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1. Problem statement and main objectives

1 Problem statement and main objectives

Sediment flux plays a central role within the evwmn of land surfaces and the Earth’s
biogeochemical system. A sediment budget tries uantffy sediment fluxes on various
scales. Sources, sinks and storages of sedimentharenajor components of a sediment
budget. The quantification of the magnitude ancetsnale of sediment storage flux is still the
weakest part of sediment budget studies. Howev&s,donsidered to be the most important
link between sediment movement and landform evatu{(Slaymaker and Spencer 1998). In
mountain environments sediment fluxes are heamilyénced by topography and glaciation.
The accumulation, storage and release of sedimemtountain areas affected by glaciation
operate on different time- and space-scales (Charth Ryder 1972; Ballantyne 2002a).
Process rates and operation times changed in tee ffais generating a sequence of
landforms that compose today's land surface. Seadinstorage landforms are often
assembled in a nested manner, creating neighboumireglapping, or underlying landform
patterns.

The role of sediment storage within a sediment bBudgproach is often based on estimations
only. However, geophysical methods, high resolutigital terrain data and GIS techniques

open up new possibilities for the quantificatiorsetliment storage volumes.

This study analyses the spatial distribution ofirsett storage landforms and quantifies
sediment volumes in the high Alpine Turtmann Valieythe Swiss Alps. The sediment flux
system generally includes the transport and stocddgee and coarse solid materials and
dissolved matter. As this study is based on thaahdtistribution of sediments on the land
surface, it concentrates on solid sediments onlye Tollowing main questions will be

addressed:

* How are sediment storage landforms distributethénTurtmann Valley?

* What kind of functional relationships exists betwégese landforms?

* How can the sediment storage volume be quantifiecah entire Alpine meso-scale
catchment?

* How much sediment is stored in the Turtmann Valley?

* Which storage landform types store the largest gfisgof sediment?
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 What can be inferred from the sediment storageildigion on the sediment flux
system of the Turtmann Valley?

* What does the distribution of sediment storageflamnas reveal about the landscape

evolution of the Turtmann Valley?

* How can the paraglacial landform evolution of thetmann Valley be characterised?

The approach adopted in this study focuses on gpatal scales of investigation: (a) single
landforms, (b) a hanging valley, and (c) the entetchment. Sediment thickness was
determined for single landforms. This informatienused to quantify landform volumes on
the scales b and c. Landform distribution patteand characteristics of sediment storage
types are analysed at the scale of the entireyalle information on the absolute timing of
landform evolution in the Turtmann Valley existgldittle is known about the glacial history
of the valley as no dating of landforms or depobiés been performed. Therefore, only a
relative model of paraglacial landform evolutionliviie established. A calculation of mean
denudation rates refers to a time period of 10kassumed length of the Post Glacial period
in the Turtmann Valley. However, as revealed dutimg analysis, this time span over- and

underestimates process activity for different lanalf types.

In order to address the main questions above,ldfeetives of this study are to:

» characterise the spatial structure of storage tanuflistribution;

* understand spatial and functional relationshipswbeh the sediment storage
landforms within different sediment cascade types;

* quantify sediment volumes using geophysical ingesibn techniques and DEM
analysis;

» model the volumes of sediment storage on a catchwide scale; and

» discuss the role of sediment storage within theldaape evolution and the sediment

flux system of the Turtmann Valley.
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2 Scientific framework

2.1 Mountain environments as geomorphological systems

Mountain landscapes are very heterogeneous andbl@rgeomorphological environments,
hosting a wide span of different geomorphologieaidforms and processes. The particular
importance of mountain environments in geomorphplog not only due to the
geomorphological activity within but originates finats influence on the surrounding lowland
environments. Mountains are the most important gesuof water and sediment within the
Earth’s biogeochemical system and thus have strongacts on both natural and
anthropogenic systems even at great distancesrfronmtain regions.

Four main factors characterise mountain environsé&oim a geomorphological perspective
(Troll 1966; Barsch and Caine 1984): elevationggtgradients, surficial bedrock, and the
presence of snow and ice. These fundamental cleaisicts exhibit strong influences on the
mountain climate and the geomorphological procesBvity. High precipitation, low
temperatures, and increased process activity cadparlowlands are some particular effects
of these conditions (Owens and Slaymaker 2004)sddannd Caine (1984) specify other

typical criteria of mountain environments:

a sequence of climate-vegetation zones;

high potential energy for sediment movement;
» evidence of Quartenary glaciation; and

» tectonic activity and instability.

Mountain environments show a pronounced variabditg diversity of processes, landforms,
distribution of vegetation, and environmental cdiodis. They are characterised by
metastable conditions expressed by infrequent ftehse episodic process activity (Owens
and Slaymaker 2004).

To manage the diversity and complexity of mountanvironments in geomorphological
research, Slaymaker (1991) proposes a systemsamppes a framework for measurement
programmes. Based on the systems theory introdat@@&eomorphology by Chorley (1962)
and Chorley and Kennedy (1971), and on a hieraathamdform classification, Slaymaker
establishes ten geomorphic systems, five on a mauwdofive on a meso scale, respectively
(Table 2.1).
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Table 2.1 Mountain geomorphic systems and appropria approaches to measurement (Slaymaker 1991)

System Category Macroscale Mesoscale
Example Measurement Example Measurement
approaches approaches
Morphological: Regional Remote sensing Terrain  and Mapping and air
geomorphic and land analysis  photos
tectonic Zero order
framework basins
Morphologic Relief evolution Surface Kinematics of Surface
evolutionary: and paleo- chronology landform chronology
environmental Sediments change Sediments
reconstruction Geochronology Geochronology
Cascading: Regional water, Monitoring Basin water, Monitoring
solute and solute and Pathway
sediment sediment identification
budgets budgets Storage volume
Process- Energy input Physical models Process Experiments
response: and landform Neotectonics studies Strength of
response response
Control: Global change Environmental Geomorphic Mapping and
management indicators hazards zoning
and prediction Global Climate Magnitude  and
Models Frequency
analysis

The study of sediment storage and the analysisdifreent budgets belongs to the concept of
cascading systems (Table 2.1). According to Chaaley Kennedy (1971) cascading systems
are composed of:

“...a chain of subsystems, often characterised byslioids having both spatial
magnitude and geographical location, which are dwyielly linked by a cascade of mass
and energy
The term cascade describes a flow of energy amdéterial along a gravitational gradient.
When subsystem boundaries are crossed the outputtfre above subsystems becomes the
input in to the next subsystem. Internal regulatomd thresholds play an important role in
cascading systems. Regulators determine whetheeriadabr energy is stored within a
subsystem, or conveyed towards the adjacent s@msy$Vhen thresholds are passed system
changes can occur, and energy and material arasezleafter a period of accumulation.
Changes can be abrupt or continuous. The sedirasnade is only one example of cascading
systems in Physical Geography, others include ther €£nergy cascade, the stream channel
cascade or the valley glacier cascade (Chorleykamhedy 1971).

Sediment is mobilised, routed, stored, remobilised deposited through different subsystems
in form of solid and solute matter. The driving deroriginates from the potential energy

determined by the height of the source area abdwasa level and the impact of climate in
4
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form of water, in various physical conditions, awthd. Process activity, relief, lithology,
climate, and the existing landsurface provide tbandlary conditions for sediment transfer.
Caine (1974) has illustrated this relationshiptfa flow of sediment in alpine environments
(Figure 2.1).
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Figure 2.1 Caine’s alpine sediment cascade modeldibe 1974)

This sediment flux model depicts some basic intecmanponents of a valley subsystem,
together with input and output relationships. Msauirces of sediment in this slope subsystem
are the exposed bedrock and the atmosphere thadluces aeolian sediments. The elements
of this system are interconnected landforms locatkhg an altitudinal gradient, which
provides the energy for sediment movement. Theutdtpm this subsystem is delivered into
the adjacent subsystem that takes up the seditneamtmountain environment this could be a
low-order valley, a lake basin, or the ocean. Tladey subsystem can be modified in
different ways according to the scale of investgya. Otto and Dikau (2004) identify four
sedimentary subsystems in the Turtmann Valley: tfl® hanging valleys, (2) the main
glaciers, (3) the main valley trough slopes andt§é¢)main valley floor (Figure 2.2). Each of
these subsystems contains its own set of sedimarggdort processes and storage landforms.
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Figure 2.2 Meso scale sediment flux model of the Timann Valley (Otto and Dikau 2004)

Geomorphological processes link the landforms efdtdiment cascade. Consequently, Caine
(1974) uses a functional classification approact distinguishes four process systems in

mountain environments:

1. The glacial system:
Frozen water in form of snow and ice occupies tighdst elevations within mountains.
However, glacier movement can extend the locatibrthe glacial system into lower
elevations, for example into valley floors or ewewards the sea. The important role of
glaciers for sediment production derives not omiynt their enormous erosive force, but
also from the storage and release of water. Giae@mMmountain environments produce
the highest denudation rates in the world (Cair@20

2. The coarse sediment system:
Coarse sediment is produced at cliffs and rock syatreating typical depositional
landforms like talus slopes, mass movement depositsrock glaciers. Mainly
gravitational processes like rock falls, landslideglanches and debris flows operate the
sediment movement. Steep gradients, high poteehalgy and increased weathering
favour mass movement processes and enable thegimdwf coarse sediment. Where
process activity and intensity are high coarsersedt is transferred into rivers, thus
coupling slopes to channels. However, if local drrconditions or reduced process
activity hamper the slope-channel coupling, thes®aediment can be trapped within the
subsystems (Otto and Dikau 2004).
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3. The fine-grained sediment system:
The fine-grained sediment system is dominated leyattivity of fluvial processes that
remove the material from its provenance area. \eimith and soil erosion, as well as

aeolian sedimentation are the main sources forgraeed sediment.

4. The geochemical system:
Geochemical denudation is linked with solution \weaing, nivation and fluvial
processes. Though chemical denudation rates asdly$ower compared to mechanical
denudation, the importance of the geochemical syste increasingly realized (Rapp
1960; Owens and Slaymaker 2004).

Two main factors govern the intensity and efficieroé sediment transport in the three later
systems: bedrock and surficial geology and thentmsopographical characteristics i.e. the
size, relief and landsurface structure (Owens dagingaker 2004). Though Caine’s (1974)
classification is a functional approach, the defar sediment systems imply an altitudinal
differentiation of mountain areas. Glacier and seasediment systems most often cover
higher altitudes, while fine-grained and geochehsgatems typically occur in valley floors
and at lower elevations.

A purely topographic classification of mountain gamments is given by Fookes et al.
(1985). Their “mountain model” includes five zonesch associated with typical landforms,
material and processes (Figure 2.3) located aeréfit altitudinal levels of the mountain
system.
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Figure 2.3 Mountain Zones by Fookes et al. (198%Jone: 1 — High altitude glacial and periglacial, 2- Free
rock faces and associated slopes, 3 — Degraded madlopes and ancient valleys floors, 4 — Activever
slopes, and 5 — Valley floors.

Focussing on geological and geotechnical aspeatsoohtain environments in the context of
road construction, Fookes et al. (1985) use théudibal zonation to distinguish surface
materials, denudation processes and landformsadn eane. Though one emphasis is set on
surface materials, additional information like age slope gradients are given as well.

The landforms within a sediment cascade often ast@ages, where material is deposited for
a variable period of time. Shroder and Bishop (20@entify five different storage
environments for non-volcanic mountains: (1) Nooglhalpine and ablational valley floor
storage, (2) glacier and moraine storage, (3)¢erséorage, (4) lacustrine and aeolian storage

and (5) channel and braided plain storage.

2.1.1 Time and space in mountain geosystems

Time and space plays an important role for sedirbedget analysis. The scale dependency
of landforms with respect to time and space is lyideknowledged (Figure 2.4). The way in
which landforms are arranged in a landscape isaére palimpsest (Chorley et al. 1984).
This term expresses a nested arrangement of obpéalffferent age and thus creating a

hierarchy of landforms. The assemblage of diffepatygenetic landforms within a landscape
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2. Scientific framework

is the result of different processes, which havenbeperating at different times or at different
phases, and with various intensities. Generallyllemand younger forms rest on top of larger
and older objects. Therefore, a landscape can icodifferent generations of landforms
(Budel 1977), which represent different stagesvafiigion. In mountain environments these
generations almost always include imprints fronmfer glaciations. In an alpine valley for
example, a hanging valley represents a large athdaoldform formed by several cycles of
Pleistocene glaciation in several hundred thougaads. The talus slopes, moraines and rock
glaciers, which are located within the hangingesliwere accumulated after the deglaciation
within a few hundreds or thousands of years onlyt@ of talus slopes processes like debris
flows or avalanches can operate within even shditee scales (minutes, hours, years)
creating smaller landforms (debris cones, leveeslaache tongues). Landform size interacts
with time; thus space and time have to be considdogether (Massey 1999). This
assemblage of relict, overlap and replacement ¢tantf (Hewitt 2002) in a landscape
exhibits how past processes still have an influemc®day’s environments. On the one hand,
land surface variations and landforms created bst paocesses serve as a grounding,
boundary condition and regulator for current prgess On the other hand, deposits from past

processes act as sediment sources for subseqoertpes.
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2. Scientific framework

Landforms of various sizes take different time @aonf and last for different lengths of time
before they are eroded away (Figure 2.4). Besidgmtal hierarchy, expressed in the size of
the landform, a temporal hierarchy of formative q@ss events can be defined as well
(Brunsden 1996). The time scale of an event caegoated with the duration of the process
and the time required to generate a landform. Bethows or rock falls are rapid events
operating on very short time scales of a few misuteseconds, thus the resulting form may
be created very quickly. Sustained climate chamgech caused for example the Little Ice
Age and associated large moraine complexes, hamifiGantly longer duration, e.g. several
hundred years. Orogeny takes several million yei#mss operating on a time scales of a
different order of magnitude. The composition ohdBbbrms results from a constant
adjustment to environmental conditions, where ¥Vianms within the adjustment represent
sensitivity towards change of a geomorphologicateay (Brunsden and Thornes 1979; Dikau
1998). Sensitivity is a function of coupling of pesses and process-response between the

different system elements and is often associatédnegative feedbacks.

The evolution of the land surface is generally rdgd as a dynamic equilibrium, which
suggests that the system responds in a compleegrlimanner to environmental changes or
random internal fluctuations that cause the crgssininternal thresholds in order to reach a
balance between the formative forces (Schumm 19%8@jy concepts of landscape evolution
(cf. paraglacial landscape response, chapter 2&8)me steady-state conditions, where
fluctuations occur around a mean equilibrium. Hogrevthis assumption is critically
guestioned by Jordan and Slaymaker (1991) andriggiia (2003).

The dynamic equilibrium paradigm is challenged Ine tconcepts of complexity and
nonlinearity, which give rise to a more chaotic deds predictable model of landscape
evolution (Phillips 2003). These concepts redueeiicidence of steady-state equilibriums in
nature through various types of non linear responiese include thresholds, storage effects,
saturation and depletion, positive feedback medmasi (self-reinforcing), self-limiting
processes, competitive interactions, multiple modésadjustment, self-organisation and
hysteresis (Phillips 2003). Complexity describesystem behaviour, which emerges from the
interaction of the system components (De Boer 20Bfr)ergent phenomena or properties
(landforms, structures, and reactions) appearintgpinvicomplex systems that cannot be
immediately explained or predicted by simple int8en of the systems individual
components (Spedding 1997). These emergent prepartily become apparent at a certain

level of system complexity, but do not exist at ésvievels (Favis-Mortlock et al. 2000). In
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mountain environments the formation of morainesnsxample of emergent structures. Two
conditions produce moraines: the creation of lamgeunts of debris through bedrock erosion,
and the transport and deposition of this materpalthe glacier, instead of removal by
glacio-fluvial processes. Thus, the debris produrctnd deposition represent the emergent
results of interdependent variables, like bedragpography, glacier dynamics or subglacial
drainage network (Spedding 1997). The sedimentiscsgof a drainage basin can also be
regarded as an emergent property of the drainagen eystem itself (Wasson 1996).
Although they result mainly from local, small-scakeocesses, sediment dynamics and
sediment yield cannot be explained by analysisr@lisscale process alone (De Boer 2001).
Temporal and spatial scales, system configurattomplexity, and coupling also have to be
considered in mountain sediment budget analysigitddally, Jordan and Slaymaker (1991)
point out that the occurrence of events is anadispect that affects sediment budget models.
Sediment supply may be more or less constant oactaised by episodic or singular events.
Such behaviour affects the choice of time scalesmathods of data gathering for sediment
budget studies (Jordan and Slaymaker 1991).

2.2 The sediment budget approach

A budget is the quantity of objects involved inamailable for a particular situation. Hence, a
sediment budget is a summation of all the sedimdthin a landscape, or as Reid and Dunne
(1996) define it,
“ ... an accounting of the sources and dispositiosaxfiment as it travels from its point of
origin to its eventual exit from a drainage basin.”
This definition includes the main elements of seshiflux through a landscape, the sources,
the transfer processes and the sinks, where setliménally or temporarily deposited. The
sediment budget approach provides a frameworkh®analysis of landform and land surface
evolution. Additionally sediment budgets are usefabls for resource management,

especially when human impact on geomorphic systemisidied (Reid and Dunne 1996).

Various sources of sediment production exist fountain environments. Slaymaker et al.

(2003) identify four sediment sources in mountaitts a present or past glacial history:

1. fine-grained glacial deposits (rock flour) deriviedm subglacial erosion and located

in glacier forefields;
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2. fluvioglacial deposits derived from paraglacial leglfill and terraces from the early
Holocene;

3. fluvioglacial deposits derived from exposed gladerefields and moraines during
neoglacial advances; and

4. sediments originating from hillslope instabilities.

In other words bedrock outcrops, hillslopes anaigknic depositions of various ages are the
main sediment sources in mountain environmentsceéleneathering and glacial erosion are
the major processes that produce sediment. Grawitdf glaciofluvial and periglacial
processes often dominate sediment transport ivithieity of the source area, while fluvial
processes are responsible for the reworking ofnmgeiate storage, the discharge of material
from catchments and the final transfer to the siitke coupling between slopes and channels
governs the transport efficiency between source drainage basin outlet (Caine and
Swanson 1989). Lakes and oceans are sinks for satinmexcavated from mountains.
However, large volumes of sediment have accumulatesedimentary basins and valleys.
Sedimentary basins are generally of tectonic orifpin example related to orogeny (Einsele
2000) and are filled over very long time scalesllioms of years). Valleys are temporary
sediment sinks and store sediment until an enviesriat change allows a process, for

example glacier advance to remove the sediment thervalley.
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The principle of the sediment budget approach esrétationship between the input and the
output of a system:

O=1-AS 2.1)

O is the output of a system amds its input, whiléASis the change of storage within the
system. This principle describes the flow of seditrterough a landform as well as through
an entire catchment. Changes in the relationshiwden| andO at specified temporal and
spatial scales indicate changing process actiwtgnsity and changing boundary conditions
within the system.

A quantification of the sediment transfer procesexpressed by the sediment lo&L)(
which is the amount of material that crosses anéefarea per time unit. The sediment load is
commonly calculated for fluvial systems; howevesaiment load of a glacier or a rock
glacier can be calculated as well. The measuremehis tons per year (t/a).

The sediment yieldSY) describes the amount of sediment that is disgthfppm a drainage
basin in a specified period of time, usually loakiat fluvial processes and focusing on the
suspended river loads. Sediment yield is also gimetons per year (t/a)SYis calculated
using the following equation:

SY= SV% (2.2)

WhereSVis the volume of stored sedimepy,is the dry bulk density of the bedrodk is the
denudation area aridis the time period of sediment discharge.
The specific sediment yieldS¥ped includes a specific unit area in the sedimentdyie

calculation:
S¥epec= SY /A (2.3)

Sediment yield is regarded as an indicator of erosind sediment delivery of a drainage
basin, emerging from its geological history, the@merphological setting and the climatic
regime (Schiefer et al. 2001). Specific sedimeatdydeclines with increasing catchment size
(Milliman and Meade 1983; Chorley et al. 1984), itating a scale dependency of this
parameter (Schiefer et al. 2001), and the negatiffeence of sediment storage within a
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catchment on the sediment yield. However, thigiaahip is not valid for formerly glaciated
drainage basins, as Church and Slaymaker (198@) $taawn.
The sediment delivery rati®GDR) is a dimensionless parameter describing the kataeen

sediment yield and total erosion for a catchment:
SDR=SY/E (2.4)

The SDR compares the amount of sediment that is actuedlysported from the sources of
erosion to the catchment outlet, to the total amhaimmaterial eroded from the same area
above the basin outlet. Various factors influenbe $DR including slope length, basin
morphology, channel-hillslope coupling, dominamiqesses, to name just a few. Steep slopes
and channels, high relief, and drainage densitg tenproduce higt6DR whereas large
distances between sediment sources and channelsioargradients produce lowesDR
(Milliman and Syvistki 1992).

Erosion within a drainage basin is quantified bg thenudation rateDR), describing the
amount of material eroded per unit area over tifte DR dimension is usualljnm &', or

mm k&. The corresponding depositional rate is the sediation rate $R. The sediment

volumeSVcan be used to calculate the mechanical denudatieDR.:

_ Lo
DR=Sv—/— 25
PAT 25

This term includes the dry bulk density of the sedimenps and the bedrocly,, the
denudation aredy and the time period of depositidnIf the denudation area is bedrock only,
for example a cliff, the denudation rate is termeck wall retreat rate. The rock wall retreat
rate can be calculated using equation 2.5 as wdlhas the same unit as DR.

A combination of equations (2.2) and (2.5) allovedcalating the sediment yield from the

mechanical denudation rate:
SY = DRps (2.6)

In practice, the construction of sediment budgeta very complex task, challenged by the
difficulty of measuring exact rates, the understagdof process mechanics and the

guantification of storage elements. Additionallgrisport and storage processes may vary in
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time and space. Very few works have studied therssd budget over longer time scales, or
in form of monitoring programs. One of the most fars works was started by Rapp (1960)
in northern Scandinavia and is still partially adooed today (Schlyter 1993; Gude et al. 2002;
Beylich et al. 2004).

Dietrich et al. (1982) give three requirementsdediment budget studies in order to integrate
temporal and spatial process variations:

1. recognition and quantification of transport proesss
2. recognition and quantification of storage elemeatsl

3. identification of linkages among transport procesaed storage elements.

Hence, the foundation for all sediment budget ssidbllowing these three requirements is a
detailed geomorphological mapping campaign in otdadentify the processes and storage
landforms. Based on this information linkages canidientified by the construction of a

gualitative sediment budget model (Dietrich and Deinl978). Figure 2.5 depicts the

gualitative sediment budget model for a hangindeyain the Turtmann Valley created by

Otto and Dikau (2004).
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Figure 2.5 Qualitative sediment flux model of the Bandjitaelli hanging valley (Otto and Dikau 2004)
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2.2.1 Denudation rates and sediment yield

Denudation rates and sediment yields quantify theoumt of land surface change in
geomorphic systems and represent an integral sajrthe systems activity, connectivity and
configurational state. Sediment storage volumesofien used to calculate denudation rates
and sediment yields.

For larger drainage basins, denudation rates d@mated from sediment yield measured or
assessed in rivers or from lake or valley fill deip® at a catchment outlet (Owens and
Slaymaker 1992; Einsele and Hinderer 1997; Hind@@#1; Schiefer et al. 2001). Some
studies have measured sediment yield in small oeols using sediment traps or nets placed
below slopes (Caine and Swanson 1989; Johnson amtbw¥on 2002; Krautblatter and
Moser 2005). Relief and drainage basin area am@ded as the major controlling factors for
sediment yield (Milliman and Syvistki 1992). Areas high relief generally produce high
yields, while low yields are associated with lowdaareas. A climatic control on sediment
yields is observable in different climatic zonesedwitation and glacier occurrence strongly
influence sediment yields; consequently mountawirenments affected by these two factors
often produce high sediment yields (Hallet et 804). Lithology controls sediment yields to
a far lesser extent in mountain areas comparedettigitation and glacial erosion. However,
sediments and rocks especially sensitive to weatpelike loess, volcanic or alluvial
deposits, or mudrocks can produce increased |lsezlgment discharge from limited areas
where other variables remain equal. In contrasttegtion from weathering by thick
vegetation cover or clayey soils hampers erosiahdatreases sediment yields especially in
lowland areas. In alpine environments however, tamgm is often significantly reduced,
especially at higher elevations. Finally human\atoéis strongly influence sediment yields,
expressed by increased soil erosion, earthworkfloimdplains or reservoir construction
(Einsele and Hinderer 1997). Hence, high religforgy climate variations, the presence of
glaciers and lack of vegetation cover are contabutfactors for high sediment yields in
mountain areas.

However, the sediment yield provides only a rougpraximation of the sediment budget, as
denudation, considered as bedrock retreat or sur@eering, is estimated for an entire
catchment, without local differentiation or respeot spatial and temporal scales. The
limitations of the sediment yield approach havenbstessed by various authors (Phillips
1986; Harbor and Warburton 1993). When derived fsatiment yield data, denudation rates
are only valid when no change in storage occurglifgzth1986). This limitation underlines the

importance of sediment storage, but as well steetfseclose relationship between time scales
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and denudation rates. Temporal variations in theudation rate together with the effect of
storage have a strong impact on sediment yields& n&#luences can be averaged out, when
the time span of the sediment yield measuremestended and both storage and release of
sediment are included in the denudation rate ebmaHowever, extreme events, periodic
phenomena or major environmental changes can imdu€rainage basins over longer time

scales, thus altering the denudation rate (PhillR65).

2.2.2 Sediment budget and storage quantification

Early sediment budget studies have been carriedenytoften in lowland environments and
within small drainage basins (Dietrich and Dunn&8)9 Jordan and Slaymaker (1991) point
out that for large glacierised mountain basins e@ghes used in lowlands cannot be applied,
because of entirely different conditions in moumtanvironments. Due to the highly episodic
nature of mountain geomorphological processes gis@ie models, often used in lowland
budget approaches are not appropriate for mourggions (Jordan and Slaymaker 1991).
Early work on alpine sediment budget quantificatiwas done by Jéackli (1957) and Rapp
(1960). Jaeckli (1957) produced the first sedimaundget in the Alps for the upper Rhine
catchment. He included all major processes in éisnsent flux quantification and concludes
that about 80 % of the sediment movement is doneflupyal processes. Rapp (1960)
investigated sediment movements and storages inKimevagge valley in northern
Scandinavia over a period of more than ten yeaisrésults indicate that coarse debris and
bedrock slopes are the most important elementhefsediment flux system, contributing
about 60 % of the sediment budget, followed bysswoibntled and fine sediment slopes with
30 %. Barsch (1981) investigated the sediment ffwan high Arctic mountain valley in
Ellesmere Island, Canada. His studies indicate mimgmce of fluvial processes (96 %)
followed by glacier erosion (2 %) and rock fall pesses (1 %). Though other erosional
processes like solifluction, debris flows or slopash operate on large areas, they make only
minor contributions to the sediment flux of thigjian.

Caine’s intensive work in the Colorado Rocky Moumsa(USA) produced sediment budgets
for three small mountain catchments. His resultsfdliam Fork, Eldorado Lake and Green
Lakes Valley showed that talus shift and rock giafiow (only Green Lakes valley) are the
most effective processes within the coarse delyssesr, moving more than 90 % of the
available material. Soil creep and solifluction doate the fine sediment system making up
over 90 % of total fine debris movement (Caine 198®1).
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Jordan and Slaymaker (1991) investigated sedimantement and storage along several
reaches of the Lillooet River (British Columbia,r@aa) and compared these quantities with
the sediment yield from the basin. Storage volumese estimated from field investigations
and average thickness values, process activities taken from the literature. Debris flows,
glaciers and landslides are the most importantcesuof sediment in this basin; however,
Jordan and Slaymaker detected sediment origindtoxg human activities like logging and
agriculture in the basin fill as well. Most of tlsediment is stored in landslide deposits (>
70%), the floodplain (> 20%) and in fans (> 2%)eytconclude that the estimated sediment
supply from the different sources is not balancét the observed long-term sediment yield
from the basin. Their conclusions led to a modifara of the paraglacial concept by Church
and Ryder (1972) (cf. chapter 2.3.2).

The constraints on denudation rate assessmentdealiment yield show that estimation of
storage volumes is the crucial element of all sedinbudget analysis. Various methods are
applied in order to estimate sediment storage irunten environments. Fundamental
geomorphological methods like mapping, topograghicvey and photogrammetry are the
most basic methods and hence frequently used {J&&K7; Rapp 1960; Jordan and
Slaymaker 1991; Watanabe et al. 1998; Curry 1999).

Though not included in a sediment budget, Barsd®77a; 1977b) estimated the storage
volume of rock glaciers in the Swiss Alps. Basedaimphoto mapping he used different
thickness scenarios to calculate a volume of 0B4dm? of coarse sediment stored in active
rock glaciers. Referring to numbers given by Jagd@57), Barsch (1977a) concludes that
active rock glaciers transport around 20% of alkssaaasting processes with an estimated
denudation rate of 2.5 mni‘aln the Turtmann Valley, Nyenhuis (2005) appliedr&h'’s
approach to assess rock glacier volumes. He estihtagétween 0.05 and 0.07 km3 of rock

glacier volume.

With the availability of digital elevation modelDEM), simple geometric forms representing
actual landform shapes are used to estimate storafyeme, for example a half-cone
representing a talus cone landform (Shroder etl@89; Campbell and Church 2003).
Following geomorphometric approaches for glacidleyadescription (Graf 1970), quadratic
or power-law equations have been applied to cresBems of glacial valleys in order to
estimate valley fill deposits (Hoffmann and Sch2Q02; Schrott and Adams 2002; Schrott et

al. 2003). However, this method compared to gedphlglata on sediment thickness in
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valley bottoms, tends to overestimate sedimentmekiand can only be used as a rough
estimation (Schrott et al. 2003). A new approachdiimating sediment volumes based solely
on DEM data is introduced by Jaboyedoff and Derr@005). Their interactive routine,
namedSloping Local Base LevéSLBL) is based on geometric assumptions abouglthaal
trough shape. Using this technique, they calculata®lume of 118 km3 sediment for the
upper Rhone Valley, which correlates well with tieailable geophysical information on
sediment thickness (cf. chapter 3.3.2).

Occasionally, sediment coring has been applieceterthine sediment volumes (Schrott and
Adams 2002; Schrott et al. 2002). However, thishoetis restricted to very few landforms in
mountain environments, like flood plains and alaiwleposits, due to technical difficulties
and associated high costs evoked by remote loséind subsurface materials characteristics.

The use of geophysical investigation techniquesoimes increasingly important for the
guantification of sediment storage, especially ugged mountain terrain. Non-destructive
geophysical methods permit a faster and often dgpensive acquisition of high-resolution
data on structure and composition of storage lamtfocompared to other methods such as
drilling. Geophysical investigations on storagedfanms are applied on two spatial scales,
governed by expected sediment thickness and thetia¢ion depths of the applied method.
Large scale investigations often use the seisnfliecteon method and strong seismic sources,
such as explosives or weight droppers, or grauvityeying, enabling bedrock detection at
several hundred meters of depth. These surveyampiged to quantify sedimentary fills of
large valley systems or other sedimentary basihg. dperating expense, both in time and
cost, for seismic reflection surveys of this scale very high compared to small scale
investigations. Therefore, very few investigatimighis size exist. The major valleys in the
Swiss Alps have been investigated in this way withiNational Research Program (Pfiffner
et al. 1997b). Seismic reflection and gravity syriiave been applied along several transects
in the Rhone Valley (Figure 2.6) between Brig araké Geneva (Finckh and Frei 1991;
Besson et al. 1992; Pfiffner et al. 1997a; Rosselli Olivier 2003). Sediment thicknesses
between 300 and 900 metres have been detecteda dothl mass of 106.2 km3 stored
sediment was calculated for this part of the Rhdakey based on these surveys (Hinderer
2001). A similar study, but on a different scales lheen carried out by Froese et al. (2005),
who investigated a 1000 km long reach of the YuRorer in North America. They detected

a sedimentary fill between 8 and 30 m in depthgigiound penetrating radar and resistivity
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sounding. However, this study does not focus on dbdiment budget, but rather uses

floodplain stratigraphy to interpret the equilibriwstate of the river.
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Figure 2.6 Cross profile through the Rhone Valley drived from seismic reflection surveying at Turtmam
(Finckh and Frei 1990)

Small scale, shallow geophysical investigationsuiregq much less effort and are more
frequently applied. The most common methods inclsdesmic refraction (SR), electric

resistivity tomography (ERT), and ground penetgtiadar (GPR) (for a more detailed

description of these methods cf. chapter 3.2). §alopes are the most frequently studied
landforms in alpine environments using geophysiathods. Quantified talus volumes are
frequently used to calculate a retreat rate ofatthi@acent rock walls (Sass and Wollny 2001,
Schrott and Adams 2002, Hoffman and Schrott 20885 2006).

Sass and Wollny (2001) used GPR to determine teskmnd internal composition of talus
slopes in the German Alps. They detected the rdgb&drock boundary at depths between 5
and 15 metres below the surface, referring to nweK retreat rates of 0.1 mmi‘dor the
Holocene. Schrott and Adams (2002) applied seigeifiaction and resistivity soundings,
combined with coring and ‘¢ dating to quantify the sediment storage volumarinAlpine
basin in the Dolomites, Italy. They derived seditniicknesses in the glacial trough of 15 to
72 m and a total volume of 0.35 km? for a 17 kragdivalley. Their best estimate of volume
results in a denudation rate of 1.1 mth mvestigations by Schrott et al. (2002; 2003}He
Reintal, Germany, can be regarded as the mosietbgpplication of geophysical methods in
a single glacial trough valley in the northern Epegan Alps. A total of 66 geophysical
soundings have been carried out on various stdeagforms including talus slopes, debris
cones, avalanche deposits, alluvial fans and fl@admleposits. Talus slopes and talus cones
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store more than 70 % of material in this catchmémr talus slopes a mean regolith
thicknesses between 3 and 23.5 m was determinefinfelon and Schrott 2002) using
seismic refraction, resulting in a rock wall retreate of 0.5 mma A combination of the
geophysical surveys, detailed geomorphological nmgpmf storage landform including
process activity, coring along the valley floor &d dating allowed for the construction of a
detailed sediment budget and enabled conclusiobe ttrawn about the paraglacial evolution
of the Reintal (Schrott et al. 2002). The backfdlivolume of a small alluvial sink, produced
by a landslide event, was calculated to be 0.9ionilm3, with a mean sedimentation rate
between 18 and 27 mnita

2.3 Evolution of mountain landscape systems

2.3.1 Uplift and erosion of mountains

The influence of tectonics and climate on long-tesediment fluxes is currently discussed
avidly in earth sciences, fuelled by new datinghods like cosmogenic nuclides (Peizhen et
al. 2001; Schaller et al. 2001; Kuhlemann et aD2QMolnar 2004; Nichols et al. 2005).
Mountains are the result of complex interactionswien tectonics, climate and surface
processes. Plate tectonic processes, causing grogenresponsible for most of the world’s
highest mountains. According to the plate setting #e tectonic process, divergence or
convergence, different types of orogeny produckediht mountain types. Ocean-to-continent
plate margins lead to the formation of continentakgin building orogens, like the Andes for
example. Continent-to-continent plate margins erealisional mountains like the Alps or
the Himalaya (Huggett 2003; Slaymaker 2004). Whaistal material is accumulated in the
orogenic wedge the surface is elevated. In casecollisional orogeny for example, material
from the continent crust and the ocean crust gefsrahed, uplifted and finally exhumed.
These processes produce the complex lithologicitiond of stacked, folded and overlapping
lithologies which characterise mountains.

For a long time erosion was believed to be the nppbto uplift. Advanced understanding of
interaction and feedbacks between tectonics, ispstdimate and erosion processes tackles
this belief and produces a far more complex imdgaauntain evolution (Pinter and Brandon
1997). This new perspective on mountain evolutiensiudied in the field of tectonic
geomorphology (Burbank and Anderson 2005),a rebeéigdd located at the interface
between geomorphology, geophysics and sedimentd®gsnmerfield 1996). The effect of

erosion on uplift rate is generally discussed oselconnection with the impact of climate on
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mountain building and regarded as a feedback systelolnar and England 1990;
Summerfield and Kirkbride 1992; Molnar 2003). Emyspbf sediment, strongly influenced by
climatic conditions, represents the removal of maltefrom one area. Due to isostatic
response, this removal of material leads to tectopiift, as load from the earth’s mantle is
relieved (Molnar and England 1990). Thus, erosionla lead to mountain building. The
system feeds back when surface uplift perturbsoredi climate conditions, leading to
increased erosion rates (Summerfield 1996).

Schlunegger and Hinderer (2001) studied the cdioeldbetween erosion and uplift in the
central Swiss Alps. They infer a positive feedbdekween surface erosion and tectonic
forcing for the drainage basins of the rivers Rhamel Rhine. In these two basins both
present-day sediment yields and uplift rates agmifstantly higher compared to other
drainage basins in the study area. This correlasdnterpreted as a response of the earth’s
crust to locally increased surface erosion ratesutih enhanced uplift rates combined with
frequent earthquakes. For the same area, Bans20®f)(suggests that uplift and erosion are
in a dynamic equilibrium on a long-term scale (5lligih years). Based on a multiple
regression of geomorphometric landform parametgiit and erosion rates, he showed how
rock failure and gravitational mass movements corsgie for tectonic uplift in the Swiss
Alps. A correlation between Quaternary snowlinesaagroxy for Pleistocene glaciation, and
geomorphometric parameters provided an alternativdel of steady-state conditions for the
Swiss Alps. Hence, Bansemer (2004) concludes trethamical rock properties and high
erosion rates induced by Quaternary glaciatiorttaeontrolling factors governing the height
of Alpine peaks in Switzerland.

Various numerical models exist to simulate the ettoh of mountain landscapes (Tucker and
Slingerland 1996; Kuhni and Pfiffner 2001; Schlugpegand Hinderer 2001). These models
generally focus on the influence of surface proegssn the landsurface evolution and its
relationship to tectonic activity. Kihni and Pfifin (2001) use a surface process model to
reproduce different patterns of uplift combinedhatihe evolution of drainage networks in the
Swiss Alps. Tucker and Slingerland (1996) model rdte of sediment flux into a foreland
basin, in order to understand the functional refeghip between the sediment volumes
expelled from a mountain area and the assumed emdigmt variables like relief and climate.
They conclude that sediment storage, in this casaéd in an intramontane basin caused by a
drainage basin being cut off through a rising thrpgoduces a mismatch between the tectonic

event and the timing of sediment delivery to thesliand basin.
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In order to investigate the main tectonic and ctimampacts on long-term sedimentation

from the European Alps to the surrounding sedintgnbasins, Kuhlemann et al. (2002)

construct a sediment budget for the entire Europ8las. Based on stratigraphic data of

sedimentary basin fills, they estimate volumes ediment excavated from the mountain

range since the onset of its existence. Kuhlemarai. €2002) identify several phases since
the Oligocene of increased discharge rates intd#sens, which are associated with possible
climatic or tectonic controlling factors. This sewintologic approach differs strongly from

the geomorphological sediment budget approaclermg of the significantly larger spatial (>

250,000 m?2) and temporal (> 30 Ma) scale addressed.

2.3.2 The paraglacial sedimentation cycle

Specifically contrasted to the term periglacialtgoggacial sedimentation defines “nonglacial
processes that are directly conditioned by glatig@surch and Ryder 1972). For mountain
environments Church and Ryder (1972) introducedctimecept of paraglacial sedimentation
based on data from sedimentation studies in twasareCanada affected by glaciation. They
showed to what extend glaciation disturbs fluvi@nddation conditions in the alpine
environment. The paraglacial sedimentation condeptribes how geomorphic systems react
to the impact of glaciation and how landforms resraand relax in the ensuing period.

The unifying condition, which underlies all geomlogiogical processes and landforms
affected by paraglacial sedimentation, is the sseaf glacially conditioned sediment
(Ballantyne 2002a). Glacier activity increases mnmosates (Hallet et al. 1996) and produces
large amount of debris that is stored in vallepf®and on glacial trough slopes. Church and
Ryder (1972) note that this material has reach@dsition of stability with respect to the
glacial processes in various types of morainekatde margins. However, with respect to the
nonglacial processes, these deposits are in uast@bhetastable conditions and sediment is
subsequently released from these sources by vapmsesses. Processes such as debris
flows, glaciofluvial erosion, and rock avalanchesiged by debuttressing of rock slopes after
deglaciation are considered to be the most impbegants in the redistribution of sediment
in proglacial areas (Church and Slaymaker 1989dé&mand Hu 1993; Ballantyne and Benn
1996; Curry 1999).
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Figure 2.7 The paraglacial model by Church and Ryde(1978)

Ballantyne (2002b) identifies six paraglacial laygtems with individual sets of landforms
and sediment facies. Paraglacial landsystems cadivided into primary and secondary
systems. Primary systems are directly glaciallydtiioned and the sediment involved has not
yet been reworked by non-glacial processes. Thgsteras tend to be in the immediate
vicinity of glaciers. In contrast, secondary systeimclude not only the release of in situ
glacigenic material, but also a reworking of pasagl deposits further from the glacier
(Ballantyne 2002b). These landforms can be regaadestorage components of an interrupted
sediment cascade with various primary sedimentcesur(l) rockwalls, (2) drift-mantled
slopes, (3) valley floor deposits and (4) coasehasits; and several sediment sinks: (1)
alluvial valley fill, (2) lacustrine deposits, (8pastal / near offshore deposits and (4) shelf
deposits (Ballantyne 2002b).

The time span during which these paraglacial pseEe®perate is termed tparaglacial
period (Church and Ryder 1972). This period starts whiaeigl sedimentation ceases and
ends, when glacially conditioned sediment sourcesdapleted, or when a steady-state in
relation to the reworking processes is achieve@ dépletion of sediment sources with time,
as an integral element of the paraglacial cycleldédgo the idea of exhaustion (Cruden and
Hu 1993; Ballantyne 2002a, b). Conceptual modelparhglacial sediment movement are
generally represented by a declining curve (Figuii®, describing the change of sediment
yield from an initial high level, at the onset adgliaciation, to a constant low yield towards
the end of the paraglacial period. The exhaustioaehassumes steady-state conditions in
which no change occurs in the process mechanismi®wrdary conditions. Of course this

assumption is highly speculative especially in ntatmenvironments, as it pays no attention
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to episodic environmental changes like base-leliahges, extreme events or human impact
(Ballantyne 2003). In the exhaustion model the gla@al sediment release through time is
assessed by:

S =Se™ 2.7)

Where§ is the available amount of sediment at titn&, is the total available sediment at
time t = 0 and/ is the rate of loss of available sediment by eitledease or stabilisation.
ForS, =1att=0,1is expressed as:

A=In(S) /-t (2.8)

Thus, the rate of sediment release follows an esmpited decline (Figure 2.8, Ballantyne
2002a), allowing for the estimation of remaininglisgent available for release. The extent of
the paraglacial period spans from a few decadssrte ten thousand years depending on the
spatial scale and the processes regarded (ChudcBlagmaker 1989; Cruden and Hu 1993;
Harbor and Warburton 1993; Curry 1999; Ballantyi®®2a). This implies that paraglacial
sediment storage landforms may be accumulatedewdtilthe same time other formerly
deposited landforms are eroded and vice-versa.

%
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Figure 2.8 The paraglacial exhaustion model (Ballagne 2002). Rate of sediment releaseg)(is related to
the proportion of sediment ‘available’ (S) at time () since deglaciation asi = In(S,) /-t

25



2. Scientific framework

Church and Slaymaker (1989) elaborated this ideh waspect to the sediment yield of

drainage basins of different sizes. In contrashéconventional models, in which the specific
sediment yield declines as drainage basin are@ases, they proved that for the rivers in
British Columbia (BC), Canada, sediment yield imsed for larger basins. They conclude
that most of the sediment transported in the riveiginates from a remobilisation of valley

fill deposits, including river banks and the immeddi valley sides. The material involved in

the remobilisation has been deposited in the valbgyQuaternary glaciation more than 10 ka
ago. With respect to the original concept of paeigll sedimentation by Church and Ryder
(1972), Church and Slaymaker (1989) infer thatdhserved sediment yield of rivers in BC

still responds to the impact of deglaciation on thedsystem. Thus, they extended the
paraglacial period proposed from a few thousandsygamore than 10 ka. This challenges
the traditional view on landscape evolution, whibeesediment yield is considered to reflect a
denudation rate for a prevailing climate and regliayeology. Emphasising the extraordinary
impact of Quaternary glaciation, they conclude thetent sediment yields are still a
consequence of these events, instead of refledfibipcene erosion rates. However, the
impact of deglaciation, reflected by increased meedit yield, has shifted from the upland

catchments towards the major valleys (Figure 2.9).

Major Valleys

SEDIMENT YIELD PER UNIT AREA
f deglaciation —— — — _ __

| Timeo

1 Primary subaerial denudation rate

TIME

Figure 2.9 The paraglacial sedimentation cycle mofied by Church and Slaymaker (1989). The time scale
spans approximately 10 ka.
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Church and Slaymakers model stresses the import@insediment storage with respect to
sediment budgets and sediment yields in mountaidsieapes and underlines the role of
relaxation time in systems (Schumm and Lichty 1965)

The distribution and arrangement of sediment stwregn be regarded as a paraglacial
landform assemblage, in which landforms with theeatgst formative longevity and
persistence dominate the landscape (Ballantyne )200Bus, after the deglaciation a
succession of landforms evolves from the initiattisg of glacigenic landforms to post-
paraglacial landforms, where sediment is routedudin different landforms representing the
sediment cascade. With respect to the role of sadirstorage Ballantyne (2003) transferred
the original paraglacial model, where sedimentdyiglplotted against time since deglaciation,
to a model where sediment volumes decline with t{Figure 2.10). The volume of sediment

storageS at timet in Ballantyne’s model is defined as:

S=Se* =(S,-SeMe™ (2.9)

where § is the input of sediment, and the rate of sediment loss from the storage. A
calculation of the rate of sediment loss both frastorage landform and the entire basin
requires the total available volume of sedim&ptwhich is usually not known. To overcome
this constraint Ballantyne states four prerequisdkies: (1) the time since deglaciation at
which sediment volume achieved its maximtim(2) the time interval between deglaciation
and the present ; (3) the maximum volume of the sediment st§yatt’; and (4) the present

volume of stored sedimeB}. Therefore S, andS, can be calculated by:

S, =(S,-Se™)e™ (2.10)
And
S =(S,-Se™)e™ 2.11)

In order to calibrate this curve and solve the &qoa (3), (4) and (5), dating techniques
provide information regarding the time sctlandt”, while sediment volumeS, andS, can
be derived from geophysical surveying (Ballantyf83).
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Figure 2.10 Changing volume of sediment storage (Bantyne 2003)

A first modification of the paraglacial model wadroduced by Jordan and Slaymaker (1991)
while constructing a sediment budget for the LifodRiver in Canada. Their paraglacial

sedimentation model for this drainage basin alldarsthe impacts of episodic changes in

sediment input on the sediment yield (Figure 2.Eb).the Lillooet River these changes result
from volcanic activity and associated debris floarsd landslides as well as from human

intervention. Thus one constraint of the originaddel, the steady-state assumption is dealt
with in this approach. Harbour and Warburton (1998)ude the variation of basin size into

the paraglacial concept, resulting in a suite ohgkacial sedimentation curves, with varying

relaxation times depending on the basin scale (Eigul2). This scale dependency has two
effects: (1) Basins of different size could expece the same sediment yield, and (2) the
relative magnitude of sediment yield for basins different size will vary at different

measurement times.
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Figure 2.11 Episodic impacts on the sediment inputvithin the paraglacial cycle of the Lillooet River,
Canada (Jordan and Slaymaker 1991)
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Figure 2.12 Model of paraglacial sediment vyield for catchments of different size
(Harbour and Warburton 1993)

The paraglacial sedimentation concept is the fumhah geomorphological model for
sediment flux and landscape evolution in mountagas affected by glaciation. It underlines
the importance of sediment storage for mountaininsexckary systems with respect to
sediment delivery, sediment residence times arakad#bn from the impact of glaciation.
However, many parts of these different paraglatiatiels need calibration and verification,
for which knowledge of volumes of stored sedimemi #iming of onset of deglaciation are
required (Ballantyne 2003). Today's compositiomafuntain landscapes shows a dichotomy
of sediment movement. On the one hand intensifredgsses produce, transport and deposit
great amounts of material. On the other hand, aep®sited, sediment stays immobile for
very long time in many places, because the foreggssary for remobilisation and transport
only operate occasionally (Church 2002). Typicaraples of this situation are fluvial valley

bottom landforms, hanging valleys filled with take@nes and relict rock glaciers.
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2.4 Sediment storage landforms

The role of sediment storage within a sediment budgproach has already been stressed
above. Consequently, the sediment storage landfomitisin a catchment need to be
investigated. For alpine environments these ampesistorage landforms, glacial derived
landforms and fluvial derived landforms. In thiady seven alpine landform types are studied
in detail: (1) talus slopes, (2) talus cones, (8rk slopes, (4) moraine deposit landforms, (5)
rock glaciers, (6) rock fall deposits, and (7) ai#h deposits. They are considered as the main
sediment storages in the hanging valleys of Turtmdalley and can be regarded as the most
important storage landforms in many upper high nauanareas. These landform types will
be introduced here briefly focussing on their iolthin the sediment flux system. Fluvial and

glaciofluvial deposits have not been studied iraidiéiere and are therefore not considered.

2.4.1 Talus slopes and talus cones

Talus slopes are valley-side slopes formed by ttwuraulation of debris at the foot of
rockwalls (Figure 2.13). Rockwall-talus systems ae important part of mountain
landscapes. Talus accumulations represent theefestent in the sediment cascade that takes
up the input from the rockwall. Secondary processting on talus slopes such as periglacial,
or gravitational processes transfer the materi@ the next landform. In case of periglacial
creep the follow-up landform is a rock glacierspootalus rampart. Processes related to talus
formation are regarded as azonal acting over a wadge of altitudinal and climatic zones
(Perez 1993). Rock fall as the main process has &teidied in great detail (Rapp 1960; Caine
1967; Luckman 1976). Snow avalanches contributaltes formation (Jomelli and Francou
2000) as well, but are also, together with debawd$ and dry grain flows, responsible for the
remobilisation of talus material (van Steijn 200Ballantyne and Harris (1994) define
different types of talus slopes corresponding ®ftirm of the talus body and the secondary
processes acting on them (Figure 2.14). Talus sl@pe often well sorted with increasing
clast size downwards, caused by higher potentiatggnof larger clasts and sieving effects
towards the foot of the slope. Dry grain flows @asmovement of fines downwards leading
to a stratified internal structure of finer and layers (van Steijn 2002) that is clearly
distinguishable in ground penetrating radar souysli(Sass 2006). Talus slopes are among
the most frequently studied landforms in geomorpbgl using geophysical techniques.
Consequently, comparably extensive informationtexas sediment thickness and volumes of

these forms. Some thickness values are compil@édldte 2.
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Figure 2.13 Coalescing talus slopes at the entry tbe Bortertaelli.
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Avalanche-modified talus
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Figure 2.14 Different talus slope types (Ballantys and Harris 1994).

Table 2.2 Mean sediment thickness values from predimg studies.

Location Reference Method Mean sediment thickness
(m)

Bavarian Alps (GER) Sass and Wollny(2001) GPR 10-15

Lechtaler Alps (AT) Sass (2006) GPR, SR, ERT 25

Bavarian Alps (GER) Hoffmann and Schrott (2002) SR 7-23.5

South Wales (UK) Curry and Morris (2004) Geometry 5

Snowdonia, North Wales Sass et al. (subm.) GPR 8-10

(UK)
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2.4.2 Block slopes

Straight slopes that are not located below bedwaks will be termed block slopes in this
study (Figure 2.15). Various terms and theoriesteabout the formation of block slopes
including rectilinear slopes, Richter denudatioopsis or debris-mantled slopes (Ballantyne
and Harris 1994). Two main theories exist on thenftion of these slopes: (1) an earlier
theory by Richter (1901) and Lehmann (1933) intetprectilinear slopes as the final stage of
parallel bedrock recession, with the former rockvialried under the regolith (Bakker and
LeHeux 1952). Alternatively (2), these slopes assoaiated with periglacial conditions
(French 1996). Hollermann (1983) gives three pnaéistgs for the formation of rectilinear
slopes: (a) intensive, mostly mechanical in situathering, (b) lack of linear denudation
processes, and (c) no removal of debris at the dbdhe slope. The regolith composition
spans from medium to coarse grained sand fractorgock size clasts. Following theory
two, rectilinear slopes can be proofs of formeiglacial conditions, if a formation of in situ
weathering of underlying bedrock is demonstrateoh (@teijn 2002). However, a combination
of these different ways of evolution is possibleagdl. Information on sediment thickness of
these slopes in alpine environments is scarce.aBgihe and Harris (1994) give depths
between 0.6 and 3.5 m quoting several sources. lAskaof removal of material at the slope
foot is one prerequisite for the formation of riietar slopes, they are often decoupled from
sediment cascade. However, in the Turtmann Vallegoapling with periglacial creep

phenomena such as relict rock glaciers and gefifindobes can be observed.
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Figure 2.15 A block slope exposed to the south ing Hungerlitaelli.

2.4.3 Rockglaciers

Rock glaciers are periglacial landforms formed bgep of a mixture of sediment and ice.
They are defined as tongue- or lobe-shaped boba&sate separated from their surrounding
environment by steep frontal and side slopes (Ei@ut6). The state of activity is used as one
classification criteria: active (moving), inactiyeot moving, but still frozen) and relict (not
moving, not frozen) (Barsch 1996). Other classtiama schemes differentiate lobate and
tongue shaped forms. Additionally, elongated prustabck glaciers represent an early stage
in the landform development. Rock glaciers exgiiciepresent the continuum character of
landscapes as they develop from pre-existing lantfdBurger et al. 1999). According to the
debris source they are termed either talus rockigia or glacier-derived rock glaciers.
However, the transition between the original lamaifdtalus slope, or moraine) is usually not
a sharp boundary, thus an exact discriminatiomefdanset of the rock glacier is not possible.
Within the alpine sediment cascade rock glaciemesent an important element in both
sediment movement and sediment storage (Jackli;1B&iisch 1977b; Barsch and Jakob
1998). When the sediment movement ceases, dueckoofagravitational forces, sediment
input or decrease of ice content, rock glacierroftersist as relict landforms in a landscape
for a very long time, for example more than 10 kea(lenfelder and K&aab 2000), thus being
decoupled from input and output processes. Therdetation of rock glacier thickness is a
complicated task, especially applying geophysieathhiques. Due to similar physical
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characteristics of ice and bedrock and the intecoadposition, i.e. a mixture of large blocks

and fines, ice and air, the lower boundary is oftehdetected. Table 2.3 gives a summary of
rock glacier thicknesses found in the literaturemare extensive list of which has been

compiled by Burger et al. (1999). In order to asgbe sediment volume of a rock glacier the
internal composition and the ice content needs docbnsidered. According to borehole

information the ice content can vary consideralflyefison et al. 2002). Ice contents are
generally considered to be between 50 and 70 %adtve rock glaciers (Barsch 1977b;

Barsch 1996; Haeberli and Vonder Muhll 1996; Burgieal. 1999; Humlum 2000; Ikeda and

Matsuoka 2006).

Figure 2.16 Active rock glacier in the Hungerlitaeli.
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Table 2.3 Compilation of rock glacier thickness fran literature.

Location Reference Method Rock glacier
thickness (m)
Swiss Alps (CH) Barsch (1977a) Estimation basetieight of 30-100
frontal lobe
Khumbu Himalaya (IND) Barsch and Jacob (1998) Estiom based on height of 11-41
frontal lobe
Himalaya, Karakorum Owen and England (1998) Estimation >15
(IND, PAK)
Various Burger et al. (1999) Various 8-120
Swiss Alps (CH) Ahrenson et al. (2002) Boreholdlidg > 63
Turtmann valley (CH) Nyenhuis (2005) Estimationdzhen height of 3-38
frontal lobe

2.4.4 Moraines

Moraines are landforms created by the direct aatifoglaciers. Due to the enormous erosive
forces of glaciers (Hallet et al. 1996), glaciepdgts often dominate presently and formerly
glacierised mountain landscapes (Figure 2.17). Memare classified into ice-marginal,
subglacial and supraglacial types. Thus, moraimmsliés are stored in different landforms
and locations. Ice-marginal accumulations form lamdjnal ridges of lateral and terminal
moraines around the glacier margin with heightsta@ few hundred metres. Subglacial
deposits cover the formerly glacierised surfacetssets of till, often creating a hummocky
surface. Supraglacial till is usually deliveredtbe glacier margin as medial moraines and
contributes to ice-marginal deposits (Benn et @D5). Additionally, melting waters remove
large amounts of till from the glacier bed and nvarwhich are accumulated below in valley
fills and lacustrine sinks. Sediment thicknessesraigh valley fills have been investigated
by various authors on different scales (Hindered12(Bchrott and Adams 2002, cf. chapter
2.2.2). However, little is known about glacial dep® of small cirque glacier in hanging
valleys. Sass (2006) investigating talus landformthe Parzinn cirque, Austria, determined
the thickness of some adjacent moraine ridges tddieveen 10 and 24 m. Within the
sediment cascade, glaciers represent an importanany sediment source, while glacial
deposits act as secondary sediment sources, whemabilisation of these deposits starts

after deglaciation (cf. chapter 2.3.2).
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Figure 2.17 Lateral moraine deposits in the Pipjitalli

2.4.5 Rock fall deposits

Rock fall processes occur at very different scaled produce different kinds of depositions
and landforms (Figure 2.18). While small scale hhigequent fall processes produce talus
slopes and cones, large events with lower freqesrmioduce distinct debris accumulation in
a certain distance to the bedrock or source arkasdl accumulations are termed rock fall
deposits here. The processes related to theseittefzogye from fall, to slide and flow (Dikau
et al. 1996). Rock falls are classified accordiagheir size: Whalley (1974) differentiates
debris fall (< 10 m3), boulder falls (10-100 m¥ge large boulders), block fall (> 100 m3),
cliff fall (10%-10° m3), and Bergsturz (>20m3). The location of the debris accumulation
depends on the kinematic energy involved, whica fanction of mass, vertical distance and
friction. Rock avalanches mostly of Bergsturz typmduce the longest run-out movements.
Within the sediment cascade, rock fall deposit farmds often represent isolated objects that
are formed within a single or low frequent everttoligh a coupling of this deposit to other
elements of the cascade, for example rock gladensvers, is possible, rock fall deposits
often persist in a landscape for long time. Degositlarge post-glacial rock fall events, for
example the Flims rock fall in the Upper Rhine ¥gllcover valley floors up to several tens
of metres of depth (Heim 1932; Eisbacher and Cld@8#). The Randa rock fall of 1991, in
the Matter Valley, east of the Turtmann Valley,limted 30 x 10 m?3 of rock (Schindler et al.

1993).
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Figure 2.18 Rock fall deposit in the Niggelingtasill

2.4.6 Alluvial deposits

Alluvial deposits are fluvially transported accumtibns of fines deposited at flat, usually

lower locations in the hanging valleys (Figure 2.Ikhe sediments deposited here originate
from all of the other storage landforms. The lomasi of alluvial deposits may often include

small shallow lakes, formed from dead ice bodi¢srafeglaciation. Depending on the size of
these lakes a complete filling with alluvial sedirtgeis observable. However, these locations
are generally rare in upper high mountain areass #hluvial deposits play only a minor role

in the sediment cascade analysed here. In the &efaerman Alps, Schrott et al. (2003)

measured a sediment thicknesses of 3-10 m forlinga valley floor fill.
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Figure 2.19 Alluvial deposit have almost filled uga small lake the Niggelingtaelli
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3 Methods for sediment storage analysis

3.1 Geomorphological system and land surface pattern analysis

The land surface is a patchwork of natural and made elements of different form and
material. This patchwork often reveals some kingattern, following a certain configuration
or structure. A structure is defined as “the wawimch the parts of something are connected
together, arranged or organised” (Oxford Advanceelarbers Dictionary 2006). The
distribution pattern or structure of landforms witla landscape emanates from its evolution,
conditioned by climatic, lithologic boundary condits and human impact. Production,
movement and storage of sediment within a sediwestade create landform patterns.
Landscape structure is frequently analysed in leaqols ecology studies, where distribution
patterns of ecological environments, for examplanplhabitats, are quantified (Blaschke
2000). Numerous indices have been developed irr todeescribe the distribution structure,
neighbourhood relationships and spatial configarabf objects in an area (Haines-Young
and Chopping 1996; McGarigal 2002). In geomorphypltiie distribution of patterns and
relationships of geomorphic objects within a laragber is analysed, but approaches differ
from those applied in landscape ecology studiesnyManalyses of geomorphological
landscape structure focus on geometrical pattemnth® land surface, rather than on patterns
of process, landform or process domain distributMuotual to most of the geomorphometric
approaches is the development of an analyticalnaxy of land surface units, for example,
by Penck (1894), Kugler (1974), Speight (1974) dkald (1988). An overview of different
taxonomies can be found in Rasemann (2004). Larfdcguunits are commonly classified in
a hierarchic way. Smallest units (form facets) hlawmogenous geomorphometric parameters
(slope, aspect, and curvature), larger units (faements), which are composed of the
smaller ones, only have homogenous curvature cteasistecs (Dikau 1989). These units can
be derived by geomorphometric analysis using differapproaches (Dymond et al. 1995;
Schmidt et al. 2003; Schmidt and Hewitt 2004). Ayvextensive list of landform elements is
given by Speight (1990). However, landform unitsai geomorphometric sense often only
represent parts of the land surface and only vesich mostly erosional landforms. Most
sediment storage landforms are not detected by gegdrametric analysis only, because
process and material of the landform is not comeién a purely geomorphometric approach.
Thus, a geomorphometric land surface classificasamot sufficient for a landform structure
analysis (Dehn 2001).
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The concept of geomorphological mapping represantsore holistic approach towards the
geomorphic landscape structure analysis, taking agcount both geometric and functional
characteristics, as well as neighbourhood relahigssof landforms within a landscape. The
geomorphological map is a very complex tool to eaysse a landscape and its
geomorphological components. It represents key eisnof the geomorphological system,
serving as an inventory of landforms, subsurfacéera, observed recent processes and
inferred past processes at different scales. Basedhis inventory the structure of a
geomorphological system and emerging pathways dinsnt transfer can be studied in

detail.

Geomorphic mapping traditionally is done in thddieéODwing to advances in remote sensing
and GIS technology many geomorphological maps ave aften produced digitally, with or

without a field mapping campaign included. Firgeatpts to automatically derive landforms
using digital elevation and remote sensing datae haroved to be very successful (van
Asselen and Seijmonsbergen; Schneevoigt and S@008). Recent developments in semi-
automated digitizing tools make use of three-dinmrad visualisation techniques and high
resolution elevation and remote sensing data,deraio accelerate and improve the quality of

landform mapping on a screen (Schneider and Otpodass).

Legends and guidelines for geomorphic maps diffemfcountry to country. A review of
different geomorphical mapping systems can be foundrothenbuhler (2003), recent
mapping concepts are presented by Gustavsson €20416) and Seijmonsbergen and de
Graaff (2006). In Germany guidelines for geomotpgial mapping at large scales
(1:25,000 and 1:100,000) scale have been developddigler (1964) and within a national
geomorphological mapping research programme (Stabld980). A 1:25,000
geomorphological map of the Turtmann Valley is usethis study for the identification of
sediment storage landforms (Otto and Dikau 2004).thAs scale information is often
generalised for cartographic reasons, which restresolution and therefore the ability to
discriminate between landforms. Therefore, the gwphological map of the Turtmann
Valley, together with High Resolution Stereo Cam@frRSC) data (aerial photographs,
digital terrain model (DTM)) served as a basistfe detailed mapping of storage landforms,

which have been digitised as polygons with shaymdaries and stored in a GIS database.
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3. Methods for sediment storage analysis

3.2 Landform classification

A classification of landforms implies different @utes that not only describe individual
characteristics, but also reveal information abpatterns of distribution and relationships
between the landforms. Dikau (1989) divides thesebates into primary and secondary
attributes (Table 3.1). Primary attributes incluatdy geomorphometric parameters such as
slope, aspect or curvature, and represent derivdtdee elevation data. Secondary attributes
refer to the position of the landform relative b tsurrounding environment, shape, material,
and the geomorphodynamic and geomorphogenetic ggeseresponsible for the landform
evolution. An extensive list of primary and secand#andform attributes that can be

calculated from a DTM was compiled by Huggett atee€3man (2002).

Table 3.1 Primary and secondary landform attributes(Dikau 1989)

Primary Attributes Secondary Attributes
* Slope » Position in relation to the hierarchically highek! unit
* Aspect » Type of toposequence
e Curvature * Height

» Distance to the drainage divide

» Distance to the drainage channel

» Height difference to the drainage channel

* Shape

* Type and association of superimposed forms
» Subsurface material

» Geomorphodynamic processes

» Geomorphogenetic processes

» Geomorphochronology

3.2.1 Derivation of primary attributes

Primary attributes of the sediment storage landfohave been derived by geomorphometric
analysis of the HRSC data of the Turtmann Valldye HRSC data contains a 1 m DTM and
multispectral imagery at 50 cm resolution (c.f. miea 3.3). High resolution DTM data
combined with multispectral imagery provides a vedeptailed and useful basis for digital
landform mapping. However, high resolution can be dabstacle for geomorphometric
analysis as well. Small objects (< 2 m) producdgh llegree of surface roughness, which
represents a factor of noise in the data. Derivafeslevation, such as slope, aspect or
curvature therefore contain information from snetllehanges, for example a large boulder

(e.g. 5 m high) within an otherwise even surfaoeorder to remove this noise the 1 m DTM
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3. Methods for sediment storage analysis

has been smoothed using a 7 x 7 pixel analysisamirfdr the geomorphometric calculations
(slope, aspect, and curvature). This smoothing vesiemall systematic errors of the HRSC
DTM data as well (see chapter 3.2.3). The sizehef dnalysis window was chosen after
comparing the results derived using different windsizes (3, 5, 7, 9). The 7x7 window
proved to be the most efficient in order to remsueface roughness and errors, but retain
important surface structure elements and the @igifitude information.

Geomorphometric parameters are calculated accotdiityans (1980). The implementation
of the interpolation algorithms into Arc/Info GlSaw established by Schmidt et al. (2003)
using the Arc Macro Language (AML). This impleméma provides not only different
algorithms for parameter calculations, comparedtémdard GIS software, but also allows a
definition of the analysis window size. A compléte of the algorithms used to calculate the

geomorphometric parameters can be found in Eve@&0jland Shary et al. (2002).

3.2.2 Derivation of secondary attributes

Secondary landform attributes represent not ordystimpe, material and formative process of
the landform, but provide information about the iemwmental setting and neighbourhood
relations around the landform. Therefore, theyespond to the geomorphological landscape
structure of an area. A relative location of thedf@rms within a hanging valley is expressed
by the distance to the drainage divide and draineme This parameter indicates the relative
position of landforms within the sediment cascagiedxample. These distances have been
calculated on a pixel basis using ridge data frowe geomorphological map as drainage
divides and drainage ways from the digital topogramap 1:25,000 (Swisstopo).

A concept to study functional relationships andghbburhood characteristics of landforms is
the idea of toposequences. Although, originallyaduced to study patterns of landform
elements by Speight (1974), the concept can bené&teto entire landform distribution. A
toposequence is a topographic succession of lamdfar landform elements passed by a
virtual particle following gravitational forces thugh a landscape (Speight 1974; Rasemann
2004). Figure 3.1 shows the toposequence in aatpice environments developed by
Stablein (1984) for the mountains of Greenland. sTleixample includes the entire
geomorphological set of processes, landforms amdustace material found in an arctic-
alpine environment. However, no functional relasioip between the elements of
toposequences is included in the toposequence agprdNot all neighbouring landforms
within a toposequence represent the real trangporteoute of sediment. Landforms can be

coupled or decoupled leading to sediment storageediment throughput and creating a
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3. Methods for sediment storage analysis

neighbourhood relationship between the landformisis Tfunctional relationship between
landforms, resulting from process activity, seditmimx and position leads to a landscape,
where the landforms are not distributed randomiy, deveal a distinct pattern of sediment
flux. Hence, a toposequence represents a sedirascade, when sediment is transferred from
one landform to another. Time plays a strong ralghis classification. Changing process
activity and intensity over time determine whetbkediment is delivered from one landform to
the other and hence, whether a toposequence rafsessediment cascade or not. Landform
successions can temporarily become or stop betlighsat cascades.

Up to now, no automatic procedure exists to detojgosequences from a digital dataset.
Rasemann (2004) notes that the identification bamedjuantitative criteria alone is not
enough to map toposequences. The formative semaaiitel of geomorphological objects
presented by Lowner (2005) provides a promisingr@ggh to the identification of
toposequences and sediment cascades. In additioriantiforms he specifies coupling
processes to define valid functional relationsfaipeng landforms.

In this study, toposequences have been mapped thamased on the storage landform
database by linking each landform with its loweighbour. Different typical toposequences

could be identified that led to the classificatafrtoposequence types (cf. chapter 5.1).
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3.3 Topographical, digital imagery and geomorphological base data

A high resolution data set derived by the HRSC nielre is used as elevation and imagery
base data. The “High Resolution Stereo Camera” E)R&nsor is a multi-spectral, stereo
scanner containing nine bands: one blue, one gaenred (tending to near infrared), one
near infrared and five panchromatic bands covethgy green and red spectrum. It is a
pushbroom scanner consisting of CCD sensors inlimas.

The HRSC data includes multispectral image of 0.§emmetrical resolution and a 1 m DTM
that includes vegetation and buildings. DTM altéuaccuracy is given with 10-30 cm. The
DTM data shows non random errors along overlapgwgth locations. These errors are
represented by regular fabric-like structures tiss 10 - 30 cm above the surface (Rasemann
2004). The multispectral imagery is slightly blutreaused by different viewing angles colour
lines. This blur has been removed for the NADIRfute, resulting in sharp black and white
images that served as the main aerial photo basiggdomorphological mapping. For more
information about the camera and dataset pleaseteeNeukum (2001).

The geomorphological map 1:25,000 of the Turtmammtiéy is based on a field mapping
campaign during a preceding study by the authoto(@hd Dikau 2004). Field maps of
1:10,000 together with aerial-photograph intergretawere used to produce the map within a
GIS environment. The mapping legend is based omtimeiples of the GMK 25 national
research program (Stablein 1980). Geomorphic sysnbale been taken from the mapping
legend for high mountains introduced by Kneisehle{1998). Modifications of the symbols
and the GMK25 principles have been made in ordeadjost to the observed geomorphology.
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3.4 Methods for sediment storage quantification

Approaches towards a quantification of sedimemnagt® volumes in alpine environments can
be divided into two spatial scales: (a) micro tosmecale, representing single landforms and
valley fill storage, and (b) meso to macro sca@resenting sedimentary basin and lake fills.
While landforms on smaller scales act as interntedistorage on a medium time
scale (16-10* a), basin and lake fillings often serve as sedins@rks that are only depleted
by tectonic processes on very long time scale3-100a). Herein only micro to meso scale
objects are under consideration. In general, fafferdnt types of methods are applied to
assess the volume of sediment deposits on thefeeathif spatial scales (Table 3.3). However,
in this study only DTM analysis and geophysicalveymg are used to asses the sediment

volumes.

Table 3.2 Methods and previous studies of storag@ime quantification

Method Scale Reference
(acc. Dikau 1989)
Geometric approaches (valley  micro — macro Shroder et al. (1999),
cross profile, geometric objects, Schrott et al. (2003),
DTM analysis) Jaboyedoff and Derron (2005)
Geophysical surveying micro — meso Sass and W¢091),

Schrott and Adams (2002),
Hoffmann and Schrott (2002)

Sedimentological analysis meso — macro Schlunegger (1999),
(stratigraphy) Hinderer (2001)
Drillings micro — meso Schrott et al. (2002)

3.4.1 Shallow subsurface geophysical investigations

Geophysical surveys measure the variation of somysipal property of the lithosphere that
might reflect the subsurface geology. Various gesmal methods exist to investigate
underground characteristics such as geologicalctstres, mineral deposits, fossil fuels,
underground water supplies, environmental, engingear archaeological site issues (Kearey
et al. 2002). In contrast to investigation throdmgitehole drilling, which provides only point

information, geophysical surveys deliver 2D or 3iformation of the subsurface conditions.
Moreover, geophysical investigations are non-destre, often more rapid and cost-effective
than drilling campaigns and usually represent thly possible method for underground
exploration in rough mountain terrain, where dndjiis impossible due to, for instance
monetary or technical constraints. In general, pgsgal methods can be divided into
techniques using natural fields of the Earth, sashmagnetic or gravitational fields and
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techniques that require the input of an artifigiajenerated energy into the ground, such as

seismic waves or electrical and electro-magnegicl$.

In geomorphology geophysical methods are used udysshallow subsurface features. In
alpine environments two main research fields made af variations in physical subsurface
properties: (1) periglacial geomorphology (Bertgliat al. 2000; Hauck 2001; Musil et al.
2002; Kneisel and Hauck 2003; Kneisel in press) @idsediment budget analysis i.e.
investigation of sediment storage bodies (Sasd/Moithy 2001; Hoffmann and Schrott 2002;
Schrott and Adams 2002; Schrott et al. 2003). Hamegeophysical methods become
increasingly popular in other areas of interesg@omorphology, for example in landslide
studies (Sass et al. in press).

Although geophysical methods provide a comparabpidr way to investigate subsurface
conditions, an ambiguity in the interpretation bé tresults remains a major drawback. The
principle of geophysical techniques is based onkedge of the internal structure and the
physical properties of the material under investaga However, this information is generally
unknown and measured physical parameters, e.gnisevgave velocity, are used to deduce
some internal structure. This problem is referaedd the inverse problem. Since physical and
chemical properties of rocks differ significantly most cases no direct connection between
physical property and internal structure can bewdra This ambiguity cannot be
circumvented, but an interpretation of the resigtsmproved when different methods are
combined. Hauck (2001) gives a good introductidao the inverse problem.

This study makes use of changes in physical gratilratacteristics between the regolith
coverage and the bedrock base. Differences maiial from changing material density,
porosity and water/ice content. Seismic and eletagnetic radar waves as well as electric
currents are used to detect these differences., Thasmethods applied here are: seismic
refractions surveying (SR), 2-dimensional electésistivity tomography (ERT), and ground
penetrating radar surveying (GPR). These techniguiebe briefly described in this chapter.
For a more detailed description of the methodsmrysical properties of subsurface materials

refer to geophysical textbooks (Knddel et al. 19R&ynolds 1997; Kearey et al. 2002).

3.4.1.1 Seismic refraction (SR)

Seismic surveys measure the propagation of wavegnefgy through ground from a

controlled source. The application of an extermapulse, for example a blow from a
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sledgehammer, creates an internal stress on thedyr®ibration of the rock or soil results in

a temporal deformation of the material. This stnaianifests as a change in material shape
and size. Up to a certain level this strain is prapnal to the applied stress leading to an
elastic deformation. Hence, the deformation is r&iée and when the stress is removed,
strain is removed as well. The linear relationdbgpween the stress and strain of a material is
determined by its various elastic moduli. Seismaves are made up of the elastic strain that
propagates outwards from the source of stress.

Seismic surveys use the velocity of the seismicesahat travel through the ground. Two
types of waves are created depending upon the ofpstress acting in the ground.
Compressional waves, also termed primary, longialdor p-waves, travel by compressional
strain in the direction of the wave. Shear wavedled secondary, transverse or s-waves,
propagate by a shear strain perpendicular to theewdirection. In general only the
propagation of the p-waves is used, because theyaater than s-waves, and therefore are
detected before the s-waves arrive. Typical p-waalecities range between some hundred m
s* for loose debris to more than 6000 m #r igneous or metamorphic rocks. In the
Turtmann Valley the bedrock velocities of the m#tasts and gneisses range between 2800
and 4000 m'$ (Table 3.4).

Table 3.3 Geophysical properties of chosen subsuda material (different sources).

Material P-wave velocity (m/s) Resistivity (Ohm m)
Water 1430 - 1590 10 - 300
Permafrost Ice 2500 - 4300 “.010

Glacier Ice 3100 - 4500 fo 10

Clay 600 - 2600 1-30

Talus deposits 600 - 2500 1000 > 20000
Till 1500 - 2700 500 - 3000
Schist 2700 - 4800 50 - 10

Granite 5500 - 6000 150 - 90

Talus debris 400 - 500

Moraine (Egesen) 600 - 900

Dolostone 3500 - 6000 5000 -*10

In the Turtmann valley:

Mica-shists, gneisses 2600 - 4000 2000 - f0
(Pfeffer 2000, Knopp 2001)

Mica-shists, gneisses (this study) 2900 - 4000 500800
Mica-shists, gneisses (Krautblatter, subm.) - 208000 (wet)

8000 - 18000 (dry)
> 18000 (frozen)

Dry debris (Pfeffer 2000, Knopp 2001) 300 - 600 3100
Compacted debris 1100 - 2200 -

(Pfeffer 2000, Knopp 2001)

Dry loose debris (this study) 200 - 800 2000 -B»
Compacted debris (this study) 700 - 2000 -

Frozen debris (Pfeffer 2000, Knopp 20011800 - 4000 1b- 1¢°
Nyenhuis 2005)

Frozen debris (this study) 3500 - 4000 2#100

48



3. Methods for sediment storage analysis

If subsurface characteristics change at geologioahdaries, the waves will be refracted at
the interface. While part of the energy is tranrgférninto the deeper layer, some energy is also
reflected back towards the surface. The seismim@aecebn method makes use of the energy
refraction at subsurface boundaries, as waves efggrcan be recorded at geophones at the

surface.
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The angle of incidence is equal to the reflectiogle. The refraction angle followSnell's

law, which is:
sing /sing, =V,/V, (3.2

Where 6; is the angle of incidencé), the angle of refraction and; andV, the seismic
velocities of the upper and lower layers, respetyiwwhen the velocity of the lower layer is
higher than the upper layer, a critical refract@nof the incoming wave occurs and the
refracted waves travel parallel to the interfacthweelocityV,. The critical refraction is given

by the ratio of the layer velocities:
sing. =V, 1V, (3.2)

The resulting stress produces upward waves, chlad waveshat travel towards the surface
and may reach the geophones faster than the diea@ travelling at the velocity of the upper
layer (V1). Thus, one prerequisite for the seismic refractivethod is an increase in velocity
towards deeper layer¥{> V,). As the distance between the trigger locationtAedecording
geophone increases, the first impulses to arrivenecdrom successively deeper layer
boundaries (Figure 3.2 A). First arrivals are reearand time-distance plots are interpreted in
order to derive information on the depth of subecefboundaries. In the case of a layered
subsurface structure, the first arrivals lie ontight line (Figure.3.2 B). The first line
segment represents the travel-time of the directewavhile the following segments are
associated with the underlying layers. The gradwérihe travel-time segment represents the
reciprocal velocity of the layers, which is equai both layers at the crossover distadggss
The depth of the refractor can be calculated froenlbcation of the intercept tintg which is

the intercept of the travel-time segment with fheetaxist:

22(V2 —\2)V2
| 1) (3.3)
V1V2

t

Thus, the refractor depthis:

— tiV1V2
— 12 (3.4)
2 -y
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Figure 3.2 A — Principle of seismic wave refractiomnd reflection. B — Travel-time—distance ploti¢ — angle
of incidence,V; — velocity layer 1,V, — velocity layer 2.t; — intercept time, X0 — Crossover point).

Different inversion methods exist to analyse waewdl-time data for the calculation of p-
wave velocities and interface depths. In this syrwavefront-inversion(WFI), network
raytracing and seismic tomographgre applied to calculate p-wave velocities andactbr
locations. These methods yield more complex result®ntrast to, for example, the intercept
method, corresponding to the expected complex gnoend situations of the study area
(Kearey et al. 2002).
The main method applied here is thetwork raytracing Structural models of synthetic
travel-times are compared to the observed traweddi Based on a starting model, the
synthetic travel-times and the refractor locatiom repeatedly adjusted until they are in good
agreement with the observed data. The starting hiadthis case was derived using the
wavefront-inversion method his method tries to reconstruct the configuratid successive
wavefronts based on the measured travel-times.gUsia forward and reverse wave travel
paths the depth of the refracting surface are ddrigtarting from the uppermost layers and
descending to the underlying layers. This methoahgly depends on an exact knowledge of
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first arrivals and is based on theite Differenceapproximation of the eikonal equation that
migrates the combined forward and reverse traneddiinto depths (Sandmeier 2005).
Seismic refractionomographyis an automatic inversion technique. In an iteeprocedure
travel-times are modelled based on a simple stamiodel, until the residuals between
modelled and observed travel-times are minimisdw fiesult is a 2-dimensional (2D) grid

model of the observed velocity distribution.

3.4.1.2 2D- electrical resistivity tomography (ERT)

Resistivity measurements make use of the abilityubisurface material to conduct electricity.
Electricity is conducted through the ground in gas ways, for example through the passage
of electrons in certain minerals, e.g. metalshoough the passage of ions in pore waters, i.e.
electrolytic conductivity. Hence, porosity, porezesi and distribution, and boundary
conductivity between pore water and rock surfasgengly influence the resistivity of rocks
along with other material properties, such as teatpee, water and ice content, and other
chemical properties. The resistivipyof a material is defined as the resistaRdaetween the
opposite faces of a cube. Resistance is propottimnahe cubes length and inversely

proportional to the cube’s facde
R=pL/A (3.5)
Resistivity is the product of resistance over dist@a
p=VA/IL @ (Ohm)/m), (3.6)

whereV is the potential drop between the faces of theecahdl is the electrical current. In

resistivity measurements a constant current isciege into the ground through two current
electrodes (A, B) and the resulting voltage diffexes at two potential electrodes (M, N) are
detected (Figure 3.3). Due to inconsistent subsaré@nditions only apparent resistivities are
measured. The resistivity for uniform ground is fineduct of the potential drop between the
current electrodes and the potential electrodes.aHmomogenous earth model the potential

difference4® between the electrodes M and N is given by:

o1 1 1 1
-a =Ap="" - - +—=), 3.7
“ R 4 ZH(AM BM AN BN) &9

where AM represents the distance between current electratedApotential electrode M.
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In order to calculate the resistivity the term banarranged to:

A
p= K|—¢. (3.8)

The geometric factok combines the effect of electrode separation distarconditioned by
the electrode configuration. Different electrodeftgurations exist. In this study the Wenner
configuration has been applied, where the two oeiectrodes are used as current electrodes
with the two potential electrodes in between. Dgrihe survey the spacing is changed by a
multiple ofa and moved along the spread. The Wenner configuratinimises the time for a
complete survey, as the number of measurementslasively small. It provides a good
vertical resolution, but small scale lateral vaoias are often not resolved. However, it is less
susceptible to flaws resulting from heterogenecosiigd conditions and weak signal strength
(Kneisel and Hauck 2003). The Wenner configurat®oone of the most common electrode
configurations in geomorphological ERT studiesisltalso commonly used in permafrost
detection (Hauck 2001; Hauck and Vonder Muhll 20683ieisel 2003) and in storage
quantification studies (Schrott et al. 2003).

A M N B

| | | |
«<aA—>  «—aA—> ' <«a—>

Figure 3.3 Configuration of the Wenner Array: A current is passed from electrode A to B. By measuring
the potential between electrodes M and N the appané resistivity p in layers 1 and 2 is determined. The
distance a between the electrodes always remains constant, ikhthe configuration is shifted along the
spread.

For the Wenner configuratidf is derived from the electrode distarace

K = 2na, (3.9)

The field data are commonly arranged in form ofupesections, giving the distribution of
the apparent resistivity of the subsurface, basethe geometry of the electrodes. In order to
obtain the true resistivities an inversion of thgeudosection data has to be carried out. The
inversion technique used in this study is calletbothness-constrained least-squares method
(deGroot-Hedlin and Constable 1990) and is impldetim the inversion software package
RES2DINV (Loke and Barker 1995). This method soltresinverse problenby creating a
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model of rectangular blocks of constant resistititstt is compared to the measured apparent

resistivities. The model blocks are generated bydast-square equation

(J'3J+ACc'Cc)p=J"g, (3.10)

where J is the Jacobian matrix of partial derivatéss the damping factor, C is a flatness

filter that is used to constrain the smoothnegss the discrepancy vector containing the
logarithmic differences between the measured and the calculated appastvitiesj andp
is the correction vector to the model parameters. The RES2DINV ioweaggorithm takes
three main steps (Loke and Barker 1995):

» Calculate the apparent resistivity value for the present model.

» Calculate the Jacobian matrik of partial derivatives.

» Solve the least-square equation (3.10).
These steps are repeated until the algorithm converges, or a maxumimerrof iterations is
reached. RES2DINV allows a change of some parameters of equatiohike X6y example
the size of the blocks or the damping factor, in order to adhestmodel to the survey
conditions (cf. chapter 3.3.1.5). The difference between the naodethe measured apparent
resistivity is given by a root mean square error (RMS). While theSRiror doesn’t
necessarily predict whether the model represents the true geologitsitor not, the model
is considered to be optimised when the change in RMS betweenethgons becomes
insignificant.
Typical resistivity values for different materials are given in tabB B the study area the
mica-shists and gneisses show resistivity values between30@0and 75002 m. These
numbers correspond well to other studies in this valley.

3.4.1.3 Ground penetrating radar (GPR)

Ground penetrating radar surveys introduce pulses of radar waves éngrahnd. The
electromagnetic impulse from a transmitter is reflected by subsurfaegularities or
boundaries, and similar to the seismic survey, the wave’s travelidimeasured (Figure 3.4).
In contrast to seismic waves, the velocity of the radar wave is tledtrby electrical
properties of the travel medium, mainly the relative permittiiglectric constank”) and
the electrical conductivity.

The speed of radar waves through a material is given by:
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Vo =cH( e pu, 12)(1+ P2 +1]p 2, (3.11)

m

Wherec is the speed of lightg, is the relative dielectric constang is the relative magnetic

permeability.P is theloss factorthat includes the conductivity the frequency of the signfl

(w=2zf) and the permittivity:
P=o/we, (3.12)

Permittivity is strongly influenced by the water content, sinegewhas a high dielectric
constant, as well as the porosity of the material. Table 3.4 goe® typical values for
electrical properties of different materials. Radar waves travel at the spégiat thlough air
(0.3 m n&). Through subsurface material the waves are slowed down to a range&:01
and 0.17 m & (Moorman et al. 2003).

<«—a—>

L\MV% topo surface

ground wave

refractor surface

_> . .
survey direction

Figure 3.4 Principle of GPR measurement. T — Transitter of radar waves; R — Receiver; a — Offset
between T and R.

Different wave frequencies (10-1000 MHz) are used in order to improv@ehetration
depth, or the resolution of the image. Higher frequencies lyspiavide higher subsurface
resolution, but shallower penetration depth due to absorpiohattenuation of the wave
within the ground. In addition to the descending waves #natreflected by subsurface
objects, two direct waves are generated that travel parallel to tfecesusimilar to the
seismic waves: the air wave and the ground wave. These waves reeddosidered in the

interpretation of the radar image.
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Table 3.4 Electrical properties of different mateial (Dielectric constant, conductivity and radar wave
velocity) (different sources)

Material Dielectric constant & Conductivity o Wave velocityv (m ns")
. . ' (mS m?)
(no dimension)
Air 1 0 0.3
Water 80 0.5 0.033
Saturated sand 20 - 30 01-1 0.06
Limestone 4-8 05-2 0.12
Shist 5-15 1-100 0.09
Granit 6 0.01-1 0.12
Permafrost 1-8 - 0.1-0.3
Loose debris - - 0.1-0.18
Egesen moraine debris - - 0.09
Moraine debris (dry), this - - 0.105 (Egesen age)
study 0.095 (LIA)
Talus debris (coarse, dry), - - 0.12-0.14
this study

The resulting radargram is commonly interpreted visually, batrdilcan be used to improve
the visual quality of the image. Although this technique ey a high resolution image of
the subsurface conditions, an interpretation of the reflection interfaoed easy as analysis
of the measured travel-times or velocities is not usually performexeter, data
interpretation is supported through combination with data frorherotgeophysical
investigations or borehole data (Otto and Sass 2006).

A more detailed discussion of the GPR method and application éesrmogn be found in
Daniels (1996), Reynolds (1997), Moorman et al. (2003), and(3a86).

3.4.1.4 Acquisition of geophysical data

Geophysical methods have been applied in this study to detextgblith—bedrock boundary
of single landforms in one hanging valley. The acquisitiorg@dphysical data was done
during field campaigns in summer 2004 and 2005. The Hungdrlitegiging valley was
chosen because it has been studied the most intensively bypysrestudies within the
RTG 437. Previous geophysical surveys in the HungerlitbgliNyenhuis (2005) delivered
additional subsurface information. Although, Nyenhuis dogésgpnavide bedrock depths, his
information on permafrost distribution was considered in thigyst

The seismic surveys were performed using a 24 channel GEOMETRIEGDE
seismograph at 27 locations. Locations were chosen in central gfaldndforms, usually
parallel and sometimes perpendicular to the slope; and also akdgéhpest locations within
the hanging valley. The 24 geophones were placed along a spthagh equal spacing of 3
and 4 m, resulting in profile lengths of 69 and 92 m, respeytigate profile (SR05_15) in
the central part of the Hungerlitaelli was performed using 5 m geepacing resulting in a

profile length of 120. Seismic waves were created using a 5 kgeslachmer. On blocky
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terrain the hammer was applied directly on large rocks, on locatiorerecb with fine
material, soil or vegetation, the hammer was applied on a meta fatmprove the
penetration of waves into the ground. Fifteen recordings before, betweemaftan the
geophone locations were made along a profile to improve the resoblftithe subsurface
information. Offset shots were located 2.5 and 0.5 times the geepmacing before and
after the spread, inline shots were placed between every second geopiigoe. signals
were stacked 10 times at each recording to improve the signal-toratsewnhich proved to
be very useful as background wind noise is always pres#émsinegion.

The data was analysed using the REFLEXW software (Sandmeier Zi@dje 3.5 shows
the main steps of the data analysis, wave velocity determinatiorefxadtor depth location
applied in this study. In some locations two overlapgi@gmic profiles have been spread on
the landforms. Where possible these profiles have been analysecetageaihder to improve
the underground image. Subsurface information from the other geoahysethods was

incorporated in the refractor surface modelling.

Steps of seismic data analysis

Data Acquisition in the field
Import of seismic data into processing software (REFLEXW)
Combination of overlapping profile data(optional)
Picking of first arrivals

Creation of time distance plots

Z T

Creation of a simple start model Wavefront Inversion

1

Creation of start model

1

Seismic tomography Network raytracing

~.

Adjustment of netw.-raytr. model

|

Final Model

Figure 3.5 Procedure steps of seismic refraction ¢tk analysis
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For the 2D-resistivity surveying we used an ABEM Lund imggsystem with a Terrameter
300 device. Forty-one electrodes with 4 and 5 m spacing were edstedsulting in profiles
of 160 m and 200 m length, respectively. The penetration démhengy using the Wenner
array is roughly one-third of the profile length, i.e. 27 andr33espectively. Currents of 1 or
0.5 mA were applied. The current was injected into the ground @&ingn long stainless
steel rods, placed at a depth up to 60 cm deep. Occasiongiyblanlders at the talus surface
hampered the contact between the electrode and rocks. This problem wasnevénrco
applying sponges saturated with salt water between rocks anddtrecdke

The inversion of the apparent resistivity was performed usingottiwase RES2DINV. This
software package produces a two-dimensional subsurface model fronp#rerdpesistivity
pseudosection (Loke and Barker 1995). Model parameters have beeted@jcsording to
the survey conditions, the data quality, which is considerexntain a lot of noise, and the
expected subsurface characteristics. Some of the adjustments that ackreinhcude (cf.

Appendix for a list of the entire model parameters):

» Change of damping factor: Initial 0.3, minimum 0.1, correspunth noisy data
* Model using a robust inversion to help identify sharp changes
* Model refinement (half block size)

» Change of vertical to horizontal flatness filter to search for hot@atructures.

Inclusion of local topography of the profiles was included endata processing. The routine
was iterated between 3 and 8 times, generally until the RMS charggemaler than 1%.

However, some spreads took as much as 16 iterations beforeahgealate occurred.

GPR surveying was carried out in cooperation with Dr. Olives,Saggsburg University, in
summer 2004. We used a RAMAC GPR (Mala Geosystems) with a 25aviténna for the
GPR surveys. Data were acquired at 6 profiles of lengths ofebat@80 and 290 m. A
transmitter — receiver offset of 4 m was applied and the trigger ahtalong the profile lines
was 1 m. The specific velocity adaptation was carried out perforsengral wide angle
reflection and refraction (WARR) measurements with stepwise increasieagnantistance.
The radar wave velocities derived from these measurements ranged fromn0.0§5in
vegetated moraine debris to 0.14 m' s the very coarse and dry talus bodies. The vertical
resolution of GPR data is a quarter of the wavelength whichaf dependant upon the

frequency and propagation velocity of the radar wave. In the curresdtigation the vertical
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resolution was calculated to be 1.0 to 1.4 m. The REFLEX#Ware (Sandmeier 2005) was
used for data interpretation. In most instances a DC-shift correatioandpass filter, a time-
dependant gain function and a static correction of the first onses tmere applied. Data

interpretation was performed visually on the radargrams.

3.4.2 Volume quantification using DTM analysis

A quantification of sediment volumes in the 139°darge Turtmann Valley cannot be done
within reasonable time by geophysical methods only. These nsethoiide the most
detailed information on bedrock locations, but field work is tooasuming and restricted in
this environment to a very short period of time during the yéansequently, the sediment
thickness information gathered from geophysical surveying at featibms was used to
estimate the entire sediment volume of the hanging valleyg wusgital terrain data and a
geomorphological landform database in a Geographical Informatioar®8y&tlS) (cf. chapter
3.3). Sediment volumes have been estimated using different me#toodsding to the
different scales of investigation and sediment storage environnfeotse of the volume
estimation methods applied have not been previously usesther studies, but will be
presented here in detail. The quality and certainty of volume dgation varies for the
different scales and subsystems and is discussed at the end afaypier (cf. chapter 3.5).
Some of the volumes calculated include estimations on sedimekitdhs that are based on
assumptions. These assumptions follow a geomorphologicat lagd are based on a
literature review, several years of geomorphological field experience sdisns with fellow

scientists, and are backed up, where possible, by comparisosimilir previous studies.

3.4.2.1 Sediment thickness interpolation in the Hungerlitaelli

In order to assess the sediment volume for the Hungerlitaelliegbih information on single
landforms derived from geophysics was used. First, the sedimekhdbs is interpolated
along several transects through the Hungerlitaelli (Figure 3.6). Thassetts have been
constructed by including the depth information from the geopalsorveys. Due to the
limited number of surveys and the lack of bedrock data from somdeofsdundings,

additional bedrock locations needed to be inserted in order tothaiseimber of data points
for interpolation. Additional points have been placed at specifiatimts such as breaks in

slopes, changes in landforms or central positions withindhey.
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The estimation of sediment thickness at these additional pasntisased on several
assumptions:(1) The known thickness values from the geophgsicadying can be taken as
representative values and transferred to equal positions and landfotimrs tve hanging
valley. (2) Where certain landforms, for example rock glaciers, clearty aiove the
surrounding surface this indicates a minimum thickness, wddaohbe used as or added to the
assumed value. (3) The shape of the bedrock surface caused by tectoegsgsoand
lithologic structure influences the land surface morphology and hbacsediment thickness.
A visual interpretation of the structure, location and tectonicngethf the outcropping
bedrock influenced the estimation of certain landform thicknessexgarple: as the shape
and location of the large central moraine corresponds to the direftibe ridge towards the
east of it, it has been assumed that the moraine is based on arlnigeedf bedrock. This
assumption is backed up by the geomorphological interpretatitnsohanging valley. The
geometric shape and orientation of the Hungerlitaelli favours the preskgtaciers on the
more shaded northern oriented slopes. Thus, the erosive foilte giatiers must have been
of longer duration in the southern part (oriented towards ndrdr) on the northern part of

the Hungerlitaelli, causing more bedrock erosion and debris removal.

0

1,000  PUESSSEEEE
|Melers o

Figure 3.6 Locations of geophysically derived (yeallv) and modelled (blue) thickness locations usedrfthe
sediment thickness interpolation in the Hungerlitaédi.
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The points along the transects have been interpolated to 5 mgpdmiy the profile line.

This interpolation was made using a double parabolic functioBxcel. The function was

chosen because it represents an idealised, glacially-smoothedajpppdetter than a linear
interpolation. The resulting differences between linear and parabolic algBom increase

with larger interpolation point spacing.

Transects were then combined and entered the GIS as point dgtdittRthickness was

interpolated for the entire hanging valley, while additior@hts from bedrock outcrops and
ridgelines were combined with the regolith thickness inforomats zero metre thickness

points in order to define the interpolation boundary.

ArcGIS 9.1 offers several ways to interpolate these kinds @. dadllowing the positive
results of a previous study by Hufschmidt (2002), the intenpolahethodTOPOGRIDwas
applied. TOPOGRIDis an interpolation method originally implemented in #&sUDEM
software created by M.F. Hutchinson (Australian National Universityorder to create
hydrologically correct digital elevation models (DEM) (Hutchinsk¥89). TheTOPOGRID
method is an iterative finite interpolation that uses thinnsgli The method allows the
inclusion of different types of available input data, such as bresklboundaries or drainage
ways. One major advantage of tROPOGRIDmethod is the interpolation of elevation data
based on very few data points. A comparison to other interpolatiethods (Spline, IDW,
Kriging) revealed that only th& OPOGRID method created a thickness “surface” that is
constantly below the topographic surface. All other algorithnoglygmed negative thickness
values from the source data points. Thus, the recommendatien gw Hufschmidt (2002)
could be verified for the Hungerlitaelli data. Finally, the sedimehime of each pixel of the
debris area in the Hungerlitaelli is calculated by multiplying thterpolated sediment
thickness by its real surface area. A zonal statistics quenynwiite GIS sums up the volumes

of the pixels that construct a landform and delivers landform volumes

3.4.2.2 Volume quantification of the Turtmann Valley

In order to estimate the sediment volumes of the remaining hangilteys, a proxy is
required that allows the transfer of thickness information from tloal Igeophysical
investigation to the entire valley. Attempts to find a stiatié correlation between the bedrock
depths detected and geomorphometric surface characteristics like akpmsgt, profile
curvature or distance to bedrock failed. Linear regression analgsiesred correlations of
r=0.03 and below. This could be due to the limited numberatd goints, or because no

relationship exists between geomorphometric characteristics anddkieetds of debris cover.
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A similar interpolation approach as taken for the Hungerlitaelioisfeasible for the entire
valley. Thus, a more simple approach is applied:

The mean sediment depth of the storage landform types in the Htaedeis used quantify
volumes in the other hanging valleys. This transfer is foundpdn some general
assumptions: (1) That the composition and distribution ofresmat storage landforms in the
Hungerlitaelli can be regarded as representative for the Turtmanny\&iflee they are
conditioned by equal lithology, tectonics and climate. Th&u@gption is constrained by the
few locations of different lithology in the Turtmann valleyaimly the Pipji hanging valley
and some parts along the western main ridge (upper parts of haafjayg \Bliomatt, Augst
and Meid). However, the Hungerlitaelli lacks two landform types #natfound in other
hanging valleys: alluvial deposits and protalus rock glaciérsse landforms cover less than
1% of the Turtmann Valley together, while protalus rock glaameaking up less than 0.2 %.
Thus they play only a minor role in the sediment budgettha&f Turtmann Valley.
(2) Furthermore it is assumed, that values of alluvial sedimekrigss found in the literature
provide reasonable approximation for similar landforms in the Tumméalley. Alluvial
sediment thickness is based on values determined by Schedtt(2002). (3) Finally, the
mean frontal height of protalus rock glaciers is held as a reliablexapyation for the mean

landform thickness, corresponding to the approach used by Bagsth (1

However, some sediment storage landforms cannot be quantifiednsyetrang thickness
values from the hanging valleys. These include storages in thenieghaubsystems of the
sediment flux system: (1) the main glacial trough, (2) the trolmbes and (3) the glacial
forefield at the valley terminus. These subsystems possess@iaptex patterns of storage
landforms compared to the hanging valleys and can be regarded asysignss Material
stored in the glacier forefield and the main valley trough is mpasiably only a fraction of
the entire eroded bedrock, as almost no barrier hinders the material’s rdéanagVatiofluvial

processes.
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The depth of the main trough filling exceeds the detection rantfee afvailable geophysical
methods in this study, as unpublished tests by the authwe shown. However, the
application of other geophysical techniques, for example a streaggenic source for seismic
reflection surveys would overcome this constraint.In ordertimate the storage volume for
the main valley trough, th&loping Local Base LevéELBL) approach by Jaboyedoff and
Derron (2005) has been applied. The SLBL approach is founddtearoncept of the base
level in geomorphology, defined as the lower limit of subaerial @ngsrocesses affected by
fluvial erosion. The sea level is the general base level for all procétsesver, local base
levels above and below the sea level, lakes or basin floors, exigtllaslaboyedoff et al.
(2004) define the SLBL as a surface above which rocks are assumed todlxe eby
landslides, indicating a potential sliding surface, representedshyface that joins all rivers.
They developed a method to calculate this volume. Jaboyedoff anoh¥2005) adapted the
SLBL method in order to estimate the bedrock surface of the Rradley,vSwitzerland. The
SLBL method in this case deepens a DTM grid surface based on theirigl steps
(Figure 3.7):

First, the four neighbouring grid cells of a point are analysed tla@ greatest difference in
altitude between the four points is derived. If a point is locatemlre the mean of its two
extreme neighbours minus a tolerance valagits altitude is replaced by the mean value of
the two extreme neighbours mindg This procedure is repeated until the surface remains
unchanged between two iterations. The area affected by the routefenesddoy fixed points.

These points represent the boundary of the valley floor wittrdligh slopes.
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Figure 3.7 Principle of the SLBL method indicatingintermediate steps of the procedure. At each step a
point is replaced by the mean of its two neighbourminus the toleranceAz. (from Jaboeydoff and Derron
2005)

In order to estimate the value 4, Jaboyedoff and Derron (2005) use a parabola, based on
the assumption, that glacial valley cross-sections can be descslmefquadratic profiles

(Wheeler 1984). This parabola is expressed by:
z=ax? (3.13)

wherea is a constant equal to half of the second derieati

2xA\z
(Ax)2’

Z'=2a= (3.14)

wheredx is the size of the grid mesh.
Four parameters govern the SLBL-calculation: the gize, the curvature tolerance of the
paraboladz, the maximum depth and the curvature limit. Thiewdation for the valley floor

fill was done using a 5 m DTM grid. This DTM haseberesampled from the 1 m HRSC
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DSM and filtered with a Gaussian filter in ordersimooth the topography and remove large
trees, boulders and houses. This process is recodeddy Jaboyedoff and Derron (2005) in
order to create a smoother bedrock boundary, leisenced by surface artefacts. The
parameters need to be calibrated in order to ptdtieralgorithm from deepening the grid too
much. The determination of the parameters uselisncalculation was done by extensive test
runs in order to produce a surface that resemhlegxpected glacial trough floor, based on
geomorphological knowledge. The two aspects charngotg this ideal shape are the
steepness of the sides, defined by the shape gfatadola applied and the maximum depth.
A maximum depth limit of 75 m was applied basedaaromparison of different know valley

depth values from other locations (see chapteR23or details). The curvature tolerance of
-0.1 m produced the best visual results for thériaton of the parabola. Lower values (-0.2,
-0.5) produced steeper parabolas. The curvaturg pnoofed to be the more important

variable for the parabola shape. In order to dethe limiting curvature value for this

parameter a mean curvature was chosen that con@spts to the profile curvature of the

trough slopes and was based on the assumptionthieaturvature tendency continues
underneath the surface. The mean profile curvaititbe trough slopes was calculated on a

25 m DTM using the Evans (1980) method on a 20%26l pnoving window.

A determination of sediment stored on the trougipe$ by geophysical methods has not been
done so far and could not be performed within theetframe of this study. The sediment
volume of the trough slopes was estimated by ugimgverage sediment depth. Although this
approach is very rough and basic and no verificatto comparison with other data is
possible, this remains the only chance to fill thég in the sediment budget. Valley trough
deposits are generally very stable and mostly @aevith forest. Bedrock crops out very
frequently in the forest above the valley floorigating a rather shallow sediment cover.
Most creeks are only shallowly (3-5 m) cut into tbebris covered slopes with some
exceptions where debris flows have removed moremaat Thus, a mean sediment thickness

of 5 m is used to calculate a volume of the trosigipe sides

Besides the glacial trough, hanging valleys andgtheial forefield there are some other areas
covered by debris. At the valley entrance the doggan from the creek up the v-shaped
valley part to the ridges. Towards the valley enouad the large glaciers talus slopes and
block slopes cover the space between ice and radls.vWWo information exists about these

areas. One characteristic of these areas is thep steclination of the slopes (above

65



3. Methods for sediment storage analysis

30 degrees). If assumed that this inclination aselto the angle of repose a relatively thin

debris cover can be expected. A mean value of 8 used to quantify these volumes.

Figure 3.8 The glacier forefield of the Turtmann Vdley.

The glacial forefield is the most dynamic partlod entire sediment flux system, though it has
been an almost closed system since the constructithre dam in the 1950s (Figure 3.8). The
sediment fill of the glacier forefield at the vallend was modelled using the same approach
as applied in the Hungerlitaelli. Eight transectyavplaced across the forefield perpendicular
to the forefield orientation. Three longitudinaloples were spread, one in the central
forefield area and two along the ridge of the twogé lateral moraines next to the glacier
tongue. The glacier forefield terminates at a beklroutcrop, where the barrage dam is
located today. This roche moutonnée is incisedheyriver to depths of up to 30 m deep.
Assuming that the glaciofluvial runoff was dischedgat the bottom of the subglacial surface,
this incision is used as the maximum excavatioritdep the forefield. The bedrock surface
along the transects has been constructed by fidipgarabola through the bedrock outcrop
points towards the end and the central maximumhdegpint. The parabola was adjusted to fit
estimated auxiliary points in order to represenegpected glacial trough. Additional, depths
of the lateral moraines was incorporated by meaguhe height difference between the top
of the moraine and the lowest neighbouring areasstroften drainage ways. The sediment
depths along the transects are interpolated atra fi0int spacing. The points have been used
for the TOPOGRID algorithm analogue to the Hunggelii approach. The area covered by
the glacial tongue was erased from this interpdlaseirface, before the volume was
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calculated. Thus, debris underneath the glacienois considered here. Very few studies
guantified pro-glacial sediments (Small 1987; Btadler 2000). These studies show large
differences in both methods and result and arecdlffto compare the approach used her,

because no sediment thickness information is redddr pro-glacial debris.

3.4.3 Calculation of denudation rates and mass transfer

The denudation ratDR) for the Turtmann Valley is calculated using eqpa2.5. A mean
bedrock densityy, of 2.7 g crit for the lithology of the Turtmann Valley (mica-shigneiss
and dolomite) is applied. Density of deposits delsean the consolidation process and the
state of the landforms and is assumed to be hifglreglacial and fluvial deposits than for
talus or rock glacier deposits. Debris density galdetermined or applied in other studies
range from 1.5 to 2.6 g ¢i(Jackli 1957; Rapp 1960; Hinderer 2001; Sass antriy/2001).

As this study includes different types of storagadforms a mean value of 1.6 g tns
applied to calculate th®R. A time period of 10 ka was used for tldR calculation.
Denudation rates are calculated for the entireeyalhe hanging valleys, the glacier forefield
and the Hungerlitaelli. For each part two denudat@tes are determined, one based on the
total area, another based on the area of the dusestiment sources, including bedrock
outcrops and glaciers. The total mass transferapea represents the volume of material in
tons per area and time. Mass transfer is similasddiment yield and calculated using
equation 2.2 for the same land surface parts ofdtey. In contrast to the sediment yield, the
mass transfer relates to material that has nottlheftdenudation area. The unit for mass

transfer per area tknf a™.

Additionally, denudation rates for single landforsa® calculated using equation 2.5. Four
landform types are used to derive single landfoenudlation rates: (1) talus slopes, (2) talus
cones, (3) block slopes, and (4) active rock glaciéhese landforms were chosen because
their source area can be defined with the greatesfidence. Sediment sources for talus
slopes, talus cones and active rock glaciers wetermhined by using the WATERSHED
command in ArcGIS 9.1. Taking the upper boundartheflandform as the source locations
the algorithm calculates the potential drainage axigove the landform. This is assumed to
correspond to the source area of the debris thdsbup the landform. Denudation rates of

block slopes are based on the entire block slope. ar
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3.4.4 Uncertainties and error estimation of bedrock detection and volume

estimation

3.4.4.1 Uncertainties of bedrock detection using geophysical methods

Geophysical methods include inherent uncertairdigs to the inverse problem (cf. chapter
3.4.1). Another source of uncertainty, especiaflymountain terrain, results from similar
physical characteristics of frozen ground and berthat can lead to a biasing of the
interpretation (cf. chapter 3.4.1.1). However, withreasing application of these methods in
geomorphology, and hence more experience with thepment and subsurface material,
uncertainties will decrease. Additionally, the conabion of the different methods, as partly
performed in this study helps to explain uncertaindoubtful results (cf. Hoffmann and
Schrott 2003; Otto and Sass 2006), especially whirer subsurface information from
boreholes, for example is missing.

Regarding the seismic refraction method, differenersion techniques have been applied
and combined in order to generate propagation itedecand bedrock surfaces. This can be
regarded as a cross check that the model usedlisti@ or at least consistent with other
modelling results, which may also be wrong. Hehe, network raytracing method provided
the most useful results, which were often, but abtays, in good agreement with the
tomography inversion results (cf. chapter 5.2.Jjtelbences range from a few meters to more
than 10 meters. The network raytracing methodfifsevides a source of uncertainty when
the artificially calculated travel-times are fittéal the observed ones. This fit depends on the
quality of the recorded first-arrivals, which arever as symmetrical as the artificially
calculated travel-times. Thus, occasional outligrccur for single rays. The modelling here
was stopped when a good overall fit for both typégsravel-time was established. Further
modifications in order to eliminate single diffeo@s would have brought about changes in
the order of some 1-2 m of depth of the refractofaze.

The inversion of electric resistivity data stronglgpends on the inversion algorithm used.
The algorithm used here (cf. chapter 3.4.1.2) ie oh the most widely accepted and
frequently applied in geomorphology, and is themefoegarded as reliable. The inversion
software Res2Dinv enables the modification of aafvariety of inversion parameters. These
include the size of the model blocks, damping p&taens, a horizontal structure filter or a
factor of layer increase with depth. These pararseblave been tested and the results
compared visually. The configuration used is assunee suit to the expected subsurface

situation and detection of inclined, linear struetibest. A complete list of the parameters
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used is attached in the appendix. The quality efitiversion is highest for a small number of
iterations and a small root mean square error (RM8)vever, these values don’t ensure that
the modelled structures correspond to the realitysharp change in resistivity was often

detected at the regolith—bedrock boundary. Howewveglue range of 2-3 ® m, rather than

a single value, indicates the occurrence of bedrdtkis, the bedrock boundary location

could only be determined within a depth range. Tamge is between 2 and 3 m.

Picking the exact location of the reflections igaential source of error when analysing GPR
data. Another source of uncertainty is the appfiediar wave velocity. The wave velocity
determined by WARR measurements is usually onlydviar the upper few metres of the
material. Because the velocity influences the depdkculation, the location of deeper
reflections could be overestimated. However, naitsmh for this problem is discussed in the
literature. Sass (pers. communication 2006) esdch#is error to be less than 15%. More
problematic is the correct interpretation of thtetions itself. Reflections in the radargram
are interpreted as bedrock, but in reality theyase caused by loss of wave energy. This
uncertainty can only be overcome by experienceashargram interpretation and no error
estimation is possible here. To conclude, the dietreof the regolith—-bedrock boundary by

geophysical surveying is assumed to include anagecerror of 5-10%.

3.4.4.2 Error estimation in volume calculation

The interpolation of sediment thickness in the Haritpelli is based on field data and
estimated depth information. Field data are lidbléhe above discussed points of uncertainty.
However, the number of survey points is limitedrétation to the size of the Hungerlitaelli
and the number of landforms observed. Estimatiohsinterpolation points rely on
geomorphological analysis and interpretation ofdbserved land surface and are backed up
by a comparison with observations made in precedituglies in similar environments.
Corresponding to the position of the sediment gg@réandform in the hanging valley,
uncertainty about sediment storage depth variegeheral, sediment thickness of landforms
at lower locations, for example rock glaciers andrame deposits, is assumed to be
underestimated, especially where estimation is dbase the landform height above the
surface. In contrast, on talus and block slopeapaier elevations regolith depth might be
overestimated. Other studies on block slopes itgligary shallow regolith thickness of only

a few centimetres (Ballantyne and Harris 1994) carag to the 0.5-2 m assumed here. An
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uncertainty of 20-50% is assumed for the sedimdmntkness interpolation in the
Hungerlitaelli.

The transfer of regolith thickness information fréime Hungerlitaelli to other hanging valleys
is based on the mean regolith depth of each lamdtgpe found in the Hungerlitaelli. An
application of mean depths for landform types radtyrcauses an error in the volume
calculation as variations both within single landfs and between landforms are eliminated.
Size, shape and position of the landforms withia type can differ widely and consequently,
volumes will be affected strongly by landform simed area—height ratio. This is especially
the case for moraine deposits, because laterabasal moraines have been included in only
one class despite large differences in area—heagiot Thus, the modelled sediment volumes
of the hanging valleys include a significant unaenty with a degree of error of 50-100%.
Trough floor volume calculated by the SLBL approaldpends on the assumption that the
morphology of the trough can be modelled with pataf. As Hoffmann and Schrott (2002)
have shown this assumption leads to an overesomaii the trough volume, because the
bedrock surface is generally flatter then the paleatf a curve. The applied maximum
thickness relates to the few similar studies (AHmekd Frei 1991; Hoffmann and Schrott
2002; Schrott et al. 2003), though a valley the i the Turtmann Valley has never been
studied before. The maximum depth of the valleyifles assumed to include an error of
20-50%. A constraint of the SLBL algorithm is theosg dependency of the modelled depth
on the valley width (cf. chapter 5.3.2.2). Thisates shallower locations in narrow valley
floor parts. About 12% of the valley floor is ledgan 100 wide, while the average width is
about 180 m. At these narrow parts the modelledrdokd depth is significantly
underestimated compared to the wider parts. Theatharror in trough volume is considered
to be 20-50%.

The volume calculation of the glacier forefield éssupon interpolation of estimated
parabolic transects. Several sources of uncertaantybe identified. First, the maximum depth
may be underestimated, as no information about-deepend trough parts in the glacier
forefield is available, nor considered. Such oveeqkning is possible at the former
confluence of the Turtmann and Brunegg glaciers lagfdre or behind roche moutonées.
Another source of uncertainty is the depth of the tateral moraines. The height of these
landforms is estimated relative to the neighbounadey floor. However, no information

about buried bedrock or underlying glacial depasi@vailable and this could lead to an over-

or underestimation of the volume. To conclude, mareof 20-50% is considered here.
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3. Methods for sediment storage analysis

The volume of the remaining areas is entirely bageon assumptions. No mean regolith
thickness for valley slopes or trough slopes cdiddound. Although, the mean depth values
applied in the modelling are considered to be ratmmservative, an error of 50-100% is
possible.

To conclude, though the errors estimated for theglei subsystems include a large
uncertainty, the errors include both over- and westanations. Consequently, errors may
equalise as well as reinforce each other. In généna sediment volume modelled is

considered rather a minimum scenario based ondgbmgrphological analysis in the field. A

proof of this assumption is only provided by furtlyggophysical soundings in other hanging

valleys.
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4 Study area

The Turtmann Valley is an alpine catchment locatethe southern mountain range of the
Valais Alps between the Matter Valley and the Amgis Valley in Switzerland (Figure 4.1).
The Turtmann Valley stream is a southern tributafythe Rhone River and drains a
catchment of app. 110 Km(139 km?2 real surface) at altitudes between 620amd
4200 m a.s.l. The valley is around 20 km long apdai7 km wide; oriented from north to
south. The highest peaks along the valley’s margires Bella Tolla (3025 m), Pointe de
Tourtmagne (3080 m), Frilihorn (3120 m) and Leskbas (4135 m) along the western ridge
and Signalhorn (2911 m), Schwarzhorn (3201 m), liBeeh (3409 m), Brunegghorn
(3833 m) and Bishorn (4135 m) along the eastemgeridhe small hamlet of Gruben/Meiden
(1818 m) is located in the central valley, buiniabited only during the summer months.

Location of the Study Area
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Figure 4.1 Location of the Turtmann Valley, Swiss #ps
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4.1 Geomorphology

The Turtmann Valley is a typical, glacially-shapédyh Alpine valley. The main valley can
be separated into two parts: The lower sectiorheffturtmann Valley is v-shaped covering
approximately one third of the valley's total lemgit opens into an up to 300 m wide glacial
trough that terminates at the complex of Turtmama &runegg glaciers (Figure 4.2).
Fourteen hanging valleys (callddelli in the local dialegtare located on both sides of the
trough slopes (Figure 4.3) most of them orientedtveast. Hanging valley floor elevation
increases from 2300 m to 2600 m from north to solithaddition to some of the hanging
valleys, which contain small glaciers, the dominaetsurfaces of the Turtmann and Brunegg
glaciers at the valley head cover about 14% ofvdikey surface. The hanging valleys contain
a typical set of high alpine processes and landfowith an observable strong influence of
periglacial processes. Rock glaciers are very fatjand almost every slope is modified by
small-scale periglacial creep. The main valley ffli® characterised by a mixture of large
fluvial and debris-flow cones, avalanche tracks aytaciofluvial terraces. Areas below
2600 m on north facing slopes and 2800 m on sadimd slopes show continuous vegetation
cover. Rock fall, rock glacier and solifluction e and avalanches are the most active
processes, while debris flows only occur randonidyng the main valley trough and around
the Turtmann glacier forefield. Most fluvial sedimeransport is inhibited by the deviation of
the majority of the surface drainage from the haggialleys into the barrage in the glacier
forefield. The main stream is almost completelycdimected from the glaciofluvial sediment
drainage system due to the construction of theabarrsince the water is entirely routed into

the neighbouring Anniviers Valley.
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Figure 4.2 The southern end of the Turtmann Valleyerminated by the Turtmann glacier to the right and
Brunegg glacier to the left. The peaks in the lefbackground are Bishorn (4135 m) and
Weisshorn (4504 m)

Figure 4.3 View from the Hungerlitaelli across themain trough into some western hanging valleys. The
peak towards the left is Les Diablons (3609 m).
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4.2 Geology

The study area is located within the middle-permBernard nappe that covers large areas of
the valaisanne Alps south of the Rhone valley (laab2001). This nappe is divided into
several sub-units with the Siviez-Mischabel nappeM) as the main part (Figure 4.4).
Lithostratigraphically the S-M nappe contains dif& methamorphic layers that consist
mainly of micashists and paragneisses. Palaeohistssand gneisses build up most of the
northern and eastern parts of the valley and damitiee lithologic setting (Bearth 1980).
Mesozoic dolomites, limestones and marbles in westnd south-eastern parts of the
Turtmann Valley are easily distinguishable becahsg form large cliffs, like for example in
the Pipjitaelli. They cover the crystalline rocksdaare wedged between the S-M nappe and
the overburden Dent Blanche nappe. The rocks oSthvenappe are heavily folded and often
contain thin layers of amphibolites, quarzites actbgites (Bearth 1980; Rahn 1991). The
general strike direction is south-west with averdiggping between 20 to 30 degrees influence
by the folding of the nappes (Bearth 1980). Thdinmation of the bedrock influences the
formation of rock walls and slopes. Slopes inclinperpendicular to the bedding result in
steep rock walls and the formation of talus sloped cones. In contrast, slopes dipping
parallel to the bedrock inclination favour the depenent of block slopes (Cruden and Hu
1996).

N TurtmannValley 4 onom

Rnlone | Breithorn

Figure 4.4 Geological cross section through the peimic nappes around the Turtmann Valley. The nappes
are: 1-Houillere-Pontis, 2—Siviez-Mischabel, 3—-MonEort, 4—-Monte Rosa, 5-Zermatt-Sass Fee, 6— Tsaté,
7-Dent Blanche (from Laphart 2001)

4.3 Climate

The inner alpine location of the Turtmann Valleypguces continental climatic conditions.

The valley is sheltered from heavy precipitationdght about by major frontal systems from
the southwest and southeast. Thus, comparably teaigstation and increased temperatures
characterise the entire southern Valaisan Alps. clingatic snow line is elevated under these
conditions as well, rising to an altitude of 3450(Bscher 1970). Mean annual precipitation
ranges between 575 mm in Sion (482 m) and 710 mMisp (640 m) for lower stations

(Rhone Valley) higher stations (Zermatt, 1638 m 8oEne 1825 m) receive between 600
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and 700 mm of precipitation per year. Mean anniraleaperature varies between 8&Gin
the Rhone valley at Sion and 3G in Zermatt (Meteoschweiz). In 2002 climatic mornig
started in the Hungerlitaelli. During the three ryefirecording, some probable climatic trends
can be observed. Temperature distribution thougtimityear shows a minimum in February

and a maximum in August (Figure 4.5).
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Figure 4.5 Mean annual air temperature and monthlyprecipitation figure from the climate station in the Hungerlitaelli (Altitude 2770 m).
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The Mean annual air temperature is 2R an altitude of 2770 m a.s.l. indicating that the
lower limit of permafrost lies around this altitudyenhuis 2005). Precipitation is highest in
August. However, snow is not registered and theeefmt included in this record. Between

September 2004 and August 2005 492.6 mm of raie baen measured. About 20% of this
precipitation (92 mm) was recorded in August 2086mmer precipitation often occurs as
thunderstorms that develop in the late afternoash @an bring significant amounts of rain.

Especially the southern part of the Turtmann Valkewften affected by thunderstorms that
form around the largest peaks. Debris flows aroilnedglacier forefield have been observed

caused by such events.

4.4 Glacial history and paleoclimate

The Swiss Alps are among the best studied regibgsaternary glaciation. The introduction
of a general theory on glaciation, establishecha18" and early 19 century by Agassiz and
predecessors, marks the onset of glacial reseadhehfamous works by Penck and Brickner
(1909) lead to a differentiation of distinct phasésgjuaternary glacial retreat at the end of the
Wiuirm glaciation in the Alps. Their classical diasiinto the three main stages “Buhl —
Gschnitz — Daun” has since been verified and refimg various authors. Eight major stages
of glacial extends have been classified based aaim®mapping for the Alps (Maisch 1982).
The lowest extend (Buhl) is located around 1000efouw the Little Ice Age (LIA) reference
level.

The Late-Glacial maximum glacier extend during st glaciation (Wirm) in the western
Swiss Alps was studied by Kelly et al. (2004a) Bassn mapped trimlines and other
evidences of glacial erosion on bedrock, they amed that the ice surface reached altitudes
up to 2600 m in the Rhone valley near Brig, drogpim 1600 m towards Lake Geneva. For
the Turtmann Valley only rough interpolated infotioa is given, indicating for the main
valley floor an ice surface altitude between 220@ 2800 m, rising towards the hanging
valley cirques and the Bishorn peak (4058 m). Thuest of the peaks in the Turtmann

Valley would have been free nunataks.

A detailed mapping of the moraines has been don®tho (2001) and Wolff (2006).
However, no dating of moraine deposits and glaeigents exists. Wolff (2006) associates
mapped moraine locations in the Turtmann Valley hwitomparable studies from
neighbouring locations in the Valais. Detailed gdadistories of neighbouring areas have
been accomplished by Bircher (1983) for the SadkeyaMiller (1984) for the Simplon area

and Val de Nendaz, and by Haas (1978) for thel ZiaHey.
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The Egesen stage marks the most wide-spread, peoiméxtend towards the end of the late
glacial. Egesen moraines are often well presernedbacause of their larger size compared to
the LIA moraines frequently observed throughoutAlyes. Maisch (1982) locates the Egesen
stage between 170 and 240 m below the 1850 sn@méivel. The mean 1850 snow-line
altitude for the study area is around 2906 m (medne for the Dent Blanche glacier region,
after Maisch et al. (1999). Hence, a paleo-snow-for the Egesen stage in the Turtmann
Valley would have been located between 2660 and 2@3In comparison, the 1973 snow-
line has been determined at around 3200 m for tildysarea (National Snow and Ice Data
Centre 1999). The main valley floor does not she@mains of distinct moraine deposits
below the 1850 extend, or near the inferred Egésesl. However, in some of the hanging
valleys large lateral and frontal moraines can bseoved. Although no dating information
exists on these moraines, they can be associatadDaun and Egesen levels based on snow-
line modelling Wolff (2006).

The Egesen stage is associated with the Youngeastiimne period. This period represents a
late glacial climate depression at end of the Rleene glaciation and is usually dated
between 11,000 and 9,500 BP. In the neighbourirag Salley, Bircher (1982), usindC and
pollen records dated bog sediments associated wghEgesen stage at 1800 m a.s.l. to
9760 £175 yr BP. Transferring this altitude lewvelthe Turtmann valley, the Younger Dryas
extent of the Turtmann glacier complex would hawerb located near the settlement of
Gruben. A map created by Burri (cited in: Schwasmre Gesellschaft fur Ur-
undFruhgeschichte 1993) showing the Younger Dryasigy extent in the Valais supports
this assumption (Figure 4.6). Kelly et al. (2004@ted the Egesen moraine of the Great
Aletsch glacier to 9640 +430 yr BC using cosmogeniclide *°BE. However, this glacier is

not comparable to the Turtmann Valley glaciers wui¢s larger size.
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Figure 4.6 Younger Dryas extent in the Valais, Swaerland. (modified after Burri 1990, from:
Schweizerische Gesellschaft fur Ur- und FrihgescHhite 1993)

The Holocene glacier and climate fluctuations hbeen investigated in numerous studies
through out the Swiss Alps. Methods applied incliades sediment analysis (varves, pollen,
and others, e.g. Leemann and Niessen 1994; Haas1€98; Heiri et al. 2003j*C dating of
fossil soils and woods (Roéthlisberger 1976; Hormeesal. 2001; Holzhauser et al. 2005),
dendrochronology (Holzhauser and Zumbuhl 1996k lakel variation analysis (Holzhauser
et al. 2005) and more recently surface exposurmgldtvy-Ochs et al. 1996; Kelly et al.
2004b). Studies on lake sediments, using varveysisabf proglacial lake sediments at lake
Silvaplana, Eastern Switzerland, determined the ehdhe Younger Dryas at 9400 BP
(Leemann and Niessen 1994). Additionally, the stiyy Leemann and Niessen (1994)
observes that there wa sonly minor glacial acitivtythis catchment from 9400-3300 BP.
Most recent glacier fluctuations since the Littke IAge (LIA) are recorded only for the
Turtmann glacier. Reliable information on most LHEi@ocene glacier extents in the hanging
valleys is very scarce. However, some informatiboud the LIA maximum extent of some of

the smaller glaciers does exists (Maisch et al9199
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4.5 Previous work in the Turtmann Valley

Previous research in the Turtmann Valley focusedlanial and periglacial geomorphology
as well as geomorphometry. Rock glaciers have bestn studied by van Tatenhove and
Dikau (1990) using geophysical methods. This wodswontinued by Pfeffer (2000), von
Elverfeld (2001), Nyenhuis (2005) and Roer (200b@rking on permafrost distribution
(Pfeffer, Nyenhuis) and rock glacier kinematics r(v&lverfeld, Roer). Glacial research
include the study of push moraines in the Turtmglacier forefield (Eybergen 1986) and the
observation of drumlin in the Augsttaelli (van ddeer and van Tatenhove 1992). Most
recently, the barrage in the glacier forefield baen investigated by hydrological engineers,
as the volume of the barrage is almost filled ughwsediment. Technical modifications to the
forefield have been studied in order to preventhier silting-up and keep the barrage
functioning (Martinerie et al. 2005). The Late G&@@and Holocene moraine distribution has
been studied by Wolff (2006), who models paleo stioe altitudes based on his field
mapping.

A geomorphological map was compiled by Otto (20019t was used to construct a first
gualitative sediment flux model of the valley (Otmd Dikau 2004). The first study on
sediment storage was carried out by Knopp (2001).

Rasemann (2004) analysed the geomorphometric steuct the land surface using DTM
data in GIS. A semantic modelling of geomorpholagi@ndforms based on the sediment
cascade principle was performed by Lowner (2005)nig (2006) used remote sensing
methods on the HRSC data to derive grain-sizeiligton from sediment storage landform.
The distribution of vegetation was studied usingate sensing techniques by Hérsch (2003).
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5 Results

5.1 Characteristics and spatial distribution of sediment storage landforms

A total of 593 sediment storage landforms have beapped in the fourteen hanging valleys
of the Turtmann Valley in an area of around 58 Kfigure 5.1). About 75% of this area is
covered by sediment; the remaining parts of théasarinclude bedrock, glaciers and lakes.
Sediment is trapped in lakes and underneath gtaciewever these deposits will not be
considered here. More than 50% of the land surtagered by sediment is classified as slope
deposits that include talus slopes (20%), taluseso(®2.5%) and block slopes (28.7%).
Moraine deposits cover around 37% of the land serffollowed by 11% covered by rock
glaciers and 2% by alluvial sediments and rockdalbosits (Table 5.1). Mean landform size
ranges from around 10,000%rfor alluvial deposits and protalus rock glaciessmore than
175,000 mM for moraine deposits, covering entire hanging esalfloors. Slope storage
landforms, talus slopes, talus cones and blockesl@pver 42,000 /35,000 M and 85,000
m? respectively. Rock glaciers have average size87¢d00 ni for active forms, 23,000 ™

for inactive ones and 72,000 1ior relict rock glaciers.

Table 5.1Sediment storage size and altitudinal distribution

Sediment storage Number Proportion of  Area Mean Min. Max.

landform type of land surface (106 mz) area (m 2) altitude altitude
objects (%) (m) (m)

Talus slope 191 14.2 8.1 42,250 2264 3328

Talus cone 29 18 1.0 35,329 2199 3171

Block slope 143 21.5 12.2 85,485 2150 3261

Moraine deposit 89 27.4 15.6 175,075 2137 3227

Rock fall deposit 24 0.4 0.3 10,442 2406 2936

Alluvium 24 1.0 0.6 24,221 2152 2791

Rock glacier (active) 36 4.2 2.4 67,113 2419 2968

Rock glacier (inactive) 24 2.0 11 26,717 2426 2727

Rock glacier (relict) 22 2.3 1.3 74,168 2237 2760

Rock glacier (protalus) 9 0.2 0.1 11,811 2442 2789

Total landform cover 593 74.7 42.5

Other:

Bedrock - - 13.2

Glacier - - 1.1

Lakes - - 0.1

Total Area - 100 57.0
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Figure 5.1 Land surface classification of the hangg valleys
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The hanging valleys are located at altitudes beatw2E37 and 3589 m a.s.l. The highest
accumulation of sediment is found at 3328 m. FiguA depicts the altitudinal distribution
of the land surface area covered by the differtorage landform types. Though influenced
by the hypsometric distribution of the hanging &gl (Figure 5.2B), the distribution reveals a
dominance of slope storage landforms in the uppeations (above 2700 m) in contrast to
lower altitudes that are primarily covered by ghd@nd alluvial deposits. The location of rock
glaciers shows a distinct correlation betweenualgtand state of activity, as active types are
found above inactive and relict types. Rock fajpasits are found between 2400 and 2800 m,

which indicates their position between slope faotd valley floors.
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Figure 5.2 A - Altitudinal distribution of classified storage land surface. B — Hypsometric curve ohé
hanging valley area.
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Mean geomorphometric parameters are given in Take Slope inclination distribution
allows for a distinction of landform types with sper inclination of slope types (28<3&nd
more gently inclined landforms like moraines andtkroglaciers (19-23; the lowest
inclinations are observed for alluvial deposits®§10he aspect of the different landforms
shows little variation when considering averagaigal(Table 5.2). However, a more detailed
distribution pattern is observed in a directionigkdégram for the single landforms. Figure 5.3
depicts the frequency distribution of mean aspetties for the single landforms classified
into the 8 major directions. The superimposed sighthe general hanging valley orientation
influences the data distribution as indicated lgytthio largest sectors facing ESE and WNW.
Looking at the proportional distribution within thdirection classes some trends are
observable: Talus slopes dominate at northern tibrex as well as towards ESE. Block
slopes in contrast are generally facing towardshssn directions. Moraine deposits follow
the general hanging valley orientations of ESE 8NW corresponding to their overall
position in the central and lower parts of the haggalleys. Active rock glaciers have a peak
WNW, while rock fall and alluvial deposits do n@&veal an orientation trend. Curvature is
not a good indicator for feature characteristicsh& scale. Mean values of the almost 600
landforms don’t indicate any tendency for eachhef ¢urvature types. This is probably due to

a large scatter of values that is averaged outisgrwing mean values only.

Table 5.2 Geomorphometric parameters of storage latiorms.

Sediment storage Mean Mean Profile Tangential Max. Min. Mean
landform type slope aspect curvature curvature curvature curvature curvature
(degrees) (degrees) (m™) (m™ (m™ (m™ (m™
Talus slope 31 157 -0.0018 -0.0015 0.014 -0.018 -0.0017
Talus cone 28 171 -0.0013 -0.0007 0.013 -0.015 -0.0010
Block slope 31 182 -0.0003 -0.0003 0.016 -0.016 -0.0003
Moraine deposit 21 185 -0.0008 0.0001 0.018 -0.019 -0.0003
Rock fall deposit 21 163 -0.0027 -0.0015 0.021 -0.025 -0.0021
Alluvium 10 152 -0.0042 -0.0037 0.012 -0.020 -0.0040
Rock glacier (active) 21 210 -0.0001 0.0001 0.021 -0.021 0.0000
Rock glacier (inactive) 23 202 -0.0003 0.0006 0.022 -0.022 0.0001
Rock glacier (relict) 19 168 -0.0002 0.0001 0.023 -0.023 0.0000
Rock glacier (protalus) 22 194 -0.0006 -0.0008 0.021 -0.022 -0.0007

85



5. Results

W 270 9 E

180
S

Figure 5.3 Directional frequency distribution of mean aspect values for sediment storage landforms.
(Colours correspond to Figure 5.2)

The analysis of secondary landform attributesdleépter 3.2) focuses on the relative position
of the landforms with respect to drainage divided drainage ways, as well as the relative
position of the landforms towards each other. Tditef is expressed by the identification of
toposequences. Table 5.3 shows minimum and maxidligtances of storage landforms to
the ridge and the drainage ways in the hangingyaDistances have been calculated on a
pixel basis and are given in metres. The spati@ngement observed in these distances fits
well to the landform types and their formative mss behaviour. Block slopes do not have
overhanging rock walls, hence they start at thgesd while talus slope are located in a
relatively small distance from the ridge separdigdhe rock wall. Rock glaciers are located
relative to the drainage divide with increasingtaiise according to their status of activity.
Moraine deposits cover areas within the largestimar distance, including points at the
hanging valley entries, while alluvial deposits yeated at the largest minimum distance to
the ridge. The position of the landforms types ta@sahe drainage way is almost vice-versa.
Glacial and alluvial deposits flank the creeks. Rfadl deposits, relict rock glaciers and talus
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cones are located closest to the drainage wayde \abtive rock glaciers and block slopes

cover the most distant locations (according tonth@mum distance).

Table 5.3 Mean minimum and maximum distance of stage landforms to ridges and drainage ways.

Sediment storage Min. distance  Max. distance Min. distance to Max. distance to
landform type to ridge to ridge drainage way drainage way

(m) (m) (m) (m)
Talus Slope 35 1187 177 1806
Talus Cone 153 800 70 1733
Block Slope 0 1116 246 1994
Moraine Deposit 203 1654 0 2138
Rock fall deposit 295 999 113 1046
Alluvium 463 1301 0 639
Rock glacier (active) 73 1075 279 1764
Rock glacier (inactive) 133 675 288 1451
Rock glacier (relict) 192 1075 94 1605
Rock glacier (protalus) 97 709 118 1786

Seven toposequence types have been identifiedenTthtmann Valley (Table 5.4) that
illustrate the topographic, downslope neighbourh@bdhe storage landforms. The most
frequent neighbourhood situation is toposequenpe ty a talus slope or cone is located
bellow a rock face and adjacent to the moraineeydilll, followed by alluvium parts at lower
locations. Due to the high number of rock glaciershe Turtmann Valley, their role in the
toposequence distribution is quite strong; abol 3¥ the toposequences and 4 out of 7
types (I1, lll, IV, and V) include rock glaciers.gre, talus derived rock glaciers dominate with
28% compared to 11% moraine derived forms. Figuded®picts toposequences of the types
[, I and VI in the Griiobtaelli hanging valley. oxder to relate the toposequence approach to
a functional relationship between adjacent land&rithe sediment flux needs to be
considered (Table 5.4). Sediment flow directiond anupling of processes can be derived
from the spatial landform distribution. With respée the coarse sediment flow, the current
transport cascade in the hanging valleys is vertshncluding a direct combination of
primary source areas (bedrock, moraine deposits) finst and second order storage
landforms. First order storage is the accumulatbrmaterial in closest proximity to the
primary source area. In case of toposequence ighinge talus slope that takes up the rock fall
debris. When sediment is transferred from thisagferlandform into another, for example by
periglacial creep, the second storage landformhan ¢ascade is formed. For example in
toposequence type Il, a rock glacier develops uregh a talus slope incorporating its debris.
Most of the storage landforms in the sediment aésxaare decoupled from the adjacent
landform in the toposequence, caused for exampléndyabsence of a process that removes
coarse debris from landforms like rock glacierdadus slopes. Debris flow activity is very
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low and rock glacier creep usually simply overridgesraine deposits without adding to their
storage volume. With respect to fine sediment,iflloutwash processes and debris flows
remove material and extend the sediment cascaol¢hi@tmain valley subsystem.

Table 5.4 Landform toposequence mapped in the Turtamn valley. The gray shaded sequence parts
represent a landform coupling in a coarse debris sément cascade.

I Il 1l v \% VI VIl
Rock face Rock face Rock face Block slope Glacier Block slope = Rock face
Talus Talus Talus Rock glacier  Moraine Moraine (Talus
slope/cone  slope/cone  slope/cone Deposit deposit slope)
Moraine Rock- Rock glacier Moraine Rock- (Alluvium) Rock fall
deposit glacier (active) deposit glacier deposit
(Alluvium) Moraine Rock glacier (Alluvium) (Rock- Moraine
deposit (inactive) glacier) deposit
(Alluvium) (Rock glacier Moraine (Alluvium)
(relict)) deposit
Moraine (Alluvium)
deposit
(Alluvium)
Frequency:
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Figure 5.4 Different toposequences found in the Gubtaell. The roman numbers indicate the
toposequence type (cf. Table 5.4)

5.1.1 Landform distribution within hanging valleys

Of the fourteen hanging valleys have been investyan the Turtmann Valley eight are
located on the western side of the trough, andasxlocated in the east. The position of the
central valley axis strikes perpendicular to theirmaalley longitudinal axis in east-west

directions. Only the most northern hanging valldyter from this orientation pattern towards
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north and south (Table 5.5). Mean valley size is #0° m? ranging between 1.7 x 460
(Simmigtaelli) and 8.3 x Tom* (Bortertaelli). The hanging valley altitude incsea towards
the south, following the general altitudinal trefindm 2137 m in the Griebeltaelli to highest
elevations (3589 m) attained in the Pipjitaelli.eTmean altitudinal range between the
hanging valley entry and the ridge is about 850Tire relative storage area averages about
75%; the exception from this distribution is thee tRipjitaelli with only 47% of the land
surface covered by debris. This is influenced Isygaificant change in lithology that creates
higher and steeper rock walls compared to the otiarging valleys, adding to the

3-dimensional area.

Table 5.5 Geometric characteristics of the hangingalleys in the Turtmann Valley

Hanging 3D-Area Altitude (m) Orientation of central Storage Area (%)
Valley valley axis

(10° m?) Min  Max
Augst 2.45 2365 3085 E 79.7
Bliomatt 4.00 2306 3079 E 78.6
Borter 8.27 2150 3025 NE 68.6
Brandji 4.32 2345 3396 w 58.4
Chummetji 3.46 2259 3029 NW 90.2
Frili 2.48 2384 3141 E 72.5
Griebel 2.03 2137 2873 NE 86.7
Griiob 6.03 2238 3169 wW 79.7
Hungerli 4.22 2298 3273 wW 77.5
Meid 5.35 2216 3084 E 78.2
Niggeling 5.24 2154 3204 W 81.8
Pipji 4.99 2431 3589 w 46.6
Rotig 2.46 2252 2960 SE 84.7
Simmig 1.67 2223 2849 SE 76
Total 56.95
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Figure 5.5 Relative landform storage type area (%per hanging valley.

The internal distribution of storage types in ttaging valleys is depicted by Figure 5.5. At
first sight, each hanging valley seems to haveows composition of storage landforms.
Though the distribution appears very heterogenethgsyariations between the three main
and ubiquitous landform types, talus slopes, blokes and moraine deposits are relatively
small, within some exceptions. Talus slopes monotover between 15% and 25% of the
land surface. Larger relative areas are observ&lliomatt- and Augsttaelli, while very few
parts are covered by talus slope debris in the @hetjitaelli (8%). The latter is clearly
balanced by a dominance of block slopes here (50%@.block slope proportion ranges at an
average between 20% and 30%, the smallest relativerage being found in the Meidtaelli
(17%). Moraine deposits cover at average betweéh & 45% of the hanging valley areas.
The large and especially wide Meidtaelli stands loeite, with 55% of the surface being
covered with glacial sediments. The relative disttion of the remaining landform types
shows very little patterns. However, the rock gladlistribution reveals a culmination of
active rock glaciers in the hanging valleys to #est (Niggeling, Pipji, Hungerli, Griob,
Brandji). In the Hungerlitaelli block slopes and maioe deposits are almost equally
distributed covering 30% of the land surface e&uck glaciers contribute about 20%, while
talus slopes and cones cover about 15% of thewaReotalus rock glaciers and alluvial

deposits are not observed in the Hungerlitaelli.
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5.2 Geophysical surveys

5.2.1 Detection of the regolith-bedrock boundary with seismic refraction
surveying (SR)
Refraction seismic soundings have been performedgaR7 profiles in the Hungerlitaelli.
Profiles have been placed on talus slopes, talmes;orock glaciers, moraines and along
central positions within the hanging valley (Figi®). Most profiles spread parallel to the
slope inclination; but some perpendicular profites/e been added. Applying a geophone
spacing of 3, 4, and 5 m spreads of 69, 92 and rh2@espectively could be covered.
Subsurface structures have been detected at a maxiepth of 27 m. Table 5.6 gives a
summary of all seismic profiles. A detailed colleantof all seismic modelling results can be
found in Appendix A.
All seismic records show an internal compositiortved to three different subsurface layers.
Surface velocities of most of the spreads in aneumone between 0.5 and 10 m thick are
between 200 and 800 rit.sAn intermediate layer of increased velocity folbin some of the
soundings, represented by velocities between 68502800 m &. This zone is located at
depths from 2 to more than 30 m. 23 soundings shdwgurface conditions that create wave
velocities of more than 2900 ni'.sSeventeen of them reveal a refractor layer thas w
interpreted as bedrock with velocities 2900 and0460s". The overburden layers above the
bedrock are interpreted as loose debris at theseif200—800 m™y and compacted debris
within the landform (700-2000 ni's Higher velocities in regolith and associated pawtion
can be due to different grain compositions, watet/@r ice contents and hence may indicate
different accumulative times or processes. Infilra of fines through large pores at the
surface leads to a reduction of pore space in ddapers (van Stein et al. 2002) that can also
cause higher velocities. However, buried morainpodigés may be occurring within talus
slope as well, representing the action of diffenertdcesses in the formation of a landform.
Permafrost has been observed in ten surveys, pircyokave speeds between 3500 and 4500
m s,
Permafrost is clearly observable in active rockcigls (SR04 _5r/l, SR0O5 6, SR05_8,
SRO05_13), which hinders the distinction of the dgepedrock layer. Thus, no sediment
thickness information could be derived for rock ciggas. At the foot of one talus slope
(SRO5_1) a large permafrost area is observed, héece the dipping bedrock surface cannot
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be detected throughout the entire profile. In sarases geophysical surveys proved the
permafrost occurrence (compare for example SROmdL ERO5_1). At two locations no
distinct layering can be observed. These profitesbath placed on glacial sediments. Spread
SR04 _4 is located on the lateral margin of a rdekigr draining a small cirque. This margin
is interpreted, based on the sedimentological caitipa, as a lateral moraine merged with
the rock glacier side. Wave velocity of this makincreases gradually downwards after a
shallow surface layer (mean depth 2.8 m) of 320-M0&}. Profile SR05_3 is a combination
of two overlapping spreads along the thalweg indlaeier forefield. The surface sediment
cover is composed of large clasts (size of 0.5-2umdler which the sound of running water
could be heard from inside the slope. The modelesults reveal similar subsurface
characteristics in the two profile parts with ireseng velocities downwards. However, the
lower part (left) of the profile shows an increadevelocity towards the surface in the central
part. This could probably be due to a large boulidered in the debris that accelerates the

wave speed.
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Figure 5.6 Location of seismic profiles (SR) and danent storage landforms in the Hungerlitaelli. (Fo a
description of landform colours please refer to Figre 5.1).
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Figure 5.7 depicts the modelling results of sur8®04_2. This survey will be discussed here
in more detail in order to exemplify the interpteia of the seismic modelling results. Survey
SR04 _2 was placed on a small talus slope belowtimgyerlihorli peak at an altitude between
2572 and 2624 m. The uppermost geophone was loahtatt 1 m beneath the bedrock face.
The geophones were spaced 3 m apart generatingfite mf 69 m in length. Shots were
triggered between every second geophone at a destan6 m. Two shots have been placed
before and after the spread at -7.5, -1.5, 70.57& m. The travel-times geometry indicates
a two-layer composition of the underground. A fiester is characterised by a wave velocity
of 350 m & and dips parallel to the surface with depths iasirg from 2.2 to 6 m. The
surface of the second refractor has more irrequiadile (Figure 5.7C). A sharp drop of 5 m
at a distance of 20 m to the cliff interrupts atfisurface parallel part close to the rock face at
a depth of 2—4 m. Below this drop the refractofaee has a slight curved shape dipping at
depth between 10 m in proximity to the drop and @omards the end of the profile. The
modelled travel-times by the network raytracing moet correspond quite well to the
observed ones, except for one shot in the centtbeokpread (cf. Figure 5.7B), where the
observed travel-times show some irregularitiess™oiuld be caused by wrong picking of the
first arrivals. A comparison between the networngnacing and the tomography model shows
a comparably good representation of the shape edfidwer refractor, including the sharp
drop, but slightly lower wave velocities in the tognaphy model. However, no indication for
the upper refractor is observable from the tomadgyapesults. Thus, the location of the
refractor surface is confirmed by two interpretatimethods and can be regarded relatively
accurate.

According to the wave velocities of these threetaythe internal composition of this slope is
interpreted as a regolith cover with increasing paation and density downwards (velocities
350 to 800 md) on top of a (possibly strongly weathered andténael) bedrock surface with
a velocity of 2900 m'§ The observed bedrock step in proximity to thekface may indicate

a buried rock face or step.

The propagation velocities of waves in debris aedrbck material observed in this study
correspond well to values given in general textiso@. Chapter 3.3) and preceding studies
in the Turtmann valley by Pfeffer (2000), Knopp @29 and Nyenhuis (2005). Pfeffer (2000)
and Knopp (2001) reported p-wave velocities betw#@® and 2000 m™’sfor loose debris,
between 1700 and 4000 nt for frozen ground and 2600—4000 thfer bedrock. Nyenhuis

(2005) looking for Permafrost in the upper Hundadlli stated wave velocities between 300
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and 1900 m § for unfrozen debris and values of 2700-3800 fommadrost locations.
However, Nyenhuis (2005) never reached bedrocksistudy.

Maximum regolith thickness derived from seismicaefion soundings in the Hungerlitaelli
for talus landforms range from 18 m on block slop@smore than 30 m on talus cone.
Moraine deposits show a sediment thickness of nimma 33 m in the central part of the
Hungerlitaelli on former basal moraine deposits ahohore than 16 m on a lateral moraine at
the valley entry. Knopp (2001) gives similar valuies the neighbouring Braendjitaelli
towards the south. He observed the bedrock sudiaderneath talus cones at 20 to more than
36 m, while for glacial deposits he gives thickneakies between 5 and 28 m. Rock glaciers
in his study have been estimated to be at leas418% thick. For alluvial deposits in the
valley bottom Knopp (2001) observed sediment theslenbetween 2 and 11 m.

94



Table 5.6 P-wave velocities and refractor depths aeismic profiles in the Hungerlitaelli.

Profile ID P-Wave stratigraphy

Geophone Length Landform No.of Layer1 Layer 2 Layer 3 Bedrock

Spacing Layers Vp Depth Depth Vp Depth Depth Vp reached ?

(m) (m) (m/s) base (m) mean (m) (m/s) base (m) mean (m) (m/s)

SR04_1 3 69 Blockslope 3 200-560 1.0-35 2.1 650 10.9-151 12.9 3900 yes
SR04_2 3 69 Talus slope 3 350-600 2.2-6.0 4.2 800 22-111 7.0 2900 yes
SR04_3 4 92 Block slope 3 300-620 0.5-3.5 2.3 840 5.5-17.0 12.0 3900 yes
SR04_4 4 92 Moraine deposit 2 320-700 0.6-4.6 2.8 800 gradually increasing velocity no
SR04_5_r 4 92 Rockglacier 3 350 - 1000 1.9-7.0 4.5 1500 - 2000 10.8 - 18.48 14.4 4000 no(PF)
SR04_5_| 4 92 Rockglacier 2 450-800 4.4-86 5.2 3500 no (PF)
SR04_60 4 92 Talus cone 3 330 - 620 26-6.2 4.7 600-1500 21.5-33.7 27.0 3500 yes
SR04_6u 4 92 Talus cone 2 670-1100 4.3-8.8 7.2 3000 no(PF?)
SR04_6q 3 69 Talus cone 2 250-520 3.3-6.8 5.5 3000 no (PF?)
SR04_7 4 92 Talus cone 3 400-550 06-7.8 4.3 900 - 2000 1.4-19.3 11.8 3000 possible
SR04_7q 4 92 Talus cone 3 350 - 450 1.0-6.3 3.8 1200 02-17.3 12.2 3500 possible
SR04_9 4 92 Moraine deposit 2 350-750 13.2-22.2 16.7 3250 yes
SR05_1 4 92 Talus slope 3 450-1000 2.1-3.9 3.2 1500 6.7-14.3 10.5 4000 partially (PF)
SR05_2 4 92 Talus cone 3 330 - 500 1.5-9.2 44 1250-1500 8.2-21.3 14.3 3500 yes
SR05_3 4 92 Talus cone 2 500 - 700 0-11.8 6.0 2000 gradually increasing velocity no
SR05_4 4 92 Talus cone 2 400-1400 4.5-9.1 6.4 3500 yes
SR05_5 4 92 Moraine deposit 2 530-2000 2.6-6.0 3.8 3500 yes
SR05_6 4 92 Talus slope / Rockglacier 2 850 - 1000 0-6.8 4.9 4000 no (PF)
SR05_7 4 92 Block slope 3 350 - 550 1.2-5.3 2.9 800-1200 6.8-18.7 13.1 3000 yes
SR05_8 4 92 Talus slope / Rockglacier 3 375-550 10.3-15.3 11.8 800 4.1-183 11.4 4500 partially (PF)
SR05_9 4 80 Rock glacier 2 450-600 1.0-7.1 49 4000 no (PF)
SR05_10 4 92 Blockslope 2 400-550 5.2-10.3 8.3 3500 yes
SR05_11 3 69 Moraine deposit 3 300 - 400 02-37 1.8 1200 0.8-10982 3000 yes
SR05_12 4 92 Blockslope/Rockglacier 3 350 - 600 1.8-4.3 29 800-850 3.9-83 5.8 4000 partially (PF)
SR05_13 4 92 Blockslope/Rockglacier 2 400-1200 2.0-6.9 4.6 4000 partially (PF)
SR05_14 4 92 Blockslope 3 350 - 700 1.8-9.7 6.1 1000 - 1200 8.8-18.1 13.6 3500 yes
SR05_15 5 120 Moraine deposit 3 350 1.0-4.0 2 800 20.8-33.2 26.2 3500 yes
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Figure 5.7 Sounding SR04_2: Model of refractor lodéons and velocity distribution (A), travel-times B)
and cross-section of refractor layers (C). The seisic modelling includes the location of the refracto
surfaces calculated with the network raytracing meltod and of the velocity distribution derived from the
tomography modelling. The numbers give the velociis (in m &) of the modelled layers using the network
raytracing method. Diagram B shows the observed (htk lines) and modelled (coloured lines) travel-tims
of this sounding. The colour scale on the right refrs to the modelled velocity distribution derived fom the
tomography modelling. The lower diagram (C) depictsa cross-section through the talus slope indicating
the location of the two observed refractor surfaces
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5.2.2 Detection of the regolith-bedrock boundary using Electric Resistivity
Tomography (2D-ER)

Fifteen, two-dimensional electric resistivity sourgk (2D-ER) were conducted in the
Hungerlitaelli (Figure 5.8). On talus slopes, tatemes and block slopes profiles were spread
parallel and, at two locations, perpendicular ® stope inclination. In central positions of the
hanging valley, the profiles followed the line deepest inclination and lowest elevation
(thalweg). Profile lengths were 120, 160 and 20@ith electrode spacing of 2, 3 and 4 m,
respectively. The penetration depth of the eleakrarrent in the subsurface was between 12
to 30 m with a mean depth of 22 metres. Table Svesga summary of the 2D-ER
measurements. The graphics of the modelled reisissvalong all profiles can be found in

Appendix B.
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Figure 5.8 Location of the electric resistivity prdile (2D-ER) and sediment storage landforms in the
Hungerlitaelli. (For a description of landform colours please refer to Figure 5.1).
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Resistivities generally ranged between <Q kn and 50 k m. Only two profiles, ER05_1
and ERO5_4, show values above 10Q kn. These high resistivities can be caused by a loc
occurrence of permafrost or due to very dry coodgi At profile ERO5 1 resistivities
increased with depth at the lower end of the pedfibm below 10 K2 m to values above
100 kQ m. This slope is located in the recently deglacldbrefield of the Rothorn glacier,
and high resistivity at this location is interpitt@s permafrost, possibly the remains from a
frozen lateral moraine now buried by talus depddie profile ERO5_4 was a critical survey
with strong contact difficulties between the eledis and the rocks. Therefore, very few data
points entered the inversion modelling producedigh IRMS error of more than 25%.
Permafrost is unlikely in this situation (southifagslope at 2700 m altitude) and these high
values are possibly due to very dry debris witlydarair-filled pores. One profile, ER05 4,
showed values below 5 ® m over most of the spread. The location of thigfijg in the
thalweg of the glacier forefield coincides with timeain drainage way of the glacier’s
meltwaters. These waters seep into the coarsesdsbme 50 m above this location and
percolate downhill below the surface, which canobserved acoustically at few locations.
This subsurface drainage may be responsible fototheresistivities along the profile, even

though the surficial rock cover appears to be dry.

Table 5.7 2D-ER soundings in the Hungerlitaelli.

Profile Length: Spacing: Max. depth: Boundary observable by Boundary

name: strong resistivity contrast interpreted as:
(m) (m) (m) (yes/no)

ERO04 1 200 5 26 yes Permafrost

ERO4_1q 160 4 21 yes ambiguous

ER04_2 160 4 24 no --

ER04 3 80 2 12 yes Bedrock

ERO04 4 160 4 15 yes Bedrock

ERO4 5 200 5 30 yes Bedrock

ERO04 5q 160 4 18 yes Bedrock

ERO04 5q2 160 4 19 yes Bedrock

ERO4_6 120 3 18 yes Bedrock

ERO5 1 120 3 18 yes Permafrost

ERO5_2 160 4 24 no --

ERO5_3 200 5 30 no --

ERO5 4 160 4 25 yes Bedrock

ERO05_5 160 4 24 no -

ERO5 6 200 5 30 yes ambiguous

In order to acquire the apparent resistivity fa tinderlying bedrock in the study area some
profiles were located in immediate proximity to fezial bedrock like rock walls or outcrops.
Figure 5.9 shows profiles ER04_5q and ER04_5qg2 inombined inversion. The two

soundings overlap in the central part by 60 m. &astern (right) part of the profile passes a
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rock wall at a distance of app. 2 m. Thus, theshesistivity drop from 20 K m to less than
7.5 kQ m at a depth of app. 3.5 to 5 m below the surfaagterpreted as the bedrock surface.
The same feature is apparent on the western [left)of the profile at a depth of 13 m. This
boundary can be detected at the perpendicularl@r&iR04_5 and is observable in the
corresponding SR soundings (RS04 _1 and RS04 _3kHse boundary observed here is
interpreted as the regolith- bedrock boundary aitlesistivity value between 5 k and 7.8k

In earlier electrical survey studies on comparddohelforms in the Turtmann valley, Nyenhuis
(2005), studying the permafrost distribution in theurce area of a rock glacier near the
Rothorn glacier (upper Hungerli hanging valley)pagently never reaches the bedrock. His
measurements reveal resitivities above this thidstideffer (2000) and Knopp (2001) also
measured resistivity in the southern adjacent mangralley of the Hungerlitdlli the
Brandijitalli. They considered resistivity valuestween 2 and 10 K2 m representative for
bedrock in the Brandijitalli, whose lithology is iecal to the Hungerlitalli. However. recent
measurements on free rock faces of the same lijlgalo the eastern adjacent Steintélli by
Krautblatter (submitted) revealed values betweek € and 16 kQ. The difference in
resistivity can be explained by a higher moistusatent and higher degree of weathering of
bedrock under a regolith cover and resulting lovesistivitly. Geophysical textbooks give a
wide range values for metamorphic rock (cf. Tab#,3vhich cover the observed resistivities

in this study as well.
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Figure 5.9 Combined inversion of ER profiles ER04_&and ER04_5q2. Bedrock boundary is indicated by
the white dashed line.
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Seven of the 15 2D-ER profiles show surface pdrsttectures expressed by distinct drop of
resistivity within the range given above. Hencesth structures are interpreted as the bedrock
surface. Profiles ER0O4_3, ER04_4, ER04_5, ERO4ER)5 2, ER04 6, and ER05_6 show
this sudden decrease of resistivity along a lirstarcture. These structures were incorporated
in the modelling and interpretation of the refrantseismic and ground penetrating radar data

in order to asses the probability of bedrock ocnre.

Profile ERO5_6 (Figure 5.10) was located at thedstwpossible location (2591 m) in the
central part of the hanging valley on a slightllined, flat meadow between the rock
glaciers to the south and the large lateral morthiaedivides the hanging valley. The surface
is covered by former basal moraine deposits. Thahghsubsurface conditions at profile
location ERO5_6 show the strong resistivity drdpe kocation of this boundary doesn't fit to
the expected position of the bedrock surface atltseation. Corresponding the seismic data
failed and other explanations need to be considinethe resistivity change observed. One
possibility is the occurrence of subsurface watethis part of the Hungerlitéalli no surficial
drainage exists. Glacial meltwater infiltrated tuarse debris already some 200 m above this
location (2785 m). Further down the valley the mvaters of the glacier and the rock glaciers
appear at the surface again below the front ofiiaetive rock glaciers in the centre of the
valley (2540 m). The lateral and vertical positiohthe low resistivity values in profile
ERO5_6 could indicate the underground drainage atewfrom the Rothorn glacier cirque.
The two distinguishable positions of the resisyiviioundary can be explained by two
different sources of subsurface flow. The left {gagle of the profile is influenced by water
originating possibly from Rothorn glacier and tloek glacier near the LIA maximum of the
glacier. The inclination of this boundary howevesuld be affected by the bedrock location.
The boundary less deep at the right (western) érlleoplot could be due to meltwater from
the rock glacier front towards the south of thefilgoThis rock glacier is one in a series of

three rock glacier originating in the western, mpaeierised part of the Rothorn cirque.

Measurements on talus slopes often show resissvitf more than 20 & m at the slope
surface, usually towards the foot of the slope.sEhealues are attributed to dry, coarse debris
accumulations with large pores, where the fineirsedts have been washed out (cf. ER04_1,
ERO04_3, ER04_5, and ERO5_2). Where these resistiglties appear below the surface, they
are attributed either to dry conditions and largeep, due to buried blocks within the

landform, e.g. in the thalweg in the central pdrthe valley, or on the moraine/relict rock
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glacier at the entrance (ER04_4, ER04_6, ERO5_@&priatively, these values represent

small local ice lenses within slopes, as for examgl the rectilinear slope at the valley

entrance.
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Figure 5.10 Inversion of profile ERO5 6 located irthe centre of the Hungerlitaelli. A strong resistivty
change is observed at two locations that is attriied to the groundwater situation assumed.

5.2.3 Detection of the regolith-bedrock boundary with ground penetrating
radar (GPR)

In cooperation with Dr. Oliver Sass from Augsburgquiversity, six locations in the
Hungerlitalli were investigated using GPR. Threefii@s were spread on moraine deposits,
two profiles on talus cones and one profile on @klslope (Figure 5.11). Profile lengths
ranged from 180 to 290 m. Maximum penetration deytthe radar waves using a 25 MHz
antenna was 50 m on a large talus cone and 38 mooaine deposits (Table 5.8). All profiles
investigated reveal reflections that were integuletas the regolith-bedrock boundary.
However, two profiles only reflected small partstoé bedrock surface towards the end of the
spread in close proximity to surface bedrock (GPRQ4PR04_5). Bedrock was detected at
mean depths of between 13.6 and 22 m below thendraronsidering profiles with
continuous bedrock reflectors only. Regolith coigethinnest on the block slope (12.7 m
GPRO04_4, without moraine surface). Moraine depasége accumulated at mean thicknesses
between 16.1 and 19.8 m above the bedrock surfatea maximum of more than 30 metres
of deposited glacial sediment (GPR04_3, GPR04_4&R@3P6). The large talus cone in the
centre of the Hungerlitélli has a regolith coveupfto 29.5 m (GPR04_1). These boundaries

are often in good agreement with the seismic record

101



5. Results

GZI'flﬂn 621500
T e P B [ % S )
LOCATION OF RADAR PROFILES (GPR)

7, 7.

T
622500 623000

Figure 5.11 Location of GPR-profiles and sedimenttsrage landforms in the Hungerlitaelli (For a
description of landform colours please refer to Figre 5.1).

Figure 5.12 depicts the result of one GPR sound®BR_04_6) and will be interpreted
below in detail. All radargrams can be found in Apgdix C and but will not be discussed
here.

Located at the glacier forefield of the Rothornoiga, this profile stretched uphill on moraine
deposit from 2780 to 2840 m and terminated at trenérly ice covered rock face below
today’s glacier margin. A strong reflector betwe&&® and 250 m of the profile at a depth of
around 6 m is interpreted to be the rising bedrsakface towards the rock face. Weak,
crossed reflectors below this zone represent iatestnuctures, joints and fractures, within the
bedrock (cf. Sass in press), strengthening thenaegti for bedrock here. The strong shallow
reflector can be traced along the profile downwaalghe left. In the following section
(140-200 m) two reflectors are visible; a shallome@arallel to the surface, and a reflector
dipping into the ground. Thus two possibilities tbe interpretation of the bedrock surface
are given here. However, following the profile davards (left) more linear reflections are
observable at a level below the shallow reflecitrese linear reflections appear to strong for
internal bedrock structures and hence are integreis regolith structures that could be
related to glacial or glaciofluvial deposition affdrent layers of sediment. Thus the bedrock

surface is more probably represented by the dippfigctor at depths between 10 and 22 m
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below. The upper reflector may be caused by a dseerén porosity or water content. The
glaciers drainage water trickles through the romkshe slope starts dipping and flows below
the surface. Towards the left end of the radargf@m 70 m) the deep reflector seems to
disappear between the linear reflectors and theobkdsurface may not be detected without

doubt here. Thus, the lower regolith boundary majolsated here at depth of 34 m or more.
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Figure 5.12 Radargram of survey GPRO04_6 in the fofeeld of the Rothorn glacier, upper Hungerlitaelli.
Internal reflections are marked in red. The upper mage shows the recorded data without including the
topography, the lower image includes the topography
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Table 5.8 Ground penetrating radar profiles and de¢cted bedrock surfaces in the Hungerlitaelli

Profile ID Landform Profile Trigger Antenna  Radar Max. wave Bedrock Bedrock Bedrock
type length Spacing frequency wave penetration reached depth,
velocity range
(m) (m) MHz (m/ns) (m) (yes/no) (m) (m)
GPR0O4_1 Talus cone /rock glacier 290 1 25 0.14 40 yes 8.2-295 22.0
GPRO04_2 Talus cone 180 1 25 0.14 50 partially 6.8-13.9 111
GPRO04_3 Moraine deposit 200 1 25 0.1 38 yes 13.5-25.6 19.8
Block slope/Moraine
GPRO04_4 _ 280 1 25 0.14/0.1 30 yes 9.5-195 13.6
deposit
GPRO04_5 Moraine deposit 235 1 25 0.1 38 partially 45-7.7 6.0
GPR04_6 Moraine deposit 220 1 25 0.1 34 yes 15-31.3 16.1
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5.3 Sediment volume quantification

The sediment volume quantification was performetivat spatial scales of investigation: (1)
the Hungerlitaelli hanging valley, and (2) the emffurtmann Valley.

5.3.1 Sediment volume of the Hungerlitaelli

The modelling of the regolith thickness within tHeingerlitaelli was based on 35 transects
through the hanging valley (Figure 5.13). Transesése placed throughout the hanging
valley and coverd the locations of the geophygicafiles and additional locations, where no

geophysical surveying was performed.
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Figure 5.13 Interpolated regolith thickness in theHungerlitaelli. Geophysical data is indicated in ydow.
Blue lines indicate the transects used for the intpolation. The interpolation was done with the
TOPOGRID algorithm in ArcGIS 9.1.

Figure 5.14 depicts two profiles used in the intdapon that will be discussed here in detalil
in order to illustrate the interpolation procedurée cross profile (Figure 5.14A) is located in
the centre of the Rothorn cirque, running from ekréace at the eastern end, crossing the
lateral moraine at the left of the graph and thtevagock glacier at the right of the graph. The
longitudinal transect (Figure 5.14B) starts at tbehe mountonée below the glacier front,
follows the eastern thalweg into the centre oftiaaging valley and runs further down along
the creek terminating at the northern margin of tékct rock glacier at the exit of the
Hungerlitaelli (Figure 5.13.XA in red, B in blue). Transect A was interpolatesing a
double parabolic interpolation, which produces aoath, rounded profile that should

resemble a glacial trough. The interpolated andsomea location of the regolith-bedrock
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boundary reveals the surface parallel dipping at tdlus slope towards both ends of the
profile (cf. SRO5_4, Appendix A). Towards the easid of the transect, the geophysical
information reveals a shallow regolith thicknesghwhe bedrock surface located only 5-10
m below the surface. The central interpolation fgoare all assumed, as no depth information
is available here. The assumed minimum sedimewkrbkss of 40 m below the lateral

moraine is based on the GPR sounding GPRO04_5 ithatad detect the bedrock within the

maximum penetration range of the radar waves an3&low here. Thus, this thickness is
regarded as a minimum value for this location. Tiekness of the rock glacier at the western
end of the transect was assumed to be 35 m. Tpith diecludes a height difference of the

lateral rock glacier margin above the surface auadO0 m at this location and an assumed

additional thickness of 25 m.

Transect B was interpolated using a linear intexfjoh in order to avoid over deepening
between the widely spaced points. The bedrock lprofi close proximity to the roche
moutonnée indicates the existence of a bedrockophatat a depth of 5-8 m, followed by a
drop of the bedrock to a depth of 30 m under gro(efd GPR04_6) below the moraine
deposits. At the crossing with transect A anothentrbck platform at 5-10m depth is visible
(SRO5_4, SR05_5). Towards the valley bottom in ¢batre of the Hungerlitaelli seismic
refraction soundings detected the bottom of theldgat 30 m (Profile X-location 800 m,
SRO05_15). In between these two locations an aditibedrock point underneath the onset of
a rock glacier was assumed to be situated at daddtO0 m. Further down the valley, a depth
of 30 m was assumed at position 1100 m serving rasni@rpolation point in between
SRO05_15 the next depth information backed up bylgsics (1310 m, GPR04_1). GPR04_1
starts at the valley floor next to a protalus rgt&cier and runs across the rock glacier and
onto a talus cone. Though, the radar waves couttiict the bedrock without doubt here, a
minimum depth of 25 m was assumed according tortaieimum wave penetration. Towards
the exit of the hanging valley, where the relictkaglacier crosses the trough shoulder, a
sediment thickness of 15 m was used, based onrespandent ER survey (ER04_6) next to
the southern margin of the relict rock glacier. Toek glacier tongue on the trough wall rises
only 5-8 m above the neighbouring surface. A sedintigickness is assumed to be 10 m for
this part of the rock glacier, as the relict ro¢kaier may have collapsed substantially and did

not erode much of its underlying base material evhilll active.
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Figure 5.14 Bedrock transects through the Hungerldelli. The dark line represents the land surface,he
grey line is the interpolated bedrock surface basedn the squares. The gray diamonds represent bedrkc
surface information derived from geophysics, the lsick squares show points of assumed depth. Transekt
— Cross profile through the Rothorn cirque (verticd exaggeration: 3.75:1), Transect B — Longitudinal
profile along the central thalweg of the Hungerlitalli starting below the Rothorn glacier and terminaing
at the valley entry (vertical exaggeration: 4.2:1).

Based on this interpolation of the sediment thideneéebris cover, the sediment volumes are
qguantified for each landform of the Hungerlitaellhe Hungerlitaelli has a total area of 2.7
km? with 92 % being covered by debris. The 54 landfthat store the sediment include 18
talus slopes, 3 talus cones, 8 block slopes, 9imo@eposits, 5 rock glaciers in each activity
status (active, inactive, relict) and 1 rock fadpasit. Talus landforms cover about 44% of the

land surface, followed by rock glaciers (25%) anofame deposits (22%) (Table 5.9).
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The interpolated sediment thickness varies strongithin the different landform types
(Figure 5.15). Talus slopes and block slopes haeethinnest debris cover of 1-18 m. As
revealed by the geophysical surveys these landfaftesr show a strong increase of debris
depth down slope. Further, many upper locationthefhanging valley are included in this
class, where the debris cover is estimated to $etlean 1 m on average. Talus cones have a
considerably higher sediment thickness due to tfegmative process. The channelling of
debris input from above limits the accumulationsaa@d hence increases the debris thickness.
Moraine deposits show the largest scatter of tleskrnvalues. This class includes all types of
moraine deposits including wide-spread but thinabasoraines and linear but higher lateral
deposits. The largest thickness values are obsdovedactive and relict rock glaciers. These
values result solely from what is assumed to bettdzk as no geophysical information is
available here. However, the interpolated sedintaidkness of inactive and relict rock
glaciers, located in central positions of the wallpossibly includes overridden glacial
deposits. Hence, their sediment thickness is mosbgbly overestimated. Active rock
glaciers are mostly located on steeper, upper ipasit where the underlying till base is
expected to be less and thus not considered herexder to correct both rock glacier and
moraine deposit thicknesses the rise of the latecd glacier margin above the surrounding
surface is used for the thickness estimation. Tiaetive rock glacier complex in the centre of
the Hungerlitaelli has a lateral height of 10—20whijle the relict rock glaciers rise between
5-10 m above the surrounding areas. The interpblatepth of these landforms is
overestimated by 30-60%. The remaining sedimentume| derived from the difference
between the rock glacier height and the interpdlakbéckness is then added to the moraine
deposit class. This addition to the moraine depaditme increases mean sediment thickness

from 19 m to 35 m.
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Figure 5.15 Boxplot of storage landform sediment ticskness derived from the interpolation in the
Hungerlitaelli. The single marks represent extremevalues that lie outside a range of more than 1.5 ko
length away from the upper quartile.

The total sediment volume stored in the Hungetlitazalculated from the sediment thickness
interpolation is 33.7 #10.1 x £0m3. Of this volume 64% is stored in moraine deposi
landforms resulting from both the large area coddrg these deposits and the thickness of
the sediment layer. Talus slope deposits storeta®@ of the total debris. Rock glaciers

hold about 15% of the accumulated material usiregy ¢brrected sediment thickness. The
volumes of rock glaciers are calculated assumidglais content of 30% for active types and
50% for inactive types.

The interpolated mean sediment thickness values flee Hungerlitaelli will be used for an

assessment of the debris volumes in the other hgngilleys of the Turtmann Valley.
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Table 5.9 Area and volume distribution of sedimenstorage landforms in the Hungerlitaelli. Rock glacér volumes are calculated assuming an ice content 0% for

active, and 30 % for inactive rock glaciers. Mean dpth of moraine deposits, inactive and relict roclglaciers include uncorrected values in brackets (setext).

Storage landform type Number 3D-Area Debris volume Mean Depth
(106 mz) % of total Area (106 m3) % 20 % Error (10 e m3) (m)
Talus slope 18 0.46 16.81 1.73 512 0.52 5.1
Talus cone 3 0.06 2.20 0.96 2.85 0.29 16.0
Block slope 8 0.69 24.98 4.03 11.97 1.21 5.8
Moraine deposits 9 0.60 21.91 21.65 64.23 6.50 35.8 (18.9)
Rock fall deposits 1 0.02 0.56 0.31 0.92 0.09 20.2
Rock glacier (active) 5 0.21 7.66 1.06 3.14 0.32 15.0
Rock glacier (inactive) 5 0.15 5.46 095 281 0.28 11.1 (29.7)
Rock glacier (relict) 5 0.35 12.61 3.02 896 0.91 7.6 (29.0)
Total storage 54 2.54 92 33.71 10.11
Total hanging valley 2.76 100 100
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5.3.2 Sediment volume of the Turtmann Valley

The sediment volume of the Turtmann Valley is dateed for the four sediment flux
subsystems defined in chapter 2 (Figure 2.2): (@ndihg valleys, (2) glacial trough slopes,
(3) Turtmann glacier, and (4) the main trough (Fégb.16).

Sediment storage areas

(] Hanging valley

C] Trough shoulders and remaining areas
@ Glacier forefield

- Valley floor

Sediment source areas
- Bedrock and glacier

D Creek

Figure 5.16 Location of the sediment storage subdgss and sediment source areas

5.3.2.1 Subsystem hanging valleys

The Hungerlitaelli is taken as a representativetti@ remaining hanging valleys. Inspite of
differences in size, orientation, most of them shauniform lithology, tectonics and the same
climatic conditions. The storage landform compaositis regarded as typical for a hanging
valley of the Turtmann Valley (cf. chapter 5.1.t)ough two landforms types, alluvium and
protalus rock glaciers are not observed here. Taldleé shows the distribution of modelled
sediment storage volumes for all hanging valleysedaon the mean sediment thickness of the

different landform type observed in the Hungerlitadlluvial deposits were quantified using
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the assumed sediment thicknesses of 2 m, baseifecsiure values and own estimations.
Protalus rock glaciers were quantified by applyimg mean frontal height for each individual

landform.

Landform volumes were calculated in two scenar@rsenario | uses the mean debris depth
corrected for rock glaciers and moraines. Scenlriocludes the uncorrected, interpolated

debris thicknesses.

A total sediment volume of 750.3 +360.3 x°183 (Scenario I) or 498.4 +249.2 x%1Mm3
(Scenario 1) is accumulated in the hanging valleygshe Turtmann Valley. The sediment
storage distribution is dominated by moraines tueitain between 77 % (1) and 60 % (II) of
the total debris content of the hanging valleygj(Fe 5.17). Slopes store 18 % and 25 % of
sediment, respectively, while rock glaciers takedui (1) or 15 % (ll). Active and inactive
rock glacier volume considers a debris content@®@and 50 %, respectively. Relict rock
glaciers are considered to be free of ice. Protabek glaciers have not been studied by
previous studies in the Turtmann Valley (Nyenhw92 Roer 2005) and no information on
their activity is available. Their volume was cdi&ted without consideration of potential ice
contents. Alluvium and rock fall deposit landformslude less than 1 % of the total sediment
volume modelled in both scenarios. Scenario | dieplithe role of glacial storage, while
scenario Il strengthens the role of periglaciatage, especially in relict rock glaciers.
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Table 5.10 Modelled sediment storage volumes in tiurtmann hanging valleys. Volumes for active andriactive rock glaciers consider debris contents 0f8% and 50
%, respectively.

Storage landform type  Number Area Scenario | Scenario Il
6 o Mean depth Volume 50 % error Mean Volume 50 % error
(10" m") (m  (10°m®  (10°m®) depth(m)  (10°m3) (10° m?)
Talus slope 191 8.1 5.1 41.2 20.6 5.1 41.2 20.6
Talus cone 29 1.0 16.0 16.4 8.2 16.0 16.4 8.2
Block slope 143 12.2 5.8 71.0 35.5 5.8 71.0 35.5
Moraine deposit 89 15.6 35.8 558.3 279.1 19.0 295.4 147.7
Rock fall deposit 24 0.3 20.2 5.1 2.5 20.2 5.1 2.5
Alluvium 24 0.6 2.0 1.2 0.6 0.5 1.2 0.6
Rock glacier (active) 38 2.3 15.0 10.2 5.1 15.0 10.2 5.1
Rock glacier (inactive) 24 1.1 111 6.0 3.0 29.7 9.2 4.6
Rock glacier (relict) 22 1.3 7.6 10.0 5.0 29.0 47.6 23.8
Rock glacier (protalus) 9 0.1 9.5 1.4 0.7 9.5 1.4 0.7
0.0 0.0
Total 593 42.5 750.3 360.3 498.4 249.2
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Figure 5.17 Comparison of volume distribution betwen scenario | (A) and scenario Il (B) in all hangig
valleys. Main differences between scenario | and Hesult from correction of rock glacier thicknesses

5.3.2.2 Subsystem main valley floor

The trough area was mapped on aerial photos atadiex the glaciofluvial terraces and the
avalanche and debris flow cones that have beerefbimthe bottom of the valley.

A maximum depth threshold value was applied indhleulation of the SLBL to prevent the
algorithm from over deepening the trough. Unfortehga no information about valley fill
thickness is available for a valley of this sizest@led trough depth information exists for the
Rhone Valley, where several geophysical surveys Hasen conducted (Finckh and Frei
1991, Pfiffner et al. 1997, Rosselli and Olivier03). These studies revealed a postglacial
filling between 400 m at Turtmann and about 900earr_ake Geneva. However, the Rhone
Valley is about 45 times bigger than the Turtmaraildy, draining an area of 5220 knfror

the 24 knf large Rein Valley in the German Alps, Schrottle{2003) determined a valley fill
maximum depth of up to 20 m, a value that has lgeestioned by recent radar investigations
by Sass and Kraublatter (accepted), who failed éteal the bedrock boundary within a
maximum penetration depth of the radar waves o#@0w. For the Turtmann Valley a
maximum depth of 75 m is assumed and used in thig_Sialculation. However, this value
will require verification by geophysical surveyingthe future.

Figure 5.18 depicts the modelled trough base, ddritom the SLBL procedure. The bedrock
surface modelled is of parabolic shape, definedheySLBL parameters described in chapter
3.3.2. One characteristic of the SLBL algorithnthie dependence on the valley floor width.
At wider parts of the valley floor the SLBL prodisca deeper surface, in contrast to narrow

parts, where the surface is less deep. Consequentburface is produced that may not

114



5. Results

correspond to a realistic subglacial bedrock serfakhis artificial surface contains sinks
upstream of narrow valley parts. In reality theserow parts would have resulted in the
formation of steep gorges, corresponding to the gemes located in the Turtmann Valley.

Thus, these parts are underestimated by the SLBleltag.

Figure 5.18 A — 3-dimensional shaded relief imageDTM 5m) of the modelled glacial trough base. The
valley floor part of the DSM has been lowered usinghe SLBL procedure. The curvature of the modelled
bedrock surface corresponds to the mean trough slepprofile curvature. B — Depth of the modelled vadly

fill. Bright colours represent deeper areas, dark olours shallower parts. C — Close-up of the modelie
trough surface showing the deeper surface (dark colirs) in the wider valley parts (foreground) and a
decrease of depth (bright colours) at the narrow lcations (background).

The trough valley floor investigated spans an apéal.2 x 16 m? on a distance of
approximately 6 km. The topographic surface is l®seby the SLBL at an average of 27 m
and up to a maximum of 75 m. The sediment fillifge tglacial trough results in
26.3 +13.1 x 10 m®. Figure 5.19 depicts two cross profiles througé ¢fiacial trough. The
cross profiles given in figure 5.19A shows the lobe#trsurface in gray at a narrow part of the
valley floor. Figure 5.19B was placed in a widertpaf the valley. Note the difference in

modelled bedrock depth caused by the SLBL algorithm
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Figure 5.19 Cross-profiles through the valley floowith modelled bedrock surface (gray line). A — Préile
crossing a narrow valley floor part. B — Profile Icated across a wider part of the valley floor.

5.3.2.3 Subsystem glacier forefield

In order to quantify the sediment volume deposiigdhe Turtmann and Brunegg glacier, the

most recently influenced part of the glacier faekfiwas considered. Though, the greatest
modern ice extent during the Little Ice Age (LIA)rpassed the dam of the Turtmann barrage
by almost 300 m, only the area before the dam @tjied here. The sediment cover behind

the dam is relatively small compared to the resthef forefield and is neglected in this

guantification.
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The dam is located at a roche moutonée that crdbsegalley, which served as a sediment
trap. Glaciofluvial meltwaters created a 30 m dgepge here that drained the forefield until
the construction of the dam.

Eleven profiles were spread throughout the glafciefield that spans an area of 1.6 X .
These profiles run perpendicular and parallel ® dhientation of the forefield, crossing the
main moraine ridges on both sides of the glacié&ove the moraine ridges profiles stretched
up to the closest bedrock outcrop. Where bedrock messing, profiles ended on the talus
slope. Thus, it is assumed, that mainly glacialodép enter this quantification. Figure 5.20
depicts two of these profiles. Profile A (Figur®.A) is located in close proximity to the
lake dam and marks the lower end of the glacieeffeld. The bedrock surface has been
modelled using three interpolation points. The nmdéation is based on a parabola with the
central point as maximum depth. This depth corredpdo the maximum depth of the gorge
located below the dam. Assuming that this is th&imam erosion depth of the glaciofluvial
discharge from the glacier, the maximum thickndgti® glacier forefield is determined to be
30 m. Two additional points were placed in ordecrate a smooth parabolic line that should
resemble the trough, excavated by the glacier.ilerdd (Figure 5.20 B) depicts the
longitudinal transect through the glacier forefielthis profile includes the glacier tongue in
its upper parts and a bedrock outcrop between 5002000 m distance. The interpolation
points result from the cross profiles that run geuticular to this transect. The depth of the
profile below the glacier tongue was assumed t&dMen at the most deepest parts, including
an assumed glacier thickness of up to 50 m. Astihglacial sediment deposit is assumed to
be rather thin, the glacier tongue has been remafted the interpolation in order to enhance
the interpolated surface morphology and preventpsBteps in this part. The large lateral
moraines have been included in the calculation lagipg two profiles along the moraine
ridges. Ridge altitude was measured relative tghi®uring terrain, mostly relative to
proximate creeks.
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Figure 5.20 A — Cross profile through the lowest pa of the glacier forefield in close proximity to the dam.
Black dots represent the inserted assumed interpdian points. See text for details. B — Longitudinal
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profiles.
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Figure 5.21 shows the interpolated depth of therassl bedrock surface. Interpolation points
are shown in light blue. Bedrock outcrops wereudeld in the interpolation as zero m of
depth and served as a boundary for the forefiedd.addsing this model, the average sediment
depth in the forefield is 18 m. The maximum deptl®b m is modelled underneath the most

recent eastern lateral moraine. The volume creattdthis model sums up to 19.6 +9.8 X210

m?® of glacial till.
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Figure 5.21 Interpolation of the Turtmann glacier forefield sediment thickness. The blue dots represén
the interpolation points used in the surface modedlhg. The glacier area was removed afterwards before
the sediment volume is calculated.

5.3.2.4 Subsystem trough slopes and remaining areas

The remaining areas of the Turtmann Valley incltigetrough slopes, the slopes at the valley

entry above the v-shaped part and talus slopesdrthe Turtmann and Brunegg glaciers

outside of hanging valleys. For these parts medm@nt thickness values have been applied

to estimate a trough volume of stored sediment.

Mean sediment depth estimation for the slopes alibegetrough slopes is based on the

maximum incision depth of transecting creeks fréva hanging valleys (cf. chapter 3.3.2).

Trough slopes are characterised by steep slopeés—{2B) covered by forest. Bedrock
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outcrops are very frequently observed within theegb and often show signs of rock flow
(sacking). Linear acting fluvial processes remowaanal from this subsystem along creeks
and avalanche tracks. Assuming a mean sediment oc\& m these areas of 33 x°1®°
contain about 168.5 +84.2 x &6’ of material.

The remaining parts have been modelled applyinginsediment depth of 3 m. These slopes
cover an area of 15.2 +7.5 x ®16* and consequently store about 50.7 +25.3 % b of

debris.

5.3.2.5 Total Sediment volume of the Turtmann Valley

Summing up the debris quantified in the previousageaphs for all four sediment flux
subsystems, a total volume of 1,030.7 +515.3 %ritbor 778.8 +389.4 x 10m°is currently
deposited in the Turtmann Valley according to sden& and scenario I, respectively
(Table 5.11).

Table 5.11 Modelled sediment volume distribution ath volume—area ratio for different subsystems of the
Turtmann Valley. For a description of the two scendos refer to chapter 5.3.2.1.

Area Volume V/IA VIA
Scenario Il
Scenario | -50%,
Scenario | Scenario Il -50%, mean,+50%  mean,+50%

(10° m?) (10° m®) (10° m®) (m*m? (m*m?
Hanging 8.8 5.9
valleys 42.5 750.3 £360.2  498.4 +249.2 17.6 11.7
subsystems 26.5 20.6
Glacier 5.9
Forefield 1.7 19.6 £9.8 - 11.8 -
subsystem 17.7
Trough floor 11.2
subsystem 1.2 26.3 +13.8 - 22.3 -

335

Trough 2.1
slopes 55.7 234.5 +¥117.0 - 4.2 -
subsystem 6.3
Turtmann
Valley 139.3  1030.7 #515.3 778.8 £389.4 7.4 5.6
system

The hanging valleys contain the largest amounedirsent in both scenarios compared to the
other subsystems and include between 72% and 63¥edbtal sediment volume. Though
the trough slopes subsystem that includes slopegeathe trough and the remaining slopes
outside the hanging valleys covers a very larga,atestores comparably less material than
the hanging valleys. However, they contribute 2@déepario 1) and 30% (Scenario 1) to the
total storage volume. The remaining 2% and 3% efrfaterial are currently stored in the

glacial forefield and the main trough floor, resfpealy. The sediment volume—area ratio V/A
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5. Results

allows a comparison of the volume distribution with the effect of the variable depositional
areas. The greatest debris volume périgtobserved in the valley trough floor. A sediment
volume of 22.3 Mim? is modelled here. According to the different sc@msathe hanging
valleys are filled with 17.6 +8.8 (I) or 11.7 +5(B) m*¥m? of material. A similar sediment
thickness is found in the glacier forefield (11.8mf), while the trough slopes store about 4.2

m>/m? of sediment.

5.4 Mass transfer and Denudation rates

The total mass transfer in the Turtmann Valleyd87.6 +998.8 and 1509.5 +754.8 t kra®

for scenarios | and Il, respectively (Table 5.1®).increase of about 40% of mass transfer is
observed in the hanging valleys compared to the&eemalley. A corresponding volume of
3560.4 +1780.2 (I) and 2322.3 +1139.8 t'kmi* is determined for the Hungerlitaelli. The
glacier forefield subsystem reveals a very low amai only 208.9 +104 t kiha*. Sediment
masses based on the current source area incrazséydq the DR by three-fold and four-fold
and are considered to be overestimated.

The mass transfer per storage type is depictedabieT5.14. Glacial processes dominate the
mass transfer contributing 2649.2 +1324.6 and T48000.9 t knif a*, in scenario | and Il in
that order. Gravitational processes on slopes 602 +305.1 t ki a2, in contrast to only
24.2 #12.1 t krif a' provided by large single rock fall events. Pewigh creep in rock
glaciers transfers 131 +65.5 and 324.6 +162.3 ¥lan, respectively. Compared to the
material transported by glacial processes, peliglgcocesses move up to 23% on just 15%

of the surface area.
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Table 5.12 Mass transfer within the different subsgtems of the Turtmann Valley.

Based on total area:

Source area Volume Mass Transfer
(10° m?) (10° m®) (tkm?a™)
Scenario | Scenatrio Scenatrio | Scenatrio |
Min Mean Max Min Mean Max
Turtmann
Valley 139.3 1030.7 +515.3 778.8 £389.4 998.9 1997.6 2996.6 754.8 1509.5 2264.3
Hanging
valleys 56.9 750.3 £360.2 498.4 +249.2 1780.2 3560.4 5340.6 1139.8 2322.3 3504.8
Glacier
Forefield 25.3 19.6 +9.8 - 104.4 208.9 313.3 - - -
Hungerli-
taelli 2.8 33.7 £10.11 - 2274.8 3249.6 42245 - - -
Based on real source area:
Turtmann
Valley 38.6 1030.7+515.3 778.8 £389.4 3607.9 7215.3 10823.8 2726.2 5452.4 7971.9
Hanging
valleys 14.3 750.3 £360.2 498.4 +249.2 7083.5 14167.0 21250.6 4535.2 9240.4 13945.6
Glacier
Forefield 21.8 19.6 +9.8 - 121.2 242.4 363.6 - - -
Hungerli-
taelli 0.2 33.7 +10.11 - 318465 45495.0 59143.5 - - -
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5. Results

Table 5.13 Mass transfer of the different storageypes within the hanging valleys.

Sediment storage landform type Area Volume Mass transfer
(10° m?) (10° m3) (tkm?a™)
Scenario | Scenario Il Scenario | Scenario Il
Slope deposits (total): 21.3 128.6 +64.4 128.6 +64.4 610.2 £305.1 610.2 £305.1
Talus Slope 8.1 41.2 £20.6 41.2 +20.6 195.5 +97.8 195.5+97.8
Talus Cone 1 16.4 £8.2 16.4 £8.2 77.8 £38.9 77.8 £38.9
Block Slope 12.2 71 +35.5 71 +35.5 336.9 +168.5 336.9 +168.5
Moraine Deposit 15.6 558.3 +279.2 295.4 £147.7 2649.2 £1324.6 1400.7 £700.9
Rock fall deposit 0.3 5.1+2.6 5.1%2.6 242 £12.1 242 £12.1
Alluvium 0.6 1.2 0.6 1.2 +0.6 5.7+2.8 5.7+2.8
Rock glaciers (total): 4.8 27.6 £13.8 68.4 £34.2 131 +65.5 324.6+£162.3
Rock glacier (active) 2.3 10.245.1 10.2#5.1 48.4 +24.2 48.4 +24.2
Rock glacier (inactive) 1.1 6 £3 9.4 +4.6 28.5+14.2 43.7421.8
Rock glacier (relict) 1.3 10 +5 47.6 £23.8 475 +23.7 225.9£112.9
Rock glacier (protalus) 0.1 1.4+0.7 1.4 0.7 6.6 +3.3 6.6 +3.3
Total sediment area: 42.5 750.3 £375.2 498.4 £249.2
Total hanging valley area: 56.9



5. Results

Denudation ratesDR) are calculated for the entire valley, the hangwnatleys, the glacier
forefield and the Hungerlitaelli. For each parttbé land surface two denudation rates are
determined, one based on the total area, anottsmdben the area of the current sediment
source areas. These areas include the bedroclopatand rock walls and the glaciers. Based
on the total valley area, the mean denudation faatéhe entire Turtmann Valley is 0.6-1.9
and 0.5-1.4 mm a-1 for the two scenarios, respagtifTable 5.12). The hanging valleys
have a higheDR of 1.1-3.4 and 0.7-2.2 mm a-1, while bR for the glacier forefield is
very low (0.07-0.2 mm a-1). For the HungerlitaalDR of 1.4-2.6 mm a-1 was calculated,
which corresponds well to the me@R of all hanging valleys.

Based on the current source angR, increases significantly. For the entire valleyrageDR
increases three-fold, while for the hanging valitgrageDR increases by a factor of four.
This effect results from the difference in bedrackd glacier area of 30% for the entire valley
to 25% in the hanging valleys. In the glacier faref the differences are small due to the
dominance of the large glaciers in the source @@apared to the storage area. The
Hungerlitaelli contains only 8% of land surface wovered by sediments causing a hizjR

of 19.9-36.9 mm a-1. The denudation rates basdteonurrent source area are judged to be

too high in relation to the 10 ka time period apgli
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5. Results

Table 5.14 Denudation rates for different subsystemof the Turtmann Valley.

Based on total area

Source  Volume Denudation rate ( DR)
area (mm a-1)
(10° m?)
(10° m? Scenario | Scenario Il
Scenario Scenario Min  Mean Max Min Mean  Max
Turtmann 1030.7 778.8
Valley 139.3 1515 3 +389 4 062 125 187 047 0.94 1.42
Hanging 750.3 498.4
valleys 56.9 +360 2 4249 2 111 223 334 071 1.45 2.19
Glacier 19.6
Forefield 25.3 198 0.07 0.13 0.20 - - -
. . 33.7
Hungerlitaelli 2.8 +10.11 - 142 203 2.64 - - -
Based on real source area
Turtmann 1030.7 778.8
Valley 38.6 15153  +3894 225 451 6.76 1.70 341 498
Hanging 750.3 498.4
valleys 14.3 43602 2492 443 8.85 13.28 2.83 578 8.72
clacer 218 1o 008 015 023 - .-
Hungerlitaelli 0.2 33.7 - 19.90 28.43 36.96 - - -
' +10.11 ' ' '
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5. Results

Denudation rates of source areas of single landfdrave been calculated for four different
landform types: (1) talus slopes, (2) talus co(@&gblock slopes, and (4) talus—derived active
rock glaciers. Only landforms with well defined soel area were chosen in order to reduce
the uncertainty about debris input. For block s&pbe entire block slope area was used as
debris source, assuming in situ sediment produdtomthese landforms. Rock glacier source
area includes the talus slope and the rock walvab&ight landforms of each type were
analysed (Table 5.14). Talus cones range betweear@ 2.6 mm a-1 had the high&x,
followed by block slopes (0.6-1.8 mm a-1) and talopes (0.2-1.0 mm a-1). Rock glacier
source areas showed® between 0.1 and 0.7 mm a-1. For comparison roagigl volumes

of the same landforms from the study by Nyenhu@08) were used. For his two scenarios
DR ranges between 0.2-1.4 mm a-1, and 0.1-1.0 mmes{iectively.

Table 5.15 Denudation rates of single landforms: A- talus slopes, B — talus cones, C — block slopBs-

talus—derived active rock glaciers based on volumesf this study, and E — talus—derived active rock
glaciers based on volumes of Nyenhuis (2005).

A
Talus slopes: Source Area Volume DR
(10° m?) (10°m?) (mm a-1)

TS1 0.01 0.09 1.00
TS2 0.08 0.23 0.40
TS3 0.02 0.04 0.24
TS4 0.03 0.09 0.47
TS5 0.11 0.21 0.26
TS6 0.11 0.49 0.61
TS7 0.30 2.17 0.98
TS8 0.13 0.43 0.45
B

Talus cones: SRC Area Volume DR

(10° m?) (10°m?) (mm a-1)

TC1 0.03 0.30 1.39
TC2 0.02 0.37 2.03
TC3 0.08 0.30 0.52
TC4 0.17 2.05 1.59
TC5 0.03 0.52 2.60
TC6 0.06 1.20 2.55
TC7 0.10 1.00 1.39
TC8 0.09 0.98 1.47
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C
Block slopes: Source Area Volume DR
(10° m?) (10°m?) (mm a-1)
BS1 0.11 1.49 1.77
BS2 0.14 1.87 1.84
BS3 0.24 2.20 1.24
BS4 0.18 1.03 0.78
BS5 0.19 1.13 0.78
BS6 0.12 0.70 0.78
BS7 0.60 2.66 0.60
BS8 0.13 0.77 0.78
D
Rock glaciers: ID Nyenhuis Source Area Volume DR
(2005) (10° m?) (10°m?) (mm a-1)
RG1 HTO02b 0.18 0.42 0.32
RG2 HTO5 0.13 0.40 0.42
RG3 HTO8 0.33 0.36 0.14
RG4 HT10 0.36 0.26 0.10
RG5 NTO1 0.29 1.53 0.71
RG6 GTO09 0.24 0.86 0.48
RG7 GTO01 0.18 0.74 0.55
RG8 Ccuo1 0.34 0.46 0.18
E
DR using volumes from Nyenhuis(2005):
Rock ID Volume DR
glaciers: Nyenhuis (2005)  Nyenhuis (2005)
(106 mz) (106 m3) (mm a-1) (mm a-1)
I Il I Il
RG1 HTO02b 0.34 0.50 0.26 0.39
RG2 HTO5 0.54 0.46 0.56 0.48
RG3 HTO8 0.58 0.27 0.23 0.11
RG4 HT10 0.67 0.43 0.25 0.16
RG5 NTO1 2.36 2.31 1.10 1.08
RG6 GT09 1.63 1.39 0.92 0.78
RG7 GTo1 1.88 1.09 141 0.82
RG8 CuU01 0.62 0.52 0.25 0.21

127
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6 Discussion

The spatial structure of sediment storage landfamtbe hanging valleys emerges form the
paraglacial evolution of the Turtmann Valley. Altlgh no dating information is available for
the Turtmann Valley, the paraglacial evolution t&nreconstructed to a certain extent based
on the spatial structure of the sediment storabasdform size and volume, absolute and
relative position and neighbourhood relationshipggest the evolutionary phases of landform
development. There is a logical, evolutionary sasimmn of landforms in a sediment cascade,
landforms at higher positions within the cascade thiought to be older than succeeding
landforms. Additionally, the 2-dimensional extentiahe volume of a landform may indicate
the duration of process activity and/or the intgnef the process.

6.1 Paraglacial landform evolution of the Turtmann Valley

The large erosional force of glaciers is well knofMallet et al. 1996) and the dominance of
glacial storage landforms in terms of both spatiaverage and volume in the Turtmann
Valley is not surprising (cf. Tables 5.1 and 5.10hnsequently, glaciation plays a leading
role in the landform evolution of the Turtmann \égll First, glacial erosion serves as a major
sediment source. Secondly, the time of deglaciatetermines the onset of non-glacial
landform formation. Thirdly, glaciers shaped theodsd bedrock surface and deposited
material that serves as the morphological boundamyditions for the development of
landforms in Post Glacial times. Several glacialley combined with phases of non-glacial
conditions shaped the hanging valleys during thesRicene. Late Pleistocene deglaciation
left a glacial debris cover and large lateral muoeai in the central parts of most hanging
valleys.

The reworking of glacial sediment during the paaag@l period in the hanging valleys of the
Turtmann Valley is dominated by periglacial creepd aglacier-derived rock glacier
formation. Relict and inactive rock glaciers formedmoraine deposits are landforms that
prevail in the landscape and are the strongesegt# of Post Glacial paraglacial evolution.
Additionally, the position and size of slopes irad&s a paraglacial land surface development.
In contrast, small-scale processes on morainegxample solifluction of debris flows have
not created landforms that are still visible toddgvertheless, these processes were active in
the past, as lateral moraines of Late Pleistocagee lmve a much smoother appearance
compared to for example LIA moraines. Since theelRleistocene, the role of glaciers as

primary sediment sources in the hanging valleysedesed in favour of bedrock weathering.
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Simultaneously, the dominant process domain irmtreging valleys switches from glacial to
periglacial. During the Holocene most of the haggiwelleys have been almost free of
glaciers, besides some hanging valleys on the reasiee. Sediment input during the
Holocene is mainly provided by disintegration ofdbmk and reworking of Pleistocene
glacial deposits. The lithology of the Turtmann Mglincludes metamorphic mica shists,
gneisses, dolomites and calcareous shists. Theke have been heavily modified by tectonic
forces during orogeny and show signs of strongifglénd foliation. Consequently, bedrock
outcrops are characterised by heavy fracturingyeldiissures and large zones of easily
weathered mica pegmatites. These physical anddgieal preconditions favour the force of
physical and chemical weathering and cause a higtiitelity of the bedrock. Post-Glacial
unloading most probably plays only a minor rolehe formation of fractures, as most of the
bedrock was not covered by very large quantitieis@fcompared to, for example, the Rhone
valley (Kelly et al. 2004a).

The paraglacial evolution of the Turtmann Valley ¢ roughly described in three time steps
(Figure 6.1): (1) A period when the hanging valtgsiciers were at their largest Late Glacial
extent, after seperation from the main valley glacrhis would probably be associated with
the Daun advance (13 ka BP). (2) Another Late @lagliacier maximum, however smaller
than the extent at phase 1. This could be the Bgedent at Younger Dryas times (10-11 ka
BP). (3) The last step represents today'’s situatiom is probably representative for most of
the Late Holocene.

The relict, glacier-derived rock glaciers are thedforms that would have dominated the first
step of paraglacial evolution. Although their agenot known in the Turtmann Valley, a
relative age can be assumed from their positiohiwithe hanging valleys. Relict rock
glaciers are positioned at the entry of the hangallpys and on south facing slopes. Some of
them even left the hanging valley and flowed dotsn trough shoulder. These locations have
been freed of ice first and the preservation ofrthek glaciers indicates that no later glacier
advance altered these landforms. This image isirooed by Frauenfelder and Kaab (2000)
who estimate the time of decay of relict rock giasiin the Swiss Alps to be at the end of
Alpine Late Glacial. AImost 50% of relict rock glacs are glacier-derived (Nyenhuis 2005)
and consequently must have formed from Late Glal@pbsits. Relict rock glaciers cover the
largest areas and contain more material comparedtiee and inactive rock glaciers. This
may indicate long process duration on the one hand, a large availability of material
required for the formation on the other. Thus, fimenation of the now relict rock glaciers

represents the first stage of paraglacial evolutiorthe hanging valleys in the Turtmann
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Valley. Relict talus rock glaciers are in geneaaldted on south facing locations below block
slopes, for example in the Griobtaelli or the Nlgggaelli. The onset of their formation is
conditioned by the development of the block slopiest provide the sediment input. The
formation of most block slopes is associated algb step 1. Block slopes dominate on south
facing slopes (Figure 5.3) where deglaciation sthfirst and periglacial conditions must have
prevailed for most of the Late Glacial period. bmtrast, talus slopes are more often found on
slopes exposed to the north, where glaciers arehp&l snow patches have persisted longer.
Furthermore, block slopes can represent the lagesof talus slope evolution with the talus
burying a rock wall requiring a long formation timEhus, two different processes can create
block slopes representing an example for equitynaWlost southern exposed block slopes are
vegetated today indicating that the evolution ofngndlock slopes, especially on lower

elevations, has probably terminated or slowed dmalay.

Glacier
Moraine

Step 1
(13 ka BP)
Moraine
Active glacier derived
rock glacier
Glacier
Step 2
Moraine Active glacier (10.ka BP)
derived )
rock glacier Inactive glacier derived
rock glacier Relict
rock glacier
Step 3
(today)

Figure 6.1 Model of paraglacial landform successiorbased on the formation of glacier derived rock

glaciers in the hanging valleys in three time steps
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At step 2 (Figure 6.1) a re-advance of the glaciEgosited material above the relict rock
glaciers. This material is taken up by a secondegdion of rock glaciers, those that are
classified as inactive today. These rock glacieed@cated at higher elevations and have most
probably formed during the Holocene or immediatdter the Younger Dryas. The amount of
glacier-derived rock glaciers among the inactivd antive forms declines to 25% and 10%,
respectively (Nyenhuis 2005). This probably indésathat less material was deposited at
locations favourable for glacier-derived rock géacdevelopment. Nevertheless, periglacial
conditions prevailed and allowed the formation alfis rock glaciers. The development of
talus rock glaciers is conditioned by the talusrfation and falls into a later stage of the
paraglacial evolution. The position of the inactaued active rock glaciers represents a much
more complex evolution compared to the relict fari@ften younger, active rock glaciers
override older, now inactive forms indicating stgoclimatic variations during the Holocene
(Nyenhuis 2005).

The entire Holocene probably lies between stepd23ah.arge climatic fluctuations, including

several warming periods, have been reported foiSthiss Alps during this period (Gamper
and Suter 1982; Leemann and Niessen 1994; Schitahte J6rin 2004; Holzhauser et al.
2005). Unfortunately, a further differentiation thg the Holocene is not possible from
geomorphological analysis only and dating is resglihere. However, today’s landform
distribution reveals that the reworking of glacd#posits in the hanging valleys by rock
glaciers and other processes, for example delongsflhas almost stopped. The Little Ice Age
had only minor impact on the sediment storage sdnan the hanging valleys; however, the
Turtmann glacier forefield was affected signifidgnGlacier forefields in the hanging valleys
show no significant debris input compared to nacgited hanging valleys. Only the Brandii
and the Pipji glacier deposited a large frontal aimoe complex. In the Hungerlitaelli, the
recently deglaciated area below the Rothorn glasidargely filled with rock fall deposits

that cover the glacial deposits. Assuming that beldmweathering is the dominant source of
sediment input into the hanging valley systems yoaiad that weathering is not any more
affected by Post Glacial unloading, the paraglacitle in the hanging valleys of the

Turtmann Valley is almost finished. This is conesigt with the model of Church and

Slaymaker (1989) which considers a different theagliacial response with time between
upland and lowland environments (Figure 2.9). Wi#spect to the longer time scale
introduced into the paraglacial concept by Churctl 8laymaker (1989), the length of the
paraglacial period in the hanging valleys of thetifann Valley is probably less than 10 ka.
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In contrast to the exhaustion model by Ballantyp@0ga), denudation within the hanging
valleys would not necessarily decrease if the baddveeathering rate remained constant. With
respect to the storage situation in the hangingys| this may cause further increases in talus
deposits and talus-derived rock glaciers, while #maount of moraine deposits and

glacier-derived rock glaciers remains as it is.

6.2 Sediment storage in the sediment flux system of the Turtmann Valley

The sediment flux system of the Turtmann Valleyludes four subsystems (Otto and Dikau
2004): (1) Hanging valleys, (2) Turtmann and Brumegacier complex, (3) main valley
lateral slopes, and (4) valley floor subsystem.lEsutbsystem contains a different amount of
stored sediment that varies with the size of tHesgstem (Figure 6.2). Sediment production
and transport in the main valley is characterisgdjlacial and glaciofluvial processes with
expected high erosion rates and high sedimentgoaihby the glacier's meltwaters. Up until
the construction of the dam in the forefield in @50s, the glacier forefield and the main
valley trough had been fully coupled since the eh@leistocene glaciation. Equal coupling
existed between the trough and the Rhone Valleyi] anlarge rock fall event caused a
contemporary separation of the main valley trougimf the v-shaped valley entry and the
subsequent Rhone Valley system. Although, todayenatis still removed from the main
valley by the Turtmann creek and delivered to tHere Valley today, the valley floor
represents a temporary sink in the glacial systénthe valley. However, glaciofluvial
transport most likely includes only fine sedimemhile coarse debris is trapped in the glacier
forefield and in the main valley trough. The latgasiount of fine debris is probably routed
from the glacier forefield subsystem into the maatiey floor and out of the valley. Only a
fraction of the material eroded in the past isedowithin these subsystems, with less storage
in the glacier forefield due to higher glaciofluvectivity and Holocene glacier fluctuation,
and more storage in the main trough due to its fopasition in the cascade. A relative
sediment thickness of 11.8%m? in the glacier forefield and 22.3%m? in the main valley
reveals this situation. Nevertheless, the glagiatesn can be regarded as an open system for
most of the Post Glacial period.

In contrast, the hanging valleys are closed systeifils respect to coarse sediment. This
explains the 20% smaller, relative sediment cowengared to the trough and indicates that
most of the coarse sediment produced since thet&teine glaciation is still stored within the
hanging valleys. The hanging valleys are de-couplau the Turtmann Valley sediment flux
system and do not contribute to the main valleyirsedt storage. Few Late Glacial rock

glacier advances caused the only output of coamdiengnt from some of the hanging valleys.
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However, this material is now stored on the mailieyaslopes. Lateral slopes of the main
trough and the main valley floor are partially ctmgo Material is only transported along
narrow corridors, for example creeks or avalanalaeks, while the remaining parts are

covered by forest stabilising the sediment cover.
Turtmann Valley sediment storage system
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Figure 6.2 Sediment storage and Post Glacial subsgm coupling in the Turtmann Valley sediment flux
system. Coupling between glacier forefield and maiwalley floor does not regard the construction oftie

dam (A = area and V = volume)

6.2.1 Storage volumes and mass transfer

A comparison of sediment volumes per process domatih other studies is strongly
conditioned by variable study area sizes and cimgngiorage landform compositions. For
example, Rapp (1960), Caine (1986), Schrott andm®sd§2002), or Schrott et al. (2003)
studied drainage basins about an order of magniutler (1-27 krf) than the Turtmann
Valley (139 knf). In contrast, Jackli (1957) and Jordan and Sl&gn41991) investigated
drainage basins order of magnitude larger (400®30&). Thus, this study bridges a gap
between small meso-scale and macro-scale drainagjasb Additionally, apart from Jackli
(1957) and Caine (1986) no comparable study has baeied out in an environment where
rock glaciers have such a strong role in the sediffiax system. According to the scale
investigated, different process domains dominate gbdiment flux und storage situation.
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Talus processes and storage are the most impagainent flux agents observed in small
scale studies (Rapp 1960; Caine 1986; Schrott atain& 2002; Schrott et al. 2003), while
fluvial processes and glaciofluvial storage takeeroin large basins environments (Jackli
1957; Jordan and Slaymaker 1991). This observdiisnwith the paraglacial model of
Church and Slaymaker (1989).

In the Turtmann Valley the proportion of talus sige is reduced compared to the small scale
studies (see above). Due to the morphology of twegimg valleys large areas in central
positions are covered with glacial deposits. Thoslgipe deposits cover a larger area, the
mean sediment thickness of glacial deposits isifgigntly higher and results in greater
volumes. Rock glaciers store up to 50 % of the idelmlume on only 20% of the area. Thus,
periglacial creep causes a concentration of delmdscreates landforms with higher volume to
area ratio compared to other slope deposits. Basetthe model of paraglacial evolution of
the Turtmann Valley (cf. 6.1) the deposition of agd sediments were mainly deposited
during the Late Glacial, while all other landfornagart from relict rock glaciers and block
slopes are products of the Post Glacial perioctolmtrast to most other studies (see above),
fluvial processes play only a very minor role ir thediment storage system due to the dry,
inner Alpine climatic conditions of the Turtmann IMg combined with high summer
temperatures and increased summer evaporationtiéwlaliy, at the altitude of the hanging

valleys, periglacial conditions store significam@unts of water in the ground.

The mean annual mass transfer per area calculatedthe sediment volumes over a period
of 10 ka for the entire Turtmann Valley is 1509557 1960 +998 t kina™ corresponding to

a denudation rate of 0.94 +0.47 — 1.25 +0.62 mmHowever, this rate does not remove
material that has already been removed and detivierehe Rhone Valley. Hinderer (2001)
calculated a mean annual sediment yield into Lamdre of 2370 t krfha® since the Late
Glacial Maximum for the Rhone River based on th@mithValley trough sediment volume.
Thus, the mean mass transfer of the Turtmann Vaiyht correspond to a mean Post
Glacial rate of mass transfer for the Region. Hasvefew data exist on annual mass transfer
per area for the Alps and the scatter is quite .higit example, Vezzoli (2004) determined
current bedload sediment yields for 21 small cashmisirivers in the western Italian Alps and
reports rates between 19 and 1926 f kih
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6.2.2 Denudation rates

The denudation rateDR) calculated on the basis of the entire catchmeat dor the
Turtmann Valley corresponds well with other studiethe Alps. A mea®R for Post Glacial
times of 0.58 - 1.5 mm a-1 is observable in thesAlif. Table 6.1) compared to 0.94 £0.47 —
1.25 +0.62 mm @& in the Turtmann Valley. However, a comparison olpife-wide
denudation rates is critical, as many differentiemments with variable lithologies and
processes have been studied and different metmabgaaameters have been used to calculate
the rates.

The hanging valley storage volume represents aftlgbincrease inDR compared to the
entire valley (Table 5.12). The lack of sedimemho®al strongly influences thBR in this
subsystem. Consequently, this rate may be moret exampared to thé®R of the entire
valley, which includes an underestimation causedhaylack of material already removed
from the main valley. Th®R of the hanging valleys emerges from a mixture ros@nal
processes during paraglacial times and includeshhage from glacier-dominated erosion to

weathering-dominated erosion.

The glacier subsystem ha®®& of 0.13 +0.07 mm3 which is an order of magnitude smaller
than the one apparent for the entire valley. Restuatlies at the glacier forefield by
Martinerie et al. (2005) report@R of 0.3 mm & for the Turtmann glacier. This rate indicates
that the modelled sediment volume of the forefralaly be underestimated by more than 50%,
This material could also represent the amount bfidalready removed from the subsystem.
However, compared to other glaciers in the Vakhis, Turtmann glacier shows a significantly
lower DR. For example, Small (1987) reports 1.7—2.1 mhfca the Tsidjiore Nuove glacier
and Bezinge (1987) gives erosion rates betweera®d41.7 mm A for various glaciers in
southern Valais. This compilation reveals that glladenudation rates in the Alps vary
strongly. The difference iIIDR between the glacier forefield and the entire yalban be
explained by the different time scales and stosaremes used in the calculation. TD& for
the glacier subsystem is calculated on the basith@fcurrent storage volume that was
deposited to a great extent during and since ttteellce Age, but the calculation is based on
a time period of 10 ka. In contrast, tA® of the entire valley includes material deposited i
Post-Glacial times. A denudation rate of the glatoeefield subsystem using a time period

of, for example 500 years, results in a DR of 1.8+8m &
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The DR of the Hungerlitaelli of 2.0 +0.6 mmi‘acorresponds to the rate calculated for all
hanging valleys and also toDR of 1.07 - 3.06 mm aby Knopp (2001) for the neighbouring
Brandjitaelli.

Table 6.1 Comparison of alpine denudation rates.

Location DR (mm a-1) Time period Author

Turtmann Valley (CH) 0.62-1.87 Post Glacial (H) k This study
Hungerlitaelli (CH) 1.42 -2.64 Post Glacial (1) ka  This study
Brandijitaelli (CH) 1.07-1.84 Post Glacial (10 ka) Knopp (2001)
Walensee (CH) >15 15 ka Muller (1999)
Upper Rhone Valley (CH) 0.95 Late + Post Glacial nddirer (2001)
Alps (mean) 0.13 Present Hinderer (2001)
Alps (mean) 0.62 Late + Post Glacial Hinderer (@00
Bindner Rhine (CH) 0.58 Quaternary Jaeckli (1957)
Langental (1) 1.1 Post Glacial Schrott and Adan@g)
Reintal (D) 0.3 Post Glacial Hufschmidt (2002)

Time plays an important role in the calculation d#nudation rates, especially for single
landforms. The time span applied represents thavass duration of denudation and hence is
governed by the time of deglaciation and the bagmof landform formation. As no dating
information is available for the study area, a timeriod of 10 ka was assumed in all
calculations, which may be too long or too shokaading to different landform types and
individual objects. For example, the onset of rgt&cier development in particular is not
clearly defined. Relict rock glaciers and blockpgdave most probably formed during Late
Glacial. Hence, their denudation rate consider agetestimated time period. The same is
valid for most of the moraine deposits that steamfrLate Glacial times. In contrast, active
rock glaciers have formed during the Holocene amérod of formation of 10 ka is most

probably too long.

Denudation rates for single landforms show somé&bdity between the landform types and
the single objects (Table 5.14). Rock wall retnedés for talus slopes and cones fall within
the range of rates previously published for othpma regions (cf. Table 6.2). However,
compared to other environments, for example theidor the Himalaya, denudation rates are
usually much lower in the Alps. Retreat rates daled from talus cone volumes are
significantly higher than talus slopes. This isatéd by differences in the shape of the source

area. While talus slopes develop under the whalgthke of a rock wall that provides the
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material input, talus cones are characterised byoee funnelled input channel in the rock
wall. The consequence is a more condensed areapafsdion resulting in higher ratio of
denudation / deposition area and higher denudait@s.

Table 6.2 Comparison of denudation rates and rock all retreat rates in alpine and arctic environments

Location Rock wall retreat / denudation rate (mm Author

a-1)

Min Mean Max
Talus slopes:
Turtmann Valley (CH) 0.2 0.7 1.3 This study
Karkevagge(N) 0.04 - 0.15 Rapp (1960)
Reintal(D) 0.1 - 1.0 Hoffmann and Schrott (2002)
Bavarian Alps (D) 0.06 0.28 0.73 Sass and Wollrgo®
Talus cones
Turtmann Valley (CH) 0.6 2.2 3.1 This study
Lechtaler Alps (AT) 0.5 0.8 Sass (in press)
Central Himalaya (NP) 3.2 - 15.6 Watanabe et &98)
Nanga Parbat (PK), (Alpine 03 25 70 Shroder et al. (1999)
fans)
Block slopes
Turtmann Valley (CH) 0.8 1.4 2.3 This study
Rock glaciers
Turtmann Valley(CH) 0.12 0.62 1.8 This study
Swiss Alps (CH) 0.5 2.5 4.6 Barsch (1977a)
Sierra Nevada (USA) 0.8 - 1,9 Hollermann (1983b)
South Tirol (1) 0.5 Hollermann (1983b)
Middle Asia 0.4 - 0.7 Gorburnov (1983)
West Greenland (DK) 2 - 5 Humlum (2000)

Denudation rates calculated for active talus rolelcigrs correspond well with other studies
from the Alps. However, preceding studies in rod¢cgr denudation are often based on
rough estimations or are not well documented. Ba($877a) for example, uses the estimated
mean thickness of two rock glaciers to calculatevblume of almost 1000 rock glaciers in
the Swiss Alps. Barsch’BR values are higher than ti¥R in the Turtmann Valley because
his assumptions on rock glacier thickness are atioae times higher than the rock glacier
thickness used here.

Although Barsch (1996), referring to the works obr@urnov (1983), regardBR values
similar to those of the Turtmann Valley as low f@pine environments in general, they
correspond well to the rock wall retreat ratesatdis slopes in the study area. However, there
is a logical correspondence between talus slope@ridglacierDR, as talus slopes provide
the input for rock glaciers. Denudation of rock Mashould be consistent, because the
removal of debris from the talus by rock glacieocesl not affect the weathering rate of the

rock wall.
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7 Conclusion

The analysed and quantified storage landforms ef Thrtmann Valley reveal a detailed
paraglacial evolution of this Alpine geosystem. Tdraalysis of the spatial distribution of
storage landforms allows for a relative reconstamctof the Post Glacial land surface
evolution of the Turtmann Valley. Though partialbased on assumptions, the applied
methods resulted in sediment volumes that allowcutaling denudation rates in good
agreement to previous results for other Alpine emments. As previous sediment storage
analysis were performed whether in much smallemoch larger drainage basins, this study
bridges between these two extremes by analysingesonscale catchment. Finally, the
importance of rock glaciers in the paraglacial atioh of the valley and the sediment storage
distribution stresses the role of periglacial pss&s in the sediment flux system of high

alpine environments. The main results of the samyas follows:

* The distribution of sediment storage landforms sha@andistinct high Alpine pattern
and distribution structure.

» The relative and absolute positions of landformthiwithe sediment cascade together
with their spatial extent and volume hint on a ssge of landform development.
From this spatial pattern a relative model of pkreigl landform evolution can be
inferred.

» Slope sediment storage landforms cover more thé&f &Qthe hanging valley surface,
followed by moraine deposits (38%) and rock glacigr1%). Alluvial deposits and
large rock fall debris cover less than 2% of thedlaurface.

* Sediment volumes were modelled on two spatial scdlE) in one hanging valley,
sediment volumes are based on extrapolation ofresdi thickness information
derived by geophysical surveying. (2) For the enfiurtmann Valley, volumes are
calculated applying different approaches accordingthe four sediment flux
subsystems. Two scenarios of sediment volumesrapoged.

» Sediment storage is dominated by moraine depdsatisibclude 77 or 60 % of the
volume according to scenario | and I, respectivBlgtween 18 (I) and 25% (II) of
debris is located on slopes, while 4 (1) or 15% @f sediment volume is stored in
rock glaciers.

« A total sediment volume of 1,030.7 +515.3 » & (1) or 778.8 +389.4 x 10m*(l) is
stored in the Turtmann Valley. More than 70 % oé timaterial is located in the
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hanging valleys, 20% is found on the main valldgral slopes, while the main trough
and the glacier forefield each contain 3% of thdirsent volume.

Relative sediment volumes per area in the hangatigys exceed the volume per area
stored in the main valley trough.

The hanging valleys subsystems are consideredosectiwith respect to the coarse
debris flux and consequently decoupled from thennvailley system. Lateral valley
slopes and main valley floor are only coupled alauglanche corridors or creeks. The
glacier forefield was coupled with the main valfegor for most of the Holocene; the
closure of the forefield by the dam disconnectesl adiment cascade of the glacial
sediment flux.

A mean volume of 1997.6 +998.8 and 1509.5 +75&®t a* was transported within
the Turtmann valley based on 10 ka of process iactior scenarios | and Il,
respectively.

The average denudation rate for the Turtmann Vallayes between 1.25 +0.62 and
0.94 +0.47 mm 7 following scenarios | and II, respectively. Thenddation rate for
the hanging valleys is slightly higher showing saté 2.23 +1.11 (I) and 1.45 £0.71
(1) mm a'. In contrast, volumes stored in the glacier f@lefiresult in a mean
denudation rate of 0.13+0.07 mi.a

Denudation rates for single processes range fr@w206 mm & for talus deposits and
between 0.1 and 1.4 mr for active talus-derived rock glaciers.

The paraglacial reworking of glacial deposits ia tranging valleys was accomplished
mainly by glacier-derived rock glaciers. Their distition is used to generate a model
of relative paraglacial landform succession intiaaging valleys.

The paraglacial period can be divided into threainmphases: Today’s relict
glacier-derived rock glaciers and block slopes tagelandforms that formed during
the earliest stage of the paraglacial period. Rglekiers formed from deposits of a
first Late Glacial glacier maximum (probably froleetDaun phase). Talus slopes and
inactive rock glaciers formed during a second stageen deposits from a smaller
Late Glacial glacier advance were reworked (prop&igesen phase, Younger Dryas).
Active glacier-derived rock glaciers are the maostent last landforms that have
developed from glacial deposits in the hangingeyellof the Turtmann Valley during
the Holocene.

Since most of the active rock glaciers are talusvdd, the reworking of paraglacial

deposits is most probably completed. Assumed thastof the current bedrock
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weathering is not influenced any more by stressasa following deglaciation, the
paraglacial period in the hanging valleys of thetmann Valley is considered to be

terminated.
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8 Summary

Sediment flux plays a central role within the evimno of land surfaces and Earth’s
biogeochemical systems. Within sediment flux systetine role of sediment storage is often
the least understood part. A quantification of ager volumes is often based on rough
assumptions. However, geophysical methods, higblugsn digital terrain data and GIS
techniques open up new possibilities for the maiete quantification of sediment storage
volumes.

This study analyses the spatial distribution ofirsemt storage landforms and quantifies
sediment volumes in the high alpine Turtmann Valléywiss Alps. A detailed
geomorphological mapping provided information onre tlpatial structure of storage
landforms. Geophysical methods were used to deedément thickness of storage landforms
in one hanging valley, known as the Hungerlitacdiediment volumes of single landforms
were quantified in the Hungerlitaelli by extrapahgt sediment thickness data into the entire
hanging valley. The sediment storage of the eftiremann Valley was assessed for the four
different sediment flux subsystems. Quantificatocdrsediment stored in the hanging valleys
was performed by transferring the average sedintt@nkness of the different landforms
observed in the Hungerlitaelli hanging valley toxdéorms located in the other hanging
valleys. The valley floor volume was estimated gsthe SLBL method that excavates a
digital elevation model until an assumed glacia@ugh surface is formed. The sediment
storage volume of the glacier forefield was quaedifby constructing an assumed bedrock
surface, while the storage volume on main vall@pe$ was estimated using an assumed

average sediment depth.

The distribution of sediment storage landforms aévea typical high Alpine land surface
pattern. Slope sediment storage landforms coveertan 50% of the hanging valley surface,
followed by moraine deposits (38%) and rock glacidl%). Alluvial deposits and large rock
fall debris cover less than 2% of the land surf&ediment volumes were quantified using
two scenarios. Scenario | considers the moraineisiéyer buried underneath rock glaciers
and increases the amount of material stored in im®i@eposits that is removed from the rock
glacier class. In scenario Il the entire modelledume of the rock glaciers is considered
causing less volume stored in moraine deposits andncrease in rock glacier storage.

Sediment storage is dominated by moraine depdsdisinclude 77 or 60 % of the volume
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according to scenario | and I, respectively. Beawd8 (1) and 25% (II) of debris is located
on slopes, while 4 (1) or 15% (1) of sediment vole is stored in rock glaciers.

A total sediment volume of 1,030.7 +515.3 x°1@° () and 778.8 +389.4 x fom* (1),
respectively is stored in the Turtmann Valley. Mtivan 70 % of the material is located in the
hanging valleys, 20% is found on the main valldgral slopes, while the main trough and the
glacier forefield each contains 3% of the sedimasitime. The hanging valley subsystems
are considered as closed with respect to the cafeises flux and consequently decoupled
from the main valley system. Lateral valley slopesl main valley floor are only coupled
along avalanche corridors or creeks. The glaciesfield was coupled with the main valley
floor for most of the Holocene; the closing of foeefield is caused by the dam disconnected
the sediment cascade of the glacial sediment flux.

The average denudation rate for the Turtmann Valkyes between 1.25 +0.62 and 0.94
+0.47 mm & following scenarios | and I, respectively. Thenddation rate for the hanging
valleys is slightly higher showing rates of 2.23.#1 (1) and 1.45 +0.71 (Il) mm™a
respectively. In contrast, volumes stored in thecigr forefield result in a mean denudation
rate of 0.13+0.07 mma

The relative and absolute positions of landformghivithe sediment cascades together with
their spatial extent and volume hint on a sequefd¢andform development. From this spatial
pattern a relative model of paraglacial landfornoletion can be inferred. A reworking of
glacial deposits in the hanging valleys was accwhptl mainly by glacier-derived rock
glaciers. Their distribution is used to generatenadel of relative paraglacial landform
succession in the hanging valleys. The paraglgmaiod can be divided into three main
phases: Today'’s relict glacier-derived rock glaziand block slopes are the landforms that
were build up during the earliest stage of the glaal period. Rock glaciers developed from
deposits of a first Late Glacial glacier maximunnofgably Daun). Talus slopes and inactive
rock glaciers were created during a second stabenwleposits from a smaller Late Glacial
glacier advance were reworked (probably Egesen;nyeu Dryas). Active glacier-derived
rock glaciers are the most recent landforms thaé ieeen developed from glacial deposits in
the hanging valleys of the Turtmann Valley durihg entire Holocene.

Since most of the active rock glaciers are talusvdd, the reworking of paraglacial deposits
is probably completed. Assuming that most of theremt bedrock weathering is not
influenced any more by stress release followinglatzgtion, the paraglacial period in the

hanging valleys of the Turtmann Valley is consideie be finished.
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To conclude, the analysis of the spatial distritmutdf storage landforms allows for a relative
reconstruction of the Post Glacial land surfacelwian of the Turtmann Valley. Though

partially based on assumptions the applied methesslt in sediment volumes that allow
calculating denudation rates in good agreement revigus results for other Alpine

environments. As previous sediment storage analysge performed, whether in much
smaller or much larger drainage areas, this stuthjgbs between these two extreme by
analysing a meso scale catchment. Finally, the tapoe of rock glaciers in the paraglacial
evolution of the valley and the sediment storagarithution stresses the role of periglacial

processes in the sediment flux system of high alpimvironments.
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10 Appendix

A. Seismic refraction modelling results
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B. 2D-resistivity inversion results
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Iteration 16 - RMS Error: 7.9 % Unit Spacing: 3 m

Iteration 12 - RMS Error: 4.8 % Unit Spacing: 4 m
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ER04 3 Iteration 8 - RMS Error: 2.8 % Unit Spacing: 2 m
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ERO4 4 Iteration 8 - RMS Error: 2.8 % Unit Spacing: 2 m
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ERO4 5 Iteration 13 - RMS Error: 11.8 % Unit Spacing: 5 m
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Iteration 6 - RMS Error 16.0% Unit spacing 3m
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Iteration 5 - RMS Error = 8.4 % Unit Spacing 3m
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ERO5 2 Iteration 5 - RMS Error = 5.4 % Unit Spacing 3m Resistivities
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ERO5_4

Iteration 3 - RMS Error = 27.4 % Unit Spacing 4m
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C. Ground penetrating radar images
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2D-resitivity inversion parameters

Inversion settings

Initial damping factor

Minimum damping factor

Line search option

Convergence limit

Minimum change in RMS error

Number of iterations

Vertical to horizontal flatness filter ratio

Model for increase in thickness of layers

Number of nodes between adjacent electrodes
Flatness filter type, Include smoothing of model resistivity
Reduce number of topographical datum points?

Carry out topography modeling?

Type of topography trend removal

Type of Jacobian matrix calculation

Increase of damping factor with depth

Type of topographical modeling

Robust data constrain?

Cutoff factor for data constrain

Robust model constrain?

Cutoff factor for model constrain

Allow number of model parameters to exceed datum points?
Use extended model?

Reduce effect of side blocks?

Type of mesh

Optimise damping factor?

Time-lapse inversion constrain

Type of time-lapse inversion method

Thickness of first layer

Factor to increase thickness layer with depth

USE FINITE ELEMENT METHOD (YES=1,NO=0)
WIDTH OF BLOCKS

MAKE SURE BLOCKS HAVE THE SAME WIDTH
RMS CONVERGENCE LIMIT (IN PERCENT)

USE LOGARITHM OF APPARENT RESISTIVITY
LIMIT RESISTIVITY VALUES(0=No,1=Yes)

Upper limit factor (10-50)

Lower limit factor (0.02 to 0.1)

Type of reference resistivity (O=average,1=first iteration)
Model refinement (1.0=Normal,0.5=Half-width cells)
Combined Combined Marquardt and Occam inversion
Type of optimisation method

Convergence limit for Incomplete Gauss-Newton method

Use data compression with Incomplete Gauss-Newton
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Use reference model in inversion (0=No,1=Yes)
Damping factor for reference model

Use fast method to calculate Jacobian matrix.
Use higher damping for first layer? (0=No,1=Yes)
Extra damping factor for first layer

Type of finite-element method

0.005

15





