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Abstract

The topographic evolution of the European Alps aisdrelationship with climate and
tectonics remains strongly debated and relativelgonstrained. In this thesis, | investigate
the long-term landscape evolution and its link viehtonic processes in a region of the Alps
that has escaped glacial erosion during the lagigie glaciations: the easternmost end of the
Alps. Morphometric analysis reveals the preseridaaised relict landscapes in the Pohorje
and Koralpe mountains and channel profiles prapacshows that the amount of incision into
these relict landscapes is 387 + 105 m. Topographalysis also shows that the relict
landscape is present on both sides Koralpe blogkhatias been considered to be tilted. The
data presented here suggests that the relict lapdsis younger than the tilting which
probably took place between 18 Ma and 16 Ma. Apdalil-Th)/He ages indicate that the
Pohorje granite had cooled down below the closeneperature of 70°C by 15 Ma. As the
Pohorje relict landscape is developed across th&acts of Pohorje granite, it implies that this
relict landscape must be younger than 15 Ma. Takgether, these results suggest that both
the Koralpe and Pohorje relict landscapes haveddrbetween 16-15 Ma and 5 Ma, a period
of tectonic quiescence that lead to decay and drimaptof the topography-°Be-derived
erosion rates from the Koralpe Mountain average: 8m/Ma for catchments located on the
relict landscape, above the knickpoints, and 1375#m/Ma for catchments in the incised
landscape, below the knickpoints. This significdifterence in erosion rate between relict
and incised landscape strongly support the inteapom of the Koralpe landscape as a
transient landscape experiencing a wave of incidicalculate an estimation for the onset of
incision at 4 £ 1 Ma, an estimation of surface f 349 + 92 m, and a total relative base
level fall of 543 + 143 m. The results are in claggeement with both the magnitude and the
age of onset of uplift of the Styrian Basin and Na@th Molasse Basin, as well as the incision
rate of the Mur River into the Styrian Karst. Weggest that the whole area is experiencing
the same post-Miocene increased rock uplift ratessiply in response to a deep-seated

process such as delamination of the lithosphem@btie Alps or a slab break-off.



Outline of the thesis

This thesis is divided into three chapters andappendix.

In Chapter 1, a combination of morphometric analysis and apdtiTh)/He
thermochronology is used to study the topographitution of the Koralpe and Pohorje
Mountains located at the southeastern end of the.Alhis chapter is currently under review

in Geomorphology

* Legrain, N., Stiwe, K., Wolfler, A.,2013. Incised relict landscapes in a never
glaciated part of the Eastern Alps.

In Chapter 2, the incision into the Koralpe relict landscapeusntified by cosmogeni@Be-
derived erosion rates of the different part of Kleealpe landscape. This chapter is currently

under review irEarth Surface Processes and Landforms

* Legrain, N., Dixon, J.L., Stiwe, K., von Blanckenbtg, F., Kubik, P., 2013.
Landscape rejuvenation and post-Miocene increaseckuplift rate at the eastern

end of the Alps.
Chapter 3 contains the overall conclusions and outlook &f thesis.

In Appendix is a collection of abstract from different confezes where | contributed to
during this PhD.
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Chapter 1

Incised Relict Landscapes in a Never Glaciated Part

of the Eastern Alps



Abstract

We investigate long-term landscape evolution asdink with tectonic processes, in a region
of the Alps that has escaped glacial erosion dutimg last periodic glaciations: the
easternmost end of the Alps. Morphometric analysi®als the presence of incised relict
landscapes in the Pohorje and Koralpe mountainschadnel profiles projection shows that
the amount of incision into these relict landscaEe887 + 105 m. This incision likely
occurred during the last 6-5 Ma in response toftupfi the whole region, by analogy with
subsidence analysis of the Styrian Basin. Topogcaphalysis also shows that the relict
landscape is present on both sides of the eastiliaa Koralpe block. This suggests that the
relict landscape is younger than the tilting whpsbbably took place between 18 Ma and 16
Ma. We also use apatite (U-Th)/He thermochrono-lamyonstrain the possible age of the
Koralpe and Pohorje relict landscapes. They indighat the Pohorje granite had cooled
down below the closure temperature of 70°C by 15 M&the Pohorje relict landscape is
developed onto and cross-cut the granite, it inspiat this relict landscape must be, at least,
younger than 15 Ma. These results suggest that fetithh landscapes have formed between
16-15 Ma and 5 Ma, a period of tectonic quiesceheelead to decay and smoothing of the
topography, before the ~ 400 m incision of the Kmeand Pohorje landscapes that took place
since the late Miocene.
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1.1. Introduction

Topography is the result of a competition betwesssien that removes material from the
Earth's surface, and tectonic forces that can emedief through uplift mechanisms. However,
tectonics, climate and topography are linked by mem interactions and feedback
mechanisms. In order to improve our understandihghese processes, quantifying the
topographic evolution of mountain ranges is verpamtant. In the European Alps, the debate
on the landscape evolution and its relationshig wéictonics and climate remains ongoing
(Cederbom et al., 2004; Persaud and Pfiffner, 2@¥gmpagnac et al., 2007; Willett, 2010;
Hergarten et al., 2010; Norton et al., 2010, Vellal., 2011, Sternai et al., 2012). Here we
infer aspects of the long-term landscape evolutibthe Alps by focusing on a part of the
Eastern Alps that was free of ice during the lasiqualic glaciations (van Husen, 1997), but
features a mountainous landscape with summits @2 m high elevation: the easternmost
part of the Eastern Alps (Fig. 1.1).

13°E

Figure 1.1 Topography of the easternmost part of the Eunopdps and location of the studied areas. Relict
landscapes are yellow polygons, thick white lineresents LGM glacier boundary. NCA: Northern Catcais
Alps; TW: Tauern window; PG: Paleozoic of Graz;Karalpe relict landscape; P: Pohorje relict langscd.B:
Lavanttal Basin; LF: Lavanttal fault; MMF: Mur-Murfault. F refers to the Fischbacher Mountain thaggibly
represents an incised relict landscape. Locatioweldlfs for subsidence analysis: So 1: Somat 1;:®idhla 1
(Ebner and Sachsenhofer, 1995; Sachsenhofer et98l8; 2001).White dashed rectangles are extestvath
profiles of Fig. 1.4 (profiles 1-1" and 2-2").
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As this region was not affected by glacial carvitigis landscape represents a unique
opportunity to study morphometric parameters toudoent the long-term (Ma timescale)
landscape evolution of the area.

Paleosurfaces or relict landscapes have long besmntented in the studied area, in
particular for the Koralpe Mountain. Indeed, Winkléermaden (1957) already suggested that
the Koralpe Mountain features preserved “paleosasfaor relict landscapes as we term these
landforms in this article. More recently, the Kgmllandscape has been considered as an
Oligocene paleosurface by Frisch et al. (2000)./Rokal. (2008) have also suspected that
knickpoints may be recorded in the river profilédssome of the tributaries of the Drava and
the Mur draining the Koralpe and Pohorje mountaptssibly indicating transient erosion.
However, the Koralpe and Pohorje landforms wereenamapped by using quantitative
methods and Digital Elevation Models (DEM) and #ge of their formation and incision
remains largely unconstrained. To investigate #ml$cape evolution, the uplift history and
the links with tectonic events in this part of thps, we analyze channel profiles and slope
maps to present maps of incised relict landscapeshe Koralpe and Pohorje Mountains.
Then, we use channel profile projection of eigHected rivers to estimate the amount of
incision into these relict landscapes. We combineresults with 20 new apatite (U-Th)/He
ages (AHe) from the Koralpe and Pohorje mountainat twe use to constrain our
interpretations in absolute time. Finally, we infar integrated landscape evolution scenario
for the studied area, in a never glaciated parthef Eastern Alps, linking tectonic and

landscape evolution of the region since the Earigdéne.

1.2. Geological setting

The Pohorje Massif and the Koralpe region are patth of what has been termed the Styrian
Block east of the Lavanttal fault system and saittihe Mur-Mirz system (Fig. 1.1) (Wagner
et al., 2011). The Lavanttal fault system and thar-Mirz systems are both some of the
major structures controlling the Miocene laterarasion of the Eastern Alps (Ratschbacher
et al., 1991, Frisch et al., 199Bpbl and Stuwe, 2005, Wolfler et al., 2010; 20149 are
therefore closely linked to the tectonic evolutiminthe region (Fig. 1.1). The regional base
level for the entire eastern end of the Alps isksethe Danube which ultimately drains into

the Black Sea. More locally, the current base kevet the region under investigation are the
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Drava and the Mur rivers (Fig. 1.1). These two mainers seem to be morphologically well-
equilibrated and do not record significant knickpgsiother than the ones located at the LGM
terminal moraines (Robl et al., 2008). The Styrasin consists of sediments that were
deposited between approximately 18 Ma and 7 Ma €Elamd Sachsenhofer, 1995). This
region is characterized by a smooth hilly landscape extensive alluvial plains and fluvial

terraces (e.g. Wagner et al., 2011).

The Pohorje Massilies at the southeastern corner of the Alps (I'hg massif is about 35
km long and 15 km wide and it is surrounded byilesternmost parts of the Pannonian basin
to the south and to the east. The elevation oMleeene basin to the south is about 300 m
and the highest summit of PohorjeGsni Vrh with an elevation of 1543 m. The massif is
made up of eclogite facies Cretaceous paragnewsshe Austroalpine nappe complex. The
metamorphic rocks of the Pohorje Mountain wereuithdd by the Pohorje pluton, a 30 km
long and 4-8 km wide magmatic body (Fig. 1.2d). Jdhalysis on zircons imply an Early
Miocene crystallization age of the granite andardission track ages indicate rapid cooling
of the pluton within about 3 million years (Fodor &., 2008). However, cooling and
exhumation of Pohorje pluton below about 250°C usrently unconstrained. It is known
however, that the Pohorje pluton supplyed sedimiattsthe Ribnica Trough in the centre of
the massif already in the Middle Miocene. Thisndicated by nearly synsedimentary detrital
apatite cooling ages (Sachsenhofer et al., 19998;1Bunkl et al., 2005). This is supported
by kinematic data from east-west striking high-angbrmal faults along the margin of the
Ribnica Trough (Pischinger et al., 2008). Assoclatelcanic rocks at the western end of the
massif and the thermochronological study by Fodoale (2008) indicate that the pluton
cooled near the surface and that its exhumatiomgltine early Miocene was very fast. Solva
et al. (2005) have noted that the course of thes®River, that dissects the massif, indicates

an antecedent river profile with young uplift oetmassif.
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Figure 1.2: Method for mapping incised relict landscape anojgmting channel profiles. (a) Map view of a
relict and incised landscape, white points aretlonaof knickpoints of tributaries; Points alonget are:Acr:
critical drainage area above which I&) &nd log A) start to be correlated; knickpoint. (b) Double logarithmic
slope-area plot with fitted relict and knickzongysents;S. gradient in m/mA: Drainage area in m2. (c) River
profile with the downstream projected relict rivergment; is incision calculated at the confluence with the
trunk stream. For the rivers draining to Miocensibs, the incision was calculated at the transibetween
crystalline basement and basin. (d) Map of the Behdountain showing the extent of the relict lacajse
(black line) and lithology. (e) Map of the Koralpountain, showing the mapped relict landscape klae)
and the lithology, for more details on other synshmfer to Fig. 1.3.

The Koralpe region is a north-south striking ratgeated between the Styrian Basin to the
east and the Miocene Lavanttal fault to the wes. (E1, 1.2e). The range measures ~40 km
from north to south and ~25 km from east to weashals an asymmetric topography from
2140 m on the Speikkogel summit to 300 m near thge® Basin, with a steep western slope
and a gentle eastern slope, probably due to tilahghe range in response to the lateral
extrusion of the Eastern Alps and the Early Miocémdt activity of the Lavanttal fault
(Neubauer and Genser, 1990, Kurz et al., 2011olagically, the range is famous for
hosting the eclogite type locality and is one @& tighest grade metamorphic regions of the
Alps. It is made up of Cretaceous gneisses, amopteab and eclogites. The Miocene

Lavanttal fault system bounding the range to thetwe part of the Pdls-Lavanttal fault
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system (Fig. 1.2e) that has a dextral offset (Exh@76; Wolfer et al., 2010, 2011). In the
Lavanttal segment, a small pull-apart basin shovideace for about 15 km of dextral offset
(Reischenbacher et al., 2007). Vertical offset glire Lavanttal fault system is estimated to
be > 2 km, with relative upward movement of the &pe (Frisch et al., 2000). Onset of
sedimentation in the Lavanttal Basin is dated & MhA (Strauss et al., 2001; Reischenbacher
et al., 2007). Based on the sedimentary evolutioth® Lavanttal Basin, the Lavanttal fault
system is assumed to be active since the Early éi@avith peaks in activity at 18-16 and
14-12 Ma. Fault plane solutions for recent seigmidisplay clear dextral strike-slip
movements (Reinecker and Lenhardt, 1999; Pischiagai., 2008). The Koralpe Mountain
was partly covered by small glaciers during theenéglaciation periods. These glaciers have
left small cirques around the highest peaks, baitglhciers only covered and modified a very

small part of the Koralpe landscape (Fig. 1.2d} tha exclude from the relict landscape

mapping.

1.3. Methods

1.3.1. Mapping of incised and relict landscape

As we use the terms “relict” and “incised” landseapn this study, is important to define
these terms. Here we use the term “relict landscapd “incised landscape” in their most
simple definitions. It refers to the concept of mtision of rivers into a pre-existing
morphology resulting in two different landscapds pre-existing “relict” landscape and the
more recent “incised” landscape (Clark et al.,, 200Bhe morphometric analysis was
performed by using the SRTM3 digital elevation mMd@¥EM). Although a 30 m resolution
DEM exists (ASTER 30 m), a recent study suggests #t the moment, the available version
of the 30 m DEM is less accurate than the 90 m SRHut et al.,, 2010) which was
confirmed by a preliminary comparison of the two Nd&for some of the studied rivers.
Channels were studied by using the empirical @tatiip between drainage arkand slope
Sof an equilibrated channel (Hack, 1973; Flint, 497

S=ksA”? (1.1)
where § and ks are generally referred to as the concavity indeat #re channel steepness

index, respectively (Wobus et al., 2006).

The data forA and S were extracted from the DEM by using the method$Vobus et al.

(2006) and the freely available Stream Profilereo@Whipple et al., 2007). Becaukgs
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strongly related t@, a normalized channel steepness indegy (s often calculated using a
fixed reference concavity indeX,{). This allows for easier comparison between dsifer
channels or different channel segments. If the iclis considered to be in equilibrium, only
single values of) andks should be fitted in a doubly logarithmic slopeaot (Fig. 1.2).
Then,ksn can be used as a proxy to infer information ork ngaift rates (Wobus et al., 2006).

This can be illustrated by listing another defwnitiof the steepness index where:
ks = (U/K)Y" (1.2)

andU is the uplift rate an& andn are constants related to the material properiige.two
equations above can be related and the interesset®r is referred to Wobus et al. (2006) for

their relationship.

If the channel is not in equilibrium, channel plkedi will depart from the shape implied by the
equations above. Thus, these relationships canbalsged to identify different segments of
the river profiles (Fig. 1.2). Then, the fit mugt Bdone separately for the different segments of
the channel. Here we use this latter approachllashannel profiles presented here have
marked knickzones, defined as a steep channel sedroand by less steep channel reaches.
The uppermost point of the knickzone is defined aaknickpoint k. Interpretation of
knickpoints or knickzones is not trivial as they ymiae controlled by either lithological
boundaries or tectonic and climatic controls. As ioterest is predominantly in tectonically
and climatically related knickpoints, we have callgfcompared the location of knickzones
with lithological maps. Maps of normalized chanstdepness index were calculated using a
reference concavity indet.s = 0.45 which is the most commonly used value aliterature
(Fig. 1.3 a,c; Wobus et al., 2006). This allowsdasier direct comparison with recent studies.

Note that the choice @f.s does not change the relative patterkspf
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Figure 1.3: Mapping results for the Pohorje Massif, north laia and Koralpe region, (a) Map of normalized
channel steepness indek, ) for Pohorje, calculated with a reference congawitlex of 0.45 and with 500 m
segments along all channels wih> 10 m2. Black line is the contour of the mapped relctdscape. Numbers
refer to the projected channel profiles (b) Slomprof Pohorje, calculated from the 90 m SRTM dBatack line

is the contour of the mapped relict landscapeMap of normalized channel steepness indgy for Koralpe,
calculated with a reference concavity index of Ca#ii with 500 m segments along all channels With1®® mz.
Black line is the contour of the mapped relict lscape. Numbers refer to the projected channellpsof{d)
Slope map of Koralpe, calculated from the 90 m SRd&fa. Black line is the contour of the mappedctel
landscape. The LGM small glacier are excluded friiva relict landscape (see also Fig. 1.2) (e) Slope
distribution of the Koralpe and Pohorje relict dndised landscapes. The slope distribution of tbhhdfje and
Koralpe relict landscapes are very similar as aglthe slope distribution of the two incised lareg&s.
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We have mapped the incised valleys by following obsitweaks-in-slope based on the slope
maps and thés, maps (Fig. 1.2, 1.3). The incised landscape isg®ized by significantly
higher slope and highdt, values than the surrounding relict landscape (Ei§a). The
mapping of relict and incised landscape was baseth®e DEM analysis and cross-checked
with field observations. Field work consisted imqmaring the bedrock versus alluvial parts
of the channels as well as the soil thickness @nititised part of the landscape and on the
relict landscape. Bedrock or mixed bedrock-alluvtdlannels in the incised parts of a
landscape are a good indication of relatively a&ciicision, while alluvial channels were

often observed in the relict landscape and indiaatgher low channel erosion process.

1.3.2. Channel profiles projection

The amount of incision into a relict landscape banestimated by projecting “relict” river
segments (Schoenbohm et al., 2004; Clark et @520 his method commonly uses a fixed
reference concavity inde¥:{) to calculate the steepness index and then ex#iapihe relict
channel profile downstream. The amount of incisisntaken as the vertical difference
between the extrapolated and the present day chamofle (Fig. 1.2). The reference
concavity index is usually taken as the averagaevaf the concavity indices observed in the
relict river segments from a sufficient number nfers. This approach is thus relevant for
studying large areas where many channels are pradere, only approximately 20 main
rivers are present for the Koralpe and Pohorje reons because the studied region is small.
Of these 20 channels, 8 were found to be suitableldwnstream projection. For the other
channels, the incision wave has migrated to fatreps and the remaining relict segment is
too small to be reliably projected downstream a@dir choice of only 8 rivers on
approximately 20 does not however bring into dathiet interpretation of an incised relict
landscape for the entire Pohorje and Koralpe mansitas it can be clearly seen at the scale
of the entire area on Fig. 1.3. To ensure a raiaold unambiguous downstream projection,
the 8 channels were chosen based on conservagueants on the robustness of their fit in

the slope-area plots.

We have thus usefd andks values given by the best fit of the relict rivegment of each
individual river (Fig. 1.2). The relict river segmtewas defined between a minimum critical
drainage ared in the headwaters of a channel (whévg (S andlog (A) start to be
correlated) and the top of the knickpokatThe relict portion of the river was then projette
18



downstream. For the channels draining directly ithte Drava River, which represent the
regional base level and is well equilibrated (Reblal., 2008), the relict segment was
projected until the confluence with the Drava Riaard the Incision refer the vertical
difference between the extrapolated and presenpdzife at this particular point (Fig. 1.2).
For the channels draining toward Miocene Basins,haee projected the channel profiles
until the transition between crystalline basemertt Basin because we cannot assume similar
concavity and steepness indices for the two areaause of their different lithology. For
these rivers the incisiohrefer to the vertical difference between projecied present day

channel profile at the transition between crystallbasement and sedimentary basin.

1.3.3. Apatite (U-Th)/He-thermochronology

Apatite (U-Th)/He-thermochronology is useful to@astruct the thermal history of the upper
crust and use this as a proxy for morphologicalgians of the Earth’s surface (e.g. Ehlers
and Farley, 2003). The closure temperature of AHgten considered to be 70°C (Ehlers and
Farley, 2003). More precisely the method is seresiin the temperature range between
approximately 80 °C and 40 °C (Wolf et al., 1998)ch is called the Partial Retention Zone

(PRZ). Depending on the geothermal gradient (tylyidzetween 25 °C/km and 40 °C/km),

AHe thermochronology can record exhumation of rdcksn about 1-4 km depth. The Ages

reported are mean of AHe ages as single grain @bgand at least one duplicate of every
sample was measured. The AHe age for one samgie imean of the different grains ages
with a 1sigma error. Six replicate analyses of Dgmapatite yielded a mean AHe age of
32.6 £ 1.5, which is in good agreement with thedhgio apatite reference age of 31.44 + 0.18
Ma (McDowell et al., 2005). Sample processing ane iHeasurements were done in

Tldbingen. U, Th and Sm concentrations have beemsuned at University of Arizona.

1.4. Results

Using the methods discussed above, we have mapgeskd relict landscapes in the two
selected key regions. For the Pohorje Massif, esults are summarized in Fig. 1.3a,b. The
black line separating the relict from the inciseshdscape on Fig. 1.3 and was mapped

following the boundary of the low slope area (Flg3a) compared to the steeper incised
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landscape. The highest elevation of the mappect talhdscape is the summit of the Pohorje
Mountain (1543 m) and the lowest elevation is al80@ m in the southern part of the range,
at the boundary with the Pannonian basin. No aeiahip can be seen between the extent of
the incised and relict landscape with the boundzryhe granite pluton (Fig. 1.2d). We
conclude that the incised relict landscape of Fehigrnot related to lithology. Thie, map
(Fig. 1.3a) shows similar situation as the hillgspvith lowks, values on the relict landscape
and higher values for the incised landscape. Owpmg results for the Koralpe region are
shown in Fig. 1.3c,d. The mapped relict landscaptides most of the Koralpe topography
and its summit, the Speikkogel (2140 m). The lovedstation of the mapped relict landscape
is about 350 m at the eastern boundary of Korddpeeh of the range is considered to be part
of the relict landscape and only small areas incdtehments of the rivers, and their steep
gorges are part of the newly incised landscapefildethat the relief map and thg, map
(Fig. 1.3) match very well and show a well presdrircised relict landscape. Similar with
Pohorje, we do not see any relationship betweendliat landscape contour and the lithology
(Fig. 1.2e). The slope distribution of the mappelitt landscapes display similar pattern for
Koralpe and Pohorje (Fig. 1.3e) with an averaggeslof 13° and 12° , respectively. Both
Koralpe and Pohorje relict landscape slope distioins are skewed toward low values (0.3)
which indicate a predominance of low slopes oveetslopes. Koralpe and Pohorje incised
landscape average 21° and 19° respectively willglat skewness toward high slopes (-0.2).
The slope distribution shows that both area disptayy similar morphometric patterns
despite their different lithologies and exhumatioistory. The asymmetry of the Koralpe
Mountain is well visible on Fig. 1.4, with a steestern slope, facing the Lavanttal Basin,
and a gentle eastern slope facing the Styrian bB$iatographs of the mapped incised relict

landscapes for the Pohorje and Koralpe regionstaren in Fig. 1.5.
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Figure 1.4: Swath profiles and oblique views of the Koralpe &whorje Mountains. (a) Swath profiles of
Pohorje (1-1") and Koralpe (2-27); for locationtbé swaths see Fig. 1.1; Solid black line is mdawation, grey
area is the standard deviation and dashed linemarienum and maximum elevations. Black and whiténfo
represents the location of samples for apatite KHe thermochronology, or their projection whemytrare
located outside of the swath. On the Pohorje mrofiie white point refers to the sample P2 which ¥®lcanic
dyke; all other samples are from the granite; RRiBnica-Selnica. (c) Oblique view of Pohorje frohe tNorth
West. Grey transparent polygon is the mapped ridimiscape. Lithology: yellow: Miocene sedimentiieb
Pre-Miocene sedimentary rocks; green: volcanic so¢Racite); light brown: Austroalpine gneiss. The
crosscutting relationship between the Granite dmdrelict landscape is well visible. Dashed linpresents
approximately the trace of the swath profile. (d)liQue view of Koralpe from the South. Grey trangpd
polygon is the mapped relict landscape. Lithologgme as for Pohorje and: orange: micaschist; punplthe

eastern slope of Koralpe: Mylonitic gneiss (Plagi@giss). Dashed line represents approximatelyr#oe tof the
swath profile.
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Figure 1.5: Photographs of the investigated regions and theised relict landscapes. (a) View of the very
smooth crest of Pohorje forming part of the rdéetdscape. (b) View from the southwest of the Kgeadummit
(Speikkogel). This side of the Koralpe summit was affected by LGM glacier carving and the sma#aigr
cirques are located on the northeast side of threvsy behind the crest in the background. (c) Viewhe North
of the Frasshach catchment and knickpoint (projeBRiwer number 3), white line is the break-in-sldyween
the relict and incised landscape. (d) View lookiqgtream of the Préssingbach river (located testheh of the
Frassbach River) in the incised landscape, thenghdaatures many small waterfalls and bedrockropi are
visible. (e) Steep hillslopes in the Koralpe indidandscape. (f) View looking upstream of the Piriigsach
River on the relict landscape (compare to Figubel)l.the river is flowing on its own deposits (aikl) and no
bedrock outcrop in the channel is present. (g) Viewthe South, from the crest between Préssinglaach
Frassbach, into the Préssingbach incised vallewistgpthe steep hillslopes of the incised landscéipeView to
the North West from Koralpe of the Drava river LGbtraces in the last visible part of the Dravaeslh the
background is the terminal moraine from LGM.
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1.4.1. Quantification of the amount of incision

In order to quantify the amount of incision int@ toralpe and Pohorje landscape we use the
projection method described in section 1.3.2. Fafuthe eight selected channels drain the
Koralpe Mountain towards the Miocene basins: thddéfssteinerbach, the Fallegbach and
the Schwarze Sulm that drain into the Styrian basithe East before to join the Mur river,
and the Frassbach that drain to the Lavanttal dasine West before to join the Drava river
(Fig. 1.6). The other four selected channels ddaiectly into the Drava River (Fig. 1.7) and
are: the Radoljna River and the Lobnica River friia Pohorje Mountain; the Krennbach
River and the Feistritz River from Koralpe. Thectddhted amount of incision averages 387 +
105 m for the eight investigated rivers (Table 1The calculated amount of incision of the
Pohorje rivers is slightly higher than the one frahe Koralpe channels. However the
calculated amount of incision from the two Pohocjgannels is associated with higher
uncertainty (Table 1.1). Considering their largecentainty, the incision amounts of the
Pohorje channels are not higher than the averagsion amount of the Koralpe channel
alone. Because they are undistinguishable consmgldahe uncertainty on the calculated
amount of incision of each river, we do not intetpthe Koralpe and Pohorje amount of
incision separately, for example to infer diffefahtiplift between the two areas. Whether the
incision is related to surface uplift of the Koraland Pohorje mountains or to simple incision
will be discussed later (Section 1.5).
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Table 1.1:Channel profiles analysfer the 8 selected rivers

Anin® Amax’ I
ID Name 0 26 ks +26 kew 20 2 +26
(m?) (m?) (m)

Relict

1  Waldensteinerbach 3.40E+05 3.20E+07 0.55 0.058Ex@2 9.91E+00 46 2 0.71 241 22

2 Fallegbach 6.00E+05 5.80E+06 0.69 0.11 1.59E+030EK02 49 4 0.90 403 67

3 Frassbach 2.50E+05 2.60E+07 0.43 0.03 6.60E+0B9EX00 95 2 0.94 216 15

4 Schwarze Sulm 5.20E+06 1.80E+07 0.89 0.18 1.18E+8.13E+03 93 5 0.87 372 76

5 Krennbach 1.20E+06 6.30E+06 0.65 0.13 1.96E+0376E+01 87 3 0.86 480 97

6  Feistritz 5.80E+05 2.40E+07 0.48 0.07 8.70E+0116B+00 55 2 0.91 380 56

7  Rodoljna 3.00E+05 5.10E+06 0.26 0.09 2.21E+00 2@ 31 4 0.89 477 173

8 Lobnica 2.20E+04 3.40E+06 0.39 0.17 8.25E+00 HB+0® 14 2 0.80 527 240
387 105

Knickzone

1  Waldensteinerbach - - - - - - - - -

2 Fallegbach 6.30E+06 1.10E+07 3.50 0.49 1.03E+2372E+21 162 9 0.84

3 Frassbach 2.90E+07 3.60E+07 3.90 0.75 4.29E+3®2E332 270 19 0.85

4 Schwarze Sulm 2.00E+07 6.70E+07 0.86 0.17 2.0BE+Q.88E+03 139 2 0.68

5 Krennbach - - - - - - - - -

6  Feistritz 3.40E+07 7.20E+07 2.20 0.39 6.75E+1587R+14 188 8 0.77

7 Rodoljna 9.50E+06 6.30E+07 0.88 0.12 2.01E+05 Bt83 146 5 0.82

8 Lobnica 1.90E+07 6.00E+07 1.80 0.23 6.18E+12 B33 169 8 0.85

All fitted channels were smoothed with a 500 m mgvwindow and a vertical sampling interval of 15was

used.
& Amin is the minimum drainage area used for the fit g is the maximum drainage area used for the fit

bk, was calculated with a reference concavity indef.46.
| refer to the calculated incision m; bold number is mean incision amount for &hnels, with standard

deviation around the mean.
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Figure 1.6: Channel profile projection for the 4 selected ct®s of Koralpe draining to Miocene Basins. For
location of the channels refer to Figure 1.3. Thierck lines are the raw and the smoothed chanoélgs, thick
grey lines are the fitted segmenitsknickpoint. The vertical dashed lines in the eliént plots are the location of
the transition between crystalline basement andnbakere the incision amount is calculated. Foraifed
method and parameters used for the slope-arearpfetsto Table 1.1.
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Figure 1.7: Channel profile projection for the 4 selected cle@smof Koralpe and Pohorje draining to the Drava
River. For location of the channels refer to Fig.1Thin black lines are the raw and the smoothemhnoel
profiles, thick grey lines are the fitted segmektgknickpoint; horizontal dashed line on the Koratpers plot
is the top of a fill fluvial terrace of the Draviver from the LGM. For detailed method and paramsetsed for

the slope-area plots refer to Table 1.1
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1.4.2. Time constraints on the formation of the rett landscapes

The results of the channels projection have shiwvahdnly several hundreds of meters (~ 400
m) have been incised in the two studied regionschvis not enough to be recorded by AHe
ages (see section 1.3.3). However, the AHe ageproaide time constraints on the formation
of the relict landscapes prior to the incision amely important, the link between the relict
landscapes and the active faulting that took pthgéng the Early Miocene, in the frame of
the lateral extrusion of the Eastern Alps. Morecimely, we aim to determine if: (1) The relict
landscapes have formed before the Early Mioceneeafgtulting and represent deformed pre-
Miocene landscapes that can be used as a deformaai uplift passive markers; (2) They
have formed after the Early Miocene and cannot dresidered as Pre-Miocene deformed

surfaces.

In order to solve this question we have collecteddtal 20 samples from Koralpe and
Pohorje (Table 1.2 and 1.3). From Koralpe, 9 samplere analyzed and the AHe ages range
between 21.4 + 6.2 Ma and 34.3 + 1.5 Ma (Table 1.3, Fig. 1.8) The western slope of
Koralpe is directly facing the Lavanttal fault (Fig4, 1.8) and the samples KOR 1 to KOR 7
were taken to form an age-elevation profile frora #oralpe summit at 2140 m elevation
down toward the Lavanttal valley at 1015 m elevaiibig. 1.4b, 1.8). In addition, two more
samples (one from high elevation, and one from é&bewation) where taken from atransect

further south plus one sample from further northekoralpe region.

Table 1.2:Analytical results for AHe ages with calculatedgingrains and mean ages.

Alpha-
Uncorr. corr. Mean
Sample 4-He 238-U 235-U 232-Th 147-Sm Age Ft Age eAgtls
(mol) (mol) (mol) (mol) (mol) (Ma) (Ma) (Ma)

Pohorje

PO2 #1 1.75E-14 9.57E-13 7.08E-15 1.18E-13 5.72E-13 13.7 0.78 17.5 189 1.9
#2 8.98E-15 4.18E-13 3.09E-15 1.22E-13 2.78E-13 51%0.77 20.2

PO3 #1 6.10E-15 3.76E-13 2.78E-15 6.09E-14 6.22E-1412.1 0.71 17.1 175 0.6
#2 5.14E-15 2.28E-13 1.69E-15 3.08E-13 2.77E-13 3130.74 18.0

PO4 #1 3.92E-15 2.12E-13 1.57E-15 1.82E-13 3.11E-13119 0.77 15.3 186 35
#2 2.67E-15 1.42E-13 1.05E-15 1.01E-13 1.34E-13 5120.69 18.2
#3 1.04E-14 4.54E-13 3.36E-15 1.66E-13 2.39E-13 4160.73 22.3

POS5 #1 7.93E-15 3.44E-13 2.55E-15 3.86E-13 5.10E-1314.1 0.79 17.9 204 25
#2 6.94E-15  2.69E-13 1.99E-15  2.12E-13 3.12E-13 816.74 22.9
#3 1.27E-14 5.57E-13 4.12E-15 2.53E-13 1.08E-12 91%0.78 20.5
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PO6 #1 8.79E-15 4.38E-13 3.24E-15 2.33E-13 2.28E-1313.8 0.76 18.3 16.7 1.4
#2 2.75E-15 1.54E-13 1.14E-15 6.71E-14 2.25E-13 5120.78 16.1
#3 9.35E-15 4.93E-13 3.65E-15 3.27E-13 6.35E-13 7120.81 15.7
PO7 #1 2.95E-15 1.62E-13 1.20E-15 1.68E-13 3.19E-1311.3 0.72 15.7 16.7 1.4
#2 5.53E-15 2.35E-13 1.74E-15 3.74E-13 4.08E-13 313.75 17.7
P1 #1 3.06E-15 1.23E-13 9.07E-16 2.24E-13 2.93E-13135 0.71 191 178 22
#2 2.94E-15 1.60E-13 1.18E-15 2.04E-13 2.86E-13 9 100.72 15.3
#3 1.36E-15 6.52E-14 4.82E-16 6.97E-14 1.27E-13 8 120.67 19.1
P2 #1 3.98E-15 2.49E-13 1.84E-15 1.04E-13 4.30E-1311.2 0.68 16.4 139 23
#2 2.43E-15 1.84E-13 1.36E-15 1.29E-13 2.24E-13 80874 11.8
#3 8.26E-15 5.54E-13 4.10E-15 1.17E-13 1.39E-13 0110.81 13.6
P3 #1 5.95E-15 3.50E-13 2.59E-15 1.57E-13 4.19E-13 119 0.77 15.4 164 1.2
#2 4.26E-14 2.04E-12 1.51E-14 6.50E-13 1.59E-12 0150.85 17.7
#3 6.11E-15 3.31E-13 2.45E-15 2.06E-13 3.81E-13 4120.78 16.0
P5 #1 9.31E-15 4.71E-13 3.48E-15 2.41E-13 5.91E-13 13.6 0.76 18.0 16.7 11
#2 2.55E-14 1.35E-12 1.00E-14 8.19E-13 1.82E-12 8 120.80 16.0
#3 6.20E-15 3.56E-13 2.64E-15 1.74E-13 4.41E-13 0120.75 16.1
P6 #1 8.93E-15 4.59E-13 3.39E-15 2.62E-13 4.75E-13 13.3 0.77 17.3 178 0.8
#2 3.77E-15 1.82E-13 1.34E-15 1.59E-13 2.52E-13 3130.73 18.3
Koralpe
K1 #1 1.12E-14 3.16E-13 2.34E-15 4.33E-14 1.83E-12 25.9 0.78 331 334 0.6
#2  2.47E-14  6.69E-13  4.95E-15  9.36E-14  1.80E-12 327.83 33.0
#3 1.16E-14 3.23E-13 2.39E-15 3.59E-14 1.55E-12 4 200.77 34.1
K3 #1 2.74E-15 8.49E-14 6.28E-16 4.17E-14 1.20E-13 22.3 0.79 28.1 214 6.2
#2 1.76E-15 9.96E-14 7.37E-16 1.38E-14 1.54E-13 1130.82 16.0
#3 1.34E-15 6.54E-14 4.84E-16 1.57E-14 9.76E-14 9140.74 20.2
K5 #1 1.08E-14 3.01E-13 2.23E-15 2.48E-14 1.02E-13 27.0 0.81 33.2 343 15
#2 3.48E-15 8.60E-14 6.36E-16 2.04E-14 2.15E-13 3290.83 354
KOR1#1  6.65E-14  193E-12  1.43E-14 1.78E-13  2.64E-13 26.0 0.86 302 313 3.0
#2 1.19E-14 3.14E-13 2.32E-15 1.60E-14 1.49E-13 8 280.83 34.7
#3 2.33E-14 7.37E-13 5.45E-15 5.84E-14 8.40E-14 0240.82 29.1
KOR2 #1 1.04E-14 3.65E-13 2.70E-15 5.25E-14 6.56E-13 21.1 0.78 26.9 256 14
#2 8.30E-15 3.26E-13 2.41E-15 6.97E-14 5.17E-13 6 180.77 24.2
#3 1.78E-14 6.30E-13 4.66E-15 8.38E-14 1.13E-12 9 200.81 25.8
KOR4 #1 2.45E-15 9.86E-14 7.30E-16 5.69E-15 2.74E-14 189 0.81 23.4 242 17
#2 5.11E-15 1.87E-13 1.38E-15 1.86E-14 2.94E-14 6 200.79 26.1
#3 3.36E-15 1.35E-13 1.00E-15 8.47E-15 3.17E-14 9180.82 231
KORS5 #1 1.26E-14 4.48E-13 3.31E-15 1.91E-14 4.30E-13 21.5 0.80 26.9 234 49
#2 4.29E-15 2.04E-13 1.51E-15 4.51E-14 1.11E-13 51%0.77 20.0
KORG6 #1 5.88E-15 1.80E-13 1.33E-15 3.11E-14 5.20E-13 24.0 0.77 30.9 256 43
#2 6.18E-15 2.45E-13 1.81E-15 2.32E-14 5.61E-13 918.78 243
#3 6.24E-15 2.26E-13 1.67E-15 2.67E-14 6.41E-13 5200.77 26.5
#4 4.76E-16 2.03E-14 1.50E-16 7.25E-15 5.23E-14 6 160.80 20.7
KOR7 #1 5.01E-15 2.16E-13 1.60E-15 8.28E-14 4.08E-13 16.3 0.76 21.4 23.7 1.9
#2 5.85E-15 2.39E-13 1.77E-15 5.87E-14 4.73E-13 717M.76 23.3
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#3 4.12E-14 1.25E-12 9.26E-15 8.74E-13 1.84E-12 8210.84 26.0
#4 5.76E-15 2.22E-13 1.64E-15 7.57E-14 3.94E-13 518.76 243

Blank #1 4.66E-17 2.22E-16 1.64E-18 5.54E-17 -6.96E-
#2 4.66E-17 2.22E-16 1.64E-18 5.54E-17 -6.96E-15
Dur. #1 5.53E-14 2.56E-13 1.89E-15 4.51E-12 8.69E-1 33.3

#2 1.30E-13 5.45E-13 4.03E-15 1.07E-11 2.20E-12 8 33.
#3 1.14E-13 4.97E-13 3.68E-15 9.40E-12 2.33E-12 4 33.
#4 2.23E-13 1.02E-12 7.54E-15 1.83E-11 3.70E-12 1 33.
#5 1.08E-13 5.35E-13 3.96E-15 1.01E-11 1.83E-12 3 29.
#6 1.88E-13 8.17E-13 6.04E-15 1.58E-11 3.41E-12 9 32.

For location and elevation of the samples reféraiole 1.3. Dur. refers to Durango apatite measunésrtaat
were performed during this work (6 replicates).

Table 1.3:Results of AHe ages measured in this study witlgggghic coordinates and elevation of the samples.

Sample Longitude Latitud€ Elevation (m) AHe age (Ma) 1ol
Pohorje
PO2 15.432 46.423 637 18.9 1.9
PO3 15.390 46.442 887 175 0.6
PO4 15.373 46.454 1042 18.6 3.5
PO 5 15.335 46.471 1297 204 2.5
PO6 15.333 46.489 1211 16.7 1.4
PO7 15.340 46.510 966 16.7 1.4
P1 15.268 46.528 746 17.8 2.2
P2 15.269 46.525 840 13.9 2.3
P3 15.260 46.498 1409 16.4 1.2
P5 15.255 46.497 1517 16.7 1.1
P6 15.264 46.498 1437 17.8 0.8
Koralpe

K1 15.017 46.987 791 334 0.6
K3 14.976 46.631 823 21.4 6.2
K5 15.035 46.684 1076 30.0 7.5
KOR1 14.972 46.787 2140 31.3 3.0
KOR2 14.955 46.791 1949 25.6 1.4
KOR4 14.943 46.786 1603 24.2 1.7
KOR5 14.938 46.782 1467 234 4.9
KOR6 14.922 46.784 1273 25.6 4.3
KOR7 14.919 46.771 1015 23.7 1.9

@ Coordinates are in decimal degrees (WGS84)
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Figure 1.8: Results of apatite (U-Th)/He thermochronology. Ages AHe ages in Ma 1o white polygons are
the mapped relict landscapes; dashed black litteisoundary of the Pohorje granite.

The samples from the western slope show a modénar fit >= 0.54) with an inferred
exhumation rate of 105 m/Ma from 31 to 21 Ma (FigPa). This exhumation rate is very
similar to the one documented from apatite fissiack data obtained by Hejl (1997) (82
m/Ma) indicating a steady exhumation history of @hd00 m/Ma from the Eocene into the
early Miocene and possibly to the present. Thigcatds that the Koralpe has experienced
very little exhumation during the whole Miocene ahd Koralpe AHe ages were apparently

not affected by the tectonically very active Eavlipcene period (18 Ma to 16 Ma).
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We have measured 10 AHe ages from the Pohorje Mouritline samples were taken from
the granite, and one from a volcanic dyke of dadttg. 1.8, sampl®2). The AHe ages from
the granite range between 20.4 + 2.5 Ma and 18.9 Ma while the measured AHe age from
the volcanic dyke is younger: 13.9 + 2.3 Ma. Hite ages are not correlated with elevation
and are in the same range of ages regardless @ldhation of the samples (Fig. 1.9). The
measured AHe ages from the granitic samples ang Memogeneous and suggest that all
samples had cooled down below 70° C by ~15 Ma.Hdigorje pluton probably intruded the
Austroalpine unit at a very shallow level where @&mnb temperatures were below 70 °C.
However, the apparent very fast exhumation of ttamite cannot be only related to cooling
due to crystallization of the magma into granitedawese granitic pebbles have been found in
17 Ma old sediments in the adjacent sedimentarjnbdBodor et al., 2008). So at least a part
of this fast cooling is related to real exhumat{oa. movement toward the surface) because
some parts of the pluton were already at the sartag 17 Ma (Fig. 1.9). As already
interpreted by Sachsenhofer et al. (1998), andidensg the tectonic context of the Pohorje
Mountain (Fig. 1.3), this very fast exhumation i®lpably more due to tectonic denudation
from normal faulting of the Ribnica Fault, rathéan to simple erosion. Regardless of the
relative proportion of erosion and tectonic denimhgt and considering that the relict
landscape of Pohorje is developed onto and crasthewgranite, we can infer that the relict
landscape is younger than the granite. Indeedrel& landscape cannot be older than the
intrusion of the granite and its exhumation toghe&ace, because our ages support the idea of
a very fast process that is incompatible with theservation of any older landform. Thus, our
AHe ages from Pohorje give an upper bound for tleaton of the Pohorje relict landscape
that cannot be older than 15 Ma, the youngest medsAHe age when taking in account the
error bars (Fig. 1.8b).
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Figure 1.9: Age-elevation relationship of thermochronology data cooling paths of the Koralpe and Pohorje
mountains. (a) Age-elevation relationship of Koealquares are AHe ages (this study); black squaeethe
samples of the profile taken from the western slofpi€oralpe (samples Kor 1 to Kor 7) that are intdd for the
linear regression (black line); white squares Aedamples located in other parts of Koralpe. €irere AFT
ages (Hejl, 1997); Black circles are included ie kinear regression and white circles are from oliheations in
Koralpe (see Hejl, 1997 for location of the sampdewl details of the linear regression). (b) Agesai®n
relationship of Pohorje. Squares are AHe ages ¢hidy); black squares are granitic samples andwthite
square is the volcanic rock sample (P2); DiamondsZ&T ages (Fodor et al., 2008); Black diamonds ar
granitic samples and white diamonds are volcanik samples (dacite). See Fodor et al. (2008) foation of
the ZFT samples. Vertical dashed line represemsytiungest AHe age from the granitic samples cenisig
error bars (15 Ma). (c) Cooling path for Koralpeddohorje based on the different thermochronoldgigas.
Symbols are mean ages for the entire area with bars representing the standard deviation aronedrtean.
Thick lines are inferred cooling paths for Koralpad Pohorje. The black star refers to the oldeswkn
sediments where magmatic pebbles have been foundofFet al. 2008); thick dashed grey line indicate
exhumation of part of Pohorje granite to the swefadertical lines and numbers refer to the différpariod
discussed in the text for the interpretation of tdetonic and landscape evolution of the areaS{#)sidence
curves of two wells (Somat 1, Pichla 1) of the Biiybasins (Ebner and Sachsenhofer, 1995; Sachsemta@l.,
1998; 2001); see Fig.1.1 for location of the wells.

32



1.5. Discussion

In the following section we infer an integrated danape evolution scenario of the studied
area, the south eastern corner of the Alps, sineeearly Miocene. The inferred scenario is
based on different datasets that include: (1) conpimometric analysis and our new AHe ages,
(2) existing low-temperature thermochronologicasd3) existing subsidence analysis of the
Miocene basins. This inferred scenario for the YEtollate Miocene evolution of the area is
summarized in Fig. 1.10. As discussed above, oug Agks show that, by 15 Ma, the Pohorje
pluton was not yet exhumed and can be used asar bpund for the creation of the relict
landscape. For the Koralpe landscape, AHe agestamectly give constraints on the relict
landscape formation timing. The Koralpe Mountais baen considered as an eastward tilted
block (Neubauer and Genser, 1990) and the asymrmétilye Koralpe Mountain is nicely
visible on Fig. 1.3. In this context, if the reliastould be older than the tilting, the relict
landscape should only be present on the eastepe %16 Koralpe and would have been
disrupted by the Lavanttal Fault. However, the rhorpetric analysis has revealed that the
Koralpe relict landscape is not only developedlmndastern gentle slope but on both sides of
the range (Fig. 1.3, 1.4). This result suggeststti@creation of the Koralpe relict landscape
postdates the tilting. The tilting itself has naeb directly dated, but by analogy with the
rapid subsidence of the Lavanttal and West Stybiasins between 18 and 16 Ma, the tilting
of Koralpe likely occurred during this period (Newer and Genser, 1990). This indirect time
constraint on the creation of the Koralpe reliatdscape suggests that the Koralpe relict

landscape was created after ~16 Ma.
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Figure 1.10: Inferred scenario for the landscape and tectomaluéion of the studied area since the Early
Miocene. Schematic cross-section of Koralpe andoReh(not to scale) with different time steps dépig
tectonic processes and landscape evolution.

Taken together, both the Pohorje and Koralpe rieiaiscape seem to postdate the very active
18 Ma to 16-15 Ma period, during the main actiwtythe lateral extrusion of the Eastern
Alps. As a consequence, the Koralpe and Pohoriet tahdscape probably do not represent
pre-Miocene dissected and deformed relict landscapéhile it seems clear that the relict
landscapes are younger than 16-15 Ma, the exaitgiof their creation and incision cannot
be resolved only by our results. Subsidence armlgkiadjacent basins can give us some
constraints, even though indirect, on the landscape uplift evolution of Koralpe and
Pohorje for the missing time span (15 Ma to thes@ng). We have selected subsidence curves
from two wells (Fig. 1.9d, Ebner and Sachsenhdf@85; Sachsenhofer et al., 1998; 2001)
that have recorded vertical movements for the 1&Ma and are located in the vicinity of
Koralpe and Pohorje, in the southern part of thetéta Styrian Basin (see Fig. 1.1 for
location of the wells). These subsidence curvesedksas other datasets have been interpreted

in details and we do not want to discuss here #tailéd sedimentological and tectonic
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interpretations (Ebner and Sachsenhofer, 1995; seatiofer et al., 1998; 2001). Instead, in
the following, we describe in a simple way theseves and compare them with our analysis
of relict landscape to infer how these differens@tvations can be integrated in a consistent

scenario.

The two subsidence curves indicate that this pfatthed Styrian Basin started to subside very
fast between 18 Ma and 16 Ma (Fig. 1.9d). Fromd@d2 Ma, a slower subsidence rate
followed by a steady situation (from 12 to 5 Mayweed. Around 6-5 Ma, the basins started
to be uplifted and this situation prevailed untietpresent. The estimated amount of uplift
since the inversion of the basins from subsidemadyais of these two wells is 400-600 m
(Ebner and Sachsenhofer, 1995; Sachsenhofer 4988, 2001) and matches relatively well
with the amount of incision that we have calculatexdn channel profile projection of the
channels (387 £ 105 m). This inversion of the basind associated increased rock uplift rate
in the whole area, including the mountain rangesosumding the basins, could explain very
well the incision into the relict landscape. Thasen though we could not directly date the
incision into the relict landscapes, it is temptiogsuggest that the described incision and the
uplift of the basin are the result of the same mai@m. Another interesting comparison is
possible with the incision of the Mur River North Graz, which incised at a rate of
approximately 100 m/Ma for the last 4 Ma, as irddrfrom cave sediments burial age dating
(Wagner et al., 2010). If the uplift and incisiom étart around 5 or 6 Ma as suggested by
subsidence analysis, the resulting amount of iacishould be comprised between 500 m and
600 m which is in the same order of magnitude tvaat we have calculated here (387 +
105 m).

We suggest that the following scenario from thel\Ediiocene to the present occurred:
during the Early Miocene faulting, deformation anoglift of the Koralpe and Pohorje
mountains occurred (Fig. 1.10). During the quietitdé Miocene period we suggest that the
relict landscape were created probably by smootland possibly decay (lowering of
elevation) of the topography created during thdyBsliocene. While the Drava remained at
constant elevation, the rivers connected to thes®sarted to incise and record the surface
uplift of Koralpe and Pohorje (Fig. 1.10, 1.11).efh the Koralpe and Pohorje Mountains, as
well as the surrounding sedimentary basins werd#tegbltogether in a renewed uplift event
that started at the end of Miocene and involvedesd®0 m of surface uplift since then for

Koralpe and Pohorje. We cannot rule out other, ncoraplex scenarios, but we argue that to
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explain the described morphology and taking in aota@ll available indirect constraints, the

scenario proposed here is currently the simplest.

Rivers connected to Miocene basins Rivers connected to a main river
\ main river main river
N |5Ma \
Crystalline basement Miocene sed. Crystalline basement
Knickpoint migrates Knickpoint migrates

A A A A A A

Figure 11
Legrain et al., 2013

Figure 1.11: Schematic channel profiles through different tineps during the incision into the Koralpe and
Pohorije relict landscapdstefer to Incision amount.

Our interpretations partly contradict previous warkd we explain in the following why we
think that our interpretations are more consisbarsed on our results. For example, Frisch et
al. (2000) interpreted the Koralpe "paleosurfaoebd of Oligocene age. This is contradicted
be our morphometric analysis and in particular gy fact that the relict landscape is also
present on the Western slope of the Koralpe tittedk. We explain this contradiction by the
fact that we have used here new methods in termoophometric analysis that allowed us to
make more precise interpretations on the possisecthe relict landscape. Our results also
contradicts the idea of a surface uplift of the &pe Mountain of more than 800 m since the
late Miocene as it has been suggested based omemace of gravels on top of the Koralpe
“paleosurface” (Pischinger et al., 2008; Kurz ¢t28111). We rather suggest a surface uplift of
around 400 m based on the channel profile anal@us.results also clearly contradict the
interpretation that the Koralpe Rivers are well ieorated and do not features significant
knickpoint other than lithological (Rantitsch et,a009). Our analysis of the Koralpe
channels and hillslopes is very hard to combind wits interpretation (Fig. 1.3, 1.4, 1.6, and
1.7) and we argue that Rantitsch et al. (2009) rdit correctly fit the different channels

segments of the Koralpe rivers and therefore nagmeted the Koralpe landscape as being
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well equilibrated. Despite the contradictions lisebove with the literature that we attribute
to the fact that our morphometric analysis providemore quantitative description of the
Koralpe and Pohorje relict landscapes than befoagnificant part of our interpretations in

fact support previous work. Our results are in lvith the following interpretations: (1) most

of the Koralpe landscape is a relict landscape K¥mrHermaden, 1957; Frisch et al., 2000),
(2) The Koralpe mountain can be considered as atweed tilted block (Genser and

Neubauer, 1990; Frisch et al., 2000; Kurz et &112 and (3) the exhumation of the Pohorje
granite was extremely fast and related to tectat@oudation due to the early Miocene
extension (Sachsenhofer et al., 1998; Fodor e2@03).

1.6. Conclusion

We can draw several conclusions concerning thestzapk evolution of the never glaciated

Koralpe and Pohorje mountains:

- The Koralpe and Pohorje mountains show strongesges of transient erosion based on
hillslopes and channel profiles analysis. TheidErapes can be divided in an upper relict

landscape, and lower incised landscape.

- The Koralpe and Pohorje relict landscapes arengeuthan 16-15 Ma as indicated by the
exhumation of the Pohorje granite and the extenhefrelict landscape on both sides of the
tilted Koralpe block. This exclude the possibilthat these relict landscapes represent older

(Pre-Miocene) deformed relict landscapes.

- The incision into the two relict landscapes agesa383 m + 105 m and is probably the
result of an increased rock uplift rate since ts Miocene (6-5 Ma) affecting the studied

mountains and the surrounding Miocene basins.
- The Koralpe and Pohorje relict landscapes werst itileely created during the late Miocene,

between 16-15 Ma and 5 Ma, a period of tectoniesgence that allowed the topography to

decay and become smoother.
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Chapter 2

Landscape Rejuvenation and Post-Miocene Increase

iIn Rock Uplift Rate at the Eastern End of the Alps
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Abstract

In the ongoing debate on the landscape evoluticdhe@lps, most of the recent studies have
focused on heavily glaciated areas during the [astiodic glaciations and resulting
climatically-driven uplift and erosion processesrélwe presentBe-derived erosion rates
from a region of the Alps that was never glaciatéd: Koralpe Mountain, at the eastern end
of the Alps. This region features strong geomorpgigial evidences of landscape transience
with incised valleys into a smooth relict landscaeosion rates average 49 + 8 m/Ma for
catchments located on the relict landscape, abloeeknickpoints, and 137 + 15 m/Ma for
catchments in the incised landscape, below thekgpiats. Small catchments (< 6 km?)
comprising both relict and incised landscape aterpmeted as random values between the
two end-member erosion signals because of poomsedi mixing in the channels. We
calculate an estimation of onset of incision at 4 Ma, an estimation of surface uplift of 349
+ 92 m, and a total relative base level fall of 34843 m. Our results are in close agreement
with both the magnitude and the age of onset oiftupl the Styrian Basin and the North
Molasse Basin, as well as the incision rate ofMiue River into the Styrian Karst. We suggest
that the whole area is experiencing the same pastévie increased rock uplift, possibly in
response to a deep-seated process such as delamofahe lithosphere below the Alps. Our
results are important because they show a cleaatite of a tectonic related uplift on erosion

rates, at the eastern end of the Alps, recordéukifiorm of an ongoing wave of incision.
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2.1. Introduction

The recent topographic evolution of the EuropeaosAdnd its relationship with climate and
tectonics remains strongly debatédthough at global scale the significant increaseriosion
rate since the late Miocene may only be appaiéfitenbring and von Blanckenburg, 2010
at the scale of the Alps, different datasets supgy@ view of an increase in erosion and
presumably in uplift since the late MioceMghile this post-Miocene increase in erosion and
uplift in the Alps is relatively well documentedhet tectonic and/or climatic driving
mechanisms responsible for this increase are astithatter of debat€Dunkl et al., 2005;
Wagner et al., 2010, Hergarten et al., 2010; Wjl2010, Delunel et al., 2010, Persaud and
Pfiffner, 2004; Wittmann et al., 2007; Khulemannatt 2002; Champagnac et al., 2007,
Campani et al., 2012Recent studies suggest that a significant patefbst-Miocene rock
uplift and erosion increase in the Swiss Alps canaltributed to Plio-Pleistocene glacial
carving and resulting erosion-driven uplifthampagnac et al., 2007; Valla et al., 2011;
Sternai et al., 20)2and to long-term landscape transience due to theated glacial-
interglacial cyclegNorton et al., 2010a)

However, a tectonic component in the recent uphfitern of the Alps is still not excluded,
either in the form of convergence and crustal thngkg, especially in the Eastern Alps, or in
the form of deep-seated processes such as slak-diffear delamination of the lithosphere
that could have modified the isostatic equilibriminthe Alpine orogenMost of the Alps,
except the Eastern Alps, experience no measurableecgence at present (Bus et al., 2009)
but other tectonic processes than active conveegemd crustal thickening could have
contributed to the increase in erosion in the Apge the late Miocen&or example, deep-
seated processes such as delamination of thepilos or slab break-off could also partly

explain the increase in erosion of the Alps simeelate MiocenéGenser et al., 2007)

Although interesting, this hypothesis seriouslykkquantitative constraints on the timing and
magnitude of increase in rock uplift in the Alpsrir regions where climate related erosion
and uplift increase can be excludétie Koralpe Mountain is located at the easternadritie
Alps and has largely escaped glacial carving dutirgglast glacial maximum (LGM). This
fluvial landscape, already interpreted as an incigtict landscape probably of Miocene age
(Chapter 1), represents a good opportunity tottestypothesis of a tectonic component in

the post-Miocene erosion and rock uplift increasthe Alps.
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First, we present®Be-derived erosion rates from the relict and intisendscape of the
Koralpe Mountain in order to test the hypothesistlod Koralpe Mountain as a transient,
incised relict landscape (Chapter Then, we use th&Be-derived erosion for the two parts
of the landscape and the known amount of incisida the relict landscape (Chapter 1) to
calculate an estimation of the age of onset ofinnoi and an estimation of the amount of total
relative base level fall since onset of incisidfe compare these results with different datasets
from surrounding regions to explore what tectoniccbmatic changes may explain the
observed post-Miocene rock uplift increase in thast of the Alps. Finally, we suggest an
estimation of topographic evolution for the Koraldeuntain since the late Miocene and we
compare it with the recent topographic of the oéshe Alps.

2.2. Geological setting

The Koralpe Mountain is located at the eastern @nthe Alps, at the transition with the
Pannonian basin. It is bordered to the west by theanttal Fault, one of the major strike-slip
faults that had its peak of dextral strike slipiatt in the Early Miocene, during the lateral
extrusion of the Eastern Alps (Ratschbacher etl@B1; Frisch et al., 1998Jhe fault is a
conjugate couple to the sinistral Mur-Mirz fauldaime two delineate the Styrian Block to
their East (Wagner et al., 2011). Apatite fissicack and (U-Th)/He thermochronology from
the Koralpe Mountain suggest a relatively steadljuexation since the Eocene of ~ 100
m/Ma (Chapter 1; Hejl, 1997)During the Early Miocene, the Koralpe Mountain is
interpreted to have been tilted eastwards withttlieg having occurred during the main
activity of the Lavanttal fault: between 18 Ma alftl Ma(Neubauer and Genser, 1990; Kurz
et al., 2011; Chapter 1).

Lithologically, the Koralpe Mountain is composed dragneisses eclogites and mylonitic
gneiss that were metamorphosed during the Eoatpiogeny some 90 Ma ago (Tenczer and
Stuwe, 2003) The area also comprises small marble lenses (<mB0O@ngth) that only
represent a small part of the Koralpe Mountain. r@ieexcept the very small marble lenses,
all the Koralpe rocks are very quartz rich andwalfor *°Be-derived erosion rates sampling in
all location of the Koralpe MountaiMorphologically, the Koralpe region is characted4sy

two different areas: the smooth relict landscayek the steeper incised landscape (Chapter 1)

but relict landscapes have long been documentedhén Koralpe Mountain (Winkler-
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Hermaden 1957; Frisch et al. 2000). Channel prgdilg@ection of six channels from the
Koralpe Mountain indicates an average total amainncision of ~ 350 m into the relict
landscape (Chapter 1). The mean annual precipitaifoKoralpe scale with elevation and

range from 900 mm/y at the lowest elevations ta0l®®n/y in the summit area.

2.3. Methods

2.3.1. Morphometric analysis and definition of varables for vertical movements

While the morphometric analysis performed in Chagdievas based on the SRTM 90 m
resolution DEM, we have used here a 10 m resoludBM that is available for the Koralpe
Mountain and the Styrian Basin. The higher resotutneither significantly changes the
mapping of the relict landscape nor the calculat®dunt of incision calculated from channel
profile projection (Chapter 1) because the mappédtiandscape and the channel profile are
features significantly larger than the DEM resaatof 90 m or 10 mThe only advantage of
using the 10 m DEM is the more detailed calculatbhillslopes gradient, especially at small
scale and for very small catchments that we hanwkal for'°Be-derived erosion rates.

When a step increase in rock uplift occurs, fromnatial rock uplift rateU; to a final rock
uplift rate U, channels adjust by incision and the incised pérthe landscape erode at a
similar rate than the new uplift ratgg while the relict landscape is still eroding a¢ tame
rate than the initial rock uplift raté&J() (Fig. 2.1; Kirby and Whipple, 2012VhenU;, Us, and
the amount of incisiomz are known, it is possible to calculate the timedss for the
incision (Whipple and Tucker, 1999; Kirby and WHhig2012; Miller et al., 2013):

M= Az/ (U - W) (2.1)
The total relative base level falB) can be calculated by adding the amount of erosfon
the relict landscape since the beginning of updifthe measured incision amount of incision
from channel projection (Whipple and Tucker, 1988by and Whipple, 2012; Miller et al.,
2013):

ABx= Az + (U, 4t (2.2)

42



Based on the results of channel projection of tlwealbe Mountain (Chapter 1) and the
equations 2.1 and 2.2, we use a simple uplift méatehe Koralpe region that to define what
represent the different vertical motion (rock uplgurface uplift, erosion) between different
areas and different methods that we discuss inpgher (Fig. 2.1). Indeed, we want to
compare the incision of the Koralpe relict landscapth three other datasets: the incision
record of the Mur River in the Styrian Karst measufrom burial age dating of cave
sediments (Wagner et al., 201@ubsidence analysis of the Styrian Bagkbner and
Sachsenhofer, 1995; Sachsenhofer et al., 1998) subsidence analysis of the North Molasse
Basin(Genser et al. 2007For Koralpe, 4z represents the amount of incision since the rock
uplift increase andiBy is the total amount of base level since the onseupdift, also
equivalent to the total amount of rock uplift sinbe uplift increas€Fig. 2.1). Subsidence
analysis records rock uplift of the bottom of thesim and is therefore a proxy of rock uplift.
The total amount of rock uplift is thus equivalémthe total relative base level fallB,sand

ABpnfor the Styrian Basin and the North Molasse Basspectively)
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Legrain et al., 2013b

Figure 2.1: Synthetic cross-section showing a simplified madeuplift of the studied region with definitiorf o
variables. Note that the scale is not respectedaialfy betweerR andR; for Koralpe.

The methods discussed above can give direct camstran surface uplift and topographic
evolution. Subsidence analysis records rock uplithe bottom of the basin and does not give
direct constraints on surface uplift. It is notdeit if dating of cave sediments can directly
measure surface uplift. Sediments in cave can lalglated by cosmogenic isotopes if buried
at sufficient depths below the surface to ensureptete shielding which implies that there is
a part of the topographic relief higher than theedaave. This is problematic to infer surface
uplift because the initial relidk cannot be deduced by using the final reReénd the age of
the dated sediments. Indeed, the amount of eraditime topography that takes place above
the highest cave level is unknown (Fig. 2.1). Theee even 4B, gives an idea of the order
of magnitude of the amount of surface uplift thaik place since the rock uplift increase, this
method does not allow for an explicit calculatidrtias amount. Of the three methods, only

the amount of incisionz calculated from channel profile projection is #fere giving some
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direct quantitative constraints on surface upliftiee region since the increase in rock uplift

rate.

2.3.2.1%Be-derived erosion rates

Erosion rates averaged over 10 10 years timescale can be calculated fiarsitu produced
cosmogenic nuclides®Be in quartz being the most used and the bestrasith method
(Brown et al., 1995; Bierman and Steig, 1996, Geargj al., 1996; Schaller et al., 2001, von
Blanckenburg, 2006)The measured concentratio€)(of *°Be in quartz is inversely
proportional to erosion rates:)(and can be expressed &rown et al. 1995, von
Blanckenburg, 2006):

C =P/ (e1) (2.3)

whereP. is the mean catchment production rate argilthe attenuation length of particles that
contributes to the production. For some of the dathpatchments, we have also calculated
erosion rates of nested catchments following ferititised part of the landscape (Reinhardt
et al. 2007):

&= (cePe-er A) I A (2.4)

whereg is erosion rate anél drainage area of the catchment, and the subscrgédr refer

to entire catchment, incised part of the catchraedtrelict part of the catchment respectively.
To extract the erosion signal of the relict andsed parts of the Koralpe Mountain we have
taken samples for cosmogerifiBe-derived erosion rates from both parts of thelsaape.
The samples can be divided into four categorieedas their extent relative to the incised
relict landscape described in Chapter tEli€t”, “incised, “mixed and “glaciated. Relict
andincisedcategories refer to catchments entirely locatefliwmithese morphometric regions
and mixed landscape refers to catchments comprising botlsadcand relict parts of the
landscape to various extents within their drainageas. The categorylaciatedrefers to

catchments that were entirely or partly glaciatedrd) the LGM.

In addition to these categories we also definelesratlassification based on the drainage area
of the sampled catchments. Indeed, most of thengants that we have sampled are very
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small and it is important to determine if the samptatchments mostly reflect hillslopes or
fluvial processes. Based on channel profile anslgsid slope-area plots (Chapter 1), we
found that the critical drainage are@.] for the Koralpe Mountain is usually comprised
between 1 km2 and 7 km2. As a conservative valudefime the transition between hillslopes
and fluvial catchment to be around 7 kmz2 for thed{me Mountain. Based on these results
from DEM analysis, we define three categories bamedirainage area of the catchments:
“bedrock sample{A = 0), “hillslopes” catchmentsA < 7 km?2) and fluvial” catchments(A >

7 km?),

The termhillslope catchment seems contradictory but, in theory, emugh the small
catchments are almost entirely controlled by lujpi& processes the sampled sand at the outlet
of the small catchment still collect and average #rosion signal of the entire small
catchment. However, in practice, it is not cleah#se small catchments can give an accurate
average erosion rate of the entire catchment. thdagpropriate mixing of sediments in the
stream is necessary to calculate an accurate averagion rate for the entire catchment. In
these very small catchments it is very likely tisadiments are very poorly mixed. We
therefore take in account this potential bias is 8tudy by a careful analysis of the results
compared to the drainage area of the catchmentsbiding both classifications, odfBe-
derived erosion rate samples can be divided it@ategories (Fig. 2.2, Table 2.2): (&)ict
hillslope, (2) mixed hillslopg(3) mixed fluvial(4) incised hillslopg(5) relict bedrockand (6)

glaciated hillslope
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Figure 2.2: Map of the Koralpe Mountain with location of tH8e samples. Thick white line is the extent of the
relict landscape (Chapter 1). A: Location of thenpkes and simplified lithological map of Koralpehél
southern part of Koralpe mainly consists of parégges while the northern part mainly features nalisss. On
the eastern side of Koralpe is also present mytogiieiss (the so-called “Plattengneiss”). B: $patariations

in slope and channel steepness index calculated #d0 m resolution DEM. Normalized channel steepne
index was calculated with a reference concavitgindf 0.45 and over 500 m segments for all chanmiglsA >

1 kmz.
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2.4. Results

1%Be-derived erosion rates from the Koralpe Mountainge from 36 m/Ma to 149 m/Ma.
They are consistent with the long-term exhumatite inferred from thermochronology for
the Koralpe Mountain of ~ 100 m/Ma since the Eoc@dejl, 1997; Chapter 1). Koralpe
erosion rates are one order of magnitude loivan °Be-derived erosion rates from the
Western, Central, and Eastern Alps that where gilediduring LGM typically around 1000
m/Ma (Delunel et al., 2010; Whittman et al., 200¥rton et al., 2010b; Norton et al., 2011).
However, despite the significantly lower erosiotesa Koralpe erosion rates show a clear
difference between relict and incised landscapeedd the mean erosion rate of the incised
catchments is more than 2.5 higher than the measioer rate of the relict landscape (137 +
15 m/Ma and 49 £ 8 m/Ma respectively, Table 2.Xpsion rates from the Koralpe relict
landscape show little variability and range from88 m/Ma to 59 + 4 m/Ma (Table 2.1).
Similarly, the two entirely incised catchments @vogates are very consistent: Pro-6 = 111 +
9 m/Ma and Pro-2 = 149 + 14 m/Ma. Erosion ratesab€hments comprising both incised and
relict landscape average 81 + 24 m/Ma and show mar@bility: they range from 56 = 3
m/Ma to 123 £ 9 m/Ma. In addition to the erosiotesafrom the Koralpe Mountain, we have
measured erosion rates from three catchments thaatghe Styrian Basin, East of the
Koralpe Mountain. These erosion rates range front 33n/Ma to 123 £ 9 m/Ma (Table 2.1).
The two larger catchment (Sti-1 and Pic-1) are isbeist while the small catchment Sau-1
show a very low erosion rate of 33 + 2 m/Ma. Thes®n rates from the Styrian Basin are
relatively high and average 88 + 40 m/Ma (Tablg.2.1
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Table 2.1:Morphometric parameters and calculat®k-derived erosion rates of the sampled catchments

Mean
_ Sample 18e Topographic  Snow production Erosion
Sample  Long. Elevation Area Slopé Fraction  weight  concentration shielding  shielding raté’ Apparent ratd E* 9
(°) Lat. (°) (m) (km?) (°) Incise (9) (x10* at/gouart) factor’ factor’ (at/glyr) agee (yr) (m/Ma) (m/Ma)
Glaciated
Wei-1 15.026  46.335 1447 0.71 21.2 - 29.38 15.0888 0.98 0.89 18.14 6742 89+6 -
Relict landscape
Wei-2 15.015  46.836 1722 - - - 28.09 37.62+231 .001 0.89 19.05 16667 36+3 -
Fra-4 14922  46.880 1084 0.11 12.7 0.00 26.89 20001 1.00 0.93 12.18 12766 47 £3 -
Fra-5 14.934  46.890 1193 0.21 17.2 0.00 28.72 19087 0.99 0.92 13.88 10909 55+3 -
Pro-4 14.987  46.852 1476 0.91 12.9 0.00 32.58 34482 1.00 0.90 17.26 16667 36+2 -
Bla-1 15.063  46.831 1451 0.46 21.0 0.00 28.03 194393 0.98 0.91 15.49 10169 59+4 -
Bis-2 15.092  46.683 1047 0.24 10.3 0.00 28.73 19.003 1.00 0.94 11.59 12766 47 +3 -
Bis-3 15.081  46.686 1070 0.14 15.1 0.00 29.36 1¥.080 1.00 0.93 11.85 11765 51+3 -
14.9+34 49 + 8"
Mixed landscape
Twi-1 14.862  46.899 556 0.45 233 0.74 27.77 8.024% 0.98 0.95 9.60 6742 89+6 1097
Fra-3 14.891  46.874 577 0.40 24.6 0.71 30.25 14056 0.97 0.95 9.91 10714 56 +3 107 +£7
Pro-7 14971  46.844 1107 0.37 26.8 0.81 40.47 8054 0.97 0.91 14.49 4878 1239 115 +8
Pro-8 14.908  46.854 623 0.48 27.6 0.86 40.48 12057 0.96 0.95 10.13 9524 63+4 118+8
Las-4 15.173  46.838 701 0.10 28.3 0.66 29.84 9.03% 0.97 0.97 8.23 8696 69+4 102+6
Bis-5 15.060 46.672 758 0.39 17.7 0.42 33.06 7.801% 0.99 0.94 11.06 5128 117 +8 83+6
Bis-6 15.066  46.673 734 5.84 16.9 0.05 40.24 12701 0.99 0.93 12.45 7317 82+9 53+6
Bis-1 15.139  46.613 382 142 17.9 0.17 30.25 11.08%F 0.99 0.92 11.70 8696 69+6 63+5
Las-3 15.173  46.838 542 66 18.6 0.12 31.65 13.06a 0.99 0.92 12.08 9836 61+4 59+3
224+4.4 0.51 81+24
Incised landscape
Pro-2 14.945  46.844 866 0.81 27.8 1.00 30.31 6.058 0.97 0.93 12.91 4027 149+ 14 -
Pro-6 14.927  46.848 737 0.45 29.4 1.00 40.78 8.046% 0.96 0.94 11.68 5405 1119 -
Bis-1* - - - 30 28.0 1.00 - - - - - 4110 146 +7 -
Las-3* - - - 8.19 21.7 1.00 - - - - - 4196 143 +4 -
28.2+0.7 137 +15
Styrian Basin
Sti-1 15,591  49.905 304 68 9.3 - 31.23 4.35+0.31 0.99 1.00 6.36 4878 1239 -
Pic-1 15.750  47.003 326 28 10.4 - 30.70 4.91+0.38 1.00 0.99 6.40 5454 110+9 -
Sau-1 15.311  46.842 317 6.60 5.9 - 40.14 15.4B6&0 1.00 0.99 6.09 18182 332 -
85+ 19 88 + 40

Bold numbers are average of the above values wétidard deviation around the mean
aMean slope of the catchments calculated from themnt8solution DEM

b Fraction of incised landscape within the catchment.

¢ Snow shielding correction was calculated frore dhnual Swiss snow data (Aauer 2003) and topograpkelding was calculated from the 10 m DEM.
d Production rates include topographic and snoeidinig
e Apparent ages are calculated as the time to er@flecm of bedrock (considering a density of 2¢#r)
f Erosion rates were calculated using the scaéimgslof Dunai (2000) and production equations ofaBehet al. (2002)
gE* is calculated based on their fraction of inciletiscape and a simple mixing model between tle eeid incised landscapes erosion rates (refextcfor more details)
h Erosion rate of the bedrock sample (Wei-2) isinciuded in the mean erosion rate of the relintdcape catchments.
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Figure 2.3: Photographs from the KoralfMountain A: Sampling location of the highest erosion ratehe

incised landscape of Koralpe, trunk stream in thredround (Prossingbach River) flows from left ight. B:

View to the South in the Bistrica catchment, appr@tely from the sampling locatiorf Bis-3; Break-in-slope
separates the low slope relict landscape from theper incised landscape below. C: View of there

catchment Pr@ showing the steeper slope of the incised langséapmpare to photographs D and F). D: V
looking downstreanof the sampling location of E-2 showing the gentle slopes of the Koralpe refiadscapi
hillslopes. E: View looking south showing a glaciénque carved by a 3 km long LGM glacier (See Rid. for

location of the cirque). F: View to the South o& very smath crest of the Koralpe Mountain forming par
the relict landscape.
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2.4.1. LGM glacial overprint on the relict landsca@ around the Koralpe summit

Even if the LGM glaciers did not cover a large apédhe Koralpe landscape (Fig. 2.1), it is
important to analyze their impact on the morpholémyvoid any confusion between fluvial
and glacial incised valleys and steepened hillsdoppée LGM glaciers were restricted to the
Koralpe summit region, around the Grosse Speikk@e10 m), and were < 5 km long (Fig.
2.4). However, these small glaciers have signifigadisrupted the smooth surface of the
relict landscape and created glacier cirques watly gteep faces of up to 200 m height (Fig.
2.3E, 2.4).We have only measured one erosion rate from thaafi\a influenced landscape
but this rate (Wei-1: 89 £ 6 m/Ma) is almost twmés higher than the average erosion rates of
the catchments located on the relict landscapesi@iuglacially influenced (42 7 m/Ma).
The mean slope of the catchment Wei-1 (21.2°),iagfed during the LGM, is very similar to
the mean slope of the never glaciated catchmentl §&1.0°). However, the erosion rate of
the catchment Wei-1 (89 + 6 m/Ma) is significantligher than the erosion rate of the
catchment Bla-1 (52 4 m/Ma). This difference in erosion rate, desgitailar mean slope,
could be explained by the occurrence of very stepes left by the LGM glaciers in the

Wei-1catchment.

46°51'N
46°51'N

'

Mylonitic gneiss ~

46°48'N
46°48'N

) 1
14°57'E 15°4' 14°57'E 15°4'E

Figure 2.4: Glacial overprint on the upper part of the reliahdscape. A: Lithology, extent of the LGM
moraines and measured erosion rates from the tatidscape in the upper part of the Koralpe Mountahite
line show the extent of the relict landscape. Bp8l map and location of glacier cirques carved BML
glaciers, dashed black line shows the extent of Li@Gdaines.
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Such glacial influence on present day erosion satams very interesting to study in further
details but we are only interested in this studpam-glacial transient landscape. Because the
influence of the LGM glaciers on the Koralpe morjolyy is very obvious in term of erosion
rates, slope, and glacial moraine deposits (Fig), 2ve can clearly exclude any confusion
between disruption of the Koralpe relict landschpelaciers during the past glaciations, and

fluvial incision into the Koralpe relict landscape.

2.4.2. Relationships between erosion rates and mdrpmetric parameters

Koralpe erosion rates show a good correlation \m#tan catchment slope and the data can
best be fitted by a non-linear mod®ontgomery and Brandon, 200&)th a critical slope %)

of 35°, consistent with other non-glaciated mountainges in the worl¢Fig. 2.5A; Ouimet

et al., 2009; Dibiase et al., 2010; Carretier et2112) Therelict andincisedsamples show a
very good fit with this model whilenixed hillslopesamples catchments show more scatter,
with some samples featuring high slope and lowiernosate and others low slope and high
erosion rate (Fig. 2.5A). Koralpe erosion rateswsl@omoderate positive linear correlation
with the fraction of incised landscape within thestchmentré¢ = 0.49; Fig. 2.5B). Similar to
the plot of erosion rates versus slope, the sanffdesthemixed hillslopecatchments show a
large scatter: the coefficient correlation omittirtge mixed hillslope catchments is
significantly betteri¢ = 0.90;n = 10) than the correlation coefficient for all ttata (2 = 0.49;

n = 17). In fact, thamixed hillslopecatchments alone show no correlation at all wité t
fraction of incised landscape & 0.02) and add a significant scatter to the datarestingly,

the mixed fluvialcatchments are very consistent with the lineaiTtie very small size of the
catchments and potential inappropriate mixing efg¢tream sediment at the sampling location

could explain the absence of correlation ofrtiiged hillslopecatchments.

To test this hypothesis, we have calculated forhemixed fluvial and mixed hillslope
catchment a theoretical erosion rate$)(based on the best linear fit between the two end-
members erosion signal of thelict andincised catchments. This theoretical erosion rate is
calculated ag&*= 81 f + 49, whereE* is the calculated erosion rate, a@nd the fraction of
incised landscape within the catchment (Fig. 2&hld 2.1). The two end-members erosion
signal are thus taken as the average erosion faaél the incised catchmentsn(= 2; 130

m/Ma) andrelict catchments(= 6; 49 m/Ma). Ideally mixed samples between the énd-
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members erosion signal should have a similar medsamd calculated erosion ralEgg* = 1).

We have plotted this ratio between calculated ardsured erosion rate against drainage area
of the catchments (Fig. 2.5C). Only three samplesnysa ratio of 1 within errors. One of
these catchments is Pro-7 but at the same drasra&geall other samples are very scattered
which is suggesting no relationship, at this drgenarea, between calculated and measured
erosion rates. In contrast, the two largested fluvialcatchments (Bis-1 and Las-3) show a
good match between calculated and measured ercs@® his result is consistent with the
idea of a threshold of minimum drainage area of ¢dhechment where sediments in the
streams start to be correctly mixed and thus pewdgood average of the erosion of the

catchment.

The mixing threshold drainage area between coyreaitted sediments and incorrectly mixed
sediments would fall between the drainage areahef dample Bis-6 (5.8 km2) and the
drainage area of the sample Las-3 (66 km?2).Integigt the critical drainage are@., for
Koralpe is usually comprised between 1 and 7 knhiter@ is a good match between the
transition between hillslopes and channels derivech the DEM and the sediment mixing
threshold suggested by the erosion rates. Althasgémall as the mixed hillslope catchments,
theincised hillslopeandrelict hillslope catchments seem very consistent and not affegted b
this bias. This could be explained by their spati@mogeneity in term of slope and thus
probably also in term of erosion rate: even if g@mpled sand was poorly mixed, the

calculated erosion rate still yields an accuratraye erosion rate of the whole catchment.

Because of this inappropriate sediment mixing efrthixed hillslopes catchments samples we
have only deconvolved the erosion rate of the ettigart for the two mixed fluvial (Bis-1
and Las-3) with equation (2.4). The calculatedsieno rates (Bis-1* = 146 £ 7 m/Ma and
Las-3* = 143 + 8 m/Ma) are very consistent with ttveo erosion rates of the small
catchments entirely located in the incised landsgdjable 2.1, Pro-6 = 111 + 9 m/Ma and
Pro-2 = 149 +14 m/Ma). It is important to note thhése two types of erosion rates are
independent from each other because we did nothgserosion rates of the small incised
catchments for calculating the erosion rates ofIBisnd Las-3*. We therefore take as the
representative erosion rate of the incised landscapKoralpe the average of these four

erosion rates (137 £ 15 m/Ma).
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Figure 2.5: Plots of erosion rates versus different geomorphi@ameters. A: Erosion rates versus mean slope of
the catchments, black line is a fit of the datehwéitnon-linear modeE = E; + KS/(1 - S/§ (Montgomery and
Brandon, 2002K = 0.035 mm/y and background erosion r&g 6f 36 m/Ma (sample Wei-2). B: Erosion rates
versus fraction of incised landscape within thelwatents, equation is the best linear fit of ith@sedandrelict
catchments samples. C: Ratio between measured andlated erosion rates against drainage area eof th

catchments.
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2.4.3. Channel and hillslopes adjustment to the imgion wave
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Figure 2.6: Map and along-stream variation of morphology arabien rates of the Prossingbach River. A: Map
of the catchment with the sampled basins, coloingpfbr the slope gradient is from blue to red, ttee channel
the color coding is from green to red color codeth \k,, mean slope of dashed black catchments is platted
Fig. 2.6D. B: Channel profile of the ProssingbadbheRand sampled tributaries. C: Along stream vammof ke,

for the Prdssingbach River calculated with a refeeeconcavity of 0.45 and along 500 m long segmddits
Along stream variation of mean slope of tributagaschmentsk: Along stream variation of erosion rate of the
sampled tributaries catchmentds fraction of incised landscape for thexed samples, dashed black lines are
average erosion rate ficised(Pro-2, Pro-6) ancklict (Pro-4, Wei-2) samples for the two parts of thedkcape

The Prossingbach catchment, located North WedteoKioralpe summit, is the most incised
of the Koralpe large catchments (Fig. 2.2). Itherefore a good area to investigate how

channel, hillslopes and erosion rates adjust tairtbision wave. The channel profile of the
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Préssingbach River shows a clear separation bettheeampper relict landscape and the lower
incised landscape separated by a prominent kniokgfig. 2.6A, B, C). Interestingly the
mean slope of small tributary catchments connetigtle Prossingbach River shows a sharp
increase 1.5 km downstream of the knickpoint (Bi§A, D). The lag between the knickpoint
and the increase in slope of adjacent hillslopeskzE explained by the time needed for the
hillslopes to propagate the incision signal upsireand increase the mean slope of the
catchment. The erosion rate shows a good corralatith the mean slope of the catchments.
The tworelict erosion rates are very low (36 m/Ma) and the tamsed catchment show
higher erosion rate (average of 130 m/Ma) (Fig.E2.PAs explained earlier, thenixed
hillslope catchments Pro-8 and Pro-7 are interpreted asonandhlues between the two
erosion rate signals and are therefore not takernaiccount for interpretations.

The time response of hillslopes can be estimatethéyistance between the knickpoint and
the location downstream where the hillslopes hawpagated the erosion signal up to the
crest: the shorter the distance, the faster the tiesponsgHurst et al., 2012)For the
Prossingbach catchment, this would suggest thathiiglopes time response for this
catchment is different between the North facindshlipes and the South facing hillslopes.
Indeed, the sample Pro-8 is located 9 km downsti@atime knickpoint and the incision have
not yet propagated until the crest while hillslopssated south of the Préssingbach River are
entirely incised only ~ 3 km downstream of the kpigint (Fig 2.6A). However, the geometry
of the fluvial network of this catchment, with theger tributaries joining the Préssingbach
River from the South (Fig. 2.2), could also expltie difference between North facing and
South facing catchments.

2.4.4. Calculation of incision timing and total reative base level fall for the Koralpe
Mountain

The difference in erosion rates between the twespzrthe Koralpe landscape clearly shows
that the landscape is currently adjusting to a walvencision. However, the cause of this
incision is difficult to understand if the timingf ¢he incision is not known. We use the
measured’Be-derived erosion rates and the known amountdai$ion into the Koralpe relict
landscape (Chapter 1) to calculate the incisiomtinty) and the total relative base level fall
(4By) with equation (2.1) and (2.2). Results of theakdations for the Koralpe Mountain
yield an incision timeAty) of 4.0 £ 1.0 Ma and a total relative base lewadll (1By) of 543 +
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143 m since the beginning of the incision (Tabl2).2U; and U; are taken as the average
erosion rate of the catchment from the relict |l@age (49 + 8 m/Ma) and the average erosion
rate from the incised landscape catchments (13% m/MMa) respectively (Table 2.1, 2.2).
This timing of incision can be interpreted as th@imum age for the onset of incision
because only the vertical incision is taken intocamt with equation (2.1) and (2.2). Lateral
knickpoint migration is therefore neglected and tatculated time of incision could be
shorter than the real onset of incision. Howewver,tiie Koralpe Mountain, this difference is
likely to be minimal because knickpoint did not maigg for long horizontal distances (< 10
km, Fig., 2.2). The calculated timing of incisiatherefore probably very close to the age of

onset of incision into the relict landscape.

Table 2.2: Calculated time of incision and total relative ddesvel fall

River name AZ* (m) AtS (Ma) AB,E (m)
Waldensteinerbach 241 +£22 27+0.3 375 +23
Fallegbach 403 + 67 46+0.9 627 + 69
Frassbach 216 £ 15 25+0.3 33616
Schwarze Sulm 37276 42+0.9 579+ 79
Krennbach 480 + 97 55+1.2 747 £100
Feistritz 380 £ 56 43+0.7 592 + 58
349 £ 92 40+1.0 543 +£143

a Amount of incision calculated from projectionsit channels from Koralpe (Chapter 1)

b Time needed for the incision calculated as , Witand U being 137 + 15 m/Ma and 49 + 8 m/Ma respectivedg text for more details.

¢ Amount of total relative base level fall calceldtas with Y= 49 + 8 m/Ma.

Although very simple, the calculations At and4Bywith equation (2.1) and (2.2) are based
on an important assumption. IndeéBe derived erosion rate from Koralpe are averaged o
the last 4 -17 ka, the integration time of this moek, but the calculated value fdtcis 4 + 1
Ma. The calculation is therefore based on an egtagion in time of the short terrtBe-
derived erosion rates from 4-17 ka to the last 4fdddoth the erosion rate of the incised and
relict landscape. This assumption appears very lgmudtic because climate did change
significantly and repeatedly in the last millionaye and the erosion rates from Koralpe may
have changed to due to changes in precipitatioexXample. However, a good support to this
assumption comes from the comparison between ghont-erosion from Koralpe incised
landscape and long-term incision rate of the MweRin the Styrian Karst averaged over the
last 4 Ma(Wagner et al., 2010). Wagner et al., 2010 intégake@ detailed incision history of
the Mur River for the last 4 Ma but we are onlyenaisted here in the long-term record of
incision rate. We therefore only use the mean iocisate of 130 £ 9 m/Ma calculated by
Wagner et al., 2010, based on the highest andtaldésd sample (Fig. 2.6, sample DH4: 4.05

56



+ 0.28 Ma; Wagner et al., 2010). The very good imétetween thé’Be-derived erosion rate

of the Koralpe incised landscape (137 + 15 m/Ma) toe long term incision rate of the Mur
River (130 £ 9 m/Ma, Wagner et al., 20jongly supports the assumption that the present
day erosion rate of Koralpe are representativeneflong-term timescale erosion rates (Fig
2.8). Thus, the calculation dftx andAB,with equation (2.1) and (2.2) appears robust despit
the extrapolation in time of short-terffBe-derived erosion rates.
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Figure 2.7: Comparison between short-teffiBe-derived erosion rates from the Koralpe Mounttie, Styrian
Basin and inferred long term incision rate of tharNRiver in the Styrian Karst (Wagner et al. 20X@)culated
as the average incision rate for the last 4 Md.dwer and upper grey areas represent the averagmeirate of

the Koralpe relict and incised landscapes respalgtiwith standard deviation around the mean. Bcdtion of
the three Styrian BasifiBe samples and cave sample DH4 (Wagner et al.,)2010

2.5. Discussion

We compare the incision timing and total relatiesd level fall calculated for Koralpe with
published data from regions in the vicinity of tHeralpe Mountain: the first dataset is a
record of the incision rate of the Mur River calteld from cosmogenic burial age dating of
cave sediments (Wagner et al., 2010, see aboejtker two datasets consists in subsidence
records of wells from the Styrian Basin (Ebner &athsenhofer, 1995; Sachsenhofer et al.,

1998) and from the North Molasse Bas{®&enser et al., 2007)¥or Koralpe, we have
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calculated a total relative base level fall of 34843 m. There is a very good match between
ABy (543 + 143 m)AB. (525 + 5 m)ABys (442 + 103) andiBy, (538 + 170) (Fig. 2.7). The
match between these four independent datasets ssgget the whole area may have
responded at approximately the same time (betwelgta @nd 4 Ma) to an increase in rock
uplift rate with a total relative base level fafl-© 500 m since then (Fig. 2.7). Fig. 2.9 shows

the spatial distribution of the amount of rock ttdior the different wells.
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Figure 2.8: Comparison between total relative base level(f#) and time for the incision4f) from Koralpe,
the Styrian Karst and the Styrian Basin. Black defsr to KoralpesB, and4t, (this study); white dots refer to
the Styrian Karst1B, and4t, calculated from sample DH4 (Wagner et al., 208@; text for more details); grey
dot and grey bar refer to the Styrian BagiB;s and 4ty (calculated from wellsUbersbach 1, Radkersburg 2,
Pichla 1, Somat,lIEbner and Sachsenhofer, 1995; Sachsenhofer @08B) Black square and black bar refer to
the North Molasse BasintB,,, andAty, (calculated from wellsStrh 1, Stkr 1, Fu 3, Mlbg 1, Stbg 1, Li 1, Di 1, S
1, He 3,Genser et al., 2007)

The erosion rates from the Styrian Basin also stgpbes interpretation of a common uplift
rock uplift history for a broad area. Indeed, twiathee three calculatet’Be-derived erosion
rates from the Styrian Basin (Pic-1 and Sti-1)\aey close to the erosion rate of the Koralpe
incised landscape and the long-term incision natie the Styrian Karst (Fig. 2.7). The sample
Sau-1 yields a surprisingly low erosion rate magloe to the small size of this catchment
compared to the other two, and to its significadtbywer mean slope. Thus, this small
catchment may be not representative of the long-terosion rate of the Styrian Basin and
could be considered as an outlier. Even if we fak&ccount the small Sau-1 catchment, the
average erosion rate of the Styrian basin (88 #mBla) is significantly higher than the

erosion rate of the Koralpe relict landscape 49m/Va.

The two large catchments Pic-1 and Sti-1 averager/Ma and match with the mean erosion
rate of the Koralpe incised landscape (137 = 15 ap/Mg 2.7).This match support the view
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that the Styrian Basin is currently responding telative base level fall that is transmitted to
the Koralpe Mountain but has not yet reached thealge relict landscape. Indeed, the similar
erosion rates between the Styrian Basin and thalg@rnncised landscape suggest that both
areas are responding to the same rock uplift &g @.1;U; = Up). It further suggests that
practically all rock uplift rate is converted inosion for the Styrian Basin (almost no surface
uplift). In this context the basins elevation rensaapproximately constant at the level of the
regional base level (Fig. 2.1).

2.5.1. Post-Miocene rock uplift increase in the Edarn Alps

Several possibilities have been proposed to exjplerpost-Miocene erosion increase in the
European AlpgDunkl et al., 2005; Wagner et al., 2010, Hergadeal., 2010; Willett, 2010,
Khulemann et al. 20027t the eastern end of the Alps climate-related post-Miocene uplift
driver seems very unlikely because the Koralpeoregias relatively far from the main LGM
ice body, which limits the post-LGM rebound due io@loading to approximately 100 m
(Sternai et al., 2012Moreover, our calculated timing of increase in roghift of 4 + 1 Ma is
significantly older than the onset of periodic ggdions at ~ 2.5 Ma. Thus, the recent increase
in uplift of the Koralpe Mountain documented hemstlner fits with the timing nor with the
spatial occurrence of the last periodic glaciatiomghe Alps. It seems also clear that the
incision is not the response to a more erosive atkmand dissection of a plateau without
vertical movements. Indeed, the incision seemsebla®lated to the tectonic inversion from
subsidence to uplift of the Styrian and North Me@a8asin which is necessarily related to an

increase in rock uplift rate.

A simple explanation for this post-orogenic tectorelated increase in rock uplift could be
the ongoing slow convergence (~2 mm/y) betweenadnd stable Europe measured from
GPS measurements (Bus et al., 2009). However,isncibntext, the North Molasse Basin
should subside due to plate loading and not bdteglas pointed out b§enser et al., 2007.
We can therefore exclude a direct link betweencii@vergence between Adria and Europe
and the post-Miocene uplift of the eastern endhefAlps and surrounding sedimentary basins.
If uplift related to climate and to active convemnge can be excluded, a deep-seated process
seems to be the only possibility to explain theeobsd increase in rock uplift rate since the

late Miocene.Genser et al. (20073uggested that slab break-off or delamination @& th
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European lithosphere underneath the Alps may heevereed at the end of the Miocene and
lead to the observed uplift of the whole area. Bi§B shows the spatial variations in vertical
movements and the location of the Adriatic slalepth (Luth et al., 2013)The observed

lower amount of uplift for the wells located in tkastern part of the North Molasse Basin

could be explained by their larger distance toAtigatic slab(Fig. 2.8B).
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Figure 2.9 A: Comparison between total amount of base Iéalcalculated for Koralpe and amount of rock
uplift since inversion of basin (Ebner and Sachséath 1995; Sachsenhofer et al., 1998; Genser,2@07, see
Fig 2.6 for name of the wells)it refers tadt, . B: Adriatic slab extent at depth of 135 to 166 Kuth et al.,
2013), dashed white lines are Moho depth contosli(Brickl et al., 2010).

2.5.2. Comparison between the Koralpe Mountain anthe rest of the Alps

1%Be-derived erosion rate are from the Koralpe Moimn&re approximately one order of
magnitude lower than erosion rate from glaciatepore of the Alps. Such difference could be
explained by efficient glacial pre-conditioning tfe glaciated Alps leading to sustained
transient erosion, with higher erosion rate in ligaglaciated areas during LGM than in

never glaciated settin@Norton et al., 2010aHowever, taking in account the large distance
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between our study area and other glaciated areaseWlBe-derived erosion rate have been
measured, the large difference in erosion ratesatsaybe due to a very low erodibility of the
high grade metamorphic rocks of the Koralpe, aedgfices in climate or in rock uplift rate.
More data is therefore needed from a region idewadityr different setting in pre-glacial

erosion conditioning and with same climate andolitlgy, which make such hypothesis

probably difficult to test in the Alps.

Our calculation oft, and the amount of incisiofz can also give some rough estimate of the
topographic evolution of the Koralpe Mountain sitice late Miocene. The present-day relief
of Koralpe R), between the summit and the elevation of thei&@tybasin, is ~ 1800 m. By
removing the amount of incision%) to the present day relief, we calculate an ihretief (R)

of ~ 1450 m (Fig. 2.1). This simple calculation gests that approximately 80 % of Koralpe
relief was present before the increase in rockftugte and approximately 20 % was created
by the incision after the rock uplift rate increaeve assume a constant regional base level,
the elevation of the Koralpe summit was around 180€levation compared to its present-day
elevation of 2140m. Although this suggests that tnadsthe topography of Koralpe was

present before 4 Ma, the increase of relief of 2086e then is significant.

At the scale of the Alps, such amount of surfadgtyB50 m) seems very modest compared
to the present-day topography of the Alps, with ynammmits well above 4000 m elevation.
For example, if the surface uplift that we have woented here occurred with the same
magnitude in other places of the Alps, the incregssummit elevation would only be of 10 %
for a summit with 3500 m initial elevation, whick fairly common in all regions of the
glaciated AlpsHowever, our results are of interest for the eniillgs because if this tectonic
related rock uplift increase occurred in some efdlaciated Alps it could have contributed to
create feedback mechanism between the small amliectonic related uplift documented
here and the well constrained climate related uplihus, although modest in term of
amplitude (350 m) the documented tectonic relatekiftucould be an explanation for the
“missing uplift” in the glaciated Alps because aft@ntial positive feedback mechanism with

climate-related increase in erosion and uplift (Noret al., 2010a; Sternai et al., 2012).
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2.6. Conclusion

“19Be-derived erosion rates from the never glaciatethle Mountain are approximately one
order of magnitude lower (36-149 m/Ma) than erosates from previously glaciated regions
of the Alps.

- We interpret the erosion rates of small catchsenmprising both relict and incised
landscape as random values between two end mesetosien signal because of poor
sediment mixing in the channel at the samplingtiocaHowever, the erosion rates show a
clear difference between incised and relict langseand support the interpretation of the

Koralpe Mountain as a transient landscape adjustirrgwave incision.

- The calculated onset of incision for the Koraljpeuntain is 4 £ 1 Ma and the amount of
total relative base level fall is 543 + 143 m. Téessults fit with datasets from surrounding
regions (Styrian Karst, Styrian Basin and North dslke Basin) and suggest a common rock

uplift increase for the whole area at the end effthocene.

- At the eastern end of the Alps, the post-Miocepkdt driver is unlikely to be directly due to
active convergence between Adria and Europe orethdt of a climatic change. We suggest
that the increase in rock uplift rate may be dua tieep-seated process such as delamination

of the lithosphere below the Alps or a slab bretik-o
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Chapter 3

Overall conclusions
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In this thesis | have presented a combined anabfs& particular landscape of the Alps.
Indeed, the studied region, located at the eastrdhof the Alps, largely escaped the last
periodic glaciations and therefore displays a puflelvial landscape up to 2000 m elevation.
Such landscape is rare in the Alps and is partilgulateresting to study long term landscape
evolution based on morphometric analysis. Indezdate fluvial erosion is better understood
than glacial erosion and simple relationship betwé®inage area and slope of rivers can be
very successful to document recent incision andftupktory of a mountain. Here, | have
used such a morphometric approach in combinatidh apatite AHe ages and cosmogenic
1%Be derived erosion rates. The combination of thiesee different methods allowed to better
constrain the topographic evolution of the east@stmever glaciated part of the Alps, from
the Early Miocene to the present.

The Koralpe and Pohorje mountains of the Easteps Ahow evidence of transient erosion

based on morphometric parameters such as hillsigraeient and channel profiles analysis.

Their landscapes can be divided into an uppertrieidscape, and lower incised landscape.
The Koralpe and Pohorje relict landscapes are yautitan 16-15 Ma as indicated by the

exhumation of the Pohorje granite and the extenhefrelict landscape on both sides of the
tilted Koralpe block. This exclude the possibilityat these relict landscapes represent older
(Pre-Miocene) deformed relict landscapes. The Keralnd Pohorje relict landscapes were
most likely created during the late Miocene, betw£&-15 Ma and 5 Ma, a period of tectonic

quiescence that allowed the topography to decay kmwbme smoother. The subsequent
dissection of these two relict landscapes invoinetsion of 383 £ 105 m.

19Be-derived erosion rates from the unglaciated K@aflountain are 36-149 m/Ma and are
approximately one order of magnitude lower thansiero rates from previously glaciated
regions of the Alps. We interpret the erosion ratesmall catchments comprising both relict
and incised landscape as random values betweerrtd/onembers erosion signal because of
poor sediment mixing in the channel at the samploggtion. However, the erosion rates
show a clear difference between incised and rididdscape and support the interpretation of

the Koralpe Mountain as a transient landscape adgut a wave incision.

The calculated onset of incision for the Koralpeuvitain is 4 + 1 Ma and the amount of total
relative base level fall is estimated to be 54348 In. These results are consistent with
datasets from surrounding regions (Styrian Karstri& Basin and North Molasse Basin)
and suggest a common rock uplift increase for thelevarea at the end of the Miocene. At
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the eastern end of the Alps, the post-Miocene wgfiiver is unlikely to be directly due to
active convergence between Adria and Europe oraidt of a climatic change. The increase
in rock uplift rate may be due to a deep-seatedge® such as delamination of the lithosphere
below the Alps or a slab break-off. This hypothgsastly remains speculative and would
merit further work, but importantly, climate careatly be excluded as a driving mechanism
for the uplift of the studied region of the Alpshérefore, the results presented in this thesis
are important because they show, for the first timine European Alps, a tectonic control on

fluvial landforms and present day erosion ratdatdastern end of the Alps.
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This appendix is a collection of abstract form eliént conferences where | participated either
with posters or talks. The abstract are sorted fiteeroldest to the most recent contribution.

4D kinematics of the Neogene Eastern Alps: An ArcGibased analysis of
horizontal and vertical kinematics

Wolfler, A., Legrain, N., Stiwe, K., Fritz H., 200®orkshop on Alpine Geological Studies,
Cogne, Italy.

Prior to the Neogene, the evolution of the Alps rbayconsidered to have started with the
final subduction of oceanic lithosphere and theebmd continent — continent collision. The
enigmatic Augenstein landscape indicates that t@pdty was low (Frisch et al. 1998). Rapid
extension in the Pannonian basin allowed an opstemaboundary and much of the N-S
convergence was compensated by east-west extessmme the basin inversion in the east, a
change from extension to a regime of compressiosezhrapid, tectonically driven uplift at
the orogen margins. This change in the externahtdaty conditions can be used as a time
marker against which changes in horizontal andicadrkinematics, including present day
erosion rates of the orogen, can be evaluated. &t gf the TOPO Alps project “4D
kinematics of the Neogene Eastern Alps“ we presehigh resolution database on both,
horizontal and vertical kinematics of the orogeg.uBing the natural-neighbour interpolation
tool provided by the ESRI-ArcMap9.3 GIS software gveated maps with zircon- (ZFT) and
apatite fission track (AFT) ages covering the Hast&lps. The maps show patterns of
relatively young ages (ZF¥ 20, AFT< 15 Ma) in the Tauern Window, the Niedere Tauern
and Pohorje Mountains, suggesting that these wmitkerwent the strongest denudation in
Middle Miocene times. These conclusions is suppotelong mean AFT lengths (L3 um)
and accelerated exhumation rates calculated framples with paired zircon and apatite
fission track- and/or zircon and apatite (U-Th)/Blges. On the contrary areas with older
zircon- and apatite fission track ages are charaet by a trend to shorter mean AFT lengths
(£13um) and relatively low exhumation rates. Thesasito the East of the Tauern Window,
namely the Gurktal block, the Kor- and Saualpe,il@khremnants of paleosurfaces of
unknown age. The evaluation of data on horizontaérkatics of major fault zones and
sedimentary record of intramonane basins to the afathe Tauern Window suggests four
different main deformation stages: (1) pre-Karpatato NW directed compression causing

strike slip motion and large offset in km scalg; Badenian to Sarmation phase of extension
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accompanied with the formation of intramontane gs{3) Late Miocene E-W compression
causing fault reactivation, basin inversion andfupf distinct regions; (4) Pliocene to recent
NW to N compression with mainly strike slip fautiinseismology and recent uplift patterns.
While many of these details are known, an orogeescompilation and interpretation is still

missing.
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Active tectonics at the Eastern end of the Alps: Téa Alps are certainly not
“dead” at all

Stuwe, K., Wagner, T., Wolfler, A., Legrain, NO20Geophysical Research Abstracts 11,
EGU2009-9332, EGU General Assembly, Vienna, Austria

In the literature many contributions have recemllgimed that: “the Alps are tectonically
dead”. Much of this work has followed the recogmitithat the central part of the Alps
appears to have changed their tectonic regime sineeMiocene and deformation has
propagated into the foreland. The inactivity of entral Alps comes to no surprise, as the
geophysical community has long established tha{abenter clockwise) rotation pole of the
Adriatic plate relative to Europe is due south lod tentral Alps near Torino implying zero
convergence in the Central Alps to north of it. Gensely, this rotation pole implies north-
south extension in the western Alps and north-saattvergence east of the rotation pole in
the Eastern Alps. In the Eastern Alps, seismolagyive tectonics and recent uplift patterns
show indeed that this region is currently highlyiae In this contribution we defend the
tectonic activity in the Eastern Alps against avwgng body of opinion that the Alps are
tectonically dead. For this we present two aspé&ttst we summarize our preliminary studies
from the past including (i) cosmogenic burial agaggesting up to 700 m of surface uplift
within the last 4 my (ii) U/He age suggesting messxhumation within the last 10 my (iii)
morphometric studies showing substantial uplifflo¥ial terraces. Secondly, we present our

working groups plan to tackle this subject withie turrent TOPO-ALPS initiative.
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Mapping out Paleo-Landscapes in the Non-Glaciated d?t of the Alps:
More Evidence for Young Uplift of this Part of the Alps

Stuwe, K., Legrain, N., Hergarten, S., 2010. Gesjulay Research Abstracts12, EGU2010-
11297, EGU General Assembly, Vienna, Austria.

The easternmost part of the Alps (east of the Need@auern region) is the only part of the
orogen where glacial carving can be excluded amadskcape forming process as it was never
ice covered during the glaciation periods. As asegpience, this region is the only part of the
Alps where morphometric analysis can be used to mappre-glacial landscapes and use
their morphology to make chronological interpregas. In view of recent suggestions that the
surface uplift of the Alps may be extremely yourgych mapping (and associated
geochronology) is extremely important to test thesslictions. For example, Hergarten et al.
(EGU2010) use numerical interpretations of digii@vation models to show that the Alps are
— on average — less than 10 my old. Similarly, Véaget al. (EGU 2010) show that the non-
glaciated part of the Alps has experienced some ra06f surface uplift in the last 4 my
reflecting the re-birth of a Miocene landscape.ohder to test such predictions, we have
begun to map paleosurfaces in several regions athesnon-glaciated parts of the Alps, in
particular in the Fischbacher Tauern and the Kerakygions. Both regions feature peaks
above 2000 m elevation above valleys only aboutri(flgh. However, closer investigations
show that this picture can be refined: The peaksadly appear to form summits of an
undulating landscape with up to 1000 m relief. Bekbout 1000 — 1100 m surface elevation
the landscape drops into steep gullies. We sudbasthese gullies formed in the last 5 my,
while the high landscape is possibly of Miocene. &@smogenic nuclei work is currently in

progress to test these hypotheses.
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Late Neogene denudation rates in the Eastern Alpssadetermined by low
temperature thermochronology

Wolfler, A., Stiwe, K., Legrain, N., Fritz, H., 200ournal of Alpine Geology 52, Leoben,
Austria.

Erosion affects the topographic form and kinematicerogens, and it may provide dynamic
feedbacks between climate and tectonics. Thermaology measures the timing and rates at
which rocks approach the surface and cool as dt r@fisexhumation. Our study aims to better
understand the Miocene to recent exhumation ansia@r@eriods in the Eastern AlpSor
this, we use a combination of zircon and apatitelf)yHe analysis, applied to rocks from
both sides of the Penninic/Austroalpine boundany laythe evaluation of recently published
low temperature thermochronological data. This apph allows monitoring the thermal
history of exposed rocks in the temperature rargjevdren 300 to 40 °C, thus documenting
exhumation from about 10 km crustal depth to neafase levels.The Austroalpine units
yield systematically older ages (zircon: 57.3 —33W¥la; apatite: 14.7 — 9.1 Ma) than those
from the Tauern Window (zircon: 18.6-13.5; apatitdd — 5.1 Ma) and both datasets display
positive correlation with elevation. According tbet age-elevation relationship and the
assumption of a stable geothermal gradient of 2KmMCwe gain 0.2 mm/yr for the
Austroalpine- and 0.7 for the Penninic units in dhedto late Miocene times. The apatite (U-
Th)/He data also provide indirect constraints om dlverage denudation rate for the time of
closure of the cooling ages to present and yieddn@m/yr for the Pliocene to recent. These
values are comparable to those from the Centrad Mpere recent studies demonstrated that
rock uplift is a response to climate-driven deniatat In the Eastern Alps however, a
different geodynamic evolution must be considerBg. evaluation of already published
thermochronolgical data we can demonstrate thaidtdion in the eastern part of the Eastern
Alps occurred at relatively low rates (in avera@el: — 0.2 mm/yr) during Miocene to recent
times. The difference in denudation rates in theefia Window and the adjacent eastern
crystalline units are considered to be related istindtt tectonic evolution and/or different
lithospheric conditions beneath the eastern partthef Eastern Alps. The available
geochronological data of the southeastern Tauemd@w reveal episodes of accelerated
cooling that coincide with denudation budget of tBastern Alps. The increase in the
sediment budget between 24 and 21 Ma is less prmeou by low temperature
thermochronology. However this event is relatedhte buildup of topography and relief

especially in the Swiss- and Western Alps as wellttee western Eastern Alps, whereas
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surface erosion and relief in the eastern Eastdps Aeclined. Between 18 and 17 Ma a
drastic increase of sediment discharge rates a®ecwith the ZFT data from the eastern
Tauern Window. According to the lack of age-elematrelationships of the published ZFT
data no estimation of exhumation rates is posshHitevever the ZFT data are consistent with
a period or reorganization in the Eastern Alps. e zircon helium data of our study fall
exact in the time of decreasing sediment dischaegereen 16 and 14 Ma. Again a period of
accelerated exhumation between 12 to 7 Ma is waluthented by AFT and partly by AHe

ages and may be correlated with the terminatida-@f extension in the Eastern Alps.
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Neogene denudation rates in the Eastern Alps as @emined by low
temperature thermochronology

Wolfler, A., Stiwe, K., Legrain, N., Fritz, H., 201Geophysical Research Abstracts 13,
EGU2011-10101, EGU General Assembly, Vienna, Aaustri

Erosion affects the topographic form and kinematicerogens, and it may provide dynamic
feedbacks between climate and tectonics. Thermaokomgy measures the timing and rates at
which rocks approach the surface and cool as dt r@fsexhumation. Our study aims to better
understand the Miocene to recent exhumation ansiargeriods in the Eastern Alps. For
this, we use a combination of zircon and apatitelf)fHe analysis, applied to rocks from
both sides of the Penninic/Austroalpine boundany laythe evaluation of recently published
low temperature thermochronological data. This apph allows monitoring the thermal
history of exposed rocks in the temperature rarggevden 300 to 40 _C, thus documenting
exhumation from about 10 km crustal depth to nesfase levels. The Austroalpine units
yield systematically older ages (zircon: 57.3 -33W¥la; apatite: 14.7 — 9.1 Ma) than those
from the penninic Tauern Window (zircon: 18.6-13apatite: 7.6 — 5.1 Ma) and both datasets
display positive correlation with elevation. Accorgl to the age-elevation relationship gain
0.2 mm/yr for the Austroalpine- and 0.7 for the R®ait units in middle to late Miocene
times. The apatite (U-Th)/He data also providerecti constraints on the average denudation
rate for the time of closure of the cooling agepresent and yield 0.5 mm/yr for the Pliocene
to recent. These values are comparable to those thhe Central Alps where recent studies
demonstrated that rock uplift is a response toat@ydriven denudation. In the Eastern Alps
however, a different geodynamic evolution must bestdered. By evaluation of already
published thermochronolgical data we can demomstreatt denudation in the eastern part of
the Eastern Alps occurred at relatively low rates gverage: 0.1 — 0.2 mm/yr) during
Miocene times. The difference in denudation rateshe Tauern Window and the adjacent
eastern crystalline units are considered to betegl#o distinct tectonic evolution and/or
different lithospheric conditions beneath the easfrrt of the Eastern Alps. The available
geochronological data of the Tauern Window revgatades of accelerated cooling that
coincide with the denudation budget of the Easfdps. An increase in the sediment budget
between 24 and 21 Ma is less pronounced by low e¢eatgre thermochronology. However
this event is related to the buildup of topogramgd relief especially in the Swiss- and
Western Alps as well as the western Eastern Alpgraas surface erosion and relief in the
eastern Eastern Alps declined. Between 18 and 12 titastic increase of sediment discharge
rates coincides with the zircon fission track daban the eastern Tauern Window. According
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to the lack of age-elevation relationships of théblghed zircon fission track data no

estimation of exhumation rates is possible. Howethex zircon fission track data are

consistent with a period or reorganization in tlastern Alps. The new zircon helium data of
our study fall exact in the time of decreasing seht discharge between 16 and 14 Ma.
Again a period of accelerated exhumation betweetoI2Ma is well documented by apatite

fission track and partly by apatite (U-Th)/He agesl may be correlated with the termination
of E-W extension in the Eastern Alps.

74



New U-He ages for the Eastern Alps

Stuwe, K., Legrain, N., Wolfler, A., Dunkl, I., &td, T., 2011.Geophysical Research
Abstracts 13, EGU2011-8617, EGU General Assemipynné, Austria.

With respect to the youngest part of the tectonimigion of the Alpine orogen, the eastern
end of the Alps holds a unique position. Firstlyistpart of the orogen is the region with
maximum convergence between the Adriatic and thefaan plates. This is due its position
far east of the rotation pole of the Adriatic pla&®condly, the eastern end of the Alps is the
only region of the mountain belt where peaks ethiat are substantially above 2000 m but
have never been ice covered during the glaciatienogs. As such, geomorphological
evidence and low-temperature geochronology cansee to infer the young uplift history
since the Miocene. Curiously, fission track agesgereerally of Eocene or Oligocene age and
are thus much older than in the remainder of thgeaThis contrast between active tectonism
and old fission track ages suggest that the cuteetanics, surface uplift and current erosion
regime may be extremely young and separated frenEticene exhumation by a substantial
hiatus. U-He age dating is a method that allowsotestrain the evolution during this hiatus. It
measures cooling through about the®@@sotherm— a half way mark between fission track
ages and surface temperature. Thus, it is a driiedhod to constrain if rocks cooled nearer
the Oligocene exhumation as indicated by fissiooktrages or nearer to late Miocene —
indicating the onset of the young tectonism. Instproject we have aimed at a spatial
coverage of the eastern Alps east of the Tauerdawnusing U-He dating of apatite. Field
work was done in summer 2010 and mineral separatnohselection during late 2010. Our

data are currently in analysis and will be presgaiigring this meeting.
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Large scale, small amplitude, post-Miocene surfaceiplift in the non-
glaciated Eastern Alps: river profiles analysis andcosmogenic-derived’Be
denudation rates

Legrain, N., Stuwe, K., Dixon, J.L., von Blanckegbu~., Kubik, P., 2011Geophysical
Research Abstracts 13, EGU2011-10708, EGU Genessgibly, Vienna, Austria.

In the ongoing debate about the increase in defmmdedtes around 5 Ma in the Alps and its
possible causes and consequences on the topogegiition of the orogen, the Eastern
Alps is a far less studied area than the Swiss.Alpghis contribution, we present in-situ
cosmogenic 10Be derived denudation rates from #stelfn end of the Alps, at the transition
with the Pannonian Basin. This unglaciated reg®nni a different climatic and tectonic
setting than the Swiss Alps and is still underga@ngoderate N-S convergence, providing the
chance to isolate the influence of tectonicallyaredl uplift on erosion and landscape
morphology. River profile analysis highlights a efisilibrium landscape across two
unglaciated areas of the Eastern Austrian Alps k@ and Fischbacher Alpen), that cannot
be related to lithology or climate. A continuouslict landscape’ exists in the upper portions
of the two areas, which, is incised by several heddneter deep gorges. Some rivers in these
two areas have a sharp knickpoint separating trex profiles into their relict and actively
incising parts. We use the calculated concavitystedpness indexes to project the relict river
profile (upstream of the knickpoint) above the déftated lower section of the river. The
total and active incision into the relict landsc@p&00-200 m for Fischbacher Alpen and 250-
350 m for Koralpe. This incision can be used asoxypfor the total amount of surface uplift
of the relict landscapes relative to the surrougslin®Be derived denudation rates of 17
catchments across the region show clear differebhe@seen the relict and incising portions
of the landscape. For Fischbacher Alpen, the ddimdaates of the relict and incised
landscapes are 94 m/Ma and 125 m/Ma respectivatyladly, across Koralpe, the average
denudation rate of the relict landscape is 55 _/®Mamwhile catchments within the incised
portion are 65-213 m/Ma and average 122 m/Ma. Wsemlle a good positive linear
correlation between the denudation rates and thmalzed channel steepness index of the
main channel at the confluence between the measatedment and the main channel. These
results suggest that the denudation rates of thes#l catchments (<2Kihare primarily
controlled by disparate rates of river incisioncssr the region. Together, these data show a
clear signal of tectonic uplift on both the landseanorphology and denudation rates. Based
on previous studies, we infer that the incision #mal surface uplift of the relict landscapes
started at the end of Miocene (around 6-5 Ma) sBpoase to the inversion of the Styrian

76



basin. However, the driver of this post-Miocengyéascale small amplitude uplift (<500m)
that affected the easternmost Alps, the StyrianrBasd the northern Molasse Basin remains

unclear.
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