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“Only those who will risk going too far can possillind out how far one can go.”
T.S. Eliot



PREAMBLE

The study of the growth of mountains and the evatuof their landforms is a subject
at the heart of Earth sciences. However, only newbjilable geochronological methods
allow to constrain the timing of formation of laodis in more detail. In particular the
evolution of landforms in Pliocene to Pleistoceimees is much debated, because of a
worldwide increase in sedimentation rates obseatdtie same time. Climate changes
and tectonic processes are possible candidategptaire this increase. The research
effort presented in this thesis fills the gap obktedge concerning the topographic
evolution of the last few million years to todayace of a region along the eastern
margin of the Alps: the Styrian Block. This bloakciudes the Styrian Basin and its
surrounding basement. New time constraints fromouar cave, stream and fault
deposits are reported and are interpreted in tefmser incision rates, aggradation and
re-excavation events. Uplift rates of the regioa astimated. DEM data are used to
identify the geomorphic disequilibrium of the whobdps. The results support the
notion that tectonically driven deformation andp@sding erosion is taking place to an
increased level over the last 5-6 Ma. Climate changee inferred to be of only
subordinate importance.



OUTLINE OF THESIS

This thesis is divided into 4 chapters and 3 apjoesd

Chapters 1 to 3 and appendix A are the principldritirtions. All four parts of the
thesis are published or under review at variowermational journals. Chapter 4 contains
overall conclusions drawn from all these findindgpendix B describes the sample
preparation procedure applied for burial age datiigally, appendix C lists conference
abstracts related to the thesis.

In Chapter 1, burial ages of cave sediments from the Centraie8t Karst are reported.
Based on this record, minimum age constraints obuarcave levels and maximum
rates of river incision of the River Mur over thestla-5 Ma are inferred. Decreasing
bedrock incision rates beginning ~2.5 Ma ago agga@xed by the fact of increasing
sediment supply from the hinterland. Finally, tisiput in an absolute vertical reference
frame, indicating episodic uplift of the region.élbhapter has already been published
as:

 Wagner.T, Fabel, D., Fiebig, M.,Hauselmann, Ph., SghD., Xu, S., Stliwe,
K., 2010. Young uplift in the non-glaciated partstbé Eastern Alps, Earth
Planet. Sci. Lett. 295, 159-169, doi: 10.1016/].2040.03.034.

In Chapter 2, evidence for west-east directed extensional mécsowithin the Styrian
Block in Late Neogene times is reported, includindirat successful attempt to
absolutely date fault activity by the terrestriasmogenic nuclides (TCN) burial age
method. Basin inversion of the Styrian Basin is tjoased hereby and uplift of the
whole region is proposed to be related to the uhdesting of a Pannonian fragment by
European and Adriatic plates. This chapter is cilyainder review:

 Wagner, T., Fritz, H., Stiwe, K., Fabel, D, Pliocene to Pleistocene faulting at
the transition between Alps and Pannonian Basin: @anss from dating fault
activity by the?®Al/*°Be burial age method. Submitted to Internationardaiu
of Earth Sciences.

In Chapter 3, the existing understanding of landscape evolutibthe Highland and

Lowland of Graz is placed into an absolute timemiawith absolute age constraints
derived from TCN, optically stimulated luminescef®SL) and U/Th dating methods.
Finally, a relief evolution of the region from theeginning of extrusion and basin



formation (Early Miocene) to the present is progbs& coherent block is uplifting
since Pliocene times, thus allowing the presermatibplanation surfaces at distinctive
levels up to the present. Re-excavation of sedinsoted at the Alpine margin may be
a candidate for increased sediment supply of tlggomein Pleistocene times. This
chapter is currently under review:

 Wagner, T., Fritz, H., Stiwe, K., Nestroy, O., Rodrght, H., Benischke, R.
Correlations of cave levels, stream terraces andaptan surfaces along the
River Mur — constraints on timing of landscape etiolu along the eastern
margin of the Alps. Submitted to Geomorphology.

Chapter 4 contains overall conclusions and outlook of tharky

Appendix A is a contribution where DEM data is used to irfer state of geomorphic
disequilibrium of the whole Alps. Slopes of catchmseof similar size are analyzed in
relation to their elevation. Morphologically, thehale mountain belt seems to show a
similar state of disequilibrium or prematurity. Ample uplift model is found to
reproduce the observed behavior. Theoreticallyddrerosion rates are correlated with
sediment budget data. Substantial topographic tyild suggested to have begun just
5-6 Ma ago. This appendix has already been puldiskse

* Hergarten, S., Wagner, T., Stiwe, K.2010. Age and Prematurity of the Alps
Derived from Topography, Earth Planet. Sci. Lett972 453-460,
doi:10.1016/j.epsl.2010.06.048

Appendix B describes the “cooking recipe” of the sample pragian for the burial age
dating we (Diana Sahy and 1) used in the cosmogamitides laboratory in Vienna.

Appendix C lists abstracts of posters and talks that wereeptted in the course of this
PhD at several national and international confezenand of a regional publication
where | contributed to.

* Wagner, T., Fritz, H., Stiwe, K., Fabel, D.2010. Pliocene to Pleistocene faulting at
the transition between Alps and Pannonian Basims@aints from dating fault activity
by the®®Al/*°Be burial age method. Journal of Alpine Geology 5249, Pangeo 2010,
Leoben, Austria.

 Wagner.T, Fabel, D., Fiebig, M., Hauselmann, Ph., &y, D., Xu, S., Stiwe, K.
2010. Young uplift in the non-glaciated parts af fhastern Alps. Geophysical Research
Abstracts 12, EGU2010-9516, EGU General Assembly2¥ienna, Austria.
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SUMMARY

Constraining the genesis of cave levels, terracdgp@mation surfaces with the use of
modern geochronological methods allows to confihe tandscape evolution of
mountain belts within the last ~5 million yearspEsially to understand the influence
of tectonic processes versus climatic changesnistzape evolution, age data has been
gathered for this thesis. Cosmogenic isotopes meamnts on cave sediments and
sediment filling of faults, luminescence datingtefrace sediments and U/Th dating of
speleothems provide important absolute ages ofogesal markers. With the help of
these and including geomorphological and structgeallogic observations, it could be
deduced that a coherent block, the Styrian Blocknrsisting of the Styrian Basin and
the surrounding basement located at the Alpine @rogPannonian Basin transition —
has been uplifting around 600 m within the lastM&. An increase of sediment rates
delivered from the hinterland of the Mur — dedué®an a decrease in incision rates of
the Mur River — is suggested to explain the peri@tjgradation and re-excavation of
sediments in the study area. The influence of dlonahanges in Pliocene and
Pleistocene times seems to be subordinate. Thi¢ ofpthe Styrian Block and resulting
erosion — primarily fluviatile — is most relevawor the forming of this landscape.

ZUSAMMENFASSUNG

Die zeitliche Eingrenzung der Genese von Hohlerauge Terrassen und
Verebnungsflachen mithilfe modernster geochronaldmgr Methoden ermdoglicht es
die Landschaftsentwicklung von Gebirgen in dentégtz~5 Millionen Jahre besser
abzugrenzen. Speziell um den Einfluss von tekttwiscProzessen im Vergleich zu
klimatischen Veranderungen auf die Landschaftsektwng besser zu verstehen, sind
fur diese Arbeit Altersdaten gesammelt worden. Megen von kosmogenen Isotopen
an Hohlensedimenten und Sedimentfillungen von 8@, Lumineszenz
Datierungen von Terrassensedimenten und U/Th Daggn an Speldothemen liefern
wichtige Absolutalter geologischer Marker. Anhandesdr und anhand der
Einbeziehung geomorphologischer und strukturgestiiggar Beobachtungen konnte
festgestellt werden, dass ein koharenter Block,Steirische Block — bestehend aus
dem Steirischen Becken und dem umliegenden Grumdgebgelegen an der
Alpenorogen - Pannonisches Becken Ubergangszoneh-irsiden letzten ~5 Ma um
rund 600 m gehoben hat. Ein vermehrter Anstiegedingentraten angeliefert aus dem
Hinterland der Mur — abgeleitet von einem Rickgandgeamschneideraten der Mur —
wird als mdgliche Erklarung der beobachteten zgkish Aufschittungen und Wieder-
Abtragung von Sedimenten im Untersuchungsgebietrpngtiert. Der Einflul3 von
Klimaveranderungen im Pliozan und Pleistozan s¢heier untergeordnet zu sein. Die
Hebung des Steirischen Blocks und die resultierdfision — primar fluviatil — ist
malf3geblich fur die Formgestaltung dieser Landschaft
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CHAPTER 1

Y OUNG UPLIFT IN THE NON -GLACIATED PARTS OF THE
EASTERN ALPS

Abstract We report the first incision rates derived from ialrages of cave
sediments from the Mur river catchment at the easteargin of the Eastern Alps. At
the transition zone between the Alpine orogen aedPannonian basin, this river passes
through the Paleozoic of Graza region of karstifiable rocks called the Centrighi@n
Karst. This river dissects the study area in amsauth direction and has left behind an
abundance of caves. These caves can be groupeskirgmal distinct levels according to
their elevation above the present fluvial basellefge estimates of abandoned cave
levels are constrained by dating fluvial sedimemshed into caves during the waning
stages of speleogenesis with the terrestrial coemoguclide method. These ages and
the elevations of the cave levels relative to theent valley floor are used to infer a
very complex history of 4 million years of watembka position, influenced by the
entrenchment and aggradation of the Mur river. \Weeove rather low rates of bedrock
incision over the last 4 Ma (in the order of 0.1 ipnwith an e-folding decrease in this
trend to lower rates at younger times. We relateititision history to a tectonic setting
where an increase of drainage area of the Mur rdwer to stream piracy in Late
Miocene to Pliocene times is linked to surface fuplihe later decrease in valley
lowering rates is attributed to the rise of the ebdevel related to aggradation of
sediments within the valley. Sediment transporbuigh the valley from the upstream
section of the Mur river limited the erosional patel of the river to a transport limited
state at the later stages of the incision history.

Keywords:burial age; cosmogenic nuclides; caves; riversioai, landscape evolution

T. Wagner et al., Young uplift in the non-glaciapedts of the Eastern Alps, Earth Planet. Sci. L2965,
159-169, doi: 10.1016/j.epsl.2010.03.034
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CHAPTER1

1.1 Introduction

The young tectonic evolution of the Alps is a muwdbated topic in Earth science.
Many studies investigate the uplift history anddsecape evolution of the range over the
last 10 Ma employing low temperature geochronolaiginethods (Dunkl et al., 2005;

Luth and Willingshofer, 2008; Vernon et al., 2008godetic uplift measurements

(Kahle et al., 1997; Ruess and Hdggerl, 2002), tkerpretation of morphometric data
(Frisch et al., 2001; Robl et al., 2008a; Székelyalet 2002) and new cosmogenic
isotope methods to measure erosion rates (von Biackg, 2005; Wittmann et al.,

2007; Norton et al., 2010Db).

Much of this debate focuses on the central Alpsrevlitehas been argued that the range
is past its peak of tectonic activity and acts moerely in passive response to erosion
(Champagnac et al., 2009; Schlunegger and Hind@@Db]l), despite its dramatic
topography of up to 4000 m of relief. In contrate eastern margin of the Alps
currently appears to experience a tectonic rejun@maMiocene fission track ages (e.g.
Hejl, 1997) and post-Middle Miocene sediment ca@unkl and Frisch, 2002) suggest
that much of the Neogene evolution of the eastargm of the orogen was likely to be
characterised by little relief and low elevatiordahat — therefore — today's topography
is rather young. Morphological evidence for thiprsvided by paleosurfaces at higher
elevations and steeply dissected gorges with aroobwbreak in slopes at about 1000 m
a.s.l. (above sea level) in a landscape with ug@0 m relief (Winkler-Hermaden,
1957).

This scenario — and the difference between theraeand the eastern Alps — is

consistent with our understanding of the plate es¢attonic processes: The rotation
pole of the Adriatic plate is currently located ndarino south of the central Alps

suggesting tectonic quiescence in the central Apspngoing north-south convergence
in the east (Champagnac et al., 2009; Fodor e2@05; Grenerczy et al., 2000, 2005).
Moreover, general consensus holds that the inversosd the Pannonian basin

commenced in response to the cessation of subductiderneath the Carpathian arc
and ongoing north-south convergence became thendminstress regime in the area
since then (Bada et al., 2007; Horvath and CloetHif86; Ruszkiczay-Rudiger, 2007).

Onset of uplift in the Styrian Basin (being the veestmost lobe of the Pannonian
Basin) around Pliocene to Quaternary times (Sacludenbt al., 1997) appears to be a
reflection of this process. Moreover, mantle prgess like slab break off or

delamination may influence uplift rates (e.g. Geretal., 2007).

Interestingly, specific data sets documenting tipbft are almost absent. In this paper
we present cosmogenically derived burial ages dinsents from caves within the
karstifiable rocks of the Paleozoic of Graz as fin& evidence for a young incision
history of the major drainage system that draiesAlps to the East: the Mur system.

13



CHAPTER1

We show that the incision of this system is slow &cts on a rejuvenating setting,
providing an exciting illustration of the revitaditon of a landscape forming process: a
juvenile stage of relief adjustment to change®okmuplift rates.

1.2 Topography of the eastern margin

The eastern margin of the Alps is the only parthef Eastern Alps that was never ice
covered during the Quaternary (Fig. 1.1A; Van Hug&99). As such, glacial carving

can be excluded as a land forming process ancetfierr is uniquely suited to infer the

pre-Quaternary uplift history from the incisiontiigy of its drainages.

In very general terms, the drainage system of teteEn Alps evolved in relation to the
eastward extrusion of the range (Frisch et al. 8188atschbacher et al., 1991). Of the
three major eastward draining rivers, the Enns&alzsystem in the north and the
Drava system in the south follow major west-easkiag strike slip systems. The third
major drainage, the Mur, roots from the higheskped the eastern Alps at an elevation
of 1898 m a.s.l. and drains much of the centraloregf the range eastwards into the
Pannonian basin. In contrast to the others, the dbwws not follow any major fault
system downstream of Bruck (Fig. 1.1A). Morpholog@aalysis of these three major
drainage systems shows that the Enns-Salzach afdréva systems have knickpoints
in their main channels that can be correlated ititial features, while the Mur —
outside the glaciated region — has an equilibritmanoel profile (Robl et al., 2008a).
However, a complicated set of stream terraces att@vehannel indicates that the river
had a complicated aggradation and incision hisf@vinkler-Hermaden, 1955, 1957).
Nevertheless, because of (i) the absence of fauliral of the lower Mur; (ii) the fact
that the Mur crosses the (Alpine) orogen-(Panngni@sin transition near the city of
Graz and (iii) the fortuitous fact that this trams zone is made up of karstified rocks,
we focus here on dating the incision history of thé drainage system.

14



CHAPTER1
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‘ LGM glaciation [:| karst rocks |:] LGMterraces @ 990 m a.s.l. © 600 ma.s.l. ©420 m a.s.l.

Fig. 1.1. Map showing the geographical position of the areder investigation(A) The extend of the
last glacial maximum in light blue, the perimetétlre Mur catchment as a black line, the orogenrbas
transition as a white line and in blue the maireriand larger tributaries displayed on top of thygtal
elevation model (white above 2000 m a.s.l., darlsbstdes about 200 m a.s.l.). The orange rectangle
shows the area enlarged in 1B. The star indicdiessite of an exposure age dated sample along the
Drava river. The inset shows the whole Alps withedevation above 600 m a.s.l. in black, indicatimg
area under investigation situated at the eastemerak of the Eastern Alps. Blue lines show the majo
rivers in the Eastern Alp$B) Karstifiable rocks in blue and the last glaciatdees in yellow on top of a
digital elevation model. Dots show the sample locet of the various cave sediments color coded
according to their elevations above sea level @edighest, green = lowest). Labeling of sample
acronyms as used in Table 1.1.

1.2.1 Caves as a proxy for landscape evolution

The drainage basin of the Mur above Radkersbugpiise 10000 kmin area and its
main channel has a total length of 295 km fronsgeng down to the Austrian border.
The so-called Central Styrian Karst, located atdiogen basin transition zone, belongs
tectonically to the Paleozoic of Graz. Its mostinrdively karstified region consists of
Upper Devonian limestones. As the Paleozoic of Gsamly some tens of kilometers
across and only partly made up of limestones (Ei§jB), many caves are recharged
from siliceous rocks in the upland. Because of #nd the fact that the topographic
relief within and outside the Paleozoic of Grazgimilar, local variations in incision and
erosion rates are unlikely to be the consequenakffefrences in lithology. Caves are
concentrated in two areas, the Hochlantsch ar¢laeimorth and the Tanneben massif
further south (Fig. 1.1B). Geologically, the Hochtah area is located in the upper
whereas the Tanneben is in the lower nappe sysfetheoPaleozoic of Graz (Fig.
1.1B). In the Hochlantsch area higher cave levels meserved, whereas in the

15



CHAPTER1

Tanneben massif most of these have been erodeddiGetsal., 2009). A total of some
500 caves that range from active caves on the mub@se level of the Mur to inactive
caves up to about 800 m above the current valtey thre recorded in the Austrian cave
registry. Caves are typically of phreatic origin lwiiccasional vadose overprint (Fig.
1.3H). Sub-horizontal tubular passages are widespaed can be grouped into at least
5 distinguishable cave levels, or speleogeneticsghaFig. 1.2). In the caves, we
interpret these levels as indicators for the positof the former water table. They
correlate well with other morphological featurekeliterraces and planation surfaces
across the region (Maurin and Benischke, 1992; VémKermaden, 1957). However,
for this study we focus on caves alone becauss tifgir abundance, (ii) because of the
preservation of sediments within the caves anjllfgéicause surface markers are so far
undated.

As erosion lowers the valley floor, the water tathteps, leaving the caves as a record
for the elevation of the paleo-water table (acawgdo the concept of base level control
of cave levels; Palmer, 1987). Many of the cavastain allochthonous sediments of
fluvial origin made up of quartzose sand and cogragels derived from the crystalline
hinterland and interpreted to be deposited during waning stages of passage
formation (Fig. 1.3). However, we will show latdrat they are likely to have been
derived from sources within the close vicinity bétkarstified region. As such they are
ideally not influenced by further upstream sectiohthe main (Mur) river. The vertical
distance between cave levels can be used to iekative incision rates if the time of
passage formation is known. Here we constrain tilthmm age of passages by dating
the time of emplacement of allochthonous quartZlmsal sediments into the cave and
interpret these ages as the time when valley mtiprogressed to abandon the passage
level. Consequently, the calculated incision raggsesent maximum values.

Field mapping demonstrates an asymmetrical digtdbuof caves and gravel
accumulations along the Mur valley. An abundanceases is observed on the eastern
river side and scarcity on the western as sketahed-ig. 1.2. The Austrian cave
registry lists 429 known caves on the easternphlyt 85 on the western river side. The
five largest cave systems are all found on theseasiver side. A satisfying explanation
for this is the focus of ongoing research and tfloeecof a speculative nature, but it is
considered likely that it might be related to a tmesd shift of the Mur river (e.qg.
Maurin and Benischke, 1992). This observation itaiss the complexity of the study
area.
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The main focus of our study are the Lurgrotte ledain the Tanneben area and the
Drachenhdhle (Fig. 1.3A) in the Hochlantsch ardlaese are two of the largest cave
systems of the Styrian Karst, and both exhibit mthi@ one level or speleogenetic
phase. The Lurgrotte is the longest cave systethdarifanneben area (5975 m, 273 m
vertical extent) and is developed along three stibbital levels (levels C-E, Fig. 1.2).

Only the lower level is permanently active, butgzages situated at higher elevations
show obvious signs of reactivation, for examplekisig streams during flood events

(e.g. as shown by organic sedimentation withindiee). The whole cave system was
filled with sediments and re-excavated several sineven in historical records. In the

Hochlantsch area, the Drachenhéhle (length 438@epth 250 m) shows two obvious

speleogenetic phases developed along strike ofifigdial the Hochlantsch limestones

(Fig. 1.2). The upper level, here defined as l&veis situated at about 950 to 1000 m
a.s.l., while the lower level of the Drachenhthda e correlated with the highest caves
found in the Tanneben massif (level B) based oelégation above streambed. Lower
karstified levels, corresponding to levels C-E froine Tanneben massif, are less
developed in the Hochlantsch region and did notaiorsediments suitable for dating

(Fig. 1.3B). Smaller caves from the Hochlantsch &adneben areas were correlated to
distinct levels of the Drachenhdhle, and the Luttgrorespectively; based on similar

elevation above the modern valley floor. In tothls speleogenetic record allows us to
infer paleo-water table lowering over a verticalesx of more than 550 m.

A total of more than 120 caves have been investihapanning a vertical range of 780
m. Finally, we selected 13 caves and dated 22 smmpbdbmprising siliceous rock
pebbles (fine to very coarse gravels) using cosmogsotopes (for sample locations
see Fig. 1.1B and Fig. 1.2). Careful subsurface ie&pping was used to ascertain that
the sampled sediments represent characteristicestagf passage formation.
Additionally, one surface sample (HK1) was dateidgisosmogenic isotopes to test for
the presence of inherited burial signal in sampti#kected in the caves. Targeted U-Th
dating of speleothems was used to support the llagis with independent ages from
stratigraphically related sediments (Table 1.2 kigd 1.3C, G).

18



CHAPTER1

~3
‘5_!;.

Fig. 1.3. Field impressions from the Central Styrian KasstPortal of the Drachenhdhle, Hochlantsch
area.B Active passage of the Barenloch, Hochlantsch avete that all the well rounded pebbles are
carbonate rock onlyC Sample location of sample DH4: Gravels as welfl@sstone were dated (see
Tables 1.1 and 1.2p The so-called Prinz (prince) at level E of the drotte, an impressive stalagmite
with gravel remainings at its base indicating formaggradation of this passade.Sample location of
sample LG2 in a wall notch at level C of the LutttgoF Sample location of sample DH1 at the lower
level B of the Drachenh6hl& Sample location of sample LG10: Further entrencitroéthe gallery has
left behind remnants of an impressive calcite fdlser with gravel remains still attached below
indicating an aggradation event of level D in therdrotte.H Phreatic passage in the Blaubruchhohle
showing the typical elliptic tube with beginningdase overprint (key hole).
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1.3 Burial ages

Deriving burial ages from cave sediments is a ingdt new method (Granger et al.,
2001) not yet successfully applied in the EastelpsAfirst attempts by Frisch et al.,
2001). It involves the measurement of two isotofiesre 2°Al and °Be) that are
produced by cosmic radiation in quartz near théaserprior to burial?°’Al and *°Be
accumulate at a ratio of about 6.8:1 in quartzngrai a few atoms per gram of quartz
per year. Quick and deep burial of such quartz-getliment in a cave (>20 m rock
overburden) assures shielding from further cosmys.r After burial thé®Al and °Be
concentrations in the sample are only affected Hgyr trelative decay resulting in a
decrease in th&Al/1%Be ratio in the samples. Measur&dl/*°Be in the samples can be
used to derive a burial age (Gosse and Phillip812Granger and Muzikar, 2001). The
current upper limit for measurement of tial and !°Be isotope pair is around 5 my. A
prerequisite of the burial dating technique is teamples have been exposed long
enough to cosmic rays and accumulated sufficieastogenic nuclides prior to burial.
Unfortunately this cannot be determined a priothie field.

In the laboratory, about 100 g of quartz was ex¢dh@nd purified from bulk samples
by magnetic and density separation and selectiwnaal dissolution. Quartz was
dissolved in a 5:1 solution of concentrated HF &idO; and spiked with about
0.74 mg®Be. Al and Be were separated and purified by ion matography and
selective precipitation. Precipitates were oxidizedl mixed with metal powder for
accelerator mass spectrometry (AM$BefBe and?°Al/?’Al nuclide ratios in the
sample and procedural blanks were measured atUBERS AMS facility in Glasgow.
The procedural blanks yieldedBeBe ratios <3.6 x 16 and ?°Al/*’Al ratios of
<2.5 x 10", representing <6% of totalBe atoms and <10% of tot#lAl atoms in the
samples. Only sample TG1 had low measured ratidsl +0.9 x 13> and 5.4+1.8 x
10™° respectively and the procedural blanks repres2Bt<and <46% of tht’Be and
Al atoms respectively. Stable aluminium concentrai were determined by ICP-
OES. The stated errors are dalculated from AMS and ICP-OES uncertainties. Asid
from obtaining burial age data, the isotope corred¢ions can also be used to infer
paleo-erosion rates of the source area prior t@baof the clasts. This is accomplished
by backward modeling the quantity of nuclides pn¢g®ior to the burial coupled with
local production rate estimates. Cosmogenic nug@ideluction rates were assumed to
be constant and were estimated for a mean sourtelalof 1000 m a.s.l. and a latitude
of 47.2°.While we cannot exclude variations in éevation of the source area over the
last few millions of years, we consider our estenat 1000 m to be realistic. The pre-
burial 2°Al/1%Be ratio (~6.8:1) is basically not influenced by guotion rate and thus
elevation (Nishiizumi et al., 1989; Stock et aD08b) and therefore burial ages remain
unaffected by altitude changes in the source afesvever, our assumption increases
the uncertainty of our pre-burial erosion ratesthese are based on measured isotope
concentrations and elevation dependant productitasr
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Figure 1.4A shows our results in a logarithmic tisotope plot. The curved lines are
burial ages in million years; the steep straighedi are radioactive decay trajectories
plotted for pre-burial erosion rates (m/my) inciegsfrom right to left. It can be seen
that the measured burial ages range from practiealto to 5 Ma, spanning the whole
range of the burial age dating method (Fig. 1.489me samples experienced only
minor burial: the Lurgrotte samples LG7 and LG4 &ne surface sample HK1. The
Lurgrotte samples LG4 and LG7 were taken from flalgghosits close to the current
active streams in the cave at level E and C whigta@s their young age. Sample HK1
was collected at the surface on top of the Tannebassif at 780 m a.s.l. and has a
finite burial age of 0.25 + 0.08 Ma indicating thather samples may also have
experienced a minor but complex burial history ptm their deposition in the caves.
The fact that the dating method yielded young agesites where subsurface mapping
indicated the possibility of late emplacement of #ediments increases the overall
confidence level of the dataset. Complementary ts, thll the U-Th ages of
stratigraphically related speleothems are sigmtigayounger than the burial ages of
subjacent gravels (Tables 1.1 and 1.2).
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Fig. 1.4.Burial age data graphically display€d) Two isotope plot showing the samples burial agek a
pre-burial erosion rates, assuming local produatites as shown in Table 1(B) Burial age versus pre-
burial erosion rates, suggesting rather consta#i@n rates in the source areas of the cave setinoén
about 20 m/my.TG1, PH1 and PH2 are outside thequlaainge (see Section 1.3).
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Sample A.C.R. Height*** A1 10ge* %A1"Be Burial age™ Erosion rate”
No. (m) (10* at/g) (10 atig) (Ma) (m/my)
LG7 2836/1 25 5 3337  1.33 498  0.19 6.70  0.37 0.02 £ 0.12 125.95 + 7.41
KAP1 2836/19 25 +5 80.54 + 244 4919 + 1.53 1.64 + 0.07 2.82 + 0.09 277 + 013
LG8 2836/1 265 + 5 51.81 + 143 9.87 + 0.26 525 + 0.20 0.53 + 0.08 48.86 + 2.00
BBH1 283213 34 +5 90.79 + 2.84 27.70 + 0.90 328 + 0.15 148 + 0.09 1047 + 0.51
LGe® 2836/1 45 +5 5407 + 0.96 983 + 0.39 5.50 + 0.24 043 + 0.09 51.60 + 240
SG3 2784/6 47 £ 5 4965 + 1.08 2266 + 0.81 219 + 0.09 232 + 0.09 830 =+ 038
LG10° 2836/1 91 5 95.77 + 1.97 2194 + 0.79 436 + 0.18 0.90 £ 0.09 18.01 + 0.81
KG1 2836/17 100 £ 5 8467 + 257 4371 £ 156 1.94 + 0.09 251 + 0.09 375 % 0.19
FG1 2836/44 107 + 5 16.77 £ 0.96 998 + 0.35 1.68 £ 0.11 291 + 014 1417 = 1.03
PWH3 2836/38 17 £5 971 + 0.88 476 + 0.19 2.04 + 0.20 252 + 022 36.66 + 3.93
FH2 2832/15 205 + 5 12532 + 2.47 2661 + 0.95 471 + 0.19 0.74 £ 0.09 16.11 + 0.71
WML3 2836/27 25 +5 230 + 042 381 + 0.16 0.60 + 0.11 5.06 + 0.43 1233 + 251
LG2 2836/1 243 5 530 + 0.35 228 + 0.12 233 + 0.20 225 + 0.19 88.38 + 8.03
LG4 2836/1 245 + 5 288.97 + 5.64 48.36 + 1.57 598 + 0.23 0.22 + 0.08 1146 + 047
TG1 2836/82 245 15 127 =+ 0.89 039 & 0.07 327 + 2.38 154 + 274 750.01 + 600.60
LG3 2836/1 260 + 5 459 + 042 4.00 + 0.31 1.15 + 0.14 3.73 £ 0.27 2344 + 3.06
PH1 2836/164 325 +5 353 + 029 092 + 0.06 3.83 + 0.41 120 + 024 372.93 + 4345
PH2 2836/164 331 =5 426 + 0.64 0.72 + 0.08 591 + 1.11 0.29 + 0.44 759.55 + 154.23
DH1 2839/1 350 +5 12,99 + 1.12 941 + 048 138 + 0.14 331 + 022 1217 + 1.32
DH2 2839/1 370 5 14.15 + 0.72 1150 + 0.46 1.23 + 0.08 3.54 £ 0.14 879 = 062
HK1 - 385 +5 216.87 + 3.33 3655 + 1.18 593 + 0.21 0.25 + 0.08 1504 + 0.58
DH4® 2839/1 528 5 7.74 + 0.94 7.97 + 029 0.97 * 0.12 405 + 028 983 * 1.36
KCH1 2839/37 550 + 5 583 + 0.68 3.88 + 0.17 1.51 + 0.19 3.15 & 0.27 3260 + 4.34

Table 1.1.Cosmogenic nuclide concentrations and sedimerdltages from caves in the Central Styrian
Karst.

* 2671/27Al and *°BefBe measured by accelerator mass spectrometry SUERC AMS facility relative

to 292-0222 wittf°Al/*’Al taken as 4.11 x I8 and NIST SRM 4325 with’Be/Be taken as 3.06 x 18
~0.74 mg°Be added as carrier to ~100 g quartz samples. DUafi measured by ICP-OES
(PerkinElmer, Optima 5300 DV) and assigned 3% uaa#y.

** Burial ages and erosion rates determined byattee solution of Egs. (14) and (15) in Granger and
Muzikar (2001), assuming local production rate®af, »s= 74.1 at ¢ yr* and Re,10= 10.9 at g yr?,
based on the CRONUS Earth online calculator (Versto?). Reported uncertainties represeat 1
measurement uncertainty. For comparing the buges dhis is sufficient, but when comparing thenmhwit
other burial ages, total uncertainties includingtegnatic uncertainties in production rat&%l/'%Be
production ratio and radioactive decay constantglgvbave to be taken into account.

*** Height of the sample sites is given in metelmae the current fluvial base level of the Mur rive
#Modeled pre-burial erosion rates of the source af¢he cave sediments prior to burial assuminglloc
production rates of R, 26= 74.1 at § yr" and Rgy10 = 10.9 at g yr’, based on the CRONUS Earth
online calculator (Version 2.2). For discussion Seetion 1.3 — Burial ages.

S Burial ages are supported by speleothem U-seges.aThe age estimates of stratigraphically related
speleothems are considerably younger then theltages of the gravels, which is consistent with the
conclusions of Stock et al. (2005a).

sample Lab no. u i UGl I G VAt I o G N G LTy Age U,
(ngg™) (ka)

LG6-FSB UMA02795 Jul-2009 104 1.081(5) 1.688(5) 0.02254(24) 1.9 996 + 2.1 1.913(7)

LG10-FSB UMA02796 Jul-2009 80 1.285(7) 1.736(4) 0.29751(169) 21 99.9 + 323 1.977(88)

DH4-FSB UMA02793 Jul-2009 72 1.113(10) 1.084(4) 0.22907(162) 1.4 559 (+inf/-110) 1.427(+0.53/-inf)

Table 1.2.U-Th age estimates of stratigraphically relatedesgthems from caves in the Central Styrian
Karst.Sample preparation and measurements done by Jdistréta, University of Melbourne. Activity
ratios were determined with a Nu Plasma MC-ICP-Mi®Wing the procedure of Hellstrom (2003). Age
is corrected for initiaP*°Th using Eq. (1) of Hellstrom (2006) and an inifi&@’Th/”?**Th] of 1.5 + 1.5
(uncertainties are fully propagated). 95% configemtervals of the last digits of each value aneeqi
within round brackets.
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Some samples show relatively high pre-burial erosates above 300 m/my (PH1, PH2
and TG1; Fig. 1.4). Interestingly, all these sampt®me from caves located in a
prominent gulley of the Tanneben massif, wheredfi@ork indicates that late
deposition of sediments into caves is possible.ddweer, the high pre-burial erosion
rates indicate possibly strong erosion events ardha time of sediment deposition in
the cave. This implies that the burial ages ofdlssmples may not necessarily reflect a
meaningful age of passage formation. Most of tiesamples give pre-burial erosion
rates around 20 m/my (Fig. 1.4B). These rather stersi and low pre-burial erosion
rates over the whole time span support the fadtdttang changes in erosion rates in
the system either by tectonics or by climate atieily in the local catchments. Among
these samples, there is a corresponding correlafidurial age and elevation with a
noticeable clustering of data around 2.5 Ma.

1.3.1 Interpretation of the data in terms of incison

Plotting the burial age data from Fig. 1.4 agasainple elevation above the current
Mur level provides insight into the landscape etiolu of the region (Fig. 1.5). In the
ideal case such a presentation of the data shefilect the abandoning of formerly
phreatic passages and lowering of the paleo-walde,twhich can ultimately be used to
infer the rate of valley entrenchment (Audra et 2006). The surface sample HK1 and
the samples LG4 and LG7 (documented above to bdtmngcent deposits/events) are
not shown on Fig. 1.5. The oldest burial age fahdavel is used as it corresponds to
the minimum age of passage formation if re-mobiiara from higher levels can be
excluded (Hauselmann and Granger, 2005). FiguresiioWs that the study area has a
more complex history. First of all it must be notedt our data stem not from a single
cave system, but from an abundance of smaller sgg&ems and remnants thereof.
Because of this and because of the complex aggoadatid incision history of the
region all obtained ages must be discussed indiligllbefore any trends can be
interpreted.
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Fig. 1.5.Plot of burial age versus elevation above the Kuar. The data reveals the complex history of
water table lowering related to valley entrenchrreerd aggradation. The speleogenetic levels ardeldbe
as on Fig. 1.2. Trends are shown by dashed limes;falding function is fitted through DH4, DH2, DH
LG3, PWH3, FG1, KG1, SG3, BBH1; LG8, LG6 and theozpoint: elevation above Mur [m] =
1.38 @98 " bural age Mal\ith 5 coefficient of determination®R 0.58. Encircled samples are considered to
not represent the age of the elevations they auated in (see Section 1.3).

The group of samples with low ages and high elewaton Fig. 1.5 has been discussed
above: Except for FH2 they are all samples witthipge-burial erosion rates (Fig. 1.4)
and are explained by later emplacement of the tgaample FH2 comes from a cave
in an independent limestone area that was influgrme another speleogenetic base
level. Field observations show that this base lewdy incised 60 m (in the dated 0.75
Ma) since the cave was abandoned. In Fig. 1.5pears higher, because the vertical
axis shows elevation above the Mur. If it were fgldtonly 60 m above the Mur, its age
is consistent with others at that elevation abdwartrespective trunk streams$he
oldest burial age, sample WML3, comes from a shafte on the Tanneben massif,
where there is evidence for complex multiphase &iion. The sample was collected
above massive terra rossa deposits interpreted ayrimM and Benischke (1992) as
evidence for a Quaternary warm period in the regibms would indicate reversed
stratigraphy and demands the exclusion of this gegmt from the incision rate
estimation. However its burial age of 5.06 + 0.43 Mdicates the existence of older
(and higher) cave levels in the Tanneben areadramo longer preserved. Finally,
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KCH1 was collected in a canyon which was part oérgdr cave system of phreatic
origin, preserved today as an assembly of cave aatarin the Hochlantsch area, and
related to the upper level of the Drachenhdhleeglled). This is the highest known
occurrence of suitable cave sediments in the shnelg, so a sample was collected even
though fieldwork indicated that later emplacemerpassible.

The remaining data are all from caves where thatigtaphic relations between
different cave sediments and the relationship betwelastic sediments and passage
morphology have given us confidence that thereigternal re-deposition from higher
levels. The data are bracketed by the age of Dlity} {F3C) from the upper level of the
Drachenhdhle (4.05 £ 0.28 Ma at 968 m a.s.l., lévebampled from a gravel bed
known to be the stratigraphically oldest deposthimi the passage; Schadler, 1931) and
the current base level of the Mur River (at 440.ml.ain the Hochlantsch region). This
burial age suggests the onset of karstificatiorbéoearlier than 4 Ma, most likely
already in the Miocene and permits using the remagidlata set to compute a broad
trend. A least square fit of the remaining dataultssin incision rates of ~90 m/my,
whereas the incision rate inferred only from DHA4d athe current base level is
~130 m/my; adding up to an average incision ratbérange of 100 m/my.

To determine deviations from this trend individeamples are discussed in more detail
below. We begin with the samples from level B sileel A is adequately discussed in
the previous sectiorBased on the elevation correlation between the tadysregions,
the samples DH1 and DH2 from the lower level ofEmachenhoéhle in the Hochlantsch
area have their corresponding samples PH1 and ®PHi2 iTanneben massif. Within the
Drachenhdhle shafts ascend from the lower towalés upper level, but only one
connecting passage is known. Remobilization of sasnplH1 (Fig. 1.3F) and DH2
from the upper level is therefore unlikely. The4-8la of burial of these two samples
indicates an incision rate of 270 m/my from levelcdlevel B. The interpretation of the
LG2 and LG3 ages is somewhat challenging, but #reythe only meaningful samples
from level C. Sample LG2 is from a wall notch (FIp3E) and LG3 from gravel
cemented to the ceiling during an episode of imfl Both samples come from the
upper level of the Lurgrotte not far from each ottespite their obvious difference in
age. LG2 (2.25 + 0.19 Ma) is interpreted as beimplaced after the formation of the
passage, whereas LG3 (3.73 = 0.27 Ma) might indicatocation from higher up;
restricting the real age of passage formation toesehere in between. Samplé&1,
FG1 and PWHS3 from level D consistently show budgés between 2.5 and 2.9 Ma,
and are well distributed all over the Tanneben mdseld evidence and the consistent
burial ages designate this level D to be a turmpognt: relatively rapid incision rates
occurred prior to ~2.5 Ma at ~250 m/my and therreised considerably to ~40 m/my
afterwards. LG10 (also from level D) was locatetbiaea one meter thick calcite false
floor which is conserved as small remnants in toe rurther entrenched passage
throughout level D in the Lurgrotte (Fig. 1.3G).igndicates a local aggradation event
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post-dating the original passage formation. SG#hésonly sample from the western
side of the Mur valley and is located between le\&land E (Fig. 1.2). The cave from
which sample SG3 was collected is one of 24 cavestéd in the center of one of the
Mur rivers meanders and is related to an undergran@ander cutoff. The burial age is
only somewhat younger than the samples from levelnD the height difference of
60 m makes a continuing incision rate of 200 m/rowid to this elevation plausible.
Sample BBH1 comes from the only accessible horizgtiedatic cave (Fig. 1.3H) of
the Schockl area located south of the Tannebeniim@sg. 1.1). Considering its
position in the vicinity to the current base leitehas a rather old burial age of 1.48 +
0.09 Ma. Potential re-deposition from higher levatsild not be verified. Nevertheless
the age fits well to the slow trend of the last.2-Rla. Finally, the active level E is most
prominently developed in the active parts of thegratte cave system. Indeed, there is
multiple evidence for young emplacement: (i) LG&l &8 have a consistent age of
about 0.45 Ma despite their difference in elevatié20 m (LG6 from an inactive sub-
level). (i) There are fine sediments interpretedbe the latest deposits of a damming
event in close proximity to sample LG6. We suggéest such damming may have
occurred by blocking the cave outlet by sedimengragation in the valley.
(i) Stalactites on this level often have gravelsbedded in their tip (Fig. 1.3D). All
this is evidence for incomplete passage fill ralat® such damming events. The burial
ages might correlate to the Marine Isotope StagéSY{M.2 and to related gravel
aggradation (in classical Alpine terminology “Mihgein the Mur valley. An
abandoned small cave in the Tanneben massif, thelléahothle, is the cave closest to
the actual Mur river. From there sample KAP1 wascesssfully analyzed.
Allochthonous consolidated gravels were recoverethfthe ceiling which consists of
local collapse material and prevents further exilon. This suggests that the
unexpectedly high burial age of 2.82 + 0.09 Mahi$ tleposit indicates re-mobilization
from higher levels via conduits that are unknownl awot, as we initially suspected,
from a rather recent flood deposit, related to elient observed in the Lurgrotte just
some hundreds of meters downstream.

In summary, we infer incision rates of the river Mo the order of 100 m/my in the
region 25 km upstream of the Alpine orogen — Parmomasin transition at Graz
during the last 4-5 my. Alternating phases of ditgbiand pulses of incision

successively created and abandoned cave levelse Bietailed analysis of the data
suggests that this incision was initially more dap(~250 m/my) and slowed

considerably (to about 40 m/my) towards the present

1.4 Discussion

Our determined mean incision rates are an ordenagnitude lower than those from
glacial valleys in the Swiss Alps obtained by tlaens method. However, they are in
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good agreement with rates prior to the influencglatial carving (Hauselmann et al.,

2007b). Pre-burial erosion rates (around 20 m/mpwsthe same constancy over the
evaluated time interval as data from Mammoth cadesitucky (Granger et al., 2001).

That area is tectonically quite different, but aiigar glacial setting as the region

investigated here: It is also situated in a normiglad region in a marginal position to
former ice-sheets. Even though glaciation is resitda for increased incision rates in
the Mammoth Cave area, there is evidence of un@thngpland erosion rates

throughout the investigated period of 3.5 my. Ruadb erosion rates are slightly lower

compared to our data from the orogen margin, wischterpreted to relate to the area’s
location in the interior low plateaus of the Unitgthtes. Incision rates from burial ages
of cave sediments in the Sierra Nevada mountai@abfornia revealed similar rates of

incision with the indication of decreasing ratesvaods present (Stock et al., 2004,
2005a) as is observed here. Possible scenariodleaph reducing rates of valley

lowering are discussed below in the light of thelggical setting of the study area, and
are subsequently linked into an absolute vertefdrence frame.

1.4.1 Reduced incision during glaciation?

The decrease in incision rates since about 2.5sniry contrast with increased erosion
rates during this period as observed elsewher@tin the Alps and globally. Sediment
budget data from the Eastern Alps (Kuhlemann e2802, 2007) show an increase in
rates at about the same time as the incision rated Mur valley decreased. In the
glaciated regions of the Alps higher incision ratkee to ice carving during glacial
periods are well documented (e.g. Schlunegger anddrker, 2003) for part of the low-
incision interval determined from our data. Cavegleéper levels may have formed
during the interglacials, but the valley deeperniisglf occurred during glacial carving
(Hauselmann et al., 2007b). Molnar (2004) obsengdworldwide increase in
sedimentation rates around 2-4 Ma which is attebub increased erosion rates due to
climate oscillations.

We suggest that increased sediment dischargeimatasst of the Alps in the last few
million years provides a possible explanation for observations of decreased incision
rates in the non-glaciated part of the Alps. Sedisi¢ransported from the headwaters
within that time period accumulated in the Mur eglland may have protected the
bedrock from further incision. During such timeke triver system is in a transport
limited state — in contrast to the detachment kohistate during bedrock incision stages
(Whipple, 2004; Wobus et al., 2006). Only after feeliments have been eroded again,
bedrock incision can continue. As such, there wdaaa@dn oscillating scenario of valley
aggradation and entrenchment in the Mur valleyltieguin a decreased mean incision
rate during the second half of our inferred evoluti Today, preserved last-glacial
gravels prevent further bedrock incision in the Maley and are currently being
excavated. A similar scenario is observed alongDhava river crossing the Pohorje
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dome. That region is similar as it was also notigked and fed by glaciated headwaters
(as the source for sediment supply). There is alsdence for recent / ongoing uplift
(Solva et al., 2005). Moreover the Mur and the Brahare the same base level and
merge some 80 km downstream of Radkersburg. As thereno limestones and
consequently no caves could form, an exposure ©34.@5 + 1.7 ka deduced from a
guartz vein (D. Fabel, unpublished data) just alitveecurrent river level implies that
there is currently no bedrock incision. If this deassumed to be representative for the
entire 2.5 my, it is feasible that bedrock incisisnreduced in times of a transport
limited state of a river system.

In view of this interpretation, it is important tote that there are other explanations for
rivers being in a transport limited state (otheanthoo much sediment from upstream
sections). These include (i) too much sediment lsufppm the hillslopes by landslide
or rockfall events during pulses of stronger iraisiand (ii) decrease in stream power
by decreasing catchment size or by decreasing gragtients (channel slopes). Because
of the long duration of the decreased incision rnaéeiod, the first of these two
alternatives is excluded. However, decreasing tteas power by changing the base
level is conceivable for the Mur incision histotyplift of the inverting Styrian Basin
(Ebner and Sachsenhofer, 1995; Sachsenhofer e198l7) downstream of the study
area may have lifted the local base level leadn@ thange from a detachment to a
transport limited state. Also, the fact that thededed pre-burial erosion rates are low
(about 20% of the inferred average incision ratd)aates that the sampled gravels stem
from source areas of continuous and slow erositesréFig. 1.4B). Therefore, we
suggest that the cave sediments cannot come frergl#tiated region (where erosion
rates are undoubtedly higher) and stem from looatces.

1.4.2 Uplift or incision?

In order to infer aspects of the landscape evatutb the Alps, the incision history

documented above needs to be placed into an absadutical reference frame. Two

end member scenarios are possible: (a) no recetante uplift occurred and the Mur

dissected a topography of some 2000 m elevatioh wait over-steepened channel
gradient at the orogen-basin transition near Guagre it plummeted into the basin. (b)
The Mur is an antecedent river at more or lesstaeoh®levation since 5 Ma with the

incision history reflecting the surface uplift dfet surrounding topography. Based on
reasons outlined below, we suggest a scenario rclwsehe latter of these two

possibilities.

The topographic history of the Styrian basin issoeeably well known (detailed review
by Ebner and Sachsenhofer, 1995). The youngesnenaediments in the basin are
shallow-water limestones of Upper Badenian age (MEJ, currently found at an
altitude of ~400 m a.s.l. analogous to ~100 m alibeepresent river bed some tens of
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kilometers downstream of the region considered .h&hereafter marine conditions
ended and brackish to limnic conditions prevailiach of the basin. Important to note
is a considerable hiatus in sediment record masaqunced in the Western than in the
Eastern Styrian basin, where Upper Badenian to UBjiecene sediments are truncated
(Piller et al., 2004). This fact is interpretedlde the consequence of erosion due to
uplift of the region (e.g. Ebner and Sachsenhdf@85; Sachsenhofer et al., 1997). This
uplift is likely to be spatially broad, as graversads do not show any substantial tilt or
elevation differences between terraces of differagé (Winkler-Hermaden, 1957).
Exhumation in the surrounding Koralpe, Gleinalpd &viechsel mountains is moderate
or small, as apatite fission track ages presermeueh older stage of the exhumation
history around 40-50 Ma (Hejl, 1997). Peneplainsidanot be preserved if erosion /
exhumation would be high.

From these combined observations it is likely ttnt base level at the orogen-basin
transition was around sea level up to about 8-5akththen rose to its present elevation
of some 350 m since then (presuming no suddengalvkesubsidence in the meantime),
neglecting eustatic sea level changes. As the dhgmofile of the Mur shows no
obvious knick point at the orogen-basin transit{®obl et al., 2008a) and seismic
activity is absent, an uplifting realm coupling imasind orogen is likely. Thus we
suggest that most of our documented relative ioigiistory reflects surface uplift of
the study area.

This interpretation is supported by the captureomysof the Mur river. Dunkl et al.
(2005) suggested, based on apatite fission traekpemvenance data, that it is only
since the Mid-Miocene or later that today’s coun¢he Mur river developed. Prior to
this time, the river draining the upstream regitmiwed the Mur / Mlrz fault system
in an easterly direction and drained either throtnghMtirz valley into the Vienna basin
and / or through the Lavant valley to the southr(B)et al., 2005; Fig. 1.1). In such a
scenario, the Paleo-Mur near Graz would only haenka stream draining local areas.
During a slight difference in surface uplift of theogen relative to the basin, this stream
would steepen and migrate headwards. This headmaychtion needs to cut only a
distance of about 10 km of crystalline bedrock antkegligible vertical distance (Frisch
et al., 1998) to reach Bruck. Thus, this headwardgating river would eventually
reach the Mur-Mlrz fault system thereby capturingairthges from there and
substantially increasing its catchment, causingaiget of rapid incision in the lower
reaches of the system. This headward migratiorbbas facilitated by the fact that the
Noric Depression (the pull-apart basins along ther-Mirz fault) was once a
consistent elongated basin with high sediment tiesk (Frisch et al., 1998), which has
been eroded since then. This is revealed by wrireflectance data of coals from the
basin fillings. It could be shown that paleo-seditneover was substantial, especially in
the basin of Leoben-Bruck (Sachsenhofer, 1989). Thiexactly where the capture
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event happened. In addition the former more likmljlet of the Mur through the Lavant
valley was uplift in post-Middle Badenian times &tss et al., 2001).

The incision of about 500 m of bedrock within thstl4 Ma is consistent with the uplift
history of the Styrian Basin a few kilometers dowesi of the studied region. Based
on vitrinite reflectance data and subsidence arslgsound 300-500 m of sediments
have been eroded from the basin in the last ~5 $4é&l{senhofer et al., 1997, 2001).
The increase in drainage area sometime after tlteMiocene due to stream capture
resulted in a disequilibrium of incision rates béttrunk stream and its tributaries. As
this might have happened not long before the inyat&d time, it could at least partly
be reflected in the higher incision rates at thgiro@ng of our investigated time span.
That there was no general increase or decreasedcal lerosion rates over the
investigated time span (concluded from the predb@rosion rate estimates of our data)
suggests that there is no dramatic change in uplifts in the source area of the cave
sediments and no obvious climate change effect. Slbe incision rates observed
within the last ~2.5 Ma are closer to erosionabhgyestate (geomorphologic decay)
where values of incision rates and local erosi¢esravould be balanced. In other words,
the two trends prior and after ~2.5 Ma both reflates of geomorphic disequilibrium.
These considerations suggest an intermediate scemiaere increased erosional power
due to enlargement of its catchment causes the tavdissect a slowly uplifting area.
This increased stream power leads to effectiveeanbment in the study area during the
first ~1.5 my of the investigated time period. Tdwedter, while adjusting to the new
equilibrium state, the main river switches to ang@ort limited state due to decreasing
river gradients but unchanged or even increasimdjnsmnt load. An increase in
sediment load might be explained by overproductaincoarse sediment in the
headwater regions related to glacial carving.

As the difference between incision rates before aftdr ~2.5 Ma is large, another

possible scenario that would fit an e-folding fuoct(as plotted in Fig. 1.5) would be a

short-lived uplift pulse somewhere between 5 amdla4 which slowed down thereafter.

As there is strong evidence for the above discussedm piracy event, a superposition
of an uplift pulse and increase in drainage arehaisl to separate. However, what
argues against an uplift pulse is the fact thainsext budget of the Eastern Alps is not
decreasing towards the present, but still incrggsspecially around 2 Ma were we see
a decrease in incision rates (e.g. Kuhlemann, 2007)

Direct assessment of absolute surface uplift riste®t straight forward in this setting
and we suspect uplift rates between the two ingigiends, most likely around the mean
rate of ~100 m/my. This implies a more gradual stilgoing — although not stable —
uplift of the region. As this is the first data sétits kind it needs to be confirmed with
additional investigations able to produce absotates of landscape evolution in time
along the margin of the Eastern Alps.
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Relating relative incision of the Mur river to swéauplift makes it necessary to touch
upon the possible mechanisms that are responsiblehis surface uplift. It seems
reasonable to suggest the inversion of the Panndraain as the cause (Bada et al.,
2007; Horvath and Cloething, 1996; Ruszkiczay-Rudi@&07). In fact the actual
renewal of dominance of north-south convergenemportant (Fodor et al., 2005; Bus
et al. 2009). Recent findings of vertical stepsha Moho in the region related to a
possible Pannonain fragment which is underthrustedhe European as well as the
Adriatic plate (Bruckl et al., 2007; Behm et al, 2D@rises the interest of possible
mechanisms related to deeper seated processedr8tboff or delamination have also
been used to explain uplifting realms (e.g. Gemrsal., 2007). Climate change alone
has recently become attractive to explain increagadt. Cederbom et al., (2004)
suggested postorogenic mass reduction and isosthiizind of the Swiss Alps and the
neighboring foreland basin related to an increaseaimospheric moisture. The
geomorphic setting in the study area allows usxtdugle an important erosion-driven
component to uplift, as pre-burial erosion rateshed study and fission track data (e.g.
Hejl, 1997) contradicts such a setting.

1.5 Conclusion

In summary, we conclude the following points frohe tfirst successful burial age
dating of cave sediments in the Eastern Alps, Aaistr

In the transition zone between Alpine orogen andnBain basin near Graz, the river
Mur incised some 500 m in the last 4 my recordingesy complex incision history
resulting in a mean incision rate of about ~125 wn/ithe karstification most likely
started in late Miocene times (>4-5 my).

Closer analysis of the data indicates higher ingisaies (~250 m/my) prior to ~2.5 Ma
followed by a considerable decrease in rates (~4fOynup to the present. The higher
rates prior to ~2.5 Ma are related to surface uplifd an increase in catchment size as
the result of stream piracy. The decrease in iogisate after ~2.5 Ma can be related to
a shift from detachment limited to transport linditehannel erosion of the main (Mur)
river due to decreasing stream gradient and amgdément supply from upstream
sections. A primarily climatic trigger for incisiorate changes over time is unlikely
because of constant pre-burial erosion rates dwemhole time period. This fact also
constrains changes of uplift of the local sour@ado be low.

When put into a vertical reference frame, the ngdaincision rates allow us to infer

rates of surface uplift in the order of 100 m/my.daétailed trend is not derivable, as
stream piracy and later aggradation due to overmtimh of coarse sediment in the
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headwater regions complicate the interpretatiothefrelative incision rates; although
we exclude a short-lived uplift pulse. However, data document the rejuvenation of a
landscape that resided at low elevations duringt wiohe Miocene over the last ~4 my.

The cause of the uplift remains unsolved, but gfrimiluence of the inversion of the
Pannonian basin and the general change in thes sggsne resulting in renewed north-
south compression is likely.
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CHAPTER 2

PLIOCENE TO PLEISTOCENE FAULTING AT THE TRANSITION
BETWEEN ALPS AND PANNONIAN BASIN: CONSTRAINTS FROM
DATING FAULT ACTIVITY BY THE  2°AL/*°BE BURIAL AGE METHOD

Abstract Late Neogene west-east directed extensional tast@icommodated by high-
angle normal faults is observed in the Styrian Blatkhe Alpine Orogen — Pannonian Basin
transition zone. This contradicts suggestions énliterature that the tectonic setting in the last
~5 Ma was compressional. This is based on argumsgias (i) stress field data (ii) surface
uplift and (iii) overall plate configurations th&tvor inversion of the Pannonian Basin and
Adria push from the south. In order to elaboratetos contradiction, we report here on the
post-Miocene fault pattern and the first datinganflt activity using the cosmogenic nuclide
method applied so far for sediment burial datinthimi caves. We used the nuclide pail
and °Be to measure the time of entrapment of quartz-piehbles within a tension gash,
obtaining a burial age of 1.56 + 1.11 Ma. This giyes evidence for young faulting / tectonic
activity within the area. Reorganization of platenfiguration coupled with eastward
decreasing plate motion of the Pannonian fragmietiteawaning stage of extrusion tectonics
might account for these field observations.

Keywords:Neogene fault patterrf°Al/*°Be; fault dating; burial age dating; Eastern Alps;
Pannonian fragment
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2.1 Introduction

For the geodynamic interpretation of the Alpine-Gainpan-Pannonian realm, the Pliocene to
Pleistocene tectonic evolution at the transitioiwleen the Eastern Alps and the Pannonian
Basin poses a series of open questions: (1) Whaeisignificance of the fault pattern that
evolved during latest orogenic evolution? The gahdéower- to Middle Miocene fault
pattern accommodated much of the Eastern Alpinéwead extrusion and is fairly well
known (e.g., Ratschbacher et al., 1989). Howevenesof these major faults are found to be
still active at kinematics typical for Middle Mioge times (Bus et al., 2009; Grenerczy and
Kenyeres, 2006; Reinecker and Lenhardt, 1999), adthat has been suggested that the stress
regime at the orogen-basin transition changed anobiatly during the Miocene (Peresson and
Decker, 1997). Thus, the significance of the posiddne faulting is still in question. (2)
Why are there apparently no structures relatedaginbinversion at the Alpine - Pannonian
transition as found elsewhere in the central PalmmoBasin (Fodor et al., 2005)? So far such
structures have not been identified, which raigesstions upon the mechanism of uplift in the
Styrian Basin. General consensus holds that rolk lzaw retreat of the Carpathian Slab
steered extensional tectonics in the Miocene (&ghl et al., 2008c; Royden, 1983), but
ceased around Late Miocene (Cloetingh and Lankre@01; Mason et al., 1998). This
resulted in inversion of the Pannonian Basin (Htimand Cloetingh, 1996). The observed
surface uplift at the western termination of theximian Basin, i.e., the Styrian Basin is
commonly associated with this process (Ebner anthsemhofer, 1995). (3) What is the
interpretation of ~10 km vertical steps of the Maldhe transition between Eastern Alps and
the Pannonian Basin as revealed by seismic expasm@&shm et al. (2007) and Brickl et al.
(2007, 2010) identified a triple junction betweeuar@&pean, Adriatic and Pannonian / Tisza
plates west of the SE corner of the study areacéleihe question arises whether the simple
picture of Miocene extension by extrusion betweelni&ic and European plates and renewed
Pliocene compression induced by cease of the Caapattab pull has to be modified.

In this paper we present an analysis of brittldtéam the transition zone between the Alpine
Orogen and the Pannonian Basin with the aim to ptamestraints on the post-Miocene
tectonic evolution in this region. Our data arengic in absolute time with a geochronological
age for the timing of activity of a brittle fauMVe adopt the concept of burial age dating by
cosmogenic nuclides (Granger and Muzikar, 2001)ieghpo quartz rich sediments entrapped
within voids opened by faults. This approach isalistapplied to cave sediments and used to
infer a minimum age estimate of cave void evolui{@nanger et al., 2001; Chapter 1). Here
we use it to date a sediment filled fault zone.

2.2 Geological Setting

The study area comprises the transition zone betwes Alpine orogen and the Pannonian
Basin in which two distinct morphological and gedtad domains are distinguished. Hilly
lowlands of the western most lobe of the PannoBiasin (here referred to as Styrian Basin;
~300 m a.s.l.) are comprised of Neogene sedimezposikted on heterogeneous basement
units that define southern (Pohorje Mts.; ~1100.:l.4 western (Koralpe Mts.; ~1700 m
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a.s.l.) and northern (Highland of Graz (“Grazer Bamg”), Wechsel Mts.; ~1400 m a.s.l.)
mountainous domains. The Styrian Basin is considanedxtensional structure on top of the
Miocene eastward extruding Eastern Alpine crustadlge (Ebner and Sachsenhofer, 1995).
The basin geometry is characterized by eastwdat tillocks dividing the basin into major ~
N-S trending swells separating individual sub-basBubsidence analysis and basin modeling
(Ebner and Sachsenhofer, 1995; Sachsenhofer &08I7) reveals onset of W-E stretching in
the Ottnangian/Karpatian associated with deliverglastic sediments and accompanied by
acidic volcanism. Immature sediments include paciharse pebbles delivered from local
source, probably associated with formation of geoant faults. Full marine environment
developed in the Badenian followed by reduced macmeditions in the Sarmatian (Ebner
and Sachsenhofer, 1995; Gross et al., 2007). Conhpatée early phase of basin formation a
reduced W-E stretching has been proposed for Badéni&armatian times (Sachsenhofer et
al., 1997). Enhanced hinterland erosion initiate@annonian times with delivery of typically
guartz-rich sediments derived from adjacent metahiorsequences and deposited in fluvial
to lacustrine environments. The termination of sildrsce during the Pannonian and a
Quaternary uplift phase has been explained by majanges in the regional stress field
(Sachsenhofer et al., 1997). Since the latest Miecthe Styrian Basin has been uplifted to its
present elevation some 300 m above sea level.dPl@surface uplift is also supported by
data on river incision and formation of the recerginage system of the Mur River south of
Bruck (Dunkl et al., 2005; Chapter 1) (Fig. 2.1). €@uaary peri-glacial terraces occur
throughout the Styrian Basin. However, age relatioesveen individual terraces have been
largely estimated by correlating their elevatiord aheir absolute ages remain unknown
(Winkler-Hermaden, 1955, 1957).

35



CHAPTERZ2

Fig. 2.1. Digital elevation model (SRTM3 V4) from the studyea including major Miocene fault zones
(continuous black lines) and timely unconfined éineents, probably younger faults and tension strestu
(stippled lines). Sample locations given by dotthwiumbers (1 - 6). Mur River is shown as a blae knd the
towns of Graz and Bruck as white dots. Rose diagrstmow lineament orientations separated for donrenth
and south of the Mur-Mirz System. The orientatiohthe Pdls-Lavanttal and the Mur-Mirz Fault Systeare
displayed as red lines in the rose diagrams. WSEssté/n Styrian Basin; ESB = Eastern Styrian Bddh=
Lavant Basin; FB = Fohnsdorf Basin; TB = Trofai&dsin; A = Aflenz Basin; WGH = Western Graz Highdan
EGH = Eastern Graz Highland; PO = Pohorje; KO =dfjoe. See insert for location of the study areaiwithe
Alpine — Carpathian — Pannonian system.

Basement units adjacent to the Styrian Basin expmxteriheir last metamorphic imprint
around 90 Ma (e.g. Théni, 2006). Subsequent coobetpw ~60-120°C and inferred
exhumation terminated between 50 and 15 Ma as es@dkby fission track ages (Hejl, 1997;
Neubauer et al., 1995; Fodor et al., 2008). The kvelwn faults related to Miocene extrusion
(e.g., Decker and Peresson, 1996; Ratschbacher.,e199) include the Salzach-Enns-
Mariazell-Puchberg, Mur-Mirz, Pols-Lavanttal andigdriatic Fault Systems (Fig. 2.1). All
of them are decorated by Early to Middle Miocend-ppart type basins defining onset of
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faulting. It is worth noticing that all of the basi also exhibit post-sedimentary faulting
throughout the Neogene (e.g. Pischinger et al.828@auss et al., 2001). Besides these faults
numerous lineaments are visible on DEM images et be traced crossing basement units
and basin sediments and might define faults oidargashes of unknown age (Fig. 2.1).

Fission track cooling ages display remarkable ckffiees within distinct basins and crustal
blocks surrounding the Styrian Basin (Dunkl et 2005). The southern Pohorje Mts. cooled
below 60-120°C (apatite partial annealing zone) H-15 Ma (Fodor et al., 2008). These
ages are in contrast to cooling ages > 40 Ma knfwam the Austroalpine units at Wechsel
Mts. (Dunkl and Frisch, 2002) (Fig. 2.1) whereagdata exist from the Paleozoic rocks north
of Graz (Highland of Graz). A complex cooling histas recorded from the Koralpe Mts. to
the west of the Styrian Basin. The vast majoritycobling ages >40 Ma indicate an early
Paleogene phase of exhumation without any responsme equivalent sedimentation in any
of the adjacent basins (Lavanttal Basin, Styrianmasiinal exhumation of the Koralpe block
below the apatite fission track retention temperatuas achieved by Pliocene faulting (-5
Ma) (Wolfler et al., 2010). This is taken as a hiot low topography during initial
exhumation and evolution of significant topograpghying Pliocene to Pleistocene. Young
faulting and/or regional uplift and mountain digs@t must be considered significant in
shaping morphology of the Alpine - Pannonian tramsi

2.3 Delineation of the Styrian Block

Using DEM data of various resolution (~90 m: SRTM30 m: GDEM30 and ~10 m: 10x10
m DEM from GIS Styria), a visual lineament analysigperformed and cross checked with
field data (Fig. 2.1). Different sets of lineameats found north and south of the Mur-Murz
Fault System , part of the well-know major Miocdaalt pattern. To the north of the Mur-
Murz Fault System mainly ENE and ESE orientatioresenfound, to the south, ~N-S and
~W-E to WNW-ESE systems. Interestingly, the N-Sdéiments are predominantly found to
the south and almost absent north of the Mur-M@azltFSystem (Fig.2.1).

Survey of the seismic activity and earthquake faoathanism (Fig. 2.2) allows visualizing
active deformation and possibly kinematics alongitéa Data display high seismic activity
along Middle Miocene faults, especially along therNWirz and Periadriatic Fault Systems
that likely represent still active sinistral andkttal fault zones, respectively. By contrast, the
Styrian Basin and its surrounding basement are ss#igninactive, except the SW corner of
the basin and few earthquake epicenters that lpakefine NW trending lineaments. One of
those aligns with a pronounced escarpment at Wildda 1, Fig. 2.1) and another with the
fault bundle next to Zitoll (site 5, Fig. 2.1) thatay be traced westwards to the Fohnsdorf
Basin (Fig. 2.1).
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Fig. 2.2.Earthquake data of the Alpine — Pannonian tramsitseismic activity is displayed by dots showifig a
recorded earthquakes (all magnitudes) within tee4a years (1964 to the present; color coded diowpto

their depth and scaled according to their magnjtade labeling); from IRIS database
[http://www.iris.edu/data/evehtaccessed February 2010. Beach balls display foeahanism data from
various literature and web-sources (accessed Fgh2040): in black Reinecker and Lenhardt (1999)ed and
yellow Bus et al. (2009); in green RCMT Catalogphfwww.bo.ingv.it/RCMT]; in blue Global CMT Catalog
[http://www.globalcmt.ory in orange USGS Earthquake database
[http://neic.usgs.gov/neis/epic/epic_rect.HtrMote the scarcity of earthquake activity in demtral study area
(Fig. 2.1). Dashed white lines indicate alignmeinéarthquake epicenters along observed faults.

View on the larger scale shows that the domaiméosbuth of the study area is characterized
by intense Pliocene to Pleistocene tectonics agial $eismic activity. Pliocene fold and thrust
belts to the south (i.e., Save Fold Belt) and nfiréh, Haloze Fold Belt within the Mura-Zala
Basin) of the Periadriatic Lineament suggest a gtrdhS to NNW-SSE component of
shortening, partly partitioned into dextral slipmad the Periadriadic Lineament (Marton et al.,
2002).

Based on a series of observations we argue thatSthean Basin and its immediate
surrounding basement behaved as a coherent ung,t@ened “Styrian Block”, during its
post Middle Miocene evolution. The line of argungemcludes: (i) Scarcity of seismic
activity that contrasts pronounced activity alohg Mur-Mirz, the Pdls-Lavanttal and the
Periadriatic Fault System. These fault systemscaresidered to define the margins of the
Styrian Block. (ii) Existence of differently orienéal fault pattern north and south of the Mur-
Mirz Valley. (iii) Coincidence of lineament orientais of the Styrian Basin with the
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immediate surrounding basement units, especialtip wiose derived from the Highland of
Graz.

The distinction of different coherent units alonge t Alpine-Pannonian transition is in
concordance with estimates on plate velocitiessarain rates derived from GPS data (Bus et
al., 2009) and recent data on plate configurat{@n&ckl et al., 2010). According to their data
the West Pannonian region may be defined as Pammdragment that is currently under
west-east extension and bordered by shear domie@sabove mentioned Mur-Mlrz and
Periadriatic Fault Zones.

2.4 Fault analysis in the Styrian Block

Within the Styrian Block, two important sets of laments are observed that occur in both,
the region of the Styrian Basin and in the surrongdasement. Most prominent is a set of
ESE trending lineaments that cut through Middle dé¢ive sediments of intramontane basins
(e.g. Aflenz-, Trofaiach-, Fohnsdorf Basins) as waslthrough sediments of the Styrian Basin
(Fig. 2.1). One of those initiates in the FohnsdBalsin for which a general post Middle
Badenian N-S compression has been proposed (Setaks2001). Interestingly these faults
correspond also with deflection points in the cewrsthe Mur River (and other East Styrian
rivers) that define a “staircase pattern” with Nu® WNW-ESE trending river segments. A
conspicuous deflection aligns with the ESE trendi#sgarpment of a post Middle Miocene
fault at Wildon (site 1, Fig. 2.1) along which d@dtsof Pleistocene terraces as well as minor
earthquake activity (Fig. 2.2) is recorded.

The other prominent orientation is a set of N-®diments. They trend parallel to the Middle
Styrian Swell (Fig. 2.1) that separates West- aast Styrian Basins with distinctly different
sedimentary record. In the Western Styrian Basinnssats from Otnangian/Karpathian to
the Badenian are recorded. In the Eastern StyriannBsedimentation continued up to
Pannonian times (Gross et al., 2007). This lineameas already defined as Quaternary
normal fault by Fodor et al. (2005) and is alsodewt in the pre-Tertiary basement maps
(Krall, 1988). In the Highland of Graz N-S trendihgeaments align with the course of the
Mur Valley and separate the Highland of Graz intevestern and eastern segment with
different geological and morphological evolutioncdimulation of Pliocene pebbles in today
elevated regions (up to 1000 m a.s.l.) is exclugif@und within the Eastern Graz Highland
(EGH: Fig.2.1) and caves are observed almost exellysn the East as well, although proper
lithologies are also present in the Western Graghtdnd (WGH: Fig. 2.1) (Chapter 1). The
Middle Styrian Swell and its northern elongatioorag the Mur River towards Bruck seem to
represent a major N-S trending lineament. Diffaetréxhumation with higher uplift and/or
erosion of western (including the Koralpe) relatteethe eastern domains might explain the
different erosional settings west and east of it.

In order to constrain these two sets of structwméntations, a series of sites were
investigated in detail. In total six sites rangifrgm basement outcrops to Pleistocene
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sediment deposits are discussed in the followinig (scations are displayed in Fig. 2.1).
Within basin sediments displacement on faults duded from offset of lithological markers.

Site 1 is located near the town of Wildon alongMiddle Styrian Swell, where Badenian (up
to ~13 Ma) shallow marine sediments (Leitha Limes)oare exposed forming a WNW-ESE
trending escarpment. North trending tension gasdres frequent, faults and slickenside
striations are extremely rare (Figs. 2.3a, 2.4de €scarpment aligns with a pronounced
lineament visible on DEM image (Fig. 2.1) along @rilow magnitude earthquakes are
observed (Fig. 2.2). Badenian sediments are cougyddrraces of assumed Pleistocene age
(pre-Ri3) that are vertically displaced by a maximwaiabout 100 meters along this
lineament (SW side up) suggesting young fault &gtivSite 2 is located in the
Hengsbergtunnel, a tunnel in the Styrian Basinwe constructed for a railway project. The
exposed rock types are Badenian (“Florianer Schi¢htand Pleistocene sediments.
Abundant normal faults cutting through Badenian aigb Pleistocene sediments display
NW-SE extension (Figs. 2.3b, 2.4b). Site 3 in tladdPaben north of Graz is located within
Sarmatian pelites overlain by probably Early Pammorgravels. In addition, gravel-filled
tension gashes are found in the nearby basemekd. rbkis site just north of the orogen-basin
transition shows mainly eastward dipping extendifaats (Figs. 2.3c, 2.4c). Site 4 at Pollau
is the easternmost studied outcrop. Here, higheangbkt- and east-dipping extensional faults
(Figs. 2.3d, 2.4d) developed within fluvial sedirteenf supposed Pleistocene age. The last
two sites are located within Devonian carbonates lielong to the Paleozoic rocks of Graz
where fault patterns may have developed througthaut/ariscan and Alpine orogenic cycles.
In order to obtain only data from “young faults” wiave chosen tension gashes filled with
assumed Pliocene to Pleistocene sediments anedelatilts for analyses. Filled tension
gashes pass frequently into shear-extension and gtiedrs that exhibit fine grained, grey to
reddish fault gauges. Those faults were consid&ee.5 at Zitoll is located along one of the
major N-S lineaments that are visible on the DEN§.(R2.1): Locally, faults occupy W-E and
N(NW)-S(SE) trends (Fig. 2.3e). Low magnitude egutikes occurred along the W-E
trending lineament, the N-S faults parallel a falting to the west bank of the Mur valley
(Fritz 1991). Finally, site 6 is located in the enground of the Graz Castle Hill (“Grazer
SchloRberg”): The man-made tunnels (build as boh#ters during World War 2) of ~6
kilometers total length allowed subsurface accessatlarge fault system. A quasi 3D
investigation was possible due to the fact thaividdal faults could be mapped in various
galleries (Figs. 2.3f, 2.4e, f). Many gravel fillédults are accessible. Such faults are also
frequently found within Paleozoic rocks surround@®mz. Gravel filled tension gashes trend
NW, faults trend N-S and WNW-ESE respectively. Here, slickensides on fault planes are
extremely rare but the excellent outcrop situaatiows constraining the kinematic on some
sets of faults. The fault zone where burial agesewabtained (see below) contains well
rounded silicious pebbles with shear and tensiamcires that pass laterally into the fault
core and damage zone (Fig. 2.4e, f). The geometiations between those structures suggest
major high angle normal faulting with down step exdstern blocks coevally or later to
entrapment of pebbles. Interpretation of kinemascsonfirmed in thin sections that display
kataclastic carbonate showing a system of fluidtrafed reddish faults and associated Riedl
shear and tension gashes forming extensional lwidgenveen shears (Fig. 2.5a). Although
normal faults predominate, a subordinate compooérstrike-slip resolved in rare sinistral
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and dextral faults along N-S and WNW-ESE trenditegg faults, respectively (Fig. 2.3f).
Clasts entrapped within tension gashes include maiollycrystalline quartz, rock fragments
and white mica, all of which suggesting a metammrpburce area (Fig. 2.5b).

a) '@ 34 Data b) 90 Data
Site 1: Wildon Site 2: Hengsberg Tunnel
5 Data (TG)
c) 13 Data fFauns) d) i 10 Data
Site 3: Pailgraben Site 4: Pollau
4 Data (TG) 35 Data (TG)
e) 10 Data EFauIts) f) 42 Data iFaults)
Site 5: Zitoll Site 6: Graz Castle Hill

Fig. 2.3. Rose diagrams of tension gashes and steep noamlb fcutting through Badenian (site 1, 2;
Weissenegg formation, Florianer beds), upper Saamdsite 3) and Pliocene (site 4) sediments ofShgian
Basin (a-d). Faults (white) and pebble-filled temsigashes (TG; grey) from carbonate rocks of thazGr
Paleozoic (site 3, 5, 6; c, e, f). Minor strikgastiomponent is indicated for faults at site 6. Boations see Fig.

2.1,
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filled
gash

Fig. 2.4. Field examples for tension gashes in Badeniansliome at Wildon (a; site 1); normal faults within
Badenian sediments at Hengsberg tunnel (b; siteig)er Sarmatian sediments at Pailgraben (c; ji@ng
within Pleistocene sediments near Pollau (d; git€dbble-filled tension gash in the Graz castlgéi f; site 6).
Burial time of pebbles within fault shown in e hheen dated by thé&°Al/*°Be burial age technique. (f)
Schematic line drawing of e showing the systemeofsion gashes and Riedl shear defining normalirfigult
(kinematic frame given in insert). Pebbles entrappéh the faults contain tension gashes (blacls bdouble
arrows define local extension). This is taken aargnment for syn- to post entrapment deformation.

42



CHAPTERZ2

Fig. 2.5. Thin sections from kataclastic carbonates at Grxastle hill showing complete disintegration by
systems of shear and tension gashes (a; site GjoSeerived from damage zone next to pebbledfitension
gashes. Fine grained reddish material derived matiably from infiltration of oxidizing fluids alanyoung
faults. TG — tension gash; R — Riedel shear (bnTgection showing fine grained clastic material cfiod
pebbles) from dated fault. Pqu — polycrystallinang; Wm — white mica; Rf — rock fragments.

The fault orientations described above may bepnéted in terms of a W-E extensional stress
regime at the time of faulting. Principal streseiotations (Fig. 2.6) are derived from a subset
of all data for which the displacement directionfaunlts could be constrained on the basis of
slickenside striations and shear sense criteria. ddta show, despite the wide dispersion of
investigations sites, fairly homogeneous (N)W-(8#&sion throughout the Styrian Basin and
surrounding basement. (Paleo)-stress orientatiametefrom the right dihedra method gives
well defined W-E horizontab3 and less well defined vertically to N-S horizdiytariented

ol (Fig. 2.6). Existence of widespread normal fauiésors vertical 61 orientation.
Conversely, a N-S horizontatl orientation would point to a component of strifig
compatible with those rarely found at site 6 (RAd3f). In order to place constraints on the
timing of faulting in the Styrian Block, in parti@ar on the timing of the N-S oriented systems
that do not occur outside the Styrian Block, we @nésibsolute age information below.

b)

37 Data 37 Data

Fault planes andslickensides Contour levels: 80,60,40%

Fig. 2.6. Compilation of data from faults with slickensideiaions and usable shear sense indicators. (@} Fa
planes and slickenside striations and (b) stremtations derived by the right dihedral techniduem data
shown in a.
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2.5 Timing of fault activity

The analysis of successively evolving fault systére standard technique to resolve changes
of stress regimes over time and the motion of afudbcks within tectonically active belts.
However, this task is frequently hampered by thet flaat the absolute dating of brittle faults
is not trivial. The study of faults displacing recksediments with known age is probably the
most common way to deduce minimum age of faultvagtiand to establish relative time
relations of faulting. Direct fault dating by geochology / thermochronology is a
challenging task but may be successful when newerais are formed (e.g., fault gauge
dating: Eide et al., 1997; Kralik et al., 1987; wvder Pluijm et al., 2001, 2006) or modified
during the faulting process (e.g., apatite anngathrough faulting: Wolfler et al., 2010;
Yamada et al., 2007). In the sections above ithegsn shown that most of the structures are
post Badenian or Sarmatian (younger than about )2amy that some observed extensional
structures contain supposed Pannonian gravelstdPleistocene sediments. However, it is
Important to note that neither the Pannonian geavedr any of the Pleistocene sediments in
the Styrian Basin are dated in absolute time. Ad sitaemains unclear if these faults are
younger or older than the supposed change in thssstegime in the Styrian Basin some 5-7
my ago that is often made responsibly for the isngr and uplift of the basin.

In the following we therefore present some resafisthe absolute ages of these faults. A
sample from the Graz Castle Hill (site 6, Fig. Zlg. 2.4e) has been dated to set limits on
age of faulting. In our approach we adopt the nagetide burial age dating method of

allochthonous quartz rich cave sediments (Hauseima007; Hauselmann and Granger,
2005; Granger et al., 2001), here applied on sausnentrapped in faults, a possibility of

fault dating not yet exploited. This sample addsatseries of burial age data from cave
sediments taken nearby with the aim to retrace rmasion and rock uplift (Chapter 1); data

that certainly provide useful information when conga with young faulting activity.

2.5.1 The burial age method and its result

Burial age dating is based on the fact that cosnmogerclides accumulate in rocks as long as
they are near the surface. The two different iseso3Al and *°Be, have different production
rates and thus their isotopic concentration in@gasith a constant ratio of 6.8:1. If such
sediment that has accumulated enough cosmogenigpées during hillslope erosion and
transport is then quickly carried into a cave,ike In this case deep enough into a fault (>20
m), then the radioactive decay starts shielded feomg further cosmic rays. The decay
constants of these two isotopes are different bgtia of about two. As a consequence this
ratio decreases with time of burial. This allowsnputing the time the sediment has spent
subsurface (Gosse and Phillips, 2001; Granger aodikdr, 2001). Age estimation of the
gravel fill translates into time of fault activignly if arguments for syn-tectonic entrapment
of sediments (gravels) are provided. In our caseavisider this assumption justified because
faults and gravel fill experienced deformationdsritical kinematics.
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After sampling the fault filling (sample SBS1, F4e), about 100 g of quartz was extracted
and purified from bulk samples by magnetic and dgrseparation and selective chemical
dissolution. Quartz was dissolved in a 5:1 solutéroncentrated HF and HN@nd spiked
with about 0.74 mgBe. Al and Be were separated and purified by ion rlatography and
selective precipitation. Precipitates were oxidizadd mixed with metal powder for
accelerator mass spectrometry (AMSReBe and?®Al/?’Al nuclide ratios in the sample and
procedural blanks were measured at the SUERC AM3tyari Glasgow relative to Z92-
0222 with®°Al/*’Al taken as 4.11 x 18 and NIST SRM 4325 with’Be/Be taken as 3.06 x
10™. The procedural blanks yieldé@BeBe ratios <3.8 x 1€ and?°Al/?’Al ratios <1.8 x
10", SBS1 had low measured ratios of 15.7 + 0.9 XEhd 11.7 + 3.4 x IV respectively
and the procedural blanks represent <24% and <X@#ed’Be and®Al atoms respectively.
Stable aluminium concentrations were determineddB-OES (PerkinElmer, Optima 5300
DV) and assigned 3% uncertainty. Burial ages anebpr@al erosion rates were determined
by iterative solution of Eq. (14) and (15) in Grangnd Muzikar (2001), assuming averaged
local production rates of\R,26= 74.1 at § yr* and Regu10= 10.9 at ¢ yr’, based on the
CRONUS Earth online calculator (Version 2.2). Thetestaerrors are dl calculated from
AMS and ICP-OES uncertainties. These measuremeeldegi an’®Al/'°Be ratio of 3.25 +
1.33 for sample SBSF%I content of 1.83 + 0.71 x ftat/g, °Be content of 0.56 + 0.08 x
10" at/g) and finally a burial age of 1.56 + 1.11 M#e rather high uncertainty arises from
low isotope ratios already close to the measurechiksl Nevertheless the burial age is
considered valuable.

An age of 1.56 £ 1.11 Ma for the sediment entragnseggests late Pliocene to Pleistocene
fault activity, a time constraint that is hardlytaimed otherwise. Because other faults and
tension gashes from the Styrian Basin display tineeskinematics and orientation we argue
that these structures developed also during, oe &ktteast reactivated at that period of time.
Fig. 2.7 shows a two isotope plot where graphictily burial age (in Ma) of the fault filling

is displayed. In addition to this samples (SBS1het derived from cave sediments within

the Highland of Graz just a view kilometers upstneaf the Mur River are shown (Chapter

1). These data suggest that late uplift of the Higth of Graz and associated river incision
closely coincides with development of the faulttgat. This further emphasizes relief-

rejuvenation of this region within Pliocene to Btecene times.
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Fig. 2.7.A logarithmic two isotope plot showing the gragiicepresentation of burial age data. SBS1 is ddriv
from the pebble fill of a tension gash in the Grawstle hill. The others represent data from cavepses
(Chapter 1). The curved lines are burial ages ilianiyears; the steep straight lines are radiwactiecay
trajectories plotted for pre-burial erosion ratedniy) increasing from left to right.

2.6 Discussion

Eastward extrusion assisted by the retreating @aigyaslab certainly shaped the Eastern
Alps and the eastward adjacent Pannonian Basin #2nMa onwards (e.g., Robl et al.,
2008c). However, it has been argued that subductithrback in the Carpathian arc ceased
around the Late Miocene (Cloetingh and Lankre@0Q1; Mason et al., 1998) and that the
Pannonian Basin is under W-E compression since.ctotes related to basin inversion
including reverse faults with northwest displacetnbave been documented from the
Hungarian part of the Pannonian Basin (Fodor et 2005). By contrast, the structures
described here are all high angle normal faultsicatthg W-E tension, occasionally
accompanied with minor strike-slip components. dlierall strain related to this extension is
considered low as suggested by the infrequencyarhiment faults and the fact that the high
angle faults usually accumulate minor strain untegy are linked with listric detachments.
General W-E tension is compatible with the preskayt stress and strain fields derived from
GPS data and modeling on plate tectonic scale (Badh, 2007; Bus et al., 2009; Grenerczy
and Kenyeres, 2006; Reinecker and Lenhardt, 1999nbansistent with the supposed basin
inversion since the Late Miocene. Thus, our datendjpe question about the mechanism of
well known uplift within the Styrian Basin (e.g. $&enhofer et al., 1997) and exhumation of
surrounding basement (Wolfler et al., 2010) in gdgicene times.

Here we argue that the western Pannonian Basindefipehe Styrian Basin) experienced
uplift caused by underthrusting of the surroundiwopean and Adriatic plates (Fig. 2.8;
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Bruckl et al., 2010). The Styrian Block is part oé ttwvestern Pannonian fragment where an
extensional regime is documented (Briickl et al. 020Thus uplift initiated by underthrusting
may have caused gravitationally driven W-E extemsio Pliocene to Pleistocene times
lasting up to the present. The rate of extensiomirdshes with the decreasing uplift towards
the east until it is balanced by W-E shorteningirsgjahe backstop of the eastern European
platform (Carpathinan arc). Transition from extensioto shortening (basin inversion)
structures occurs at the locus where influenceaoth liriggers (extension by underthrusting
and shortening by Carpathian backstop) is balamveeith is considered close to Budapest.

The interpretation presented above is consistetit aviseries of geophysical data. GPS data
(Bus et al., 2009) show north to northeastward motibthe Adriatic plate and the southern
Pannonian fragment relative to Europe with dimimghvelocities towards East (Fig. 2.8).
North to the Styrian Block motion turns eastward imgaith eastward diminishing plate
velocities within the eastward moving Pannoniant.ufhis releases the strong strike slip
component, with northeastward diminishing displaeetralong the Mur-Mirz Fault Zone.
Stress trajectories (Fodor et al., 2005) align wath directions of plate motions and swing
from north to east and back north when crossing Mhe-Mirz Fault Zone. These data
suggest strong N-S shortening, especially soutthefStyrian Block that releases strike-slip
along a northern, rigid European Plate. Based asnseiexperiments Bruckl et al. (2010)
suggested that the spur of this European platecatéd close to the Mur-Mlrz Fault Zone
and that the European Plate underthrusts the Peamfragment. To the south the Pannonian
fragment is underthrusted by the Adriatic Platehvitis eastern spur close to the Mélltal-ldria
Fault System and a transition from a thickened Benerust to a thinned Pannonian crust
(black dashed line in Fig. 2.8) close to the Pd@sdnttal Fault System.
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Kilometers

Fig. 2.8.Compilation of GPS velocities (green arrows; Buslet2009); smoothed maximum horizontal stress
orientation (dashed blue lines; Fodor et al., 20@8)tical steps in Moho depths (black lines wittows
indicating underthrusting; Behm et al., 2007; Biliekal., 2010) and a transition zone of thicked éininner
crustal portions within the Pannonian fragment (Rfiet al., 2010) displayed as dashed black linedd&sh
colored area indicates European plate and yellowhghAdriatic plate. The orogen-basin transitiomezas
indicated by the white line. The study area isat#d on top of a postulated Pannonian fragment ithat
underthrusted by European and Adriatic plates Kotaimows). Orange lines represent major fault zamesfold
belts (fold axes indicated by diamonds); TW = Tauafindow.

2.7 Conclusions

Lineament analysis in the transition between Alpnegen and Pannonian Basin shows that a
kinematically coherent and seismically inactivedslacan be defined in this region. This
block — here called the “Styrian Block” — is delxted by the Mur-Murz Fault System in the
north, the Pdls-Lavanttal Fault System in the vwaasl the Periadriatic Fault System in the
south and includes both the eastern most parteofAlps and the westernmost part of the
Pannonian Basin. Fault analysis shows that the ystregs field within this block appears to
be extensional in W-E direction. A burial age (1561.11 Ma) of quartzous sediments
trapped into a tension gash allows to constrairtitheng of this extension to be later than the
supposed basin inversion often made responsibl#nécurrent uplift of the region. Here we
interpret the post-Miocene fault pattern as resfltnorth-south convergence between
European and Adriatic plates and displacementtjeritng along margins of coherent crustal
fragments. The investigated Styrian Block is parttted Pannonian fragment. Strike-slip
displacement resolved along margins of this cohepdéotk, especially along the northern
Mur-Mirz Fault System. Here the European plate asts rigid backstop along which N-S
plate motion trajectories are deflected into easdwBow, thereby releasing strike slip
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displacement. The Styrian Block is continuously edieg since Early to Middle Miocene
and it experiences uplift since about the MioceheeBne boundary. We explain this by two
interfering processes: (1) The weak Pannonian feagns underthrusted from north and
southwest by European and Adriatic plates and €2yahsing extension rates towards east.
While the Pannonian Basin (excluding the Styrian Basxperiences W-E convergence since
the cease of Carpathian subduction, the Styrian Blecktill extending eastwards. This
scenario reflects a multiplate interference sysaeh highlights the complex interplay of plate
motion and its consequences to topography anddamdig processes.
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CORRELATIONS OF CAVE LEVELS , STREAM TERRACES AND
PLANATION SURFACES ALONG THE RIVER MUR — CONSTRAINTS
ON TIMING OF LANDSCAPE EVOLUTION ALONG THE EASTERN
MARGIN OF THE ALPS

Abstract The study of stream terraces and planation surfiaagfsmajor interest in
the understanding of landscape evolution; in paldic their correlations to
environmental changes in the Pliocene to Pleisedeave been of growing interest in
recent years. The transition zone of the Easteps A6 the Pannonian Basin provides
significant information for this research aim. @iredating of buried sediments via
terrestrial cosmogenic nuclides and optically stated luminescence yield a set of age
constraints that allow combination of these datathwgeomorphological and
morphostratigraphical evidence into a temporal @v@h of land formation over the
Pliocene to Pleistocene. Here we report on recaviylable absolute age constraints of
the Styrian Block (Styrian Basin and its surroundibgsement) and discuss this
information in the light of tectonic and climatioprints in the various landforms. The
viability of subterranean archives, cave systemd #reir preserved deposits, for
landform reconstruction are revealed. The regiors wee-free during the whole
Pleistocene and as such, direct influence of dlaaieving on the land forming can be
excluded. Minimum age constraints of cave levatenfiburial ages of cave sediments
covering the last ~4 Ma are used to place age @nt& on surface features by
parallelizing cave levels with planation surfadésrtther, aggradations in the Mur valley
are correlated with dated events of the pluggingaifes. A first absolute dating of
sediment burial via OSL of the top section of tiyeet locality of the Helfbrunn terrace
implies an Early Wirm (Marine Isotope Stage 5) deweent (80.5 + 3.7 to 68.7 + 4
ka). Due to a suggested continuous sedimentatiateps of the whole terrace
sequence, it’s origin as a penultimate gravel défdos classical Alpine terminology
Riss) is therefore questioned. U-series speleothges &rom caves nearby indicate
formation during Marine Isotope Stages 5¢ and babaut the same time as deposition
of the terrace. This supports the idea of tempecéiteatic conditions at time of
deposition. The complementary use of TCN, OSL arthlbsolute age data allow the
placing of absolute age estimates on Pliocene ®@stBtene landforms. Tectonic
activity is interpreted to be the main driving fertor the formation and evolution of
these landforms. Climate change is suggested tof bamiror importance. Obvious
hiatuses of Miocene to Pleistocene sediments da¢edeto ongoing erosion and re-
excavation of an uplifting and rejuvenating langseaThis shows the complex
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interaction of these (feedback) mechanisms scugptine landscape and further
highlight the value of cave deposits in understagdindscape evolution.

Keywords: cave level; planation surface; stream terrace; mogenic nuclide;
luminescence; sediment burial

Submitted to Geomorphology

3.1 Introduction

The landscape evolution of the Alps over Late Neegeémes is a subject of topical
interest (e.g. Frisch et al., 2001; Dunkl et ab02; Kuhlemann, 2007; Champagnac et
al., 2009; Willet, 2010). The transition zone betwethe Alpine orogen and the
Pannonian Basin around the town of Graz, Austria ikey site which provides
significant information regarding the evolutionlahdforms over this time period as it
has never been glaciated and glacial carving cas ke excluded as a landforming
process (Fig. 3.1a, Van Husen, 2000). The Mur Rise¢he main drainage dissecting
this region (Fig. 3.1a). It drains the Eastern Alimsn the eastern edge of the Tauern
Window into the Pannonian Basin, crossing the amedggesin transition zone near the
city of Graz. The landscapes of the Styrian Basuh ttwe Highland of Graz south and
north of this transition zone, respectively, corsprnumerous planation surfaces and
stream terraces which can be grouped into sevestha levels that cover a vertical
spread of almost 1 km. Due to the presence of ikaldé rocks in the Highland of
Graz, also phreatic cave levels developed (e.g.ridaand Benischke, 1992). If
multiple levels are preserved above the curreetastrbed and age estimates of these
landforms are available, the landscape evolutionideally be reconstructed.
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Basin
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E Mur catchment : LGM glaciation low terrace gravels - Post-basaltic rocks
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Orogen-basin [l Pliocene/Pleistocene volcanic rocks E Schweinsbachwald terrace [] undistinguished
transiton UTG| Pre-RiR terrace undisdinguished

Fig. 3.1. The area under investigation. (a) The currenthcagnt area of the Mur River, the river course itaaeld of its tributaries and the extent of the Igisicial

maximum (LGM) on top of a DEM. The white line indies the transition from the basement to the b&sset shows the Alpine - Carpathian - Pannoniamre
(black above 600 m, white below) and the Mur catehtwithin the Austrian border in red color. Extesfdb) indicated by the orange box. (b) Pliocdrlejstocene
and Holocene sediment distribution (sediment calgr@anation surfaces and stream terraces) andeRkideleistocene volcanic rocks. Pleistocene sedéreme

subdivided into the low terrace gravels (“Niededsese” or Wirm terrace), the high terrace gravtodhterrasse”, which might be further split in as®
(penultimate) glacial terrace and the Helfbrunreiglacial terrace) and terraces that are pre-Ritder than the previous ones). In the latter, thecaled

Schweinsbachwald terrace is distinguished as thmgest subunit in the lowland, especially in thali&nland, where this is morphologically feasibled(¢ikely

related to the lateral (southward) shift of the NRiver in the area). Further upstream such a diffgation was not possible anymore as absolutecagstraints are
not available. The same holds for the few Plioces#iments in the region. Only pre- and post-basglavels are distinguished where possible anddseof the
sediments could not be further distinguished. Témited study areas shown in Fig. 3.4a (the Ce®irnalian Karst in the Highland) and Fig. 3.4b (tBeabenland
region in the Lowland) are indicated by black ragles.
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In this paper we discuss the landscape evolutiathisfregion on the basis of absolute
and relative chronology of these levels and a taiom of these levels between north
and south of the orogen-basin transition zone.|&tive chronology of these levels has
previously been established, based on the elevafitihese geomorphic markers above
and along the stream (e.g. Winkler-Hermaden, 19%%),a correlation of these markers
with tectonic activity and / or climatic changesckan time has been attempted (e.g.
Winkler-Hermaden, 1957). However, absolute agethe$e landforms remain poorly
constrained by scarce cross-correlations with datéchnic rocks (Balogh et al., 1994)
and some paleontological evidence (e.g. Mottl, J948e main objective of this work
is to use new geochronological data to constra@ timing of these geomorphic
markers. State of the art geochronological mettawdsapplied to cover the time frame
of the last about 5 Ma: The terrestrial cosmogeawniclide (TCN) method and optically
stimulated luminescence (OSL) were used to deterrsgdiment burial ages (this and
Chapter 1). U/Th age estimates of speleothem growmtiplete this data set (this work
and Spotl et al., 2007). The absolute age congdrane discusses in the light of tectonic
and climatic influences on erosive processes amdfdam evolution, thus, allowing to
shed some light on the morphological evolutionh&f Styrian Block and ultimately on
the eastern margin of the Alps in general.

3.2 The study area — the Styrian Block and the Rer Mur

The Styrian Block is a crustal fragment interprate@hapter 2 as a block that behaves
coherently during the last few million years. Itnsests of the Styrian Basin and the
surrounding basement. The block is delimited byNhg-Mirz fault zone in the North,
the Lavanttal fault zone in the West, the Pohorjeuktain in the South and the
Pannonian Basin (excluding the Styrian Basin) to East. It comprises three major
tectonic units that have distinct landforms andedént geological histories: (i) The
Austroalpine crystalline basement south of the Wiz fault zone and east of the
Lavanttal fault zone; (i) The Graz Paleozoic fangithe Highland of Graz in the
orogen basin transition zone near Graz and (iig@ thtyrian Basin, being the
westernmost lobe of the Pannonian Basin. These thagts of the Styrian Block all
have their characteristic features: Tbeystalline basementomprises mountainous
landscape of high grade metamorphic rocks withaglems more than 2000 m a.s.l.
with rounded and flat summits and deeply incisetleya characteristic for a non-
glaciated landscape. It forms a presumably slowhuening region as fission track ages
in the range of 35-50 Ma are preserved (Neubaual.,e1995; Hejl, 1997; Dunkl and
Frisch, 2002). These data suggest a small amouieofjene denudation. However,
Hejl (1997) could show that increased exhumatiahiwithe last 5-10 Ma is likely. The
Koralpe is an area of relics of Miocene reliefhaligh breaks along the hillslopes of
headward migrating tributaries of the Mur River witigh stream power point toward
geomorphic disequilibrium (Winkler-Hermaden, 19%0gbl et al., 2008a). Th&raz
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Paleozoiccontains a strongly karstified region of Paleozoarbonates and schists
called the Central Styrian Karst. Peaks reach up7@0 m a.s.l.. No low temperature
thermochronological data are available within thezGPaleozoic. Finally, th8tyrian
Basin forms an undulating lowland (henceforth termed thewland of Graz)
comprising Neogene sediments with elevations betva® and 600 m a.s.l.. Despite
the topographic and morphological differences betwthe three different regions of
the block, the Styrian Block appears to behave sisgle tectonic unit postdate to the
Miocene (Chapter 2)

The most important tectonic event related to theebrof the Miocene to present
morphological evolution of the region is the forioatof the Pannonian Basin east of
the Alps (e.g. Dunkl et al., 2005). Major subsidentthe early to mid Miocene related
to the onset of lateral extrusion (Ratschbacheat.e1989) initiated the formation of the
Styrian Basin. This coincides with the developmehttte W-E directed drainage
system typical for the Eastern Alps and related-@pdrt basins along the major strike-
slip zones, e.g. the Mur-Miirz fault system (Ebned &achsenhofer, 1995). In the
Styrian Basin a fully marine sedimentary pile depeld between ~18-11 Ma
punctuated by volcanic activity around 15 Ma. Acting to Ebner and Sachsenhofer
(1995) the basin is supposed to have inverted sitcé Ma causing the end of its
aquatic evolution and the beginning of its uplifstbry. A second phase of volcanic
activity happened around the Plio-/Pleistocene Haun The onset of surface uplift in
the hinterland is much less well constrained, binomchanges in the dewatering
courses of major rivers have been correlated totevas late as the glaciations in the
Quaternary (Robl et al., 2008a). The onset of gémelief increase is inferred to have
commenced around the Miocene/Pliocene boundary KDemh al., 2005). Based on
thermochronological data it is also known that @adyd000 m of sediment has been
eroded somewhere in the Middle to Late Neogene KDaimd Frisch, 2002). Based on
vitrinite reflectance data and subsidence analysthe Styrian Basin (Sachsenhofer et
al., 1997), some 300-500 m have been removed witl@rast ~5 Ma. This time period
coincides with the increase in eroded sedimentmaelwf Kuhlemann (2007). Even a
more general spatially broad uplift within the l&s6 Ma of the Alps is recently
discussed (Appendix A). This is also about the timeen the inversion of the
Pannonian Basin further east launched (Horvath aoadti@bh, 1996; Bada et al, 2007).
Ongoing lateral extrusion is indicated by GPS meaments (Bus et al., 2009) and
strike-slip displacement along the major fault Z0keiring the last glaciations of the
region (Plan et al., 2010).

The course of the Mur River south of Bruck is of splemterest within the Styrian
Block as it is believed to be a rather young (pogidi# Miocene). Today it forms a
rather narrow valley down to Graz and then procetdsourse through the Styrian
Basin. Although minor faults do follow the river aea (Maurin, 1953), the Mur does
not flow along any of the major faults in the ragidts formation has been related to
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headward migration and river catchment of the MurMdrainage area (Dunkl et al.,
2005; Chapter 1). However, the channel profile iatis morphological equilibrium
and rather low values of stream power, contrargaime of its tributaries (Robl et al.,
2008a). Along its course, a series of planationfases, terraces and caves are
developed up to many hundreds of meters aboveutrert base level. The river also
divides the landscape into a region with a peculat unexplained west-east
asymmetry. In the mountainous region (known) caeesl gravel deposits are
predominantly preserved on the eastern river sideeMur and almost absent on the
western. In the Styrian Basin this asymmetry is atgiparent. Besides partial
Pleistocene sediment cover, the youngest sedimertse western basin part are of
Badenian age whereas on the eastern part they ayeuag as Pannonian with the
occasional Pliocene pre- and postbasaltic gravelsepved around volcanic rocks. This
hiatus in the west of more than 10 Ma becomes aisvio the geologic sketch map of
Figure 2 in Gross et al. (2007) and in the Austsamtigraphic table of Piller et al.
(2004). This asymmetry is still a matter of debamel no satisfying explanation is yet
provided, although there is a general consensuddtsgof sediment must have been
eroded up to the present.

3.3 Morphological observations and their correlabn

Along the course of the River Mur various geomocpimarkers like stream terraces,
planation surfaces, denudation planes, and cawdslare preserved and will be used
below to place constraints on the timing of langecavolution (Table 3.1). The
systematic investigation of these landforms by Wanldermaden (1955, 1957) and
later work based on his groundwork (e.g. Fligeb@ntersweg, 1979; Gollner and
Zier, 1985; Maurin and Benischke, 1992) provideclative chronology of individual
levels along studied profiles and the correlatitmeach other in the Styrian Block and
beyond. Elevation differences of terraces and pianasurfaces and different
weathering intensities were main distinctive feasuto distinguish the various levels
from each other. As oldest levels, Winkler-Herma@ie967) classified the Kor and the
Wolscheneck levels based on possible plain rehe$ tan be found along crests of
various elevations above 1300 m a.s.l.. Thesedew#l not be discussed here in more
detail, as they find no counterparts in the Styiasin, they are badly developed (or
preserved), their age constraints are rather arobgwnd signs of phreatic cave
formation is missing (Untersweg, 1979).
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Level names Aliases and /or Proposed age (W- Features & peculiarities elevation above Mur
subdivisions H, 1955) p River [m]
Kor level - Upper Sarmatian possible plain relics along crests 1200-1500
Wolscheneck level - Lower Pannonian possible plain relics along crests 900-1000
Hubenhalt level (HUB) Glashittner level Middle Panncnian first level indicating phreatic cave formation 700-800
Trahutten level (TN) "1000 m - landscape” Latest Pannonian pre-basaltic gravels 500-600
Kalkleiten-Méstl (V.Hilber, 1912); . pronounced plain system; Pediment; post-
Hochstraden level (HN) Gebirgsrandflur (Untersweg, 1979) uppermost Pliocens basaltic gravels 325-450
Stadelberg {%gb{erberg level - Pliocene /Pleistocane last pre-glacial denudation plain(s) 180-300
(SBIZB) o mE
"Obere Terassengruppe”, Upper _ Early Pleistocene, )
Terrace Group (UTG) Calabrian to Giinz early Pleistocene outflow level 80-120
“Mittiere Terassengruppe”, Middle osenberg terase Gunz/Mindel to decarbonatisation, related to a warmer climate eee
Terrace Group (MTG) Schweinsbachwald or Kaiserwald Mindel/Riss IG ’ 40-60
terrace )
"Hochterasse”, high terrace missing loamy cover sequence 35-40
"Untere Terassengruppe”. Lower gravels (HT) Hte\fbrunn Fice o Wi clacia thick Ioamgé;‘overfsequ?r;lc.:e abmlf(e rotten 25-40
Terrace Group (LTG) errace g pebbles of crystalline rocks
"Niederterrasse" (NT); low terrace extended thick gravel deposit; 40 m deep 5-20
gravels trough below upper edge of Wirm terrace
Alluvium Mur floodplain Holocene incised / nested in Wiirm terrace 0-10

Table 3.1.Condensed overview of levels preserved in theystuda. Compiled in consideration of previous wbykWinkler-Hermaden (1955, 1957), Untersweg
(1979), Gollner and Zier (1985) and Maurin and Behke (1992). Naming and proposed ages of theséslave listed according to various authors. Spéegdures
and peculiarities of the individual levels are Highted. Approximate elevations of the levels floe study region are given in m above the presemtRiler.
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Fig. 3.2.Field impressions of the study area: (a) Aeriadtpgraph of the Teichalm planation (~1200 m
a.s.l.), correlated to the Hubenhalt level. Viewaods WSW. Downstream of the lake, the Mixnitzbach
creek crosses the Barenschitzklamm gorge. (b) |Aghiatograph from the Hochlantsch region. View
from SSW. The Réthelstein (1263 m a.s.l.) in theedoound, the Bucheben saddle (1081 m a.s.l.) and
then the Rote Wand (1505 m a.s.l.). The summih&tiackground is the Hochlantsch (1720 m a.s.l.).
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Aerial photographs (a) and (b) by courtesy of Rugdimberger. (c) View from the Bucheben saddle
towards north. Two planations are separated byeepstockwall. The upper planation surface is
correlated to the HL (here ~850 m a.s.l.) and thveet to the SB/ZB level (~700 m a.s.l.). (d) Plaomat
surfaces along the Schiffal (~750 m a.s.l.) cotecla the SB/ZB level, seen from the Roéthelstegselto
the entrance of the Drachenhdhle (DH). Note thearpits and a swimming pont along the Mur River.
(e) View from a cave of the Peggauerwand rockwiab® m a.s.l. down into the Mur valley towards
south. Based on burial ages of cave sedimentsahis level of about 100 m above the current bass le
of the Mur developed ~2.5 Ma ago. (f) View from thest towards the Tanneben massif. The plateau
right above the rock wall and the quarry becomesonis. This planation belongs to the HL. The peak i
the upper right of the picture is the Schockl (144%.s.1.) and the town visible in front of the Tiaben
massif is Peggau (410 m a.s.l.). The town is latatehe Mur valley, which forms the current basel.

(g) Detailed photograph of the Peggauerwand rodkwhE obvious perched caves indicate former water
tables and groundwater elevations, thereby illtisarelative valley lowering over the last milligears.

(h) View from Kapfenstein towards south. The platéke rise (~550 m a.s.l.) in the right of the tpi@

is the Stradnerkogel. The planation surface isetated to the HL. Further to the east planatiofiases

of the Zaraberg and the Stadelberg are noticealdl@O(m a.s.l.). They belong to the subsequent SB/ZB
level. (i) and (j) Terrace riser (anthropogenicraies are likely) of the Helfbrunn terrace, seemfithe
low terrace gravels. The investigated loam pititsased some 100 m to the North. (k) View from
Gosdorf “Murturm” towards the north. Terraces afahption surfaces are visible, although the forkste
floodplain makes it difficult to clearly see tereadgsers. Note the grassland in the lower lefhefpicture,
which belongs to the Helfbrunn terrace. In the lgasknd the volcanic cones of Stradnerkogel (left) a
Kloch (right) with their pronounced denudation pkare noticeable.

3.3.1 Levels in the Styrian Block

Distinctive levels of the study area can be placed two groups. The more elevated
levels appear to be denudation plains, whereadsletelower elevations are usually
terraces. Below, we will touch on each of theselewbeginning from the highest: (i)
The uppermost eminent level is the so-called Huakrbvel (HUB) (Fig. 3.3). This
level is presumably the oldest of all surfaceshm $tyrian Block and occurs exclusively
in the Highland. It is of supposed Middle Pannonéye (Winkler-Hermaden, 1957)
and can be found as a pronounced planation suetsteof the Hochlantsch summit: the
Teichalm (Figs. 3.2a, 3.3a). Various smaller plamasurfaces can be grouped into this
level. The HUB is named after the Hubenhalt, a Eplahation preserved at a crest just
east of Nechnitz (Fig. 3.3a). (i) The next lowend younger) planation surface,
possibly representing a dry valley, belongs to Tmahitten level (TN). The TN is
pronounced around elevations of about 1000 m &dhe Highland and the crystalline
basement and supposed to be of Latest PannoniafWagider-Hermaden, 1957). This
level is named after a planation surface on théeaaside of the Koralpe just west of
Deutschlandsberg. This level is distinct due tosipleogenetic occurrences in the
Central Styrian Karst, but not preserved in the i8tyBasin. In the Koralpe region,
planations correlate well in elevation with planas in the Highland of Graz (Winkler-
Hermaden, 1957) and further support the idea pasialy broad evolution of planation
surfaces along erosional base levels of that pdaticime over the whole Styrian Block
regardless of lithology. This becomes even moreleti for the subjacent level. (iii)
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The Hochstraden level (HN) is the highest levet tan be observed in the Highland as
well as in the Lowland, due to the preservatiordefudation plains at about 550 m
a.s.l. on top of a volcanic cone in the basin sihvalled Stradnerkogel (Fig. 3.3b). This
level is of supposed uppermost Pliocene age (WirtHegmaden, 1957). On top of this
denudation plain so-called post-basaltic gravedspaeserved in the vicinity of a locality
named Hochstraden. An alias for this level is Katkin-Mo6stl (Hilber, 1912).
Kalkleiten is a locality in the north of Graz (Fi§3a). It is an obvious planation surface
termed the “balcony of Graz”, because of its pamicaview over Graz. This system of
planation surfaces was called “Gebirgsrandflur” bytersweg (1979) and it is
highlighted as a level of continuous and widespreatent observed on various
lithologies and across prominent faults. Thus, lénel can definitely be defined as one
that emphasizes a consistent and uniform vertipéft isince its formation up to the
present. (iv) The double plain of Stadelberg/Zabesy (SB/ZB) is named after
planations on the Stadelberg (~4 km east of St.Amnaigen in Burgenland) and the
Zaraberg (west of Kloch; previously named ZahragbgiFig. 3.3b). This level is
considered to be the last pre-glacial denudati@inptieveloped around the Plio-
/Pleistocene boundary and is found some 180 m @on3@bove the present base level,
I.e. the Mur River. An exceptional view of the HNdatme SB/ZB denudation plains is
provided from the Kapfenstein castle on top of Eanic cone (Fig. 3.2h).
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15
Kilometers

Kilometers

Mur River

LTG low terrace gravels - pre-basaltic gravels - Stadelberg/Zahrerberg

:igmr:r?gct:g?;\?e‘;s I volcanic rocks B Hochstraden level
Schweinsbachwald terrace Bl rost-basaltic gravels [l Trahiitten level
older Pleistocene terraces " Miocene sediments - Hubenhalt level
. including Rosenberg terrace || Karstrocks cave sample locations

(ma.s.l.): ©4200 600@® 990
Fig. 3.3.More detailed level overview of the Highland (agdahe Lowland (b). (a) The Highland of Graz
with the focus on the Hochlantsch region with th&lBH(Teichalm), the TL (Bucheben); the HL
(Burgstall top) and the SB/ZB (Burgstall base) a&mel Tanneben region with levels preserved related t
the TL and lower levels. (b) The Grabenland asthi focus of the Lowland of Graz shows an obvious
valley asymmetry and the various levels rangingnftbe denudation planes of the HL and the SB/ZB to
the terrace levels of the UTG, MTG and LTG. Pred post-basaltic gravels related to volcanic rodks a
also displayed. The loam pit where the sample©BL dating were taken is indicated by a black eircl
All numbers in parentheses are elevations in r.a.s.
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The terrace levels that developed at lower elematitrom about 120 m above, down to
the current base level of the Mur River, are obviguavel terraces with - in the
majority of cases - thick loam deposits developedap. In general these terraces are
correlated to glaciations record in the headwatérthe Mur River (e.g. Piller et al.,
2004). Only the lowermost terrace which is relai@dhe Wiurm glaciations is a pure
gravel deposit preserved along the Mur River. Anaupterrace group (UTG) is
distinguished from a middle terrace group (MTG) aridwer terrace group (LTG). The
morphological distinction is easily possible in floeland where obvious terraces are
developed, but this is more difficult in the Hightéh as older terraces are obscured by
younger sedimentation and erosion. (v) The UTGuggssted to represent an early
Pleistocene outflow level and is placed somewherghe Calabrian to Gunz by
Winkler-Hermaden (1955). (vi) The MTG includes &ares in the range of 40-100 m
above the local base level. In the lowland, in ipakar in the Grabenland, the
Schweinsbachwald terrace and a more elevated Rasetdreace are distinguished
based on the different amount of denudation anskdi®on of the loamy cover section
of these terraces. Further upstream along the Rkhae,MTG and the UTG are not
distinguished, because this is not possible anynrorhie more narrow valleys. For
simplicity, these terraces are related to be ofRiss age and termed older Pleistocene
terraces of questionable age. However, it is ndtitkat all these terraces are
characterized by a top sequence of loam. (vi) TA& is subdivided into the
“Hochterrasse” (HT, high terrace gravels) and thietlerterrasse” (NT, low terrace
gravels). The HT is suggested to be of Riss glamiaRiss-Wurm interglacial origin.
Based on the fact that the HT relics in the Lowlahdw an obvious loam sequence
developed on top of the gravels and the HT relicghie Highland miss this cover
sequence, a further subdivision into a glacial andnterglacial terrace was suggested
by Winkler-Hermaden (1955). The NT is an obviousepgravel terraces of glacial
origin related to the last glacial maximum (Van Eis1997) and is exclusively found
along the Mur River and tributaries in the Koralggion where local glaciers were
established (Fig. 3.4c).

The various levels and planation surfaces listeavalare concentrated in three key
areas that will be discussed in some detail belbmo of them, theTanneben region
and theHochlantsch regionare located within the Highland of Graz and beltmghe
Central Styrian Karst. There, an abundance of camessome remnants of planation
surfaces are studied in more detail. These arerdgens of speleologic interest
investigated in Chapter 1. The third region of iestris located in the Styrian Basin
some kilometers downstream of Gré#ze GrabenlandThere, levels range from nicely
preserved glacial and/or interglacial terracesdnudiation planes at higher elevations
on volcanic rocks.
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3.3.2 The Highland of Graz — in the Graz Paleozoic

The Highland of Graz is part of the Paleozoic ofatsrand consists of Paleozoic
limestones, metavolcanics and schists. They comphis Central Styrian Karst, an area
of conspicuous landforms as old as the Miocene KWWirHermaden, 1957). It includes
two regions of particular interest to our studye thochlantsch region and the Tanneben
region (Fig. 3.3a). Various generations of plamasarfaces, cave levels and dry valleys
are apparent and can be discerned on the badisiofttitudinal distribution (Winkler-
Hermaden, 1955; Untersweg, 1979). Multi-stage esctimment becomes obvious by
these relics. The occasional dry valley (e.g. Nezhimdicates abandoned river courses
oriented towards the south (e.g. Winkler-Hermad®4,7) and later redirection towards
the west.

The Hochlantsch area at the northern edge of the Baleozoic includes the higher and
possibly older levels recognized in the Highland @Gfaz. Various levels of
karstification and caves formed besides numeroaisgpion surfaces (Fig. 3.2a-d). The
largest cave system of the Hochlantsch region és Kitometer long Drachenhdhle
system, some 600 m above the current river. Caviersgsshow obvious stages of
decay at elevations above ~1000 m a.s.l. as ontpaats of previously interconnected
systems are preserved. The most significant plamagurface is a peneplain called
Teichalm at about 1200 m elevation, which is sutgge® be of Middle Pannonian age
and has been ascribed to the HUB level (Winkler-Halem, 1957). The small lake of
this peneplain drains through the Barenschutzklarandeeply dissected limestone
gorge in a western direction towards the Mur Ri&g.(3.2a). The channel profile of
this creek (Mixnitzbach) shows an obvious knickp@nd stream power is the highest
in the Mur catchment (Robl et al., 2008a) where Kkhgnitzbach crosses a gorge
(Barenschutzklamm). The dry valley of Nechnitz (984a.s.l.), where some of the
highest Neogene fluvial deposits are preservechrielated to the TN and is suggested
to indicate a former southward dewatering trend. (&/inkler-Hermaden, 1957). The
occurrence of Upper Cretaceous Barenschitz congltenexa various elevations
ranging from 600 to 1300 m a.s.l. is related to déswe block tectonics along an
obvious NE-SW trending fault zone crossing the Niatmach (Gollner and Zier, 1985).
However, a continuous plain relic on top of the iyger (Neogene) Burgstall Breccia
(Fig. 3.2c) is correlated with the HN and indicates vertical displacement since the
time of its evolution.

In the Tanneben region highest elevations are ardlif00 m and the region thus
preserves only levels at and below the TL. Relicshifher landforms are only

preserved in isolated remnants of the Schockl liomes in the eastern part of the
Semriach Basin. The Tanneben massf also an area of great speleological
significance, which is manifested by an abundarfceome 300 caves relating to cave
levels at and below the HL including one of theyémt cave systems of the region: the
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~5 kilometer long Lurgrotte system. An old burigleaof ~5 Ma from a cave which
indicates remobilization from an older, higher amdvadays eroded cave level indicates
the presence of older levels in former times (ChrapyeHowever, the preserved lower
levels are more prominent in this region compacetth¢ Hochlantsch area further north.
The HL typified by the planation surface above Beggauer Wand in the Tanneben
massif (Fig. 3.2f) preserved widespread fluvialvgtaspreads (e.g. Ertlhube) and are
evidence of a low-gradient Paleo-Mur River prionitiincision into the present valley
slightly further west. Later, the incision of theuMRiver seems to be more vertically
and not much lateral incision is observed in thghttind of Graz.

The Lurgrotte cave system has autogenic but alegeaalic recharge from the Semriach
Basin, a small intramontane Neogene depression.ebaprely, the hooklike course
(90° bent) of the Lurbach creek upstream of Serhristtows the deviating from its
former SW oriented drainage course (e.g. Maurin @wghischke, 1992). The
Rotschgraben which drained the hinterland of then&hen massif prior to these
changes in the hydrological setting (e.g. Untersw&§79) shows a prominent
knickpoint, the so-called Kesselfall. The formewagering of the Lurbach to the south
into the Roétschbach is related to a swell at thehseestern side of the Semriach basin
comprised of gravels of unconstrained age (Pannamigyounger). This swell is found
at elevations corresponding to the HL, indicatimg time of the Lurbach stream capture
event and its subsequent subterraneous courséMaugin and Benischke, 1992). Also
the paleo-Mur has likely shifted westwards, asyavdiley on the southern side of the
Tanneben massif indicates (e.g. Maurin and Beneschk92). This points toward a
stronger hydraulic gradient perpendicular to theising Mur valley and thereby
influenced its tributaries. In this fluviokarst aréhe lowering of the erosion base, the
Mur River, beheaded and diverted tributaries. Sofrtem disappear into ponors like
the Lurbach into the Lurgrotte cave system (thenn@onor), due to subterraneous
corrosion and erosion. Due to its karst undergrognche planation surfaces are
preserved along the Mur valley which allows coriata speleogenetic levels and
surface forms. The Peggauer Wand (Fig. 3.2e-g) lieautiful example where cave
streams emerge as springs along the base of g wvedlk. More elevated abandoned
cave passages form speleogenetic levels and iedmaleo-base levels, representing
former valley bottom elevations. The Lurgrotte he tongest passable cave system in
the Tanneben region (~5 km in length). The systBows three phreatic levels (e.g.
Maurin and Benischke, 1992). The lowest permanetive level shows obvious signs
of backflooding that can be related to aggradatibeediments within the valley itself
and consequently plugging and a temporary increatee local base level (Chapter 1).
Occurrences of last glacial gravels and syphonenasieg to the current outlet of the
cave system indicate possible deeper karstificaind consequently deeper valley
incision prior to the LGM; but only in the order affew meters to a maximum of 40 m.
This is based on drillings near the town of Peggeanetrating the gravel deposits down
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to the bedrock (Weber, 1969). In fact, this shohet the Mur River has not yet re-
excavated last glacial sediments within the Holecen

In general, speleogenetic levels encountered irCivatral Styrian Karst are linked to
surface levels. These were described in Chaptadleamed cave level A to E. We will
relate this nomenclature to the traditional levaeines described above. Cave level A
can be correlated to or parallelized with the Ttedmilevel (TL); cave level B to the
Hochstraden Level (HL), C is related to the StadeiiZahrerberg level (SB/ZB) and
marks the lowest pre-glacial denudation plane, Bntepresents the Upper Terrace
group (UTG). Level E covers the Middle Terrace GrdMTG) and the Lower Terrace
Group (LTG). The LTG in turn combines the high éee gravels (HT) and the low
terrace gravels (NT). The larger extent of levelidéntified in Chapter 1 is the
consequence of various sublevels closely spacetbraaden overlapping. This led to
the fact that these (sub-) levels are not distisigaible as individual speleogenetic
levels. This is attributed to the episodic incisiaggradation and re-excavation of the
Mur valley in that period of time. However, indiudl terraces are distinguished in the
Styrian Basin, the Lowland of Graz, and allow a safian of these younger individual
stages of landscape evolution.

3.3.3 The Lowland of Graz — the Styrian Basin

In the Lowland of Graz, the so called Grabenlangio® (Figs. 3.1b, 3.3b) is of
particular interest. The Grabenland is a southwiaaghing region of a series of parallel
tributaries to the Mur River in the central StyrBasin (Fig. 3.1b). It is between 200 m
and 600 m above sea level. Highest elevationsypredtly those of the volcanoes of the
region. The Grabenland features a series of teteagds and planation surfaces on the
Plio/Pleistocene volcanoes that can be used toeptaming constraints on their
formation. Importantly, the Grabenland is also tiipe locality of the high terrace
gravels (HT). The so-called Helfbrunn terrace is terrace right above the NT. As the
latter is the terrace related to the last glaciaximum the next higher one, the
Helfbrunn terrace is generally believed to relat¢hie penultimate glaciation (Riss) or
to the Riss-Wiurm interglacial. The Helfbrunn temashows a much higher
disintegration of the individual clasts comparedhe low terrace gravels. This was the
main argument to propose an older age (Riss glaafidljis terrace (Fink, 1961). Mottl
(1949) reportedlrsus spelaeus fluviatile cave sediments in a Kugelstein cagdem
above the Helfbrunn terrace level, which occurmedhie Mindel-Riss interglacial. As
this cave belongs already to another older levalyi@m-Riss interglacial has been
suggested by Winkler-Hermaden (1955), who favoradirderglacial origin of the
terrace. The gravels of the Helfbrunn terrace aneed by an up to 8 m thick dust
loam of rather questionable origin. However, tluamy section is not a classic loess
deposit, as it is free of carbonate, especiallg v carbonate cement that is normally
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responsible for its stability along roadcuts. Thare at least two other obvious terraces
at higher elevations: the Schweinsbachwald andRtsenberg terrace (Fig. 3.3b) which
are similar in composition to the Helfbrunn terragéh a thick loamy top section. The
fact that the Helfbrunn terrace is still accessithle to an outcrop in a former loam pit,
enabled sampling along a profile from the top & tleposit down to the beginning of
the gravel pack. The application of optically stlatad luminescence (OSL) dating
allowed to places a minimum age constraint onéhmate deposit (Section 3.3).

Besides the terrace levels there are also highertlamsl probably older planation
surfaces up to the volcanic cones of Kloch anddd&ekogel (Fig. 3.3b). A very
prominent denudation plane on top of the ZarabergZ@ghrerberg) developed. This
level corresponds to the last denudation plane poithe onset of climate deterioration
around the Plio-/Pleistocene boundary (Winkler-Hmien, 1955): the SB/ZB level.
The number of the main stream terraces in the neffaw terrace gravels, Helfbrunn
terrace, Schweinsbachwald and Rosenberg terrace&hesatvith the four glaciations
(Wiurm, Riss, Mindel and Gunz). However, although géng, it does not mean that
they necessarily correlate in time. In contraryniiér-Hermaden (1955) argued that
the more elevated loam covered terraces are afglatgal origin. Fig. 3.4 indicates
various time slices of sediments of different tinoésleposition. It becomes evident that
only the last glacial terrace is almost exclusivebystrained along the Mur River and
its tributaries from ice-free hinterlands do nont@n gravels of the NT. We will
address this observation in Section 3.4.2.
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Fig. 3.4.Elevation-correlated sediment distribution of ttagious time slices from Pliocene to Pleistoceresgrved in the Mur catchment. (a) Overview of Riiae
and Pleistocene sediments of the Mur catchment tatbgling according to Fig. 3.1. (b-f) Color-codiaccording to elevations from 200 m a.s.l. (blioegabove 800
m a.s.l. (red). (b) similar to (a) but color-codmxtording to elevation. (c) The low terrace grayil§) are exclusively found along the Mur River aldng tributaries

from the glaciated Koralpe summit; (d) the highidee gravels (HT) are evenly distributed all over tributaries. (e) The same is true for the higaeace levels (not
further sub-divided). (f) Almost no Pliocene sedittseare preserved.
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3.4. Absolute age constraints of levels

An essential correlation between surface planafeatures and cave levels in the
Tanneben region was performed by Maurin and Benesdh®92), who realized the
potential of the preserved information in the cav@sus the more easily eroded surface
features. As burial age data were not availabtbatttime, they used the surface forms
and their age estimates (based on the work of \WirtKermaden, 1955) to get an
approximate age of the formation of various cawele Here we extend their work
further up- and downstream, covering the whole Graleozoic and the Styrian Basin.
In our approach, we use the terrestrial cosmogamitide method (TCN; e.g. Granger
et al., 1997; Anthony and Granger, 2004), publiskédr ages of volcanic rocks
exposed in the Styrian Basin (Balogh et al., 1994l rrew OSL age estimates from fine
grained deposits of a stream terrace in the StyBasin. Combining these age estimate
with speleothem formation happening at the same {idiTh ages) allows temperature
conditions and vegetation cover in the region taniberred. Combining all this absolute
age information, the relative levels along the NRiver are placed into absolute time
spans.

3.4.1 Ages of levels in the Highland

Levels in the Highland are best dated through theoy in the speleogenetic levels.
The evolution of the various speleogenetic leveld their age can be constrained by
ages of cave deposits (e.g. Stock et al, 2005aydRition caves are younger than the
host rock and older than deposited sediments thé@reemobilization can be excluded.
As the cave deposits provide minimum age constgdon the cave development, they
also yield minimum age constraints of parallelizeatface forms. Burial ages of
allochthonous quartzous cave sediments were foorizk tbest suited to constrain the
age of cave passage formation. Table 3.2 is teengttto extract this information from
the data presented in Chapter 1.

The HUB level including the Teichalm planation swé has no corresponding
speleogenetic level of known age, so its age resngpeculative. Cave level A, and
consequently also the TL is at least 4 Ma old, thase burial ages of allochthonous
gravels from the Drachenhdhle (DH, Fig. 3.3a). Tgianation (or dry valley) of
Nechnitz is slightly above this elevation, and tmey correlate in age, but has not been
dated directly. Level B, analogous to the HL is entiran ~3.4 Ma. We suggest to place
its formation between 3.4 and 4 Ma; a rather speriod of time for its obvious extend
in the study area (Untersweg, 1979). Level C andSBB&B level have to be placed ~3
Ma. The level D and the associated UTG is constrthiny burial ages of ~2.5 Ma and
marks the abandoning of cave passages just ~10fbue dhe current stream. From this
time on, speleogenetic levels are more ambiguob&s fas been related to episodic
aggradation events in the Mur valley (Chapter 1) suitk the fact that the SB/ZB level
is recognized as the last pre-glacial denudatiamepl(e.g. Winkler-Hermaden, 1955).
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The actual time constraint of ~2.5 Ma coincideshwite onset of the Pleistocene
climate deterioration. Level E subsumes various-leubls which have to be placed
within the Pleistocene. A more detailed subdivisidorade possible by analyzing the
stream terraces further downstream in the Lowlah@ will be discussed in the
following paragraph. However, burial ages of le#&lkthat do not correspond to the
actual abandonment of the passage level, indicataggradation event ~450 ka most
likely related to a damming event in the Mur vall@his concerns samples LG6 and
LG8 from two different sub- levels of the LurgrofteG, Figs. 3.3a, 3.7). This rise in
sediment load was correlated with MIS 12 and theddl glaciations affecting the
headwaters of the Mur catchment (Chapter 1). Importar this finding is that,
although these samples did not yield informationulihe time of passage formation,
they place lower limits of the passages exterhatperiod of time. This suggests that at
this time, the local base level was already clasethe current one. Ongoing re-
excavation of gravels from the current river beandestrates the current transport
limited state of the Mur River. This results in lted bedrock incision since the last
glacial maximum in this particular case and alsgg&sts a similar scenario in previous
interglacials. This is in accordance with the sfratecrease in incision rates in the
Pleistocene suggested in Chapter 1.

speleogenetic level samples minimum comments elev. above  associated

P d P Age (Ma) Mur (m) levels
A DH4 ~4 the "1000m" level, Bucheben; Trahitten/Koralpe 500+ TL
B DH1, DH2 ~3.4 Tanneben plateau, Kalkleiten, Stradnerkogel 325-375 HL

C between LG2 & LG3 ~3 last pre-glacial denudation plains 210-250 SB/ZB

D PWH3, FG1, KG1 ~2.5 corresponds to Plio/Pleistccene boundary ~100 uTG

k ice d -

E belween SG3 and today 025 multiple sublevels, comphcated.Jue to 075 MTG

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

aggragations andg re-excavaions noI0Cene

Table 3.2.Cave levels and their minimum age constraintsdasesediment burial ages from Chapter 1.
3.4.1.1 U/Th ages of speleothems

U/Th age estimates of bottom and top sections oélesghems which are
stratigraphically related to some of the allochths cave sediments dated by TCN
were used as minimum age control for the TCN agegteh 1). These ages (Table
3.3) are an order of magnitude younger than rel@@N burial ages, confirming the
findings of Stock et al. (2005a) that speleothemsacpuld considerably underestimate
the age of void evolution. However, as their forigratis mainly related to appropriate
environmental conditions (Spotl and Mangini, 2086ptl et al., 2007) and the relation
to the individual levels is secondary, we will diss this data without the reference to
the specific levels.

All U/Th ages of speleothems are in the range betwé4 ka and 228 ka and were

derived from flowstones and calcite false floorgea from the Lurgrotte are at the
younger end of this spectrum. Sample LG10-FST2 gheeyoungest U/Th age of
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74.2 + 0.6 ka and could be correlated to Marin¢olse Stage (MIS) 5a. (Sample names
are related to TCN burial age samples and are itedlday the similar sample name, and
taken from the top (FST) or the bottom section (F8&B}he flowstone; Table 3.3).
Another three of the Lurgrotte samples (LG6-FSB, Q&EB and LG10-FST1) yield
ages between 90 and 100 ka. Detrital thorium coint@ion of some of these samples
resulted in rather large uncertainties (Table 333mples LG6-FSB and LG10-FSB are
correlated to MIS 5c, LG10-FST2 to MIS 5a. This agege of speleothem formation
from the Lurgrotte cave system suggests ice-fabgceuvered conditions consistent with
interstadial conditions of MIS 5a and c. The sing@gee of the Drachenhdhle sample
DH4-FST of 228 + 3 ka correlates to MIS 7 and fartidocuments the match of
speleothem formation and interglacial (or intergtBdtimes. A speleothem from the
cave Moosschacht, located in the Tanneben mass#fecto Ertlhube at level B,
indicates discontinuous speleothem growth at a sipsn of 105 to 80 ka (Spatl et al.,
2007), similar to our samples from the Lurgrottetetestingly, Sp6tl and Mangini
(2006) reported calcitic flowstone formation in drares of the Pleistocene Hétting
Breccia near Innsbruck at the same periods of teéMeen 100.5 + 1.5 and 70.3 £1.8
ka), thereby demonstrating an ice-free central vialley. Although more in detall
analysis of speleothem formation in the Centrali&tyKarst would be desirable, these
initial results are strong evidence for ice-freeil-sovered conditions in the Styrian
Block at periods of ~230, ~100 and ~70-80 ka.

Sample Lab no. u POt Pt PRTRTL PRTRAT Age [*urtuy
(ngg™") (ka)

LG10-FST2  UMA02798 Jul-2009 51 1.384 (7) 2632 (5) 0.00296 (3) 3.0 742+ 06 3.013 (6)
LG10-FST1  UMA02797 Jul-2009 95 1.328 (8) 1.831(5) 0.32516 (74) 22 92.6 £ 35.6 2.081 (107)
LG10-FSB*  UMA02796 Jul-2009 80 1.285 (7) 1.736 (4) 0.29751 (169) 21 99.9 % 32.2 1.977 (88)
LG6-FSB*  UMA02795 Jul-2009 104 1.081 (5) 1.688 (5) 0.02254 (24) 1.9 99.6 £ 2.1 1.913 (7)
DH4-FST UMAOD2794 Jul-2009 127 1.965 (8) 1.980 (4) 0.01681 (21) 29 228 % 29 2.871 (14)
DH4-FSB” UMAO02793 Jul-2009 72 1.113 (10) 1.084 (4) 0.22907 (162) 14 559 (+inf/-110)  1.427 (+0.53/-inf)

Table 3.3.U-Th age estimates of speleothems from the Luig(@iG) and the Drachenhdhle (DG) caves
in the Central Styrian Karst. Samples with a sup@ys # were previously published see Chapter 1.
Sample preparation and measurements done by Jdtstréte, University of Melbourne. Activity ratios
were determined with a Nu Plasma MC-ICP-MS follogvithe procedure of Hellstrom (2003). Age is
corrected for initial”>°Th using Eq. (1) of Hellstrom (2006) and an initfal°Th/”®**Th] of 1.5 + 1.5
(uncertainties fully propagated). 95% confidencenvals of the last digits of each value are giugn
brackets.

3.4.2 Ages of levels in the Lowland

Highest planation levels preserved in the Lowlamd an Pliocene to Pleistocene
volcanoes and correlate with the HL and the SB/ARIke The highest terrace level in
the Lowland of Graz (UTG) correlates with the UTiGthe Highlands and the dated
cave level D (about 2.5 Ma). Thus, all other lowesrels in the Lowlands are likely to
be younger. In fact, all terrace levels are assedito various glaciation events in the
Pleistocene (e.g. Van Husen, 2000). A relativelyngphase of volcanic activity in the
Styrian Basin is scattered over a time frame of £ 0172 to 3.76 £ 0.41 Ma based on
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K/Ar ages of these volcanic rocks (Balogh et al94)9 This data places maximum age
constraints on planation surfaces developing sulesdgty and gravel accumulations
that were deposited on top of these surfaces cdoaléed post-basaltic gravels.

In the Mur catchment area, the volcanic cones dicKland Stradnerkogel are of
particular importance. On both of these, planasioriaces are developed. At about 550
m a.s.l. a striking planation formed on the Strakiogel (Fig. 3.3b), the HL is named
after this locality. On a lower level of the Stradkogel and on the Kloch basaltic rocks,
the SB/ZB level can also be distinguished. Baloghl.ef1894) reports a K/Ar-age of
the basalt of Kloch to be 2.6 £ 1.2 Ma. This dasces a maximum age constraint on
the SB/ZB level, and suggests that the formationhef tast pre-glacial denudation
plane might not be older than 3.76 Ma. From theabage data of level C which is
correlated to the SB/ZB level, we propose an aget ¢tdast 3 Ma. These data are in
good agreement to each other. A bit more problemeti the K/Ar-age of the
Stradnerkogel. A sample was analyzed by Balogh. ¢1.894) from the quarry close to
the above mentioned striking planation surface loe $tradnerkogel. This sample
resulted in the youngest age of all the reporte@iriages (Balogh et al., 1994): 1.71 +
0.72 Ma. This would imply that the HL is youngerath 2.43 Ma which is in
contradiction to our data (level B ~3.4 Ma). This young K/Ar-age does not only
disagree with the age constraints of level B (HLL, &#lso with level C (SB/ZB) and to
some degree even with level D (UTG). This raisemesseasonable doubt about the
single K/Ar-age or would suggest a vertical displaent of the Stradnerkogel region of
some 100-200 m after the formation of the plainjcwhs not supported by any field
evidence.

All levels below the UTG are not very well constrad in time by absolute age dating.
Only the very lowest level (NT) is known to be oflivkhian age (Van Husen, 1997).
Interestingly, sediments related to the last gtamia (NT) are exclusively deposited in
the Styrian Basin along the Mur River and absentrilbbutary where headwaters
originate from ever ice-free regions (Fig. 3.4@. ¢he ones in the Grabenland). This
observation does not apply for higher and thus roléeraces (Fig. 3.4d, e). The
distinction from the NT is made by the fact that tbrraces found at higher elevations
all show extensive loamy cover sequences (beselesces near Frohnleiten at elevated
position, likely related to Riss glaciations). Thdey “floor relics” show, according to
Winkler-Hermaden (1955), a succession of gravglevel/sand - sand - sandy loam -
loam. The terraces with a loamy upper section shbfaainto the plains downstream of
Radkersburg, in contrary to the glacial terracesctwhaper off closer to the orogen
margin. This difference in characteristics resultedhe idea that the more elevated
terraces might be of interglacial or interstadiagio, not related to a glacial maximum
(Winkler-Hermaden, 1955). However, e.g. Fink (19fl)ored a glacial origin.
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3.4.2.1 An absolute age constraint for the higletrace gravels

To contribute to the clarification of the absoludge, we report here of the first
successful dating of the type locality of the Halffin terrace, which belongs to the HT.
The sample location is an abandoned loam pit nesd@f (Fig. 3.3b). The HT rises
about 10 m above the last glacial gravel spreads B\. 3.2i, j) of the Late Wirmian
glaciation. Because of the higher position, theatss is believed to be of Riss-Wirm
interglacial (Winkler-Hermaden, 1955) or possiblg®glacial origin (Fink, 1961). The
terrace sequence can be divided into a loamy upeetion and a gravel base. It is
conspicuous that individual pebbles of the basalves are of a rather decomposed
state (heavily weathered) compared to the intaavejs of the NT gravels. This was
used to justify an older age of this terrace comgaio the lower terrace (Winkler-
Hermaden, 1955; Fink, 1961). Based on drillings donéhe year 2008, it could be
proven that the gravel thickness is not more tHaout6-7 m (below about 5-8 m of
loam), as Tertiary sediments are encountered thierg&ig. 3.5). This is an important
confirmation that the Helfbrunn terrace is indeed iadividual terrace that was
deposited on its independent base level prior tthéu river incision and deposition of
the next lower terrace, the NT. The top sectiothefterrace consists of up to 8 m thick
loams which are interpreted in various ways anchéer alluvial clay, dust loam or loess
(Suette, 1986). Winkler-Hermaden (1955) suggedtethtto be mostly warm-temperate
alluvial clays; whereas Fink (1961) was of the agrthat at the transition from gravels
to loam, fluvial origin is likely but in the highesections eolian processes were
responsible for their formation. Fabiani and Eisegni{1971) mentioned that
pedologically these are cold temperate dust lodie.important point is that the shift
from gravels to loams is without doubt of fluviatigin. This is manifested by an
intercalation of gravels and loams. Winkler-Hernmmad&955) reported that gravels are
found in the lower sections of the loam and vicesage demonstrating a continuous
sedimentation process. This fact was the motivadtordating the top loam section via
OSL (Bgtter-Jensen et al., 2003) to obtain a timestaint for this terrace, however the
actual absolute age of the base remains specul&iwe samples along a profile of the
former loam pit were taken avoiding any contachvatinlight (Fig. 3.5). Sample HBT
was taken at the top of the terrace sequence and idBiv middle of the loam section.
HBB came from the bottom of the loam sequence albigyprofile and sample HBS
from a sandy layer (or lens) right below HBB andhat transition to the gravels.

The OSL ages of the two successfully dated santpBs and HBS are 68.7 + 4.0 and
80.5 £ 3.7 ka, respectively. Detailed results aesented in Table 3.4 and information
about sample preparation and measurement procadeifeund in Appendix A. These
absolute age estimates place the deposit in thy B&irm and not in the Riss-Wirm

interglacial or Riss glacial as previously assum@dnkler-Hermaden, 1955; Fink,

1961). Although the sample HBB had to be rejectedtduts grain sizes below 4 um,
its position just above the HBS sample, a more sdaghr or lens at the transition to
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the gravel base, it supports the idea that at tbastransition of gravels and loams is of
fluvial origin and this sample might represent & Ilstage of an alluvial sedimentation
cycle. A continuous sedimentation process of thelavlerrace sequence also suggests
that the basal gravels belong to the Early WirneyTimight indicate outwash from ice
advances correlated with MIS 5b or 5d and therefdlews speculation about the
existence of this Early Wirm stadials which are yeitreported from the Eastern Alps
(lvy-Ochs et al., 2008). The two samples span thelevdust-loam sequence and yield
an average rate of deposition of about 0.5 mm/& d&ting attempt can be seen as the
first successful study that allows the terrace fiom to be constrained by an absolute
age estimate.

HBT 68.7 4.0 ka
Loam with evidence of
paleosoils.
E HBM
@
o
HBB

HBS 80.5+3.7 ka

Gravels interbedded with
sandlayers and -lenses.

Tertiary base

Fig. 3.5. The Helfbrunn terrace sampling location in a forrteam pit, the type locality. A schematic
profile (modified after Suette, 1986) indicatingrgaing points and the OSL age of the two dated $esnp
HBT and HBS. HBM and HBB could not be dated, se@éqplix. (a) View from the rim of the former
loam pit (dashed white line) down the sampled poffThe base is about where the gravels are
encountered. (b) An outcrop near the sampled profihere gravels are exposed. Person for scale.
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Total

Sample  Grain Water Cosmic dose-  environmental Burial dose
name size content Potassium Uranium Thorium rate dose-rate n (Dy) OSL age
(um) (%) (%) (ppm) (ppm) (Gylka) (Gy/ka) (Gy) (ka)
HET 4-11 2279 168+ 008 410z 021 13.10 £ 0.66 018+ 0.02 3.3z 013 24 2423+ 109 68.7 + 4.0
HBS 4-11 2275 178% 009 4.10% 0.21 12.60 + 0.63  0.09 + 0.01 348 + 0.13 24 280.1 £ 6.9 80.5 + 3.7

Table 3.4.Luminescence ages of the Helfbrunn samples. Lusnarece analysis was undertaken using
the single-aliquot regenerative-dose (SAR) protauith a preheat of 260°C for 10 s, and a cutheat of
160°C for 0 s. Aliquots consisted of 1 mg of th&@4um quartz fractions. 24.Dalues were derived for
each sample, and the final burial dose for the samwas calculated using the central age model. The
table includes details of dosimetry calculationevging grain size used in OSL analysis; averagel fiel
water content of samples measured in the laborgpatassium, uranium and thorium concentrations; th
cosmic dose-rate; and the total effective dosedrai® the environment to quartz grains 4-11 yum in
diameter taking into account the alpha efficienagtdr; the number of aliquots measured (n); théabur
dose; and the calculated age estimate. Sample HRMdbe discarded as scatter in the De values were
inexplicable.

3.5 Absolute age correlations between Highland dn_owland

Various terraces and planation relics can be tracatinuously from the Lowland into
the Highland of Graz (Winkler-Hermaden, 1955). Ehes no sign of significant
misalignment even at the (Alpine) orogen - (Panaonbasin transition zone north of
Graz (Fig. 3.6). A slight increase in the gradiesftthe individual levels along the Mur
River from younger to older (higher up) levels issetved (Fig. 3.6 inset). This
indicates the influence of an uplifting realm (etfiuselmann et al., 2007a). However
the signal is insignificant to account for highestof uplift. Large vertical offsets
between the Highland and the Lowland are negligibleghe time frame covered by
these geomorphic markers. This allows the uselafive chronology and relates higher
levels to be of generally older age (e.g. WinklanHaden, 1955, 1957). Furthermore,
it allows to apply available absolute age datanmfvidual sites for the whole level
further up- or downstream along the Mur River coursiy. 3.7 is the attempt to
assemble all these observations and the currentl&dge into a single schematic cross
section.
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Fig. 3.6.Longitudinal channel profile of the Mur River aretonstruction of the longitudinal sections of
the terrace and level spreads along the Mur Rivdwden Bruck and Radkersburg. The profile is
measured downstream starting at Judenburg, whereL&M terminal moraines are found. Minor
deviations from general trends are likely relatedsarious degrees of denudation and not the redult
vertical displacements. The inset shows the varigiedients indicating increasing gradients with
increasing age and/or elevation from ~2 m/km ofdheent Mur River and the NT to ~2.6 m/km of the
SB/ZB and the HL.
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The minimum age constraint of cave level A suggdssTL to be older than about 4
Ma. This is not in contrast to a formation in Lat®annonian (Winkler-Hermaden,
1955). The HL is suggested to be not younger thmut@a3.4 Ma, thus the relatively
young K/Ar age of the Stradnerkogel basalt is gaestl. The SB/ZB level is based on
the age constraint of level C at least around 3Wwhach is in agreement with K/Ar ages
limiting it to be not older than ~3.8 Ma. It is fugsed to be the last pre-glacial
denudation plane. The UTG is suggested to be tfs¢ terrace related to climate
deterioration at the beginning of the Pleistocédriee associated cave level D of about
2.5 Ma fits to this understanding as it places gl at the Plio-/Pleistocene boundary.
This and the lower terraces are influenced by fheoelic aggradation and re-excavation
of sediment loads, of which some are preservedtraars terraces and shaped the
characteristic landscape along the Mur River in $tygian Basin. These terraces are
more developed and / or better preserved in thaa®tyasin than in the Mur valley,
especially where it is rather narrow (e.g. northR&fggau). The Schweinsbachwald
terrace belongs to the MTG and is placed clasgigallhe Mindel glaciations (~450 ka,
MIS 12). This age range is supported by the aggi@davent observed in the Lurgrotte
dated by the samples LG6 and LG8, although no daecelation of this event with a
terrace in the valley is possible. Winkler-Hermadé®55) suggested a Great
Interglacial origin of this terrace level, basedtbe up to 17 m thick loams found along
the Kaiserwald terrace (e.g. Flugel, 1960) at thattsvestern edge of the Graz Basin
(equivalent to the Schweinsbachwald terrace). ldisclusions were based on the fact
that the loams are carbonate free, seen as immhicdtr a warmer climate were
decarbonatisation occurred. Terraces that aréuati®d to the Riss glacial and are loam-
free gravel accumulations (high terrace gravels)rare in the study area. Around the
town of Frohnleiten (Fig. 3.3a), gravels situatéd\ae the NT are related to the Riss.
Some remnants were also documented by Winkler-Hdem#&1955) in the Graz Basin,
e.g. in a loam pit of St. Peter which is not acit#ssanymore. However, in the
predominant cases the terraces above the NT avelgreovered by thick loams. The
lowest of the loam covered terraces is the Helfbrterrace. The above reported OSL
age constraints of this terrace suggest an EarlymWarigin. This actually makes it
somewhat younger than previously assumed and clictisats glacial development.

The age of deposition of the Helfbrunn terrace cidies with the time of speleothem
formation in the Tanneben massif (Section 4.1.hjs Tndicates that the loamy upper
section of the Helfbrunn terrace cannot be a glagposit and instead actually supports
the idea of Winkler-Hermaden (1955) that this dépds of an interglacial (or
interstadial) origin. However, the formation coilits of the gravel base of this terrace
are more speculative as no absolute age of thigsosers available. A continuous
sedimentation process of gravel base and loamuggests the gravels were deposited
right before deposition of the loam bas8(@ ka). If the concept of glacial origin of
these gravels from the headwaters of the Mur Riag&chment is favoured (because of
their decomposed state), a possible correlationicéo advance during MIS 5d is
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tempting. Major glaciations during MIS 5d and 4 kr®wn from the Swiss Alps (e.g.
Preusser et al., 2003), but the evidence in théeEa#\Ips is still missing and/or was
obliterated during subsequent more extensive LatenW(MIS 2) advances. At the
moment, we can only speculate that these gravelkl dwe the result of Early Wirm
glaciations. Although tentative, it would explaihet diverse interpretation of the
Helfbrunn terrace as being either of glacial oeigtacial origin (e.g. Suette, 1986). An
alternative scenario is to interpret this terraseadining upward fluvial deposit with
alluvial clay and the occasional soil developedam

To conclude, even though OSL dating was performegttly on a stream terrace, the
supplementary use of U/Th ages from caves neatbyed the evidence for temperate
conditions during formation of the Helfbrunn temao be strengthened. It is suggested
that the terrace should be placed in the Early Wimstead of its previously assumed
Riss glacial or Riss-Wirm interglacial age and thever cover should not simply be
termed a loess deposit.

3.6 The bigger picture: relief evolution of the §rian Block

The elevation, age of the various levels discusden/e and their correlation between
Highland and Lowland, allow to propose a relief letion of the Styrian Block. The
individual stages of relief development are desdtilin the following: The onset of
lateral extrusion east of the Tauern Window in@twangian (~18 Ma) is related to the
formation of conjugate strike-slip fault zones: thir-Mirz and the Lavanttal fault
zones. Intramontane pull-apart basins were filled #the onset of sedimentation in the
Styrian Basin also occurred at this time (e.g. Elaret Sachsenhofer, 1995). Lateral
extrusion is mechanically only feasible if collisias aided by slab pull from the
Carpathian subduction zone and the existence ofugate strike-slip faults in the
Eastern Alps (Selverstone, 2005; Robl et al., 2Q0Be)is, not necessarily much relief
and topography development prior to this time iswoented (Fig. 3.8 stage (a)).

Shallow marine sediments deposited in the StyriasirBare related to marine
ingressions in Badenian times (Fig. 3.8 stage (b§-13 Ma). This allows to place the
elevation of the basin just below sea level. ThaidNdepression (a term used to
summarize all basins along the Mur-Mlrz fault sygteloes not indicate a marine
setting, but the evolution of the Fohnsdorf-SecBasin (east of Judenburg, Fig. 3.1a)
with a brackish influx in relation to the Lavanttahsin known for Lower Badenian
marine sediments suggests only moderate altitudtsese times (Strauss et al., 2001).
In Sarmatian and Early Pannonian times (Fig. 3a&est(c); ~12 Ma), increasingly
brackish conditions are established within the i8tyBasin, related to the constriction
of the Lake Pannon (Sacchi and Horvath, 2002; Harzér et al., 2004). However,
there is still evidence of marine conditions in tharmatian related to sea level rises
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(Rollsdorf and Gleisdorf Formations; Piller and Heaser, 2005). This is evidence for
the region to be still lowland. In the intramontdrasins sediments of this time are not
preserved anymore (Ebner and Sachsenhofer, 1995).

In Pannonian times (Fig. 3.8 stage (d); ~9 Ma)Shgian Block, especially the Styrian
Basin is affected by fluviatile-limnic to terrestrideposition (e.g. Gross et al., 2007).
Quartzous pebbles are peculiar. Their origin (sBuis questionable, although the
crystalline frame of the Highland and Lowland ofa@&tis a likely source region (Skala,
1967; Maurin and Benischke, 1992). Again, no sudifinsents are preserved in the
intramontane basins along the Mur-Mirz Fault. lkeséngly, the Augenstein
sedimentation preserved on top of the Dachsteieogakrfaces and further deposited in
the Molasse basin of the Northern Foreland (Frisichl., 2001) is related to a north-
directed transport. Although this sedimentatiorassold as 30 Ma and stopped at the
onset of lateral extrusion, it still poses the dqeswhere these quartz rich pebbles
really come from. Ebner and Sachsenhofer (1995)esstgd uplift based on subsidence
analysis of the Styrian Basin and in Chapter 1 weraed this to the Highland of Graz.
Chapter 2 provides reasonable constraint that tgaBtBasin and its surrounding
basement behave as a coherent block, the StyriackBIlt can therefore be assumed
that during the Latest Pannonian (~5-6 Ma) theamgvas uplifting. Genser et al.
(2007) observed the onset of uplift of the Austiidolasse at about the same time.

Up to this point sediments are deposited on topawh other in simple stratigraphic
order. However, preserved sediments of OtthangiaBarmatian/Pannonian times are
currently found at varying elevations (Fig. 3.8g&tde)). Karpatian/Badenian sediments
of the Passail Basin are found at ~650 m a.s.l. Elbnd Gréaf, 1982) and Sarmatian
sediments found in the Gratkorn Basin (~20 km SWuatently ~425 m a.s.l. (Gross et
al., 2007). This suggests fragmentation of the whegion after deposition although the
actual timing of fragmentation is poorly constrair{e.g. Winkler-Hermaden, 1955). In
Middle to Late Miocene times a final rather straulpsidence is followed by beginning
uplift in the Lowland (Ebner and Sachsenhofer, )9@%d the likely onset of uplift in
the Highland (Chapter 1). If the deposition of Paman gravels from north happened
prior to or after the fragmentation of the wholegiom is unclear. Ebner and
Sachsenhofer (1995) reported fault-controlled sidysie during late Sarmatian times,
which might have already caused the fragmentatioor go uplift. This is hard to
differentiate because of the only partial preseowatof Sarmatian and especially
Pannonian sediments. This fact is expressed in3lgoy combining stages (d) and (e).

The phase of fragmentation seems to have ceasadg gvay to a more continuously
uplifting realm as denudation planes started tolevdFig. 3.8 stage (f) to (m)).
Important here is that denudation planes, planasorfaces and preserved gravel
accumulations as well as stream terraces founderHigh- as well as in the Lowland
are of decreasing elevation with decreasing agehatiearly indicates denudation and
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incision related to an uplifting Styrian Block. Thetual formation of the today’s Mur
River course has likely been initiated by the upiftthe region. Headward migration
and final stream piracy of the Mur-Mirz catchmeas Ho be placed in the Latest
Miocene (Dunkl et al., 2005; Chapter 1).

The HUB level (Fig. 3.8 stage (g)) is only locatignserved in the Highland and absent
in the Lowland. However, it is apparent in the Hadltisch region (Teichalm, Fig. 3.3a)
and shows clear signs of karstification (e.g. Segarkammhohlen, Fig. 3.7), making
this the highest level considered to be of sigaiite. The TL (Fig. 3.8 stage (h)) is
already preserved to a better extent, althoughaooireences in the Styrian Basin are
known. Nevertheless, this level is at least 4 M& & could be deduced from cave
sediments preserved at this level (Chapter 1). TheHg. 3.8 stage (i)) dated to be
around 3.4 to 4 Ma and found today at about 3246 m above the Mur River, is the
first pronounced denudation plane clearly preseiwetthe whole region including the
Lowland. A continuous level with a slightly increalsgradient compared to the current
Mur River gradient is observed. This might be thee result of ongoing uplift in the
region. The widespread extent of this level inahggthe Highland and the Lowland of
the Styrian Block provides an important constrant the coherent behavior of the
Styrian Block at subsequent times. The double @gatem of the SB/ZB level (Fig. 3.8
stage (j)) is suggested to be the last denudatianepprior to the onset of climate
deterioration (Winkler-Hermaden, 1955) and couldcbestrained to be around 3 Ma
old. The levels extent is similar to that of the ,Hlue to its preservation on the young
volcanic rocks in the Styrian Basin.

The upper terrace group (UTG) marks a shift inldrelscape evolution as uplift and
incision rates appear to slow (Fig. 3.8 stage @B3sed on sediment burial ages of this
level, it can be placed right at the Plio-/Pleistog boundary (~2.5 Ma). The onset of
climate deterioration is suggested to be respamsdsl the strong increase in sediment
discharge rates (e.g. Champagnac et al., 2009)tegpby Kuhlemann et al. (2001,
2002). However, as shown in Chapter 1, we only olesba decrease of incision rates
of the Mur River due to ample sediment supply fréra headwaters of the Mur River
catchment without a clear sign of its relation tacgations. The amount of sediments
that have to be re-excavated or eroded from thrarmmdntane basins and the Styrian
Basin are likely to be considerable, if the formediment cover of a few hundred
meters reconstructed by Sachsenhofer et al. (1&@7}aken into account. The MTG
(Fig. 3.8 stage (l)) is not well constrained in @iy our data, but has to be placed
somewhere between ~2.5 Ma (UTG, level D) and ~0al(MI'G), a rather long time
range. However, the MTG as well as the UTG aresimgjle terraces but a potpourri of
various terraces hard to be distinguished from e#oér, suggesting various stages (and
times) of deposition. The LTG (Fig. 3.8 stage (ims)further sub-divided into the NT
(low terrace gravels) and HT (high terrace gravélge NT is related to MIS 2 and the
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Late Wirm glaciations, respectively. The HT hadéoplaced, according to our OSL
ages of the Helfbrunn terrace, into the Early Wietated to MIS 5 (a-d?).

In general, in the Pliocene and especially Pleestec (Fig. 3.8, stages (g)-(m)),
considerable erosion and re-excavation of Miocedknsents from intramontane basins,
the Styrian Basin and the surrounding basement ggesied based on observed
sedimentation hiatuses (Piller et al., 2004) amdpteservation of planation surfaces of
this time. The last about 2.5 Ma (stages (k)-(myicate increasingly erosive times.
This is on the one hand supported by the obsergerkdse in incision rates of the Mur
River at this time attributed to increased sedinhead from the headwaters of the Mur
River (Chapter 1). On the other hand, if erosion Wdwlve happened earlier, tributaries
in the non-glaciated parts of the Mur River catchtrstould have reached equilibrium
in the meantime. According to Robl et al. (2008&)s tis not the case. Moreover,
sediment budget data of the Eastern Alps (e.g.&ubahn, 2007) shows the same trend.
All this evidence suggests that erosion and reaat@an is still adjusting to ongoing
tectonic uplift of the whole region and geomorpbkieady state is not yet reached
(Appendix A).
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3.7 The behavior of the Styrian Block - tectoniand climatic imprint

At the orogen margin of the Eastern Alps, degradafi and aggradational settings are
closely spaced and are known to have changed m (#ngy. Augenstein sedimentation:
Frisch et al., 2001; post-Middle Miocene maximurdisent extent: Dunkl and Frisch,
2002). It is evident that within the last millioears climatic changes happened (global
Cenozoic cooling trend), but it is even more evidiatt plate convergence (tectonic
processes) have led to the formation of the Eumopdas and that these processes have
not stopped so far (e.g. Appendix A). The curredse in convergence in the Western
Alps due to the present position of the Euler polght be a transitory setting.
However, convergence is evident in the easterrs pdrthe Alps. The Adriatic plate is
still pushing northward accompanied by counterclgsk rotation. It is also confirmed
that the subduction roll back in the Carpathianseéand that the Pannonian Basin is
inverting since ~5 Ma (Ruszkiczay-Rudiger, 2007). &bwer, the possible influence of
the Pannonian fragment that was proposed by Brickl €2010) is worth mentioning.
Underthrusting of this fragment by the European #r Adriatic plate might have
caused a spatially broad uplift of the region (Caeg).

Pleistocene isostatic rebound in the foreland Isasrnwell described in the Northern
Alpine Foreland Basin (Genser et al., 2007). Théo&sin shows similar features where
the youngest marine sediments are presently abeaelevel if corrections for the
loading of the overlying sediments are made (Seaedlial., 2006). The Styrian Basin
provides similar clues: marine sediments (~12 MB ate well above sea level (>300 m
a.s.l.) and subsidence analysis indicates uplifired 5-6 Ma (Ebner and Sachsenhofer,
1995). A slight tilting of the Neogene basin filithin the Styrian Basin away from the
orogen (here towards SE; Winkler-Hermaden, 1958)nslar to observations made in
the foreland basin of France (Champagnac et al.7)2@fowever isostatic rebound is
not thought to be the primary mechanism here. Tdteahinversion of the Pannonian
Basin is repeatedly used to account for stress @samgthe region (e.g. Ebner and
Sachsenhofer, 1995). However, ongoing lateral sxiru(based on GPS data by Bus et
al., 2009) and no signs of fault reactivation oremse faults (Chapter 2) suggests that
uplift has to be explained by deep-seated mantegsses.

The period of time investigated by our data (labbw 4-5 Ma) seems to be
characterized by episodic, but spatially broad esses of uplift. Sediments were
transported from the headwaters of the Mur Rives the basin (and beyond). This is
indicated by missing sedimentary sequences witlenNoric depression and parts of
the Styrian Basin. This necessitates substantiaéi@n later in time, however not
necessarily a direct influence of climate chandédsan erosion rates (modern area-
weighted mean denudation rates) of 0.125 mm/yHerEastern Alps in the Holocene
from a compilation of Hinderer (2001) is of simildimension as the ~0.1 mml/y
incision rates inferred over the last ~4 Ma in Cbagt. Palynological records do not
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show strong evidence for abrupt climatic changasdbrrelates with the sediment-yield
data ~5.5 Ma ago (Willet, 2010 and references thgereNorthern Hemisphere

glaciations set in ~2.5 Ma ago (Raymo, 1994), alglomajor glacial erosion in the

Alps is reported to have started ~1.8 Ma later ¢bhitet al., 2003; Hauselmann et al.,
2007b).

A change in the whole erosional setting of our gtadea around 2.5 Ma becomes
apparent by the change of predominantly presereadidhtion plains prior to ~2.5 Ma
to primarily stream terraces afterwards and a nokamease in bedrock incision rates.
This has already been attributed to an abundanceediment transported from the
headwaters through the Mur valley (Chapter 1). Furtiore, the OSL ages and
morphological observations suggest that not nedgssthe four terrace levels
prominent in the Styrian Basin need to correlatéht four glacial maxima of Ginz,
Mindel, Riss and Wurm. Direct evidence of Pleistaghaciations is currently only
proven for the last glacial (Wirm) terrace (Van elus1997 and references therein).
The OSL age of the Helfbrunn terrace (80.5 = 3.88& * 4 ka) and contemporaneous
speleothem deposition in nearby caves indicate$réee soil-covered conditions. No
direct indication for glacial origin could be reddtto the gravel base of the Helfbrunn
terrace. Possible outwash material from glaciationghe headwaters of the Mur
catchment is a potential source, but not necegsisilfinal deposition has happened
during glacial times. As such the correlation aé tterrace (and possible older ones as
well) to glaciations in the Alpine region is quested hereby. Sediments might be the
simple product of erosion adjusting to ongoing fagi the realm and remains as an
alternative explanation. The hiatuses of sedimiota the intramontane basins and the
Styrian Basin are indications for re-excavation lidsie sediments, possibly related to
the decrease in incision rates observed in thevdlley (Chapter 1).

All the aforementioned evidences for the apparegbmng uplift pose the question what
actually causes this uplift. In Chapter 2, we catesthis to the Pannonian fragment that
is underthrust by the European and the Adriatictegla(Bruckl et al., 2010).
Delamination and/or convective removal of overteio&d lithosphere are other possible
explanations (Houseman and England, 1981; Gensal.,e2007). An alternative to
these ideas is the approach of Appendix A, supgasiat the whole topography of the
Alps developed just around 5-6 Ma on top of a farmedatively low mountain range.
As the uplift signal is spatially broad, it becomi®ly that some sort of deep-seated
change in the geodynamic setting might have ocduatehis time. The significance of
Adria push (Bada et al., 2007) from the south asyarkechanism for the ongoing uplift
is emphasized here. A single uplift pulse arour@Ma is unlikely, because this would
have resulted in a decay of topography in the ni@@nénd a cease in the sediment load
would have to be observed. Quite the contraryesctse in the Eastern Alps, where an
increase around the Plio-/Pleistocene boundanpbsemwed (Kuhlemann et al., 2001).
As was already emphasized in Chapter 1, a detaied of the uplift signal of the last
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4-5 Ma is hard to deduce, as stream piracy evemdschanging sediment loads are
superimposed.

3.8 Conclusions

We constrain the vertical motions of a tectonicaitportant region at the eastern end of
the Alps: the Styrian Block, for the last 4-5 my.eTarea is located outside the region
covered by ice during glaciation periods and inekigarts of the Alpine basement east
of the Lavanttal Fault and south of the Mur-Miraiffand parts of the westernmost

Pannonian Basin, the Styrian Basin.

Cosmogenic nuclide burial ages of cave sedimentw shat a cave level ~500-600 m
above the current base level formed about 4 my &his. cave level is correlated with
planation surfaces of the so-called Trahitten |€Uél), which is preserved in the
Highland of Graz. The prominent Hochstraden lei#l,(~325-450 m above base level)
could be constrained to have formed between 3.44akth by the same method. The
level is pronounced in both, the Styrian Basin tedHighland of Graz. Importantly, it
is preserved along different lithologies and acnpgsminent previously active faults.
The so-called Stadelberg/Zahrerberg level (SB/ZB0-3@ m above base level) could
be confirmed to be the last pre-glacial denudagimin with an age of ~3 Ma. In the
Styrian Basin, the Upper Terrace Group (UTG) mélinkesonset of repeated aggradation
in the Pleistocene by preserved stream terracescdtresponding cave level indicates
a time of formation around 2.5 Ma. The Middle Tegaroup (MTG) remains loosely
constrained. The Lower Terrace Group (LTG) is ddddnto high terrace gravels (HT)
and low terrace gravels (NT). The later has beenwsho be of Late Wirmian origin.
The upper part of the HT in the Styrian Basin, thecalled Helfbrunn terrace could be
constrained by luminescence dating to be only al#@#{70 ka old. Speleothem
formation in various levels of caves in the Higldaof Graz show a similar timing
based on U/Th ages. This contemporaneous deposiigirms a warm period during
formation correlated to the MIS 5a and thus theflilehn terrace not necessarily
correlates with glacial advances in the Alpine oegi

Incision rates of the Mur River show a decreaseratdbe Plio-/Pleistocene boundary,
suggested to be the consequence of increased sedica from the hinterland.

Observed hiatuses in the sediment record of thécNi@pression and the Styrian Basin
in connection with observed geomorphic disequilibriof the region imply erosion

adjusting to ongoing tectonic activity over Plioeetimes. As such, a possible
alternative explanation to the commonly blamed oasp to climate change for
repeated aggradation in the Pleistocene is simpbsian, redistribution and re-

excavation of Neogene sediments during this pedabdime up to the present as a
consequence of uplift.
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Correlation of various planation surfaces, cavelteaad stream terraces indicate that
the Styrian Block coherently uplifted some 600 m roike last 4-5 my. Our
interpretation implies that the observed fragmeoradf the block must have occurred
prior to this time in the Miocene, thus allowingetipreservation of these planar
geomorphic markers at distinctive levels.
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3.9 Appendix - OSL sample preparation and measureent procedure

The OSL dating method combines a laboratory-derestomation of radiation dose that
sediment grains have received during the most tepernod of burial with the local
environmental dose-rate. In fact, although differfeom the TCN burial age method,
the actual result is of similar scope. By measutirgOSL signal from the natural dose
(i.e. that received during burial) and OSL sigrfeden a series of laboratory irradiations
of known dose (used to calibrate the OSL signahftbe natural dose), the amount of
radiation that grains have received during bur&al be determined, this is termed the
equivalent dose (§. The radiation flux at a sampling location is nmed the
environmental dose-rate which has been estimatedlabgratory measurements.
Calculation of dose rates were done using convetsiotors of Adamiec and Aitken
(1998), the use of ADELE software (Kulig, 2005) aard alpha effectiveness value for
quartz of 0.03 + 0.01 (Mauz et al., 2006). The alcage of a sample (i.e. the time of
burial since last exposure to sunlight) is simig burial dose (in Gy) divided by the
environmental dose-rate (in Gy/ka).

The sample HBB turned out to be of very fine claydizparticles not suitable for
separation of a 4-11 um fraction and thus had tdigsarded. The three samples HBT,
HBM and HBS were processed in the OSL laboratorshatUniversity of Innsbruck
under dim red-light conditions. Sub-samples werenaeed for analysis of the
radionuclide content (performed commercially by IRIB-at “Activation Laboratories
Ltd.”) and water content measurements (an averafiee\of the samples was used in
environmental dose-rate calculations). The remgirsample material was pretreated
with 10% v.v. dilution of hydrochloric acid followieby 20 volumes hydrogen peroxide
to remove carbonates and organic matter prior to sieving following standard
techniques described in Wintle (1997). The 4-11 fpantion was further treated with
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32% hexaflourosilicic acid (1:40 solid:liquid rafifor 7 days. Aliquots contained 1 mg
of material that was pipetted onto aluminium dig€s9.7 mm diameter by settling
through acetone.

Single aliquot OSL measurements were carried omgusn automated Risg TL/OSL
reader with optical stimulation from blue light eénmg diodes (LEDs) with peak
emission at 470 nm and IR diodes emitting at 830 nm. The OSL signal was
measured with an EMI 9635Q photomultiplier tubeotlgh 7.5 mm thickness of Hoya
U340 filter. Beta irradiation was performed usingadibrated 40 mCi°SrP% source.

Luminescence analysis was undertaken using thelesaliguot regenerative-dose
(SAR) (Murray and Roberts, 1998; Murray and Wintl@Q@) protocol with a preheat of
260°C for 10 s, and a cutheat of 160°C for 0 s. 2&dlues were derived for HBS and
HBT. The final burial dose for the samples was dated from the dataset of.Dalues
using the Central Age Model (Galbraith et al., 1999BM had to be discarded due to
inexplicable scatter in thed¥alues; from a luminescence point of view the dtd to
be discarded as no methodical explanation wastalsksolve this.
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OVERALL CONCLUSIONS

This Chapter gives a brief overall conclusion oftthesis. As each of the previous
chapters and appendix A have their individual casions, | will give here an overall
picture.

The topographic evolution of the Styrian Block hagi constrained in some detail in
post-Miocene to present time. Geochronological o#thwere applied to date the time
of deposition of cave sediments, fault fillingsyréee sediments and speleothems.
Geomorphological observations are combined witsahabsolute age constraints.

The Styrian Block is especially suited for a georhoipgical study, as it remained ice-
free over the Pleistocene, allowing to exclude iglatarving as a landforming process.
The landscape along the River Mur is the main foofisthis study. Numerous
distinctive levels, characterized by planation acek, stream terraces and cave levels
are preserved. A correlation of individual levelsserved in the Styrian Basin and the
Highland of Graz is feasible.

This Styrian Block is delineated by the Mur-Mirz Eeystem in the north, the Pdls-
Lavanttal Fault System in the west and the Pea#sidrFault System in the south. The
block includes both the eastern most part of thesAdnd the westernmost part of the
Pannonian Basin. Based on structural and geomorphkotegdence, the Styrian Basin
and its surrounding basement have been identifiétbhave as a kinematically coherent
block over Pliocene and Pleistocene times. Currettily block is seismically inactive.
The general stress field is W-E extensional withiis block as no reverse faults could
be encountered in the region. This is supportethbyfirst absolute age constraints of
fault activity by the TCN burial age method. A fafiling gave a burial age of 1.56 +
1.11 Ma. This age constraint places fault actiuitypost Miocene time. Hereby, basin
inversion as a mechanism for explaining the obskmyelift in the Styrian Basin is
guestioned.

The first successful burial age dating of cave rsedits using the cosmogenic isotope

pair 2°Al and ®Be has been made in the Eastern Alps. It is shoamnkeirstification in
the Central Styrian Karst, which belongs to the ®ade of Graz, commenced about 5
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Ma ago. The burial ages of the cave sediments placgnum age constraints on cave
formation and maximum age constraints on ratesiwdr rincision. The river Mur
incised some 500 m in the last ~4 my resulting imean incision rate of about ~125
m/my. A very complex incision history is apparestmore detailed analysis allows to
observe higher rates before ~2.5 Ma and a decreaseer incision rates beginning at
~2.5 Ma. The higher rates of ~250 m/my observedvéet ~4 and ~2.5 Ma are
possibly influenced by a stream capture event whelheadward migrating paleo-Mur
River increased its drainage area by catching theMlirz area that previously drained
elsewhere. The actual timing of this stream piraggnt, although not constrained in
detail, is placed in the Late Miocene. The decréasecision to rates of ~40 m/my for
the last ~2.5 Ma is related to an increase in sexdirtoad transported in the river bed
derived from upstream sections of the Mur RiversThd to a transport-limited state of
the river and in the mean, to a decrease in bedrazkion. Pre-burial erosion rates
derived from the cave sediments are about consigaet the whole time period,
suggesting that incision is not triggered primahbjyclimatic changes.

An absolute age of a terrace level in the StyriasiBaould be constrained by optically

stimulated luminescence dating. These results glecélelfbrunn terrace into the Early

Wirm. This time constraint in combination with sgmthem formation in nearby caves

based on U/Th age estimates allow to deduce temepeam climate conditions at the

time of deposition of the Helfbrunn terrace. Thilng terrace not necessarily correlates
with glacial advances in the Alpine region. Redmttion of Neogene sediments is

proposed as an alternative source of the terrgoests.

All these absolute time controls allow to place agémates for individual levels. The
information of all these geomorphic markers is Hart used to deduce the relief
evolution of the Styrian Block in more detail oveetlast ~5 Ma. In addition, this is
linked to the existing knowledge of relief evoluticsince the onset of Neogene
sedimentation in the Styrian Block ~18 Ma ago. kbutigular, the Trahitten level
preserved at ~500-600 m above the current basé¢ e formed about 4 Ma ago.
Currently at about 325-450 m above the base lelwelptominent Hochstraden level is
constrained to have formed between 3.4 Ma and 4TWa.Stadelberg/Zahrerberg level
preserved at ~180-300 m above base level is coefirto be ~3 Ma old. The Upper
Terrace Group formed ~2.5 Ma ago and marks thetaisepeated aggradation in the
region. The Middle Terrace Group remains poorlystained. The high terrace gravels
as part of the Lower Terrace Group are shown toftlgarly Wirmian origin. The low
terrace gravels deposited in Late Wirmian times.

All these levels developing over the last ~4 Ma #we manifestation of the coherent

Styrian Block experiencing periodic uplift of sor@@0 m over the last 4-5 Ma, starting
at low elevations, thereby rejuvenating the landecén addition, these preserved levels
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imply that the observed fragmentation of the bloukst have occurred prior to this time
in the Miocene.

Observed hiatuses in the sediment record of thecNi@pression and the Styrian Basin
in connection with observed geomorphic disequilibriof the region, imply erosion
adjusting to ongoing uplift. The decrease in iransiates of the Mur River over the last
~2.5 Ma and the interpreted cause of increasednssdiload in the river bed is related
to this: Redistribution and re-excavation of Neageediments during this period of
time up to the present might be the simple congerpief uplift of the Styrian Block.

Analyzing the topography of the whole Alps in comddion with a simple model of

uplift and erosion allows to estimate the stategebmorphic disequilibrium of the

Alpine topography. There is strong evidence thatAlps are still in their infancy and

only ~40% of the time towards geomorphic equilibrilnas passed. Using available
sediment budget data in comparison to the restittseeasimple model allow to conclude
that a substantial part of the formation of thespré topography began only 5-6 million
years ago. It is suggested that Miocene topograplit have been much lower and/or
more dissected than the present topography. Impubytano clear difference between
the topographic evolution of the Eastern and thestéfa Alps is observed. The impact
of glaciations seems to be of minor importance famnither supports the findings for the
Styrian Block listed above.

The cause of the uplift has to remain unanswereavdter, basin inversion as observed
in the Pannonian Basin system further east, is ingdiée. Thinning of the mantle part

of the lithosphere is an alternative. The Pannofriagment observed only recently by
geophysical experiments might play an importarg rolexplaining the uplift. European

and Adriatic plate underthrusting this Pannoniaagfnent are likely to influence the

vertical motion of the Styrian Block. Adria push giets as a major driver for the

complex vertical motions of the Alpine — Pannoniagion. A multiplate interference

system highlights the complex interplay of platetio and its consequences to
topography and landforming processes.
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APPENDIX A

AGE AND PREMATURITY OF THE ALPS DERIVED FROM
TOPOGRAPHY

Abstract The European Alps are one of the best studied rourdnges on Earth,
but yet the age of their topography is almost umkmoEven their relative stage of
evolution is unclear: Are the Alps still growingy & steady state or already decaying,
and is there a significant difference between Waséed Eastern Alps? Using a new
geomorphic parameter we analyze the topographhefAips and provide one of the
first quantitative constraints demonstrating thia¢ range is still in its infancy: In
contrast to several other mountain ranges, the Alpse still more than half of their
evolution to a geomorphic steady state to go. Comdimour results with sediment
budget data from the surrounding basins we infat the formation of the present
topography began only 5-6 million years ago. Ousults question the apparent
consensus that the topographic evolution is distedh over much of the Miocene and
might give new impulses to the reconstruction dépelimate in Central Europe.

Keywords:Alps; topography; erosion; slope; denudation

Hergarten, S., et al., Age and Prematurity of thgsAMerived from Topography, Earth Planet. ScitLet
297, 453-460, doi:10.1016/j.epsl.2010.06.048
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A.1 Introduction

Geologically, the European Alps are among the sestied mountain ranges on Earth.
Curiously, one of the least understood aspects efréimge is the very age of its
topography. While the structural frame of the pn¢edepography evolved in early to
middle Miocene (Frisch et al., 1998), even the haig@unt of available data seems not
to be sufficient for deciphering the history of #ipine topography. Even their stage of
maturity seems to be unclear: Are the Alps stibvgng, in a steady state or already
decaying?

Low-temperature geochronological data — both fraatrithl record (Dunkl and Frisch,
2002) and from crystalline basement (Vernon et &006, 2008; Luth and
Willingshofer, 2008) — constitute a large part bé tavailable data. From these data,
mean exhumation rates can be derived, documentingiderable erosion during the
Miocene. Sediment budgets from the sedimentarynbamiound the Alps (Kuhlemann
et al., 2001) point towards the same direction, dmytond this, they indicate a sudden
rise of sediment supply some five million years agoch has not been explained yet.
Even more important, the relationship of exhumatmriopography development is in
general questionable (Stuiwe and Barr, 1998). Topbgrachange reflects the
difference between rock uplift and denudation, bath can hardly be measured on the
same time scale.

Erosion history carries some more puzzles sucha#étgenstein surfaces on the karst
plateaus of the Eastern Alps (Frisch et al., 200hgese and other paleosurfaces from
the Eocene indicate very low erosion rates lodaljl, 1997).

Drainage patterns also play an important part e dfolution of mountain belts (e.g,
Schlunegger and Hinderer, 2001; Robl et al., 2008&lbwever, although they often
reveal information on relative base level loweritigey seem not to be suitable for
deriving the history of topography.

Several studies based on fossil records providecdevidence for a high and locally
steep relief in and even before the Miocene (&ggsis et al., 2007). However, we
should keep in mind that these results are alwagal bnd limited to a few points on the
time axis, so that they may only put some congsaom the history of topography.
Furthermore, these data are associated with adsmasile uncertainty on a quantitative
level as demonstrated by Hay et al. (2002).

In sum, the age of formation of the Alpine mountange remains poorly understood.
Even for the present day regime there is only &cteunderstanding about the current
uplift and erosion rates: Geodetic measurementgpbift rates were published for the

Central Alps (Kahle, 1997) and for the Eastern AlRsiess and Hoggerl, 2002), and
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some measurements of Holocene erosion rates exist Blanckenburg et al., 2007;
Wittmann et al., 2007; Norton et al., 2010b), the& present day relationship of uplift
and erosion or their drivers remains speculative.tkre Western Central Alps a pattern
arises that suggests that much of the present pl&y is due to isostatic rebound and
that the tectonically driven uplift has terminai@arletta et al., 2006; Champagnac et
al., 2007). This is supported by first data thabesy to indicate that there is a direct
correlation of erosion rate with elevation and wighlift rate (Wittmann et al., 2007;
Champagnac et al., 2009). However such informasostill in its infancy and usually
confined to small areas studied in much detail.

A.2 The Peculiar Topography of the Alps

River profiles become steeper with increasing elemaand slopes show the same
tendency in the mean. The straightforward explanatif this phenomenon hinges on
the concept of geomorphic equilibrium: Under tenaigrconstant conditions, the land
surface evolves towards a steady state where er@siances rock uplift. As fluvial
erosion increases with both slope and catchmeet iz smaller catchment sizes found
at high elevations must be compensated by stedgessin case of spatially uniform
rock uplift (Whipple and Tucker, 1999; Wobus et @006). So an increase of slopes
with elevation should be expected. If the influerafethe catchment size can be
eliminated, slopes reveal information on recensiemrates and, in case of equilibrium,
on uplift rates.

This idea is not limited to the case of homogeneqit. In mountain belts, rock uplift
is in fact often inhomogeneously distributed anddgeto increase from the margins
toward the crest. Thus, high elevations are ofteasalt of high rock uplift rates and
therefore erosion rates should increase with al@vdbo. For the Alps, this is directly
confirmed by measurements of recent uplift rateg.(&ahle, 1997) and estimates of
erosion rates from cosmogenic nuclei (e.g., Wittmat al., 2007). Therefore, both
decreasing catchment sizes and heterogeneous siptifild lead to a rather strong
increase of slopes with elevation. As stated abdeeying erosion rates from slopes
requires the elimination of the effect of differeatchment sizes. In the so called stream
power approach (Whipple and Tucker, 1999; Wobuslgt2006), this is done by
assuming a power-law dependence of the erosiororatbe catchment size. However,
as there is still uncertainty about the exponeiettry another approach that avoids the
comparison of catchments of different sizes: We gam slopes at different elevations
over the entire mountain range, but use only slagegoints in the digital elevation
model (DEM) that have approximately the same catitnsize. In the followings,
denotes the average slope of all surface points gatchment size close £ As long

as the considered area contains a sufficient ammfumbints with catchment siz&, S,
provides a reasonable proxy for the recent erosaten In the following we apply this
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idea to the topography of the Alps using the fremhpilable SRTM3 DEM. Regions
without runoff were filled in order to get consistecatchment sizes, but all points
where the elevation had to be increased were eadlfim the analysis since filling
affects the slopes. For our purpose we define tindysarea as the connected region of
the Alps above 600 m elevation as shown in Fig. A.1

I v 1 1

Munich
| 48°N g e T . ]

Slope at 4 km? catchment size

0.13 0.27 0.4 0.53
E -
‘2 0.1 0.2 0.3 0.4
- 445N 8 Estimated erosion rate [mm/y] .
6°E 9°E 12I°E 15.0E

Fig. A.1. Map of mean slope at ¥ Kroatchment size of the Alps. The conversion of efo erosion
rates is based on the sediment budget and is dmtuater in the paper. White triangles repredeat t
highest peaks of major massifs: Mont Blanc, Monts& Finsteraarhorn, Piz Bernina, and gtockner
(from west to east). The separation by the dashed Is related to Fig. A.5.

Fig. A.2 displays the obtained relationship betwegnand elevation for various
catchment sizes. The data were averaged with anmgowindow of 100 m size in
elevation, while catchment sizes were subdividet ilmgarithmic classes. For all
considered catchment sizes in the range showningete expected strong increase of
S, with elevation only up to about 1500-2000 m. Exgty, S, decreases again above
this elevation for all considered catchment sizeept for the smallest class.

Qualitatively, this finding is not new. Kihni andiffher (2001) found that the increase
of mean slope with elevation ceases at about 16@0tite Swiss Alps. However, they
averaged slope values over various catchment szdshus found no decrease with
elevation. Fitzsimons and Veit (2001) speak of atigely flat surfaces at higher
elevations, especially in the alpine altitudinaltb&he occurrence of this effect in the
average over the entire orogen shows that it isimated to a few locations.
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In the following, we use, at a catchment sizA = 1/4 knf, which belongs to the
uppermost headwater regions and seems to be sattedr compared to most studies on
fluvial erosion (Wobus et al., 2006, and referertbesein). More precisely, we analyze
all sites withA between 1/16 kfand 1 kri. As an example, Fig. A.3 illustrates the
location of these sites in the upper Rhone Valley: €hoice is a tradeoff between the
amount of available data and being sure that flysviacesses dominate erosionAlis
too low, hill slope processes will dominate, sat e more or less continuous erosion
may turn into threshold behavior. The uppermostveun Fig. A.2 illustrates this
phenomenon as it seems to be limited by a meam sfajpe of about 0.55. In this case,
the slope is no longer a proxy for the erosion.r@e the other hand, the number of
available sites rapidly decreases with catchmezet, sio that the two lower curves show
a strong variation at large elevations. Althougéirtlshape is essentially similar to the
higher curves, the noise at high elevations makesehlarge catchment sizes
inappropriate for estimating erosion rates. Acaugdio these arguments, the similar
shapes of the three solid curves in Fig. A.2 sugies the range from = 1/16 knf to

1 knt is suitable for our analysis. This range covensost one sixth of the total area of
the Alps, while all larger channels contribute I#smn 4%. The nearly parallel course of
the three solid curves suggests a logarithmic digrece of the erosion rate on
catchment size, in contrast to a power law mostsuened for larger catchment sizes.
This rather weak dependence is included in theyaisalso that slopes can easily be
recalibrated to A = 1/4 ki although the data within the considered intenalld be
taken without recalibration as well.
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Fig. A.2. Plot 0f§A-eIevation relationships for various catchment sizethe Alps. The gray field marks

the range of elevation with the Iarg@gtvalues.
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Fig. A.3. Sites with catchment sizes fro = 1/16 knf to 1 knf (colored according to their slope,
rescaled toA = 1/4 knf as discussed later in the text) and channels it kn? (blue) in the upper
Rhone Valley.

The smoothed spatial distribution $f at A = 1/4 knf determines the surface color in
Fig. A.1. The decrease 8} at high elevations is immediately visible in thepn#oo:
The highest values occur not in the vicinity of theain crest, but rather north and south
of it, and the regions around the highest mountaires characterized by moderate
slopes. The correspondisg-elevation curve is shown in Fig. A.4. For compamisthe
same analysis was performed for the Rocky MountémesAndes, the Atlas Mountains,
Taiwan and the South Island of New Zealand. Fooryens, the entire range from the
highest peak down to a given elevation was takeoem for the Rocky Mountains,
where only the central part from 30° and 50° nariHatitude without the Cascades was
considered in order not to mix up too many différemmponents. Beside the European
Alps, only the Alps of New Zealand show the staglsystematic decrease ffabove

a certain elevation identifying the Alps as a maimtrange with very peculiar
topographic characteristics. Tisg-elevation curves of the Andes and Taiwan show
some decrease or at least stagnatiosy, @t high elevations, too, although not as clear
as in the Alps. This will be discussed later.

Comparing the Alps with the Atlas Mountains and Recky Mountains in the upper
part of Fig. A.4 reveals another apparently stgkitifference: While the ,-elevation of
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the Alps is strongly concave even in its increagagd, that of the two other orogens is
nearly linear or even slightly convex. Howeverstfinding may not be as important as
the decrease at high elevations since it may besaltrof the overall shape of the
orogen. While the Alps look like a more or lessfamn, narrow mountain range, the
Atlas Mountains and the Rocky Mountains are easiysible into several distinct
parts. In order to illustrate the effect, we haweluded an analysis of the entire
European topography without Scandinavia (for sioigyj it is in fact the western part
of Eurasia to 25° eastern longitude) in Fig. A.4v@usly, the superposition of several
smaller orogens destroys the sharp increasg, @t small elevations and results in a
more or less straight curve. The decreasg, @ft high elevation of course persists since
this elevation range is governed by the Alps.
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Fig. A.4. The§A-eIevation relationships of six mountain ranges.

In return, the Alps are not as homogeneous as el suggests. So may the decrease
of S, be the result of a superposition of different regiowhich are not clearly
distinguished in the DEM? In order to clarify thige split up the Alps into the four
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regions separated by the dashed lines in Fig. Ak parts are numbered | (south-
west), II, Ill (the two central parts) and IV (easEheir S,-elevation relations shows a
small, but rather unsystematic variation. The deseeofS, is clearly visible in all parts
except part IV where elevations in the interestiagge become sparse although our
method makes almost one sixth of all surface daable. So the phenomenon
originates from the entire Alps and is not the ltesiua superposition.

0.5

04 r

14 km2

03 r

S,at A

02t i/

01 L L 1 Il L 1
500 1000 1500 2000 2500 3000 3500

Elevation [m]
Fig. A.5. TheEA-eIevation relationships of the Alps splitted ifiboir parts.

There are three possible interpretations of theedse inS, at high elevations in the
entire Alps:

1. A systematic lithological, biological or climdagical variation making rocks at high
surface elevations more erodible, so that equiliris maintained by high erosion rates
acting on less steep slopes.

2. A lack of uplift at high elevations, so that &dpium can be maintained by low
erosion rates.

3. Geomorphic disequilibrium where erosion has yeit balanced rock uplift at high
elevations.

A systematic increase of erodibility with elevatia@lue to rock lithology can be
excluded because the highest parts of the Alpgemerally characterized by high grade
metamorphic rocks. The same applies to biologiffatts as soil-mantled slopes tend to
be less steep than bedrock slopes (Montgomery,)280d climatic effects such as
permafrost and orographic precipitation. So alstheffects should rather support the
increase of slopes with elevation than cause a&msic decrease. Furthermore, these
effects should be visible in almost all mountaitthe
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The second explanation — a lack of uplift at higgvations — was found for the Tibetan
Plateau (Molnar and Lyon-Caen, 1989) and the AMipldDalmayrac and Molnar,

1981). The sudden decreaseSgibove about 3500 m in tt&g-elevation curve of the

Andes (Fig. A.4) in fact originates from the regiaround the Altiplano. However, for
the Alps this idea is not consistent with measurgmef recent uplift rates (Kahle,
1997; Ruess and Hoggerl, 2002) as there is no sgsitedecrease of uplift rates at high
elevations.

Since both concepts based on equilibrium fail tola@r our observations, only the idea
that regions above 1500-2000 m are not yet in gephio equilibrium remains:
Erosion rates are smaller than rock uplift, so thase regions still experience a net
increase in elevation (i.e. surface uplift). Furthepport for this idea might arise from a
new study on cosmogenic nuclide-derived erosioesr@iNorton et al., 2010b): While
erosion apparently keeps track with rock upliftnabderate uplift rates up to about
1 mmly, significantly lower denudation rates weoairfd at some locations of high
uplift.

But what is the signal causing the yet unfinishespbosse of topography? It may
originate from tectonics, but glaciation is a calade, too. Even combinations seem to
be possible since a part of the present uplift nbay the isostatic response to
deglaciation (Barletta et al., 2006; Champagnac.e2@07). Glaciation itself obviously
affects the topography, wide U-shaped valleys attef rather narrow, V-shaped
valleys are the most striking feature. However,Hdged valleys are found at various
elevations, and it may even depend on the totalhwofl the valley whether the Ushape
leads to an increase or a decreass inTherefore, even some predominance of U-
valleys at high elevation seems not to be ablepiaé the rather sharp transition from
a strong increase of, to a decrease. Of course there may be an ovefelttedf
glaciation. The Alps may have been much highergefpaciation and may have been
torn down strongly during the glacial periods. Hee®g this would imply that overall
glacial erosion rates are significantly higher tHarvial erosion rates, while recent
studies (Koppes and Montgomery, 2009) did not enwmsua systematic difference
between both.

However, response to deglaciation might have agcefin the analysis. As recognized
by Norton et al. (2010a) in the upper Rhone Valtlg, transition from glacial erosion

to fluvial erosion may result in very high slopesdlly, and these extremes might cause
a bias in our analysis. Fig. A.6 shows the cumwatiistribution of slopes at three

elevation slices. While the distributions are saniin total, the highest elevations are
characterized by a weaker tail at very high slofésis, very steep slopes occur less
frequently at high elevations where the erosioagponse to deglaciation should in fact
be weaker than at lower elevations. However, tfecebdf the very steep slopes on our
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analysis is negligible because all slogsl contribute less than 0.01 to the mean value
S, at all elevations. Thus, the erosional responsiegtaciation can be detected by our
method, but its effect causes no bias in our aigalyoreover, the Rocky Mountains
were partly glaciated, too, but exhibit a compleifferentS,-elevation than the Alps,
while the Atlas Mountains were not glaciated anehsé¢o be topographically similar to
the Rocky Mountains. And finally, an analysis ofraa#l, non-glaciated region at the
edge of the Alps east of the Last Glacial Maximues(lts not shown here) resulted in

a similarS ;-elevation relationship as for the entire Alps.
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Fig. A.6. Cumulative distribution of the slopSg atA = 1/4 knf within three elevation slices.

In sum, effects of glaciation on our analysis se@mbe insignificant, so that an
unfinished response to a tectonic signal remairte@most promising idea.

A.3 A Simple Model

The results of the previous section suggest tleahitphest regions of the Alps are not in
geomorphic equilibrium and thus still grow. In orde test this hypothesis and to
quantify their degree of maturity, we derive a denmne-dimensional model for the
evolution of a mountain belt. Compared to more @late models involving many
parameters, the approach may even be oversimpldied it seems to be impossible to
justify the assumptions with regard to the Alpsletail. Justification will arise from its
ability to reproduce and explain the observations.

In contrast to our analysis of the Alpine topogmgpan erosion model requires an
explicit relationship between erosion rate, slope eatchment size. We thus come back
to the stream power approach (e.g., Whipple and¢dnid999; Wobus et al., 2006). We
assume that the erosion rate is proportional tcskhyge and increases with the distance
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from the main drainage divide raised to some powefhe power law exponent
summarizes the increase of erosion rate with thiehozent size and the increase of
catchment size with the distance from the draindigele. We furthermore assume a
“tentshaped” uplift function corresponding to simpblding of a thin sheet according to
compression, i.e., that the uplift rate linearlgm@ases from the main drainage divide to
the margins of the mountain belt. Under these apsians, uplift and erosion are
described by a linear first-order differential egoia of the hyperbolic type:

2HE=U (1-%)- (—Ex“%H(x, t)) (A1)

“ J
~ - ~ _

uplift rate  erosion ramx, t)

for 0 < x <1 wherex is the coordinate perpendicular to the crest (tiaén drainage

divide) and! is the distance from the crest to the margins. $yonmetry reasons, we
only consider one half of the mountain belt. Thgatwe sign within the erosion rate
R(x,t) originates from the fact th%%;H(x, t) will become negative for our coordinate

choice. Furthermorej denotes the uplift rate at the crest, &hd a parameter that
quantifies erodibility, precipitation, etc.

As shown in the Appendix A, Eg. (Al) can be sohadhlytically starting from a flat

surfaceH(x,0) = 0. It is found that the surface reaches a steadg stfier the time
ll—a

T = gy and that the maximum elevation (at the crestalfinbecomesH,,,, =
1-a
E(ll_a—)é'_a). This result suggests nondimensional variables,to measure in terms of

[, t in terms ofT, H(x,t) in terms ofH,,,,, andR(x,t) in terms ofU. With these

1
nondimensional variables it is found that the ragiwith x > (1 —t)i-« is in
equilibrium at the time, and

Hx, ) =Q2-a) 1 —-x1"%) - 1 —-a)(1 —x279%) (A2)

R(x,t)=1-x (A3)

1
In the region withx < (1 —t)1-«, erosion does not keep track with uplift, resigtin
an increase of elevation. We obtain:

2—-a

Hxt) =2 —a)t—(1—a) ((xl‘“ +t)ia — xz-“) (A4)

R(x,t) = (x17% + t)ﬁ —x (A5)
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Apart from the scaling parameters in the nondinwrali variables, the power law
exponent is the only nontrivial model parameter.

Fig. A.7 illustrates the behavior of the solutianam by Eqgs. (A2) - (A5). On the way to
geomorphic equilibrium reached tat 1, the erosion rate has a maximum somewhere
between the central divide and the margins. Asftuglontinues and the range
equilibrates, the maximum moves towards the wagetsdnd thus towards higher
elevations. In the surface topography itself thendition point is reflected by a
discontinuity in curvature which separates a glimiear part (in the upper reaches) from
a more concave part (in the lower reaches). Thiangé in curvature is not a
“knickpoint” in the well-known sense, but still deés an important departure from an
exponential equilibrium profile of a graded rivadh As this characteristic point of the
stream morphology is barely noticeable in plotslafgitudinal river profiles, its
substantial implications for the erosion rate remadiunnoticed before.

Topography
i I Erosion rate

Erosion rate

Elevation

Fig. A.7. Concept of the one-dimensional uplift/erosion modibe cartoons illustrate a mountain belt at
four time steps approaching geomorphic equilibr{tim 1).

Excitingly, plotting erosion rates versus elevatimn this simple model (Fig. A.7)
reproduces our findings from Fig. A.4: A convexrease up to a certain elevation, and
a slow decrease at higher elevations. The modebdepes thes,-elevation curves of
the European Alps and the Alps of New Zealand adtlgualitatively and indicates that
both are far off from geomorphic equilibrium. Tanvappears to be in or very close to
equilibrium. Interpreting the curve of the Andesneens difficult, but the recovery of
the slopes at high elevations points towards gepmoequilibrium.

A.4 The State of Maturity of the Alps

The dashed line in Fig. A.8 shows a visual fit af snodel to thes, elevation curve of
the Alps. We found that the curvature in the lefh¢h part, the position of the turnover
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at maximums,, and the decrease to the right constrain the moaemeters well. In
contrast, the sharp bend at the point of maximuosien rate is an artefact of the one-
dimensional approximation because each elevatiassgned to only one location and
thus to only one uplift rate here. In contrast,shee elevation occurs at many locations
and thus at various uplift rates in reality. Thisgus was laid on fitting the rest of the
curve.

0.5

... Model

04

Estimated erosion rate [mm/y]

0.1}/

0 H L L L L L 0
500 1000 1500 2000 2500 3000 3500
Elevation [m]

Fig. A.8. Visual fit of the model result to tf@A—elevation curve of the Alps. The scale of erosiate is
explained in Section A.5.

The visual fit results in a power law exponent 1/3 and a nondimensional time
t = 0.4, which means that only 40% of the time towageéomorphic equilibrium has
passed. Testing the fit with other parameters wadahat the uncertainty of this value
is lower than 0.1.

The combination of the excellent match between dathmodel for the Alps with the
well constrained parameters allows a series afdaching interpretations: The Alps are
not even half way from a rather low (in the simpledel completely flat) topography to
their state of geomorphic equilibrium. While reggolower than 1500 m have already
reached their final height, higher regions willllstise if the convergence between
Adriatic plate and European plate continues. Frbm model results we can further
derive that the net rise of the highest regions m@anpunt to 2000 m. However, this
number should be treated with caution as it hirgethe assumption that Pliocene and
Quaternary rock uplift persists in the future. Rertmore, the gain in elevation may be
limited by effects of slope instability above atical slope. ThesS,-elevation curve
floors at an elevation of 550 m: This suggests thatAlpine range is built on a base
level of this elevation which is indeed close te &levation of the Molasse basins.

The model also allows an estimate of the cumulagvasion during a hypothetic

evolution of the topography from a nearly flat swwé towards the present state.
Maximum erosion amounts to about 900 m thicknessaaturs at a present elevation
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of 1300 m. This value decreases to 600 m at 30@0eration, which means that these
regions should have experienced about five timeseraplift than erosion so far. Such
predictions are consistent with the observatiorst tdiocene surfaces are largely
preserved in several places (Hejl, 1997; Frischlet2001; Dunkl and Frisch, 2002;
Kuhlemann, 2007), but are inconsistent with measien rates since the Miocene. We
will take up this discussion after constraining #ftsolute time scale in the next section.

A.5 The Absolute Age of the Alpine Topography

As the time axis of our model can be arbitrarilgaaed, it does not allow any direct
estimates of the absolute age of the topography.b@ong the cumulative erosion with
the hypsographic curve of the Alps leads to a tetalded volume of about 120,000
km®, but this can in principle be distributed overaxbitrary time interval. However,
recent uplift rates in the order of 1 mm/y foundhigh regions (Kahle, 1997) give a
first hint: If these rates are representative duthre formation of topography and only a
few hundred meters were lost by erosion, the wipoteess cannot have taken more
than a few million years.

Quantitative data on the sediment budget of thesAluhlemann et al., 2002,
Kuhlemann, 2007) allow a more precise estimate. diserved sediment data (crosses
in Fig. A.9) show only one strong, continuous imse through time, beginning 5-6 my
ago. Although climatic effects have been suggeated cause for this (Cederbom et al.,
2004; Willett et al., 2006), no consistent explarahas been found for this increase so
far. Indeed, it has been argued (Molnar, 2004) #hatn if the global sudden increase of
erosion in the late Cenozoic is related to climaffects it remains questionable how it
did so. Our model predicts a nearly linear increassediment yield per time from
beginning of topography build up to the presentestdherefore, we argue here that —
for the European Alps — these 5-6 my relate todhset of considerable topography
build up and corresponds to the 40% of time towandsphological equilibrium. Then
another 8-9 my are required for the Alps to reaagfeamorphic steady state, and the
increase in sediment yield shall strongly deceéematfuture, as is shown in the trend of
the modeled curve in Fig. A.9.

In order to test this hypothesis we have calcul#éiedsediment volumes predicted by
our model, and plotted them as the solid line . BA.9. The modeled curve is shifted
to a base level of 25,000 Rimy (dashed line), assuming a more or less constant
background sedimentation rate throughout the Miecdh may be seen that the
sediment yield predicted by the model (grey aremesponding to 120,000 Kmn
representing the nondimensional tibve 0.4) is even slightly lower than the amount of
sediment found in nature. In other words, the sedinfound in nature is enough to
capture the volume lost by erosion during topogyaphild up. This result clearly
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supports our hypothesis that the formation of tres@nt Alpine topography (at least of
major parts) started only 5-6 my ago. This coredawell to the onset of uplift in the
Molasse basins (Genser et al., 2007), so thabtimeattion of the Alpine topography and
the uplift of the Molasse basins may be more rdlate each other than previously
assumed.

70000

60000 |

B
= 50000 -
£
=3
o
2 40000 Kuhlemann et al. (2002)
c
E +
£ 30000 | . .
2 + +
UJ ___________ - 1‘_-_____-___{._______-_____-_-_“'
+ + +
20000 |+ ++ T+ Total sediment volume

. Background sedimentation rate

10000 L ) L L L L
-30 -25 -20 -15 -10 -5 0 (now) 5
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Fig. A.9. Predicted sediment yield of the model (continulins) in comparison with the sediment yield
data for the Alps (crosses) (Kuhlemann et al., 200he dashed line represents the background
sedimentation rate throughout the Miocene; the grag represents the nondimensional tim®.4 up to
present.

Finally, constraining the time scale through thdisent budget allows the translation
of S, to erosion rates as anticipated in Figs. A.1 an8: Alnder the lithologic and
climatic conditions of the Alps, erosion rate inllimeters per year is roughly three
quarters of the slope at a catchment size of 1/ km

A.6 Limitations of the Model

We now come back to the circumstance that we ugsetfaaps oversimplified model.
The one-dimensional approach itself is a very crageroximation, and the time-
independent, tent-shaped uplift function may belitpiavely reasonable, but the real
uplift pattern of the Alps is much more complex.rtRermore, effects of isostasy,
perhaps in combination with lithospheric flexureg alisregarded. However, the main
result concerning the equilibrium topography is iacrease of erosion rate with
elevation, and this hinges on an increase of updife with elevation, but not on
mapping this increase on a spatial pattern in deBaith the curvature of the rising
branch in Fig. A.8 and the shape of the curve atoilve maximum may of course
depend in detail on the spatial pattern, but threegsd result on disequilibrium does not.
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Isostatic adjustment as the result of deglaciatibmedistribution of sediment may in

reality result in a time-dependent uplift rate. Hwer, the main effect would be a non-
linear timescale, which means that the transfenftibe non-dimensional model time to
the real time scale is not constant through tintes Dbviously affects the shape of the
increase in sediment yield starting at 5-6 my bwhjch is indeed not reproduced
perfectly. However, the point of onset itself sttbnbt be affected.

Therefore, the limitations of the perhaps oversifiggl realization of our model
approach should neither affect our results on thte ©f maturity nor on the absolute
age of topography.

A.7 Earlier Topography

In Section A.5 we found that building up the Alpsrh a base of 550 m elevation
during the last 5-6 my reproduces the present t@pdgc characteristics and the
observed increase in sediment yield very well. Hmvewe shall not conclude that the
Alps were just a hilly flat throughout the Miocerihis would obviously contradict to
measured exhumation rates as well as to the meaoelie sediment delivery of about
25,000 kn¥my (dashed line in Fig. A.9). Although opening ditithg of basins lead to
huge redistribution of sediment, this seems tang@ossible without any topography.

Our analysis does not enable us to reconstructMioeene topography. But if we
assume that it was close to geomorphic equilibrama from its overall structure
similar to the present topography, we can makeughrcand, of course, speculative
estimate. From the simple model we first estimat increase of elevations towards
geomorphic equilibrium and compute the correspandigpsographic curve. As Fig.
A.10 illustrates, regions above 2000 m elevatiolh significantly rise if uplift persists.
Since sediment vyield is about 70,000%my in equilibrium (asymptotic behavior in
Fig. A.9), we then rescale the equilibrium statdaive to a base of 550 m) by a factor
25,000/70,000 to obtain an estimate of the Miockyesographic curve. The result
shown in Fig. A.10 suggests that only 4% of theamgght have been above 1500 m in
Miocene, compared to more than 40% today.

As a consequence of geomorphic equilibrium, theneseéd hypsographic curve of the
Miocene is relatively steeper in the upper part garad to the present. Although this is
only a guess, it fits well to the idea that Miocdopography was more dissected than
the present (e.g. Fitzsimons and Veit, 2001).
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Fig. A.10. Hypsographic curves of the Alps: Present, estichdte geomorophic equilibrium, and
downscaled according to the Miocene sediment yield.

A.8. Conclusions

Our analysis of the Alpine topography in combinatwith a simple model of uplift and
erosion gives strong evidence that the Alpine togplgy is still in its infancy and far
off from geomorphic equilibrium. Comparing our rasuWwith sediment budget data
leads to the conclusion that the formation of thesent topography began only 5-6
million years ago at the end of the Messinian. Mite topography should have been
much lower and/or more dissected than the pressgugtaphy. A clear difference
between the topographic evolution of the WesterhEastern Alps was not found.

These findings question the apparent consensusttibatopographic evolution was
distributed over much of the Miocene. A thorougscdission of these results in relation
to existing knowledge on paleo-elevations will hawéollow.

In return, “rewriting” the topographic history dig Alps might give new impulses to
the reconstruction of paleoclimate in Central Eetop

Admittedly, this large-scale analysis does neithet any serious constraints on the
shape of the Miocene topography nor explain whypgoaphy was formed or reshaped
at the end of the Messinian. Ceasing of lateralusxdn may be a candidate for an
explanation. More detailed studies of the presepbgraphy will show whether the
slight and so far not very systematic differencesnti between western and eastern
parts help us to understand these phenomena.
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A.9 Appendix - Mathematical Background

Our model of uplift and erosion is described by E&l) for 0 < x < lwith the initial
condition H(x,0) = 0. This linear hyperbolic differential equation cdme solved
analytically using the method of characteristicvest

In a first step, we rescaleto a nondimensional coordinate= % which transforms Eq.
(Al) to

a ~ ~ Aagqg O ~

aH(x,t)=U[1—x]++ xagH(x,t) (A6)
wheref = ll”:a,
1-xif £ <1 and 0 else. This is introduced to allow valges 1. In the following, we
omit the hats for convenience.

and[...], denotes the positive part of its argument, so fthatz], =

The characteristic curves of Eq. (A6) are giverii®/equation

%x(t) = —Ex(t)%. (A7)

Its solution is

x(6) = (x(0)1% — (1 — @)Et)ia (A8)

so that

LHx(6),) = H(x(t), ) S x(t) + = H(x, 1) (A9)
=U[1-x®]+ (A10)
= [ 1— (x(0)1~% — (1 — a)Et)ﬁL (A11)

Starting from a flat surface at= 0, H(x, 0) = 0, integrating this result leads to

H(x(6),0) =U [ [ 1— (x(0)=% — (1 — a)Er)ﬁL dr (A12)
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=U [ [1- @O+ Q- a)Et— (1 - a)ErlTlaL dr (A13)

and thus
HGo ) =Uff[1- (e + (1 - )E(t - T))ﬁL dr (A14)
_ U min{l,xl_"‘+(1—a)Et}(1 _ fﬁ)df (A15)

T E(l-a)Jx1@

2-a

(X1 %+(1-a)Et)1-a—x2~¢ 1
Et — < (1-(1-a)Et)i-
=Yy ~ 2w g ST (mwEnTE (A16)
> 71X x>(1-(1-a)Et)i-a
1-a 2—a

The lower expression is time-independent, whichmadhat erosion balances uplift for

1
x = (1 - (1 - a)Et)1-«. The entire mountain belt has reached its stetady at the time

1

T= o and the elevation at the main drainage divid®imss

U

Hmax = H(O, T) = m

(A17)

Transforming Eq. (A.17) to the nondimensional Vialéa—

and_ immediately leads

max

to Egs. (A2) and (A4). The rate of erosion (Eqgs. &8 A5) finally emerges from
inserting this result into Eq. (Al).
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TREATMENT OF SAMPLES FOR AL AND BE EXTRACTION
- A “ COOKING RECIPE”

This appendix is a short description of the sammieparation and treatment for
cosmogenic burial age dating we adopted and apfdieour samples. Most of the work
was done in Vienna at the Center of Earth Scientéise frame of the Earth Science
Cooperation between the University of Vienna andUheversity of Natural Resources
and Applied Life Sciences, Viennmder supervision of Dr. Philipp Hauselmann. The
final step was done at the SUERC AMS Laboratory by Derek Fabel prior to the
actual AMS measurements there (Scottish Univesskievironmental Research Centre,
Scottish Enterprise Technology Park, East KilbridK).

The actual procedure is based on a compilation toyHauselmann, Darryl Granger,

Amy Wolkowinsky, Mike Bourgeois, and Tom Clifton aadapted by Diana Sahy and
Thomas Wagner for the processing done in the cdanm Vienna, Austria.
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Summary of the procedure:The goal of sample preparation is to extract theides

of interest from the raw sample material, whichalves a variety of physical and
chemical pretreatments and isotopic extractiong &kact procedure depends on what
form your sample starts out as, what is in it, adht you want to get out. EVERY
SAMPLE IS UNIQUE. However, usually, the procedurdl wvolve the following
steps:

- Brushing/cleaning the pebbles to get rid of dust laadh; crushing and sieving
to get your sample into the right grain size.

- Then dissolve CaC{£and organic material in aqua regia.

- Next, do the magnetic separation, which will remavagnetite, other magnetic
minerals, and some of the micas.

- The next step is to dissolve everything exceptoieartz and a few of the most
stubborn other minerals such as zircon. This isedon a weak HF/HN©
solution over a period of several days up to twakse The purity of this is
tested visually and eventually by doing an alumirassay by ICP-MS. If there
is feldspar, the aluminum content will be high gmai will know you need to
leach it some more. In between the leaches youdailh heavy liquid separation
and a HO, treatment to get rid of heavy minerals (and feddlspand muscovite,
respectively.

- Next, the quartz is dissolved in a nasty cocktBhat HF and nitric acid. A split
is removed for the final aluminum (FinAl) analysis.

- Then the sample is fumed in sulfuric acid to remitwerides. Ti, Fe, Al and Be
hydroxides are formed, concentrated by centrifugamgl everything else poured
off.

- Then the sample is run through an anion columeiaore iron.

- Afterwards, Tiis removed by selective precipitatio

- A cation column is used to separate Be and Al.

- During hydroxide precipitation of Be, an aliquotnmeasured to assure that there
is no Al in the Be and the separation worked alright

- The resulting pure Be and Al hydroxides are oxidirea furnace, then packed
into sample holders.

- In the end, they got measured f&&l/>'Be and*°Be/Be ratios on an accelerator
mass spectrometer (AMS).

- Finally, the number crunching will lead to buriajes and pre-burial erosion
rates (based on the assumptions taken, especraliiggomodel used to explain
the exposure history prior to burial and after klaarrections).

Note: for up-to-date information on cosmogenicapets and sample preparation, check

the homepage of the CRONUS-Earth projedtp:/hess.ess.washington.ediJseful
procedures and remarks and an online calculataxaressible.

Always THINK before ACTING! Each machine/equipmeiotfie/etc is cleaned
thoroughly after (and/or before) its use to avathple contamination.
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‘ Start with sample (recording/registration) | 3rd step:
| 1ststep emical real |
: 7N dissolve sample in 9N HCl
DN . O anion column for Fe removal
. yes "
< youhave | rinse away fines and
clay? - Sfganic n‘mteual collect in centritube,
A test for Ti
1 no dry the sample
1 precip. Ti @ ph 4.8
N let sit overnight
00 N yes
{ you have { dry the sample transfer superate
*\_pebbles?.” | precip. @ pH 8
| no crush the rocks dissolve in HCI
I | dry down
decalcify ek
Fean e redissolve in 1N HCI
Aqua regia
“ J do cation column to
separate Be & Al
Al Be
rinse and dry
N test Be tubes for Ti
magnetic separation concentrate tubes
i into one single
5 HF/HNO3 leaches precip. Ti @ ph 4.8
let sit overnight
Heavy liquids transfer supernate
. into CT "sample Be”
you have Treat sample with still ves
much Ms? hot H202 | Ti present?
no no
‘ 4-13 HF leaches ‘ precip. @ pH8
i | take Be aliquot,
Al assay | measure for Al in Be
L . |
7\
]
AR o5 [ no find and rescue Be if Be too low;
< assay bad? \JEE | further leaching... Be content ok do cation columns again if Al in Be
\ /
\ / L |
yes
reprecip @ pH8,
Go 2nd slep decant supernate

2nd step:
OV &

rinse/wash twice
with pure H20

weigh FEP bottles
put sample in, weigh

spike with Be
dissolve in HF/HNO3

uncap on hotplate
evapoconcenirate

ready for 4th step

...done in Glasgow “
4th step: cleaning & baking

wash the sample
twice with H20
transfer to Qz
crucible

| take finAl Aliquot H measure FinAl ‘ dry on hotplate

evaporate in Pt
dish to dryness

mix Be with Nb
mix Al with Ag
fill into targets
to AMS runs
cross fingers and
have a beer or two

clean FEP bottle
with HNO3

boil down with H2S04
three times

dissolve residue

in Hel, rinse

transfer solution into
large centritube

save supernate

your sample is ready,

Fig. B1. Sample preparation flow chart

neutralise, centrifuge,
...burial ages & preburial erosion rates

number crunching... I
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B.1 T'step: physical and chemical pretreatment

Sample ID:

Date:

Sample Description & Comment|

U7

If the sample is silty and/or has much organicsseiit before all. This eliminates

complications from organics as well as fines traild clog up further steps. Dry the

sample. If there are pebbles or clastsish and grind the sample to a grain size where
Quartz is separated from other minerals (dependlisg on the type of machine). Take
care to clean the crusher accordingly before atetvedfrds with pressurized air and a
wire brush. Now wet sieve the fines; build a towéwarious sieves, use >2 mm, 2-1
mm, 1-0.5 mm, 0.5-0.25 mm sieve fractions and snalhes (at least one e.g. 0.25-
0.63 mm). Rinse the sample fractions with water id\tames to get rid of clay and silt;

this is basically done when you proceed from tharsest fraction down to the finest
fraction, always rinse until only clean water isrgsog out.

Generally, thdraction between 0.5 and 1 mnproved good, however, you may want
to include also the finer (0.25-0.5 mm) or evenfthest sand fraction — it depends on
your sample (size & amount), especially if thereomy little of it. For pure quartz
pebbles, the 1-2 mm fraction is in most cases YorfaNo generalization possible (as
holds true for all the procedure!). Dry in the ov&emperature does not matter here as
it might for noble gas work.

Decalcify the sample in a glass beaker using either 37% H@5% HNG which was
previously used to clean lab instruments (but umdecircumstance in a bowl made out
of aluminium because this is the stuff you wantrteasure). The reaction might be
strong and loads of foam might be developed, keejatar bottle aside to dampen the
reaction if necessary. Beware of calcium saturatibtite samples stopped fuzzing and
the solution is still acidic (test via pH papet)might be that the solution simply is
oversaturated with Ca — discard the acid (into {gr@priate waste acid carboy) and
start over to be sure. The purpose of this stép dissolve any carbonate. If no visible
reaction occurs when fresh acid is added to thekamrepare aqua regia by adding an
equal amount of the other acid (HCI if HN@as used for decalcifying, and HN®
HCI was used initially).

Aqua regia is a powerful acid that oxidizes the remainingamigs and dissolves all
metal (e.g. from grinding) present in the sample.

Let it soak for a couple of hours (at least 3)ntlpour off the acid into the waste
canister (if you directly neutralize the aqua regith NHs, you will need a whole lot of
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it"); rinse with pure HO (or distilled water, which works fine at this géa provided that
it is available. We use pure water because itasothly kind of water we have in the lab
besides tab water) and discard again into the wastester; neutralize the remaining
acid with NH; (after a pH of ~7 is reached, the rather yellowtishbrownish solution
turns into more or less clear one with red preaipl), rinse out several times (~10
times) with distilled water until the solution i®ropletely clear. Dry the sample and
weigh to get a first estimate of how much of sampégerial you have of the 1-0.5 mm
fraction.

Magnetic separation: The purpose of this step is to remove ferromagnatid
diamagnetic minerals. It is possible that it rensogeme quartz with a high density due
to rutile inclusions, however, this may be a gdadd. And usually there is still plenty
of sample left to work with despite minor quartgdo

You may first remove magnetite (and other ferronsdignminerals) with a strong
magnet by attaching a magnet to a funnel and pguwediment through the funnel.
Periodically dump magnetic sediment to keep fufmoeh clogging.

(If there is no magnetite,) Let the sample passutjn the magnetic separator. Get
instructed on the individual machine, each “behaaderently! First, clean magnetic
separator carefully with vacuum and compressedlake care not to plug any parts of
the separator to avoid any sample loss.

Combine everything into a bag or other container labél as the “sample” magnetic
split. Label the non-magnetic split as well andogged with the sample preparation.

Clean the machine carefully afterwards.

Quartz purification:

Crush pebbleg

Sieve & rinse fineg

Decalcify

Aqua regia soak

(3hrs - overnight):

Neutralize (NH), rinse & dry:

Magnetic separation:
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From now onUSE ONLY PURE WATER.
Leach in 1 liter 1% HF and 1% HNO3; on a shaking table at ~125 rpm

The purpose of this step is to dissolve pretty mentrything. Quartz (and a few other
minerals such as zircon and graphite) is exceptpnmasistant to dissolution, and
therefore this treatment will attack and dissolvergthing else in the sample, but only
minimally dissolve the quartz (this is actually ionfant to dissolve the outer portion of
the quartz and along any fractures, as this withoee atmospheric/meteoric Be).
Untreated samples can take up to 18 leaches tommequre quartz. 40 g original
material will be reduced somewhat (down to a maximaf 30 g if the sample
contained a reasonable amount of Quartz) afterabhles, and bottles can then be
combined to make room on the shaking table anctdoiae the amount of chemicals
needed. The shaking table in use will only takéd#les.

Load ~40 g of sample into weighted (to know laterhmw much sample material was
“lost”) 1 |-PP-bottles (the “normal” Nalgene botst)e Note: according to Kohl and
Nishiizumi (1992): 7.5 g sample / L leachant isthésgher volumes decrease the
natural Al reduction, but the 40 g worked appraetia Fill them with pure water (to
max about 1 inch below upper curve). Add 10 ml ofheentrated HF (48%)Be
careful! Dry area and gloves first to make spilled dropsegas spot.) Using the same
graduated cylinder (this will wash out the HF), dddml of concentrated HN65%).
Alternatively, better and safer have a canister with a pump where you can preamix
solution of: 1 | pure BD, 10 ml HF and 10 ml HNO

Put the bottles on the shaking table (125 rpm)thlein rotate for a day; samples should
leach for 24 hrs.

Changing the acids:Decant the acid (and not the sample!). Rinse thedle times with
pure water; dump each rinse into HF waste caniGteally refill the Nalgene bottles.

Repeat the whole leaching procedure five times; theavy liquid separation will
follow. If leaching is complete or if you want tembine the contents of bottles, rinse
once more and transfer to oven to dry. This takesiga half day.

Neutralize the HF storage canistewith NaOH when it is about 2/3 full (do not allow
to get it filled up too much or you will get in trtble neutralizing it). Mix the solution
from NaOH flakes. Fill a plastic beaker (or a nalgeto ~700 ml with tab water (no
need of pure water!). Add about 20 spoons (plastes) of NaOH flakes. Stir a bit until
all flakes are dissolved. Be careful, this is vexrgtermic and can get hot to handle. Add
about one and a quarter of the beaker / bottlaeédHF canister. Shake canister to mix
(close it beforehand). Test pH of canister by dimogpn a small piece of pH paper. If
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acid is neutralized, pH paper will essentially stiag same color. If you have added too
much base, add a little acid, best done by addimgesof the bottles from the shaking
table (which means that it is best to neutralizevlaste canisters in the morning before
changing the acids on the shaking table!). If &tifl too acidic, add some more NaOH.
Be careful and add small amounts, it is easy torawethe neutral point.

Finally, pour the neutralized acid down the sinknRuater before and after. Be careful
not to get this on your skin, it still has a cataiaffinity and can hurt you.

Heavy liquids: The purpose of this step is to separate heavenalis (such as zircon,
rutile, epidote and tourmaline) from the quartzritdiluting the heavy liquid further
until the quartz finally sinks and light mineralsu¢h as feldspar) floats and can be
separated as well.

Check density of LST Fastfloat (solution of sodiugtrbpolytungstates in water). Do
this by pouring into a graduated cylinder and negddensity gauge (or tare on a
balance). This heavy liquid is non-toxic and norct®genic, so no need for extreme
caution; you can do the whole procedure out offttree hood somewhere in the lab,
but it is expensive, so avoid spillage in any c&sity should be higher than quartz,
so between 2.7 and 2.8. If it is too dense, adémeatffew drops at a time, if too light,
then put on a hot plate with a magnetic stirreil itteaches the appropriate density.

Fill 2 bottles of dried and weighted sample matgr&0-80 g) into a 250 ml separator
funnel, add about twice as much liquid (~100-150L&I of density 2.7), close and
shake vigorously (but take care not to get the sarttliquid up to the plug). Put on a
stand, wait to separate. Pour the heavies (andtlasds possible of the liquid) out,
through a filter paper (commercial coffee filtensjo a flask (from which all the used
LST can be recycled). Close the funnel, add a dfqmuce water to lower density and
repeat. Repeat this as many times as necessaryf @kenost no grains fall out any
more). Now you got rid of the heavy minerals. Td ge of the light stuff (especially
feldspars), pour some more water droplets in thed¢ly shake and observe the Quartz -
when it sinks to the ground (and the feldspars neroa top), stop watering (tricky
thing; but better to remove a bit of the Quartztbgr with the feldspars to have a clean
Quartz remaining). Now use a new filter paper (8adk) and pour out the Quartz
(beware: non-linear pouring! Be prepared to clogpédig!). Rinse both filters carefully
to wash all the LST out of the sand and the fitteper to minimize LST loss. Dry the
Quartz and the “waste” (heavies and lights) indkien; collect the “waste” for further
analysis if needed, or simply discard. This whalecpss may take some time (hours -
days). Measure the weight of the remaining sampte reote in the table to compute
sample loss at each stage.
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Recycle LST:the used LST from the flask is filled into a lad@tINalgene bottle for
storage (“LST to recycle). Whenever time and sp&cevailable, filter the LST
through a filter paper into the small plastic beakitached to the vacuum pump. Put the
LST in a heat resistant beaker and onto a hea¢ pleh a magnetic stirrer. Let the
water evaporate until the desired density of 2.ile&ched; regularly check the density
with a graduated cylinder on a balance. If the dens ok, let it cool and filter it once
more. Now transfer the recycled LST back into tipprapriate bottle, ready to be
reused.

H.0, treatment: If very much (1/3) Muscovite is present, treat sample with hot
H.O; (if you are not really sure, do it anyway, causaoes not take too much time and
does no harm to your sample).

Put your sample in a beaker; add some puf@ jdst to cover the sample to have some
sort of buffer before you add the acid, but espgcito decrease the chance of
evaporating the whole water and leaving pure oxygdch is explosive! Pour in 4D,

in excess (~300-400 ml). Bring to the boil on théplaie (stir occasionally with a glass
rod). The mica will pop up and float at the surfadete that you will not get rid of all
the micas! Skim them off. When there are no moreasiiappearing, switch the heat
back, let it cool, pour of the liquid (just in teak, this is ok), rinse it several times with
pure HO until it is clear and no more mica is appearimgybe there will be mica still
appearing, or even most of it will be at this s)age

Now dry it again and measure how much material been lost during LST and hot
H.O; treatment.

Fill again sample material into the 1I-PP-bottlesrtmally you will be able to decrease
the amount of bottles per sample due to the satlopte again around 40 g per bottle),
put back onto shaking table.

The amount of leaches depends on the purity of Ypwartz but ranges somewhere
betweenl2 and 18 leaches in tota{check by sight, needs some experience), do the

acid change every day.

Finally dry the sample and measure again, how rsaafple material is left.
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Repeated leaching in 1 liter 1% HF / 1% HNQ:

Bottle | bottle | mass | # of mass LST H,O, | mass | # of mass sample
ID tare in [g] | leaches| out [g] in[g] | leaches| out[g] | loss

Aluminimum assay: This is used at this step to assess the amouxitiofinium in the
sample. Quartz will contain a small background amad Al, but not more than about
200 ppm. Higher Al content indicates that therestitefeldspars in the sample and the
sample should be further leached or cleaned.

Measure a small amount of sample into a Teflon éeakbout 0.5 g (as accurate as
possible, 5.00-5.01 g, makes the calculations Basi2o this using the high precision
balance in the @ floor, adding the sample with a small plastic tipitTake care of
“statics”.

Add 25 ml HF and 10 ml 1:1 (32.5%) HN@ the beaker. Place on hotplate under heat
lamp. Sample should dissolve and dry down completélsample is not completely
dissolved, repeat (which is the usual case andresdhat all the Quartz gets into
solution). The drying down process will take seVdraurs. After sample is dissolved
and dry, fume with 1:1 HN&to remove fluorides. Do this by adding 10 ml 1:N®%
and drying; repeat for another time (2 times 10tothl). Now dissolve in 5 ml 1:1
HNOs. Because you are using a Teflon beaker, the diigogd will form a bead, and
therefore when it finally dries, the dissolved nnitlewill form a residue right where the
bead was. So once that bead residue dissolves Mobawe completely dissolved the
sample and there is no need to worry about theuesstill adhered to other parts of the
beaker. Tare the centrifuge tube (high precisiolarza). Transfer beaker contents to
centrifuge tube with a transfer pipette. Quantatiransfer is the goal. Rinse beaker
with 45 ml pure HO and transfer to the centrifuge tube. Rinse trarsfeette with this
as well. Measure the Al content with the ICP-MS (aiively Coupled Plasma - Mass
Spectrometry); this was done by Wilfried Korner Bgomas Prohaska. In this case
dilute the aliquot further, this means take 2 mitifwthe 1000 ul fixed volume
Eppendorf pipette) out of the CT and transfer i teew, now tared CT, dilute to a total
volume of 20 ml with pure §O.

Remember that at this stage we are interested mpproximate value anyway. This

means that although everything under 200 ppm isfoku get 195 ppm, you might
want to consider cleaning the sample a little more.
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Cleaning: Clean the Teflon beaker in pure water, take not to scratch the inside of
the beaker. Soak in 25% HNGor 24 hrs, rinse with pure # and dry (Always use
gloves when handling Teflon beakers).

quartz aliquot mass (0.5 g nomina|):

into Teflon beake

volume HF (25 ml nominal)

volume 1:1 HNQ (10 ml nominal):

Dissolve (on hotplate

repeat if not dissolved (usual cage)

add 10 ml 1:1 HNQ(32.5%) and dry

add another 10 ml 1:1 HN@nd dry

dissolve in 5 ml 1:1 HNO

use edge of hotplate to speed up (do not eviap!)

transfer to centrifuge tube with pipette

labelled “sample AlAssay’

rinse beaker with 45 ml pure, @

add to tube via pipette (to rinse as well)

note: 50 ml total, full CT|

For ICP measurements by Th Prohaskg

take 2 ml of diluted solution out of the CT intq a
new CT (now tared!!!) and dilute further to 20 ml
with pure waterd ready, wait for ICP results

(proceed in the meantime with other styff)

solution mass (total mass — CT masgs):

quartz [Al]:

if not acceptable (>200 ppm

repeat ultrasonic leach
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That is it! You have done the most time-consuming horing steps. Now, the "real
chemistry” begins. Be sure to use pure water dygysure to use theght acids. Think
before acting! The time you spend thinking is way shorter tham tilme you need to
restart all over because you did a small and inambrinistakelf you are not sure,
ask!

Beware of cross-contamination and general contarmaméatefore dealing with the open

bottles (evaporation), clean the lab thoroughhgskathe people until they do not dare
enter the lab any more (to prevent materials impand speed up with the open-lid
chemistry! You have time to wait (and to re-cleha tab) when your sample is in the
centrifuge tubed.abel everything!

B.2 2" step: dissolving and concentrating

Quartz Digestion: Once you have pure Quartz (meaning your sampleegaghe
AlAssay (<200 ppm)), dissolve it. The HF complex@sl volatilizes the silicon as
H.SiFs or as Sik. The strong oxidizing HN@aids mineral dissolution and prevents the
formation of insoluble fluorides. While the siliavolatilized, the Al and Be remain as
a residue in the beaker. There is enough Al ofanknisotopic ratio in quartz, but there
is no °Be, so you need to add a Be spike. Then dissolvespilee and quartz in
HF / HNG;, analyze a split for Al and Be on the ICP (use theseillts in the end to
compute the Al and Be concentrations in the totampa solution), and
evapoconcentrate the rest. Evapoconcentrationad@nat few days, especially with high
volume samples. Also you need to add an Al spikaedlank.

So, use clean FEP bottles and decide which sangi#s g which bottle, label the
bottles accordingly (caps as well). The FEP bottlage to be big enough to hold 5
times HF and 1 time HN£than Quartz. Record the weight of each bottle i@eticap);
high precision balance on th& floor. There could be a problem with static elieitty

SO getting several measurements and averagingdbems like a good idea. Tare bottle
very carefully on large balance, use an air shiehgcessary to get a better read. Fill in
approximately 100 g of sample (clean Quartz by niov@ach bottle (beware of statics).
Cap bottles and weigh them again in order to detegrthie exact weight of the sample
and record this in the sample flowchart (bottle sras well). You do this usually with 7
samples plus a blank; but due to space constratdo 3 and a blank and another 4
afterwards.
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bottle tare (high precision balance):

Sample (~100 g) + bottle (high precision balange):

mass quartz (compute by subtracting first from sdio|

Be Spike: Spike bottle with 100 ul (= 736 ug) of Be (carrsmution; make sure that
you are using the Be carrier and not the Be stahdaada fixed volume Eppendorf
pipette (2% error according to the manufacturee te smaller, yellow pipette tips).
Be careful to avoid evaporation of spike carrier apitlage!

Note: use the yellow tips that tightly fit onto tpgette and do a “test run” with pure

water. There are three points of resistance whessprg the pipette. Press down to the
first one, put tip into solution, release to sogkthe solution. Now you have exactly

100 pl of solution “in” the pipette. To get it inthe FEP bottle press down to the first
point of resistance, then further to the seconeven get out the last small drop (do this
rather at once, so that this drop does not renmathé tip), then remove the pipette and
place it over the trash, then press down to thedast of resistance and the tip (the

yellow one) should jump off (be cautious that thees not happen before and the tip
falls into one of the FEP bottles).

Note exact weight of spike; meaning measure thdebaith the Be carrier prior and
after the 100 pl have been taken out.

Remark: 736 pg is rather high of a value, Derek Fab&lasgow usually uses 250 ug,
but less than 200 is already problematic, becauseght be below the detection limit
of the AMS. So if some is lost during the prepanmati processing (Why? Where?), use
higher values. Anyway use the ICP results from tim&AFfor the computations for Al
and Be concentrations.

Be carrier ID:

carrier [Bel]:

mass carrier added:

mass Be spike (ug):
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Chemical blank: Do the same for the blank; additionally add 1 ndté exact weight)
of Al standard. According to Derek F this is enoublt due to (generally) low Al
currents on measuring, it is recommended that yitl 3aml of Al into the blank to
improve accuracy; check the specific AMS experien@eml is equal to 3000 ug of Al
spike.

3 ml Al standard

100 pl Be carrief

500 ml HF / 100 ml HNQ

Dissolve the quartz:Now it is time to add the acids: for concentratde, Mou have to
add a volume equivalent to 5 times the weight efgsample (so, for 100 g- 500 ml, for
110 g-550 ml), and for concentrated H)@ volume equivalent to the weight of the
sample (100 g-100 ml, 110 g-110 ml).

Pour the appropriate amount of acids in, put tie loosely (so that fumes can escape
and pressure will not build up), let dissolve. Bwe blank, take 500 ml HF and 100 ml
HNOs;. Use extreme caution here. Think out the entiraripg process and create
enough space before starting. Normally the HF ideddfirst, and the HN©right
afterwards, otherwise the sample plus the HF fifdkone for some time (more than 5
minutes!), starts boiling and it can supposedIytried bottles. Watch the first couple of
hours for any sign of boiling of the sample: reatis exotherm. If it is going too hot,
the bottles will melt! If necessary cool them bymersing them in a water bath and
change the water as necessary. Watch for expamdioine HF solution, which can
overflow your bottle. The next days, you may sliglgahake the bottles (Leave the
bottles inside the fume hood!).

After two days, close the lids tightly, put them thie shaking table (if this is occupied,
use the IR lamps, heat also helps to speed uphbéevprocess of dissolution), let them
react. Wait until all Quartz is dissolved (may tdk2 weeks!).

Transfer to big hot plate, heat it up to max. ~I50do not put the bottles too close to
the heat lamps (they will melt), uncap the lidg, tlee HF evaporate down to about
2-3 cm (yes, one inch!) or better said below 40tbtgl weight, because this is the
maximum the high precision balance can handle. Wakd 3-4 days, even up to one
week.
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volume HF/HNQ added

(5 X quartz mass/1 X quartz mass noming

):

caploosely and control for the first 2 houts

reaction is exotherm

The next day you may slightly shake the bottles

After 2 days, lids tightly, put on shaking tablés IR lamps)

N

Wait until Quartz is dissolved completely (1-2 wsg

when dissolved, put on hotplate, uncap, evapocateinch (below 400 g i
total, upper limit of balance

Split and transfer: Mix well the solution of dissolved sample mateald HF/HNQ

to assure it is homogenized (dens&SiH; settles at the floor of the bottle) and your split
will be representative. Take an Al aliquot thatresponds to about 2Q@ Al (calculate
on the basis of your Al assay and the amount ofrQuaote: if the measurements are
done by ICP, simply take 2 ml of solution (do noe 00 pl Eppendorf pipette)).
Evaporate it (~150°C) and treat as described. Catcthe Be loss with the amount you
take — there should be a minimum of 500 Be left in the sample bottle. Weigh
everything.

Measure the FinAl assays or have them measuredndBe! High precision is needed
here.

mass bottle + solutior:

mass solution

transfer 200 pg Al to Teflon beaker for FinAl arsy

here simply 2 ml via disposable pipefte

mass FinAl aliquot (tare FEP bottle afterwards

and compute difference to previous weight)

FinAl analysis: When sample is getting close to evaporate, aftet@Hrs, split sample
for FinAl analysis. Because of the fact that we asd CP-MS and the detection limits
are very good, simply use 2 ml of solution; transf@ via a disposable pipette into a
Teflon beaker. Note: using the fixed volume Eppehgipette is not recommended,
because the inside of it contains glass comporamisthe solution still contains HF;
and because it is not really relevant how precigely measure the 2 ml, you are going
to measure the weight of the aliquot anyway.
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Pour solution into Teflon beaker, then cap botthel aveigh, substract from original
measurement to determine amount of solution iné&@e&ko not remove the beaker from
the fume hood, it has HF in it! Only weigh the cagNalgene bottle.

Proceed with FinAl process with split in Teflon kea Dry down. This is like the first
step of the first AlAssay in which you added HF &itdOs and dry down.

- Add 15 ml 1:1 HNQto Teflon beaker, dissolve sample, dry down.

- Add 15 ml 1:1 HNQto Teflon beaker, dissolve sample, dry down.

- Dissolve the “dot” in 5 ml 1:1 HN¢gXpreferably overnight), tare centrifuge tube,
pour sample into tube.

- Rinse beaker with about half of 45 ml pureCH transfer to centrifuge tube,
repeat with the rest of the 45 ml purgCH

- Cap and weigh centrifuge tube. Now it is ready fiovAF analysis.

- The result of the FinAl should be within 10% of yaaitial AlAssay. If not!?
Out of our own experience some samples had up % &0difference between
AlAssay and FinAl, which might be explained by sdenipas.

dry aliquot

add 15 ml 1:1 HNQand dry

add 15 ml 1:1 HNQand dry

dissolve in 5 ml 1:1 HN®

tare centrifuge tube (label: ,sampleName_AIB¢*

3%
~

transfer to centrifuge tub

[¢)

rinse beaker with 45 ml pure,@ & add to tubg

solution mass

atomic absorption [Al]:

quartz [Al]:

Fluoride Fuming: This step is to eliminate remaining fluoride. Whitgost of the
fluorides are evaporated during the quartz disswiuand fuming, some remain in the
residue. This fluoride must be eliminated, sina@ifine complexes with Al and will
interfere with future analysis and Al separation.

This is accomplished by fuming samples in sulfaged. Sulfuric acid boils at a higher
temperature than HF, so when fluorides are semghratey F will be volatized. Do this
in a Pt dish because the temperatures involved mdlt Teflon and fluorides will
dissolve or bond to glass.
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Pour the rest of the sample in a Pt dish and doyithe hotplate under a heat lamp —
make sure that it will not boil (~150°C as usualp. mpt fill the Pt dish to the rim; leave
about 1/3 of total height. This is necessary bezausen adding the 430, to do the
fluoride fuming, the stuff will creep over the riofi the Pt dishes. When the bottles are
empty, wash them with HNOPour only the amount of acid that can be takebyihe

Pt dish (usually bottom is not completely coveret ml). Try not to transfer whatever
insoluble residue. It should not matter, but it megct with the sulfuric acid in the next
step. Repeat the cleaning another two times.

Cleaning the FEP bottles: although you rinsed thdso3-4 times with HN@still they
should be cleaned with 25% HNGand the cleaning solution for this should behhes
prepared. First wipe out the inner surface withgoapwels and a Teflon tong (not the
normal one, you will scratch the surface!). Fillthe freshly prepared cleaning solution.
Let it soak for 24 hrs. After the cleaning solutisnpoured off (and used for further
cleaning of other lab instruments), dry the botilehe oven at max 40°C for 1-2 hours;
do not use paper towels inside cleaned FEP bottles they are ready for the next
batch of samples.

Pour sulfuric acid into the Pt dish. Fill about®® mm below the residue. Heat the
whole so that it just will not boil under the héatnps (~450°C). Fume down the acid to
dryness. Lots of fumes will be produced. Very intpot, remove Pt dish from heat
immediately upon drying, or insoluble things witlrin. Color should be toasty, but not
black. So, take away when there are no more fumssstbng; put onto watch glass — do
not melt the hood).

Repeat with about 10 ml sulfuric acid.
Repeat with about 5 ml sulfuric acid.

Transfer dry Pt dish to rim of big hotplate. Pou€lH37%), wait for Sulfates to
dissolve completely. You may "stir" by pipettingdid in and out a transfer pipette (use
the same pipette throughout - beware of cross-oantion). When the solution is
clear (wait up to 2 h without stirring) transfertat a 50 ml centrifuge tube with the
transfer pipette.

Repeat until all the Sulfates are dissolved; begialeéan the inside walls of the Pt dish
by pipetting HCI over it. Be patient! It takes a dptime! This means 3-4 more fill-ups
to the residue, wait ~1 hr each. Any residue (elgck stuff) should remain in the Pt
dishes, save this in an extra CT as well; label.

Neutralize solution to pH 8 after each (or everyeot— depending on volume, simply
take care because it is not possible to neutréiieegotal volumes in one CT, only 50
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ml) transfer with NHOH (check with sight: hydroxides fall out; with mossmells
mildly but not strongly of ammonia; with 1/10 drop liquid transferred to a pH paper
with the pipette. DO NOT put the paper into theusoh). Regularly mix the liquid.
Take care that no liquid will reach the lid of ttube: cap does not close tightly. Thus a
mixing by hand or by Vortex around 1 is preferr€e&ntrifuge, precipitate will form a
gel in the tip of the CT; save supernate in 25Mattle “pre-column supernate”.

Now, you have a concentrate of Al, Be and all theeopossible elements (without Si).
The next step will be to get rid of the differeteéraents without losing any Al or Be.

transfer concentrated solution from FEP to Pt &ishry

rinse bottle with 15 ml 1:1 HN{B2.5%), transfer to Pt dish, dfy

rinse bottle with 15 ml 1:1 HNQtransfer to Pt dish, dry

rinse bottle with 15 ml 1:1 HNQtransfer to Pt dish, dry

add HSO, just below marks, dry @ 450°C and remove immetjiate

add 10 mI HSO, & dry @ 450°C

add 5 ml HSO, & dry @ 450°C

dissolve in 37% HCI (so that sample/bottom is cedewait to dissolve!) tq
speed it up, use a pipette to “st

=

transfer to centrifuge tube with pipette, labelrfgde AFF”

note: AFF ...after fluoride fuming

add NH,OH to pH 8, centrifuge and decant into labeledleqtt

labeled “sample pre-column supernage”

rinse Pt dish 3-4 times with HCI and transfer rieda

neutralize each time|!

add NH,OH to pH 8, centrifuge and decant into labeledleqtt

labeled “sample pre-column supernate”

B.3 3" step: isotope extraction / element separation
Take the CT and redissolve the precipitate in 9N H@ry often, the stuff will not

dissolve easily. The secret here is: TIME. Beginligsolve it about 2 days before you
plan to go on the columns, regularly observe amd @ the solution. If there is some
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very fine material left that will not dissolve,abuld be TiQ, which is favorable since
we want all the Ti out. Centrifuge and decant, iy eate save the material.

Go and let the material through the anion coluninget rid of the iron as described.
Take care that the resin is free of bubbles (busbllédl channel flow through the
column and ruin the separation) and no dirt whatsogs in there, discard and use new
one if necessary. If the columned material that gollect in a 50 ml centrifuge tube is
still yellow, the acid concentration was too lowdamou have to repeat it.

Fe removal by anion exchange columns: column ke = 2 (-3) ml

This step removes Fe on an anion exchange coluentaril some Ti) is tightly bound
by the resin in 9N HCI, but Al, Be, most of the Tidasome other things will pass
through.

- Dissolve precipitate in 9N HCI (done in the CT), thss solution you have to
run through the column, the faster it will go, sptb minimize HCI added.

- Choose a cleaned and conditioned anion column.

- Condition column for what you are about to put iradd 1 ml 9N HCI (the resin
will shrink as it adjusts to the higher acid strérgallow to drain. Now the 1mi
of HCI will have moved about halfway down the colunihwill continue to
move down and then out the column when the sanspdded, condition the
column as it goes. Discard the drips from this step

- Place CT “sample anion” under column.

- Add the sample to the column, gently (try not terdpt the top surface of the
resin).

- Rinse CT with enough 9N HCI and add to columns to miakelumn volume
total (note: normally this does not work, becausrfl is already the dissolved
sample volume; so simply rinse CT with one columiune of 9N HCI); the
solution should be colorless (not yellowish), bessathe Fe should be bounded
to the resin at this stage.

- Add another cv of 9N HCI and drain to get all theaAd Be out.

- Place bottle “sample anion rinse” under column.

- Add 4 column volumes of 0.012N HCI and drain; thiw@d be yellowish,
because this weak acid allows the Fe to drain addup in the anion rinse.

- Recondition the columns.

Note: the resin is NOT toxic, so if the resin iss@minated, one can throw it out like

normal waste - simply wash it down the sink. Makeesto replace it with the anion
resin — the yellow one — free of bubbles.
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Dissolve precipitate in 9N HCI (1 ml nominal; 2 Y48l usually):

condition anion column (if not recently conditionegpecially check foy
bubbles in the resin; if so, discard or put it battk resin-bottle if

not contaminated and fill again the column, no beblare allowed!

drain resin bed (means let the water get ¢ut)

add 2 column volumes 9N HCI & drain (waste)

add 4 column volumes 0.012 N HCI & drain (waste)

add 1 ml of 9N HCI to column & drain (wastg)

place centritube labeleddmpleanion” under columr

add solutiorgentlyto column & drain

add enough 9N HCI to centritube to make 1 columome total
note: normally this does not work, because normatyady 2-3 ml ig
already the dissolved sample volume; so simplyeri@$ with one

column volume of 9N HC

add rinsggentlyto column & drain

add 1 column volume 9N H@lentlyto column & drain
note: if this is yellowish, redo columning with freshgpared 9N HCI

because most likely the acid was not strong enotigh!

place bottle labeledsampleanion rinse" under colump

add 4 column volume 0.012 N H@éntlyto column & drain

note: should be yellowish, because this is where thehBald end up!

recondition column, leaving some solution on bed

hang "conditioned" sign from top of column

Selective precipitation to remove Ti:Add a drop of HO, to the solution. If it turns
reddish, you have Ti in your sample and therefaneehto do the selective precipitation
to get rid of it.

Add 3-4 drops of acetic acid (buffer to be able¢ach pH value of 4.8; without the
acetic acid, you will probably be always below droee 4.8) to your sample and
“neutralize” with NH,OH to pH 4.8. Before reaching this pH, the colout feide away.

The results are best when the pH is approachedysfoom below — so take care not to
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add too much ammonia. Towards the end, adding itrbPwise still results in
overshoot it sometimes. Remark: Do not measure khem the narrow-range paper
within the fume hood - the fumes affect the ligaitd will therefore indicate a false pH
within tenths of seconds! Usually use the sametf@gder every operation from now on
— in order not to lose sample. Take great cargaotoss contaminate and to keep the
pipette tip away from everything but the sample;ipto small plastic beakers (100 ml)
upside down and label them not to get confused@pdevent cross contamination.

Spin it down, transfer the supernate to anothetriéfege tube (the precipitate in this
tube should contain the Ti now, relabel!). Add & f@rops of NHOH to the supernate
in the new CT labeled “sample AlBe” (this will brinige pH up to 8 — check by smell
and paper). Spin it down and collect the superirata bottle labeled “sample Ti
selective precipitation”.

Naturally, you most probably will have Ti withiratisferred to your sample even if you
observed the pH closely. Do not worry yet and pedd® the columns.

Dissolve the concentrated Al&Be hydroxides in 2 mil GN) HCI, transfer it to a small
Teflon beaker; rinse the CT with another 2 ml of BICI and dry it down on the
hotplate.

add 3-4 drop of kD, to centritube. If red, precipitate T

add NHOH to centrifuge tubes to pH 418

D

(exact, use acetic acid as a buffer)

precipitate Ti overnigh

centrifuge 10 minutes @ 3000 rpm

decant supernate into a centritube labelkahipleAlBe"

the precipitate obtains the Ti (should...), relab&l&3 such!

precipitate sample with Njf®H to pH 8

Centrifuge

Decant supernate into labeled botfle:

“sample Ti selective precipitation”

dissolve in 2 ml 1:1 HCI, transfer to Teflon beak

D
=

rinse centritube with another 2 ml 1:1 HCI and &fan

dry down sample on hotpla\e
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Al / Be separation by cation exchange columns: column volume = 20 ml

Please note that the column, bottle, and centrifucde@mes depend on the Al content of
the sample and may vary from sample to sample.

Cation Columns. This step is done to separate Be and Al; Be isgythrough the
cation columns first using 1N HCI (if there is anydft, this will show up even earlier),
and then comes the Al using a 2.5N HCI.

First, choose the good column size! Generally,stinaller the volume, the quicker and
faster the process goes. But if the volume is toallsthe separation is bad and needs to
be repeated. Rule of fist: for every 1008 of Al present in the solution (FinAl assay),
take 1 ml of column volume. Round up rather thanmoi@4 mg to 20 ml). Usually we
use 20 ml column volume.

Re-dissolve sample in 1:1 HCIl. Most of the time, il wot dissolve very well. Add
enough HO to make it 1N, (attention: often there is too m@l-ions in the cake, so
that the solution will be more than 1N. Tentatively to make it 0.3 to 0.6N nominal —
try and watch the results after columning!! Gengrdllyou have added 2 ml 6N HCI,
you have to add 10 ml of pure,®), warm the solution a bit on the hotplate, stithw
the pipette; transfer to a 15 ml tube, spin it dowthe residue will most probably be
TiO, (yes you have got rid of a tiny bit more!).

Add the solution to the conditioned column. Rinse Weflon beaker with 1N HCI,
transfer to the tube, vortex, spin down, trangbehe column.

Adjust the bottle and centrifuge tube size to thkeimn volume. If you work with 20 ml
columns, you have to split the Be into three tudnes the Al into 2. Take great care not
to fill the Al's to more than exactly 40 ml or yauil not be able to neutralize it!

dissolve in 1:1 HCI (1 ml nomina
note: not too much, because 3 ml of 6N HCI mearesadly 15 ml of pure O to

get a 1N HCI, this is already almost a whole coluralume!

transfer to centrifuge tub

[¢]

note: you can use the previously used ones (,saAxiple)

~

rinse beaker w/enough purg®ito make 1N HCI (5 ml nomina

transfer rinsate to centrifuge tulpe

Centrifuge — residue if present might be T#3ave materia|
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condition cation column (if not recently conditiah)e

drain resin bed

add 10 (5 + 5) column volumes 6N HCI & drdin

add 3 column volumes pure,® & drain

add 1 column volume 1N H@entlyto column and draif

place bottle labeledsamplecv 1-3 Be" under column

add solutiorgentlyto resin bed & drair

add enough 1N HCI to column to make 3 column volunsetotal & drain

note: if CT has already a volume of 18 ml, tharyat#t ml of 1N HCl is addef

place centrifuge tube labelesdmplecv 4-5 Be" under column

add 2 column volumes 1N H@kntlyto column & drain

place centrifuge tube labelesdmplecv 6-7 Be" under column

add 2 column volumes 1N H@kntlyto column & drain

place centrifuge tube labelesdmplecv 8-9 Be" under column

add 2 column volumes 1N H@kntlyto column & drain

place bottle labeledsamplecv 10-14 Be" under colump

add 5 column volumes 1N H@kntlyto column & drain

place centrifuge tube labelesidmplecv 15-16 Al" under columr

add 2 column volumea.EN HCI gentlyto column & drain

note: stronger acid now!!!

place centrifuge tube labelesdmplecv 17-18 Al" under columr

add 2 column volume3.EN HCI gentlyto column & drain

recondition column [10 cv 6N HCI & 3 cv pure®), leaving some water on bed

hang "conditioned" sign from top of column

Hydroxide precipitation: This step is to precipitate some of the thingsvaat and
pour off everything else. Be and Al (as well as e @i) will all form hydroxides with
Ammonium Hydroxide (NHOH) at pH of 8. The actual separation of Fe ang Ti
already done on the anion columns and the selegte@pitation, respectively. Be
careful with the pH here, if it is too high Al wiledissolve. If it is too low, Be will be in
solution.
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Add four drops of HO; to the Be separates. If it turns yellow, you stéive Ti.

In case you used three tubes, and the first otesssyellow, you may want to analyze
its contents for Be: Generally the Ti comes firstgl & there is no Be in the tube, you
may discard it (of course, into a labeled bottle!).

Precipitate the first of the Be and Al tubes to pkvith NHsOH (smell, paper). Spin
down, pour off the supernate, pour the contentshef 2 tube into the first (to
concentrate Be and Al). The same for tfeB tube.

If this was the last Be tube, and if there is Tegant (an almost invisible yellow is still
ok, best compare to blank if possible), do the cti®de precipitation once more as
described above. Spin it down and pour the now futige Ti-free supernate into the
now spare Be tube.

Dissolve and acidify the Be concentrates (and thé&aktions, if you measure the Ti
fraction for Be, but this is not done in our lab)iwR ml of 1:1 (6N) HCI, make the
volume a total of 50 ml; mix!

For the Be fraction, take a Be aliquot: Take 1 mbiatCT (using the fixed volume
1000 ul Eppendorf pipette; note exact weightsytdito 25 ml with pure 0. Measure
the Be fraction for its Al content. Small amountsAdfin the Be (up to 4Qug) are
acceptable, otherwise you will have to repeat tlemning.

Re-precipitate the Be fraction if everything is iler, centrifuge and decant supernate.

Finally rinse / wash the Al & Be sample two timeshypure HO (it might be that not
all dissolves, but be patient and vortex...).
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Hydroxide precipitation for Be:

add four drops kD, to Be CT (optional), if yellow precipitate T

first, concentrate elements into one centrifuge tub by precipitating:

- add NHOH to pH 8 to the first tubg

1”2

- centrifuge

D

- decant into labeled bottle “sample Be neutralized
- transfer solution of ™ tube to first tubd

- add NHOH to pH 8 to the first tubg

1%

-centrifuge

- decant into labeled bottl

[¢]

- transfer solution of"$tube to first tubd

1%

- add NHOH to pH 8 to the first tubg
-centrifuge

- decant into labeled bottl

]

add 2 ml of 6N HCI

dilute to 25-30 ml with pure 0

add 5 drops acidic acid as a buffer to get thet figthof 4.8

add NHOH to centrifuge tube to pH 4.8 (exa¢

~+

)

precipitate Ti overnigh

centrifuge 10 minutes @ 3000 rpm

decant supernate into a centritube labetedripleBe"

relabel the Ti tube as such (you might have toegéti§ some Be|
ended up in there!

add 2 ml 6N HCI; if yellow precipitate Ti aga

>

precipitate sample with NjJ®H to pH 8

centrifuge 10 minutes @ 3000 rpm

decant supernate into labelled bottles

note: use previous bottles: “sample Be neutr.”

dissolve Be in 2 ml 6N HCI

=

dilute to 50 ml with pureWate|
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take Be aliquot from sample
take 1 ml with fixed volume Eppendorf pipette (100D
transfer to CT and diluted to 25 ml with purgCH

label:“sample Be aliquot”

analyze for Al and Be content

reprecipitate Be (remaining 49 m

with NH4OH to pH 8

1)

centrifuge 10 minutes @ 3000 rp

m

decant supernate into labeled bottles

note: use the large ones used previou

sly!

Rinse 2 times:

add 5 ml pure LD

vortex & centrifuge 10 minutes @ 3000 rpg

decant supernate into labeled bottles “sample et

add 5 ml pure KD

vortex & centrifuge 10 minutes @ 3000 rg

m

decant supernate into labeled bot7es
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Hydroxide precipitation for Al:

first, concentrate elements into one centrifuge tub by precipitating:

1%

- add NHOH to pH 8 to the first tubg

- centrifuge

- decant into labeled bottle “sample Al neutralized
- transfer solution of? tube to first tubg

- add NHOH to pH 8 to the first tubg

D

-centrifuge

- decant into labeled bottl

[¢]

Rinse 2 times:

add 5 ml pure KD

note: if it does not fully dissolve the first timieshould the second time

vortex & centrifuge 10 minutes @ 3000 rgm

decant supernate into labeled bottles “samplernieri

add 5 ml pure ED

vortex & centrifuge 10 minutes @ 3000 rgm

decant supernate into labeled bott[es

You are done now; the oxidation is done by Dere&limsgow, because it would not be
possible to “press” the targets here and it is abssier to send the hydroxides instead

the oxides, because they are less tokédllyour friends and go have a beer!

B.4 4" step: cleaning and baking
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Since the Be was already precipitated at least fwigg is not necessary any more. For
Al, it is not necessary to precipitate once motbaezi Usually keep the hydroxides in
the same tubes — this avoids transfer losses.

Rinse, vortex, and spin the samples twice. The proldhere is to get rid of virtually
every ammonia and ammonia salt that is interlacid thve hydroxides, without getting
these dispersed and disposed. Especially for Bey tpkat care not to smear the
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Be(OH), up to the walls of the centrifuge tubes — bettmtax slowly and a long time
than quick and dirty. Take the black box, put Quarucibles in the holes, make a plan
where which sample sits. Put some drops ¢D Ho the Be sample, make a gel by
stirring it up with a pipette (here, the pipettel®mnged) and transfer it quantitatively (1)
to the crucible. It may be needed to wash the saveral times (letting the crucibles dry
on the hotplate in the meantime) in order to gebad. For Al, there is usually enough
material that one pipetteful is enough. Do notifilip to the rim, or there is a chance
that it will overflow when drying. Dry it on the kuate a last time at very low
temperature, because otherwise it boils and spisnaakes a terrible mess. Go to the
furnace, and transfer the crucibles in there whih $pecial tweezers. Cap it when you
have them in the air. Remember to place them irctineect order! Heat the furnace up
and oxidize at 1100°C for one hour. Turn it off aled it cool. Mix the samples
accordingly (Al is mixed with a silver binder, whiBe is mixed with niobium for the
AMS facility in Glasgow; Cu is used as a binder tloe AMS facility in Zrich). Take
care for BeO which is very toxic and powdery. If yiwave to fill the targets, do not fill
the holes up to the top — leave a diameter's dapity. You cannot hammer too hard —
unless you break the rod, which is very unfortunateo.

...wait for AMS results...

Oxidation:

[2)

take 2 clean* quartz vial

add ~2 drops pure @ to hydroxides

transfer hydroxides to quartz vigls

dry at low heat (<100°C

cap quartz vialg

oxidize in furnace at 1100°C for one hqgur

add same volume Ag to Al and crush

add same volume Nb to Be and crush

label quartz vials clearly

cap, cover with parafilm & place in trgy

*to clean quartz vials boil vials and caps in 10% H60% HNQ for one hour
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B.5 Some useful side notes
B.5.1 Glossary

HNOs: Salpeterséure / nitric acid: 65%

HCI: Salzsaure / hydrochloric acid: 37%

HF: Flusssaure / hydrofluoric acid: 47%

NH3: Ammoniak / ammoniac: 25%

H.O,: Wasserstoffperoxid / hydrogen peroxide: 25%
CH3COOH: Essigsaure / acetic acid

H.SO,: Schwefelséure / sulfuric acid: 95%

Notes: most chemicals have to have the purity grade Amalyse”; besides NaOH
(which is techn.) and the “used” acids for decalof.

FEP bottles: the Nalgenes that are almost transparel have a smaller opening than
the “normal” Nalgenes.

Pt dishes: Platinum “bowls”, take care not to déein, they are really expensive.
Teflon beaker: the small white beakers. Never tahehinside to avoid scratching the
surface!

Pipette: use the disposable ones or fixed volunpekgorf pipette (nevertheless always
weigh/tare to be sure!).

B.5.2 First Aid Kit

- Calziumgluconatgel to put onto skin for smalleewtical burns, especially HF.

- Spray “Pulmicort” to inhale after (unintended) iHihalation.

- Syringe with Calciumgluconat to injected under skin for larger chemical burns.
- Calcium fizzy tablets.

B.5.3 Cleaning of bottles

The cleaning solution should be 25% HN@hich is prepared using the 65% HNO
and diluted accordingly; 1 parts of 65% HN&nhd 2 parts of pure ). You can reuse
this cleaning solution, store it if not in use e t2.5 L bottles labeled accordingly “25%
HNO; cleaning solution”. Usable for multiple cleanings.

The bottles (normal Nalgene bottles) are cleanedismg them carefully with pure
H,0O, then by filling them up to the rim with the 25%NO; cleaning solution, with
closed lid, let it soak for 24 hrs. After this petiof time fill them in other bottles that
have to be cleaned or back into the large storagieeb “25% HNQ cleaning solution”.
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Rinse the cleaned bottles again with pus®tnd wipe carefully with paper towel. Use
a tong to reach the bottom of the bottle.

Empty bottles of chemicals:rinse with tab water, pour into waste canistersei some
more, discard.
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CONFERENCE ABSTRACTS RELATED TO THIS THESIS

This appendix is a collection of abstracts, whicravpresented at various national and
international conferences as talks or postersartithe frame of the thesis. Additionally
the abstract of a paper initiated by the Styriarctb@l School of Earth Sciences in
2009 where | could contribute is attached here. Ti$teis in chronological order
beginning from the most recent contribution.

C.1
Pliocene to Pleistocene faulting at the transitiobetween Alps and
Pannonian Basin: Constraints from dating fault actvity by the
°Al/*°Be burial age method

For the geodynamic interpretation of the Alpine{é2dhian-Pannonian realm, the
Pliocene to Pleistocene tectonic evolution at thedition between the Eastern Alps and
the Pannonian Basin poses a series of open quedtloriwhat is the significance of the
fault pattern that evolved during latest orogemwoletion? The general Lower- to
Middle Miocene fault pattern accommodated much hed Eastern Alpine eastward
extrusion and is fairly well known. However, sonfaélese major faults are found to be
still active at kinematics typical for Middle Mioge times (e.g. Bus et al. 2009),
although it has been suggested that the stresmeegt the orogen-basin transition
changed substantially during the Miocene. (2) Whe/ there apparently no structures
related to basin inversion at the Alpine - Pannotransition as found elsewhere in the
central Pannonian Basin? General consensus holtdgdlhéack and retreat of the
Carpathian Slab steered extensional tectonics irMileeene, but ceased around Late
Miocene. This resulted in inversion of the Pannorigasin (Horvath and Cloetingh,
1996). The observed surface uplift at the westermination of the Pannonian Basin,
i.e. the Styrian Basin is commonly associated witls fprocess. (3) What is the
interpretation of ~10 km vertical steps of the Mdditothe transition between Eastern
Alps and the Pannonian Basin as revealed by semsxpieriments? Brickl et al. (2010)
identified a triple junction between European, Atld and Pannonian / Tisza plates
west of the SE corner of the study area. Henceqtiestion arises whether the simple
picture of Miocene extension by extrusion betweeahi#®ic and European plates and
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renewed Pliocene compression induced by ceaseeo€#npathian slab pull has to be
modified.

Lineament analysis and fault plane solution datathi@ transition between Alpine
orogen and Pannonian Basin shows that a kinematicalherent and seismically
inactive block can be defined in this region. Thisck — here called the “Styrian
Block” — is delineated by the Mur-Murz Fault Systemthe north, the Pols-Lavanttal
Fault System in the west and the Periadriatic F&y#tem in the south and includes
both the eastern most part of the Alps and theemestost part of the Pannonian Basin.
Fault analysis shows that the young stress fielthimithis block appears to be
extensional in W-E direction. An 1.56 + 1.11 Ma ageault activity is constraint by
burial age data of quartz rich sediments entrappéun a fault using the nuclide pair
%Al and 1°Be. Here we interpret the post-Miocene fault patgsmesult of north-south
convergence between European and Adriatic plategiesplacement partitioning along
margins of coherent crustal fragments. The StyBdwock is part of the Pannonian
fragment. Strike-slip displacement resolved alongrgims of this coherent block,
especially along the northern Mur-Mirz Fault Systefare the European plate acts as a
rigid backstop along which N-S plate motion trageies are deflected into eastward
flow, thereby releasing strike slip displacemenheTStyrian Block is continuously
extending since Early to Middle Miocene and it exgreces uplift since about the
Miocene-Pliocene boundary. We explain this by twterfering processes: (1) The
weak Pannonian fragment is underthrusted from ramth southwest by European and
Adriatic plates and (2) decreasing extension rabegards east. While the eastern
Pannonian Basin experiences W-E convergence sinee cdase of Carpathian
subduction, the Styrian Block is still extending teasds. This scenario reflects a
multiplate interference system and highlights tbmplex interplay of plate motion and
its consequences to topography and landforminggsses.

C.2
Young uplift in the non-glaciated parts of the Eastrn Alps

We report the first incision rates derived fromiblages of cave sediments from the
eastern margin of the Eastern Alps. At the tramsizone between the Alpine orogen
and the Pannonian basin, the Mur river passesdhrthe Paleozoic of Graz — a region
of karstifiable rocks called the Central Styrian $taiThis river dissects the study area
in a north-south trend and has left behind an aloel of caves which can be grouped
into several distinct levels according to theirvalons above the present fluvial base
level. Age estimates of abandoned cave levels arest@ined by dating fluvial
sediments washed into caves during the waning stajespeleogenesis with the
terrestrial cosmogenic nuclide method. These agddle elevations of the cave levels
relative to the current valley bottom are usedteria history of 4 million years (my) of
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water table position, influenced by the entrenchinaer aggradation of the Mur river.

We observe rather low rates of bedrock incisionrdhe last 4 Ma (~0.1 mm/y on

average) with a decrease in this trend to lowersraround 2.5 Ma. However the pre-
burial erosion rate estimates from backward modebh the data show even lower
rates, indicating disequilibrium between the immisin the main river and its tributaries
and their hinterland. We relate this to the inceealsdrainage area of the Mur river due
to stream piracy of the paleo-Mur-Mirz in Late Meoe to Pliocene times. The
decrease in valley lowering is attributed to thseriof the base level related to
aggradation of sediments within the valley. We aipthis observation by continuous
sediment transport through the valley from the ngash section of the Mur river

limiting the erosional potential of the river int@nsport limited state. Putting these
relative rates into a vertical reference framevedlais to attribute most of the inferred
incision to surface uplift of the region in the ganof 0.1 mm/y over the last 4 Ma.

C.3
Age and Prematurity of the Alps

Although the Alps are among the best studied maumgnges on Earth, the age of their
topography is almost unknown. Even their relatiiage of evolution is unclear: Are the
Alps still growing, in a steady state or even dawgy Using the mean slope at given
catchment size as a hew geomorphic parameter wgsanthe topography of the Alps.
Our analysis provides one of the first quantitateastraints that shows that the range
is still in its infancy: In contrast to several ethmountain ranges, the Alps have still
more than half of their evolution to a geomorphieasly state to go. Combining our
results with sediment data from the surroundingiamdation spaces we infer that the
formation of substantial topography began only &#llion years ago. Our results
challenge a general consensus that the topograpblation is distributed over much of
the Miocene.

C4
Geology of Styria: An overview

In 2009 the Styrian Doctoral School of Earth Scemnorganized a field trip work-shop
on the geology of Styria. The field trip was led BPhD students of the three
participating universities: KFU Graz, TU Graz, Ml@dben. As an outcome of this field
trip, we present here the geology of the entirevipice in a simplified way, taking into
account modern concepts of the tectonic evolutiona first part, the tectonic units
building up Styria are presented; in a second fertgeodynamic evolution of these
units through time is described. A third part dealth the economic significance of
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mineral resources in Styria. The figures of thiatabution are available online on the
pages of the naturwissenschaftlicher Verein ardtpt//wegener.uni-graz.at

C.5
Slope-elevation relation of an orogen, a chance ttecipher its stage of
evolution?

Slope-elevation distributions for particular drajeaareas show the actual stage of
development for an active orogen. Analytical solusi of an uplifting orogen and its
decay by surface erosion perfectly fit the obseatd (extracted from digital elevation
models). This consistency suggests young (5 Maitiaddl topographic build up of the
Alps, thereby provoking general geological believe.

C.6
The significance of cave bears for passage morphglp

Cave walls polished by passing cave bears (so cBli#gdnschliffe) are known from
some dozen caves in Europe that were populated\sy lzears in the Middle and Upper
Pleistocene. Barenschliffe are rounded and poligiats of cave walls and boulders
originating from the passing cave bears, rubbirgy thur along the walls. They mainly
occur on edges that project into the passagesldotoa straight walls. Barenschliffe
were first noticed and interpreted as animal traoe$806 from Drachenhdhle near
Mixnitz (Styria, Austria), where they are very poumced. However for some caves it is
doubted that these features are traces of cave.bear

The aim of this presentation is to show that treuiees are Barenschliffe by excluding
any other geological or anthropogenic process ¢batd have caused these features.
Further we want to point out the significance ofvecabear presence for the
mesomorphology of that caves. We found that in saaees like Drachenhdhle,
Arzberghdhle, and Peggauerwandhohle, many bouldeds often whole sections of
cave walls (often several square meters) were peshdue to passing by cave bears. To
constrain the age of the Béarenschliffe a stalagthié® has grown on such a polished
surface is being dated using the U/Th-disequiliiorimethod.
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C.7
Cave sediments as records of landscape evolutiontime Eastern Alps

Landscape evolution in the European Alps has bamajar topic of research for Earth
scientists during the past several decades. Tletefof landscape modeling processes
are quantified using estimated sediment budgestsipfi track analysis, and the dating of
geomorphic markers like fluvial terraces, glaciaraines and erosional surfaces. Caves
can provide additional clues for understanding $aage development because the
position of phreatic cave passages, which formectoghe local water table, is linked to
the position of springs and valley bottoms. Lowerai the valley floor by erosion leads
to the development of progressively younger phceptissages at lower elevations.
Therefore, valley incision rates can be obtainedyiged that the age of a cave is
known with reasonable accuracy. The minimum age cohve can be determined by
dating the sediments it contains, which are yourtigan the cave itself. The available
techniques are U-Th dating, paleomagnetic analgsid,burial age dating based on the
differential decay of th&°Al/*°Be isotope pair in quartz.

The Northern Calcareous Alps (NCA) of Austria provide ideal application for
landscape evolution studies based on cave sedibec#sise caves, which developed in
thick limestone sequences, show a clear verticdfidution. Attempts have been made
to empirically link this distribution pattern toghgeomorphic history of the Alps, but
numerical ages for the caves have yet to be detednin the high karst plateaus of the
central and eastern NCA (Dachstein, TennengebirgeéesT Gebirge) speleogenesis
probably started in the Miocene. The oldest knowawes are currently located at
altitudes of more than 1800 m asl. Progressiveeyaticision led to the development of
a second level of caves at altitudes of 1400-18GsIinThe third and youngest level is
situated close to modern valley floors and is stdtive today. In the largest cave
systems of the NCA (Hirlatzh6éhle, Schonbergsystenachstein-Mammuthéhle),
distinct levels of horizontal passages which dgwetbduring times of relative tectonic
calm, are connected by series of vertical shaftelwformed during times of rapid
valley incision, when the development of undergbggstems was forced to keep up
with rapid geomorphic changes at the surface.

A project funded by the Austrian Science Foundatfoourrently underway, with the

goal of investigating cave sediments from the NCA #re Slovenian Alps using the
’Al/*°Be dating method. The goal of this study is to amsyeestions regarding the

timing of speleogenesis in the NCA and to compaesghce of landscape modeling
processes along a N-S transect of the Eastern Afpsvell as other available records
from the alpine region.

143



APPENDIXC

C.8
Burial Age Dating in caves applied in current Austian research
projects

Burial age dating provides a tool to date Pliocené Rleistocene sediments. Quartz
grains exposed to cosmic radiation at the surfameiraulate®®Al and °Be with a
definite ratio of 6.8:1. When the quartz grains laweied, the different half-live of these
radioactive nuclides causes the ratio to decredbetime. Caves are buried repositories
for Quartz grains in clastic sediments and thusscsadiments can provide minimum
ages for the cave genesis. The decrease of theomeatratio of the radio nuclides is
the key to determine the time since the grain wagetl. The current research projects
aim to determine valley incision rates in the Ewap Alps during the Neogene and
Quaternary. Burial age dating is up to now primauged for landscape development
studies, but applications in other fields of cawgesce like for example cave
paleontology is also possible. The current projecesfunded by the Austrian Science
Foundation.

C.9
Active tectonics at the Eastern end of the Alps: Tdé Alps are certainly
not “dead” at all

In the literature many contributions have recenthgimed that. "the Alps are
tectonically dead". Much of this work has follow#ge recognition that the central part
of the Alps appears to have changed their tectoaggme since the Miocene and
deformation has propagated into the foreland. Tiaetivity of the Central Alps comes
to no surprise, as the geophysical community hag kestablished that the (counter
clockwise) rotation pole of the Adriatic plate ala to Europe is due south of the
central Alps near Torino implying zero convergenteéhe Central Alsp to north of it.
Conversely, this rotation pole implies north-souteasion in the western Alps and
north-south convergence east of the rotation poléhe Eastern Alps. In the Eastern
Alps, seismology, active tectonics and recent uphtterns show indeed that this region
is currently highly active. In this contribution wiefend the tectonic activity in the
Eastern Alps against a growing body of opinion thatAlps are tectonically dead. For
this we present two aspects: First we summarizepaeliminary studies from the past
including (i) cosmogenic burial ages suggestingaup00 m of surface uplift within the
last 4 my (ii) U/He age suggesting massive exhuwmatvithin the last 10 my (iii)
morphometric studies showing substantial uplift fafvial terraces. Secondly, we
present our working groups plan to tackle this satoyithin the current TOPO-ALPS
initiative.
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C.10
Incision rates based on burial age dating of caveediments along the
Mur river in Austria and their correlation to the n earby landscape
formation

Dating appropriate cave deposits using the radmactecay of cosmogenic nuclides
like 2°Al and *°Be allows a lower limit estimate of absolute cavesagnd consequently

an upper limit of relative incision rate of an amat river system. Alternating stages of
erosion and stagnation lead to the developmentawfapion surfaces in the landscape
and coeval formation of horizontal cave passagks. ifiterplay can be used to date the
surface levels by correlating them with the astediaave levels and their associated
ages.

This study focuses on the area around Graz alomdvilr river in the Central Styrian
Karst. There is apparent interest in this area aslocated at the transition zone from
the mountainous region, the so-called Highland&@z as part of the Eastern Alps to
the Styrian Basin, being the western-most parefRannonian Basin system.

First results of age dated cave deposits as wajleasnorphic features extracted from
digital terrain models, show a strong evidence wfstantial changes of the recent
(Pliocene and younger) drainage system charaatsridh this work results from (i)
burial age dating, (ii) historical information afid) morphological and structural data
are merged to distinguish between the relativesraietectonic activity and erosion
driven incision in this area. This will provide ansight to further constrain the
landscape evolution and the complicated upliftdmstof that marginal area in space
and especially in absolute time in relation todhgoing basin inversion processes.

C.11
Rates of valley incision in the European Alps apprached by
cosmogenic nuclides

Burial age dating provides a tool to date Pliocené Bleistocene sediments. Quartz
grains exposed to cosmic radiation at the surfameiraulate®®Al and °Be with a

definite ratio of 6.8:1. When the quartz grains laweed, the different half-live of these
radioactive nuclides causes the ratio to decredtbetime. Caves are buried repositories
for Quartz grains in clastic sediments and thuscsadiments can provide minimum
ages for the cave genesis. The decrease of thaomeatratio of the radio nuclides is
the key to determine the time since the grain wasel. The current research projects
aim to determine valley incision rates in the Ewap Alps during the Neogene and
Quaternary. Burial age dating is up to now primauged for landscape development
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studies, but applications in other fields of cawdersce like for example cave
paleontology is also possible. The current projecesfunded by the Austrian Science
Foundation.

C.12
River incision based on cave sediment analysis algpthe Eastern
Alpine orogen — Pannonian Basin System transitionane

Dating cave deposits via the Terrestrial Cosmogshiclide (TCN) method allows a
lower limit estimate of absolute cave ages and eguently an upper limit of relative
incision rates of an adjacent river system. Thiglgtfocuses on the area around Graz
along the Mur river, which is located at the tréinsi from the mountainous region, the
so-called Highlands of Graz as part of the Easédps to the Styrian Basin, being the
western-most part of to the Pannonian Basin syskerst results of age dated cave
deposits as well as geomorphologic manifestati@isgudigital terrain modeling show
a strong evidence of much recent (Pliocene and g@inactual drainage system
characteristics. In this work various cognitiondl Wwe merged to emphasize the role of
tectonic activity versus erosion driven incisionthis area, particularly focusing on the
karstified domains. This will provide an insight forther constrain the landscape
evolution and the complicated uplift history redpesdy of that marginal area in space
and absolute time in relation to ongoing basin isv@ processes.

C.13
The western margin of the basin: highlights of youg morphologies
formed by basin inversion

The western margin of the Pannonian Basin inclu@@sthe Vienna Basin and (b) the
Styrian Basin. The Vienna Basin is dominated by gdaransform fault that extends
well into the Carpathian arc and that created armneows pull-apart basin along its
northwest margin. This pull apart basin and thenwa transform fault clearly also
dominated the geometry of basin inversion over l#s 10 my. In contrast, in the
Styrian Basin, no major transform faults have beepped and the thickness of the
sedimentary pile in the basin increases succegsamd continuously eastward - bar
some north-south striking basement swells (Middigri& Swell, South Burgenland
Swell). As such, the basin extension and its sulesgtginversion are likely to have
followed a more ‘normal’ pattern and the Styrian iBaand its bounding regions are an
ideal area to study basin inversion processesisncontribution we highlight three eye
catching morphological features of the Styrian Baaimd its surroundings that
apparently relate to the basin inversion.
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- Caves in the Palaeozoic of Graz. The river Mur is the major Alpine drainage that
crosses the transition zone from the orogen irgdotisin in a unit called the Palaeozoic
of Graz. This unit is made of karstified carbondtesting hundreds of caves, many of
which include long horizontal stretches. These sasaviously formed at (or below)
ground water level, but they occur on various diewma from active caves on the
present day elevation of the Mur up to 600 m ahineecurrent water table. Many of
these caves contain crystalline basement pebhbdesath likely to have been deposited
during their active time. We are currently datihg tburial ages of these sediments to
infer the incision history of the river Mur and abit vertical reference levels for the
basin inversion. Preliminary ages show a roughimgease with elevation from zero to
about 4 my at 600 m above the current river lewetasponding to an incision rate of
0.15 mm per year.

- Pohorje Dome: The Pohorje Dome in Slovenia rises some 1.000catmetres above
the basin amidst the suture zone between AdriaticEuropean plates. The river Drava
crosses the dome through its centre, apparentlgahdg an antecedent relationship of
dome and river. This implies that the dome is k&b be a very young feature,
probably younger than most of the offset alongltaeanttal fault which constrains its
uplift to the last 5 my. Preliminary cosmogenic espre ages have not revealed a
systematic pattern, but confirm active tectonictharegion.

- Terraces in the basin: In the Styrian Basin itself, the morphology alsdicates active
tectonics: The hilly landscape of the Styrian wgmewing area fluctuates between 200
m and 500 m above sea level on relatively shorgtterscales and shows — in some
regions — a very strict parallel organisation ohidages with asymmetric valley
profiles. This asymmetry in the morphology is erteah by various glacial and
interglacial terraces that often occur on sidenefutalley only. Using channel profiles of
streams and displaced young marine deposits (eithd_Kalk) as reference levels we
constrain which landforms were formed by basin s and which are formed by
drainage incision.

C.14
The Evolution of the Styrian Basin in the Neogene tdications and
First Conclusions

We present some observations on the neotectonitutewo of the transition zone
between the Alpine orogen and the Pannonian Badimeimegion of the Styrian Basin.
In particular, we discuss the nature of some pacuhorphological features in this
region, such as asymmetric valley profiles or perabrientation of drainages in
discretely defined zones of the basin. These featoan be interpreted in terms of the
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interplay of erosion and a complicated uplift higtauring the inversion of the basin
margin. Two methods are used to constrain our ghsens in absolute time: 1. Marker
horizons of known age and equivalent depositiorirenment are correlated across the
basin with respect to their elevation. This infotimia is used to infer later tectonic
activity. 2. Burial ages of ‘Augensteine’ in karstves and in fault gouges are obtained
using terrestrial in situ cosmogenic nuclides. Huages are used to constrain river
incision and age of activity of fault systems. Farésults indicate that most of the
landscape evolution in the basin-orogen transitimme occurred in the last 6-8 my. Our
findings provide a deeper understanding of thetivegaimportance and possible
feedback effects of erosion driven incision andaeic uplift in the shaping of inverted
basin margins.

C.15
An Elevation Correlated Map of the Neogene in the t§rian Basin

This contribution is a progress report on a digielp of the Styrian Basin (as part of
the Alpine Orogen - Pannonian Basin transition zpimewhich we correlate marker
horizons across the transition zone in elevatiod &me. The Styrian Basin was
inverted about 7-10 my ago and is currently charégsd by a hilly landscape between
200 and 600 m in elevation. In the bounding orogeoyntains rapidly rise to 2200 m
asl. A series of conspicuous features in the biasiicate that the region experienced a
complicated uplift history during the inversion tife basin margin. These include
asymmetric valley profiles, parallel orientationdrfiinages in discretely defined zones
of the basin and others. The aim of the map ishtdetstand the relative importance of
erosion driven incision and tectonic uplift in teleaping of the surface morphology in
the transition zone. For this we extract the teictaomponent by mapping the elevation
of marker horizons of constant age and equivalepsition environment across the
basin. As marker horizons we use various Neogewémeats like coeval fluvial
terraces and shallow marine deposits in the b&simently we use existing maps, and
preliminary dating of cosmogenic nuclei from cawepdsits as well as unpublished
information. Further work will use low temperatugeochronology, morphological
mapping and numerical landform modelling to constthe uplift history in space and
absolute time.

148



APPENDIXC

C.16
Conspicuous features and their indications for thevolution in the
Styrian Basin

We present a digital map of the Alpine Orogen -riéaman Basin transition zone, in the
region of the Styrian Basin, in which we correlatarker horizons across the transition
zone in elevation and time. The Styrian Basin warited about 7 my ago and is
currently characterised by a hilly landscape betw2@0 and 600 m in elevation. In the
bounding orogen, mountains rapidly rise to 2200sinfA series of conspicuous features
in the basin (including asymmetric valley shapes jparallel orientation of drainages in
discretely defined zones of the basin) indicate tiwa region experienced a complicated
uplift history during the inversion of the basin ngia. The aim of the map is to
understand the relative importance of erosion driveision and tectonic uplift in the
shaping of the surface morphology in the transittmme. Documenting the relative
length scales of these two processes will ultinyatelp us to understand the mechanics
governing the basin inversion. As marker horizoresuge coeval fluvial terraces, top
surfaces of shallow marine deposits in the basth @aves. This contribution is very
much a progress report of a study in its earlyesta@urrently we use existing maps,
preliminary dating of cosmogenic nuclei from sorages and unpublished information.
Further work will use low temperature geochronologyrphological mapping and
numerical landform modelling to constrain the ugiifstory in space and absolute time.
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