miocene. The delay in Cretaceous-Paleocene rapid cooling 
for the eastern part of the Koralpe-Wölz nappe system could be related to an eastward migration 
of extension. [b] A zoom in of the graph illustrating the second phase of rapid cooling during the 
Late Miocene-Pliocene. The three time-temperature paths for the different tectonic units are based 
on the thermochronological modelling using the AFT central ages and the measured track lengths. 
We used sample KR-02 to constrain the T-t path of the Seckau Tauern, sample KR-02 for the Gleinalm 
area and sample GL-06 as indication for the eastern part of the Koralpe-Wölz nappe system (see also 
Figure 2.9).

Wagreich, 1995] and the final closure of the Neotethys ocean in the east [Ustaszewski et 
al., 2009]. 

The Late Cretaceous exhumation in the study area (Figure 2.11 and 2.12) shows a non-
uniform cooling. The area west of the Anger-Piregg fault shows similar Late Cretaceous 
cooling as most of the Austroalpine basement units in the Eastern Alps, whilst the 
area to the east of the Anger-Piregg fault is characterized by latest Paleocene-earliest 
Eocene exhumation (Figures 2.8 and 2.12). The latest Cretaceous exhumation ages are 
contemporaneous with the formation of the Krappfeld and Kainach Gosau basins on top of 
the Drauzug-Gurktal nappe system and are related to down-dip displacement along low-
angle greenschist facies shear zones documenting ENE-WSW extension [e.g., Froitzheim 
et al., 1997; Krenn et al., 2008; Neubauer et al., 1995; Willingshofer et al., 1999a]. During this 
period the amphibolite facies units of the Gleinalm, Koralpe and Niedere Tauern reached 
mid crustal levels at about 300°C, e.g. sample KR-01 (Figure 2.9). Thus, the recent spatial 
relationship of the Kainach Gosau basin and the surrounding metamorphosed rocks has 
to be younger and is probably due to ongoing extension and cooling into the earliest 
Eocene. This is in line with recorded sedimentation continuing into the earliest Eocene 
for both the Kainach and Krappfeld basins [Flügel, 1975; Rasser, 1994]. The younger 
exhumational ages are located in the footwall of a second extensional shear zone, with a 
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top to the SW sense of shear (see the area mapped as ‘Anger-crystalline’ in Figure 2.2), at 
the eastern termination of the Graz Paleozoic [Krenn et al., 2008]. This second shear zone 
can explain the significance of the non-uniform cooling (older in the west, younger in the 
east) and exhumation of deeper structural levels such as the Wechsel nappe with earliest 
Eocene cooling ages. Hence, these observations reflect an eastward propagation of 
orogen parallel extension, which is in line with the inferred E-W extension and associated 
exhumation of the Scheiblingkirchen Window situated at the most eastern end of the 
Eastern Alps [Figure 2.2; Willingshofer and Neubauer, 2002].

Although Late Cretaceous to probably Paleocene E-W extension has been documented 
for different levels within the Austroalpine crust, the tectonic process driving extension is 
still under discussion. Current ideas entail the roll-back of the Alpine slab [Froitzheim et 
al., 1997], oblique subduction of the Alpine Tethys [Wagreich and Faupl, 1994],collapse 
of the thickened and weak crust [Willingshofer et al., 1999b] or possibly by extrusion of 
metamorphic rocks into an extensional regime related to the final closure of the Neotethys 
in the east. For the first option, we would expect a westward migration of extension as 
seen in other regions affected by slab roll back, e.g. the Aegean realm [Jolivet and Brun, 
2010; Philippon et al., 2012] but not an east-directed migration of extension as we observe. 
Based on the reconstructions of Handy et al. [2015] the location of the eastern Eastern 
Alps, i.e. at the back of the Eo-Alpine thrust wedge, provides a possible tectonic link with 
deformation at the northern Dinarides (Medvednica Mountains), where a Late Cretaceous 
sedimentary basin developed above a NE-dipping low-angle extensional shear zone [van 
Gelder et al., 2015]. The contemporaneous deformation and structural similarity would 
support a tectonic link. To the east of these regions there is no known retreating slab 
that could provide a feasible mechanism to explain the extensional detachments and 
east-directed migration of extension. However, this cannot be excluded as a possibility 
considering the complex geodynamic setting with multiple active converging margins.

2.8.2 Pre-extrusion tectonics and vertical motions (60-17 Ma)

Following the latest Cretaceous-Paleocene rapid cooling, the Eocene-middle Miocene 
time span (ca. 60-17 Ma) records slow cooling (1.5 up to 2°C/Ma) and thus slow exhumation 
of the Austroalpine units based on our thermochronological data (Figures 2.9 and 2.12). 
This time span, however, covers a series of tectonic events including the ongoing closure 
of the Alpine Tethys and subsequent continent-continent collision with the European 
foreland [Neubauer et al., 2000a], marked by the onset of Molasse sedimentation in the 
foredeep during the late Eocene and covering Eocene flysch deposits [Genser et al., 2007; 
TRANSALP, 2002]. The continent-continent collision eventually led to the break-off of 
the Alpine Tethys slab occurring around 30 Ma [Handy et al., 2010] and is shortly after 
followed by indentation of Adria resulting in exhumation and doming of Subpenninic 
and Penninic units in the Tauern Window by 28 Ma at the latest [Favaro et al., 2015] and 
ongoing N-directed thrusting, documented in the foreland until ~16 Ma [Beidinger and 
Decker, 2014]. 

Continent-continent collision resulted in greenschist to amphibolite grade 
metamorphism during early Oligocene crustal thickening by nappe stacking [Cao et 
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al., 2013; Thöni, 2006] within lower structural units. This metamorphism overprints the 
Eocene high pressure metamorphism in the Penninic and Subpenninic units, at present 
exposed within tectonic windows (e.g. Tauern and Rechnitz). This is in strong contrast with 
the slow cooling recorded in the overlying Austroalpine units east of the Tauern Window 
until the middle Miocene according to previously published [Dunkl et al., 2005; Hejl, 1997; 
Wölfler et al., 2016] and our new thermochronological data.

With the exception of the Gurktal block, which records rapid cooling during the 
latest Eocene-early Oligocene [Hejl, 1997], the recorded slow cooling of Austroalpine 
units is in agreement with low erosion rates [Kuhlemann et al., 2006], and the formation 
of peneplains, i.e. the Dachstein paleosurface, which is  subsequently overlain by the 
Augenstein Formation [Frisch et al., 2001]. The above mentioned data and observations 
suggest no mountainous landscape evolved until the late Miocene east of the Tauern 
Window [Frisch, 1998] and that rapid Oligocene to Miocene exhumation is confined to the 
Penninic windows and their proximity [Luth and Willingshofer, 2008; Scharf et al., 2016]. 
All-in-all, the disparities between the eastern Eastern Alps (slow cooling, low erosion rates) 
and the western Eastern Alps (rapid cooling from the latest Eocene, high erosion rate) 
suggests that the east is not affected by significant crustal thickening.

The contrasts between the western and the eastern Eastern Alps are also expressed 
in structural differences (Figure 2.13b). In the west the latest Oligocene-early Miocene 
upright folding of the Subpenninic and Penninic units exposed in the Tauern Window and 
activation of Katschberg normal fault are accompanied by several strike-slip faults: the 
DAV [Muller et al., 2000], Mölltal fault [Glodny et al., 2008], SEMP fault [Urbanek, 2001] 
and other structures as illustrated in Figure 2.13b. The combination of strike-slip and 
normal faulting is proposed to accommodate orogen-parallel extension [Scharf et al., 
2013; Wölfler et al., 2011] or gravitational collapse [Rosenberg and Garcia, 2011] of the 
significantly thickened crust. However, to the east no record is present of active strike-slip 
faulting or associated opening of pull-apart basins at that time, instead NW-SE shortening 
(our D1) was accommodated by thrusting and piggy-back basin development [Beidinger 
and Decker, 2014]. As mentioned before, the D1 stress regime is not compatible with 
the activation of well-known lateral extrusion structures, such as the MMF and the Pöls-
Lavanttal fault. Therefore, we propose that there is not yet active segmentation and 
escape of crustal blocks east of the Tauern Window. The D1 kinematics are similar to 
the kinematics that opened the Waldheimat basin and the Fohnsdorf basin, suggesting 
N-S extension during the early Miocene indicated by syn-sedimentary coal-bearings 
[Neubauer and Unzog, 2003; Neubauer et al., 2000b; Sachsenhofer et al., 2000].  On the 
contrary, the rapid exhumation of the Penninic units exposed in the Rechnitz Window 
since 23 Ma [Cao et al., 2013; Dunkl and Demény, 1997] do suggest that the easternmost 
Alps are affected by extension in prelude to extrusion. Besides this localisation of uplift, 
the easternmost Alps are subject to little deformation and minor vertical motions during 
the early Miocene, in line with the low erosion rates and our slow cooling rates.

The above described differences between western and eastern Eastern Alps are 
possibly related to oblique collision such as schematically depicted in Figure 2.13a, where 
continent-continent collision starts earlier in the west and leavs the east ‘unaffected’ as 
a consequence of the arcuate shape of the Alpine wedge. This would be in line with a 
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proposed oblique subduction of the Alpine Tethys ocean previously addressed by 
Neubauer et al. [1995] and Wagreich [1995], and an associated east-directed younging of 
the Molasse basin [Genser et al., 2007]. 

2.8.3 Syn-extrusion tectonics

The presented D2 to D3 deformation phases along the MMF are interpreted to coincide 
with lateral extrusion and in particular with the eastward escape of the Styrian block, 
bounded by the MMF and Pöls-Lavanttal fault (Figure 2.1) during the middle Miocene, 
in response to the opening of the Pannonian basin at ~19 Ma [Horváth et al., 2006]. ZFT 
data indicate that temperatures were below 200 °C after ~50 Ma (Figure 2.9 and 2.12) 
suggesting that the presently exposed Upper Austroalpine units along the MMF were 
already positioned within the brittle domain. 

After the D2 pull-apart phase with dominantly N-S striking normal faults, leading 
to the opening of the Noric basins (e.g. Mürztal basin, Leoben basin and Seckau basin) 
along strike of the MMF, the D3 marks the deformation phase that is compatible with the 
activation of the (E)NE-(W)SW trending sinistral MMF and conjugate NNW-SSE trending 
dextral faults (Figure 2.13c). The limited vertical motions across the MMF as indicated by 
our AFT cooling ages is in agreement with our field results, i.e. strike-slip faulting would 
not attribute to detectable vertical displacements with low temperature geochronology. 
The only sample that possibly suggests that lateral extrusion (D2 and D3) are associated 
with vertical motions is sample KR-01, adjacent to the Gleinalm area. Both the AFT cooling 
age and the thermochonological model of this sample suggests a possible enhanced 
cooling between 20-10 Ma (Figure 2.9). This is coeval with the increased Miocene erosion 
rates of the Cretaceous sediments in the adjacent Kainach basin [Flügel, 1975; Rantitsch 
et al., 2005] and ongoing subsidence indicated by sedimentation continuing into the late 
Miocene. Hence, the cooling and documented erosion suggests a possible local uplift 
occurred synchronous with lateral extrusion, which could possibly be related to fold 
amplification of antiforms within a wrenching zone, e.g. between segments of the MMF 
such as the Eiwegg fault and the segment cross-cutting the Seckau basin. Small inversion 
structures that are observed along the E-W striking basin faults of the Waldheimat basin or 
the Leoben basin, also indicate very minor uplift might occur but the inversion is limited 
to several meters. Despite the localized uplift, we infer that vertical motions along the 
MMF have been below the threshold to be detected by AFT dating, as expected for a 
dominant laterally displacing system. The limited vertical motions are also supported 
by the evolving drainage system (Figure 2.13c) during this time, which remained largely 
unchanged during the early and middle Miocene and the Mur river drained into the 
Vienna basin [Figure 2.13c, Kuhlemann et al., 2006] or Styrian basin [Schuster et al., 2016].

The MMF marks a prominent feature in the landscape as a consequence of the along 
strike formation of pull-apart basins and the incision of the Mur river. However, the MMF 
does not form a continuous fault but is strongly segmented. The faults near Mitterdorf, 
for instance (Figure 2.2), clearly illustrate the complex interference of sinistral and 
dextral strike-slip faults in combination with basin formation. Field data suggest that 
fault formation along the MMF was associated with the development of multiple fault 
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Figure 2.13:  Overview of the tectonic evolution. The four consecutive time steps illustrate the active 
faults (black lines), early stage activation of faults (grey lines), deactivated faults (dashed lines) and  
drainage patterns (blue arrows) according to Kuhlemann et al. [2001], vertical motions indicated 
by either a plus symbol (the greater the symbol the higher the uplift rates, non-scaled) or a minus 
symbol (the greater the symbol the higher the subsidence rates, non-scaled) and intramontane 
basins (dark grey shaded areas). Refer to the discussion in the text for detailed description of the 
four consecutive time steps and used references. The illustrations b, c and d are based on graphics 
presented in Favaro et al. [2015], Wölfler et al. [2011], and Frisch [1998].
[a] Schematic illustration [modified after Froitzheim et al., 1997] of the superposed Late-Cretaceous 
Gosau extension on the Austroalpine unit at ca. 70 Ma, with orogen-perpendicular extension along 
the retreating trench in the west and orogen-parallel extension in the east. Orogen-parallel extension 
in the east is associated with the opening of the Krappfeld basin (KrB) and Kainach basin (KB) above 
low-angle detachments, with footwall uplift migrating to the east, thereby possibly activating the 
SW-dipping shear zone at the base of the Graz Paleozoic which is cut off by the younger Anger-
Piregg fault (A-PF) in the east.
[b] Sketching the tectonic features of the Eastern Alps that are active during the onset of indentation 
by Adria (i.e. the units south of the PaF) but prior to lateral extrusion (17 Ma at the latest). This stage 
highlights the differneces between the western and eastern Eastern Alps. 
[c] The 17 to 10 Ma time step represents the main phase of lateral extrusion with significant east 
directed escape of crustal blocks facilitated by the opening of the Pannonian basin (i.e. Vienna and 
Styrian basins) 
[d] This time step (ca. 10-3 Ma) illustrate post-extrusion tectonics characterized by E-W directed 
contraction along the eastern boundary of the Eastern Alps. 
Abbreviations: Tauern Window (TW), Niedere Tauern (NT), Rechnitz Window (RW), Katschberg Normal 
fault (KF), Brenner fault (BF), Inntal fault (InnF), Niedere Tauern fault (NTF), Defereggen–Antholz–Vals 
fault (DAV), Mölltal fault (MöF), Styrian block (SB), Gurktal block (GB), Fohnsdorf basin (FB), Vienna basin 
(VB), Klagenfurt basin (KB). 
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segments with variable offsets confining small crustal fragments, similar to the PLF [Brosch 
and Pischinger, 2014; Pischinger et al., 2008]. These differential offsets could also explain 
the wide spread of the presented AFT cooling ages (50 to 4.9 Ma, Figure 2.6). 

The MMF and PLF bound the Styrian block, which is classically viewed as a rigid 
block escaping to the east [Ratschbacher et al., 1991]. However, the segmented fault and 
the distribution of AFT cooling ages do not support uniform behaviour of that block. 
Furthermore, as illustrated in Figure 2.13c, the Styrian block has been affected by vertical 
and horizontal motions, during the latest early and middle Miocene time span, including: 
rapid subsidence of the extensional Styrian basin associated with rift related volcanism 
[Sachsenhofer et al., 1997], rapid uplift of the Pohorje mountains [Fodor et al., 2008], uplift 
and erosion of the Koralm massif [Pischinger et al., 2008], rapid uplift of the Penninic unit 
in the Rechnitz Window along a low-angle detachment fault [Dunkl and Demény, 1997], 
and significant strike-slip displacements that do not contribute to vertical motions as 
indicated by our AFT ages. Therefore, we suggest that the entire block displays a non-
coherent behaviour and cannot be considered as a rigid escaping crustal block. 

2.8.4 Post-extrusion inversion and young exhumation

The main phase of lateral extrusion in the Eastern Alps was followed by widespread 
exhumation of the mountain belt, its northern foreland as well as the western margin of 
the Pannonian basin including the Styrian basin. This late Miocene-Pliocene to Quaternary 
exhumation is well known from Alpine sedimentary basins including the foreland basin 
[Genser et al., 2007] and the Styrian and Vienna basins [Beidinger and Decker, 2014; Ebner 
and Sachsenhofer, 1995; Sachsenhofer et al., 1997] as well as intramontane basins [e.g., 
Kurz et al., 2011; Sachsenhofer et al., 2000; Zeilinger, 1997]. The amount of uplift has been 
inferred to be in the order of several hundreds of meters in the Vienna and Styrian basins 
[Peresson and Decker, 1997a; Sachsenhofer et al., 1997], with estimates not exceeding 
500 metres in the foreland basin [Genser et al., 2007]. Basin inversion of the intramontane 
basins like the Lavanttal or the Fohnsdorf basin is accommodated by reactivation of their 
main boundary faults [see Figure 2.13d, Kurz et al., 2011] and was contemporaneous 
with the termination of out-of-sequence thrusting in the fold-and-thrust belt north of 
the Vienna basin [Beidinger and Decker, 2014]. Large-scale uplift of the Alpine realm is 
also reflected in increased discharge rates since the last 6 Ma [Kuhlemann et al., 2001] as 
well as increased incision rates indicating a regional young exhumation of the MMF and 
surroundings [Legrain et al., 2015; Wagner et al., 2010] including the NCA, which carry 
remnants of the Augenstein Formation that have not been re-deposited into the foreland 
basin [Frisch et al., 2001].

Within the frame of overall uplift and enhanced erosion, differential vertical motions 
on a smaller scale impacted on the course of the drainage systems. For example, prior 
to 5 Ma the Mur river drained into the Vienna basin [see figure 2.13d; Kuhlemann et al., 
2006] or into the Styrian Basin via the Feistritz valley [Schuster et al., 2016] but after 5 Ma 
the river changed course and the current drainage (towards Graz) has been established 
leading to an increase in sediment discharge from the Eastern Alps into the Styrian basin 
[Kuhlemann et al., 2002]. In this context we link our youngest phase of deformation (D4), 
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which documents E-W shortening, to the previously documented late Miocene-Pliocene 
inversion. This inversion probably corresponds to the observed elevated cooling rates 
post ~10 Ma in the thermochronological models (Figure 2.9).  

The E-W shortening is more widespread than hitherto assumed and has also been 
reported for the NCA [Fodor, 1995; Peresson and Decker, 1997a; Peresson and Decker, 
1997b], the northern continuation of the Anger-Piregg fault [Schuster et al., 2016], close 
to the Periadriatic fault [Fodor et al., 1998] and corresponds to the shortening direction 
responsible for the inversion of the Styrian, Vienna and Pannonian basins. Tectonic driving 
mechanism for the inversion and young uplift are still poorly understood. Proposed 
mechanisms include: (1) the locking of subduction at the Carpathian deformation 
front [Peresson and Decker, 1997a] leading to the stagnation of back-arc extension, (2) 
delamination of the lithospheric mantle [Genser et al., 2007], (3) flank uplift related to 
the post-rift evolution of the Pannonian Basin [Balázs et al., 2016, submitted], or (4) an 
increase in orogenic wedge-foreland coupling [Willingshofer and Sokoutis, 2009]. The 
latter mechanism has also been proposed for the Late Miocene exhumation phase of the 
Karawanken Mountains [Heberer et al., 2016]. Although the above listed mechanisms can 
account for regional uplift, they lack detail to adequately account for localized uplift of the 
Semmering area. We, therefore, suggest that underthusting of the Bohemian basement 
spur situated beneath the Eastern Alps-Pannonian basin transition [Reinecker, 2000] is 
essential for the localised uplift of the overlying region, which ultimately lead to a change 
in the course of the Mur river and triggered increased incision rates (Figure 2.13d). At 
present, the tip of the Bohemian spur is situated below the Semmering pass (Figure 2.13d) 
and its outline is portrayed by seismic activity [Reinecker and Lenhardt, 1999] suggesting 
that Bohemian spur is still acting as a buttress. In addition, we suggest that the stagnation 
of back-arc extension, which hampers lateral extrusion, together with counter clockwise 
rotation of Adria could provide the sufficient changes in boundary conditions to obtain 
E-W directed shortening and large-scale uplift of the eastern Alps.

2.9 Conclusion

We have presented new Rb-Sr biotite, ZFT and AFT cooling ages for the Eastern Alps 
east of the Tauern Window together with a fault slip analysis along a major Miocene strike-
slip fault, namely the Mur-Mürz Fault (MMF). The integrated thermochronological data 
and field kinematics provide new insights in the tectonic evolution of the eastern Eastern 
Alps summarized in four consecutive time steps.

1) Late Cretaceous-Paleocene rapid cooling (ca. 10-15°C/Ma) of the Austroalpine nappes. 
The exhumation, following the Eo-alpine phase of deformation and metamorphism, 
occurred in the time span of ca. 85-50 Ma and is coeval with the formation of sedimentary 
Gosau basins in the Eastern Alps. Cooling was non-uniform and the switch from older ages 
(80-65 Ma) in the west to younger ages (67-53 Ma) in the east occurs across a greenschist 
facies shear zone which exhumes the eastern part during the Paleocene. This is in response 
to an east-directed migration of orogen-parallel extension possibly controlled by oblique 
subduction of slab roll-back driven processes.

2) Eocene-Early Miocene slow cooling (ca. 1.5-2.0°C/Ma) suggests that no significant 
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crustal thickening took place east of the Tauern Window despite the onset of continent-
continent collision. This is conform large scale peneplanation and low erosional rates east 
of the Tauern Window. During the Oligocene(?)-Early Miocene D1 strike-slip kinematics 
with an overall NW-SE directed shortening is characteristic for the eastern Eastern Alps 
that leads to crustal fragmentation and possible NE directed escape of crustal blocks, 
in strong contrast with the contemporaneous upright folding of the Subpenninic and 
Penninic units in the Tauern Window.

3) Lateral extrusion during the middle Miocene is accompanied by rapid exhumation 
of the Tauern Window, the Niedere Tauern and the Rechnitz Window but across the MMF 
no significant vertical motions is recorded based on AFT ages. This is in agreement with 
our field kinematics (D2 and D3) that demonstrates dominant strike-slip deformation. The 
inferred shortening direction is compatible with the sinistral activation of the MMF and is 
linked to the main phase of lateral extrusion. The MMF represents a strongly segmented 
fault, explaining the large scatter of AFT cooling ages, which facilitates the extrusion of 
the non-coherent Styrian block.

4) Late Miocene-Pliocene rapid exhumation at the Eastern Alps-Pannonian basin 
transition. The final deformation phase (D4) we defined along the MMF is characterized 
by E-W contraction and has caused extensive reactivation of the older fault segments. In 
detail, the sinistral fault is reactivated with dextral displacements and normal and thrust 
faults are inverted. The AFT cooling ages and accompanying thermochronological models 
demonstrate that this inversion is contemporaneous with rapid cooling (ca. 14°C/Ma) and 
localised enhanced exhumation, embedded within a phase of orogen-scale uplift. The is 
due to the underthrusting of the Bohemian massif explaining the change of course for 
the Mur river, the increased discharge into the Styrian basin and increased river incision 
rates. Whereas, large-scale inversion and orogen-scale uplift is probably related to the 
stagnation of Pannonian back-arc extension.
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ID Latitude Longitude D N σ1 σ2 σ3 R R’
dip d.d. dip d.d. dip d.d.

4 15.744179 47.618278 4 15 12 284 71 55 14 191 0.44 SF

3 42 25 194 55 61 23 295 0.36 SF

5 15.838845 47.631135 3 18 15 2 74 161 5 271 0.44 SF

4 5 3 100 85 330 4 190 0.56 SF

7 15.640516 47.561952 1 19 10 137 67 253 20 44 0.52 SF

2 9 39 54 51 232 1 323 0.65 SF

10 15.744918 47.618168 3 37 12 196 67 317 19 101 0.29 SF

11 15.614097 47.528078 1 6 7 133 80 266 7 42 0.45 SF

15 15.553558 47.561176 2 6 55 339 7 238 34 143 0.47 NF

17 15.544683 47.589442 1 5 83 49 0 316 7 226 0.5 NF

2 11 73 291 5 38 16 129 0.59 NF

18 15.545939 47.574274 4 10 57 94 33 277 1 186 0.73 NF

1 6 18 169 59 291 25 70 0.56 SF

19 15.555575 47.52997 1 6 43 149 46 343 7 245 0.67 NS

3 5 2 208 88 46 1 298 0.6 SF

23 15.561318 47.567538 1 10 62 324 24 177 13 81 0.64 NF

24 15.557669 47.575296 1 8 15 131 73 340 8 223 0.66 SF

25 15.559348 47.574891 2 6 87 148 0 238 3 328 0.5 NF

27 15.595342 47.591233 3 17 33 180 56 14 6 275 0.78 SF

4 23 10 249 75 114 10 341 0.4 SF

28 15.600787 47.590528 4 7 44 229 46 59 5 324 0.17 NS

30 15.602723 47.529208 2 15 22 53 61 276 18 150 0.4 SF

3 12 6 173 65 70 25 265 0.79 SF

31 15.641667 47.644223 2 7 3 48 87 233 0 138 1 SF

4 6 5 112 83 250 5 21 0.57 SF

32 15.641667 47.644223 3 23 19 186 12 92 68 331 0.5 TF

33 15.64677 47.638302 4 24 30 258 58 102 11 355 0.28 SF

3 11 28 163 55 24 20 263 0.58 SF

34 15.637145 47.623952 4 17 30 273 60 95 1 3 0.24 SF

Appendix 2A
Corresponding data for the defined deformation phases per outcrop location, as a 

result of the WinTensor kinematic  analysis. A full description of the data and methodology 
is presented in Chapter 2.3 and the data is graphically presented in the Figures 2.3 and 
2.6. Abbrevations: Location number (ID), Deformation phase (D), Number of measurements 
included (N), prinicipal finite strain axes (σ1,σ2,σ3), dip direction (d.d.), StreSF Ratio (R), 
Tectonic StreSF Regime (R') with the categories Normal Faulting (NF), Transtensive Faulting 
(NS), Strike-Slip Faulting (SF), TranspreSFive Faulting (TS) and Thrust Faulting (TF).
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35 15.56221 47.528271 3 4 21 17 56 253 26 118 0.27 SF

36 15.56221 47.528271 3 31 17 25 66 249 15 120 0.58 SF

37 15.566114 47.519642 1 3 60 165 30 333 5 66 0.5 NF

38 15.621637 47.537813 3 7 20 22 70 198 1 291 0.5 SF

39 15.690159 47.590066 3 22 5 180 80 299 8 90 0.52 SF

42 15.694731 47.607276 3 3 43 172 43 23 16 278 0.49 NS

46 15.729259 47.626114 4 29 48 271 36 56 18 160 0.19 NS

3 24 78 111 4 360 11 269 0.58 NF

47 15.508261 47.565693 3 7 2 36 72 131 18 305 0.31 SF

1 9 13 145 71 276 14 52 0.5 SF

48 15.485505 47.53063 2 6 32 52 57 250 8 147 0.4 SF

1 12 51 350 30 126 22 230 0.56 NF

49 15.473488 47.55491 3 19 9 218 72 338 16 126 0.25 SF

1 10 15 141 64 19 21 237 0.53 SF

52 15.711592 47.631278 3 13 3 207 65 303 25 116 0.72 SF

1 13 63 122 18 352 19 255 0.47 NF

4 3 84 96 6 259 2 350 0.5 NF

53 15.739024 47.634115 2 21 42 235 45 84 15 339 0.25 NS

4 16 76 147 5 260 12 351 0.58 NF

55 15.715882 47.632829 3 4 38 188 44 328 22 80 0.4 NF

2 5 33 41 39 280 34 157 0.74 UF

56 15.53598 47.572263 4 3 19 285 57 46 26 186 0.38 SF

3 11 14 349 28 251 58 104 0.62 TS

57 15.629556 47.54167 4 7 44 110 44 272 9 11 0.5 NS

3 37 33 27 57 212 2 118 0.57 SF

60 15.802737 47.612115 4 7 20 304 69 142 6 37 0.64 SF

3 5 1 198 76 291 14 108 0.5 SF

61 15.753699 47.636603 3 8 39 226 51 54 4 320 0.6 SF

62 15.616159 47.653752 3 33 11 184 79 10 1 274 0.38 SF

4 21 48 296 34 74 22 180 0.58 SF

4 9 62 179 11 68 26 333 0.52 NF

63 15.616531 47.552529 3 5 18 218 72 27 0 128 0.54 SF

64 15.654936 47.550434 4 7 58 88 32 260 4 352 0.33 NF

65 15.650983 47.553245 2 3 70 271 3 10 20 102 0.5 NF

67 15.795935 47.615231 3 7 73 270 7 22 16 114 0.5 NF

68 15.807872 47.606779 1 4 21 306 67 102 9 213 0.67 SF

70 15.813250 47.567415 4 6 50 94 40 278 2 186 0.43 NS

72 15.833983 47.627803 4 6 10 298 80 122 1 28 0.49 SF
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76 15.815792 47.654861 1 6 13 340 66 218 19 75 0.58 SF

77 15.800228 47.665872 3 4 48 174 42 356 1 265 0.31 NS

4 2 70 309 20 119 3 211 0.58 NF

78 15.797311 47.657209 4 6 18 99 54 341 29 200 0.5 SF

80 15.803140 47.658627 1 9 40 161 50 335 3 68 0.56 NS

3 7 13 42 37 302 50 147 0.36 TS

81 15.831139 47.652362 1 17 37 153 52 319 7 58 0.91 SF

2 7 47 225 38 13 16 116 0.77 NS

83 15.838951 47.656502 1 13 9 149 80 308 4 59 0.48 SF

2 5 6 44 79 283 10 135 0.2 SF

84 15.856494 47.657779 3 42 2 196 83 305 7 106 0.47 SF

4 11 15 252 71 35 11 159 0.57 SF

85 15.870310 47.663978 3 7 6 26 77 145 12 295 0.74 SF

86 15.921781 47.672595 1 4 4 134 72 30 17 225 0.37 SF

3 3 24 10 62 155 14 273 0.5 SF

87 15.951112 47.659959 2 29 29 52 5 145 61 243 0.13 TF

3 10 41 186 49 355 6 91 0.25 NS

88 15.955879 47.655630 2 14 5 64 82 193 6 333 0.59 SF

89 15.936375 47.639165 4 5 32 295 53 79 18 194 0.67 SF

91 15.882089 47.624076 4 8 21 263 57 29 25 163 0.5 SF

92 15.981888 47.615490 3 40 14 13 76 189 1 283 0.42 SF

1 11 6 162 75 48 13 253 0.51 SF

93 15.810127 47.649938 3 7 2 9 57 275 33 101 0.49 SF

94 15.813175 47.649725 4 2 12 243 75 21 10 151 0.57 SF

1 4 16 332 50 222 36 73 0.49 SF

95 15.790486 47.656689 1 18 16 151 71 2 9 243 0.38 SF

4 4 22 278 58 48 22 178 0.4 SF

96 15.780951 47.653995 4 6 8 89 66 341 23 183 0.5 SF

3 5 13 179 69 51 16 272 0.5 SF

100 15.830833 47.613858 3 3 38 191 50 353 9 94 0.78 SF

101 15.826228 47.616786 3 8 47 356 43 173 2 265 0.71 NS

102 15.819563 47.620680 4 10 2 286 87 166 3 16 0.46 SF

3 6 10 209 77 69 8 300 0.54 SF

107 15.748952 47.627392 1 7 36 163 50 312 15 61 0.72 SF

2 7 9 48 77 272 9 139 0.5 SF

108 15.777388 47.603672 2 8 24 36 48 276 31 142 0.29 TS

3 3 17 4 63 133 19 268 0.74 SF

109 15.764480 47.662829 1 10 15 136 72 346 9 228 0.62 SF
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3 7 0 36 86 237 2 126 0.3 SF

111 15.778748 47.667759 3 7 34 171 48 311 21 66 0.5 SF

4 4 17 76 64 307 19 172 0.57 SF

112 15.766789 47.668778 1 8 11 146 79 323 1 56 0.77 SF

3 6 24 31 55 264 25 133 0.48 SF

113 15.753770 47.669688 1 9 17 312 57 194 28 51 0.26 SF

2 5 37 60 50 212 14 319 0.77 SF

115 15.690341 47.658280 3 7 10 175 10 267 76 41 0.73 TF

4 3 73 356 5 105 16 196 0.79 NF

116 15.838845 47.631135 1 7 14 135 76 330 3 226 0.49 SF

3 2 7 232 80 10 6 141 0.5 SF

117 15.861227 47.679842 2 9 12 70 72 200 13 337 0.61 SF

1 5 22 347 66 143 9 253 0.59 SF

118 15.867784 47.669607 1 6 7 307 79 177 9 38 0.56 SF

119 15.830868 47.678320 1 4 13 336 70 207 15 69 0.5 SF

120 15.850265 47.686169 1 7 49 154 37 305 15 46 0.42 NS

2 3 25 15 44 259 36 125 0.67 SF

121 15.891776 47.705636 1 8 32 164 56 9 12 261 0.89 SF

4 7 31 79 59 252 3 347 0.86 SF

123 15.971756 47.614404 2 23 4 239 76 134 13 330 0.18 SF

3 47 9 358 80 149 5 267 0.28 SF

124 15.978323 47.615808 3 34 12 345 70 109 17 252 0.45 SF

125 15.975543 47.625334 3 7 5 33 71 138 18 301 0.61 SF

126 15.970694 47.644823 3 24 14 31 76 210 0 301 0.35 SF

1 11 10 146 54 250 35 49 0.5 SF

131 15.926216 47.637473 3 21 19 188 71 358 3 97 0.51 SF
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Photo (facing page): View of the Piz Boè (3110 m.) with inherited Eocene-Oligocene Dinaridic 
structures and Miocene Alpine deformation.
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Abstract
 The transition zone between the Alps and Dinarides is a key area to investigate 

kinematic interactions of neighbouring orogens with different subduction polarities. A 
study combining field kinematic and sedimentary data, microstructural observations, 
thermochronological data (Rb-Sr and fission track) and regional structures in the area 
of Medvednica Mountains has revealed a complex poly-phase tectonic evolution. We 
document two novel stages of extensional exhumation. The first stage of extension took 
place along a Late Cretaceous detachment following the late Early Cretaceous nappe 
stacking, burial and greenschist facies metamorphism. Two other shortening events that 
occurred during the latest Cretaceous – Oligocene were followed by a second event of 
extensional exhumation, characterized by asymmetric top-NE extension during the 
Miocene. Top-NW thrusting took place subsequently during the Pliocene inversion of 
the Pannonian Basin. The Cretaceous nappe burial, Late Cretaceous extension and the 
Oligocene (– Earliest Miocene) contraction are events driven by the Alps evolution. 
In contrast, the latest Cretaceous – Eocene deformation reflects phases of Dinaridic 
contraction. Furthermore, the Miocene extension and subsequent inversion display 
kinematics similar with observations elsewhere in the Dinarides and Eastern Alps. All 
these processes demonstrate that the Medvednica Mountains were affected by Alpine 
phases of deformations to a much higher degree than previously thought. Similarly 
with what has been observed in other areas of contractional polarity changes, such as 
the Mediterranean, Black Sea or New Guinea systems, the respective tectonic events 
are triggered by rheological weakzones which are critical for localizing the deformation 
created by both orogens.
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3.1 Introduction

The interaction between neighbouring orogens with different subduction polarities 
is often related to geodynamic settings of retreating subducted slabs and associated 
extensional back-arc basins [Doglioni et al., 1999; Faccenna et al., 2013; Jolivet and 
Faccenna, 2000]. Such interactions are commonly described in studies of Mediterranean 
orogens [e.g., Faccenna et al., 2004; Kissling et al., 2006]. Roll-back subduction associated 
with back-arc extension affected transitional areas between the Alps and Apennines, the 
Alps and Dinarides, the Dinarides and Carpatho-Balkanides, and the Hellenides-Aegean 
and Anatolian Plateau. In all these situations back-arc extension post-dated an inherited 
subduction and/or collisional nappe stack and was accompanied by large-scale rotations, 
displacements along the orogenic strike and formation of highly arcuate mountain chains 
[e.g., Faccenna et al., 2004; Luth et al., 2013; Matenco et al., 2010; Munteanu et al., 2014; 
Schmid and Kissling, 2000]. 

We investigate a key area where such kinematic interactions of neighbouring orogens 
were observed, namely the transition zone between the Alps and Dinarides (Figure 3.1a), 
which are orogens with different subduction polarities (Adria the upper plate in the Alps 
versus Adria the lower plate in the Dinarides) [e.g., Schmid et al., 2008]. A Cretaceous-
Paleogene phase of orogenic build-up took place in both mountain belts and was followed 
by a Miocene period of extension associated with the formation of the Pannonian back-
arc basin, driven by the rapid Miocene subduction roll-back of the Carpathians slab [e.g., 
Horváth et al., 2006]. In the Pannonian Basin a number of dome-like structures expose 
Paleozoic – Mesozoic sediments deformed during Cretaceous – Paleogene times and are 
surrounded by Miocene sediments [Csontos and Vörös, 2004; Tomljenović et al., 2008; 
Ustaszewski et al., 2008]. One such dome-like structure is the Medvednica Mountains of 
northern Croatia that is located in the transitional area between the Alps and Dinarides 
(Figures 3.1b and 3.2). The mountains exposes a Cretaceous - Paleogene nappe stack 
composed of metamorphosed and non-metamorphosed Paleozoic – Mesozoic sediments 
[e.g., Pamić, 2002; Pamić and Tomljenović, 1998; Tomljenović et al., 2008]. An interesting 
observation is that the Upper Cretaceous sediments, with uncertain genesis, show 
strikingly similar stratigraphic and facies characteristics when compared with the coeval 
syn-orogenic deposits of the Eastern Alps (i.e. the Gosau sediments) [Faupl and Wagreich, 
1996; Judik et al., 2008; Willingshofer et al., 1999a].

Previous kinematic studies of the Medvednica Mountains have inferred a Cretaceous-
Paleogene period of Dinaridic nappe stacking that was followed by Miocene extension, 
accompanied by transcurrent deformation and by inversion starting during Pliocene times 
[e.g., Tomljenović et al., 2008; Vrabec and Fodor, 2005]. Other dome-like structures located 
more to the east along strike of the Dinarides display Miocene extensional detachments. 
These detachments have exhumed previously stacked and metamorphosed Adriatic 
units in their footwalls [Matenco and Radivojević, 2012; Stojadinović et al., 2013; Toljić 
et al., 2013; Ustaszewski et al., 2010]. The Miocene extension observed in the Eastern 
Alps near their transition to the Pannonian Basin is also associated with detachments 
exhuming previously metamorphosed units, such as the Rechnitz window [Cao et al., 
2013; Ratschbacher et al., 1991; Tari et al., 1992; Tari and Pamić, 1999]. The kinematics of 



Chapter 3.

56

Figure 3.1 (facing page): [a] Simplified tectonic map of the Alpine-Carpathian-Dinaric (AlCaDi) 
system [modified after Schmid et al., 2008]. The red arrow indicates the main direction of extension 
in the Pannonian basin, the blue arrows indicates the main direction of contraction for the Alps 
and the Dinarides. [b] Tectono-stratigraphic map of the Medvednica Mountains and surrounding 
areas near the Alpine-Dinaridic junction [simplified and modiefied from Haas et al., 2000; Lužar-
Oberiter et al., 2012; Matoš et al., 2014; Tomljenović and Csontos, 2001, with the results of this study]. 
Location of figure is displayed in Figure 3.1a.

such Miocene exhumation in the Medvednica Mountains and in the larger transitional 
area between the Alps and Dinarides is still unclear. 

We aim to discriminate the effects of the Alpine and Dinaridic tectonic evolution in 
the build-up of the Medvednica Mountains by constraining their kinematic, metamorphic 
and depositional history. To this aim, we have analysed the structural, sedimentological 
and exhumation characteristics of the Late Cretaceous deposition, Cretaceous-Paleogene 
nappe stacking and the Miocene extension followed by the subsequent inversion. The 
methodology employed combines field kinematics, studying depositional characteristics, 
microstructural observations, thermochronological data (Rb-Sr and apatite and zircon 
fission track) and integration with previously observed regional to micro-scale structures.

3.2 The tectonic evolution of Dinaridic-Alpine transitional area. 
The Dinarides formed in response to the Jurassic – Cretaceous subduction and closure 

of the Neotethys Ocean during Adria - Europe convergence [Pamić, 2002; Schmid et 
al., 2008; Ustaszewski et al., 2008]. The Middle Triassic onset of Neotethys opening was 
associated with intermediate and basic volcanism and the formation of the Adriatic 
passive continental margin [Schmid et al., 2008] Pamić, 1984. Transition from dominantly 
carbonatic Upper Triassic facies into more pelagic Middle Jurassic facies indicate a gradual 
deepening of the former Adriatic passive margin from the SW to NE in the present-day 
geometry [e.g., Dimitrijević, 1997; Schefer et al., 2011; Toljić et al., 2013]. The subsequent 
early Middle Jurassic intra-oceanic subduction [Schmid et al., 2008] was followed by the 
Late Jurassic – Earliest Cretaceous emplacement of ophiolites and associated Jurassic 
ophiolitic mélange during their obduction over the eastern Adriatic passive margin [i.e., 
the Western Vardar ophiolites, Babić et al., 2002; Dimitrijević, 1997; Karamata, 2006; Pamić, 
2002; Schmid et al., 2008].  The subduction of the Adriatic plate and the continental 
collision with the overriding Europe-derived Tisza-Dacia mega-unit is recorded by 
successive Cretaceous – Paleogene phases of shortening. Following an earlier late Early 
Cretaceous onset of contraction, the latest Cretaceous – Eocene shortening and collision 
is associated with the formation of the Sava suture zone between European- and Adriatic- 
derived units, widespread magmatism and nappe stacking in the former Adriatic passive 
continental margin. The deformation continued by a gradual migration of shortening 
towards the foreland, where the main Eocene Dinaric event is well documented in 
numerous studies [Dimitrijević, 1997; Pamić, 1993; Pamić and Balen, 2001; Schmid et al., 
2008; Ustaszewski et al., 2010]. The Dinaridic nappe stack contains a number of thin- and 
thick-skinned thrust sheets that are generically grouped into the External Dinarides and 
Internal Dinarides. In the latter, the three most internal units carry in a structurally higher 
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Figure 3.2 (facing page): Geological map of the Medvednica Mountains [compiled from Basch, 
1995; Matoš et al., 2014; Tomljenović et al., 2008, and the results of the present study]. The map 
shows sample locations used for Rb-Sr and apatite/zircon fission track dating, as well as the location 
of the cross-sections A and B (see Figure 3.9). The location of the figure is displayed in Figure 3.1b.

position the earlier obducted ophiolites and ophiolitic mélanges (Figure 3.1). The nappe 
contacts are often marked by the deposition of syn-contractional turbidites (i.e. flysch 
deposits) [e.g., Dimitrijevic and Dimitrijevic, 1987], which become progressively younger 
in the SW direction [e.g., Tari, 2002]. Along the strike of the orogen most of the Internal 
Dinaridic units wedge out laterally towards the NW (Figure 3.1a), i.e. towards the area of 
the Medvednica Mountains. 

North of the Dinarides, the Tisza unit separated from Europe during Middle Jurassic 
times and drifted S-ward to a position close to the Adriatic units, as inferred by faunal 
assemblages with Mediterranean affinity [Haas and Péró, 2004]. Tisza was subsequently 
re-aligned with another European-derived unit (i.e. Dacia) during the late Early Cretaceous 
closure affecting the NE part of the Neotethys Ocean [Figure 3.1a; Csontos and Vörös, 
2004; Schmid et al., 2008]. The Tisza-Dacia mega-unit formed the upper plate of the 
Late Cretaceous – Eocene subduction and collision recorded by the Dinarides. West of 
Tisza, the Alps formed in response to the Cretaceous – Paleogene S-ward subduction 
and collision of the Alpine Tethys and its European continental margin, [Neubauer et al., 
2000; Schmid et al., 2008]. In the areas WNW of the Medvednica Mountains (Figure 3.1), 
the Southern and Julian Alps recorded Eocene NE-SW shortening (the Dinaric phase of 
deformation) that was subsequently followed by Oligocene – Miocene S-ward thrusting 
(Alpine phase of deformation) [Castellarin et al., 1992; Doglioni and Bosellini, 1987; Placer, 
1999]. The Miocene shortening was coeval with large-scale dextral displacements along 
the Periadriatic lineament separating the Eastern and Southern Alps (such as the Balaton 
line, Sava and Drava faults in the vicinity of the Medvednica Mountains, Figure 3.1b) [Fodor 
et al., 2005; Placer, 1999; Tomljenović and Csontos, 2001].

The dextral displacements in the Dinaridic-Alpine transition zone and associated 
lateral extrusion of the Eastern Alps were partly coeval with the back-arc extension of the 
Pannonian Basin starting at around 20 Ma [e.g., Horváth et al., 2015; Tari and Pamić, 1999] 
that created a number of deep half-grabens along the SW margin of the Pannonian Basin, 
among which the largest ones are the Hrvatsko Zagorje, Sava and Drava basins [Figure 
3.1b; Saftić et al., 2003] Pavelić, 2001. These extensional features were subsequently 
affected by contraction during the Pliocene-Quaternary inversion of the Pannonian Basin 
[e.g., Bada et al., 2007; Tomljenović and Csontos, 2001; Ustaszewski et al., 2014]. 

  
3.2.1 The architecture of the Medvednica Mountains 

The Medvednica Mountains are composed of a metamorphic core overlain by non-
metamorphic Mesozoic and Cenozoic deposits (Figure 3.2). The centre of the metamorphic 
core is metamorphosed in greenschist facies, while towards its margins it comprises 
Paleozoic sediments that are affected by a very low degree of metamorphism, mostly sub-
greenschist facies. All units are truncated by normal and reverse faults and are surrounded 
by the Miocene – Quaternary sediments of the Pannonian Basin (Figure 3.2). 
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The greenschist facies metamorphic core is composed of two distinct lithologies, 
a meta-volcanic and a meta-sedimentary series [Lugović et al., 2006; Tomljenović et 
al., 2008and references therein]. The meta-volcanic series is dominantly made up of 
chloritic schists that have preserved their original basaltic or intermediate volcanic 
protolith in few places. The meta-sedimentary series contains in its lower part dark 
phyllites with rare intercalations of quartzites, overlain by massive marbles, carbonatic 
schists, meta-greywackes, meta-conglomerates and fine-grained quartzites derived from 
the metamorphism of radiolarites [Basch, 1995; Tomljenović, 2002]. Locally, the meta-
volcanics are inter-layered with marbles, which is an effect of isoclinal folding combined 
with an original multi-layered stratigraphy. Biostratigraphic and radiometric dating of 
the metamorphic core indicate that the meta-volcanics have a protolith age of Middle 
to Upper Triassic [Belak et al., 1995] and the meta-sediments have an age range from 
Devonian up to Upper Triassic [Đurđanović, 1973; Šikić et al., 1977].

Near the margins of the metamorphic core, sub-greenschist facies Paleozoic meta-
sediments are mostly pelagic shales, turbidites and carbonates. Other biostratigraphic 
dating analysing both the protolith of the greenschist facies metamorphic core and the 
flanking Paleozoic meta-sediments indicate Silurian to Late Triassic ages [Đurđanović, 
1973; Sremac and Mihajlović-Pavlović, 1983]. In the NE corner of the Medvednica 
Mountains, clastic-carbonatic sediments metamorphosed in greenschist facies are 
reported as Permian in age (Figure 3.2) [Basch, 1995]. The Paleozoic meta-sediments are 
unconformably covered by a non-metamorphosed Upper Permian – Triassic dominantly 
carbonatic sequence (Figures 3.2 and 3.3). A thick Triassic succession of shallow-marine 
clastics and carbonates is thrusted over the Paleozoic and Cretaceous sediments in the SW 
part of the mountains, forming the highest pre-Neogene tectonic unit [i.e. the Žumberak 
nappe of Tomljenović et al., 2008]. In the NW part of the mountain, a chaotic assemblage 
of blocks of meta-intrusives, greywackes, radiolarites, limestones, sandstones and 
turbidites are embedded together with blocks of ophiolites in a shaly-silt matrix [Figure 
3.2; Pamić and Tomljenović, 1998]. Biostratigraphic dating of blocks of radiolarites have 
yielded Upper Ladinian – Carnian and Upper Bajocian – Lower Callovian ages [Halamić 
and Goričan, 1995; Halamić et al., 1999], while scarce fauna in the matrix has been dated as 
Lower Jurassic to Bajocian [Babić et al., 2002]. This assemblage has been interpreted as an 
ophiolitic melange, part of the Western Vardar Ophiolites obducted during Late Jurassic – 
Earliest Cretaceous times [Schmid et al., 2008and references therein].

The metamorphosed Paleozoic – Triassic sequence and the ophiolitic mélange 
are unconformably covered by Aptian-Cenomanian shallow marine and near-shore 
flexural basin deposits [Lužar-Oberiter et al., 2012] with succesive Upper Cretaceous – 
Paleocene sediments (Figure 3.3). The latter shows a gradual transgressive pattern from 
massive conglomerates and alluvial-fan deposits at the base to sandstones and Scaglia 
Rosa hemipelagic carbonates higher up in the sequence [Babić et al., 1976; Crnjaković, 
1980; Lužar-Oberiter et al., 2012] associated with syn-depositional normal faults. The 
deposits are stratigraphically continuous with the uppermost Cretaceous turbidites 
(carbonatic and clastic) that are commonly observed elsewhere along the Sava suture 
zone [e.g., Ustaszewski et al., 2010]. Based on similar biostratigraphic ages and lithofacies 
characteristics, these Upper Cretaceous sediments are often referred as Gosau deposits 
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[Borojević Šostarić et al., 2012; Judik et al., 2006; Tomljenović et al., 2008] analogous to 
coeval and similar deposits widely observed in the Eastern Alps. There, the deposition of 
Gosau sediments is driven either by syn-orogenic normal faulting or by the evolution of 
thrust sheet top basins [Krohe, 1987; Neubauer et al., 1995b; Ortner, 2001; Wagreich and 
Decker, 2001]. In contrast, some of the deposits attributed to the Gosau formation in the 
Dinarides were deposited in the footwall of the main thrusts and are overlain by deep-
water syn-contractional turbidites [Dimitrijević, 1997; Matenco and Radivojević, 2012]. 
These deposits have been related to subsidence post-dating the late Early Cretaceous 
contraction.

The pre-Neogene units of the Medvednica Mountains are unconformably overlain 
by the Miocene sediments of the Pannonian Basin (Figure 3.2). Their biostratigraphy is 
described by using the regional time scale of the endemic Paratethys [Magyar et al., 1999; 
Rögl, 1999; Steininger and Wessely, 1999; Steininger et al., 1988]. These Miocene – Lower 
Pliocene sediments are truncated by normal faults, post-date most thrust faults while 
being truncated by other thrusts and dip away at low angles from the mountains along 
the SE, NE and SW flanks [Figure 3.2, Basch, 1995; Šikić et al., 1977]. Along the NW flank 
of Medvednica Mountains, these strata are locally brought to a (sub-)vertical position, 
which is the result of thrusting during Pliocene times [Figure 3.2, Tomljenović et al., 2008]. 
This event is observed by NE-SW oriented thrusts and km-scale folds, and documented 
by seismic interpretation studies combined with surface observations [e.g., Tomljenović, 
2002; Tomljenović and Csontos, 2001].

3.2.2 Tectonic evolution of the Medvednica Mountains 

The kinematic evolution of the Medvednica Mountains has been generally described 
in terms of either three deformational events [Jamičić, 2000] or five such events post-
dating the Late Jurassic – earliest Cretaceous obduction [Tomljenović et al., 2008]. In 
the latter interpretation, an initial late Early Cretaceous nappe stacking and burial event 
occurred oblique to the former Adriatic passive continental margin and was followed 
by Early Albian thrusting. The Middle Eocene – Oligocene deformation continued as a 
result of the collision and thrusting of Tisza over the turbidites of the Sava zone and was 
accompanied or followed by right-lateral shearing of the Sava zone during the Eocene – 
Oligocene [Tomljenović et al., 2008]. These latter deformations were associated with up 
to 130° clockwise rotations that peaked in Oligocene –Early Miocene times. This overall 
complex history was followed by widespread Miocene normal faulting cross-cutting all 
earlier structures (Figure 3.2), while the thrusting starting with Pliocene times uplifted the 
mountains to their present elevations. The latter was accompanied by up to 30° counter-
clockwise rotations that started probably in the late Early Miocene and continued in post-
Miocene times controlled by indentation and counter-clockwise rotation of the Adriatic 
plate [e.g., Márton, 2002; Tomljenović and Csontos, 2001; Tomljenović et al., 2008].

The initial nappe stacking during the late Early Cretaceous is associated with peak 
metamorphic conditions. The meta-volcanics from the greenschist facies metamorphic 
core indicate peak metamorphism between 135-122 Ma based on Ar/Ar dating of white 
micas [Borojević Šostarić et al., 2012]. The associated PT conditions were in the order of 
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350-410°C and 3-4 kbar [Judik et al., 2006; Judik et al., 2008; Lugović et al., 2006]. K-Ar 
dating of muscovite from meta-sediments in the metamorphic core suggested that the 
period of peak metamorphism took place until 110 Ma [Belak et al., 1995; Judik et al., 2006; 
Judik et al., 2008]. Furthermore, Ar/Ar dating of the meta-volcanics inferred a younger age 
of 80 Ma that overprinted the peak metamorphism. This younger age was interpreted 
to be related to the period of Late Cretaceous contraction associated with subsidence 
in the Gosau-type basins [Borojević Šostarić et al., 2012]. K-Ar illite dating in the sub-
greenschists facies metamorphosed sequence yielded ages between 124-95 Ma [Belak 
et al., 1995; Judik et al., 2006]. In these latter rocks peak temperatures are in the range of 
100-240°C based on organic thermometers sampled in the ophiolitic mélange and the 
Cretaceous-Paleocene deposits [Judik et al., 2008]. 

3.3 Kinematic analysis

The kinematic analysis was focused on major structures, such as nappe contacts 
or detachments, which are essential for understanding the contractional, burial 
and subsequent exhumation of the Medvednica metamorphic core. We particularly 
investigated the contact zone between the greenschist facies metamorphic core and the 
surrounding sub-greenschist facies to non-metamorphic Paleozoic-Triassic sediments. 
The field data includes measurements of foliations, stretching lineations and associated 
kinematic indicators and the analysis of folding geometries. Furthermore, brittle structures 
were measured together with kinematic indicators, such as slickensides, Riedel shears or 
drag-folds. The first order chronology of deformation was derived from superposition 
criteria such as cross-cutting relations of foliations, or superposition of folding. Further 
time constraints were subsequently derived from thermochronology and available 
biostratigraphic data. Field observations were supplemented by microstructural analysis 
and petrological observations in order to correlate deformation events and to infer 
pressure-temperature conditions. 

The oldest deformational structures recorded in the Medvednica Mountains are observed 
in the very low, sub-greenschist metamorphic facies to almost non-metamorphosed 
Palaeozoic sediments surrounding the greenschist facies metamorphosed core. These 
structures, which are characterized by isoclinal folding and a pervasive axial plane 
cleavage, were in particular well observed in Palaeozoic dark shales and distal turbidites. 
Such structures were not observed in the unconformably overlying metamorphosed 
Paleozoic-Triassic sediments. Similar structures were commonly observed in the low- to 
very- low degree Paleozoic metamorphic basement elsewhere in the Dinarides, formed in 
response to (late) Variscan deformation [e.g., Filipović et al., 2003]. This deformation event 
is outside the scope of our study and will not be discussed further.

3.3.1 D1: Burial and peak metamorphism.

In the greenschist facies part of the metamorphic core, the oldest phase of deformation 
(D1) is characterized by a pervasive foliation (S1) (Figure 3.5a) that is (sub-) parallel to the 
bedding planes and to the axial planes of a first stage isoclinal folding (F1). The S1 is mainly 
observed by small-scale structures (up to decimetres), which is evident in particular by 
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the alternation of meta- limestones and volcanics. These were intercalated in the original 
stratigraphy and were subsequently isoclinaly folded (Figure 3.5a). Coeval NW-SE trending 
stretching lineations (L1) were deformed subsequently by folding and shearing together 
with the F1 folds. Shear sense criteria observed in outcrops and thin-sections indicate 
both top-NW and top-SE senses of shear (Figure 3.4). The D1 lineations, folds and foliation 
are all affected by subsequent deformation events. 

In thin-sections, the S1 foliation (Figure 3.5b) is pervasive and associated with co-axial 
flattening in particular in marbles or calc-schists. The co-axial deformation is expressed by 
elongation of quartz and calcite (aspect ratios of 1:7) with a preferred orientation of the 
c-axis. The analysis of thin sections of meta-volcanic rocks indicates an original protolith 
composed of pyroxenes, quartz, plagioclase, biotite, oxides and olivine, in different 
percentages. The pyroxenes, olivine and plagioclase are replaced during metamorphism 
by epidote and feldspar, indicative for the peak mineralogical assemblage (Figure 3.5b, 
sample MD021). The analysis of meta-sediments in thin-sections suggests that the 

Figure 3.4: [a] Same geological map as in figure 3.2 in grey scale projected over a DEM image of 
the inselberg, with an overlay of arrows that indicate the observed direction of shearing related 
to the late Early Cretaceous nappe stacking (green) and Late Cretaceous extensional exhumation 
(red). Our data on the ductile sense of transport are compared with the previously published ones 
in Tomljenović et al. [2008] (orange arrows). [b] Stereoplot of the main stretching lineations with the 
tectonic transport of the hanging-wall during shearing for D1 (green arrows) and D2 (red arrows) 
deformations. The total stretching database of ~70 measured D2 stretching lineations is projected 
as a contour plot that suggests their dominant NE-SW orientation.
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original protolith contained dominantly calcite, feldspar, oxides, plagioclase, quartz, and 
white micas, in various percentages for different analysed samples. A constant growth 
and dynamic recrystallization (e.g. larger growth, bulging, sub-grain rotation) of quartz, 
feldspar and calcite took place during metamorphism (Figure 3.5b, sample MD016). The 
peak metamorphic conditions indicate temperatures around 350-400°C representing a 
greenschist metamorphic facies, which is observed in both the meta-volcanics and the 
meta-sediments.  

3.3.2 D2: Top-NE directed stretching and retrograde metamorphism

A major shear zone was observed that separates the greenschist facies from the 
overlying sub-greenschist facies Paleozoic and non-metamorphosed Mesozoic sediments, 
giving the appearance of a metamorphic core. The second stage of deformation (D2) is 
observed in the greenschist facies part of the metamorphic core by pervasive stretching 
associated with a dominant mylonitic fabric and stretching lineation (L2) (Figure 3.4a). 
These stretching lineations are associated with kinematic indicators such as shear-bands 
or sigma-clasts indicating an average top-NE sense of shear in both outcrops and thin-
sections (Figures 3.4b and 3.5b). The shearing took place almost parallel with the pre-
existing foliation affecting pervasively the S1 foliation planes and F1 folds. This is clearly 
observed in thin-sections with renewed growth of chlorite along the S1 planes. Whenever 
shearing diverges, an S2 foliation plane formed parallel with the L2 stretching lineation. 
Reactivation of S1 foliation as C-planes to the C-C’ shear-bands is often observed to 
accommodate the top-NE shearing. The mylonites are well developed in particular in the 
main shear zone at the outer contacts of the greenschist facies part of the metamorphic 
core (Figure 2).  This is obvious in particular when the shearing affected the marbles or 
calc-schists flanking the meta-volcanics that formed often calc-mylonites at the structural 
contact with the sub-greenschist facies Paleozoic meta-pelites situated in their hanging-
wall. This contact is furthermore affected by cataclastic shears and tectonic brecciation 
with similar top-NE kinematics, suggesting shearing during exhumation.

In thin-sections, the mylonitic fabric has often a spatial variance in strain 
accommodation, expressed by alternating bands from proto-mylonites to ultra-mylonites 
(Figure 5b, sample MD016), which contain dominantly top-NE kinematic indicators. The 
original compositional layering of the meta-sediments has strongly contributed to the 
amount of deformation and is associated with the formation of C-C’ shear band structures 
(Figure 5b). Microstructures indicate a strong dependency on the reactivation of the S1 
foliation planes by repeated shearing and growth of chlorite. Increased amounts of strain 
are observed by the formation of ultramylonites, where S1 and S2 are (sub-) parallel. The 
overall deformation is associated with lower grade metamorphic conditions observed 
by the replacement of epidote by chlorite, white mica (illite) and zoisite, and continued 
growth of feldspar. In meta-sediments this is observed by late stage growth of chlorite. 
These observations indicate that the (retrograde) metamorphism in lower greenschist 
metamorphic facies took place at estimated temperatures  of ~300°C, post-dating the 
earlier phase of peak metamorphism. 
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3.3.3 D3 and D4 contraction

The third deformation stage (D3) is observed both in the metamorphic core and in the 
surrounding non-metamorphosed Mesozoic-Paleogene sediments and is characterized 
by upright and asymmetric folds with NNE-SSW trending fold axes (F3). D3 is associated 
locally with a widely spaced ESE-dipping axial plane cleavage (S3) (Figure 3.6a). The 
folding is centimetre to meter scale and is particularly well observed in bedded sediments 
and schists, and is accompanied by parasitic folding. The regional consistency of fold 
asymmetries suggests a top-WNW direction of tectonic transport. These folds affect 
sediments as young as the Paleocene and deform the tectonic contact between the 
metamorphic core and surrounding metamorphosed Mesozoic-Paleogene sediments. For 
instance, the asymmetric folding affects both the mylonitic calc-schists and the adjacent 
non-metamorphosed black shales (e.g., location MD005, Figure 3.6a).

These contractional structures are affected by another set of NW-SE striking thrusts, 
dominantly dipping SW-wards (Figure 3.6b) that, although less frequently observed 
than D3 structures, are attributed to the next phase of shortening (D4). Intriguing are 
the outcrop structures observed in the vicinity of a large regional fault located in the SW 
part of the Medvednica Mountains (see the blue fault in Figure 3.2). This fault contains 
a shallow marine Triassic sequence, including Lower Triassic clastics, Middle and Upper 
Triassic biogenic limestones and stromatolitic dolomites, in the hanging-wall  and has the 
earlier folded Upper Cretaceous-Paleogene Gosau-type sediments in the footwall, which 
in turn is unconformably overlying the Paleozoic weakly metamorphosed sequence. The 
significant thrust offset observed in the stratigraphy is accommodated by cataclastic 
deformation, particularly well developed in the Triassic limestones. The fault kinematics, 
including structures observed in its vicinity, indicate a SW directed tectonic transport. At 
present the fault dips in the same direction, most likely due to subsequent tilting. 

Figure 3.5 (facing page): Examples of kinematic data, all locations are displayed in Figure 3.2. [a] 
Stereoplot of the poles to the S1 foliation projected over the contour plot of the data. Photo at locality 
MD001 illustrates isoclinal folding (D1) of white marbles intercalated with tuffs, the S1 foliation and 
a superposed normal fault (D5): fold axis 110/10, fault 073/35, [b] Thin sections photos illustrating 
the observed kinematics. Location MD016: Plain polarized light (PPL) and cross-polarized light (XPL) 
photo of a mylonitic calc-schist with shear-bands that indicate a top 046° (NE) sense of shearing. At 
the bottom of the picture a zone of increased strain rate is present (ultra-mylonite) where S1 and 
S2 become parallel planes. The quartz in the thin-section exhibits bulging as a result of dynamic 
recrystallization process during mylonitisation. Location MD034: PPL and XPL photo of a greenschist 
indicating shearing of the S1 foliation along the S2 foliation with a top to 060° (ENE). The S2 foliation 
is amplified by renewed growth of chlorite. Location MD021: PPL and XPL of a metavolcanic with 
peak metamorphic mineral assemblage (e.g. epidote, feldspar) and overprinted by retrograde 
conditions (epidote is replaced by chlorite) during mylonitisation. This sample is also used for Rb-
Sr dating because the sample is located in the detachment. Sense of shear is top 094°, observed 
by the shearing of S1 along the S2 planes. Abbreviations: Number of used data (n), Bedding (S0), 
Normal fault (FN) Quartz (Qtz), Chlorite (Chl), Oxides (Ox), Biotite (Bt), Muscovite (Musc), Calcite (Ca), 
Feldspar(Fsp), Epidote (Epd).
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Figure 3.6 (facing page): Examples of kinematic data, all locations are displayed in figure 3.2. [a] 
Stereoplot of the L3 fold axes and the S1-S3 lines of intersection (where S1 is (sub-) parallel to S2), 
projected on top of the contour plot. Mean strike of the fold axes is NE-SW. Photo of location MD098 
illustrates asymmetric folding of Upper Cretaceous siltic sandstones with fold axis 085/75. The photo 
at location MD005 shows the mylonitic detachment with calc-schist of Triassic age. The S1 foliation 
is (sub-) parallel to the mylonitic foliation (S2) with the position of the stretching lineation (L2) 
234/10 and top 54 sense of shearing. The S1 and S2 are refolded by asymmetric folding during D3 
contraction, fold axis 096/18. [b] Stereoplot of thrusts with NE vergence, such as the thrust in the SW 
part of the Medvednica Mountains emplacing Triassic deposits over Upper Cretaceous-Paleogene 
deformed sediments and paleostress tensor with the calculated direction of compression for the 
D4 deformation. [c] Example of normal faulting during the Miocene extension in location MD025, 
observed by decimetre offset of Miocene lacustrine sediments, fault plane 277/60. Stereo plot and 
associated paleostress tensor of normal faults that display an average top ENE sense of shear. [d] 
Location MD013: top NW thrusting of deep-water Upper Cretaceous sediments during the post-
Miocene inversion. The S3 cleavage planes are subsequently sheared during the S6 deformation: 
S6 position 130/50, Bedding position 156/45. Location MD074: Strike-slip fault, fault plane 210/70, 
Striation 040/25, sinistral displacement. Stereo plot and associated stress tensor of the observed 
top NW thrusts. Abbreviations: Number of used data (n), Foliation planes (S1/S2), Bedding plane 
(S0), Fold plane (Pfold), Fault plane (Fplane), Striations (Lstriea), Fold axes D3 (L3), Principal stress 
directions (σ1/σ2).

3.3.4 D5: ENE directed extension

A prominent deformation feature observed in the entire Medvednica Mountains is the 
presence of normal faults that are often associated with syn-tectonic deposition of Miocene 
sediments (D5). These normal faults are dominantly NW-SE to N-S striking and indicate a 
main top-ENE to top-NE direction of displacement (Figure 3.6c); although opposite WSW 
to W dipping faults are also observed in the field. Offsets range from decimetres (Figures 
5a and 6c) to hundreds of meters, accommodated along zones of cataclastic deformation. 
Superposition criteria observed in the field indicate that this normal faulting post-dates 
all previously described deformation events. One typical example shows that the folded 
mylonites at the contact between greenschist facies metamorphosed and sub-greenschist 
facies Paleozoic or non-metamorphosed units are cross-cut by normal faults with ESE and 
NW directions of transport (location MD005, Figure 3.2). In more details, the normal faults 
change strike in map view, their orientations change from NW-SE in the NE part, where 
the largest offsets faults are documented, to NNE-SSW along the NW and SE flanks of the 
metamorphic dome (stereoplot in Figure 3.6c). There are no cross-cutting relationships 
observed in the field between these normal faults, thus their formation was likely coeval.

 3.3.5 D6: Late stage contraction and strike-slip faulting.

The last stage of deformation is a contractional event (D6) characterized by thrust faults 
dipping mainly S to SSE with top-to-the N to NNW transport direction (Figure 3.6d). In outcrops 
and at regional scale these faults cross-cut all previously described structures. For instance, 
D6 thrusting placed greenschist facies metamorphosed units over non-metamorphosed 
Cretaceous deposits or the ophiolitic melange unit over Miocene and Pliocene deposits 
(Figure 3.9A). Locally, brittle shear bands are observed in the footwall of large thrusts (e.g., 
MD013, Figure 6d) by deformation appearing as a widely spaced cleavage (S6). 
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Thrusting is associated with a large number of local strike-slip faults (MD074, Figure 
3.6d) possibly accommodating the lateral variations in shortening as tear-faults. However, 
cross-cutting relationships are unclear. In outcrops, the youngest deposits affected by this 
deformation are Pliocene in age. Similar thrustswere observed along the northern margin 
of the Medvednica Mountains by the interpretation of reflection seismics, showing up to 
2 km offsets at the base of the Miocene horizon [Tomljenović and Csontos, 2001]. Also 
further southeast, in the Sava basin, similar young thrust faults are observed [Ustaszewski 
et al., 2014]. These seismic studies indicate that the thrusts presumably affected deposits 
as young as the Pliocene and Quaternary, as inferred by correlation of seismic lines with 
well data.

 
3.4 Thermochronology

According to our structural observations the tectonic contact between the greenschist 
facies metamorphic core and the surrounding sub-greenschist facies metamorphosed 
Paleozoic units and non-metamorphosed Mesozoic sediments is the prominent 
characteristic of the Medvednica Mountains. Deriving the age of the ductile shear zone 
observed at this contact, as well as the timing of exhumation of the metamorphic core 
is of critical importance for understanding the tectonic evolution of the NW part of the 
Internal Dinarides. A combination of low-temperature thermochronology and spatially 
controlled mineral Rb-Sr dating was used to re-evaluate the relationship between the age 
of the structural contact and the timing of burial and subsequent exhumation. 

Low-temperature thermochronology has been performed to derive cooling ages of 
the metamorphic core and those of the surrounding Paleozoic-Mesozoic units in the 
hanging-wall of the tectonic contact. We have analysed samples for zircon fission-track 
(ZFT) and apatite fission-track (AFT) dating, targeting the cooling trajectory below 250°C. 
Combining AFT and ZFT allows reconstructing the cooling trajectory for the Medvednica 
Mountains, and thereby shedding light on the different tectonic processes that occurred 
in the NW Internal Dinarides. Additionally, we performed Rb-Sr dating to constrain the 
age of metamorphic events, mylonitic fabrics and associated deformation. Key sample 
locations were chosen to date these processes, with samples taken from the centre of the 
greenschist facies metamorphic core and from the mylonitic zone located at its margin. 

3.4.1 Apatite and Zircon Fission Track dating

Zircons and apatites are fairly rare in the sampled lithologies of the metamorphic core, 
which is dominated by basic meta-volcanics and meta–sediments (shallow or deep water 
limestones). Moreover, other more suitable lithologies were not available in the field due 
to outcrop scarcity. A total of seven samples were analysed for AFT and ZFT dating. Three 
samples (Figure 3.2, MD005, MD093, MD102) were taken from the greenschist facies 
metamorphic core, including two samples from the meta-volcanics (MD005, MD093) and 
a meta-sediment (MD102). The other four samples (Figure 2, MD094, MD101, MD109, 
MD113) were collected from the non-metamorphosed units: sample MD094 is a gabbro 
from the ophiolitic mélange, MD101 a sandstone from the Cretaceous flysch, MD109 a 
Paleozoic (meta-)sandstone and MD113 is a Lower Triassic sandstone. From the seven 
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samples only three samples contained zircons suitable to perform fission track analysis, 
i.e. MD093, MD094 and MD101. Only one sample (MD094) contained enough apatites for 
fission-track analysis. ZFT and AFT analytical results are presented in Tables 3.1a and 3.1b. 

The extraction of apatites and zircons from the rock samples (4-5 kg per sample) was 
performed by a standard mineral separation procedure [e.g., Merten, 2011] at VU University 
Amsterdam (The Netherlands). Following the mineral separation, zircon and apatite 
concentrates were prepared for irradiation. This includes mounting, grinding, polishing 
and etching of the apatite and zircon crystals. The etched mounts are attached against 
an external detector [Gleadow, 1981; Gleadow and Lovering, 1977] and subsequently 
irradiated at the nuclear reactor in Munich. During irradiation the neutron flux is 
monitored with a CN5 dosimeter glass for the apatite mounts and a CN1 dosimeter glass 
for the zircon mounts. Additional information on the AFT and ZFT analytical procedures 
can be found in Reiners and Ehlers [2005] and references therein. 

After irradiation the number of tracks in the apatites, zircons and external detectors 
were counted accompanied by the measurement of apatite fission track lengths. With this 
data the ages were calculated using the Trackkey software, version 4.2 by Dunkl [2002]. To 
calculate the ages the zeta-calibration method [Hurford and Green, 1983] was used with a 
zeta-factor of 352±10 for the CN5 glass (apatites) and 128±3 for the CN1 glass (zircons). To 
analyse the homogeneity of the single-grain ages per sample the Chi-square (χ2) test was 
used, which returns the probability (P(χ2)) that the single-grain ages are derived from the 
same population. When a P(χ2) > 5 % is obtained the sample passes the chi-square test 
and, therefore, the age population can be considered to be homogeneous [Barbarand et 
al., 2003; Bernet et al., 2009]. 

Finally, to constrain the cooling trajectories for the Medvednica Mountains the AFT 
cooling ages and AFT length data were combined and modelled using inverse modelling 
in the HeFTy software. This software is based on fission track annealing algorithms 
[Ketcham, 2005; Ketcham et al., 2007]. 

3.4.2 Rb-Sr chronology

Spatially controlled mineral isochrones [e.g., Muller, 2003] were obtained on four 
samples. The four samples (Figure 3.2, MD021, MD029, MD050, MD064) were collected in 
the vicinity of the detachment, as defined by the mylonitic zone between the greenschist 
facies metamorphic core and sub-greenschist facies to non-metamorphic units. Two of 
the selected samples (MD021, MD050) are meta-volcanics with a mylonitic fabric, while 
sample MD029 is a meta-sediment and the sample MD064 is Paleozoic sandstone with 
minor recrystallization. Rb-Sr results are presented in Table 3.2.

The isotopic ratios of 87Sr/86Sr and the trace element concentrations of Rb and 
Sr, were measured by thermal ionization mass spectrometry on whole rock or mineral 
separate fractions. Whole -rock samples were crushed to about one third of their grain size. 
Mineral fractions were obtained by micro-sampling of thin-sections or their billets using 
a Micromill [Ducea et al., 2003]. Powders were put in large Savillex vials and dissolved in 
mixtures of hot concentrated HF-HNO3 or alternatively, mixtures of cold concentrated 
HF-HClO4. The dissolved samples were spiked with the Caltech Rb, Sr, spikes [Ducea 
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and Saleeby, 1998]. After dissolution the Rb and Sr were separated in cation columns 
containing AG50W-X4 resin, using 1N to 4N HCl. Rb was loaded onto single Re filaments 
using silica gel and H3PO4. Sr was loaded onto single Ta filaments with Ta2O5 powder. 

Mass spectrometric analyses were carried out at the University of Arizona on an 
automated VG Sector multi-collector instrument fitted with adjustable Faraday collectors 
and a Daly photomultiplier [Otamendi et al., 2009]. Concentrations of Rb, and Sr were 
determined by isotope dilution, with isotopic compositions determined on the same spiked 
runs. An off-line manipulation programs was used for isotope dilution calculations. Typical 
runs consisted of acquisition of 100 isotopic ratios. The mean result of ten analyses of the 
standard NRbAAA performed during the course of this study is: 85Rb/87Rb = 2.61199±20. 
Fifteen analyses of standard Sr987 yielded mean ratios of: 87Sr/86Sr = 0.710285±7 and 
84Sr/86Sr = 0.056316±12. The Sr isotopic ratios of standards and samples were normalized 
to 86Sr/88Sr = 0.1194. The estimated analytical ±2σ uncertainties for samples analyzed in 
this study are: 87Rb/86Sr = 0.35%, 87Sr/86Sr = 0.0014%, and procedural blanks averaged 
from five determinations were: Rb-10 pg, and Sr-150 pg.

Figure 3.7: Fission track data. [a] Radial plots showing the distribution of cooling ages according 
to the relative error and standard deviation for the apatites (upper plot) and zircons (lower plot) 
in sample MD094, accompanied by a graph showing the distribution of the track lengths in the 
apatites for sample MD094 (upper right graph) and a graph illustrating the HeFTy modelling results 
(lower right graph) based on track length and age distribution of the apatite fission tracks. The 
HeFTy model suggests accelerated Miocene cooling. [b] Radial plot showing the distribution for 
the measured zircon fission track cooling ages in sample MD101 located in the hanging wall of the 
detachment. [c] Radial plot showing the distribution for the measured zircon fission track cooling 
ages in sample MD093, located in the footwall of the detachment. Abbreviations: Number of used 
data (n), Probability (P), Dispersion in single grain ages (D), Mean track length (MTL). Location of all 
samples is displayed in Figure 3.2.
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Figure 3.8: Rb-Sr isochron graphs for the samples MD021, MD029 and MD064. The errors shown for 
the sample ages are twice the standard deviation. The sample locations are displayed in Figure 3.2 
and sample description is further described in the text.
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3.4.3 Fission-Track Results

Three samples with suitable zircons yielded results. Samples that were collected in 
places situated outside the greenschist facies metamorphic core yield a central age of 
127.1 ± 8.1 Ma for MD094 and 126.5 ± 7.7 Ma for MD101 (Figures 3.7a,b). Both samples 
pass the Chi-square test with values above 5% (Table 3.1). The depositional age of the 
gabbro sample MD094 from the ophiolitic mélange is Jurassic (an ophiolitic block in the 
ophiolitic melange of Jurassic to presumably Earliest Cretaceous age [Babić et al., 2002]) 
and of the detrital sample MD101 the depositional age is Late Cretaceous (Campanian 
Gosau-type deposits). The depositional ages suggest that the obtained ZFT age for sample 
MD094 is related to post-depositional cooling subsequent to burial, e.g. in response to 
orogenic build-up. However, sample MD101 most likely represents a cooling age of a 
sediment source area because the obtained cooling age is older than the depositional 
age. Furthermore, these two samples are in close proximity and are almost identical with 
respect to their cooling ages suggesting a high possibility that the source area of the Late 
Cretaceous sample MD101 is the neighbouring ophiolitic mélange. This implies a very 
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short sediment transport and is in agreement with the observation of Jurassic – Lowermost 
Cretaceous ophiolitic mélange detritus found in the Upper Cretaceous sediments.

Sample MD093 is a meta-volcanic sample taken from the greenschist facies 
metamorphic core that has a ZFT central age of 81.2 ± 7.3 Ma and passed the chi-square 
test (Figure 3.7c). The age record Late Cretaceous cooling of the metamorphic core that 
postdates the late Early Cretaceous metamorphism.

Only one AFT sample contained sufficient apatites: the MD094, which is the same 
gabbro from the ophiolitic mélange as described above. This yields an AFT central age 
of 17.3 ± 1.2 Ma and a measured mean track length of 14.44 ± 1.03 µm (Figure 3.7a). 
The ZFT age, the AFT age and length measurements combined with metamorphic and 
stratigraphic constraints were used to derive the cooling trajectory of sample MD094 
by using HeFTy software. The age-temperature model (Figure 3.7b) indicates that the 
units outside the greenschist facies metamorphic core have remained above AFT closure 
temperatures until Miocene times. The long length of the apatite fission tracks, 15.03 ± 
1.24 µm when corrected for the angle of measurement, suggests that the sample must 
have passed rapidly through the partial annealing zone. The HeFTy model suggests a 
temperature drop from 140°C to 50°C between 20 to 15 Ma. The observed cooling rate 
is in the order of 18°C/Ma compatible with denudation rates in the order of 0.7 km/Ma, 
when assuming an average thermal gradient of 25°C/km.

In summary, the ZFT and AFT data indicate multiple cooling phases. ZFT ages indicate 
a Lower Cretaceous (Barremian-Aptian) cooling age of the areas presently situated 
outside the greenschist facies metamorphic core as well as the source area shedding the 
uppermost Cretaceous sediments. In contrast, the metamorphic core cooled below ca. 
240 oC during the Late Cretaceous. The only AFT age obtained for sample MD094 located 
outside the greenschist facies metamorphic core indicates rapid Miocene cooling. 

3.4.4 Rb-Sr dating results

Rb-Sr chronology typically has closure temperatures in a range of 300-500 oC [Muller, 
2003] although for most minerals diffusion data are sparse, and are influenced by grain 
size or cooling rates. Biotite for example, has a Rb-Sr closure temperature of around 280-
320°C in equilibrium with a pelitic whole rock [Dodson, 1973]. Despite uncertainties in 
closure temperatures, the technique is successfully applied to low-grade metamorphism 
in extensional systems, in cases where those rocks did not undergo subsequent 
metamorphism in a later orogenic cycle. Since cooling through the temperature range 
(300-500 oC) is typically fast in extensional systems, most pairs of mineral-whole-rocks 
found in low grade rocks are subject to mylonitization and newly forming minerals (with 
common minerals being calcite, epidote, chlorite, or biotite) will record the timing of that 
fast event spanning the brittle-ductile transition temperature range. 

Rb-Sr chronology was performed in this study on four samples (MD021, MD029, 
MD050, MD064) using whole rock and various individual minerals (Table 3.2). Isochrons 
[Ludwig, 2012] were obtained for samples MD021, MD029, MD064, but not for MD050. 
The MD021 isochron uses epidote and whole rock fractions, and has an age of 110.2 ± 
3.0 Ma. The MD029 isochron was determined using whole rock and calcite fractions, and 
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Figure 3.9 (facing page): Cross-sections across the Medvednica Mountain. [A] NE-SW oriented section 
and [B] NW-SE oriented section. Note the slight vertical exaggeration of the profiles. The location 
of cross-sections is displayed in figures 3.1b, 3.2 and 3.4. Abbreviations: Upper Paleozoic (Pz), Lower 
Triassic (T1), Middle Triassic (T2), Upper Triassic (T3), metamorphosed Triassic (T1-3), Ophiolite (ββ), Lower 
Cretaceous (Aptian-Cenomaian) (K13), Upper Cretaceous (Senomanian) (K23), Lower Miocene (M1), Middle 
Miocene (M2), Pliocene-Upper Miocene (Pl-M3), Quarternary (Q).

has an age of 113.4 ± 0.7 Ma. For the MD064 we use chlorite, biotite and the whole rock 
fractions, which define an isochron corresponding to an age of 110 ± 22 Ma.

3.5 Interpretation: integrated structural and thermochronological data.
All previous studies of the Medvednica Mountains assumed that the sub-greenschist 

facies Paleozoic meta-sediments, largely outcropping in the W/NW and NE, together 
with the greenschists facies metamorphosed Paleozoic - Triassic volcanics and sediments 
are both part of the same tectonic unit, i.e. the Medvednica metamorphic complex 
[e.g., Tomljenović et al., 2008 and references therein]. However, the sub-greenschist 
facies Paleozoic meta-sediments have experienced only low-grade metamorphism 
with peak temperatures of 100-240°C [Judik et al., 2006] when compared with the peak 
temperatures of the greenschist facies part of the metamorphic complex in the order 
of 350-410°C. Our structural analysis shows that these two rock units, characterised by 
different metamorphic grades, are part of two different tectonic units that are separated 
by a major shear zone (Figure 3.9). The analysis of the tectonic unit situated in its hanging-
wall demonstrates that the first deformation and very low degree metamorphism of the 
Paleozoic rocks must be (late) Variscan, subsequently unconformably overlain by Mesozoic 
non-metamorphosed sediments. This is in contrast with the Early Cretaceous age of the 
greenschist facies metamorphism of the Paleozoic-Triassic volcanics and sediments [e.g., 
Borojević Šostarić et al., 2012 and references therein] that appear to be part of another 
tectonic unit do to its position in the footwall of the shear zone. Some re-heating occurred 
at the base of the higher tectonic unit during the late Early Cretaceous burial, as observed 
in Paleozoic rocks by Judik et al. [2008], but at significant lower metamorphic conditions 
(i.e. sub- greenschist facies) when compared with the  greenschist facies of the lower 
tectonic unit. Therefore, we further make a clear distinction between these two tectonic 
units (Figure 3.9). 

3.5.1 Cretaceous kinematics and tectono-thermal evolution

Convergence between Adria and Europe continued in the Dinarides after the Middle 
Jurassic to earliest Cretaceous obduction of ophiolites over the distal Adriatic passive 
margin [e.g., Schmid et al., 2008]. In the area of the Medvednica Mountains this continuation 
resulted in a late Early Cretaceous event of nappe stacking, burial and metamorphism in 
greenschist facies of the Paleozoic – Triassic volcanics and sediments of the lower tectonic 
unit (Figures 3.3 and 3.9). In this unit, the nappe stacking correlates with our D1 phase of 
deformation associated with co-axial flattening, isoclinal folding and greenschist facies 
metamorphism with peak temperatures up to ca. 400 °C. The Rb-Sr age dating indicates 
that metamorphism occurred around 110 Ma, in agreement with previous studies [e.g., 
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Borojević Šostarić et al., 2012 and references therein]. The contraction direction (NW-SE) of 
our study is in agreement with previous structural studies of the Medvednica Mountains 
[e.g., Tomljenović et al., 2008]. By correcting for the Late Paleogene – Early Miocene 130° 
clockwise rotations and the 30° Miocene – recent counter-clockwise rotations of the 
Medvednica Mountains [Tomljenović et al., 2008] the original contraction would be NE-
SW oriented. A NE-SW directed contraction is commonly observed in the Dinarides, but at 
later times, during the Late Cretaceous – Eocene [e.g., Schmid et al., 2008 and references 
therein; Tari-Kovačić and Mrinjek, 1994]. In the upper tectonic unit, the deposition of Aptian-
Cenomanian shallow marine and near-shore flexural basin sequence that unconformably 
overlays the Paleozoic-Mesozoic and ophiolitic mélange units [Lužar-Oberiter et al., 2012] 
can be interpreted as syn-kinematic deposition to the late Early Cretaceous thrusting.

This initial nappe stack was overprinted by a D2 top-NE Late Cretaceous event that 
created pervasive mylonitisation and NE plunging stretching lineations in the greenschist 
facies metamorphic core (D2). In this lower unit, a second stage of lower greenschist 
facies metamorphism under retrograde conditions took place during D2 shearing, 
observed mostly by the breakdown of epidote and renewed growth of chlorite and 
feldspar. This shearing and retrograde metamorphism is particularly concentrated at 
the structural contact between the two tectonic units and decreases at farther distances 
in the greenschist facies metamorphic core. Based on the available structural data we 
interpret D2 as an expression of NE-directed extension that reactivated the earlier late 
Early Cretaceous nappe contact as a major detachment. This reactivation was facilitated 
by the presence of metamorphosed carbonate material (marbles and calc-schists) in the 
upper part of the greenschist facies metamorphic core that resulted in the formation of 
calc-mylonites. The presence of such rocks at temperatures in excess of 300 °C creates 
rheological weak zones that localize deformation [Schmid et al., 1977]. Reactivation of 
inherited nappe contacts as extensional detachments due to the presence of rheological 
weak layers consisting of metamorphosed carbonatic cover, ophiolitic mélanges or 
turbidites in the upper part of buried nappes is commonly observed in the Internal 
Dinarides [Matenco and Radivojević, 2012; Schefer et al., 2011; Stojadinović et al., 
2013; Toljić et al., 2013; Ustaszewski et al., 2010]. The formation of the detachment was 
associated with the onset of Upper Cretaceous deposition in the hanging-wall unit. This 
deposition shows clear syn-depositional normal faulting with the same top-NE transport 
direction. It also has the typical hanging-wall extension initiation characteristics of an 
overall transgression with coarse continental fan lobes in the proximity of the detachment 
passing laterally and upwards to alluvial fans, proximal marine and continental shelf 
deposits, and ultimately to deep-water sedimentation. The initial continental deposition 
is interpreted as rift-initiation type of sedimentation [sensu Prosser, 1993]. Therefore, we 
interpret the activation of the extension and the formation of the top-NE detachment to 
be coeval with the initiation of the Upper Cretaceous sedimentation in the hanging-wall 
of the detachment. This is in line with the recorded Upper Creatceous cooling according to 
the single ZFT age for the lower tectonic unit of the greenschist facies metamorphic core, 
possibly suggesting extensional exhumation of the footwall units took place associated 
with the detachment.

The detachment was responsible for the tectonic omission observed in the jump of 
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metamorphic degree between the two tectonic units (Figure 3.9). This is evident even 
when comparing the metamorphic degree of the greenschist facies footwall with the 
sub-greenschist facies Paleozoic sediments of the hanging-wall (Figure 3.9). Farther to 
the NE, this deformation created a second weakly mylonitic to cataclastic top-NE shear 
zone that juxtaposed Middle Triassic rocks in its hanging-wall in contact with Paleozoic 
meta-sediments in the footwall (Figure 3.9A). Its geometry and smaller tectonic omission 
suggest that this is an excisement splay formed during the late stages of exhumation. 
Restoring the post-Eocene clockwise and subsequent counter-clockwise paleomagnetic 
rotations imply that the presently observed top-NE sense of shear along the detachment 
was originally top-NW at the time of deformation. 

3.5.2 Latest Cretaceous to Neogene tectonic evolution

The Late Cretaceous extension was subsequently followed by shortening that created 
NW-verging thrusts and folds in their present-day orientation (D3). In agreement with 
previous studies [Tomljenović et al., 2008], we interpret these structures to be formed 
during the latest Cretaceous – Eocene phases of Dinaridic collision. Deformation started 
during the latest Cretaceous, most likely Maastrichtian, with the deposition of syn-
contractional turbidites that continued the deep-water deposition of the earlier syn- 
and post- extensional sediments. All these sediments were deformed together with 
the overlying Paleocene deposits. This deformation correlates with the typical latest 
Cretaceous and Eocene stages of shortening observed throughout the Dinarides, which 
took place during the collision between Europe and Adria [Dimitrijević, 1997; Schmid 
et al., 2008; Ustaszewski et al., 2010]. Our observations were unable to differentiate two 
separate stages of contraction (i.e. latest Cretaceous and Eocene) as inferred elsewhere, 
although such a differentiation may emerge in further studies. Taking into account the 
post - Eocene clockwise and subsequent counter-clockwise rotations [Tomljenović et 
al., 2008], the presently NW verging D3 structures would be SW verging at the time of 
deformation, which is a typical and coeval Dinaridic vergence.

A new stage of contraction followed (D4) that was characterized by NE-SW oriented 
shortening in present day orientation. This stage is marked in particular by the out-of-
sequence emplacement of the Žumberak nappe [Tomljenović et al., 2008] in the SW part 
of our study area. Here Triassic shallow marine clastics and carbonates are thrusted over 
the sub-greenschist facies Paleozoic meta-sediments and Upper Cretaceous-Paleogene 
deposits (Figure 3.2). In contrast to previous studies, we infer that the transport direction 
is top-SW in its present-day orientation (Figure 3.9a) based on limited available field 
kinematic indicators. To the SW of the studied area in Žumberak Mountains (Figure 
3.1b), the Žumberak nappe thrusts mainly Upper Triassic dolomites, similar in facies to 
the Carnian-Norian Hauptdolomit (or Dolomia Principale) of the Southern Alps, over an 
ophiolitic mélange and Cretaceous-Paleogene sediments [Figure 3.1b, Tomljenović, 2002]. 
Interestingly, the Upper Triassic shallow-water facies of the Žumberak nappe contrasts 
with coeval deep-water facies documented in the internal part of the Dinarides following 
the overall deepening of the Adriatic passive continental margin [Dimitrijević, 1997; 
Schefer, 2010; Toljić et al., 2013]. Thus, when compared with the facies of typical internal 
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Dinaridic nappes, which include the Medvednica Mountains [see Schmid et al., 2008], the 
paleogeographic provenance of the Žumberak nappe is different. The emplacement age 
of the Žumberak nappe must be some times during the Oligocene – earliest Miocene, 
post-dating the Late Cretaceous – Eocene shortening (D3) and pre-dating the Miocene 
extension of the Pannonian Basin. Given the coeval large-scale clockwise and subsequent 
counter-clockwise rotations of the Medvednica Mountains, it is difficult to reconstruct the 
sense of shear at the times of Žumberak nappe emplacement, but it could have been 
somewhere between top-S to top-SE at the time of deformation.

The extension of the Pannonian Basin starting at ~20 Ma is well documented in the 
larger region of the Medvednica Mountains [Fodor et al., 2008; Horváth et al., 2006; 
Ustaszewski et al., 2010]. It affected both the Medvednica Mountains, by formation of 
normal faults as documented in our study (D5, Figure 3.9a) and by seismic interpretation 
in the neighbouring Sava and Drava basins [Saftić et al., 2003; Tomljenović and Csontos, 
2001; Ustaszewski et al., 2014]. Furthermore, the normal faulting is dominantly low-
angle and listric in geometry and the coeval Miocene sedimentation in the hanging-wall 
is associated with footwall erosion (Figure 3.9a). The combined data and observations 
suggest that the extension was asymmetric and associated with gradual exhumation of 
the Medvednica Mountains in the footwall of normal faults or brittle detachments. This is 
in agreement with our single AFT age and the thermal modelling, suggesting enhanced 
cooling between 20 and 15 Ma (Figure 3.7a) which possible indicate the observed 
extension triggered tectonic exhumation. Furthermore, the extension has reactivated 
the Late Cretaceous detachment as inferred by cataclastic deformation overprinting the 
mylonites at the contacts of the greenschist facies metamorphic core with the Miocene 
sediments. The Miocene exhumation of the Medvednica Mountains has resulted in a 
dome-like geometry with the dominant top-NE to ENE sense of transport and deviations 
towards NE-SW oriented near the NW and SE margins (Figures 3.2 and 3.6c). Such a 
geometry and kinematics of normal faults suggests exhumation during extension and 
is often observed in other core-complexes or brittle detachments that have a dome-like 
geometry [e.g., Jolivet et al., 2004; Lister and Davies, 1989; Matenco and Schmid, 1999].

The last stage of deformation (D6) observed by our data is post-Miocene top-NW 
thrusting (Figure 3.9b). This deformation is in agreement with previous field kinematic and 
morphological studies in the Medvednica Mountains and with seismic interpretations of 
the surrounding area, e.g. the Sava basin [Matoš et al., 2014; Saftić et al., 2003; Tomljenović 
and Csontos, 2001; Tomljenović et al., 2008; Ustaszewski et al., 2014]. As proposed by 
Tomljenović and Csontos [2001] this shortening took place in response to the coeval 
N-ward convergence and counterclock-wise rotation of Adria in respect to Europe [see 
also Bada et al., 2007; Vrabec and Fodor, 2005], which started at around 7 Ma in the larger 
area of the Southern Pannonian Basin [Matenco and Radivojević, 2012].

3.6. Discussion 

Our study demonstrates that the area of Medvednica Mountains in NW Croatia was 
affected by a complex poly-phase tectonic history including multiple events of thrusting 
and nappe stacking interrupted by two periods of extensional deformation and associated 
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Figure 3.10: A temperature-time graph illustrating the thermal evolution of the hanging-wall versus 
the footwall of the detachment, and their position in time compared to the tectonic, metamorphic 
and sedimentary events. Geochronological data and their error bars compiled from: I/ Judik et al. 
[2008], II/ Borojević Šostarić et al. [2012], III/ this study, IV/ Judik et al. [2006] and Belak et al. [1995], 
V/ this study. The thermal paths for the hanging-wall and footwall join the mean age and mean 
closure temperature for each data point. Therefore the lines are in the centre of the error-bars. For 
the abbreviations see the figure caption of Figure 3.9.
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exhumation. The presented study suggest a different interpretation is needed for the late 
Early Cretaceous nappe stacking and burial of the metamorphic core to greenschist facies 
conditions. Although it has been documented before [e.g., Pamić, 1993], this deformation 
event has yet no clear explanation in the overall context of the Dinaridic tectonic evolution. 
Outside the study area, this contraction is documented by the formation of a regional 
unconformity post-dating the late Jurassic –Earliest Cretaceous obduction of Western 
Vardar unit, observed for instance in the pre-Karst or Drina – Ivanjica units of Montenegro 
and Serbia [Schmid et al., 2008]. Farther to the SE in the prolongation of the Dinaridic units, 
this event is responsible for large scale thrusting and metamorphism up to amphibolitic 
facies of the Pelagonian units of the Hellenides [Kilias et al., 2010 and references therein]. 
Closer to our studied area, coeval or post-dating deformation took place in the well-known 
Austroalpine nappe stack of the Eastern Alps that resulted in large-scale contraction and 
metamorphism [e.g., Neubauer et al., 1995b and references therein]. We suggest that 
the kinematics and timing of the late Early Cretaceous deformation in the Medvednica 
Mountains is better correlated with the latter area. The reconstructed NE-SW direction of 
the late Early Cretaceous shortening cannot be directly correlated with the post-dating 
latest Cretaceous – Eocene contraction in the Dinarides because these are two different 
tectonic events being separated by the Late Cretaceous extension. The significance of 
these seemingly separated events is discussed in the following section.

3.6.1 Late Cretaceous extensional exhumation

The formation of an extensional detachment during Late Cretaceous times at around 
80 Ma explains the tectonic omission observed in the Medvednica Mountains between 
the greenschist facies metamorphic core and surrounding Paleozoic–Triassic sediments. 
Besides the presented field evidence, this new interpretation is based on a compilation 
of previously published thermochronological data (Figure 3.10). Vitrinite reflectance data 
and Ar/Ar white mica ages from the metamorphic core indicate temperatures in the order 
of 300-410 °C during the Early Cretaceous. In contrast, vitrinite reflectance data and K/
Ar illite ages indicate temperatures in the order of 200-230 °C in the hanging-wall of the 
metamorphic core for the same period of time (Figure 3.10). The inclusion of our new 
data added to this compilation allowed for a precise correlation of the time-temperature 
paths in the footwall and hanging-wall units and thus provides critical constraints on 
the timing of the tectonic omission. The Rb-Sr isochrone ages between 110 and 113 
Ma are important for specifying the time-temperature history of the greenschist facies 
metamorphic core during Early Cretaceous times (Figure 3.10) and the Upper Cretaceous 
syn-kinematic sedimentation and coeval ZFT cooling age constrains a possible successive 
phase of extensional exhumation (Figure 3.7c). The Early Cretaceous ZFT cooling and 
provenance ages (126-127 Ma) obtained from outside the greenschist facies metamorphic 
core increase the precision of the time – temperature curve in the same range as recorded 
by previous studies (Figure 3.10). The short-range sediment transport of Jurassic – Earliest 
Cretaceous ophiolitic mélange detritus deposited in Upper Cretaceous sediments is in 
agreement with previous provenance studies [Lužar-Oberiter et al., 2012].



Figure 3.11: Model for the interaction between the Alps and Dinarides in the larger area of the 
Medvednica Mountains, for the situation reconstructed at around 20 Ma [modified following an 
original map reconstruction of Ustaszewski et al., 2008]. The white dashed area highlights the 
potential weak zones (Mid-Slovenian trough and Sava zone) that can accomodates Miocene 
extension [a] Modified map-view of the Medvednica Mountains area.  [b] Conceptual 3D cartoon 
model of the inset as shown in figure 3.11a. Abbreviation: Medvednica Mountains (Med.)
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Similar Late Cretaceous exhumation of dome-shaped metamorphic cores in the 
footwall of major detachments is a characteristic feature of the neighbouring Eastern Alps 
[e.g., Froitzheim et al., 1997; Neubauer et al., 1995a]. For instance, the Late Cretaceous 
Gleinalm dome has re-activated an inherited nappe contact and exhumed a metamorphic 
nappe stack along a low-angle detachment separating amphibolite grade rocks in the 
footwall from Paleozoic lower greenschist facies rocks in the hanging-wall. Along this 
structure, the footwall accommodated a significant amount of vertical thinning associated 
with non-coaxial shear, while the hanging-wall recorded the syn-kinematic deposition 
of Upper Cretaceous Gosau sediments. These sediments were deposited in basins 
formed on top of a thickened and metamorphosed crust and contain Middle Santonian 
continental to lacustrine deposits followed by Campanian deep marine sediments. Basin 
subsidence was coeval with the exhumation of metamorphic basement along low angle 
detachments within an overall tectonic setting characterised by N-S convergence and 
E-W extension [Froitzheim et al., 1997; Fügenschuh et al., 2000; Neubauer et al., 1995b; 
Willingshofer et al., 1999a]. The extensional exhumation of the metamorphic basement 
and the subsidence of the Gosau basins in the Eastern Alps followed the late Early to early 
Late Cretaceous W to NW directed stacking of Austroalpine units [e.g., Neubauer et al., 
2000and references therein]. It was possibly controlled by the collapse of thickened and 
gravitationally unstable continental crust [Willingshofer et al., 1999a, b] or, alternatively, 
related to back-arc extension driven by variation in subduction mechanics of the Alpine 
Tethys [Froitzheim et al., 1997]. 
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3.6.2 Miocene extensional exhumation

Our field structural data have demonstrated the existence of a large array of Miocene 
normal faults, their geometry following partly the elliptical shape of the Medvednica 
Mountains. The listric geometry of major faults combined with footwall uplift along 
associated tectonic omissions (Figure 3.10) and the local cataclastic deformation 
overprinting the earlier late Cretaceous detachment demonstrate that significant 
exhumation occurred during Miocene extension. The age of this extensional exhumation 
is confirmed by our AFT age of ~17.3 Ma that records exhumation outside of the Upper 
Cretaceous metamorphic core. The amount of Miocene exhumation of the entire 
Medvednica Mountains must be in the range of AFT partial annealing temperatures, but 
no higher than the ZFT closure temperature otherwise the ZFT would have been reset 
during the Miocene. The amount of differential exhumation between the greenschist 
facies metamorphic core and surrounding units by partly reactivating the earlier ductile 
detachment cannot be derived by our limited thermochronological data, but our 
structural interpretation suggests a cumulated footwall exhumation in the range of 2 to 
4 km (Figure 3.10).

The presence of Miocene detachments and associated extensional exhumation was 
already documented in the neighbouring Miocene basins by the low angle geometry of 
normal faults observed in seismic sections [Tomljenović and Csontos, 2001, see also figure 
3.9]. The main depocentre with ~3 km of Miocene sediments in the Drava basin [e.g., 
Malvić and Velić, 2011] is an expression of the documented NE-directed extension in the 
Medvednica Mountains. Miocene detachments associated with extensional exhumation 
of footwalls are commonly observed in the Dinarides near the Pannonian Basin margin, 
or buried beneath the Miocene sediments in the adjacent part of the Pannonian Basin 
[Matenco and Radivojević, 2012; Stojadinović et al., 2013; Toljić et al., 2013; Ustaszewski 
et al., 2010]. The range of exhumation ages derived by these studies contains the 20-
15 Ma age of enhanced footwall exhumation in the Medvednica Mountains. Similar 
detachments associated locally with the formation of core-complexes are observed near 
the transition between the Eastern Alps and the Pannonian Basin [Cao et al., 2013; Fodor 
et al., 2008; Ratschbacher et al., 1990; Tari et al., 1992; Tari and Pamić, 1999]. In general, the 
asymmetry of the extension is well documented at the scale of the entire Pannonian basin 
by the formation of the detachments at its margin with the Eastern Alps and Dinarides. 
Their formation is driven by the roll-back of slabs during the evolution of Carpathians and 
possibly also the Dinarides [Horváth et al., 2006; Matenco and Radivojević, 2012].

3.6.3 Inferences for the evolution of the Europe-Adria contact in the Dinarides

Among all extensional structures of the Pannonian Basin, the similarity between the 
structure of Medvednica Mountains of Croatia and that of Fruška Gora of Serbia [see 
Toljić et al., 2013] is remarkable. Both are dome-like structures of roughly the same size 
surrounded by the Miocene sediments of the Pannonian Basin in the vicinity of Dinarides. 
Both contain cores composed of greenschist-facies rocks metamorphosed during the 
Cretaceous nappe stacking and have suffered large-scale clockwise rotations during 
Oligocene – Earliest Miocene times. Both have recorded a two-stage exhumation history of 
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first their metamorphic core and subsequently the entire mountain (Late Cretaceous and 
Early-Middle Miocene in Medvednica, versus latest Eocene – Early Miocene and Middle 
Miocene in Fruška Gora, see also Stojadinović et al. [2013]). The Miocene exhumation in 
both areas took place in the vicinity of the Sava zone, located to the east of the Medvednica 
Mounatins (see Figure 1.2), with kinematics that re-activate its inherited ~NE-dipping 
geometry, an observation already suggested by studies elsewhere in the Dinarides near 
the contact with the Pannonian Basin [Ustaszewski et al., 2010]. Field relations suggest that 
the main controlling feature of Miocene extension in the southern part of the Pannonian 
Basin was the re-activation of the Europe-Adria suture zone along the length of the entire 
Dinarides-Pannonian Basin transition up to their contact with the Eastern Alps. 

The observation of a late Early Cretaceous metamorphic event and a Late Cretaceous 
stage of extensional exhumation near the Sava suture in the Medvednica Mountains 
appears to suggest that the Sava Ocean was already closed in this segment of the 
Dinarides, contrasting the previously proposed latest Cretaceous age of collision [Schmid 
et al., 2008; Ustaszewski et al., 2009]. The Late Cretaceous extension of the Medvednica 
Mountains is in line with observations from the nearby Moslavačka Gora Mountains 
[Balen and Petrinec, 2010; Balen et al., 2001; Starijaš et al., 2010]. Here a ~100-90 Ma 
event of low-pressure high-temperature regional metamorphism occurred, followed by 
decompressional melting and emplacement of a granitic pluton around 80 Ma during 
a period of crustal uplift. However, the earlier closure of the Sava Ocean is contradicted 
by the observation of Late Cretaceous intra-oceanic magmatism and the inferred latest 
Cretaceous age of collision more eastwards in the region of Kozara Mountains, situated 
in a central position along the northern Dinaridic border [Ustaszewski et al., 2009]. The 
obvious solution is the correlation of the late Early Cretaceous metamorphism and Late 
Cretaceous extensional exhumation in the Medvednica Mountains with coeval and similar 
well-documented kinematics of the Eastern Alps, rather than the Dinarides. These Eastern 
Alps processes are imprinted onto the presently neighbouring NW Dinaridic margin, i.e. 
driven by the Alpine evolution of European subduction beneath Adria (Figure 3.11). 

3.6.4 Alps-Dinarides interference

Our study suggests that the interference between the Alpine and Dinaridic tectonic 
evolutions are larger than previously thought (Figures 3.1b and 3.11). In addition to the 
late Early Cretaceous burial and metamorphism and the Late Cretaceous extension, also 
the Oligocene - earliest Miocene contraction is likely to be related to Alpine tectonics as 
we will discuss here. The allochtonous Žumberak nappe was emplaced with reconstructed 
top-S to top-SE kinematics during the Oligocene – earliest Miocene in the SW part of 
Medvednica Mountains and adjacent parts of the Dinarides across the Miocene Sava 
basin. This reconstructed kinematics is compatible with the coeval S to SSE-ward retro-
wedge thrusting that took place in the neighbouring Southern Alps starting in Oligocene 
times [e.g., Castellarin et al., 1992; Doglioni and Bosellini, 1987]. Furthermore, the shallow-
water Upper Triassic facies of the Žumberak nappe contrasts the coeval deep-water facies 
of all the other Dinaridic internal nappes situated in the vicinity of the Sava zone, east of 
the Medvednica Mountains. However, a similar nappe contact was inferred from structes 
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in the Ivanščica Mountains, situated immediately north of Medvednica Mountains (Figure 
3.1b). Here a late Jurassic – Early Cretaceous Alpine carbonate platform up to deep water 
facies, lacking ophiolites or ophiolitic mélanges, is thrusted over a Triassic – Jurassic 
shallow to deep water facies and an typical internal Dinaridic ophiolitic mélange [Halamić 
et al., 2001]. This nappe contact is likely the same as the Oligocene nappe contact at the 
base of the Žumberak nappe in the Medvednica Mountains and further SW-wards (Figure 
3.11). This contact has been subsequently affected by Miocene extension and Pliocene-
Quaternary inversion, causing the earlier Oligocene – earliest Miocene nappe contact to 
be cross-cut and tilted along the Medvednica Mountains extensional dome. This nappe 
contact is also compatible with a nappe contact observed in western Slovenia, where the 
Triassic – Cretaceous deep-water facies of the Mid-Slovenian trough of the Tolmin nappe 
is overthrusted by the Triassic shallow water facies (including Upper Triassic Dachstein) of 
the Julian nappe during the Oligocene [Celarc et al., 2013; Goričan et al., 2012a; Goričan 
et al., 2005; Goričan et al., 2012b]. In contrast, the deep-water Tolmin nappe has no 
record of a possible ophiolitic mélange such as observed in the footwall of the Žumberak 
nappe (Figure 3.1). More to the W, the interference between the Eocene Dinaridic top-
SW structures and the Alpine top-S thrusting starting in Oligocene times is a well-known 
characteristic of the Southern Alps [e.g., Castellarin and Cantelli, 2010 and references 
therein]. 

Therefore, given all the limitations in structural observations and large scale correlations, 
we suggest that the Žumberak nappe of the Medvednica Mountains is a Southern Alps 
nappe thrusted as a higher unit during Oligocene – earliest Miocene times over the 
internal Dinarides (Figure 3.11). In between, it correlates with the upper nappe of the 
Ivanšćica Mountains and with the Julian nappe, as discussed above. The correlation with 
the S-ward retro-shearing of the Southern and Julian Alps is in agreement with available 
quantitative reconstructions that show the position of the Medvednica Mountains was 
south of the Alps-derived unit (i.e. AlCaPa) at the onset of Miocene extension in the 
Pannonian Basin [Ustaszewski et al., 2008, figure 3.6 therein]. A more precise correlation 
with the Southern Alps is still hampered due to uncertainties in the paleogeographic 
position of the Mid-Slovenian trough in the Neotethys Ocean [see Goričan et al., 2012b], 
and the fragmentation of the region in between Medvednica and the Southern Alps due 
to Miocene extension and lateral displacements related to the Periadriatic fault system.

3.6.5 Implications for the mechanics in areas of subduction polarity change

We infer from our study that areas affected by interferences between two orogens 
records both their tectonic events, an obvious first order conclusion. In more details our 
study suggests that the S- to SE-ward thrusting in the eastern part of the Southern Alps 
during its Oligocene-Early Miocene onset is conditioned by the inherited geometry of 
the Sava suture zone and a possible westward prolongation along the Mid-Slovenian 
through (Figure 3.11). This is a rheological weak zone for any deformation post-dating its 
latest Cretaceous – Eocene suturing, as proven by the Sava re-activation along its entire 
Dinaridic strike by subsequent Miocene detachments. In other words, the existence of a 
rheological weak zone, such as a sutured subduction zone or a nappe contact, is critical 
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for the localization of orogenic retro-shears during their early stages of formation in areas 
of subduction polarity changes. Such localization is similar with that observed by far-
field strain transmission in rheological weak zones of orogenic forelands, although with 
an opposite polarity [Ziegler et al., 1995; Roure, 2008]. Other examples of contractional 
polarity changes driven by lateral variations in the rheology or geometry of orogenic 
systems have been observed and modelled for instance in the Black Sea or the New 
Guinea-New Britain forearc system [Munteanu et al., 2014; Munteanu et al., 2013]. In 
all situations, the kinematics of transitional areas is influenced by the geometry of the 
rheological weak zones and the individual succession of deformation events. 

3.7 Conclusions

Our kinematic, depositional and thermochronological analysis of the Medvednica 
Mountains has demonstrated two novel stages of extensional exhumation during the 
Late Cretaceous and Miocene. We have also obtained a number of critical results for the 
Dinaridic-Alpine junction and for understanding subduction polarity changes in general. 
In the Medvednica Mountains and neighbouring areas, Late Cretaceous exhumation was 
accommodated along a large-scale detachment active around ~80 Ma. This detachment 
largely exhumed the internal core of the mountains that was previously metamorphosed 
in greenschist facies during late Early Cretaceous times. As a result of exhumation, the 
greenschist-facies metamorphic core is brought in direct structural contact with the 
overlying Paleozoic rocks and their Mesozoic cover. The formation of the detachment 
was associated with the hanging-wall deposition of Upper Cretaceous sediments, whose 
gradual transgressive pattern from continental to deep-water facies is almost identical with 
coeval equivalents found in the Gosau Basins of the Eastern Alps. Miocene extension has 
partly reactivated the earlier detachment, which resulted in widespread normal faulting 
and accommodated the second stage of exhumation of the Medvednica Mountains 
between 20-15 Ma. This Miocene extension was characterized by a dominant NE transport 
direction, which is compatible with similar geometries and transport directions observed 
elsewhere in the Dinarides and the Alps near their margins with the Pannonian Basin.

Our study shows that the Medvednica Mountains records a tectonic history that 
combines the typical deformation and associated sedimentation patterns observed in 
both the Dinarides and the Eastern/Southern Alps. The late Early Cretaceous nappe burial 
recorded in the Medvednica Mountains is correlated with the deformation that stacked the 
Austroalpine units of the Eastern Alps. However, it has affected a typical internal Dinaridic 
sedimentary facies, is Adria-derived and contains ophiolitic records from the same ocean 
(i.e. Neotethys). Subsequently, Late Cretaceous extensional exhumation and associated 
hanging-wall sedimentation is similar to extensional tectonics and sedimentation observed 
in the neighbouring areas of the Eastern Alps. In contrast, starting in latest Cretaceous 
times, the Medvednica Mountains and Eastern Alps were displaced in opposite directions 
(to the SW and N, respectively) by the different subduction and collision polarities of 
the Alps and Dinarides. Post-dating the Eocene final moment of significant contraction 
in the Dinarides, the onset of S-vergent Alpine retro-wedge thrusting occurred during 
the Oligocene – Early Miocene and has likely emplaced a Southern Alps nappe as the 
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structurally highest unit (i.e. the Žumberak Nappe) in the Medvednica Mountains and 
adjacent Dinaridic areas. These deformation stages were subsequently overprinted by 
the extension, lateral displacements and inversion driven by the well-known Pannonian 
back-arc tectonics starting at ~20 Ma. Miocene extension has affected the Eastern Alps 
and Dinarides in a similar kinematic way, i.e. by significant footwall exhumation and the 
formation of core-complexes along low angle detachments. 

All these findings demonstrate that areas situated near neighbouring orogens with 
different subduction polarities, such as the Medvednica Mountains in-between the Alps 
and the Dinarides, can record a complex and dual tectonic history. The zone of interference 
is large, not only structures of the Dinarides extend far into the Southern Alps, but also 
structures of the Eastern and Southern Alps extend much farther into the Dinarides than 
previously thought. We suggest that the onset of retro-wedge thrusting of the eastern 
Southern Alps is conditioned by the inherited geometry of the Sava suture zone. In other 
words, the existence of a rheological weak zone, such as a sutured subduction zone or a 
nappe contact, is critical for the localization of orogenic retro-shears during their early 
stages of formation in areas of subduction polarity changes.

Chapter 3.

Photo (facing page): Close-up of the orthogonal subduction model, Experiment 2. The black grains 
are grounded coffee beans that is sieved on top of the model for optimal particle tracing results.
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Abstract
A series of analogue experiments simulating intra-continental subduction 

contemporaneous with lateral extrusion of the upper plate are performed to study the 
interference between these two processes at crustal levels and in the lithospheric mantle. 
The models demonstrate that intra-continental subduction and coeval lateral extrusion of 
the upper plate are compatible processes leading to similar deformation structures within 
the extruding region as compared to the classical setup, lithosphere-scale indentation. 
Strong coupling across the subduction boundary allows for the transfer of stresses to the 
upper plate, where strain regimes are characterized by crustal thickening near a confined 
margin and dominated by lateral displacement of material near a weak lateral confinement. 
The strain regimes propagate laterally during ongoing convergence creating an area of 
overlap characterized by transpression. When subduction is oblique to the convergence 
direction, the upper plate is less deformed and as a consequence the amount of lateral 
extrusion decreases. In addition, strain is partitioned along the oblique plate boundary 
resulting in less subduction in expense of right lateral displacement close to the weak 
lateral confinement. Both oblique and orthogonal subduction models have a strong 
resemblance to lateral extrusion tectonics of the Eastern Alps (Europe), where subduction 
of the adjacent Adriatic plate beneath the Eastern Alps is debated. Our results imply that 
both indentation and subduction of Adria are valid mechanisms to induce extrusion-type 
deformation within the Eastern Alps lithosphere. Furthermore, our findings suggest that 
the Oligocene to Late Miocene structural evolution of the Eastern Alps reflects a phase 
of oblique subduction followed by a later stage of orthogonal subduction conform a 
Miocene rotation in the plate motion of Adria. Furthermore, oblique subduction of the 
Adriatic plate provides a viable mechanism to explain the rapid decrease in slab length 
beneath the Eastern Alps towards the Pannonian Basin.
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4.1 Introduction

Lateral extrusion entails the combined effects of tectonic escape and gravitational 
collapse of a weak orogenic wedge in response to indentation under conditions of an 
unconstrained (mechanically weak) lateral boundary [Ratschbacher et al., 1991b]. This 
process results in the escape of crustal blocks along conjugate strike-slip faults towards 
the weak boundary (i.e. a coevally extending region) oriented at a high angle to the 
convergence direction. The Eastern Alps (Europe), Tibetan Plateau, and the Anatolian 
Plateau, for instance (Figure 4.1), have been subjected to this process with variable 
contributions of the collapse component [e.g., McKenzie, 1972; Philippon et al., 2014; 
Ratschbacher et al., 1991b; Tapponnier et al., 1986].  

Previous numerical and analogue modelling studies yielded valuable insights in the 
parameter space favoring escape and extrusion tectonics. These studies have shown 
that a weak lateral boundary is a pre-requisite for lateral extrusion to occur [Davy and 
Cobbold, 1988] and that the indenter only needs to be moderately strong in comparison 
to the indented region [Robl and Stuwe, 2005; Willingshofer et al., 2005]. Other important 
parameters influencing the extrusion process and the resulting deformation geometries 
are the shape of the indenter, the convergence direction or the width and rheological 
variations of the indented region [e.g., Ratschbacher et al., 1991a; Rosenberg et al., 2007; 
Sokoutis et al., 2000]. 

The Eastern Alps in Europe (Figure 4.1) is one of the key examples for the study of 
lateral extrusion tectonics [Frisch et al., 2000; Ratschbacher et al., 1991b; Wölfler et al., 
2011]. There extrusion is driven by Miocene indentation of the Eastern Alps lithosphere 
by the Adriatic microplate, which occurred simultaneously with and perpendicular to the 
opening of the Pannonian Basin in the east [e.g., Ratschbacher et al., 1991b]. The latter is 
related to the Carpathian slab roll-back and created the space needed for the extruding 
crustal blocks. Within this tectonic frame the Adriatic plate is traditionally considered as 
a semi-rigid indenter [Ratschbacher et al., 1991b]. However, high-resolution teleseimic 
tomography (Lippitsch et al., 2003) suggests that the Adriatic plate is not a lithosphere-
scale bulldozer pushing against the Alps but has been subducting beneath the extruding 
Eastern Alps since about 30 Ma [Handy et al., 2015]. These findings raise first order 
questions such as: (a) how is deformation partitioned between the laterally extruding 
upper plate and the subducting lower plate, (b) what is the role of upper and lower plate 
rheology and geometry, and (c) what mechanisms control the upper plate deformation. 
These questions are not only relevant for the Eastern Alps but also shed new light on 
the lateral extrusion tectonics of the Tibetan Plateau, the Anatolian Plateau or the Zagros 
Mountains, for instance (Figure 4.1); in each case lateral extrusion occurs in the upper 
plate of an adjacent subducting continental plate. 

We present results of a physical analogue modeling study that for the first time embarks 
on the interplay between intra-plate subduction and lateral extrusion processes, assessing 
the sensitivity of upper plate extrusion-type deformation in response to orthogonal and 
oblique continental subduction. The modelling results are primarily compared to the 
structural evolution of the Eastern Alps, where the extracted interferences contribute to 
the debate of indention versus subduction of the Adriatic plate.  
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4.2 An overview of previously performed lateral escape and extrusion experiments
In this section we review previously published experimental work on lateral extrusion 

and tectonic escape, which provides valuable information for rheological, kinematic and 
geometric boundary conditions, relevant for this thesis.

Pioneering experiments by Tapponnier et al. [1986] with a rigid indenter and uniform 
rheology of the indented region, demonstrated that lateral escape of crustal blocks 
critically depend on the presence of  an unconfined boundary perpendicular to the strike 
of the orogen. Subsequently, 2 and 3 layer lithosphere-scale experiments performed 
by Davy and Cobbold [1988] showing that a strong lateral confinement favors crustal 

Figure 4.1: [a] Topographic map showing the various regions that are affected by lateral extrusion 
coeval with subduction or indentation. The blue box outlines the area shown in Figure 4.1b, [b] 
The elevation map of the Eastern Alps overlain by the major faults and structures associated with 
lateral extrusion in the Eastern Alps. The white arrow indicates the average direction of Pannonian 
back-arc extension and the red arrow indicates the direction of indentation or subduction of the 
Adriatic plate. The dashed red line is the approximate outline of the Adriatic slab at depth (according 
to Lippitsch et al. [2003]). The scaled blue arrow represent the present day GPS displacements 
extracted from Metois et al. [2015]. Abbrevations: Mur-Mürz fault (MMF), Pöls-Lavanttal fault (PLF), 
Salzach-Ennstal-Mariazell-Puchberg fault (SEMP), Brenner fault (BF), Katschberg fault (KF), Inntal fault 
(IF), Vienna Basin (VB).
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thickening and a weak lateral confinement favors lateral escape, leading to greater 
amounts of lateral displacements along strike-slip faults. Along these lines, Ratschbacher 
et al. [1991a], demonstrates the importance of the indenter geometry (i.e. an oblique plate 
boundary with respect to the convergence direction increased the amount of extension) 
and the width of the deformable area (i.e. a narrow orogenic wedge enhances the amount 
of extrusion) for the development of fault patterns as observed in the eastern Alps.

More recent analogue models [Rosenberg et al., 2007; Sokoutis et al., 2000; 
Willingshofer et al., 2005] have concentrated on lateral and vertical strength variations 
and the motion path of the indenter. Rosenberg et al. [2007] suggests that gravity does 
not have a major effect on lateral extrusion but that the direction of convergence plays 
a key role in obtaining orogen parallel extension. On the contrary, Sokoutis et al. [2000] 
show that the direction of convergence is not necessarily an important factor when lateral 
rheological variations are present along the strike of the orogen. 

Indentation in the previously mentioned models was always applied by a rigid 
indenter, whereas the models presented in Willingshofer et al. [2005] use a deformable 
indenter concluding that lateral extrusion is enhanced when a strong foreland is present 
along with a weak intervening plate and an indenter with moderate strength. Thin sheet 
numerical models by Robl and Stuwe [2005] confirm that the indenter only needs to be 
moderately strong in order to obtain lateral extrusion, which is in line with numerical 
modelling studies presented by Houseman and England [1993] suggesting that the effect 
of rheology and geometry is limited but that lateral escape is strongly enhanced when 
the unconstrained margin is an active extensional margin. Interestingly, recent numerical 
models by Sternai et al. [2014] highlight that lateral extrusion and mantle processes are 
coupled implying that surface strain is a response to mantle flow and upwelling.

Both numerical and analogue models have only accomplished models approximately 
20% of extension related to lateral extrusion. This is significantly less than estimations 
for the Eastern Alps, which range between 40% [Ratschbacher et al., 1991b] up to 70% 
[Frisch, 1998; Ustaszewski et al., 2008]. In summary, experimental extrusion studies are 
mostly building upon the assumption of a rigid, lithosphere-scale indenter with vertical 
boundaries against a deformable region.

4.3 Experimental approach
We present lithosphere-scale physical analogue modelling results in which we 

compare the results of a classical indentation-extrusion scenario with that of a combined 
subduction-extrusion setting with the plate geometry as an additional variable. The 
experiments have been designed to allow comparison with the Eastern Alps, but are from 
a conceptual point of view  also applicable to other regions affected by lateral extrusion 
coeval to indentation or subduction, such as Tibet or the Aegean (Figure 4.1). 

4.3.1 Experimental set-up and rheology

The setup of the experiments (Figure 4.2) incorporates continental collision 
perpendicular to a weak lateral confinement, where continental collision is either 
activated by: a) indentation (experiment 1), or b) subduction (experiments 2 and 3). The 
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weak lateral confinement mimics the opening of the Pannonian Basin and facilitates 
flow of the lower crust and upper mantle of the indented region perpendicular to the 
convergence direction. 

For the weak lateral confinement we used a low viscosity and low density silicon putty 
(Table 4.1), which is placed along the entire length of the model. Initially the confinement 
is fixated during model build-up by a 5 cm broad wooden block to prevent flow of the 
material. At the start of the model run the fixation is removed creating an open space 
that allows for the weak confinement to flow (spread), thereby provoking orogen parallel 
extension of the upper plate. The orogen parallel extension coupled to coeval indentation 
or subduction ultimately leads to laterally extruding lithospheric material. 

In all experiments the modeled continental lithospheres consist of a brittle upper 
crust, a ductile lower crust and a ductile upper mantle. According to lithospheric strength 
calculations presented in Willingshofer and Cloetingh [2003], the Eastern Alps lithosphere 
is weak in comparison to the subducting or indenting Adriatic lithosphere. This strength 
contrast along with the approximate crustal thicknesses according to the TRANSALP 
seismic profile [TRANSALP Working Group, 2002, see also Figure 4.7b] are used to constrain 
the initial model set-up. Note that instead of using a rigid indenter [Ratschbacher et al., 
1991a; Rosenberg et al., 2007] we deploy a system where the indenter and the subducting 
plates have a pre-defined rheological stratification (Figure 4.2) and are pushed against the 

Layer Material
Density Friction 

coef. μ
Cohesion Stress 

comp. 
na

Material 
constant 

A

Effective 
viscosity

ρ (kg.m-3) C (Pa) η (Pa.s)a

Alps
Brittle crust Feldspar sand 1300 0.4-0.7 15-35

Ductile crust Silicon mixture 1 
(a+b)* 1420 1.36 3x10 3.04x10

Upper mantle Silicon mixture 2 
(a+b)* 1530 1.31 1x10 1.06x10

Adria and European foreland
Brittle crust Feldspar sand 1300 0.4-0.7 15-35

Ductile crust Silicon mixture 3 
(a)* 1430 1.3 2x10 2.28x10

Upper mantle Silicon mixture 3 
(b)* 1500 2.7 6x10 2.00x10

Other

Weak lateral 
confinement Silicon 5 (a+b)* 1360 1.04 5x10 1.56x10

Asthenosphere Glycerol + 
Polytungstate 1505

* a = Rhodosil gomme CSIR (Rhône Poulenc, France), and b = polydimethylsiloxane polymer (PDMS)

Table 4.1: The material properties used in the experimental set-up
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deformable region through the advancement of an automated moving wall.  
In the experiment with indentation the model has a vertical plate contact, whereas 

when incorporating intra-plate subduction we implemented an inclined weak boundary 
at the level of the lithospheric mantle to initiate subduction, representing inheritance of 
pre-existing structures following the procedure of Luth et al. [2010]. However, the material 
at the plate interface is strong enhough to transfer strain from the lower to the upper 
plate. Furthermore, to allow for subduction to take place the mantle lithosphere of the 
lower plate is denser than the asthenosphere. In all experiments the rate and amount of 
convergence was the same, namely 1 cm/hr with a total of 8 cm of shortening. 

The onset of subduction of the Adriatic plate is proposed to be the result of large 
scale crust-mantle decoupling of both the Alpine and Adriatic lithosphere [Handy et al., 
2015]. As such, the rheological make-up of the experiments and the boundaries of the 
model domains are of key importance for the transfer of stress allowing for upper plate 
deformation [Iaffaldano et al., 2012; Sokoutis and Willingshofer, 2011; Willingshofer et al., 
2013]. We, therefore, implemented the following boundary conditions in our experiments; 
the lower crust in both the upper and lower plate can behave as a decoupling horizon 
(Figure 4.2), whereas the strength contrast between the plate interface and the lithospheric 
mantle of the upper plate allows for the transfer of stress. 

4.3.2 Material properties and scaling

The brittle crust in the experiments is simulated by dry feldspar sand showing a Mohr-
Coulomb type behavior while the ductile layers are composed of silicon putty (PDMS 
polymer and/or Rhodosil gomme, see Table 2), which show a quasi-Newtonian behavior. To 
obtain the desired density the silicon putty is mixed with quartz sand and barium-sulfate 
as fillers and oleic acid to adjust the viscosity. The assembled and combined lithosphere, 
as shown in Figure 4.2, overlies a high density and low viscosity fluid mixture representing 
the asthenosphere which allows for isostatic compensation. The exact dimensions and 
material properties of all the individual layers are summarized in Table 1 and presented in 
Figure 4.2. The latter also displays the lithospheric strength profiles for the modeled lower 
and upper plate.

The used materials and dimensions are scaled to conform to the geometrical and 
dynamic properties, following detailed description of equations in Weijermars and 
Schmeling [1986] and Davy and Cobbold [1991]. Furthermore, to describe the kinematic 
and dynamic similarity between nature and model the Ramberg number (Rm, the ratio 
between gravitational and viscous stresses) has been calculated for ductile layers. For brittle 
layers the equation for the Smoluchowsky number (Sm, the ratio between gravitational 
stress and cohesive strength) was used. Both equations and their explanations are 
presented in Ramberg [1981], and in Sokoutis et al. [2005], the latter directly applied to 
analogue modelling.

The overall stress-scale factor for the experiments is expressed by: 
σ*=ρ*g*h*  (1)
where σ, ρ, g and h refer to stress, density, gravitational acceleration (9,81 m/s2) and 
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thickness of the layers and the asterisk refers to the model versus nature ratio. For our 
experiments, using the given properties in Table 4.1 and their equivalent properties in 
nature according to Luth et al. [2013], we obtain a stress ratio of approximately 2.5x10-7 

implying a geometrical scale of 1 cm in the model equals 25 km in nature. Hence, the 
applied 8 cm of shortening equals to 200 km in nature, this is in line with the estimated 200 
km of Alps-Adria convergence that occurred since the Miocene in the Eastern Alps coeval 
with lateral extrusion [Ustaszewski et al., 2008] and the estimated 210 km of subduction 
of Adria [Figure 4.7b; Lippitsch et al., 2003].

4.3.3 Explored parameter space

The main target of the experimental series is to demonstrate the effect of subduction 
on lateral extrusion (experiment 2) as opposed to the classical tectonic setting where 
lateral extrusion occurs contemporaneous with indentation (experiment 1). Additionally, 
we studied the influence of  oblique convergence (experiment 3) on the distribution of 
strain in the upper plate. The straight plate geometry used in experiment 1 and 2 is similar 
to the current Adria-Eastern Alps contact, whilst the oblique geometry represents the 
setting prior to 20° counterclockwise rotation of Adria as indicated by paleomagnetic data 
[Márton et al., 2003] or prior to changes in convergence direction, i.e. from a NNE-directed 
to NW-directed motion of Adria [Caputo et al., 2010]. The oblique model also has strong 
similarities with the continent-continent collision of the India-Asia collision [Murphy et al., 
2014; Yin, 2010]. 

4.3.4 Experiment recordings

During the experimental runs the model surface is monitored by automated top-view 
photographs at regular time intervals. These photos are subsequently used to visualize 
the incremental deformation through time using the Particle Image Velocimetry (PIV) 
analysis technique [Westerweel, 1997]. For this method we used the open source software 
MatPIV [Sveen, 2004] for Matlab® providing surface vector fields for each specified time 
step. Detailed description of the PIV technique applied to analogue models is described 
in Leever et al. [2011].

To visualize the lithospheric scale response to lateral extrusion with or without 
subduction a grid of 5 x 5 cm was marked on the bottom of the lithospheric mantle. 
Analyzing the distortions of this grid at the end of the model run shows the accumulated 
strain in the lithospheric mantle. Structural analysis of the top and bottom layers has been 
complemented by sectioning the experiments, which provided valuable information on 
the internal deformation structures. 

4.3.5 Experimental simplifications and limitations

The physical analogue models do not take temperature into account, which determines 
the viscosity of the lithosphere in nature and which changes with depth [Ranalli, 1997]. To 
simulate the depth dependent viscosity the models are composed of ductile layers that 
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assume an average viscosity for the entire lower crust and lithospheric mantle. This first-
order approximation has been validated by Davy and Cobbold [1991].

Simplifications were also made in the modelling set-up with reference to the geometry 
of the natural case at the onset of deformation. As such, complex geometries due to pre-
existing crustal thickness variations as a consequence of pre-extrusion nappe stacking 
in the Tauern Window or the influence of inherited structures in the upper plate have 
not been taken into account. These simplifications allow for an in-depth analysis of the 
feedback relations between the explored experimental parameters but should not be 
disregarded when comparing the models to nature. In our experiments, we approach 
continental subduction by introducing an inclined and weak boundary between the 
overriding and subducting plates. We do not discuss the mechanism that leads to the 
subduction of the Adriatic plate as our interest lies in the deformational response of the 
overriding plate to intra-plate subduction within the context of lateral extrusion tectonics. 
There is no specific natural example of such a weak zone, but it is commonly accepted that 
subduction initiation occurs along a zone that has been, for instance, thermally, and/or 
structurally weakened [Cloetingh et al., 1982; Stern, 2004]. 

Surface processes, such as erosion or sedimentation, have not been included. Studies 
have shown that these processes can have a large impact on the deformation of the crust 
and the lithosphere [e.g., Burov and Cloetingh, 1997; Willett and Brandon, 2002]. However, 
as the topographic build-up in escape and extrusion settings is lower when compared to 
head on collision, we consider the influence of surface processes for the understanding of 
extrusion and escape tectonics of secondary importance.

Regardless of the above listed simplifications and limitations, we are confident that 
our experiments are a valuable means for the study of deformation of the continental 
lithosphere in response to changes of geometric and kinematic boundary conditions 
explored in this study.  

Figure 4.2: The experimental set-up showing the different parameters incorporated into the model. 
The figure also presents the strength profiles for the upper and lower plate. Abbreviations: upper 
crust (UC), lower crust (LC), lithospheric mantle (LM), asthenosphere (A).
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4.4 Results
Detailed descriptions of the 3 experiments are put forward in this section. Top view 

images through time, a PIV surface analysis, mantle flow visualization and cross-sections 
of all individual experiments are presented in Figures 4.3, 4.4 and 4.5. 
4.4.1 Experiment 1: Indentation

Experiment 1 (Figure 4.3) displays the effect of indentation of a weak lithosphere 
contemporaneous with flow of the weak lateral confinement perpendicular to the 
convergence direction, which exerts spreading of the upper plate. The first structures 
observed (Figure 4.3c) at 5% bulk shortening, are thrusts near the confined margin that 
are (sub-)parallel to the boundary of the indenter. Towards the weak lateral confinement 
the initial structures strike at a high angle to the convergence direction accommodating 
strike-slip displacements and spreading of the upper crust. The analysis of particle 
displacements reveal that the sinistral and dextral strike-slip faults bound a wedge-shaped 
domain with constant vector velocity (Figure 4.3c). At 11% bulk shortening the strike-
slip faults, both dextral and sinistral, are more clearly visible at the surface and thrusts 
are more pronounced forming pop-up structures. Both deformation styles form separate 
strain domains, i.e. they develop independently of each other. However, at 17% and 22% 
bulk shortening the areas dominated by strike-slip and shortening overlap which creates 
a complex pattern of cross-cutting faults and transpressive structures. The overlap is the 
result of lateral propagation of the initial domains of distinct deformation. Furthermore, it 
is important to note that the indenter does not accommodate significant deformation in 
experiment 1, besides a dextral strike-slip fault near the lateral confinement and a dextral 
fault cross-cutting the plate contact. 

The along strike variations in structural style (thrusting, transpression and strike-slip) 
are clearly visible in the cross-sections; cross-sections A of experiment 1 is dominated by 
thrust faulting and cross-sections B by strike-slip faulting (Figure 4.3d). The cross-sections 
also confirm that the indenter is undeformed, i.e. no thickening or distortions are visible. 
Lithospheric thickening within the indented plate is mainly restricted to the upper crust, 
whilst the lower crust and lithospheric mantle do not appear to be affected by significant 
thickening but form gentle lithospheric folds. The minimal amount of thickening of the 
lithospheric mantle is in line with observed flow at the bottom of the lithospheric mantle 
(Figure 4.3b), indicating that shortening has dominantly been accommodated by flow 

Figure 4.3 (facing page): Modelling results for experiment 1; [a] top-view image at the final stage 
of modelling (22% bulk shortening) overlain by the interpretation of crustal structures and the PIV 
velocity field from which we derived the simplified surface displacement for illustration purposes. The 
surface grid is 4x4 cm and the solid white line indicates the boundary between the two converging 
continental plates. [b] Bottom-view of the lithospheric mantle displaying the deformed grid and 
the displacement vectors. The dashed white line indicates the transition from the mantle layer to 
the weak lateral confinement. [c] Top view images through time, for 5, 11 and 17% bulk shortening 
overlain by the displacement velocity images (see scale bar to the right) and the interpretation of 
visible faults. The solid white line indicates the boundary between the two converging continental 
plates. [d] Cross-sections of the experiment. The yellow lines in Figure 4.3a indicate where the cross-
sections are located. Abbreviations: upper crust (UC), lower crust (LC), lithospheric mantle (LM), bulk 
shortening (b.s.).
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at high angle to the convergence direction. Quantitative analysis of lithospheric mantle 
versus surface deformation shows that the mantle layer has been elongated by 18% 
versus 14% elongation for the upper crust (Table 4.2). Furthermore, the cross-sections 
also clarify that the upper plate deformations observed in the brittle crust are coupled to 
deformation occurring in the lithospheric mantle and the lower crust. 

The surface and lithospheric mantle displacements of the indenter (Figures 4.3a-b) 
are identical, both characterized by vectors parallel to the convergence direction, with 
constant displacement velocity for the entire indenter through time (Figure 4.3c). For the 
indented region the surface displacements near the confined margin are parallel to the 
shortening direction with decreasing velocities further away from the indenter. The thrusts 
and pop-up structures near the indenter accommodate a large portion of the convergence 
indicated by the strong decrease in displacement velocity across these structures (Figure 
4.3b). In front of the indenter the displacement vectors (Figure 3a) have an increasing 
component of lateral displacement in the direction the weak lateral component, i.e. 
vectors strongly deviate from the convergence direction and rotate towards the weak 
lateral confinement. The displacement vectors have the highest displacement velocity at 
the center of the extruding wedge; this is a constant feature through time (Figure 4.3c). 

4.4.2 Experiment 2: Orthogonal subduction

Experiment 2 (Figure 4.4) explores lateral extrusion of the upper plate in response 
to subduction. During the initial stage of the experiment, shortening is accommodated 
within the upper plate by developing a wedge shaped domain indicated by the particle 
velocity image at 5% bulk shortening (Figure 4.4c), which is similar to experiment 1. 
This wedge is bounded by a dextral and a sinistral strike-slip fault whereby the former 
developed earlier (at 5% bulk shortening) than the latter that emerges at 11% bulk 
shortening. At the same time a fore-thrust forms parallel to and at the position of the 
plate boundary which initiates near the confined margin and propagates with ongoing 
convergence towards the weak lateral confinement. At 11% bulk shortening the fore-
thrust is accompanied by a back-thrust, transporting material onto the upper plate where 
also additional dextral faults and thrusts appear, the latter striking parallel to the plate 
boundary. From 11% up to 22% bulk shortening the deformation in the upper plate 
intensifies in a similar manner as in experiment 1, including the formation of cross-cutting 
faults and transpressional structures from 17% bulk shortening. In the meantime, surface 
deformation of the subducting plate migrates away from the plate boundary where a 
second pop-up structure develops. The back-thrust of the initial pop-up remains active, 
but the associated fore-thrust is over-thrust by the second pop-up. Both pop-ups are 
eminent along the confined margin but towards the unconstrained margin the strain is 
only accommodated by back-thrusts with a minor fore-thrust. Overall, the upper plate 
deformation is very similar to the indented region in experiment 1, but the deformation 
of the subducting plate distinguishes this experiment from the first one.

The observed lateral variations in structural style in the upper plate are clearly visible in 
cross-sections A and B (Figure 4.4d), which also illustrate the subduction geometry of the 
lower plate, revealing that the lithospheric mantle is decoupled from the crust. Moreover, 
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Figure 4.4: Modelling results for experiment 2, see detailed figure description below Figure 4.3
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the lower crust in the lower plate partially follows the upper crust deformation but is 
also partially subducted and affected by thickening at the plate boundary. In the upper 
plate, both the lithospheric mantle and the lower crust are not thickened, yet a small 
part of the lithospheric mantle is being dragged down with the subducting boundary. 
Towards the weak lateral confinement cross-section B records a similar amount of 
subduction compared to cross-section A. However, at the transition with the weak lateral 
confinement a 15% decrease (Table 4.2) in the amount of subduction is recorded, which 
we measured on the basis of additional cross-sections closer to the confinement that are 
not presented in this study. This lateral variation is in line with an observed decrease in the 
amount of shortening accommodated along the plate boundary towards the weak lateral 
confinement. 

The vector field shows that the displacement patterns for the surface at 22% bulk 
shortening (Figure 4.4a) is similar to the displacements recorded in the mantle layer 
(Figure 4.4b) and both are alike the displacements recorded in experiment 1 (Figures 
4.3a-b). Contrasting to experiment 1 are the displacement velocities in the upper plate 
compared to the indented region. At the surface a strong decrease in the vector velocity 
is observed when passing from the lower to the upper plate; this implies that the pop-up 
structures and the associated subduction accommodate a high amount of convergence. 
Furthermore, in this experiment the elongation factor (Table 4.2) for the lithospheric 
mantle (18%) is higher compared to the crust (11%).

4.4.3 Experiment 3: oblique subduction

Experiment 3 (Figure 4.5) includes oblique subduction with respect to the convergence 
direction, which is implemented by the initial plate geometry (Figure 4.2). Deformation 
that occurs during oblique convergence is localized parallel to the plate boundary, where 
at 5% bulk shortening, a fore- and back-thrust occurs (Figure 4.5c). The back-thrust also 
accommodates a dextral displacement inferred from the grid distortions. The oblique 
back-thrust together with a minor sinistral fault in the upper plate bounds a wedge shaped 
domain supported by the displacement velocity image (Figure 4.5c), suggesting that a 
broad domain is extruded in the upper plate. At 11% bulk shortening little has changed, 
the previously mentioned structures continue to accommodate shortening and extrusion, 
but at 17% bulk shortening additional sinistral faults appear in the upper plate, as well as 
pop-up structures which develop at far distance from the plate boundary. The back-thrust 
along the plate boundary continues to accommodate dextral displacements in response to 
upper plate extrusion. In the upper plate the strike-slip faults strike at a high angle to the 
convergence direction, whereas the compressional structures strike (sub-) perpendicular 
and terminate towards the weak lateral confinement. Consistent with previous models is 
an area characterized by co-existing compressional, transpressive and strike-slip structures. 
At 22% bulk shortening (Figure 4.5a) the deformation on the subducting plate migrates 
towards the foreland near the confined margin but near the unconstrained margin the 
convergence is only accommodated by the initial pop-up. In the upper plate additional 
strike-slip faults occur with some minor new compressional structures. Overall, the amount 
of extrusion is limited with an elongation of 9% for the upper plate (Table 4.2).
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Figure 4.5: Modelling results for experiment 3, see detailed figure description below Figure 4.3
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The lithospheric mantle also displays a limited amount of extrusion, an elongation of 
12%, which is significantly lower as in the previous experiments (Table 4.2). This is also 
reflected by the direction of the vectors, both at the bottom of the mantle layer and at 
the surface, where the vectors only have a small lateral component with respect to the 
convergence direction. The vector velocity is also very low in the upper plate, contrasting 
the high velocities of the lower plate for both the crust and the lithospheric mantle. 
Hence, the subduction and the associated crustal structures accommodate most of the 
shortening. 

The cross-sections show a symmetric pop-up structure, spatially situated above 
the subducting lithospheric mantle of the lower plate. In cross-section A (Figure 4.5d) 
a second fore-thrust is present which is lacking in cross-section B, conform the surface 
observation and in line with significantly less lithospheric mantle subduction close to 
the weak confinement (cross-section B, Figure 4.5d). The 80% decrease in the amount of 
subduction (Table 4.2) contrasts with experiment 2, with a decrease of only 15%. However, 
similar to experiment 2 is the decoupling of the lower plate at the level of the lower crust. 
Furthermore, the cross-sections indicate that the lower crust of the lower plate is affected 
by thickening, whereas the subducting mantle layer has maintained the same thickness 
with some minor distortions due to flexure of the lithospheric mantle. Lastly, the cross-
sections display limited upper plate deformation, including no thickening of the lower 
crust or lithospheric mantle. 

4.5 Key findings and discussion of the experimental results

4.5.1 Indentation versus subduction

Lateral extrusion coupled to lithosphere-scale indentation (experiment 1) yielded 
deformation geometries that are consistent with results obtained by Davy and Cobbold 
[1988] or Ratschbacher et al. [1991a] with the development of compressional structures 
near the confined margin and strike-slip faults near the weak lateral confinement. In 

Extension upper plate Shortening upper plate Subduction

crust mantle
confined 

boundary
free 

boundary
confined 

boundary free boundary

Exp. 1 14% 18% 23% 18% 0 0

Exp. 2 12% 18% 16% 14% 75 km 60 km

Exp. 3 9% 12% 13% 12% 75 km 15 km

Eastern 
Alps 50% - 54% 17% 210 km 0

Table 4.2: The amount of extension, shortening and subduction for the three experiments and for 
the Eastern Alps [according to Frisch, 1998]. For amount of subduction (slab length) is converted 
to km’s according to the model scale (1 cm = 25 km). The amount of extension and shortening is 
calculated in percentages according to: ((∆L) / Lo)*100%. Where ∆L is the measured length difference 
and Lo is the initial length.
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between these deformational domains, an area of overlap can be observed where faults 
cross-cut and display transpressive strain. The strike-slip faults bound crustal blocks 
that escape towards the weak lateral confinement. In addition, our experiment 1 shows 
that lithosphere-scale indentation is governed by strength contrasts at the level of the 
mantle lithosphere (see the strength profiles in Figure 4.2). Lateral extrusion of the entire 
lithosphere also occurs within subduction settings (experiment 2), which produce similar 
patterns of deformation in the overriding plate compared to indentation models (Figure 
4.6a and d). Hence, lateral extrusion of the upper plate is compatible with subduction 
processes suggesting that lateral extrusion is independent of the shortening mode 
(indentation vs subduction), but strongly controlled by the rheology and tectonics of the 
region at high angle to the convergence direction, which needs to create the space for the 
extruding lithosphere. 

Nevertheless, clear differences with indentation models exist and include the presence 
of a compressional belt developing at the plate contact with propagating deformation 
towards the foreland. Due to significant strain localization at the subduction boundary 
less strain is transferred to the upper plate leading to less extrusion of the upper crust. 
Interestingly, the amount of extrusion accommodated by the lithospheric mantle in the 
upper plate appears to be independent of indentation or intra-plate subduction under 
conditions that the system is advancing (Table 4.2). 

The high-resolution analysis of particle displacements at the surface in combination 
with the top-view images and cross-sections allows studying the distribution of strain in 
the upper plate through time at great detail. Separate kinematic domains were already 
described by Rosenberg et al. (2007), for instance, describing the transition from crustal 
thickening, near the confined margin, to transpression and strike-slip kinematics towards 
the weak or unconstrained margin. In our models a similar transition occurs at 17% bulk 
shortening, but prior to this strain pattern only two separate kinematic domains are 
observed, namely compression and strike-slip (Figures 4.6a and c). The lateral propagation 
of these domains subsequently resulted in the third domain, namely transpression, 
positioned in between the initial two domains (Figures 4.6b and d) 

The particle displacements also provide insights into the activation of faults. In all 
models the dextral strike-slip faults appear to accommodate a change in the direction of 
the surface displacements. During initial convergence the lateral component gradually 
increases, but with ongoing convergence the rotation is restricted to dextral faults creating 
a step-wise increase of the lateral component of displacement (Figure 4.6). The sinistral 
and thrust faults are, however, not associated with changes in displacement direction but 
are associated with changes in displacement velocity. Again, during initial convergence 
the decrease in displacement velocity is gradual with increasing distance to the plate 
boundary but during ongoing convergence the velocity decreases step-wise due to strain 
localization along the active sinistral and thrust faults. 

4.5.2 Orthogonal versus oblique subduction.

The most prominent difference between orthogonal and oblique subduction is 
the variable amount of subduction, which decreases rapidly in the case of oblique 
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subduction by ca. 80% in the direction of the weak lateral confinement. In the case of a 
straight plate boundary the decrease is only 20% (Table 4.2). Furthermore, characteristic 
for the models with oblique subduction is that strain is partitioned into dip-slip and 
strike-slip displacements along the plate contact, where structures strike parallel to the 
plate boundary. The effect of strain partitioning is largest at the plate contact zone and 
diminishes with increasing distance to it, where the orientations of the structures largely 
develop perpendicular to the overall shortening direction. Similar behavior has been 
documented for oblique convergence along the Sumatran Fault system [Martin et al., 
2014; Morley, 2009] or along the Andes [Alvarado et al., 2016] and for oblique extension 
such as the Ethiopian rift [Philippon et al., 2015]. The natural scenarios demonstrate that 
strain partitioning can increase along the plate boundary, leading to slip reorganization, 
in response to a higher degree of obliquity. In our models an increase of dextral strike-slip 
displacements is notable towards the weak lateral confinement whilst the other end of 
the plate boundary is dominantly affected by dip-slip kinematics. In our case, this is not 
in response to a higher obliquity but related to the changing mode of deformation in the 
upper plate, i.e. from shortening to strike-slip. 

The structures in the upper plate are significantly different to the experiments with 
orthogonal convergence (Figure 4.6). For instance, the lack of dextral faults is an evident 
difference which could be the direct result of the strain partitioning along the collisional 

Figure 4.7: [a] A tomographic image at 150 km depth visualizing the slab gap between the 
Adriatic and Dinaridic subduction [Bijwaard and Spakman, 2000], overlain by the main surface 
structures of the Eastern Alps, Southern Alps, Carpathian and Dinaridic realm. The red and blue 
arrows represent extensional or shortening directions, respectively [according to Castellarin and 
Cantelli, 2000; Horváth et al., 2006; van Gelder et al., 2015, for instance]. The white arrows indicate 
the direction of subduction and the black arrow the direction of slab roll-back. The grey arrows 
represent the counter clockwise rotation of Adria (i) and the Eastern Alps-Pannonian block (ii). 
[b] TransAlp cross-section of the western part of the Eastern Alps traversing the Tauern Window 
and the Southern Alps. The Southern Alps sit on the Adriatic plate which features a ‘crocodile 
style’ subduction. [c] The TransMed cross-section over the Eastern Alps to illustrate the lateral 
variations of crustal thickening along the orogen. Both cross-sections are presented in Schmid et 
al. [2004] and their locations are indicated in Figure 4.7a by the grey pins with TA (TransAlp) and 
TM (TransMed). Abbreviations: upper crust (UC), lower crust (LC), lithospheric mantle (LM).
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belt which accommodates a significant amount of dextral displacement. As previously 
discussed, dextral faults are associated with rotations of the displacement vectors, which 
is conform to a large increase of the lateral component of displacement across the fold and 
thrust belt on top of the subduction boundary. As such, lateral extrusion is largest in close 
proximity to the lower plate as indicated by the direction of the displacement vectors 
that have the largest lateral component in close proximity to the plate contact (Figure 
4.6). This is significantly different to models with an orthogonal indentation or subduction 
boundary, where the highest degree of lateral extrusion occurs along the central axis of 
the upper plate, i.e. far away from the plate contact. We also note that the overall amount 
of lateral extrusion is less compared to models with a straight plate boundary (Table 4.2). 

4.6 Application to the Eastern Alps and other natural scenarios

4.6.1 Lateral extrusion coeval with indentation or subduction?

Teleseismic tomography of the Eastern Alps shows a high velocity anomaly, which has 
been interpreted as subducted Adriatic mantle lithosphere [Figure 4.7; Lippitsch et al., 
2003] As a consequence, lateral extrusion in the Eastern Alps occurred on the upper plate, 
coeval with subduction rather than lithospheric-scale indentation of the Adriatic plate. In 
the light of this discussion, the experiments demonstrate that the first order deformation 
patterns, characteristic for lateral extrusion, are obtained in the case of lithosphere-
scale indentation but also in the case of subduction. The insensitivity of extrusion to the 
mode of shortening clearly demonstrates that an unconfined margin, as analogue for 
Pannonian back-arc extension, exerts the most important control on extrusion to occur. 
Similar relationships are observed in other regions where, for example, roll back in the 
Hellenic subduction system [Jolivet and Brun, 2010] or active extension in the southeast 
Asian orogenic system [Yin, 2010] provide an efficient mechanism for accommodating 
the escape of crustal and/or lithospheric blocks into their extensional domains. However, 
there are also distinct differences which we will use to compare the phenomenological 
characteristics and to shed new light on the discussion of indentation versus subduction 
in the Eastern Alps.

In the model with indentation no shortening was accommodated by the indenter, 
despite the similarity in upper crustal strength and only limited strength contrast in the 
lower crust (Figure 4.2). However, early to late Miocene lateral extrusion in the Eastern 
Alps [e.g., Frisch et al., 2000; Scharf et al., 2013; Wölfler et al., 2011] coincides with south 
directed propagation of a fold and thrust belt, commonly referred to as the “Southern Alps” 
(Figure 4.1) on the Adriatic plate during late early Miocene to Pliocene times [Castellarin 
and Cantelli, 2000]. It is unlikely that this fold and thrust belt, which is still active today 
[Benedetti et al., 2000], is the retro-wedge to the Eastern Alps at that time because it 
post-dates the main phase of northward propagation of the Eastern Alps [Beidinger and 
Decker, 2016; Rosenberg and Berger, 2009]. Instead we follow in our interpretation Schmid 
et al. [2004] and propose that shortening in the Southern Alps is the crustal expression of 
subduction of the Adriatic mantle lithosphere. The surface displacement velocities in our 
subduction models further support this idea; a strong decrease in velocity is observed 
when traversing the compressional belt along the plate boundary, whilst the model with 
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indentation features a gradual decrease. This rapid decrease in displacement velocity is 
very similar to the significant decrease in GPS velocities when traversing the Periadriatic 
fault, i.e. passing from the Southern Alps to the Eastern Alps [Figure 4.1b; Grenerczy, 2005; 
Metois et al., 2015]. On the contrary, GPS data for the Tibetan plateau and India does not 
show this significant drop in displacement velocity [Gan et al., 2007] suggesting the lateral 
extrusion of the plateau is in response to indentation rather than subduction, which is 
conform a model with slab break-off events including the latest at 15 Ma [Replumaz et 
al., 2014].  

4.6.2 Orthogonal or oblique Adria-Alps convergence?  

The Periadriatic fault (Figure 4.1), a WNW-ESE striking dextral fault with transpressive 
kinematics [e.g., Mancktelow et al., 2001; Nemes et al., 1997], delineates the boundary 
between the Adriatic plate in the south and the Eastern Alps orogenic wedge in the north. 
The motion of the Adriatic plate during the Miocene suggests that convergence was 
oblique with respect to the Periadriatic fault and probably changed from NNE directed to 
NW directed motion [Figure 4.7a, Caputo et al., 2010]. Additionally, the present day strike of 
the Periadriatic fault post-dates a supposed 20° to 30° counterclockwise rotation of Adria in 
Miocene times [Márton et al., 2003], which would imply that prior to subduction the plate 
geometry was highly oblique with respect to the overall N-S shortening direction due to 
Africa-Europe convergence. In the following paragraphs we discuss oblique convergence 
and its implications for the extrusion process by comparing the natural laboratory with 
the predictions of experiment 3. Key features of this experiment entail strain partitioning 
along the plate boundary and within the extruding wedge, as well as laterally changing 

Figure 4.8: A schematic two-stage tectonic evolution of the Eastern Alps, [a] Late Oligocene-Early 
Miocene oblique convergence, and [b] orthogonal convergence during the Middle and Late Miocene. 
See Figure 4.6 for the used color coding. The black arrows are indicative displacement vectors for the 
two events (see Figure 4.6). The figure is based on reconstructions presented by Wölfler et al. [2011] 
and Favaro et al. [2015]. Abbrevations: Southern Alps (S.Alps), Periadriatic Fault (PaF), Tauern Window 
(TW), Inntal Fault (IF), Salzach-Ennstal-Mariazell-Puchberg (SEMP), Mur-Mürz Fault (MMF), Mölltal Fault 
(MF), Pöls-Lavanttal Fault (PLF),  Northern Calcareous Alps (NCA).
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amounts of dextral displacement (increasing towards the unconstrained margin) and 
subduction of the lithospheric mantle. 

Orogen-scale transects across the Eastern and Southern Alps [Figure 4.7; Schmid et 
al., 2004] incorporate subduction of the Adriatic plate with a ‘crocodile style’ geometry 
(TransAlp transect, Figure 4.7b), split at the level of the upper crust. The cross-sections of 
experiments 2 and 3 show a similar geometry (e.g. Figure 4.5d), although in our case the 
lower plate is split at the level of the lower crust. A second cross-section located further 
to the east, the Transmed transect [Figure 4.7c; Schmid et al., 2004], demonstrates that 
the Eastern Alps are affected by less crustal shortening and thus less thickening towards 
the Pannonian Basin [Rosenberg and Berger, 2009]. Such lateral variance is observed in 
all models, but is especially obvious in the case of oblique convergence (experiment 3). 

In the Eastern Alps the Periadriatic fault acted as a transpressive dextral fault between 
35 Ma to at least 15 Ma [Handy et al., 2015, and references therein], with indications of a 
younger transpressive phase from 12-5 Ma from the Karawanken mountains [Heberer et 
al., 2016]. Other structures that have been active before the middle Miocene include the 
sinistral Inntal and SEMP faults [Glodny et al., 2008; Wölfler et al., 2008, and references 
therein]. From the middle Miocene onwards no significant dextral displacements are 
recorded along the Periadriatic fault but dextral displacement is concentrated along 
the dextral Pöls-Lavanttal and sinistral displacements are concentrated along the Mur-
Mürz fault farther in the east [Figure 4.1b; e.g., Reischenbacher and Sachsenhofer, 2013, 
and references therein]. The former also displaced the Periadriatic fault and thus limits 
its activity to pre-middle Miocene. Field studies have shown that oblique convergence 
was accommodated by strain partitioning along networks of ductile and brittle structures 
in the surroundings of the Periadriatic fault system [e.g., Handy et al., 2005] leading to 
decreasing amounts of dextral offset in westerly direction [Linzer et al., 2002] and the 
formation of local transpressive fold and thrust belts [Polinski and Eisbacher, 1992]. These 
observations are similar to the structures in experiment 3. Even though our experiment 
predicts significant dextral offset along the Periadriatic line and small offset along sinistral 
faults at distance to the plate boundary, it fails to produce the typical fault pattern of 
conjugate dextral and sinistral strike-slip faults like the Pöls-Lavanttal and the Mur-Mürz 
faults, respectively, both in close proximity to the Pannonian Basin. Conversely, our 
experiments with orthogonal convergence fail to produce dextral offset along the plate 
boundary. 

Based on our modelling results in combination with the above described field 
correlations we propose a transition from oblique to orthogonal convergence at the start 
of the middle Miocene (Figure 4.8) and thereby provide valuable insights in the tectonic 
response in the Eastern Alps to the proposed change in Adriatic plate motion. A similar 
scenario was previously proposed by Neubauer et al. [1999] for instance, but lack an 
explanation for the contemporaneous localization of shear along the Periadriatic fault 
and the SEMP fault. In our case, initial oblique convergence would be in line with the 
simultaneous activation of the SEMP and the Periadriatic fault with the latter being the 
effect of strain partitioning along the plate boundary. 
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4.6.3 Adriatic continental subduction with variable slab length

Teleseismic tomography imaging beneath the Eastern Alps suggests that the 
Adriatic slab length is variable from 210 km beneath the Tauern Window to its gradual 
disappearance in the direction of the Pannonian Basin, combined with a gradual increase 
in length (or a gap) of a slab beneath the strike of the Dinarides towards Montenegro 
[Figure 4.7a, Bijwaard and Spakman, 2000]. The NW Dinarides slab gap has been inferred to 
be created by lithospheric delamination or a large-scale Alps-Dinarides transfer fault zone 
assisted by asthenospheric upwelling [Handy et al., 2015]. Such a transfer fault is unknown 
in the available Dinarides structural data. The existence of a NW Dinarides slab gap has 
been inferred to drive a NE- to E- ward flow of astenosphere beneath the Pannonian Basin, 
accommodating at larger distances the Carpathians slab roll-back [Figure 4.7a, Horváth et 
al., 2015].

Our experiments show an 80% decrease in continental subduction towards the weak 
lateral confinement in oblique convergence, while this reduces to 20% in orthogonal 
convergence (Table 4.2 and Figures 4.4 and 4.5). Such a significant reduction took place 
without any lateral change in the bulk amount of shortening but an increasing amount 
of the shortening is taken up by lateral transport into the weak lateral confinement. This 
material flow is accommodated by an increase in dextral shear along the plate boundary, 
facilitating extrusion of the upper plate. Such a mechanism is in agreement with the 
observation that the amount of dextral strike-slip along the Periadriatic fault increases 
eastwards [e.g., Linzer et al., 2002], while the positive velocity anomaly beneath the 
Eastern Alps rapidly decreases in the same direction. Therefore, a very good explanation 
for the geometry of the positive mantle anomaly beneath the Eastern Alps is continental 
subduction with oblique convergence, during which the material input in the subduction 
zone was gradually taken up by the eastward escape of the upper plate towards the 
Pannonian Basin. We note that such a coupled Adria-Alps-Pannonian Basin interaction can 
be achieved independently of the geodynamic processes taking place in the Dinarides. 

The effects of oblique subduction also provide valuable insights for the subduction 
of the Indian plate beneath the Himalaya and the Tibetan plateau, where subduction 
resumed only along the central part of the orogen after slab break-off occurred around 
45 Ma [Replumaz et al., 2014]. Based on strain partitioning along the plate boundary 
an oblique subduction is proposed [Tapponnier et al., 2001]. Thereby, the oblique 
convergence might also provide an explanation why subduction didn’t resume along the 
entire length of the plate boundary considering the observation of a laterally decreasing 
slab length.

4.6.4 Lateral extrusion: a lithospheric scale process  

In previous descriptions of lateral extrusion the process has often been addressed as 
a crustal scale process [Ratschbacher et al., 1991a]. For the Eastern Alps the lithospheric 
thickness from the west (Tauern Window) to the east (Pannonian Basin) decreases 
significantly [Ziegler and Dèzes, 2006] which has been used as argument to indicate that 
the lithospheric mantle is not extruded [Horváth et al., 2015]. A crustal scale extrusion 
contradicts with a proposed upper mantle flow described by Kummerow and Kind [2006], 
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and also in Qorbani et al. [2015] this concept has been questioned based on the orientation 
of the mantle anisotropy which is parallel to surface deformation. This could imply that 
the mantle is also involved in extrusion. Supporting this idea are mantle xenoliths found 
in the Pannonian Basin [Kovacs et al., 2012]. 

Our experiments, which assume that the intended crust is underlain by a weak mantle 
lithosphere, show extrusion of the entire lithosphere rather than solely the crust (Figures 
4.3 to 4.5). We observe systematically more lithospheric mantle extrusion suggesting that 
the mantle is at least partly decoupled from the overlying crust, supporting views that the 
mantle could be of great influence in driving extrusion at crustal levels. As such, the flow 
of the mantle lithosphere might be more important than hitherto assumed which is in 
line with numerical modelling results that visualize sub-lithospheric flow during extrusion 
of the Tibetan plateau or the Anatolian plateau into the Aegean [Capitanio, 2014; Sternai 
et al., 2014]. Hence, we suggest that the strong control on surface deformation by deep 
seated processes would reduce the call for strong strength contrasts between the indenter 
and the indented region.

4.7 Conclusions
A series of analogue models have been performed to study the tectonic response 

of subduction on lateral extrusion of the upper plate. The experiments illustrate that 
lateral extrusion can occur above a subducting plate and that the deformation and strain 
propagation in the upper plate is similar to classical indentation models. In both cases 
the upper plate displays a transition from compressional structures near the confined 
boundary, to strike-slip structures towards the weak lateral boundary. During initial 
convergence we observe a rapid transition of strain but with ongoing convergence the 
transition becomes gradual with an area of transpressive structures amid. The surface 
deformation has a significant similarity with lateral extrusion structures in the Eastern 
Alps. Although both indentation and subduction are valid mechanisms to explain the 
deformation patterns in the eastern Alps, only subduction of the Adriatic plate leads to 
the foreland propagating thrusts as observed in the Southern Alps.

When incorporating oblique convergence the upper plate deformation is minimal 
and accommodates little extrusion. A striking difference with orthogonal convergence 
is the presence of strain partitioning along the plate boundary. This observed tectonic 
response bears significant similarities with the kinematics of the Periadriatic fault, 
marking the transition from the Adriatic plate to the Eastern Alps. As a consequence 
of strain partitioning and increasing dextral slip along the plate boundary the amount 
of subduction decreases towards the weak lateral confinement. This has a striking 
resemblance to the rapid decrease in the Adriatic slab length beneath the Eastern Alps 
and implies continental subduction of Adria that is not genetically linked to other slabs 
in the vicinity.

Based on the experimental results we propose that the Eastern Alps are characterized 
by an initial phase of oblique convergence but are consequently affected by orthogonal 
convergence from middle Miocene onwards. We attribute this change to the frequently 
documented Miocene switch in plate motion of Adria.

Photo (facing page): A dextral strike-slip fault, conjugate to the MMF, as seen to the north of 
Mürzzuschlag. Location no. 62 in Chapter 2
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Abstract 
The physical analogue experiments presented in this chapter were designed to study 

the interplay between continental collision/subduction and extension at high angle to 
the convergence direction by slab retreat, thereby determining what their direct influence 
is on lateral extrusion and topography evolution. The experimental results show that the 
rheology of the weak lateral confinement, as a proxy for the lateral resistance to flow, 
is important for the efficiency of lateral extrusion: low resistance facilitates more lateral 
extrusion with deformation patterns similar to the escape tectonics of the Eastern 
Alps. In the case of increased lateral strength or temporary locking of the weak lateral 
confinement, the style of deformation is dominated by shortening and little to no lateral 
extrusion takes place, also in the case of oblique subduction. These results demonstrate 
the importance of slab roll-back ‘pull’ and associated back-arc extension in allowing for 
extrusion. Conversely, an increase in orogenic ‘push’ by including a higher lithospheric 
strength of the lower plate or indenter resulted in more shortening of the upper plate 
rather than extrusion. Furthermore, an incorporate counter clockwise rotation of the lower 
plate also leads to an overall increase in the amount of upper and lower plate shortening, 
expressed by high topography across the entire upper plate. The models are a strong 
indication that indentation or subduction cannot trigger lateral extrusion on their own. 
Thus, extrusion is intrinsically related to both pushing and pulling, but extension promotes 
and primarily controls the onset of lateral extrusion. With reference to the Eastern Alps 
the results suggest that Carpathian slab roll-back and Pannonian Basin extension should 
have started at 24 Ma, earlier than previously assumed, in order to activate the coevally 
observed lateral extrusion. With respect to the topographic evolution, the Eastern Alps 
resemble a scenario of initial early Miocene oblique convergence and middle Miocene 
orthogonal convergence. 
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5.1 Introduction
The experimental series presented in the previous chapter demonstrated that lateral 

extrusion of the upper plate can occur coeval with continental intra-plate subduction 
under conditions that stress is efficiently transferred from the downgoing to the overriding 
plate. In this case, the kinematics and geometries of extrusion related structures evolve in 
a similar manner compared to classical indentation tectonics. The chapter concluded that 
both indentation and subduction are valid geodynamic scenarios leading to extrusion, 
although including subduction is the only way to obtain lower plate deformation 
resembling Southern Alps tectonics. Additionally, the models showed that the direction 
of convergence has a clear feedback relation with the amount of accommodated lateral 
extrusion but in both cases, i.e. orthogonal or oblique convergence, the models had a 
strong resemblance to various stages of lateral extrusion tectonics of the Eastern Alps. The 
differences in the developed fault patterns related to orthogonal and oblique subduction 
suggested that the Eastern Alps have been subject to early Miocene oblique and, 
subsequently, middle Miocene orthogonal convergence. This is in line with a proposed 
20-30° counter clockwise rotation of Adria during Oligocene-Miocene times based on 
paleomagnetic and geodetic measurements [Figures 4.1 and 5.1, e.g., Grenerczy, 2005; 
Márton et al., 2003; Metois et al., 2015; Thöny et al., 2006]. To further assess the influence 

Figure 5.1: Structural map of the Eastern and Southern Alps displaying the major Miocene to 
recent faults, at the transition with the Pannonian Basin. The structures are projected on top of the 
topography of the Eastern Alps. The light, semi-transparent area outlines the Adriatic indenter. The 
white arrow indicates the approximate direction of Pannonian extension and the red arrow indicates 
the motion of Adria. The red-dotted line outlines the tip of the NE-dipping Adriatic slab according 
to Lippitsch et al. [2003]. The orange arrows are representative paleomagnetic declinations derived 
from Miocene sedimentary basins in the Eastern Alps [data collected from: Márton, 2000; Márton, 
2002; Thöny et al., 2006]. Abbreviations: Tauern Window (TW), Inntall fault (IF), Brenner fault (BF), 
Katschberg fault (KF), Pöls-Lavanttal fault (PLF), Mur-Mürz fault (MMF), Salzach-Ennstal-Mariazell-
Puchberg fault (SEMP),  Styrian basin (StB), Vienna basin (VB).
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of the direction of plate convergence we present an analogue model with a counter 
clockwise rotation of Adria. 

Studies on the structural evolution and exhumation of the Eastern Alps, focused on 
the region of the Tauern Window (Figure 5.1), suggest that indentation or intra-plate 
subduction of Adria started no later than 28 Ma and that exhumation driven by orogen 
parallel extension commenced approximately at 23 Ma [Favaro et al., 2015]. This pre-dates 
the onset of the opening of the Pannonian basin around 19 Ma [e.g., Balázs et al., 2016 
and references therein] that provides the space needed to accommodate the extruding 
Alpine crust and lithosphere. The opening of the Pannonian basin occurs during back-arc 
extension generated by slab-pull forces in response to the roll-back of the Carpathian slab 
[Horváth and Cloetingh, 1996; Royden, 1993]. With Alps-Adria convergence commencing 
prior to Pannonian back-arc extension, the impression arises that lateral extrusion is 
triggered by the orogenic ‘push’ and possibly only enhanced by a slab ‘pull’. However 
this interplay remains unclear until now, leaving a fundamental question unanswered; is 
lateral extrusion a matter of ‘pushing’ or ‘pulling’? To address this question, we performed 
a series of analogue experiments to investigating the effects of diachronous onset of 
convergence and orogen parallel extension, changed the lateral resistance to spreading 
as a proxy for pulling and incorporate increased lithospheric strength of the lower plate or 
indenter to simulate a greater orogenic ‘push’.

Based on the previous models in Chapter 4 and these novel models a quantitative 
assessment will be made on the effect of ‘pulling’ and ‘pushing’ to assess the influence of 
both processes on the lateral material transfer during extrusion, as currently debated. To 
quantitatively asses the models we will focus on the structural and topographic evolution 
in comparison to the Eastern Alps, Southern Alps and adjacent Pannonian Basin. 

 
5.2 Experimental approach and set-up

The overall modelling set-up is identical to the models presented in Chapter 4 
(Figure 4.2). Therefore, a detailed description of the set-up, material properties, scaling 
parameters and major assumption and simplifications of the models is not presented in 
this section, but can be read in Chapter 4.2. This section will rather focus on the description 
of parameters incorporated in these experiments, which provide further insights into 
the mechanical, rheological and geometrical conditions that promote lateral extrusion. 
The explored parameter space is: 1) rheological variations of the indenter/lower plate 
(experiments 4 and 6), 2) a lateral confinement with greater resistance to flow (experiment 
5), 3) the timing of events (experiment 7), and 4) a counter clockwise rotation of the lower 
plate (experiment 8). An overview of the models and the explored parameters is also 
presented in Figure 5.2 and material properties are listed in Table 5.1. Monitoring of the 
experiments follows the procedure as described in Chapter 4. Additionally, we retrieved 
the evolution of topography through time by laser scanning of the model surface at 
regular time intervals. The collected XYZ data are converted to digital elevation models 
(Figure 5.8) and topography profiles through time (Figure 5.9) and serve to study the 
intimate link between deformation and topography development.

Experiment 4, the first experiment that will be discussed in the results section, 
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incorporates indentation along with a greater contrast in strength between the indenter 
and the indented region compared to experiment 1 (Chapter 4.3.1). The set-up (Figure 
5.2) is similar to experiment 1 but the indenter now consists of four layers instead of 
three, namely; a brittle crust, a ductile crust, a brittle upper mantle and a ductile upper 
mantle. The total thickness of the mantle lithosphere (1.5 cm) is maintained but is now 
build-up of a brittle layer of 0.6 cm thickness and a ductile layer of 0.9 cm. For the brittle 
mantle lithosphere we used dry quartz sand with a density of 1500 kg/m3. See Table 5.1 
for a complete overview of material properties of quartz sand and all other materials. 
The thicknesses of the brittle and ductile crustal layers remained the same as in previous 
models, namely 0.6 cm each.

Experiment 5 has incorporated a lateral confinement with a higher viscosity (2.5 x 104 
Pa.s, Table 5.1) compared to all other models. This silicon is more resistant to spreading 
and thus exerts a first-order control on the amount of upper plate extrusion. We use the 
increased resistance to flow as a proxy for a decreased extensional velocity. Furthermore, 
this model incorporates subduction along an orthogonal plate boundary with respect 
to the convergence direction, identical to the experimental set-up of experiment 2 in 
Chapter 4.

The following three experiments (experiments 6, 7 and 8) are additional experiments 
that include oblique convergence (experiment 3 in Chapter 4.3.3) with a thicker upper 
crust in the lower plate (Figure 5.2) to increase the difference in crustal strength between 
the upper and lower plate. The reason to include models with a thicker upper crust is 
based on the interpretation of the TransAlp transects across the Southern and Eastern Alps 
(Figure 4.7) which displays a thicker crust for the Adriatic plate compared to the thermally 
and mechanically weakened Alpine orogenic wedge [TRANSALP, 2002]. Furthermore, 

Figure 5.2: Overview of experimental set-ups showing the parameters space explored in this study. 
Geometric variations are displayed in terms of top-view images (upper panel, experiments 4-8) 
and 3D-cartoon (experiment 5) whereas rheological variability is displayed in cross-sectional view 
together with the relevant strength profiles.  Further details and discussions on the model set-up 
are described in Chapter and Figure 4.2. Abbreviations: upper crust (UC), lower crust (LC), lithospheric 
mantle (LM), upper lithospheric mantle (UM), Asthenosphere (A).
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earthquakes in the Southern Alps occur distinctly deeper in the crust compared to the 
Eastern Alps [Willingshofer and Cloetingh, 2003]. Although the seismicity reflects the 
current state of stress in the crust, we argue that the strength of the Adriatic plate was 
probably not significantly weaker at the onset of indentation or subduction, because it 
was not affected by pervasive tectono-thermal events since the Variscan orogenic phase.  

In experiment 7 an initial 6 cm of oblique convergence has been applied whilst the 
weak lateral confinement was locked. After the delayed onset of upper plate spreading, 
oblique convergence continues until we reached a total of 11 cm of shortening, i.e. 27% 
of bulk shortening. In experiment 8 the onset of spreading and convergence was again 
contemporaneous but we applied a gradual counter clockwise rotation of 30° to the 
convergence direction during the experimental run, in line with Adria and Alps rotations 
since the Miocene [Márton, 2000; Márton et al., 2003; Metois et al., 2015]. The rotation was 
achieved by setting the velocity of the moving wall along the confined margin at a constant 
pace of 1 cm/hr, similar to all previous experiments, but the velocity of the moving wall 
along the side with the weak lateral confinement was set at a constant 1.5 cm/hr.

Layer Material
Density Friction 

coef. μ
Cohesion Stress 

comp. 
na

Material 
constant 

A

Effective 
viscosity

ρ (kg.m-3) C (Pa) η (Pa.s)a

Alps
Brittle Crust Feldspar sand 1300 0.4-0.7 15-35

Ductile Crust Silicon mixture 1 
(a+b)* 1420 1.36 3x10-5 3.04x104

Upper Mantle Silicon mixture 2 
(a+b)* 1530 1.31 1x10-5 1.06x104

Adria and European foreland
Brittle Crust Feldspar sand 1300 0.4-0.7 15-35

Ductile Crust Silicon mixture 3 
(a)* 1430 1.3 2x10-5 2.28x104

Brittle Upper 
Mantle Quartz sand 1500 0.6 30-70

Upper Mantle Silicon mixture 3 
(b)* 1500 2.7 6x10-6 2.00x105

Other

Weak lateral 
confinement Silicon 5 (a+b)* 1360 1.04 5x10-5 1.56x104

Silicon 6 (a+b)* 1360 1.04 5x10-5 2.5x104

Asthenosphere Glycerol + 
Polytungstate 1505

* a = Rhodosil gomme CSIR (Rhône Poulenc, France), and b = polydimethylsiloxane polymer (PDMS)

Table 5.1: Material properties for the different type of ductile and brittle layers.
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5.3 Results

In this section we present detailed descriptions of the 5 experiments outlined above. To 
visually support the descriptions a series of top view images through time are presented 
for each experiment along with images of topography (DEMs), PIV surface analysis, mantle 
flow visualization and cross-sections as can be seen in Figures 5.3 to 5.9. 

5.3.1 Experiment 4: Indentation by a 4-layer lithosphere

Experiment 4 (Figure 5.3) is a follow-up of experiment 1 (Chapter 4.4.1); both are 
indentation models but in this experiment the mantle lithosphere of the indenter consist 
of a brittle and a ductile layer (Figure 5.2) demonstrating the effect of a greater strength 
difference between the indenter and the indented weak lithosphere; see the strength 
profiles in Figure 5.2 for more details. 

The first structures which develop (Figure 5.3c) strike at a (high) angle to the 
convergence direction with the angle being greater for structures closer to the weak lateral 
confinement. The initial structures accommodate strike-slip displacements, indicated 
by the deformation of the surface grid, in response to the immediate spreading of the 
upper crust whilst the structures near the confined margin are thrusts. Overall, shortening 
is accommodated by deformation of the weak indented lithosphere with the exception 
of the frontal part of the indenter along the confined margin, which shows deformation 
by fore- and back-thrusting, creating a small basin in between. At 11% bulk shortening 
the general structural pattern remains similar compared to 5% b.s, with newly emerged 
(dextral) strike-slip faults close to the weak confinement and thrusts, creating small pop-
up structures, near the confined margin. However, at 17% and 22% bulk shortening the 
areas of dominant strike-slip or thrust faults overlap creating a complex pattern of cross-
cutting faults and result in an area dominated by transpressional structures. The overlap 
is the effect of laterally propagating structures; the strike-slip faults propagate along 
strike of the plate boundary in the direction of the confined margin and vice-versa for 
the compressional structures. The deformation accommodated by the indenter remains 
stable and no new faults develop. 

The along strike variations, i.e. from thrust faulting to strike-slip structures, is clearly 
visible in the cross-sections (Figure 5.3d). Cross-sections A of experiment 4 is dominated 
by pop-up structures and cross-sections B by strike-slip faults. In cross-section A, the 
deformation of the indenter is also visible including a slight thickening of the lower crust 
near the plate boundary but the overall accommodated deformation is very minimal with 
no other visible distortions or thickness changes of the indenter. The thickening within the 
indented plate is obvious for the upper and lower crust, but also for the mantle lithosphere, 
especially near the contact with the plate boundary. Despite the thickening of the mantle 
layer, there is still a large amount of mantle flow perpendicular to the convergence 
direction present (Figure 5.3b). The mantle flow resulted in an elongation factor of 14%, 
versus an elongation of 12% for the upper crust (Table 5.2). However, in experiment 1 
the mantle flow was higher with an elongation of 18%; the measured decrease is most 
likely a direct effect of the thickening component of the mantle lithosphere, observed in 
experiment 4. 
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The overall trends of the surface and mantle displacements are almost identical for 
the indenter, both exhibit vectors parallel to the convergence direction with constant 
displacement velocity across the entire indenter, which is a stable feature through time 
(Figures 5.2a, 5.2b and 5.2c). However, where the indenter is deformed by thrusting, 
a strong decrease in displacement velocity is observed at the surface across these 
structures but in the mantle lithosphere the velocity remains constant. For the indented 
weak lithosphere the surface displacements near the confined margin are parallel to the 
shortening direction with decreasing velocities further away from the plate boundary. A 
strong decrease in vector velocity is observed for the thrusts near the plate boundary 
(Figures 5.3a and 5.3c), suggesting that these structures accommodate a large portion of 
the convergence. Furthermore, the displacement direction changes at the surface with an 
increasing component of lateral displacement towards the weak lateral confinement, i.e. 
vectors strongly deviate from the convergence direction and re-align with the direction of 
spreading. The vectors with a lateral component have the highest displacement velocity 
at the center of the extruding wedge which is consistently observed through time (Figure 
5.3c). The overall variations in displacement velocity and direction are similar for the 
mantle displacements but the lateral component is greater in the mantle lithosphere, 
reflected by a higher elongation factor. 

5.3.2 Experiment 5: Subduction and slow spreading of the upper plate 

Experiment 5 (Figure 5.4) is a model with intra-plate subduction, similar to experiment 2 
(Chapter 4.4.2.), in combination with a high viscosity lateral confinement (Table 5.1), which 
is more resistant to flow compared to the confinement used in all other experiments. In 
summary, the experiment illustrates that the increased resistance reduces the amount of 
lateral extrusion of the crust in the upper plate. This is based on the measured elongation 
factors (Table 5.2); the crust is elongated by 9% compared to 12% elongation for the crust 
in experiment 2 which incorporated the standard weak lateral confinement. 

The first structures that are observed in the upper plate (Figure 5.4c) are structures that 
accommodate (oblique) thrusting as well as sinistral and dextral strike-slip faults, with 
their offset deduced from PIV analysis and grid distortions. Interestingly, the structures 
develop at a great distance from the plate boundary and almost all structures strike at a 
high angle to the convergence direction, besides a pair of thrust faults near the confined 
margin which strike (sub-) parallel to the plate boundary. Furthermore, along the entire 
length of the subducting plate a backthrust develops accompanied by a forethrust which 
terminates towards the weak lateral confinement. Up to 22% bulk shortening the pop-
up structure along the plate boundary constantly accommodates a significant amount 

Figure 5.3 (facing page): Modelling results for experiment 4; [a] top-view image at the final stage of 
modelling (22% b.s.) overlain by the interpretation of crustal structures, the modelled PIV from which 
we derived the simplified surface displacement for the last increment of deformation, [b] Bottom-
view of the mantle displaying the deformed grid (grid spacing is 4x4 cm) and the displacement 
vectors, [c] Top view images through time, for 5, 11 and 17% bulk shortening, overlain by the 
displacement velocity images (see scale bar to the right) and the interpretation of visible faults. [d] 
Cross-sections of the experiment. The yellow lines on the top-view image (see [a]) indicate where 
the model is cut to visualize the lithospheric scale deformation as presented in the cross-sections.
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Figure 5.4: Modelling results for experiment 5; see detailed figure description below Figure 5.3
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of shortening as indicated by the strong decrease in displacement velocity across the 
structure (Figure 5.4c) and is accompanied by a new pop-up structure on the lower plate. 
Towards the weak lateral confinement these structures remain less abundant and only two 
back thrusts develop. At 22% bulk shortening the structures in the upper plate are in large 
parts pop-up structures, contrasting the dominant presence of strike-slip faults observed 
at 5% bulk shortening The strike-slip faults occurring at 22% b.s, is by now restricted to the 
area in close proximity of the lateral confinement. In between the areas with dominantly 
strike-slip and thrust faulting a complex area of cross-cutting faults is observable, leading 
to an area of transpressional structures, similar to experiment 4 or experiments 1 and 2 as 
discussed in the previous chapter. 

In the cross-sections (Figure 5.4d) clear lateral variations can be observed, such as the 
amount of crustal and mantle thickening in the upper plate or the decrease in the amount 
of lower plate deformation towards the weak lateral margin. In cross-section A both 
fore- and backthrusts occur whilst in cross-section B only backthrusts are notable. The 
cross-section also reveal that the upper plate lithosphere acts as a (semi-)coupled system, 
whereas the lower plate is decoupled at the level of the lower crust, i.e. the lower crust 
is thrusted onto the upper plate and partly subducted. This `crocodile-style` subduction 
is also observed in experiment 2 (Chapter 4.3.2.). Further comparison to experiment 2 
illustrates that experiment 5 is clearly more influenced by shortening of the upper plate, 
expressed by the increased offset along the pop-up structures. Especially when comparing 
the cross-sections located near the weak lateral confinement a great amount of pop-up 
structures are still present in cross-section B of experiment 5 whilst the cross-section B of 
experiment 4 is dominated by strike-slip faults. This difference in structural style is evident 
when comparing the amount of shortening in the upper plate (Table 5.2) which is 21% in 
this experiment versus 16% in experiment 2 near the confined margin and 18% versus 14 
%, near the weak lateral confinement, respectively. 

The surface and mantle lithosphere displacement fields (Figures 4a,b) have similar 
patterns but the lateral component of the vectors in the mantle is greater compared to 
the surface, i.e. the vectors deviate more towards the weak lateral confinement. This is in 
accordance with a greater amount of extrusion in the mantle, namely 15% elongation, 
compared to the extrusion of the crust that is elongated by only 9% (Table 5.2). In line with 
these measurements is the observation that the mantle has not been thickened to the 
same degree as the upper crust, see the cross-sections A and B (Figure 5.4d)

5.3.3 Experiment 6: Increased integrated strength of the lower plate during 
oblique subduction

Experiment 6 (Figure 5.5) is an oblique intra-plate subduction model and includes 
a thicker upper crust of the lower plate (Figure 5.2) compared to all previous models, 
thereby increasing the contrast in crustal strength with the upper plate to study the effect 
of subduction at the level of the mantle and indentation at crustal levels.

From the top view images (Figure 5.5c) the strain patterns up to 17% bulk shortening 
are similar to experiment 3 (Chapter 4.4.3.), which also features oblique subduction. The 
structures include a symmetric pop-up along the plate boundary with onset of oblique 
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slip along the backthrust, compressional structures near the confined margin in the upper 
plate that strike perpendicular to the convergence direction and strike-slip faults in the 
upper plate at high angle to the convergence direction near the weak lateral confinement. 
The strike-slip faults coincide with a wedge shaped domain that accommodates extrusion, 
as inferred from the analysis of surface displacements. 

At 17% bulk shortening, there are also pronounced differences. In particular, the strain 
in the upper plate is much more distributed along many small fault segments instead 
of localizing displacements along a limited number of faults. From the top view images 
an increase in the amount of compressional structures can be observed compared 
to experiment 3, although in the cross-sections (Figure 5.5d) it is observed that these 
structures take up very little shortening. At 22% bulk shortening (Figure 5.5a) the upper 
plate deformation has not changed significantly, only minor new dextral and sinistral faults 
are observed. The ongoing convergence has resulted in a second pop-up structure on the 
lower plate which strikes parallel to the plate boundary. This pop-up terminates towards 
the unconstrained margin, where the amount of shortening is less, 15% to 11% (Table 
5.2), and consequently also leads a decrease in the amount of  subduction as observed 
by comparing cross-sections A and B (Figure 5.5d). This along strike variation is similar to 
the previous oblique subduction experiment (experiment 3, Chapter 4.3.3.) yet thickening 
of the upper plate mantle lithosphere (cross-section A, Figure 5.5d) is more pronounced 
than in experiment 3.

 The surface and mantle displacements (Figures 5.5a and 5.5 b) display only a 
minor lateral component of the vectors, hence a weak deviation of the vectors towards 
the weak lateral confinement. This suggests less extrusion takes place which is conform 
the elongation factors for both the crust and the mantle, which is 10% for each (Table 2). 
Interestingly, this is the first experiment to accommodate the same amount of elongation 
for the crust and the mantle. The displacement vectors are also very similar for the mantle 
and at the surface; the latter exhibits a constant displacement direction in the upper 
plate for the extruding domain. Only the vector velocity changes in the upper plate 
which decreases with increasing distance to the plate boundary, resulting in a maximum 
of horizontal displacement close to the plate boundary, which is particularly evident in 
Figure 5.5b.  

5.3.4 Experiment 7: Oblique convergence with delayed upper plate spreading 

Experiment 7 (Figure 5.6) has the same model build-up as experiment 6, i.e. including 
a thicker upper crust in the lower plate and oblique subduction, but includes a delay in 
the onset of spreading of the  upper plate with respect to the onset of convergence. In 
this experiment a distinctly different structural evolution occurs compared to previous 
experiments displaying a complex interference of structures. The model commences with 
convergence which is initially accommodated along the oblique plate boundary with a 
back- and forethrust (at 5% bulk shortening in Figure 5.6c), forming a symmetric pop-up 
as can be seen in the cross-sections (Figure 5.6d). The pop-up migrates from the confined 
margin towards the weak lateral confinement. Subsequent deformation, up to 17% 
bulk shortening, is concentrated in the upper plate and is dominantly accommodated 
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Figure 5.5: Modelling results for experiment 6; see detailed figure description below Figure 5.3.
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by thrusting. These thrusts strike perpendicular to the convergence direction whereas 
transpressional and (minor) strike-slip fault, deduced from the offset of grid lines, appear 
at a high angle to the convergence direction. The oblique displacements accommodate 
a very limited amount of extrusion in response to a confined but moderately weak lateral 
boundary. 

Just before 17% bulk shortening the constraint along the weak boundary is removed 
allowing the weak lateral confinement to flow and accommodate lateral extrusion. The 
ongoing convergence up to 22% bulk shortening (Figures 5.6a and 5c) is dominantly 
accommodated by compressional structures in the upper plate. Only minor additional 
strike-slip faults occur near the weak lateral confinement and, therefore, lateral extrusion 
remains very limited as confirmed by the elongation factors, which is 8% for both the 
surface as well as the bottom of the mantle lithosphere. Due to the significant amount 
of thrusting in the upper plate a high percentage of shortening is obtained near the 
confined margin, namely 39% of shortening which is much more compared to all previous 
experiments (Table 5.2). Consequently, the lower plate has accommodated very little 
shortening. The initial pop-up along the plate boundary, which is already visible at 5% 
bulk shortening, remains active as inferred by the drop in displacement velocity across 
the structure but the amount of shortening is limited compared to previous models (see 
cross-sections in Figure 5.6d). 

In previous models with oblique convergence the amount of subduction along strike 
of the interface decreases towards the unconstrained margin with 80%. However, in the 
cross-sections of this experiment (Figure 6d) an equal amount of subduction is observed 
along the strike of the plate boundary. Another striking difference is that the mantle in the 
upper plate has been thickened significantly along the entire length near the confined 
margin. This thickening is also clearly visible when viewing the mantle distortions, where 
the grid is clearly flattened and the mantle flow is primarily directed in the direction of the 
convergence. 

5.3.5 Experiment 8: Counterclockwise rotation of the lower plate

The final experiment (Figure 5.7), has the same model build-up as experiment 6 and 7 
but subsequently features a counter clockwise rotation of the lower plate provoked by a 
gradual 30° counterclockwise rotation of the moving wall. See Chapter 5.2 and Figure 5.2 
for a detailed description of the experimental set-up.

At 5% bulk shortening (Figure 5.7c) a similar symmetric pop-up structure is present 
along the plate boundary compared to previous experiments. Ongoing convergence up to 
17% bulk shortening (Figure 5.7c) is concentrated in the upper plate and is accommodated 
dominantly by pop-up structures which strike parallel to the back-wall, hence at an angle 
to the convergence direction and the plate boundary. From grid distortions and PIV-
analysis it appears that the pop-up structures close to the weak lateral confinement also 
have a minor oblique displacement. At 17% bulk shortening (small) faults appear in the 
upper plate that are oriented oblique to the pop-up structures, which are mainly present 
close to the weak lateral confinement and near the plate boundary. These faults appear 
to accommodate minor sinistral displacements based on the offset of grid lines, which 
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Figure 5.6: Modelling results for experiment 7; see detailed figure description below Figure 5.3. This 
model accommodated a total of 11 cm of shortening therefore the top view images in [c] and [a] are 
featured at 5, 17, 22 and 27 % bulk shortening.
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strongly contrasts previous experiments that do not exhibit sinistral strike-slip faults in 
close proximity of the plate boundary. At 22% bulk shortening (Figure 5.7a) these strike-
slip faults are not evident anymore and the grid distortions and PIV analysis indicate that 
the upper plate is again dominated by shortening structures. The dominance of upper 
plate shortening is in line with the very limited amount of extrusion, with an elongation of 
only 6% measured at the surface (Table 5.2). 

In this experiment the mantle lithosphere is affected by extensive thickening near 
the confined margin, but also near the weak lateral confinement. Surprisingly, in spite 
of the mantle thickening the mantle lithosphere still accommodates an elongation of 
10%. This contrast is in line with the observed difference in displacement directions at the 
surface and at the bottom of the mantle layer. Surface displacements have a minor lateral 
component whilst in the mantle the vectors deviate much stronger, such that the largest 
horizontal components are found far away from the oblique plate boundary. Interestingly, 
there is also a large variance in displacement direction for the lower plate between the 
surface and the mantle. The mantle layer seems to be more strongly influenced by the 
rotating moving wall with vectors deflecting towards the confined margin, but at the 
surface the influence of the rotation is not deducible from the displacement directions. 
Furthermore, a limited amount of subduction takes place in this experiment (see cross-
sections in Figure 5.7d), shortening accommodated by the lower plate is restricted 
to the symmetrical pop-up along the plate boundary (Figure 5.7d), and only a subtle 
drop in displacement velocity occurs across the pop-up structure (Figure 5.7c). These 
observations are similar to observations in experiment 7, which are also both affected by 
a high percentage of upper plate shortening (Table 5.2); this experiment accommodates 
38% of upper plate shortening near the confined margin and even 47% near the weak 
lateral confinement. The higher amount of shortening near the weak lateral confinement 
is a consequence of having the rotation pole at the lower left corner of the experiment, 
in line with high displacement velocities further away from the rotation pole (Figure 5.71)  

5.4 Evolution of topography

Laser scanning of the model surfaces has been used in order to extract the evolution 
of the topography through time. The topography for the experiments presented in this 
chapter is shown at 5, 11, 17 and 22% bulk shortening (Figure 5.9) by means of topographic 
cross-sections approximately along the lines displayed in Figures 5.3-5.6. Additionally, 
we show the topography development for experiment 1 (Chapter 4), which serves as a 
reference model. In Figure 5.8 we also show the accompanying digital elevation models 
for experiment 4 and 5, to visualize the topographic differences between indentation 
and subduction dominated experiments. The results are summarized in this section to 
highlight the impact of the explored parameters on topographic development. 

For experiment 4 (indentation) and 5 (subduction) an overall fairly similar topographic 
evolution is observable (Figure 5.8), yet significant differences exist reflecting the 
fundamentally different geodynamic setup of these experiments. The largest topographic 
differences in experiment 5 compared to experiment 4 are restricted to the lower plate, 
namely, an along strike foreland basin in front of a topographic high. The latter is not 
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Figure 5.7: Modelling results for experiment 8; see detailed figure description below Figure 5.3.
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present in experiment 4 but the indenter does experience some flexure resulting in a basin 
type evolution near the plate boundary, also clearly visible along the topographic profile 
(Figure 5.9, section b of experiment 4). The indented region in experiment 4 and the upper 
plate in experiment 5 both feature the highest elevations near the confined margin which 
decreases towards the extruding margin. As stated before, both models are dominated 
by thrusting and transpressive structures in the upper plate, therefore, the decrease in 
elevation occurs rather rapid in close proximity of the weak lateral confinement. Both 
experiments show a close correlation between deformation and topography development 
such that topography develops highest in association with thrust faults and is lower where 
strike-slip deformation is dominant. The lateral difference in topography is also clearly 
visible when comparing the topographic profiles a and b for both experiment 4 and 5 
(Figure 5.9). In summary, the observed differences in topographic evolution for the upper 
plate/indented region leads to the interpretation that the topography of the upper plate 
is affected by the convergence mode, i.e. more uplift occurs on an indented plate, but the 
topographic trends remain similar.

The effect of increased indenter strength on the topography is noticeable when 
comparing the topographic evolution (Figure 5.9) of experiment 4 to the evolution of 
experiment 1, the reference model. The sections near the confined margin are almost 
alike, showing an evolution that is dominated by the rapid uplift above pop-up structures. 
However, near the weak lateral confinement clear discrepancies between the two 
experiments can be observed; in experiment 1 the indenter is characterized by a steady 
uplift of the entire plate with an overall low topography, whilst the indenter in experiment 
4 is affected by subsidence in front of the plate boundary establishing a strong contrast 
with the high elevations of the indented plate. Furthermore, the plate boundary in 
experiment 4 localizes uplift which displays a migration with ongoing convergence that 

Extension upper plate Shortening upper plate

crust mantle confined boundary free boundary

Exp. 1 14% 18% 23% 18%

Exp.2 12% 18% 16% 14%

Exp. 3 9% 12% 13% 12%

Exp. 4 12% 16% 22% 16%

Exp. 5 9% 15% 21% 18%

Exp. 6 9% 10% 15% 11%

Exp. 7 8% 8% 39% 38%

Exp. 8 6% 10% 38% 47%

Eastern Alps 50% - 54% 17%

Table 5.2: The elongation factors (e) measured for the five new models and the three previously 
presented models in Chapter 4. The elongation factors are measured at the surface (i.e. the crust) 
and at the bottom of the mantle, and are calculated using: (e) = (L-Lo) / Lo. Where L is the final length 
and Lo is the original length.
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slightly resembles the topographic evolution along the plate boundary in subduction 
models. This phenomenon is absent in experiment 1.

Large discrepancies between topographic elevations also occur when comparing 
orthogonal and oblique convergence (experiment 5 versus 6, Figure 5.9).  The upper plate 
has a very low topography, compared to the clear topographic highs in experiment 5. The 
lateral variations in topography of the upper plate is much less in experiment 7 and 8, 
where a relative high topography remains along strike of the upper plate, in line with the 
lithospheric thickening observed in both models for the entire upper plate and very low 
amounts of extrusion (Table 5.2). 

In experiment 4, 5, 6 and 8 the topographic profiles (Figure 5.9) show subsidence 
occurring on the lower plate in front of the pop-up structures along strike the plate 
boundary, i.e. resembling a foreland basin. Moreover, in experiment 5 and 6 the initial 
subsided area is uplifted during ongoing convergence as a result of foreland propagating 
deformation, hence a new area of subsidence occurs and the initial basin is incorporated 
in the pop-up structures along the plate boundary. At this point, i.e. when propagation 
of deformation and subsidence occurs, lithospheric flexure becomes a distinguishable 
feature along the topographic sections. Furthermore, the highest topography in the 
models with subduction coincides with the compressional belt along the plate boundary. 
The migration of the topographic high through time illustrates that the subduction system 
is an advancing system, i.e. no roll-back, suggesting a strong plate coupling. 

Figure 5.8: Digital elevation models for 5%, 11%, 17% and 22% bulk shortening (b.s.) for experiment 
4 versus experiment 5. The images are overlain by the faults observed from the top-view images in 
Figures 5.3 and 5.4, respectively.
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5.5 A summary and discussion of the key observations
The results of the five lithospheric-scale physical analogue experiments are 

summarized and compared to the 3 models in Chapter 4, thereby focusing on their key 
features elucidating the effects of the explored parameters. These key features will also 
provide a basis for the main aspects that are later on discussed in the context of Alps-Adria 
interactions in Chapter 6.

5.5.1 Inferences from an increased indenter or lower plate strength.

In the experiments presented in Chapter 4 the contrast in crustal strength between 
the lower plate and upper plate is low (Figure 4.2) but still enabled lateral extrusion to be 
limited to the upper plate. The models presented in this chapter illustrate that a higher 
lithospheric strength of the indenter or the lower plate (experiment 4 and 6), has a negative 
feedback on extrusion, hence the amount of upper plate extrusion decreases both at 
mantle and crustal levels (Table 5.2). Consequently, the upper plate is affected by more 
thickening of the lithospheric mantle. Furthermore, in the case of subduction (experiment 
6) less material was subducted but the higher lower plate strength favoured upper plate 

Figure 5.9: The topographic evolution for experiment 1 (reference model, as described in Chapter 
4) and experiments 4 to 8. For each experiment the evolution is plotted at 5%, 11%, 17% and 22% 
bulk shortening following two section. Section [a] is near the confined margin, at 8 cm’s from the 
confined model boundary, and section [b] is near the weak lateral confinement, at approximately 
8 cm’s from the transition to the confinement. The distance of the profiles spans the final length at 
22% bulk shortening
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thickening. Thus, our observations indicate that an increase of the lower plate or indenter 
strength transfers more stress to the upper plate due to an increase in the degree of 
resistance along the entire plate boundary. Thereby, the increase in coupling will favor 
the transfer of stress to the weaker lithosphere [Calignano et al., 2015; Willingshofer and 
Sokoutis, 2009], attesting to the increase in thickening of the upper plate and decrease in 
the amount of subduction.

In the models with increased lower plate of indenter strength, the rate of extension 
has remained the same in the models whilst there was no change in the degree of lateral 
resistance to flow. We suggest that in order to compensate for the increase in the amount 
of upper plate shortening, a higher extensional velocity is needed to ‘overcome’ this 
increase in shortening. This suggests a strong influence of the interplay between lateral 
extrusion and the degree of lateral resistance to flow, which is described in the following 
section in more detail. 

Comparing the topography for the above mentioned complementary models it 
appears that the increased thickening of the upper plate or indenter does not affect the 
accompanying elevation. Even though clear topographic discrepancies are observed 
between experiment 1 and 4, as described in section 5.5, the actual elevation for the 
indented plate is similar. This is the effect of strain being distributed over a wider region. 
By comparing top-views of experiment 3 and 6 we observe a similar difference in the 
distribution of strain and in both models the topography in the upper plate remains very 
low. These observations suggest that localizing strain in the upper plate or indented plate, 
a positive feedback relation occurs for the amount of extrusion. Supporting this view is 
the drop in the amount of extrusion for subduction models compared to indentation 
models (Table 5.2), where the deformation of the downgoing plate leads to an increase in 
the area affected by shortening; hence when deformation is distributed over a wider area 
less extrusion occurs.

5.5.2 The interplay between lateral extrusion and the degree of lateral resistance.

In response to a greater resistance to lateral flow a significant increase in the amount 
of shortening and thickening of the upper plate occurs, where thickening of the mantle 
lithosphere occurs in the entire upper plate, which typically only occurred near the 
confined margin. On the contrary, the amount of extrusion has decreased significantly. 
This is a direct expression of the strain distribution in the upper plate; the deformation 
in the upper plate in dominated by pop-up structures with a limited area influenced by 
strike-slip and transpressive faults. This is very different to the gradual transition observed 
from compressional structures to transpressive to strike-slip structures in the case of a 
weak lateral confinement with a low resistance. Despite all the discrepancies in the upper 
plate, the structural evolution of the lower plate seems independent of the amount of 
lateral resistance, including the along strike variations of the amount of subduction 
(slightly decreasing towards the weak lateral confinement in the case of orthogonal 
convergence). These listed discrepancies and similarities suggest that the degree of 
lateral resistance controls the style of deformation in the upper plate, where a decrease in 
resistance advocates the process of lateral extrusion.   
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Supporting the inference that lateral resistance controls the amount of lateral extrusion 
and upper plate deformation is the absence of lateral flow in the case of an initially locked 
weak confinement (Figure 5.6c), despite the weak confinement having a low viscosity 
which would still permit extrusion of the upper plate. The locked, yet weak, confinement 
accommodates only a minimal amount of extrusion, and more obvious escape tectonics 
only becomes visible after ‘unlocking’ the lateral confinement. Shortening in the early 
stage of this experiment is accommodated by thrusting and associated topographic 
buildup. Furthermore, the entire upper plate is affected by significant thickening, whilst 
less material is subducted and less deformation is visible along the plate boundary. These 
observations suggest that almost all stresses were transferred to the upper plate indicating 
that the degree of coupling along the plate boundary was possibly higher. We conclude 
that the results emphasize that an extending weak lateral boundary is crucial for lateral 
extrusion to occur (Figure 5.10) and that the interplay of convergence and extension can 
affect the degree of coupling along the plate boundary. 

5.5.3 The consequence of convergence during counter clockwise rotation

During counter clockwise rotation a higher cumulative amount of shortening is 
applied near the weak lateral confinement. This results in a high amount of subduction 
and a significant amount of shortening in the upper and lower plate along this boundary. 
Despite the increased amount of shortening, i.e. lithospheric thickening, hardly any 
extrusion takes place even when incorporating a low resistance to flow of the lateral 
confinement. Again, the inferences suggesting that an increase in orogenic ‘push’ does 
not favor extrusion but purely facilitates shortening of the upper and lower plate. 

From the experimental results we infer that the coupling between the plates was not 
strong enough to provoke upper plate rotation. This is clearly visible on the bases of the 
strike of upper plate structures which form orthogonal to the back wall, independent of 
the strike of the moving wall. This is also the effect of strain partitioning occurring along 
the plate boundary, testifying that the plate boundary is not fully coupled. 

 
5.6 Application to the Eastern Alps

Prior to applying the model insights to the Eastern Alps a brief geological background 
is given of the Oligocene to recent tectonic evolution, focussing on the Miocene lateral 
extrusion structures. The onset of doming and exhumation of the Penninic units exposed 
in the Tauern Window (Figure 5.1) probably occurred no later than 28 Ma in response 
to Adriatic indentation [Favaro et al., 2015], whilst the NE-directed Pannonian back-arc 
extension in response to Carpathian slab roll-back [Horváth et al., 2006] is proposed to 
start around 20 Ma based on the onset of sedimentation [Balázs et al., 2016 and references 
therein]. Lateral extrusion did not start at the onset of indentation but nevertheless pre-
dates the Pannonian Basin extension according to Wölfler et al. [2011] and Scharf et al. 
[2013] and the onset of Pannonian Basin extension would only temporarily enhance the 
rate of extrusion. The late early Miocene onset of Pannonian Basin extension is marked 
by the formation of pull apart basins along strike-slip faults, commencing around 18 Ma 
[e.g., Decker, 1996; Reischenbacher and Sachsenhofer, 2013; Strauss et al., 2001]. This 
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is contemporaneous with the onset of syn-rift volcanism observed in the Styrian basin 
[Figure 5.1, e.g., Handler et al., 2006; Hohenegger et al., 2009], the rapid exhumation of the 
Pohorje pluton [Fodor et al., 2008] and rapid exhumation of the Medvednica Mountain 
metamorphics [van Gelder et al., 2015]. Observations suggesting that extrusion occurred 
prior to the Pannonian Basin extension include the activation of the sinistral SEMP fault 
at 24 Ma [Glodny et al., 2008], the change from orogen-perpendicular (N-S) to orogen-
parallel extension (E-W) documented by structures in the Tauern Window as well as the 
activation of the Katschberg normal fault at 23 Ma [e.g., Scharf et al., 2013], and the rapid 
exhumation of the Penninic units exposed in the Rechnitz window also starting at 23 
Ma [Cao et al., 2013; Dunkl and Demény, 1997]. These examples are all associated with 
a deformation phase characterized by top NE to E direction of extension, which seems 
to contradict that the onset of NE-directed Pannonian extension is unrelated to these 
observations. Hence, the non-uniform timing of events result in ongoing debate as to 
what triggered lateral extrusion, indentation or extension, and when it started, pre- or 
post-dating the onset of Pannonian extension. The remainder of this section will focus on 
these aspects in light of our modelling results.

5.6.1 Is lateral extrusion a matter of pushing or pulling?

 According to Ratschbacher et al. [1991] lateral extrusion describes the combined 
effects of orogenic collapse and lateral escape. For the latter, external forces are needed in 
combination with a ‘free’ boundary. These external forces would entail the push of Adria, 
independent of whether that means indentation or subduction because in both cases a 
‘pushing’ effect is established as shown by our models. The free boundary is a consequence 
of the opening of the Pannonian Basin due to Carpathian slab roll-back. This process 
provides the ‘pull’ to the overriding plate, thereby creating space for the extruding crust 
or lithosphere, supposedly post-dating the Adriatic ‘push’. As a consequence, previous 
studies state that lateral extrusion is triggered by indentation [Scharf et al., 2013; Wölfler 
et al., 2011] and only enhanced by back-arc extension.

This statement disagrees with our modelling results, demonstrating that no activation 
of significant strike-slip faults occur in the case of a locked lateral boundary (experiment 
7). Even though a ‘free’ boundary was imposed, due to the weak rheology of the 
confinement, the activation of the classical lateral extrusion tectonics was subdued. In 
the case of a model with a fully confined continental subduction, the upper and lower 
plate are solely affected by shortening, hence no strike-slip or lateral displacement of 
material occurs [e.g., Luth et al., 2010]. Furthermore, experiment 5 demonstrates that a 
lateral confinement with a higher degree of lateral resistance to flow favours lithospheric 
thickening rather than extrusion. All of these observations, and explanations described in 
section 5.6.2, illustrate that the ‘pulling’ is crucial for lateral extrusion to occur. 

Furthermore, in section 5.6.1 we concluded that a greater strength contrast between 
the upper and lower plate favors thickening and shortening of the upper plate and not 
lateral extrusion. These findings are in line with the concept that the Adriatic plate would 
only need to be slightly stronger than the Eastern Alps orogenic wedge in order to trigger 
lateral extrusion under the condition of a contemporaneously extending margin at high 
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angle to the convergence direction [Robl and Stuwe, 2005]. As such, a high strength 
contrast would increase the ‘pushing’ effect and would need to be compensated by higher 
extension velocities to result in a deformation style typical for extrusion. Conversely, we 
argue that if the extension velocity is in excess of the shortening velocity, extension will 
be the dominant mode of deformation as exemplified in the case of the Pannonian Basin 
[Horváth et al., 2006].  

We conceptually illustrate the interplay of pushing versus pulling on the style of 
deformation in the indented region in Figure 5.10 showing that lateral extrusion is 
triggered by pulling in an overall setting of active convergence. Hence, without a very 
weak lateral confinement, i.e. no pulling, no lateral extrusion would occur, but also; 
without the push of Adria no lateral extrusion would take place. Although this basic idea 
has been put forward by Ratschbacher et al. [1991] and Selverstone [2005], we provide 
experimental proof that the efficiency of lateral extrusion is regulated by the resistance at 
the ‘free’ boundary

The emphasis on the effect of extension raises new questions as to what geodynamic 
process resulted in the onset of lateral extrusion prior to Pannonian extension? According 
to reconstructions by Handy et al. [2015], the Carpathian slab roll-back is active since 
30-25 Ma and this would entail an earlier onset of extension. Furthermore, Matenco 
and Radivojević [2012] proposes that slab roll-back occurs in the Dinarides since the 
Oligocene. Although the imposed direction of extension is not conform field observations 
in the Eastern Alps, the two opposing subduction zones could provide the necessary 
extensional domain to trigger lateral extrusion prior to the onset of extension recorded in 
the Pannonian Basin. 

5.6.2 Did Adria rotate counter clockwise during the last 23 Ma?

Paleomagnetic data on Miocene sediments indicate a 30° counter clockwise rotation 
of Adria with respect to stable Europe [Márton et al., 2003]. Additionally, paleomagnetic 
data from pull-apart basins in the Eastern Alps, as well as the Northern Calcareous Alps 
record Miocene syn-sedimentary counter clockwise rotations [Figure 5.1, Márton, 2000; 
Thöny et al., 2006]. Some basins also exhibit syn-sedimentary clockwise rotations such 
as the Fohnsdorf basin or the basin near St. Marein along the Mur-Mürz fault [Figure 5.1, 
Márton, 2000]. These local clockwise rotations can be explained by en-bloc rotations in 
between strike-slip faults during lateral extrusion. However, the overall counter clockwise 
rotation is said to be related to the rotation of Adria affecting the Eastern Alps as well as 
en-bloc rotations in between dextral faults. This scenario was implemented in experiment 
8 which showed that the counter clockwise rotation of Adria was not transferred across 
the plate boundary. Instead, the rotation was accommodated along the subduction 
boundary as indicated by the contrasting displacement fields in the mantle lithosphere of 
the subducting and overriding plates, respectively. As a result, no block rotation occurred 
on the upper plate but the amount of shortening increased significantly, namely to 38% 
within the upper crust of the upper plate, which was even greater near the weak lateral 
confinement, 47% (Table 5.2). Consequently, almost no lateral escape took place in the 
upper plate despite an extending weak lateral confinement.
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The effect of the counter clockwise rotation depends on the location of the rotation 
pole [Van Hinsbergen et al., 2014]. Furthermore, the rotation with reference to stable 
Europe [Márton et al., 2003] which might suggest that the Alps are rotated in a ‘en-bloc’ 
manner together with Adria, in line with paleomagnetic counter clockwise rotations 
obtained from Miocene basins in the Eastern Alps [Figure 5.1, Márton, 2000]. This requires 
a strong coupling between the subducting and the overriding plate beyond what is 
applied in our experiments, although experiment 7 demonstrates a high coupling due to 
the onset of convergence prior to lateral extension. However, such a high coupling is not 
expected for the Alps-Adria boundary, as suggested by Handy et al. [2005] based on field 
data, which is in favour of a decoupled Alps-Adria system at least during the Oligocene 
to early Miocene. Although a decoupled plate boundary would then suggest that the 
rotation is accommodated by additional shortening towards the east in the Southern 
Alps and the Eastern Alps when assuming a pole in the Western Alps as inferred from 
plate reconstructions of Ustaszewski et al. [2008]. The increase in shortening is not evident 
for the Eastern Alps and Southern Alps. Balancing through map reconstructions yield an 
estimate of 112 km of shortening in the west and only 64 km in the east for the indented 
region north of the Periadriatic fault [e.g., Frisch, 1998; Linzer et al., 2002; Ustaszewski et al., 
2008 and references therein] whereas the minimum amount of shortening in the southern 
Alps (~50 km) seems to be constant along strike [e.g., Nussbaum, 2000; Schönborn, 1999]. 
A possible counter clockwise rotation of Adriawith a rotation pole towards the west does 
not seem to agree with the field data, suggesting an in-depth re-evaluation is needed on 
the counter clockwise rotation of Adria. In order to correlate the paleomagnetic rotations 
and field observation, a change in the motion path of Adria is proposed to change from 
oblique to orthogonal convergence in Chapter 4 and observed variations in shortening 
directions in the Southern Alps [e.g., Caputo et al., 2010]. Additionally, we suggest that the 
overall counter clockwise rotation of the Eastern Alps, and associated change in strike of 
the Periadriatic fault, is imposed by the rotation of the AlCaPa block into the Carpathian 
embayment [e.g., Csontos, 1995], thereby respecting a decoupled Adria-Alps plate 
boundary.   

 

5.6.3 Relevance of modellin results for the topographic evolution of the Eastern and 
Southern Alps 

The topography of the Eastern Alps is characterized by a steady decrease in elevation 
towards the Pannonian Basin (Figure 5.1); peaks up to 3800 meters occur in the Tauern 
Window and decrease to elevations of a few hundred meters in the Vienna and Styrian 
basins. The strike-slip faults accommodating the lateral extrusion coincide with the 
main valleys in the Eastern Alps but are flanked by mountainous landscape, especially 
in between the SEMP and Mur-Mürz fault (Figure 5.1). The occurrence of these orogen 
parallel valleys and associated orogen-parallel rivers imply that a low relief topography 
was present in the Eastern Alps at the time the strike-slip faults formed [Robl et al., 
2008]. These overall topographic trends have a strong resemblance to the topography 
observed in our models, despite the absence of erosion, namely; a strong decrease in 
topography towards the weak lateral confinement and localized, but limited, uplift along 
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the (transpressive) strike-slip faults (Figure 5.8 and 5.9). The limited amount of uplift along 
the strike-slip faults are also conform the thermochronological data in Chapter 2, that do 
not record significant cooling as a result of exhumation during Miocene lateral extrusion.

 The topographic evolution of the Eastern Alps is young. The western Eastern Alps are 
characterized by a mountainous landscape in the Oligocene already, forming an important 
source area for the Molasse basin and sedimentary basins located in the periphery of the 
Southern Alps [Frisch, 1998; Kuhlemann et al., 2006; Zattin et al., 2003]. To the east of the 
Tauern Window the landscape was probably hilly with low relief topography continuing 
until the middle-late Miocene [Frisch et al., 2008], after which peneplanation surfaces 
where uplifted and dissected leading to a more mountainous landscape. In our models 
we observe that topography develops constantly (Figure 5.9), with no sign of large areas 
that remain unaffected by uplift in order for peneplanation to occur, except model 6. In 
this experiment very little topography formed in the upper plate (Figure 5.9), similar to 
experiment 3 in Chapter 4 (Figure 4.5), suggesting that oblique convergence during early 
phases of extrusion does not lead to significant topography development. However, a 
change in the geodynamic system would be needed to explain the switch from a low 
relief to a mountainous landscape in the late middle Miocene. In Chapter 4 we discuss 
the possibility of a change in convergence direction, resulting in orthogonal convergence 
post-dating an oblique convergence. This is in agreement with a contemporaneous 
change in shortening direction in the Southern Alps [Caputo et al., 2010; Castellarin and 
Cantelli, 2010].

The Eastern Alps also mark an even younger event of topographic evolution, around 5 
Ma. At the most eastern end of the Alpine orogen a young uplift is recorded by high incision 
and erosion rates from the latest Miocene-early Pliocene times [Legrain et al., 2015; Robl 
et al., 2008; Wagner et al., 2010]. This is in accordance with contemporaneous enhanced 
cooling rates at the Eastern Alps-Pannonian Basin transition discussed in Chapter 2. It has 
been opted that this young uplift event is tectonically driven by for instance a change from 
a decoupled to a coupled plate boundary [Willingshofer and Sokoutis, 2009]. However, 
our models show that the discussion of topography development cannot be restricted to 
the forcing conditions at the plate boundary, but also needs to invoke parameters like the 
direction of convergence with respect to the plate boundary and the amount of lateral 
resistance, i.e. the rate of lateral extension.  

The topography of the Southern Alps marks the transition to the Venetian-Friulian 
plain, the foreland basin of the Southern Alps (Figure 5.1). In the models with indentation, 
no foreland basin occurred in experiment 1 but a (modest) foreland basin developed 
in experiment 4 (Figure 5.8). In the models with subduction we observe the formation 
of deep foreland basins that occur along the entire collisional belt. A south/southeast 
directed shift of the catchment in the late Miocene is in response to southeast directed 
propagation of the South Alpine thrusts [Monegato et al., 2010] which correlates to the 
observed development of a second foreland basin in experiment 5 and 6 for instance 
(Figure 5.9).

Since the middle Miocene the source for the sediments in the Southern Alps foreland 
basin is restricted to the Southern Alps itself, whereas prior to the middle Miocene the 
basins in the Southern Alps have been sourced by the exhumed Austroalpine basement 
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surrounding the Tauern Window [Stefani et al., 2007]. Such a dramatic reorganization of 
the sediment routing system demands the creation of significant topography at a rate 
that outpaces river incision. Subduction of the Adriatic plate provides a viable mechanism 
for fast development of topography on the side of the down-going plate as demonstrated 
by Luth et al. [2013], Willingshofer et al. [2013] and our experiments with intra-plate 
subduction (Figures 8 and 9). Hence, by invoking subduction of the model “Adriatic” plate 
the sediment supply from the Eastern Alps is shutdown.  

  
5.7 Conclusions

The presented series of analogue models provide new insights on the feedback relations 
of ‘pushing’ and ‘pulling’ on lateral extrusion as well as the associated development of 
topography. The experiments can be classified as either having an effect on the amount 
of pulling, for instance the degree of resistance to lateral flow, or pushing, by increasing 
lithospheric strength contrasts between the lower and upper plate.

A greater strength contrast between the upper and lower plate results in an increase 
in the amount of thickening of the upper plate and less subduction occurs. These effects 
are due to an increase in the degree of resistance along the plate boundary which allows 
more stresses to be transferred to the overriding plate but also favours strain distribution 
across the weak continental plate. The lateral resistance to flow has a primary control on 
the amount of lateral extrusion, thus a low resistance promotes extrusion at both crustal 
and mantle levels. In a setting where convergence occurs prior to extension, a minimal 
amount of escape occurs and primarily facilitates shortening of the upper plate. All of 
these observed interactions reveal that lateral extrusion is triggered and controlled by 
pulling forces in an overall setting of active convergence. This assumes a much greater 
influence of the so-called ‘free’ boundary, where the efficiency of lateral extrusion is 
controlled by the lateral resistance and its associated extensional velocity.

The topographic evolution associated with the models show that an increase in the 
strength contrast or an increase in the degree of lateral resistance to flow does not affect 
the maximum elevation, i.e. uplift, in the upper plate because the deformation is more 
distributed. However, the style of convergence, indentation versus subduction, does have 
a primary control on the topographic evolution, where the overall topography is higher in 
an indented plate. This significant topography is not conform the topographic evolution of 
the Eastern Alps. Thus, we suggest continental subduction of the Adriatic plate explaining 
the absence of sediments derived from the Eastern Alps since the Middle Miocene in the 
Southern Alps and in agreement with the topographic evolution of the Eastern Alps. For 
the latter we specify an initial early Miocene continental oblique subduction of Adria 
and subsequent middle Miocene orthogonal subduction. The change in convergence 
direction is not (only) the results of a counter clockwise rotation of Adria but probably due 
to the counter clockwise rotation of the Alps-Pannonian Basin tectonic block rotating and 
escaping into the Carpathian embayment.

Photo (facing page): Sub-horizontal isoclinal folding as observed in the Rechnitz Window.
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The research presented in this thesis aimed at understanding the effects of interfering 
orogenic process that affect the tectonic evolution of the Eastern Alps-Dinarides-
Pannonian Basin transitions. Both the evolution of the Alps as well as that of the Dinarides 
are strongly tied to the motion of the Adriatic continental plate and the opening of the 
Pannonian back-arc basin. To gain insight on the interplay of processes related to plate 
convergence (subduction and indentation) and those related to extension of the crust 
and lithosphere in the regions described above, we studied: 1/ the structural evolution 
of the Mur-Mürz fault and its associated vertical motions with the aim of constraining 
the geodynamic interactions at the Eastern-Alps-Pannonian Basin transition, 2/ the 
tectonic evolution and exhumation history of the Medvednica Mountains to determine 
the influence of Alpine orogenic processes in the northern Dinarides and to constrain the 
geodynamic interactions at the Dinarides-Pannonian Basin transition, 3/ the kinematic and 
structural response to subduction on lateral extrusion by means of analogue modelling, 
and 4/ the importance of slab pull leading to upper plate extension on lateral extrusion, 
based on additional analogue experiments.   

The analogue experiments demonstrated that a subducting continental plate (Adria) 
is reconcilable with lateral extrusion of the upper plate as shown by similar crustal 
deformation patterns compared to the classical indentation scenario. Variations in 
the strength of the lower plate or the lateral resistance to flow all contributed to new 
insights on the influence between ‘pushing’ (i.e. convergence) and ‘pulling’ (i.e. extension) 
on lateral extrusion tectonics. These new findings have implications for the tectonic 
evolutions retrieved from the Medvednica Mountains and from the easternmost Alps. In 
the following sections the results of the field and geochronologic work (Chapters 2 and 
3) are integrated with interferences from physical analogue models (Chapters 4 and 5) to 
discuss interfering tectonic processes relevant for understanding the Eastern Alps, the 
northern Dinarides and the Southern Alps and their orogenic interactions.

6.1 Lateral extrusion during continental subduction

The experimental results presented in Chapter 4 illustrate the effects of continental 
subduction or indentation on the process of lateral extrusion in the upper plate, revealing 
that both processes are feasible mechanisms that contribute to lateral extrusion of the 
upper plate or the indented region. The modelling was specifically designed to simulate 
the Alps-Adria convergence for which it remains debated whether the Adriatic continental 
plate indents or subducts beneath the Eastern Alpine orogenic wedge [Lippitsch et al., 2003; 
Mitterbauer et al., 2011]. In both cases we observed that the style of deformation is very 
similar; a gradual transition occurs from a domain dominated by shortening to a strike-slip 
dominated domain near the weak lateral confinement. In addition, the subduction model 
leads to slightly less extrusion of the crust and lithosphere, because part of the convergence 
is taken up by subduction and the associated lower plate deformation. In contrast, the 
indenter remains largely undeformed in cases of classical indentation experiments. Thus, 
in order to re-evaluate the type of Adria-Alps convergence the deformation along the plate 
boundary seems crucial, whilst the structural evolution of the upper plate or indented area 
is independent of the type of convergence (indentation versus subduction). 
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The observed collisional belt along the plate boundary in the case of subduction 
strongly resembles that of the Southern Alps, south of the Periadriatic fault. The Southern 
Alps have classically been interpreted as the retro-wedge to the Eastern Alps orogenic 
wedge [e.g., Castellarin et al., 2006; TRANSALP, 2002]. However, the younger phases of 
deformation accommodating more than 50 km of shortening since the late Miocene 
[Castellarin and Cantelli, 2000; Schönborn, 1999], occurred after Europe-Alps collision 
as indicated by the stagnation of shortening at the Alpine front [Beidinger and Decker, 
2014; Beidinger and Decker, 2016]. Hence, the ongoing shortening is unlikely related 
to ongoing Alps-Europe convergence but related to either subduction or indentation 
of Adria. The latter is the traditional idea [Ratschbacher et al., 1991], but fails to explain 
significant shortening of the Adriatic plate expressed by the formation of a foreland 
propagating thrust system. Furthermore, models with indentation exhibit a significantly 
higher topography for the indented plate compared to the topographic evolution of an 
overriding plate. The latter has a stronger resemblance to the topographic evolution of 
the Eastern Alps [e.g., Frisch, 1998; Kuhlemann et al., 2001; and the results presented in 
chapter 2]. Thus, the analogue experiments illustrate that only subduction is a viable 
mechanism to explain the deformation of the downgoing plate and the topographic 
evolution of the overriding plate.

As stated above, the type of convergence does not influence lateral extrusion tectonics 
and its associated deformation pattern; however, the direction of convergence does 
(Chapter 4 and 5). In models with oblique convergence the topography of the upper plate 
is significantly lower, and there is a strong decrease in the amount of extrusion due to strain 
partitioning along the plate boundary, which is the locus of significant right-lateral shear 
accommodating the dextral offset related to the extruding upper plate. Consequently, 
no other dextral faults are active in the upper plate, strongly contrasting with the Eastern 
Alps where dextral faults, besides the Periadriatic fault, are a common feature. On the 
contrary, the deformation pattern along the plate boundary in our models has a strong 
resemblance to the strain partitioning observed along the dextral Periadriatic fault [Handy 
et al., 2005]. Another similarity between oblique subduction and the evolution of the 
Eastern Alps is the low topography and peneplanation for easternmost Alps until the late 
middle Miocene [Frisch et al., 2008]. This is in agreement with very slow cooling recorded 
for this area by means of low temperature geochronological data (Chapter 2). Only the 
area close to the confined margin, the analogue for the domain of the Tauern Window, is 
affected by uplift in response to crustal thickening in agreement with the recorded early 
Miocene rapid exhumation of the area [figure 6.1, e.g., Luth and Willingshofer, 2008, and 
references therein] and significant shortening [Frisch, 1998]. These similarities between 
oblique convergence and the early Miocene tectonic and topographic evolution of the 
Eastern Alps are striking. By combining these insights on oblique convergence with 
observations of orthogonal convergence (see discussion in Chapter 4 and 5) we propose 
that the Eastern Alps tectonic evolution represents an initial oblique convergence since 
the early Miocene (Figures 6.1 and 6.2), followed by orthogonal convergence from the 
middle Miocene onwards (Figures 6.1 and 6.3). Interestingly, the initial stage of oblique 
subduction provides a simple explanation for the rapid decrease in slab length towards 
the Pannonian Basin, whilst the extruding upper plate partly takes up the amount of 



6.1 Lateral extrusion during continental subduction

145

convergence. Thus, this explanation describes a mechanism that does not assume a 
change in the amount of convergence along strike of the plate boundary nor assumes 
Dinaridic orogenic processes are related to this ‘slab gap’ which would add unnecessary 
complexities. 

The proposition for two subsequent stages of convergence implies a rotational 
component of deformation; however, the model with rotation showed that this 
process does not lead to deformation resembling lateral extrusion in the Eastern Alps. 
Moreover, the model with rotation produces more shortening near the weak lateral 
confinement, resulting in an overall uplift of the upper plate which is dominantly affected 
by shortening, rather than strike-slip deformation. The exhumation recorded along the 
Mur-Mürz fault does not support such uplift, nor is there evidence for significant early-
middle Miocene shortening (Chapter 2). What we do observe is a change from a strike-slip 
regime with a NNW-SSE direction of shortening (D1) in the early Miocene to deformation 
phases dominated by strike-slip and normal faulting with an overall NE-SW direction of 

Figure 6.2: Interacting tectonic and geodynamic processes within the AlCaDi orogenic system 
between 25 and 15 Ma. The time step is characterized by the opening of the Pannonian Basin and the 
initial oblique Alps-Adria convergence and associated subduction, see text for details. To constrain, 
in part, the motion of Adria the time step also features the evolution of the Western Mediterranean. 
The reconstruction is based on plate reconstructions of Handy et al. [2015] and refined on the bases 
of the insights presented in the thesis. The purple arrows illustrate the simplified plate motions with 
respect to the present-day coastlines, the yellow circle locates the Medvednica mountains, the red 
dashed lines trace the outline of subducting slabs at depth, blue arrows represent the shortening 
direction for the Eastern and Southern Alps, the red arrow illustrates the direction of extension in the 
Pannonian Basin, and the white arrows show the direction of slab roll-back. Abbreviations: Eastern Alps 
(EA), Rechnitz window (Rw), Pohorje pluton (Pp), Periadriatic fault (Pf), Medvednica Mountains (MM).
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shortening (D2-D3) from the middle Miocene. This change in kinematics would rather 
suggest a clockwise rotation took place, in line with a recently proposed clockwise rotation 
of Adria by Bertrand et al. [2017]. However, this prosed clockwise rotation does not take 
strain partitioning along the Alps-Adria plate boundary into consideration, as indicated 
by our models and by Handy et al. [2005]. Furthermore, published paleomagnetic data 
contradicts a clockwise rotation for the Eastern Alps and Adria [Márton, 2000; Márton et 
al., 2003; Thöny et al., 2006]. Alternatively, we propose that the Adria collision is initially 
N-S directed, leading to strain partitioning along the plate boundary (Figure 6.1 and 
6.2). As a consequence of the strain partitioning a subsequent counter clockwise of 
Adria is primarily recorded in the Southern Alps. Thereby, a counter clockwise rotation 
of the Eastern Alps is likely to be related to the motion of the AlCaPa tectonic block into 
the Carpathian embayment (Figure 6.3) as proposed by Csontos and Vörös [2004]. We 
propose that the combination of these two individual rotations are relates to a change in 
the strike of the plate boundary with respect to the convergence direction, which remains 
approximately N-S (Figures 6.2 and 6.3). 

 

6.2 Mechanisms controlling lateral extrusion during continental subduction

The analogue experiments in Chapter 5 emphasize the influence of ‘pulling’ on 
lateral extrusion, although lateral extrusion is undoubtedly the effect of both ‘pushing’ 
(i.e. convergence) and ‘pulling’ (i.e. extension). In other words; if there is no ‘push’ only 
extension will occur, and if there is no ‘pulling’ only shortening will occur. Hence, lateral 
extrusion is controlled and promoted by extension and in order to achieve a high amount 
of lateral material transfer the balance between the amount of pushing and pulling is 
critical (see Chapter 5, Figure 5.10).

For the Eastern Alps these two key parameters represent the north directed motion 
and subduction of Adria and the contemporaneous orogen parallel extension due to 
Carpathian slab roll-back, respectively. The observed thickening in models with a high 
lateral resistance or increased strength contrast implies that orogen scale uplift occurs, 
as shown by the topographic evolution of the models. This is not in agreement with the 
Miocene topographic reconstructions for the Eastern Alps [e.g. Frisch et al., 2000] nor 
our cooling and exhumation ages at the eastern end of the Eastern Alps (Figure 6.1). 
If, however, the lateral resistance promotes extrusion, accompanied by a favourable 
strength contrast between the two continental plates, the characteristic deformation 
pattern of escape tectonics develops and leads to a gradual decrease in topography of 
the upper plate towards the weak lateral margin. This resembles the topography of the 
Eastern Alps, namely; high elevations up to 3800 meters in the Tauern Window to very 
low elevations in the Styrian and Vienna basins. The lateral topography variations are also 
in line with the observed non-uniform cooling of the Eastern Alps in the Miocene [e.g., 
Luth and Willingshofer, 2008, and the results presented in chapter 2], as also described in 
Chapter 6.1. As such we argue (see also Chapter 5) that lateral extrusion and the associated 
topographic evolution are dominantly controlled by the degree of lateral resistance, a 
proxy for the rate of back-arc extension during Carpathian slab roll-back. 
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Figure 6.3: The interplay of tectonics within the AlCaDi orogenic system from 15 to 9 Ma. The 
time span is dominated by the ongoing Carpathian slab roll-back and the change to orthogonal 
Alps-Adria convergence. Additionally, this time step depicts the counter clockwise rotation of the 
Eastern Alps and Pannonian Basin that rotate into the Carpathian embayment (black arrow). The 
green arrows show the plate motions associated with the illustrated geodynamic setting, where the 
differential motion of Adria is due to the counter clockwise rotation of the continental plate. Refer 
to the text and Figure 6.2 for more details.

The onset of sedimentation in the Pannonian Basin during the late Early Miocene 
is used as constraint for dating the onset of the Carpathian slab roll-back. This post-
dates the activation of the dextral displacement along the Periadriatic fault around 30 
Ma [Mancktelow et al., 2001] and the sinistral motion along the SEMP starting at 24 
Ma [Glodny et al., 2008]. Furthermore, the Tauern Window documents a change from 
orogen perpendicular to orogen parallel extension around 25-23 Ma [Favaro et al., 2015; 
Scharf et al., 2016]. The above named structures and processes, illustrated in Figure 6.1, 
are related to the previously mentioned initial oblique convergence, which suggests 
that lateral extrusion and thus extension already occurred at around 24 Ma, i.e. since 
the early Miocene. We, therefore, suggest that the onset of Carpathian slab roll-back 
occurs contemporaneous with the change from orogen perpendicular to orogen parallel 
extension (Figure 6.2), which is earlier than previously thought but implicitly illustrated in 
plate reconstructions by Handy et al. [2015] and Ustaszewski et al. [2008]. 

The influence of the Pannonian back-arc extension is also evident when reviewing the 
response to a recorded latest Miocene-Pliocene inversion of the basin structures [Bada 
et al., 2007; Horváth and Cloetingh, 1996]. As shown in Chapter 2 and 3 a latest Miocene-
Pliocene inversion is observed at the Eastern Alps-Pannonian Basin and Dinarides-
Pannonian Basin transitions (Figure 6.1). Moreover, a young phase of exhumation occurs 
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contemporaneous with the observed inversion at the Eastern Alps-Pannonian Basin 
transition, locally enhanced by the underthrusting of the Bohemian basement (Figure 
6.4). These observations of inversion and exhumation along the edge of the Pannonian 
Basin suggest an intrinsic relation with the Pannonian Basin inversion in response to the 
stagnation of Carpathian slab roll-back. The inversion and exhumation is not limited to 
the easternmost Alps, whilst recent studies in the Niedere Tauern [Wölfler et al., 2016] and 
the Karawanken Mountains [Heberer et al., 2016] also record a latest Miocene phase of 
uplift. We suggest that these two localities along with the uplift recorded along the Mur-
Mürz fault are related to far-fielded effects of the Carpathian slab roll-back testifying that 
‘pulling’ has a primary control on lateral extrusion tectonics and topographic evolution of 
the Eastern Alps (Figure 6.4) and possibly even on the degree of coupling at the Alps-Adria 
plate boundary (refer to Chapter 5 for details).

Besides pulling as a control on the amount of extrusion, also the behaviour and 
response of the lithospheric mantle could possibly have an impact on lateral extrusion. 
As outlined in Chapter 4 and 5, the models suggest that lateral extrusion most likely 
occurs on the scale of the lithosphere rather than the crust. This is in agreement with 
mantle anisotropy occurring parallel with the direction of extension [Bokelmann et al., 
2013]. Additionally, recent numerical studies performed on escape tectonics and applied 
to Tibet and the Aegean [Capitanio, 2014; Sternai et al., 2014] also suggest a lithospheric-
scale process but emphasize the crucial role of the mantle flow in localizing surface 
deformation. In our models we consistently obtained an equal or higher degree of mantle 
extrusion compared to that of the crust, where the degree of extrusion is dependent on 
the amount of thickening of the mantle layer in the upper plate. Thickening of the mantle 
lithosphere occurring along the entire strike of the orogen results in limited lithospheric 
mantle extrusion, whilst models with a high degree of crustal and mantle extrusion are 
characterized by a rapid decrease in the lithospheric thickness from the confined to the 
unconfined margin. This correlates with lateral topography changes in the Eastern Alps 
and a significant thinning of the lithospheric mantle and crust towards the Pannonian 
Basin [Grad et al., 2009; Ziegler and Dèzes, 2006]. Thus, we cannot confirm that the 
lithospheric mantle controlled the surface deformation but the models do suggest that 
the crust-mantle interactions are inseparable in the case of the Eastern Alps, forming a 
coupled system. 

6.3 Implications for the tectonic evolution of the AlCaDi orogenic system

From the field results of the Medvednica Mountain (Chapter 3) and the Mur-Mürz fault 
and surrounding region (Chapter 2) we derived tectonic evolutions starting in the Latest 
Cretaceous. For both regions we obtained cooling ages that revealed post-metamorphic 
exhumation of rocks during ongoing convergence. The ongoing convergence comprises, 
for the Medvednica Mountains, the Dinaridic nappe stacking event resulting from 
the closure of the Neotethys [e.g. Dimitrijević, 1997]. For the Eastern Alps the ongoing 
convergence is related to the nappe stacking of the Lower Austroalpine nappes during 
the Eo-Alpine event [e.g. Neubauer et al., 2000]. In the Medvednica Mountains the 
metamorphic core is exhumed during the post-metamorphic cooling phase along 
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a NE-directed detachment and is accompanied by Gosau-type sedimentation in the 
hangingwall. Similarly, for the eastern end of the Eastern Alps the cooling is related to 
the exhumation of metamorphosed Austroalpine units partly in the footwall of a top NE-
directed low angle detachment, and an associated syn-sedimentary Gosau basin in the 
hangingwall, i.e. the Kainach basin [Neubauer et al., 1995]. Additionally, for the eastern 
end of the Eastern Alps we revealed an eastward migration of exhumation, indicated by 
the younging of cooling ages towards the east.

Cretaceous cooling was followed in the Medvednica Mountains by a Miocene east-
directed extension that is linked to a second phase of cooling. This suggests a structural 
link with the contemporaneous exhumation of the Pohorje pluton and the Penninic units 
in the Rechnitz window, illustrated in Figures 6.1 and 6.3. Furthermore, the direction of 
extension is in line with the sinistral displacements along the Mur-Mürz fault occurring 
during a strike-slip deformation phase with an overall E-W extension (D3). Lastly, both 
study areas underwent late Miocene-Pliocene exhumation, which is accompanied by 
enhanced cooling of the Austroalpine units at the Eastern Alps-Pannonian Basin transition.

The structural affinities between the two areas suggest an intrinsic tectonic and spatial 
relation. For the Miocene and Pliocene tectonic evolution the connection is clear, because 
both orogens are directly affected by the opening of the Pannonian back-arc Basin [e.g., 
Matenco and Radivojević, 2012 and references therein]. However, a tectonic connection 
has not been explicitly described for the latest Cretaceous event nor it is known what 
mechanism triggered the syn-convergent extensional basins in the Dinarides. For the 

Figure 6.4: The last time step illustrates the tectonic and geodynamic situation around and after 9 
Ma, during which the Eastern Alps and the Pannonian Basin are affected by inversion, the northward 
motion of Adria and underthrusting of the Bohemian massif. See text and Figure 6.1 and 6.2 for 
more details. 
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Eastern Alps possible tectonic scenarios include the roll-back of the Alpine slab [Froitzheim 
et al., 1997] and collapse of the thickened and weak crust [Willingshofer et al., 1999]. The 
first option disagrees with the observed eastward migration of exhumation, and the 
second option would suggest orogen perpendicular extension, which contrasts with the 
orogen parallel extension observed in both areas. Different to these ideas, we suggest 
that orogen parallel extension is probably stronger linked to the contemporaneous final 
closure of the Neotethys ocean in the east giving rise to extrusion of the Alpine and 
Dinaridic nappe stack than hitherto assumed. 

The close spatial and tectonic relation of the Alps and Dinarides is also evident from 
the thrusting of the Žumberak nappe over the Medvednica core complex [Tomljenović et 
al., 2008; van Gelder et al., 2015]. The Žumberak nappe resembles South Alpine shallow 
water Triassic facies which has been thrusted to the south in the Oligocene-Miocene 
(Figure 6.2). The timing is not fully constrained but shortening in the Southern Alps 
is documented from the Eocene onwards, where the initial stage has a Dinaridic SW-
directed vergence [figure 6.1; e.g., Bosellini and Doglioni, 1986]. We relate the out-
of-sequence emplacement of the Žumberak nappe to the younger south verging 
Oligocene-Miocene event [figure 6.2, Castellarin and Cantelli, 2000], which is still 
considered as a Dinaric vergence but is related to Alpine shortening. 

By combining the described observations from the field and models we can refine 
the previously established ideas on the Neo-Alpine tectonic evolution of the Alps-Adria 
transition, as summarized hereafter (Figures 6.1 up to 6.4). Break-off of the Alpine slab 
occurring after 40 Ma but prior to 30 Ma [e.g., Handy et al., 2010 and references therein; 
von Blanckenburg and Davies, 1995] gave rise to the subsequent subduction of the 
Adriatic plate beneath the Eastern Alps [Schmid et al., 2004]. Structural observations 
and the onset of exhumation of the Penninic units exposed in the Tauern window 
suggest that subduction commenced at ca. 28 Ma [Favaro et al., 2015]. This probably 
coincides with the out-of-sequence thrusting of the Žumberak nappe, along with 
inherited structures that are observed along the entire strike of the Alps-Adria boundary 
[Bosellini and Doglioni, 1986]. The much younger late Miocene to recent SE-directed 
thrusting in the western part of the eastern Southern Alps was said to record the initial 
stage of shortening due to subduction or indentation of the Adriatic plate. However, 
the out-of-sequence thrusting of the Žumberak nappe indicates that the subduction 
of Adria probably occurred earlier, implying an Oligocene onset of ‘South Alpine’ 
thrusting (Figures 6.1 and 6.2). Subsequently lateral extrusion is active since the early 
Miocene indicating that the roll back of the Carpathian slab must have started at this 
time inducing a ‘pulling’ component on the Eastern Alps (Figure 6.2). This initial stage of 
subduction is accompanied by the rapid exhumation of the Pohorje pluton, the Penninic 
units exposed in the Rechnitz Window and the Medvednica core complex (Figures 6.1 
and 6.2). The Alps-Adria convergence during this time span is oblique which leads to 
approximately 210 km of subduction below the Tauern Window but the length of the 
slab rapidly decreases towards the Pannonian Basin. During the latest early Miocene, 
the counter clockwise rotation of the Eastern Alps into the Carpathian embayment has 
led to a change from oblique to orthogonal convergence and a possible acceleration in 
the rate of extension (Figure 6.3). Both processes directly influenced the deformation 
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style and topography associated with lateral extrusion in the upper plate (Figure 6.1 and 
6.3). In the meantime, the ongoing northward motion of Adria with a counter clockwise 
rotation induced a younger late Miocene SW-directed phase of foreland propagating 
thrust system in the Southern Alps. On a final note, subsequent stagnation of the 
Carpathian slab roll back induced inversion of structures in the Pannonian Basin and its 
surroundings leading to increased uplift of the Eastern Alps during the latest Miocene-
Pliocene (Figures 6.1 and 6.4).  

All-in-all, the tectonic evolution of the Alps-Adria and Dinaridic region showcase 
the complex effects of interfering geodynamic processes. The research demonstrates 
that it is crucial to integrating surface and deep processes in order to understand the 
interactions whilst it is apparent that surface and deep processes are inseparable.

6.4 Outlook
The integrated results prove successful due to their ability to provide valuable 

insights for the interplay between mantle-subduction processes and the observed 
tectonic evolution at the surface. To further constrain some of the presented ideas and 
feedback relations a consecutive series of analogue models is suggested, preferentially 
combined with numerical modelling. Whilst analogue models are ideal to study primary 
controls on geodynamic processes, numerical models will improve the understanding of 
dynamics due to the input of a more precise lithospheric rheology. I suggest performing 
complementary analogue and coupled numerical models that implement: 1/ a vertical 
stratification with (multiple) decoupling horizons in the upper plate, 2/ more substantial 
extension at a high angle to convergence, 3/ an increase in the applied bulk shortening, 
and 4/ pre-existing lateral rheological heterogeneities in the upper plate, e.g. mimicking 
the influence of the Bohemian massif. 

The presented results also show the need to understand the significance of the 
deformation phases in the Southern Alps, to further constrain the influence of the 
subducting Adriatic plate and its contemporaneous counter clockwise rotation.
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Photo (facing page): Brecciated Triassic limestones along the Pöls-Lavanttal fault, in a quarry to the 
northwest of Dravograd (Slovenia).
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Photo (facing page): A mylonitic shear zone near the southwestern borders of Moslavačka Gora,  
observed in a quarry near Mikleuška (Croatia).
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