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Abstract

We attempt to reconstruct the formation of the Bleis Marscha rockglacier in the Val d’Err, Grisons
(Switzerland) with terrestrial cosmogenic surface exposure dating, aerial image correlation and numerical
modelling. The Bleis Marscha rockglacier is a 1200 m long, multi-unit talus rockglacier with an active
upper part that overrides a lower part. Lichen-covered boulders, vegetated, stabilized slopes, and signs of
settling suggest that the parts below ~2500 m a.s.l. are relict. Internal front scarps separate the rockglacier
into different units, each with its own activity phase. Morphological evidence suggests that the rockglacier
began forming in the earliest Holocene.

Surface exposure dating with cosmogenic °Be and 36Cl places a temporal framework (ka scale) on
rockglacier movement periods. On the presently active part, the exposure ages correlate well with distance
from the source and can be addressed as minimal travel times. The oldest age above the internal main scarp
suggests that the late Holocene activity period initiated not after 2.840.2 ka. The exposure ages on the
relict part below have a larger scatter in the order of centuries, suggesting that disturbances (intermittent
boulder instabilities, self-shielding caused by boulder rotation) affecting the nuclide inventories are more
important during inactivation and collapse. This apparent rejuvenation explains both the tendentially
“too-young” ages and the large spread. The oldest age, interpreted as (rough) inactivity age, suggests that
first generation of the Bleis Marscha rockglacier initiated in the late Younger Dryas and ceased its activity
around 9.0£0.6 ka.

Feature-tracking analysis of bi-temporal (2003-2012) orthophotos constrains the present horizontal sur-
face velocity field. An illumination-invariant method for correlating orthophoto-derived orientation images
yielded reliable displacements on the rugged rockglacier surface. The image correlation results support
the subdivision of the Bleis Marscha rockglacier in an active upper part, characterised by moderate to
high surface velocities controlled by the topography on a 100-m scale, and a relict, collapsing lower part,
characterised by an irregular surface velocity field strongly coupled to the small-scale topography (“effet
camembert”). The degree of correlation between morphology and surface creep field indicates the dynamic
state of the rockglacier.

Present-day dynamics are numerically modelled using a two-dimensional finite-element approach to gain
insights into the mechanical and material properties. The influence of the mechanical layering (boulder
mantle, rockglacier core and low-viscosity basal shear layer) on stress distribution and deformation is ex-
plored. In an inverse problem constrained with the surface velocity data, the viscosity structure of the
rockglacier is inferred. Surface velocities of up to 30 cma~! on the apparently relict part could only be
numerically reproduced assuming a considerable fraction of ice and/or water that weakens the material.
The subsurface ice either has been preserved throughout the Holocene or has reformed more recently.
Although the model assumes a Newtonian, incompressible rheology, the typical strain localisation towards
the basal shear zone resulting from non-linear deformation mechanisms could be emulated (reproduced
“by appearance”) with the prescribed viscosity layering.

Nous ampruagn da modelar las fasas da furmaziun digl glatscher da schalada permanenta Bleis Marscha
an la Val d’Err (Grischun) antras dataziuns dalla surfatscha cun nuclids cosmogens, correlaziuns da fo-
tografias or da l’aria e modelaziun da finite-element. Indizis morfologics e la momentana (2003-2012)
sveltezza orizontala dalla surfatscha laschan supponer ena sotdivisiun digl 1200 m lung, poymorf talus-
glatscher da schalada permanenta an ena part soura activa tgi avanzescha e vo sur la part sot relicta.
Tottas dus parts eran durant different taimps activ: La part sot (sot ca. 2500 m s.m.) pi vigla 0 sa furmo
cunter la fegn digl pi Giuven Dryas ed € neida climaticamaintg inactiva aint igl giuven Olocen. Dalla vigli-
adetna d’exposiziun da 1°Be e 3°Cl resultescha ena vigliadetna da 4.840.3 anfignen 9.0+0.6 k onns. Las
vigliadetnas tendenzial “mengia giuvnas” e la gronda dimensiun (regiuvinaziun apparenta) ¢ da declarar
antras 'instabilitad temporara e la protecziun da sasez digls blocs controllos antras igl collaps digl relief
scunflo (“effect camembert”). La vigliadetna maximala vign interpretada scu vigliadetna d’inactivitad. La
part soura pi giuvna € neida furmada durant igl pigiuramaint climatic digl tardiv Olocen. Igl glatscher
da schalada permantenta creschent existeva igl madem mument scu igl glatscher da foppa Bleis Marscha
tgi avanzava e sa tirava anavos periodicamaintg. La vigliadetna d’exposiziun correlescha cun la distanza
tar la zona da rieisch digl glatscher da schalada permantenta e so uscheia neir interpretada scu (minimal)
taimp da viadi dalla blocca. La pi viglia dataziun dalla surfatscha da 2.840.2 k onns sur la scarpa digl
front datescha la (pi tard’) antschatta dalla sagonda fasa d’activitad. Cun ena reologia newtonica ed ena

iii



stratificaziun da viscositad determindada s igl model linear numeric emular (reprodutgier la cumpariziun)
mecanissems da deformaziun cumplitgias, betg-linears an igl orizont da forbesch. Igls resultads sugereschan
bler glatsch ed/ni ava an la part relicta digl glatscher da schalada permanenta, chegl tgi deblescha igl mas-
ditg da gera-glatsch e declera la sveltezza dalla surfatscha dad anfignen 35 cm/onn. [Translato dad Anina
Janett-Sonder]

Wir versuchen die Bildungsphasen des Bleis Marscha Blockgletschers im Val d’Err (Graubiinden) mit-
tels Oberflachendatierung mit kosmogenen Nukliden, Luftbildkorrelation und Finite-Element-Modellierung
nachzuzeichnen. Morphologische Hinweise und das derzeitige (2003-2012) horizontale Oberflichengeschwin-
digkeitsfeld legen eine Unterteilung des 1200 m langen, polymorphen Talusblockgletschers in einen aktiv
vorriickenden oberen Teil nahe, der einen relikten unteren Teil iberfahrt. Beide Teile waren zu verschiede-
nen Zeiten aktiv: Der untere, éltere Teil (unterhalb ca. 2500 m . M.) bildete sich gegen Ende der
Jiingeren Dryas and wurde im frithen Holozén klimatisch inaktiv. Die '°Be und *¢Cl Expositionsalter
geben ein Alter von 4.840.3 bis 9.0£0.6 ka. Die tendenziell ‘zu jungen’ Alter und ihre grosse Bandbre-
ite (scheinbare Verjiingung) wird auf zeitweise Instabilitdt und Selbstabschirmung der beprobten Blocke
wihrend des Kollapses des wulstigen Oberflachenreliefs zuriickgefiihrt (‘effet camembert’). Das Maximalal-
ter wird als (ungeféhres) Inaktivierungsalter angesprochen. Der obere, jiingere Teil bildete sich im Verlauf
der klimatischen Verschlechterungen im spédten Holozédn. Der stetig wachsende Blockgletscher bestand
gleichzeitig zum periodisch vorstossenden und zuriickziehenden Bleis Marscha Kargletscher. Die Exposi-
tionsalter korrelieren mit der Distanz zur Wurzelzone des Blockgletschers und kénnen daher als (minimale)
Reisezeit der Blocke interpretiert werden. Das dlteste Oberflachenalter von 2.840.2 ka oberhalb der Stirn-
boschung datiert den (spitesten) Beginn der zweiten Aktivitdtsphase. Mit einer Newtonschen Rheologie
und einer festgelegten Viskositatsschichtung kann das lineare numerische Modell kompliziertere, nicht-
lineare Deformationsmechanismen in Scherhorizonten emulieren (von der Erscheinung her nachbilden).
Oberflichengeschwindigkeiten von bis zu 35 cma™" im obersten Teil der relikten unteren Blockgletscher-
hélfte konnen nur durch Spannungsiibertragung der vorstossenden aktiven Zunge unmittelbar dariiber und
durch einen hohen Anteil an Eis und/oder Wasser im relikten Blockgletscherteil erkliartet werden, welcher
das Schutt-Eis-Gemisch schwécht.
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Abbreviations and notation

AMS
DEM
ELA
FEM
LGM
LIA
MAAT
MAGST
MAP
MIS
MPA
NCC
0oC
SHD
SVF
TCND
YD

accelerometer mass spectrometry

digital elevation model or discrete-element modelling
equilibrium line altitude (~ firnline)

finite-element modelling

Last Glacial Maximum

Little Ice Age

mean annual air temperature

mean annual ground surface temperature

mean annual precipitation

Marine isotope stage

mountain permafrost altitude

normalized cross correlation (of aerial images)
orientation correlation (correlation of orientation images)
Schmidt-hammer exposure age dating

sky-view factor

terrestrial cosmogenic nuclide dating

Younger Dryas



Notation.

Symbol Unit Description
Permafrost, rockglacier and climate-related parameters
T °C ground or air temperature
T, °C mean annual air temperature (MAAT)
T, °C annual mean temperature at the ground surface (MAGST)
T,s °C annual mean permafrost surface temperature
v ma! vertically averaged down-slope velocity
vy, ma ! surface down-slope velocity
v, ma ! basal down-slope velocity
# ma! rockglacier advance rate (down-slope)
t s,a time
te s, a response time
tif s, a thaw time
H,H m (averaged) rockglacier thickness
H, m permafrost thickness
Hy m steady-state permafrost thickness
hy 1 fraction of talus height to rockglacier front height
a,a ° (100 m-averaged) surface slope

Thermal and mechanical material parameters

E- Wm ! K! thermal conductivity
k, Wm™! K=!  thermal conductivity of frozen ground

k m?a”! volumetric thermal diffusivity
L Jm™ volumetric latent heat of fusion
p kgm™3 density

©, pefs Pas (effective) viscosity
R 1 viscosity contrast
K Pa bulk modulus (elastic modulus)
G Pa shear modulus (elastic modulus)

Image correlation parameters

=

x,y (ground) coordinates (horizontal)
Io, Ih image

C, Gy 1 normalized-cross correlation coefficient matrix (NCC matrix)
v 1 NCC coefficient
Chaz 1 maximum correlation coefficient
Choise 1 noise level estimate
SNR 1 signal-to-noise ratio
wy  PpX template width
Ws PX search window width
Ahpar  PX maximum trackable displacement
vy ms ! horizontal surface velocity field with components v, vy
lvs|=vs ms™!, ma~! magnitude of horizontal surface velocity, speed
gy s hal horizontal surface strain-rate tensor
éqp s hal second invariant of the strain-rate tensor
g s al principal strain rate (eigenvalue)
0, rad principal angle
Q s at surface vorticity tensor
¢ s at vertical component of the vorticity vector
Wi 1 kinematic vorticity number
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Notation (continued)

Symbol Unit Description
Numerical modelling parameters
T,y m coordinates (horizontal)
z m coordinate (vertical, depth)
v ms! velocity field with components v,, vy
o Pa stress tensor
o’ Pa deviatoric stress tensor
o Pa second invariant of the stress tensor
T, T, Pa (basal) shear stress
€ sfl, a ! strain-rate tensor
én s h at second invariant of the strain-rate tensor
p Nm™2=Pa pressure
A a"lPam rate factor in GLEN’s flow law
n 1 “flow law exponent” in GLEN’s flow law
f1 shape factor
Surface exposure dating parameters
t a time
texp @ exposure age
tow A travel time estimate
C atg! in-situ, cosmogenic nuclide concentration
Py atgta’! local cosmogenic nuclide production rate
A oal decay constant
ti2 a half-life
p gem™3 density of the irradiated rock
e cma ! erosion rate
A gcm™? attenuation length
Cinn  atg™! inherited nuclide concentration
Constants
g ms 2 gravitational acceleration
g Wm? geothermal heat flow
Mathematical notation
V() Nabla operator
F(-) Fourier transformation
I, 6;; Kronecker delta
e EULER’s number
i complex imaginary unit
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1 Introduction

Permafrost conditions occur in extensive areas in cold mountain regions on Earth. The
ground remains at or below the freezing point of water throughout the year and can
contain considerable amounts of subsurface ice. In the Alps, the permafrost area exceeds
the glacier-covered area |Boeckli et al., |2012]. Despite its common occurrence, Alpine
permafrost is difficult to observe or measure and has escaped the attention of systematic
research until the early 1970s [Haeberli, 2000; Haeberli et al., 2010; |Vitek and Giardino,
1987bja]. Rockglaciers as “streams of perennially frozen debris” are characterized by their
thermal state and kinetics, and are the most prominent Alpine permafrost landform.
Rock glaciers have fascinated scientists since the early twentieth century, even before
the phenomenon of mountain permafrost was recognized. Examples of early works on
rockglaciers are Domaradzki [1951]; (Chaix| [1943] and the seminal paper by |Wahrhaftig
and Cox [1959]. The unfortunate, misleading term “rock glacier”, coined by |Cross and
Howe [1905] or |Capps| [1910], is a legacy of that time: Neither does a rockglacier neces-
sarily contain large amounts of sedimentary glacier ice, nor does it simply contain rocks
[Haeberli, [2000]. Among other reasons, the terminological confusion is leading to an on-
going scientific debate on the exact definition of the term “rock glacier” [Berthling, 2011].

“The accumulations [...] impress one with a sense of motion, looking as if they had
flowed as do viscous masses” |[Cross and Howe, [1905]. The ground ice cements the loose
debris and allows for large-scale stress transmission and steady creep over long time inter-
vals. This accounts for the peculiarly viscous appearance of the rockglaciers. This specific
mechanical behaviour is tied to the formation and preservation of ground ice over the life
time of a rockglacier (up to millennia) and thus to perennially negative ground temper-
atures — rockglaciers are indicators of present and past permafrost conditions [Barsch)
1996; Haeberli, [2000]. They are of high interest for permafrost researchers, periglacial
geomorphologists and palaeoclimatologists.

1.1 Motivation

Main points -

Permafrost as a thermally defined state is not directly visible, but rockglaciers as the
most prominent expression of creeping mountain permafrost are. Rockglaciers thus serve
as a proxy for the state of permafrost in a warming climate, requiring knowledge on how
rockglaciers react to changing climatic conditions. “The past is the key to the future” —
exposure-dating of individual rockglacier lobes allows to place a temporal framework on a
ka-scale on rockglacier movement periods and to link these to the Holocene palaecoclimate.

This thesis presents the first case study where an active rockglacier is exposure-dated
with cosmogenic nuclides. It will provide insights on how the exposure ages are to be
interpreted as well as on the evolution of the studied rockglacier.

In a warming climate, subsurface ice melts 10 to 100 times less rapidly than surface
ice [Haeberli et al.l 2017, and references therein|. Forward projection of today’s volume
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estimates of surface ice (from observed glacier inventories) and subsurface ice (from mod-
elled permafrost distribution) indicate that roughly in the second half of 20th century, the
periglacial realm will be more important than the glacial one (Fig. . New hazard chains
will emerge in this changed landscape that is in disequilibrium: For example , retreating
glaciers leave behind oversteepened moraines that are readily mobilisable, and rockfalls on
degrading permafrost slopes might trigger flood waves in lakes that fill the overdeepend
bedrock depressions. Destabilizing rockglaciers in a critical topographic setting, where
the debris of the oversteepened front is transported away by debris flows, are hazardous
themselves.

At the same time, the behaviour and dynamics of creeping permfrost is still poorly
understood, and the level of understanding is far behind the one we have of (ice) glaciers.
We need to improve the understanding of rockglaciers and their response to external (cli-
mate) forcing in terms of temperature, humidity, and debris supply (“transfer function”).

Past: Palacoclimatic In a first step, appreciating the “importance of rockglaciers as highly sensitive indicators
reconsteton of past temperature evolution” [Frauenfelder and Ké&ab, |2000], the “transfer function” of
Present and future: rockglaciers is investigated. In a second step, the response of Alpine permafrost to climate
Rockglacier as a climate . .. . . . .

proxy change is anticipated. One concrete aim is to integrate permafrost creep rates (rock glacier

kinematics) as a new associated parameter to the “Essential Climate Variable (ECV) Per-
mafrost” within the Global Climate Observing System (GCOS) initiative |[Delaloye et al.
201,
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Figure 1.1: Schematic estimation of possible future ice evolution in the Euro-
pean Alps. Redrawn after Haeberli et al.| [2017].

1.2 Aim and research questions

This thesis contributes to deciphering the palaeoclimatic significance of rockglaciers in a
high-mountain environment. First, we examine the applicability of terrestrial cosmogenic
nuclide dating of rockglaciers by exposure dating the Bleis Marscha rockglacier. This
technique has hitherto never been used on presently moving rockglaciers, we therefore
focus on the active lobes. The conclusions drawn will apply generally. Second, we use the
absolute age pattern of the Bleis Marscha rockglacier complemented by other investiga-
tions to infer the local Holocene climate history.

This thesis addresses the following research questions with data of the Bleis Marscha
rockglacier:



1.3 Thesis outline

[0 Applying the method of surface exposure dating with cosmogenic nuclides on the
active Bleis Marscha rockglacier: Does it yield a consistent exposure age pattern?
How are these long-term kinematic information related to the present short-term
kinematics obtained by image correlation of orthophotos? How are the surface ex-
posure ages to be interpreted, and what is the relationship to the age of different
lobes or the entire landform?

O Reconstructing the development of the Bleis Marscha rockglacier: Are the different
creep lobes as suggested by the complex morphology, each with its own activity
phase, identifiable in the present surface kinematics? What do exposure ages tell on
the activity phase of each lobe?

0 Reproducing and understanding its present deformation with finite-element numer-
ical experiments: Which plausible subsurface structure and mechanical properties
reproduces the observed short-term surface velocity pattern?

[J Placing the evolution of the rockglacier in the Holocene climate history: Integrating
all information, how did the Bleis Marscha rockglacier evolve since its formation?
What are the implications for the Holocene permafrost and climate evolution in the

Val I’Err?

Constraining the timing of formation and reconstructing the advancement and thrusting
of each unit allows to sketch the development of the Bleis Marscha rockglacier throughout
the Holocene.

1.3 Thesis outline

Main points

The Bleis Marscha rockglacier is investigated with four methods covering a wide time
scale (Fig. Table[l.1)): aerial image correlation, morphological observations, exposure
dating and numerical modelling.

The Bleis Marscha rockglacier is investigated with four methods that cover a wide time

scale (Fig. Table [L.1)):

e We decipher the surface expression of past and present deformation with morpho-
logical observations in the field and analysis of aerial photos (MORPH);

e We place rockglacier movement periods in a ka-scale temporal framework by means
of surface exposure dating with cosmogenic nuclides (TCN);

e We constrain the present horizontal surface velocity field with feature-tracking on
bi-temporal aerial images (IMCOR);

e We investigate the mechanical properties and internal strucutre with numerical
finite-element modelling (FEM).

In the following Section[Terminology and general definitions], some introductory remarks
on permafrost and periglacial landforms are made. The current state of knowledge on
Lateglacial to Holocene climate History in the Alps and on rockglaciers is summarised in
Chapter [2][State of research|

The geographical, geological, geomorphological and climatic setting of the study area,

the Val d’Err, is sketched in Chapter [3][Study sitel Chapters [ and
treat the procedures and outcomes for each thread separately.Chapter [6][Discussion] first
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Table 1.1: Overview of methods: coverage in time and space

Method Exposure dat- Morphological Image correla- Numerical
ing observations tion modelling
Abbreviation TCN MORPH IMCOR FEM
Parameter exposition age surface strain his- horizontal surface internal structure
tory velocity field
Time long-term decades—centuries short term, present
(millenial), present
2-9ka (2003-2012)
Space surface surface surface depth 0-30m
time’s arrow [a ago|
10" 10° 10° 10 10°
morphology GG
exposure dating
f f f %, f T >

. /.

rical modelling

Figure 1.2: Methods in time and space

examines the limitations of each method. In Section [6.2][Synthesig are the threads woven
together: The exposure ages are interpreted in light of the past climate evolution, geomor-
phological observations, present short-term kinematics and inferred subsurface structure.
We attempt to sketch the Holocene history of the Bleis Marscha rockglacier. Finally,
in Chapter [7][Conclusion| the implications of our findings for future exposure dating of
rockglaciers are highlighted.

The grey-shaded box with the coffee cup sign s collects the main points of each section.

1.4 Terminology and general definitions

Permafrost is defined solely by the ground thermal state as “ground that remains at
or below 0°C for at least 2 consecutive years” |Burn, 2013]. Ground ice or perennially
frozen ground is not required according to this definition (though most often present on
Earth), and pore water can be liquid at temperatures below 0°C. The temperature-related
definition is expanded by a description of state (Fig. [1.3]).

Ice-rich permafrost forms a perennially frozen layer in between a seasonally thawed
active layer at the surface and and permanently unfrozen ground at depth (Fig. .
Permafrost is to a first order controlled by the climatic conditions (air temperature and
winter snowfall). The steady-state permafrost thickness Hy of a homogeneous material is
governed by the mean annual temperature at the permafrost table, T, (°C), the geother-
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mal heat flux ¢ (Wm™2) and the thermal conductivity of the frozen ground k, (W m™!

K~!) [Burn, 2013]:

k.
HO ~ —Tpsl.
q

(1.1)
Typical thickness are a few meters in the Alps to a few hundred meters in unglaciated
arctic regions.

The aggradation (or degradation) of permafrost from the permafrost base downwards
(upwards) are governed by T), the thermal conductivity k of frozen (thawed) ground, the
volumetric latent heat of fusion of unfrozen ground L (J m~3) and the time since initiation

of freezing, t (a) [Burn, [2013]:
H, ~ \/2k, Tyt /L .

The heat budget is dominated by the latent heat from the ice—water phase change, not
by sensible heat from cooling of the ground. This is the reason for the zero-curtain ef-
fect. Geothermal heat flow and freezing point depression at the permafrost base are not
considered. An important implication of this model is that changes in the depth of the
permafrost base scale with v/¢: Even thin ice-rich permafrost (H, ~ 10 m) takes centuries
to degrade [Burn, [2013].

(1.2)

T<0°C T=0°C T>0°C  MAGST
A ground surface 4
Tonin Tonay seasonally
cryotic
seasonally frozen
anq thawed: permafrost table p
active layer
A
perenially perenially cryotic:
frozen permafrost
thickness
Figure 1.3: Permafrost terminology and def-
initions with respect to temperature regime.
MAGST mean annual ground surface temper-
ature. Redrawn after |Associate Committee on
Geotechnical Research (ACGR)| [1988].
Permfrost is defined by ground thermal condi- permafrost base (
tions with 7' < 0°C, irrespective of material and ice-nucleation
. . temperaturez’
presence of ground ice/water. Accounting for
the freezing-point depression due to dissolved
: _ - perenially perenially
TQ,a'lt.s in juhe water, the temperat.ure' related def: Cnfrozen non-cryotic
inition is expanded by a description of state: freezig_poﬁ
frozen/thawed and cryotic/non-cryotic. depression

The cryosphere “refers to those parts of the Earth’s surface where water is dominantly
frozen”, and can be subdivided in the glacial and periglacial domain |[Harris and Murton)
2005]. Both is a cold-climate environment: The amount of precipitation makes the dif-
ference. The term glacial describes environments that are shaped by processes related to
flowing ice and meltwater. Glacial landscapes occur in cold-humid areas.

The term periglacial is defined as “range of conditions, processes and landforms asso-
ciated with cold, non-glacial environments” [Ballantyne, 2018|. Periglacial environment

Cryosphere

glacial

periglacial
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are characterized by (i) ground freezing and thawing, and/or (ii) the presence of either
seasonally or perennially frozen ground (permafrost) [Frenchl |[2017]. Terminologically, the
permafrost zone is a subset of the periglacial zone. Periglacial landscapes occur in cold-dry
areas.

The controversy on the definition of the the term “rock glacier” is rooted in the discussion
regarding glacial and periglacial systems. While the glacial system is characterized by the
body of ice itself as well as all glacier-related processes (“definition by material”), the
periglacial system is characterized by the climatic environment (“definition by thermal
state”, regardless of material). First, this leaves some overlap (e.g. cold-based glacier:
traditionally considered a glacial phenomenon, but is conformable to periglacial definition).
Second and more specific to rockglaciers, confusion arises from the fact that similarly
looking landforms might develop by different processes [Whalley, [2009], and from the fact
that there are interactions between glaciers and permafrost [Harris and Murton, 2005|.
The debate on the nature of rockglaciers — glacial or periglacial (or both) — is not a purely
semantical issue: Palaeoclimatic reconstructions are only meaningful if rockglaciers are
considered as permafrost features created by zonal processes. Berthling [2011] advocates
a rockglacier definition by genesis, not by appearance (morphology).

The rockglacier debate affects the terminology of debris-ice accumulations in mountain-
ous areas (sketched in Fig. , namely the usage of the terms “protalus rampart” and
“protalus lobe” [Hedding, 2011; Whalley and Azizi, [2003} |Scapozzal, [2015]. In this the-
sis, the following convention is adopted: “Protalus rampart” denotes a permafrost-related
landform, i.e. an early-stage, “embryonic” rockglacier |Barsch, 1996]. “Pronival rampart”
denotes a nivo-gravitational landform [Hedding, 2016].
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Figure 1.4: Terminology of debris-ice accumulations in cold mountain areas [Haeberli, [1996]. Ide-
alized assemblage of landscape elements (underlined terms) and processes related to debris/ice
transport.
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2 State of research

2.1 Alpine Lateglacial and Holocene climate history

The late Cenozoic era is characterized by a long-term cooling trend towards an icehouse
Earth with ice-sheet covered poles |Zachos et al., [2001]. The glaciation of the European
Alps began in the earliest Pleistocene roughly 2.6 Ma ago, marking the beginning of the
Quaternary period. The intense glaciations on a 100 ka glacial-interglacial cycle are re-
stricted to the last 800ka to 1 Ma |[Ehlers and Gibbard, [2007} Lisiecki and Raymo)| 2005].
Today, we live in an intermittent warm period, the Holocene interglacial, within the cur-
rent Quaternary ice age. Anthropogenic impact on the climate system has attained a scale
that could possibly push it back towards a greenhouse Earth state [Steffen et al., 2018].

The Alpine glaciation of the latest glacial period (in the Alps traditionally called Wiirm
glaciation, superseded by the modern Marine Isotope Stage (MIS) 2 [Lisiecki and Raymo),
2005; |Clark et al., 2009]) reached their maximum extent during the Last Glacial Mazimum
(LGM) roughly 18-21 ka ago. Large ice domes in the central Alps [Bini et al., 2009],
mostly located south of the present-day water divide, fed glaciers that “reached out onto
the forelands on both sides of the main Alpine chains, forming piedmont lobes in the
north and filling the Italian amphitheatres to the south” [lvy-Ochs, [2015]. During the
subsequent Alpine Lateglacial, the system of ice domes and piedmont glaciers first collapsed
to a dendritic glacier system and then finally to isolated valley and cirque glaciers. The
deglaciation with rapid ice retreat was repeatedly interrupted by a series of successively
smaller ice re-advance periods (stadials) in response to high-frequency climate oscillations
in the order of ~102a (Gschnitz and Egesen stadial [Reitner et al., 2016]).

Towards the end of the Pleistocene, after the Bglling/Aller¢d interstadial, the last pro-
nounced, Alpine-wide ice re-advance before the Holocene was the FEgesen stadial in re-
sponse to the Younger Dryas (YD) cold phase that lasted from 12.7 to 11.7ka [Ivy-Ochs
et al., [2009]. The climate instability during the YD is recorded by two (sometimes three)
groups of moraines, termed Egesen I (maximum extent attained in early-YD) to Ege-
sen III (Fig. . 19Be moraine stabilisation ages from the Julier pass (outer moraines)
and Schonferwall sites suggest that Egesen I glaciers began to retreat at 12.2 £ 1.0ka
[Ivy-Ochs et al., 2009]. Towards the end of the Younger Dryas, it remained cold (with a
MAAT of at least 3.5 to 5 K lower than today), but climatic shifts towards drier conditions
“starved” the glaciers [Ivy-Ochs et all 2009]. Final downwasting of Egesen glaciers was
around 11ka. Prolonged period of cool and dry conditions with climate reversals contin-
ued throughout the later part of the Younger Dryas and extended for hundreds of years
into the Holocene/early Preboreal [Ivy-Ochs et al., 2008; Ivy-Ochs, |2015]. This is docu-
mented by glacier advances and rockglacier activity (inactivity age of 10.4 + 0.4ka of a
rockglacier at Julier pass [Ivy-Ochs et al.,|2006; Ivy-Ochs, |2015]). During the “rockglacier-
friendly” (cold, dry) time window in the latest Lateglacial and earliest Holocene, large,
polymorphic rockglaciers nourished by the abundant glacial deposits formed [Ivy-Ochs
et al., 2006; Ivy-Ochs, [2015 and references therein]. Their relict fronts lie at an altitude
as far down as 1700-1900 m a.s. [Ivy-Ochs et al., 2009]. In summary, rapid glacier retreat

Cenozoic era

Quaternary period
Pleistocene and Holocene
epochs

Pleistocene:

Last glacial maximum
(LGM) 30-19 ka
Alpine Lateglacial
19-11.7 ka

Younger Dryas
Earliest Holocene
12.9-10.0 ka



Holocene > 11.7 ka:

Early Holocene transition
period

Mid-Holocene warm
period 10.0-3.3 ka

Late Holocene
(Meghalayan)
3.3 ka-1850A.D.

Active rockglacier

Climatic and dynamic
inactivity

Talus and debris
rockglaciers

State of research

in cold, dry conditions for a prolonged time scale (ka) as well as high debris availability
were favourable conditions for the formation of large, polymorphic rockglaciers during the
latest Lateglacial [Kellerer-Pirklbauer et al., 2012} Ivy-Ochs, 2015].

With the onset of the Holocene warming around 10.5ka, the climate became gen-
erally warmer and drier, and the lower permafrost limit shifted upwards. The latest
Lateglacial/earliest Holocene transition presents the major termination for the formation
and evolution of present relict rock glaciers [Kellerer-Pirklbauer et all [2012]. “Glacier-
hostile” conditions lasted from 8.8 ka until 3.7 ka [Badino et al., 2018] and were only inter-
rupted by infrequent, short cold phases (“climatic reversals”) to which only small glaciers
responded. Throughout the early to middle Holocene, the glaciers never exceeded their
later 1850 LIA extent, the timberline was ~200 m higher than today, presently ice-covered
areas were forested, and varve sedimentation in Lake Silvaplana indicating a glacierised
catchment ceased (Fig. [Lvy-Ochs et al., 2009]. Badino et al.| [2018] note based on
pollen analysis that July temperatures between 8.4 and 4 ka were 3.1°C higher than today.

The late Holocene was a period of progressive cooling, and glacier advance periods
became longer and more frequent, culminating in the Little Ice Age (LIA) between the
14th century AD and ~1850 [Ivy-Ochs et al., 2009]. The timberline dropped, and varve
deposition in Lake Silvaplana resumed (Fig. . The LIA glacier limits reached and
mapped in 1850 are representative of maximum glacier extent of the last 10.5ka.

2.2 Rockglaciers

Recent review papers are Haeberli et al. [2006]; Harris et al. [2009]; Springman et al.| [2012];
Janke et al| [2013]; K&ab| [2013], monographs on rockglaciers are (Giardino et al.| [1987];
Barsch| [1996].

2.2.1 Concepts, definitions and classifications

An active rockglacier — creeping mountain permafrost — is a permafrost body defined by
its thermal state and characterized by its kinematics [Kaab et al., |2007]. Following Barsch
[1996, p. 4], active rockglaciers are defined in terms of process, material and form as “lobate
or tongue-shaped bodies of perennially frozen unconsolidated material supersaturated with
interstitial ice and ice lenses that move downslope or downvalley by creep as a consequence
of the deformation of ice contained in them and which are, thus, features of cohesive flow”
[see also [Barschl |1992} Berthling, [2011]. Active rockglaciers creep downslope with typical
velocities in the order of 0.1 to 1ma™'. Inactive rockglaciers still contain frozen material
and have a well-developed form, but presently do not show any surficial movement, either
because some ice has melted (climatic inactivity), or the rockglacier has lost contact to the
debris source and has thinned out to the point that the shear stresses have fallen below a
critical threshold (dynamic inactivity). Active and inactive rockglaciers, which are difficult
to differentiate on aerial photographs, are sometimes referred to as intact. Relict (fossil)
rockglaciers are formerly active rockglacier in which the ice has melted completely, forming
collapse structures. Transitional forms between these stages exist [Kaab, 2013].

Barsch| [1996] puts rockglaciers into the periglacial realm, and the difference to glaciers
is made clear by the spelling as one word [Barsch) 1992]. A debris-covered glacier, in
contrast, belongs to the glacial realm. However, this distinction refers to the creep pro-
cess, not to the origin of the creeping material [Berthling, 2011]: According to the type
of debris incorporated and the position in a landscape, two main types of rockglaciers are
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Figure 2.1: Synopsis of glacier variations and general climate evolution during the Younger Dryas
and the Holocene, Ivy-Ochs et al.| [2009] and references therein.Left: Interpreted time-distance
glacier extent for Egesen and early Holocene glaciers. Variations in timberline in Kaunertal. Right:
Varves present in Silvaplanersee sediment (Engadin), as indicator of active glaciers in the catchment
area.

distinguished [Barsch, [1992]: (i) talus rockglacier forming below talus slopes and transport-
ing frost-shattered rock fragments, and (ii) debris rockglacier developing out of (glacial)
morainic debris (till).

2.2.2 Thermal conditions

The thermal state is a defining characteristic of rockglaciers — they owe their existence
to the perennially frozen mixture of debris and ice [Haeberli et al., 2006; Kaabj, 2013].
An active rockglacier is thermally layered in a seasonally thawed active layer and the
perennially frozen permafrost body s. str (~rockglacier core). The (stratigraphically
defined) boulder mantle, roughly (but not necessarily) coinciding with the active layer,
favours ground cooling via Balch ventilation in the openwork structure
[Lambiell, [2005; [Scherler et al.l 2014} [Luethi et al., [2016; [Wicky and Hauckl, 2017} [Pruessner|
, in addition to the insulating effect of the debris itself. Besides heat transfer
by air advection, water flow and the timing of snow cover affects heat exchange within
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the permafrost body and the atmosphere. Ground temperature conditions are influenced
by the surface climate conditions, but also by air circulation in the boulder mantle and
intra-permafrost water flow.

As an example that is believed to be typical for active rockglaciers that are located at
the lower elevation boundary of permafrost |[Arenson et al., 2010|, temperature recordings
from thermistor cables in borehole 2/2000 on Murtel-Corvatsch over 10 years are shown
in Fig. The temperature is near 0°C during summer, kept temperate by percolating
meltwater, and seasonally cools from above during winter by conduction and cold air
convection. Constant groundwater flow at the base of the permafrost body maintains a
sub-permafrost talik, degrading the permafrost from below. The rockglacier ice is ground
ice from different sources: buried ice and snow patches from the souree area, but also ice
from refreezing rain, meltwater or groundwater.
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Figure 2.2: Temperature-—depth plot measured in borehole 2/2000, Murtel-
Corvatsch rockglacier from December 2000 until September 2010. [Springman
et al., [2012; |Arenson et al., 2010].

2.2.3 Form and surface morphology

Rockglaciers are meso-scale landforms with lengths in the order of 102 to 10% m, widths
of 10? m, and thickness of 10 m. According to their shape and length-to-width ratio, wide
lobate rockglaciers are distinguished from long tongue-shaped (lingulate) ones. The overall
form reflects both internal processes (creep over time) and external forcing (topography,
mass supply) [Kaab, [2013].

Many rockglacier display a peculiar furrow-and-ridge microrelief akin to a pahoehoe
lava stream [Janke et al) [2013]. The mode of formation of the transverse, crescent-
shaped ridges across the creep direction and the longitudinal, along-creep ridges is not
resolved yet [Kaabl, |2013]. Hypotheses are (i) active, dynamic origin via compressive
folding or thrusting, (ii) external factors such as variable ice or debris supply, or (iii) passive
origin via differential melt (thermokarst) or frost heave. The high thermal inertia and the
slow creep preserve the appearance over centuries to millennia. The front and margins
of active (i.e. presently advancing) rockglaciers are steep, at the angle of repose, not
vegetated and marked by a clear, sharp break in slope at its top. These are clear signs
of movement, because otherwise the front would degrade to a more rounded, diffusional

10
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shape [Wahrhaftig and Cox, [1959]. In contrast, the transition to the talus at the rooting
zone is gradual and difficult to pin down in the field [Janke and Frauenfelder] 2007].
Relict rockglaciers show typical signs of collapse and subsidence, a subdued microrelief
with prominent lateral outer ridges, and are vegetated or forested.

2.2.4 Stratigraphy, composition and internal structure

The internal composition of rockglacier is a heterogeneous mixture of debris and ice.
The direct observations at the few drilled boreholes should be generalised with caution
[K&abl 2013]. A robust finding is the three-tiered stratigraphy of bouldery rockglaciers
[Haeberli et al. 2006; |[Janke et al., 2013; Kaab, 2013]: The ice-free surface layer of most
rockglaciers consists of a matrix-free, clast-supported framework of large, angular boulders
(“bouldery rockglacier” according to |Ikeda and Matsuoka [2006]). The boulder mantle has
a thickness of a few meters and is roughly coincident with the thermally defined active
layer. The frozen rockglacier core beneath has a thickness of several decametres and may
be very heterogeneous in terms of volumetric ground ice content (few % to massive ice
lenses of different origins) and clast size (sand/silt to pebbles). The fact that the core
is generally finer grained than the boulder mantle, as observed at over-steepened front
scarps, is explained by fall sorting in the talus and “kinematic sieving” [Haeberli et al.,
2006]. The core rests on a third layer of coarse, frozen debris that are believed to have
fallen over the rock glacier front and were overridden by the advancing rockglacier (cf.
Fig. [Humlum), 2000} [Kaab, [2013].

2.2.5 Thermo-mechanical properties and advance mechanisms

Rockglaciers “creep down-slope by plastic (irreversible) deformation of the interstitial ice
from gravity-induced shear stresses” (Barsch| [1996], quoted after |(Chuang and Greeley
[2000]). Ice-supersaturation and stress transmission are fundamental features of rock-
glaciers, and the morphology and coherent surface velocity field are expressions thereof.

Due to lateral and basal friction, the velocity increases towards the central flowline and
the surface. In the few boreholes, the horizontal deformation was concentrated in hori-
zontal shear layers, accounting for up to 60% of the surface displacement (Fig. . The
deformation above the basal shear layer has a parabolic profile similar to glaciers. The
creep behaviour depends strongly on temperature, liquid water content and composition
of the deforming layers, and is not understood in detail [Haeberli et al., 2006].

Conceptually, rockglacier formation is envisioned as follows (Fig. Haeberli et al.
[1998, 2003]; Kaab| [2013]): The initial conditions is a talus in permafrost area. Debris
is deposited on the inclined base of a rock face, either directly via rock fall and back-
weathering of the steep headwall, or indirectly via glacial transport or avalanches. This
syngenetic debris/ice accumulation under permafrost conditions leads to piling up of a
frozen rock/ice mixture on the talus slope. (D Frost heave and shear dilatancy [Nickling
and Bennett} [1984] leads to ice over-saturation of the finer material ininitally deposited
in the upper part of the talus (vertical grains-size sorting). @ When a critical ice frac-
tion in the ice-bearing debris is exceeded, the resistance to deformation changes abruptly
from predominantly frictional to predominantly viscous, and a new mechanical behaviour
emerges [Arenson et al., [2003| 2006; Springman et al., |2012; Moore, [2014]. The mate-
rial begins to creep down-slope under its own weight with the highest creep speed at the
surface, first forming a bulge (protalus rampart), which develops into a rockglacier Q.
Coarse blocks that continue to fall onto the scree slope form the boulder mantle of the
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Figure 2.3: Horizontal downslope borehole deformation from inclinometers in
the Murtel-Corvatsch and Muragl rock glaciers after [Hoelzle et al.| [1998]; |Aren-
son et al.| [2002], including annotations of surface deformation rate and average
strain in the shear zone. [Springman et al., |2012].

rockglacier and are carried towards its front with surface speed vs. At the oversteepened
front, the debris falls down (Fig. . The typical boulder apron formed by grain-size
sorting is subsequently incorporated and overridden by the advancing permafrost body
[Kaab and Reichmuth) 2005]. It may form the stiff, ice-poor and immobile substratum
beneath the basal shear horizon. The amount of debris transported is substantial, and
rockglaciers play an important role in the coarse-debris cascading system in periglacial
environment |Gartner-Roer| [2012]; Miiller et al.| [2016].

This ‘caterpillar’ or ‘conveyor belt’ fashion of advancing, where the rockglacier overrides
its own debris, has important implications for its age structure and the interpretation of
the exposure ages. This model predicts that (i) the ages along the surface increase along
the flow path towards the front, but decrease in the stiff substratum. The age distribution
with depth “likely contains sharp time inversions” [Haeberli, 1985} [Haeberli et al., 2003}
Barsch, [1996]. (ii) Surface ages are minimum ages [Haeberli et al. 2003; Frauenfelder
et al., 2005; Scapozza et al., [2014; [Winkler and Lambiel, 2018].

Already (Chaix| [1943]; Domaradzki [1951] and [Wahrhaftig and Cox| [1959] observed that
the surface moves faster than the landform itself. From simplified mass conservation
considerations, it follows that the rockglacier advances with the mean velocity v (for a
constant rockglacier width) |[Haeberli, [1996; Kaab, [2005; [Frauenfelder et al., 2008]

1 H
% — 5= E/o ve(z) d, 2.1)

where v,(2’) is the slope-parallel velocity component and H the rockglacier thickness
(perpendicular to its base). However, since the (excess) ground ice is carried towards the
collapsing front where it looses the insulating debris cover, it can melt, and the principle
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Figure 2.4: Schematic rockglacier evolution: talus, protalus rampart, rockglacier [Kiib, [2013; Hae-|

berli et al,[1998]. (Cf. Fig. 4 in [1983]).

of mass conservation is the more severely violated at the rockglacier front the higher the

volumetric ice content is [Kaab and Reichmuth) [2005]. Other mass transfers (air, debris)

are neglected. Therefore, the mean velocity v is an upper limit for the rockglacier advance
rate . We note the following inequality between the slope-parallel surface velocity v, the

mean velocity v and the advance rate :

Vg > U > X.

the more strain is concentrated towards the base (Fig. [2.6]).

Several studies report a wide range of ratios between surface speed above the front and
2005, p. 161 and references therein]). He masured the following
0.45 to 0.88 (mean of ~0.7). It

advance rate (cf.

ratios: &/vs =~ 0.15 to 0.5 (mean of ~0.3), and /v
reflects the wide range of compositions (e.g. ice content) and creep mechanisms (vertical

~
~

velocity profile) observed in rockglaciers [Kaab and Reichmuth, 2005].

To conclude: The advance rate is considerably smaller than the surface speed because
of the decrease of horizontal speed with depth, melt-out of ice at the front and in specific

circumstances the loss of debris [Harris et al.l [2009]. The oldest surface is expected right

above the frontal slope, but this surface might be considerably younger than the landform
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(2.2)

Already early observers such as|Chaix| [1943), Fig. 2] or[Wahrhaftig and Cox] [1959} Fig. 8]
noticed that the position of the top of the talus apron at the front of a presently advancing

rockglacier is indicative of the vertical velocity profile: For a convex velocity profile, the
height of the talus apron is not more than half of the overall front height, and the lower,

Implications of advance
rate for exposure dating
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Figure 2.5: Possible instability mechanisms in rock glaciers. ﬂSpringman et al.], |2012ﬂ.
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Figure 2.6: Relative height of the frontal boulder apron as a function of the vertical profile of
horizontal velocity, after Fig. 59|, cf. [Wahrhaftig and Cox| [1959]. The two end-
members (left row) are “solifluction-like” surface creep of the boulder mantle and basal sliding.
The latter describes the hypothetical situation of an entire permafrost body sliding en bloc over
a thin shear zone; no vertical mass redistribution at the front would then be necessary, no talus
apron would form, and v, = ¥ > 4. An intermediate behaviour (right row) is observed (Fig. [2.3).
(Cf. Johnson Jr. and Nickling) [1979]; Barsch| [1996]; Kéib and Reichmuth! [2005]).

itself.
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2.2 Rockglaciers

2.2.6 (Palaeo-)climatic significance and surface speed variations

The present-day morphology of a single rockglacier as well as the distribution and activ-
ity status of rockglaciers in a region is an expression of past and present environmental
conditions [Barsch, 1996; |Frauenfelder and Kaab, 2000].

According to |1985], active rockglaciers are restricted to altitudes (i) above
the lower permafrost limit (MAAT < —2°C, otherwise the permafrost is not conserved,

cf. Fig. 2.7), (ii) below the equilibrium line of glaciers (otherwise the snow/ice supply
is too high compared to the debris supply and glaciers form, cf. Fig. and
[1998]), and (iii) on slopes with slope angle greater ~5° (minimum basal shear stress to
permit creep given the observed rockglacier thicknesses (e.g. 50 kPa, [Frauenfelder et al.,
)EI) but smaller than the angle of repose of unconsolidated debris (otherwise the debris
cannot accumulate on the talus, or e.g. rockfalls with a completely different dynamics
occur). The first two points imply annual precipitation less than 2500 mm, otherwise
the potentially rockglacier-friendly periglacial-cryogenic belt is occupied by glaciers. In
summary, continental, comparatively dry mountains with cool summers and cold winters
have a greater elevation difference between timberline and firnline Fig. 5.22]
and are favourable environments for the development and the existence of rockglaciers
[Humlum), |1998; Barschl, (1996} |[Etzelmiiller and Frauenfelder, 2009]. This rough first-order
picture is supported by the abundance of rockglaciers in dry regions and the scarcity of
rockglaciers in maritime mountain ranges.

However, these elevation-related “large-scale climatological boundary conditions” [Hae-
are modulated by local topographic, geological and microclimatic factors: As-
pect and topographic shading controlling solar irradiation, and lithology and joint density
of the headwall that determines block size and frequency-magnitude of debris-supplying
rock falls. For example, few rockglacier are found in areas of weathering-prone lithologies
(shales, schists) that mainly produce finer or platy debris [Evin, |1987; Matsuoka and Ikeda,
2001} |Haeberli et al., 2006]. Kellerer-Pirklbauer et al.| [2012] hypothesize that deglaciation
in the south-exposed slopes proceeded faster than in nearby radiation-sheltered north-
facing slopes, so that now relict rock glacier fronts at identical elevation but different
slope aspects might be of different age.
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Figure 2.7: MAAT-precipitation diagram Figure 2.8: Ice-debris flux and topo-
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Many rockglaciers in the European Alps show remarkably synchronous annual to de-
cennial surface creep rate variations and an overall acceleration following a (summer) air
temperature trend [Roer et all 2005; Delaloye et al. |2010; [Kellerer-Pirklbauer and Kauf-
mann|, 2012]. Such a short response time is surprising considering the surface insulation
and cooling by the boulder mantle and the thermal inertia of the ice core. “These damp-
ening effects are probably outweighed by the particularly large deformation sensitivity
of ice-rock mixtures close to the melting point, with water being a potential coupling
agent” [Sorg et al., 2015]. Millennial to seasonal time scales of surface deformation mag-
nitude variations are summarized in [Kaab et al. [2007]. Monitoring surface creep rates of
rockglaciers, a parameter that is efficiently captured with remote sensing techniques for
entire rockglacier inventories, provides insights into sediment transfer rates and impact of
climate change on mountain permafrost. A new IPA Action Group intends to promote
rockglacier surface kinematics as a new associated parameter to the Essential Climate Vari-
able (ECV) Permafrost within the Global Climate Observing System (GCOS) initiative
[Delaloye et al., 2018].

Rockglaciers as a permafrost phenomenon indicates continuous or discontinuous moun-
tain permafrost on a regional scale [Harris et al., [2009; K&ab, [2013]. The lower boundary
of regional rockglacier distribution is often treated as a proxy for the lower boundary
of (palaeo)permafrost distribution (e.g. Frauenfelder et al. [2001]), although rockglaciers
may come to a halt earlier (topographic constraints, dynamic inactivity, insufficient time)
or advance beyond (Balch circulation in boulder mantle).

2.3 Rockglacier dating techniques

Rockglaciers are long-term (millennial) periglacial archives of past and present climatically
determined ground thermal conditions, frost weathering intensity and rockfall activity. In
order to decipher this information, they need to be dated Haeberli et al.| [2003].

Several relative and absolute age-determination methods have been applied on rock-
glaciers [Haeberli et al., 2003; [Frauenfelder et al., [2005]: Schmidthammer rebound values
[Winkler, 2009], weathering rind thickness |[Laustela et al., 2003|, lichenometry |Haeberli
et al.l 1979, pollen or floristic composition analysis [Haeberli et al., [1999] can provide
insights into the relative age succession of different parts. However, they need to be
calibrated either with time scales derived from photogrammetrically obtained, extrapo-
lated present-day velocity field [e.g. Scapozza et al., [2014], correlated with other methods
(e.g. weathering rind thickness and the Schmidt-hammer rebound value in |Laustela et al.
[2003]), or compared to literature values(e.g. empirical lichen growth curve). Radiocar-
bon dating of plant macrofossils [Krainer et al., 2015, 2017], moss |[Haeberli et al., 1999] or
wood stems [Scapozza et al., 2010] gives an indirect minimum age of the landform. Direct
dating is possible with luminescence techniques (inner sand-rich layer, e.g. |[Fuchs et al.
[2013]) and cosmogenic nuclides (surface of boulders using °Be, 6Cl, e.g. Barrows et al.
[2004]; Tvy-Ochs et al.| [2009]; Ballantyne et al. [2009]; Hippolyte et al. [2009]; |Cossart
et al| [2010]; Hippolyte et al. [2012]; Dede et al.| [2017] and |Palacios et al. [2017]). The
cosmogenic nuclide method is commonly applied on glacial moraines, and is summarized
in Ivy-Ochs and Kober| [2008].

A common issue to all dating methods is the a-priori unknown relationship between the
dated process and the landform age. As emphasized above, surface ages are minimum
ages because of the “caterpillar-like” advance mechanism of rockglaciers and the melt-out
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of ice at the front [Kdab and Reichmuth, 2005]. The “missing time” can be estimated by
comparing with other dating techniques, geomorphological constraints, or palaeoclimatic
considerations. For example, Winkler and Lambiel [2018] report that the exposure age
of the Irishman Stream rockglacier front is only slightly younger than confining early-
Holocene moraine ridges, implying that the rockglacier initiation age is close to the oldest
(lowermost) rockglacier surface age. This is in stark contrast to results by [Kaab| [2005,
Table 9-2, p. 169] who found ratios of advance rate to surface speed of 15-50% (cf. |[Kaab
and Reichmuth, 2005]).

2.4 Kinematic studies

Kinematics is defined as the quantification of movement (in terms of velocity, acceleration,
strain rate) in both horizontal and vertical direction. Changes in the surface elevation z*
are due to (i) the advection of the surface relief and (ii) vertical changes due to vertical
movement and mass transfer (Eq. . It is derived from the principle of mass conser-
vation and therefore independent of the dynamical situation |[Cuffey and Paterson, 2010].
The kinematic boundary conditions along a longitudinal profile at the surface reduces the
relief advection term to the along-flow term (in z direction) is Eq. with the simplifi-
cation of Eq. [Kaab and Weber, 2004].

0z°
ot

+v* V2 —0f —b=0, (2.3a)

0z Yo 0z ~ 0z (2.3b)

S S v
T ox Y oy T ox’

vV =w

with surface elevation 2* [m], change in surface elevation with time 9z°/9t [ma~!], lon-
gitudinal horizontal surface velocity v¢ [ma~!], surface slope component in flow direction
02°/0z [m/m], vertical velocity at the surface v$ [ma~!], and the mass balance at the
surface b [ma~1].

The surface kinematics of rockglaciers is today routinely measured because it is the most
easily accessible parameter that characterizes their dynamics and deformation patterns.
The surface deformation integrates the overall vertical profile of deformation (creeping,
shearing, but also aggradation or ice melting), and its changes in time and space are
indicative of processes and material parameters that govern the creep (e.g. temperature,
water content) [Delaloye et al. 2010; Bodin et al., |2018].

There are three main approaches in measuring the surface kinematics and deformation:
photogrammetric, geodetic and interferometric methods. Data acquisition is carried out
either in-situ with terrestrial measurements, or remotely with air-borne or space-borne
sensors.For this thesis, the digital photogrammetric method is discussed where horizontal
displacements between two (optical) ortho-images are determined through offset tracking.

Matching of orthorectified (geometrically corrected), georeferenced (spatial reference
information allocated) and co-registered (spatially aligned) bi/multi-temporal terrestrial,
aerial or satellite images can be thought of as looking to the changing object from a fixed
camera multiple times with small (or absent) spatial baseline and dominant temporal
baseline (time between two consecutive image acquisitions). In fact, the spatial baseline
of such pre-processed images is considered noise that must be minimized.

Debella-Gilo and Kéaab| [2011] explain image matching as “a group of techniques of find-
ing corresponding features or image patches in two or more images taken of the same scene
from different viewing positions, at different times and/or using different sensors”. Two
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groups of matching methods are prevalent in the literature: area-based methods (also
known as direct methods) and feature-based methods [Fitch et al., |2002]. Area-based
methods match measurable image quantities such as brightness. Feature-based methods
match features extracted from the images such as corners, lines, junctions, or gradient
orientation (e.g. orientation correlation). Among the developed algorithms, area-based
(template-based) approaches with the normalized cross-correlation (NCC) as its similarity
measure is widely used due to its reliability and simplicity [Debella-Gilo and Kaab, 2012,
despite some drawbacks: NCC is sensitive to noise; sensitive to significant scale, rotation
or shearing differences between the images to be correlated; reliable measurements must
exceed the mean image (co-)registration error; and the precision is (in principle) limited
to one pixel [Debella-Gilo and Kééb, 2011].

Although the normalized cross-correlation accounts for brightness and contrast in the
image sequences [Debella-Gilo and Kéabl 2011, the NCC matrix is easily dominated by
large digital numbers and is prone to mismatches when only one image shows large grey-
value differences (e.g. snow patches) [Heid and Kaabl 2012]. A powerful alternative tool to
NCC is orientation correlation (OC) developed by |Fitch et al. [2002] and later applied by
e.g. Haug et al. [2010]; |[Heid and Kaab [2012]. It is a feature-based method of translatory
image matching that matches the orientation of the image intensity gradients. Unlike the
(direct) NCC method that only works in the spatial domain, the OC computations can
be very efficiently performed in the frequency domain with fast Fourier transform (FFT).
Furthermore, OC is less sensitive to image information which is constrained to few fre-
quencies [Haug et al., [2010].

As an example serves the Gianda Grischa rockglacier originating in a westward facing
cirque of Piz Julier/Piz Giiglia (Fig. [Frauenfelder et all, 2005]. It is a over one kilo-
metre long, spatulate, W-exposed polymorphic rockglacier sensu [Frauenfelder and Kaab
[2000] with active and inactive parts. The Gianda Grischa rockglacier shares many sim-
ilarities with the Bleis Marscha rockglacier in terms of location (and thus local climate),
morphology, size, lithology, and presumably deglaciation history. The short-term surface
velocity of Gianda Grischa (Fig. indicates typical velocities of 40 to 50 cma™!, reach-
ing highest the velocities of 80 cma™' in the the steep slope between the root zone and
the frontal parts, several hundred meters away from the talus. Speeds of the inactive part

are below 16 cma™'. Significance level is 5 cma ™.

Minimum surface ages can be estimated from the surface velocity field [Haeberli et al.,
2003]. It is the time (age) tu integrated for particle paths p along flow trajectory con-
structed from the present-day surface flow field v, implying a steady-flow condition over
the travel time.

This travel time is the closer to the true rockglacier age (i) the less the measured sur-
face flow field has changed over time, and (ii) the more basal sliding has contributed to
the rockglacier advance rate [Haeberli, [1985]. An example of surface age estimation from
streamline interpolation is shown in Fig. for the Gianda Grischa rockglacier [Frauen-
felder et al. [2005]. The steady-flow condition assumption “seems to be justified by the
fact that the curvature of the isochrones is similar to the curvature of the ogive-like trans-
verse ridges” [Haeberli et al., [2003], at least for some parts of the rockglacier. The data
suggest a formation period on a millennial scale, which is in agreement to typical creep
and rockglacier advance rates and common to all creeping permafrost bodies with spatial
dimensions of 10?2 to 103 m. The strength of the streamline age method is that it reveals the
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Figure 2.9: Photogrammetrical measurements of the Gianda Grischa rockglacier
|[Frauenfelder et all [2005]. Top: horizontal average annual surface velocities
between 1971 and 1998; Bottom: interpolated streamlines.

surface age pattern, enabling the interpolation of point-wise ages obtained independently
as well as the interpretation of the formation time of individual lobes [Haeberli et al., [2003].

2.5 Numerical modelling of rockglaciers

While numerical modelling of permafrost distribution [e.g. [Frauenfelder et all, 2008}
Boeckli et all 2012] or energy balance is common in the permafrost research commu-
nity, the dynamics and creep behaviour of a rockglacier is difficult to grasp with a model
[Haeberli et all, 2006]: Information on the complex three-dimensional structure and het-
erogeneous internal composition of rockglaciers is difficult to obtain, the influence of debris
content, temperature and water flow on the rheology is still incompletely understood, and
the incompressibility assumption is not strictly valid [Arenson et al. 2002].

The problem is tackled with various approaches: (i) dynamic (time-dependent) models
simulating the rough geometry [Miiller et al., 2016] or regional distribution of rockglaciers
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[Frauenfelder et al., 2008]. The dynamics are simplified using the shallow-ice approxima-
tion and the models are one-dimensional. The debris/ice mixture is considered a non-linear
viscous material, and the constitutive relationship is borrowed from glaciology (Glen’s flow
law). The behaviour of an individual rockglacier can be modelled with (ii) discrete ele-
ment modelling (DEM) based on the interaction of discrete particles. E.g., the model by
Jansen and Hergarten, [2006] captures the stick-slip motion associated with strain localisa-
tion at discrete shear horizons and occurrence of melt water. However, to fully model the
four-phase interaction between solids, water, ice with constitutive models at a particulate
level, computer capacity must increase by another order of magnitude
2006]. Another approach is (iii) finite element modelling (FEM) relying on the continuum
approximation [e.g. |Olyphant|, 1983; |Wagner, |1992; |Azizi and Whalley, 1995} Leysinger|
Vieli and Gudmundsson, 2003} Whalley and Azizi, [2003} [Frehner et al., 2015].

The susceptibility for steady-state (secondary) creep of debris-ice mixtures depends on
debris-ice proportions (specifically the degree of “ice supersaturation”, i.e. ice volume
exceeding the pore volume), temperature, water content, fabric and particle size
et al., 2008; Moore, 2014]. Shear strength can be conceptually decomposed in friction
and cohesion [Coulomb), [1776} [Arenson et all, 2002]. The proportions of debris (friction)
and ice (cohesion) determines their contribution to shear resistance and the dominating
mechanical behaviour.

At temperature below the freezing point, the material weakens with increasing tem-
peratures, increasing ice supersaturation and decreasing interlocking/friction of the solid
particles [Arenson and Springman)|, 2005ba); [Nickling and Bennett), [1984} [Springman et all,
2012; Moore, 2014]. Close to the melting point, however, debris exerts the opposite effect,
as confirmed by laboratory experiments , and field observations
and Kinnard, 2016]: Interstitial water at debris-ice interfaces and in the ice crystal lattice
effectively weakens the material |Arenson et al.| [2002]; [Arenson and Springman| [2005a];
Tkeda et al| [2008] (Fig. 2.10)). These findings link seasonal velocity variations of Alpine
(temperate) rockglacier to snowmelt [Wirz et al.| [2016], and the observed interannual ac-
celeration trend to atmospheric and subsequent ground warming. Numerical models aimed
at reproducing short-term velocity variations need to account for liquid water, although
their pathways in the permafrost body are not well known [Jansen and Hergarten) 2000;
(Cicoira et al.| 201§].

Values for the material parameters are difficult to measure in-situ and laboratory exper-
iments cannot be up-scaled in a straightforward manner [Haeberli et al., 2006]. A useful
approach is fitting averaged (in time and space) effective creep parameters to a deforma-
tion time series [Wagner} 1992; Ikeda et al., 2008; Kannan and Rajagopal, 2013; [Monnier|
and Kinnard}, 2016], although it inevitably fails to represent the small-scale deformation
field and material heterogeneities [Haeberli et al., 2006].

Horizontal deformation measurements suggest a pronounced mechanical layering of the
permafrost body. The different equivalent shear stiffnesses (expressed as shear moduli G
in Fig. are highest in the boulder mantle and the substratum below the basal shear
horizon, below which “there is virtually no deformation” [Haeberli et al., 2006]. For the
well-studied Murtel rockglacier, Kannan and Rajagopal [2013] fitted a viscosity increase
of ~2 orders of magnitude at the base of the shear layer. This layer is most susceptible for
creep in the permafrost body and most of the deformation is concentrated within a few
meters (Fig. [2.12]).
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Figure 2.10: Relationships between the viscosity parameter B and the component fractions of debris
and unfrozen water for a temperate rockglacier, i.e. temperatures in the core are close to the melting
point [Monnier and Kinnard, 2016]. The effective viscosity parameter B ~ A~'/" decreases with
increasing debris fraction. High correlation between debris and water content show that the debris
fraction is intimately linked with the unfrozen water fraction of a temperate ice-rock mixture. The
liquid water film around the solid particle effectively weakens the material.
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Figure 2.11: Schematic model of rockglacier stiffness pro- Figure 2.12: Depth-dependent viscosity
file [Arenson et al[2002]. G1-G4 are shear moduli. “SZ”  of the Murtel rockglacier [Kannan and
stands for “shear zone” that separates the dynamic up- |Rajagopal, .
per layers from the immobile frozen ones.

In its simplest form, the internal deformation of the permafrost body (without basal
shear deformation or sliding) is considered a laminar flow of viscously deforming homoge-
neous material (ice). According to the parallel-sided slab model, the material deforms by
simple shear and the only non-zero stress component is the shear stress component 7.,.
Assuming incompressibility, the stress and strain rate are collinear, i.e. the shear stress
Tz» leads to the strain rate €,,. The flow lines are parallel to the surface, the velocity
component perpendicular to the base is zero and the only variations are variations with
depth z. The relation between the shear strain rate €;, and the shear stress 7, is assumed
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to be of the form [Glen, 1952]

Eps 1= %% =AT),. (2.4)
This is commonly called GLEN’s flow “law”, actually an empirical relationship. The driving
shear stress at depth (H — z) is the product of the weight of the overburden material, the
sine of the surface slope averaged over 5 to 10 times the thickness of the creeping permafrost
body and a shape factor that accounts for lateral drag (friction at the valley flanks, f =1
for a parallel-sided slab):

To:(2) = f pg(H — 2)sin a. (2.5)

This model neglects along-creep deviatoric stress transmission, i.e. the longitudinal stress
gradients are assumed to be zero [Haeberli, |1985].The driving stress and consequently
the flow is governed by the average surface slope &, and not by the basal slope [Nye,
1952ab]. The creep is roughly down the steepest surface descent, and can overcome
bedrock depressions.

The vertical velocity profile is obtained by the integration of Egs. [2:4] and [2.5 with
respect to z and with the boundary condition v(z = 0) = vy:

2A

’U(Z) — Vp = m

(fpgsina)™ [ﬁnﬂ —(H - z)"ﬂ (2.6)

Two important observations are: (i) the velocity decreases from surface to base, and (ii)

the larger n, the stronger the deformation is concentrated towards the base (Fig.[2.13).
The three-dimensional generalisation of Eq. is the NYE-GLEN Isotropic Law [Nye,

1957], the most commonly used creep relation for glacier ice (in index and vector notation)

n—1 __7

& é=Aoy o, (2.7)

T n—1 1
E’Lj = AUII JZ]

The strain-rate tensor £;; and the deviatoric stress tensor o;; are related via the rate factor
A, the effective stress or; and the exponent n ~ 3. It is a typical example of a power-law

fluid, of which the NEWTONIAN fluid (discussed below) is a special case.

Figure 2.13: Coordinate system for the parallel-sided slab model
with driving shear stress, 7. Conservation of angular momentum
requires T, = T,,. Isotropic normal stresses which do not cause
any deformation due to the incompressibility assumption are
not drawn. Normalized theoretical velocity profiles (Eq. [2.6))
for exponents n = 1 (thin grey line) and n = 3 (bold black line),
zero basal velocity. The mean speed v (Eq. as a fraction
of the surface speed is shown as vertical dotted lines, and the
fractional height above the bed at which v = v (Eq. ??) as
horizontal dotted lines. With increasingly non-linear rheology,
the mean speed approaches the surface speed, and the depth of
mean speed approaches the bed. Pure sliding is the end member
for n — oo.

For non-NEWTONIAN fluids, the apparent viscosity u [Pas] depends (among other fac-
tors) on the stress or the shear rate (Eq. [2.8]). This is a so-called power-law fluid: For
n > 1, the apparent viscosity decreases with increasing stress or strain rate. Ice is a
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2.5 Numerical modelling of rockglaciers

strain-rate softening material:

%[A it I stress-dependent formulation
-
Heff = = 1 (2.8)

Qéxz Lide el
An E‘ " strain-rate dependent formulation.

N[ =

For a NEWTONIAN fluid with n = 1, the dependency on stress or strain rate vanishes
and the apparent viscosity becomes a material constant, specifically called NEWTONIAN
viscosity. It is important to note that the (apparent) viscosity is sensitive to temperature,
ice crystal size, amount of liquid water in the lattice and material impurities.
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Rockglacier selection
criteria

Geology & Geomorphology
of Val d'Err

Stratigraphy & tectonics

3 Study site

Main points -

The Bleis Marscha rockglacier is located in the Err-Julier area, Grisons (SE Switzer-
land). The dry-cold climate is favourable for rockglaciers. The lithologies are suitable
for exposure dating.

A rockglacier suitable for this study is required to meet the following conditions: (i) the
rockglacier must show signs of present activity, (ii) consists of quartz-bearing rocks (nec-
essary condition for '°Be dating), (iii) has a simple outline, making its internal structure
inferable from surface features within an acceptable margin of uncertainty, (iv) is acces-
sible for field work, and (v) is covered by at least two aerial photos. 239 rockglaciers in
the crystalline areas of the Julier—Upper Engadine, Gotthard and Saas—Turtmanntal re-
gions were assessed. In the Err-Julier area in Grisons, SE Switzerland, many rockglaciers
have developed in the continental, dry-cold climate that are located less than a one-hour
walk away from a road. Several authors have already exposure dated the local granite
[e.g. Ivy-Ochs et al., 1996, 2007, 2008; Bohlert et al., [2011].

The studied rockglacier lies on the eastern slope of the upper part of Val d’Err (“snow
valley” [Studer, 1896, p. 192]), a side valley of the Surses (Oberhalbstein) in Grisons
(Fig. . The Ragn d’Err, the stream draining the Upper Val d’Err towards the NNW,
is a tributary of the river Gelgia (Julia). It is a high valley with the valley floor at alti-
tudes above 2000 m a.s.l and surrounding peaks reaching over 3000 m a.s.l. The geological
standard work on the Val d’Err is still Cornelius| [1935], 1950, [1951], even though aspects
on tectonics and permafrost need to be re-assessed in the light of recent research findings
[P. Nievergelt, pers. comm.]. Geomorphological mapping was carried out by O. Schlosser
in 1990, but is not published [Frauenfelder et al., 2001].

3.1 Geology of Val d’Err

The NNW-SSE oriented valley lies in a tectonically complex zone between the Upper
Penninic Platta nappe overlain by the Lower Austroalpine Err nappe [Manatschal and
Nievergelt|, (1997; Pfiffner, 2014]. The main thrust crops out at the Flanks of Castellins,
Piz d’Err and Piz Salteras, but runs mostly hidden beneath the Quaternary deposits across
the valley (Fig. . It separates remnants of oceanic lithosphere (ophiolites, serpentinites)
and post-rift sediments deposited on the southern margin of the Jurassic Piemont-Liguria
ocean from post-Variscan granitoids and Permo-Triassic to Lower Cretaceous sediments
of the Apulian continental margin. The Err detachment, a Jurassic low-angle detachment
fault developed during rifting and opening of the Piemont-Liguria ocean, was partly re-
activated in Late Cretaceous to Tertiary times during the subsequent convergence of the
Tethys and nappe stacking during Alpine orogenesis. Still, it is a “unique witness” of
a continental break-up at a passive margin [Masini et all, |2012; Masini and Manatschal,
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Figure 3.1: Relief map of Val d’Err 1:25000 (2009). The outline of the Bleis Marscha rockglacier
is marked by the dash-dotted line. Map inset: Location within Switzerland. (©)2018 swisstopo
(JD100042)

2014]. The Err nappe is again subdivided by second-order thrusts in three units (Fig. .
Detailed accounts on lithologies, stratigraphy and tectonics are found in |Cornelius |[1935];
Manatschal and Nievergelt| [1997]; Masini et al. [2012].
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Figure 3.2: Geological map (incl. Quaternary) of Val d’Err, modified after Cornelius [1932]. Tec-
tonic thrusts of first and second order (observed/inferred in red solid/dashed line). Glacier extent
as of 2009 (blue line, Fig. 3.1). Legend is slightly modified.
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3.2 Geomorphology and climate

The headwalls above the rockglacier are in the the Tschirpen unit (Err system). The
Tschirpen unit is itself subdivided in a sediment-bearing Lower Err unit (mainly radiolar-
ite and limestone) and a crystalline Middle-Err unit (Err granite). Along the secondary
thrust, slates, breccias, limestones and dolomites occur in lenses. The rocks have un-
dergone deep burial diagenesis to greenschist metamorphic facies [Manatschal and Niev-
ergelt], 1997]. The rockglacier surface is made up of three main rock types, two of which
are datable with cosmogenic dating (in order of volumetric importance, Table : Err
granite, derived from the Middle Err unit, and radiolarite and dolomite, derived from the
Lower Err unit. The weathering-resistant granite is dominant (towards the toe almost
exclusively), followed by radiolarite. The dolomite boulders are few and prone to frag-
mentation, probably because they are heavily fractured for tectonic reasons. The other
lithologies (conglomerates, mudstones/schists, limestones, rauhwacke/cellular dolomite)
occur only in lenses or thin seams in the headwall, and are rarely found on the rockglacier
surface.

The different lithologies allow a comparison between °Be and 3¢Cl ages. More impor-
tantly, they can be used as a tracer for the provenance of the deposits: Radiolarites come
either from the rock face below Piz Salteras or from the NW spur of Piz Bleis Marscha,
whereas the Err granite comes from the cirque below Piz Bleis Marscha (Fig. Ta-

ble [3.1)).

Table 3.1: Characteristics and use for cosmogenic surface exposure dating of main lithologies

Mineralogy Use for cosmo- Provenance and com-
genic dating ments
Err granite qtz, fsp (saussuritized), dateable, 1YBe middle Err unit (chemi-
mica cal composition in |[Boh-
lert et al.| [2011])
radiolarite =~ microcrystalline silica not dateable lower Err unit
dolomite dol dateable, 20Cl1 lenses along thrust

3.2 Geomorphology and climate

At the Last Glacial Maximum (LGM) 21 ka ago [Lvy-Ochs, [2015; Wirsig et al., |2016], the
area was covered up to an altitude of ~2800m a.s.l. by ice flowing northwards from the
nearby Engadine ice dome (Inn river catchment) into the Rhine system [Bohlert et al.,
2011, Bini et al., 2009]. Only the highest peaks protruded as nunatakker above the ice
cover. During the Alpine Lateglacial, the general disintegration of the large ice domes and
retreating glaciers was repeatedly interrupted by short periods of subsequently smaller
glacier re-advances (stadials).

The last of these cold phases, the Younger Dryas (YD) at the end of the Pleistocene,
has left behind the Egesen stadial moraines. Lateglacial moraine ridges of the former Piz
Bleis Marscha cirque glacier are mapped adjacent to the rockglacier (Fig. [Frauen-
felder et al., |2001, after O. Schlosser (1990)], [Burgal, 1987]. |Frauenfelder et al.| [2001]
estimate that in the Err-Julier region during the Younger Dryas (YD), mean annual air
temperature (MAAT) was 3 to 4°C colder than today, precipitation was reduced by 30-
40% (in later YD phases) and the lower permafrost limit (mountain permafrost altitude,
MPA) was 500 to 600 m lower than today at ~2200m a.s.l. (Fig. . The lowering of the
equilibrium line altitude (ELA), in contrast, is thought to be of “some 300 m between the
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early Younger Dryas and today”. The lower limit of permafrost occurrence was depressed
considerably more than glacier equilibrium lines, indicating cold-dry conditions, a abun-
dance of permafrost occurrence and a wide periglacial altitude band [Frauenfelder et al.,
2001]. The local glaciers were “mostly surrounded by discontinuous permafrost” (i.e. MPA
< ELA, Fig. and therefore had a cold to polythermal thermal structure [Frauenfelder
et all |2001; Etzelmiiller and Hagen| |2005]. A '“Be age of a boulder on the Val Muliz
lower Egesen moraine indicates final moraine stabilisation by 10.8 + 0.9 ka [Bohlert et al.|
2011]. The rapid glacier retreat at the end of the Younger Dryas marked the beginning of
a rockglacier activity phase that lasted until the early Holocene (exposure dates of a relict
rockglacier in Val Muliz [Bohlert et al., [2011]).

The Holocene maximum glacier extent was reached during the Little Ice Age around
1850 AD [Kronig et al., [2017; Bohlert et al., 2011]. The Dufour map drawn at this time
(Fig. shows that the cirque N of Piz Bleis Marscha, the root zone of the Bleis Marscha
rockglacier, was occupied by ice. It is not clear how accurately the glacier outlines were
drawn in the Dufour map, but it seems that the glacieret or perennial ice patch remained
small and has not advanced beyond the cirque [Frauenfelder et al. 2005]. It had already
significantly retreated by 1887 (Siegfried map in Fig. , and seems to have disappeared
between 1912 and 1932 |Cornelius, [1951, p. 25]. In contrast, the Vadret d’Err at the south-
ern end of the Val d’Err at that time still reached down to the large LIA end moraine
visible today [A. Janett, pers. comm.].

Present and past In the upper Val d’Err, the ground is expected to be frozen at elevations above 2400 m a.s.1.,
permaftost distribution depending on exposition and ground cover. The permafrost area according to the Alpine
permafrost index map (APIM) [Boeckli et al., 2012| is shown in Fig. and according
to the Potential permafrost distribution map (PPDM) [Gruber et al}, [2006] in Fig. [3.5
Palaeco-permafrost distributions during the LIA and YD in the Err-Julier region are
reconstructed by [Frauenfelder et al.|[2001]. Their results suggest that during the YD per-
mafrost was abundant in unglacierised slopes down to altitudes of (at least) 2200 m a.s.l.
(Fig. 3.7). The front of the Egesen Piz Bleis Marscha glacier and of the future Bleis

Marscha rockglacier were within the permafrost zone.

Previous work on Bleis Frauenfelder et al. [2005] describe the Bleis Marscha rockglacier as a “stream [that] can

Marscha rockglacier be seen as a continuum from active to relict stages with an active zone in the upper part
and a densely vegetation-covered possibly relict frontal zone”. Weathering rind measure-
ments and chemical analysis have been performed on the Bleis Marscha rockglacier by
Laustela et al.| [2003]. [Frauenfelder et al.| [2005] added Schmidt-hammer rebound values
(R values, see Fig. . The results are consistent: increasing weathering rind thickness
from the root zone towards the front, decreasing Aly/Feg-ratio (“continuous formation of
iron oxihydroxides with time”, iron staining) and decreasing mean R values are indicative
of continued exposure to the atmosphere, weathering. Comparison of R values (Fig.
and weathering rind thicknesses of different rockglaciers, ages obtained from streamline in-
terpolation and morphological constraints suggests an age of the Bleis Marscha rockglacier
of several ky, the formation possibly in the early Holocene.

Meteorological data In the Err-Julier area, high valleys at altitudes of 1700 m a.s.l. are in the rain shadow
of high mountain peaks. This geographical setting is responsible for a generally dry-cold,
continental-type climate, low mean annual precipitation (MAP) of 800-900 mma~—! (1971-
1990) [Hydr. Atl. d. Schweiz, Blatt 2.6.], a regional lapse rate of 0.55°C/100m and a
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3.2 Geomorphology and climate

mean annual 0°C-isotherm at c. 2180 m a.s.l. [Frauenfelder et al., 2001].

Interestingly, in (Corneliug| [1951, p. 25], the Bleis Marscha rockglacier is identified as  Historical side note
a “1km-long moraine tongue with many concentric ridges”. The word “permafrost” does
not even appear in his report on Quaternary morphology. It is plausible that CORNELIUS,
just as many other geologists of that time, were not aware of the fact that permanently
frozen ground is a common feature in high Alpine areas [Haeberli et al., [2010; Barschl,1992].
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Figure 3.3: Dufour map of Val d’Err (Blatter 15 (1853) und 20 (1854).
(© 2018 swisstopo (JD100042)

771000 773000 774000 775000

161000
161000

160000

159000
159000

158000
D
158000

157000
157000

o N \=
772000 773000 774000 775000

Figure 3.4: Siegfried map of Val d’Err (Blatt 426, 1897). (© 2018
swisstopo (JD100042)
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Figure 3.5: Modelled permafrost distribution in Val d’Err according
to the potential permafrost distribution map (PPDM) |Gruber et al.,

2006)
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Figure 3.6: Modelled permafrost distribution in Val d’Err according
to the Alpine permafrost index map (APIM) [Boeckli et al., [2012].
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Figure  3.7: Modelled  palaeo-
permafrost  distribution in  the

upper Val d’Err, after
[2001].

Present-day permafrost distribution
is depicted in dark blue, permafrost
distribution during the Little Ice
Age (LTA) in dark pink during
the Younger Dryas in light pink.
Palaeo-reconstructions for the Older
Dryas (Daun) glacier stages are
given in dark blue, and the Younger
Dryas (Egesen I-III) advance stages
are marked with red lines. Today’s
MAAT at the tongue is estimated
to be 2.1°C warmer than during the
Younger Dryas.
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Figure 3.8: Schmidt-hammer rebound value and weathering rind thickness on the Bleis Marscha

rockglacier [Frauenfelder et al., [2005]. Left panel: Schmidthammer rebound values (R) showing the
arithmetic mean on each transect with the corresponding standard error. Right panel: modal and
median values of the measured weathering rind thickness transects (modified after
). Creep direction in both graphs is from left to right.
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4 Methods

The research questions are addressed with cosmogenic nuclide surface exposure dating and
finite-element numerical modelling (FEM), together with field work and analysis of aerial
images and a digital elevation model (DEM). Geophysical sounding or drilling and other
invasive methods are beyond the scope of this Master’s thesis.

4.1 Field work

Main points -

Field work and observations are critical as they are necessary for both the acquisition and
interpretation of the exposure ages, as well as for constraining the model parametrisation.
A few sampling considerations must be respected for the exposure ages to be meaningful.

For time and weather constraints, extensive field work has been done in summer 2017:
On a first scouting excursion on June 16, the suitability of the Bleis Marscha rockglacier
was verified and contact to the local game keeper was made. The field campaign with
sampling took place on August 2-4. Remaining questions were discussed on a follow-up
field trip on October 15.

4.1.1 Field observations

Remarks on observations and discussions in the field as well as notes on samples such
as location, time, orientation and topographic shielding are stored in the field book. In
addition, the sample characteristics are collected digitally using an iPad® with GISPro®
installed. The georeferenced data can be directly exported to ArcGIS or QGIS. The notes
are illustrated with sketches and photographs. Panorama images are stitched with the
open-source software Huginl

4.1.2 Sampling procedure

The boulders to be sampled must be selected carefully (i) to provide a meaningful exposure
date as close as possible to the true age of the landform [Ivy-Ochs and Kober} 2008|, and

(ii) to_cover_all nnits of the rockelacier. These points should be considered [TVY—O(’}‘IS and

Kober, 2008, S. Ivy-Ochs, pers. comm.]

e the boulder should be large (> 1.5m side length), broad and appear stable, such
that it has been continuously exposed;

e there should be no signs of fast weathering or spalling so that the original surface
is sampled. Patches with high quartz content should be preferred to patches with
feldspars or micas;

e boulders in depressions or furrows where the snow remains should not be sampled,
as a snow cover attenuates cosmic rays [Bohlert et al., 2011]. A lichen cover poses
no problems due to its low density;
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e the sample should be taken close to the top of the boulder where the exposure to
cosmic rays is greatest, but not right at the tip to avoid edge effects;

e location, elevation, orientation of sampled surface and topographic shielding should
be recorded in the field as they enter into elevation and shielding corrections.

For each sample, roughly 500 g of rock should be collected.

4.2 Geomorphological analysis and mapping

Main points -

Data derived from a digital elevation model (DEM) serves for morphometric analysis,
to constrain the rockglacier model parametrisation and for visualization purposes. The
swissALTI3D DEM for 2016 with a grid spacing of 2 m provided by swisstopo is used.

The high-resolution digital elevation model (DEM) “SwissAlti3D” provided by the Swiss
Federal Office of Topography swisstopo is used for visualization and topographic analysis.
The data was acquired in 2016, and has 2 x 2m cell size with an average error in the
order O(1-3) m for areas above 2000m a.s.l. It captures most of the furrow-and-ridge
microrelief. From the DEM raster, data sets such as a hillshade, slope angle or aspect
can be derived in Matlab, ArcGIS or QGIS (Fig. . Most of the topographic analysis
will be done either with the Matlab toolbox TopoToolbox 2 [Schwanghart and Kuhn, 2010;
Schwanghart and Scherler} 2014] or the open-source software QGIS.

'| elevation [« B ! | rastc?r ~ elevation ||
\ profile \ '| operations |
| slope | ! slope l
/| local relief | | hill-shade |
along swath profile (2D, 2.5D) 3 e g i
1 factor i

map (3D)

Figure 4.1: DEM processing, derived stuff. Used programs are TopoToolbox in
Matlab, QGIS and Relief Visualization Toolbox.

Morphometric parameters such as length, width or area are used to characterize and
classify the rockglacier. Since the area of the rockglacier, its source area and the intensity of
talus production are connected [Barsch, 1996, p. 29], the weathering rate can be estimated.
A swath profile along the rockglacier surface showing the microrelief is used as upper
boundary for the two-dimensional numerical model.

Geomorphological mapping is done with the aid of the hillshade and aerial images in
ArcGIS or QGIS, taking into account observations made in the field. The map covers the
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rockglacier, its source area and immediate surroundings.

The most commonly used relief visualization technique, the single-direction analytical
(i.e. computer-based) hill-shading, is based on the direct illumination of the DEM (tra-
ditionally from the north west). Even though this is a intuitive way of representing the
terrain, slopes facing the fictive light source are over-exposed and slopes facing away are
deeply shadowed (under-exposed). Both leads to a loss in perceived relief details [Zaksek
et al., 2011], which is particularly unsatisfactory for visualizing the small-scale rockglacier
microrelief.

One possible way to overcome the limitations of a single-source directional illumination
is to adopt a visualization method which is based on diffuse illumination. The relief surface
is illuminated by an uniformly bright, isotropic celestial hemisphere. |Zaksek et al. [2011]
proposed the sky-view factor (SVF), the total fraction of visible sky limited by the relief,
as a proxy for the diffuse illumination. In a sky-view factor based relief visualization,
strongly illuminated ridges appear bright, occluded furrows dark, and topographic details
are well presented.

The sky-view factor (SVF) is determined by [Zaksek et al., 2011]

no
SVF ::1—@, 0<SVF <1, (4.1)
where ~; is the elevation angle from the horizon to the highest obstructed point in the
i-th slice, and n is the number of slices used to estimate the sky-view factor at the point
of interest (Fig. [4.2)). ZakSek et al| [2011] provide a stand-alone executable called “Relief
Visualization Toolbox” (RVT) that does the calculations.

(a) (b)

Figure 4.2: Sky-view factor (SVF) is defined by the portion of the visible sky, €2, above the obser-
vation point. The algorithm computes vertical elevation angle of the horizon ; in n directions to
the specified radius R. [Zaksek et al|[2011].

Apart from a purely visualisation purpose, the sky-view factor at the sampling points

can in principle be used to calculate the topographic shielding correction for the TCN age
calculation |Gosse and Phillips| [2001].
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4.3 Surface exposure dating

Main points -

Cosmogenic nuclides build up at a predictable rate in the mineral lattice (in situ) at or
near Earth’s surface due to the interaction of a variety of target atoms with secondary
cosmic particles. Commonly used nuclides are '°Be produced in quartz and 26Cl produced
in carbonates. The number of these cosmogenic nuclides is related to the exposure time.
Since the cosmic ray flux and thus the production rate is modulated by the atmosphere
and Earth’s magnetic field, a physical model is required to convert the number of nuclides
to an exposure age. Ideally, the rock surface has undergone single-stage (no pre-exposure
or inheritance), continuous (no covering) exposure in the same position (not shifted
or toppled) since deposition. The datable age range is between a few hundred years
(detection limit) and a few million years (half-live of the nuclide, weathering rate).

4.3.1 Principles of cosmogenic nuclide exposure dating

Constraining the absolute age of the rockglacier and of its lobes is the key for placing
the formation and development of the Bleis Marscha rockglacier in the Holocene climate
history, elucidates the temporal relationship between the rockglacier (periglacial realm)
and the adjacent moraines (glacial realm), dates the period of activity of each unit and
allows to quantify long-term average creep rates.

The basis for surface exposure dating with cosmogenic nuclides is that certain nuclides
in minerals build up at a predictable rate when exposed to cosmic ray flux, and their
concentration is thus a measure of elapsed exposure time at or near the Earth’s surface
[lvy-Ochs and Kober], 2008|. These nuclides produced in surface material are referred
to as in-situ cosmogenic nuclides, in contrast to the meteoric ones produced in Earth’s
atmosphere.

When primary cosmic radiation of galactic (and solar) origin mainly consisting of protons,
alpha-particles and other small nuclides enter the atmosphere, they interact with the
atmospheric molecules and set up a cascade of secondary particles, primarily neutrons and
muons [Alfimov and Ivy-Ochs, 2009].Cosmogenic nuclides are produced within minerals
by spallation, muon-induced reactions and low-energy (epithermal and thermal) neutron
capture |[Ivy-Ochs and Kober, 2008; |[Lal and Peters, 1967]. The in-situ concentration
build-up C [at g71] in an exposed rock surface is modelled as [Ivy-Ochs and Kober} [2008]

C(t) = )\f:o’f {1 — exp {— ()\ + '16) tH + Cine ™M, (4.2)
inheritance term
where Py [at g~!a~!] is the local production rate, t [a] the exposure age of the surface, A
[a=!] the decay constant, p [gcm™3] the density of the irradiated rock,  [cm a~!] the erosion
rate, A [gecm™2] the attenuation length and Cj,;, [atg~!] the initial, inherited nuclide
concentration. Cosmic ray intensity and thus the production rate increases from equator
to pole because the particle flux is deflected by the Earth’s magnetic field, and increases
towards higher altitude because most of the secondary particles are generated in the lower
stratosphere. The local production rate Py must thus be scaled to site (geomagnetic)
latitude, longitude, altitude and topographic shielding. Furthermore, as the cosmic ray flux
entering Earth’s atmosphere is inversely proportional to the strength of the magnetic field,
P, varies with time as well. In brief, the in-situ production rate is specific to each nuclide
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and depends on the secondary particle flux (itself depending on geomagnetic location of
the sampling site, the elevation and geomagnetic field strength) and the property of the
target mineral (density, composition, availability and thermodynamic state of suitable
target nuclei).
Since the production rate within the rock decreases semi-exponentially with depth due to
attenuation, the sample thickness must also be corrected for. Exposed rock surfaces with
an age not older than three to four half-lifes of the measured nuclide can be dated: the
concentration then reaches a steady state, called secular equilibrium. Weathering shortens
the period until saturation is reached, even for the stable nuclides, and can give too young
ages. Inheritance, on the other hand, yields too old ages [Ilvy-Ochs and Kober, 2008].
“The absolute concentration of a cosmogenic nuclide in surface materials is controlled by
the rates of in-situ production, nuclide decay, and removal by surface erosion”.
Commonly utilized are the radionuclides °Be, C, ?6Al and 3Cl and the stable noble
gases He and 2!'Ne. Their ubiquity in wide range of minerals (e.g. '“Be in quartz, 36Cl
in calcite/dolomite) allow virtually any lithology to be dated for exposure ranging from
102 to 107 a [Gosse and Phillips, 2001]. The lower age limit is determined by the detection
limit, while the upper one by the nuclide half-life and the weathering rate of the rock
surface [Ivy-Ochs and Kober, [2008].

Table 4.1: Characteristics of used nuclides for surface exposure dating, after Ivy-Ochs and Kober
[2008] and S. Ivy-Ochs [pers. comm.].

Nuclide Half-life Target Measured Production Reactions

element ratio rate [at/ga]
Be 1.4 Ma O 10Be/"Be 4 160(n,4p3n)'Be
160(p~,3p3n)°Be
36C1 301 ka Ca, 37C1/3°Cl,  composition- 39K (n,2p2n)30Cl1
K,35Cl 36¢1/C1 dependent, 40Ca(n,3p2n)36Cl
~20 (lime- 39K (u~,p2n)30Cl
stone) 40Ca(u~,2p2n)36Cl1
39K (n,)30C1
35Cl1(n,7y)30Cl

4.3.2 Practical aspects of '’Be and *ClI

19Be mostly comes from 9O nuclide via spallation and negative-muon capture (cf. Ta-
ble and has the highest production rate at the rock surface (Fig. . It is extracted
from a pure quartz mineral separate obtained by selective chemical dissolution of the
rock sample in dilute HF (4%) solution. Then, a carrier with a known amount of “Be is
added, and the mineral separate is completely dissolved in concentrated HF. The Be is
separated and purified with ion exchange methods and selective pH precipitation. Finally,
the ratio of 1Be/?Be is measured with accelerator mass spectrometry (AMS). Quartz is a
ubiquitous, resistant mineral that can be reliably cleaned of meteoric 19Be, which clearly
outweighs the disadvantages of the low production rate (requires longer exposure periods
until detection limit is exceeded) and interferences with 1°B [Ivy-Ochs and Kober} [2008].

36Cl in rocks with sufficient natural stable chlorine (carbonates) is produced by several
pathways [Alfimov and Ivy-Ochs, 2009]: spallation and muon-related reactions from Ca,
but also by ‘low-energy neutron capture on 33Cl’ (Fig. . These neutrons are slowed-
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down neutrons derived from spallation and muon-related reactions (secondary particles)
and radiogenic neutrons from the decays in the U-Th chain. Unlike in the case of the
spallation-dominated vertical production profile of 1°Be in quartz, the highest production
rate of 39Cl is not at the surface, but roughly at 20 cm depth, depending on the composition
and density of the rock (neutron leakage). The 30Cl method is thus somewhat more
weathering-tolerant, at the expense of a more complex procedure as the total rock CI
concentration, major element oxides and the concentration of the strong neutron absorbers
B, Gd and Sm must be calculated for each sample. The crushed rock samples are leached
with a weak HNOg solution to remove meteoric or not in-situ produced Cl isotopes. A
35Cl-carrier of known amount is added, and the carbonate samples are dissolved in HNOs.
To avoid isobaric interference with 36S, sulphur is precipitated with BaSO4. The precision
and accuracy of the measurements is improved by the implementation of isotope dilution,
where both the total rock Cl and 3¢Cl concentration are determined by measuring the ratios
of 37C1/35Cl and 36C1/Cl [Ivy-Ochs et al., 2004]. To take out subsurface non-cosmogenic
neutron capture 39Cl production, the concentrations of U and Th are measured as well.
Despite the complicated production reactions that require a long preparation process, the
3601 method is applicable to almost any rock type (silicates and carbonates), has a low
detection limit (low minimum age), and with a half-life of 308 ka suited for dating Holocene
and Pleistocene rock surfaces [Davis and Schaeffer, [1955].
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Figure 4.3: Spallation-dominated Figure 4.4: 26CI production mechanisms, after Alfimov and
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Blanckenburg, [2005|, source.

Shielding by surrounding hillslopes or a dipping rock surface reduces the cosmic ray
flux to the sampling site and consequently the local production rate [Ivy-Ochs and Kober|
2008]. Shielding corrections are calculated following Dunne et al| [1999], with the online
calculators formerly known as the CRONUS-Earth online calculators||Balco et al.

2008

4.3.3 Laboratory procedure

Shielding corrections

Sample preparation followed standard procedures described in Ivy Ochs [1996]; Ochs and|
Ivy-Ochs| [1997]; [Ivy-Ochs and Kober| [2008]; Hippe| [2012]. °Be in the Err granite and
36Cl in the dolomite was measured with the AMS at the Ion Beam Physics group at ETH
Ziirich. Fig. provides an overview of the 1°Be and 3¢Cl processing steps from sampling
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4.4 Aerial image cross correlation

Main points -

The correlation of aerial images is a remote sensing technique to quantify the present,
short-term surface translational displacement. A template-based image matching of
two orientation images derived from bi-temporal orthophotos with the normalized cross-
correlation (NCC) as similarity measure is carried out with the InGRAFT tool in MATLAB.
Calculating orientation images is a pre-processing step that renders the matching robust
and illumination invariant. From the velocity field, stream lines and principal strain rate
axis are derived that elucidate travel times and deformation mechanisms.

To obtain area-wide information on surface kinematics and to assess the activity status
of the individual units, feature tracking on repeated georeferenced orthophotos is per-
formed. The obtained two-dimensional flow field is also used to calibrate the surface
(horizontal) creep rates in the numerical model.

As input serve georeferenced and orthorectified aerial images provided by the Swiss Fed-
eral Office of Topography swisstopo (Table. accessed via [DownloadService GeoVITe)).
The orthophoto mosaic SWISSIMAGE 25 cm is a composition of digital color aerial pho-
tographs. Ground resolution for the study area is 0.5 m resampled to 0.25 m. Standard
deviation for the precision in position: +0.5 m for the ground sample distance of 0.5 m
(in hilly terrain +3-5 m) [PDF].

Table 4.2: SWISSIMAGE coverage of the Val d’Err (tiles 1236-43, 1236-44).
File name Acquisition date
swissimage_2003 2003
swissimage_2006 2006
swissimage_2009 2009
swissimage_2012 2012

An overview of the processing steps is given in Fig.

4.4.1 Principle of NCC, Algorithm

We have two discrete images taken at different times, Iy @ty and I; @Qt;>ty, which are
orthorectified and georeferenced. The images I are indexed using pixel-wise image coor-
dinates (z,y), where z and y are integers. Both images together are referred to as image
pair. In order to calculate the offset between two features on the image pair, ImGRAFT
tracks features between image pairs using the templatematch function based on a cross-
correlation algorithm |[Messerli and Grinsted, 2015} |[Heid and Kaab), [2012], illustrated in
Figs. and ??. Conceptually, the algorithm searches a distinctive feature in image
Iy at image location xg, the so-called template ¢ (e.g. a prominent boulder), within the
search region W, on image I;. The template location in image Iy, X1, is defined as the
point of maximum correlation between the template and the search region. The offset in
pixel (image coordinates) is transformed to a physical length using the image cell size.

The use of cross-correlation for template matching is motivated by the squared Euclidean
distance d%t as a distance measure of the similarity of a reference template ¢ C Iy and
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Figure 4.6: Flow chart with the processing steps of bi-temporal (¢, t1) aerial image cross correlation.
The main steps are pre-processing, correlation, and post-processing. From the velocity field, strain
rates and stream lines are derived, requiring additional processing steps.

search template f C I; [Lewis, [1995],

d} y(u,v) = D [f (ut 2,0 +y) = tHa,y)) (4.3)
T,y

In the binomial expansion of d?‘,t’ the term > t? is constant. If the term 3 f? is approx-
imately constant, then the remaining mixed term is left as a measure of the similarity
between the reference template and the search template. It needs to be normalized by
subtracting the average pixel value of the template and local search window area, t and
fum, respectively. Normalization renders normalized cross correlation (NCC) invariant to
template size and image amplitude, thereby accounting for differences in brightness and
contrast caused e.g. by changing lighting conditions [Lewis, |1995; | K&dab and Vollmer, 2000;
Debella-Gilo and Kéab), [2011]. However, normalized cross correlation is still not invariant
with respect to imaging scale, (non-rigid) intra-template deformation (strain, rotation)
and perspective distortions.

The normalized cross-correlation coefficient « is in spatial domain defined as (“direct
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Figure 4.7: Schematic representation of the cross-correlation (denoted by *, Eq. of a 3 X 3px
reference template ¢ with a 5 x 5 px search window Wy in area-based image matching (not to scale).
After Debella-Gilo and Kaab| 2011} [2012]. « and v are integer pixel offsets with respect to the
reference center pixel X within the search window W in x- and y-direction, respectively. Cf. [Kdab
and Vollmer| [2000, Fig. 4]. The pixel size is not to scale.

NCC”) |Lewis, 1995
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\/Zx,y {f(u +x,v+y) — J?um}2 Day (t(z,y) — 5]2

v(u, v) L —1<Ay <1 (4.4)

The NCC coefficients v are assembled in the NCC matrix C. x and y are the image
coordinates that are summed over, u and v the pixel offsets with respect to the reference
center pixel in x- and y-direction, ¢ the spatial grey-value function of the reference tem-
plate that gives the grey value at location (z,y), f the corresponding grey-value function
for the shifted search template, ¢ is the mean of the intensities in the reference template ¢,
and fuw is the mean of the intensities in the search window under the search template f
(local mean). For a meaningful normalization, the search window Wy must be larger than
the reference template ¢, and the pixel intensities of the template must not be uniform.
The global maximum of the double (two-dimensional) cross-correlation surface v indicates
the location of the best-matching shifted template within the search window, and thus the
displacement.

Note on calculation The numerator of Eq.[4.4] the mixed term from Eq.[4.3] is for large images most often ef-
ficiently computed in frequency domain, as cross-correlation in the spatial domain is equiv-
alent to a (computationally advantageous) multiplication in the frequency domain (convo-
lution theorem): Y™™ (u,v) = FHF[(f — fuw ) *t =)} = FHFf — fun] Flt—1]*},
where F denotes the Fourier transformation, x the correlation operation and * complex
conjugation (equivalent to time reversal). There is no similarly straightforward and effi-
cient method to compute the denominator.

Template and search The template needs to be large enough to capture distinctive patterns that are recog-
indow sze nizable in both images. Its size depends on textural characteristics of the ground surface,
the image resolution, and on the temporal baseline (with longer baselines, small-scale
morphological features are less likely to be preserved [Monnier and Kinnard|, 2017]). The
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search window needs to be large enough to contain the maximum expected displacement.
This can be estimated by multiplying the time interval between image acquisitions with
a typical surface speed [Kaab and Vollmer, [2000; Messerli and Grinsted, [2015]. Decorre-
lation occurs when the surface texture between the image acquisitions changes too much.
It depends on ground resolution, temporal baseline, ground cover/vegetation, and surface
processes (typical deformation rates).

4.4.2 Pre- and postprocessing, filtering

The pre-processing steps are orthorectification, georeferencing and optionally orientation
image calculation.

Orthorectification is the process of removing the effects of lens distortion, image per-
spective (tilt) and topographic relief (terrain) effects, providing an undistorted, uniformly
scaled and planimetrically correct representation of the Earth’s surface. Georeferencing
means tying the internal image coordinates to a ground system of geographic coordinates.

What is termed “orientation correlation” is more precisely a two-dimensional correla-
tion of orientation images (Fig. . Orientation correlation is a feature-based matching
method that shares advantageous properties of area-based methods: it “matches the fea-
ture of image intensity gradient orientation for each pixel” and is therefore illumination-
invariant [Fitch et al., [2002].

The discrete image I represented by a real-valued matrix containing the grey values is
transformed to an orientation image I° represented by a complex-valued matrix according
to

(4.5)

I° — sen (31(9671/) H.@I(fc,y)) 7

oz oy

where sgn is the signum function and ¢ denotes the complex imaginary unit. For non-zero
complex numbers z, sgn(z) returns z/|z|, where |z| is the complex modulus of z. The
meaning of Eq. becomes obvious when rewritten to polar form, sgn(z) = e #&{z}: Tt is
intimately related to the phase angle via EULER’s formula. Furthermore, the magnitude
of a pixel is either one or, in the case of a uniform region of the image with no gradient,
zero (sgn(0 + 04) := 0). Orientation images are thus normalized and have the same
unit (radian). Orientation correlation is invariant to the pixel brightness (in contrast to
area-based methods).

Matching windows, template t© and search window f°, are extracted from the two
orientation images I, I{ analogous to the direct NCC method. The orientation correlation
matching surface is computed from

v = FHF] FIT (4.6)

This can be efficiently implemented numerically with Fast Fourier Transforms (FFT).

The post-processing steps are noise-filtering to remove erroneous matches and smoothing
to attenuate small-scale variations or noise.

The noise and signal levels are estimated with the following parameters: Recall the
correlation coefficients  that form the coefficient matrix C with elements C;; (Eq. .
The global maximum of the NCC surface indicates the most likely terrain displacement.
This maximum correlation coefficient C,q; is defined straightforward as

Chnaz = max{C}. (4.7)
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Figure 4.8: Orientation image (c: intensity gradient orientation represented by the red arrows) on
top of the image (a: intensities represented by the grey values). Plot b shows how the orientation
image is constructed from the intensity differences in x (real part of I°) and y (imaginary part)
direction (yellow and blue arrows, respectively). Note that the orientation vectors have zero value in
uniform areas and a length of one in non-uniform areas. This is an advantageous property: Uniform
areas do not contribute to the matching and orientation images are inherently normalized. Image
coordinates [6919,3002], 21 x 21 px.

The mean absolute correlation coefficient over the search region (containing N pixels) is
an estimate of the noise level [Messerli and Grinsted, [2015]:

1
Choise = N Z |C’Lj| (48)
N
The signal-to-noise ratio SN R is then

SNR := —— (4.9)
It can be thought of as “how tall the correlation peak rises over the noise level”. Pixels
with a signal-to-noise ratio SN R lower than a specified threshold SN R,,;,, are considered
as noise.

To smooth the velocity field, low-pass circular median or mean filter are used. A me-
dian filter reduces noise while preserving the edges, at the expense of higher computational
costs compared to a mean filter.

The horizontal surface displacement of each pixel is computed separately as the Euclid-
ian distance between the pixels’ positions in the reference and the matching templates.
Velocity is then computed as the displacement divided by the temporal baseline of the
image pair.

4.4.3 Uncertainty estimate: Significance level for displacements

For the measurement to be reliable the displacements have to exceed the mean pre-
processing error arising from orthorectification and co-registration. Furthermore, the pre-
cision of NCC is inherently limited to one pixel, and thus depends on the resolution of
the image data [Debella-Gilo and Kaab| [2011]. The significance level, the threshold below
which any measured displacement is not distinguishable from immobility, is estimated by
matching a reference area where no displacement is expected. Its value is defined either as
the mean, median or mode of the velocity data, chosen by inspecting a velocity histogram.
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4.4.4 Flowpaths

A streamline x; is a curve that is everywhere tangential to the instantaneous (at time
t = t’) local surface velocity vector vs. In parametric representation with arclength s, it

is defined as d d
dts X vs(x5,8) =0 & d’f: = vs(xs, t'). (4.10)

The streamline shows the direction in which a massless particle travels at any point in
time.

A pathline (flow line) x, is the trajectory followed by a massless particle over a certain
period of time. For a steady flow, streamline and pathline coincide. It is defined by the
initial-value problem IVP comprising the ordinary differential equation (ODE) in Eq.

and seed point Eq. [4.11bf

dx,
wed @ - vs(xp), (4.11a)
x,(t = 0) = xg (4.11D)

Since the acceleration is negligible for a STOKES flow, the accuracy of the boulder travel
path on the rockglacier surface is only limited by the validity of the surface velocity field.
Eq. is solved numerically with the classical Runge-Kutta 4th order scheme.

4.4.5 Principal strain rates

The spatial derivatives of the two-dimensional horizontal surface velocity field vg(x,y)

form the velocity gradient tensor Vv,. This second-order tensor with components ij

represented in matrix form looks like

Ovy %
Vv = [ggw 1;{/] (4.12)
oy oy

These are the spatial derivatives of the horizontal velocity components v, and v, with
respect to the horizontal coordinates x and y.

The surface strain-rate tensor €, is defined as &;; := % (g;’? + %). In two dimensions
J [
with the horizontal coordinates x and y, written out

. . Ovg. Ovy + %
g. = Exx Exy| _ Ox oy Ox
s L (% + 8%) vy
2 \ Oz oy Jy
The off-diagonal entries with the shear strain rate components &,, and €,, are equal
because € is symmetric.
Analogous to the velocity (represented by a vector) with magnitude and direction, the
strain rate (represented by a rank-2 tensor) has scalar invariants and distinguished di-
rections. They are quantities that remain unchanged regardless of the reference system,

and are therefore physically meaningful. Useful are the effective strain rate and principal
strain rate axis.

D=

(4.13)

Eyx  Eyy

The second invariant of the (surface) strain rate tensor &, called effective strain rate
and denoted by £q1, is a measure of the total magnitude of the strain rate (analogous to
speed). It has units of s~! (or a=!).

2, +e2 ] +&2,. (4.14)

DN | =

22 T 22
g1 = 551‘7623 = T =
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Repeated indices imply the EINSTEIN summation convention. Exploiting the symmetry of
the strain rate tensor, the shear strain rate components are gathered.

The (surface) strain rate tensor €5 is independent of the chosen coordinate system, only
its representation in matrix form changes according to the chosen reference frame. There
is a distinguished coordinate system oriented along the principal strain rate axes where
the shear strain (off-diagonal) components vanish. The remaining (diagonal) components
represent pure extension or contraction and are called principal strain rates €1, €9 (one
subscript to differentiate the principal strain values from the normal strain components).
This is mathematically equivalent to a diagonalisation of the strain rate tensor: It can
be shown that any symmetric second-order tensor has two real eigenvalues, the principal
strain rates, and two orthogonal (mutually perpendicular) eigenvectors, the principal strain
rate axis.

In the two-dimensional case, the coordinate transformation is a simple rotation and
concise formulae for the solutions to this eigenvalue problem exist. The principal angle 6,
gives the direction of €1, Eq.

92
tan(20,) = — L (4.15)
Exx — Eyy
The eigenvalues are the solution to the characteristic equation det(és — &;I) = 0:
: 4é . . 2 !
éh@::&“2ngt¢<&m2gw) +é2,. (4.16)

In practice, the velocity gradients for the (surface) strain rate tensor &, are calculated
with central finite-difference scheme in the spatial domain. For example, the derivative of
v, at xg with respect to x is approximated by

0v(70) _ va(wo + Ax) — vy (w9 — Ax)

or 2Azx (4.17)

Az is the length scale over which the velocity gradient is evaluated (“spacing”).

However, the strain-rate errors Aé;; for given velocity errors Av in the raw data “increase
with the inverse of the spatial distance Ah between data points” [Kaab et al., |1997]. For
typical velocities and spacings, the strain-rate error is of the same order as the expected
strain-rate values. Strain rates from long-wavelength velocity variations yield more ac-
curate and reliable results, but must be extracted from the short-wavelength noise. The
spatial averaging of the velocity field is performed in the spatial domain with a low-pass
Gaussian filter. Computing finite differences from the smoothed velocity field in spatial
domain is an approach equivalent to Wiener filtering in Fourier domain [Kaab et al., [1997].

4.4.6 Kinematic vorticity: hint at deformation mechanism

Any second-order tensor can be decomposed in a symmetric part sym{Vv} := & and a
antisymmetric part skew{Vv} := € such that Vv = & + Q. As this decomposition is
independent of the chosen reference frame, the components have a physical meaning: &
is the strain-rate tensor related to deformation (Eq. , and € is the vorticity tensor
related to rotation. The vorticity tensor in two dimensions looks like [Schielicke et al.)

2016]
_1jo ¢ _(Ovy  Ovy
Q=3 {—C o}’ (= <‘9;’ 9y ) (4.18)
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where the term ¢ = k - V x v, which is the vertical (third) component of the vorticity
vector.

The kinematic vorticity number Wy is defined as the ratio of the tensor norms of €2 and
¢ [Truesdell, 1953; [Schielicke et al., [2016]:

Wy o= 11 (4.19)

with the invariant Euclidean tensor norms ||| := /;;Q;;" and [|€]| := |/€4;¢i;. (Again,
EINSTEIN summation convention is implied, i.e. it is the root of the sum of its components
squared).

In two dimensions and for an already solved eigenvalue problem (with eigenvalues €1,

€9), then
wo_lol_ v
el fe2 + 2

The kinematic vorticity number is interpreted as the the ratio of the (local) rotation
rate over (local) strain rate. Wy gives the relative contribution of the end-member cases
pure shear and simple shear to the observed surface deformation (Table |4.3]).

(4.20)

Table 4.3: Interpretation of kinematic vorticity number Wy, [Schielicke et al.,
2016; |Fossen), [2010].

Wi =0 pure shear

0 < Wy <1 strain rate prevails over rotation rate (subsimple shear)
Wi =1 simple shear

Wi >1 rotation rate prevails over strain rate

4.4.7 Slope—velocity relation

The strong topographic control (surface slope) on the creep behaviour as expected based
on physical considerations (Eq. [2.5)) is investigated with a average slope—surface velocity
scatter plot [Frauenfelder et al. 2003; Bodin et al., [2018].

47

Definition of Wy

Calculation of Wy,

Interpretation of Wy,



Contribution of FEM

Sketch of the problem

Physical basis for the
continuous forward
operator G

Methods

4.5 Numerical modelling

Main points -

The thesis involves no drilling or geophysical subsurface investigations, the only informa-
tion available is limited to the surface. The internal structure and mechanical properties
(density and viscosity layering) are investigated with numerical modelling. It is an in-
verse problem where a proposed a-priori parametrisation m is refined with the observed
surface velocity data until the modelled output dy,.q matches the observed output deps
within the uncertainty range. The “calculation engine” that produces the predicted data
dpreq is called the forward operator G. Its discretised version G is implemented as a
finite-element code.

A series of numerical experiments using a finite-element modelling (FEM) code provides
insights in material properties and deformation behaviour of the Bleis Marscha rockglacier.
The following aspects are investigated:

e Interactions between rockglacier lobes: To what extent is the observed creep rate in
the lower lobes owed to pushing by the overriding lobe above?)

e Material properties: How do the velocity differences between the different rockglacier
bodies relate to the differences in mechanical properties (mostly effective viscosity)?

e A glimpse into the rockglacier: To what extent is it possible to constrain subsurface
structure, for example the thickness?

The problem is structured as follows (Figs. and : We want to investigate parts
of a physical system that are not directly accessible and observable, here the internal
structure of the Bleis Marscha rockglacier. We have collected data, D, that are relevant
to the investigated property or behaviour, here surface velocity data that are an expression
of the rockglacier creep. Next, we develop a plausible subsurface structure, M, based on
a-priori information, devise a “calculation machine” that predicts data dpeq, and compare
these modelled data with the observed data dops. If dpreq and dops do not agree within
their uncertainty margins, M is modified until some chosen measure for the difference
between dpreq and dops falls below a chosen threshold. This iterative procedure is nothing
else than solving an inverse problem. In a last step, the geophysicist should not fail to
discuss the link between “nature” and the model components, which are only an abstract,
simplified representation of the real world (appraisal problem).

The “calculation machine” is called forward operator G that mathematically describes
the deformation of the rockglacier material (Fig. . For a set of given model parameters
m, describing the internal structure, it computes the observable horizontal surface velocity
field, d. This is symbolically written as

G(m) =d. (4.21)

In essence, the forward problem is broken down to a STOKES problem with a linear stress-
strain rate relationship (NEWTONIAN fluid).

4.5.1 Physics and rheology

The motion of an incompressible Newtonian fluid is described by the NAVIER-STOKES
equations. It establishes a relationship between inertia, divergence of stress and applied
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Figure 4.9: Inverse problem structure [redrawn after Felix Bissig, un-
pub. MSc thesis].
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Figure 4.10: Forward problem structure: The model parametrisation
M is an abstract description of the rockglacier in terms of its me-
chanical properties that are related to the observed data D via the
forward operator G.

external forces for a fluid. The non-linear vector-valued equations for the velocity field v
can be simplified for a fluid flow where the inertial forces are negligibly small compared to
the viscous momentum diffusion. For this order-of-magnitude analysis, the dimensionless
Reynolds number Re defined as the ratio of inertia term to viscous term is calculated by
plugging in characteristic down-slope velocity U, typical rockglacier thickness H, length
L, density p and dynamic viscosity u (viscosity of pure ice as a conservative estimate) in
the corresponding terms of the NAVIER-STOKES equation:

_ plv-Vv] o pugdu/dz_p U?/L  pUH?
T ou|VEv|  pd?u,/d2?2 T pU/H2  u L

2-10% kg/m® 1.6 - 107 m/s (30 m)?2
- 210" Pas 10° m

Re

(4.22)

~ 10718

The inertia term is evaluated along the creep in down-slope direction, while the viscous
term, responsible for the vertical velocity profile, is evaluated across the flow in vertical
direction. Since Re <« 1, the inertia term is negligible compared to the viscous term
and the problem can be considered a low Reynolds number flow governed by the STOKES
equation [Loewenherz et al., [1989].

Rockglaciers move slowly enough that they can be considered in static equilibrium at
any time, even while in motion: The sum of all forces is essentially zero. The force
balance or conservation of linear momentum equations (Eq. describe how body forces
and boundary stresses are balanced by stress gradients throughout the body. For the
two-dimensional vertical plane-flow model, the equations (in two different notations) read
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[Frehner and Schmalholz, |2006]:

00ze 004y

=0
O dy & V.-o+pf=0. (4.23)
Ooyy  Ooyy B
Ox oy P9

complemented by the conservation of angular momentum that requires
Oij = 0j; < O = O'T. (4.24)

The second-order stress tensor o contains normal components o, and oy, and shear
components o, = 0y,, which are identical due to the symmetry of . The force vector
f contains the gravitational acceleration g, directed vertically downwards. V denotes the
nabla operator.

The conservation of mass for an incompressible material implies a divergence-free flow

field,

dvy 4 %
Ox oy

where v, and v, are the horizontal and vertical components of the vectorial velocity field
v, respectively.

—0 & V.v=0, (4.25)

The constitutive equation establishes the relation between stress and strain rate, i.e.
characterises the rheological behaviour of the material. It is specific to the material under
certain conditions, and unlike the conservation equations not an universally valid law.

The deformation of an incompressible material is not affected by hydrostatic pressure.
The stress-deviator components are obtained by subtracting the magnitude of the hydro-
static pressure (the mean normal stress, o,,,) from each normal-stress component:

agj =0y — éakkéi]— & o i=0—o0,l (4.26)
where the EINSTEIN summation convention is implied (e.g. ok = 0z + 0yy), 0i; is the
Kronecker delta, and I the identity matrix.

A NEWTONIAN fluid is defined by a linear stress—strain rate relationship with the dy-
namic viscosity u as the proportionality factor. It is invariant to applied stresses or expe-
rienced strain rate. The often strong (exponential) temperature dependence is neglected.
NEWTON’s law of viscosity relates each components of the deviatoric stress tensor o;; to
the corresponding component of the strain rate tensor €;;

ol =2uéy & o =2ué. (4.27)

The dynamic viscosity p is a constant scalar that relates two rank-2 tensors. This im-
plies (i) homogeneity (invariance under translation): the heterogeneous debris-ice mix-
ture is approximated as a continuum with constant (effective) material properties; and
(ii) isotropy (invariance under rotation): each strain-rate component is proportional to
the corresponding stress-deviator component at any point. In other words, stress and
strain rate are collinear (shear stress leads to shearing strain rate, etc.).

Finally, the kinematic relation defines the strain rate tensor €;; in terms of velocity

gradients as
é~~—1 8vi+8vj & e=
Y2\ 0x;  Oxy B
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4.5 Numerical modelling

4.5.2 Forward problem: Numerical implementation of FEM algorithm

The set of partial differential equations (PDEs, Eqs. [4.23(4.28)) are recast and solved nu-
merically with the finite-element code developed in [Frehner et al.[[2015].

Numerically solving the incompressibility equation (Eq. can in practice lead to
unphysical results [Pelletier et al., [1989]. By relaxing the incompressibility constraint for
now, and allowing the divergence of the velocity field to deviate slightly from zero, the
problem is circumvented. Eq. is thus rewritten as

ap__K(&)x 80y> N op

o~ \oz "oy ot~

5t B K (V-v), (4.29)

where the penalty parameter K is the mathematical pendant of the elastic incompressibil-
ity (bulk modulus), and p is pressure. As mass conservation in each element is violated,
incompressibility must later be re-introduced. The governing set of equations to be solved
numerically for the three unknowns v, v, and p is in the form

B 'DBv - Vp =0 (4.30a)
op
o5 = K (Vv (4.30b)

where the matrix B contains the spatial derivatives and the “rheology matrix” D expresses
the stress-strain rate relationship:

o)
B = 50 @() , D= —%M %M 0] . (4.30¢)
a7 () 72 () 0 U

Temporal derivatives are approximated with finite differences. The velocity field within
each element is interpolated from a set of bi-quadratic and continuous shape functions,
whereas the pressure shape functions are linear and discontinuous over the element bound-
ary. A 7-node triangular element with 7 integration points is used (Fig. . Egs.
are multiplied with weight functions equal to the the corresponding shape function
(Galerkin method, Fig. ?7) and integrated numerically with the GAUSS-LEGENDRE scheme
(Fig. , yielding the weighted residuals or discrete weak form. They are set to zero,
and the continuous velocity and pressure field are discretized. The system of discrete
equations is solved simultaneously by standard linear algebra techniques to yield nodal
velocities. Incompressibility is enforced with a penalty approach where the elastic compres-
sion is removed iteratively: The Uzawa algorithm yields a quasi-incompressible discrete
pressure field, where the divergence of the velocity field is smaller than a chosen threshold
value, usually O(10710).

The triangular mesh is generated with the software “Triangle” [Shewchuk) 1996]. Remesh-
ing is done as soon as any internal angle of any element in the model becomes smaller
than 12°.

4.5.3 Rockglacier parameterisation: Boundary conditions, initial conditions
and material parameters

There are two common types of boundary condition that are enforced on a nodal level:
DIRICHLET boundary condition where the value at the node is prescribed, or NEUMANN
boundary condition, where the first derivative at the node is fixed. It is important to note

o1
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Figure 4.11: Discretisation of space in local x-n coordinate system. (a) 7-node
triangular T7 stencil. (b) numerical integration points

that in the discretization step, integration by parts invoking GREEN’S theorem is done to
obtain the weak form. Often, boundary terms arising from the integration by parts are
neglected, and NEUMANN boundary conditions are then implicitly assumed.

The model boundaries are defined such that the dynamic (deforming) layers of the per-
mafrost body is within the model domain (Table : The rockglacier is bounded by its
surface to the atmosphere and a transition to immobile material at the base. Mechanically,
the surface or top boundary is a free surface and characterised by zero traction and
zero boundary-perpendicular normal stress. At the base or bottom boundary, the bound-
ary to the immobile layer below (be it bedrock or non-creeping sediments, Figs. ,
a no-slip boundary condition is imposed (Fig. [4.12] Table .

The complex stratigraphy and internal structure of the rockglacier is translated into
a simplified, abstract representation that captures the characteristic mechanical features
and properties. This computationally tractable mechanical model is referred to as param-
eterisation, and is passed to the FEM algorithm as initial conditions.

A parameterisation of the internal structure draws from the following sources: (i) The
surface microrelief is shaped by creep processes and thus an expression of the internal
structure, e.g. shear horizons crop out at the base of scarps; (ii) geophysical investigations
(seismic or GPR sections) of morphologically similar rockglaciers serve as an analogue;
and (iii) physical constraints such as minimum thickness for the creep threshold to be
overcome or e.g. empirical scaling laws.

The density of the debris-ice mixture in the rockglacier core is the weighted average of
the density of its constituents, debris and ice:

Prgl = (1 - Cice) Pdebris t Cice Pice, (431)

where ¢; is the volume fraction of ice; ¢; = 0.6 [Muller et al., 2016]. The density is assumed
to remain constant in space and time (incompressible, no phase changes between ice and
liquid water, constant air fraction). Inserting literature values of 2700 kgm™3 for the
density of granite, 910 kgm ™ for the density of pure ice yields prgi ~ 1626 kg m~3. The
density of the boulder mantle depends on the volume fraction of the voids. With 30 to
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40% vol air, p,, ~ 1620-1890 kg m~3 [Barsch| [1996, p. 101]. The density contrast between
boulder mantle and core vanishes for more than 40% vol voids.

The viscosity of a debris-ice mixture is difficult to estimate, particularly for temperatures
close to 0°C where liquid water plays an important role [Moore, 2014]. Here, a simple
approach will suffice to get an order of magnitude for the initialisation of the model.
The viscosity is an output of the model. The viscosity of a suspension is greater than
the viscosity of its pure solvent. Roscoe| [1952] proposed the following formula based
on EINSTEIN’s effective viscosity for a dilute suspension of spheres [Einstein|, 1905, cf.
[Friedson and Stevenson, 1983].

Housp o = (1— )25, ¢ <0.65. (4.32)
Hsolv
¢ is the debris volume fraction, = 1 — ¢; = 0.4. The dynamic viscosity of pure glacier
ice is (very) roughly 1501, = 2 - 10'3 Pa s [Cuffey and Patersonl, 2010, p. 269].

The density and dynamic viscosity values as a function of space are initialised onto
the quadrature points via easily implementable Gauss error functions (bottom panel in
Fig. . The values for each element is the average of the values on its integration
points, computed in the “element loop” step.

Table 4.4: Rockglacier interfaces (physical) and boundaries (in model domain). Cf. Fig. 4.1Ql

Interface Characteristics Mechanical behaviour along
interface

surface to atmosphere material contrast traction free

base over immobile till or  viscosity contrast no slip or low-viscosity shear zone

bedrock

boulder mantle—frozen core fabric difference welded /dynamically coupled: no

slip [Ikeda et all, 2008]

Boundary Equivalent interface Boundary condition
top boundary surface free surface
bottom boundary base no slip

A possible internal structure of the Bleis Marscha rockglacier is drawn in Fig.
The surface boundary is the well-constrained surface relief along a longitudinal profile,
extracted from the DEM as a swath profile with TopoToolbox (Section ?7). In contrast
to the bedrock surface, which might be over-deepened and thus impossible to constrain
without geophysical investigations, the base of the dynamic layers of the rockglacier, the
shear horizon, can reasonably be drawn: A smoothed DEM of the rockglacier surface,
created by interpolating the contour lines within the rock glacier perimeter, serves as a
topographic model for the rockglacier base (cf. |Scapozza et al.| [2014]). However, this
is only possible for the lower part where the rockglacier rises above the adjacent terrain.
In the cirque, the base is assumed to run parallel to the average surface topography
(Figs. in [Barsch! [1992]; [Hausmann et al.| [2007]; Monnier et al. [2011} 2014]; Merz et al.
[2015]; Buchli et al. [2018]). The intact lobes are further divided into a two-layer structure
composed of a clast-supported boulder mantle and a matrix-supported (~frozen) core
[e.g. [Barsch, |1996; Haeberli et al., 2006]. Theoretical considerations [Moore, [2014] and

53

Effective viscosity p of a
debris-ice mixture

Initialisation functions

Initial conditions:
structure, density, effective
viscosity



Heuristic solving
Managing complexity

Methods

Distance along | T T T " T

0longitudinal profile 200 400 600 800 : 1000 1200 4
= 2800 : 7
: top boundary L
L Implementation of : i well-constrained - talus |
vertical viscosity surface slope
profile:
~ 2700 boulder mantle, 7
‘g = rockglacier core,
- § < basal low-viscosity —
N layer
= .
- 2600 (material g _
5 boundaries) . | Parameterisation &
L = . | boundary conditions
5] .
2 :
. ' free triangular
mesh

~ 2500
bottom boundary

poorly constrained
base

@350m (?7): inferred
base projected bedrock step internal
from adjacent thrust

2350 [ terrain [ ! : {

material boundary arising from large gradient,
Implementation of horizontal viscosity profile wﬁ e mviwiitom o o fei-ikaeti

dynamic viscosity or density (qualitative)
I

2?0\ ? intact unit

relict unit «virtual 7
borehole

| |

knickpoint in profile

I I I I I
Along-profile distance x [m]

Figure 4.12: Rockglacier parameterisation: From observations to a mechanical model that is simple
yet captures the essential features. Top panel: Longitudinal section through the rockglacier showing
a possible mechanical structure. Based on morphological observations, a relict high-viscosity lower
part and an intact low-viscosity upper part is implemented. The vertical layering with boulder
mantle and basal shear zone is not drawn. The triangular meshing (fine grey lines) is denser
along the “virtual boreholes”. Bottom panel and top panel inset: Initialisation functions for the
material parameters. Density and viscosity variations in along-flow as well as in vertical direction
are described with error functions.

observations |[Arenson et all 2002; Springman et al., 2012] agree that the boulder mantle
is much less susceptible to creep and can be modelled with a high-viscosity layer passively
riding on the viscously deforming core (Fig. . These interfaces are perfectly welded
(Table . The thrusts are drawn based on recently published GPR-derived longitudinal
sections of the multi-lobe Furggwanghorn rockglacier [Merz et al. 2015; Buchli et al.,
. According to this thin-skinned model borrowed from tectonics, thrusts between the
different units cut down to the main basal shear horizon. This implies that the thrusts are
secondary features: Rockglaciers advance only as long as there is a continuous supply of
scree [e.g. [Degenhardt, [2009], i.e. they do not creep downslope as a body detached from
the talus.

4.5.4 Inverse Problem: Towards plausible subsurface structures

The inverse problem can be formulated as: Find geologically acceptable subsurface struc-
tures that satisfy the STOKES flow and reproduce the data within their uncertainty mar-
gins.

The problem is solved heuristically inspired by the concepts and notation of probabilistic
inverse theory [Tarantolal [2005], however without systematically exploring the parameter

space.
The degree of complexity of the problem is massively reduced by assigning the following
parameters, termed “fixed parameters”, a given value that is used in all model runs:

e rockglacier surface zs [m]: the initial surface topography is well-constrained by the
available DEM.
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e rockglacier base and hence the thickness [m]: In the lower part, where the rockglacier
body rises above the adjacent terrain, the base is projected from the surrounding
area. This gives a thickness of roughly 40 m, that was simply kept constant based
on the mass conservation principle. Towards the talus, the rockglacier becomes
gradually thinner.

e thickness of basal shear zone [m]: 3 m thick, from several borehole deformation
measurements.

e viscosity contrast between rockglacier core and the low-viscosity basal shear layer:
The basal shear zone is assumed to be 10 times less viscous than the rockglacier core
(a conservative estimate [Kannan and Rajagopal, [2013]).

e thickness of boulder mantle [m]: 5 m thick, from field observations of the front scarps
where the rockglacier stratigraphy is exposed.

e viscosity contrast between rockglacier core and the boulder mantle: The boulder
mantle is assumed to be 21 times more viscous with respect to the core. The value
is inferred from the dominant wavelength of the furrow-and-ridge microrelief (Sec-
tion [5.1.3] [Frehner et al| [2015]).

The “tuning parameters”, density and viscosity distribution, are fitted to the data.

e viscosity distribution: The dynamic viscosities of different rockglacier parts are de-
fined with respect to the rockglacier core viscosity (“reference viscosity”), which
ultimately controls the overall magnitude of deformation. Both along-flow and ver-
tical variations are implemented with the initialisation functions (Fig. [4.12]).

e density distribution: Likewise, the (absolute) density distribution is set up with the
initialisation functions.

In summary, the outline or “envelope” of the rockglacier with thickness as well as surface
and basal slope is given. The fit to the data is essentially achieved by adjusting the
viscosity and density distributions. Large gradients in material parameters effectively
introduce internal boundaries, although they are not explicitly implemented as such (e.g.
high viscosity contrast 3 m below the surface represents the interface between boulder
mantle and core). These material boundaries are advected with the deforming model
boundary they are attached to (e.g. base of boulder mantle follows the top boundary)

(Fig. [112).
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Glacial & periglacial
landforms

5 Results

5.1 Field work and DEM analysis: Geomorphology

Main points -

The Bleis Marscha rockglacier is a 1-km long, multi-unit talus rockglacier with an intact
upper part that overrides a relict lower part. It originates in a NNW-facing cirque of Piz
Bleis Marscha that until recently accomodated a small cirque glacier. The inner front
scarp that separates the rockglacier into the units is at an altitude of ~2500 m a.s.l. Field
observations suggest that each unit had its own activity phase (different “generations”).
The rockglacier is almost completely surrounded by recent talus or debris flow deposits.
It is therefore not possible to establish in the field a relative age relationship between
glacial processes related to the Bleis Marscha cirque glacier and the periglacial processes
related to the Bleis Marscha rockglacier.

5.1.1 Val d’Err

In the Val d’Err, glacial and periglacial processed shaped the landscape during the latest
Pleistocene and Holocene: In the trough valley, several moraine ridges, moraine ramparts
and hummocky terrain witness the past ice cover and at least three glacier re-advances
(NOT necessarily linked to three different cold phases): Slightly ascending lateral moraines
(up to two individual ridges) run along the trough shoulder on both valley sides at Parset-
tens (Fig. and Salteras. They are densely vegetated, smoothed, and only large blocks
stick out. Huge moraine ramparts at the valley head (Fig. are undoubtedly related to
the Little Ice Age re-advance of the Vadret d’Err. Rockglaciers, solifluction and plough-
ing blocks [Schwarz-Zanetti, [1983] are common, which shows that above 2400m a.s.l.,
the ground is still extensively frozen (Fig. . No traces of now relict rockglaciers that
developed in the Early Lateglacial (i.e. pre-Younger Dryas |Ivy-Ochs, 2015]) are found.
The influence of the lithology on weathering, permafrost occurrence and transport mecha-
nisms can be beautifully observed: All rockglaciers have their root zone in the crystalline,
weathering-resistant Err unit that forms coarse debris susceptible to permafrost (Fig. .
In contrast, the weathering-prone rock types like schists, radiolarites and ophiolites disin-
tegrate, form round, smooth hills which are overall more densely vegetated and grassy. No
creep features have developed at the talus foots. This hints at more important role of lig-
uid water for mass transport and at the absence of permafrost [Boeckli et al., 2012]. Also
larger scale mass wasting processes are particularly intensive in areas of weathering-prone
rock types like schists and radiolarites: Post-glacial, slow gravitational ridge-spreading
movement (sackung) can be observed at the NE flank of Carungas [cf. |Cornelius, 1951}
p. 35]. In locality Bleis Marscha (“rotting, steep grass-overgrown slope” [A. Janett, pers.
comm.|, [Frauenfelder et al. |[2005]) below the like-named peak, debris flows have cut a
deep gully into the talus, and the debris fan extends far onto the glacial till on the valley
floor.
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5.1 Field work and DEM analysis: Geomorphology

Figure 5.1: Piz d’Err, view to SSE. The glacier at the valley head between Piz d’Err and Piz
Jenatsch has retreated from the huge moraine rampart in the last 80 years. In the foreground, the
lowermost part of the Bleis Marscha rockglacier.

Figure 5.2: Glacial landforms at Parsettens: lateral moraines (Egesen?). View from Salteras towards
SW.

5.1.2 Bleis Marscha rockglacier

According to the (field) classification scheme proposed by , the Bleis Marscha
rockglacier is a talus rockglacier originating in a north-facing cirque of Piz Bleis Marscha
with direct connection to the talus slope. The rockglacier is approximately 1200 m long and
210 m wide. It has a subdued to well-developed surface microrelief, and a blocky surface
mainly of Err granite boulders. It is a complex, multi-unit tongue-shaped rockglacier of
medium size (“polymorphic” sensu [Frauenfelder and Kéab| [2000]). Field observations as
well as feature tracking preliminary results indicate that the upper units are still active,
while the lower ones (below 2500 m a.s.l) are inactive to relict.

A peculiarity of the Bleis Marscha rockglacier are the inner front scarps or slopes.
Four of them are over-steepened, show signs of recent failure, and expose the fine material
beneath the boulder mantle. This indicates that an upper lobe is overriding the lower part
of the rockglacier — there must be “differences in activity which allow the development

of shearing planes along which the overriding takes place” [Barschl [1996, p. 162]. The
Bleis Marscha rockglacier is thus divided in a sequence of five units (in the strict sense of
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Results

Figure 5.3: Periglacial landforms: Smaller rockglaciers at Castalegns. Their root zones are in the
crystalline Tschirpen unit. In the ophiolitic units towards Furschela da Colm (right), no debris
accumulations have formed. Remaining firn field NW of Piz d’Err. View towards SW.

[1998).

An imaginary hike on the The Bleis Marscha rockglacier emanates from a NNW-facing cirque below Piz Bleis

reckeaer Marscha (3127m a.s.l.). The debris is predominantly supplied by weathering of the
granitic headwall of the Middle Err unit. The “small ice patch” mentioned by [Frauenfelder|
has meanwhile disappeared, and no surface ice is visible in the cirque. The
smooth, unstructured talus gradually passes into a clearly delimited, small rockglacier
(unit V) at an altitude of 2700 m. In the upper units, the rocks look quite “fresh” and
less weathered. The rockglacier turns left to WSW-direction and doubles its width to
150 m as it leaves the cirque. Several lobes are superimposed and the microrelief becomes
more accentuated with a set of parallel longitudinal furrow and ridges, whose amplitude
rarely exceeds 2m. An edge is covered by radiolarite rock fall debris from the headwall in
the Lower Err unit (Fig. . The blocky surface mainly consists of granite, followed by
radiolarite and dolomite boulders with typical volumes of 0.5-50m?>. A few huge granite
blocks >10m edge length are scattered over the rockglacier. Weathering-prone lithologies
such as rauhwacke (cellular dolomite), conglomerate, limestone and shales are only rarely
found. The dominance of Err granite (> 80 vol%) even increases towards the front. At
the scarps, the two-layered stratigraphy of a coarse, clast-supported blocky mantle over a
finer, matrix-supported core is exposed (thickness of 3-5 m, Fig. . The lower units II
and I are marked by signs of settling, inactivity and weathering such as vegetated patches
(soil formation), lichen cover, iron staining and weathering rinds. A mature furrow-and-
ridge microrelief has formed, with crescent-shaped ridges separated by 5m deep furrows.
The rockglacier is bordered by an outer ridge and a stable, vegetated slope except at the
lowermost front, where ongoing collapses expose the fine material. The snout, roughly
30m high, ends just at the edge of the Salteras terrace at an elevation of 2380 m a.s.l.

Problem of Some lateral ridges at a first glance resemble moraines (and indeed have been mapped

frersl moraines as such [Frauenfelder et al. 2001]; “tongue lies within two lateral moraines which are
supposed to be from a Younger Dryas glacier advance” in [Laustela et al.| [2003]; Fig. [5.6)).
However, they can be “an expression of the cohesive flow” in [Barsch, 1996, p. 218] and
are not necessarily a glacial feature, even when the cirque was once glacierised. The outer
grassy ridge (Fig. that borders the lower rockglacier lobe is simply the margin of the
relict unit I. Since the ice content decreases towards the margin, they even have become
more prominent due to melting of the ice.
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5.1 Field work and DEM analysis: Geomorphology

Figure 5.4: Radiolarite rockfall Figure 5.5: Oversteepened, un-

deposits on the otherwise stable front of unit IV, allow-

granite-covered  rockglacier. ing a glimpse into the two-

View towards NNE. layered stratigraphy. View to-
wards NE (up-slope).
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Figure 5.6: Longitudinal ridges
on unit I (outer grassy ridge)
and unit II (inner bouldery
ridge). The outer slope is at
the angle of repose (35-40°).
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Piz Bleis Marscha,

Figure 5.8: Panorama view from the lateral moraine towards SE showing the entire rockglacier, composed of multiple units
overriding each other. Units I-1II are tagged, the upper units IV-V and the north-facing cirque beneath Piz Bleis Marscha
are not visible. Note the lateral boulder apron between the rockfall deposits (Figs. and the frontal thrust of unit
III. For scale, the rockglacier stands roughly 30 m above the adjacent terrain. Photo taken Oct 14, 2017. (For comments on
the smooth plain between the moraine and the rockglacier, cf. Fig. Vantage point marked by @®).
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Results

Figure 5.9: View into the cirque and onto the uppermost units IV-V from a nearby debris cone. The thrust between the
Lower and Middle Err unit, here separating the sedimentary from the crystalline units of the Err nappe, runs across the
cirque towards Piz da I’Antgierna da Salteras. A small ice patch that was still visible in 2005 [Frauenfelder et al.| [2005] has
disappeared by 2017. The sound of running water on unit V hints at melting subsurface ice. We do not know its source
and flowpaths. Despite the very recent glaciation of the cirque, no signs of glacial activity (depositional like moraines or
erosional like depressions) are observable: The talus passes into the rockglacier root zone. The debris flow channel runs
along the rockglacier, and its levees are deposited on radiolaritic debris derived from slopes below Piz da I’Antgierna da
Salteras. The rockglacier coarse-debris transport system has a well-defined source in the back of the cirque and is afterwards
not connected laterally to the adjacent terrain. No debris from the flanking slopes has been incorporated in the rockglacier
(apart from what had been deposited before the rockglacier advanced). The rightmost corner of the rockglacier is covered
by dark radiolarite deposits from a rock fall (cf. Fig. , later eroded and overprinted with light-coloured debris from the
debris flows. View is to S. Photo taken Aug 3, 2017. Hiking geologists for scale (white circle), beeline distance across the
cirque to the thrust trace is ~500 m.
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Piz da I’Antgierna
da Sa

Figure 5.10: Radiolarite debris deposited onto the inactive corner of the rockglacier, most likely from a rockfall (scar between
Piz da ’Antgierna da Salteras and Piz Salteras marked by ). The pass to the left of Piz da I’Antgierna da Salteras leading
over to Val Tschitta, has incised at the thrust. A large debris cone with a deeply incised gully originates there. View is to
NE. The large radiolarite boulder of the apex of the “radiolarite cone” is ~2m high. Photo taken Oct 14, 2017. The debris
cone with vantage point of Fig. [5.9]is marked by (.
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Figure 5.11: An active above an inactive front scarp: Steep front of unit IV overriding unit III, exposing the fresh fine
material beneath the blocky mantle and showing the inverted stratigraphy that is characteristic for rockglaciers. Coarse
debris is still precariously lying on a less coarse substratum, but a boulder apron in front of the lower scarp has not formed
(cf. Fig. and the forefield is patchily covered by grass. This suggests, despite the unstable-looking configuration, that
the substruction unit IV lies on is not advancing, or at least slowly enough to allow soil to develop. This lower thrust is
classified as “inactive”. In contrast, the upper thrust that defines the boundary of unit IV is active, i.e. unit IV is advancing.
Vantage point near Fig. View is to SE-S. The lower scarp is roughly 6-10m high (cf. Fig. . Photo taken Aug 4,

2017.
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[Castalegns|

Figure 5.12: Grassy, but still unstable slope of unit IIT overriding unit II that has a well-developed furrow-and-ridge microrelief.
Unit II rests on an older body with weathering-stained, lichen-covered boulders and vegetated slopes where soil formation
is advanced, denoted by unit I. Note the rockglaciers and moraine ridges (Daun or Egesen?) on the opposite valley flank,
and the deep-seated landslides on Carungas. View is to W. The lower scarp is ~8-10m high. Photo taken Oct 14, 2017.
Moraine with vantage point of Fig. @marked by ®.
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Pi I’Antgi
iz da I'Antgierna Piz Bleis Marscha

da Salteras

Figure 5.13: The depression between the parallel moraine (left) and rockglacier (right) is filled with down-washed fines (mostly
radiolarites, schists and carbonates) and radiolarite rockfall boulders (Fig. [5.10). In autumn, the type of bedrock can be
inferred from the the floral composition, manifested in vegetation colour: The moraine ridge mainly built of granite appears
light brown, and vegetation on finer material composed of more weathering-prone radiolarite appears darker greenish. This
allows to trace back the origin of the sedimentary content of the landforms: The material that makes up the moraine as
well as the bouldery mantle of the rockglacier originate from the headwall of the Middle Err unit (right), whereas the talus
slopes, debris flow deposits and rockfall boulders are derived from the headwall of the Lower Err unit (left). Note the clear
colour contrast at the thrust. The small ridge extending downslope from a large radiolarite block consists of radiolarite, and
is thus identified as a right-lateral levee. Its left-lateral counterpart is missing. The terrace on the rockglacier is formed by
unit IT being recessed by ~5m with respect to the underlying unit I, and is not a moraine. View is to ENE. For scale, the
large boulder in the left foreground is 2.5 m high. Photo taken Oct 14, 2017.
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Piz Bleis Marscha

Figure 5.14: Image of the front of unit II, standing on unit I near its tongue. The lichen-covered boulders forming an apron
and the vegetated seam on thick soil indicates that unit IT is not advancing and has become inactive relatively long ago (cf.
Fig. . Nevertheless, parts must have been collapsing towards the south (right), exposing fresh, grey fines. Since there is
no coarse debris apron, the mechanism is not toppling from above, but sliding from below: The entire southern part of the
large lower lobe (Fig. [5.15) is subsiding southwards. Unit IT is recessed with respect to the upper edge of unit I (except for
one 70-m long segment where unit IT has advanced beyond unit I and subsequently collapsed), and looks like “a rockglacier
on a rockglacier”. View is to ENE. The rampart is 5-8 m high. Photo taken Oct 14, 2017.
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Piz Salteras

Figure 5.15: Side view on the frontal part of unit I (~30m high), overlain by unit IT on top. The entire southern front is slowly
collapsing (moving toward the observer, cf. Fig. . No bulges at the base of the front are observable. The deformation
either is distributed, or the sliding plane is blind and covered by the debris flows. The boulder apron and small debris slides
are clear signs of activity. However, since the frontal and lateral slopes of unit I are extensively vegetated and overall appear
quite stable, the advance rate must have been small for a long time. The vegetated slopes extend upslope until the body
disappears beneath unit IV. In the foreground rubble-covered debris flow fan from Bleis Marscha, overlapping the foot of
the front slope. Unit I has come to a halt just a the edge of the trough shoulder with the (Egesen) moraine ridge (left-valley
side counterparts pictured in Fig. [5.12). However, the moraines and the rockglacier are nowhere in contact, and the relative
age cannot be determined in the field. No apparently rockglacier-derived debris is found further downslope. Vantage point
is on a short segment of a moraine ridge. View is to NNW. Photo taken Oct 14, 2017. Vantage point of Fig. [5.14] marked

by ®.
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Figure 5.16: Frontal view of the relict lowermost rockglacier front (unit I). Note the fall sorting of the talus apron that mantles
the front. Whereas vegetation and shrubs on the distal part of the apron suggests that the main activity phase has ceased
long ago, fresh debris slides exposing fine material show that the movement has not ceased altogether. The debris cone and
short segment of the moraine ridge with vantage point of previous Fig. [5.15]is on the right. The top of the bouldery, sharp
crested moraine is at an elevation of 2415 ma.s.l. Appearance and position in the landscape link it to the Egesen stadial.
View is to ENE. Photo taken July 16, 2017

A3oroydiowioon) :sisATeue NH( PUe JIOoM POLI T°C




Morphometry

Viscosity ratio estimation

Results

5.1.3 Digital elevation model analysis

The topography and small-scale micro-topography along the longitudinal transect (its
trace in Fig. is shown in Fig.|5.17, The micro-topography is computed by subtracting
a smoothed DEM from the original DEM. Conceptually, this is a high-pass filter that
attenuates the large-scale features from the topography, and the emphasized small-scale
features show the rockglacier microrelief. The smoothed, low-pass filtered DEM is ob-
tained by running a circular averaging filter with a diameter of 100 m on the original
DEM with the MATLAB®) function filter2.

The whole Bleis Marscha rockglacier (relict units included) has a length of ~1200m,
a width of ~150m, covers an area of roughly 2.4x10° m?, and has a source area of
~3.1x10% m2. The obtained ratio of rockglacier surface to source area is 1:1.3 [Barsch),
1996, pp. 29, 246]. Assuming a debris column height of 20 m, taking a mean velocity of
30cm a~! as suggested by the image correlation results, then a typical headwall back-
weathering rate is ~3mm a~!.

The morphologically motivated subdivision of the Bleis Marscha rockglacier in a relict
lower part and an active upper part is reflected in the longitudinal profile (Fig.|5.17): The
lower half (units I-II, below 2500 m a.s.l.) has a mean surface slope of 11° and a pro-
nounced furrow-and-ridge microrelief. The upper units (units I1I-V) are with 21° roughly
twice as steep. The ridges are dominantly longitudinally, not transversally, oriented. A
set of prominent ridges is at the northernmost margin of unit IV, at the outer bend of the
curve. Different lobes, separated by a break in surface slope, are easily identifiable based
on the local minima in the small-scale topography (upward-pointing triangles).
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Figure 5.17: Longitudinal transect: Topography and small-scale topography defined as the differ-
ence between the surface topography at each point and a running average over 100 m (five times
exaggeration). Thrusts: A active, A inactive.

To investigate the spatial pattern of the micro-relief, it is transformed into the Fourier
domain. In the Fourier representation, the characteristic wavelength of the ridges are
found as local peaks in the Fourier amplitude spectrum (Fig. [5.18]).

Assuming that buckle folding in response to compressive flow of a layered medium
was the dominant formation mechanism for the transverse furrow-and-ridge microrelief in
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5.1 Field work and DEM analysis: Geomorphology
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Figure 5.18: Longitudinal transect: Fourier amplitude spectrum of the small-scale topography

(Fig. .

the lower part [Frehner et all [2015; Kaab and Vollmer, 2000], Biot| [1961] proposed an
analytical formula for the viscosity contrast R between the rockglacier mantle and core
(two-dimensional, equation modified for one-sided support).

Hmantle 3 Ad 3

The viscosity contrast R is controlled by the dominant wavelength A\; and rockglacier
mantle thickness hy,. Inserting Ay = 54 m and h,, = 5 m, R = 15.2 (agreeing with
[Frehner et al.l [2015]).
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5.2 Exposure dates

Main points -

e Fifteen boulders, distributed over all morphologically identified lobes, are sampled; 14
granitic boulders for 1°Be and 1 dolomite boulder for 36Cl.

e The exposure ages increase from rockglacier head towards the front and range from a few
hundred years to roughly 9 ka.

e The age uncertainty of the lower, older units is as large as the absolute age of the upper,
younger units, i.e. in the order of a few hundred years.

Fifteen samples with roughly 500 g material each have been collected on the rockglacier
along the longitudinal transect from the (apparently) relict toe to the higher-elevation
active areas. Preferred sampling area was the upper, active part (11 of 15 samples). Only
one dolomite boulder suitable for sampling has been found. The sedimentary lenses along
the thrust fault are fractured, and the dolomites are thus prone to fragmentation. Detailed
10Be sample information is shown in Table and Appendix Al, “rock book”

The '°Be concentration is in the range of 0.7-10% to 23.6-10* at g~'. The errors at 1o level

are proportional to the '°Be concentration in the range of 0.1-10% to 1.2 10* at g .

Table 5.1: 19Be sample information (sorted by elevation)

Sample Latitude Longitude Elevation Sa,m ple Shielding ""Be RS
name  [°N] PE] ma.s.L] thickness factor® [ concentration
[cm] [10% at g7
Errl 46.5719 9.7036 2448.7 1.5 0.9739 23.584+1.216
Err2 46.5722 9.7052 2481.5 1.5 0.9751 18.992 £1.004
Errl5  46.5726 9.7057 2485.3 1.0 0.9582 15.257 £0.771
Errl4  46.5730 9.7070 2498.3 2.0 0.9484 21.366 + 0.638
Errl3  46.5734 9.7081 2529.3 2.0 0.9502 14.027 £ 0.659
Errl2  46.5737 9.7093 2551.7 1.5 0.9476 13.234 4+ 0.654
Errll  46.5738 9.7102 2584.9 1.5 0.9450 7.8194+0.277
Errl0  46.5737 9.7110 2611.7 1.5 0.9211 3.308 +0.425
Err7 46.5741 9.7113 2623.2 1.5 0.9365 1.854 £0.161
Err6 46.5738 9.7121 2644.1 2.0 0.9406 0.860 +0.183
Err9 46.5742 9.7123 2647.8 1.5 0.9204 2.083 +£0.213
Errd 46.5735 9.7123 2648.9 1.5 0.9428 2.940£0.202
Errd 46.5735 9.7128 2667.5 2.0 0.9392 1.642£0.154
Err3 46.5733 9.7134 2679.8 1.8 0.9259 0.673+0.115

# Shielding correction factor calculated according to |Dunne et al.| [1999] includes the shielding due to the
dip of the sampled surface and the shielding by the surrounding topography. Shielding by snow cover is
not accounted for.® AMS measurement errors are at 1o level and include the AMS analytical uncertainties
and the error of the subtracted blank. Measured ratios were calibrated to the 07KNSTD standard.

The '“Be production rate best suited to the Alpine area is the Northeastern North
America (NENA) calibration data set of the CRONUS-Earth online calculator [Balco et al.|
2009] [S. Ivy-Ochs, pers. comm.]. The TCN exposure ages (with uncertainty) are listed
in Table shown in map view in Fig. and plotted in Figs. and [5.21]

The TCN exposure ages and sampling location projected onto the longitudinal profile
are plotted in Figs. and Note the “stratigraphically” directed time axis to
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5.2 Exposure dates

Table 5.2: 19Be and 3Cl exposure ages

Exposure age [a]

Sample Nuclide no erosion
name
Errl 0B 8948 + 636
Err2  19Be 7027 + 505
Errl5 1°Be 5697 + 399
Errl4 19Be 8076 + 460
Errl3 1°Be 5169 =+ 349
Err12 1°Be 4796 + 332
Errll 1°Be 2774 + 166
Errl0 '°Be 1181 + 162
Err7  1°Be 646 + 64
Errg8  36Cl 2880 + 175
Err6  °Be 295 £+ 64
Err9 10Be 27 4+ 82
Err5  19Be 1001 + &4
Errd 10Be 556 + 59
Err3  19Be 229 + 41
T . T T ) NG
- . igBe saml-)l'irig locat'ion 25 _ E:rflﬁr%OWké *l l’ ” H
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Figure 5.19: Sampling locations and TCN exposure ages on Bleis Marscha rockglacier.

emphasize the clear anti-correlation of the exposure ages with elevation. The exposure
ages span the last 9 ka, i.e. almost the entire Holocene. A linear regression line is fitted
to the samples that lie along the central flow line (Err 3, 4, 5, 7, 9, 10) in the youngest,
uppermost part: tey, = —3.4836 - x + 3685.1, R? = 0.6175. The inverse slope gives a
mean horizontal surface velocity of o5 ~ 30 cma™', and the time-axis intercept (“zero-
age crossing”) 1058 m (Fig. . The 36Cl age is roughly 2 ka older compared to its
neighbouring '°Be samples.
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Exposure ages
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Figure 5.20: TCN exposure ages for the Bleis Marscha rockglacier. The grey area is shown in
Fig. Note the stratigraphically directed time axis to emphasize the correlation with elevation.
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Figure 5.21: TCN exposure ages for the upper part and the linear regression line through samples
along the stromstrich (see text).
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5.3 Orthophoto matching

Main points

e Two orthophotos from late summer 2003 and 2012 are compared. The long temporal
baseline of 9 years averages inter-annual variabilities in rockglacier creep rates.

e Measured velocities on the rockglacier are in the order of 20 to 50 cma ™!, clearly higher
than the significance level of 5 cma~! obtained from image matching of a immobile
reference area.

e Optimal template size is 41 x 41 pixels or 10.25 x 10.25m on the ground.

5.3.1 Algorithm configuration

The relationship between the correlation results and either template size or search window
size is investigated with a procedure suggested by Debella-Gilo and Kaab [2012]. Further-
more, the performance of normalized cross correlation (NCC) and orientation correlation
(OC) is compared.

The choice of the template size is critical: On the one hand, the template should be
large enough so that it has a “unique fingerprint” capturing the texture (maximize the
signal-to-noise ratio SN R), thus making false matches unlikely. On the other hand, it
should not be too large, as a large template is more prone to shearing and distortion
(strain), reduces the density of tracked points (lower resolution of obtained flow field) and
it becomes computationally more costly to compute the NCC surface.

The analysis is illustrated by a representative example for a highly-textured section in
the upper part of the Bleis Marscha rockglacier as shown in Figs. [5.22}H5.28 Fig. [5.22]
depicts a subset of the aerial images centred at image coordinates [6919,3002]. Fig.
shows the same subset of the real part of the orientation image. Panel a shows the tem-
plate (framed in yellow) centered in its surrounding area (panel b). Panel ¢ shows the
best-matching position of the shifted template (red frame) in the search window.

The role of the template size is investigated with Fig. For small template widths
(w; < 30px), Cpae is high due to presence of coincidentally highly similar patterns in
the search window (Fig. [p.24h) (“overfitting”). This peak is hardly discernible from noise
(Fig. p.25h) and located randomly. The matching position and thus the displacement es-
timates vary strongly with template size (Fig.[5.24¢) and are not reliable. With increasing
template size, the pattern becomes more unique: the noise level C),;se decreases much
faster than C),qz, leading to an increasing signal-to-noise ratio SIVR. At some point, the
noise is optimally suppressed, C),q increases again and reaches a local maximum, close to
(but not necessarily co-located with) a local SN R-maximum (45-51 px). At this optimal
template size, noise and distortion (strain and shearing) are minimal, and the displace-
ment is reliably accurately matched (Fig. ) In other words, the minimal template
width that grasps the surface texture is 41 px, corresponding to 10.25 m on the ground.
Including more pixels in the template adds more noise than information (distortion?) in
case of NCC, and its SINR estimate decreases. The SN R estimate for OC, however, keeps
increasing in a sawtooth-like manner, where the local peaks correspond to template sizes
where they are just large enough to contain a pattern that is well recognised in the search

window.
The orientation images work better than the “raw” orthophotos: Comparing Figs. [5.22
and the improved contrast is obvious. The template from the orientation correla-
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tion image is more unique: Ci,q, is overall lower (less prone to “overfitting”), SNR is
higher because of the relatively lower noise level (Fig. , and the “true” estimated
displacement is reached earlier (Fig. [5.24)). Finally, test runs of common normalized cross
correlation performed poorly on the rockglacier. Small differences in lighting, illumination
direction or cloudiness make the rugged, bouldery rockglacier surface appear differently to
the point that only very few patches can reliably be cross-correlated. These decorrelation
problems are massively reduced by applying the orientation correlation method which is
robust and illumination invariant [Fitch et al., [2002].

The search window size must be at least as large as the template size, large enough to
accommodate the farthest displacement, but reasonably small to limit the computational
cost and to keep the probability of false matches low [Messerli and Grinsted, [2015]. An
estimate of the expected direction and maximum magnitude of the displacement, either
from other measurements or from a preceding coarse-scale match, can be used as an initial
guess to minimise the search area. If both the template and search window are quadratic
with side lengths of w; and ws, respectively, and if the template center coordinate coincides
with the search window center coordinate (initial guess of zero displacement), then the
maximum trackable displacement in each horizontal dimension is

Ws — Wt

Ahpar = 5 Ws > wy, (5.2)
and the maximum trackable distance thus
|Ahma:p| - Ws — Wt (53)

V2

Messerli and Grinsted| [2015] recommend a search window width of template width added
to a (generously dimensioned) maximum expected displacement. An additional argument
for a relatively large search window is that it provides a more robust estimate of the noise
level (Eq. . To summarise, the choice of the search window size is much less critical
than the template size: As long as the template is large enough to capture a distinctive
pattern and the search window large enough to contain the true displacement, the algo-

rithm provides robust, reliable results (Figs. , 5.28)).

After matching of sufficient points with the algorithm configuration according to Ta-
ble the resulting data is filtered. Displacement vectors with low signal-to-noise ratio or
incoherent direction or magnitude are filtered out. A noise filter with a very conservative
SNR threshold of 5 (Messerli and Grinsted [2015] recommend a value of 2) effectively
removed poor-quality displacement vectors, so that an additional directional filter that
deletes displacement vectors that deviate strongly from its neighbours was not necessary.
For noise-sensitive parameters derived from the velocity field, i.e. the strain rate field and
stream line interpolations, additional smoothing (cf. Fig. |4.6) was performed.
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Figure 5.22: Example illustration of conventional NCC: 41 x 41 px reference template, 257 x 257 px
search window (image coordinates [6919,3002]). See text for explanations.
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Figure 5.23: Example illustration of OC (real part of orientation image): same configuration as in
Fig. Note the enhanced optical contrast.
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Figure 5.24: Statistical parameters (a: maximum NCC correlation coefficient, b: signal-to-noise
ratio) and result of image correlation (c: displacement estimate) as a function of template size
for an image subset that contains high signal variance. Common NCC in black, OC in dark grey.
Window size is 257 x 257 pixel. The gray lines show the chosen template size of 41 x 41 pixel and
the SNR threshold of 5, respectively. Idea taken from [Debella-Gilo and Kaabl 2012, Fig. 6]. See
text for explanations.
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Figure 5.25: Role of template size: NCC coefficient surfaces for different template sizes (real part
of orientation image, image coordinates [6919,3002], (cf. Fig. and |[Kaab and Vollmer), 2000,
Fig. 5]). The overall maximum of the NCC surface v, Cj,qz, indicates the most likely terrain

displacement.
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Figure 5.26: Advantage of OC over NCC: NCC coefficient surfaces for (a) NCC (Fig. [5.22)), (b) OC

(Fig. |5.23) for the configuration in Figs. 5.24

Table 5.3: templatematch algorithm configurations. Orthophoto pixel length is 0.25m on the
ground. For correlation, The R channel of the RGB image is used.

Resolution Time Template Search win- SNR,,;,
size w; dow size wy
Reference area 2 px, 0.5m 2003-2012 41x41 px 60x60 px )
and rockglacier
(incl.
surroundings)
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Figure 5.27: Statistical parameters and result of image correlation for a 7 x 7pixel template (cf.
Fig.[5.24)). The displacement estimate is not reliable: the template size is too small. The gray lines
in plot b show the chosen template size of 41 x 41 pixel and the SNR threshold of 5, respectively.
A too small template is the more prone to false matches the larger the search window is: Both
Cmaz and the displacement estimate |Ah| increases with increasing window size.
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Figure 5.28: Statistical parameters and result of image correlation for a 41 x 41 pixel template (cf.
Fig. [5.24] The displacement estimate |Ah| is robust and reliable (~6 px). Cpqe remains constant
as soon as the pattern is found in the search window, while SN R keeps increasing because the noise
level Chpise becomes lower. The smallest template size with this behaviour is the ideal template
size.
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5.3.2 Image Correlation results

The noise-filtered horizontal surface velocity field for the reference area (area of 0.17 km?)
in the valley floor, where no displacement is expected, is shown in Fig.[5.:29] Velocity data
in pixels where the signal-to-noise ratio is below the specified treshold of SN R,,;,, = 5 are
classified as unreliable and deleted, hence the large data gaps. The histogram of the noise-
filtered data is plotted in Fig. [5.30] The vertical lines mark the mean, median and mode
(the value that appears most often). Median and mode are insensitive to the few large
velocity values and differ considerably from the mean for a skewed distribution as is the
case here. The median or mode velocity is a robust estimate for the pre-processing errors.
The significance level is 5.3 cma™!, i.e. speeds lower than 5.3 cma™! are statistically
non-significant and respective areas are classified as non-moving.

Velocity-frequency distribution
for reference area, years 2003-2012

Average velocities
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Figure 5.29: Horizontal surface velocities on the sta-
ble valley floor (“reference area”).

Figure 5.30: Histogram of reference area ve-
locities.

The noise-filtered horizontal surface velocity field for the Bleis Marscha rockglacier and
its immediate surroundings is shown in Fig.[5.31 Typical speeds are 30 cma ™!, with peak
speeds up to 60 cma~!.

The kinematic data suggests the following rockglacier subdivision (front to root, bound-

aries along isotachs):

e relict, immobile front, v; < 20 cma~! (0-325 m on the longitudinal profile): The
lowermost part is characterized by an irregular, “patchy” flow field both in terms of
direction and magnitude at an overall low speed.

e transition zone, 20 cma~! < v < 40 cma~! (325-640 m): In this part bounded
below by the 20 cma™! isotach a laterally clearly confined surface velocity field
emerges. It is smooth with no sharp gradients except at the lateral margins. The
speed gradually increases upslope to 40 cma™!, and the flow direction follows the
large-scale topography.

e rapid lobes, 40 cma~! < vy < 65 cma~! (640-874 m): The lower boundary is
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marked by a stark speed increase (Avs = 10 cma~!, data gap) and a prominent
internal front scarp. Above an altitude of 2600 m. a.s.1, the velocity decreases again.
The velocity field remains smooth and aligned with the large-scale surface slope.

e uppermost lobe, 10 cma™! < v, < 35 cma~! (874-1040 m): This lobe is individ-
uated based on the slope-velocity relation (Fig. with an outline following the
morphology. The data becomes more fragmented towards the talus due to decor-
relation. The defining character of this lobe is that the surface velocity becomes
gradually decoupled towards the talus.

160600 160800

160400

¥

773400 773600 773800 774000 774200 774400 774600

0 5 10 15 20 25 30 35 40 45 50
average horizontal surface velocity [cma™!]

Figure 5.31: Noise-filtered horizontal surface velocity of the Bleis Marscha rockglacier, years 2003—
2012. Magnitude (color), direction (white arrows). Significance level is 5 cma~!. Colorbar satu-
rates at 50 cma~!. No smoothing filter was applied. Data gaps are in the talus, on a snow field
and at the margins of lobes.

The strain rates are the spatial velocity gradients, here calculated by means of a central
finite-difference scheme with a spacing of 20 m (effective strain rate) and 50 m (principal
axes). Additional to the noise filter (SN Ry,in = 5), a GAUSSIAN low-pass filter is applied
(diameter 10 m).

The effective strain rate (Fig. can be interpreted as deformation intensity. Overall,
they are in the order of 1072 to 1072 a~!, with pronounced strain concentration at the
margins and (internal) front of the creeping bodies. The high effective strain rates around
velocity data gaps, however, are artefacts, as these missing values are treated as zero.
The typical example is the high-strain rate fringe around the snow field at coordinates
774400/160600.

The principal strain rate axis (Fig. show the direction of maximum shortening (red)
and maximum stretching (black). Recalling the kinematic-supported rockglacier subdivi-
sion from above, the lobes are characterized as follows:

e relict, immobile front: Dominant shortening and stretching as well as the ef-
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fective strain rate varies according to the small-scale topography, and the principal
directions are not aligned with the general WSW-NNO trending Bleis Marscha rock-
glacier.

e transition zone: The strain is concentrated at the lateral margins, implying the
rockglacier body creeps en bloc. At the margins, the principal axes are rotated by
roughly 45° with respect to the general creep direction, typical for simple shear.

e rapid lobes: Apart from the continuing lateral strain concentration, the deforma-
tion is characterized by strong compressive overriding of the lobes in their frontal
part and extensive flow behind. The principal axis are aligned with the general
creep direction. The shortening is associated with speed decrease (in creep direc-
tion) or decelerating creep; stretching/elongation is associated with speed increase
or accelerating creep.

e uppermost lobe: Towards the talus, the strain rates appear chaotic due to the
velocity data gaps.

The kinematic vorticity number Wy (Fig. [5.34]) supports the observation that simple
shear is dominant at the margins.

Stream lines depict the path and travel time (strictly: the horizontal travel time) for an

imaginary particle travelling at the rockglacier surface, assuming that the underlying flow
field remains unchanged during the entire travel period. Thanks to the time-reversibility
of a STOKES flow, the stream lines can be interpolated down-flow or forward in time
(Fig. as well as up-flow or backwards in time (Fig. [5.36). The former reveals the
surface velocity distribution across the rockglacier: The velocity is highest at the central
flow line of the rockglacier and decreases towards the margins. The latter gives theoretical
travel time estimates for the sampled boulders.
To attenuate small-scale and thus likely short-lived velocity variations, the velocity field is
low-pass filtered, additional to the noise filter with a slightly more severe threshold value
of SNR,i, = 6. Velocity data gaps (e.g. the snow patch) are “filled” by interpolation
with the tool |inpaint_nans|

The histogram in Fig. [5.37] shows the relative occurrence frequency of the velocity in
the reference area (green, cf. Fig. and on the Bleis Marscha rockglacier (dark grey).
The rockglacier is further subdivided based along the 20 cma~! isotach in a lower relict
part (yellow).

The horizontal surface velocity and slope along the longitudinal profile are shown in
Fig. [5.38] The horizontal surface velocity (cf. Fig. [5.31]) is plotted in blue: The velocity
range across a 20 m stripe perpendicular to the profile (light blue area) and its average
(thick blue line). The profile runs roughly along the central flow line (“stromstrich”), so
that margin effects (lateral drag) are minimal. The horizontal surface velocity increases
from (close to) zero at the front (below significance level) to over 60 cma~! at the high-
velocity lobe, and then decreases again towards the talus. On the talus, the strongly
fluctuating velocity is decoupled to the smoothed surface slope, but remains everywhere
above the significance level. There are a few velocity data gaps where the image correlation
failed: In front of the high-velocity lobe where it overrides the lobe below (non-translational
movement, toppling) and on the talus (other factors leading to decorrelation).

In light grey is the unfiltered surface slope on a 20 m stripe along the profile (range
and mean). The small-scale slope varies strongly along the profile and the range across
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20 m stripe perpendicular to the profile is large, up to 30°. It reflects the small scale
topography. The unfiltered slope angle is the angle of steepest descent, regardless of the
direction. For example, slopes on the up-valley side of ridges face uphill. The small-scale
slope is therefore not driving the the creep, this is supported by the data: The velocity
(blue) correlates poorly with the small-scale slope.

The orange line shows the slope extracted from the smoothed DEM obtained by Gaus-
sian mean filtering with 100 m diameter, effectively acting as a low-pass filter that atten-
uates the small-scale topography. The large-scale slope correlates well with the velocity
in the central section between 100 and 900 m on the profile. This central section is where
the deformation is dominated by viscous creep. At the front and at the talus other defor-
mation mechanisms must be dominant.

The strong topographic control (average surface slope) on the creep behaviour as ex-
pected based on physical considerations (Eq. is investigated with a slope angle—surface
velocity scatter plot in Fig.[5.39] The grey data points are from the entire rockglacier area.
They are clustered in a wedge-shaped domain: The relict part (dark grey dots) is char-
acterized by low velocities (< 20 cma™!, Fig. , the few outliers are most probably
due to non-translational movement (e.g. sliding, tumbling) and not due to cohesive creep
that affects a large area. Higher velocities are reached at higher surface slope angles, in
accordance to the shear-stress driven creep. The maximum slope angle slightly decreases
with increasing velocity. Possibly, high average slope angles cannot be sustained by the
viscous ice-debris mixture over long time periods.

The correlation is clearer when only a 20 m wide stripe along the central profile is
considered, unaffected by boundary effects (lateral drag, non-translational movements).
Three patterns emerge: (i) the velocity of the lowermost, relict part is low and independent
of the slope (yellow dots). (ii) the middle part with the high-velocity lobe (dark blue) and
the lobe in front of it (green) have a clear slope-velocity correlation. (iii) The correlation
breaks down at the uppermost lobe towards the talus (light blue).
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Figure 5.32: Horizontal effective strain rates 11 (Eq. , interpreted as a magnitude of surface
strain rate or deformation intensity. It shows the deformation localisation along the margins of the
deforming bodies that move en bloc. Computed with a 20 m spacing that bridges the data gaps.
Nevertheless, the “fringes” around no-data areas are artefacts (e.g. high strain rates around the
snow field and in the talus).
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Figure 5.33: Horizontal principal strain rate axis showing the direction of maximum elongation
and maximum shortening. The principal axes of strain rate and stress are aligned. Computed
with 50 m spacing. Principle axis along the lobe-marginal data gaps are consistent. The random
orientation of the axis in the talus suggests that they are artefacts.
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Figure 5.34: Horizontal kinematic vorticity number Wy. Simple shear, Wy = 1, prevails at the
margins of the deforming bodies, and sub-simple to pure shear, W, < 1, in their interior. Computed
with 20 m spacing.
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Figure 5.35: Down-flow stream lines for selected points at 2680 m contour line, calculated based
on a smoothed and interpolated velocity field. It reveals the viscous flow pattern in map view:
speed is highest in the center (along the central flow line or stromstrich) and decreases towards the
margins (lateral viscous drag). The particle trajectories also show the slow, south-ward directed
collapse of the relict front.
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Figure 5.36: Up-flow stream lines from the TCN sampling points give a theoretical trajectory and
travel time estimate for the sampled boulders.
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Figure 5.38: Longitudinal transect: slope and horizontal surface velocity (range and mean across a
20 m stripe along the profile). The speed correlates well with the 100m-averaged slope (smoothed),
and sharp velocity gradients occur at small-scale slope breaks (dark red dashed vertical lines).
Velocity data gap at 646-652 m and on the talus.
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Figure 5.39: Scatter plot showing the correla- g 4
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5.4 Numerical modelling

Main points

e The Bleis Marscha rockglacier is parametrised in terms of its mechanical structure using
field observations and literature knowledge.

e The numerical experiments suggest that effective viscosity controls the deformation rates
and patterns, not the density.

e There is no unique solution to the inverse problem: Ambiguity between viscosity and
thickness

The numerical modelling results D for increasingly complex subsurface configurations
M (Figs. . In this section, the material parameters are presented as density and
viscosity. The implications of the modelling results on the rockglacier material are treated
in the discussion.

In its simplest form as in FEM 1, the rockglacier is parameterised as a single layer,
representing the rockglacier core. Neither a boulder mantle nor a basal shear layer is
implemented (Fig. . The rational behind this oversimplification is to obtain a “refer-
ence model” to which the following more complex parameterisations are compared to. For
a given rockglacier thickness, the material parameters are fitted to the observed surface
velocity field. This gives an order of magnitude estimate of the rockglacier core density,
pe ~ 1626 kgm?, and effective dynamic viscosity, p. ~ 4.5 x 10'4 Pas. The modelled ve-
locity curve is smoother than the observed one, which is intimately connected the viscous
flow. Furthermore, viscosity variations exert a much stronger influence on the modelled
velocity than density variations. For constant material parameters, the local thickness and
surface slope controls the magnitude of deformation.

InIn a next step, FEM 2a, the surface boulder mantle is added with the following material
parameters: pn, ~ 1890 kgm?, and p,, ~ 8.5 x 10' Pas (Fig. . The stiff, heavy
boulder mantle impedes the deformation, which is suggested by an overall smaller velocity,
but also by dampened velocity variations. The boulder mantle seems to play an important
role in stress distribution, mainly via its stiffness (high viscosity), not its high density.

Theln influence of the basal shear layer is investigated with the model FEM 2b (Fig.[5.42):
A low-viscosity basal shear layer of thickness 3m and viscosity of . ~ 4.5 x 10'3 Pas is
added. An easily deformable layer leads to overall higher velocities. The modelled surface
velocity pattern is essentially a scaled copy of the reference model (Fig. .

InIn model FEM 3a, the morphologically-motivated hypothesis of a relict lower part is
tested numerically by implementing a high-viscosity, high-density lower lobe, and the full
stratigraphy with boulder mantle, core and basal shear zone in the intact upper lobes
(Fig. . The rockglacier parts below 2500 m a.s.l. are implemented as ice-free debris
with the same properties as the boulder mantle, except for the basal low-viscosity layer.
It simulates for example the effect of the fine-grained shear zone that retains its properties
despite the ice melt-out. While the observed velocities in the intact upper part can be
reasonably reproduced, the modelled velocities in the lower part remain clearly too low.

Theln material parameters in model FEM 3b are horizontally freely adjustable. The re-
sult reproduces the observed velocity over the entire profile and suggests that the viscosity
in the apparently relict lower part is only slightly higher than in the intact part (Fig. .
In contrast, the viscosity in the steep, uppermost part close to the talus increases almost
to boulder-mantle value. Apparently, the steep slope and the basal shear zone suffice to
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FEM 4a

“virtual boreholes”

Results

reproduce the low surface velocities, and no additional internal deformation is required.

Inln a last scenario FEM 4a, the hypothesis that the steady velocity increase in the relict
part, as well as relatively high velocities in the frontal part of unit III arise from pushing
exerted by the rapidly advancing lobe above. In the numerical experiment, the upper
lobes are removed while all other material parameters are as in the previous model. The
modelled surface velocity drops from 20-40 cma™! to 20 cma~! (Fig. , which is the
“background level” of the lower relict lobe. The influence zone reaches ~200 m downslope
from the front of the pushing lobe, and is the longer, the less viscous the basal shear layer
is.

Three vertical interfaces are implemented at profile meter 250, 550 and 800 to visualize
vertical profiles of the horizontal deformation along “virtual boreholes” on the different
rockglacier lobes (Fig. . The results for rockglacier parameterisations with the basal
shear zone resemble measured borehole deformations. Maximum deformation in the deep-
est borehole is ~10 m below the surface (boulder mantle is 5 m thick).
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Figure 5.40: FEM 1: “Reference model” with simplest configuration.
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Figure 5.46: Modelled horizontal displacements along “virtual boreholes” in three rockglacier parts:
lower borehole (profile meter 250, 39 m deep), middle borehole (m 550, 41 m), upper borehole
(800 m, 49 m). The results for rockglacier parameterisations with the full three-part mechanical
layering (boulder mantle, core, basal shear layer) resemble measured borehole deformations with
strong strain localisation near the base. The NEWTONIAN model with viscosity layering emulates
a more complex deformation mechanism as observed in rockglaciers. Maximum horizontal defor-
mation in the deepest borehole is ~10 m below the surface within the core (boulder mantle is 5 m

thick).
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6 Discussion

Main points *®

e Although the assumption of a linearly viscous stress-strain rate relationship is debatable,
the deformation along “virtual boreholes” are similar to observed borehole deformation,
thanks to the implemenation of vertical viscosity layering.

e The deformation mechanism can be described as viscous on a 10 m-scale. The micro-scale
deformation might be non-viscous.

e The found effective viscosity is an effective material parameter valid for the bulk material
on a 10-m scale over at least decadal time periods. None of the constituents have this
viscosity.

6.1 Limitations

Field work, morphology A-priori knowledge of the morphology is essential for choosing the sampling locations and
interpreting the exposure ages. Field observations are necessary to understand details
of the surface structure and material aspects (lithologies, etc.). However, rockglaciers
are large and complex landforms which are easier to grasp in its entirety by looking at
aerial images or digital elevation models. Field studies and remote sensing approaches are
therefore complementary.

The morphology is a snapshot of the accumulated strain history of millennia, where dif-
ferent processes have acted, different structures are superimposed, and others wiped out.
A problem specific to rockglaciers is the decision whether, for example, a non-creeping
lateral, longitudinal ridge is (i) of dynamic origin (e.g. marginal shearing, cf. lava flows or
levees of debris flows) and thus belongs to the current generation of the debris stream, or
(ii) are vestiges of an older activity phase, indicating different rockglacier stages, or finally
(iii) is a lateral moraine of a former glacier deposited prior to the rockglacier formation
[Frauenfelder and Ké&éb, [2000; Barschl 1996, p. 27,218]. For example, we interpret the
vegetated outer ridges on the lower part of the Bleis Marscha rockglacier as part of the
rockglacier, not as Egesen moraines |[Frauenfelder et al., 2001].

Exposure ages: first-order To the first order, the exposure ages anticorrelate with altitude and correlate with
patiem distance along the longitudinal profile from the talus towards the front (Fig. . The
observed clear age trend spanning the last ~9 ka agrees (i) with the short-term kinematic
measurements (moderate surface velocities of 30 cma™!); (ii) with published Schmidt-
hammer exposure studies e.g. by [Frauenfelder et al.| [2005]; [Kellerer-Pirklbauer et al.
[2008]; Rode and Kellerer-Pirklbauer| [2012]; |Scapozza et al.| [2014]; Winkler and Lambiel
[2018]; and (iii) with our understanding of the periglacial nature and the mechanical
behaviour of rockglaciers. This is clear evidence that the rockglacier has not formed in
short, discrete events, but slowly by the down-slope creep over activity periods of centuries
to millennials. The boulders are passively transported at the rockglacier surface between
talus and top of front slope, and the furrows and ridges are preserved.
On the presently active, uppermost lobes, the TCN exposure ages near the stromstrich
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6.1 Limitations

(central flow line) allow a linear regression with distance from the rockglacier root, giv-
ing a plausible mean velocity of 30 cma~! and an initial position at 1058 m (“zero age
crossing”). This is roughly where the talus passes into the uppermost rockglacier lobe.
We conclude that the exposure ages on the active lobe have negligible systematic errors,
i.e. practically no overall age shift due to inheritance/pre-exposure (systematically “too
old”) or nuclide loss/incomplete exposure (systematically “too young”). This implies that
the transit time in the talus is not recorded by the exposure ages, either because it is
shorter than the analytical uncertainty and the “lost time” due to snow shielding (not
more than decades), or because the boulders were covered in the talus and surfaced only
on the rockglacier.

The laminar flow behaviour of a rockglacier implies that no mixing occurs, fluctua-
tions or even exposure age inversions are therefore introduced by surface processes (in the
boulder mantle) that affect the nuclide inventory of boulders individually. In fact, the
data shows that these fluctuations are of second order. An ideal exposure age requires a
single-stage, uninterrupted and undisturbed exposition of the rock face [lvy-Ochs et al.,
2007].

It is important to note that there is only pre-exposure that leads to “too-old” ages, a
process that affects the boulder prior to entering the rockglacier system. In contrast, there
are many processes that can lead to incomplete exposure and “too-young” ages [Ivy-Ochs
et al., 2007; [Heyman et al., [2011] while travelling on the rockglacier surface, for example
intermittent boulder instability (self-shielding), rotation or toppling in response to heave,
subsidence or collapse, weathering or spalling, and snow shielding.

The apparent age inversion of the '"Be ages of Err 2 and 15, where Err 15 is 2.4 ka
younger than the further up-slope sampled Err 14, cannot reflect internal creep processes,
but processes near the surface. We trust the exposure age of the lowermost sample Err 1.
Because of the distance to the rockglacier root and proximity to Egesen moraines, we
expect an early Holocene age [Frauenfelder et al., 2005]. Two scenarios are possible:

1. The °Be ages of Err 2 and 15 are “too young” by 2 to 3 ka. This shift cannot
be explained by snow shielding, but by boulder rotation or spalling. This part of
the rockglacier shows signs of collapse, and the boulders might have rotated during
settling.

2. The '°Be age of Err 14 is “too old”, implying inheritance. While we overall do not
find inheritance, it can never be excluded for an individual case. But it is not likely.

We therefore think that the first scenario is more plausible.

The shielding effect. of the snow cover is the largest single factor of uncertainty [Rﬁh]ert
et al., [2011], because it is very difficult to estimate the typical snow cover during the entire
Holocene. It exerts a multiplicative effect, and is in the order of 10%, leading to uncer-
tainties in the error of decades to centuries. In contrast, the effect of erosion is small (not
more than decades) and well known for the quite weathering-resistant Err/Julier granite.

Tllumination-invariant orientation correlation is a robust image correlation method that
yielded reliable displacement results for large parts of the rockglacier, and only sparse post-
processing (noise filtering) was necessary. The accuracy is critically determined by the pre-
processing steps (orthorectification, co-registration) needed in creating the orthophotos,
and should be assessed. The algorithm configuration (template and search window size)
must be tested.

The image correlation results yielded rockglacier horizontal surface velocities up to one

order of magnitude above significance level of 5 cma~™!. In interpreting the data, it is
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Numerical modelling

Discussion

important to bear in mind that strictly horizontal translational motion is recorded. First,
this means that rotational motion (tumbling, sliding) of boulders cannot be quantified.
This poses no issues on the coherently, viscously deforming rockglacier body, but the
matching algorithm fails at the margins. Such data gaps outline the advancing and over-
riding lobes. On the other hand, it is difficult to estimate the advance rates. Second,
the vertical deformation caused by the advection of the rugged surface, or by heave or ice
melt-out are not recorded. The lacking data in the third dimension cannot be computed
because incompressibility does not hold on a rockglacier surface. The kinematic boundary
conditions are not fully resolved, and its assessment must remain incomplete. The long
temporal baseline of 9 years means that seasonal variations in surface creep rates are not
captured. Since we have no other surface velocity measurements, we cannot construct a
time series to assess inter-annual to decennial variations for the Bleis Marscha rockglacier.

The same computer code as in [Frehner et al. [2015] is used, and many of the therein
discussed aspects apply analogously in this study.

The model simulates viscous deformation, which describes the deformation of the ice-rich
rockglacier core, more specifically the deforming interstitial ice. The effect of the debris
on the viscosity depends on the temperature [Moore, |2014] and involves complex processes
at the debris-ice interface. With the continuum approximation, material parameters are
averaged in space and non-viscous processes neglected. The deformation occurs over time
scales longer than the Maxwell time which separates short term elastic behaviour (like a
solid) from long term viscous behaviour (like a fluid). The viscosity is therefore a scale-
dependent, homogenized, effective material parameter valid for bulk material on large
spatial and long time scales. Neither the ice nor the debris has the estimated viscosity.
The numerical modelling provides a bulk material property that cannot be estimated in
the lab.

Non-viscous deformation processes that occur at the rockglacier front (sliding) cannot
be simulated, and because of the fixed base the rockglacier cannot advance. The goal is
not to attempt to reconstruct the evolution of the Bleis Marscha rockglacier numerically,
but to perform numerical experiment for which one timestep is enough. It is therefore
neither necessary to know the previous deformation history (thanks to the instantaneity
property of a Stokes flow), nor to include a temperature-dependent viscosity.

A Newtonian rheology, i.e. a linear stress-strain rate relationship, is assumed, although
the localised deformation in the shear zone is more accurately described by a more complex
rheology (e.g. a viscous power law or frictional laws). The deformation above the shear
zone is well captured by the NEWTONIAN flow law [Frehner et all) 2015]. The vertical
deformation profiles in the “virtual boreholes” (Fig. are similar to observed deforma-
tion measurements (Fig. [2.3). We conclude that the NEWTONIAN model with the vertical
viscosity layering (low viscosity basal layer) emulates more complex, non-linear deforma-
tion mechanism as observed in rockglaciers (phenomenologically, “by appearance”). While
this is beneficial in terms of mathematical tractability and computing speed, it has limited
value for improving our understanding of the critical shear layers.

Another critical implication of the NEWTONIAN rheology is incompressibility. Measured
three-dimensional rockglacier surface displacement fields show that the horizontal compo-
nents dominate over the vertical one, and “volume-changing processes do not significantly
alter the dynamics” [Frehner et al.) 2015]. Additionally, the model is constrained with
horizontal measured velocity field.
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The two-dimensional model tacitly implies that the rockglacier is infinitely wide. In
reality, the non-moving sides exert a lateral drag that slows down the movement (see the
stream line Fig. [5.35)). [Frehner et al| [2015] estimate this of 35%. Since the STOKES
problem is linear, this correction can be linearly carried over to viscosity, which need to
be slightly corrected. However, it does not affect the viscosity ratios between different
rockglacier parts, and does not detract from the modelling findings.

Two issues arise with inverse problems [Snieder and Trampert, 1999; Oldenburg and Li,
2005]: (i) ambiguity or non-uniqueness and (ii) error propagation.

Non-uniqueness means that theoretically infinitely many models explain the data equally
well, even though the forward operator G is unique. It is caused by the finite availability of
data that cannot suffice to resolve unambiguously a continuous model space with infinitely
many model parameters. Intuitively, it is not possible to infer with arbitrary resolution
the two-dimensional subsurface structure with data along a one-dimensional surface pro-
file. More importantly, there is a fundamental ambiguity attached to the physical forward
problem formulation: Consider, for example, the surface velocity profile. Higher surface
speed can equally well be achieved with either greater thickness, steeper inclination or
lower viscosity (or any combination). Errors in the data space are mapped into the model
space, the forward problem operator itself could be flawed, and the precision of the nu-
merical evaluation of G is limited. In practice, this means that because the model is fitted
to data from 2003-2012, the inferred structure is drawn to a rockglacier state during the
measurement period. The long baseline is clearly an advantage, because the effects of
a single year (e.g. the warm summer 2003 with exceptionally high creep rates |[Delaloye
et al., 2010]) are not carried into the model.

The numerical experiments suggest that creep rates and stress distribution are governed
by the surface topography (average surface slope), thickness and effective viscosity, and are
much less sensitive to density or basal topography. The shape of the base of the creeping
permafrost body is therefore difficult to constrain. In detail:

e The simplest parameterisation where the rockglacier is treated as a single debris-ice
layer shows that the deformation is most sensitive to local thickness and surface
slope.

e The boulder mantle acts like a “stiff, rigid blanket” laid over the viscous core: it leads
to a more distributed deformation and smoothed velocity variations. The boulder
mantle exerts this effect via its high viscosity, not the high density.

e Deformation in the low-viscosity basal shear layer, although only 3 m thick, accounts
for 60% of the modelled horizontal surface deformation, in agreement with borehole
deformation measurements. This clearly shows that deformation processes in shear
layers control the overall deformations to a large degree.

e Interactions between different lobes and units of different age occur via stress trans-
mission of the icy matrix.

An issue common to geophysical problems is what the geophysicist finds out — here the
material parameters in terms of density and effective viscosity — is not what the geologist
is interested in: Effective viscosity is treated as a proxy for the ice/water content. The
interpretation of the estimated model parametrization (appraisal problem) is however dif-
ficult: Amount and pathways of liquid water are highly variable and unknown. Unknown,
but at least constant over years is the stratigraphy and ice content in the rockglacier. We
hypothesize based on the long-baseline argument that we can cautiously interpret the vis-
cosity in terms of ice content: The lower the viscosity, the higher the relative ice-to-debris
ratio.
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6.2 Synthesis

The morphology, TCN exposure ages and the horizontal surface velocity along the longi-
tudinal profile are shown in Fig. [6.1} The morphological and kinematic subdivision of the
Bleis Marscha rockglacier, later used to address different rockglacier parts in the text, are
introduced.

Since both the exposure ages and the surface velocity field are related to surface pro-
cesses, they can be compared in a meaningful way (Fig. [6.2). There are two main clusters
of ages in the travel time—exposure age space separated by the line of equal time estimates
(“1:1 line”):

® texp < tiry (below 1:1 line): The exposure ages are slightly younger than the age from
the travel time estimate suggests. This is the “forbidden zone”, because provided the
exposure ages are ideal and the velocity field representative, the elapsed time at the
surface cannot be shorter than the travel time. In fact, under such ideal conditions,
the boulders should move along the 1:1 line. In reality, neither of the two conditions
is fulfilled: the exposure is incomplete because the boulders slightly rotate during
travel, and the velocity field varies over time. Additional to the uncertainties related
to exposure time and travel time comes the unknown transit time in the talus before
the block entered the rockglacier system, and the exposure-age underestimation due
to the snow cover that increases with altitude. However, the discrepancy between ¢,
and t4, is small (decades to centuries), and all data points are from the rockglacier
lobes where the surface velocity field is passably representative (mean horizontal
surface velocity of 30 cma~!, discussed below). The field immediately below the 1:1
line is characteristic for rockglacier lobes that are presently active, and whose surface
is still advected downslope. The exposure ages can with the necessary caution be
addressed as (minimal) travel times. It also shows that pre-travel nuclide build-up,
inheritance or pre-exposure is very unlikely.

® texp > tiry (above 1:1 line): The exposure ages considerably exceed the travel time
age; the discrepancy is one order of magnitude larger (centuries to millennials). The
samples are all located in the lower parts of the Bleis Marscha rockglacier that
are presently relict. The travel time estimate must not be overinterpreted: In the
lower, now relict lobes, today’s surface speed (10-20 cma~!) is not representative
but was most likely higher when these lobes were active. In the lower part, the
speed is underestimated. Contrarily, in the upper rockglacier part the stream lines
pass through active lobes that did not exist at the time the lower lobes were ac-
tive; the speed might be overestimated in the rapid lobe. The situation is worse on
a polymorph/multi-unit rockglacier because of the changing root topography com-
pared to a “simpler” rockglacier consisting of a single debris stream. Despite these
uncertainties, the morphologically relict appearance and the relation of rockglacier
length (1200 m) and typical surface speed (~30 cma™!) clearly indicates that the
TCN exposure ages (<9 ka) are too old to be addressed as travel time estimates.
The field above the 1:1 line is characteristic for rockglacier lobes whose activity phase
has ceased: A long time has passed since surface advection came to a halt, and the
travel time is hidden in the uncertainty of the exposure age. The exposure ages are
rather an inactivity age than travel time estimate.

The dolomite boulder with the 3Cl age (Err 8) lies roughly on the same “travel time
contour line” as the granite boulders with '“Be ages of Err 5, 6, 9; but has a 2 ka older
exposure age. We consider it a “too old” outlier. The reason for the discrepancy is likely
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the different attenuation profile of 36Cl with respect to '°Be: The highest production
rate is not immediately below the surface, but at shallow depths [Alfimov and Ivy-Ochs,
2009]. The '°Be age of Err 11 morphologically belongs to the uppermost lobe and is thus
expected to plot below the 1:1 line. We hypothesize that the high-velocity lobe (up to
50-80 cma~!) has sped up only recently, such that the measurements overestimate the ve-
locity along its path, and the travel age is thus underestimated. Maybe the lobe becomes
detached from the source area, possibly due to warming, which is commonly observed on
many rockglaciers.

“The surface velocity of a creeping mass is the cumulative horizontal deformation over
depth and thus, is the maximum horizontal velocity found over the vertical velocity pro-
file. The overall advance rate of the entire creeping body is mainly determined by the
average horizontal velocity with depth and mass loss due to ice melt at the front. As a
consequence, the actual advance rate can be considerably smaller than the surface veloc-
ity and, therefore, surface ages constitute a minimum landform age.” [Frauenfelder et al.,
2005]. Surface-exposure ages of rock glacier need to be treated as minimum landform ages
[Frauenfelder et al., |2005; |Kellerer-Pirklbauer et al., |2008; |Scapozza et al., 2014; Winkler,
and Lambiel, 2018; |Haeberli, 1985; Frauenfelder et al., 2008].

While this theoretical concept is sound, a wide range of values for the ratio between
surface velocity above the front and advance rate have been found empirically, reflecting
differences mainly in volumetric ice content and vertical velocity profile. Whereas [K&dab
and Weber [2004] estimated that the total age of the considered rockglaciers is 2 to 5 times
higher than the minimum age obtained for the surface, Winkler and Lambiel [2018] judged
the lowermost surface age of their studied rockglacier as “as rather representative than only
as minimum age for initiation of rock glacier development” based on morphological position
of the rockglacier front near the Late Glacial and early-Holocene moraines. Neither the
internal composition of the Bleis Marscha rockglacier nor its vertical velocity profile near
the lowermost front is known, certainly not for the time when it was active. The onset of
formation of the first rockglacier generation must thus be interpreted with the available
morphological observations and considering the palaeoclimatic history [see Sequence of
events].
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Longitudinal section on the Bleis Marscha rockglacier
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Figure 6.1: Data synthesis: Longitudinal section showing (a) TCN exposure ages, (b) relief,
(c) small-scale relief, (d) slope (raw and smoothed) and (d) horizontal surface velocity. The mor-
phological and kinematic subdivision of the Bleis Marscha rockglacier are introduced. Compare
with the map view in Fig.

Top panel: Relief, small-scale relief and TCN exposure ages along the longitudinal profile. The
small-scale relief is a high-pass filtered relief and computed by subtracting a smoothed DEM from
the original DEM. It emphasizes small-scale features. The sharp breaks in surface slope mark the
outcrop of thrust planes of overriding lobes. The morphological subdivision of the rockglacier is
based on thrusts. Note that the important break in slope that divides fast from slow moving part
as distinguished by the IMCOR data is hardly visible in the profile, because the strike of the scarp
is oblique to the profile.

Bottom panel: Slope and horizontal surface velocity along longitudinal profile. Important is the
high coincidence between breaks in surface slope (see small-scale relief) and sudden, sharp changes
in surface velocity. The kinematic subdivision of the rockglacier is based on these sudden veloc-
ity changes. Division in “fast” and “slow-moving” parts by a threshold velocity of 30 cma™!.
Sharp up-slope velocity increase (large gradient) means “differential movement”: the upper lobe
advances faster and overrides the lower one. Judging from the morphology at these scarps, the
strain seems localised. The “velocity jumps” are therefore linked to thrusts, which are are termed
“active thrusts”, in contrast to the morphologically identified thrusts across which there is no ve-
locity jump (any more), these are “inactive (relict) thrusts”. The activity status as assessed in the
field agrees with the velocity data. Surprisingly, there is no significant velocity gradient across the
break in slope at 600 m that looks important in the field; this thrust has become inactive.
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Possible sequence of
events

Act 1, Scene 1
latest Lateglacial

Scene 2
post-YD to earliest
Holocene

Discussion

We hypothesize a two-stage evolution of the Bleis Marscha rockglacier. During its
history from Younger Dryas until today, there were two main activity phases, and each
time a new lobe grew: (1) First generation from post-Younger Dryas to earliest Holocene
with rejuvenation throughout the mid Holocene; and (2) Second generation from the late
Holocene until today. We structure the sequence of events in two acts and six scenes,

illustrated in Figs.

At the Younger Dryas (YD) cold spell with mean annual air temperatures (MAAT)
of 3-5°C lower than today [Kerschner and Ivy-Ochs, [2008|, and glacier equilibrium line
altitudes (ELA) depressed by 300 m in the eastern Swiss Alps [Frauenfelder et al., 2001],
the Val d’Err was heavily glacierised. A set of lateral moraines descends on both trough
shoulders (Parsettens and Salteras, 2300 m a.s.l. Fig. and join below Alp d’Err at
an altitude of 2120 m a.s.l. Judging from their appearance and position in the glacial
trough valley, they are tentatively assigned to Egesen I, the furthest glacier advance in the
late Lateglacial. Other moraine segments within the Egesen I extent (short ridges that
are difficult to connect), and a frontal moraine near the Alp d’Err (Plang dalla Donna
Viglia, 2165 m a.s.l), are traces of subsequently smaller glacier re-advances during the
YD. The orographic left side of the wide valley floor between the Egesen I frontal moraine
and the huge Bleis Marscha debris fan (2210 m a.s.l.) is irregularly, chaotically blanketed
by unsorted debris. We interpret this landform as hummocky moraines, i.e. supraglacial
debris emplaced by the irregular melting of an ice patch covered with a thick debris layer.

An upslope-running lateral moraine on Salteras along the present Bleis Marscha rock-
glacier is visible up to 2490 m a.s.l. until it disappears beneath large debris flow deposits.
A short segment of its left-lateral pendant stands south of the now-relict front of the rock-
glacier at the trough shoulder, at locality Bleis Marscha (2400 m a.s.l.). Both moraines
are mainly built of granitic debris from the Middle Err unit that outcrops in the back
part of the Bleis Marscha cirque. The clearly defined rock source links these moraines
to the Bleis Marscha cirque glacier, that had its source area in a shadowy, NW-exposed
cirque and reached down at least to the terrace edge at Salteras. Later mass wasting
processes (debris flows) and the advance of the Bleis Marscha rockglacier have wiped out
many traces, so that it is difficult to link the different short segments, to establish a sim-
ilarly clear sequence of events as for the valley glacier, and it is not clear whether the
glacier joined the main valley glacier. These observations complemented with the known
exposure dates of Egesen moraines at Julier pass [Llvy-Ochs et al., [1996; Ivy-Ochs, 2015]
suggest the following palaeoclimatic implications: At around 12 ka, the climate became
drier, the Egesen glaciers “starved” [Kerschner and Ivy-Ochs, 2008; Ivy-Ochs et al., 2009],
and the debris influx increased relatively to the snow/ice supply. The Val d’Err valley
glacier became debris covered, stagnant, and began to decay slowly. The Bleis Marscha
glacier retreated rapidly. Its former glacier bed is now mostly buried by the Bleis Marscha
rockglacier, so that unlike for the valley glacier, only few traces are visible today.

With vanishing glaciers in dry-cold climate conditions, insulating ice or snow cover
became less widespread and the winter cold could penetrate the ground (“antipathetic re-
lationship between glaciers and mountain permafrost” [Harris and Corte| 1992]). Palaeo-
climatic reconstructions by Frauenfelder et al. [2001] indicate that the lower limit of dis-
continuous permafrost was at ~2150 m a.s.l. in west-exposed slopes. The lower permafrost
boundary was depressed by 500-600 m compared to today, considerably more than the ELA
depression. The greater elevation range between mountain permafrost altitude (MPA) and
ELA is a consequence of the cold, continental-type climate that lasted from the late YD
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until 10 ka. In addition to these climatically favourable conditions for permafrost and
periglacial processes, abundant amounts of frozen debris left behind from the rapidly re-
treating glaciers: Ideal regional conditions for the growth of rockglaciers. Conditions were
particularly “rockglacier-friendly” in the Bleis Marscha cirque: The cirque floor above
2700 m a.s.]l. lies above the MPA, is surrounded by high headwalls reaching 3100 m a.s.l.
(Piz Bleis Marscha) of Err granite that weathers to large blocks, in shadow due to NW
exposition and rather steep, so that a large glacier cannot accumulate.

In the Bleis Marsca cirque above ~2650 m a.s.l. around 11 ka, it is likely that large
piles of glacier-derived “frozen rubble” and talus scree (classic paraglacial model [Hinchliffe
and Ballantyne, 1999]) became super-saturated with interstitial ice, and a new mechanical
behaviour emerged: It began to creep downslope under its own weight, and thus the first
generation of the Bleis Marscha rockglacier was born.

The rockglacier boulder mantle mainly consists of Err granite, proving that the rock-
glacier source area always was in the back of the Bleis Marscha cirque, the same accu-
mulation area the previous Egesen cirque glacier had had. The rockglacier turned from
an initially NW direction as it leaves the cirque to a SW direction, following the topog-
raphy. We do not know how the bed topography exactly looked like, and whether it
was blanketed /veneered by glacial debris (like the valley head of Val d’Err by the LIA
glaciers). The rockglacier reached down to an elevation of 2400 m asl to the Salteras ter-
race edge. There are no signs that the rockglacier has ever advanced beyond the edge of
the trough shoulder. The mean surface slope and presumably also the basal slope drops
from 21° to 11° at an altitude of 2500 m a.s.l., causing the lower lobes to decelerate and
to buttress against the upper lobes. This way, the break in basal slope induced along-flow
compressive stresses and buckle folding of the layered rockglacier (boulder mantle, ice-rich
core) [Frehner et al., 2015]. The pronounced furrow-and-ridge microrelief with peculiar,
crescent-shaped ridges as observed today witness these palaeo-stress conditions. The low-
ermost lobes are confined within the Egesen moraines at an elevation of 2400 m a.s.l.:
This is morphological evidence against the hypothesis that the rockglacier already grew
during an extended stage of contracted glacierisation before the early Younger Dryas with
reactivation thereafter. Furthermore, the beautiful, well-preserved microrelief of the lower
lobes excludes the scenario of a debris-covered ice-rich core that subsequently melted out.
The (strictly periglacial) rockglacier rather advanced onto ice-free terrain during the later
phases of the Younger Dryas until the earliest Holocene. With a length of ~1200 m, and
a reasonable average advance rate of ~30 cma~!, the active period must have lasted over
4 ka.

After 10 ka, the climate shifted towards warmer conditions [Schimmelpfennig et al.,
2012, 2014; Solomina et al.,|2015] and the lower permafrost boundary began to rise above
the rockglacier front at 2400 m a.s.l. By the middle Holocene, the lower continuous per-
mafrost boundary was likely at least as high as today, at around 2600 m a.s.l. (present
permafrost distribution, Fig. , and the tree line higher than today |Nicolussi et al.,
2005], see Fig. close to the topographically constrained talus-rockglacier transition
in the back of the cirque. The cold reversals during the mid-Holocene were likely not
severe, long and frequent enough |Joerin et al. [2006] to sustain or replenish the inter-
stitial ice in the lower rockglacier parts and its advancement. The interstitial ice melted
and rockglacier activity finally faded (climatic inactivity). Practically the entire upper
part of the first-generation “rock stream” is now buried beneath the second generation
that would evolve later; only along the northern margin the first generation can be traced
along the rim for some distance. However, the connection to the root zone is nowhere ex-
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posed anymore. We hypothesize that the now-relict rockglacier remained connected to its
source, and that climatic, not dynamic inactivity, was responsible for inactivation. Mor-
phological evidence such as grassy, stabilized slopes, iron staining and lichen cover speak
in favour that the activity phase ceased long ago. The oldest TCN exposure age, obtained
right above the now relict rockglacier front, indicates a stabilisation age of 9.04+0.6 ka.
However, intermittent boulder instability due to settling and collapse during inactivation
(“effet camembert”) affected the nuclide inventory of each boulder individually. Boulder
rotation and tumbling changed the orientation of its faces, i.e. its exposition and local
nuclide production rate, and the elapsed time was not continuously “recorded”, making
the exposure ages younger to varying degrees (self-shielding). This apparent rejuvenation
explains the range of exposure ages and the overall underestimation of the true exposure
time on the lower rockglacier lobe. Adding some correction time for the rejuvenation and
a boulder travel time of 2-3 ka to the stabilisation age of ~9 ka, the exposure ages suggest
a rockglacier initiation age of ~11-12 ka, towards the end of the Younger Dryas.

Act 2 In the late Holocene, after 3.3 ka, the climate deteriorated, timberline moved to lower
e Folocene altitudes, and glacier advances became more frequent, longer and more severe compared
to the middle Holocene [Ivy-Ochs et al.l 2009; Joerin et al., [2006}; Le Roy et al., [2015]. The
rapidly fluctuating glaciers were forced by climatic instabilities on a centennial timescale,
superimposed on a multimillennial-scale cooling trend towards increased glacier extent
culminating in the Little Ice Age (LIA) between 1350 and 1850 [Solomina et al., 2016).
This period of rapid climatic oscillations was favourable for frost shattering and debris

production.

The Bleis Marscha rockglacier nourishment area at an elevation above 2700 m a.s.l.
is even now (in a relatively warm climate) above the permafrost limit, and must have
been so during extended periods of the late Holocene (Fig. . The high supply of
debris and ice under permafrost conditions released a new wave of down-slope creeping
permafrost, and thus the second generation of the Bleis Marscha rockglacier was born.
The oldest TCN exposure age near the front of the intact upper lobe indicates that its
activity phase began (at least!) 2.840.2 ka. The first-generation debris stream is presently
still active and advancing, reaching down to an altitude of 2550 m a.s.l. and a length of
460 m. It is likely that it buries large parts of the first generation, but makes a somewhat
sharper bend as it leaves the cirque and leaves the right-lateral and frontal part of the
first generation uncovered. On the second generation, a small lobe with slightly higher
velocities is superimposed, whose TCN exposure ages range from 229+41 to 1001+84 a.
This “Little Ice Age lobe” occupies only the southern half of the cirque. It might have
shrunk in response to shifted debris supply and the location of the LIA glacieret the LIA
rockglacier lobe co-existed and most likely interacted with (see below).

During the cold phases, the Bleis Marscha cirque was occupied by a cirque glacieret;
for the last time by the 1850 LIA glacieret with the extent as roughly indicated by the
1853 Dufour map (Fig. . The glaciation remained however weak: The ice patch never
extended beyond the margins of the cirque. Furthermore, the intact morphology of the
uppermost rockglacier lobe and absent signs of glacial activity in the cirque, neither deposi-
tional (moraines, tills) nor erosional (spoon-shaped depression, flutes, striations), suggests
that the small glacieret was stagnant and/or thin and polythermal (cold-based glacier
tongue frozen onto the ground). The late-Holocene cirque glaciers could not destroy the
rockglacier; permafrost and the pre-existing rockglacier outlasted beneath the ice patch
[Frauenfelder et al., 2005, |2001]. This morphologically-motivated finding of a continued
rockglacier activity is supported by exposure dating and feature-tracking results: The lin-
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early increasing TCN exposure age progression with distance to the rockglacier root during
the last 1.2 ka, as well as the high correlation between exposure time and estimated travel
time suggest a (on average!) steady, uninterrupted creep.

This means that there has been a continuously creeping rockglacier rooted in a cirque
that was interruptedly glacierised, in accordance with the severe climatic oscillations typ-
ical for the late Holocene. The altitude of the constantly shifting ELA with respect to the
cirque floor determined the delicate balance between debris input and snow /firn accumu-
lation (Fig. [Zasadnil, 2007]): In “glacier mode” with the ELA at or below the cirque
bottom, snow input is proportionally high compared to debris input, and ice glaciers pre-
vail. In "rockglacier mode* with the ELA above the cirque floor in the steep headwall,
debris input prevails over snow accumulation, and rockglaciers form. The continuously
growing rockglacier coexisted with a fluctuating cirque glacier since a few thousand years.
The observed retreat and disappearance of the LIA cirque glacieret since 1850 and the
consequent change in debris supply chain since 1850 is just the last one of a long series
since a few thousand years: In accordance with the climatic oscillations, the dominant
coarse debris transport process in the rear part of the Bleis Marscha cirque alternated be-
tween a “conveyer-belt like” englacial and supraglacial transport during cold phases and
permafrost creep during ice-free warm phases. Conceptually, the rockglacier oscillated
between debris rockglacier and talus rockglacier (Fig. [6.4)).
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Figure 6.3: Schematic relation between cirque bottom and snow line and its consequences in
glacial /rockglacier formation |[Zasadni, 2007].

A glacial mode: glaciers originate where topographic conditions allow for accumulating snow above
the snow line. B rock glacier mode: rock glaciers form where most of the cirque bottom is sub-
stantially below the snow line and sufficient debris load from head walls is available.

SL: snow line, LTA SL: snow line during the Little Ice Age maximum.

A linear regression through the TCN exposure ages on the youngest, uppermost LIA
lobe yields a long-term averaged horizontal surface velocity of 30 cma™' over the last
1200 a. This is surprisingly consistent with the short-term horizontal surface velocity
as obtained from image correlation of orthophotos from the period 2003 to 2012. The
agreement of short and long-term average surface velocities may be due to the 9-year
baseline between the orthophotos that make the results robust against seasonal and to
some degree inter-annual creep rate variations (discussed below). The moderate surface
velocities imply an estimated debris transport rate of 150 m (rockglacier width) x 30 m
(thickness) x 0.6 (volume fraction of debris) x 0.3 ma~! (typical velocity) spread over
an area of 3-10° m?, equivalent to a headwall back-weathering rate of ~2.7 mma~!. The
limited LIA (and thus late Holocene) glacieret size and the continuous age progression on
the uppermost lobe indicating slow creep (30 cma™!) are strong arguments in favour of
a periglacial rockglacier origin. The Bleis Marscha rockglacier is clearly not a “glacigenic
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Supraglacial debris input

Glacier

Bedrock:

(a) Morainic rockglaciers (or debris rockglaciers sensu [1988]) form below glaciers. During
phases of glacier advances, the glacier advances onto the upper end of the rockglacier and feeds
glacial debris (till, moraine) that is incorporated into the rockglacier. Apart from the need of
sufficient debris supply, the moraine must be frozen (area of at least discontinuous permafrost).
The rockglacier deforms under its own weight and is not pushed by the glacier (unlike a push
moraine).

Debris input:
Rockfalls and
avalanches

Talus slope ,

Talus rock glacier
\Bed‘rock

T or
(.5 5 R
oo s

(b) Talus rockglaciers form below talus slopes; they are built up by frozen talus. The ground ice
is derived from snow meltwater as well as from avalanches.

Figure 6.4: Genetic classification of rockglaciers: Debris/moraine and talus rockglaciers. After
Ballantyne| [2018], cf. Barsch| [1988].

(ice-cored) rock glacier” that has transformed from a LIA “ice” glacier.

Two TCN exposure ages (Err 12, 13) on unit III, although separated by a presently in-
active internal front scarp (Fig. , are indistinguishable within their uncertainties and
have a mid-Holocene age of 5.040.3 ka. The simplest explanation is supported by observa-
tions and numerical modelling results (Fig. : Unit IIT belongs to the early-Holocene
first generation, the front scarp is a secondary feature thrusted by the later advance and
push exerted by the second generation, and the “too-young” ages are caused by intermit-
tent boulder instability and passive deformation by pushing of the rapidly advancing, thick
lobe above (unit IV, rapid lobe) as soon as it reached there. The lateral boulder apron
(Fig. between the rockfall deposits and the frontal thrust of unit III is a clear sign of
ongoing deformation that is much stronger than on the rest of the kinematically-defined
transition zone (unit IIT and upper part of unit IT). This explains the high surface veloci-
ties of 20 to 40 cma~! on a morphologically relict lobe. To test this hypothesis, the upper
intact lobes are removed in a numerical experiment to assess the deformation rates of the
lower relict part if it stood alone. Without the pushing upper lobe, the horizontal surface
velocity on the lower part does not exceed 20 cma~!, and the influence of the pushing
lobe reaches 150-200 m downstream from the thrust. The implied stress transmission over
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such large distances and such high velocities require the presence of ground ice (discussed
below).

In the upper, intact lobes, the moderate to high surface velocities are controlled by the
topography on a 100-m scale. Aerial images back to 1959 show that the surface morphol-
ogy has not substantially changed in the last few decades. There are no signs of rapid
permafrost degradation such as opening of scars or crevasse-like cracks, or independently-
moving lobes that soon become detached from the main body. The moderate surface
speeds (<50 cma~!) are almost one magnitude lower than in the recently observed col-
lapsing rockglaciers [Delaloye et al. 2010; Roer et al., 2008|. Furthermore, the measured
short-term 2003-2012 average surface creep rate on the uppermost lobe seems representa-
tive for the last thousand years, despite the climatic oscillations during the LIA that must
have affected the rockglacier and the current warming. This might have the following
reasons:

e The present creep rate captures the lobe lifetime-averaged creep rates quasi by co-
incidence (intermediate value theorem, implying that creep rates must have been
much higher at some point in the past). This seems unlikely because very high creep
rates are associated with permafrost degradation of which no traces are observable
on the LIA lobe;

e Climatic oscillations were shorter than the rockglacier response time, so that the
creep rate has not adapted to changing conditions in ice and debris supply. This
hypothesis is contradicting to current observations of accelerating rockglacier that
adapt quickly (within months to years) to warming; or

e Permafrost conditions have been relatively stable in the high-altitude (>2700 m
a.s.l.), shadowed cirque during the LIA; this is plausible given the fact that the
shadowed cirque floor is in the permafrost belt even today (Fig. .

The high correlation between the present velocity field (in terms of speed, creep direction,
strain rates, stream lines, isochrones) and the present 100-m scale topography of the up-
per lobes indicates that the permafrost body is in equilibrium and “has not undergone
drastic dynamic changes in the past” [Kaab et al., 2003]. In other words, the active part
of the Bleis Marscha rockglacier is in a “healthy” state to date. It is not surprising that
all permafrost models classify the Bleis Marscha cirque floor as perennially frozen.

The coherent, uniform, and smooth horizontal surface velocity field is a characteris-
tic, even fundamental feature of active rockglaciers. Topographic gradient, velocity and
principal strain rate axis are aligned on a 100-m scale. The creep direction (and to some
degree the magnitude) is governed by the average surface slope. Along the central flow
line, the flow is either extensive (accelerating creep close to root) or compressive (decel-
erating creep close to buttressing front). This is the expression of a both spatially and
temporally continuous deformation [Kaab and Vollmer| [2000; Kaab et al., 2003]. Unlike
in the talus where the debris moves independently, the rockglacier material deforms as a
whole, requiring a stress-transferring material component: The ice is responsible for the
stress transmission (in space and time) and accommodates the deformation. Sharp spa-
tial velocity gradients are observed along the margin of the clearly delineated permafrost
body, either frontal overriding or lateral shearing. Conversely, oversteepened, active scarps
mapped in the field always coincide with velocity jumps in the surface velocity data. Since
non-translational surface movement occur there, these motions cannot be quantified with
feature tracking. It is particularly difficult to estimate the rockglacier advance rate this
way.
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The surface deformation pattern on the Bleis Marscha rockglacier changes below an
altitude of 2500 m a.s.l. The relict, collapsing lower lobes are characterised by an irregular
surface velocity field that is strongly coupled to the small-scale topography, and affected by
collapsing ridges (“effet camembert”). The presently observed microrelief is an expression
of the palaeo-stress conditions that are different from today’s stress field estimated from
the strain rate field: buckle folding in response to compressive flow of a layered medium
was the dominant formation mechanism for the transverse furrow-and-ridge microrelief
[Frehner et all 2015]. The strain-rate data does not suggest along-flow compression, and
the now relict part must have “undergone drastic dynamic changes in the past”
. To conclude: The morphology memorises the cumulative deformation his-
tory over the lifetime of the rockglacier and is largely preserved after inactivation.

Observed surface velocities of up to 35 cma~! on the upper part of the apparently
relict lobe (transition zone in Fig. could only be numerically reproduced assuming a
viscosity only slightly higher than for the intact part. In other words, the modelling results
imply a considerable fraction of ice and water that weakens the material. The subsurface
ice currently below the altitudinal limit of the discontinuous permafrost zone either has
been preserved throughout the Holocene (convective cooling thanks to the boulder mantle,
Balch ventilation [Delaloye and Lambiel, 2005, e.g. ], or has reformed more recently by
refreezing of ground or rain water. Today, the relict lobe might be frozen as the boulder
mantle is susceptible for permafrost conditions (Kenner et al|[2017], Fig. [6.5).

Figure 6.5: Modelled permafrost distribution in Val d’Err according to the

permafrost and ground ice map (PGIM) [Kenner et al.,[2017]. Visualization (©)
2018 Google.

Rockfall deposits of dark radiolaritic material on the northernmost “bulge” of the rock-
glacier can be distinguished from the Err granites the boulder mantle is mainly consists
of. It is lying on unit IIT (first generation) that must have already been inactive at the
time of fall: The impact caused no deformation; the material is just banked up against
the rockglacier lateral scarp. The outline of the deposition can be seen on aerial image as
a dark patch, it leads directly to the failure scar. This means the debris was subsequently
not transported downslope. The rockfall must have occurred since the middle Holocene.

Scene 6 Synchronous variations -— and acceleration -— of many rockglaciers in the Swiss Alps over
Near future in a warming
climate
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the two last decades indicates a common dependence on external climatic factors (summer
air temperature, seasonal snow cover development) [Roer et al., 2005; Delaloye et al., 2010
Kellerer-Pirklbauer and Kaufmann| [2012]: The surface creep rate seems to respond within
months to changing MAGST (used as a proxy for the temperature of the upper permafrost
layers), timing of snow cover and meltwater availability. Decennial, interannual, and to
some degree seasonal creep rate changes appear to be linked to permafrost temperature
variations. The viscosity is highly sensitive to permafrost temperature when close to
0°C [Ké&éb et al., 2007]. Cases of destabilising rockglaciers are reported by Roer et al.
[2008]. Horizontal surface velocities up to 4 ma~! are reached, usually close to the front
where most of the morphological changes occur. To conclude, Alpine rockglaciers show
a rather synchronous behaviour and are responding sensitively to the recent temperature
increase. The response is first a thermally-governed (moderate) acceleration, then, if the
temperature keeps rising, permafrost degradation and destabilisation where meltwater
plays an important role, and finally ice melt-out, collapse and deactivation [K&aéab et al.,
2007].

Are the high surface velocities on the rapid lobe a sign of beginning destabilization and
permafrost degradation in response to recent warming (external climate forcing, ultimately
leading to dynamic inactivation) or just induced by the steep slope and large thickness
(internal processes, in equilibrium)? Since the most rapidly moving part is several hundred
meters away from the source headwall and talus and the rockglacier has a constant width,
the material (debris and ice) discharge increases with distance to the source (assuming a
constant thickness). It is unlikely that ice accumulation “on the way” can fully account for
the increasing mass discharge, and there seems to be a negative mass balance. However,
this is only true for the current surface velocity field: Since the currently active LIA
only occupies half of the cirque width, discharge must have been higher in the past.
However, peak creep rates of ~80 cma ™! are still moderate compared to literature values of
destabilising rockglacier tongues (<4 ma~!). In conclusion, the destabilisation hypothesis
can be discarded for the moment, but it is worthwhile to observe the lobe in the coming
years.

Hazards directly related to destabilisation of the Bleis Marscha rockglacier are not to be
expected since the ice-debris mass is overall stable and bounded (“dammed”) by the outer
ridges. The southern part of the relict front is slowly subsiding, but a catastrophic collapse
is unlikely. Horizontal displacement rates are small, and no bulges at the base of the front
are observable. The deformation either is distributed, or the sliding plane is blind. Small
debris slides may, however, release the fine material in the rockglacier interior, that is
then transported towards the active Bleis Marscha debris fan. This potential continuation
of the debris transport chain from the trough shoulder to the valley floor could enhance
debris flow activity, particularly if the ground ice in the relict core is exposed and melts.
Since the Val d’Err is not inhabited, only Alpine pasture is potentially affected, and the
risks are small.
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Figure 6.6: Synopsis of glacier variations and general climate evolution during the Younger
Dryas and the Holocene in the Alps. Modified and complemented after
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6.2 Synthesis
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Figure 6.7: Illustrated sequence of events.
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Combining exposure dating, finite-element modelling, and feature tracking to decipher rockglacier evolution:
A case study from the Bleis Marscha rockglacier (Val d’Err, Grisons)
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synthesis (2).
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6.3 Outlook

Mackey and Lamb| [2013] proposed a method to estimate past boulder stability by mea-
suring the surface TCN concentration distribution. Key idea is that the more a boulder
has been rotating in the past, the more the self-shielding is averaged out and the more
radially symmetric the nuclide concentration in the boulder becomes (Fig. . Measuring
the nuclide concentration of 10 (!) samples evenly distributed in the plane perpendicu-
lar to the preferred axis of rotation is required to capture the true statistics of surface
concentration to within 5%. Provided the initial boulder diameter and the erosion rate is
known, the minimum exposure time can be derived independently of past rotation. Since
this approach relies heavily on statistics, it requires involved lab work.
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Figure 6.9: Boulder mobility estimate according to Mackey and Lamb| [2013].

(a) Sketch of a boulder with preferred rotation axis (horizontal). In practice, suitable boulders are
elliptically shaped (prolate spheroids). (b) Transects of nuclide concentrations around the margin
of boulders of different sizes. Constant irradiation from the upper hemisphere (maximum at 7/2)
leads to asymmetric nuclide concentration in the boulder. They are reduced for smaller boulders
(rays penetrate through boulder) or more frequent rotation. The exact boulder dimensions depends
among others in its density (here: A = 208 gcm™2).

Unresolved questions mainly stem from the limited surface observations:

How do the upper first generation lobes buried beneath the second generation look like,
and how do the lobes interact (welded, weak zone, doubling of stratigraphy)? How does
an advancing rockglacier lobe interact with debris beneath, be it a basal till blanket or an
older rockglacier?

Some parts of the morphology are difficult to decipher: The non-creeping lateral parts
with stable outer ridges on the otherwise active part and the lateral terraces along the
lower part is not exposure dated. The different lichen cover suggests that there are two
bodies of different age overlaid. In case of doubt, we proceeded by Occam’s razor and have
not postulated more generations that the TCN data minimally suggests. — Were there two
distinctly separate activity phases already before the late Holocene?

How important was glacial erosion in the Bleis Marscha cirque, and to what extent
did it contribute to the rockglacier debris? What are the debris fluxes since the latest
Lateglacial?

The numerical modelling results imply that the relict part still contains substantial
amount of ground ice, and the permafrost model by Kenner agrees that the ground is
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Discussion

frozen. How large is the ice content in reality? What is the origin and the age of the ice
in the apparently relict part? Is it preserved early-Holocene ice mainly coming from the
root zone, or recently formed in-situ by trickling rain and meltwater during cold periods
in Late Holocene, or even more recently during the LIA?
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7 Conclusion

We have investigated the Bleis Marscha rockglacier (Val d’Err, Grisons) with terrestrial
cosmogenic nuclide exposure dating, aerial image correlation and finite-element numerical
modelling attempting to reconstruct the formation of the rockglacier. These three different
techniques provide data that covers a wide time span over the entire Holocene. Surface
exposure dating with cosmogenic °Be and 36Cl places a long-term framework (ka scale) on
rockglacier movement periods. It is applied on an active rockglacier for the first time, and
the implications for the interpretation of TCN exposure ages are of interest for periglacial
geomorphologists as well as mountain permafrost and palaeoclimatology researchers. Fur-
thermore, the present-day dynamics are numerically modelled using a two-dimensional
finite-element approach to gain insights into the mechanical and material properties. The
model is constrained with short-term horizontal surface velocities obtained from feature-
tracking analysis of multitemporal orthorectified aerial images (2003-2012).

The Bleis Marscha rockglacier is a polymorphic rockglacier with an active upper part
that overrides a lower part. It has a length of 1200 m and a width of 150-210 m. Its
debris-supplying headwalls are mainly composed of Err granite, besides limestone, radi-
olarite and schists. The creeping debris stream is separated by internal front scarps into
different units, each with its own activity phase. While the upper lobes are presently
active, lichen-covered boulders, vegetated, stabilized slopes, and signs of settling suggest
that the parts below ~2500 m a.s.l. are relict today. The morphology-based subdivision
coincides with the subdivision in terms of horizontal surface kinematics. Morphologi-
cal evidence and the TCN exposure ages indicate that the rockglacier began to form in
the later phases of the Younger Dryas. This first activity phase lasted into the earliest
Holocene until ~9 ka, when the first generation became climatically inactive. Settling
and collapse occurred during the warm middle Holocene and continues today. During
the late-Holocene climate deteriorations, a second generation began to evolve ~3 ka from
the intermittently glacierised Piz Bleis Marscha cirque and is now overriding the relict
first generation. The last remnants of the LIA cirque glacieret, more a small perennial
ice patch, disappeared between 2005 and 2017. The talus grades directly into rockglacier
root, and signs of glacial activity in the cirque are weak. It shows that the small, stagnant
and/or cold-based cirque glacieret could not destroy the rockglacier, and that during the
cold phases of the late Holocene glacial and periglacial processes and landforms co-existed
in the Bleis Marscha cirque. The overall timescales of centuries to millennia show that
process rates have been modest, and that the debris was supplied by continuous weath-
ering. The Bleis Marscha rockglacier is a truly periglacial landform. Whether the talus
debris is derived from episodic high magnitude, low-frequency rockfalls or more steadily
from high-frequency, low-magnitude events cannot be decided from surface observations.

On the presently active lobes with an age younger than ~1.5 ka, the 8 19Be exposure ages
scale reasonably well with distance from the root zone and can therefore be addressed as
(minimal) surface travel times of the boulders. The oldest age, found above the internal
front scarp, is consequently the minimum time of onset of the current activity phase.
There are no signs for pre-exposure or any other systematic shifts. The fluctuations
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do not greatly exceed the analytical uncertainties that are in the order of decades; the
exposure ages pattern is not heavily disturbed. The boulders are advected more or less
passively with the boulder mantle.

On the lower relict lobes with 6 TCN exposure ages in the range of 5.0 to 9.0 ka, the
fluctuations are in the order of centuries and exceed the analytical uncertainties. These
fluctuations are introduced by surface processes (in the boulder mantle) that affect the
nuclide inventory of boulders individually. Intermittent boulder instability due to settling
and collapse during the long time periods since inactivation caused the exposure of the
rock faces to deviate from ideal conditions (single-stage, uninterrupted and undisturbed).
This apparent rejuvenation explains both the tendentially “too-young” ages and the large
spread. The oldest age (ideally, but not necessarily found above the relict front) is inter-
preted as the (rough) inactivity age. The first generation of the Bleis Marscha rockglacier
ceased its activity around 9.040.6 ka.

A complication common to both active and relict TCN ages is the relationship between
surface age and landform age: While it is generally agreed that surface ages are minimum
ages, the “missing time” is difficult to estimate, and not possible without independent
information on e.g. morphostratigraphical relations to adjacent glacial landforms. The
ratio between along-slope surface velocity and advance rate mainly depends on the vertical
variation of horizontal velocity and the melt-out of excess ice. These internal parameters
are impossible to reconstruct for relict rockglacier lobes. The single largest source of un-
certainty that leads to scattering of TCN ages is geologic uncertainty, and careful field
observations are needed to interpret the exposure age pattern. A complication specific
to rockglaciers are stagnant marginal lobes which could either be relict parts of a previ-
ous rockglacier generation or be of dynamic origin and belong to the current activity phase.

An illumination-invariant method for correlating the orthophotos yielded reliable dis-
placements on the rugged rockglacier surface. Important features of the present (2003-
2012) horizontal surface velocity field such as large velocity gradients and data gaps due
to non-translational motion coincides with morphological features such as active thrusts
(overriding lobes) and advancing front scarps. The image correlation results support the
morphologically motivated subdivision of the Bleis Marscha rockglacier in an active upper
part and a relict, collapsing lower part. On the upper, intact lobes, the high correlation
between the present velocity field and the present 100-m scale topography indicates that
the permafrost body is in equilibrium with its environment (moderate surface speeds
<50 cma™!; creep direction, strain rates, stream lines are aligned; isochrones have a
similar crescent-shaped form as the ridges). The intact part of the rockglacier is in a
“healthy” state today. The lower, relict part is characterised by an irregular surface ve-
locity field strongly coupled to the collapsing small-scale topography (“effet camembert”).
Part of the relict front is slowly subsiding southwards. The microrelief with transversal,
crescent-shaped furrow and ridges was formed by buckle folding in response to along-flow
compressive creep of a layered medium, a stress state that can no longer be inferred from
the present strain-rate field. The relict part must have undergone drastic dynamic changes
in the past. The morphology memorises the cumulative deformation history over the life-
time of the rockglacier and is largely preserved after inactivation. The coherent surface
velocity field is an expression of stress transmission (in space and time) and clearly indi-
cates that the strain is accommodated by viscous deformation of the ground ice.

A series of six numerical experiments were carried out with a two-dimensional finite-
element model along a longitudinal section of the rockglacier. An incompressible, linearly-
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viscous Stokes flow is solved numerically. With forward approaches, the influence of the
mechanical rockglacier stratigraphy (boulder mantle, core, low-viscosity basal shear layer)
on the surface velocity distribution is assessed: (i) the boulder mantle plays an important
role of stress distribution via its stiffness; (ii) deformation processes in shear layers largely
control the overall deformations, in agreement with observations; and (iii) pushing of the
rapidly advancing lobe explains partly the relatively high surface speed on the upper tran-
sition zone. With an inverse approach, material parameters in terms of dynamic viscosity
and density are inferred with the image correlation data. The parameters were estimated
for viscous deformation and are time- and space-averaged mechanical properties valid for
the bulk material (termed effective parameters). Surface velocities of up to 35 cma~! on
the uppermost part of the apparently relict part could only be numerically reproduced
assuming stress transmission from the advancing active lobe immediately above and a
considerable fraction of ice and/or water that weakens the material. The subsurface ice
either has been preserved throughout the Holocene or has reformed more recently. The
mechanical layering with a low-viscosity basal shear zone produces a vertical deformation
profile that looks similar to measured borehole deformation measurements. A likely more
complex, non-linear rheological behaviour in shear layers can be emulated (reproduced
phenomenologically, “by appearance”) with a NEWTONIAN model with the viscosity lay-
ering. This is advantageous in terms of mathematical tractability and computing speed.

Clyde Wahrhaftig and Alan Cox (1959): “It is difficult to escape the conclusion that the motion of these

rock glaciers is the motion of frozen rubble”.
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Appendix

Al Rock book

Photos of the sampled boulders with their coordinates, elevation, orientation of the sam-
pled surface, lithology, shielding factor, sample thickness and date/time.
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Rock Book

sample name Err 1

CHO3 [E/N, m] 773613/160358
WGS84 [lat/lon]  9°42'13"/46°34'19"
elevation [m a.s.l.] 2457

direction/dip  200/05 (?)
lithology Err granite
shielding factor 0.9739
thickness [cm] 1.5 (2.0)
date, time Aug 2, 16:27
comments approx. boulder size 6x3x5 m
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A1l Rock book

sample name

Err 2

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l.]

direction/dip
lithology
shielding factor
thickness [cm]
date, time
comments

773734/160393

9°42'18"/46°34'20"

2493

000/00

Err granite

0.9751

1.5

Aug 2, 17:29

approx. boulder size 5x2x3 m. Tip of boulder.

sample name

Err 3

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l]

direction/dip
lithology
shielding factor
thickness [cm]
date, time
comments

774365/160529

9°42'48"/46°34°23"

2682

150/10 (7)

Err granite

0.9259

1.8 (1.5)

Aug 3, 11:50

approx. boulder size 2x4x3 m. Uppermost sam-
ple.
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sample name

Err 4

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l.]

direction/dip
lithology
shielding factor
thickness [cm]
date, time
comments

774320/160547

0°42'46"/46°34'24"

2678 (2670!)

032/10 (038/10)

Err granite

0.9392

2.0

Aug 3, 12:23

approx. boulder size 3x1.5x2.5 m.

sample name

Err 5

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l.]

direction /dip
lithology
shielding factor
thickness [cm]
date, time
comments

774281/160562
9°42'44" [46°34°25"
2661

Err granite

0.9428

1.5 (2.0)

Aug 3, 13:13

approx. boulder size 3x3x4 m
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A1l Rock book

sample name

Err 6

CHO03 [E/N, m]
WGS84 [lat/lon]

elevation [m a.s.l]

direction/dip
lithology
shielding factor
thickness [cm]
date, time
comments

774295/160579

9°42'45"/46°34'25"

2650 (2643)

217/15

Err granite

0.9406

2.0 (1.5)

Aug 3, 13:58

approx. boulder size 6x3x3 (5x3x2.5) m

sample name

Err 7

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l.]

direction/dip
lithology
shielding factor
thickness [cm]
date, time
comments

774199/160612

9°42'40"/46°34'26"

2635 (2629)

033/20

Err granite

0.9365

1.5 (1.0)

Aug 3

approx. boulder size 3x3%x2 (2x2x2) m, higher
than wide
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sample name

Err 8

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l.]

direction/dip
lithology
shielding factor
thickness [cm]
date, time
comments

774254/160635

9°42'43"/46°34'27"

2658 (2624)

208/03

dolomite

0.9372

2.0

Aug 3, 15:49

approx. boulder size 1x0.7x1.5 m

sample name

Err 9

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l.]

direction /dip
lithology
shielding factor
thickness [cm]
date, time
comments

774278/160626

9°42'44" [46°34°27"

2665

160/15

Err granite

0.9204

1.5 (1.0)

Aug 3, 15:42

approx. boulder size 1x2x2 m
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sample name

Err 10

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l]

direction/dip
lithology
shielding factor
thickness [cm]
date, time
comments

774181/160577 (774177/160565)
9°42'40"/46°34'25"

2626 (2636)

313/29

Err granite

0.9211

1.5 (1.0)

Aug 3, 16:22

approx. boulder size 1x1x2 m

sample name

Err 11

CHO3 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l]

direction/dip
lithology
shielding factor
thickness [cm]
date, time
comments

774121/160580 (774116/160580)
9°42'37"/46°34'25"

2608 (2602)

302/11

Err granite

0.945

1.5

Aug 3, 17:05

approx. boulder size 5x3x5 (5x3x3) m
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sample name

Err 12

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l.]

direction/dip
lithology
shielding factor
thickness [cm]
date, time
comments

774048/160565
9°42'33"/46°34'25"
2575

Err granite

0.9476

1.5

Aug 3, 17:31

approx. boulder size 1x1x2 m

sample name

Err 13

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l]

direction/dip
lithology
shielding factor
thickness [cm]
date, time
comments

773926,/160532
9°42'28"/46°34'24"
2547 (2536)
044/20

Err granite

0.9502

2.0

Aug 4, 10:40

none
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sample name

Err 14

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l.]

direction/dip
lithology
shielding factor
thickness [cm]
date, time
comments

773871/160482
9°42'25"/46°34'22"

2517 (2501)

056/27

Err granite

0.9484

2.0

Aug 4, 11:16

approx. boulder size 4x6x5 m

sample name

Err 15

CHO03 [E/N, m]
WGS84 [lat/lon]
elevation [m a.s.l.]

direction /dip
lithology
shielding factor
thickness [cm]
date, time
comments

773769/160429
9°42'20"/46°34'21"
2494

019/14

Err granite

0.9582

1.0

Aug 4, 11:49

none
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Active, inactive, relict: Tracking the evolution of the Bleis Marscha
rockglacier (Val d’Errt, Grisons) with cosmogenic nuclide dating and
finite-element modelling
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Abstract

This work aims at reconstructing the evolution of the Bleis Marscha rockglacier in the Val d’Err, Grisons (Switzerland).
It is a one-kilometre long, multi-unit talus rockglacier with an active upper part, a relict snout, and a furrow-and-ridge
microrelief. The timing of formation of each unit is investigated with surface exposure dating with “Be and 3¢Cl.
Insights into mechanical properties and internal structure is gained with numerical finite-element modelling. The model
is constrained with the horizontal surface velocity field obtained from feature-tracking of multitemporal orthorectified
aerial images. The illumination-invariant orientation correlation method overcomes most of the difficulties posed by
different lighting on a rugged rockglacier surface, and is a simple, yet powerful tool to capture the horizontal surface
kinematics. The overarching aim is to place the development of the Bleis Marscha rockglacier within the Holocene
climate history and to constrain the timing of glacial and periglacial processes and the relevant mechanical parameters

that shaped the formerly glaciated Piz Bleis Marscha cirque.

Keywords: rockglacier; image correlation; feature tracking; numerical modelling; inverse problem

Introduction

The Blezs Marscha rockglacier is a talus rockglacier
originating in a cirque of Piz Bleis Marscha in the Val
d’Err, Grisons, Switzetland. It is more than one
kilometre long, exhibits a furrow-and-ridge microrelief
in the lower parts and is divided by steep front scarps
into several units. Field observations such as lichen
coverage and iron staining as well as results from
multitemporal aerial image correlation suggests that the
lower units below 2500 m a.s.l. are inactive to relict.
Several previous studies have obtained exposure or
luminescence dates on moraines and rockglaciers in
nearby valleys, and the Holocene climate history is well
established for the area (Ivy-Ochs ¢ al., 1996; Fuchs ez
al., 2013).

Aim and methods

In the presented work, the different units of the Blezs
Marscha rockglacier are exposure-dated with 1'Be and
%Cl, as an aid to reconstructing the development of the
rockglacier. Furthermore, the present-day dynamics is
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modelled with a numerical two-dimensional finite-
element approach to gain insights into mechanical and
material properties. The deformation above the shear
zone is well captured by a linearly viscous (Newtonian)
flow law (Frehner ez al., 2015). The model is constrained
with horizontal sutrface velocities obtained from a
feature-tracking analysis of multitemporal orthorectified
aerial images with the Matlab tool “ImGRAFT”
(Messetli & Grinsted, 2015).

Preliminary results

Slight differences in lighting, illumination direction or
cloudiness suffice to make the rugged, bouldery surface
of the rockglacier appear differently on aerial image such
that a common normalized cross-correlation approach
may perform poorly. The cross-correlation of
orientation images is illumination invariant (Fitch ez al,
2002) and yields a connected displacement field all over
the rockglacier. The correlation inherently fails near
steep slopes, involving rotational movement of boulders,
and on snow patches.
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ImGRAFT-derived velocity field 2003-2012 [m/a], mean velocity

Figure 1. Horizontal surface velocity on the Bleis Marscha rockglacier as obtained from a feature-tracking analysis of orthorectified
aerial images from 2003 and 2012. Magnitude shown by colours, direction by white arrows. The colorbar is fixed at 0.8 m/a. Higher
velocities are most likely artifacts such as rotational movement of blocks at scarps or correlation problems. The red line traces the
section along which the 2D numerical model is defined. Coordinates in CH1903 grid, unit in meter. Aerial images © swisstopo.

Preliminary results support the subdivision of the
rockglacier into units of varying degree of activity based
on field observation: the upper unit is characterized by a
unidirectional downslope directed creep, with increasing
velocity towards the front of the upper lobe (up to 0.8
m/a, Fig. 1). The over-steepened, failure-prone front
scarp shows that this unit is overriding the lower,
inactive to relict units of the rockglacier, which exhibit a
more “patchy” flow field of slightly varying directions
and smaller velocities (<0.4 m/a). This data is used to
constrain the numerical model, reproducing the
deformation on a longitudinal section along the central
flowline of the rockglacier (red line in Fig. 1). The model
parameters that will be tested are rockglacier thickness,
effective viscosity, viscosity contrast to the low-viscosity
basal shear zone and thickness of a rigid blocky mantle.
In a series of numerical experiments, the influence of
different parameter configurations on the modelled
horizontal surface velocity is tested, and plausible
configurations that reproduce the observed velocities
within their error margins represent solutions to this
inverse problem.

We will present a detailed analysis of the horizontal
surface flow field, its relationship to the microrelief,
rockglacier activity status and changes throughout the
recent years.
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[1] Introduction and goals

We attempt to reconstruct the formation of the Bleis
Marscha rockglacier in the Val d’Err, Grisons (Switzerland)
[Fig. 1]. It is a one kilometer long, multi-unit talus
rockglacier [1] with an active upper part that overrides a
lower part. Lichen-covered boulders, vegetated, stabilized
slopes and signs of settling suggest that the parts below
~2500 m a.s.l. are relict. Inner front scarps separate the
rockglacier into different units, each with their own
activity phase.

The aim is to place the evolution of the Bleis Marscha
rockglacier within the Holocene climate history and to
constrain the timing of glacial and periglacial processes
that shaped the formerly glaciated Bleis Marscha cirque.

« Fig. 1 | Aerial

image showing the

Bleis Marscha -
rockglacier in the Val
d’Err, Grisons, and its
location within
Switzerland (inset).
This is the 2003
orthophoto used for
image cross .
correlation. Inner
front scarps of
advancing upper
lobes are outlined by
dashed lines.
Sampling locations
are marked by circles.

[2] Research idea and methods

We constrain the present horizontal surface velocity
field with  feature-tracking of bi-temporal ortho-
rectified aerial images (IMCOR).

= We investigate the mechanical properties and internal
structure with numerical finite-element modelling
(inverse problem, FEM).

Surface exposure dating with cosmogenic 1°Be and 3¢C|

allows us now to place a temporal framework (ka scale)
on rock-glacier movement periods (TCN).

This approach combines information from different spatial
and temporal scales.

[3] Aerial image correlation (IMCOR)

[4] Finite-element numerical modelling (FEM)

= Image matching of two orthophotos provides the present, short-term horizontal surface
velocity [Fig. 2], whose spatial derivative is the strain rate tensor [Fig. 3][2, 6].

= Template-based image matching of two orientation images derived from orthophotos with
normalized cross-correlation (NCC) as similarity measure, computed with IMGRAFT [7] in
Matlab (41 px £ 10.25 m template width). An orientation image represents the orientation
of the intensity gradient, and is thus more robust against illumination changes [3].

160300

10

160600

160400

160200

o0 0 T a0 o 10 i

1 Fig. 2 | Image correlation result: Horizontal surface velocity field 2003-2012 mapped onto the hillshade
map. The transition relict-intact as suggested by the velocity field (threshold velocity of 35 cm/a) follows
the boundary between two lobes (black dashed line). Red line: trace of the longitudinal profile [Figs. 4, 5].

shortening axis
stretching axis
«  sample location

773400 TTI600 TTIS00 774000 774200 774400 TT4600
1 Fig. 3 | Orientation of principal strain rates (velocity gradients) hinting at deformation mechanism:
(1) extensive flow on intact upper part, (2) compressive overriding, (3) extensive collapse of ridges on
relict lower part. Strain rates are computed with central finite-difference scheme, spacing of 50 m. Back-
ground map: sky view factor map. Strongly illuminated ridges appear bright, occluded furrows dark [8].

= We simulate the viscous deformation of the rockglacier with a computer model: An initial
guess of the internal structure [Fig. 4] predicts a modelled velocity that is compared to the
observed one [Fig. 5]. The subsurface structure is then adapted until the modelled and
observed velocities match (inverse problem).

= The relation between hidden subsurface rockglacier structure and observable surface
velocity is described by an incompressible (linearly-viscous) Stokes flow, solved numerically
with a two-dimensional finite-element numerical model [4]. The internal structure is
parameterized with thickness, density layering and viscosity layering [Fig. 4].

T T
2600 -
] ] log (1) talus
we o6

high viscosity
(high debris content)

| 145 bt u=42-10"Pas
low viscosity e
(high ice content) u=2-10"%rPas

210
relict lower part — 1 =02-10%Pas
bouldery mantle
and ice-free,
collapsed core

2600 |-
surface

clevation nas.l.

intact upper part

low-viscosity layer

2500 S5m bouldery mantle

rockglacier core
(debris-ice mixture)

‘transition relict-intact
inferred from surface

1

1

1 observations 2m basal shear layer
1

L L
0 200 100 300 1000 1200

distance alouzvozemral profile 'm]
1 Fig. 4 | Initial guess of the internal structure (parameterization): vertical section of the rockglacier
along the profile showing a possible effective dynamic viscosity structure and mechanical layering. The
surface is extracted from the DEM, the base inferred from the surrounding topography. The surface

velocity that this model predicts is plotted in Fig. 5 as “modelled velocity”.
" observed vr]nrn‘\ ] ‘
10| {initial guess)

A —20
1 A/X—
N _(viscous flow:law fails

“attalus and front) ,

velocity cma 1|

mean slope of
filtered DEM

PRl rt-==- I L 0
o 200 100 600 500 1000 1200
distance along central profile [1

1 Fig. 5 | Preliminary modelling result: Ot;served and model“ed horizontal surface velocity on the
longitudinal profile. The observed velocity on the intact upper part correlates well with the surface
slope extracted from the filtered DEM (100 m circular averaging filter, dark grey line). Unfiltered slope
is averaged across a 20 m wide stripe along the profile (light grey).

[5] Exposure dating (TCN)

= We sampled fifteen boulders along a longitudinal transect of the rockglacier from the
(apparently) relict toe to the higher elevation active areas [Figs. 1, 2].

= Fourteen samples are granitic boulders dated with 1°Be; one dolomite boulder with 36CI.

= The cosmogenic nuclide data allow us to examine periods of activity as well as to understand
nuclide inventories possibly acquired during lobe and thus boulder movement.

= Age results will be compared to image analysis-based velocity determinations [Figs. 2, 5].

[6] Main findings

= |llumination-invariant orientation correlation is a powerful tool to capture the present horizontal
surface kinematics of the rugged rockglacier surface; background level is about 5 cm/a [Fig. 2].

= The upper, active part moves at a velocity up to 50 cm/a. The most rapidly moving part is several
hundred meters from the talus and source headwall.

= The lower, relict rockglacier part shows clear morphological signs of inactivity, yet it is moving at
speeds of up to 35 cm/a. The deformation mechanism is not known.

Strain-rate tensors derived from lllumination-invariant orientation correlation allow
quantitative identification of regions dominated by extensive flow (the upper part) and
compressive overriding [Fig. 3].

Both image analysis and numerical modelling suggest that the degree of coupling between
slope and velocity characterises the rockglacier activity status [Figs. 3, 5]: The active part has a
uniform flow field, where the topographic gradient, velocity and principal strain rate axis are
aligned on a 100-m scale. On the collapsing relict part, the strain rates are sensitive to the
small-scale topography and do not align with the velocity (so-called “effet camembert”).
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Combining exposure dating, finite-element modelling,
and feature tracking to decipher rockglacier evolution:
A case study from the Bleis Marscha rockglacier

(Val d’Err, Grisons)
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*Geological Institute, ETH Zlirich, Sonneggstrasse 5, 8092 Zirich
(adominik@student.ethz.ch)

**Laboratory of lon Beam Physics, ETH Zirich, Otto-Stern-Weg 5, 8093 Zirich

We attempt to reconstruct the formation of the Bleis Marscha rockglacier in the
Val d’Err, Grisons (Switzerland). It is a one kilometer long, multi-unit talus
rockglacier (Barsch 1996) with an active upper part that overrides a lower part.
Lichen-covered boulders, vegetated, stabilized slopes, and signs of settling
suggest that the parts below ~2500 m a.s.l. are relict. Internal front scarps
separate the rockglacier into different units, each with its own activity phase.
Morphological evidence suggests that the rockglacier started forming in the
earliest Holocene.

Surface exposure dating with cosmogenic '°Be and 3¢Cl places a temporal
framework (ka scale) on rockglacier movement periods (lvy-Ochs et al. 2009).
Furthermore, the present-day dynamics are numerically modelled using a two-
dimensional finite-element approach to gain insights into the mechanical and
material properties. Deformation above the shear zone is well captured by a
linear viscous flow law (Frehner et al. 2015). The model is constrained with

160800

160600

160400

773400 773600 773800 774000 774200 774400 774600 I
L 1
0 5 10 15 20 25 30 35 40 45 50
average horizontal surface velocity [cma™!]
Figure 1. Noise-filtered horizontal surface velocity field 2003-2012 as obtained from
feature-tracking analysis of orthorectified aerial images, draped over a sky-view map.
Magnitude shown by colours, direction by white arrows. Significance level is 5 cm/a.
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Figure 2. Inferred viscosity structure along a longitudinal section (trace in Fig. 1).
Viscosity is interpreted as a proxy for ice and liquid water content.

horizontal surface velocities obtained from feature-tracking analysis of
multitemporal orthorectified aerial images (Messerli & Grinsted 2015).

An illumination-invariant method for correlating the orthophotos (Fitch 2002)
yielded reliable displacements on the rugged rockglacier surface. The image
correlation results (Fig. 1) support the subdivision of the Bleis Marscha
rockglacer in an active upper part, characterised by moderate to high surface
velocities controlled by the topography on a 100-m scale, and a relict, collapsing
lower part, characterised by an irregular surface velocity field strongly coupled
to the small-scale topography (“effet camembert”). However, surface velocities
of up to 30 cm/a on the apparently relict part could only be numerically
reproduced assuming a considerable fraction of ice and/or water that weakens
the material (Fig. 2). The subsurface ice either has been preserved throughout
the Holocene or has reformed more recently.
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Landforms of viscous flow

Left: Bleis Marscha rockglacier, Val d’Err. Photo by Armando Janett. Right: 1906 lava flow on Kanaga
Volcano, Aleutian Islands. Photo by Michelle Combs, Alaska Volcano Observatory / U.S. Geological

Survey [source|.
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