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Abstract

The shape of Alpine landscapes is predominantly controlled by the interaction of tectonics
and erosion. The latter is mainly influenced by climate, which regulates the relative contri-
bution of fluvial and glacial erosion. However, the exact impact of these processes on the
Alpine landscape evolution is still unclear. Therefore, the overall aim of this thesis is to
quantify the influence of fluvial and glacial erosion on Alpine valley evolution in the Central
European Alps since the Miocene. The study area is located in the Aar massif, which is an
external massif in the Central Alps of Switzerland.

Thermochronological methods are applied to estimate surface cooling ages, long-term ex-
humation rates and the provenance of fluvial sediments. Three different thermochronometers
are used to cover different time spans; zircon fission track (ZFT), apatite fission track (AFT)
and apatite (U-Th-Sm)/He (AHe) dating. The thermochronological data reveal that since
the initial rapid exhumation of the Aar massif (17 - 12 Ma), the massif has been exhumed
uniformly with 0.5 km/Ma. Thermal models indicate strongly elevation-dependent different
cooling events, but in this thesis they are associated with a high-relief topography induced
perturbation of near surface isotherms. Nevertheless, the spatial distributions of AFT and
AHe ages suggest an increase of exhumation at a distinct elevation range within the last 2
Ma. The focused accelerated exhumation is assigned to effective glacial erosion around the
equilibrium line of altitude (ELA) of extensive Pleistocene glaciations. Numerical models
prove that focused erosion may have influenced the exhumation rates at this distinct eleva-
tion range.

Provenance analyses of stream sediment with detrital AFT combined with the measurement
of recent catchment-wide denudation rates demonstrate the distribution of erosion in Alpine
valleys during an interglacial. The denudation rates are based on cosmogenic-produced '“Be
in quartz. The erosion pattern in Alpine valleys is still characterized by the impact of present
and past glaciers: glacial erosion at the ELA of present-day glaciers and fluvial erosion
around the ELAs of Pleistocene glaciers. Corresponding recent denudation rates indicate
that glacial erosion is at least twice as effective as fluvial erosion. In contrast, fluvial erosion
rates coincide with long-term exhumation rates.

Summarized, the impact of a cooling climate exceeds the influence of fluvial erosion on the
landscape evolution. Therefore, climate changes that may have led to shifts in the precipita-

tion pattern may not be reproducible with the exhumation history.
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Zusammenfassung

Das Erscheinungsbild alpiner Landschaften wird vorwiegend durch das Zusammenspiel von
Tektonik und Erosion reguliert. Letztere wird durch das Klima beeinflusst, indem es die An-
teile von fluviatiler und glazialer Erosion bestimmt. Die Auswirkungen dieser Prozesse auf
die Landschaftsentwicklungsgeschichte im alpinen Raum sind jedoch noch nicht vollstédndig
geklirt. Das Ziel dieser Dissertation besteht daher darin, die Einfliisse fluviatiler und glazialer
Erosion im Bezug auf die Entwicklung von Alpentilern seit dem Miozin in den zentralen
europdischen Alpen zu rekonstruieren. Das Arbeitsgebiet befindet sich im Aarmassiv, einem
Externmassiv in den zentralen Alpen der Schweiz.

Mit Hilfe von thermochronologischen Methoden werden Abkiihlalter, langfristige Exhuma-
tionsraten und Herkunftsgebiete fluviatiler Sedimente bestimmt. Hierfiir werden drei unter-
schiedliche Thermochronometer benutzt: Zirkon-Spaltspuranalyse (ZFT), Apatit-Spaltspur-
analyse (AFT) und Apatit (U-Th-Sm)/He Datierung (AHe). Die thermochronologischen Al-
ter zeigen auf, dass seit der anfinglichen, schnellen Exhumation (17 — 12 Mio. Jahre) des
Aarmassivs, die Exhumationsraten konstant und gleichméBig bei 0.5 km/Ma sind. Aller-
dings deuten thermische Modelle auf unterschiedliche Abkiihlungsereignisse hin, die je-
doch deutlich von der Hohe abhiingig sind und deswegen vermutlich eher eine Folge eines
gestorten Verlaufs von oberflichennahen Isothermen unterhalb einer ausgepriagten Topogra-
phie sind. Die raumliche Verteilung von AFT und AHe Altern weist dennoch auf einen
Anstieg der Exhumation innerhalb der letzten 2 Mio. Jahre an einer bestimmten Hohe hin.
Die konzentrierte, verstirkte Exhumation wird als Folge von effektiver, glazialer Erosion um
die Gletschergleichgewichtslinie der maximal ausgedehnten Pleistozinen Gletscher angese-
hen. Numerische Modelle belegen, dass diese konzentrierte Erosion die Exhumationsraten
an dieser bestimmten Hohe beeinflusst haben konnte.

Basierend auf den Herkunftsgebieten der Flusssedimente, die mit Hilfe von AFT ermittelt
wurden, ergibt sich die Verteilung der Erosion in Alpentilern wéhrend eines Interglazials.
Diese Ergebnisse kombiniert mit der Messung der Konzentration von in-situ produziertem
'Be in den Flusssedimenten resultiert in der rdumlichen Verteilung rezenter Erosionsraten.
Die Erosionsverteilung in den Alpentélern ist noch immer durch die Auswirkungen von
heutigen und friiheren Gletschern geprégt. Hierbei stellt sich heraus, dass die Erosion haupt-
sachlich auf zwei Bereiche konzentriert ist; glaziale Erosion unterhalb der heutigen Gletscher-
gleichgewichtslinie und fluviatile Erosion auf der Hohe der ehemaligen Gletschgleichgewichts-

linie des Pleistozdn. Die dazugehorigen Erosionsraten belegen, dass die glaziale Erosion
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mindestens zweimal so effektiv ist wie die fluviatile, die mit den langfristigen Exhumations-
raten iibereinstimmt. Daraus folgt, dass die Auswirkungen eines sich abkiihlenden Kli-
mas deutlich den Einfluss von fluviatiler Erosion im Bezug auf die Landschaftsentwicklung
tibersteigen. Demnach sind vermutlich Klimaveridnderungen, die zu einer Verdnderung im

Niederschlagsmuster fiihrten, nicht auflosbar mit der Exhumationsgeschichte.

Schlagworter: Alpine Landschaftsentwicklung, glaziale Erosion, Thermochronologie
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Chapter 1

During my dissertation I investigated the short- to long-term impact of glacial and fluvial
erosion on the landscape evolution in an Alpine setting. Present landscapes of mountain-
ous areas throughout the world obtain their characteristic relief by an interaction between
active tectonics (tectonic deformation and rock uplift) and erosion at the surface. Therefore,
erosion, independently of prevailing fluvial or glacial erosion, is crucial for the evolution of
orogens, because (1) the height of mountain ranges mainly grows until a steady-state be-
tween tectonics and erosion is achieved and (2) the present shape of mountains is mainly the
result of erosion (e.g. Willett, 1999} Willett and Brandon, [2002). Consequently, the quantifi-
cation of erosional processes is necessary for the understanding of the landscape evolution

of mountain ranges.

This work focuses on the European Alps, in which the study area is located in the Central
Alps of Switzerland, in the Bernese Alps (Fig. 1.1). In the Central Alps, Alpine conver-
gence rates have decreased within the last 10 Ma and are presently nearly non-existent (e.g.
'Schmid et al., [1996}; [Schlatter et al.l 2005). In contrast, there is a lack of understanding of
the distribution of erosion during the same time interval. Sediment budget analyses reveal
increasing erosion rates since the last 5 Ma (e.g.|Cederbom et al.| 2004} [Willett et al.| 2006},
'Kuhlemann et al., [2002), whereas exhumation rate patterns display steady-state exhumation
rather than accelerated erosion (e.g.[Bernet et al., 2001}, [Glotzbach et al., 2011};[Vernon et al.,
2008)). This dissertation concentrates on the landscape evolution since Miocene, which also

comprises several glacial and interglacial cycles within the Quaternary. The identified distri-
butions of exhumation provide information about the erosion pattern in a million year time
scale, whereas estimated recent erosion rates reflect the past 1 ka. Consequently, this study
will identify the influence of climate shifts on the topography as well as the relative contri-

butions of fluvial and glacial erosion.
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Central questions of this study:

The aim of this study is to reconstruct how the Alpine landscape has been evolved since
Miocene with an emphasis on the impact of glacial erosion on inner-Alpine valleys. This

thesis addresses the following questions:

(1) How did the exhumation pattern evolve through time and did the exhumation rates
display any of the proposed erosion pulses - and if so, which were the triggering pro-
cesses?

By now, two distinct erosion pulses are suggested for the Central Alps. A first one is sup-
posed to have taken place at 5 Ma as demonstrated by sediment budget calculations and ther-
mochronology in the North Alpine foreland basin (e.g.[Willett et al.| 2006; [Kuhlemann et al.,
2002; [Cederbom et al., [2004). A second one is assumed to have led to increasing erosion

rates, because of the extensive glaciations during the Pleistocene (e.g. Haeuselmann et al.,

2007} [Valla et al., 2011}; [Glotzbach et al., 2010, 2013). Instead, at orogen-scale, a steady-
state exhumation is suggested by detrital and bedrock thermochronology for the same period

of time (e.g. Bernet et al., 2001} |Glotzbach et all, 2011). This study is intended to resolve

the exhumation pattern regarding these two or more erosion pulses as well as their driving

forces.

(2) How intense was the impact of glacial erosion during Pleistocene glaciations on
inner-Alpine valleys?

It is known that glacial erosion during the most extensive glacial advances in Pleistocene led
to accelerated valley incision of Alpine valleys (e.g. Valla et al., [2011; [Hacuselmann et al.,
2007). However, only little is known about the factors that triggered valley incision as well
as about the local distribution of glacial erosion in different valleys. The concern of this the-

sis is to provide a better understanding of the distribution of glacial erosion in inner-Alpine

valleys during the Pleistocene.
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(3) During the present interglacial, how is the spatial distribution of erosion and which
processes control the pace and location of erosion?

Recent cosmogenic-nuclide derived erosion rates on stream sediments reflect the mean ero-
sion rate of sample points’ upstream catchment (e.g. [von Blanckenburg| 2005)), but it is not
distinguished between fluvial or glacial erosion. However, recent studies in the European
Alps observed either a large influence of glacial erosion (Delunel et al [2014) or of fluvial
erosion (Fox et al.l[2015]) on Alpine catchments. In this thesis an innovative approach using
bedrock and detrital thermochronology is applied to estimate present-day sediment prove-

nances. The results are used to modify catchment-wide denudation rates.

48°

47°

Latitude

46°

45°
9° 10° 11° 12°

ge
Longitude

Figure 1.1: Location of the study area in the Central Alps of Switzerland. The topography
is based on 90 m SRTM data (USGS, 2006).




Chapter 1

1.1 The evolution of the European Alps

The European Alps are the result of continent-continent collision involving several (micro-)
tectonic plates and ocean basins, whereby the main driving forces originate from the conver-
gence between Europe and Africa. The geology of the Alps is nowadays divided into three
major units (Helvetic, Penninic, and Austroalpine and South Alpine) that are describing their
paleogeographic position prior the collision (e.g. [1979). The evolution of the Alps is
explained briefly in the following section.

In the Early Mesozoic era, the supercontinent Pangaea broke apart into several small con-
tinental plates and ocean basins, which were later involved in the Alpine orogeny
[1979). It is assumed that the formation of the European Alps can be separated into two dif-
ferent orogenies each followed by extensional overprinting (e.g.[Schmid et al.l 1996, 2004
[Froitzheim and Manatschal, [1996}; [Froitzheim et al., 1994} [Steck and Hunziker, [1994); the

first one during the Cretaceous is followed by a second one during the Early Cenozoic. The

first orogenic phase in the Early Cretaceous started with the closure of the Meliata ocean. The
Meliata ocean opened during Middle Triassic in a south-eastern position of the later Alps.
The closure of the ocean resulted in a collision of various micro-plates, in which the later
Adriatic plate was involved. The collision was presumably driven by a southeast-dipping
intra-oceanic subduction zone forming an early mountain range. The collision caused an
arising instability of the early orogen, resulting in orogen-parallel extension (Froitzheim
[1994). Remnants of this former ocean basin are rare and are only found in the Aus-

troalpine unit in the Eastern Alps (Schmid et al., [1996).
The second orogenic phase in the Early Cenozoic is the main collision phase during Alpine

orogeny. This phase is characterized by the closure of ocean basins and subduction of micro-
tectonic plates between the Adriatic and European continent. This was preceded by the
opening of the Piedmont-Liguria ocean in the Late Triassic / Early Jurassic that separated
the Adriatic continent from the European plate. The opening is assumed to be kinematically
linked to the opening of the Central Atlantic ocean (e.g./Schmid et al., 2004} [Frischl [1979).
As a result of the ongoing opening of the Northern Atlantic ocean in the Early Cretaceous,

a second ocean opened; the Valais ocean at the southern margin of the European continent
separated the micro-continent Briangonnais from Europe (e.g. [1979). The positions
of continental and oceanic plates at this stage are shown in Fig. 1.2. Note that the actual
positions of former oceans and continents are still a matter of debate and thus Fig 1.2 only

provides a simplified overview.
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25°N

20°N

Africa
l:l continental shelf Units: (1) Helvetic unit: European continent
(2) Penninic unit: Valais + Piedmont-Ligurian ocean
- ocean basin Briangonnais microcontinent
(3) Austroalpine and South Alpine unit: Adriatic continent + shelf

Figure 1.2: Paleogeographic postion of Alpine units in the Lower Cretaceous simplified
after Wortmann et al.| (2001). Co/Sa corresponds to Corsica and Sardinia, Tiza is now
found in the Northwest Dinarides and Romanian Carpathians and Ba corresponds to the
Bakony mountains.

According to these paleogeographic locations of oceans and (micro-) continents, the geol-
ogy of the Alps is classified. In the north, the European continent and corresponding distal
margin is assigned to the Helvetic unit. In the south, the Adriatic continent is subdivided into
a northerly part corresponding to the Austroalpine and a more southerly part associated with
the South Alpine. The Austroalpine and South Alpine are combined, because both parts have
never been separated by an ocean and therefore comprise continental deposits of the Adriatic
continent. Between both described units were located the Briangonnais, and the Valais and
Piedmont-Liguria oceans. The continental deposits and oceanic rocks are assigned to the
Penninic unit (Fig. 1.2).

The collision and nappe stacking started with the south-southeastward subduction of the
Piedmont-Liguria ocean below the Adriatic continent (South Alpine and Austroalpine unit)
at 95 Ma, followed by the subduction of the Brianconnais at ~-65 Ma (Fig. 1.3 A). A second
southward subduction zone successively closed the Valais ocean. During subduction, the
geologic parts corresponding to the Penninic unit were partly metamorphosed up to eclogite
facies. The entire width of the Brianconnais was subducted completely in the Late Eocene

(~50 Ma) and led to the collision and subduction of the European margin, whereby rocks




Chapter 1

of the Helvetic unit were mainly metamorphosed to greenschist and amphibolite facies (e.g.
[Frischl, [1979} [Schmid et al.| [1996; Marquer and Burkhard, [1992). The collision between the
European continent and the Adriatic indenter caused crustal shortening and finally the uplift
of the Alps (e.g.[Steck and Hunziker, [1994). Highest convergence rates of 1.3 to 1.5 cm/a
have been achieved during that time period (between 65 and 40 Ma) (Schmid et al., [1996)).

According to the position during collision, the Austroalpine unit as the southernmost unit, is

highest and rested upon the Penninic and Helvetic units. However, in the Early Oligocene
(~32 Ma) parts of the European continent (Helvetic unit) started to exhume due to back-
thrusting onto the Austroalpine (southern unit) along the Insubric Line (Fig. 1.3 B). Back-

thrusting combined with erosion led to exhumation of large parts of the Helvetic and Penninic
units in central parts of the Alps (Schmid et al.,[1996).

A N S

Upper crust

0 | Early Paleocene ~65 Ma
10

Lower crust  gediments Valais ocean S
Sediments Piedmont-Liguria

50 50 km

Austroalpine

(B) N S
South Alpine | O
10
- 50 km
Early Miocene ~19 Ma

Figure 1.3: (A) and (B) schematic transect through the Central Alps displaying the kine-
matic evolution in the Oligocene and Early Miocene, simplified according to[Schmid et al |
(1996). Note that for the Early Miocene a first updoming of the Aar massif is suggested.
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Since Early Oligocene, the North Alpine foreland basin has been subsided and recorded the
tectonic evolution of the Alps with deposited Molasse sediments. In the Late Miocene /
Early Pliocene the basin was inverted and instead of accumulating sediments, it began to
erode (e.g.[Cederbom et al., 2004; [Willett et al., 2006}, [Schmid et al.,[2004). Simultaneously,
the Alps are proposed to have been changed from orogenic construction to orogenic decon-
struction (e.g. Willett et al.| 2006). Since Late Eocene (40 Ma), the convergence rates have
decreased successively to almost no convergence today in the Central Alps
[1996)). In contrast, only in the Eastern Alps ongoing convergence is detected, because of

the continuing anticlockwise-rotation of the Adriatic indenter (e.g. [Grenerczy et al., [2000).

Present-day horizontal movements derived by GPS measurements therefore indicate a N-S
shortening with a rate of 2 mm/a in the Eastern Alps, whereas west of a longitude of 10°E
horizontal crustal movement in the Central and Western Alps is almost non-existent (<1

mm/a) (Nocquet, 2012; [D”Agostino et al., [2003).

This Cenozoic orogeny led to orogen-parallel extension due to lateral escape of crustal ma-
terial perpendicular to the direction of convergence (e.g. Mancktelow, [1992; [Steck and Hun-|
[1994)). In the Central Alps, for example, the extension resulted in rapid exhumation
of the Lepontine Gneiss dome and in movement along the prominent Simplon Fault zone,
which is assumed to be still active (Steck and Hunziker, [1994; [Mancktelow!, [1992; [Seward

land Mancktelow], [1994; (Campani et al., 2010).

This dissertation focuses on the Aar massif, which comprises crystalline rocks of the Euro-

pean continent and therefore it belongs to the Helvetic unit. Besides the Aar massif, there
are further external massifs at which basement rocks from the former European margin are
outcropping in an orogen-parallel string on the northern and western rim of the Alps, e.g.
Mont Blanc massif, Belledonne Massif, Argentera Massif and Pelvoux Massif (e.g.
2004).

The exhumation of the Aar massif began in Miocene (e.g. Michalski and Soom, [1990); [Ver-|
mnon et al.} 2009) (cf. Fig. 1.3 B). The northern boundary of the Aar massif is limited by the
Helvetic thrust at which the crystalline rocks and the sedimentary cover of the Aar massif
were thrust onto Helvetic nappes (e.g. [1977). This thrust may mark the bound-

ary between autochthon and allochthon European foreland. The uplift of the Aar massif is

proposed to be a consequence of a ramp-fold at the detachment between lower and upper
European crust (Schmid et al [1996). For a detailed description of the evolution of the Aar
massif, please refer to chapter 2.
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1.2 Thermochronology

Samples in this thesis are mainly analysed by thermochronological methods to evaluate the
long-term exhumation pattern and reconstruct the landscape evolution. Hence, this section
focuses on the methodological details of thermochronology, analytical details are provided
in the following chapters. Numerical modelling based on thermochronological ages as well
as the calculation of cosmogenic '“Beryllium (Be)-derived catchment-wide denudation rates
are described in chapters 3 and 4.

Thermochronology is based on the accumulation of daughter products through naturally oc-
curring radioactive decay reactions of parent isotopes in geologic relevant material and the
removal of that daughter product by thermal activated processes (e.g. Reiners|, 2005]; Braun|
2006)). The ages () can be determined, because the decay rate of the radioactive decay

1s known, which results in this general form of the isotopic age equation:

1. N,
t=qln(5 + 1), (1.1)

p

whereby A is the decay constant, and /N; and N, are the number of daughter and parent
isotopes, respectively. Generally, thermochronology provides information about the thermal
and temporal history of rocks or minerals and therefore differs from geochronology, which
is solely used to determine the absolute timing of geologic events (e.g. 2005).

The age of minerals, whose calculation is based on the accumulation of daughter isotopes,
depends on the time when the mineral was at its closure temperature 11973). At
temperatures lower than the mineral-dependent closure temperature, daughter isotopes are
retained or fission tracks are produced in the minerals, whereas at higher temperatures, the
daughter products diffuse or fission tracks are erased as fast as they are formed. If, therefore,
the mineral cooled rapidly and uniform, the thermochronological ages would ideally refer to
the time since the mineral has left the closure temperature range (cooling age) (e.g.
2005). The age also depends on the cooling rate that is associated with the exhumation rate
(Fig. 1.4) (e.g.[Braun et al.,[2006). In this context, exhumation describes the history of the
vertical displacement of rocks with respect to the Earth’s surface, which is caused by the

combined processes of active tectonics triggering rock uplift and erosion at surface

and Molnar, [1990).

There are three commonly used thermochronometers; *° Ar/*° Ar (argon-argon dating) on mi-

cas, amphiboles and K-feldspars (e.g. McDougall and Harrison| [1999), Fission track ther-
mochronology on apatites and zircons (e.g. |Gallagher et al.l 1998 Tagami et al., |1996) and
(U-Th-Sm)/He (uranium-thorium-samarium/helium) dating on apatites and zircons (e.g.

2002)). Each thermochronometer is based on different closure temperatures and therefore

provides cooling information over different time scales. The higher the closure temperature
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the deeper the isotherm of the closure temperature and consequently the longer the time of
exhumation. In this thesis, fission track dating on apatites (AFT) and zircons (ZFT), and
(U-Th-Sm)/He dating on apatites (AHe) are applied.

cooling ages
of exposed bedrock

A erosion and transport
detrital
thermochronology

------
.-
-
-

~
~
o
-

T (AFT)= ~ 120°C —AFT clock starts

—rock with apatites

simplified exhumation path

Figure 1.4: Simplified description of the concepts of apatite fission track (AFT) and (U-
Th-Sm)/He dating on apatites. Modified from Bernet et al|(2009).

These two methods are commonly applied to calculate cooling ages on bedrocks to recon-
struct the thermal evolution of sedimentary basins for hydrocarbon exploration (e.g.
[1986)) as well as to estimate exhumation rates for the reconstruction of the evolution
of mountain belts (e.g. 2005). Provenance analysis in sedimentary basins is also
common, as thermochronological age compositions provides information about the denuda-
tion rates, paleodrainage directions and/or depositional ages (Fig. 1.4). For detrital ther-
mochronology it is supposed that the time of exposure is the same as the time of deposition.
The period of time between exposure and deposition (residence time) is assumed to be in-

significant compare to the old thermochronological ages and their large errors (e.g.

et al.| [2009; Wagner and van den Hautel [1992).
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1.2.1 Fission track dating

Fission track dating was first introduced in the 1960s by the pioneering work by
(1965) and further developed within the last 30 years (e.g.|Green et al.| [1986; [Gallagher|
[1998)). This method is based on the spontaneous decay of 2**U, which is naturally in-
corporated in several minerals (e.g. zircons and apatites) during crystallization (e.g.

land O’Sullivan, 2005). 2*U does not only decay by « or /3 emissions, there is also a small

proportion at which 28U decays by forming nuclear fissions. The spontaneous fission of a
238U isotope, in general, occurs only with very low probability; for example, decay reactions

by « or 3 emissions occur 2 x 10° times more frequently than spontaneous fission (e.g.

[braithl 2005}, [Tagami and O’Sullivan, 2005)).

Figure 1.5: Spontaneous fission tracks in apatite (Photo from sample CGP236).

In the process of nuclear fission, an unstable nucleus splits into two positively charged high-

energy nuclei that are propelled away in opposite directions, creating a randomly oriented

single linear trail (e.g. [Tagami and O’Sullivanl, 2005}, [Galbraithl 2005}, Braun et al., [2006).

If this reaction takes place in a mineral, a damage trail will be formed, which is named fis-

sion track. Consequently, calculating an age will be possible if the relative abundance of
the number of 28U isotopes “parent product” and the number of spontaneous fission tracks
”daughter product” per unit volume is estimated (cf. equation 1.1).

When they are formed, spontaneous fission tracks in apatites and zircons are about 16-17 um
and 11 pm long (Fig. 1.5). The width of fission tracks ranges between 0.0025 - 0.0050 um
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(e.g.|Li et al, 2010} 2011}, [2012). Fission tracks can be revealed by chemical etching, thus
the counting of the spontaneous fission of *8U isotopes under an optical microscope will be

possible (e.g. Gallagher et al.,|1998). The abundance of 23U “parent product” is estimated

by determining the abundance of 23U, because the ratio between 2*U/?*U is naturally con-
stant. In order to achieve this, the minerals are irradiated with low-energy thermal neutrons
in a nuclear detector and the 2>>U isotopes are also able to decay by forming nuclear fissions
(e.g. Gallagher et al., [1998). The induced tracks of the fission of 23U, which refers to the

abundance of U, can also be revealed by chemical etching and are countable under an

optical microscope (Tagami and O’Sullivan, 2005). Spontaneous and induced fissions are

physically unrelated and therefore the numbers of isotopes that decayed by nuclear fissions
are statistically independent (Galbraithl, [2005))
There are three ways to estimate fission track ages, the population and the external detec-

tor method as well as the LA-ICP-MS-based fission track technique, whereby the external

detector method is commonly used and was also applied in this study (Hurford and Green)

1982} [Hurford, [1990; (Gallagher et all [1998; Hasebe et al.,2004; [Chew and Donelick, [2012).

The minerals are usually embedded in epoxy resin to prepare a mount. As a first step of

the external detector method, the mount is grinded and polished to expose an internal sur-
face. Secondly, the sample is etched to reveal the spontaneous tracks of the decay of *3U
(Fig. 1.5 and 1.6). As a third step, an external detector, usually a thin layer of muscovite, is
attached to the sample. The sample and attached mica are irradiated simultaneously by ther-
mal neutrons. Afterwards, the external detector is also etched to reveal the induced tracks
of the decay of >*U. Before the counting of spontaneous and induced tracks begins, a slide
is prepared, which includes the spontaneous tracks on the one hand and the corresponding
image of induced tracks on the other hand (Fig. 1.6) (e.g.|Gallagher et al.|[1998). Hence, the
external detector method has the major advantage that single grains are considered individu-

ally, whereby grain-dependent variations of the uranium content are taken into account.

The external detector method is simplified by adding a ( -factor, which is calibrated indi-
vidually by each analyst by counting standard samples of known age (commonly used for
AFT: Durango-apatite from Mexico) (Hurford and Greenl, [1983). The equation 1.1 is then

transformed into the fission track age equation:

1 s
¢ = )\—ln()\Dp—png 1), (1.2)
D Pi

whereby \p is the decay constant for 2®U, p, and p; are the densities of spontaneous and

induced tracks (number of tracks/unit area), p, is the track density of the dosimeter, g is

a known geometry factor and the (-factor (e.g. Hurford and Green| 1983} Gallagher et al.,

1998). During irradiation, the thermal neutron flux is constrained with a dosimeter glass
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of known uranium concentration, which is irradiated simultaneously with the samples. The
track density of this dosimeter is stated as pg.

In practice, about 20 grains per sample are counted and the resulting age is reported with
its central age. The central age is the logarithmic mean of the single-grain ages and corre-
sponding age dispersion that depends on the relative standard error of the single-grain ages

(Galbraith [2005).

In contrast to the external detector method, the population method is based on the assumption

that the distribution of uranium is uniform in each grain, why the sample is first separated
into two splits at which only one split is irradiated. Both splits are embedded and counted
individually; the unirradiated reveals the spontaneous tracks and the irradiated comprises
the total track density (e.g. 11979). For LA-ICP-MS-based apatite fission track ther-
mochronology, the uranium concentration is measured with LA-ICP-MS. This approach has
the advantage that samples do need to be irradiated, which increases the speed of analyses
(Hasebe et al., [2004) as well as it enables the measurement of further elements (e.g. Th,
Sm, Pb) at the same time, facilitating a combination of dating methods (e.g. with U-Pb dat-

ing). However, this method has also the disadvantage that grain-dependent variations of the
uranium content can not be considered as it can be done with the external detector method
(Chew and Donelick}, 2012)). Therefore, the assumption of an uniform distribution of ura-
nium mainly limits the application of these methods and that is the reason why the external
detector method is normally applied (e.g.|Galbraith and Laslett, 1993} |Gallagher et al.,[1998
Braun et al, 2006).

An important characteristic of the fission track thermochronometer is its ability to anneal

fission tracks with increasing temperature, which allows a reconstruction of the cooling his-
tory of the minerals. Thereby, atoms and electrons move through the crystal towards the
ionized track, causing a shortening of tracks. If the tracks are shortened, the thermochrono-
logical ages will become younger, as there are fewer tracks to count (Green et al., 1986}
Tagami et al., [1996). The temperature range at which fission tracks may efficiently anneal,

the partial annealing zone (PAZ), varies and is associated with the mineral-dependent closure

temperature; for example, the temperature range at which apatites may anneal is between 60
- 120°C (e.g. [Wagner and van den Hautel [1992) and for zircons between 190 - 380°C (e.g.

Rahn et al, 2004).
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Figure 1.6: The external detector method according to Hurford and Green| (1982); [Hur-|

(1990) and illustrated by |Gallagher et al| (I998).
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To estimate if tracks are already shortened, a measurement of confined track lengths is re-
quired. Confined tracks are located below the mineral surface, ideally horizontal (subhor-
izontal) (Fig. 1.6), and represent the best approximation of true track length distributions
(Gleadow et al., [1986} |Green et al., [1989). Typically, 50 - 100 track lengths are measured

under an optical microscope (e.g. Gallagher et al.| [1998). It is more common to measure

confined track length distributions in apatites than in zircons, because the process of anneal-

ing is more understood in apatites than in zircons (e.g. [Wagner and van den Haute, 1992
[Tagami et al, [1996)

For apatites it is assumed that annealing processes are influenced by the chemical composi-
tion (e.g.|Green et al.,[1986];[Barbarand et al.,[2003) and etching characteristics of the mineral
(e.g.[Wagner and van den Haute, [1992}; [Barbarand et al., 2003 [Donelick et al., 2005). The
most common thing to do is to measure the Dy,,, which is an etch figure that appears if a

fission track intersects the mineral surface. The size of maximum etch figures measured as
Dyar, parallel to the crystallographic c-axis, provides information about the chemical com-
position of the apatites; for example, it is assumed that apatites with short D, anneal faster
than apatites with long D,,;. Short D, are almost end-members of F-apatites, whereas long
D, are typical for Cl-apatite (e.g. Donelick et al.,[2005]). However, it is not suggested to take
the Dy, as a proxy for the Cl content, as the influencing parameter are not fully constrained,
either, it is just a first approximation of that problem (e.g.[Donelick et al.,2005). Measuring

the Dy, of analyzed apatite grains is commonly done during counting.

1.2.2 (U-Th-Sm)/He Dating

(U-Th-Sm)/He dating in its initial state was the first described geochronological dating
method in the early 20" century (Rutherford, |1905). The method is based on the produc-

tion of *He («v particle) as a result of the >U, 28U, #2Th and '¥’Sm decay series, whose

isotopes are all naturally incorporated in crystal lattices. The abundance of *He relative to

the parent isotopes results in cooling ages, following the He ingrowth equation:

238

137.88

‘He = 8P8U(M5 —1)47- (X355 = 1) 4622 Th(eX2t 1)+ 1.17 Sm(Mrt — 1),

(1.3)

where t is the He age, * He,?3® U232 Th and '*7.Sm are the measured present-day abundances
of these isotopes, and Agss, Aogs, Aoge and Aj47 are the corresponding decay constants. The
factor 137.88 represents the present-day 2*®U/?U ratio. This equation excludes any extra
sources of He (e.g.[Wolf et al., [1998}; [Farley, [2002; [Ehlers and Farley, 2003} [Hourigan et al.,
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2005).
In the beginning, the (U-Th-Sm)/He dating often provided inexplicable (too young) ages,

which is a consequence of the diffusive lost of “He. However, since [Zeitler et al.| (1987) has

discovered that the diffusion of *He occurs systematically at low temperatures, this method
became a thermochronometer.

The diffusion of “He is very sensitive to temperature, which was demonstrated by diffusion
experiments on apatites. The experiments revealed that *He diffuses until a temperature as
low as 40°C (e.g. [Wolf et al., [1996; [Farley, [2000). Consequently, within the temperature
range between 40°C and the effective closure temperature of AHe of 70 - 75°C, *He is
either retained or diffused (e.g. [Farley, 2000, 2002). According to the PAZ of the fission

track thermochronometer, this temperature range is named the partial retention zone (PRZ).

Therefore, AHe ages may constrain the cooling through very low temperatures, ~35°C lower
than the AFT system (Wolf et al., [1998]). In comparison, the closure temperature for zircon
(U-Th-Sm)/He analysis varies between 190 - 200°C (e.g. 2005)), which is also lower
than the analogous ZFT system.

Two factors may mainly bias the He measurement in minerals; undetected inclusions with
a high U and Th concentration and/or He particles may be ejected from crystal surfaces (a-
ejection). According to the first problem, it is very common that apatite grains contain of
inclusions from minerals such as zircon and monazite. Both minerals are characterized by
high U and Th concentrations. If, therefore, grains containing inclusions are not excluded
prior the measurement, cooling ages will be strongly overestimated, because both minerals
have contributed “He to the measured abundance in the grain. This can only be avoided by a
very thorough selection of grains, but often the inclusions remain undiscovered and a careful
interpretation of AHe ages is inevitable (e.g. [Farley| [2002; [Ehlers and Farley, [2003). More
than one grain per sample is usually analysed to simplify the interpretation of AHe ages.

The second potential problem arises, because if « particles are produced, they are sufficiently
energetic to travel up to 20 um through the crystal lattice and thereby they may be ejected
from crystal edges (Fig. 1.7). Accordingly, ejected particles from the surroundings of grains
could also be implanted in other crystals, but this effect is neglected due to often common
low U and Th concentrations in the host rocks of the minerals (e.g. [Farley et all, [1996]
2002). However, the travel distance (stopping distance) from the « particles is long
(20 um) compared to the size of analyzed grains, which is the reason why the geometry
of the grains is important for the determination of AHe ages (Farley et al., [1996} [Farleyl,
2002; Meesters and Dunail, 20024}, [Hourigan et al., [2005). The ejection effects, especially
in small grains, may cause underestimated AHe ages (Farley et al., [1996), because of too
many ejected particles. Thus, it is suggested to correct cooling ages for this effect (namely

Ft correction). Nowadays, there exist various correction methods with different approaches,
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(e.g. [Farley et al, [1996} [Farley|, 2002; [Meesters and Dunail, 20024lb; Hourigan et al., 2005}
Herman et al [2007), but they all have in common that it is necessary to estimate the size

and shape of grains before measuring the He ages, because the corrections are based on

the surface-area-to-volume-ratio. The main difference between the methods is the assumed
distribution of U and Th in the grains, if it is homogeneously or inhomogeneously distributed

(zoning).

possible
ejection

possible
implantation

Figure 1.7: « (He) ejection in apatite grain, one particle will be retained, one might be
ejected and one might be implanted from the surroundings, whereby the latter is only rare.
It is conspicuous that especially the peripheral areas of the grain are affected by « ejection,
why it is necessary to document size and shape of apatite grains prior the measurement.

Sketch modified from @)
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1.3 Synopsis

This thesis is subdivided into three main chapters according to different methods and differ-
ent objectives. The main chapters provide information about the topographic evolution of the
Aar massif (Central Alps of Switzerland) since the Miocene, comprising a detailed recon-

struction of the landscape evolution during glacials (Pleistocene) and interglacials (today).

Chapter 2 presents the exhumation history from the Aar massif beginning by the initial
exhumation in the Miocene. New thermochronological data is compared to published data
to figure out, how the exhumation proceeded. Thus, the exhumation history is discussed in
therms of their influencing factors, tectonics or climate changes. The latter influences the

erosional pattern, in which it affects the distribution and extent of glacial and fluvial erosion.

Chapter 3 focuses on the impact of accelerated glacial erosion on the exhumation pattern
during the prominent Pleistocene glaciations. Accordingly, numerical models calculating the
exhumation history based on a steady-state topography and on a pre-glacial topography, are
compared to the thermochronological age dataset. The spatial distribution of glacial erosion
in three Alpine valleys is constrained and consequences on the topographic evolution are

quantified.

Chapter 4 describes the present distribution of erosion in an Alpine landscape, while differ-
entiating between fluvial and glacial erosion. Denudation rates are measured based on the
cosmogenic-produced '’Be concentration in stream sediments, representing the mean de-
nudation of the sample points’ upstream catchment. In addition, provenance analyses of the
stream sediments provide information about the spatial distribution of erosion in the present-
day interglacial and constrain fluvial and glacial erosion. Note that the term denudation
comprises the combined effects of physical erosion and chemical weathering and is usually
used in this context (von Blanckenburg], [2005)).
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2.1 Abstract

The reconstruction of the exhumation history of the Central European Alps led to different
interpretations. Exhumation history models range from long-term uniform exhumation to
one or two phases of accelerated exhumation. Three different thermochronometers are com-
bined to reproduce the exhumation history of the external Aar massif, which is located in
Switzerland (Central Alps). The zircon (ZFT) and apatite (AFT) fission track ages as well
as apatite (U-Th-Sm)/He (AHe) ages are used to model the thermal history in a high-relief
topography. The oldest cooling ages reveal a localized initial cooling during the onset of
collision between the Adriatic indenter and the European continent at 27 - 19 Ma. However,
the widespread incidence of similar ZFT ages suggests rapid cooling in the whole Aar mas-
sif that was caused by the main exhumation of the massif between 17 - 12 Ma, similar to
other external massifs in the Western Alps. Since ~8 Ma, the massif has been exhumed with
a steady-state exhumation of 0.5 km/Ma. The modelled thermal history does not show any
exhumation pulses until the Pleistocene, but rather strongly elevation-dependent accelerated
cooling. This is assumed to be a consequence of a perturbation of near surface isotherms be-
low a high-relief topography, which caused a different timing and pace of cooling at steady-
state exhumation. Nevertheless, the extensive glaciations during the Pleistocene led to high
valley incision rates that can be reconstructed by an increased occurrence of young AFT and
AHe ages in valleys. The relief development can also be observed in time-Temperature paths
that reveal rapid cooling within the last 2 Ma, at which the impact on the thermal history may

be intensified by perturbed near surface isotherms.
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2.2 Introduction

The European Alps and in particular the external massifs of the Central and Western Alps

have long been in focus of thermochronological studies to investigate the roles of tectonics

and climate on the long-term exhumation (e.g. [Michalski and Soom) [1990; [Reinecker et al.

2008, [Vernon et al., 2008, 20094} |Glotzbach et al., 2010, [2011a}; [Valla et al., [2011al, [2012).

However, the outcome of these studies seems inconsistent; predicted exhumation histories

of the external massifs differ strongly. Several distinct exhumational pulses were identified
that have led to the exposure of the external massifs as one of the last parts during Alpine
orogeny.

This study focuses on the Aar massif, which is an external massif within the Central Alps
in Switzerland. Previous studies analysed surface and tunnel bedrock samples within the
same massif propose either one or two phases of accelerated exhumation since ~12 — 10 Ma;

suggested exhumation pulses range between 10 — 7 Ma, between 5 — 3 Ma and/or within the

last -2 - 1 Ma (e.g. Michalski and Soom, 1990|; [Reinecker et al., 2008|; Vernon et a1.|, 2008|,
2009at, (Glotzbach et al.| 2010; [Valla et al.| 2011a), 2012)). Furthermore, based on data from

the Mont Blanc and Ecrins-Pelvoux massifs in the Western Alps, rapid exhumation until ~6

- 5 Ma followed by moderate exhumation is identified that concludes with an increase of ex-
humation rates during the last -2 Ma (e.g. |Glotzbach et al.| 2008|; van der Beek et al., 2010|;
\Glotzbach et al.| 2011al). Detrital thermochronological records from foreland, river and syn-

orogenic sediment samples, however, indicate uniform exhumation rates in the Central and
Western Alps since 15 and 10 Ma, respectively (e.g. [Bernet et al., 2001}, [Glotzbach et al.,

2011b).

Consequently, the question arises, why the detrital record differs from the identified ex-

humation histories based on bedrock thermochronological data. Additionally, if the massif
was undergone by distinct exhumation pulses, how many pulses would have taken place and
which forces would have triggered them.

The youngest increase of exhumation rates (<2 Ma), which was also observed at other places
(Herman et al., 2013), is assigned to effective glacial erosion during the prominent glacia-
tions in the Quaternary. The glacial erosion led to relief growth through glacial valley carv-
ing (e.g.Haeuselmann et al.,2007; |Glotzbach et al.,[2008; Reinecker et al.,2008}; |Glotzbach|
et al., 20114} [Valla et al., 2011al, 2012). Moreover, a lack of correlation between recent
released seismic energy and long-term exhumation rates exclude active tectonics as a short-
term influencing factor on the exhumation pattern (Vernon et al.,[2009b). On the contrary, the
other two exhumation pulses (10 — 7 Ma and 5 — 3 Ma) have not been fully understood yet.

Possible explanations range from localized rock uplift due to tectonic activity to changes in
the precipitation pattern, because of climate changes (e.g. [Schmid et al., [1996; [Kuhlemann
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et al.l 2002} |Cederbom et al., 2004} 2011}, Willett et al, 2006). [Kuhlemann et al.| (2002)

detected an increasing sediment flux from the inner Alps towards the outer regions at -5 Ma,
which [Willett et al.| (2006)) explained by a transition towards wetter climate conditions within

the last phase of the Messinian salinity crisis. According to that, thermochronological inves-

tigations about the North Alpine foreland basin reveal intensified erosion of the Molasse
basin in the late Miocene and again in the Pleistocene, whereby the latter is also assigned to
accelerated erosion caused by glaciations. The Late Miocene erosion pulse, however, is also
assumed to be climatically induced (Cederbom et al., 2004, 2011)), supporting
(2006). On the contrary, studies from jvon Hagke et al| (2012} [2014) about the Subalpine
Molasse basin suggest that any movements in the foreland basin are related to active tecton-

ics rather than climatic oscillations. The Subalpine foreland basin is kinematically linked to
the external massifs in the Central Alps due to the pro-wedge geometry formed above the
subducting European plate. It is generally assumed that the Alpine convergence rates have
decreased since Miocene, which probably led to decreasing rock uplift rates (e.g.
[1996).

In this study, new thermochronological data of three different thermochronometers (zircon
and apatite fission track, and (U-Th-Sm)/He dating on apatites) from the middle Aar massif
(48 km x 32 km, Fig. 2.1A) are used to trace the exhumation history of the external massif.
The new dataset is interpreted together with samples from previous studies (e.g
land Soom), [1990}; Reinecker et al., 2008}, [Vernon et al.| 2008, 2009a;, [Glotzbach et al., 2010)).
The dense spatial distribution of thermochronological ages is used to reconstruct the (not
yet fully understood) exhumation history (e.g. Michalski and Soom), 1990} Reinecker et al.,
2008; [Vernon et al.| 2008 2009a; |Glotzbach et al., 2010; [Valla et al., 2011al, [2012)), as well

as the triggering factors (tectonics vs. climate). For this purpose, standard interpretation

techniques for thermochronological data are used: for example, age-elevation relationships

as well as thermal history modelling based on fission track length distributions.

28



Chapter 2

2.3 Geological setting

The Alps are the result of convergence between the European continent and the Adriatic
micro-continent, which caused nappe stacking, crustal thickening and finally tectonic up-
lift since the Eocene (e.g. [Schmid et al., [1996). Nowadays, the European Alps are di-
vided into three major tectonic units (Helvetic, Penninic, and Austroalpine and South Alpine

units) corresponding to their Upper Cretaceous paleogeographic position. The Helvetic and
Austroalpine - South Alpine units represent continental units of the European and Adri-
atic plates, respectively. The Penninic unit mainly comprises oceanic rocks of the Valais
and Piedmont-Liguria oceanic basins and the sedimentary cover of the Briangonnais micro-
continent, which is assumed to have been separated from the former European margin in the
Early Cretaceous (e.g.[Schmid et al, [1996, [2004). During orogeny, as a consequence of the
collision of the European continent and the Adriatic micro-plate, the three units were thrust

northwards, contemporaneously to an anticlockwise rotation of the Adriatic micro-plate (e.g.
[Steck and Hunziker, [1994} [Schmid et al.| 2004).
The study area is part of the Helvetic domain, which comprises in addition to the sediments

from the distal part of the former European continental margin, crystalline basement rocks
from the European continent. These are outcropping as individual massifs in the external part
of the Alps, e.g. Mont Blanc massif, Belledonne massif and Aar massif (e.g.
2004). This study is focused on the Aar massif, which is surrounded by Helvetic nappes that
mainly consist of limestone (Fig. 2.1). The southern border of the Aar massif and accord-

ingly the Helvetic domain is constrained by the Penninic frontal thrust, at which in Early

Miocene (-20 Ma) Penninic nappes were thrust onto Helvetic nappes (Schmid and Kissling,
2000). This thrust was probably active between 25 - 17 Ma with maximum movement in the

Early Miocene (Schmid and Kissling}, [2000; [Pleuger et al., 2012).
Due to the north-directed convergence; the sediments forming the Helvetic nappes were

thrust towards the north. After the emplacement of the Helvetic nappes, thrusting of the Aar
massif caused subsequent doming and, finally, led to the exhumation of the massif. Dom-
ing of the crystalline basement rocks between Miocene and Pliocene (20 - 5 Ma) caused a
bending of the Helvetic thrust (northern border of the Aar massif, Fig. 2.1)
and an overthrusting of the autochthonous sedimentary cover of the crys-
talline rocks onto the Helvetic nappes (Fig. 2.1B) (e.g. [Labhart, [1977; [Schmid et al., [1996).

Consequently, the crystalline basement was imbricated and steepened and dips between 20-
45° below the Helvetic sediments to the northwest (e.g. Labhart, |1977). The imbrications and

the thrusting of the Aar massif were active simultaneously and therefore built an antiformal

stack, which resulted in very steep structures at the northern border of the massif (e.g.
wegh and Pfiffner, 2005)). Both major fault structures surrounding the Aar massif, Helvetic
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and Penninic frontal thrust are supposed to have been inactive since ~17 Ma (Pleuger et al.
2012)). Due to the lack of sediments derived from the crystalline basement in the Molasse
basin (e.g. [1980), an overall exhumation of the crystalline Aar massif might have
only taken place within the last 10 Ma (Late Miocene — Pliocene).

The crystalline Aar massif comprises two units; the Variscan basement and the Aar granite
(Fig. 2.1), of which the latter consists of late Variscan subalkaline intrusive bodies with an
age of 298 Ma (e.g.Quadt and Schaltegger, [1990). The Variscan basement unit comprises

metasediments, anatectic migmatites, metasedimentary and granitic gneisses, and volcan-

oclastic sediments of mainly Variscan age and minor pre-Variscan age (e.g.|Albrecht, [1994).

At the latest, during Variscan orogeny the crystalline zone of the Aar massif was metamor-
phosed to amphibolite facies; however, during Alpine orogeny, the Aar massif has been only
metamorphosed up to greenschist facies (peak metamorphism between 35 — 30 Ma) with
increasing metamorphic grade from north to south (Marquer and Burkhard, [1992}; |Albrecht,
1994}, [Herwegh and Pfiffner, 2005)).

Vernon et al.| (2009a) and [Glotzbach et al.| (2010) suggest fairly constant long-term exhuma-
tion rates of ~0.3 — 0.7 km/Ma throughout the late Neogene with a potential acceleration

during the late Pliocene. Nevertheless, presumably increasing climatically controlled ero-

sion may have been balanced by decreasing tectonic activity (e.g. [Reinecker et al., [2008

Glotzbach et al., 2010). Since late Neogene, the convergence between the European conti-
nent and Adriatic micro-plate has decreased (e.g. [Schmid et al., [1996)), which is supported
by present-day GPS data of the Central Alps (e.g.[Calais et al.,[2002; Nocquet, [2012). There-
fore, recent rock uplift rates from repeated precise levelling across the Aar massif that range
between 0.5 — 1 mm/a from north to south (e.g. [Schlatter et al. 2005)), are assumed to

be independent of active tectonic movements. Recent rock uplift roughly correlates with

Holocene erosion rates derived from cosmogenic nulicde measurements on stream sediments
(e.g.[Wittmann et al., 2007} [Champagnac et al., 2009).
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Figure 2.1: (A) Simplified and modified geological map of the study area based on the
Tectonic map of Switzerland 1:500 000. (B) Simplified cross section through the study
area modified from Hénni and Pfiffner| (2001).
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2.4 Methods

In this study we applied low-temperature thermochronology on apatites and zircons from
bedrocks outcropping in the crystalline zone of the Aar massif (Fig. 2.2). The thermochronog-
ical data derived from 34 samples from this study (Tab. 2.1) are combined with 35 already
analysed samples from Michalski and Soom| (1990); [Vernon et al| (20092) and M. Rahn (un-
published data), which are located within or close by the study area (Fig. 2.2). The apatites

and zircons were separated from the bedrock samples using standard mineral preparation
methods; crushing and sieving to a grain size fraction <500 pm is followed by magnetic and
heavy liquid (LST-Fastfloat and diiodmethane) separations.

Thermochronology is based on the concept of closure temperature that represents a temper-
ature range above which traces of radioactive decay in minerals are erased as fast as they
are formed, whereas below, traces of radioactive decay are accumulated 1973).
Accordingly, the thermochronological age may ideally represent the age since the mineral
has left the closure temperature range, while it was brought rapidly and uniformly to the sur-
face by exhumation (e.g. [1968)). In this study, three different thermochronological
methods are combined; fission track dating on apatites (AFT) and zircons (ZFT) and (U-Th-
Sm)/He analyses on apatites (AHe).

Fission track dating is based on the accumulation of fission tracks, which are continuously
produced by spontaneous fission of ***U in apatites and zircons 1968). Never-
theless, fission tracks can anneal in response to temperature and time, and the temperature

window (PAZ — partial annealing zone) in which tracks may anneal ranges between 60 —

120°C for apatites and between 190 — 380°C for zircons (e.g. Wagner and van den Haute,

1992} Rahn et al.| 2004} [Ketcham et al., [2007).

The AHe method is based on the measurement of “He (o particles) in apatites, which is

the decay product from the radioactive decay of uranium (**¥U, #*>U), thorium (***Th) and
samarium (4’Sm). The particles are retained within the crystals and the measured amount of
“He relative to the parent isotope provides a thermochronological age. However, the « parti-
cles can only be accumulated below ~70-75°C, at higher temperatures diffusion removes the
“He as fast as it is generated (e.g. Zeitler et al., [1987; Farley, 2000, 2002; Ehlers and Farley,
. Hence, the AHe age represents the time since cooling below ~70-75°C (Green et al.

11986}, [Gallagher et al., [1998; [Farley, 2000). According to the PAZ at which fission tracks
may anneal, there is also a sensitive temperature range at which *He may partially diffused
or retained (PRZ — partial retention zone) varying between 40 — 85°C (Wolf et al., [1996}
\Gallagher et al.| [1998}; [Farleyl 2000} [Ehlers and Farley, [2003; [Reiners and Brandon| [2006).
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Figure 2.2: Topographic overview of sample locations based on SRTM data with 90 m
resolution (NASA,2006). *Published data from: Michalski and Soom| (1990); |Vernon

and M. Rahn (unpublished data)
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Table 2.1: Sample Locations

Sample Longitude Latitude Elevation (m) Geological Unit Lithology
CGP223  7.90417 46.54278 936 Variscan basement Orthogneiss
CGP227  8.26849  46.71457 896 Variscan basement Orthogneiss
CGP230 8.30568 46.72138 941 Variscan basement Orthogneiss
CGP231 8.44643  46.72890 2234 Variscan basement Orthogneiss
CGP232  8.42855  46.72965 1883 Variscan basement Orthogneiss
CGP233  8.39581 46.73720 1614 Variscan basement Granitic Gneiss
CGP234  8.38303 46.73571 1365 Variscan basement Granitic Gneiss
CGP235 8.29619 46.65344 1093 Variscan basement Biotite-Plagioclase Gneiss
CGP236  8.26968 46.66731 908 Variscan basement Orthogneiss
CGP238 8.16959  46.65522 2664 Variscan basement Granitic Gneiss
CGP239 8.18167 46.65139 2117 Variscan basement Granitic Gneiss
CGP240 8.21279  46.64447 1448 Variscan basement Granitic Gneiss
CGP241 8.22569  46.69368 793 Variscan basement Granitic Gneiss
CWi1 8.41333  46.70139 2778 Variscan basement Orthogneiss
Cw2 8.41278  46.70389 2571 Variscan basement Orthogneiss
Cw4 8.41556  46.71306 2078 Variscan basement Orthogneiss
CW5 8.42722  46.72139 2025 Variscan basement Orthogneiss
CwW12 8.00556  46.55472 3660 Variscan basement Orthogneiss
CW13 7.98694  46.54778 3495 Variscan basement Orthogneiss
CW15 8.36750 46.68833 2090 Variscan basement Biotite Orthogneiss
CW16 8.35611  46.69417 1755 Variscan basement Biotite Orthogneiss
CwW17 8.33556  46.70417 1386 Variscan basement Biotite Orthogneiss
CW20 7.88674  46.51495 1600 Variscan basement Granitic Gneiss
CW21 7.89478  46.51777 1379 Variscan basement Granitic Gneiss
CW31 8.06222  46.60056 1750 Variscan basement Orthogneiss
CW36 8.32028 46.58778 1804 Aar granite Biotite Granite
CW40 8.35999  46.73912 1216 Variscan basement Granitic Gneiss
CW41 8.35264  46.74028 1220 Variscan basement Granitic Gneiss
CW42 8.33105 46.72730 1130 Variscan basement Granitic Gneiss
CW43 8.31709 46.72134 1025 Variscan basement Granitic Gneiss
CWw44 8.30618 46.72172 940 Variscan basement Granitic Gneiss
CW48 8.29665  46.64937 1140 Variscan basement Biotite Orthogneiss
CW49 8.24716  46.68366 780 Variscan basement Granitic Gneiss
CW50 8.22794  46.69282 850 Variscan basement Orthogneiss
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2.4.1 Fission track dating

In preparation for fission track dating, the apatites were embedded in araldite2020 resin
and zircons in PFA Teflon™. Polished apatites were etched for 20s at 20°C with 5SM HNOj3,

whereas polished zircon mounts were etched with an eutectic melt of KOH-NaOH at ~220°C,

following[Zaun and Wagner (1985)). Two zircon mounts per sample were prepared to account
for inter-sample differences in etching efficiencies (e.g. Naeser et al.L[1987). After irradiation
with thermal neutrons at the FRM-II reactor facility in Garching (TU Miinchen), the mica

external detectors of apatites and zircons were etched to reveal induced tracks using 40% HF
at 20°C for 30 min.

The fission track counting on ca. 20 grains per sample was carried out using an Olympus
BXS51 microscope and dry objectives. The dating is based on the external detector method
(Naeser, [1967; (Gleadow, [1981)) and the zeta calibration approach (Hurford and Greenl, [1982

[1983). AFT and ZFT ages were calculated using Trackkey 4.2¢g 2002) and are pro-
vided with a central age and corresponding 1o errors (Tab. 2.2 and 2.3) (Galbraith and

1993).

Both, AFT and ZFT samples were used to measure confined track lengths in samples with a

statistically relevant amount of measurable lengths (Tab.2.2 and 2.3). Track length distribu-

tions provide details about the thermal evolution of samples, such as fast or slow cooling or

even reheating (e.g. Tagami et al.,[1996; (Gallagher et al., [1998).

2.4.2 (U-Th-Sm)/He dating

AHe dating was applied on two to five single-crystal replicates per sample (Tab. 2.5). Suit-
able grains were hand-picked under a stereo microscope by selecting grains of an appropriate
size and morphology without any visible inclusions, following (2002). In this study,
the increased presence of inclusions was a limiting factor for choosing more samples for
AHe analyses. Length and width of selected crystals were measured to correct raw ages for
their « ejection (Ft correction) after [Farley et al.| (1996)) and [Hourigan et al.| (2005)). Before
packing into Pt foil tubes, crystals were digitally photographed. The AHe measurement was

performed at the GOochronology laboratory at the University of Gottingen, whereby the He
was extracted from the crystals by heating the encapsulated grains in vacuum with an IR
laser at a temperature of ~900°C. Before the *He content was measured by a Hiden Hal-
3F/PIC triple-filter quadrupole mass spectrometer, the gas was purified with an SAES Ti-Zr
getter. The apatites were then dissolved in 2% ultrapure HNOj3 (+0.05% HF) in an ultrasonic
bath and spiked with calibrated >*U and ?*°Th solutions to measure the elements U, Th and

Sm. Measurements of the isotope concentrations were performed with inductively coupled
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plasma mass spectrometry (ICP-MS) using the isotope dilution method with a Perkin Elmer

Elan DRC II system equipped with an APEX micro-flow nebulizer.

2.4.3 Thermal modelling

AFT track length distributions were used to model time-temperature histories (tT-model)

(Fig. 2.9) in HeFTy v.1.8.3 (Ketchaml [2005), using the AFT annealing model from [Ketcham|
(2007)) and available ZFT ages as high temperature constraints. If there is no corre-

sponding ZFT age available or the corresponding ZFT age is of Pre-Alpine age (CGP241),

the constrain box will be placed at ~12 Ma and in the temperature range of the ZFT PAZ. 12
Ma is a prevailing ZFT age in the Aar massif as confirmed by a previously published study
(Michalski and Soom, [1990). ZFT track length distributions were added to two tT-models
(CGP234 and 236) using an annealing model from [Rahn et al|(2004). Due to conflicting
AFT and AHe ages, it was only possible to add corresponding AHe data to the tT-model of
sample CW15. The AHe data were calibrated to the radiation model by [Flowers et al.|(2009).

Each model is based on c-axis projected track lengths and ends at a fixed recent mean surface

temperature of ~7°C.
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2.5 Results
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Figure 2.3: Sample locations and corresponding ZFT, AFT and AHe ages overlain on
a shaded relief map and simplified geology from the crystalline part of the Aar massif
(SRTM data from NASA (2006) with 90m resolution). *Published data derives from

Michalski and Soom| (1990); [Vernon et al.| (2008, [20094) and unpublished ages from M.
Rahn.

2.5.1 ZFT ages

11 counted ZFT ages range from 136.3 + 11.9 to 12.7 4+ 0.8 Ma (Tab. 2.2 and Fig. 2.3).
There are major age discrepancies in the ZFT age pattern; most of the ages are between 12 to
27 Ma old and three are between 88 to 136 Ma old. Three samples (CGP230, CGP231 and
234) did not pass the chi-square (X?) test above the 5% limit (Galbraith, 2005). Decompos-

ing these three mixed grain ages reveal two individual grain age populations that represent at

least between 7 and 27% of the measured single ages (Tab. 2.3). Exactly the same age range
is covered by six ZFT ages by Michalski and Soom| (1990) with most of the ages between 12
and 16 Ma and one sample yielding a ZFT age of 100 Ma (KAW 2207, 2208, 2213, 2219,
2408, 2761). However, the spatial distribution of ZFT ages along the NW-SE transect (Fig.
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2.4A) demonstrates that old pre-Alpine ZFT ages (>35 Ma) are concentrated on the very
northwestern boundary of the Aar massif, directly followed by ZFT ages ~20 Ma and slightly

decreasing ages down to 12 Ma towards the southeast.

Corresponding ZFT track lengths are ~10.7 um (Fig. 2.5, Tab. 2.2 and Fig. 2.10 in the Ap-
pendix), suggesting overall fast cooling through the ZFT PAZ since ~27 Ma. Sample CGP41
(ZFT age of ~136 Ma) yields in mean track lengths of <7 um indicating that the sample was

not completely reset during Alpine orogeny.

ZFT ages (Ma)
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Figure 2.4: (A) ZFT ages from this study and (samples from Fig. 2.3) projected on a NW-
SE average transect; relative location of profile is shown in Fig. 2.3. Published ages are
from |[Michalski and Soom|(1990) (B) AFT ages projected along the same NW-SE transect
as depicted in Fig. 2.4A. Published data derived from Michalski and Soom|(1990);[Vernon|
et al.[ (2008}, [2009a) and unpublished ages from M. Rahn
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Table 2.2: Zircon fission track results

_ ' ' P(x?) Central Confined track lengths
Sample #grains ps Ns pi Ni pd Nd (%] ag[:n:]w [PPm] #Length MTL  SD (um)
CGP227 20 195.67 1311 37.463 251 3.707 2426 7  104.5%9.3 445
CGP230 20 105.40 1328 23.968 302 3.706 2426 O 88.4%6.5 353
CGP231 20 26.97 526 30.513 595 3.704 2426 17.9%1.4 363
CGP232 20 22.09 517 26.88 629 3.704 2426 85 16.6%1.2 324
CGP233 20 18.00 405 18.667 420 3.703 2426 6 19.4%1.9 230
CGP234 20 41.77 330 28.734 227 3.701 2426 O 27.5£3.7 378 20 10.74 £ 0.9
CGP235 20 29.28 571 46.615 909 3.700 2426 90 12.740.8 531 25 10.77 £ 1.3
CGP236 20 28.88 495 44813 768 3.699 2426 52  13.0£0.9 497 25 10.63+0.9
CGP239 20 19.63 318 18.086 293 3.698 2426 67 21.9%2.0 200 25 10.73+ 1.2
CGP240 20 28.17 445 34.747 549 3.697 2426 21 16.411.3 410
CGP241 21 188.51 1263 27.612 185 3.696 2426 93 136.3%11.9 312 29 6.72+1.2

ps(pi) is the spontaneous (induced) track density (10° tracks/cm?; Ns (Ni) is the number of counted spontaneous (in-
duced) tracks; pd is the dosimeter track density (10° tracks/cm?; Nd is the number of tracks counted on the dosimeter;
P(X?) is the probability of obtaining Chi-square value (X?) for n degree of freedom (where n is the number of crystals
minus 1). Central ages and corresponding 1o errors are calculated following |Galbraith and Laslett|(1993). MTL +
SD: Mean track length and standard deviation (not c-axis projected).
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Table 2.3: Decomposition into age components with BINOMFIT (Ehlers et al., 2005) of
samples that did not pass the chi-square (X?) test above the 5% limit

sample P1 age o P1 (%) P2 age o P2 (%))
[Ma] [Ma]

CGP230 58.5 27.9 103.8 721
CGP231 7.1 6.9 19.1 93.1
CGP234 20.4 72.3 59.6 27.7

P1,2 age is the major age component in peak analysis and
P1,2 (%) is the percentage of total number of grains in age
peak range.

2.5.2 AFT ages

AFT age results are reported in Tab. 2.4 and Fig. 2.3. Ages calculated in this study range
between 4.5 and 12.7 Ma, whereas most ages are ~7.5 Ma. All samples pass the chi-square
(X?) test above the 5% limit, which confirms that single grain ages probably derive from a

common single age, presumably excluding any partial reheating event (Galbraith, 2005). 28

previously dated AFT samples from the same area (Fig. 2.3) vary in almost the same order
from 3.7 to 12.0 Ma (Michalski and Soom| (1990), [Vernon et al.| (2009a) and unpublished
data from M. Rahn).

No spatial trend in AFT ages is visible in the dataset (Fig. 2.3), but the NW-SE transect

over the Aar massif reveals slightly decreasing ages towards the SE (Fig. 2.4B). The large
age difference in samples from the NW of the study area (-4 -12 Ma) derives primarily
from variable sample elevations, which range here from >1000 m to <3000 m. However,
approximately starting from the middle section of the transect towards the SE, the ages derive
from similar elevations between 1000 to 3000 m, while they are slightly becoming younger
compare to the ages from the northwest at elevations between 1000 to 3000.

Corresponding confined track length distributions from this study and unpublished data from
M. Rahn vary between 11.2 and 14.7 um (Tab. 2.4, Fig. 2.5, Fig. 2.8 and Fig. 2.10 in the
Appendix). Most of the track lengths are ~14 um long except for four samples from the Aare
valley (Fig. 2.5) that yield track lengths <13 pum.
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Table 2.4: Apatite fission track results

Confined track lengths
P(x?) Centralage Dpar

Sample #grains ps Ns pi Ni pd Nd [%] +1c[Ma]  [um]

U[ppm] #Length MTL+ SD (um)

CGP223 20 4527 134 71588 2119 7.586 3257 50 5105 14+01 136
CGP227 20 3.900 94 45145 1088 7.543 3257 57 75809 14+01 82
CGP230 24 2448 59 25187 607 7.517 3257 59 8.5+1.2 1301 44
CGP231 24 4471 131 41706 1142 7.374 3236 100 8.8+09 1.0+01 73
CGP232 23 2679 75 30215 846 7499 3257 62 7710 1.1+01 53

CGP233 20 4882 83 62235 1058 7.491 3257 41 6.8+t09 12+01 108 53 142413
CGP234 20 3436 78 65463 1486 7.482 3257 80 4506 1.1+x01 122 101 139+14
CGP235 20 1647 41 23213 578 7473 3257 79 6.1x1.0 1.1+x02 40 30 113+14
CGP236 20 1962 51 30.154 784 7.465 3257 89 5609 1.0+0.2 53 50 112+14

CGP238 20 6.131 168 50.693 1389 7456 3257 14 10511 1401 91
CGP239 21 6.530 143 68.174 1493 7.447 3257 71 8.3+0.8 1.1+01 122
CGP240 20 4550 91 54.750 1095 7439 3257 57 7.2¥09 1.1+01 96

CGP241 20 3661 82 35938 805 7430 3257 92 8.8+1.1 1201 64 81 13.7+14
Cwi1 20 1489 49 14559 479 7342 3236 99 89+1.4 13x02 26
CwW2 20 2735 61 29462 657 7951 3106 97 8.7¢1.2 1102 49
Cw4 25 1632 62 16.158 614 7.326 3236 100 8.7¢1.2 1302 30
CW5 20 2183 43 23147 456 7.947 3106 100 8.8+1.5 12101 42
CwW12 18 5315 118 61441 1364 7.936 3106 38 8.1x09 1.3+02 110
CW13 30 3243 108 23904 796 7.933 3106 98 12.7+1.4 1.1:01 41
Cwi15 20 4377 130 45354 1347 7929 3106 84 9.0£09 1.2+01 78 54 141+£11
Cw16 20 2098 64 32295 985 7926 3106 98 6.1£0.8 12+01 55
Ccw17 8 1488 18 25702 311 7.922 3106 90 5413 12+02 47
Cw20 21 3.828 98 46.328 1186 7.918 3106 96 7.7¢09 1101 78
cw21 5 0.054 37 0710 485 7915 3106 43 7.2¥13 14401 118
Cws31 23 3.043 98 29.783 959 7.900 3106 62 9.7¢+11 12402 55
CW36 30 1247 51 16.064 657 7.890 3106 100 72¥11 1.0+01 29
Cw40 25 0220 52 3.591 847 8364 3032 94 59409 1.2:02 6
Cw41 20 0268 55 5105 1047 8.334 3032 94 5.0£0.7 1.1:0.1 8 48 142415
Cw42 21 0378 67 7.885 1398 8.319 3032 91 4606 1.1x01 14
Cw43 20 0.156 28 1.992 358 8.304 3032 99 7415 1.1+01 3
Cw44 20 0.169 28 1995 323 8.289 3032 100 8.2+1.6 1.0+01 3
Cw48 20 0176 44 2938 733 8273 3032 93 5709 1.310.1 5 33 128+13
CWw49 16 0.190 30 2933 462 8258 3032 91 6.1¥1.2 1.2+01 5
CW50 20 0371 59 5245 835 8.243 3032 100 6.7£0.9 12102 8

For explanations see Tab. 2.2. Dy, is the etch pit diameter of fission tracks, averaged from 4 measurements per
analysed grain with their standard deviation.
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Figure 2.5: Mean track length (MTL) distributions from AFT and ZFT data.*MTLs from
Michalski and Soom| (T990) and unpublished ones from M. Rahn.

2.5.3 AHe ages

11 bedrock samples yielded suitable apatite grains to measure reliable (U-Th-Sm)/He ages
(Tab. 2.5). Four single-grain ages of samples CGP235, CGP241 and CW1 were discarded,
because of significantly older ages (>10 Ma), possibly due to micro-inclusions. The AHe
ages range from 4.4 to 10.1 Ma, which is exactly within the same range as AFT ages. How-
ever, seven AHe ages are as old as their corresponding AFT age or even older (CGP235,
238, 241, CW12, 16, 40, 41). The other AHe ages are not significantly younger, either, as it
would have been anticipated with the distinct closure temperature ranges for AHe and AFT

thermochronometers, 55-80°C 2000) and 90-120°C (e.g. Brandon et al. [T998)), re-

spectively.
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Table 2.5: AHe ages

He U238 Th232 Sm EjectionUncorr. Ft-corr. Sample
Th/U Excl. unweighted
Sample vol. 1s|mass 1s conc.|mass 1s conc. . mass 1s conc. correct. He-age He-age 20
ratio ages aver. £2
[ncc] [%]) [ng] [%] [ppm]| [ng] [%] [ppm] [ng] [%] [ppm] (Ft) [Ma] [Ma] [Ma] [Ma]
CGP232a10.208 1.6 0.341 18 396 0028 28 32 0.08 1848 9.2 215 080 476 595 045
CGP232a2 0.234 1.5 0.329 1.8 447 0.021 33 28 0.06 1.577 92 214 080 559 7.00 0.53 6.6+ 0.2
CGP232 a3 0.362 1.3 0.513 1.8 51.8 0066 25 6.7 0.13 2315 92 233 081 547 679 049
CGP232 a4 0.165 1.7 0.258 1.8 50.7 0.015 31 29 0.06 1.159 93 228 077 504 654 055
CGP235a1 0.123 1.7 0.225 1.8 289 0008 36 1.0 0.03 1604 9.2 206 079 425 536 042
CGP235a2 0.102 1.8 0.159 1.9 30.1 0.016 3.1 3.1 010 1.349 9.2 256 071 487 686 0.69 6.3405
CGP235a3 0.092 2.0 0.136 1.9 231 0025 28 42 018 1907 92 325 074 485 654 0.62
CGP2354a6 0.623 1.2 0.251 1.8 445 008 25 152 034 145 92 258 e 078 1823 2341 1.82
CGP236a2 0.091 2.2 0.218 1.8 48.0 0.013 32 28 0.06 0960 9.2 212 076 331 436 040
CGP236 a4 0.050 2.5 0.106 1.9 43.2 0.007 3.7 28 0.06 048 93 200 072 375 520 0.54 44 £03
CGP236 a5 0.042 2.8 0.136 1.9 525 0009 35 33 0.06 058 93 225 066 241 362 044
CGP236 a6 0.043 2.6 0.104 19 312 0005 40 14 0.04 0645 93 193 075 323 431 042
CGP238 a2 0.308 1.4 0.312 1.8 105.7 0.030 2.7 10.2 0.10 0.750 9.3 255 072 7.86 1095 1.05
CGP238 a3 0.873 1.2 0.823 1.8 76.3 0075 25 7.0 0.09 3.185 9.2 295 0.83 834 10.05 0.66 104 04
CGP238a4 0.194 1.5 0.233 1.8 110.5 0.022 29 104 0.09 0647 9.3 307 072 660 917 0.88
CGP238 a6 1.150 1.1 1.132 1.8 138.6 0.082 25 10.0 0.07 2.568 9.2 314 080 812 10.18 0.74
CGP241 a1 0.079 2.1 0.087 1.9 23.6 0032 27 86 037 0622 93 168 075 657 876 081
CGP241a2 0.396 1.3 0.145 1.9 425 0.010 35 28 0.07 1.028 93 301 e 075 2106 28.09 244 95 1.1
CGP241a3 2.308 1.1 0.846 1.8 56.2 0039 27 26 005 4667 93 310 e 085 2136 2513 1.51
CGP241a5 0.248 1.4 0.245 1.8 439 0004 41 07 0.02 1820 9.2 32 076 7.88 10.33 0.87
CWlal 0.032 3.0 0.020 34 20.8 0.006 38 6.2 030 0217 96 230 e 0.69 1151 16.69 2.09
CWi1a2 0022 3.7 0037 24 267 0007 37 51 019 0358 94 259 063 438 699 099 7.2 +£03
CWia3 0.019 3.9 0.030 26 26.2 0006 38 53 0.20 0288 94 250 061 45 741 110
CW12a1 0.123 1.7 0123 1.9 57.0 0.009 35 43 0.08 0587 94 271 077 7.82 10.15 0.86
CW12a2 0.272 1.4 0330 1.8 875 0013 33 34 0.04 1438 92 38 079 654 828 064 9.0 06
CW12a3 0646 1.2 0.653 1.8 111.3 0489 24 834 0.75 1.659 9.3 283 079 684 868 0.65
CW15a1 0.316 1.4 0.402 1.8 101.7 0.005 39 1.3 0.01 1127 92 285 075 635 847 0.74
CW15a2 0.858 1.2 1.115 1.8 1164 0.027 28 28 0.02 2909 9.2 304 079 621 7.8 060 81 £0.2
CW15a3 0524 1.3 0.704 1.8 1419 0.030 27 6.0 004 1641 92 331 077 599 78 064
Cwi6a1 0.110 1.8 0.183 1.8 76.2 0.004 39 1.8 0.02 0559 93 233 068 48 711 077
CW16a2 0.701 1.2 0.936 1.8 73.7 0.045 26 3.5 0.05 2984 92 235 0.81 598 734 051 7.6 04
CW16a3 0.211 1.5 0.287 1.8 83.7 0020 29 59 0.07 0808 9.2 236 070 587 843 0.86
CW40a1 0.021 3.6 0.054 21 41.0 0.000 -1941 0.0 0.00 0.370 9.3 284 066 313 478 0.63 58 +15
CW40a2 0.029 3.2 0.051 2.1 33.1 0.000 297.7 0.1 0.00 0.351 93 226 064 438 685 0.9
CW41a1l 0.758 1.2 0.908 1.8 53.2 0.090 25 53 010 4515 92 265 085 649 763 046 81 +07
CW41a2 0771 1.2 0.805 1.8 444 005 26 3.0 007 6240 92 344 085 734 866 053

Ejection correction is the Ft correction following [Farley et al.| (1996)); [Hourigan et al.| (2005).
Significant older ages are excluded. The sample age is given as the unweighted average of the
used ages and 2 standard error.
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2.6 Discussion

2.6.1 Initial exhumation of the Aar massif

The ZFT ages can be divided into a northern small area with ZFT ages >80 Ma that have
not been reset during Alpine orogeny and into Alpine ages of 27 - 12 Ma with decreasing
ages towards the south (Fig. 2.4A). Increasing metamorphic grades from north to south
(e.g. Marquer and Burkhard, [1992}; [Albrecht, 1994} [Herwegh and Pfiffner, [2005) confirm

the assumption that this area has undergone spatially variable maximum temperatures dur-

ing Alpine orogeny. Due to the big age discrepancy in the spatial distribution of ZFT ages
and almost no variation of ages at elevations (Fig. 2.4A), it is resigned to interpret an age-
elevation relationship.

The old ages do not represent a distinct cooling event, but rather presenting a part within
the external massif, which was overprinted with only very low grade metamorphism during
Alpine orogeny (probably always below the ZFT closure temperature of ~260°C) (e.g.
don et al, [1998)). During Alpine metamorphism, the area has been exposed to sufficiently
high temperatures to reset AHe and AFT ages from corresponding samples and also to an-
neal tracks in zircons (e.g. short MTL from sample CGP241 with ~7 pm, Tab. 2.2, Fig. 2.5
and Fig. 2.10 in the Appendix). Thus, temperatures probably ranged within the PAZ from
the ZFT system (e.g. Rahn et al, 2004). The present location of the exposed former ZFT
PAZ from the Alpine orogeny is restricted to the first kilometre from the northwest boundary
of the massif (Fig. 2.4A).

The majority of ZFT ages range between 12 - 17 Ma independently of the elevation (Fig.
2.4A), however, three ages are older than 19 Ma (CGP233, 234 and 239). The three ages

derive from samples that are located close to the northern boundary of the massif (Fig. 2.3

and 2.4A), at which the former ZFT PAZ is nowadays exposed at the surface. According to
the corresponding ZFT track lengths distributions of CGP234 and CGP239, these samples
were indeed completely reset during Alpine orogeny and, therefore, may demonstrate very
early cooling of the Aar massif. Between 30 - 20 Ma, temperatures are supposed to have

been ranged around 300°C in most parts of the Aar massif (except for the very northwest

boundary from the massif, see above) (Herwegh and Pfiffner, 2005]), which was high enough

to reset the ZFT thermochronometer. Therefore, the cooling between 27 - 19 Ma could have
been due to very early thrusting of the Aar massif contemporaneously with the collision of
the European continent with the Adriatic micro-continent that have caused an overall short-
ening of the massif (e.g.[Schmid et al.| [1996}; Kirschner et al., 2003}, Boutoux et al., 2016).
This hypothesis is in accordance to the study of [Schmid et al. (1996), who suggest that a
first updoming of the Aar massif can already be identified for the Early Miocene (~19 Ma)

(cf. Fig. 1.3B). The early updoming of the Aar massif might have been preceded by first
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exhumation causing very early cooling already at ~27 Ma.

The samples that recorded the first cooling within the Aar massif (ZFT ages: 27 - 19 Ma)
appear to be spatially restricted on a small band with a width of ~3 km elongating parallel to
the striking direction of the Aar massif (Fig. 2.3 and 2.4A). However, the vast majority of
the massif yield in ZFT ages of ~12 - 17 Ma (Fig. 2.3) indicating rapid cooling in that time
period. This result is in accordance with the dating of mica formation in the central parts of
the massif, which mainly crystallized between 21 - 17 Ma. Since 17 Ma, temperatures have
been too low for mica crystallisation (Challandes et al., 2008).

Rapid cooling that began 17 Ma ago in the main parts of the Aar massif would be almost

synchronous to the initial cooling of other external massifs, which started at 18 (£ 1) Ma in
the Mont Blanc and Aiguilles Rouges massifs in the Western Alps (Boutoux et al., [2016).
The onset of cooling is assumed to be the result of exhumation above frontal crustal ramps

within the pro-wedge geometry (Boutoux et al., 2016; [von Hagke et al.l 2012, 2014).

Mixed brittle-ductile shear zones striking subparallel to the Aar massif in the southeast part

of this study area reveal the initiation of transpressive tectonics along the Alpine arc at 13 -
12 Ma (Rolland et al., [2009; [Challandes et al., [2008)), which coincides with prevailing ZFT
ages in this part (Fig. 2.3). However, Rolland et al.| (2009) hypothesized that due to shear

zone activity in the southeast part of the study area, the main phase of exhumation has been

started at ~13 - 12 Ma, whereas only little exhumation occurred before 13 Ma. The move-
ments along the shear zones at 13 - 12 Ma are assumed to be the result of the accelerated
anticlockwise rotation of the Adriatic micro-continent (Rolland et al., [2009).

These results lead to the conclusion that during Miocene this area has been undergone by

temporally variable onset of exhumation and/or spatially variable exhumation rates along a
NW-SE gradient. The Alpine ZFT PAZ at the very northwestern boundary of the massif
represents a part, which experienced lower temperatures than the rest of the external massif.
Consequently, this part has not been very deeply buried since the Variscan orogeny compare

to the vast majority of the massif, which is also demonstrated with increasing metamor-

phic grades from north to south on presently outcropping bedrocks (Marquer and Burkhard,

11992} [Albrecht, [1994; Herwegh and Pfiffner, 2005)). According to geological field mapping
of (1977), the ZFT PAZ may represent an autochthonous crystalline unit, which was

overthrust by a parautochthonous crystalline unit from a more southerly position. This sug-

gests that the overthrusting occurred out-of-sequence. However, the thrusting may explain
the present situation, where rocks from the ZFT PAZ moved less during Alpine orogeny than
the vast majority of the massif and, therefore, may have experienced lower temperatures than
the rest. Similarly, the main shearing event in the Aar massif is assumed to have taken place
between 22 - 20 Ma reflecting main internal shortening of the massif (Rolland et al., 2009}
(Challandes et al,[2008)). Therefore, during the collision of the European continent with the
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Adriatic indenter causing internal shortening, a 3 km wide band elongating parallel to the
Aar massif may have been thrust towards the north leading to a first cooling between 27 - 19
Ma (Fig. 2.3 and 2.4A). Pre-Alpine ZFT ages are also found at the frontal parts of the Mont
Blanc and Aiguilles Rouges massifs (e.g. [Vernon et al, 2008), which may originate from a

similar situation as in the Aar massif.

However, the onset of the main phase of exhumation in the Aar massif is assumed to have
taken place between 17 - 12 Ma. This hypothesis may be supported by confirmed slightly
faster exhumation rates between 16 - 14 Ma in the Aar massif and adjacent Gotthard mas-
sif by data of [Glotzbach et al.| (2010). As the middle section of the NW-SE gradient yield
ZFT cooling ages of 17 - 15 Ma (kilometres 4 to ~10 in Fig. 2.4A) and the southern part

reveals ZFT cooling ages between 13 - 12 Ma (kilometres 12 - 16 in Fig. 2.4A), it may be

possible that the exhumation successively proceeded from the northwest to the southeast,

confirming the conclusion of Michalski and Soom|(1990). On the contrary, increasing meta-
morphic grades from north to south exposed in outcropping crystalline bedrocks

and Burkhard, [1992; [Albrecht, [1994; [Herwegh and Pfiffner, 2005)) suggest that crystalline

rocks from the south were formerly deeper buried than rocks from the north. This leads

to the conclusion that instead of successively proceeding exhumation, the exhumation may
have started at almost the same time, but with spatially different exhumation rates. Accord-
ingly, the modelled thermal histories of samples CGP235 and 236 reveal very rapid cooling
at 13 - 12 Ma (Fig. 2.6). Nevertheless, it can not be completely excluded that the exhumation
started in the north of the massif, even though bedrocks from different depths were brought

to the surface.
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Figure 2.6: HeFTy derived time-Temperature (tT) paths for samples
with measured AFT track lengths. Named thermochronometers correspond to used in-
put data during modelling. The dashed lines mark the constrain boxes. Models are dis-
played with a best-fit model (black line), acceptable paths (light gray area) and good paths
(dark gray area) (good and acceptable paths correspond to values of the goodness of fit
(GOF) of 0.5 and 0.05). Cooling events highlight one phase per sample of rapid cooling
(>20°C/Ma) since Late Miocene.
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2.6.2 Exhumation history since Late Miocene

Newly determined apatite thermochronological ages cover the same age range (AFT: 4.5 —
12.7 Ma; AHe: 4.4 — 10.1 Ma) as measured ages in the Aar massif and surroundings in other
studies (e.g. Michalski and Soom), [1990; [Seward and Mancktelow], 1994} [Reinecker et al.,
2008}, [Vernon et al., 2008], 2009a; Glotzbach et al.,[2010). Therefore, age distributions from

this study are combined with published data and are put into context to already existing ex-

humation histories of this area.

Focusing on the study area, the AFT ages are slightly decreasing towards the south (Fig.
2.4B) confirming former studies of Michalski and Soom| (1990)) and [Reinecker et al.| (2008)).
In contrast, [Vernon et al.|(2009a) have not observed such a trend, because they counted AFT
ages (older ages), which are contradictory to those of Michalski and Soom|(1990)); especially

towards the SE. They speculated that the difference in AFT ages may partly be explained by
a generally lower number of counted spontaneous tracks and by apatites of poor quality that
are predominant in this area. However, the suggested trend of decreasing AFT ages from
north to south is also based on a remarkably old age found by Michalski and Soom| (1990)
of 12 Ma at 720 m (KAW?2207) (Fig. 2.7) that was collected close to the sample CW49 from
this study, which, instead, yields only an AFT age of 6.1 Ma (Fig. 2.3). Therefore, due to

contradicting AFT ages, the assumed trend of decreasing AFT ages along a NW-SE gradient
through the massif may only partly be confirmed by the presented data.

Both, AFT and AHe age-elevation relationships are presented in Fig. 2.7. The ages vary sig-
nificantly with elevation and do not follow a simple straight trend. It is conspicuous that the
AHe ages overlap with the AFT ages. Reasons for this effect will be discussed in a following
section (cf. section 2.6.3).

Apparent exhumation rates from previously predicted age-elevation trends of ~0.5 km/Ma for
the Aar massif from Michalski and Soom| (1990); Reinecker et al.| (2008)) and [Vernon et al.|
(2009a)) are presented in Fig. 2.7. The suggested exhumation rates from |[Reinecker et al.|
(2008) and [Vernon et al|(2009a) mostly coincide with the shown ages. Greatest deviations

appear at lower elevations: “too old” ages at elevations <1000 m and “too young™ ages at

elevations between 1000 — 1600 m. The “too old” ages mostly originate from samples from
the northwest boundary of the Aar massif, supporting the assumption of increasing ages to-
wards the NW of Michalski and Soom| (1990) and Reinecker et al.| (2008), whereas the “too
young” ages derive from all over the study area (Fig. 2.3 and 2.4B).

48



Chapter 2

Figure 2.7: Age-elevation relationship of published and new AFT and AHe ages. Appar-
ent exhumation rates correspond to studies from Michalski and Soom| (1990); Reinecker

et al| (2008) and [Vernon et al| (20094). Note that error bars are not shown due to a high

sample density, whose error bars may overlay age-elevation trends.

Large-scale tectonic activity that would have caused spatially variable exhumation in this
area can be excluded, because this would have had a recognizable effect on high elevations,
too. The occurrence of old ages at the valley bottom in the northwest part of the Aar massif
may be a consequence of spatially different exhumation rates and/or temporally different ex-
humation during the initial exhumation of the Aar massif (cf. section 2.6.1). The widespread
incidence of “too young” ages at lower elevations, however, leads to two possible explana-
tions. On the one hand, accelerated hydrothermal activity in the valleys would affect the
thermochronological system. On the other hand, relief changes that may result from local-
ized surficial erosion causing accelerated exhumation, would also impact the thermochrono-
logical system. The present-day spatial distribution of geothermal fluids does not coincide

with the youngest AFT ages and geothermal fluids only reach temperatures of <30°C in this

area (Sonney and Vuataz), 2008)). This temperature would be too low to influence the AFT

thermochronometer, but it can influence the AHe thermochronometer, if the temperature pre-

vails long enough (e.g. [Farleyl, 2000} (Gautheron et al., 2009} [Flowers et al.l [2009). Hence,

this would have led to conspicuous young AHe ages (much younger than AFT ages), which

is not the case. Therefore, the young ages at low elevations are probably a consequence of
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relief changes, presumably caused by the impact of extensive glaciations during the Pleis-
tocene. Furthermore, high valley incision rates during the glaciations were identified for
regions south and north of the study area (e.g. [Haeuselmann et al., 2007; [Valla et al.| 2011al)
and an impact of accelerated glacial erosion on the exhumation rates was already observed in
other studies of the Central and Western Alps (Michalski and Soom), [1990; Reinecker et al.,
2008}, |Glotzbach et al.,[2011a}; [Valla et al., 2012).

It is already known that relief changes are difficult to extract from age-elevation trends (e.g.

Vernon et al., 20094} Valla et al.,2011b). Thus, it may not be surprising that especially at the
lower elevations, where the glacial erosion is supposed to be most effective with the largest

impact on the topography, no clear age-elevation trend can be seen. However, at high eleva-
tions, the AFT and AHe ages can be fitted to an exhumation rate of ~0.5 km/Ma (Fig. 2.7).
Therefore, since ~8 - 10 Ma this area has been exhumed with a rate of ~0.5 km/Ma, while es-
pecially in the valleys, the thermochronological age distribution was significantly impacted

by the effective glacial erosion during the extensive glaciations in the Quaternary.

2.6.2.1 Thermal evolution since Late Miocene

Confined track lengths distributions of apatites can be used to reconstruct the thermal history
of rocks. Figure 2.8 demonstrates the relationship between mean track lengths (MTLs) of
apatites and sample elevations. Most of the track lengths are about >13.5 um long. This
indicates relatively fast cooling through the AFT PAZ (e.g. |Gallagher et al [1998). How-
ever, four samples yield short MTLs that indicate a long stay within the PAZ and whose

corresponding thermochronological ages may not represent cooling ages. Short AFT MTLs
prevail at elevations between 1000 — 1500 m and corresponding samples reveal comparable
young ages between 3.7 and 6.1 Ma (Fig. 2.7). Therefore, shortened MTLs at this elevation
range may also be the result of effective valley incision during the extensive glaciations (cf.
section 2.6.2), which may have caused accelerated exhumation within the last ~2 Ma (Fig.
2.6).

Due to the elevation dependency of AFT MTLs, the tT-models (Fig. 2.6) are also sorted by
elevation beginning with the highest sample and measured track lengths (CW15 from 2090
m). Each modelled tT-path shows uniform cooling with at least one phase of rapid cooling
with cooling rates of >20°C/Ma since Late Miocene. Generally, it can be concluded that
decreasing sample elevation leads to decreasing age of cooling events, suggesting that cool-
ing events may be dependent on elevation. This situation is similar to other studies from the
Rhone valley (SW of this study area) and the Mont Blanc massif (e.g. [Valla et al., 2011a},
\Glotzbach et al., 201 Tal).
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Figure 2.8: AFT mean track lengths (MTL). The gray area highlights MTLs that char-
acterize undisturbed steady cooling. *Published AFT MTL from Michalski and Soom|
(1990) and unpublished data from M. Rahn.

A cooling event that is here defined as rapid cooling with cooling rates >20°C is completed
by 6.5 Ma in the highest sample CW15 (Fig. 2.6). In contrast, samples from elevations be-
tween 1600 - 1200 m show accelerated cooling between 5 - 2.5 Ma (CGP233, 234, CW41).
Both cooling events are followed by slow or almost no cooling until exposure at surface.
tT-models from samples CGP235, 236 and CW48 from elevations between 1100 - 900 m
indicate rapid cooling within the last ~1 Ma after a 4 - 5 Ma rest in the AFT PAZ. Moderate
cooling between 10 — 4.5 Ma followed by slightly rapid cooling between 4.5 - 3 Ma char-
acterizes the tT-path from sample CGP241. The ZFT age of 136 Ma from sample CGP241
was not reset during Alpine orogeny and, therefore, it was not used as constrain age for the
tT-modelling. Due to a strong dependency of choice of constrain age on the tT-models, the
thermal history of sample CGP241 might not be reliable. Consequently, the cooling event
between 4.5 - 3 Ma is not considered for the interpretation of the thermal history. Neverthe-
less, rapid cooling within the last ~2 Ma can also be excluded, because track lengths indicate
undisturbed steady cooling. [Valla et al.|(2011a) also described the same phenomenon that
“He/’He thermochronometric modelled cooling paths in the southern Aar massif show a

strong dependency on elevation, as only at the lowest point an accelerated cooling within
the last ~2 Ma is indicated. Their samples from higher elevations reveal elevation-dependent
cooling events too.

Previous studies provided contradicting exhumation models for the evolution of the Aar mas-

sif (Vernon et al, 2009a}; [Glotzbach et all, 2010; [Valla et al., 2012} Reinecker et al., 2008
Michalski and Soom, |1990), but every suggested exhumation pulse coincides with a tT-model

of this dataset (Fig. 2.6). The first exhumation pulse between -9 — 6.5 Ma was identified in

studies from Vernon et al.|(2009a)); |(Glotzbach et al.|(2010) and [Valla et al.| (2012]), the second
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signal between 5 - 2.5 Ma was suggested by studies from [Vernon et al.| (20094l [2008)) and
the youngest exhumation pulse was confirmed by studies from Michalski and Soom|(1990);

Reinecker et al.| (2008)) and Valla et al.| (2012).

However, three exhumation events in such a small area seem rather unlikely, in particular if

the shortening of the Aar massif and associated rock uplift is assumed to be almost uniform

for the last -8 Ma (e.g. [von Hagke et al., 2014} Bernet et al., 2001}, [Schmid et al/, [1996).

Therefore, active tectonics may not be responsible for the shown exhumation events. It has

been assumed that major climate changes during the Late Miocene/Pliocene led to acceler-
ated erosion and exhumation (Willett et al., 2006} [Kuhlemann et al., 2002} [Cederbom et al.,
2011), however, it turned out that the influence of climate changes is probably below
the limit of detection (von Hagke et al. 2012} 2014). Therefore, the inconsistency in pre-
vious studies and their suggested exhumation models may mainly arise because of a strong

dependency on sampled elevation (Fig. 2.6) and its individual cooling histories may rather
be a result of long-term steady-state exhumation (at least since 8 Ma).

It may be possible that a perturbation of near surface isotherms influences the cooling histo-
ries of rocks and, therefore, the distribution of thermochronological ages at surface, although
the exhumation is uniform. Generally, it is assumed that such a long-wavelength topographic
feature like the Aar massif perturbs near surface isotherms (Stiiwe et al.,[1994). In this case,
near surface isotherms may increase in elevation with the topographic elevation along the

NW-SE gradient. However, near surface isotherms may also be perturbed by a pronounced
topography with a high relief. Consequently, the isotherms are probably widely spaced below
mountains and squeezed below major valleys (Fig. 2.9). Accordingly, at constant exhuma-
tion, samples may always record decreasing cooling rates below ridges (cooling path A) and
increasing cooling rates below valleys (cooling path C). The idealized uniform cooling paths
do not, however, include any variations of surface temperature, because cooling rates may
increase with decreasing elevation anyway. The described effect can also be observed in the
cooling events of the tT-models (Fig. 2.6). Therefore, the elevation-dependent thermal histo-
ries of the samples from this study (Fig. 2.6) may be caused by the topographic perturbation
of near surface isotherms and eventually indicating that a kind of paleorelief was formed
at an early stage during exhumation of the Aar massif. Note that HeFTy-derived tT-paths
can not resolve cooling below the temperature of the PRZ (-35°C) and PAZ (-60°C), respec-
tively, because the corresponding thermochronometers do not provide any information about
this. Therefore, modelled cooling paths may run almost horizontally during youngest times
(CW15, 41 and CGP233, 234).

Nevertheless, the age-elevation trend of AFT and AHe ages (Fig. 2.7) reveal an increased
occurrence of young ages at lower elevations, which is assumed to be the consequence of

localized effective glacial erosion resulting in increasing relief. Similarly, MTLs of samples
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from the same elevation range (Fig. 2.8) indicate a long stay within the PAZ followed by
rapid cooling within the last -2 Ma (Fig. 2.6). In contrast, the cooling path of the lowest
sample CGP241 does not reveal intensified cooling within the last 2 Ma and corresponding
MTLs are not shortened. This indicates that a possible impact of effective glacial erosion
seems to have been concentrated on a distinct elevation range. Therefore, the cooling paths
of samples CW48, CGP235 and 236 may support the assumption of accelerated cooling, be-
cause of increasing exhumation rates responding to effective glacial erosion. A perturbation
of near surface isotherms may have intensified the impact of glacial erosion on the thermal
history, resulting in very rapid cooling within the last 2 Ma.

In conclusion, the sample location seems to be crucial for the record of exhumation history;
the lower the sampled elevation the younger the cooling event. Although the exhumation is
assumed to be uniform since -8 Ma with a rate of ~0.5 km/Ma, the age of recorded cooling
events in tT-models decrease with the elevation. Presumably this effect occurs, because of
a perturbation of near surface isotherms below high-relief topography that affects the spac-
ing between isotherms (wide space below mountains, small space below valleys). However,
according to the age-elevation trend, increasing relief in terms of effective glacial erosion
probably led to young AFT and AHe ages at lower elevations. This effect can also be ob-

served in tT-paths of samples from the same elevations.
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Figure 2.9: Schematic figure about the perturbation on near surface isotherms below
a high-relief topography. Input parameter were chosen similar to the situation described
here, relief of 3 km, exhumation rate of 0.5 km/Ma and a geothermal gradient of 25°C/km,
which is a commonly used value in the Central and Western Alps (e.g.[Vernon et al.| 2008).
A, B and C represent elevation-dependent cooling paths of apatites at constant uniform
exhumation, whose cooling rates increase with decreasing elevation. At a depth of 5 - 6
km, the isotherms run horizontally and are not perturbed by the topography.
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2.6.3 Overlapping AFT and AHe ages

Figure 2.7 particularly demonstrates that the AHe ages are not remarkably younger than the
AFT ages. [Vernon et al.| (2009a)) also presented conflicting AFT and AHe ages from this
study area (five AHe ages from [Vernon et al.| (2009a), which are displayed in Fig. 2.3 and
2.7) and explained older AHe ages compared to AFT ages by U-Th zoning with concen-

trated U and Th in the internal parts of the grains, which may have led to overestimated

AHe ages (e.g. Meesters and Dunai, [2002). As these samples do not show any U-Th zoning,

this condition is not met by these samples. A thermochronological study in the southern-
most part of the Aar massif also reveals overlapping AHe and AFT ages (Valla et al., [2012).
Their “’too old” AHe ages yield high effective Uranium concentrations (eU = [U conc.] +
0.235-[Th conc.] after [Flowers et al.| (2009)) of 80 — 210 ppm that may have led to higher
AHe closure temperatures (e.g. [Flowers et al., 2009} (Gautheron et al, [2009). Accordingly,
they recommend to consider the radiation damage effect on apatite He retention for thermal
history modelling (e.g. |Gautheron et al.| 2009), although the samples cooled rapidly. How-

ever, the AHe samples presented here, demonstrate firstly, that the U and Th concentrations
vary independently of the cooling age and, secondly, that only three samples yield U and
Th concentrations in the range of 80 — 210 ppm like the samples from [Valla et al.| (2012).

These high eU grains also include the few AHe ages that are younger than corresponding

AFT ages, whereas all other samples yield normal eU concentrations of 30 — 50 ppm (Tab.
2.5). Therefore, the “too old” AHe ages are not a consequence of parent isotope zonation
and/or radiation damage.

Possibly the dated AFT ages are biased by unusual annealing kinetics. Measured Dy, values
of all samples are almost identical, yielding low Dy, values of 1.0 to 1.4 um (Tab. 2.4). Low

Dy, values are usually interpreted to represent F- or OH-apatite with a relatively low closure

temperature (Donelick et al., 2005). The unknown influence of other anions or cations may
have an impact on AFT annealing kinetics and therefore on the AFT ages (e.g.

et al.| 2003} [Spiegel et al.| 2007). Consequently, it is probable that a combination of both,
the low closure temperature of the AFT thermochronometer and the rapid exhumation that

may not be reported by the AHe system (unknown behavior of U and Th), led to overlapping
AFT and AHe ages.
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2.7 Conclusions

The spatial distribution of pre-Alpine ZFT ages (ZFT ages >80 Ma) of the Aar massif sug-
gest that at the very northern boundary along the massif rocks of the former ZFT PAZ from
the Alpine orogeny are outcropping. During the initial shortening of the Aar massif due to
collision of the Adriatic indenter with the European continent, internal northwest parts of
the massif were eventually overthrust onto the rocks of the ZFT PAZ, which may explain
an early cooling event between 27 - 19 Ma. However, the main phase of exhumation of the
Aar massif began at ~17 Ma, which is almost synchronously to other external massifs in the
Western Alps (e.g. Mont Blanc and Aiguilles Rouges massifs). At 13 - 12 Ma the exhuma-
tion was further intensified in the SE parts of the Aar massif. The onset of exhumation was
probably rapid, because of a widespread distribution of similar cooling ages, although the
exhumation rates may have increased from the NW to the SE. Due to outcropping rocks that
originate from different depths, it is suggested that the exhumation rates varied during the
main phase of exhumation.

AFT and AHe ages reveal that since Late Miocene the entire Aar massif has been exhumed
with an uniform rate of ~0.5 km/Ma. The cooling ages slightly decrease along a NW-SE
gradient through the massif, presumably a consequence of spatially variable exhumation
rates during the main phase of exhumation. However, contradictory to previous studies, the
elevation-dependent thermal models of the thermochronological data show that there did not
occur phases of accelerated exhumation within the last ~8 - 2 Ma. Different timing as well
as different pace of cooling events in the thermal models may be rather a relict of a pertur-
bation of near surface isotherms below a high-relief topography than phases of accelerated
exhumation. A perturbation of near surface isotherms imply slow cooling below ridges and
rapid cooling below valleys.

Nevertheless, focused effective glacial erosion during the Pleistocene glaciations caused ac-
celerated exhumation within glacial valleys. Therefore, the age-elevation relationship reveals

an increased occurrence of young AFT and AHe ages at lower elevations.

56



Chapter 2

2.8 Appendix

The relative frequency of fission track length distributions from AFT and ZFT measurements

(Fig. 2.10).
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Figure 2.10: AFT and ZFT mean track lengths (MTL).
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3.1 Abstract

The topography of the European Alps, like other mountain ranges, was strongly affected by
Pleistocene glaciations. It is known that significant valley incision must have occurred during
the Pleistocene glaciations, but the inner-Alpine valley evolution remains difficult to resolve.
Here we use low temperature thermochronology to identify the spatial distribution of glacial
erosion in three main valleys that incise into the Aar massif of the Swiss Alps. New and pub-
lished thermochronometric data provide a high spatial sample density (69 cooling ages), in
which the youngest thermochronological ages do not appear at the lowest point, but at mean
elevations of major valleys. The resulting age-elevation trend is crescentic, a typical feature
of headward propagation of glacial erosion. The coincidence of the youngest ages and the
equilibrium line altitude (ELA) of former glaciations emphasizes that especially along the

ELA the removal was particularly intense.
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3.2 Introduction

High relief areas like the European Alps obtained their characteristic topography from the
interaction between erosion and tectonics, at which glacial erosion has been playing a domi-
nant role since the Pleistocene (Egholm et al.,[2009; Haeuselmann et al.,[2007; [Herman et al.,
2013} Robl et al.}[2015)). The topographic evolution of high mountainous areas at all latitudes
(such as Himalayas, Andes and Alps) was perturbed by the onset of Pleistocene glaciations,
while having a strong effect on the erosional history (e.g.[Herman et al.l 2013). As a conse-

quence, characteristic geomorphic forms of glacial erosion can be found in every mountain

range, where past or present glaciers prevailed, e.g. U-shaped valleys, hanging valleys or
cirques. Glacial erosion is assumed to be responsible for effective glacial valley carving and
cirque retreat (e.g. [Penck, [1905; MacGregor et al.l [2000) in addition to a focus of the ero-
sional strength at or around the equilibrium line altitude of glaciers (ELA) (e.g.
2009; [Robl et al., 2015)). Through broadening and deepening of valley floors and removal of
ridges and peaks, the glacial erosion may fundamentally reshape the pre-glacial topography

(e.g. [Shuster et al.l 2011} [Sternai et al, 2012). As an example, Pleistocene glaciations in

the European Alps resulted in an increase of local relief and a decrease of mean elevation
(e.g. [Valla et all 2011} [Sternai et al., 2012} [Fox et al.| 2015} [Pedersen et al., [2014). The
onset of enhanced glacial erosion and reshaping of the Alpine topography can be dated to
~0.8 -1 Ma, based on (i) modelling of thermochronological data (Glotzbach et al., m
Valla et al.,[2011)) and (ii) cosmogenic nuclide dating of cave sediments (Haeuselmann et al.|
2007). Although the beginning of extensive glaciation is known (e.g. [Haeuselmann et al.
2007} [Schliichter, 2004)), there is still a lack of understanding about the local to regional ex-

tent of Alpine glacial erosion and the relative contribution of fluvial and glacial erosion on

the present shape of mountainous areas.
In this study we quantify the spatial distribution of glacial erosion during the Pleistocene
glaciations using thermochronometric data. Glacial erosion may lead to strong lateral vari-

ations in exhumation rates and as a result to a perturbation of thermochronological ages,

identifiable in the thermochronological age and elevation relation (Densmore et al.l 2007}
'Shuster et al., 2011). Here we identified such a distinct trend in apatite fission track (AFT)
and apatite (U-Th-Sm)/He (AHe) data from three major valleys, Urbachtal, Haslital and Gad-
mental in the Central Alps in Switzerland (Fig. 3.1).

Geologically, this area is part of the external Aar massif, where crystalline basement rocks
are outcropping (e.g. |Albrecht, [1994). They were uplifted and exhumed in Early to Middle
Miocene times as a consequence of convergence between the European and African con-

tinent followed by subsequent nappe stacking and crustal thickening (e.g.
1996). The study area reveals similar zircon fission track ages of ~12 Ma, indicating rapid
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initial exhumation of the massif (e.g. Michalski and Soom), [1990; |Glotzbach et al., 2010).
Detrital apatite fission track (AFT) as well as AFT derived surface cooling ages yield nearly

constant exhumation rates of ~0.5 - 0.7 km/Ma since rapid initial exhumation of the massif
(e.g.|Vernon et al, 2009} 2008}, (Glotzbach et al., 2011b). These exhumation rates are in the

same order as present-day erosion and rock uplift rates (0.5 - 0.7 mm/a), suggesting that the

majority of recent uplift in the Western and Central Alps is the isostatic response to erosion

(Wittmann et al., 2007; [Champagnac et al., 2009} [Schlatter et al., 2003).

Figure 3.1: Study area with AFT ages and topography based on 90 m SRTM data (USGS,
2006). The main valley running NW-SE following the course of the Aare river is the
Haslital, whereas the Urbachtal and the Gadmental are tributary valleys to the west and
east. !This sample of >12 Ma is excluded from our interpretation, because of conflicting
age relations with nearby samples at similar elevations. 2Published samples are from
Michalski and Soom (1990), Vernon et al. (2008, 2009) and M. Rahn (unpubl.).
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3.3 Methods

In this study we applied apatite fission track (AFT) on 34 samples and apatite (U-Th-Sm)/He
dating (AHe) on 11 samples. The samples derive from bedrocks spatially distributed over
the study area. They cover a wide range of elevations (650 — 4100 m) (Fig. 3.2A), which
is useful to identify potential elevation-dependencies of thermochronological ages. Where
it was possible, confined track lengths were measured to model time-temperature histories
(Fig. 3.5 in the Appendix, and see chapter 2). Previous AHe analyses revealed strong zon-
ing of actinides in the apatite crystals from the study area (Vernon et al., 2009)), which may
influence the interplay between diffusion and ejection of He-particles and may lead to age

discrepancies (e.g. Meesters and Dunail 2002). Our applied thermal modelling is therefore
based solely on the AFT data.

Except for one sample, KAW2207 from Michalski and Soom| (1990), all samples from the
study area were used for an interpolation of an AFT age map (Fig. 3.2B). We excluded this

sample, because nearby samples yield consistently younger ages (Fig. 3.1). In total more
than 500 AFT ages were used for the interpolation in MATLAB, whereas the vast majority of
samples are published AFT ages from outside the study area. In a first step, at each AFT sam-
ple location a corresponding zero-age depth was estimated based on a closure temperature of
120°C and individual geothermal gradients. The geothermal gradients were calculated with
Fourier’s law and the global heat flow database (http://www.heatflow.und.edu/) that reveal
heat flow variations between 50 and 60 mW/m? in this area. In a second step, based on
the zero-age depth, above positioned isolines of same AFT ages were linearly interpolated
in a 3D matrix from O to 5000 m elevation and a horizontal resolution of 90 m (according
to the SRTM). In a third step, the intersection of the age matrix with the DEM resulted in
an elevation-corrected AFT age map (details are also described in [Glotzbach et al.| (2013))).
Areas with presumably apatite-free lithologies (e.g. limestones) were excluded.

The dominant cooling ages of the calculated AFT age map (Fig. 3.2B) are between 7 - 8
Ma, resulting in a mean long-term exhumation rate of ~0.5 mm/a. The long-term exhumation
rate was calculated with AGE2EDOT (developed by M. Brandon and summarized in [Ehlers
(2005)), which provides erosion rates due to thermal parameters and corresponding
cooling ages. This exhumation rate was used to model surface AFT ages of the study area
with PECUBE (cf. Fig. 3.4 in the Appendix) that models surface cooling ages in response
to their time-temperature histories (Braun, 2003; Braun et all 2012). In a first model, a

steady-state topography was assumed, and in a second model, the topography changed at 1

Ma from a pre-glacial to the present-day topography. The theoretical pre-glacial topography
is a smoothed version of the recent topography calculated by assigning each cell the mean

elevation within a ~5 x 5 km square. The smoothed topography was modified by considering
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a change in flow direction from the “paleo”-Aare river (Haeuselmannl, 2002)), crossing the
Briinig Pass in the north until Pliocene (Fig. 3.3B). Cave research at Lake Thun (at ~560

m) revealed that the groundwater level was lowered about 1000 m during the Pleistocene
(Haeuselmann|, 2002)), which gives us a minimal elevation of 1500 m for the western border
of our hypothesized pre-glacial topography. The resulting pre-glacial topography is char-

acterized by elevations spanning from 1300 to 3500 m, a smaller local relief and a slightly
higher mean elevation (2200 m) compared to the recent topography (local relief: 3500 m,
mean elevation: 2100 m) (e.g. [Sternai et al.,[2012). The difference between both modelled
surface AFT age maps is used as a proxy for the impact of glacial erosion (pure vertical in-

cision) on surface AFT ages. Any details, according to the samples’ location and used AFT
dating methods are described in chapter 2. Required thermal parameters in our PECUBE
and AGE2EDOT models are explained in the Appendix from this chapter.
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3.4 Results

The thermochronological ages from this study and the published ages are displayed against
their corresponding elevation in Figure 3.2A. It is striking that the AHe ages are almost as old
as the AFT samples or even older, although in general the AHe system should have a lower
closure temperature (e.g.[Flowers et al.,[2009). Internal zoning of U and Th was the explana-
tion for the observed crossover of AHe and AFT ages within the dataset obtained by
(2009). We could not find any hints for strong internal zoning in our AFT mounts and
prints, and therefore we suggest that other mechanisms might also have contributed to this

crossover in ages (such as very rapid cooling). Nevertheless, the thermochronological ages
show a significant trend with elevation, which differs from a simple uniform trend achieved
with constant exhumation and no change in topography. The youngest ages of 4-6 Ma are
present at an elevation range of ~1000 — 1600 m and older ages of ~8 Ma between ~600 —
800 m. It is conspicuous that the young AFT ages appear at almost the same elevation as the
mean ELA of the maximal ice dilatations during the glaciations. We assume that the posi-
tion of the ELA during the Last Glacial Maximum (LGM) at 1300 — 1600 m (Ivy-Ochs et
al., 2008) can be adopted as a mean ELA for every major glaciation during the Pleistocene.
It has been shown for the French Alps that a calculated mean Pleistocene ELA only slightly
differs from the ELA during the LGM (e.g. van der Beek and Bourbon, 2008). A slope-
elevation analyses discloses slope angles >30° at the ELA level, which are peak values apart
from steeper hillslopes around the cirques and arétes (>3500 m). Maximum hillslope angles
at the position of the former ELA are also indicated for other parts of the Alps (e.g.
Beek and Bourbon|, 2008} [Robl et al.| 2015]). Measured confined track lengths vary from 11.3
£ 1.4 ym to 14.2 £ 1.3 um, whereby shorter track lengths are concentrated on the Haslital,

indicating a long stay in the partial annealing zone (PAZ) that caused a shortening of tracks
(e.g.|Gallagher et al., |[1998)) (Fig. 3.5 in the Appendix).
The spatial distribution of the thermochronological ages is shown in the fission track age

map (Fig. 3.2B). Only those interpolated ages within a 2 km radius around samples’ loca-
tions are shown, because with greater distance the error of the interpolated ages may increase
immeasurable. The age map reveals that the youngest ages are located in major valleys, ap-

proximately midway up a glaciated valley.
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Figure 3.2: (A) Diagram showing the relation between AFT and AHe ages and sample
elevation. Mean AFT ages at each elevation and their corresponding mean errors are
highlighted in red. The @ELA refers to the mean ELA of the LGM
2008). The dashed line shows mean slope values within 90 m bins from the SRTM data
dependent on the elevation. (B) Interpolated AFT age map with sample locations and
ages. Those areas that comprise lithologies without apatite were not interpolated, and
pale areas are outside a 2 km buffer around the sample points, where the interpolation
may be inaccurate. *Published samples are from Michalski and Soom| (1990); [Vernon|

et al| (2008, 2009) and M. Rahn (unpubl.).
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3.5 Discussion

The spatial distribution of AFT and AHe ages and the distinct relation of ages with elevation
indicate a spatially non-uniform cooling of rocks. The consistent crescentic age-elevation
trend over the whole study area (three differently oriented valleys) suggests the absence of
a tectonic influence. Fluid circulation could have not influenced the observed age pattern,

because known geothermal fluids are relatively low in temperature (<30°C) and are located

outside the areas with the youngest observed ages (Sonney and Vuataz, 2008). Instead, the

significant connection of young ages at a certain elevation range (~1000 — 1600 m), which

approximates the Pleistocene ELA (Ivy-Ochs et al.| [2008), clearly indicates that focused

glacial erosion caused this age pattern. The same elevation range is nowadays characterized

by the steepest hillslopes, which were interpreted as a relict of accelerated glacial erosion

(Robl et al.| 2013).

A non-appearance of youngest ages at the lowest point in valleys that is linked to tempo-

rary very effective glacial erosion, will only be possible if isotherms approximately follow
the pre-glacial topography prior to the glaciations. The study area is located at the northern
border of the Aar massif, which extends in SW-NE direction forming a long-wavelength to-
pographic feature perturbing near surface isotherms (Stiiwe et al.,[1994). As a result isotherm
elevations increase towards the southeast as well as the isoage surfaces (Fig. 3.3A). The sug-

gested southeastward propagation of glacial erosion would then cause a non-uniform age-
elevation distribution.

We applied 3D thermal-kinematic modelling to investigate if the observed age pattern is just
the consequence of a simple increase in local relief. Both models (steady-state and altered
topography) provide AFT ages from ~5 Ma in valleys to 11 Ma on ridges (Fig. 3.4 in the
Appendix). Deepening of valleys results generally in ~3 to 15% younger ages compared to a
scenario with steady-state topography (Fig. 3.3B). The maximum theoretical age difference
can be found in the northwestern study area, where we modified the pre-glacial topography
to an elevation of 1500 m in accordance with the study of [Haecuselmann et al|(2007). The

observed deepening is primarily depending on the amount of incision, nevertheless also on
the width of the valley. Therefore, the effect is intensified in larger and wider valleys such as
the major valley of the Aare river (Fig. 3.3B). This may explain why the increased cooling
associated with focused valley incision at ~1 Ma is visible in measured apatite fission track
lengths distributions (and derived time-temperature paths) in the Haslital, but is absent in the
smaller Gadmental (Fig. 3.5 in the Appendix). This hypothesis correlates to surface models
reconstructing the dimensions of glacial erosion based on the underlying topography, whose

results demonstrate a high sensitivity of the dimensions of glacial erosion towards the under-

lying topography (e.g.[Pedersen et al.,[2014; [Herman et al.| [2015)).
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Figure 3.3: (A) Schematic evolution of an Alpine valley during the glaciations. Surfaces
of equal AFT ages referred to here as isoage lines, following the courses of isotherms. (B)
AFT age difference in percent between a topographic steady-state and a steady increase
in relief (incising into a smooth pre-glacial topography). Larger differences correspond to
younger AFT ages.

The simple modelling fails to predict the very focused area of young ages at elevations
around the Pleistocene ELA. Our assumed pre-glacial topography and/or simple steady inci-
sion thus can not explain the observed age pattern, however, suggesting that valley evolution
was more complex with major erosion at an intermediate range of elevation. Hence, the data
require that major valleys, for instance the present Haslital, did not exist in the present form

before the onset of major glaciations, which is in accordance with speleological investiga-

tions (Haeuselmann et al, 2007). Instead, cooling of rocks must have been less dramatic at

the confluence of Haslital, Gadmental and Urbachtal indicated by older thermochronological
ages and, therefore, contradicting both surface age models (Fig. 3.2B, 3.3B and Fig. 3.4. in
the Appendix).

The youngest ages appearing at or near the ELA leads to the conclusion that the position
of the ELA stands for the level with the most effective glacial erosion (Fig. 3.2A). The
observed age distribution is very comparable to other studies in which a non-uniform ther-
mochronological age distribution results from valley incision and headward propagation of

erosion (e.g. [Shuster et al.| 2011}, [Valla et al., 2011). A lowering and rising of the ELA due

to many glacial advances and retreats during the Pleistocene caused focused erosion on a

wide elevation range that resulted in incision and back-cutting of the glaciated valleys. The
position of the present-day ELA still plays an important role in the spatial distribution of
glacial erosion below recent glaciations, because most of the sediments are removed nearby

the present-day ELA (Ehlers et al.| [2015).

The exact sequence of the Pleistocene glacial erosion in the study area, however, remains
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a question of debate. Studies in other settings suggest that the first glaciation is mainly re-
sponsible for the valley evolution and any following glaciations only enhanced geomorphic
leftovers of previous ones (e.g.[Shuster, 2005 [van der Beek and Bourbon| [2008]).
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3.6 Conclusions

This study reveals a spatially non-uniform cooling within a basement block, which can not
be associated with tectonics, because of a similar age-elevation pattern consistent over the
whole study area. A long-term tectonic steady-state was followed by ELA-focused glacial
valley incision that produced a non-uniform age distribution. The youngest thermochrono-
logical ages appear at a certain elevation range, characterized by the steepest slopes, and
approximating the position of the former mean Pleistocene ELA.

It is shown that the effect of glacial erosion on the thermochronological age distribution is
depending on the amount of incision and also on the morphology like the width of valleys.
Therefore, the current appearance of Alpine valleys is mainly the consequence of glacial

erosion and may differ completely from the pre-glacial appearance.
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3.7 Appendix

3.7.1 Thermal-kinematic modelling of AFT ages

The 3D thermal-kinematic modeling with PECUBE (Figure 3.4) is based on a mean long-
term exhumation rate (0.53 mm/a) that was calculated with AGE2EDOT (Ehlers et al.,[2005)).

Both programs underlie the same thermal parameters:

Thermal parameters:

Layer depth 35 km
Thermal diffusivity 25 km?*/Ma
Internal heat production 1°C/Ma
Surface temperature 2°C

Temperature at base of layer 700°C
Atmospheric lapse rate 4.6 °C/km

Sea level temperature 12°C
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Elevation (m)

AFT ages (Ma)

Figure 3.4: (A) Recent topography, which was used for steady-state calculation. (B) Cal-
culated pre-glacial topography with the Paleo-Aare flowing across the Briinig Pass. (C)
AFT ages that were estimated with PECUBE, while exhuming a steady-state topography.
(D) AFT ages estimated with PECUBE, while exhuming the pre-glacial topography.
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3.7.2 'Thermal modelling

Confined track lengths were measured to model time-temperature histories (Fig. 3.5 and
Tab. 2.4 in chapter 2). Previous AHe analyses revealed strong U/Th zoning in apatites from
the study area (Vernon et al., [2009), and therefore our modelling is based solely on the AFT
data. The inverse thermal modelling was carried out with HeFTy v.1.8.3 (Ketchaml [2005)
and the AFT annealing model from [Ketcham et al.| (2007). Each model is based on mean
track lengths and ends at a fixed recent surface temperature of ~7 °C (Fig. 3.5). Further

details are described in the section 2.3.3 in chapter 2.

Figure 3.5: HeFTy (Ketcham| 2005) derived time-temperature paths for samples CGP235
and CW48 from the Haslital, and samples CW41 and CGP233 from the Gadmental. Dis-

played are a best-fit model (black line), acceptable paths (dark grey area) and the good
paths (light grey area) (good path and acceptable paths correspond to values of the good-
ness of fit (GOF) of 0.5 and 0.05). The dashed lines mark the constrain boxes.
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4.1 Abstract

The estimation of spatially and temporally averaged catchment-wide denudation rates in an
Alpine setting remains a challenge due to an often non-representative sediment load, because
of highly variable erosion processes. Here we present a new approach of combining detri-
tal thermochronology and °Be concentrations of fluvial sediment. This approach takes into
account spatial variations in erosion and estimates correct catchment-wide denudation rates.
Detrital thermochronology provides the elevation range of which the sediments are sourced
from. The provenance is used to improve catchment-wide denudation estimates of seven
stream sediment samples from the Central Alps (Switzerland). Developed erosion proba-
bility maps indicate two peak elevations, 900 - 1600 m and 2800 - 3400 m, at which the
erosion in this study area is at its maximum. According to geomorphic analysis, glacial ero-
sion at the equilibrium line of altitude (ELA) below present-day glaciers and fluvial erosion
around the former ELAs of the maximal extent of glaciers during the Pleistocene mainly con-
trol the provenance of present-day stream sediments. Corresponding denudation rates show
that glacial erosion is more effective than fluvial erosion. Local geomorphic characteristics
and the residence time of sediments within the catchment constrain if the analysed stream
sediments derive either from fluvial or from glacial erosion. This new approach, therefore,
provides a method to estimate reliable catchment-wide denudation rates in a setting not really
suitable for this technique. Additionally, the distribution and the effectiveness of erosional

processes in the catchments can be identified.
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4.2 Introduction

Estimating catchment-wide denudation rates with in-situ produced cosmogenic °Be is a
widely applied technique in partly glaciated mountain belts such as the Alps (e.g.
et al.,[2007; Norton and Vanacker], 2009} Norton et al.l 2010} 2011} [Glotzbach et al., 2013).

Measured in-situ produced °Be concentrations in quartz of fluvial sediment are supposed

to represent the average denudation rates of the sample’s upstream catchment. This method
relies on the pioneer work about nuclide production rates by and the enhance-
ment of using fluvial sediments (e.g. [Brown et al.| [1995}; [Bierman and Steig], [1996; |Granger]
[1996). The calculation of catchment-wide denudation rates is based on the primary

assumption that sediments are naturally transported by the fluvial network and mixed ho-

mogeneously in the sediment load. Therefore, quartz grains of stream sediment samples
are assumed to represent the spatially averaged '°Be content from the entire catchment area
(Bierman and Steig| [1996}; [von Blanckenburg], [2005)). The denudation rates refer to the time

the quartz spent in the uppermost few meters below the surface, the depth that is typically

reached by the majority of cosmogenic rays, because this is assumed to be much longer than

the time the quartz grain is transported by the fluvial network (Bierman and Steig, [1996).

Catchment-wide denudation rates can integrate a timescale of 10? to 10* years in areas with
denudation rates of ~ 6 mm/a to 0.06 mm/a (von Blanckenburg, [2005).

The attenuation of cosmic rays and hence the in-situ production of cosmogenic nuclides at
surface depends on latitude and elevation [1991}; Stonel, 2000), whereas a shielding due
to topography, glaciers and snow reduces the nuclide production (e.g. [Dunne et al., [1999
2010). Consequently, if the majority of sediments within the fluvial sample contains

of previous shielded material, the assumption of spatially and temporally averaged '°Be con-

centrations in stream sediments may be invalid and the measured nuclide concentration will

yield overestimated denudation rates (e.g. [Kober et al.,[2012; [Delunel et al., 2014). Erosion

processes that abruptly contribute a large amount of (possibly previously shielded) sediments

into the fluvial system (e.g. glacial erosion, debris-flows) may lead to stream sediment sam-
ples that are not representative for the catchment. Estimating catchment-wide denudation
rates in highly glaciated, mountainous areas, where an increased incidence of the above

mentioned processes can occur, may therefore lead to problems in the determination of ac-

curate denudation rates (e.g. Niemi et al.l 2005}, Binnie et al., 2006} Delunel et al.| 2010}

2014; [Savi et all 2014, 2015). Generally, there is a possibility to avoid the effect of non-
representative sediments by choosing catchments of reasonable size (> 100 km?), because

with increasing catchment size the sediments are better mixed (e.g.Niemi et al.,[2005; Binnie

et al., [2006; Wittmann et al., [2007; Savi et al.,[2014). Another option is to decipher different
sediment supply mechanisms and the origin of sediments within the studied catchment by
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measuring in-situ produced '°Be nuclide concentrations on various detrital materials and/or

in additional upstream fluvial material (e.g. Delunel et al.l 2014 [Savi et al., 2014).

Here, we present a new approach to accurately estimate catchment-wide denudation rates in

a high mountain setting by combining the '°Be nuclide concentration in quartz with the ther-
mochronological age distribution in apatites from the same stream sediment samples. The
detrital thermochronological ages of the apatites are used to determine the provenance and

the spatial variations of the erosional pattern in the catchments, as already successfully ap-

plied in various studies (e.g.[Brewer et al.,[2003; [Ruhl and Hodges, [2003; [Stock et al., 2006}
Vermeeschl, [2007; McPhillips and Brandon|, 2010} [Avdeev et al, 2011} [Tranel et al., 2011}
Glotzbach et al, [2013}; [Ehlers et al., 2015}, [Fox et al, [2015)). The provenance of apatites is

transferred into an erosion probability map, which in turn is considered for the calculation of

cosmogenic 'Be-derived catchment-wide denudation rates.

The fluvial samples in this study derive from seven valleys, comprising different catchment
sizes in the Bernese Alps in Switzerland. The study area is characterized by a high local
relief (peaks up to ~ 4000 m) and several glaciers (e.g. Aare glaciers) (Fig. 4.1 and 4.2).
Almost everywhere in the Central Alps the landscape finds itself in a transient geomorphic
state (e.g.[Hinderer et al.| 2013};[Schlunegger and Norton|, 2013)) and recent surface processes
contributes to achieve a new geomorphic steady-state (e.g. [Hinderer, 2001} Wittmann et al.,
2007, [Champagnac et al., 2009} Norton et al.l 2010} 2011} [Glotzbach et al.l 2013). There-

fore, on catchment scale, hillslope processes are still related to the erosive effects of glaciers

from the last glacial maximum (LGM) constrained by the position of the equilibrium line
of altitude (ELA), especially from the LGM glaciers. [Schlunegger and Norton| (2013 and
Salcher et al.| (2014) suggest that the landscape below the ELA of the LGM is dominated by
fluvial processes and, instead, the landscape above the ELA of the LGM is dominated by the

impact of glacial erosion of the present and past. Both mechanisms have been suggested to
control catchment-wide denudation rates in the Alps.

The complex interaction of fluvial and glacial processes and in-frequently occurring large
mass wasting processes may cause temporal and spatial variations in erosion that may lead
to non-representative sediments (e.g. [Wittmann et al.l [2007; [Kober et al., [2012). The pre-

sented new approach is supposed to be capable to unravel spatial variations in erosion rates,

accurately estimate denudation rates and identify the importance of the different erosional

regimes and processes (e.g. glacial erosion, frost-cracking).
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4.3 Study area

4.3.1 Tectonic evolution

A convergence between the European and African continent resulted in nappe stacking,
crustal thickening and finally in tectonic uplift of the Alps (since Eocene, 34 Ma) (e.g.
'Schmid et al, [2004). Geologically, the Alps can be divided into three major tectonic units;
Helvetic, Penninic, and Austroalpine - South Alpine unit (e.g.[Schmid et al.|[1996). The Hel-
vetic and the Austroalpine - South Alpine units represent the European and Adriatic plate,

respectively, while the Penninic unit comprises the sedimentary cover of the Briangonnais
micro-continent with its surrounding ocean basins (e.g.[Schmid et al.,[1996] 2004).
The Helvetic unit, which is the dominating unit in the study area (Fig. 4.1), consists of

basement rocks (e.g. Aar massif and Gotthard massif) and a mainly Mesozoic-Cenozoic
sedimentary cover (mostly limestone and minor sandstone). This study focuses on the Aar
massif, which outcrops in Switzerland. The basement rocks of the Aar massif are composed
of a Variscan granite that intruded during the Variscan orogeny into Pre-Variscan basement
units (e.g. [Schaltegger, [1990; [Albrecht, [1994). Prior the doming and exhumation of the Aar

massif, the Helvetic nappes (Mesozoic-Cenozoic sedimentary cover) were thrust towards the

north. During doming, the overlying Helvetic nappes and the parautochthonous unit built an
antiformal stack that forms the near-vertical north faces of Eiger, Monch and Jungfrau (Fig.

4.2) (e.g.[Herwegh and Pfiffner] 2005} [Pfiffner, [2009).
The recent topography of the Alps is the result of the interaction between Neogene to present-

day uplift and erosional processes (e.g. [Pfiffner and Kiihni, 2001} [Vernon et al., 2008}, [Vallal
et al., 2010}, |Glotzbach et al.| 2011)), with a dominant role of major Quaternary glaciations
(e.g. [Kelly et al.l [2006; [Hacuselmann et al.l [2007). The Swiss Alps are assumed to be no
longer tectonically active (e.g.|Champagnac et al.l 2009) and the recent uplift derived from

repeated precise levelling (e.g.|Calais et al., 2002}, [Schlatter et al.,[2005)) correlates well with
10Be-derived denudation rates (Wittmann et al., [2007).
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Figure 4.1: Topographic map of the study area overlain by the geologic setting (Tectonic
map of Switzerland, 1: 500 000), based on 90 m SRTM data. The stream sediment
samples (CGPXXX) from the drainage areas of the Liitschine (west) and the Aare (east)
are presented with their corresponding catchments.

4.3.2 Geomorphic setting

The study area is part of the Central Alps in Switzerland and compromises the Berner Ober-
land, which is a high mountain area (up to 4000 m) southeast of Bern (Fig. 4.1). The higher
valleys are glaciated and are home to the biggest glaciers in Europe, e.g. the Aare Glaciers
and Aletsch Glaciers (Fig. 4.2). The sampled streams (Fig. 4.1), the Aare and the Liitschine,
have their sources in the study area and both flowing into Lake Brienz in the north.

Most of the present-day geomorphic features in the Alps resulted from processes related to
multiple Quaternary glaciations (e.g.[van der Beek and Bourbonl, 2008}, [Sternai et al., 2012).
The present transient geomorphic state that affects the erosional processes is supposed to be
a consequence of the last glacial maximum (LGM) (e.g. Ivy-Ochs et al., 2008} [Schlunegger]
land Norton|, 2013)). The last glacial period took place between the interglacials Eem and
Holocene about 115 to 11 ka ago (Schliichter, [2004) and had its maximum ice dilatation
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between 24 to 21 ka. During that period the ice spread towards the foreland (Ivy-Ochs et al.,
2008). The deglaciation started 21 ka ago and had been completed since 18 ka in the inner
Alpine valleys (e.g. Kelly et al., 2006} Dielforder and Hetzel, 2014)). After the LGM, several
temporary glacial readvances took place, but they have never reached the foreland again (e.g.
Tvy-Ochs et al.l 2006} [Schimmelpfennig et al.| 2014). The leftovers of moraines, which can
be found in the main valleys of the study area, are attached to these post-LGM glacial read-
vances (Hantke and Wagner], 2003). The youngest glacial advance occurred during the Little
Ice Age (LIA), which took place between the 14" and 19" Century AD (e.g.
2005)), but the ice extent of the LIA remained behind post-LGM glacial readvances
(Ivy-Ochs et al., 2006} [Schimmelpfennig et al., [2014).

During the ice ages the dominant mechanism of denudation changed from fluvial to glacial.

The efficiency of denudation was strengthened and increased the local relief by valley widen-

ing and overdeepening of valley floors (e.g.[Whipple and Tucker], [1999} [Haeuselmann et al.,

2007). Therefore, with the ice retreat, several topographic features of Quaternary glaciations
became visible, e.g. trough valleys, hanging valleys, moraines, roches moutonées or cirques
(recently glaciated or not) (e.g. Wagner, 2002; [Hantke and Wagner, 2005)). Visible glacial

striations from the LGM and LIA glaciers reveal areas that were unaffected by erosion over

several 10 ka. Steep sidewalls, arétes and flat valley floors of glacial trough valleys can

clearly be seen on the slope map from the study area (Fig. 4.2).
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Figure 4.2: Slope map of the study area that was calculated in ArcGIS (90 m resolution)
indicating characteristics of extensive glaciations.
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4.4 Methods

Stream sediment samples were used to estimate cosmogenic '°Be concentrations on the one
hand and their apatite fission track (AFT) age distributions on the other hand. In combination
with a surface AFT age map (interpolation details are described in chapter 3) we determined
the provenance of detrital apatites. In small catchments AFT ages may solely vary with ele-
vation (e.g. Brewer et al.,2003)), but larger catchments like in this study are characterized by
spatial differences in long-term exhumation rates. This circumstance requires to interpolate

a dense AFT age grid (e.g. (Glotzbach et al., [2013)) instead of using the basin hypsometry

for provenance analysis (increasing elevation = increasing AFT ages), as already applied in

several studies (e.g. [Ruhl and Hodges| 2005}, [Vermeesch, [2007; [Avdeev et al., [201T]).

The estimation of the position where the apatite grains were eroded from was resolved by a

statistical comparison of measured AFT age cumulative density functions (CDF) with mod-
elled CDFs based on interpolated surface AFT ages. The statistical comparison of CDFs was
applied to approximate iteratively from uniform to non-uniform the distribution of erosion
in the catchments. A similar approach was already successfully used to quantify the distri-

bution of erosion within catchments in similar settings in the Sierra Nevada, the Alps and

also in the Himalaya (e.g. Brewer et al., 2003} Ruhl and Hodges|, [2005; [Stock et al., [2006;
Vermeesch|, 2007; [McPhillips and Brandonl 2010; [Avdeev et al 2011}, Tranel et al., 2011}
\Glotzbach et al., 2013} [Ehlers et al., 2015} [Fox et al.l 2015)). In a final step, the provenances

of sampled stream sediments were used to re-calculate catchment-wide denudation rates and

to create erosion maps.

Table 4.1: Geomorphic data

*Area with outcropping lithologies containing quartz and apatite (Variscan basement, Aar
granite, Parautochthone)
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4.4.1 Sampling

The fluvial sediment samples, 2-3 kg each, derive from active channels or sand bars. Five
samples were collected from the Aare river and their tributary catchments and two samples
derive from the Liitschine river and sub-catchment (Fig. 4.1). The samples were taken at
elevations of 599 — 934 m and upstream catchment sizes vary between 45 — 461 km? (Tab.
4.1 and Fig. 4.1). Every catchment was nearly completely covered by ice during the Pleis-
tocene glacial advances (e.g. [Coutterand, [2010) and is still partially glaciated. The Aare

drainage basin mainly consists of crystalline lithologies with apatite- and quartz-bearing

rocks, whereas the drainage area of the Liitschine is predominantly covered by limestones
from the Helvetic unit, presumably free from apatite and quartz (Fig. 4.1).

The loose stream sediment samples were sieved to a grain size fraction <500 um and apatite
and quartz were separated using standard gravimetric and magnetic techniques. In the par-
ticular case of sample CGP224 and CW6, we took two different samples at the same location
in the years 2010 and 2013. Sample CGP224 did not contain enough measureable '°Be, that
is why another sample (CW6) needed to be taken. Therefore, we counted the apatites from
the original sample CGP224 from 2010 and measured the '°Be content of the sample CW6
from 2013. In order to simplify, we will only name the sample CGP224 in the following text.

4.4.2 Detrital thermochronology

4.4.2.1 Analytical procedure

For fission track dating, the apatites were mounted in Araldite2020 and etched with 5SM
HNOj; at 20°C for 20 s. After irradiation with thermal neutrons at the FRM-II reactor facility
in Garching (TU Miinchen), the mica external detectors were etched to reveal induced tracks
using 40% HF at 20°C for 30 min. A sufficient reproduction of the AFT age distribution
within the detrital samples was ensured by counting 50 to 100 grains per sample. The fission
track analyses was carried out using an Olympus BXS51 microscope. The dating of the ap-
atites is based on the external detector method (Naeser] [1967; |Gleadow!, [1981)) and the zeta
calibration approach (Hurford and Green), [1982, [1983)).

4.4.2.2 Iterative formation of erosion probability maps

The calculation of catchments’ individual erosion probability maps is based on measured
AFT age distributions, their 1o error and an interpolated AFT age map (cf. Fig. 4.10 in the
Appendix). The AFT age map provides a surface AFT age for each cell within the samples’
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upstream catchment area (grid resolution 90 m). The corresponding interpolation error was
calculated by bootstrapping of the input dataset of the interpolation, which consists of >500
published AFT ages from the European Alps (cf.[Vernon et al.| [2008]). The resulting statistics

were again interpolated on a map (cf. Fig. 4.11 in the Appendix), at which the maximum

interpolation error (difference between observed and modelled age) is ~110%. Note that AFT
ages were only interpolated for an area with outcropping crystalline lithologies (Aar granite,
Variscan basement and Paraautochthone) and consequently limiting the extent of the erosion
maps (Fig. 4.9).

To simplify the inversion problem, we assumed that erosional processes vary mainly with el-
evation and that pure lateral variations in erosion do not occur within individual catchments.
The elevation range of the apatite-bearing lithologies of each catchment was sampled for
every 100 m. Initially, it was assumed that every cell within the catchment erodes with the
same probability, thus each cell could have contributed an apatite grain to the stream sed-
iment sample. The calculation of '°Be-derived catchment-wide denudation rates is usually

based on the assumption of an uniform distribution of erosion within the catchments.

Input Result
Measured AFT ages Estimate erosion probability map
Interpolated surface AFT ages

A

[}
2
egs . o
‘L Initial misfit —> initial loop ;
1) CDF of measured ages » iteration loop £
2) CDF of selected interpolated §
ages £
— — Conditions -

¥ Minimize misfit — , —

1. initial (previous) misfit >
- new misfit

Analyze misfit between CDFs | ———> | 5 aw misfit variation < 1%

(within 1000 iterations)

»l« Iteration: T

r—— - - - - - - - - — — — — A Both conditions
| Modifying erosion probability by random change. | < are false
Calculating new CDF of interpolated AFT ages. <

Figure 4.3: Flowchart of an iterative method to estimate an erosion probability map. The
calculation starts with the determination of an initial misfit, which should be minimized
through several iterations of modifying the erosion probability.

The flowchart in Figure 4.3 illustrates the following description of the procedure that was
applied for every sample. The calculation began with the generation of a CDF of measured

AFT ages and errors. This was obtained by calculating the cumulative sum of all single
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grain age distributions (assumed to be normally distributed). The generation of a synthetic
AFT dataset deviates from previously introduced approaches from Vermeesch| (2007) and
\Glotzbach et al.| (2013)), by considering the interpolation error of 110%. The synthetic AFT

dataset consists of as many synthetic grains as counted grains in the corresponding sample.

The selection of interpolated ages depends on the erosion probability of each cell, which was
uniform in the initial case and has been adjusted to fit the observed data during the inversion.
Minimization of the misfit between measured and synthetic CDFs (Fig. 4.4B) was done by
fitting the erosion probability within an iterative approach (Fig. 4.3). During each run, the
probability of a randomly selected elevation node was changed to a random number within a
normal distribution with a mean value corresponding to the previously used probability (F,)
and a standard deviation of 0.1. Based on this new probability, ages for a new synthetic CDF
were selected from the interpolated age file, as explained above.

If the misfit between measured and synthetic CDFs exceeds the initial (or previous) misfit,
the modified erosion probability will be discarded. If the new misfit is lower than the previous
one, the new erosion probability will be taken for the next run. A penalty function (PF") was

used to smooth the resulting elevation-dependent erosion curve:

PF =a-sum(P.)+b-sum(P)), 4.1)

where a and b are dimensionless weighting coefficients. These coefficients were set to val-
ues between 0.0001 and 0.003, resulting in smooth erosion probability vs. elevation curves
(Fig. 4.4A). The inversion ran until the difference between new misfits was lower than 1%
within 1000 repetitions. Minimizing the misfits of our samples required 10 000 to 17 000
repetitions of the inversion.

The new erosion probability of every thousandth iteration was plotted against the corre-
sponding elevation (Fig. 4.4A). The erosion probability of the lowest misfit was then used to

interpolate an erosion probability map of the catchment.
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Figure 4.4: (A, B) An example of how the misfit is minimized from 0.24 (black lines =
uniform erosion) to 0.15 (red lines = adjusted probability) for sample CGP228 (Tab. 4.1).
The misfit is the difference between measured and interpolated AFT ages. (A) Every line
represents a modified erosion probability and the corresponding elevation after thousand
model iterations. (B) The CDF plots demonstrate the misfit between the unchanged CDF
of measured ages (dashed lines) and initial synthetic CDF of interpolated ages (uniform
erosion = black line) as well as the final misfit between measured ages and the synthetic
CDF based on the adjusted erosion probability (red line).

4.4.3 1'Be catchment-wide denudation rates

4.4.3.1 Measurement of 1’Be

The quartz was chemically cleaned for four times with diluted HF-HNOj; to remove the me-

teoric component of °Be; following the protocol of Kohl and Nishiizumi| (1992). Before

dissolving the samples, the purity of the quartz was checked with ICP-OES analyses. After
cleaning, sample weights were reduced to 20-38 g. In the next step 0.3 g of a ”Be-carrier”
(~1000 ppm Be in 2% HCI; Scharlau) was added to each sample to obtain a fixed content of
the stable isotope °Be in the sample for measurability at a mass spectrometry facility (e.g.
. After that, the samples plus carrier were completely dissolved in ~40% HF at
100°C. The '°Be was separated with anion and cation exchange columns and precipitated as
a Be(OH), aggregate. The dried precipitation was oxidized to BeO and pressed in targets
for the Tandem Accelerator Mass Spectrometry (AMS) facility of the ETH Zurich. At the

ETH Zurich the measurement was normalized to the secondary standard S2007N, which is
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standardized to the primary standard ICN 01-5-1 (Nishiizumi et al.,[2007; [Kubik and Christl,
2010).

4.4.3.2 Calculation of catchment-wide denudation rates

10Be can be produced meteoric or in-situ and has a half-life of 1.387 & 0.012 Ma (Chmele
et al.| [2010; [Korschinek et al.l 2010), whereas only few particles with enough energy to acti-
vate in-situ decay reactions reach the Earth’s surface (Gosse and Phillips| 2001). In-situ 1°Be

mainly results from the decay of oxygen and partly from elements like Mg, Al, Si and Ca

(Lal, [1991). The decay is activated through secondary cosmic rays (Lal and Peters, [1967),

mainly high-energy spallation and partly negative muon capture and fast muons. The sec-

ondary cosmic rays decrease exponential with depth from surface, as well as the production
rates . The effective cosmic ray attenuation length is 160 g/cm? (Balco et al.
2008), which is equivalent to approximately 60 cm of rock with a density of 2.7 g/cm?. In
case of steady-state between cosmogenic nuclide production and loss through denudation

and radioactive decay, the nuclide concentration is inverse proportional to the denudation

rates, and can be described as 1991)):

¢ =Py/(A+ pe/A), 4.2)

where c is the concentration of in situ-produced cosmogenic '“Be (at/ ZQuartz)> 1o the produc-
tion rate at surface (at/gquarz-@), A the '"Be decay constant (1/a), p the rock density (g/cm?),
¢ the denudation rate (cm/a) and A the mean cosmic ray attenuation length (g/cm?).

In high-relief Alpine catchments with permanent ice cover, the cosmic rays may be shielded.
Therefore, a shielding factor was included that consists of three components: topographic
shielding (Dunne et all, [1999), glacier shielding and snow shielding (e.g. [Schildgen et al.,
2005} Wittmann et al), 2007). The topographic shielding describes the difference of cos-
mic ray flux between unshielded mountain peaks and highly shielded valley bottoms
[1999). It relies on a raster, where each cell has a value between 0 for completely
shielded against cosmic ray flux and 1 for no shielding (S*).

The glacier shielding (S7) is based on the assumption that below glaciers no cosmogenic
nuclides are produced and previously produced nuclides will be reset to zero. There is the
possibility that recently exposed quartz grains from glaciers might have a small nuclide con-
centration, but measured nuclide concentrations at glacier outlets are low enough to simply
assume a nuclide concentration of zero (Wittmann et al, 2007} Dielforder and Hetzel, 2014)).
The extent of Alpine glaciers varied temporally during the last thousands of years, therefore

we suppose that the recent extent reflects a good average of this variation (Hormes et al.
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2001). Hence, it is assumed that no cosmogenic nuclides are produced below recent glaciers,
whose extent is provided by www.swisstopo.ch.

The snow shielding (S*) describes the permanent snow cover, which might reduce the yearly
nuclide production too (e.g. 2010). The variable snow cover was estimated with
mean snow cover values from Switzerland over the years 1983 - 2002 2003). The
correction factor was calculated considering only a high-energy spallation production (ne-
glecting muonic production) in the depth-dependent production rate formalism of

(2002). Therefore, the snow thickness from (2003) and a characteristic density
of old and compacted snow (-0.3 g/cm’) were used (e.g. Roebber et al., 2003; Ware et al.,

2006)), following |[Wittmann et al.| (2007).
In our study the shielding factor also accounts for the lithology, assuming that the crystalline

rocks (Aar granite, Variscan basement and Parautochthone, Fig. 4.1) exclusively delivered
quartz in the analysed samples (L). The product of the shielding components resulted in an
individual factor for each cell S; (cf.[Delunel et al.| 2010):

Si=(87)-(87)-(S7) - (La), (4.3)

Based on the cells’ individual shielding factors, we determined a nuclide production rate for

every cell and averaged it afterwards (F):

n

Y (P, (4.4)

i=1

The production rate itself was scaled to every cells’ location within each catchment (P"¢/),
following[Lall (1991)) and (Stone, 2000), based on a reference production rate of 4.01 at/g-a at
sea level and high latitude (>60°) (Borchers et al| 2016). The nuclide production provoked
by muons was considered for fast muons after[Heisinger et al.|(2002a) and for negative muon
capture after [Heisinger et al.|(2002b)). Results following this standard denudation rate calcu-

lation procedure are listed in Tab. 4.5.

4.4.4 Modifying catchment-wide denudation rates

Hydraulic sorting influences the stream sediment composition and should be taken into ac-
count for the interpretation of detrital thermochronological data (e.g. Malusa et al., 2016).

The major parameter that controls hydraulic sorting is the mineral concentration within the

bedrock. Analysed catchments cover similar bedrock lithologies, thus we assume similar

apatite and quartz fertilities within the catchment area. The grain shape has a minor effect
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on the settling of minerals and the size shift between quartz and apatite is small, because the
mineral densities differ not too greatly (Quartz: 2.65 g/cm® and Apatite: 3.20 g/cm?) (e.g.
Malusa et al, 2016). We therefore assume that quartz and apatite behaved similarly during

transport and have the same origin.

The sampled catchments are steep, glaciated and cover a wide range of elevations (>2400
m) (Fig. 4.1 and 4.2) and thus production of cosmogenic nuclides vary strongly
2000). An elevation-dependent erosion variation within the catchment area may there-
fore significantly influence '°Be-derived denudation rates. If higher elevations (high cosmo-
genic nuclide production rates) erode faster than lower elevations (low nuclide production
rates), the resulting nuclide concentration in the stream sediment would be higher as if the
erosion was focused on lower elevations. This hypothesis may apply as long as the non-
uniform erosion pattern prevails for a relatively long period having a significant effect on the
in-situ 'Be production. In contrast, the standard 'Be method described above (cf. section
4.4.3.2) underlies the assumption that the calculated denudation rate represents a long-lasting
uniform distribution of erosion in the whole catchment area. Short-term non-uniform erosion

events have no impact on the calculation, because averaged over many years the erosion is

assumed to be uniform (e.g. [von Blanckenburg, 2005). We speculate that this assumption

may be invalid in Alpine settings, because of a possibly long-lasting non-uniform distribu-
tion of erosion in addition to a long-lasting non-uniform production of cosmogenic nuclides
(e.g. pronounced topography, glacier and snow shielding). Therefore, both scenarios were
tested on this dataset to quantify, which scenario provides the best approximation of rep-
resentative denudation rates. First, the standard method was applied, at which the erosion
is equally distributed within the catchment. Second, the standard method was modified by
considering spatial variations in the distribution of erosion probabilities, which were derived
by the iterative formation of erosion probability maps (cf. section 4.4.2.2).

Before applying the new approach of a variable distribution of erosion probabilities on a real
dataset, we tested the robustness of the method with different synthetic scenarios, in which
we varied the probability of erosion with the elevation. This test was based on the catchment
area and the '°Be concentration of the sample CGP228 (cf. Tab. 4.1 and 4.5). For this pur-
pose, the catchment area was divided in three areas of approximately the same size (each ~22
km?) with mean elevations of 1590 m (green area), 2170 m (red area) and 2720 m (blue area)

(Fig. 4.5 and Tab. 4.2). No shielding was considered, hence the nuclide production was only

scaled to elevation and latitude (Lall, [1991}; [Stone, 2000).
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Be conc.
1.65%10* at/g

Figure 4.5: Catchment of the sample CGP228 divided into three synthetic parts: green =

bottom section, red = middle section and blue = upper section.

Table 4.2: Geomorphological details and mean production rates from different mean

elevations

Mean
i roduction
Area (km?) Mean Elevation P
elevation range rates
(m) (m) (at/glyr)
22 1590 888 15
2 2172 460 23
22 2720 983 34
[1a) 66 2153 2388 24

The different colors refer to different parts of the catchment: green =
bottom section, red = middle section and blue = upper section. For
comparison we also show the details from the whole catchment area a).
The mean '“Be production rates from relevant parts are calculated with

no shielding correction.

An uniform distribution of erosion (scenario 1) yielded in a denudation rate of 0.99 mm/a

(Tab. 4.3). In scenarios 2 - 4, it was assumed that the erosion occurred solely in the different

sections of the catchment and the excluded areas did not contribute any quartz into the flu-

vial sample. As a result, derived denudation rates differed depending on which section was

eroding; eroding solely the lower or higher elevations resulted in an under- or overestimation

of denudation rates (scenario 2 and 4, Tab. 4.3). Focused erosion on the middle section (sce-

nario 3), in turn, yielded in a denudation rate that is almost similar to an uniform denudation

(scenario 1).

Further scenarios (scenarios 5 - 10) demonstrate varieties of the distributions of erosion
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in different sections. Resulting denudation rates will differ from the uniform scenario by
>10%, if either the higher or the lower section is eroding approximately twice as fast as the
rest of the catchment (Tab. 4.3). These results lead to the conclusion that cosmogenically-

derived denudation rates are significantly influenced by elevation.

Table 4.3: Different synthetic scenarios with varying distribution of the erosion probabil-
ity

Distribution of erosion probability Denudation

Scenarios rate
(mm/ka)
1 0.33 0.33 0.33 0.99
2 1 0 0 0.67
3 0 1 0 0.97
4 0 0 1 1.35
5 0.5 0 0.5 1.01
6 04 0.2 0.4 1.00
7 0.5 0.25 0.25 0.91
8 0.25 0.5 0.25 0.99
9 0.17 0.33 0.5 1.1
10 0.5 0.33 0.17 0.88

Results shown here are based on measured '"Be nuclide concentration
and catchment area of the sample CGP228 (Fig. 4.1, Tab. 4.4). The
distribution of erosion probabilities correspond to the different sections:
green = bottom, red = middle and blue = top.

Using individual erosion probability maps obtained from the inversion of AFT age distribu-
tions (see section 4.4.2.2), we applied this approach to each measured '°Be concentration.
Mean catchment production rates were simply derived by adding the pixel-dependent nor-
malized erosion probability as a multiplier in equation 4.4. Based on the erosion probability-
weighted production rates, mean catchment-wide denudation rates were calculated (Tab. 4.5)
An erosion map for each catchment was deciphered by transferring the erosion probability of
each catchments’ cell into an individual denudation rate, by multiplying the mean catchment-
wide denudation rate with the normalized erosion probability of each cell. On the one hand,
cells with an erosion probability of almost 100% (Fig. 4.7) yields denudation rates higher
than the mean catchment-wide denudation rate. On the other hand, low erosion probabilities
lead to lower rates than mean catchment-wide denudation rates. Therefore, if the erosion
probability is not considered, the cells’ mean denudation rate of the erosion maps will result
in much lower rates compare to calculated mean catchment-wide denudation rates of Tab.
4.5.

Furthermore, the erosion maps include glaciated areas, because they also contribute grains to
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the observed AFT age distribution (Fig. 4.9). Accordingly, there is erosion below glaciers,
but no '°Be nuclides production.
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4.5 Results

4.5.1 Detrital thermochronology

4.5.1.1 Single-grain ages from stream sediments

Modern stream sediment samples from the study area cover single-grain ages of 1 — 75 Ma
(Fig. 4.6 and Tab. 4.4), whereas interpolated surface AFT ages of the same area only vary
between 4 and 15 Ma (cf. Fig. 4.6 and Fig. 4.10 in the Appendix). Nevertheless, the central
ages from the detrital record range between 7.9 and 11 Ma and thus cover main parts of the
interpolated ages. Given that only up to four single-grain ages per sample are older than
30 Ma, and therefore representing the period prior the Alpine evolution (e.g.
[1996), we assume that the big discrepancy is caused due to the high analytical uncertainty of
single-grain AFT ages (e.g. [Vermeesch| [2007) rather than representing apparent AFT ages

from the Eocene and Paleocene. In every sample, there is an increased incidence of mea-

sured ages around 8 Ma (Fig. 4.6), which is in accordance to the mean interpolated bedrock
AFT age of 7.8 Ma.

Table 4.4: Detrital apatite fission track data

Age

P(x*)
Nd o range
[%]  [ppm] (Ma)

CGP220 61 294 214 33.49 2439 7.6117 3257 0 605 1.2-68.2 8.3%0.8

Central age

Sampie + 10 (Ma)

" ps Ns pi Ni pd

CGP221 58 3.18 189 33.56 1997 7.6031 3257 16 60.8 2.7-60.7 84%038
CGP224 100 3.59 440 30.05 3682 7.5771 3257 0 528 3.1-7438 11.010.9
CGP225 52 2,67 158 2375 1406 7.5684 3257 86 422 3.2-58.2 9.8%+1.0
CGP228 100 231 278 2471 2975 7.5338 3257 20 434 22-521 8.2%0.6
CGP229 100 374 392 4165 4369 7.5252 3257 3 728 2.0-38.2 79%0.6
CGP242 87 225 236 23.04 2417 74214 3257 28 421 31-514 8.5%0.7

ps(pi) is the spontaneous (induced) track density (10° tracks/cm?); Ns (Ni) is the number of counted
spontaneous (induced) tracks; pd is the dosimeter track density (10° tracks/cm?); Nd is the number
of tracks counted on the dosimeter; P(X?) is the probability of obtaining Chi-square value (X?) for n
degree of freedom (where n is the number of crystals minus 1); Central ages and corresponding 1o
errors are calculated following |Galbraith and Laslett (1993)).
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CGP220 (n=61)

Central age = 8,25+ 0,7 Ma

CGP221 (n=58)
Central age = 8,39 + 0,65 Ma

59Ma

CGP224 (n=100)

Central age = 11,01 + 0,67 Ma

CGP225 (n=52)
Central age = 9,48 + 0,79 Ma

ot l1 15 50 |32%

to 0 1 2 3 4

CGP228 (n=99)

Central age = 8,01 + 0,51 Ma

CGP229 (n=100)
Central age = 7,92 + 0,44 Ma

CGP242 (n=87)

Central age = 8,51 + 0,6 Ma

I39%

AFT age range covered by
- interpolated AFT ages
(3.8 Ma - 14.8 Ma)

Radial plots of detrital samples generated with the RadialPlotter 8.0
by Vermeesch (2009)

Figure 4.6: Radial plots of each detrital sample using the logarithmic transformation
from [Galbraith| (1990) and generated with the RadialPlotter 8.0 by [Vermeesch| (2009).

Gray area covers the age range from the interpolated AFT ages.
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4.5.1.2 Erosion pattern at different elevations

Predicted erosion probabilities of samples share similar patterns although different catch-
ments of the Liitschine river and Aare river were sampled (Fig. 4.7). Samples from larger
catchments are better fitted with two erosion peaks (Fig. 4.7A). Therefore, most of the ap-
atites originate either from an elevation between ~900 - ~1600 m or from ~2800 - ~3400 m.
The probability of erosion is almost zero between both peaks, suggesting an ’erosion gap”
at elevations around ~1600 — 2800 m (Fig. 4.7A).

A Large catchments B Small (tributary)
4000 4000 | catchments
CGP221
CGP220 ==
- CGP224 = N
E 3000 | E 3000 ;2
S [=
2 S
I 3
g} 3
w2000 | o 2000
CGP225 CGP229
~— CGP228
_—
1000 | 1000 | f copri2 —

1

0.5 . 05 s
Erosion probability Erosion probability

Figure 4.7: Diagrams show the erosion probability at each elevation for large (A) and
small (B) catchments, based on the iterative approach at which the provenance of ap-
atites is transformed into an erosion probability. The small catchments are sub-catchments
within the comprising large catchments (Fig. 4.1).

Predicted erosion probabilities show more variations in small catchments (Fig. 4.7B). Half
of the catchments also yield two erosion peaks (CGP242, CGP228) similar to Figure 4.7A.
A slight difference, however, is that in both cases the erosion probability at high elevations
1s 20 to 50% lower compared to the low elevations (Fig. 4.7B). Instead, the inversion of the
AFT data suggests for catchments CGP229 and CGP221 that erosion exclusively takes place
at low elevations (between ~1300 and 1700 m) or high elevations (between ~3100 and ~3600
m). In summary, every catchment remains nearly unaffected by erosion around 2000 m.
Further decreasing erosion probabilities are also found at the lowest (<1000 m) and highest
(>~3300 m) parts of the catchments.
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4.5.2 1Be-derived denudation rates

Measured '°Be concentrations, corrected for laboratory blank (blank ratio 1.52-10"" '°Be/°Be),
range from 1.34-10% to 1.96-10* at/g (Tab. 4.5). Calculated with the standard method (uni-
form erosion), these cosmogenic nuclide concentrations yield mean production rates from
13.58 to 16.66 at/g-a. Corresponding denudation rates are between 0.54 &= 0.1 mm/a and 0.92
+ 0.3 mm/a with the highest and lowest rates in catchments CGP229 and CGP221. Thus,
the denudation rates cover a time period between the last ~1000 years, estimated for a mean
cosmic ray attenuation length of ~160 g/cm? and a density of 2.7 g/cm?® (e.g.
2008). According to the newly introduced and unscaled '°Be production rate of
, resulting mean catchment-wide production and denudation rates are about ~9%
lower than rates based on the previously used production rate of Balco et al.| (2008).

In contrast, production rates that were corrected for the erosion probability distributions

are in most cases lower (between 4 — 38%) than rates calculated with the standard method
(Tab. 4.5). The only exception is catchment CGP224, where the difference is negligible
and CGP221, where production rates are about 23% higher than estimated with the stan-
dard method. Resulting denudation rates decreases in six out of seven cases compared to
an uniform erosion pattern. The dispersion in denudation rates also decreases; catchments
CGP225, 228, 229 and 242 result in similar denudation rates of 0.48 — 0.52 mm/a (Tab. 4.4).
In the particular case of sample CGP224, we compare the apatite composition of fluvial sed-
iment from 2010 with the !°Be concentration of a stream sediment sample from 2013. We
suggest that this circumstance has an insignificant effect on the analysed sample composi-
tion, because it is assumed that the residence time of sediments is longer than three years in

catchments of this size with three different oriented tributary valleys (catchment area: 364

km?). This hypothesis is supported by a study from Kober et al.| (2012) in the same study

area. Between 2010 and 2013, the Aare catchment experienced several debris-flow events,
which indeed significantly perturbed '°Be concentrations of stream sediment samples from
the Aare river (Kober et al. [2012). However, in contrast to the location of samples CW6
and CGP224, the fluvial sediment in the study of [Kober et al.| (2012)) derives from a position
further upstream, closer to the sediment outlets from the debris-flows, and its catchment has
no connection to tributary valleys. The study by [Kober et al.| (2012) covers the time period

prior and after debris-flow events. The measured denudation rate prior the debris-flows rep-

resents an undisturbed rate of homogeneously-mixed sediments and yields a denudation of
~0.9 mm/a, which is higher than the rate of the sample CW6 with 0.78 mm/a. Accordingly,
several debris-flow events did not impact the sediment composition of the sample CW6 and,
therefore, it may be probable that our hypothesis is true and three years may have no signifi-

cant effect on this sample.
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Table 4.5: Cosmogenic nuclide data

a) '9Be concentration is corrected for the laboratory blank (blank ratio 1.52- 10°15 10Be/*Be).

b) Mean shielding includes the topographic shielding (Dunne et all [1999), glacier shielding
(Schildgen et al.| [2005]), snow shielding (Wittmann et al., 2007) and a lithology factor.

¢) Pixel-averaged production rates, according to the standard calculation method.

d) The internal error will be adequate, if the samples derive from the same study area. For a
supraregional comparison an external error will be necessary (Balco et al., [2008).

e) Standard method adjusted to normalized erosion probability.

f) Mean long-term exhumation rates calculated in AGE2EDOT (Ehlers et al., [2005)), based on mean
AFT ages of every catchment.

Finally, it should be emphasized that the denudation rates do not correlate with any geomor-
phic parameter (such as mean hillslope, relief, mean elevation and size of glaciated areas);
neither if we compare the rates based on the standard method nor the corrected rates with the

geomorphic parameter.
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4.6 Discussion

The method to derive accurate estimates of catchment-wide denudation rates with in-situ pro-

duced !°Be may reach its limits in a complex geomorphic setting like the Central Alps (e.g.

Kober et al.,2012; [Delunel et al., 2014} [Savi et al.,[2014). Hence, our presented approach is

supposed to extend these limits, while taking into account any deviations from the assumed

uniform erosion pattern. A successful implementation of the presented approach depends on
two main factors. First, the accuracy of the provenance analyses and second, if the resulting
erosion pattern is explicable with naturally-occurring landscape-forming processes.

The provenance analyses are based on AFT dating. The radial plots in Figure 4.6 demon-
strate that ~30% of measured ages are not covered by the interpolated age range on which the
provenance analyses are based on, whereas we observe an increased occurrence of old ages
(>14.8 Ma) compared to young ages (<3.8 Ma). Besides analytical discrepancies within the
AFT dating (e.g. [Vermeeschl 2007), elevation ranges that are underrepresented in measured
AFT ages may be a potential difficulty (Fig. 4.8); especially with increasing elevation the

sample quantity decreases. Hence, peak regions may yield older AFT ages than resolved
by the interpolated age map. Nevertheless, the elevation range of >3000 m reflects only
a small proportion from the total catchment area (Fig. 4.8). The interpolation is based on
measured AFT ages from surroundings of the Aar massif anyway; therefore a lack of data
at a specific elevation range in this area may not have a negative effect on the accuracy of
interpolation and may not be decisive for the determination of the distribution of erosion.
Irrespective whether or not every measured age could be traced back precisely, interestingly,
the elevation-dependent erosion probabilities show a comparable distribution beyond differ-
ent valleys (Fig. 4.7). The similarity of the results over the entire study area is our main
argument for an acceptable reproducibility of our provenance data.

Therefore, in the following, the provenance of apatites is tested for potential decisive naturally-
occurring landscape-forming processes as well as its impact on developed erosion maps and

corresponding corrected mean catchment-wide denudation rates. The bedrock strength is

suggested to be mainly responsible for the topographic expression (e.g.|Korup and Schluneg-|

2007; Robl et al., 2015)), but because of similar crystalline rocks in this area, the effect
is assumed to be negligible for the used methods.
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Figure 4.8: Relative frequency of elevations of catchment areas from samples CGP220
and 224 (black line) and the relative frequency of elevation ranges that were sampled
for AFT (blue line). Gray boxes mark gaps in sampled elevation ranges (2250-2450 m,
2850-3200 m, 4000-4500 m) and reflecting a lack of measured AFT ages from higher
elevations.

4.6.1 Controls on the erosion pattern

Supraregional, the development of orogens is affected by an interplay between tectonic de-
formation, surface uplift, climate and exhumation and each tries to achieve the steady-state
(e.g. [Willett, [1999; Willett and Brandon|, 2002). Regionally in the Central Alps, the erosion
pattern is controlled by geomorphic mechanisms that still compensate relics of the erosive
effects of Pleistocene glaciations (e.g. Norton et al.| 2010; [Schlunegger and Norton|, [2013)).

Therefore, it is likely that a non-uniform distribution of erosion is driven by processes that

balance a local non-steady-state.

Our results emphasize two peak elevations that are considered as main sources of apatites
and accordingly with relatively high erosion (Fig. 4.7). Corresponding erosion maps re-
veal highest denudation rates at elevation ranges that are characterized by maximum erosion
probabilities (Fig. 4.9). Catchments CGP220, 224 and 225 show a nearly symmetrical ero-
sion pattern (Fig. 4.7) resulting in almost the same denudation rates of 0.7 mm/a at high and
low elevations in catchment CGP225 (Fig. 4.9). In contrast, the erosion maps of catchments
CGP220 and 224 reveal lower denudation rates at low elevations than at high elevations; 0.4
- 0.7 mm/a and 0.9 - 1.2 mm/a, respectively. Erosion in the small catchments is focused ei-
ther on low elevations in catchments CGP228 (~0.75 mm/a), 229 (~0.6 mm/a) and 242 (-0.75
mm/a) or on high elevations in catchment CGP221 (~1.3 mm/a) (Fig. 4.9).

The erosion peak at high elevations (2800 — 3500 m) is located around the position of the

110



Chapter 4

equilibrium line of altitude (ELA) of present-day glaciers, which is at ~2900 m (Zemp et al.
2007). Temperature conditions are here in the permafrost area. In the study area the mean
0°C isotherm is at ~2345 m, based on data about mean annual air temperatures (MAAT) from
weather stations in Lauterbrunnen (797 m) of 8.7°C and Jungfraujoch (3580 m) of -6.5°C,
which are located in the study area, and an atmospheric lapse rate of 0.56 °C/100 m (Rol-
2003). Therefore, these high elevations are characterized by glaciers, snow fields and

nunataks from the LGM. Chemical weathering and soil production is nearly non-existent on

the few bare rocks in this area (e.g. Schlunegger and Norton, 2013). Furthermore, continuous

air temperatures below the freezing point lead to permafrost and prevent the exposed rocks
(nunataks) from increased erosion through frost-cracking, because no or only less liquid wa-
ter is available (e.g. Hales and Roering, 2007). We hypothesize that at these elevations the

accelerated glacial erosion below the glaciers at the present-day ELA is mainly responsible
for the erosion peak. This result is in accordance with the distribution of glacial erosion
below a glacier in the Coast Mountains in Canada (Ehlers et al., 2015]) and global glacial

erosion models of Alpine glaciers (Herman and Braun, 2011).

However, the erosion peak at low elevations (900 - 1700 m) encloses the position of the ELA
during LGM (1300 — 1600 m) (Ivy-Ochs et al., 2008)). This elevation range yields maximal
hillslope angles (>30°), which otherwise only exist around the arétes (Robl et all, 2015).
The oversteepened slopes are relics of increased glacial erosion during major Pleistocene
glaciations around the ELA of most extensive glacial advances (e.g. [Egholm et al., 2009}
Herman and Braun| 2011} [Schlunegger and Norton|, 2013}, [Robl et al.| 2015). The idea of
a strong glacial impact around the lowest extent of Quaternary ELAs is corroborated with

the increased occurrence of young interpolated surface AFT ages (< 5 Ma)(Fig. 4.10 in the
Appendix), which is assumed to be due to focused glacial erosion that led to accelerated
exhumation of bedrock (chapter 3). Hence, we suggest that this Holocene erosion peak at
this elevation range is caused by effective fluvial incision of oversteepened slopes or hanging
valleys. Consequently, the intensified fluvial erosion at this elevation range is still respond-
ing to the impact of the Pleistocene glaciations.

Based on our data we conclude that two distinct erosion processes control the erosion in
Alpine valleys; fluvial incision of oversteepened slopes at lower elevations and effective
glacial erosion at the present-day ELA at higher elevations. Due to similar erosion probabil-

ities at both elevations (Fig. 4.7), it can be deduced that both processes are approximately

equally important. This result is in accordance with studies from [Schlunegger and Norton|
(2013) and [Salcher et al.| (2014)), who suggested that both mechanisms control catchment-
wide denudation rates. The advantage of the presented approach is that we are able to con-

strain the local extent of each erosion regime.

Previous studies found that frost-cracking processes play a primary role in the production of
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sediments in mountainous areas (e.g.|[Delunel et al., 2010; [Anderson et al., 2013} [Savi et al.,
2015). Highest frost-cracking intensities are associated with positive MAATS close to 0°C,

where liquid water is available and rock temperatures are between -3 and -8°C (e.g.
son et al, 2013; [Savi et al.l 2015). Below 0°C, permafrost would prevent the rocks to erode.

According to these results, the sediment production by frost-cracking should have highest

intensities at or below an elevation of ~2345 m, which is exactly the elevation range, where
every catchment seems to be nearly unaffected by erosion (Fig. 4.7). Therefore, either frost-
cracking is not a primary sediment producer in our study area or the precision/resolution of

our data is not high enough to resolve the effect of frost-cracking.

4.6.1.1 Local erosion processes at catchment scale

According to our thermochronological data, sediments from larger catchments (CGP220,
224 and 225) derive from low elevations by fluvial erosion and from high elevations by
glacial erosion. On the contrary, samples CGP228, 229 and 242 originate almost exclusively
from effective incision of oversteepenend slopes triggered by fluvial erosion. At first glance,
the observed mismatch is surprisingly, because the latter are sub-catchments of analysed
larger catchments. Consequently, the sediment compositions differ from the composition of
samples that were taken more downstream; and more specific, sediments from high eleva-
tions represent a large proportion in a stream sediment composition further downstream.

We hypothesize that local geomorphic conditions may have an influence on sediment de-
livery and emphasize the role of pro-glacial lakes for studying sediment provenance and

pathways. These lakes have a big influence on sedimentation processes and may trap a

large proportion of sediments (e.g. Anselmetti et al., 2007)), especially the glacial sediments

originating from high elevations. Larger catchments have a few active connections between
glaciers and streams, whereby glacial sediments are directly delivered into the fluvial net-
work. Instead, in the catchment of sample CGP229 the source area of glacial sediments and
the basin outlet is completely disconnected by a pro-glacial lake, explaining why stream sed-
iments exclusively derive from low elevations (Fig. 4.7 and 4.9). In catchments CGP228 and
242 active tributary connections from small glaciated areas towards the sample points exist
(Fig. 4.9), resulting in low erosion probabilities at high elevations (Fig. 4.7). Therefore, the
coincidence of pro-glacial lakes and focused erosion on low elevations supports the accuracy
of the presented approach.

On the contrary, these lakes are not older than the maximal extent of LIA glaciers (max.
200 years ago), because the position of the recent glacial lakes was covered through the LIA
glaciers (e.g. [Hantke and Wagner, 2005}; [Schimmelpfennig et al.l 2014). Hence, the lakes

as sediment traps have not been active for a long time (at maximal glacial extent between
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the 14" and 19™ century AD) and glacial sediments could have passed unimpeded into the
fluvial system. This may explain the strong erosion signal at high elevations in the largest
catchments CGP220, 224 and 225, where sediments have longer residence times in the hy-
drological network compare to the smaller ones. Especially the intensity of erosion at high
elevations in the catchment CGP225 and corresponding sub-catchments CGP228 and 229
may differ, because catchments CGP228 and 229 may represent the situation younger than
the LIA (<200 years), whereas CGP225 may integrate over a longer period of time indicated
by an increased input of glacial sediments. Consequently, in addition to the existence of pro-
glacial lakes, the residence time of sediments also influences the sediment composition in
analysed fluvial sediment.

Conversely, sediments in the sub-catchment CGP221 derive exclusively from the highest
areas, where glacial erosion dominates. This catchment is characterized by two glaciers
(Grindelwald Glaciers) and both are not connected to any pro-glacial lake, as in catchments
CGP228, 229 and 242. However, on top of one of the Grindelwald glaciers a lake has been
regularly formed since 2005, which has no over-ground drainage. Consequently, the water is
flowing through the ice producing repetitive glacial lake outbursts (e.g.[Werder et al., 2010),

which may explain the distribution of erosion in this catchment. Due to the outbursts, large

volumes of glacial sediments are delivered abruptly and rapidly into the fluvial system and
may amount to the largest proportion in the stream sediment as well as resulting into highest
denudation rates.

Our results appear to contradict the former assumption that short-term changes in the dis-

tribution of erosion do not have any impact on catchment-wide denudation rates, as these

usually cover a longer time span (e.g.[von Blanckenburg), 2005} [Foster and Anderson, 2016)).

This is true in low-relief areas, but due to a pronounced topography with a strong elevation-
dependent cosmogenic nuclide production, short- and long-term variations in erosion rates
bias cosmogenically-derived denudation rates. Hence, the mean cosmic ray attenuation

length below the surface may not simply equated with the time span that it takes to erode the

bedrocks, like it was previously assumed (e.g. von Blanckenburg, [2005)).
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Figure 4.9: Erosion maps of each studied catchment with denudation rates between 0
and 1.5 mm/a. Red circles mark the areas in catchments CGP228 and 242, where glacial
sediments are produced and are transported towards the basin outlet without being trapped
in a glacial lake.
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4.6.2 Erosion pattern-weighted denudation rates

The influence of the erosion pattern on catchment-wide denudation rates depends on which
erosion process dominates in the catchment. Prevailing fluvial erosion (at low elevations)
leads to lower denudation rates (CGP228, 229 and 242), compared to those assuming uni-
form erosion (Tab. 4.5). These catchments erode at ~0.5 mm/a, which is similar to pure fluvial
catchments elsewhere in the European Alps (Norton et al., 2011). However, strengthened in-
put of glacial sediments into the hydrological system results in catchment-wide denudation
rates of 1.15 mm/a (CGP221) and, locally, to rates up to ~1.4 mm/a (Fig. 4.9). This sample

yields the lowest '°Be concentration; therefore, even without correction the denudation rates
would be highest in this catchment (Tab. 4.5).

The distribution of erosion in the large catchments CGP220 and 224 is almost symmetrically
distributed with a little focus on higher elevations, and therefore the correction has only a
negligible influence on denudation rates (<2%). Instead, the symmetrical distribution in
catchment CGP225 results in lower denudation rates (<12%), because of a larger proportion
of erosion within the zone of fluvial erosion at lower elevations. Consequently, if the catch-
ments are large enough (>300 km?), it will be possible to estimate representative denudation

rates in an Alpine setting, because the correction with erosion probabilities does not affect

the denudation rates, confirming [Niemi et al| (2005)); Binnie et al. (2006); Wittmann et al.|
(2007) and [Savi et al|(2015)).

Finally, we can summarize that the corrected denudation rates are in the same order as rates
from adjacent Alpine valleys (e.g.[Wittmann et al.,[2007; Delunel et al., 2010; Norton et al.,

m ZiillF Glotzbach et al | |2_(Tl_3'|; Delunel et a|.|, m; low rates of ~0.5 mm/a in re-

sponse to fluvial erosion and high rates of >0.7 mm/a characterized by rapid erosion as a

consequence of glaciations. According to the work from Wittmann et al. (2007), '°Be-
derived catchment-wide denudation rates balance present-day rock uplift. Recent geodetic
uplift in the study area ranges between ~0.5 mm/a and ~0.9 mm/a (e.g. Schlatter et al.l, 2005),

which fits to our denudation rates. Furthermore, most of the cosmogenic nuclide derived de-

nudation rates almost achieve similar values compared to long-term exhumation rates (~0.53
mm/a) that are based on thermochronological ages (Tab. 4.5). Instead, denudation rates
of catchments with a proven larger glacial inheritance exceed long-term exhumation rates
(CGP220, 221 and 224) in which the latter is predominantly controlled by tectonics rather
than by climate change. This result is in accordance with a study about the Western Alps
from |Glotzbach et al| (2013). However, denudation rates of fluvial landscapes are linked

to geomorphic parameters such as hillslope angles, which are influenced by tectonics (e.g.

Ouimet et al., 2009} DiBiase et al., 2010), in contrast glacial erosion perturbs this connection
(e.g.Norton et al.} [2010; |Glotzbach et al.l 2013).
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4.6.3 Future potential

The presented approach is based on the local provenance of apatite grains in stream sedi-
ments. Hence, it can only be used if adequate bedrock AFT ages are available, which allow
a detailed overview over the spatial distribution of ages. This, of course, is the main limiting
factor of the application from the presented approach. Note that the provenance analyses here
are based on the assumption that the AFT ages mainly vary with elevation with only minor
lateral variations within the catchment. Therefore, this approach may need further adjust-
ment in study areas that are characterized by active tectonics causing spatially variable local
rock uplift. A precise resolution of locally varying exhumation rates is inevitable. However,
testing the proposed provenance of sediments with an independent provenance method, for
example with zircon fission track or (U-Th-Sm)/He at apatites or zircons may be helpful.
New data about sediment sources may support the robustness of the approach, as well as
confirming a negligible influence of locally varying active tectonics.

Nevertheless, in high mountain areas where denudation rates vary independently of geomor-
phic parameter and a non-uniform distribution of erosion is expected, it is an efficient alterna-
tive to quantify distinct erosion processes. Here the denudation rates can be transferred into
representative rates for each catchment, representing either fluvial erosion or glacial erosion
or both. The distinct areas at which the erosion is focused on lead us to the conclusion that
the corrected rates provide a realistic reflection of erosion processes in mountainous areas.
We suggest that the adjusted denudation rates are a better approximation on erosion pro-
cesses in an Alpine setting compare to denudation rates calculated with the standard method,
especially if the deviations are greater than the error (>10%). Constraining erosion processes
at catchment scale might also be interesting for a broad readership, as for example glacial

erosion influence the height of mountain ranges and is therefore an important factor during

landscape evolution (e.g. [Egholm et al.| 2009).
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4.7 Conclusions

The quantification of source elevations from apatite grains based on detrital thermochronol-
ogy provides new insights into the dominating erosion processes in an Alpine catchment.
Results suggest that main sources of sediments are two sharp elevation ranges, at ~900 m to
~1600 m and at ~2800 m to ~3400 m. At high elevations glacial erosion below the present-day
ELA is designated as a main sediment producer. Accelerated fluvial erosion at oversteep-
ened hillslopes around the position of former ELAs from Pleistocene glaciations is identified
as a main sediment producer at lower elevations. These results are used to improve the cal-
culation of catchment-wide denudation rates based on '“Be concentrations from the same
samples.

Our data demonstrate that the denudation rates depend on the prevailing erosion processes,
fluvial or glacial erosion. Prevailing fluvial erosion yield mean catchment-wide denudation
rates of ~0.5 mm/a. In contrast, effective glacial erosion provides denudation rates up to 1.4
mm/a.

The presented approach at which detrital thermochronology is combined with cosmogenic
nuclide measurements helps to understand the spatial variations of characteristic erosion pro-
cesses in a mountain setting. It improves the calculation of catchment-wide denudation rates
in Alpine catchments, where the common assumption that '’Be concentrations in stream

sediments represents spatially and temporally averaged values may be invalid.
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4.8 Appendix

The interpolated surface apatite fission track (AFT) ages were used to define the origin of
stream sediments by comparing the AFT age composition of stream sediments with the sur-

face age map. For methodological details of the interpolation, please refer to chapter 3.
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Figure 4.10: Interpolated surface AFT ages, which are based on published bedrock AFT
ages from the Alps (grid resolution 90 m).
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The error map, corresponding to the AFT age map (Fig. 4.10), is calculated by bootstrapping
of the input dataset (cf. section 4.4.2.2). The largest errors occur, where the age discrepancies

between observed and modelled ages are highest.
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Figure 4.11: Error map of interpolated surface AFT age map (grid resolution 90 m).
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Chapter 5

The main aim of this thesis was to reconstruct the landscape evolution over several glacial
and interglacial cycles in the Aar massif in the Central Alps of Switzerland. Detailed dis-
cussions of each topic are described in the corresponding chapters. In order to provide a
comprehensive overview of this thesis, this chapter includes a short summary of the dis-
cussed sections. The results are discussed in terms of their initial objectives (cf. Objectives

and background).

5.1 The exhumation history of the Aar massif - tectonics or

climate changes ?

During the collision between the Adriatic indenter and the European continent, the Aar mas-
sif has begun to shorten. At the very northwest boundary of the massif, rocks yield pre-
Alpine ZFT ages (>80 Ma) with shortened fission track lengths that suggest that this part of
the massif may have not been deeply buried and may represent the former ZFT PAZ of the
Alpine orogeny. Contemporaneously with the shortening, internal parts of the massif may
have been overthrust onto the autochthonous rocks within the ZFT PAZ, indicated by an early
cooling event at 27 - 19 Ma. Nevertheless, the main phase of exhumation of the Aar massif
that caused the onset of exposure, began at 17 Ma, which is almost simultaneously with other
external massif of the Western Alps (e.g. Boutoux et al.,[2016]). This exhumation was rapidly,
leading to similar ZFT cooling ages, and was intensified at 13 - 12 Ma. Due to slightly de-

creasing ZFT ages from the NW to the SE through the massif coinciding with increasing
metamorphic grades (Marquer and Burkhard, [1992; [Albrecht, [1994} [Herwegh and Pfiffner]
2005), the exhumation rates probably increased towards the SE during main exhumation of

the massif. According to previously published studies, the onset of main exhumation of the
Aar massif is assumed to be the result of exhumation above frontal crustal ramps within the
Central Alpine pro-wedge geometry (e.g.|Glotzbach et al., 2010; Boutoux et al., 2016)).

The dense dataset of AFT and AHe ages reveal an uniform exhumation rate of 0.5 km/Ma

since the Late Miocene, confirming detrital thermochronological investigations as well as
uniform shortening rates of the Aar massif (Bernet et al., 2001} |Glotzbach et al., 2011}

Boutoux et al., 2016). Therefore, climatic or tectonic induced exhumation pulses within

the Late Miocene/Pliocene are not identified, however, the intensified glacial erosion within
the last 2 Ma had an observable impact on the thermochronological age distribution. Effec-
tive glacial valley incision led to accelerated exhumation in the valleys and, therefore, to an
increased incidence of young AFT and AHe cooling ages at low elevations. Nevertheless,
the impact of effective glacial erosion can only be detected for a distinct elevation range and

high elevations seem to be nearly unaffected by glacial erosion during the Pleistocene. The
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spatial distribution of the AFT and AHe cooling ages yield slightly decreasing ages towards
the SE, but this is assumed to be still influenced by spatially variable exhumation rates during
the main phase of exhumation of the Aar massif.

Thermal models that are based on these three thermochronometers indeed reveal different
time periods with accelerated cooling since the Late Miocene. However, these are strongly
elevation-dependent, which suggests that these are rather influenced by perturbed near sur-
face isotherms below a high-relief topography than by different exhumation pulses. A per-
turbation of near surface isotherms is adopted to result into decreasing cooling rates be-
low ridges and increasing cooling rates below valleys due to widely spaced isotherms and
squeezed isotherms below ridges and valleys, respectively. Consequently, previous studies
may have produced contradicting exhumation history models, because of a strong depen-

dency on sampled elevation due to a perturbation of near surface isotherms.
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5.2 The landscape evolution of inner-Alpine valleys during

the glaciations

The glacial erosion during the Pleistocene induced spatially non-uniform cooling in the
inner-Alpine valleys. The spatial distribution of thermochronological surface cooling ages
and a corresponding AFT age map reveal that the glacial erosion was most effective at a
distinct elevation range. The youngest cooling ages do not appear at the lowest point of the
valley, instead, they occur at mean elevations between 1000 - 1600 m. This is suggested to
be the consequence of focused glacial erosion at this elevation range, because it also does
not coincide with numerical models that produced cooling ages in response to steady-state
exhumation. The effective glacial erosion caused accelerated cooling of rocks due to in-
creasing exhumation rates balancing the removal at surface. The elevation range coincides
with the position of the ELA (= equilibrium line of altitude) of LGM (= Last Glacial Max-
imum) glaciers, which is assumed to be almost at the same position during every extensive
Pleistocene glaciation (e.g.|[van der Beek and Bourbon| [2008). Therefore, these results lead

to the conclusion that glacial erosion during the extensive glaciations of the Pleistocene was
concentrated on the position of the ELA.

In addition to this hypothesis, the area around the former ELAs is nowadays characterized
by the steepest hillslopes, as a relict of accelerated glacial erosion (e.g. [Robl et al., 2015).

Consequently, the current appearance of the European Alps is markedly influenced by the

impact of effective glacial erosion.
According to a long-term steady-state exhumation, it is assumed that near surface isotherms
are adjusted onto the the overlaying topography (e.g./Stiiwe et al.,[1994). Hence, the isotherms

roughly follow the Alpine ridge and valley profile. Focused glacial erosion at mean eleva-

tions, therefore, leads to young cooling ages due to increasing local relief. The dimensions
of this effect are influenced by the morphology prior the glaciations; the wider the valley the

larger the impact.
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5.3 The distribution of erosion in the present-day interglacial

The provenance of stream sediments in Alpine catchments demonstrates that the fluvial sed-
iments originate from two distinct elevation ranges, either from 900 - 1600 m or from 2800
- 3400 m, while around 2000 m the erosion is nearly non-existent. It is probable that at high
elevations the sediments are produced by glacial erosion, whereas fluvial erosion dominates

at low elevations. On the one hand, the present-day ELA is positioned at ~2900 m (e.g.

Zemp et al, 2007)), suggesting that effective glacial erosion below the ELA (e.g.
and Braun|, 2008}, [Egholm et al.| [2009; [Ehlers et al.l 20135} [Schlunegger and Norton| 2013])

leads to accelerated sediment production.

On the other hand, the low erosion peak coincides with the position of former ELAs of the
extensive Pleistocene glaciations. Besides steep hillslope angles at this elevation range, the
stream courses demonstrate an increasing occurrence of knickpoints (Fig. 5.1). On the con-
trary, at high elevations, the stream courses are almost flat, which proves that fluvial erosion
is nearly non-existent at these high elevations. However, steep hillslopes as a consequence
of effective glacial erosion along former ELAs may be counterbalanced by accelerated flu-
vial erosion. In summary, glacial erosion below present-day glaciers and relics of previously
effective glacial erosion during the Pleistocene still play a decisive role for the Alpine land-
scape evolution.

Cosmogenic produced '*Be-derived catchment-wide denudation rates are adjusted to the spa-
tial distribution of erosion based on the provenance analyses. These fitted catchment-wide
denudation rates reveal that glacial erosion is more effective than fluvial erosion. Glacial
erosion yields in denudation rates of >1 mm/a, whereas fluvial erosion results in denudation

rates of ~0.5 mm/a, which is in accordance to long-term exhumation rates.

133



Chapter 5

1000
c . . CGP220
decreasing fluvial erosion i
900 4 CceP224
H ¢ H H CGP225
a00 b increasing glacial erosion CGP228
"‘:‘ CGP229
0 CGP242
X 700
3
- 600
=
@ s00}
()]
=
o 400
8
wn
300
200
100 |
0 500 1000 1500 2000 2500 3000 3500 4000

elevation (m a.s.l.)

Figure 5.1: Mean ksn values of all streams within the corresponding catchment compos-
ited into mean values of bins of 100 m elevation. The ksn ”steepness index” expresses
the slope differences in relation to the size of catchment area. It is based upon Flint’s law
(Hackl, [1957; [Flint, [1974) and useful to identify knickzones in stream courses, which are
sections of a stream course that are steeper than their surrounding segments (e.g.
iple and Tucker, [1999). Therefore, high ksn values express the increasing occurrence of
knickzones.
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5.4 Conclusions

The first cooling of rocks in the Aar massif has begun at 27 Ma, contemporaneously with
the onset of overall shortening within the massif. Presumably, internal thrusting caused first
early cooling events. However, the main exhumation of the Aar massif that led to the ex-
posure of crystalline rocks began at 17 Ma and lasted until 13 - 12 Ma. The exhumation
was rapid with increasing rates from the NW to the SE. Since Late Miocene, the massif
has been exhumed uniformly with 0.5 km/Ma, without evidence for accelerated exhumation
associated with tectonics or climatic changes, except for the last 2 Ma. The global cooling
in the Pleistocene caused effective glacial valley incision that led to accelerated exhumation
at a distinct elevation range, which was not at the valley bottom. The elevation range coin-
cided with the position of the equilibrium line of altitude (ELA) of the largest Pleistocene
glaciations, which leads to the conclusion that the glacial erosion was particularly effective
at the ELA. Presumably, around the ELA, the erosion propagated headwards and caused
high valley incision rates. The dimensions of this effect were influenced by the pre-glacial
topography, so that the glacial erosion became more effective in wide valleys.

As arelict of effective glacial erosion, the position of the former ELAs of Pleistocene glaciers
is nowadays characterized by the steepest hillslope angles. Consequently, during the present-
day interglacial, the fluvial erosion is focused on this elevation range, whereas glacial erosion
is focused on the ELA of present-day glaciers. Therefore, these two elevation ranges mainly
control the provenance of present-day stream sediments, while nowadays the glacial ero-
sion is at least twice as effective as the fluvial erosion. Hence, the glacial erosion of past
and present glaciers affect remarkably the present-day shape of inner Alpine valleys. The
present-day fluvial erosion is still responding to the large impact of Pleistocene glaciations
in order to achieve a geomorphic steady-state and its rates are in the same order as long-term
exhumation rates. Accordingly, glacial erosion has a major impact on the Alpine landscape
evolution leading to accelerated exhumation, whereas fluvial erosion is balanced by the ex-

humation.
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