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1 Abstract

The perennial presence of ice in permafrost rocksvedters thermal, hydraulic and mechanic propsrtf the
rock mass. Temperature-related changes in both,mechanical properties (compressive and tensimgth of
water-saturated rock) and ice mechanical propeftesep, fracture and cohesive properties) acctamthe
internal mechanical destabilisation of permafrastks. Two hypothetical ice-/rock mechanical modstsre
developed based on the principle of superpositi@ilure along existing sliding planes is explairgdthe im-
pact of temperature on shear stress uptake by clefepmation of ice, the propensity of failure ajomck-ice
fractures and reduced total friction along rougbkroock contacts. This model may account for thadae-
sponse of rockslides to warming (reaction time).tha long term, brittle fracture propagation istialised.
Warming reduces the shear stress uptake by tattbfr and decreases the critical fracture tougbm@dsng rock
bridges. The latter model accounts for slow suieatfitdestabilisation of whole rock slopes over dssato mil-

lennia, subsequent to the warming impulse (relaraime).

To gain further understanding of thermal, hydrawdiecd mechanic properties of permafrost rocks, multi
dimensional and multi-temporal insights into thetsyn are required. This Ph.D. adopted, modified eaid
brated existing ERT (electrical resistivity tomoging) techniques for the use in permafrost rockdokatory
analysis of electrical properties of eight rock pea from permafrost summits brought upon evidetheg the
general exponential temperature-resistivity refgtioroposed by McGinnis (1973), is not applicalue ffozen
rocks, due to the effects of freezing in confinpdce. We found, that separate linear temperatsistiraty (T-
p) approximation of unfrozen, supercooled and frobehaviour offers a better explanation of the iwed|
physics. Frozen Pp-gradients approach 29.8 +10.6 %/°C while unfrogeadients were confirmed at 2.9 +0.3
%/°C. Both increase with porosity. Path-dependepescooling Tp behavior (3.3 £2.3 %/°C) until the sponta-
neous freezing temperature -1.2 (£0.2) °C resembigsozen behavior. Spontaneous freezing subsedoent
supercooling coincides with sudden self-inducedpienature increases of 0.8 (+0.1) °C and resistivityeases
of 2.9 (x1.4) Kom. As temperature-resistivity gradients of frozesks are steep, temperature-referenced ERT
with accuracies in the range of 1 °C is technic&igsible in frozen rock. Technical design fordieheasure-
ments in permafrost-affected bedrock was develdped 2005 to 2008 in consecutive measurementsratla
crest in the Swiss Alps (Steintaelli, 3150 m g.8atter Valley) and in a gallery along a northdan the Ger-
man/Austrian Alps (Zugspitze, 2800 m a.s.l.). 2Damegements in the Steintaelli along S-, NE-, NWH &t
facing rock walls showed that ERT provides inforimaton temporal and spatial patterns of thawinfieszing,
cleftwater flow and permafrost distribution in acdeneter scale. Monthly, annual and multiannual cadee
compared using a time-lapse inversion techniquesaiodved consistent results. Seasonal thaw at theptae
was observed in February and monthly from May teo®er 2007 with high-resolution ERT (140 electrgdes
An error model based on the measured offset of abretiprocal measurements was operated to emibyrida
inherent error. A smoothness-constrained, errotroied inversion routine (CRTomo) was applied srgguan-
titatively reliable ERT data. Application of tempéure-referenced laboratory data is consistent i&ittiperature
data observed in the adjacent borehole and witlpeéeature logger data. Calculated temperature clsaagein
accordance with slow thermal conduction away frbm itock surface and subsequent refreezing fronndtie
face in September/October. Smoothness-constragmedi-controlled inversion was transferred to pse8D
measurements collated from five 2D-transects witlofiset of 4 m across a NE-SW facing ridge in 8tein-
taelli. In spite of the enormous topography, ERIhsects were capable of resolving permafrost aaad ttynam-
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ics at the NE facing slope and along ice-filledvares as well as disclosing unfrozen rock on thefadihg rock
slope. Consecutive measurements of 2006, 2007 @88 provide coherent results in line with tempeamatu
logger data.

ERT measurements confirm that aspect is the mqsbrit@nt control of permafrost distribution in roeflls, for
a given altitude. At 3150 m a.sl., rock permafiwas found in NE-, NW- and E-facing rock walls ire tBtein-
taelli but not in S-facing transects. Multiannu@l 8ata show that all NE-facing rock slopes stilimise deca-
meter large permafrost bodies, but thé°1Qm (31.6 K2m) line which represents a definite transitiontie £2
°C range is not reached in any of the transectst &fman the surrounding of ice-filled clefts or tte surface.
Semiconductive effects of centimetre to decimetidevirozen fractures significantly cool ambient ek and
have a dominant influence on the spatial distrdrutdf permafrost under the crestline. MultiannuBl @ata
reveal that cleftwater inundation in two fractugstems can effectively prevent a decametre largkewall from
cooling below -1 °C (20@m) during two years with permafrost aggradationgést 2005 to August 2007) in
sheltered positions. An adjacent rockwall with émisurface characteristics but no hydraulic irderectivity
cooled significantly below —3 °C (> 6@Xmn) in the same time. Steep, highly dissected roaksms can create

local permafrost occurrences of meter size eve8Wifacing rock slopes.

Seasonal thaw of rock permafrost occurs much faktar expected. Monthly measurements at the Zugspit
showed that maximum thaw depth in 2007 was alreadghed in July/August. In May, rapid warming of-pe
mafrost rocks with a resistivity increase equivalenl.5 °C warming and more was observed alongeétire

zone with active cleftwater flows up to 30 m aweynfi the rock face.

Eighteen extensometer transects along the 3D-ERWy ar the Steintaelli indicate that rock deforroation the
permafrost-affected crest line and in the NE-factape is 3-4 times higher than in the non-perdiyriignzen
SW-facing slope. The velocity of rock displacementtate summer is 20 times higher than in all-eeaseas-
urements. Velocities along a directly ERT-approypesimafrost rock slope respond exponentially to maian
temperature during observation period with an ROd36. These findings support the hypothesisei rsljping
response to temperature change due to enhanceceige-and failure of ice in fractures.



2 Zusammenfassung

Das ganzjahrige Auftreten von Eis in PermafrossWwéhden verandert die thermalen, hydraulischenrmed
chanischen Eigenschaften des Gesteinsverbandegela@irabhéngige Veréanderungen der felsmechanischen
Eigenschaften (Druck- und Zugfestigkeit wassergiggét Gesteine) und eismechanische EigenschaKee-(
chen, Bruch und kohésive Eigenschaften) steuernntiiene mechanische Destabilisierung von Perntdifles
sen. Zwei hypothetische eis-/felsmechanische Medelirden mithilfe des Prinzips der Superpositiobwen
ckelt. Erwarmung kann zu eismechanischem Versag#ang bereits bestehender Gleitflachen fuhrencldur
verminderte Scherspannungsaufnahme von kriechdfiddeformation, durch schnelleres Versagen vonirEis
Kliften und durch reduzierte totale Reibung entlaog rauen Felskontakten. Dieses Model erklartsdlenelle
Reaktion von Felsgleitungen auf Erwarmung (Reaktieit). Langerfristig werden neue Gleitflachen turc
sprodes Versagen intakter Felsbriicken angelegé Eemperaturzunahme reduziert die Scherspannumgsgauf
me durch totale Reibung und vermindert die kritess@ruchfestigkeit entlang intakter Felsbriicken.se& Mo-
del beschreibt die langsame subkritische Destahilisg von ganzen Felswanden tber Jahrzehnte bitada

sende nach einem Erwarmungsimpuls (Relaxationszeit)

Um ein besseres Verstandnis der thermalen, hydchigih und mechanischen Eigenschaften von Pernfafrost
sen zu erlangen, bedarf es multidimensionaler unkditemporaler Einblicke in das System. In dieséssertati-
on wurden bestehende Techniken der elektrischerstiRédts—Tomographie fur Permafrostfelsen adaptie
modifiziert und kalibriert. Eine Laboranalyse ddektrischen Eigenschaften von acht Felsproben ven P
mafrost-Felsgipfeln belegt, dass das generelle Ma®innis (1973) eingefihrte exponentielle Temperatu
Resistivitats-Verhalten nicht fir gefrorene Festgiee anwendbar ist, aufgrund des Gefriervorgaimgdseeng-
ten Porenraum. Eine separate lineare Approximadien Temperatur-Resistivitats p)-Pfade beschreibt die
physikalischen Veranderungen von ungefrorenenogafen und unterkiihlten Felsproben wesentlich erakt
Gefrorene Tp Gradienten liegen bei 29,8 +10,6 %/°C wahrend frogene bei 2,9 +0,3 %/°C bestatigt werden
konnten. Beide nehmen mit Porositat zu. Pfadablggsgierhalten unterkihlter Felsproben (3,3 +2,3C)bis
zum spontanen Gefrierpunkt von —1,2 (£0.2) °C &htein ungefrorenen Verhalten. Bei spontanen Gefider
zessen nach Unterkiihlung treten Temperatursprioge)8 (£0,1) °C und Resistivitatsspriinge von 28,4)
kQm auf. Aufgrund der steilen d-Gradienten in gefrorenen Felsen konnte die Anwegdier elektrischen
Resistivitats-Tomographie (ERT) Temperaturunteesdhibis zu einer Genauigkeit von ca. 1 °C auflosen.
Jahr 2005 wurden bei Feldmessungen in den Schwaigen (Steintéalli, 3150 m NN., Mattertal) ERT earstls
erfolgreich in Permafrostfelsen angewendet. Beireathen Folgemessungen in den Jahren 2005 bis 20608
Steintalli und in einem Stollen an der Zugspitz-tieand (Deutsch/Osterreichischen Alpen, 2800 m Niirde
die technische Umsetzung von ERT-Messungen in Heostfelsen ausgeweitet und optimiert. 2D-Messungen
im Steintalli an S-, NE-, NW- und W-exponierten $ex zeigen, dass ERT zeitliche und rAumliche Mudster
Auftauens, Wiedergefrierens, der Kluftwasserstraimd der Permafrostverbreitung in einer DekameteRen
Felswand auflésen kann. Monatliche, jahrliche urehrj@hrige Datensatze wurden im Time-Lapse Verfahre
miteinander verglichen und zeigten konsistente Rasu Saisonales Auftauverhalten an der Zugspitzele im
Februar und monatlich von Mai bis Oktober 2007 Inaichauflésender ERT (140 Elektroden) gemessen. Auf-
grund von normal-reziproken Fehlermessungen uneneidarauf basierenden Fehlermodel wurde der intéren
Fehler in den Messungen empirisch bestimmt. Um tifa#ia verlassliche Daten zu erhalten, wurden Diaen-
séatze in einem individuell auf die Fehlermodelle dptimierten Inversions-Algorithmus (CRTomo, sniowss-
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constrained) prozessiert. Anhand von temperatugsféerten Labordaten fiir Wettersteinkalk konnten dug-
spitztomographien Temperaturbereiche zugeordnedemeER Tomographien liefern ahnliche Temperatumver
wie das nahe gelegene Permafrostbohrloch und di@ngnder Messtransekte angebrachten Temperateniogg
Die aus der ERT errechneten monatlichen Tempemtamnderungen decken sich mit der zu erwartendeg lan
samen Warmekonduktion von der Felsoberflache wetydem nachfolgenden von der Felsoberflache ausge-
henden Wiedergefrieren im September/Oktober. Diéefeeferenzierte Inversionsmethode wurde auf Piseu-
do-3D Messungen Ubertragen, die aus funf paralledhTransekten mit einem Abstand von 4 m
zusammengesetzt ist. Die verwendeten 2D-Transeltnb vertikale Schnitte durch den NE- und SW-
exponierten Steintalligrat ab. Trotz der enormepofaphie konnten die ERT-Transekte Permafrostdasden
Auftaudynamik am NE-exponierten Hang und entlasgefiiliter Klifte abbilden und ungefrorenen Felsdar
SW-Flanke ausweisen. Folgemessungen in den Jald@®, 2007 und 2008 zeigen kohéarente Ergebnisse in

genereller Ubereinstimmung mit Temperaturloggemlate

ERT-Messungen bestatigen, dass die Exposition bechgr Meereshohe der wichtigste Faktor fur Per-
mafrostentwicklung in Felswanden ist. In 3150 m Nirde Permafrost in E-, NW- und NE-exponierterségl
gefunden, aber nicht in S-Exposition. Mehrjahrige-Baten zeigen, dass alle NE-exponierten Felswdele
kameter groRe Permafrostkorper enthalten. Dit® @in Linie, die den definitiven Ubergang zu Temperaitur
unter —2 °C reprasentiert, wurde nirgends in dean3ekten erreicht, auRer in der Umgebung eisgefiliiifte
und nahe der Oberflache. Semikonduktive Effektden Zentimeter bis Dezimeter breiten eisgefilltdiift€n
kiihlen ihre Umgebung signifikant ab und haben eideminanten Einfluss auf die rdumliche Verteiluranv
Permafrost unter dem Grat. Mehrjahrige 2D-Dateredpmt, dass die Wasserintrusion in zwei Kluftsystedss
Abkihlen einer 40 m langen Felswand unter —1 °CkQM), in zwei Jahren (August 2005 - August 2007) mit
ansonsten deutlicher Permafrostaggradation in abgegen Bereichen, verhindern kann. Eine naheggeie
Felswand mit dhnlichen Oberflachen-Charakteristid@ger ohne hydraulische Interkonnektivitét, kitsiteh im
gleichen Zeitraum deutlich unter -3 °C (>6Qrk) ab. Steile, stark zerlegte Felspartien konnerh awuf den

SWe-exponierten Felswanden lokale Meter grof3e Peostkbrper schaffen.

Das saisonale Auftauen von Permafrost geschielnedieh als erwartet. Monatliche Messungen an desgiize
zeigen, dass die maximale Auftautiefe 2007 beiitsluli/August erreicht wurde. Im Mai wurde dasdt@es
Auftauen entlang einer 30 m weit in den Fels hiregenden Kluftzone mit zeitgleich beobachtetem tlas-
seraustritt gemessen, mit einem Resistivitatsanstipiivalent zu 1,5 °C (und mehr) Erwdrmung in detie-

genden Permafrostfelsen.

Achtzehn Extensometer-Transekte entlang des 3D-&RBaus im Steintalli zeigen, dass Felsdeformatioime

den vom Permafrost betroffenen Bereichen drei-vigsfach schneller erfolgen als im permafrostfretev-
Hang. Die Geschwindigkeit der Felsdeformation ninmmtSpatsommer auf das 20-fache gegeniber Ganzjah-
resmessungen zu. Geschwindigkeiten entlang einef\diRd, in der die Permafrostverbreitung unmittelbar
durch ein ERT-Transekt abgesichert ist, zeigenre@gonentiellen Zusammenhang zwischen durchsktiméi
Lufttemperatur und der Bewegungsgeschwindigkeit £R?,86). Diese Beobachtungen stiitzen das Model der
schnellen eismechanischen Reaktion auf Erwarmufgyund verstérkter Kriechdeformation von Eis unande

mechanischen Versagen entlang des Fels-Eis-Kostakte
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3 Introduction

An increasing number of hazardous rockfalls anckslides of all magnitudes is reported from permstfro
affected rock walls. Ice-rock avalanches of bemgssize (>1 mio. m3) were documented e.g. at Mell&t
Alaska (5(x1)*10 m?) in 2005, at Dzhimarai-Khokh, Russian Caucgg#$0° m3) in 2002 as well as at the
Brenva (2*16 m3) and the Punta Thurwieser (2*1®2) in the Italian Alps in 1997 and 2004 (Bottiabal.,
2002; Crosta et al., 2007; Haeberli et al., 200dgdrtl et al., 2008). Accordingly, enhanced actiaityliff falls
(10*10° m3), block falls (16-10° m3), boulder falls (1810 m3) and debris falls (<10 m3) was observed from
permafrost-affected rock faces (Fischer et al.,72@batel et al., 2008; Ravanel et al., 2008; 8aak, 2007).
The time-gap between climate warming and rockfediponse is expected to increase with rockfall ntadei
from years to millennia for hundreds of meterskhiackslides (Wegmann, 1998). In that sense thactietent
of a 3.5(x0.5)*18 m3 rockslide in 3700 B.P. from the permafrost-etifel Zugspitze North Face (today 2962 m
a.s.l.) was interpreted as a delayed responseettitiocene Climatic Optimum (Gude and Barsch, 2Q@5z
and Poschinger, 1995). Following this line of argat permafrost degradation was considered as btieeo
“striking environmental changes in the middle Halne” (Prager et al., 2008) that caused a peakge leock
slope failure activity in the Italian Dolomites etBavarian Alps, the Tyrolean Alps and Swiss Ce#tias (Jerz,
1999; Soldati et al., 2004; Tinner et al., 2005).

Heat transfer from the exposed snow-free rock faoethe cool atmosphere in winter is the main dorestt
factor for rock permafrost, while insulation, wasmmmer temperatures and hydrological heat traivsfiisit its
development (Wegmann, 1998). As most permafrosk realls in lower altitudes face northerly directson
(Gruber et al., 2004b), changes in air temperatwittplay a vital role in permafrost degradatiofrhe mean
temperature anomaly of Switzerland towards the ehthe 20th century (0.5-1.25 °C) exceeded the alob
anomaly (0-0.5 °C) by far (Jungo and Beniston, 20This is due to an unprecedented shift in minirraumd
maximum temperature trends in Switzerland. Thedtnsnespecially pronounced for winter minimum tenape
tures, which are a key factor for rock permafrostedlopment. According to Beniston (2004: 162) “minm
temperatures have exhibited the strongest warmirige second half of the 20th century, and theie dsstinct
amplification of this warming at high elevation§Varming of winter temperatures at high elevatioystesmati-
cally corresponds to an increased NAO (North Atta@scillation) Index (Hurrel and van Loon, 1997dais,
therefore, believed to proceed with global warmiRgesent climate change scenarios for Switzerlandldh a
rise in temperature of 3 °C by 2050, with possibigreased precipitation in winter and substantedrdase in
summer (Beniston, 2004: 202). This points towandsnarease in factors (minimum temperatures, masimu
temperatures, summer radiation) to which rock p&wsadegradation is very susceptible. More gemgrhlo-
gués-Bravo et al. (2007) compared the predictidrsve different Atmosphere-Ocean Circulation Mosl@ind
four different IPCC scenarios for 13 different mtain chains in the world. They anticipate a 3-4W&ming
for 2055 for mid-latitude alpine environments and-& °C warming for high-latitude mountain envirozms

for constant C@emissions scenarios and, respectively, a 2-3 tC3dh °C warming for reduced G@missions.

While extreme responses to the warm last two decagee reported for all permafrost environmentak@en et
al., 2007; Jorgenson et al., 2006; Lawrence anteiSI2005), permafrost decay in high-alpine envinents is
more difficult to predict for a number of reasombese include the high importance of local topogyapspect,

shading, microclimate, local wind patterns, glagiermafrost interconnectivity and human interactionaddi-
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tion, there is certain evidence that alpine perosfsystems react more sensitive than Nordic peasiagys-
tems (Haeberli and Beniston, 1998; Kukkonen andu®t, 2001). As Harris et al. (2003b) point ousesled
permafrost temperature changes are more variattheiAlps than in the Nordic permafrost boreholas tb the
effects of topography, aspect and local heat tesinkf addition, Alpine permafrost is warmer andselr to thaw-
ing. The temperature of alpine permafrost in thpar tens of meters has increased by about 0.52i8 the

last century (Harris et al., 2003b). This corregfmto an increase of the altitude of the lower drost line of
100 m (Frauenfelder, 2005; Haeberli and Benist®98). Salzmann et al. (2007) calculated 36 high+rtain

topographic scenarios on the basis of Regional &énviodel scenarios and found that aspect will plgyeater
role for susceptibility to permafrost degradatitvart altitude and slope. North-faces will be mo$stcéd by
climate change. An extensive review of permafrastehole temperatures by Harris et al. (2009) yilteat
shorter-term extreme climatic events are equallyortant as they are immediately reflected by changeac-
tive layer thickness. The recovery time of actiggelr thickness subsequent to the summer 2003tiginange
of several years at the surface (Hilbich et alQ80and there is a lack of understanding of lorigen transient
effects initiated by such events (Noetzli, 2008)sbme respect, the immediate response of perrhaérdalls

to the 2003 heat wave (Gruber et al., 2004a), eainterpreted as a “shape of things to come” (&eni 2004:
186), reflecting the “extremes of temperatures thahmers are projected in the later decades offieen-

tury.”

Among mountain permafrost systems, rock walls cqldy a vital role in future research due to tleiormous
hazard potential constituted by the great potesetigrgy that is released in case of instabilitRresent knowl-
edge of several system components of permafro&t wadls is poor such as the impact of partial sreowver
(Gruber and Haeberli, 2007), importance of rocklagtrology (Fischer et al., 2007), the system oesg of
coupled glacier-permafrost systems (Moorman, 20@&gmann et al., 1998) and the importance of heatter
along fractures (Hasler et al., 2008). Such knogéeid needed for the reassessment and reconstrudtiofra-
structure in and below rock permafrost environmétasrist infrastructure, dams, roads, railways)eds many
construction sites were built at a time when perasafrelated stability problems were not taken icwosidera-

tion (Haeberli, pers. comm.).

The aim of this work is to contribute to the thetnteydraulic, mechanic and geomorphic system urideding
of permafrost rocks at the scale of rock instabilithe meaning of scale here includes both, the@teat and the
spatial scale of rock instability. Anisotropy itbasic problem of all research that focuses aturad rock. If
anisotropy is defined as subscale heterogeneitgeMet al., 2006) it is a matter of scale to resdhis heteroge-
neity in the first place and to find accurate pesxfor its description in the larger scale. Mosthe$ work is
dedicated to create quantitative reliable, tempieeatalibrated and multidimensional ERT with imptions for
thermal, hydraulic and mechanic applications irctiteed permafrost rock. The theoretical requirenisrthe
development of a coupled rock-/ice-mechanical asmhgprphological model that accounts for reactioretand
relaxation time of permafrost rocks subsequentaoming in terms of brittle fracture propagation daitluire on

existing sliding planes.

“Periglacial geomorphology must always change spogse to the larger scientific context of whicksipart”,

(French and Thorn, 2006) and perhaps this posés datonceptual and a technical challenge.
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4 Hypotheses

4.1 Theory

A better understanding of the instability of pafrost-affected bedrock subsequent to warmingdcdative
from a combination of the relaxation time concéjrufisden and Thornes, 1979) and its rock mechanical

analogue, the subcritical and time-dependent bffiticture propagation (Kemeny, 2003).

Thermal and the geomorphologic understandirftrafisience”, while different, provide an approdch
understand path-dependent behaviour where the ghéatance was upset by large rock slides or cémat

change.

4.2 Methodology

Resistivity is an accurate proxy of rock tempane

ERT can monitor changes in active layer thickreeswell as multiannual permafrost aggradationdagd

radation accurately in a two-dimensional and thdieeensional space.

Quantitative interpretation of temperature ar@dontent is possible.

4.3 System understanding

Ice- and water-filled discontinuities have a dwant influence on permafrost development in fresdu
rocks. Hydraulic interconnectivity of dissectedkanay prevent effective cooling of decametre lanmek

walls. Ice in rock factures can dominate permafdestelopment in dissected rock.
Local topography can create limited permafrastibs in all aspects.

ER tomographies operate at the scale of perstafeok instability and help to gain insight inteetprinci-

ples of rock destabilisation.
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5 Rock permafrost: a systems approach

Permafrost is a thermally defined phenomenon asngtthat remains below 0 °C for at least two yéaespec-
tive of the presence of water in the system (NRE@ra&ost-Subcommitee, 1988). Rock permafrost isgaly
not synonymous with perennially frozen rock as rotten only freezes significantly below the datumeekzing
point Ty (0 °C). Stable alterations of the equilibrium frigy pointT, occur mostly due to the effects of solutes,
pressure, pore diameter and pore material (fortemsasee 6.1.2.1). BeloW unfrozen supercooled water can
still exist in rock pores until the spontaneousefiiag pointTs. Strictly defined, the range betwe&pandT, is
attributed to as superheated and the range betWyemmd T, is attributed to as supercooled (Lock, 2005). &oll
quially, any unfrozen state below 0 °C is refertedas supercooled. While in water-saturated rocksften
approaches values between 0 °C and IT:@ecreases with low saturations and can approactevalf minus
several degrees if the water content is reduceal level close to the adsorbed water content (Mellor3).

However, this is rarely the case in alpine rocloparost settings.

The definition of permafrost includes all rock gmt where ice can persist for at least two yeargpan and
confined space. The systemic difference betweerpeomafrost rocks and permafrost rocks is, thus piren-

nial presence of ice (see also French and Thog)2hat has a number of serious implications ersistem:

0] Ice significantly alterghermal propertiesof permafrost rocks at the surface and at depthth@
rock surface, ice occurs as snow, onfrozen icegatier ice and significantly alters heat exchange
due to long- and short-wave radiation and due tsibée and latent heat fluxes. Inside the rock
mass, the good thermal conduction of ike=(2.2 W/(m*K)) in pores and rock discontinuitie® i
creases heat flux especially across otherwisdllaid-fdiscontinuities. The enormous latent melting
energy of 334 MJ/m3 buffers frozen rock systemthatsurface and at depth and can result in per-
sistent high thermal gradients between frozen aak the atmosphere with effective heat conduc-

tion.

(ii) Hydraulic propertiesof permafrost rocks are affected by the sealingpok discontinuities and de-
creased permeability of the intact rock mass. Refchater-tables result in enormous hydrostatic
pressures that significantly alter rock stabillige effectively stores water in permafrost rockd an
dispenses water in summer and autumn with imptioatfor weathering, ice segregation and rock

stability.

(iii) Mechanical propertiesindergo significant alterations around the freezipgmt. Compressive and
tensile rock mass strength in frozen rocks stroniglgreases with increasing temperature close to
thawing point. Ilce mechanical properties of defdrammand cracking become increasingly impor-
tant. The presence of ice creates cohesive cooneacih rock discontinuities which are otherwise
often absent (Cruden, 2003). Ice segregation may g@h important role due to the dilatation and

dislocation of shear surfaces.

(iv) The geomorphic systemsf permafrost rocks is significantly different fnoother rock environ-
ments. While temperate rocks are affected by cimgngimate mostly at the surface due to altera-
tions in weathering, mechanical and hydraulicalpprties of permafrost rocks in all depths un-

dergo permanent changes due to thermal signalbneditc fluctuations. The described sensitivity
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in combination with long relaxation times in resptxrthe slow speed of thermal conduction turns
permafrost rocks into a highly path-dependent systEhe interplay of slow and reversible heat
conduction processes and the rapid, irreversibé transfers evoked by cleft water in an anisot-
ropic medium causes complex behaviour that is xattéy predictable in deterministic terms.

5.1 Thermal properties

. onfreezing / cold glacier
<\
%o i warm glacier
//f.
® T og . :
% debris accumulation
% ® =
5 7
%&:50/ 774\ snow
%
s ] active layer in rock
(variable thermal conductivity)
j permanently frozen rock
(invariable thermal conductivity)
advective heat transfer by
cleft water
\
b
NN Sensible and latent heat flux
O\ ”
S
Thermal conduction N Long and short-wave radiation
dominated by ‘ /
(i) thermal gradients p
(ii) latent heat buffers N Semiconductive active layer
(iii) anisotropic behaviour )
L
L N 474
Thermal cond, dependent on femb. gradient

Fig. 1. A conceptual model for the thermal develepmof rock permafrost including two-dimensional
sources of heterogeneity.
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Geophysical methods described in Section 6 detettnaonitor active layer dynamics and permafrostritis-

tion on a meter to decametre scale and cover gignifheterogeneity due to local snow cover, oairegand
hydraulic interconnectivity. Fig. 1 shows a concgptapproach to major sources of heterogeneityhmnstcale
based on the following assumptions: (i) Active lagfgckness at the surface decreases with alti{Gtaber et
al., 2004a). (ii) Onfrozen glacierets and cold gexare situated directly on perennially frozeckso(Huggel, in
press). (iii) Debris accumulations in rock facesenanaximum angles of 45° (max. angle of repose) aned
therefore snow-covered in winter. They usually db consist of large blocks as preferably smallipkas accu-
mulate on small and inclined ledges (Dorren, 2008).Warm glaciers conduct massive advective lweatsfer
with adjacent rocks (Moorman, 2005; Wegmann etl1#98). (v) The active layer is “semiconductive”ther-

mal conduction in the frozen intact rock mass atibss ice-filled rock discontinuities performs keetthan in

unfrozen rock and across air-filled rock disconities.

5.1.1 Basic system

Besides the rock matrix, bedrock permafrost systenwlve ice, air and often a residuum of unfroxeater in
pores and rock discontinuities. Thus, the rock drost system basically consists of rock, ice,aaid water.

The thermal energyinerma) Of this system is added up by both,

Uy =Y. +U,

thermal

Equ. 5.1

sensible energfUy), that is related to the molecular kinetic energgr(slation, rotation, vibration and spin) and
latent energy(U)) that is associated with phase transition. Anyt i@ put into or taken out of the system wiill

result in a change of the thermal enefipema €qual toQ.

5.1.2 External heat fluxes

Four types oexternalheat fluxes alter the thermal energy (Section3}.4f permafrost rock systems: long- and
short-wave radiation, sensible and latent heateBuat the surface, geothermal heat fluxes andi¢ranthermal

fluxes that derive from past climatic changes. Heatsfer in fractures is discussed in Section351.

5.1.2.1 Long-wave and short-wave radiation

The hea), [W] put into or taken out of the system by the ragtiation fluxR, [W/m?] is given by
Q =AR,

Equ. 5.2
whereA [m?] is the surface area that receives and emd&gtion. The net radiation is
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R = Sn (1_a) + I-in - Lout

Equ. 5.3

whereS, is the incoming short-wave radiation (gifh), « is the albedol, is the incoming long-wave radiation

(>4 um) andL,, is the outgoing long-wave radiation. The totabiming short-wave radiatio®, is
Sh = Sur + Sy + S
Equ. 54

whereS;; is direct irradiance$y; is diffuse irradiance anfl¢ is reflected irradiance. The direct potential sola

irradiance gthat could be received at a sloping site in theeabe of atmosphere is

= 24 cospcoso(sing —n cosn)
r27mr

Equ. 5.5

wherel is the solar constant, r is the ratio of the ackmith-Sun distance to its means the solar declination,
and ¢ andn are functions of terrestrial latitude, slope armbel aspect (for details see Moore et al., 19988 T

mean annual potential solar radiation in Switzetlagceived in steep rock walls (60-105°) usuallyges be-
tween 50 W/m2 (N/NW) and 270 W/mz2 (S/SE) (Petef30 The diffuse irradiance is a result of the teratg
processes determined by thickness and composifidheocatmosphere and also depends on the albetiweof
surrounding surfaces. The proportion of diffusadiance reaches 100 %, if the sky is totally caydre clouds
(Hoelze, 1994). The albedo quantifies the propaortbincoming short-wave radiation that is reflecesnd de-
pends mainly on material and surface roughnesswSndess inclined positions and ice-coating caaMig
affect surface albedo in rock faces. Hoelzle af24l01) showed that up to 80 % of the incomingdiation were
reflected on the Murtél rock glacier when it waglly covered with snow in spring. Even if snow dasesually
not accumulate on rock slopes steeper than 60fargier rock-walls include ledges and less inclisedtions
with significant snow-accumulation. Variations letshort-wave radiation balances are a major safroger-

annual variations in thaw depth.

Incoming and outgoing long-wave radiation can bprapached by the Stefan-Boltzmann Law that defihes t
emission of long-wave radiation of a black bodypAing it to a grey body, that does not emit or absthe

radiative flux totally, the emission of long-wa\ediationL,; can be calculated as
— 4
Lo = &0T

Equ. 5.6

wheree is the surface emissivity, is the Stefan-Boltzmann constant (5.67%¥10(s*m2*K*) andT is the tem-
perature [K]. In practice, the emissivity is depentdon the wave-length, surface roughness and i@atéypi-
cally approaches values from 0.45 (granite) to {l®&estone) for rocks and even higher values éer (0.97-

0.98). The emissivity of snow ranges typically fron8-0.9. As snow is a good insulator, snow surfacepera-
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tures can decline rapidly and decrease heat lomg-wanission effectively. Hoelzle (1994) could shibwat the
long-wave emission in permafrost environments shsineng spatial and seasonal variations due tantfhe

ence of snow cover.

The incoming long-wave radiation,lcan be approached by

L, =¢&,0T v+ (@1-0)L

out

Equ. 5.7

whereg, is the atmospheric emissivity, which is a functadrair temperature, vapour pressure and cloudiffgss

is the mean air temperature anid the fraction of sky that can be seen from pislp surface (skyview factor).

Hoelzle et al. (2001) could show that in the cafsthe Murtel rock glacier L, ranges mostly between 250 and
350 W/mz2 and persistently exceeds lhy tens of W/m2. This is balanced by an excessadfming short-wave
radiation of up to 100 W/m#&hen snow is absent (Stocker-Mittaz et al., 2002).

This has number of implications for the radiatiaathflux on rock slopes: (i) Generally spoken, atons in
short-wave irradiance due to aspect, slope angleshading are the most important factors that autcfou the
heterogeneity of mountain rock permafrost. (ii) igions inpotential short-wave incoming radiation and the
albedo due to snow- and ice-cover have a majordinpa the seasonal dynamics of rock permafrost.lfiier-
annual variations in thesal incoming short-wave radiation, due to mean atmesptconditions and reduced
albedo (such as during the hot summer 2003), anajar source of annual fluctuations in thaw deith. In-
coming long-wave radiation is heavily dependenttan skyview factor, while outgoing long-wave radiatis
less affected. Thus, the excess of long-wave eomssiay become more important in steep and shigidsd
tions in dissected rock masses. (v) Surface enitiggi¥ different rock materials varies by a factdfrtwo (gran-
ite-limestone) and could have a certain impactomgiwave radiation balances. (vi) Not only shortsvaradia-
tion but also long-wave emission shows strong sedstiuctuations (Hoelze, 1994; Hoelzle et al., 200
Stocker-Mittaz et al., 2002). Both, thin snow co{€eller and Gubler, 1993) and ice-coating withesmissivity
close to a black body could effectively increasggoing long-wave radiation. (vii) In shielded pamits and in
dissected rock masses, the area that emits long-vadiation can be much larger than the area duaives

incoming short-wave and long-wave radiation.

5.1.2.2 Sensible and latent surface heat fluxes

External sensible and latent heat fluxes occutherrock surface and inside the rock mass alonguisuiities.

The latter will be specified in Section 5.1.3.5eTdensible heat flu®; on a surface can be approximated by

— dT
Qs = _pacpaKm(d_ +Td)
V4

Equ. 5.8
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wherep, is the density of the aig,, is the heat capacity of au,T/dzis the temperature gradiefi, is the dry
adiabatic lapse rate (9.8 °C/km) agl is the turbulent transport coefficient. The lateinfluenced by wind

speed, surface roughness and the difference beswefate and air temperature.

The latent heat flux can be approached by

— d
Q =LK, ()

Z
Equ. 5.9

whereL is the heat of vaporization (2.5 KJ/g at 0 °C) dqnttizis the gradient of the specific humidity [g/g].&'h
overall magnitude of latent and sensible heat Buxe the surface is an order of magnitude smdilen radia-
tion heat fluxes (Hoelzle et al., 2001). Turbulkent and sensitive heat fluxes range betweenMag? and +
20 W/mz for the Murtél rock glacier (Mittaz et a2000). The turbulent heat flux is strongly redugedinter as
snow cover reduces aerodynamic roughness lengtissieity and insulation. The latent heat flux isosigly
reduced on inclined surfaces such as rock slopdssaprobably not very important for rock slopesnSible
heat fluxes may become more important for high wspded or for high surface roughness on dissected r
walls. Hanson and Hoelze (2004) could show that bgehange along rock boulders derives from a cerpl
pattern of advective air currents and vertical ldispment due to density differences and air pumgtiger than
a “continuous exchange with the atmosphere”. Verti@at exchanges become important especiallynatdm-
peratures and effective turbulent fluxes only ocatren the snow above the blocky matrix was thirthen
0.6 m.

(i) Turbulent heat fluxes are an order of magnitsd®ller than radiation heat fluxes. (ii) The intpoce of
latent fluxes at the rock surface is perhaps ingmirfor phenomena such as icing and onfreezing@fvdut it

is reduced for the evaporation at the rock sur@agehis affects only a small amount of water in tipper
centimetres of the rock surface. (iii) Turbulenbhfluxes show complex behaviour which is evidemt the
turbulent transport coefficient, that is stronglisseptible to factors such as (turbulent) wind dpmed surface
roughness (with/without snow). Both factors arehhigvariable in time and space. (iv) Empiric-sttisl
models of emerging patterns such as chimneys isedisd block masses could help to approximate the

importance of turbulent heat flux processes.

5.1.2.3 Geothermal and transient thermal fluxes

The geothermal heat flux from depth is usually acb0.05 W/m?2 and, thus, several orders of magnitader
than the external heat fluxes described above.beeorofiles in permafrost bedrock indicate thastpclimatic
signals still persist in several decametres depthraore (Kukkonen and Safanda, 2001; Lachenbrudhvéar-
shall, 1986; Wegmann, 1998). Kohl (1999) could shiloat even signals in several hundred meters degpitbe
modified by topography. Several studies provideidienwce that it is necessary to consider transiects on a
Holocene time scale (Little Ice Age, Climatic Opsémas well as on a Quaternary time scale (Lasti&@lac
Maximum) for adequate modelling of present therfhedes (Kohl and Gruber, 2003; Noetzli, 2008; Wegma
et al., 1998).
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5.1.3 Internal heat uptake and transmission

Strongly modified from Section 2 “System considernat’ from Krautblatter (2009). Patterns of multianal
aggradation of permafrost in rock walls with andlvaut hydraulic interconnectivity (Steintaelli, \é&l of Zer-
matt, Swiss Alps). Lecture Notes in Earth Scierdasl05.

5.1.3.1 Basic sensitive system

Let us first consider a closed system that excilgigonsists of rock without pores and discontiesithas theo-
retically no spatial extension and no heat exchangéh the lithosphere below or the atmosphere abgwny

heat (Q) put into or taken out of the systettd& Q) will result in a change of temperatugTy,
AT =AU, /(c*m)

Equ. 5.10

wherem s the rock mass andis the specific heat capacity. Vosteen and Sattetiidt (2003) sampled 26 East-
ern Alpine rocks and showed thafclose to 0 °C) of magmatic and metamorphic ramfigroaches values of

0.75-0.8 kJ/(kg*K) while sedimentary rocks vary m@ndc approaches values of 0.8 to 0.9 kJ/(kg*K).

5.1.3.2 Spatial dimension

As soon as the closed rock system has a certafialspatent (and is observed for a restricted titine) entropy
concept becomes important. According to the sedawdof thermodynamics, heat energy added to oneqgfar
the system will not be fully dispersed in the systieut part of it will rather serve to increase dmropy of a
system. This has two fundamental consequences.kaiways be transferred from the warmer to toéder
part and the speed of this transfer will decreaiie wer temperature differences correspondingriancrease

in entropy. A quantity of heatQ
(AQ/ A) = (k/1) * AT *t
Equ. 5.11

is transmitted during timeperpendicular to rock surfagethrough a rock wall thicknedsfor a given tempera-
ture gradien4T. The thermal conductivitk approaches values from 1-3.5 W/(m*K) for most royes. Vos-
teen and Schellschmidt (2003) showed thelbse to 0 °C of igneous and metamorphic rockstimapproaches

values of 1.5-3.5 W/(m*K) whil& in sedimentary rocks approach on average valoes Zto 4 W/(m*K).
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5.1.3.3 Latent phase transitions

While the presence of non-circulating air withldgy heat capacity in pores is not very importanthia system,

water has a significant influence, as the phassesitian from ice to water requires latent eneflgy,
AU, =V, * p,* 334MJI/nP)
Equ. 5.12

whereV, is the volume of rock (in m3) arg, is the porosity. E.g. to increase the temperatfiee m? of granite
or limestone (2700 kg) with water-filled porosit§ ®% (50 kg) from —0.5 to 0.5 °C, approximatel? 24J of
sensible energy and 16.7 MJ of latent energy ayeimed. Thus, frozen and thawed rocks are sepaiateal

phase transition with enormous energy consumpsosoan as water is present in the system (Wegm&98).
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Fig. 2: Theoretical heat transmission and meltimg tat different depths.

The left axis describes how much heat (MJ/dayhpissimitted if a temperature difference of 5 °C,°@0or 15 °C
persists continuously between rock surface anddhbk interior at a certain depth. The right axisosts how
many days this specific heat flow must theoretjcadintinue to let the melting line propagate ondéemturther.
A steady state system is assumed with unidiredttozet flow, a k-value of 2.5, and a latent enesggpsumption
of 16.7 MJ for melting one m?3 of rock with 5 % wdiked porosity,.

5.1.3.4 Discontinuous heat flow

Heat transmission with constant temperature graslias presented in Fig. 2 is not realistic duevm teasons.
Firstly, rock surface temperatures change steaatityording to differences in radiation, air temper@s and
other factors such as snow cover or ice-coatingosdy, during heat transmission, the temperatueglignt
changes as the temperature in the rock interi@rxalfThis has major implications: (i) Heat transiais to
greater depths adjusts to the integral temperajtadients over a longer time. (ii) Heat transmisdiy short

rock surface anomalies initiates warm/cool waves fiiopagate through the rock according to the lafnbker-
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mal conduction. (iii) These waves are often absbrbedepths where latent phase transitions ocsrHgat

transfer is a multidirectional phenomenon whosetraffsctive direction is adjusted to thermal gratse

5.1.3.5 Heat transfer in clefts

Anisotropic behaviour of clefts becomes importamtthie case of rock discontinuity systems with digant
cross-sectional and longitudinal extension to alftwids and air to circulate or ice to seal clefd: filled-
discontinuities are most common at the rock surfatgéle below the internal rock water level mostadintinui-
ties are filled with either ice or water. In permust rocks, the blocking of discontinuities agaisestpage by ice
generally causes high water levels. Anisotropicavedur of ice-filled clefts is a relatively straigbrward con-
cept explained by the thermal conduction of iceorblighly frozen rock along ice-filled discontinesi can be
explained by the good thermal conductin=(2.2 W/(m*K)) of ice without latent buffers inetreadily frozen

ice in clefts.

In the case of mass transfer in water-filled cléigséween the rock permafrost system and its sudiogs, the
concept of entropy becomes increasingly imporfahis is best explained by the following examplee Bystem
setting is frozen rock at 0 °C, but still with iiked pores. Fluid water from the surrounding irdes into per-
mafrost rocks via cleft systems. If water tempamais above 0 °C, water will be cooled as the fleat away
from the cleft system is proportional to the tengpeare gradient (Equ. 5.11). At 0 °C, cleft wattlt sontains
334 MJ/m3 of latent energy, but this latent enasggo longer available for melting apart from theft; as heat
transmission away from the cleft is determined daysible temperature differences. During the desedritboling
process, entropy, the unavailability of the systerdo work, increases to a maximum. While the ke of
sensible heat alongside the cleft follows equakiqn. 5.11, the entropy (S) [J/K] change in theesysis theo-
retically approached by

Ko . J Q.
,where Z M, S, is the net rate of entropy flow due to mass exchanith the surroundingi_l_—' is the net
k=1 =t 1

rate of entropy due to the heat exchange with tineoandings anosnt is the internal entropy generation. This

means that in the case of cleft water close to,dK€ thermal effect is determined by hydrauliasMlpatterns in

fractured rocks as heat transmission away fronclifés is not very effective.

5.1.3.6 Feedbacks

The ice-water transition in the rock permafrostteys causes some positive/negative feedbacks.aBack
mass with ice-filled porosity has a slightly highevalue than thawed rock with water-filled porosithis re-

sults in a slightly more effective cooling duringetfreezing period in comparison to warming in saenmer
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period. The same is true for small clefts in whichturbulent mixing processes take place (Haslat.e2008).

However, these feedbacks are possibly not relevaitlarger scale.

5.1.3.7 Response times

According to the mentioned thermodynamic rules, oae outline some general findings for rock perostfr
response times: (i) The temporal dimension of raspdimes is governed by the speed of heat projpagéii)
Dynamics and direction of heat propagation are dated by sensitive thermal gradients. (iii) Disommbus
heat flux at the rock surface causes steadily dhgrtgmperature gradients and results in daily weoid pulses
in the upper meter, a propagation of several metarpulses generated during several day-lastingsual
cold/warm periods and integral seasonal pulsesubadlly reach a penetration depth in the rangenefdeca-
metre (Gruber et al., 2004b). (iv) Latent heatdfanfrom frozen to thawed rock requires high antewi en-
ergy, often stops heat pulses and increases respiomss at greater depths enormously (Wegmann,)1998
Permafrost rocks perform more heat transfer with gbrroundings than non-permafrost rocks as lgikate
transitions keep temperature gradients constantarftbzen rock has a higher thermal conductiity.Anisot-
ropic behaviour of well-jointed rock masses sigrfitly influences heat transfer and response timésin the
case of hydraulic interconnectivity with water teergitures close to 0 °C, spatial patterns of meldirgyorien-

tated directly along hydraulic pathways as heapagation away from clefts is not effective.

5.1.4 Empiric data

This section aims to give a short review on whaniswn and implemented in existing thermal rocknpegrost
models to reveal how an where temperature-refecegeephysics can contribute to the thermal undedatg

of permafrost rocks.

5.1.4.1 Rock surface temperatures and extrapolation of thaw depth

Based on 15 Loggers placed in rock walls with défe aspects in SE-Switzerland, SW-Switzerland @entral
Switzerland, Peter (2003) and Gruber at al. (200détified general statistical trends of rock aod measure-
ments based on a one year data set from 2001 @ Z@tperature sensors were placed in 10 cm rogthde
homogeneous, undissected rock walls steeper thHaar@Dmore than 5 m above ground that allows tieeraa-
lation of snow. They showed that the mean annuzkt temperature (MART) correlates best with altitee=
0.81) and less with aspect (R = 0.43), while ndiatéon is badly correlated (R = 0.25). In contraktily and
monthly temperature amplitudes are well explaingdgpect (R > 0.8), while altitude becomes mostoirigmt
for annual amplitudes (R = 0.57). Radiation andeaspre important to explain the difference betwe®an
annual air temperature (MAAT) and MART (R > 0.8)ag®d on the empiric-statistical relations developgd
Gruber and Hoelzle (2001), Peter (2003) develope@rapirical relationship for the difference ofikr and

TMART
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T

MAAT

-T

MART

=0.031+0.034* S,

Equ. 5.14

where S is the direct potential radiation (see section1). This relation can then be used to approheh t

maximum thaw depth,

k* P
z = In A
ﬂ:ﬂ TMART
Equ. 5.15

where k is the thermal conductivity, P is the peria year),p is the rock density, c is the specific heat capaci
of the rock and Ais the annual temperature amplitude approacheal gige function (Peter, 2003). Thaw deter-
mined with this method ranges from 9 m in the MoRtesa East Face at 4545 m a.s.l. to 11.5 m at bkhia K
Matterhorn South Face at 3850 m a.sl.. Values ainiil north facing conditions at the study sitergéelli (Val-
ais, Switzerland, Section 6) at 3150 m a.s.l. wergined at the Eiger NW Face (2860 m a.s.l.; M.thaw
depth) and at the Corvatsch North Face (3290 mpeti3aw depth).

5.1.4.2 Borehole temperatures close to the study sites

A vast amount of permafrost borehole informatiols baen gathered in the last 20 years and outcomes h
been reviewed in several papers (Harris et al.926farris et al., 2003b). | will concentrate on tiyoreholes
close to the study sites Zugspitze (Germany) amih@elli (Switzerland) described in Section 6.Angust
2007, a 44 m long borehole was drilled from thetlsdace to the north face under the Zugspitze stwromi
behalf of the Bavarian Environment Agency at apprnately 2930 m a.s.l.. 25 temperature loggers énlttbre-
hole provide point and gradient information. Measnents from 2007 to 2008 indicate that minimum temap
tures are close to —4 °C and occur at 10-15 mristérom the north face. Active layer depth in 2088 1.5 m
on the north-face and 7 m on the south-face whkessnal variations in temperature greater than %0.are
restricted to the upper 12-13 m from the north faicd approximately 10 m from the south face. Pewsatore

temperature values range between -3 °C and —4 °C.

The closest deep permafrost borehole to the stitielySgeintaelli with bedrock conditions is the Sdoorn Pla-
teau at a distance of approximately 25 km and adlétude of 3410 m a.s.l. However, the topographyhe
gentle Stockhorn Plateau is different from thetreddy steep Steintaelli crest line. The 100 m dbeepehole is
placed on the plateau at a distance of ca. 20 m fr® northern slope. The lowest mean annual testyres
close to —2.5 °C (October 2001 to October 2002uoet approximately 20-40 m depth and at greatethde
temperatures increase up to —1.3 °C in 100 m dgpthber et al., 2004b). Extrapolated temperatueslignts
indicate a permafrost thickness of 170-180 m. Maxmihaw depth with long zero-curtain effects wasewibed
at 3.3 m depth. Another 17 m deep borehole is glatehe gentle southern slope. Temperatures beloC
only occur in 7-17 m depth, temperatures abovegd®ween —0.5 and -1 °C. There are some indicatiat

surface borehole temperatures are disturbed bgllasons (Gruber et al., 2004b).
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5.1.4.3 Thermal modelling

The application of physically-based models in rgekmafrost is facilitated by the fact that rock mpafrost
often lacks the isolating cover of debris and sndéwgmann et al. (1998) introduced one- and two-dsimnal
models that parameterise sensible and latent flaresxposed bedrock surfaces in response to glatieat at a
decadal scale. Kukkonen and Safanda (2001) modéddaicene fluctuations in bedrock permafrost thidee
using a one- and two-dimensional physically-basedeh In both models, the amount of latent heat iaec-
essary for a water/ice phase transition is a ketpfanfluencing thermal inertia and makes thenhhjigensitive

to rock porosity values. Gruber et al. (2004b; 20688veloped a physically-based model that is eafigci
adopted to high-mountain topography (TEBAL, Top@imaand Energy Balance Model) based on the existing
PERMABAL model (Stocker-Mittaz et al., 2002). Thdoation included the implementation of a latentthea
module (Crank-Nikolson Scheme according to Wegmainal. (1998)), terrain shading and solar geomasgy
well as radiation neighbourhood effects (Grubef3)0 This model has been validated with near-serfack
temperature measurements (Gruber et al., 2004theGrt al., 2003) using meteorological and terpgrame-
ters as input data. However, for many applied anehsific applications such as the investigatiorsiojpe insta-
bility, the identification of more local distribath patterns on slopes is demanded (Harris et@1)2 Therefore,
refining models to create higher resolutions ispsal for a better process understanding withimglex three-

dimensional mountain topography (Harris et al.,900

5.1.4.3.1 Rock surface temperatures modelled by TEBAL

TEBAL (Gruber, 2005; Noetzli et al., 2007) basigathlculates the radiation balance at the rockaserfbased
on short-wave and long-wave incoming and outgoawjation, as well as sensitive heat transfer. ltabemt

transfer is extremely reduced for steep rock segac

Data input includes data on topography, climatioditons, surface properties and subsurface cheiatts.
Topography is implemented via DEMs. Climate daudes air temperature, air pressure, air humielityd
speed and direction, precipitation and global ridaliabalances. Surface properties of rock are implged via
albedo, emissivity and surface roughness. Subsutfaermal properties are approached via thermadwadiv-

ity, heat capacity and pore volume.

The generated model output is basically a 3D-gfidverage surface temperatures. Heat conductidmetgub-
surface can thus be considered as the residualrfafce energy balances. Recently, much attenti@pesit on

transient thermal signals (Noetzli, 2008).

5.1.4.3.2 Rock internal energy fluxes

Energy fluxes inside the rock were originally mdeelwith FRACTURE, ,Flow, Rock and Coupled Tempera-
ture Effects” (Kohl, 1999) and are presently impdsted in a new COMSOL environment. 3D-heat propagat

inside the rock mass is modelled applying the lav8D heat conduction and latent phase changesrle-
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mented (Wegmann, 1998). Data input are the thefmBBAL-residual and rock mass properties. Usually a
thermal conductivity of 2.5 [W / (K*m)] is assumeteat capacity is 2*fQJ) / (nT*K) and porosity is set to 3 %.
The model output is a 3D-time series of thermaldemtion, temperature and temperature change.

5.1.4.3.3 Application to the study sites Steintaelli and Zugspitze
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Fig. 3: North-South-Transect cutting through th@hitze summit at Gauss-Krueger coordinates 4423552

With friendly permission from J. Noetzli.

For conditions present in the Steintaelli (Sectiérs 6.3 and 6.4), i.e. a 70° steep and NE-famiog slope at
3150 m a.s.l., model results by Gruber et al. (2)&4iggest that for the last 21 years mean anmaahd sur-
face temperatures ranged between 0 °C and —2 °€.t@uhe warming tendency in the"26entury, a 1 °C
warming of mean annual ground surface temperatuee 50 m uplift of the 0 °C line is expected tdtbeap-
proach the present situation (Gruber et al., 206keaeberli and Beniston, 1998). This corresponds ti@nsient
range of rock permafrost, where only some yeare ha&an annual ground surface temperatures bel@v 0 °

Fig. 3 shows the initial approach to model pernmgfdistribution in the Zugspitze summit. Modellings based
on empirical relationships obtained in Switzerlamtl a comparison with borehole data (above) shbatsper-
mafrost in the Northern Alps may occur at lowewat®ons and is colder than in resembling topogragbindi-
tions in the Central Swiss Alps.

5.1.4.3.4 Model “shortcomings”

A number of surface properties and subsurface ptiegethat may significantly influence permafrostvdliop-

ment have not been implemented in modelling, soAfarong the surface properties snow and differéigat
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conduction of heavily dissected rock masses may ataimportant role (Gruber and Haeberli, 2007; $temn
and Hoelzle, 2004). Another factor that is notipgtlemented is the effect of subscale topograpleh &s over-
hang positions or local shielding effects that rabsp strongly disturb long wave net balances (8edil.2.1).
Inside the rock, anisotropy and heterogeneity niflype the most challenging factors. All typesesfergy trans-
port along rock fractures can cause significantnttaé disturbances in the rock. Air-filled fracturesmy be im-
portant where air can circulate through the systeencolation through water-filled clefts and entexhthermal
conduction along ice-filled clefts is probably eveore important. While the impact of fractures bagn ob-
served at different field sites, more or less n@adgaavailable to evaluate their importance imteof permafrost
evolution (Hasler et al., 2008). As the time gapaeen rockfall occurrence and maximum thaw depthwsh
seasonal heat propagation appears to be poorlystodd. Finally, it should be considered that patysical
factors such as (long-wave) emissivity, albedornta conductivity and the degree of interconnedtedures

widely varies in different lithologies and geomoojidgic settings. This has not been taken into attpet.

5.2 Hydraulic properties

A number of hydraulic properties undergo significahanges in permafrost-affected bedrock. Thededec(i)
permeability, which causes perched cleft-water Iledeirring the thaw season in combination with higldro-

static pressures and (ii) water storage in theeaystue to the presence of ice in pores and roclodimuities.

5.2.1 Laminar and turbulent fluid flow in fractured rock

Based on Darcy’s law, laminar fluid flow though amar equal-spaced rock fracture can be approali¢de

“parallel plate model” as

Q _c@y)
ARt

Equ. 5.16

whereQ/4h is the flux per unit drop in hea@,is a constant that depends on the geometry dfdhefield and
2b is the aperture of the fracture for> 1. According to empirical studies by G. M. Lamiin the 19504, ac-
counts for the deviation of flow conditions of rdugurfaces from ideal laminar flow between glasggs and

can be calculated as
f =10+ 60
2b

Equ. 5.17
wheree is the absolute height of asperities (Withersp@®90).

Between relatively smooth surface#2p < 0.1) the transition from laminar to turbulent flow ars at a Rey-
nolds number of about 2400. Between rough surféicescurs at a significantly lower Reynolds number
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(Witherspoon, 2000). While some empiric data shtsvsa relatively good fit with this simple moddliél flow
in fractured rocks often shows highly nonlinearatic behaviour and many aspects are still poangesstood
(Berkowitz, 2002; Kolditz, 2001).

5.2.2 Influence of permafrost on permeability in fractured rock

The impact of permafrost on hydraulic rock permktgbhas not received much attention yet. Kleinbargl
Griffin (2005) could show with nuclear magnetic orance that the hydraulic permeability of poroudiame
strongly depends on the unfrozen water content ay be interesting where a significant proportbifiow
occurs in the rock matrix, which is rarely the caséow-permeable rocks. Eight permafrost specirsampled
from different alpine rock summits yielded permditibs of 0.06 — 30uD (see section 6.1), which restricts

effective fluid flow to fractures in the rock mass.

According to my knowledge, only one accessible wtagists on the permeability of frozen fracturedkio
Pogrebiskiy and Chernyshev (1977) conducted exgartiah pumping and pressurization in frozen andazen
fissured (up to 10 cm) granites in Kolyma (Russidjey found that permeability of frozen fissuredkas one
to three orders of magnitude higher than the pebifigaof identical thawed rock. The ratio incredser highly
weathered rocks close to the surface with moreegdion ice. Perhaps most important, the anisotafphe

permeability in the rock mass strongly increasesmiineezing to factors of 20 and more.

The combination of perched water levels and deaphiag unfrozen cleft systems regularly causesifsignt

problems for tunnelling structures in permafrostkas have been reported by inundating waterag e Ai-

guille du Midi (France) and at the Jungfrau (CH)2i@03 as well as for the Kunlun Mountain tunneltiod

QingHai-Tibetian railway track (Hasler et al., 200&ng and Wang, 2006; Wegmann, 1998). Moreovetrdiyy
static pressures due to the sealing of rock susfagace can play a vital part in the destabil@maif rock slopes
as has been outlined already by Terzaghi (1962)vaslconfirmed by coupled hydro-mechanical modglbf

the 3*10 m? Tschierva rock avalanche in 1988 by Fischertanggel (2008).

A number of studies have observed water storagelation to geomorphology and active layer deptharttic
permafrost systems (Quinton and Carey, 2008; Quimtoal., 2005; Zarnetske et al., 2007). Coupledrdvy
mechanical modelling for repository changes intfreed bedrock in response to increased pressurk heang
the Last Glacial Maximum was conducted by Chanl.ef2805). Even if several studies emphasized ithgoi-
tance of pressurised water in rock instabilitytflow was observed e.g. at the scarps of Kolka-katam and
Mt. Steller subsequent to failure) (Gruber and Hab2007; Haeberli, 2005; Haeberli et al., 20Bkeberli et
al., 1997; Huggel et al., 2008) no detailed stuklyseon repository effects and hydrostatic pressffects in

alpine permafrost rock walls.
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5.3 Mechanic properties
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rock mass deformation and shear (Eberhardt eDa# )2

As Eberhardt et al. (2004) point out, the existeota fully interconnected discontinuity system hding the
moving mass is a mechanic key requirement for doke failure. Especially in sedimentary rockseastve
basal sliding planes can be orientated along egidtedding planes (Abele, 1972; Erismann and Atz06,1;
Petley and Petley, 2005). However, lateral relesasaps include breaking of intact rock bridgeslyFpérsistent
discontinuities rarely exist in igneous rocks anetamorphic rocks and are also absent in many canseaié-
mentary rocks. Warming and thawing of fracturednpagrost rocks changes (i) brittle fracture propegain
rock, (i) friction along existing rough sliding saces, (iii) continuum creep deformation of icgamts and (iv)
induces “failure” of ice-filled fractures. Factood complexity such as dislocation and disconnectibmough

shear surfaces due to segregation ice will be addcein Section 5.3.4.

5.3.1 Basic rock mechanical considerations

The following section will use the Mohr-Coulomb Itae criterion which represents a simplification asftual
rock stability behaviour in respect to the follogiaspects: Failure is only controlled by minimund anaxi-
mum principal stresses, a quasi-linear elastictiogiship between stress and strain is postulatadonfined
compression is considered and the ratio of comwesnd tensile strength is underestimated (Jaegat.,
2007).
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Applying the Mohr-Coulomb criterion, the absolutdue of shear stresd, |at which failure occurs, is
r|=c+o'tang

Equ. 5.18

where ¢ is cohesion,g’ is the effective normal stress ampdis the angle of internal friction. While rock-
mechanical models often describe movement withohesion along the shear surface (Cruden, 2003)ifisig
cant cohesion can occur if discontinuities aredilwith cohesive materials such as fine-graindiuhd# or ice

(Fig. 5). Moreover, ice can also decrease the &ffecormal stress applied to rock surfaces or dfte angle of

internal friction.
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5.3.1.1 Compressive and tensile strength of frozen and unfrozen rock
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Fig. 6: Uniaxial compressive and tensile strendthrdrozen and frozen Barre granite, Berea sanéstom

Indiana limestone (Mellor, 1973).

The scale on the right side is in bar (1 bar equalfSN/m? or 10 Pa).

Experiments conducted by Mellor (1973) show an tgblincrease” of compressive and tensile strenfthllo
saturated rocks when pore water froze. In Figelsite strength increases up to 300 % betweendhtiG-5 °C
and compressive strength can increase 250 %, tésgdgcMellor (1973) postulates that the strengthifrozen
rock increases with water saturation while thergftle of unfrozen rock decreases with water satumaff his has
serious implications for the stability of thawingcks that are often incorporated in a permafrosk environ-
ment supersaturated with water (Section 5.2). Bhysano other environmental factor is capable afueng

matrix rock mass strength of a whole rock wallast fis thawing.
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5.3.1.2 Total friction along a rough surface

i=43°

Fig. 7: Patton’s dilatation concept to quantify thBuence of surface roughness.

In natural rock fractures with rock-rock contadte tfriction angle of discontinuities is determiney the rock
material and the rock surface roughness (Pattd®6)1@ccording to his dilatation concept, the impakcasper-
ities on total friction can be approached by aesedf sawteeth with an inclinatior) 6f the asperities relative to

the fracture surface (Fig. 7). The failure criterian then be calculated as
r|=0o'tan@ +i)
Equ. 5.19

where (¢ +1) is referred to as the angle of total friction. @stimatei on natural rock surfaces, Barton and

Choubey (1977) introduced an empirical measureook rsurface roughness, the joint roughness coeffici
(JCR. The failure criterion can thus be approached by

UC
O.I

7] = o'tan@ + JRC* log10(—2))

Equ. 5.20

wherec, is the compressive strength of the rock matetithe fracture surface (Empirical values of the @
total friction are listed in Hoek, 2007; Hoek andag 1981). Considering the significant changesimixial
compressive strength at the melting point, the rsk#ass needed for failure along a rough jointreieses sig-
nificantly between -5 °C and 0 °C. According to EqG.20, potential high magnitude rockslides, whire

compressive strength is close to normal streskradtt more sensitive to such temperature changes.
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5.3.1.3 Brittle fracture propagation

N

Fig. 8: Fracture mechanics model of 2a large singg& bridge under far field normal and shear stres

While Section 5.3.1.2 introduced a mechanism thatreactivate shear processes on existing disctethskd-
ing planes during thaw, the creation of new shdangs always includes brittle fracture propagatidemeny
(2003) introduced a time-dependent model for tteeldng of rock bridges along discontinuities. Tladlufre
criterion can be approximated by

=Xl
2w

+o'tan@ +1)

Equ. 5.21

whereK, [MPa\/ﬁ] is the (Mode II-) critical fracture toughness amdndw relate to the geometry of the

rock bridge (Fig. 8). Thus, any reduction in intrfriction o'tan(@ +1), as shown for melting in section

5.3.1.2, will increase the stress applied to thek faridge and promote crack nucleation. Followihg &ssump-
tion of Kemeny (2003) and Chang et al. (2002), Mbagmd Mode Il behaviour show resembling behaviour.
Chang et al. (2002) showed that (Mode I-) crititatture toughness,

K, =428+10%0_ + 105

Equ. 5.22

is a function of uniaxial compressive strength Even small reductions iK, can initiate cracking of rock
bridges As microcrack growth starts already at subcriticahditions, it is not necessary to overcome al fina
stress threshold for crack nucleation (Atkinsorg84)9 and fatigue of rock bridges is a functioniofa (Kemeny,
2003). Thus, it can be stated, that warming of teeteveen —5 °C and 0 °C causes (i) a reductiootaf friction
along rough rock fractures and (ii) also a redurctid critical fracture toughness of rock bridgesttBfactors

promote the progressive creation of new shear plane
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5.3.2 Basic ice mechanical considerations

Many studies have shown that most discontinuityesys in Alpine permafrost rocks are ice-filled (Beu and
Haeberli, 2007; Haeberli, 1992; Kérner and UlrigB65; Ulrich and King, 1993). Ice may totally alteechani-

cal properties along fractures in a yet poorly ustted way. While good progress has been made éohami-

cal properties of unconsolidated ice-affected niater(Arenson, 2003; Arenson et al., 2002; Arensoral.,
2004; Arenson and Springman, 2005a; Arenson anth@pan, 2005b; Harris et al., 2003a; Springman and
Arenson, 2008; Springman et al., 2003) few publicest cover the mechanical effects of ice in rodcdntinui-
ties (Davies et al., 2001; Davies et al., 2003;iBsvet al., 2000; Guenzel, 2008).

Ice does not deform in a purely elastic, viscouplastic way and, thus, does not readily lend fitgetlassical
engineering analysis (Sanderson, 1988). When sisemsplied to ice it responds instantaneously lagte de-
formation and creep. For stresses of 1-5 MPa cdefprmation exceeds elastic deformation after sgsda
minutes. Ice properties can be separated in twis:pemntinuum behaviour due to elastic and ductitep de-
formation without fracture and fracture behaviouedo brittle and brittle-ductile behaviour. Theaally, it is
inappropriate to use the terms “strength” and tiaf for ice. However, several studies have usemntifor a

straightforward characterisation of ice-mechaniraperties.

Section 5.3.2.1 introduces physical equations fortiouum behaviour of ice. Two factors impede thiiect
application: (i) non-uniform distribution of stresan cause significant fracturing in ice especiatyler tensile
conditions (section 5.3.2.2) and (ii) deformationstnot necessarily occur inside the ice body butaso oc-

cur along the rock-ice contact (section 5.3.2.3).
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5.3.2.1 Continuum behaviour

Text and equations were partly copied and modifiech Krautblatter (2008). Rock Permafrost Geophysiod
its Explanatory Power for Permafrost-Induced Rottkfand Rock Creep: a Perspective. Paper preseatdte
9th Int. Conf. on Permafrost, Fairbanks, Alaska,; 999-1004. (Section 7.3.4.1).

stress (Mpa) 0.5 2 5
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Y ten-; com-
sile} pressive
primary secondary tertiary S
creep creep creep

i4 - -
o Tmlcro cracking?
4 /

. R
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strain (deformation)

# >

time
Fig. 9: Schematic illustration of time- and streependent evolution of ice-mechanical properties.

Modified from Sanderson (1988).

It is assumed that ice-filled discontinuities reactording to stress-strain behaviour of weightémh poly-
crystalline ice. The deformation of ice at conststnéss is characterized by four phases: Elasfarmation (1)
that is followed by permanent deformation, firsilya decreasing rate (2, primary creep), thencainatant rate
(3, secondary creep) and finally at an increasatg (4, tertiary creep) (Budd and Jacka, 1989) Ege9).
Mostly secondary creep and tertiary creep occuapatds relevant for mass movements. The flow oeldtr

secondary creep relates the shear strairgfgttethe shear stresg,
- n
£, = AT,

Equ. 5.23

whereA depends mainly on ice temperature, anisotropistatyrientation, impurity content and water cohten
n increases at shear stresses greater than 50BkP#e$ et al., 1971). Crystal orientation, impudbntent and
shear stresses remain more or less constant ovdrtishescales. In contrary, ice temperature angtmeontent
in mass movement systems are subject to major handainterannual changes. Thus, for temperaturesea

-10 °C,A can be approached by
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A= A expl-—2) = A expe o)

Equ. 5.24

where A, is independent of temperaturB, is the universal gas constant aQdis the activation energy

(Weertman, 1973) anély for tertiary creep
A, = (32+58W) *10°(kPa)®s™

Equ. 5.25

can be related to the water cont¥{%)]. Paterson (2001) states that 2 °C is the hvemperature at which
the effect of water in the ice is relevant for #teess-strain behaviour. Equ. 5.24 and Equ. &%y, that both,
ice temperature and water content play a domir@etfor the mechanical behaviour of ice-filled téeht tem-
peratures close to 0 °C. Assuming moderate wateteat of 0.6 %, the creep rate at 0° C is threedithe rate
at 2 °C (Paterson, 2001), which has serious effattdisplacement rates and factors of safety ceraiithns of

mass movements.

5.3.2.2 Fracture behaviour
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Fig. 10: Uniaxial loading in pure polycrystallineei (Hallam 1986 in Sanderson 1988).
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The transition between continuum behaviour andtdiracbehaviour is dependent on normal stress (Fy.

Thresholds for the initiation of fracture can bdimied for both, stress and for the strain rate

E=—
|

[o]

Equ. 5.26

wherel, is the original length of the sample ands the speed of deformation. Fracture occurs etxial com-
pression above 5 MPa, at uniaxial tension of 1-2aMRd at strain rates exceeding’ . As 1 MPa equals the
normal stress of 40 m rock overburden, one coufgkeixthat fracturing phenomena may only influertdekt
rockslides. However, stress is very unequally ihigted in instable rocks (Eberhardt et al., 20049 thus ten-
sile and compressive stresses in the range of 1 (deals gravitational force of 10 kg on a cm?) eaist lo-
cally even in rockslides of a few meters thickn&¥s.the other hand, Renshaw and Schulson (200Wezhthat
both, rock and ice materials tend to react rathatilg than brittle under high confinement. Howeubis be-
comes mainly important for more than hundred migtiek rockslides. To reconcile this apparently cadictory
viewpoints, it can be stated that brittle fractbehaviour of ice in discontinuities is important id m to more

than 100 m thick rockslides, i.e. most larger railures.

5.3.2.3 Failure in ice-filled rock fractures: empiric data
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Fig. 11: Temperature at failure during constargsstitest with concrete-ice samples (Guenzel, 2008).

A small number of shearing experiments were coretlicising high-strength concrete with sawteeth sartes
an analogue to natural fractures. Davies et aD12@000) could show inonstant strairshearing experiments
with concrete-ice samples that maximum sustainedrshtress at “fracture” strongly declines withr@asing

temperature between -5 °C and 0 °C. They postutatadce-filled rock fractures at —0.5 °C may evenmore
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unstable than totally thawed fractures. The impilices for rock slopes were underlined by centrifugsting
(Davies et al., 2001; Davies et al., 2003). Gue(2@08) conducted shearing experimentsaaistant streswith
concrete-ice samples (Fig. 11). As natural rockesys are controlled by more or less constant sfiekts,
constant-stress experiments provide a better anelégy real conditions. She found a strong relabetween
temperature and shear strength at “failure” agpfilied normal stresses. Normal stresses appliedriorete-ice

samples equal rock overburden in the range of Bx2#d results can be expected to apply well farrdrage.

5.3.2.4 A preliminary model for the failure of ice in rock clefts
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Fig. 12: Own reanalysis of data provided by Gue(2@08) (see Fig. 11).

Data from Guenzel (2008) was extracted from Figahd plotted separately in respect to (i) the teatpee
impact on shear stress and (ii) the impact of nbstrass on the shear stress at 0 °C. Both plate shat ob-
tained values can be well explained by linear fiomst inside the limits of the experiment. The sheteess at

failure for ice-filled cleftsrz [kPa] can, thus, be approximated by

r,=-145*T_ +1,

Equ. 5.27

whereT, [°C] is the temperature of the ice in the roclcftme and, is the (hypothetical) shear stress at failure at
0 °C. According to Fig. 11, can be approached by

r,=047*0'-35
Equ. 5.28

whereg’ is the effective normal stress. This simple madei explain the data provided by Guenzel (2008) wit
an average deviation of 10 % (Table 1). Unfortulyatbere is yet no other constant stress datasetdncrete-
ice contacts to validate this model. We expect thiglel to apply well for rock-ice contacts in tleenperature
range of -3 °C to 0 °C and for normal stresses leggua25 m rock overburden.
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Table 1: Measured shear stress based on raw d&@adayzel (2008) compared to model results.

Ice tempera- | Normal stress | Measured shear stressModelled shear stress| Deviation
ture [°C] [Mpa] at “failure” [MPa] at “failure” [MPa] [%]
(Equ. 5.27, Equ. 5.28)

0.0 0.14 0.06 0.06 2
-0.5 0.14 0.12 0.13 7
-0.5 0.14 0.18 0.13 36
-1.0 0.14 0.22 0.21 5
-1.5 0.14 0.34 0.28 22
-2.5 0.14 0.44 0.42 5
2.5 0.14 0.49 0.42 15
-1.0 0.21 0.22 0.24 10
-1.0 0.21 0.22 0.24 6
2.0 0.21 0.35 0.38 9
2.5 0.21 0.45 0.46 0
-3.0 0.21 0.46 0.53 12
2.0 0.35 0.49 0.45 8
-2.0 0.35 0.47 0.45 3
-1.0 0.35 0.34 0.31 9
-0.5 0.35 0.22 0.23 4
0.0 0.49 0.23 0.23 3
-1.0 0.49 0.34 0.37 9
-2.0 0.49 0.46 0.52 10
2.0 0.49 0.50 0.52 4
-1.5 0.63 0.46 0.51 1
-1.0 0.63 0.44 0.44 0
0.0 0.63 0.35 0.29 18
0.0 0.63 0.24 0.29 18

10

5.3.3 A preliminary rock- and ice-mechanical model for rock instability

in thawing permafrost rocks

Based on the Mohr-Coulomb assumption, we can ndimal¢he failure criterion of an ice-filled rockedt, with
cohesive rock bridges (Kemeny, 2003), contact ofjiofracture surfaces (Barton and Choubey, 197®#piRa
1966), ductile secondary creep of ice (Barnes.eflalF1; Paterson, 2001; Weertman, 1973) and wi#peesen-
tation of rock-ice “failure” mechanisms along theface and inside the ice body (Own preliminary eidzhsed
on data from Guenzel (2008)). The synoptic modedsbased on the principle of superposition (Kem&0@3),
i.e. that shear stress “absorbed” by one compameehices the amount of shear stress applied totltiee com-

ponents.

5.3.3.1 Brittle fracture propagation of new sliding planes

Assuming that deformations that destruct rock kegdgre (i) too slow to cause ice fracture (strate threshold
see Sanderson, 1988) and (ii) are too slow to Is@geficant amounts of stress to creep deformadbbice (ve-
locity dependent shear resistance Equ. 5.23)fahee criterion for the preparation of new sligiplanes can

be calculated as
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| = (4.28*10°c, +1.05}Wma  fracture of rock bridges
2w

+o'tan(p + JRC * logIO(G

), total friction due to fracture roughness
c

Equ. 5.29

where the uniaxial compressive strengtldecreases up to three times between -5 °C and 0 °C

5.3.3.2 Failure along existing sliding planes

After the destruction of cohesive rock bridges, fikire criterion of a thawing fracture is govedrigy

M _ €, reduction of effective shear stress due
16700 to secondary/tertiary creep of ice
4, exp(= )

it
+(-145*T.+0.47*c'-3.5) failure criterion of ice in rock clefts

o,
G‘, ))  total friction due fo fracture roughness

+ o 'tan(p + JRC *log10(

Equ. 5.30

where an increase in T [K] decreases the amourshe#r stress that is “absorbed” by the creep ofTite
amount of stress absorbed by the total frictionoagh fracture surfaces decreases with warmingtalweclin-

ing compressive rock strength. An increase Of°T] facilitates the failure of ice in rock clefts.

Equ. 5.29 and Equ. 5.30 show that warming of pémost rocks between —3 °C and 0 °C promotes libth,

progressive development of new shear planes ahddailong existing sliding planes.

5.3.4 Complexity factors: stress heterogeneity, hydrostatic pressure

and dilatation by ice segregation

As thermal regimes and hydraulic regimes in perosifappear to be complex, it is not surprising thatme-
chanic behaviour shows a high level of complexitye most important factors are: (i) The key chamastic of
rock instability, the lack of cohesion across dig@wities (Cruden, 2003), is not valid for pernoesr rocks. For
the case of foliated metamorphic rocks, tensilengith of ice (2 MPa) may well be higher than thaadgl ten-
sile strength of rocks (1 MPA for foliated gneisserding to (Eberhardt et al., 2004)). There isralable
method to estimate the spatial distribution andarerall impact of cohesion in permafrost-affedvedrock. (ii)
Permafrost rocks and the active layer above argesuto intense weathering processes (Matsuoka3;2d0r-
ton et al., 2000). Bedrock facture due to ice-sgafien may disconnect and dislocate existing skadaces as

well as create new sliding planes (Murton et @08®). (iii) Rock is a highly anisotropic and hetgeaeous me-
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dium and is subject to highly variable stress ieldodelling stress fields is not only a problenmafdel resolu-
tion but it must be recognised that modelling téghes have advanced beyond the capability to cenfig
constrain the necessary data (Eberhardt et al4)20®) Hydrostatic pressures affect rock strenfgttm a pore
scale (Atkinson, 1984) to the scale of a completk wall (Fischer et al., 2006). In view of the sotropy of
permeability in frozen fractured rock (Pogrebiskiyd Chernyshev, 1977) and pressure build-up ddreeye-
thaw processes, hydrostatic conditions in permafimsks may results in pressure patterns that apanalleled
in other rocks masses. (v) Effective normal stiessot only affected by hydrostatic pressure babdly cry-
ostatic pressure caused e.g. by ice segregatiahsnay reduce effective normal stress to a zero-ieveome

cases.

5.4 The geomorphic system

Gruber and Haeberli (2007) postulate that “the atsisation of steep bedrock by permafrost degiaddtn-
plies a portion of bedrock slopes in permafrost thateeper than it would be when thawed.” This daumber
of geomorphologic implications: (i) The argumenpliitly describes the existence of equilibrium atidequi-
librium slopes. (i) We need a concept that is tég@af describing the sensitivity of slopes to @i change i.e.
we need to define the portion of slopes that rediitsWe need to define the time scale of adaptat(iv) We
need a concept to describe the transience fronconggural state to another. (v) We need to quadtie pre-

dictability of adaptation in terms of complexity.

5.4.1 Equilibrium and non-equilibrium slopes

The use of the term equilibrium for slopes has bmeich influenced by the work of Ahnert (1970) andcKk
(1960). The use of “dynamic equilibrium” is definbg Ahnert (1994) as an “equilibrium of processsdit In
respect to the range of definitions provided by i@Ghoand Kennedy (1971) this would be referred $oaa
“steady state equilibrium”. Applied to a permafrostk face, this could be achieved by an equilibriof the
rate of back weathering and the rate of mass wa$tom the cliff, which could result in a constantlination

of the rock slope. Penck (1924) anticipated tha idhet straight rock slopes are threshold slopbghnare de-
termined by rock stability and removal rates. Latehas been developed into the concept of a hiotdshill-
slope that maintains a critical slope while beirgpudated by highly non-linear mass movements anss ma
transport processes (Montgomery, 2001). Selby (LB&Mduced a simple rock mass strength concegpgdan
an estimate of uniaxial compressive strength ahérdiactures such as joint spacing and rock wadrdipgy.
This value was successfully correlated to slopepimology in several case studies (Augustinus, 198@on,
1984; Selby, 1989). Montgomery (2001) outlined tiet development of threshold hillslopes dependbath,
the relative uplift rate and the time since theifupate commenced. Korup (2008) investigated giegke and
schist slopes in several active mountain rangds¢ew Zealand and found “a conspicuous tendencylisidpe
evolution to adjust to rock mass strength irrespeatf the intensity of tectonic an climatic forgit However, a
large portion of high-alpine rock permafrost wadlsignificantly exposed above any local erosioseband thus
highly weathering-limited. Hovius et al. (2004) dabe the slope angle for such a infinite (steady state equi-
librium) slope by
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tana = (L) +tang
£gyCcos2a

Equ. 5.31

whereC is the cohesion of the rock magss the densityp is the internal frictiong is the gravitational accelera-
tion andy is the depth of the sliding plane. They point that the equilibrium ends if “there were a change i
any of the parameters involved.” As has been shiovaection 5.3, cohesion and total friction chaabeuptly
close to the melting point. Thus, thawing rock painmst slopes are non-equilibrium slopes and sicanit

change of their morphometric characteristics wdnddequired to bring them back to an equilibriuatest

5.4.2 The sensitivity concept

A strict application of Equ. 5.31 would postuldit@t a readjustment (i.e. smoothing) of all roakpsis which
are affected by melting close to 0 °C must be etquedccording to Brunsden and Thornes (1979) émsisiv-
ity of a landscape to change is expressed askakhbod that a given change in the controls ofstesn will
produce a sensible, recognisable and persistepomes. This includes two aspects: grepensity for change
and thecapacityof the systemo absorbthe change The propensity for change is given by drivingcks and
barriers to that change. The capacity of the sydteabsorb change is the ability of the systembsoeb and
store energy, water and materials. Once changédwms initiated, the rate of change determines éfexation

time or the persistence of characteristics of dmmér state.

Exposed rock summits in high alpine conditions hpeesisted in these positions for millions of yedusing
several climatic fluctuations. As enormous “drivifagces” in terms of potential energy are availdbleinstable
rock slopes, two explanations must be consideredighificant barriers to change exist and/or ii¢ relaxation
time spans a long time-frame. Apparently, significharriers to change exist in a fractured rock whhighly
cohesive rock material where immediate adaptatam anly occur along predefined planes of weakngls

shows that the understanding of relaxation tingeksy concern in permafrost rocks.
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5.4.2.1 Reaction time
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Fig. 13: Reaction time and relaxation time of thayywermafrost rock slopes.

Own concept based on (Brunsden and Thornes, 1979).

In the following section an attempt is made to comalrock-/ice-mechanical theory with the geomorphat
sensitivity concept. In Fig. 13, the reaction tirflag) is the time taken to react to an impulse barge
(Brunsden, 2004). This is followed by the relaxatiecovery, form adjusting) time, which persisttiluthe

new equilibrium slope is approached.

The first “sensible” impulse of change of an edwilim permafrost rock slope that develops towaradsoae
gentle slope angle is given by the first rockfhktt exceeds the limits of the mass wasting rateghadefined
the steady state equilibrium of the prior slopepiactice, this could be a rockslide that excebdsnagnitude of
prior events and whose instability refers to chaimgliced by a temperature increase. The first imss will

occur along existing planes of weakness. In se&idrB.2, the stability criterion of such slidessveiefined as
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| = €, reduction of effective shear stress due
16700 to secondary/tertiary creep of ice
A, exp(- )

T
+(-145*T. +0.47*c'-3.5) failure criterion of ice in rock clefts

@)

+oc 'tan(p + JRC* logIO(GC‘)) total friction due fo fracture roughness

Equ. 5.30

which shows that they are principally influencedtesnperature changes of ice in fractures. The imaciccurs
instantaneously as soon as the thermal signaldzahed the ice inside the rock fracture. The readtime in a

rock-/ice-mechanical sense is, thus, given by pleed of propagation of the thermal signal.

Fig. 14: Massive ice at the detachment zone o2€@8 rockfall in July below the Carrel (photo byTrucco
in Gruber and Haeberli, 2007)

The response of rockslides to warm summers ocourgetiately. The highest frequency of rockfalls umsner
2003, which was 5 °C above mean summer temperatui@sitzerland, was observed in July (e.g. Matienf
and August (e.g. Dent Blanche) 2003, which is eaiti the year than expected from thermal modellGgber
et al., 2004a). This observation has been confirliyed number of field studies often with the obadéinn of ice
or running water on the detachments zone (Delired.e2008; Fischer et al., 2006; Gruber and Hdgl2007;
Haeberli et al., 2004; Huggel et al., 2008; Rabetell., 2008; Ravanel et al., 2008). The readiioe to thermal
impulses is in the range of weaks or less on peosafock faces with significant influence of idkeld clefts

near the rock surface.
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5.4.2.2 Relaxation time

Total adjustment is achieved as soon as the nevitgum slope is approached (Brunsden, 2004),assoon
as the slope angle reflects the rock mass stalofitynfrozen rock. In terms of rock-/ice-mecharties long-

term mechanical failure criterion can be approadhed

| = (4.28*10°c, +1.05}Wma  fracture of rock bridges
2w
c

+ o 'tan(p + JRC *logl0(—)) total friction due to fracture roughness

G'
Equ. 5.29

where temperature-induced change in the compressigagtho. will onset a long-lasting adaptation process
that includes progressive extensile fracture almu bridges and smoothing of rock surfaces. Ken{@093)
integrated the time-dependent Charles-Power law tiné rock bridge problem and yielded a time depand

cohesiornC

2w(n-o, tang

KA

ey - @ 2) A

) n ]1/(2+n)

C(t) = o

Equ. 5.32

wherea, andw define dimensional properties of the rock bridge(8), A andn are material properties amds

time in seconds. Whiléﬁém/zdescribes the “barrier to change” by the origineffective” length of the rock

n 2wW(71— o tan
bridge (Fig. 8),(l+ E) At( ( L ¢)n describes impact of the reduction of the effectargyth

K7
of the rock bridge through time. It is obvious tila¢ speed of rock bridge destruction (effectivegth reduc-
tion) increases with decreased critical fractutggtmes. (that relates to uniaxial compressive strength)s Th
means that in rock-/ice-mechanical terms, the réoludn uniaxial compressive strength onsets amcefthat
causes brittle fracture propagation over a longee frame. The time frame depends on the degréserock-
ing prior to the warming impulse, and to the degrewhich the system is affected by a decreaseitical frac-
ture toughness (i.e. uniaxial compressive strengghjhe onset of the rock bridge destruction, is giby the

time when the thermal impulse reaches the affectekl fracture.
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Fig. 15: Time-dependent development of cohesiongalock bridges and resulting factor of safety difya

pothetical rockslide (Kemeny, 2003).

Fig. 15 presents a rock-mechanical analogue tgelenorphologic understanding of relaxation time inghath-

dependent to warming due to the parameters impledean Equ. 5.29. Of course, this mechanical aggino

cannot explain all aspects of relaxation. For imsta initial rockslides cause positive feedbacksbiianced

warming due to increased exposure behind rockfaltps. Fracturing of the surrounding area may ocoinci-

dently to rockslide occurrence. Negative feedbaeksderive from reduced overload below rockfalkgsa

The geomorphologic expertise to the relaxation timéased on two assumptions: (i) Linear thermodyoa

laws apply for the future occurrence of rockslidestger rockslides require an quasi-exponentiailyréasing

relaxation time. (ii) The timing of rockslides afthe Holocene Climatic Optimum is indicative ofaseation

time if these were triggered by permafrost degiadat

s, time after melting/
I

depth or
size
bergsturz
(>1 mio m?)
[Zugspitze, D/A, 3700 B.P]
[Brenva, |, 1997]
cliff falls
(0.01-1 mio m?)
boulder- [Petit Dru, F, 2005]
Iblockfalls
. (10-10000 m?)
debris [Matterhorn, CH,
fall July 2003]
(0-10 m3)
days weeks months years centuries  millenia

Fig. 16: Time after warming versus rockfall size.

Modified from Haeberli et. al. (1997). CH, Switzarll; F, France, D/A, Germany/Austria, I, Italy.
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Plotting rockfall size versus time after impulses lecome a generally accepted conceptual mod&rimasrost
research (Haeberli and Beniston, 1998; Haebe#di.et1997; Harris et al., 2009). The scientific ridation for
this assumption is the quasi-exponential decrefgheospeed of thermal propagation with depth (\Wexgm)
1998; Wegmann et al., 1998) and the geomorpholobgervation of deep-reaching and long-lasting chang
(Deline, 2002).

The second line of evidence derives from the timdfidarge rockslides subsequent to the Holocenmatic
Optimum. Prager et al. (2008) plotted 60 dated mdiles in Tyrol, and surrounding areas in Germ&wyitzer-
land and Italy and found two peaks of rock sloptufa from 10500-9400 cal. B.P. and from 4200-3@a0
B.P.. As the first peak occurred significantly afteeglaciation, they postulated a relaxation tirh@ éew 1000
years, due to brittle fracture propagation in row@sses (as described above). No obvious trigdeursl for the
second peak of rockfall activity. Prager et al. Q@0 suggest “striking environmental changes in riiddle
Holocene”. A number of articles postulate thatkfatls within this time frame that originated fropnesent-day
permafrost rock walls could be a response to peosatiegradation subsequent to the Holocene ClinGpiti-
mum (Gude and Barsch, 2005; Jerz and Poschinges, J@rz, 1999). In accordance, Soldati et al042@ound
clusters of peak activity from 13000 to 9000 caP.Band from 6500-2300 cal. B.P. in the ltalian dwites and
related them to deglaciation, increased precipitatind permafrost degradation. Tinner et al. (206w that
line of evidence and also suggest permafrost datjradas a possible trigger for the Kandertal rbdks How-
ever, the trigger of past rockslides remains amt@bve” problem as long as no “smoking gun” pr@sdundis-

putable evidence for one or another theory.

Perhaps more important is the fact that very fesgdarock slides (> 100 mio. m®) occur before 10BkR.
(Prager et al., 2008), 6000 years after ice haegattd from the flanks of the valleys in the Cdrifastern Alps
(lvy-Ochs et al., 2006). This provides good evideffar a relaxation time that is in the range oflenila for
large rockslides. According to Hormes et al. (20¢9locene Climatic Optimum conditions with glacetten-
sions smaller than today existed from 5290-3870 famth 3640-3360 cal. B.P.. One could expect thaimae
frost-triggered rockslides should culminate towatftts end of that period or even few millennia laie(!) the

mechanism of brittle fracture propagation follolwe same line as after deglaciation.

5.4.2.3 Disequilibrium and transience

Considering millennia as a typical relaxation tifoelarge alpine slopes, the question of whetheew equilib-
rium can be reached becomes increasingly imporRarwick (1992) introduced a distinction betweesedui-
librium landforms that tend towards equilibrium h#ve not had sufficient time to reach such a d¢andiand
nonequilibrium systems that do not tend toward ldg@rium even with relatively long periods of envinmental
stability. Considering the fact the climatic fluations are the main trigger, this is not a veryfulseoncept as
there will never be a “long enough period of enmir@ntal stability.” According to Brunsden (2004 )y asitua-
tion where the interval between form-changing evéstsmaller than the response time (reaction axation
time) can be referred to as transient. Even ifttieemodynamic application of the term transienceh(liK1999;

Noetzli, 2008) is quite different from the geomaofagic definition, it may point towards the sameedtion:
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Large rock masses inherit (thermal) signals thée #ack several thousand years and still influgmmesent sys-
tems.

5.4.3 The complexity concept and path-dependence

Many of the aspects discussed in Section 5 sudfaasient thermal impulses, anisotropic permeghidlg well
as temperature and time-dependent stability shat tthe complexity in a rock wall system signifidgnin-

creases when it is affected by permafrost. Conisigehe strong path-dependence of permafrost rgstesis,
which inherit signals that date back decades, cestand thousands of years, the explanatory poiveresent-
day thermal measurements at the rock surface bectmiged to a thin tens of meters thick crust tisatéxposed
to the present-day regime. High magnitude rockslimay respond to thermal properties which arerstitiinis-
cent of the Holocene Climatic Optimum or the Latidil Maximum. It is questionable whether the tighes-
tion | being asked, if the surface temperaturetflations at the Zugspitze (Section 6.4) are maticsly ob-
served irrespective of the fact that a 200 m tihadk slice was removed from the north face 3700s/ago and
uncovered a previously decoupled permafrost systethe core of the summit. Presently, there is xplieit

article on complexity in permafrost systems whilels considerations have long been established athegng
science and other fields of geomorphology. Nextédw research ideas and questions, a major confeane

plexity research could be to what degree predidsguossible in permafrost systems by means oeptasmder-
standing and chaotic behaviour (Dikau, 2006; Ris|I2006).
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6 2D and 3D-detection and quantification of perma-

frost changes in rock walls with ERT

6.1 Laboratory analysis

Source: Krautblatter, M. and Zisser, N. (submittddiboratory evidence for linear temperature-rasigtpath-

ways of thawed, supercooled and frozen permafomts: Geophysical Research Letters.

Temperature-resistivity (T-p) paths are a key proxy in permafrost research. Tegg 8 sedimentary, meta-
morphic and igneous rocks from permafrost rock sumrits, we found evidence that exponential p- paths
developed in the 1970s do not describe the physieEhard rocks correctly, as freezing occurs in comfied
space. We hypothesize that bilinear functions of drozen and frozen Tp paths offer a better approxima-
tion with an R2 of 0.88 to 1.00. Frozen P gradients approach 29.8 +10.6 %/°C while unfrozegradients
were confirmed at 2.9 +0.3 %/°C. Both increase witlporosity. Path-dependent supercooling p behavior
(3.3 £2.3 %/°C) until the spontaneous freezing tengrature -1.2 (x0.2) °C resembles unfrozen behavior.
Spontaneous freezing subsequent to supercooling woides with sudden self-induced temperature in-
creases of 0.8 (£0.1) °C and resistivity increase$ 2.9 (+1.4) Kdm. Separate linear approximation of un-
frozen, supercooled and frozen Tp behavior could help to provide accurately temperaire-referenced

ERT of instable permafrost rocks.

6.1.1 Introduction

Rockfalls and rockslides of all magnitudes havenbesported recently from permafrost-affected rociisv
(Huggel, in press; Rabatel et al., 2008). Stabditpermafrost rocks strongly declines betweenG@Ad -0 °C
due to a reduction of compressive and tensile gtheof the intact rock matrix (Mellor, 1973) andedio a loss
of ice-mechanical strength in ice-filled rock diatiauities and along rock-ice contacts (GuenzeQ&0Super-
cooled water in this temperature range favors éggegjation (Murton et al., 2006) that may discohséability-
relevant shear surfaces. Accurate monitoring optnatures between -5 °C and 0 °C is a prereqdigsitstabil-
ity analysis of hazardous permafrost rocks. Se¢l@Y8) used laboratory studies to show that reg#igtis an
accurate proxy of rock temperature that may sulistiemperature measurements where drilling is gsipée.
Field methods evolved significantly and representoat-effective approach to permafrost characttoza
(Kneisel et al., 2008). Sass (2004) proved that EERGapable of measuring temporal variations oéfe2and
thaw limits even in solid rock faces. Krautblatiard Hauck (2007) applied ERT to investigate adtyer
processes in permafrost-affected rock faces. Peostafjleophysics are currently evolving towards tjtetive

characterization of physical properties of permstf(dlauck et al., 2008).

Accurate approximation of g-paths is a prerequisite for temperature-refereredl of instable permafrost
rocks. This article hypothesizes that the assumedreential relation of temperature and resistiigfow 0 °C

(McGinnis et al., 1973) is not valid for most pefroat rocks as (i) the equilibrium freezing poisitsignificantly
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lower than 0 °C, (ii) path-dependent, metastabpestooling occurs to a significant degree and fiiogen low-

permeability rocks with confined pore water indecatlinear Tp relation.
6.1.2 Theoretical system setting

6.1.2.1 Freezing point depression and supercooling

Equilibrium freezing temperaturg, regularly deviates from the datum freezing pdint 0 °C due to pressure,

solute concentrations and interface curvatligglue to solute concentration can be calculated as
To-Te=K;*mg
Equ. 6.1

whereK; is the cryoscopic constant of water [1.86 K*kg/frewhd mg is the molality [mol/kg] of the solution.
Pore water solutes in permafrost rocks mostly mellow soluble oxides, carbonates and hydroxideghwh

effect eutetic alterations significantly below 0®. T, due to pressung;, can be expressed by
— * (1 _ _ Te -3 _ Te 212
p,, = 0.61165TkPd * (L- 626000 (1 (?) )+197135 (1 (?) )
t t

Equ. 6.2

whereT, is 273.16 K (Wagner et al., 1994). Pore-size ddpahmelting point depressiafT,, can be calculated
as

AT, =Cq [(R-1)
Equ. 6.3

whereCgy is the Gibbs-Thomson constant for water (51.9+4rK), R is the pore radius [nm] artdis 0.6 nm
(Jahnert et al., 2008). Thug, of —1 °C could derive from pressure equivalerd® m rock overburden, excep-
tional pore water molality of 0.54 mol/kg or moisely due to on average 50 nm large pores. Bélgwnetasta-

ble supercooled water can exist until the spontasé@ezing temperatuiie (Lock, 2005)
6.1.2.2 Electrical properties of rocks

Bulk conductivity of water-saturated rocks is adtion of electrolytic conductivity, surface conduiy and
electronic conductivity of the matrix. The effeeimedium theory (Bussian, 1983) describes infipitekistive
matrix grains with a specific surface conductamomersed in a conductive medium (Hayley et al., 200fus,
rock conductivity reflects the amount of intercocteel pores and the tortuosity of the flow pathehte devel-
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oped an empirical law relating resistivjty to fractional porosityd, pore space occupied by liquid wagrand

resistivity of pore watep,,
pe=c=ad"S"p,
Equ. 6.4

wheren and m are rock specific constants aachas no physical meaning (Bussian, 1983). Porasityains
constant over short time scales and Roberts (280@yed that wetting of microporous rocks betweerad@®
100 % has little effect on resistivity in compansto significant temperature changes. Temperatchasiges
aboveT, affect the mobility of ions and thys,. Unfrozen resistivityo behavior can be calculated as a quasi-

linear decrease

Po

P= 1+a(T-T,)

Equ. 6.5

whereT is the actual temperaturg, is the resistivity value at a reference tempeeaiyrand & approaches
values of 0.025 K (Keller and Frischknecht, 1966). Below the fregzpint, resistivity depends mainly on
unfrozen water content until most of the pore wadefrozen (Mellor, 1973). Commonly, resistivity lb& the
freezing point T;) is calculated as an exponential response to dimpéarature according to McGinnis et al.
(1973):

b(T; -T)

P =P
Equ. 6.6

whereb determines the rate of resistivity increase amdueaderived empirically (Hauck, 2001).

6.1.3 Methods

6.1.3.1 Petrophysical characterization

Plan-parallel cylindrical plugs with diameter aetdth of 30 mm were prepared. Three plugs oriethipdepen-
dicular to each other were sampled to observe dgdeeity and anisotropy. Plugs were dried and dtorea
vacuum vessel to avoid adsorbance of air humiéibrosity was measured using a gas compression/ggpan
method in a Micromeritics Multivolume Pycnomter 53@s flow density of low-permeability rocks wasoto
low for standard flow meters, a pressure trangiegthod with argon gas in a 5 MPa gas-autoclaveapatied
(Zisser and Nover, in press). Permeability can &leutated analytically, correcting the “KlinkenbeEgfect”.
Qualitative and quantitative mineralogical compositwas determined by X-ray powder diffraction asé
using the “Rietveld-method”. We applied 20 g sarsm&granulometric homogenous and completely disdeid

powder measured in a Siemens D5000 diffractometer.
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6.1.3.2 Resistivity measurements

Resistivity behavior was measured using represeat&30 kg cuboid samples taken from permafrostyst
sites. Samples were submerged in low conductiv820(80.002) S/m water in an undisturbed closedrbasi
approach their chemical equilibrium. Pore space fullig saturated under atmospheric pressure uhtd0a°C
resistivity did not decline further, as free satiota resembles the field situation more closelyntisaturation
under vacuum conditions (Krus, 1995; Sass, 2005aples were cooled with increments of 0.1-0.2f@ i
range of 20 to-4 °C. Ventilation was applied to avoid thermal lagg. Samples were loosely coated with plas-
tic film to protect them against drying. Calibrat@®3 °C-accuracy thermometers measured rock texnperat
the median depth of electric current flow accordiagBarker (1989) for the employed Wenner four-etete
configuration. This array provides a laboratorylagae to the geometry of most field measurementeigel! et
al., 2008). Stainless steel electrodes of 5 mm efiamand 16 mm length were firmly placed in holeked to a
depth of 2-3 millimeters with a constant separatimmging from 5-13 cm on different samples. Galeamintact
was improved by conductive grease along the roektelde contact. Resistance was measured repeatitdly
reversed currents with an ABEM SAS 300B device.atrBA and up to 160 V. Deviation of repeated idsaiti
measurements is practically below 0.05 %. Resigtivias calculated under the assumption of a haltsp
measurement geometry. This assumption is justiigdn the dimensions of the rock samples comparettid

electrode array length (Barker, 1989).
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6.1.4 Results
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Fig. 17: Tp paths of eight permafrost rock samples with liregggroximation of up to four arrays.

Sample a — e show significant supercooling effdttdn accordance with the physical theory, thepseatine

sample with highly attractive antigorite pore waltlas no definite freezing point.

Freezing in rocks occurs with a sudden increasthenTp gradient (Fig. 17). Frozen and unfrozen resistivit
trajectories can be fitted accurately by lineaatiehs with an R2 > 0.88. d-gradient above 0 °C is -0.33 +0.22
[kQm/°C] with extremes ranging from -0.04 to -0.95 @radient of frozen rocks is -6.82 +4.6 XJi/°C] with
extremes ranging from -1.26 to -17.64. Frozem gradients are 12-34 times steeper than unfrozadiemts of
the same sample. Except for carbonate rocks (Fige1f), supercooled g-gradients are slightly (factor 1.41-
1.85) steeper than unfrozerpGradients. Unfrozen and frozerpTgradients of low-permeability (<1(D) rocks

increase by a factor of 0.2 (r2 = 0.45) and 2.8 (€832) with every percent porosity but are indefsnt of per-
meability (Fig. 18).
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Fig. 18: The effect of porosity on frozen and ur&o Tp gradients.
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Table 2: Petrophysical and temperature-resistohtyracteristics of permafrost rocks

Location Lithology Poro- Perme- | 0 °C -2°C T-p T-p T-p Te [°C] Ts [°C] Mineral

(Country sity ability Resistivity Resis- gradient | gradient gradient content

/Ref.) [%] [uD] () [kQm] tivity unfrozen | super- frozen [weight %]

[kQm] [%/°C] cooled [%/°C]
[%/°C]

Matter Schisty 2.35 0.816 |13.3 32.2 3.7 5.7 30.1 -0.10 -0.90 Q 35.9; M 40.0;

Valley (CH) | quarz slate | +0.15 +0.07 +0.8 +2.2 +0.2 +2.1 +3.1 F 15.9; Gl 4.4
Cc338

Matter Quarz slate | 1.52 |0.087 |12.0 245 3.1 45 29.1 -0.10 -1.10 Q 46.6; M 27.5;

Valley (CH) +0.09 +0.032 | +1.0 +2.7 +0.0 +0.8 +2.8 F15.5;C 10.4

Matter Mineralized | 2.74 4.73 4.6 9.4 3.1 45 24.9 -0.70 -1.20 F 58.7; M 26.0;

Valley (CH) | paragneiss | £0.27 | +0.85 | 1.3 +2.9 +0.1 +1.4 +8.7 Q9.5;C538

Matter Pyritic 2.03 0.056 3.6 5.7 2.7 4.5 49.8 -1.35 -1.35 F 32.0; Z 21.7;

Valley (CH) | paragneiss | +0.14 | +0.047 | £0.7 +1.0 +0.1 +1.7 +0.5 M 15.1; C 10.0;|
Q 8.2; Ac5.9; A
3.7,Ga 3.4

Zugspitze Limestone 1.31 4.48 1.7 2.6 2.3 0.8 49.2 -1.55 -1.55 Ca98.8;Q 1.2

(D/A) +0.22 |+0.11 |05 +1.0 +0.5 +1.3 +10.7

Zugspitze Dolomite 4.42 6.24 33.0 54.1 2.9 -2.3 32.6 -0.55 -1.40 D 74.6; Ca 254

(D/A) +0.41 |+1.12 |+1.8 +4.3 +0.1 +1.0 +3.6

Grossglock- | Serpentine 1.27 |28.7 2.3 2.7 2.6 5.2(?) 0.00(?) 0.00(?) An. 95.2; W 4

ner (A) +0.11 +3.9

Gemsstock | Grano- 4.02 0.43 10.9 21.6 3.0 55 17.9 -0.55 -1.40 Q 37.4; F 21.%;

(CH) diorite +0.36 | +0.22 |+0.3 +0.3 +0.1 +0.3 +0.5 Ch29.8; M 11.3

Mean value 10.2 19.1 2.9 3.3 29.8 -0.7 -1.2

+7.1 +14.0 +0.3 +2.3 +10.6 +0.4 +0.2

Barre  (US,| Granite 0.69 11.1 114.2 4.3 43.4

M)

Indiana (US,| Limestone 14.1 0.6 37.4 0.5 51.7

M)

Berea Sandstone 19.8 0.5 35.7 1.1 56.6

(Antarctica,

M)

Purtuniq Peridotite 0.2 15.9 590.2 3.6 39.7

(Quebecy)

Purtuniq Pyroxenite 0.2 15.9 327.8 3.6 20.3

(Quebecy)

Mean value 8.8 2211 2.6 42.3

M, ) +6.6 +190.4 +1.5 +9.9

Berea NaCl- 19.8 0.0088 0.0175 2.2 40.6

(Antarctica, | saturated-

P) Sandst.

$.8

References: M, Mellor 1973; S, Seguin 1978, P, 8wal983. &, Equilibrium freezing point; J, Spontaneous
freezing point. Minerals: Q: Quartz; M: Mica; F: Faspar; Gl: Glaucophane; C: Chlorite, Z: Zoisite,cAActi-

nolite; P: Pyrite; Ga: Garnet, Ca: Calcite; D: Dohuite; An: Antigorite; W: Wollastonite.

Te ranges from -0.1 to -1.55 °C around a mean valu8.@ (+0.4) °C (Table 2). When cooling, half betsam-

ples only freeze subsequent to supercoolingTatad -1.2 (+0.2) °C . Freezing then occurs with &nugpt rise in

temperature and resistivity within tens of secotwa few minutes (Fig. 19). Self-induced warming latent
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energy dissipation of the sample by 0.1 — 1.0 °@aides with a sudden increase in resistivity by th 6.0
kQm. When melting resistivity values decline linearya hysteresis until,.
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Fig. 19: Supercooling, spontaneous freezing andimgethysteresis of a mineralized paragneiss sample.

6.1.5 Discussion

6.1.5.1 Linear T-p approximation

1400 ‘ e 0.14
1200 | ™\
1000

800 -
0.08

600 - > Granite >0°C (2 = 0.93) (L)

10,086 . Granite <0°C (r?=0.92) (L)

& Limest. >0°C (17 = 1.00) (L)

"D Limest. <0°C (12 = 0.85) (L)

1 0.04 > Sandst. >0°C (17 = 1.00) (L)

% Sandst. <0°C (1 = 0.91) (L)

& Peridotite >0°C (1 = 0.83) (L)
10,02 ™ Peridotite <0°C (12 = 0.92) (L)

“+ Pyroxenite >0°C (1 = 0.83) (L)
“+ Pyroxenite <0°C (12 = 0.99) (L)
0.00 * NaClin Sdst >0°C (12 = 1.00) (R)
“®. NaCl in Sdst <0°C (1 = 0.93) (R)

Resistivity [kQm]

400

200 +

Temperature [°C]

Fig. 20: Linear Tp approximation of reanalyzed data by Pearson et1883), Seguin (1978) and Mellor
(1973).
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Seguin (1978) pointed out that resistivity is a pdw proxy for rock temperature. Two types ofy Telation-
ships were proposed in the literature: linear arpomential (Hayley et al., 2007). Keller and Frisoclcht
(1966) postulated a quasi-lineapTsehavior above the freezing point. Our study cordia linear approxima-
tion of all unfrozen samples with an R2 of 0.92al&nd a reanalysis of prior studies (Mellor, 19%2guin,
1978) yielded a linear approximation with an RO®B5 to 0.99 (Fig. 20). Reanalyzed data with Naflated

Berea sandstone by Pearson et al. (1983) indiedteear approximation with an R2 of 1.00.

In contrary, the exponential model introduced byQ#mis et al. (1973) is inappropriate to charaeterip
behavior of frozen low-permeability rocks. Their asarements were made at increments of 10-20 °Cdihd
not intend to target the critical freezing rangeuaately. Rock samples presented here show ancékplinear
behavior of frozen p paths with an R2 practically between 0.97-1.0@&nebetter than for unfrozenpTpaths.
Reanalysis of results provided by Mellor (1973) &sdjuin (1978) showed that linear approximationches T-
p paths of frozen rocks with an R2 of 0.85 to 0.¥Xperiments conducted by Pearson (1983) reswtlinear
approximation with an R2 of 0.93 and show that tlékavior is independent of pore fluid. Exponentigl be-
havior characterizes freezing in brines and difienenconsolidated materials (Hauck, 2001; McGiretisal.,

1973) but is not applicable to low-permeabilityksavhere freezing occurs in confined space.

Absolute Tp gradients of unfrozen rocks in this study of 08823 [KQm/°C] closely resemble reanalyzed
values of prior studies with unaltered pore chemisf 0.33 +0.25 [Km/°C] (Mellor, 1973; Seguin, 1978).
Absolute Tp gradients of frozen rocks approach 6.8 +4@rfi°C] and are at the lower limb of those measured
by the mentioned studies of up to 234fk/°C]. All studies show pronounced absolute incesas Tp gradi-

ents of 1-3 magnitudes at the freezing point.

Keller and Frischknecht (1966) introduced ‘as a relative measure ofplgradients that is normalized to abso-
lute resistivity values and is expected to apprdaéh%/°C for most electrolytes. Our values of 2083 %/°C,
reanalyzed values by Mellor (1973) and Seguin (3.8 +1.5 %/°C and even reanalyzed data from brine
saturated Berea sandstone 2.2 %/°C by Pearson)(1883nble the postulated value closely. We inttedua
“B” for supercooled/superheated rocks that applieshie temperature range between 0 °C and the speoua
freezing point up to -1.55 °C when cooling ant for frozen rocks. Supercooled/superheatgd plaths are only
slightly steeper than unfrozen paths for siliceonsks (4.5 +1.5 %/°C) but horizontal and even rsgdrfor
carbonate rocks (-0.7 1.2 %/°C). Respectivefy,ds a measure of relativeplincrease of frozen rocks (29.8
+10.6 %/°C) is one magnitude steeper thahand “B”. Reanalyzed values of prior studies with unaltered pore
chemistry (42.3 £9.9 %/°C) (Mellor, 1973; Segui®78) and brines (40.6 %/°C) (Pearson et al., 1388w

similar results.

6.1.5.2 Supercooling

Physical studies in artificial pores show that fieg point depression in confined media is depehdenpore
size and material (Alba-Simionesco et al., 2008)e Treezing point depression in rocks with confinexe
space was not resolved in prior rock resistivitidgts (McGinnis et al., 1973; Seguin, 1978). Ouues indicate

that the equilibrium freezing point in permafroetks is depressed to -0.7 +0.4 °C. Supercoolingou.2
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+0.2 °C occurred in four samples. Instantaneowezfng of supercooled samples occurred in tensafrsks to a
few minutes with sudden warming of -0.8 +0.1 °C.eTjamp in resistivity at the freezing point wasealdy
found by Mellor (1973) but has been poorly adamiede that. The resistivity gap coincidental torgpoeous

freezing was observed to be 2.9 +1Gink

Three lithological exceptions were included. Theagest irregularity derives from a serpentine thatsists to
95 % percent of Antigorite, a layered mica-shapagentine mineral. Strongly attractive pore wallsréase the
freezing point in contrast to most silica miner@tba-Simionesco et al., 2006) and may impede addffreez-
ing transition. Carbonates indicate altered or res@ Tp response to cooling below 0 °C which could be ue
enhanced pore water solution effects at low temperand under elevated pressure. A pyritic slate icluded
to test the effect of electronic conduction in nxagrains. In spite of a pyrite content of 3.7 %p Gradients

remained unaltered.

6.1.6 Conclusion

Exponential Tp behavior postulated by McGinnis (1973) may be iapple to loose materials and high-
permeability rocks, but is inappropriate for wasaturated low-permeability rocks in high mountalkysics of
freezing are determined by confined pore spaceblé&taquilibrium freezing temperature is lowered to
-0.7 (£0.4) °C. Supercooling until the spontanefraszing temperature of -1.2 (+0.2) °C occurs falf lof the
samples. Spontaneous freezing subsequent to sofiagcooincides with a self-induced temperatureéase of
0.8 (x0.1) °C due to the dissipation of freezingrgly and a sudden increase in resistivity of 2 B4 kQm.
Latent heat emission and electrical properties sti@aw significant nucleation of ice in pores onlgcors after

the spontaneous freezing temperature is reachdtinlyleccurs on a hysteresis without supercooling.

T-p behavior is approximated accurately by separatali functions for unfrozen, supercooled and frazda-
tions. Tp paths below 2 °C and above 0 °C can be definaigktforward by four values: 0 °C unfrozen resis-
tivity (10.2 £7.1 K2m) and the unfrozen resistivity gradient of 2.93t@/°C as well as -2 °C frozen resistivity
(19.1 £14.0 Km) and the frozen resistivity gradient of 29.8 H1@/°C. Supercooled g-gradients of 3.3 +2.3
%/°C resemble unfrozen gradients especially facesilus rocks. Results emphasize the potency dftiasi as

a temperature proxy in instable permafrost rocks.
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6.2 Field application to monitor annual active layer processes

Source: Krautblatter and Hauck (2007). Electrieaistivity tomography monitoring of permafrost olid rock
walls. Journal of Geophysical Research, Earth-8arfgol. 112(F2), doi: 10.1029/2006JF000546.

This article describes the first attempt to conductERT (electrical resistivity tomography) in solid perma-
frost-affected rock faces. Electrode design, instment settings, and processing routines capable ofaas-
uring under relevant conditions were developed. Fautransects, with NW, NE, E and S aspects, were in-
stalled in solid rock faces between Matter Valley rad Turtmann Valley, Switzerland at 3070-3150 m a.k.
DC-resistivity in the transects was measured repeatlly during the summer and compared by applying a
time-lapse inversion routine. Resistivity values we calibrated using observed rock surface conditios of
thawed, damp rocks (1-8 Km), deeply frozen rocks (18-80 €m) and the transition from thawed to fro-
zen rocks (8-18 K2m).

Mean surface layer resistivities of transects respal to air temperatures below 0° C with a rapid incease
by a factor of 1.4 to 2.9 from values of 12 — 15km to values of 22 — 31 ®m. Rock layers at depths of 2-
6 m display a general trend of resistivity decreas® summer, corresponding to a persistent thawing qoc-
ess. Their response to anomalously cool August teematures occurs with a time lag of two to four week
Only the E, NE and NW transects display persistenthigh resistivity permafrost bodies (> 50 &m) mostly
at depths of 6-10 m. The maximum thaw depth of a edinuous thawing front above permafrost is 6 m.
However, the ERT results emphasize the role of heétansfer by deep-reaching cleft water systems. Thay
permafrost occurs in lenses rather than layers. ERrovides rapid detection of ice and water distribdion

in permafrost-affected bedrock.

6.2.1 Introduction

Numerous rockfall events involving permafrost-aféet rock walls have been observed over the courseeo
last century. Noetzli at al. (2003) reported 1% 4ills (10 — 16 m?3) and bergsturz (> £0n3) events since the
beginning of the 20 century in the European Alps. Recent observatiodisate that the frequency of rockfalls
originating from permafrost rock walls has incrahg8ruber et al. (2004a) described and modeleeffieets of
the hot 2003 summer on rock wall permafrost inAhps, with implications mainly for mid- and high-igaitude
rockfalls. Sass (Sass, 2005b) measured elevatets le¥ small-scale rockfall in rock walls with dading per-
mafrost in the German Alps. While small-magnitudekfalls on average cause more casualties than high
magnitude rockfalls (Hungr et al., 1999), singlgfhimagnitude rockfalls can cause catastrophic damasych
as the Huascaran ice and rock avalanche in 197@hwas detached from a permafrost rock area aniédu
two villages with 20,000 inhabitants (Erismann a&zkle, 2001). Although the effects of global wargion
rock wall permafrost are not yet fully understopdedictions point towards rapid degradation of prost in
rock walls in the next few decades (Salzmann eR8I07) contributing to elevated levels of permstinelated
hazards.

At present, information about the spatial distribntof permafrost in rock walls is derived from twources.

Several boreholes drilled in permafrost rocks mtevinformation on thermal profiles up to a hundmeeters

59



depth (Gruber et al., 2004b; Harris et al., 2003W)s information is supplemented with data setsnftempera-
ture loggers that record surface rock temperaturslly in small holes of several centimeters kephese data
sets are then used to create energy-balance mibdelsalculate the spatial distribution of rock paratures
even in geometrically complex rock walls (Gruberkt 2004a; Gruber et al., 2004b; Noetzli et2006; Peter,
2003). Two problems associated with this approaehtlaat temperature loggers and boreholes providg o
point measurements with unknown spatial represestess, and that validation of the models at deptiffi-

cult to achieve.

A systematic comparison of different geophysicathuds for monitoring permafrost in high-mountairvien
ronments has been published by Hauck (2001). Ftoenldrge variety of geophysical methods, electrical
resistivity tomography (ERT, also named DC-resistitomography), was considered well suited forumnber
of permafrost-related problems. The major advaniagepplying resistivity measurements to assessntadu
permafrost lies in the fact that freezing and tmawof most materials is associated with a restgtishange of
several orders of magnitude, which, in turn, isilgatetectable with geoelectrical instruments. Thgtallation
of permanent electrodes and modeling of subseqesittivity data sets within the same inversiontirau(so-
called time-lapse inversion) allows direct monmagriof the spatial and temporal permafrost varigbiti loose
materials and rock masses beneath loose debrissc(iauck, 2002; Hauck and Vonder Muhll, 2003). Tih&t
attempt to derive spatial information from solidkdaces by ERT was conducted by Sass (2003).dseguent
studies, Sass provided further evidence that ER&sorements are capable of measuring the degreackf r
moisture (Sass, 2005a) and temporal and spatialticars of freeze and thaw limits (Sass, 2004)dldsrock
faces. These ERT measurements were confined topiher weathering crust (centimeter- to decimetaledof

rock faces with electrode spacing of only seveeatineters.

This study extended ERT to solid permafrost rocksaend monitored depths up to 10 meters by emarglec-
trode spacing to the meter-scale. The scope oéléerical resistivity profiles includes subsurfanéormation
from depths in which permafrost in high-altitudeckawvalls is presumed by modeling and determinedutin
borehole measurements (Gruber et al., 2004b). Iesspplications include spatialization of pointoimmation
obtained from surface temperature and borehole uneiaents to two-dimensional information and valmabf
rock wall temperature models. When calibrated eieffitly for different environmental conditions, tteehnique
could provide a fast method to derive the spatisdridution of frozen and thawed rock sections rfockfall

hazard evaluation, and possibly for prediction.

Four questions are addressed in this study: R$ capable of measuring and monitoring permaifirosblid
rock faces? (ii) What technical equipment, instrotrgettings, and processing routines create relieddults?
(i) What seasonal and short-term changes of foezing can be monitored with ERT? (iv) What cos@ns

can be drawn for the spatial distribution of pemosif in rock walls?

6.2.2 Theory

6.2.2.1 Factors influencing short-term resistivity changes in rocks

Rocks in the study area can be envisaged as sethictams, in which electric current propagates leciblytic

conduction. Rock conductivity reflects the amouhpore space, its spatial distribution, the watgusation of
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pores and the resistivity of pore water, includihg ion content. Archie (1942) developed an emglificrmula
for the resistivity of damp rocksy) from the porosity®), pore space occupied by liquid wat&), @nd resistiv-

ity of pore water 4,),
P.=ad® "S"p,
Equ. 6.7

wheren, m, anda are constants. Assuming that porosity remainstaah®ver brief intervals, changes in rock
mass resistivity must result from changes in poatewresistivity or saturation of pore space withtev. The
decrease of rock temperatures above the freeziimg pesults in a decrease of the mobility of ioasd this
corresponds to a linear reduction of resistivitiuea. Thus, resistivityd) can be calculated as a linear decrease

with temperature differencd<Ty) from the resistivity valueg) at a reference temperatufi)(

Fo

P= 1+a(T-T,)

Equ. 6.8

The constant@ approaches values of 0.025"Kor most electrolytes (Keller and Frischknecht68p For
temperatures below the freezing point, resistidgpends mainly on unfrozen water content until nodshe
pore water is frozen. For the range of temperatemsuntered in Alpine environments, resistivityn dae
calculated as an exponential response to the tetoperbelow the freezing pointy( according to McGinnis et
al. (1973):

P = P,

b(T¢ -T)

Equ. 6.9

The factorb determines the rate of resistivity increase and loa derived empirically (Hauck, 2001; Hauck,
2002). Resistivity changes along a monitoring tegehsan be attributed to changes in pore watereobrand
temperature, while changes in porosity and watemistry can be neglected over daily to monthly mesment

intervals in low-porosity rocks.

6.2.2.2 Error sources

Distortions of measurements could derive from tleeteokinetic potential created by water percolatin rock
clefts. Streaming potential is usually restrictedsalues below 100 mV (Telford et al., 1990: 238)d is at least
one to two orders of magnitude lower than the ga&applied during DC-resistivity measurements. édver,
standard geoelectric instruments reverse curreiregtibn with a frequency of 1-2 Hz, eliminatingeteffect of

steady potentials.

Additional distortions could derive from large r&8iity contrasts at the boundary of suspected p#osat bod-
ies, which are usually orientated parallel to thdage. This may result in slight over- or undemation of the

depth of the transition layer. The same is truenfi@asurements taken when the rock surface wasnfrazed

61



therefore included high resistivity sections. Hipait is inevitable that certain topographic digtons are in-
cluded when measurements are taken on a structocgdface. Resistivity values tend to be slighteesti-
mated in prominent rock spurs and underestimateddk niches (Holcombe and Jiracek, 1984). Howetyer,
deviation of the transects normal to the strikehef four transects presented here, in relatiomatosect length,

was smaller than in previous studies (Sass, 20885,2004; Sass, 2005a).

It is important to consider that all distortionsntiened above, except electrokinetic potentialsndbinfluence
the comparability of subsequent resistivity measiangs, as they remain constant through time. litiaddit is
not clear to what degree changes in water chemistityence measurements. Due to the low permegplulit
intact gneissic rocks (8-10" m/s) (Prinz, 1997), pore water resistivity is pably relatively stable. Solute
rejection and the formation of brines in a “pore&e (Hall et al., 2002; Murton et al., 2000) slibbk ad-
dressed in detail if this method is extended toemmorous rock media. However, the permeabilityisgured
gneiss along discontinuities can be significanilyher (up to 16-10* m/s) (Terrana et al., 2005) and solute

rejection along discontinuities could cause chamgeteft water conductivity in the micro-scale.

6.2.3 Study area and methods

Rothorn
3259 mas.l

Rothorn-
E-glacier 2

Fig. 21: The position of the DC-resistivity monittg transects in the study area “Steintalli”.

Transects were named according to their dominapeess
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6.2.3.1 Study area

The study area “Steintalli” is located at the clast between Matter and Turtmann Valleys in Val&@wiitzer-
land at an altitudinal range of 3070 to 3150 ml.aasljacent to the Rothorn summit (Fig. 21). Lithgy in the
study area is dominated by slaty paragneisses hathogeneous structure. The warming tendency dfier t
Little Ice Age resulted in the retreat of the RathdlE Glacier, which lost more than 300 meterg®fmaximum
length. Presently, the Rothorn NE Glacier is dissedy newly exposed rock bars in several smallréties,

which are subject to further melting.

°C

April May June July  August September

Fig. 22: Mean monthly temperatures measured attiddy site during the thaw periods 2003 to 2005.

°Cc 15

10

-15
04.01 05.01 06.01 07.01 08.01 09.01

Date (2005)

Fig. 23: Daily air temperatures and moving averaigair temperature in 2005.

The annual average air temperature of the Staimairoached values of — 3.5 °C according to measents
taken in the Matter Valley between 1962-90. Thanadrost study conducted by Gruber and Hoelzle (2001
the Matter Valley ranked the whole Steintalli a8ikely permafrost area.” Climatological data haleen re-

corded since July 2002 at a meteorological stdtoated at a horizontal distance of 900 m and atl@tudinal
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difference of 330 m from the study site (averagfé®in a.s.l.). Temperature data were corrected (88-IC
(0.6 °C per 100 m) for the altitudinal differenddne average annual temperature of 2004 at the sitelyvas —
3.7 °C, which is in accordance with the long-tenerage value. Although no complete dataset wasdedofor
2003, existing data from April until August indieaan air temperature several degrees higher tha6dd and
2005 (Fig. 22). August 2005, when geoelectric nayitiy was initiated, was anomalously cool after suonmer
months with average temperatures (Fig. 23). Asaak bars in the study area are surrounded bylooal air
temperatures can be significantly lower than thosasured at the meteorological station. The glaelers also
perform hydrological heat transfer with the rockdyavhich is especially evident in the monitoringnisect NE,
due to the topographic position under an ice ré@lie other transects only have lateral contact glilsier rem-
nants (Fig. 21).

6.2.3.2 Data acquisition

Four rock wall sections in the study area were eha@cording to following criteria: (i) Rock wa&ould rep-
resent different aspects (NW, NE, S, E); (ii) Littgy and discontinuity patterns should be homogasenuithin
the rock face exposure and at the depth covereRly measurements; (iii) In accordance with critersab-
lished for the positioning of rock wall temperatloggers by the University of Zurich (Peter, 200Bg central
part of the measurement transects should represtree rock face steeper than 60°, in which eldetsowere
positioned a few meters above the ground to avedvscovering them in winter; (iv) Planar rock wallgre
preferred in order to reduce the topography induitkethe ERT inversion process. As a tradeoff betwdepth
information of ERT and the availability of suitaljéanar rock faces, 60 m long monitoring transedth elec-
trode spacing of 1.5 m were installed in August®20Mb achieve optimal electrical contact with tbek mass,
we used 10 mm thick and 10 cm long stainless st@elws as electrodes that were placed firmly ieddrilled

in the rock face. The screws remained in the roak and were used for all subsequent ERT measurtsmen

In the S and NE resistivity transects, we measthredopography of the electrode line three-dimeraly using
a tachymeter with accuracy of 5 cm. The same mettaxlapplied for 20-30 electrodes visible from aside
viewpoints in the E and NW transects. Missing etat® positions were interpolated using informati@mived
from ruler measurements. As deviations normal édtinike cause significant distortions in the tvimehsional
analysis (Holcombe and Jiracek, 1984; Telford et1®90; Maurer pers. com.), deviations in thereation of a
linear function were calculated from the tachymetatasets and implemented in the topographic nuglelf
the inversion software RES2Dinv (Loke and Bark&©3; Loke and Barker, 1996).

We applied an ABEM SAS 300C Terrameter multi-elegér resistivity instrument, designed for 41 eledé®
All measurements were conducted with the same rusteength settings. In the rare case that rewistaari-
ability greater than 1 % for a single datum poirisvobserved, additional values were measured atitatha
All measurements were conducted using a Wenney aiita 190 different electrode combinations, as thiray
yields the highest signal-to-noise ratios for maimpermafrost environments (Hauck and Vonder MZtD3).
The contact resistance of each electrode was tégtfeue the measurement. As the electrode contiticttiae
ground is difficult in frozen and ice-coated ro@cés, even with the electrode design describedealves ex-
cluded up to three electrodes if the contact rascst was too high or not constant with time. If entiran three

electrodes indicated contact problems, the meagmewas not included in the time-lapse inversion.
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6.2.3.3 Data processing

Subsequent resistivity measurements in the fomséets were inverted using the time-lapse invensiotine of
the software RES2Dinv (Loke and Barker, 1996). d6dime-lapse inversion guarantees that all subseu
measurements over a certain transect are procesiethe same inversion model used for the firsasuee-
ment in this transect (Hauck and Vonder Mihll, 20@&ttings of RES2DInv were adapted to the speciatli-
tions present in rock faces. We inverted the datia malf electrode spacing of 0.75 m and used er finesh size,
to cope with high-resistivity contrasts. Robustersion was applied to avoid smoothing of the rgigtgradi-
ents expected in the data sets (Sass, 2004). frimalchose a model with an increase of 10 % iarlélyickness

per layer, as this option provided more stablerisioa results.

When applying time-lapse inversions in partiallyzZien rock walls, it is difficult to obtain resigtiy models with

a root-mean-square (RMS) error between modeledbsdrved data of less than 10 %. This is partlytdube

fact that one to three of the 41 fixed electrodad imsufficient electrical contact and that onlg thatum points
obtained in the first time-lapse measurement camdesl for subsequent measurements. A conventiooal,
time-lapse inversion of the later measurementssgivealler RMS errors (e.g., 6 % for time serie8,23nd 4 of
the NW transect), but produces similar resistititgnograms. Thus, the resistivity tomograms show $oacep-
tibility to the datum points that were removed frdine dataset due to the time-lapse inversion psoddsas-
urements taken on dewed rock surfaces generaljtedsin lower RMS errors (e.g., transect NE AugLi3f

RMS = 6.1 %), while measurements on freshly icgamaock faces lead to inversion models with irisight

data fit (e.g., the NE transect, August 15, RM3A4).

6.2.4 Results

Fig. 24: Test measurement of frozen rock surfasistieity values at the NE transect (August 15,500
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6.2.4.1 Raw resistivity data
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Fig. 25: Apparent resistivity data of Transects N&Y, E and S

To assess the quality of the data sets, preliminaaftysis of the measured apparent resistivities peaformed
for each measurement. Apparent resistivity is dated from the measured ratio between potentidémifice
and injected current (resistance), multiplied wath appropriate geometric factor depending on tketrde
spacing. If data quality is sufficient, the apparessistivity data can be inverted on a two-dimenal grid to
yield two-dimensional specific resistivity modeds can be seen in Fig. 25, resistivity measuremeittssmall
electrode spacing (1.5 m) indicate high variabilityapparent resistivity values. Resistivity chasgmeasured
with larger electrode spacings, occur much slowhis means that the uppermost rock layer (decinstzle),
which is measured with an electrode spacing ofrm,.$eacts fast and sensitively to frozen or unfrozendi-
tions at the rock surface. Subsurface layers (inXlEpth), which are measured with larger electspiring (3-

18 m), reacted in a slower and less pronounced emann

The apparent resistivity of 40 datum points witbcelode spacing of 1.5 m was compared at each mezasnt
position with corresponding environmental conditioithe occurrence of superficially frozen rock aoes in
the north-facing transects (NE and NW) was obseteeteflect mostly air temperatures and the presenfc
snow and ice. The rock surface of the E and S éxassmelts quickly in response to direct solaratoin and,
therefore, often two or three days earlier tharimtacing transects. The best illustration of théhavior is pro-
vided by subsequent measurements on the NW traose8eptember {5and 16'. On September 15 follow-

ing four partly snowy days with average air tempaeof 0.5 °C, the NW transect was still frozen gartially

ice covered, and yielded a mean apparent resjsti¥i4.9 IOm for all surface values (electrode spacing of 1.5

m). Being that September "L5vas the warmest day in September (7.1 °C), teeage 1.5 m spacing resistivity
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declined to 13.6 ®m in late afternoon of the following day (Septembé?, 4.30-6.30 p.m.), when the rock face
was observed to be mostly ice-free and damp. Tcamée showed mean surface layer resistivity of 1&Xin
on August 1%, subsequent to four days with air temperaturegingnfrom 2.2-4.6 °C, in contrast to mean val-
ues of 21.6 &m on September 3following a drop of temperature ranging from -1Gto -0.6 °C over a two-
day period. Transects E and S, respectively, thawedsponse to intense direct solar radiation ept&nber
14" and showed average 1.5 m electrode spacing witistiof 12.9 Kdm and 11.8 &m. On August 1%, fol-
lowing a two-day snow-rich drop in temperature witverage temperature of -0.7 °C, the same tranbacts
average surface layer resistivities of 30(2nkand 30.7 &m. In contrast to the general high temporal vaHabi
ity, rock surface sections that remained permapatdamp as a result of cleft water outflow (transedE, S,
NW), yielded low (2-8 km) and extraordinarily stable apparent resistivajues, which persisted even during
phases of intense freezing. The plunge in temperdtam August 28 to August 28 coincided with a signifi-
cant redistribution of snow by high wind speeds,dhdrefore, yielded a less uniform reaction betweiéerent
transects. In conclusion, absolute apparent reitystialues of single datum points of the deeplyz&n surface
rock were observed to range between 18 and 1B, kwhile damp rocks typically have values of 2@nk,
with transitional values ranging from 8-1Rin. Average 1.5 m electrode spacing resistivity @gjiconsisting of
40 datum points that reflect transitional freezimgurface bedrock, typically increased from 11k@&n (unfro-

zen rock) to 22-31®m (frozen rock).

Two criteria reveal the subsurface information gatld in the raw data measured with electrode sgdanger
than 1.5 m (Fig. 25). (i) Transect NW stands owt ttuhigh (average) absolute apparent resistityas, which
are in the range of frozen rock (> 1€rk) at all depths. Average values in the E and MBsects range between
15 km and 23 km, which corresponds with the transition of thavwedrozen rock. Transect S shows rela-
tively low apparent resistivity values of 12in to 18 Kdm. (ii) The change of apparent resistivity valugthw
time is remarkably homogeneous in all transects anall subsurface depths. All values, measured eli¢c-
trode spacings larger than three meters, declireed mid-August to mid-September. The decreasedistieity
with time is more pronounced in the high-resisgiitW transect, with factors up to 1.5. In the lowesistivity
NE, S and E transects, the resistivity decline Ive® a factor of only 1.05. Only Transect NE wasorded
before the snowy plunge in temperature at August3.4nd, thus shows a less pronounced decline.(Fids).
The fact that subsurface apparent resistivity \alaiethe end of August are in a few cases sligbther than
those of mid-August and mid-September can be bettptained in combination with the spatial inforinat

given in next section.
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6.2.4.2 ERT tomographies

Transect E, absolute resistivity values
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Fig. 26: Time-lapse ERT inversion models of Trahdeavith approximate freezing/thawing front (dashed

line).

Note the response of the frost-susceptible sutfacer (f.r.) to the cool second half of August. Tieezing cor-
ridor (f.c.) extends between intermediate layer &ottom layer permafrost bodies (i.p., b.p.); deegehing

unfrozen rock (u.r.) is apparent next to permanenthter-filled clefts.

68



Transect S, absolute resistivity values
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Fig. 27: Time-lapse ERT inversion models of Trahsedlustrating damp unfrozen rock (u.r.) nextiater-

filled clefts that feed water outflows.

Note the lagged response (I.r.) of the intermediayer to warm June/July temperatures and deepeseaBan-
sient frost-lenses (t.f.).
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Transect NW, absolute resistivity values
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Fig. 28: Time-lapse ERT inversion models of Trahd&d/ with approximate freezing/thawing front (daghe
line) influenced by frost-susceptible surface rd@tk), the lagged response (l.r.) of the internagelilayer to
warm June/July temperatures and a deep-seated fpestrizody.
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Transect NE, absolute resitivity values
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Fig. 29: Time-lapse ERT inversion models of Trah$¢€ showing unfrozen bedrock (u.r.) in the intedine

ate and bottom layer next to water-filled cleftattfeed permanent cleft water outflows (c.0.).

A freezing corridor (f.c.) is developed betweerzér bodies in the surface (overhang position) asitbim sec-

tion.
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Table 3: Classification and characterization ofdgpfeatures in the ERT transects

Position Resistivity Spatial Persistence Resistivity Examples Surface observation and Subsut-
Change face interpretation of Figures 6-9
(km) e
(abbreviation in Figures)
Surface layer 6-120 low Up to all transects Frost susceptible rock surface (flr.)
(0-2 m) 2000 %
Surface layer 2-8 high <60 % NE, NW, E Permanent cleft watetflow from
water-saturated clefts (c.o.)
(0-2m)
Intermediate layer | 10-30 Steady retreat Negative, Wide-spread Seasonal retreat of frozen rogck
sections
(2-6 m) -20 % - —100 % in all transects
Intermediate layer | 20-80 high Temporary E Intermediate layer
reduction
(2-6 m) permafrost body (i.p.)
0 - -80%
Intermediate layer | 2-8 high <160 % NE, E Unfrozen rock next to weltked
cleft (u.r)
(2-6 m)
Intermediate layer | 10-23 low (weeks) Temporary S, N\W Lagged response (thawing) |of
reduction intermediate  layer to warm
(2-6 m)
June/July temperatures (I.r.)
0 --60%
Intermediate layer | 15-25 Transient phg-< +60 % E, S, NE Freezing corridor between diffiere
nomenon frozen sections (f.c.)
(2-6 m)
Bottom layer 20-80 high Positive, NW, NE, E Deep-seated
(6-10 m) 0-140 % permafrost bodies (d.p.)
Bottom layer 3-14 high <60 % E Unfrozen rock next to watelefil
cleft (u.r.)
(6-10 m)
Bottom layer 18-30 Transient phe-< £100 % S Temporary local frost-lens (t.f.)
nomenon

(6-10 m)

Results from the ERT inversions include a rangepacific resistivity values between 1 and 1Zihk Spatial

patterns of resistivity distribution can be claissifaccording to (i) position; (ii) resistivity rge; (iii) spatial

persistence; (iv) temporal variability of resistyiand (v) neighborhood characteristics (see T&leAs de-

scribed in Section 6.2.4.1, the largest part ofstidace rock layer down to 2 m depth is charanteriby fre-

guent and quick resistivity changes up to a faofoRO in response to rock surface temperaturesuliegre-

sented in this article also relate to specific sty measurements of rocks at depths of 2-6 reete

(“intermediate layer”) and 6-10 meters (“bottomday.
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Three types of resistivity zones can be observetierbottom layer. (i) Highly resistive “lenses”tvian extent
of several meters, high spatial persistence, arsnarkable increase in resistivity up to 140 % miyithe sum-
mer period (“d.p.” = deep-seated permafrost, in Bi§, Fig. 28 and Fig. 29). (ii) A low resistiviody in the
bottom layer is only visible in the tomographiesTofnsect E (Fig. 26). However, due to its positioner a
high resistivity zone it is difficult to judge tohat degree its values are influenced by the ingarsbutine. (iii)
Spatially non-persistent bodies in Transect S, wliiave resistivity values ranging from 18-3Qrk (“t.f.” =

temporary frost lenses, in Fig. 27).

A typical feature in the intermediate layer istfie decline in resistivity values ranging from +20-80 % in
comparison to the first mid-August measurementsTihithe most wide-spread phenomenon and can be ob-
served in all tomographies. In all transects thalude a measurement at the end of August, themami resis-
tivity values in the intermediate layer are appagdrthis time (“l.r.” = lagged response, in Fi@, Fig. 27 and

Fig. 28), while resistivities increase from the efdAugust until mid-September. (i) In some casies high-
resistivity zones of the surface and the bottonedare connected by corridors with resistivity ealibetween

15 kOm and 25 Rm (“f.c.” = freezing corridors, in Fig. 26 and Fig9). (iii) Persistent cleft water outflows
“c.0.”, in Fig. 27 and Fig. 29) observed at thekdace often correspond to low-resistivity zongterding to
depths of 6 m (“u.r.” = unfrozen rock, Fig. 26, FRY and Fig. 29) and thus into the intermediayerdaSimilar

to the surface cleft water zones, these patchezriexje relatively small temporal resistivity chasg

6.2.5 Discussion

The electrode design, measurement settings, arefsion parameters applied in our ERT transectsmielise
those recommended by Sass (2003) for ERT measutémestks. Sass applied steel nails or screwsjbim
diameter, driven 10 mm into boreholes. We usedhigiss screws, 10 mm in diameter, driven 100 mm lote-
holes to achieve optimum contact in frozen rocke TheoTom-2D system applied by Sass and our ABEM
SAS300 system have different strategies to cople Wgh resistivities. While the GeoTom system, aslified
by Sass, can measure amperages as low as 0.008 regpionse to voltages up to 0.24 V, the ABEM sydte
capable of applying high voltages up to 160 V teate a stable current of 0.2 mA. Thus, the maximesis-
tance that can be measured by the ABEM device@skBO(GeoTom modified by Sass 48k This restricts the
range of measurable resistivities to 12@nhkfor an electrode spacing of 1.5 m or 2,4@0rkfor an electrode
spacing of 3 meters and so on. All measured reiist, including those of frozen rock, were sigrahtly
smaller than the 1200k resistivity limitation of the measurement devfoe the minimum electrode spacing
of 1.5 m. One advantage of the ABEM device is that noise of possible distortions, such as eletatic
potentials, is reduced when applying voltages twthoee orders of magnitude higher than these piatenThe
settings of the inversion routines such as finehmesbust inversion, 4 nodes, and topography modetsem-
ble those recommended by Sass (2003). The advantdgmplying time-lapse inversion for data deriiesm

fixed monitoring transect were investigated exteglyi by Hauck (Hauck, 2002).

Several outcomes support the hypothesis that thetoned rock transects reflect frozen and thawesk mndi-

tions. The transition of thawed to frozen rock dtinds observed at the rock surface coincides wittudden

increase of surface resistivity values by a faofat.4 to 2.9 in all transects. Mean values of thdwurface rock

indicated values of 12 — 15%n, while frozen rock surface conditions typicaliglg values of 22 — 31¢m.
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Due to the fact that the mean apparent resistirdtye includes forty data points with electrodecapg of 1.5 m
for every measurement at every transect, this gssamcompares the average signal of a few hundetd
points and is highly significant. The effect of ting on the resistivity of non-frozen rock typigaltauses resis-
tivity gradients of 0.4 per 10 °C temperature cleaagd cannot, therefore, be responsible for thisipimenon
(Hauck, 2001; Hauck, 2002; Keller and FrischknetB866; Telford et al., 1990). The laboratory meaments
conducted by Hauck (2001) showed that an exporiéntieease of resistivity with declining temperatun dry
and saturated materials occurs only at or belovirtezing point (McGinnis et al., 1973). Comparisath field
data taken at the Schilthorn, Switzerland yieldeitlence that this relation is also true for natwahditions.
Moreover, similar gradients for the transition lo&dved rock to frozen rock were observed by Sas34(2T hus,
there is little doubt that the range of resistiwglues from 15 ®m to 22 Kdm marks the transition between
thawed and frozen rock. Completely dry rocks areually absent in this system due to the steadgemee of
snow, ice, and cleft water on the rock surface.oiding to these results, an approximate 0 °C-isabndrawn at
18 kQm in Transects E and NE (Fig. 26 and Fig. 28) wleangtinuous freezing/thawing fronts are developed.
The uncertainty is given in all figures as the fig#éion zone” reaching from 14-23%n (brown and orange). It

is derived from the 15.0-21.8¥m-range plus approximately 10 % for additional alisbns.

The measurements provide relatively well-calibratallies for different surface rock conditions. Daegeduced
physical weathering activity with distance from tleek surface (Lautridou, 1988; Matsuoka, 1990; svdaka,
2001; Sass, 1998; Viles, 2001), slightly smalleckrporosities with increasing depth could resultreéduced
maximum resistivity values in frozen rocks. Howe@evious studies suggest that this effect doésnflaence
resistivity values significantly (Sass, 2003; S&€3)4). It is, therefore, a straightforward apploée assume

that the resistivity values of surface and subserfayers of rocks react similarly to freezing.

The distinction between temporarily frozen rock gmimafrost occurrences is a difficult task and tmely on
characteristics such as; (i) the spatial persigtesfcfrozen rock sections; (ii) high resistivitidgat indicate a
deeply frozen body capable of resisting a phasseasonal heat transfer; and (iii)) a low ambienistisity de-
cline next to the central permafrost body. Highstiaty bodies that fulfill these criteria can feund at depths
of 6 to 10 m in the NE transect below electrodeitims6 and in the NW transect below electrode posi—6.
Transect E stands out because it shows a highivégisens in the bottom layer below —6 m, andeas@n more
pronounced high-resistivity lens reaching into ithtermediate layer from —4 m to —8 m. All those iesdn the
bottom layer are branded by persistent resistwitirceeding values of 4@kn in the center of the lens, com-
bined with a trend of increasing resistivities dgrithe summer that can exceed 200 %. The resjstifithe
intermediate layer high-resistivity body in Traniséc(Fig. 26) declines to values of 30-4Qrk at the end of
August but soon recovers to values exceeding®.kConsidering, that ERT based on Wenner arrays tien
underestimate subsurface maximum resistivities ¢daund Vonder Mihll, 2003) it is virtually certaiinat these
bodies consist of a permanently deep frozen bedcagiable of surviving even warm summers withouaulis
pearing. These permafrost bodies show the samesevtemperature trend with surface temperaturerdented
by the 7.3 m deep thermistor in the Stockhorn balefGruber et al., 2004b). In contrast to the otheee pro-
files, Transect S does not display a stable higfstigity body. Moreover, high-resistivity zones time bottom
layer do not exceed resistivities of 3Qrk. Thus, the high-resistivity bodies in the botttayer of transect S

could be better interpreted as a unique transieseasonal event that could result from a revetsegberature
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trend in the bottom layer, or from other transiembling effects. However, interpretation of unstaphenomena

based on such a short time series should be tregtedaution.

Comparison of subsurface information from ERT withdeling approaches based on measurements from rock
surface temperature loggers can vyield further msigAccording to a modeling approach by Gruberlet
(2004a), the expected mean annual rock-surfacegietyve for the NE and NW transects is ca. 0°C eexpec-
tively, 2 °C and 4 °C for the E and S transectsfabit, Transects NE and NW provide evidence fonadrost
bodies while Transect S only shows transient flears$es. The permafrost body in Transect E coulexpéained

by local rock wall topography (perpendicular roelcé) (Fig. 26) and microclimatic features (ambiemtling

by glacier relict). According to this model, thawpdh for the NE and NW transects would range betveand

7 meters. In fact, the continuously developed thgvines in the E and NW transects indicate thapttdeof 4-

5 m and 6-7 m, respectively.

There is some evidence that the thawing line ajreatteats in September and that late-August toapiges
display the annual maximum of thaw depth in 200Be Bpparent resistivity data show a uniform dedngas
trend of subsurface resistivity values from mid-Asigto mid-September. The reduction of resistiginerally
indicates warming and melting. This reduction soallemonstrated in the tomographies that illustedestivity
changes. The intermediate layer (2-6 m) of allgeats is dominated by a decreasing trend of reisiss with a
range up to —80 %. Nevertheless, the reductioresitivity shows high spatial variability. Transé&tV (Fig.
28) provides the best data set for deriving avetage depth. When observing the transition betwsewn and
orange colors at 18(km, a value that approximately marks the transitmuaeeply frozen rock, it appears that
the average freezing line in the central part egé@ from 2-2.5 m in mid-August to 6 m at the ehéwgust and
moved back to approximately 4 m by mid-Septembesindilar continuous appearance of the thawing tiae
be detected in Transect E. Here, the frost lineeprated 3-4 m into the rock face in mid-Augustagigeared by
the end of August, and readvanced to 3-4 m in naigt&nber. In contrast to this, Transects NE angi@ay an

inhomogeneous appearance of frozen and unfroz&rsemtions without persistent layers.

All transects recorded at least three times prowifle@mation on thermal conduction from the rockface to the
intermediate layer (2-6 m). In Transects E, NW, &ncthaximum thaw depths were reached on August $4-25
while transects recorded on September 14-dlfeady indicate readvance of the frost line. Bifterence be-
tween the intensively frozen rock surface and teepty thawed intermediate layer at the end of Audsis
clearly visible in these transects. The effectduithe thawing of temporarily frozen sections to mtren 6 m
depth (“l.r.” = lagged response, in Fig. 26 and.F§) and warming of intermediate layer permafiosties
(“i.p.”, in Fig. 26, Aug 25). Keeping in mind theal period extending from"2to 23° of August (average air
temperature 1.1 °C), followed by an extended wampeeiod (average air temperature 4.1 °C) from Atug4¥

to September 1% the temperature signal in the intermediate ldgedelayed by approximately two to four
weeks. The propagation of the “August” freezingnfres best illustrated in the tomographies showemporal
resistivity changes of Transect E (Aug 24/Aug 1&p 34/Aug 17, in Fig. 26). The formation of freagicorri-
dors (*f.c.”, in Fig. 26 and Fig. 27) between twoZen rock sections in Transects S and E coincidisread-
vance of the freezing front in September, and aaimterpreted as bilateral chilling that initiagesapid cooling
process. Propagation of heat occurs several tiagtsrfthan expected from theoretical heat conduatiodeling
(see e.g., Yershov, 2004). This is, however, inoetance with empirical results for heat propagatidrthe
Stockhorn borehole (Gruber et al., 2004b), obtafeedomparable conditions at depths of 0.3 m,r,3..8 m,
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2.3 m, 3.3 m, 7.3 mand 13.3 m. The cool Septerabhdrwarm October anomalies of 2002 are visiblehan t
thermal profile at 2.3 m depth with a time lag e2 Iveeks, in accordance with our observations. Hewen
the Stockhorn data set this signal disappears @itah3 m depth, while our tomographies illustratenthly
signal propagation up to 6-7 m depth (Fig. 27 aigd 8). The Stockhorn borehole is located at 3d0a.s.1.,
300 m higher than our study site. It experiencegetoaverage temperatures and is insulated by aneéési- to
meter-thick debris cover and more latent and sénibat transfer is, therefore, necessary for &dbaw transi-
tions than at our study site. The time lag is eigxddo be smaller in our measurements and montidgte can
propagate to greater depths. These results mathttive time-lag observed for rockfalls in the hamsner 2003
(Gruber et al., 2004a). The discrepancy betweenrdtieal calculations and empirical values (boretteimpera-
tures, ERT, rockfalls) of heat propagation undedithe need for further research, especially aniand con-

vective heat transfer in these systems.

According to ER tomographies, heat transfer byt chgfter is an important determinant of the ovedidtribu-
tion of frozen and thawed rock. This is especiafiparent for the low resistivity zone below thenpanent cleft
water outflows (“c.0.”) in Transect NE (Fig. 29).dvement of cleft water in Transect NE is probabhesult of
the glacier relic above the rock bar (see Fig.tBa) feeds water into the cleft system. Smalleflows of water
were observed in Transects E and S and also matsisent low-resistivity zones in the tomographiaslran-
sects NE, S and E, heat transfer by these cle#rvggstems plays a key role for the developmeiftoaen rock
sections at the surface and in the subsurface. \Wegif1998) noted the importance of percolatingt eleter in
the thermal regime of rock permafrost, the thicknesthe active rock layer, and the mechanical grigs and
deformation of rock based on laboratory measuresn@mtl observations in two boreholes adjacent taduing-
frau Peak at 3700 m a.s.l.. However, present utatai;g of the latent and sensible heat transféwdsn
percolating water in clefts and permafrost rocksams poor. This topic could profit enormously fréanther
ERT monitoring transects, especially when combiwét other geophysical techniques and “traditioradtma-

frost temperature measurements and models.

6.2.6 Conclusion

ERT is applicable in permafrost rock walls if sealdechnical requirements are considered. Thesgresgents
include a special electrode design and certaimumgnt settings, such as the usage of high voltagdslow
electrical currents. Time-lapse measurements wittdfelectrodes can delimit frozen and thawed remdtions
and their temporal evolution. Resistivity valuesasired under observed conditions at the rock suifaticate
values below 15 ®m for thawed rocks and greater than Z2nk for frozen rock, with the intermediate range
corresponding to the transition between thawedfeombn rocks. Permafrost bodies were found in TeetssNE
and NW, in accordance to rock permafrost modelsalsat in Transect E, possibly favored by microctimand
microtopographic conditions. Continuous thawingnfeoabove permafrost (Transects E, NW) reached»d ma
mum depth of 4-7 m in late August. Rock layers-éti® depth respond to the temporary interruptioausfimer
heat conduction caused by cool August temperatuvith, a delay of approximately two to four weeksheTl
speed of heat transfer is in the range of valupsrted from borehole measurements at comparablegierst
sites nearby, but much higher than expected frauorttical heat conduction models. Micro-scale festusuch

as overhangs and clefts with percolating waterghahigh impact and result in a distribution ofrpafrost in
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lenses rather than layers. ERT can detect theasphdiribution of frozen and thawed rocks rapidiyf requires
careful assessment and calibration according tal leavironmental conditions. Future improvementsthi$
method should address the error sources describselction 6.2.2.2. Additional laboratory and commetary
geophysical measurements and improved inversionelimgdtechniques will increase the reliability oRE

measurements in permafrost-affected bedrock.
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6.3 Field application to monitor multiannual permafrost re-

sponse

Source: Krautblatter (2009, in press). Patternsoltiannual aggradation of permafrost in rock waligh and
without hydraulic interconnectivity (Steintélli, May of Zermatt, Swiss Alps). Lecture Notes in BaBiciences.

Vol 105. (Section “System settings” is excludedtagas moved to section 5.1 Thermal properties)

This article shows monthly, annual and multiannualresponse of two rock permafrost systems with and
without hydraulic interconnectivity. It is hypothesized, that interconnective systems with cleft wateper-
colation from glacierets close to 0 °C are high-erdpy systems that balance rock masses at 0 °C andep
vent cooling but are not effective in excessive ntiglg, as thermal conduction away from water pathwag
into compact rock is a function of sensitive tempeture gradients. This was tested using static (perafrost
distribution in 2005) and dynamic (permafrost aggralation 2005-2007) performance of two adjacent
north-exposed transects with similar geometries, @dogy and discontinuity patterns. Transect NW is oly
affected by heat transfer from the rock surface. Tansect NE conducts hydraulic heat transfer with glei-
erets by meltwater seepage. Electrical resistivityomography (ERT) time-sections and mean apparent
resistivity — median depth of investigation (AR/DO) gradients of steep sections (> 60°) were analysed
from 2005 to 2007. (i) In 2005, a body in a transiry (0 °C) resistivity range (< 20 I2m) was developed in
Transect NE. Transect NW indicated a deeply frozemody (> 40 KQm) of several meters diameter. (ii)
Negative AR/DOI surface gradients indicate a prononced short-term response of surface resistivitiesi
Transect NW to surface chilling (Aug. 13, 2007: -3. Km/m) and cool pulse propagation whereas Tran-
sect NE is well buffered (Aug. 13, 2007: -0.1¢&m/m). (iii) Cool mid-summer conditions in 2005 and2006
initiated permafrost aggradation in both transects.In Transect NW, ERT displays resistivity increasedy
more than 70 %, a spatially aggrading permafrost bdy and the formation of a new perennially frozen
rock body. Resistivity in Transect NE increases 180 % in the transitory body. (iv) In Transect NW, the
AR/DOI gradient increased from 5 k@m/m in August 2005 to 11 Km/m in August 2007, indicating sig-
nificant permafrost aggradation and cooling. In Transect NE, AR/DOI increased from 0.6 &m/m in Au-
gust 2005 to 1.0 &m/m in August 2007 but resistivities still do not gceed the initial freezing range signifi-
cantly at any depth of investigation. Data reliabity of both transects is assessed in terms of undamnty

and relative sensitivity plots.

6.3.1 Introduction

Recently, much attention is spent to bedrock penwsabystems as rockwall instabilities and pernsfrelated
rockfalls appear to be an increasing threat to lmulives and anthropogenic structures in high-mdaonéaeas
(Gruber and Haeberli, 2007; Harris et al., 2001)e Dzhimarai-khokh rock/ice avalanche in 2002 (Rumss
Caucasus) detached approximately 4 million m3 feopermafrost-affected starting zone and caused thare
140 casualties (Haeberli, 2005; Haeberli et al032&aab et al., 2003). Even smaller permafroskfails, such
as the 2003 Matterhorn rockfall are considered agomhazards in densely populated high mountaimsare

(Gruber et al., 2004a). Inventories show that tegdency of these rockfalls has considerably irsgéan the
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warm 1990s and was boosted by the hot summer & @8¢hoeneich et al., 2004). Moreover, slow ro@eprin

permafrost rocks causes significant damage espetaburist infrastructure in high mountain areas

Besides temperature logger data, borehole infoomaind rock temperature modeling approaches, gsagathy
applications provide a new perspective for theiapahd temporal analysis of rock permafrost (Kdatter and
Hauck, 2007). Permafrost geophysics provide a msight into the spatial and temporal internal bébraof
rock permafrost systems in response to externadatic forces on a monthly, annual and multianngales A
review of external factors influencing the rock ipafrost system has been given by Gruber and Ha¢Be€7)
and these factors will not be discussed here. &ttisle rather concentrates on internal system \debiaand

tries to answer three questions:

(i) What factors govern response in hydraulicalhnmmective and non-connective rock permafrost system
terms of thermodynamics? (i) Do resistivity sighakveal spatial and temporal patterns of rock péomat
aggradation over time? (iii) How reliable is sucitalin terms of data uncertainty and sensitivity Do time-
lapse geophysics reveal systemic differences ofmafost aggradation in hydraulically connective aruh-

connective rock masses?
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6.3.2 Field site

Rothorn
3259 mas.k

othorn- .-
E-glacier 5
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'\Germany

Bern ustrla
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xxo“e
m sfudy-site
Italy

Fig. 30: Position of transects in the Steintaelli.

A) Overview of the study site “Steintalli”. The Tuwann Valley is situated right (West) of the Rothdine Matter
Valley is visible on the left hand side (East). iRoiss of ERT-transects are indicated. B) Trang¢¥y is affected
by marginal onfreezing of a lateral glacieret but hydraulic exchange in the level of the trans&he approxi-
mate position of the 60 m long electrode line didated by white points. The discussed part (-3@ /6 m) is
the steep rock face above the glacieret. C) TranNiécis situated below a glacieret that feeds megitwinto

bedrock cleft systems. The approximate positich@B0 m long electrode line is indicated by whibints. The
discussed part (-30 m to +3 m) is the steep rigit pf the transect.
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The geophysical measurements described in thideaxtiere conducted in the “Steintélli”, a N-S expobgrest-
line (Matter-/Turtmann Valleys, Switzerland) at ab8070-3150 m a.s.l. that consists of slaty paeegn(Fig.
30A). The annual average air temperature of tea@itli approached values of — 3.5 °C accordingh&asure-
ments taken in the adjacent Matter Valley 19628bcal permafrost study conducted by Gruber analie
(2001) in the Matter Valley ranked the whole S&lintin the highest possible permafrost categoryliksly

permafrost area”. As all rock bars are surrounilgdce, the local air temperatures can often baifsogintly

lower than the temperature calculated from the ametegical station. Transect NE receives meltwétem a
glacieret above that performs intensive advectigat iransfer in cleft systems, while Transect NV§ baly

lateral contact to glacieret ice, with marginalreefing (Fig. 30B and C).

6.3.3 Geophysical evidence

ERT is a key method in permafrost research as ifigeand thawing of most materials are associatet @i
resistivity change that spans one or more ordersaghitude, which is, in turn, easily detectablee Tirst ap-
proach to derive spatial information from steepkréaces by ERT was applied by Sass (2003). In sules#
studies, he provided further evidence that ERT oresmsents are capable of measuring the degree kfimods-
ture (Sass, 2005a) and temporal and spatial vemgbf freeze and thaw limits (Sass, 2004) in facks. These
ERT measurements were confined to the monitorinthefupper weathering crust (centimeter- to de@met
scale) of non-permafrost rock faces. Krautblattest Blauck (2007) extended this method to a decarsetde
and applied it to the investigation of active-layeocesses in permafrost-affected rock walls. Ruéhe large
electrode spacing and the resulting spatial resoluthe ER tomographies presented here are pmomevésti-

gate monthly to multiannual responses but aredppticable to short time series (see Sass, 2004).

6.3.3.1 Applied methods and error sources

A systematic discussion of error sources associaittd ERT measurements in rocks is given by Kraattbf
and Hauck (2007). These include electrokinetic piidés created by percolating water, high resistigradients
along the suspected permafrost bodies that calt lesan over- or underestimation of the depthhaf transition
layer, high resistivities of frozen rock surfacattimay disturb electrode contact as well as tog@ucadistor-
tions when measuring on a structured rock faceorErmssociated with different ERT-arrays were asskguan-
titatively alongside with the impact of topograpagd other geometric error sources by Krautblattel der-
leysdonk (2008a).

A number of hardware and software adaptations wexde to cope with these error sources. Arrays oetiti-
meter-long steel screws, lubricated with battemyage, were drilled into solid rock as electrodegaim stable
electric contact. These were left in place for ti=h monitoring conditions and were measured reguia with
high voltages (mostly 102-103 V) to improve thensibto noise ratio. We applied a SAS 300C 41-ebelersys-
tem that was sometimes supplemented with a bodstgreld higher voltages. Resistivities were repdbt

measured with reversed currents to exclude theantfie of self potentials. A detailed survey of ke and
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software adaptations is provided by Krautblattet Biauck (2007). The RES2DINV software was chosehias
capable of topographic correction and time-lapsersion of subsequent measurements. To cope wgth hi
resistivity gradients, inversion models with meste ssmaller than the electrode distance and roioustsion
routines provide better results. Resistivity valtiegt correspond to the transition between frozah thawed
rock were measured repeatedly at the rock surftacey @ifferent arrays and yielded evidence thattthasition
occurs between 13 and 2Qin for the slaty paragneiss present at the Stdirfkédautblatter and Hauck, 2007)
and is in the same range as the one establishedafbonate rocks at the Zugspitze, German AlpsSass
(2004).

The relation between measured resistivity and teakperature changes at the freezing point. For ¢emtpres
below the freezing point, resistivity (p) dependsimty on unfrozen water content until most of tleegowater is
frozen. In Alpine environments, resistivity can @@culated based on a reference valyeagp an exponential

response to the temperature below the freezing pB)raccording to McGinnis et al. (1973):

b(T¢ -T)

P = Poe
Equ. 6.10

The factorb determines the rate of resistivity increase and loa derived empirically (Hauck, 2001; Hauck,
2002). Short-term changes in resistivity can bebaited to changes in pore water content and teamtye,
while changes in porosity and water chemistry caméglected over daily to monthly measurement vaterin
low-porosity rocks. Due to the exponential responeaesistivity to temperatures below 0 °C, fredzaw
transitions correspond to an increase in resigtioit one order of magnitude and are thus, a vengitee

method for detecting the state of rock permafriestecto 0 °C.
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6.3.3.2 Data quality
Transect NW Transect NE
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Fig. 31: Model uncertainty and relative sensitivafythe time lapse initial models of Transect NV &NE.

Even if the RMS error provides some informationautliers, i.e. measurements that were take atreitoaily
deeply frozen rock surface with decreased electomugact, it is not a straightforward approachudge data
quality in terms of RMS errors. This is due to tfmstors. Firstly, rock permafrost systems have hegistivity
gradients and even small distortions between appared modelled resistivity sections result in higlklS er-
rors that are not comparable to systems with logvadients (Blaschek et al., 2008). Secondly, RMBrsrare
possibly a systematic proxy for fractured rock reasas these show significant anisotropic behaviiouhe

subscale, that is not resolved by ERT measuremsétiitsneter-scale spacings (Linde, 2005).

To restrict overfitting of results, no more thawefiiterations were applied. Typical RMS errors Uliguange
between 5 % and 15 % for 1.5 m electrode spacitigeaSteintélli when measured under convenient iiond
with only slightly frozen rock surfaces. Hardwareoes of subsequent measurement with identicakreldes are
mostly below 1 %. Measurements during intenselgdroand ice-coated rock surface conditions inheoitse
hardware measurement errors (>1 %) and result i RKMors ranging from 20 %-30 % with visible diitums

in the inversion results. These were excluded fioma-lapse interpretations.

Model uncertainties were calculated in RES2DInvoading to the model covariance matrix method déscti
in Alumbaugh and Newman (2000) (Fig. 31). Minimundamaximum models display average models plus or
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minus model uncertainty. Relative sensitivity isplayed in Fig. 31 and is divided by average seitgitMen-

tion that high sensitivity of side blocks is anfaial effect due to their large size.

Uncertainties range between 0-5 % in section$rahsect NEBhat are primarily interpreted in the article {6
+6; 3-8 m depth). Minimum and maximum modelablégstesties show only small alterations in the inieted
section. Interpreted monthly resistivity change20{30 % (-6 to +6; 3-8 m depth) in Fig. 34B anckekreed
model uncertainty by at least 4 times in the largest of the section. Interpreted annual changd®e0 % (-6
to +6; 3-8 m depth) in Fig. 34C and E exceed manmhekertainty by several times. The distribution elative
sensitivity indicates that the depth of investigatiis higher in Transect NE and thus, to depthstiegly

information is more reliable than in Transect NVig(RB1C).

Frozen surface rock (-15 m to —3 m)lmransect NWeauses model distortions centred at —6m/2.5-8 pthdeith
model resistivity uncertainties ranging from 15356 Interpreted monthly changes of mean thaw lirepaga-
tion (23 K2m line) in Fig. 36A and B could vary up to 1-1.5aocording to minimum and maximum models
(Fig. 31D and E). Interpreted annual changes (>Yn%he left part (-20 m to -4.5 m/3-9 m depth)Fig. 36C
and D are located in a part of the pseudosectitih @420 % model resistivity uncertainty. Interpcki@nnual
changes in the right part (4.5 m to 20 m / 2-9 mpthklein Figures Fig. 36C and D have model resistivihcer-
tainties ranging from 5-15 % with interpreted chesmigeing in the range of 50 to 70 %.

6.3.3.3 Seasonal and multi-annual response in a rock wall without hydraulic

interconnectivity

02003
@ 2004
W 2005
2006
02007

april may june july aug. sep.

Fig. 32: Average monthly temperatures from 2002@67 measured at a meteorological station located a

horizontal distance of 900 m and at an altitudditierence of 330 m from the study site (2770 mla.s

Temperature data were corrected by -1.98 °C (0.08€ 100 m) for the altitudinal difference to theeiStalli
3100 m a.s.l.. The average annual temperature 68241 the study site was — 3.7 °C, which is in ataoce

with the long-term average value. Data from Se@38&re incomplete and, therefore, not displayed.
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6.3.3.3.1 Raw data
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Fig. 33: Apparent resistivities of the permafroeeted left side (electrode array midpoints —3@om-6 m)

of Transect NW with increasing electrode spacing.

The median depth of investigation (MDOI) is writtaritalics. It shows approximately at what deptteehalf of

the total resistivity signal originates from abcaed one-half from below (Barker, 1989).

Fig. 33 shows mean apparent resistivities for wbffi¢é electrode spacings corresponding to diffedayths
(Barker, 1989; Edwards, 1977) for Transect NW. Meaments taken after prolonged warm periods shaw co
stant resistivity gradients with increasing depttineestigation. This is in line with slow lineaet propagation
in summer from the warm rock surface to a permafrosk interior. Cool pulses cause significant alisbn of
this general behaviour at the rock surface. Thegduin temperature of the August 14-15, 2005 appaar
propagate as a high resistivity pulse. After foays] at August 19, is no longer apparent at a MBQ.8 m, is
most pronounced at a MDOI of 1.5 m and has nothe@@ MDOI of 2.3 m. This corresponds to a meaedpe
of cool pulse propagation ranging from 30-50 cm/ttaya MDOI of 1.5 m. Mean apparent resistivityalaf
August 2005 and August 2007 indicate an increas2lokQm for a median depth of investigation of 4 to 6 m.

This could be due to significant cooling or/and tlmaggradation of frozen rock.
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Table 4: Resistivity increase with increasing peat@in depth in the rock face.

Date Gradient of a linear regression of median Apparent resistivity (at
depth of investigation and mean apparent maximum recorded MDOI)
resistivity (AR/DOI).

Transect NW-not hydraulically connective (steep > 60° section, electrode array midpointsm30 —6 m)

Aug. 19, 2005 4.9®@m/m (R2=0.83) 46 ®m (6.1 m)
Sep. 16, 2005 4.9m/m (R2=0.99) 348m (6.1 m)
Jul. 25, 2006 12.7&m/m (R2=0.99) 758m (6.1 m)
Aug 13, 2007 11.1&m/m (R2=0.99) 658m (6.1 m)

Transect NE- hydraulically connective (steep > 60° section, electrode array midpointsm30 + 3 m)

Aug. 13, 2005 0.6®m/m (R2=0.90) 19®Rm (9.2 m)
Sep. 13, 2005 0.4km/m (R2=0.70) 17®m (9.2 m)
Aug 13, 2007 1.0®m/m (R2=0.81) 21Rm (9.2 m)

Data sets are identical with those displayed in.F8 and Fig. 35. High AR/DOI gradients and highisivities
at maximum recorded depths correspond to deephefrgpermafrost conditions. Increases in AR/DOI grats
point towards permafrost aggradation. Surface disdos (1.5 and 3 m electrode spacing) due to cidace
condition in August 2005 and 2007 in Transect NWkevexcluded from the linear regression. As the psed
steep (>60°) section of Transect NW only extermts fr30 m to —6 m, the maximum recorded MDOI isiotst
to 6.1 m.
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6.3.3.3.2 ERT results
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Fig. 34: Four ERT time-sections of Transect NW, chhare apparently determined by the rock surface te
perature regime.

4A-4D show absolute resistivity values while 4Egh®w relative changes in resistivity. Raw dataisgplayed

in Fig. 33.
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Fig. 34 presents four time sections of a permafaffstted rock face exposed to NW (see Fig. 30B} most
pronounced appearance of high resistivity bodieseclto the rock surface is apparent in Fig. 34fofdhg
unusually cool Mid-August conditions in 2005. Therm September 2005 (3.9 °C) coincides with the most
pronounced advance of the 2@rk line from 5 m depth to almost 9 m in the centréhe transect (0 m), where
the most reliable depth information is attainedy(F4B). The high resistivity body on the left sid20 m to -

4.5 m) in 3-9 m depth, increases significantlyimesand resistivity in the following two years (FBAC and D).

On the right side (4.5 m to 20 m) in 2-9 m deptiesv high resistivity body evolves in 2006 and 20Big. 34C
and D).

6.3.3.3.3 ERT interpretation

Fig. 34 shows two time-scales of response timesa®monthly scale (Fig. 34A and B) the impact of arw
month following a cool summer period can be obsgr¢@n annual and multiannual scale permafrost aggra
tion in response to cool summer conditions 2005 20@6 can be observed. For a better descripticemsect
NW will be divided in a (i) left section (-30 m t6 m), a (ii) middle section (-6 m to 6 m) and i fight sec-
tion (6 m to 30 m).

The surface layer of thight sectionis of stepped appearance and more exposed tdioadi8imultaneous ERT
and P-wave velocity measurements (Krautblattet.eP@07) yielded evidence that high ERT valuehis part
in the upper 1-2 m match with low P-wave velociiieshe range of 3000 m/s, that correspond to aairfilled
rock mass, while in the middle and left part, higlRT-values coincide with high P-wave velocitieghe range
of 4000 m/s and above and are, thus attributedotzeh, ice-filled rock mass. This affects the iptetability of
the monthly response. On the annual and multiantmakcale a permafrost body builds up between-618 m
with deeply frozen resistivity values that exce@dk@m in 2007. Fig. 34F and G indicate a 20-60 % ingeca
model resistivity until 2006 and a 30-80 % increaten comparing 2007 and 2005. This data showsfisint

aggradation and cooling of rock permafrost from2692007.

The middle section(-6 m to 6 m) highlights a monthly response of itiglting line in warm late summer condi-
tions (Fig. 34A and B). Resistivity losses of 20%0llustrate enhanced heat transmission from dlo& surface
to the rock interior at all depths. The 1@rk line, which approaches thawed conditions slightipve the freez-
ing point, advances as much as 2-3 m and the(28 kne, which corresponds to frozen conditions tlig
below the freezing point, advances as much as érmat one month. The transition zone betweenQw land
23 kQm appears to increase in thickness from roughly2155m to 2-5 m. In the annual and interannualescal
permafrost aggradation is visible in the proximitythe left section but is less pronounced thathéntwo other

sections.

The left sectionalso indicates strong surface heat transmissidaténsummer 2005 and resistivity values de-
crease more than 50 % in the upper 3 m. This esuli 0-3 m advance of the 1@ line and a 0-4 m advance
of the 23 IQm line gapped by a transition zone mostly smalant2 m. The impact of the warm summer is less
pronounced than in the middle section and is pbssimpensated by the deeply frozen permafrost (268

kQm) below. On an annual and multiannual scale, pasiaaggrades spatially only 1-2 m but resistiviues
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strongly increase by more than 70 %. Below a nadfticonstant 3 m thick active layer the permaftess ap-

pears to cool down.

Two features visible in Fig. 34 represent additldaators that interfere with rock permafrost respe and cause
additional complexity. A totally shaded overhangifion between -10.5 m and -12 m, causes nearcaurfack
permafrost that is also evidenced by permanendfiiled crevasses in the field. Intense snow aadation in
2006 caused an increase in thickness of the gétoddwse to the left part of the transect up to meters and

intense heat transmission from ice frozen to tlok g to the electrode level is visible from 240127 m.

6.3.3.4 Seasonal and multi-annual response in a rock wall with hydraulic in-

terconnectivity

6.3.3.4.1 Raw data
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Fig. 35: Mean apparent resistivities of the leftesof Transect NE (electrode array midpoints —3@m

3 m) with increasing electrode spacing.

The median depth of investigation, where half efdhwhich one-half of the total resistivity sigraiginates

from above and one-half is given in italics (Bar&89).

Melting in Transect NE in summer 2005 causes aedeser in apparent resisitivities at depth while nmaface
resistivities (electrode spacings 1.5 m and 3 mjaia stable with a change of -0.0 (+0.%)rk (Fig. 35). Mean
subsurface apparent resistivities, covering medepths of investigation greater than 2.5 m, deereagormly
for all electrode spacings (4.5 m, 6 m, 9 m, 12nd 48 m) by 2.1 (£+0.1)@m. In accordance to Transect NW
mean apparent resisitivity values with a MDOI geeahan 7 m possibly indicate aggradation of froreck

and/or cooling.
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Table 4 shows that the AR/DOI gradient of TrandgEtis an order of magnitude lower than the AR/D®I o
Transect NW. This indicates that resistivity valags not significantly exceed the transitory randereezing
(13-20 K2m) around 0 °C at any depth.

6.3.3.4.2 ERT results
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Fig. 36: Four ERT time-sections of Transect NE deibeed by both, the rock surface temperature reginte
heat transfer by meltwater in water-filled clefs@ms.
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6A-6C show absolute resistivity values while 6DséBw relative changes in resistivity.

Fig. 36 displays a central high-resistivity body ¢n to 11 m) that is in the range of the transifimm frozen to
thawed rock and is restricted by two pronounced nwek low-resistivity bodies at —22m to —8m and 1&m
22m. The central high-resistivity body shows a dase in resistivity in the range of 10-40 % thanie pro-
nounced at greater depths in September 2005. Tars \fater resistivity values in the central tramsitbody

increase by 0-40 %.

6.3.3.4.3 ERT interpretation

Fig. 36 shows meta-stable rock permafrost (-6 tan)l Zlose to the freezing point. Its spatial exiemss delim-
ited by two cleft water systems that create sigaift cleft water outflow at the rock surface witater tempera-

tures close to 0 °C.

On a monthly scale (Fig. 36B and D), the Xankline at position —9m to 3m at 3.5m to 9 m deptinerats sev-
eral meters in September 2005 which is also apparea 2.1 (+0.1)®m shift for 4.5m, 6m, 9m, 12m and 18 m
electrode spacing in the raw data (Fig. 35). Thame some indications that this melting is due #ftaolvater
propagation as heat transmission in the ERT andativedata does not originate from the rock surtagestarts
in 2.5m to 3 m depth and the core zone of the @afer body at —12 m to —7 m with wet rock resistivalues

indicated by the 8.2&km and 10.6 &m (transition green — yellow) line extends simudtansly.

On a multiannual scale (Fig. 36C and E) the trangipermafrost body shows an increase in resigtiwt 10-
30 % in the core area, that points towards a &lifh a metastable permafrost body towards a moeplgédro-
zen body with twice the extension of September 2005 still close to 0° C. This cooling clearly des from
the rock surface. However, ERT and AR/DOI indic@¢hat cleft water systems are still effectivstrecting the
size of permafrost bodies (no significant aggramgtiand (ii) even if weather conditions yieldedngfigant
cooling in the adjacent Transect NW, the transitorgnsect NE did cool significantly below 0 °C atyaob-

served depth (no significant cooling).

6.3.4 Conclusion

In homogeneous rock wall sections, mean appareigtingty — median depth of investigation (AR/DQlja-
grams appear to reveal information on the statpeomafrost. Measurements after prolonged warm gerio
Transect NW, not disturbed by cleft water, showstant resistivity gradients with increasing DOI respond-
ing to linear heat propagation from the warm roekace to a permafrost rock interior. Cool pulsgnais from
transitorily chilling of the rock surface propagdteough these linear functions as local maximén wjgeed 3-5
decimetres per day to a depth of 1.5 m. AR/DOI ignatd are steep in the range of 5-I3km. Apparent resis-
tivity values reach values of 30-8@kn at depth indicating deeply frozen conditionsTtansect NE, disturbed
by cleft water percolation, the AR/DOI curve deemfrom a linear function with local maxima and imia that

remain constant over time. Cool pulses are alrdadfered at the surface, AR/DOI gradients are leaching
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values from 0.4 to 1®&m/m and apparent resistivities at depth do notifsigmtly exceed 20 ®m. This indi-
cates that resistivity gradients with depth havesiggent minima, possibly due to cleft water, anat tho deeply

frozen rock body can develop in this system.

In Transect NW, as a response to a monthly warendammer period in 2005, the melting line was oletto
propagate up to 4 meters per month and significaiting evidenced by wide-spread resistivity changleove
30 % were observed up to 9 m depth. As an annspbrese to cool summer conditions an existing peosaf
body (-18 to —6 m) extends its deeply frozen codD(k2m) from more than 7 m to 3-4 m from the rock suefac
which results in an resistivity increase greatantf0 % in most of its extension. Transect NE &vhg affected
by the heat transfer of two cleft water systemschvidnly allow for the development of a meta-stgi#emafrost
body, whose resistivity values indicate temperawlese to 0 °C. There are some indications theirtipact of

cleft water-induced melting is visible on a monthbale in September 2005.

From 2005 to 2007, both rock transects provideciittns of permafrost aggradation and/or coolingora-
lously cool August temperatures in 2005 (1.9 °C) @006 (0.1 °C) with fresh snow and ice-coatingafk
faces reduced active layer propagation during tioet summer period significantlyransect NWndicates both,
the consolidation of existing permafrost bodies theldevelopment of new perennial frozen rock badidvove
the existing permafrost body in the steep secti8Ari to -6m), ERT indicates a reduction of theactayer
thickness and an increase in resistivity by moemtf0 %. For this body mean apparent resistivita @ Au-
gust 2005 and August 2007 indicate an increasedk¥n for a MDOI of 4.6 m and 6.1 m which is interpigtte
as permafrost aggradation and/or cooling. A neva-hésistivity body builds up at 6-18 m mostly wigrsistivity
changes of 30-70 % from 2005 to 2007Thansect NEERT indicates a moderate cooling in the highstesty
body with a resistivity increase of 10-30 % from080to 2007 paralleled by apparent resistivity reatad In
spite of similar surface climate conditions from080and 2007, Transect NW shows both, permafrostaagg
tion and cooling while the hydraulically-intercomtige Transect NE shows nor pronounced aggradatmn

pronounced cooling.

Aggradation in permafrost rocks with and withoutiax cleft water systems evokes significantly diffiet pat-
terns. While heat propagation in cleft-water affglcsystems occurs locally and is necessarily deldriby hy-
drological conductivity, systems without cleft-waiafluence indicate a fast and deep-reaching tméssion of
heat from all parts of the rock surface. While pafinmst aggradation in the latter is merely an iraegignal
from cool pulses coming from the rock surfaces|isgaf subordinate cleft systems with ice may ditnte a
major influence on lateral permafrost aggradationléft water-disturbed systems. 3D thermal effeotsld play

a vital role in this context.
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6.4 Towards quantification of temperature changes in ERT

field-measurements

Source: Krautblatter, M., Verleysdonk, V., Floremsgro, A. and Kemna, A. (accepted): Quantitativapera-
ture-calibrated imaging of seasonal changes in @drast rock walls by high-resolution ERT and imations
for rock slope stability (Zugspitze, German/Austri@lps). Journal of Geophysical Research, Earthf&g.

(submitted version)

Changes of rock and ice temperature inside permafist rock walls crucially affect their stability. Perma-
frost rocks at the Zugspitze were involved in a 0-8.4 km3 rockfall at 3.7 ka B.P. whose deposits amow
inhabited by several thousand people. A 107-yearigiate record at the summit (2962 m a.s.l.) shows a
sharp temperature rise in 1991-2007. This article gplies electrical resistivity tomography (ERT) to @in
insight into spatial thaw and refreezing behavior & permafrost rocks and presents the first approacho
calibrate ERT with frozen rock temperature. High-resolution ERT was conducted in the north face adja-
cent to the Zugspitze rockfall scarp in February ad monthly from May to October 2007. A smoothness-
constrained inversion is employed with an incorported error model, calibrated on the basis of normal-
reciprocal measurement discrepancy. Laboratory anafsis of Zugspitze limestone indicates a bilinear e-
perature-resistivity relationship divided by a 0.5(x0.1) °C and 30 (x3) K&m equilibrium freezing point
and a 20-fold increase of the frozen temperature-gastivity gradient (19.3 (x2.1) K2m/°C). Temperature
dominates resistivity changes in frozen rock below0.5 °C, while in our specific case geological hetgene-
ity appears to be less important. ERT shows recessi and readvance of frozen conditions in rock corre
spondingly to temperature data. Maximum resistivity changes in depths up to 27 m coincide with maxi-
mum measured water flow in fractures in May. Here ve show, that laboratory-calibrated ERT does not
only identify frozen and unfrozen rock but providesquantitative information on frozen rock temperature

relevant for stability considerations.

6.4.1 Introduction

An increasing number of hazardous rockfalls/rocksi of all magnitudes is reported from permafréfeeted
rock walls. Ice-rock avalanches of bergsturz-siz& (mio. m3) were documented e.g. at Mt. Stellegskh
(5(+x1)*10” m3) in 2005, at Dzhimarai-Khokh, Russian Caucddi$0° m3) in 2002, and at the Brenva (2*10
m3) and the Punta Thurwieser (2#183) in the Italian Alps in 1997 and 2004 (Bottiebal., 2002; Crosta et al.,
2007; Haeberli et al., 2004; Huggel et al., 20@&xordingly, enhanced activity of cliff falls (£a.0°m3), block
falls (10-10* m3), boulder falls (1810 m3), and debris falls (<10 m3) was observed frommaédrost-affected
rock faces (Fischer et al., 2007; Rabatel et 8082 Ravanel et al., 2008; Sass, 1998; Sass, 200hb)time-
gap between climate warming and rockfall respoasexpected to increase with rockfall magnitude fy@ars

to millennia for hundreds of meters thick rocksid@Vegmann, 1998). In that sense the detachmemt of
3.5(+0.5)*1F m? rockslide in 3700 B.P. from the permafrost-atiéel Zugspitze North Face (today 2962 m a.s.l.)
was interpreted as a delayed response to the H@oCématic Optimum (Gude and Barsch, 2005; Jed an
Poschinger, 1995).
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Rock instability in permafrost-affected bedrockgmverned by shear stress, hydrostatic pressurdsfriation
along one or several planes of weakness in the mm$s. Friction along planes of weaknesses (witfinat
grained cleft fillings) is susceptible to subzezmperature changes due to alterations in intagt mass strength
and ice-mechanical properties along planes of wesdas. Assuming a translational sliding mechangstajo-
step conceptual model can show the influence opésature on (i) rockslide preparation and (ii) decion. (i)
Rock slope failure is commonly prepared by briftiecture propagation of a sliding horizon due tepspath
failures, cracking of cohesive rock bridges, andtitki internal shearing (Eberhardt et al., 2004)riBy the
initiation of rockslides, tensile and shear rocksmatrength of “asperities” delimit the speed dftlerfracture
propagation (Fleming and Johnson, 1989; Kemeny3R@oth decrease exponentially up to more thaf56
water/ice-saturated rocks between -5 °C and 0 °€ll¢k] 1973) and help to initiate the abrasion dfliding
plane. (ii) As soon as a sliding plane is prepaigaimechanical properties of frozen joints becanoge impor-
tant and govern the acceleration of the rocksligdoratory results suggest that ice-mechanical gut@s rele-
vant for small rockslides (equivalent to the norsiaéss of less than 20 m rock overburden) maydecbreak-
ing the connection of ice and rock surface whilesth for larger rockslides (>20 m rock overburder® a
governed by ductile shear deformation of ice it§€fienzel, 2008). Transferability in natural rod&pes is
restricted by two factors: Normal stresses are ualkdg distributed across the sliding surface andlgrged
ductile deformation of ice evokes the transitiorpdfnary to secondary and tertiary creep and fractd poly-
crystalline ice. However, both deformation mechausisbreaking of the rock-ice contact and all stagfetuctile
ice deformation, respond strongly to temperatupeeiases from -5 °C to 0 °C (Barnes et al., 197ddBand
Jacka, 1989; Davies et al., 2001; Davies et abD02@aterson, 2001; Sanderson, 1988). An expohestitéss-
strain behavior with temperature is at least welablished for secondary and tertiary creep ofuddch may
play a vital role in the self-enforced acceleratidirock slides (Budd and Jacka, 1989; Weertmai3)19vet it
must be recognized that rock mechanical modeliogrigues have evolved beyond the capability toidently
constrain the input (Eberhardt et al., 2004). Wguarthat rock permafrost geophysics has the pateotipro-
vide spatially resolved input for stability modé&autblatter, 2008).

Surface-based geophysical methods represent @ffestive approach to permafrost characterizattdargis et
al., 2001). Hauck (2001) and Kneisel et al. (20pB)vide a systematic comparison of different gecptal
methods for monitoring permafrost in high-mountamvironments. Electrical resistivity tomography {BRs
considered well suited as freezing and thawing o$trmaterials is associated with a resistivity ¢eaof orders
of magnitude, which is easily detectable. The itatian of permanent electrodes allows direct amsesnt of
spatial and temporal permafrost variability in leosaterials and rock masses beneath loose debréssco
(Hauck, 2002; Hilbich et al., 2008; Kneisel, 200B8) that sense, the attempt by Hauck et al. (2@@8uantify
water, ice, air, and rock debris contents in lowsderials numerically by combined ERT and refracseismic

modeling heralds a shift from qualitative to queaiive interpretation in permafrost geophysics.

The first approach to derive spatial informatioonfr solid rock faces by ERT was applied by Sass3RMRT
was proved capable of measuring the degree of mamikture (Sass, 2005a) and temporal and spatidticars
of freeze and thaw limits (Sass, 2004) in solikrtares. Measurements were confined to the mongauf the
upper weathering crust (centimeter- to decimetate3cof rock faces with electrode spacing of ordyesal
centimeters. Results were confirmed by synchrongethce logging of temperature and resistivitghe wire-

less sensor logging network “PermaSense” (Hasled.eR008). Krautblatter and Hauck (2007) extenttasl

94



method to a decameter-scale and applied it torthestigation of active-layer processes in perméfaéfected
solid rock walls. Rock-walls have a number of adagas for quantitative interpretation of geophylsieaults:
Rock mass is the only constituting material anthian case of a homogeneous rock mass the correspopdie
space can be accurately defined. In the longer, tpome-water conductivity is controlled by rock ofistry and

resistivity gradients due to temperature changesrarstly below one order of magnitude.

Quantitative interpretation of ERT results représennon-trivial task as there are numerous factbish have
an influence on the inverted resistivity distritmtiand the absolute values thereof, such as etectorange-
ment, measurement scheme, and regularization agprdechnique to overcome the ill-posedness ofpilne

ERT inverse problem, normally by imposing a smoe#sconstraint on the resistivity distribution)r(By and
Kemna, 2005). Of particular importance, is an appede description of the data errors in the inigrsUnder-
estimation of data errors results directly in thénfy of data noise and thus the creation of act§ in the ERT
image, while overestimation does not fully explbi¢ information given in the data at the cost aftcast in the
final image. In time-lapse applications, an incetwit data error handling at different time steps kead to
additional artifacts in inferred difference imadées., images of temporal changes). Here we uselalt@ error
model proposed by Slater et al. (2000) and deteriitgnparameters by analyzing the differences batwermal
and reciprocal measurements (i.e., measuremertisswiipped current and voltage dipoles) in individeais-

tance ranges (bins) following the approach of Kelest al. (2008). This “calibration” of the erroiodel for each
individual data set is essential to avoid the éomadf artifacts and guarantees consistency amaitg skts col-

lected at different times, allowing a quantitatinterpretation of the obtained resistivity distriions.

Thus, this articles aims to show that a shift fraiqualitative interpretation of ERT results in teraf permafrost
distribution in bedrock to a quantitative intergt@n in terms of temperature- and stability-ret@véactors is
possible if (i) laboratory measurements are coretltd reveal specific temperature-resistivity chemastics of
studied bedrocks, (i) ERT data error charactesstire properly accounted for in the inversion gsscto yield
error-referenced resistivity distributions withaignificantly over- or underfitting the data, and) (‘uncon-

trolled external noise” on the resistance measungsnéor instance associated with geological vemies, can be

excluded.
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6.4.2 Study site
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Fig. 37: Map of the study site showing the ERT s$emnt, geology, and features that were attributguetana-
frost degradation after the Holocene climatic opitim(rockfall scarp) and at present.

6.4.2.1 Geographical and geological setting
3 h %

Fig. 38: Picture of the rockfall scarp and rocklvsalction covered by the ERT transect.

a. The 0.3-0.4 km?3 wedge-shaped rockfall scarpvbéh@ Zugspitze (2962 m a.s.l.). The wedge startise top
left part (Gr. Riffelwandspitze) as a steeply inell sliding plane, covers the whole width of thetyse and

bottoms out at approximately 1900 m a.s.l. in thewscovered “Bayerisches Schneekar’-Cirque. Thasraon
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from massive Wetterstein Limestone to layered Malkalk sequences is visible at the bottom left.darPosi-
tion of the rock wall section monitored by ERT.cétding to Fig. 37, No. 1 and No. 2 indicate entas to the
gallery. The rock wall encircled by the dotted liimelicates the length of the transect monitoredERT. The
steep snow-free rock face left of window No. Zésdnly part where rock permafrost persists undisd until

today according to temperature and ERT measurements

The Zugspitze summit (2962 m a.s.l.) is Germanigfdst mountain located in the Northern Calcar&dps at
the German-Austrian border. Up to 10,000 peopld the Zugspitze per day by two cable cars andcibg
wheel train. The exposed topographic appearandbeoZugspitze results from an 800 meters thick mass
Triassic limestone layer (Wettersteinkalk) stratifiin tens of meter thick beds (Miller, 1961). Gardissolution
since the Miocene created subsurface cave draitiedels sometimes blocked by permafrost above 2500
a.s.l.. Brecciated zones extend tens of meterssbetesently exposed crestlines. These are up totHiak and
consist of limestone breccia and red loam, whiclinithe presence of permafrost, often frozen ater¢alated
with centimeter to decimeter thick ice layers (Kérrand Ulrich, 1965). Brecciated zones, which dgegly
(60°-90°) in direction NW-ENE, heavily influenceetlsusceptibility of the north face to rock instapi{Ulrich
and King, 1993). Intersecting discontinuities iregh directions are held responsible for the 3.5{00° m3
rockslide in 3700 B.P. (Kérner and Ulrich, 1965)iletthe gently SE dipping layering is less impottéor rock
instability.

6.4.2.2 Indications of historical and Holocene climate change and permafrost

1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008

\ MAAT 1901-1930 \ MAAT 1931-1960 MAAT 1961-1990 \MAAT 1991-2007
-5.0°C -4.7°C -4.8°C -3.9°C

Mean annual air temperature [°C]

Fig. 39: MAAT of the Zugspitze meteorological stetti(2962 m a.s.l.) from 1991 to 2007 in comparison
30-year reference periods since 1901.

Data indicate an abrupt rise in temperature in thst 17 years.
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Meteorological data recorded at the summit sind@1ghow a significant rise in temperatures staiitintye late
1980s. The mean annul air temperature (MAAT) in1t2007 was —3.9 °C; this is 0.8-1.1 °C warmer ttken
prior reference periods (Fig. 39). A 90 % glacikrirkage of the formerly 3 km? large Schneefernéac@r
since 1820 (Fig. 37) is among the fastest ratahenEuropean Alps (Hera, 1997). Hirtlreiter (1992pvided
evidence of glacier changes in the Mid/Late Holec#mat exceeded those of thé"®" century significantly.
These indicate an elevated sensitivity of the Zitgsmrea at the northern fringe of the Alps toneliic fluctua-
tions. Several technical descriptions highlight pnesence of permafrost and the impact of incrgasmpera-
tures. During the drilling of the rock tunnel fdret cog wheel car from 1928-1930, frozen rock wamdofre-
quently close to the North Face from 1640 to 2658.s1. (AEG, 1931). During the construction of tadble car
station at the summit in the early 1960s rock pémsawas found in all construction pits at the Zpitge sum-
mit, especially as ice intercalations in the clayant fillings (Kérner and Ulrich, 1965). In 198%luring the
extension of the rock tunnel on the south sidéhefdrestline, a 19 m long —0.5 °C warm massivebaty was
penetrated at 2570 m a.s.l. and subsequently ledwater inleakage of 800 m/s (Ulrich and King, 3P9n
1990, a 30 m deep undisturbed ice-filled cave (smdano. 1234/124) melted out at the crestlinepgiraxi-
mately 2900 m a.s.l. indicating changing thermaiditions for permafrost. Temperature modeling byetst
(2008) based on mean annual ground surface temperfabm 2000-2006 indicated permafrost from 250@bm
the summit but only close to the steep north fawkia the range of 0 °C to -2 °C. First data frdva borehole
directly under the summit indicate that permafiiasthe not seasonally disturbed part is more inrtrege of —

2 °C to —4 °C (v. Poschinger, pers. comm.), pogslitansient effect due to colder conditions i plast.

6.4.2.3 Rockfall evidence

Jerz and Poschinger (1995), Jerz (1999), and GndeBarsch (2005) point out that permafrost degradas
likely to be the trigger for the 0.3-0.4 km3 rodkfinat occurred in 3700 B.P. after the Holocenienatic opti-
mum. Presently, several thousand people have dettlehe deposits of the Eibsee rockfall. Gude Bacdsch
(2005) postulate that rising permafrost lines duglbbal warming will herald a new increase in rfadlkactivity

in the Zugspitze area. Glawe (1991) found indictiof several preparing rockfalls in the range @fri3 at the
crestline west of the Zugspitze. Mustafa (2002etisnine 18 to 1¢ large rockfalls from north-exposed rock
walls from 1700-2900 m a.s.l. that occurred fron®3-2001 close to the Zugspitze. At least three niorde
range of 1& m3 have occurred since that, two of those in thiesammer 2003. During a comparative quantita-
tive rockfall measurement in the Northern Alps, sS€005b) found strongly enhanced rockfall actiatythe
Zugspitze compared to other study sites sportinglai geotechnical parameters and attributed irsgéaock

instability to present and recently degraded perosaf
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6.4.3 Methods

6.4.3.1 Laboratory calibration of temperature-resistivity relationship

Fig. 40: Wetterstein limestone sample instrumentél electrodes and high-precision thermometergh@n

freezing chamber.

Resistivity behavior as a function of temperatufé\etterstein limestone in the laboratory was messwsing
40 cm * 20 cm * 20 cm cuboid samples taken direfrtiyn the study site. The Wetterstein limestona isun-
dreds of meters thick, homogeneous, fine-grainepame limestone from a back-reef sedimentation shrwivs
no vertical or lateral change in lithological projes (Miller, 1961) in the transect. Wettersteimdstone was
cooled and frozen in a self-constructed freezingndter in which the temperature of the stone sargtebe
controlled with an accuracy of 0.1-0.2 °C in a maragf 20 to—4 °C (Fig. 40). Two calibrated 0.03 °C high-
accuracy thermometers were used to measure rogketatnre during freezing. Rock temperature inshe t
sample was recorded approximately at the mediathdspelectric current flow according to Barker 889 for
the employed Wenner-type four-electrode configoratiThis array was chosen for the resistance mesamnts
as a laboratory analogue to the geometry of the freeasurements. Stainless steel electrodes of Sliameter
and 16 mm length were firmly placed in holes ddilte a depth of a 2-3 millimeters with a constayasation
of 8 cm. Galvanic contact was improved by addingduztive grease along the rock-electrode contaesisR
tance was measured in accordance with field measunts with an ABEM SAS 300B device at 0.2 mA and up
to 160 V. To imitate natural conditions, we appliadial and refreezing freezing cycles. Resistiitas then
calculated under the assumption of a half-spacesanement geometry. This assumption is justifiecegithe

dimensions of the rock samples compared to thérelie array length.
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6.4.3.2 ERT data acquisition

Fig. 41: Geophysical instrumentation in the Kamistogallery 25 m from the North Face at 2800 ml.a.s
Permafrost is evidenced by perennial ice on therflthe picture shows electrodes and a temper&igger on
the right side.

As outlined by Krautblatter and Hauck (2007), 10 eliameter stainless steel electrodes were dril@®edn into
the rock and firmly connected by electrode gre&#g. @1). Contact resistances range mostly betviéem 1¢
Q. The electrodes were placed in three profilesntlagn profile along a 276 m section of the mairegg with
an electrode spacing of 4.6 m (Fig. 42). Two seaongrofiles with an electrode spacing of 1.533 eravlo-
cated in the permafrost-affected part, with ela#placed along the main gallery and perpendidolahis
direction in the side gallery to improve the spatésolution and coverage. In February 2007, the dli2ctrodes
were deployed to collect 750 resistance measurenveétti a Wenner array, which offers a favorablenalgo-
noise ratio. Subsequently, measurements were pagtbrwith a high-resolution array combining Wenner,
Schlumberger, and Gradient configurations, reggliiman average of 1550 measurements. Due to tiligh
stroke, which caused a damage of the instrumeatddta set for June is reduced to 1050 measurenpeatsi-
cally performed just along the main gallery.
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6.4.3.3 ERT inversion

mm  gallery (main/side) l
L electrode (140)
O finite element cell (8400)

Fig. 42: ERT grid with 127 electrodes along thdagysl

Different cell sizes adjust to data sampling dgnéitlectrode separation) and expected highest ntiewl is in
the permafrost area close to the side gallery. Nbé for the ERT forward problem, a no-flow boundeondi-
tion is imposed at the rock face boundary (greee)liand a mixed boundary condition at the remairgng

boundaries inside the rock (red line).

Images of electrical resistivity presented in thirk were obtained using the 2D smoothness-consttainver-
sion algorithm by Kemna (2000). Here, inversiomisomplished by solving an optimization problenwinich
the model roughness is minimized subject to fittihg data to a pre-defined degree (LaBrecque £1296).

Model roughness is quantified as the norm of thadignt of the log electrical conductivity distrilmn,
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Ino(y, z), integrated over the considered two-dimensionahalo, which is evaluated on the basis of the

given parameterizatiom of [N by a roughness matrR, i.e.,
||Rm||2 = ”||D2D(Ina)||2dxdy

Equ. 6.11

The regularization of the inverse problem by a simo@ss constraint, i.e., the assumption of smoatdein
characteristics, represents a reasonable appraathytarly for the present application, becausg@émnmafrost

rocks thermal diffusion along temperature gradiets to smooth out temperature-induced gradients.

The smoothness-constrained inverse problem is ddiyeninimizing the objective function
2
w(m)=¥,(m) + A |Rm|

Equ. 6.12

by means of the Gauss-Newton method (Kemna, 2080)s the data misfit function andlthe so-called regu-
larization parameter which controls the influenfelata misfit versus model roughness in the objediinction.
The data misfit is given as the misfit between mfeasured log resistance dafa,and the corresponding pre-
dicted dataf(m), for a given modein, weighted according to the individual data undetias by a weighting

matrixW, i.e.,
W, =|w(d-fm)[°

Equ. 6.13

A diagonal weighting matrix is used, which corresg® to the assumption of uncorrelated Gaussianetedes,

the standard deviations of which are given by tiveiise of the entries 0¥, i.e., W, = é’i_l, wherew; is theith

diagonal element o#V, & is the standard deviation of tfin datumd, =INR, andR is theith resistance

measurement. Provided that the correct standaratitns are used, an acceptable data fit is actieteen the

data misfit RMS (root-mean-square) value,
RMS= (¥, /N)¥?

Equ. 6.14

is equal to one, wherd is the number of given data points. It is emplebithat such an approach, where the
data are fitted to a well-defined degree basedroadequate data error description — in contraghéowidely

used approach of just minimizing the data misfd essential for a quantitative interpretation &TEesults.

The 2D ERT forward problem, defining the operdtan Equation (3), is given by the 1D Fourier tramsfi of

the Poisson equation for a 3D point source initiege plane aix{, ys) with current strength
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Equ. 6.15

In Equation (5)k is the wave number corresponding to the assumiée slirection §), gis the electric potential
in the Fourier domain, andis the Dirac delta function. For given boundaryditions, Equation (5) is solved
by means of the finite-element (FE) method, whbeediscretization is chosen such that each modiebttthe
parameterization is represented by a set of lunfipéd elements. Once the transformed electric ipidédistri-
bution is computed for each current injection positinverse Fourier transform and appropriate gupstion
yields the transfer resistan&e of any desired electrode configuration (Kemna,®0The boundary conditions

are generally expressed as

0% +B¢p=0
on

Equ. 6.16

.wheren denotes the outward normal and the param@iefines the type of boundary condition. We here im
pose a no-flow boundary conditioff € 0) at the rock face boundary and so-called mixedndary conditions
(B #0) at the grid boundaries within the rock (Fig. 4&here is determined based on the assumption ¢ghat

behaves asymptotically as in the homogeneous patfescase (Dey and Morrison, 1979). The employatefi
element grid with the imposed boundary conditioesembles the actual field situation with electrodeig

placed along the galleries inside the rock.

6.4.3.4 ERT data error characterization

Errors present in the ERT data can be both sysiematl random. Systematic errors are charactebyesbme
sort of correlation within the data set, or ovendifor a series of data sets. It is for instans®aated with a
malfunction of the measurement equipment, bad gatveontact of electrodes, or misplaced or miscotet
electrodes. Data contaminated by systematic estoosild be rejected, or corrected, before the inversRan-
dom errors cannot be predicted or controlled amsegurimarily from fluctuations in the contact betm the
electrodes with the air/ground, in the currentétgel, and due to changes in the current pathwayde{Bet al.,
1995; Slater et al., 2000). Random errors are waladed and normally assumed to have a normalitaision

(Gaussian noise).

An efficient procedure to characterize random emogeoelectrical measurements is based on thegsanalf
differences between measurements taken with noamdl reciprocal configurations (Koestel et al., 2008
LaBrecque et al., 1996; Slater and Binley, 2006te3let al., 2000). For a given “normal” four-poleasure-
ment configuration, the reciprocal configuratiorthe one with swapped current and voltage dipdtesheory,
both measurements should be identical. Howeveaantice they differ to some degree, and the dieviatan be
considered as a measure of the present random \&fednere adopt the model of Slater et al. [200Q]escribe

the data error, where the resistance efxBy, is assumed to be a linear function of the restsR;:

103



AR =a+bR

Equ. 6.17

wherea represents an absolute resistance error, domintitnerror model for small resistances, and pamme
b a relative resistance error, dominating the emodel for large resistances. Given the use of fagsformed

data in the inversiod)R, is related to the data errgraccording to

& :ﬁ:i+b
R R

Equ. 6.18

The final inversion result depends strongly ondhesen parametessandb. Overestimating the error present in
the data will lead to a smooth, low-resolution imatye to under-fitting of the data in the inversilfrthe error

is underestimated, the data will be over-fitted artifacts in the final image are likely to be gexted. We here
follow the procedure of Koestel et al. (2008) tdedmine appropriate values for the parameteasidb. Here,
the range of resistances covered by the data sebdivided into a number of “bins”, and this waypslata sets
are obtained. For each bin (or sub-data set), igtaldition of normal-reciprocal differences, i.B;~R. with R,
and R, denoting resistance measured with normal and nee#b configuration, respectively, is statistically
evaluated for its standard deviation. The lineadet@f Equ. 6.17 is then fitted to the obtainechdtad devia-
tions for the different bins as a function of thean resistance of the respective bin (Fig. 45)diyig estimates
for the parametera andb. The diagonal entries of the data weighting matvixn the inversion are then calcu-
lated from Equ. 6.18.

6.4.3.5 Rock-wall temperature validation

Rock wall temperature loggers were placed in tbe gallery at a distance of 2.5 m, 5 m, 10 m, 1&nch 20 m
from the north face. The exits of the side gallarg firmly closed at both sides by a wood consiouactTo re-
duce the influence of the side gallery loggers wi#aeed at 40 cm rock depth. We applied UTL Il Leggthat

were calibrated in ice water beforehand and datarding was set to hourly intervals.
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6.4.4 Results

6.4.4.1 Laboratory temperature-resistivity behavior of unfrozen, super-

cooled, and frozen rocks
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Fig. 43: Laboratory calibration of Wetterstein lishgne from the Kammstollen study site.

Four arrays (black, pink, orange, green) were ifish on water-saturated limestone and exposed itiain
freezing, re-thawing, and refreezing. In 7d, idifi@ezing is indicated by unfilled dots whiledil dots represent

refreezing values.

Fig. 43 shows that both freezing and refreezingVefterstein limestone occurs a0.5 (+0.1) °C and 30 (£3)
kQm. Initial cooling-resistivity behavior follows @nkar trend from 22 °C to 12 °C and stagnates ft@MC to

0 °C. Fig. 43b highlights supercooled conditiontosethe freezing point+0.5 °C to-1.1 °C), which indicate
even a resistivity decrease with declining tempeegatThis is evidenced by a sudden increase of t@tipera-
ture t0-0.5 °C by latent heat emission and subsequentiggnation of temperature at the freezing corridor
—0.5 (+0.1) °C for approximately one hour in a —6c@l freezing chamber, and finally a new lineanpera-
ture-resistivity behavior with a much steeper geatliWhen refreezing the limestone (Fig. 43c), uygescooling
below the freezing point occurs as pores are ngdofully saturated with water and the resistitéyaperature

gradient of frozen rock is steeper than for inifiaezing (see Fig. 43d).
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Fig. 44: Mean resistivity behavior of refrozen \Westein limestone with mean deviations.

Refrozen Wetterstein limestone exhibits a venpstesistivity-temperature behavior with small deésas (19.3
(#2.1) kem/°C). As temperature-dependent alterations are hrhigher than internal deviations, referencing
resistivity to temperature belowD.5 °C appears to be a promising task. Unfrozerstiegty-temperature paths

above-0.5 °C are less suited for temperature-referendng to lower gradients and higher internal variétyil

6.4.4.2 Error model parameters

AR = a+hR

D 1 1 1 1 1
0 1000 2000 3000 4000 5000 B000
Resistance (ohm)

Fig. 45: Error model based on a bin analysis ofdifferences between normal and reciprocal measemesn

Fig. 45 presents a plot of calculated standardadievis of the normal-reciprocal differences in fdums as a
function of the mean resistance in each bin foeaemplary data set, together with the fitted lineardel to
obtain estimates for the error model parameseanidb. The bin analysis yielda = 48 Q (absolute resistance
error for small resistances) abd- 8.0 % (relative resistance error for large tesises). For a different number
of bins in the analysis, similar values are obtdirehe values above were used for the inversicallafata sets
to ensure consistency among the ERT images atelitféimes and avoid the creation of artifacts iffecence

images.
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6.4.4.3 ERT images

Air temperature [°C]
'_

Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct
— 2006 2007 )

2006 Nov-Dec; 2007 Jan-Oct 0 Mean 1991-2007

Fig. 46: Mean monthly air temperature in 2006 a@@72referenced to 1991-2007 mean values and mean de
viation.

The ERT record in 2007 starts after a 2.3 °C wartian average November to February winter periotbim-
parison to the mean of 1991-2007 (Fig. 46). Theenkexl period (February to October 2007) is 0.4 dCmer
than average (1991-2007). From 1991 to 2007, FeptoaOctober temperatures deviated on average®§Q

from the mean; therefore the temperatures of 20@7 with the exception of April, well in the repemtative
range for the last 17 years.
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6.4.4.4 Absolute values
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Fig. 47: ERT inversion results based on 127 eléesoand on average 1550 resistance measurements per
ERT frame.

Due to a lightning puncture of instruments in tidegyallery, the image of June has a lower resolufrom 55-
135 m. We found that geotechnical parameters, sisctine degree of fracturing shown below the ERT, plo

tually have no influence on ERT results in thisisect.

The ERT images in Fig. 47 show no obvious corredpooe to variations in discontinuity patterns ia tib-
served rock sections. Thus, geological variabgiégms to have little influence on the resistiviistrébution in
the rock. The gallery section with perennial icel a@mperature logger data indicating permafroseappas a
central high-resistivity body from 50 m to 150 mthwpronounced seasonal resistivity variation. Riegies
greater than ¥ Qm (= lab value —0.5 °C) that correspond to frozen rtaddoratory values are concentrated
close to the steep snow-free section, while thevarmvered snow face indicates resistivities smahan 16°
Qm in all time frames. A transitorily frozen rockdyis found from 240 m to 276 m, also connected smow-
free rock face (Fig. 38b).
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The central high-resistivity body is characterizgda core sectior10*’ Om (= lab value-2 °C) and laterally
aggradading or degrading of marginal sectiph"> Qm (= lab value —0.5 °C). February and May, with rock
temperature logger data from —2 °C to —4.5 °Cdyféghest resistivities of all sectionsl(0**> Qm = lab value —
3.5 °C). Following May, the high-resistivity seatiglose to the rock face diffuses to the rock inteiResistivi-
ties of 1¢-" Qm fade starting from the rock face and nearly disap in August. Horizontal diffusion to 27 m
depth away from the rock face is observable uniidjést, while lateral diffusion peaks in May/Junel @ then
substituted by a lateral contraction of the margirtd> Qm section in July/August. A new core-section injsut
created in September and diffuses to depth andalbtén October. The following shape of the hig#sistivity
body can be extracted: In February, the high-rggistsection broadens from 50 m to 70 m towards tbck
face. This trend reverses stepwise from May to Atigwith a pronounced narrowing towards the rode faf
the 1d° Om and 16’ Om zone developed in August, and reappears in Séegteroincidently with mean
monthly air temperatures below 0 °C (Fig. 46). Rehly, the section left of the side gallery (70490 indi-
cates an abrupt decrease in resistivity in Mayospyy the general trend of high resistivities extyag from 90-
160 m.

6.4.4.5 Absolute changes

The most pronounced change in resistivity occuitsvéen February and May (Fig. 48). Resistivitiesueal
decrease rapidly in the 50-90 m section (note ttatomography covers three months), while theiaedtom

100-150 m still shows a moderate increase of registBetween May and July the decrease of resgtgtivalues
is centered in the central high resistivity seci{®d — 140 m) and is more intense close to the soctace. From
July to August, a rapid decrease of resistivityuealoccurs at all depths in the central permafyody. The cool
September (Fig. 46) converts this trend and isiaesistivity increase e.g. close to the centigh-hesistivity

body (60 - 95 m). Only small resistivity changes abserved in October.
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Fig. 48: a, Absolute changes of ERT plots from Baby to October 2007. b, Comparison of the tempegat
range obtained by borehole data at the north fatewbthe Zugspitze summit (2920 m a.s.l.) and takies
obtained by temperature-calibrated ERT at the Katolies North face (2800 m a.s.l., position see ER).

Changes are related to the temperature-resistie@yation for frozen rock presented in Fig 43K2m]=19.1-
19.3 (£2.1]*t[°C]). The hypothetical ERT profile ihe closest analogue to the borehole situatiothia ERT
section with the same aspect in a horizontal distasf 300 m and with an altitudinal difference 60Im.
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6.4.4.6 Rock-wall temperature validation
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Fig. 49: Mean daily temperatures, 22 April to 30t@ber 2007, derived from hourly temperature measure
ments with sensor placed in the side gallery atmQock depth. Loggers are labeled according tw thistance
from the north face.

Loggers at a distance of 2.5 m and 5 m from thesgiime North Face show an abrupt linear temperaisee
starting at the end of April. Temperature rise thrh depth is not visible until mid-June. July matke near
parallel temperature rise of loggers in 10 m, 18nd 20 m depth, showing a different temperaturemegom-
pared to the 2.5 m and 5 m sensors. The signd at,115 m and 20 m depth stabilizes around -0.10°®©.8 °C
in August to October, while directly coupled logget 2.5 m and 5 m show higher variation of da&tduradia-

tion changes.

6.4.5 Discussion

Mc Ginnis et al. (1973) suggested an exponentiahfita for temperature-resistivity behavior for setmztem-
peratures. Data derived from 10 °C to 20 °C increniaboratory measurements using Berea sandstaonks a
limestones and did not precisely target on tempezataround the freezing point. Our laboratoryirigstat 0.1-
0.2 °C increments indicate that freezing of lowqsity rocks is better approached by a two-folddineelation-
ship divided by a freezing point significantly bel® °C. A number of new effects can be discussed@&ming
temperature-resistivity paths. (i) Resistivity deelfrom 22 — 12 °C follows the linear relation fdated by
Keller and Frischknecht (1966). (ii) Resistivitcirease stagnates from 12 °C to 0 °C, probablytdilecreas-
ing conductivity of pore water resulting from bettarbonate solution at lower temperatures (Le Ceteal.,
2007), as we found this behavior in own studiey eantarbonate samples. (iii) The shift depressibthe freez-
ing point below 0 °C in rocks with confined poreasp was not resolved in prior rock resistivity stsd
(McGinnis et al., 1973; Mellor, 1973). Petrophys$iaad other studies show that the depression ofrtez-
111



ing/thawing point in confined porous media is siigrdependent on pore space and pore material ¢d&éinal.,
2008; Murton et al., 2000; Sliwinska-Bartkowiakadt, 2008) (iv) Resistivity decrease for superedotondi-
tions (-0.5 °C — -1.2 °C) points towards excesgeee pressure build up in pores fully saturatech wiater.
According to Arenson (2003) pressures needed taceethe freezing point of water to -1.2 °C arehie tange of
11 MPa, while pore water geometry and chemistry miggr this value by a certain degree. Nevertheless
suppose that at -1.2 °C, excessive pore water ymeesdters rock permeability (Zisser et al., 2087}l leads to
pore water extrusion and subsequently to instantanéeezing. (v) The jump in resistivity at thedring point
and the bilinear temperature-resistivity relation $aturated natural rocks was already found byldvi¢1973)
but has been poorly adapted since that. For watarated Wetterstein limestone initial freezing aefileezing
of experiments confirmed a uniform freezing poibt38@ kQm at -0.5 (+0.1) °C while a hysteresis down to
-1.2 °C was found for initial freezing. Unfrozemkstones increase by less thart @n/°C while refrozen
specimen below -0.5 °C increase on average by ®®5) * 10 Qm/°C. As all rocks at the study site have
probably experienced repeated freezing we assuatehth refreezing curve is more relevant for thibeation

of ERT values than initial freezing. The refreezmgve of Wetterstein limestone is a good targetdémpera-
ture-referencing of ERT results as the temperajmadient (19.1 * 16Qm/°C) is 30 times larger than the mean
deviation due to internal lithological variabiligg0.6 * 10" Qm/°C).

Few publications have targeted the problem of halvotatory-scale electrical experiments can be feearesl to
a decameter field scale (Day-Lewis et al., 2006gBa and Gorelick, 2006). Zisser et al. (2007) stiwt pore
volume, degree of interconnection of the poresughopore throats, and the distribution and oriémtadf open
cracks and fractures are the petrophysical vahetsdetermine electrical properties of limestonaud, resistiv-
ity values to jointed rock masses in the field cany from intact laboratory sample values. Jouniatial.
(2006) show that stress-induced crack formatioiniact saturated limestone can increase condugctiit to
4 % with lower values for partly saturated condisoHowever, a survey of joint width, spacing orétion and
infillings showed little correspondence to ERT bébaalong the monitored main gallery (see Fig..4%his is
likely due to homogeneous lithological conditiomsthe Wetterstein limestone (Miller, 1961) and #fan to
heterogeneous rock sequences will require moreogiall input into the resistivity model. Friedeladt (2006)
emphasized the role of high resolution ERT for elspability applications in layered media. Resoluis not
only a spatial problem, it also affects the degreahich ERT is quantitatively reliable (Singha a@drelick,
2006). We applied two spacings of 4.6 m along tlsnngallery and 1.533 m along the central permatoosly
in the main and the side gallery. Due to a ligrgrstrike of instruments the June Transect was medswithout
66 1.533 m spacing electrodes most of which atbérside gallery. ERT of June, does not providemnsdstent
results but only alters the spatial resolution #ndenerally consistent with prior and followingcgens. Our
results indicate that high-resolution resistivitgwrdata (here > 1500 datum points) significantbréases spatial

definition of ERT (Fig. 47 May, July-October) buasa limited effect on the general outcome.

A bin analysis of misfits against average of noravad reciprocal measurements (Binley et al., 1988)ed an
absolute error of 48.8 and a relative error of 7.95 %. These are readenatlues considering that the high
resistances measured, with values up to 3008s the interpretation focuses on values gredtan 114> Qm,
the relative error of 7.95 % is the relevant eparameter for interpretability. Laboratory expenntsein Koestel
et al. (2008) derived relative errors of up to %1 The error parameters obtained here were sinndiaug differ-

ent amount of bins for the analysis, which refldbes stability of the parameters obtained. Evennathe linear
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model is not fitting the points exactly there issasonable correspondence. The range of measuwsisthnees is
very wide, therefore it is important to obtain adabwhich can describe the entire data set in agrmanner.
Thus, error model settings are capable of avoidinder- or overestimations over the entire rangeatdes.
Smoothness-constrained inversion of the data \igherror model setting shows consistent resultalfatiffer-

ent data sets and resolutions.

A shift from qualitative to quantitative interprétan of geophysical results, as heralded by Hauck.g2008),
appears to be possible for frozen permafrost-aftebedrock. All incorporated values lie within aligtic range
in comparison to borehole temperature data. Thgéngained appear to be free of artifacts and Higlr reso-
lution permits the detection of seasonal resistigitanges in frozen rock. In this specific case,itbmogeneous
lithology and the steep temperature-resistivitydggat of frozen rock (19 ®m/°C) facilitate the temperature-
calibrated interpretation of ERT. In correspondetwéhe rock temperature data and the air temperagcord,
the absolute ERT plots shows that the main thawtmurs from May to August with a massive retreahigh-
resistivity sections above $10Qm (= lab value at —2 °C) to distances of 20 m fromrihek face. The onset of
thawing processes in May, subsequent to the wamih, Appronounced by resistivity decreases coresiing to
5 °C (95 KK2m) and more up to 27 m depth (Fig. 47). Whethedieeay in fractures could also contribute to this
resistivity decrease is discussed in the next papdg The speed of temperature change cannot baireegh by
heat conduction alone (Noetzli et al., 2007) ancbiscentrated close to a fracture zone with op@mgm) joints
(60 — 80 m). Coincidently, joint water seepage itite gallery below the permafrost body was obseived
measured on May 20. Water of 2.5-3.8 °C seeped0& llmin at 10 a.m. with a maximum of 0.28 |/min6a
p.m. and a subsequent decline to 0.20 I/min (1Q)gfnam a 34 cm long joint with an aperture of 3-8m. We
hypothesize that the deep-reaching decline intreitysis due to meltwater percolation in jointsaamisporting
large amounts of latent and sensible heat. Dailjatians of joint water seepage below a tens ofensethick
rock mass indicate rapid percolation through a liglermeable joint system as previously observed\eg-
mann (1998). 3D-effects due to rock wall topograf@yuber and Haeberli, 2007) could also act to lecate
response times. A deep-reaching thawing responapparent in the August-July change plot also énghrt of
the rock face that was covered by snow until mig-Ja the cold September and October (Fig. 46)stieity
increases around the permafrost body and resjstisities greater than 40Qm (= lab value at —2 °C) reappear
between the permafrost body and the north facetiRosock temperature values at 20 m in Octobey mea
spond to air circulation in the main gallery. Théseence of the shielded side gallery locally iefige the ther-
mal regime, but its impact is too small to affeataim of the 60*20 m large and decameter thick penosafens.
Local authorities (Bayerische Zugspitzbahn AG) repbat the main gallery was perennially flooredhnice
along the whole observed transect in the 1970stlaaidthe length of frozen section of the main ggllde-

creased enormously in summer 2003.

Some parts still yield high resistivity values uplt®2 Qm. Possibly, we are not fully capable of resolvimg-
sotropic effects caused by ice-filled joints in theficial fractured parts at 10 m or less to thekrface. Tenso-
rial non-conductivity of ice-filled joints of unkmen orientation may cause series disconnection callpa dis-
connection and thus influence directional resistiin a yet not exactly determined way (Herwangeaile 2004;
Matias, 2008). This is underlined by apparent tisdties up to 16 Qm along gallery sections with cm-thick
ice-filled joints in a distance of less than 10 antlie rock wall. Comparison of temperature loggeinpdata

with ERT volume data stays a difficult task, espligias those obtained from the side gallery aighty dis-
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torted by air circulation inside the otherwise &el side gallery. Temperature distribution in ghhji dissected
crestline is clearly a 3D-problem (Noetzli et @007) complicated by partial snow cover (Gruber Hiagberli,
2007). Enhanced measurements if surface tempesatleftwater influence and 3D-modeling will be esgary
to fully understand spatial thermal patterns ascatdd by ERT time section. ERT and 3D thermal rlinde
provide the first opportunity of a mutual contrdl more-dimensional spatial permafrost monitoringnipera-
ture-referenced ERT could provide calibration dat#ial conditions and validation data for tempera models

and could vice versa be assessed by its consistétityhermal results.

While GPR and seismic surveys are well implengeimtethe characterization of rock mass propert#svant
for instability considerations (Heincke et al., B&QHeincke et al., 2006b), ERT has only been edgh a few
cases and only in the in the field of fracture elstarization (Choi et al., 2006; Deparis et al0&0 Given that
ERT described here targets temperature of frozek, rthe link between temperature and rock mechanics
(Mellor, 1973) and ice mechanics (Budd and JacR&89) opens up a new application for geophysicalilia
analysis. Understanding the influence of tempeestun ERT could also help to filter other stabiligfevant

signals in rock geophysics such as hydrostaticspregFischer et al., 2007; Krautblatter, 2008).

6.4.6 Conclusion

High-resolution ERT with 127 electrodes and on ager1550 datum points was conducted along a 2% |
gallery in the permafrost-affected north face & Bugspitze in 2800 m a.s.l. in Februray, May, Juidy, Au-
gust, September and October 2007. Data inversianpeaformed using an 8400 finite element grid veith
justed boundary conditions. To receive quantitifiveliable ERT values, we fitted a smoothness-trairsed
Occam’s inversion to an empirically measured nowraalprocal error model. Water-saturated Wettensliene-
stone was measured in the laboratory to freez8.at(x0.1) °C with resistivity values close to 3B)Y kOQm.
The resistivity of unfrozen limestones increaseselsg than 10Qm/°C. The temperature-resisitivity relationship
below -0.5 °C can be described pyin kom] = 19.1 — 19.3 (£2.1) * t [C°]with an R2 of 0.99. The tempera-
ture-resistivity relation of frozen rock was thepphed to the quantitative ER tomographies alorgplrmafrost
gallery. Absolute resistivity values and monthlsistivity changes are generally consistent withseral air
temperature changes and rock temperatures observibé adjacent borehole. Differences in snow cager
dominate the general distribution of permafrosbri®unced thaw occurs from May to August. Rapid imglt
occurs along fracture zones coincident to jointewateepage into the gallery in May. Refreezing ftbemrock
wall starts in September and is apparent in battreasing resistivity values and the expansiorhefhigh-
resistivity body. Temperature-resistivity caliboati in the laboratory and error-controlled inversioh high-
resolution field data present the first step towagdantitative temperature-referenced geophysigeimafrost

rocks.
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6.5 Towards 3D-characterisation of permafrost rocks

Unpublished data.

6.5.1 Introduction

Seasonal changes at the Zugspitze have shownhtlezt-dimensional effects inside rock walls crugiaffect
thawing and refreezing patterns. To fully deciptier spatial impact of external inputs on rock pdros, prop-
erties have to be measured in a full three-dimesagispace. This section aims to give a perspectvéow
three-dimensional can be conducted and discussediseecorded in a 3D array from 2006 to 2008hia t

Steintalli, Switzerland (see Section 6.2.3.1).

Arrays with infernal potential electrodes

Mean raw data distortion of different arrays

cl piWennerp2 2 Restrictions
|<L>|<—>|<—>| a=c=b 35 - "
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Schlumberger 3
a b C — Dipole - Dipole

|——|]«—| 2=cxb 25 |
Gradient 2

a_1.b. C o % Anrays with internal potential electrodes

|<=|je———| a=c=b 1.5

i ) 1

Arrays with external potential Grodient Wenner Schiumbarger
Dipole - dipole 0.5

Il Il 0 L N e

1

Fig. 50: Implemented arrays (left) and raw datdodi®n of different arrays measured subsequentti w

conventional protocol files along the same trarssedth identical conditions.

“P” refers to potential electrodes whereas “C” rafeto current electrodes. Mean raw data distortioager to

distortions observed when measuring identical ebdele combinations several times consecutively.

3D tomographies pose an additional challenge fda @allection and processing. Measurements canohe ¢
ducted as 2.5D data, where parallel transects @la&ted into a merged 3D file or by “real” 3D mes=ments
where current flow is measured in all directioneaR3D arrays usually apply pole-pole and dipofest# ar-
rays, but test measurements at the Zugspitze yiedsliglence that these arrays have a worse sigmalise ratio
in comparison to Wenner, Schlumberger and Gradigmlys, where potential electrodes lie betweerctheent
electrodes (Krautblatter and Verleysdonk, 2008&).(50). Therefore, a 2.5D combination of paralgnner-
arrays appeared to be more suitable for a firstB&racterization of rock permafrost. It is commoasgumed,
that the distance between parallel arrays should@greater than 3 times the minimum electrodeisganside
the arrays. However, this rule of thumb was esthbli for conventional surveying in soft sedimentemials
and may not be applicable to highly anisotropic haterogeneous rock masses. This section aimte tiat
3D measurements in rock walls require a much mtaieoeated approach, as (i) rock walls have enorn3ius
topography and electrodes can only be placed astdied with the aid of high-resolution tachymetaeasure-
ments, (ii) topographic gradients require the canasion of specially adopted finite-element gridsd (i) the
assumption that close-lying 2D transects can bkteaol into 3D tomographies may not be justified Higghly

anisotropic and heterogeneous rock masses.
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6.5.2 Methods

®
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Fig. 51: Electrode positions of a 3D-ERT measurdnaeross a rock crestline with NE and SW-expose# ro

faces.

A, Exact position of electrodes derived from tackgnmeasurements. B, Decimetre-resolution DEMutated
from tachymeter measurements. C, Picture of thdadE-of the Steintaelli with the position of thanisects. In

2006 ice persisted over the summer in protectedipos in the NE-facing rock slope (e.g. 4-10m,-158 m).

In July and August 2006, a 3D array consisting@8 &teel screw electrodes was drilled accordirntgeanethod
described in section 6.2.3.2 (Fig. 51). Arrays havainimum electrode spacing of 2 m along the rawiace
and spacing between the arrays is 4 m. Exact positf all electrodes was measured with a Leica T8@0 L
tachymetre with an accuracy of a few centimetrdss Tata was used to create a high-resolution DEMe

study site.
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Table 5: Error model parameters for different teants of the 3D ERT measurements in the Steintaelli

Transect 1 Transect 3 Transect 5 Transect 7 TeaBse
a 23.19 47.50 32.33 35.01 66.82
b 8.42 8.33 9.13 9.29 9.34

Transect 5

Transect 3

©

Transect 1 Transect 7 Transect

Fig. 52: Finite-element ERT mesh adjusted to snmembtiopographies of all five transects (for dimensisee

Fig. 55; processed by A. Flores-Orozco).

3D Wenner measurements were conducted in 2006, 20672008. In 2008 an additional reciprocal measure
ment with 190 datum points was conducted in ak fikansects to calculate individual error modebpaaters.
The standard deviations of the normal-reciprociiédinces as a function of the mean resistance vadoalated

in four bins. A linear model was fitted to obtaistimates for the error model parameterndb (Table 5) (see
also section 6.4.3.4). For a different number ofbin the analysis, similar values are obtaired. the relevant
error parameter for high-resistance measurement&pproaches similar values from 8-9 % in all teets. The
values were used for the inversion of all data seensure consistency among the ERT images atrelift times
and avoid the creation of artefacts in differencmgdes. Finite-element ERT-grids adjusted to théviddal
topography of the five transects were constructeddrian Flores-Orozco (Fig. 52). All datasets wareerted

in CRTomo (Kemna, 2000) using the obtained indigicerror model parameters (Section 6.4).
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Fig. 53: Laboratory results of two rock specimemgked inside the 3D ERT array.
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Laboratory treatment of the samples is describeSeiction 6.1. The rock mass inside the array isdgameous
and only ranges from quartz slate with a more gneigppearance (S3) to quartz slate with a moristgchp-
pearance (S1). Rock specimen from the study s#ti@t&elli indicate 0 °C values ranging from 10.9.¢5 K2m
and freeze at 14-16Gm (Fig. 53). In tomographies, resistivities abo@“1Qm (15.8 K2m) indicate frozen
rock, while those between 4HQm and 16° Qm (11.2 K2m) indicate the freezing transition of rock close t
0 °C. The Tp gradient of frozen rock approaches values of 8.3 kam/°C. Thus, values above *lQm would
indicate temperatures below —10 °C which are imabdd in summer measurements. According to laborator
measurements, these values rather indicate icecafé¢ions (e.g. segregation ice) and values ali@feQm

stand for the presence of massive ice in crevices.

~4— Rock temperature S

~#— Rock temperature NW
Rock temperature E

=== Rock temperature NE

=== Air temperature

4 8§ &8 &8 8 & & & 8 & & & &8 &8 &8 & & &8 & & & 8 &

Fig. 54: Air temperature and temperature in 10 ookrdepth in different aspects measured in thent@telii
(NW, S and E: 3150 m a.s.l.,, NE : 3060 m a.sl.).

Geo-Precision loggers recorded rock temperaturiitm rock depth at three positions close to theERDY
array (Fig. 51) and one close-by in Transects Nif. (F1) at 3060 m a.s.l.. They were positioned ediog to
the recommendations given in Peter (2003) in rasjpesteepness (>60°), height above snow accuronkgtnd
other factors. Loggers were removed in autumn 2@@o6rding to the end of the GRK437-financed schednd

reinstalled as part of the SPCC (Sensitivity ofhperost to climate change)-funded bundle proje@das.
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Fig. 55: Five parallel, vertical ERT-sections augtithrough the NE-SW facing Steintaelli crestlieearded
in 2006, 2007 and 2008 (for crevices see Fig. 56).

The offset between the vertical transects is 4 m.

According to rock temperature logger data, win@d=22006 is 4 — 5 °C colder than winter 2006/20672006
massive ice in rock crevasses was detected in @caswith resistivities close to 1@m. The surface ice dis-
appeared in the following years. Resistivities ad@ Qm (ice-intercalated rock) appear to extend several
meters deep below ice-filled cleft systems in Temts 1 and 5 in 2006, but also disappear the fallpwears.
Frozen rock (1% — 10" Qm) dominates the northern half of all transects exteénds under the crestline, espe-
cially close to ice-filled clefts up to the surfadexcept Transects 1 and 5 in 2006, values exdeedd> Qm
line (equivalent to —2°C) only near the surfacelose to ice-filled clefts. Small isolated frozextk bodies with

a few meters diameter are indicated on the SW-&degle. Those at steep and overhanging positiofgan-
sects 1 and 3 (180 m, see Fig. 51) persist fron 202007, while those in less inclined parts (et 7, 180-
190, see Fig. 51) melt out. Resistivities in thege of freezing/melting rock of & — 102 Qm occur wide-
spread around frozen bodies. Unfrozen rock{1010' @m) dominates the southern half of the transectsug\n
to 5 m thick continuous active layer is developedite NE-exposed rock face but thaw is much deiepemall
elongated structures. Water-supersaturated conditiwcur superficially above ice-filled clefts barte more

obvious in the lower southern limb of Transect 1.

6.5.4 Discussion

Results were reassessed in terms of data qualdymal-reciprocal error measurements in Septembé8 20
showed that the accuracy bf which determines the reliability of high resistanraw data, ranges between
8-9 %, so quantitative interpretation should nd¢ o changes smaller than this value. Raw datldfansects
was checked in respect to contact resistances.ig leispecially interesting for the 2006 measuremaniran-
sect 1 and 5 with high resistivities. Both measumets indicate good coupling of all 41 electrodesyreof con-
secutive measurements is 0.7 % and 1.9 % andaesés measured did not exceed @4dnd 6 K2, which is
well in the reliable range of the ABEM SAS 300C igevaccording to our laboratory measurements. 3tnisvs
that absolute differences recorded in the subséqueasurements refer to changes in rock massivégistnd

not to changes in electrode coupling.

The application of an empirical error—controllegi@rsion with CRTomo in a topography-adjusted fi@tement
grid shows very consistent results for all transestd time steps. Apart from Transect 1 and 5, lwhidicate
the presence of massive ice in 2006, all transgfwdsv smooth and gradual changes at depth apart dlefin
systems which is probably a good quality contrahisystem that is determined by slow heat trangonissiow-
ever, significant changes in active layer depthapparent in subsequent transects and are conieehakng
clefts systems that indicate massive ice intericadatin 2006, which is also consistent with heahsmission

theory.
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Major improvements of the ERT interpretation codlerive from both, a better laboratory calibrationttee
electrical effect of free (segregation) ice in tdeds well as massive crevices in rock samplesaanetter imple-
mentation of anisotropy in the inversion. Laborgtexperiments could follow the idea of Jouniauxlet(2006)
who observed changes in electrical properties dustress-induced crack formation in unfrozen rotksaddi-
tion, more thought has to be spent on the quesfidrow laboratory results can be upscaled to ardeta field
scale (Singha and Gorelick, 2006). Tensorial namdoativity of ice-filled joints of unknown orieniah may
cause series disconnection or parallel disconneetiwl thus influence directional resistivity in et yot exactly

determined way (Herwanger et al., 2004; Matias 8200

The measurement provides several outcomes for firshaesearch: (i) The Steintaelli was delibesat#osen
as an environment that is at the fringe of prepeniafrost distribution. According to Gruber et @004a), a
mean annual ground surface temperature (MAGST)dmtvd °C and —2 °C is assumed for a 70° steepN&nrd
exposed rock slope at 3150 m a.s.l., on the basibnuatic data from the last 21 years. In viewtiné 20" cen-
tury warming, a 1 °C warming of MAGST or a 150 mifif the 0 °C line is expected to better apptodice
present situation (Gruber et al., 2004a; Haebedi Beniston, 1998). Thus the Steintaelli is expdttedevelop
towards a transient temperature state, where @mes/ears have a MAGST below 0 °C. Our data suggeat
all NE-exposed transects still have decametre lpsgmafrost bodies inside, but the*1@m (31.6 K2m) line
which represents a definite transition to the 28fge is not reached in any of the transects &meamtice-filled
clefts or at the surface. According to Gruber (200¢he SW exposed side at 3150 m a.s.l. shouldeleeof per-
mafrost with a MAGST ranging from 2 to 4 °C. Thiésim accordance with ERT measurements that showlymos

unfrozen rock on the SW exposed rock slopes.

(ii) The importance of ice-filled rock crevices lighly-efficient semiconductors is strongly undé¢ireated. The
positions where massive ice in rock crevices iegg at the surface can be detected in the 20@6sketion in
all transects and are especially obvious in Tranbkemnd 5 (Fig. 56 F). These two transects showBRT is not
only sensitive to rock temperature. Ice intercalairesult in highly anisotropic conductivities aliniare well
detectable in the ER tomographies. All other ERdgraphies show that ice-filled rock crevices edfitly chill

their surroundings. This may be caused by a nunobeactors. Ice is a good thermal conductkr= 2.2

W/(m*K)) and it only conducts cold thermal impuls@$hose above 0 °C are buffered by its latent baphcity.
Conduction of cold thermal impulses in ice persisteh longer during the year, as it is not necgssafreeze
an active layer, which can take months, before tédmal impulses can be transferred to greatethdepn
some cases ice in crevasses is effectively couplélde atmosphere due to direct exposure or cotddan ice
or wind-compacted snow. However, it is unclear tatwextend the dominant thermal impact of the noegvice
derives from the contact to the cornice (Fig. 5@DJl its sheltering or simply to the dimensions fittv crevice

itself.
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Fig. 56: Ice-filled rock crevices and topographactbrs that influence the distribution of frozerkan the
3D-ERT array.

A, Heavily thawed ice-filled rock crevice cuttiagross Transect 7 (in the front) and Transect Shiibd) at 156
m on September 3, 2008. Black arrays point at edldes. B, Ice-filled rock crevice frozen up to swgface at
Transect 1 (171 m) in August 10, 2006. C, Mainfiked crevice cutting across Transects 1 to 9 Gt 10 164 m.
Mention that the crevice is split in two parts etlower part of the picture (Transect 1 and 3grthmerges into
one strongly pronounced crevice where Mr. Mosendsa(Transect 5) and extends to a broader highdgetited
zone (Transects 7 and 9) (September 2005). Saniteopads August 5, 2006 with a ca. 5 m wide and Bigh
cornice that persists usually at least half of suenmer. E, Ice-filled crevasse in Transect 1 at t4September
2008). F, Heavily dissected NE-exposed rock facEamsect 5 (155 m) that is susceptible to icergat@tions
and intense chilling in 2006, as well as enhandsving in 2006 and 2007. G, Steep, north-exposad|ded

and partly overhanging section in Transect 9 (152-in) that is persistently frozen even near théaser
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Fig. 57: Disintegrated rock material on the SW-esqibslope of Transect 1 and 3 (180 m) that ovedies

small permafrost lens with few meters diameter.

(i) Small-scale topography such as vertical sedior overhangs in combination with totally disedccoarse
blocky material (Gruber and Haeberli, 2007) apfedoe capable of creating small permafrost lenses en
the SW-exposed rock slopes (Fig. 57). This is olzd®de on Transect 1 and 3 at 180 m.

(iv) According to Gruber et al. (2004a) thawing ttepn the NE-face is expected to range betweem6éand the
warm summer of 2003 would have caused an increfage ethaw depth of 0.4-0.5 m. ERT sections shaat th
is difficult to define a mean thaw depth. The NBg& of Transect 5 is the only that displays a 2Bmg con-

tinuous section with a thaw depth of 3-4 m.

(v) Maximum thaw in the NE-slopes of Transects 17 &nd 9 occurs along elongated vertical rece3dese
appear on ER tomographies as 5-10 m deep (Tra@pactd 2-3 m wide anomalies of unfrozen rock wakis-
tivities ranging from 18°10*? Qm. The dip of the elongated thawing anomalies aawdstical or steeply in-
clined (220°/70°). Their elongated shape, theiemtation parallel to ice-filled fracture systemsl dneir thermal
separation from the rock surface indicate, thay #me rather formed by seepage of cleft water thathermal

heat conduction from the rock surface.

(vi) All Transects show higher resistivity valuasdaa larger extension of the frozen body in 2006aMannual
air temperature of July 2006 was 7 °C, 3 °C warthan prior years (Fig. 32). Thus, this signal nsigt result
from winter 2005/2006 which was 4-5 °C colder thia@ following winter according to rock temperatlogger
data (Fig. 54). Especially Transects 1 and 5 indieawidespread occurrence of ice-intercalated (et Qm).
In this case, the extension of high-resistivitieg@eater depths (>10 m) is not well detectablé witir ERT-
measurements. However, good evidence is providadstich ice-intercalations existed in the upper. S his
corresponds to the observation of ice-filled cresithat were frozen up to the surface at the bagjrof August
2006 (Fig. 56B). ER tomographies in 2007 show aegjidead contraction and warming of the frozen tudky.
Permafrost occurrences appear to have degradednamginally between 2007 and 2008.
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The question to whether 2.5D collation of closepayallel slices to a 3D tomography is a useful némphe for
permafrost rocks depends strongly on the researektigon (Fig. 72). 2.5D ERT plots can effectivehypw that
permafrost is strongly dependent on aspect inoafiographies. However, the presented plots showethern
with a close 4 m (1:2) spacing of individual sestip2D information in a highly-dissected rock masswo

heterogeneous for a meaningful interpolation betwesnsects.

6.5.5 Conclusion

In 2006, a 3D-ERT array was installed across a MEeXposed crestline at 3150 m a.s.l. in the Stelitd/al-
ley of Zermatt, Switzerland. The 3D array consit® parallel 41-electrode arrays with midpointstba crest-
line. To cope with the heterogeneity of dissectatky an internal electrode spacing of 2 m was egdpdind the
offset between the five arrays was 4 m. Electroo@tipns were aligned with a laser tachymeter dedxt y and

z information was used to create a decimetre-résollDEM. Topographic information was accommodaited
five parallel smoothed finite-element grids. The-8iPay was measured repeatedly in 2006, 2007 af8.20
Error levels inherent in different transects weedirced by normal-reciprocal error measurementsyaeided a
relative error of 8-9 % for high resistances. Telgiiquantitatively reliable ER tomographies, régist data was
processed in an error-controlled, smoothness-ansti inversion routine in topography-adjusted grid
Temperature-resistivity behaviour of two rock sagsplvas measured in the laboratory. Three loggerded

rock temperatures in 10 cm depth.

ER tomographies show consistent results for ahseats. Decametre large frozen rock bodies {31im)
dominate NE-exposed slopes. Permafrost at depgesametween £G and 16°Qm, which refers to frozen rock
between —0.1 °C and -2 °C, and is surrounded byge Izone in the range of 10102 Qm indicating freezing
or melting round -0.1 °C. The presence of icediltaevices on the crestline and the NE-face appednave a
crucial influence on spatial and temporal permafdevelopment. Next to 3-4 m deep melting fromghegace,
elongated recesses of unfrozen rock indicate ngeltyncleft water up to 10 m depth. Isolated perostfbodies
of a few meters size can persist under steep fragpderock even on the SW-exposed rock slope. ERtom
graphies in August 2006, after the cool winter 20086, indicate the presence of massive ice-inkatioas in
two transects, while those of 2007 and 2008 indiceadual widespread permafrost degradation. Tiessets

show the first approach to measure 3D ERT in alpgrenafrost rocks.
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7 Implications for rock instability

Fig. 58: Rockfall accumulation on the Rothorn-NERdaiéret in the Steintaelli subsequent to the wauty J
2006 (Photo August 5, 2006).

Rock wall instability in permafrost rocks is usyatibserved by means of rockfall occurrence. Whitsstmock

instability in steep rock faces culminates in ratkfthe rockfall itself provides only poor infortien on the

mechanical situation that has prepared its detachrS¢atistical analysis of temporal and spati@uoence is a
key approach to the understanding of rockfalls,tbatunderstanding of processes that dispose,datat trig-

ger rockfalls is equally important. While geophydisounding in rock walls with highly active rockfeegime is

impossible, the 3D-ERT array in the Steintaelliides insight into active rock deformation and isligproc-

esses that could play a key role in the preparationeter to decametre-thick rockslides.
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7.1 Slow rock deformation in permafrost

7.1.1 Introduction

Fig. 59: A, Deformation of the Gemsstock (Anderm@&ttl) summit cable car station by recent rock crieep
thawing permafrost rocks. B, Widespread rock crgspckung”) mapped in the geological map closeh® t

Steintaelli in the same geological unit (Bearthl8@P

The map is orientated north, grid indicates 1 kracépg. “V”- and scarp signatures indicate the exteof rock
creep north of the Hungerlitaelli, brown indicatego — mica gneisses and schists. The Steintaedlitisited
around the “3149 m” point at the lower right corner

While rock falls from permafrost-affected bedrockvl recently received increased attention, slow defor-
mation is still a poorly addressed phenomenon. Hewehe latter causes significant damage to strastbuilt
and founded on permafrost rocks and may cause reoomstruction efforts than rockfalls (Fig. 59). tdover,
slow rock deformation processes often prepare adiskéspecially if they occur in positions with esed topog-
raphy (Hewitt et al., 2008). The term slow rockatefation includes a variety of rock mechanical egpis and
geomorphologic implications. The term slow refeosMarnes (1978) and indicates movement rates below
1.5 m/a. Exact classification of the type of movatrie difficult. Slow rock deformations could besgebed as
(i) rock creep as this is basically defined bysitsw velocity, (i) some will be covered by thertefslow rock
slide” as the movement occurs predominantly ortivelly thin zones of intense shear strain (Vard€s,8) and
some could also be termed “lateral spreads” orKizag” as the movement propagates as a distribatiedal
extension in a fractured mass (Hansen, 1984).
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Fig. 60: Indications of rock creep at differenttaties with the same underlying lithology (two —cmnipara-
gneisses and schists).

A, Inactive rock crevasse at 2230 m a.s.l. at tAb“Blueomatt”. B, Probably recently active “saclgirbehav-
iour at the Hungerlitaelli/Braenditaelli crest linat 2940 m a.s.l.. C, Highly active “sackung” bef@aw in the
Steintalli at 3150 m a.s.l..

Indications of “sackung” behaviour such as rock/mes and in situ disintegrated rock block assegésaoccur
frequently in the Turtmann-Valley (Valais, Switzamt) and were mapped by Bearth (1980) and by Qttb a
Dikau (2004). However, there is no full inventorfyactive and relic sackung behaviour. It appeass these
phenomena are concentrated on three differentde(i¢lRelic sackung phenomena without any indaseti of
recent activity occur at the through shoulder 2a@#h to 2300 m a.s.l. (Fig. 60A). (i) In the gegittal map,
sackung phenomena were frequently mapped betwedh& 2900 m a.s.l. and some have indicationsooé m
or less recent activity such as disrupted or cosga@ vegetation (Fig. 60B). (iii) Presently acsaekung phe-
nomena in combination with frequent release of sbwllders falls occur mainly above 2900 m a.xtoading

to our observations from 2005 to 2008 (Fig. 60Q).td@st the present activity of “sackung” behaviguithe
Steintaelli, several extensometer transects wetalliad.
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Fig. 62: Major crevices (>1 m depth) in the 3D-E6Td.

Mapping of crevices by D. Oertel. The scale indisaltitude in m above 3100 m a.s.l..
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Fig. 63: Measured rock deformation in nine refeeemeasurements along 18 transects from 2005 to. 2008

Columns are arranged according to their (horizohtatder in the caption. Mention that extension iasttran-
sects exceeds the accuracy of the steel extensooh@&@®5 mm by far. Figure displays only the refere meas-
urements that were conducted with exactly identisasion and were calibrated to ambient temperature
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Five extensometer transects were installed in Aug065 and another 13 in August/September 2006 (sip-
port from S. Wolf). Transects were measured withamual steel tape extensometer with a nominal acgusf
0.05 mm. Temperature was measured alongside anslne@aents were corrected for temperature-relateghex
sion. Topography of the observed rock bar and xtensometer transects was measured with a Leica IT8OA
tachymetre. Positions of extensometer tracks arengin Fig. 61. Photos were taken to control figéda. Addi-
tional measurements were taken by diploma candifat®ertel with a slightly higher, but defined tamsin
August 11 and 19, 2007 as well as September 119 #@ could result in an inaccuracy of maximum B

according to test measurements. The latter measuntswere excluded in Fig. 63.

7.1.3 Results
16.0 — : :
120 |1 SW-aspect i Crestline : NE-aspect
: small permafrost : wide (>0.2 m) ice-filled fractures : narrow ice-filled fractures
12.0 H lens suspected : permafrost : permafrost
10.0 | & B
8.0 :
SW-aspect :
: no permafrost :

total displacement [mm] and
mean annual displacement [mm/a]
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E32 - E33
E34 - E35

Fig. 64: Absolute total displacements (blue) anduah displacements (red) of all extensometer tretase

respect to their position (Fig. 61) and permafozsturrence (Fig. 55).

Mean annual displacements of extensometer trangegisrmafrost-affected bedrock approach valueg.0f
1.3 mm/a at the crestline and 1.3 £0.8mm/a atsteep NE-facing slope (Fig. 64). Transects on Sy6sad

rock slopes without permafrost indicate movemeh&®+0.1 mm/a. Transect E17 — E 18 extends 7.7anm
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Fig. 65: Absolute velocities of rock deformationat-year measurements (1-3) and late summer mgasur
ments (4-9).

1, Sep 24 to Aug 02, 2008, Sep 22, 2006 to Aug 11, 2008/;Aug 20, 2007 to Sep 02, 2008;Aug 20 to Sep
23, 2005;5, Aug 02 to Aug 15, 2006; Aug 16 to Sep 05, 2008, Sep 06 to Sep 21, 2008;Aug 12 to Aug
19, 2008;9, Sep 3 to Sep 11, 2008.

The absolute speed of rock deformation in late semi®.121 +0.077 mm/d) is approximately 20 timeghbr
than in all-season measurements (0.007 £0.002 m#ddgan be seen in Fig. 65, velocities in all meamnent
campaigns in late summer (0.045-0.307 mm/d) exedleseason measurements (0.005-0.01 mm/d) by at lea

five times.
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Fig. 66: The relation of mean rock displacement muedn air temperature of transects with direct pfwst

evidence from ERT measurements from 2005 to 20@6 &5, Transect 5).
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Fig. 66 shows the velocity of four transects whpsemafrost foundation is directly allocated by Edfnb-
graphies. E3 to E8 are covered by Array 5 in Fig.germafrost occurrence from E9-E10 is known ftben2D-
Transect E (Section 6.2). Data display a ten-foldease in late summer displacement velocity rexcbid 2005
and 2006. No significant differences are observétalifferent summer temperatures, but it app¢aas there

must be a distinct threshold for the onset of meamisiclose to the melting point.

7.1.4 Discussion

Extensometer data plotted in Fig. 63 shows rockldt®ments in the range of millimetres for moshgexts.
Applying steel extensometers with a nominal acopefdd.05 mm is an appropriate method for the deteof

the velocity field of rock deformation.

Rock displacements reach higher values in the feosteaffected crest line and the north face withual rates
of displacement that exceed displacements in theegWdsed slope (0.5 mm/a) by 3 to 4 times (Fig. &ly
one extensometer records displacements in a prppabénnially frozen body at the SW-facing slopeanBect
E17-E18 runs across a dissected overhanging steusitmilar to those that cause small permafrogdsrat 180-
185 m in Transect 1 and 3 (Fig. 55). Perennialbzén bodies on the SW-facing slope (Fig. 55) agalhisus-
ceptible to warming and thus probably very closé® t&C, but more displacement data and ERT measutsme
directly along Transect E17-E18 are necessary awige further evidence. It is interesting to comsjdhat the
spatial arrangement of deep rock crevices showfign62 matches with the information on rock defation.
Most crevices occur on the crest line and on theshige where the speed of deformation is highdse. dnly
occurrence of crevices on the south slope is atiposl85 m where permafrost and transitorily frozeck is
indicated in several transects and at the samee ghogition where maximum creep is recorded in &eins

E17-E18. Thus, the geomorphologic situation orstbpe appears to reflect present deformation pseses

Late summer rock deformation occurs 20 times faitan all-season rock deformation. This providesdyo
evidence that ice and thaw related processes phatalarole in rock instability (Fig. 65). Movemenglong
Transects E3 to E10, for which permafrost evideagaovided by ERT directly along the transects) rzadily

be explained with an r2 of 0.86 using an exponéftizction based on mean air temperature (Fig. 66).

Several lines of evidence exist for the factorg thetermine rock instability in the Steintaell) Peep-reaching
crevices observed at the surface (Fig. 62) andRrtdinographies (Fig. 55) point towards a movemieat dc-
curs in dissected, meters to decametres large bitwaks. (i) The speed of displacement is too Highrock-
internal creep or thermal expansion. Therefordiding process is most likely the major sourcearfk deforma-
tion. (iii) Spatial distribution of the velocitydld shows that permafrost is necessary for higplaiement rates

while seasonal frost is much less effective (F&). 6

While it is common knowledge that many installaidounded on permafrost rocks shows signs of cdeéqr-
mation, few quantitative data on rock creep in @drost has been published yet. The idea of actikralic
rock deformation phenomena in relation to periglaconditions was described in a few case studieston
and Redden (1960) and Mears (1997) describe indisabf flexural rock creep in the upper 1.5 to 3and
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more in gneiss, schists and sedimentary rocks inthSbakota and Wyoming that is presently inactwég-
mann (1998) reported low seasonal strain rates fhendungfrau and Eiger (Switzerland) that folloveedsonal
temperature fluctuations even in rock below 0 °€ did not cause significant rock instability. Céntg, rock
deformation data exists from many cable car ireialhs in the Alps but data is confidential infotioa and not
publicly available. It appears, that there is pndlgeno other published dataset on the kinematitabmur of

active rock block sliding in Alpine rock permafradbpes and very few articles have covered thigtop

7.1.5 Conclusion

Altogether 18 extensometer transects were instal&05 and 2006 on a NE/SW facing crestline & $ttein-
taelli (Matter Valley, Switzerland). The transeatsre measured repeatedly with a 0.05 mm accuraey sxten-
someter from 2005 to 2008 and displacements up4tonth were recorded in single measurements. Data on
permafrost distribution derive from a 3D-ERT ar(&gction 6.5). Transects across perennially frazewices at
the crestline (2.0 £1.3 mm/a) and on the permafifiscted NE-slopes (1.3 £0.8 mm/a) dilate threfoto times
faster than transects in non-permafrost positionthe SW-slope (0.5 +0.1 mm/a). The speed of dedtion in
late summer measurements is 20 times higher thafi-geason measurements. Zones of maximum defrmmat
are reflected by the occurrence of deep ice-fileglices. Rock deformation above permafrost caexpéained
with an R2 of 0.86 as an exponential response tannaér temperature during the observed period. Ating to
the short response time, the observed velocitie® upm per month, a survey of ice-filled crevicesl 8D-ERT
information on the extend of crevices, we assungfiding mechanism that is strongly controlled bpidly

fluctuating ice temperatures with effects on cotvesind frictional properties of ice in rock fratar

133



7.2 Rockfalls

Fig. 67: Laserscanning of the Barrhorn/Barrwangth&aces (Turtmanntal, Valais, Switzerland).

A, Laserscanning of the Barrwang Rock Face wittOgtech Lasercsanner in July 2006; B, 60 m high fiatk
scarp of a rockfall that probably occurred in 20@3. Example of 6 cm resolution xyz-data of the wa@dkapex
and the scree slope below, showing that both, thet@nt and deposition can be monitored accuratelyiffer-
ential plot of the scarp shown in B (from a diffgrangle of sight) shows rockwall retreat betweety hnd
September 2006 (2 cm resolution scan). Debrisafetivity with up to 10 cm rockwall retreat is shoimrorange;

larger rock falls (yellow/green) were not observed.

Originally, laserscanning was thought to contribsignificantly to the understanding of magnitudel dre-
quency of rockfalls in this thesis but unstable tveaand poor visibility in late summer 2006 and?20nade
recurrent laserscanning impossible. Laserscannaggaenducted in July 2006 in different aspectaatss rock
faces in the Steintaelli (3050-3200 m a.s.l.) anthe adjacent Pipji hanging valley at the norttisfg Barrhorn
and Barrwang marble rock walls (2800-3400 m a.sWhile repeated scanning of the whole Barrhorn and
Barrwang North face with 3-6 cm resolution was guesin September 2006, no recurrent laserscancinggd

be conducted in the Steintaelli due to bad weatbaditions in autumn 2006. Preliminary analysisaskerscan-
ning data with support from P. Deline and S. JadleEDYTEM (Bourget du Lac, France) showed thatak-
falls larger than 10 cm, which is close to the hatson limit, had occurred at the Barrhorn and Brrwang
marble rock faces between July and September 2@ efore, no analysis of rockfall laserscannintadaill

be included here.

134



7.3 Geophysical detection of rock mass instability

Source: Krautblatter (2008). Rock Permafrost Gegitg and its Explanatory Power for Permafrost-Inedic
Rockfalls and Rock Creep: a Perspective. Papergmiesi at the 9th Int. Conf. on Permafrost, Fairbank
Alaska, US: 999-1004.

7.3.1 Introduction

Degrading permafrost in rock walls is hazardoustlypdue to the amount of potential energy thatieased in
case of instabilities (Harris et al., 2001). In 2pthe Dzhimarai-khokh rock/ice avalanche (Rus$iancasus)
detached approximately 4 million m3 from a 1 km evistarting zone and caused more than 140 casualties
(Haeberli, 2005; Kaab et al., 2003). Even smaltnafrost rockfalls, such as the 2003 Matterhookfial, are
considered as major hazards in densely populaggd hountain areas (Gruber et al., 2004a). Invesgashow
that the frequency of these rockfalls has conshilgrmcreased in the warm 1990s and was boosteithéoyot
summer of 2003 (Schoeneich et al., 2004). Moreoslery rock creep in permafrost rocks causes sianiti

damage especially to tourist infrastructure in mgbuntain areas.

Besides temperature logger data, borehole infoomatind rock temperature modeling approaches, the ge
physical applications described here provide a twalfor the spatial and temporal analysis of rpekmafrost.
In some cases, information on the thermal stateeofafrost reveals sizeable information for stgbitionsid-
eration (Davies et al., 2001), but changing hydymlal properties of ice such as water content nisy play a
vital part in decreasing resistive forces of icetained rock masses (Gruber and Haeberli, 2007% péper
combines a review of existing geophysical techrsqiiat are applicable in permafrost rocks and apsetive
how these can contribute to the understanding afsnmaovements in permafrost-affected bedrock inréutlt

will address three questions:

(i) What geophysical methods can be applied in pést rocks? (i) What properties do they detéiif\What
is their explanatory power for permafrost-induceasenmovements?

7.3.2 Investigation sites

Methods described in this article were tested iethinvestigation sites: the “Steintalli” a N-S espd crestline
(Matter-/Turtmann Valleys, Switzerland) at abou78B150 m a.s.l. with slaty paragneiss (see Figth&) North

Face of the Zugspitze limestone summit (Wettersidauntains, Germany/Austria) at about 2800 m aast

the gneissic Gemsstock crestline (Switzerland?20 m a.s.l. in collaboration with Marcia Philligsig. 1

shows a typical arrangement of a 2D-ERT in steamafrost-affected bedrock. More detailed site ctimrds-

tics can be sourced from Krautblatter and HaucB0{2 and Gude and Barsch (2005). Problems assdaitie

the comparison of different field sites and exttapon of results are discussed in Krautblatter &keDi

(Krautblatter and Dikau, 2007).
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Fig. 68: Electrical resistivity measurement alormgriBect South at the Matter-/Turtmann Valleys Grest

3150 m a.s.l., Switzerland.

41 large steel screws serve as electrodes alonly ransect.

7.3.3 Geophysical methods for rock permafrost and detectable proper-

ties

Surface-based geophysical methods represent &ffestive approach to permafrost mapping and cherriaa-
tion (Harris et al., 2001). Hauck (2001) providedyatematic comparison of different geophysicalhoéds for
monitoring permafrost in high-mountain environmertowever, the application of geophysical methoals t
permafrost rock walls just began in 2005 (Krautelatind Hauck, 2007). This section will give a guiver-
view of methods that have successfully been appbegdermafrost rocks in the last three years. istd for
Figures 2, 6 and 8 was previously published in Kyatter & Hauck (2007) and are described therdeiail.

7.3.3.1 Electrical resistivity tomography (ERT)

ERT is a key method in permafrost research as ifigeand thawing of most materials are associatet @i
resistivity change that spans one order of magajtuchich is, in turn, easily detectable. The fapproach to
derive spatial information from rock faces by ER&snapplied by Sass (2003). In subsequent studéeprdi
vided further evidence that ERT measurements gpabia of measuring the degree of rock moisture §(Sas
2005a) and temporal and spatial variations of feeaad thaw limits (Sass, 2004) in rock faces. THeR&
measurements were confined to the monitoring olufhiger weathering crust (centimeter- to decimetates of
non-permafrost rock faces. Krautblatter and Ha®B07) extended this method to a decameter-scaleapnd

plied it to the investigation of active-layer preses in permafrost-affected rock walls.
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Fig. 69: ERT in an east-facing rock wall recordédagust 17, 2005 at the Matter-/Turtmann Valleysst-

line, 3130 m a.s.l. Switzerland)

Arrays with centimeter-long steel screws as elegsowere drilled into solid rock (see Fig. 68) avate meas-
ured repeatedly with high voltages (mostly 1103 V) to improve the signal to noise ratio. Aalktd survey of
hardware and software adaptations and a systediatiossion of error sources is provided by Krautbiaand
Hauck (2007). Errors associated with different ERys were assessed alongside with the impacipofgta-
phy and other geometric error sources (Krauthlatel Verleysdonk, 2008a). The Res2DInv softwars eVeo-
sen as it is capable of topographic correction ‘aedl” time-lapse inversion of subsequent measurgselo
cope with high resistivity gradients, inversionsdats with mesh size smaller than the electrodeaniist and
robust inversion routines provide better resultssiRivity values that correspond to the transitietween fro-
zen and thawed rock were measured repeatedly abthesurface along different arrays and yieldediewce
that the transition occurs between 13 and Qénkor the gneissic rocks at the Steintalli (Kraatt#r and Hauck,
2007) and are in the same range as those establishearbonate rocks at the Zugspitze by Sass4(2a6d
own measurements (Krautblatter and Verleysdonk8BOFig. 69 shows an ERT that was measured close t
Fig. 1 at an east-facing part of the rock crestheaveen Matter- and Turtmann Valleys. It shows @ ghick
thawed surface layer of rock above a constantlgeinopermafrost layer; a plunge in temperature ¥oilg the
14" of August is evident due to frozen rock close he surface in all parts of the transect. Resigtivit

temperature patterns of rock samples of all figlessare currently tested in a freezing chambénénaboratory.

The relation between measured resistivity and teokperature is straightforward. For temperaturdgavibéhe
freezing point, resistivity (p) depends mainly arfrozen water content until most of the pore wétdrozen. In
Alpine environments resistivity can be calculateddd on a reference valuggs an exponential response to the

temperature below the freezing poiif) @ccording to McGinnis et al. (1973):

b(T; -T)

P = P
Equ. 7.1

The factorb in Equation (1) determines the rate of resistiviitgrease and can be derived empirically (Hauck,
2001; Hauck, 2002). Short-term changes in resigtivan be attributed to changes in pore water cbrdad
temperature, while changes in porosity and watemistry can be neglected over daily to monthly mesment
intervals in low-porosity rocks. Due to the expatiresponse of resistivity to temperatures belo¥C, freeze-
thaw transitions correspond to an increase intreisysby one order of magnitude and are thus, B #ensitive
method for detecting the state of rock permafréstecto 0 °C. On the other hand, deeply frozenddd(below

-5 °C) along the measured transects causes probbeitiee electrode contact.
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7.3.3.2 Refraction Seismic Tomography (RST)
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Fig. 70: RST- North-south transect 9 (September2B06), measured at the Matter-/Turtmann Vallegster

line, 3150 m a.s.l..

The application of refraction seismics in permafstadies is based on the interpretation of reé@déteadwaves
that indicate the transition of a slower unfrozep kayer to a frozen layer with faster P-wave pgzin below.
Recent approaches apply tomographic inversion sekdftto and Sass, 2006) often based on high-tesolu
data sets (Maurer and Hauck, 2007; Musil et al0220Seismics are also applied to determine 2D3indock
mass properties and potential instabilities (Hegnek al., 2006b). Preliminary results from Krautigiaet al.
(2007) indicate that refraction seismics are ajpplie for permafrost detection in solid rock wadisen if they
provide less depth information than ERT measuresngdh the other hand, it appears that they resohall-
scale features such as ice-filled clefts in mor&itle-or instance, Fig. 70 shows a cross-cut thhothe E-W
trending Steintalli crestline at Transect 9. Thagtay frozen rock aligns along ice-filled discontities indicat-
ing the good thermal conduction (k = 2.2 W/(m*K)ifwout latent buffers in the readily frozen iceciefts.

In practice, P-Waves were stimulated with a 5 legigkhammer. Per transect, 24 drilled geophonei@usiin
bedrock and 40 marked and fixed shot positions wer@nged in line with the ERT transects so thal RB8d
ERT were measured simultaneously (Krautblatter Hadck, 2007). A direct comparison of ERT and RST
showed that frozen high-resistivity rocks in theTEgpically have P-wave velocities significantlyade 4000
m/s (see section below) while wet and dry rock mssedicate a significantly slower propagation. Asvave
velocities of frozen and thawed rock differ only &yfew hundred m/s in velocity it is important tefide the
geometry of shot and recording position exactlyjcwhwas done using a high-resolution tachymeteghH?-
wave velocities in rock necessitate high tempagablution of geophone signals. Surface waves ardeweler-
ated by a soft surface layer such as soil and ¢ftes disturb signals recorded by geophones clogbd shot
position. We applied REFLEXW, Version 4.5 by Sandmecientific Software, with model settings, suah

initial P-wave velocity assumption, adjusted tofloet conditions.
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Fig. 71: Estimation of P-wave velocities of rockwiifferent porosity and pore content.

Air-, water- and ice-filled pores in rock lead tigrsficantly different attenuation of P-wave-veltes. This is
especially true for air-filled porosity. Fig. 71ashs theoretical P-wave velocity for different pdiltrgs and
rock porosities derived from mixing laws. Howevigrappeared in simultaneous ERT and RST measurement
that carefully conducted RST can resolve the diffiee between water and ice-filled rock even in pmsesity
(2-3 %) bedrock, and that velocity differences larger than expected from mixing laws for certank poros-
ities. This could be due to the fact that meliim¢pw-permeability rocks leads to a small gas eahin pores to
compensate the ice-water volume reduction or thatsieismic velocities provide a more integral dighat

includes ice in discontinuities in the rock mass.

7.3.3.3 The third dimension: 3D ERT and RST

N < —> S
Convers: ion of RES2DINU data files
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Fig. 72: 3D-ERT cross sections at three differegpittds cutting the Turtmann-/Matter Valley crestiMes.
Measured with ca. 1000 datum points from ca. 2@6teddes at September 5-9, 2006.

ERT and RST can be conducted in 3D. Fig. 72 shbvwesthorizontal sections cut at depths of 7-9 rml 9n
and 11-14 m with N-S orientation that indicate arphdivide between frozen rock to the north andvidthrock
to the south at meter 44. Problems that arise wbaducting three-dimensional geophysics in pernsafirocks,

are time-consuming measurements (ca. one week iofeaupted measurements), the necessity of highly-
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precise topographic information and the requirgghhiesolution due to the enormous resistivity/saisralocity
gradients present in permafrost rock systems. Maedraditional 3D arrays (e.g. Pole-Pole or Dipipol

ERT) result in bad signal to noise ratios (Krautielaand Verleysdonk, 2008a) and electrode/geopbkpaeing
and arrays must be adjusted to local conditiongrdfre, the first 3D ERT and 3D RST array in pdros
rocks, that was conducted in 2006, relied on a gkrse (2 m) arrangement of geophones (120), eldesr (205)
and shot positions (200) (Fig. 72) (Krautblatted &tauck, 2007) and is based on Wenner-arrays tbkat mmuch

better signal to noise ratios than Pole or Dipgfeetarrays.

7.3.3.4 The fourth dimension: Time-lapse ERT

The installation of permanent electrodes and modedf subsequent resistivity data sets within #rmes inver-
sion routine (so-called time-lapse inversion) alofer a direct assessment of spatial and tempa@ahgfrost
variability (Hauck, 2002; Hauck and Vonder MihIQGB). Fig. 73 shows the freezing of the previoukbwed
surface rock up to 3m depth following a plungeémperature after the $4f August 2005. While time-lapse

routines for ERT are already in place, time-lapséines for RST are still more difficult to perform

Iteration 5, eror 7.9 % -18 m -6m 6m 18m

[Frozen surface rock =g . -
3m 5 = 3 Thawed surface layer - Nme P

6m Permafrost body:

August 17, 2005

9m
Iteration 5, error 14.4 %

August 25, 2005

Inverse Mods! Resistiity Section
O] 0 (5 [0 [ ([ ([ N
2056 827 8157 1786 29208 3934
Resistity in ohm.m Unit electrode spacing 0.75 m.
thawed rock Itransition|  frozen rock

Fig. 73: Freezing of surface rock from August lapjtto August 25, 2005 (bottom) due to a sever@ dmno
air temperature recorded at the Steintalli E-trané2130 m a.s.l., Matter-/Turtmann Valleys, Switzed)

Time-lapse inversion of subsequent measurementsda® insights into short-term and long-term fretimen
thermal regimes (Krautblatter and Hauck, 2007)poese times (Krautblatter and Verleysdonk, 2008banges
in hydrological rock conductivity and permafrosgegdation and degradation. Moreover, changes isespent
time sections can definitely be attributed to clemnip rock moisture or the state of freezing, wihanges in

geological properties can be ruled out for shonescales.
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Table 6: Geophysically detectable properties ofadrost rocks

ERT Space-referenced integral tomography of froaed thawed

rock and hydrological conductivity at all measudegpths

Temperature estimation (0 °C to -5°C) in combmatiwith

laboratory measurements (McGinnis)

RST Space-referenced integral tomography of
air-, water and ice filled rock porosity.

Exact positions of the uppermost freezing/thawingntt and
dominant air-, water and ice-filled rock disconttias

3D-measurements| 3D spatial information on the zfregmelting front, hydraulic
conductivity and the persistence/ importance otahsinuity

zones

Time-lapse Development of heat fluxes, the permafrost systaggrada-

inversions tion/degradation), and the hydraulic system oveeti

7.3.4 Explanatory power for permafrost-induced mass movements

We define permafrost-induced mass movements ag,thdsse kinematical behavior is at least partflin
enced by ice mechanics and permafrost hydrologg. mibst common types are rockfalls and rock bloelejor
These are usually explained (i) by a reductiorhefresisting force e.g. shear-strength in icediliéefts (Davies
et al., 2001; Davies et al., 2000) or (ii) an irmse in the driving force e.g. hydrological presqiischer et al.,
2007).

7.3.4.1 Ice-filled discontinuities
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Fig. 74: RST- North-south transect 7 (August 3108)0of the Matter-/Turtmann Valleys crestline, 3150
a.s.l.. Mention the disposition of the frozen distiuity zones as possible detachment zones witigided
bedding.

A cross-cut through the E-W trending Steintallistliee is shown in Fig. 74. Geometrical positionigntation
and persistence of ice-filled clefts in the upp@mieters can be well detected in RST surveys.dsssimed that
ice-filled discontinuities react according to sgratrain behavior of weight-loaded polycrystallice. The de-

formation of ice at constant stress is charactdrizg four phases: Elastic deformation (1) thatobofved by

141



permanent deformation, firstly at a decreasing (2t@rimary creep), then at a constant rate (&rsgary creep)
and finally at an increasing rate (4, tertiary ple@Budd and Jacka, 1989). Mostly secondary creeptertiary
creep occur at speeds relevant for mass movemgmslow relation for secondary creep relates theas strain
rates,y, to the shear stresg,

— n
Ey = AT,

Equ. 7.2

where A depends mainly on ice temperature, anipmtrorystal orientation, impurity content and watentent
and n increases at shear stresses greater thddPad®Barnes et al., 1971). Crystal orientatiomgurity content
and shear stresses remain more or less constansbed timescales. In contrary, ice temperature &ater
content in mass movement systems are subject tor mapual and interannual changes. Thus, for testpes

above —10 °C, A can be approached by
Q 1670
A= Aexpt—=) = Aexpt———
Aexpt) = Aexpt T%

Equ. 7.3

where A is independent of temperature, R is the univegssd constant and Q is the activation energy

(Weertman, 1973) andyAfor tertiary creep
A, = (32+58WN) *10°(kPa)®s™

Equ. 7.4

can be related to the percentage water content Wust be stressed that the water content stratgtyeases
with temperature. Paterson (2001) states —2 *@eabotvest temperature at which the effect of watdhe ice is

relevant for the stress-strain behavior.

Equ. 7.3 and Equ. 7.4 show, that both, ice teatpez and water content play a dominant role ferrttiechani-
cal behavior of ice-filled clefts at temperaturésse to 0 °C. Assuming moderate water content 6f%, the
creep rate at 0 °C is three times the rate at —gPd&erson, 2001), which has serious effects opladisment

rates and factors of safety considerations of masgements.

As has been shown above, ERT and refraction seiamidiighly susceptible to water/ice content ingiue
rock system just below the freezing point. Thus, shsceptibility range of seismic velocity and stgity (ca. -0
to =5 °C) corresponds to the most important changése-mechanical properties. This means, theesatem-
perature and water content, which are relevansfability considerations in well-jointed permafrastks, are

targeted by ERT and refraction seismics and condbimerpretation strategies.
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7.3.4.2 Hydrological pressure
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Fig. 75: ERT of Transect NE (September 13, 200%ntibn the persistently thawed deep- reaching alaft

ter zones.

Fig. 75 shows light-colored low-resistivity cleftater zones percolated by glacial melt water thakevedb-
served to persist over several years and to lmeitspatial extension of permafrost bodies. Whiksgure effects
only have a small effect on the stress-strain biehaf ice itself (resisting force) (Weertman, 19,7the reduc-
tion of applied normal stress and the increas&éaisstress (driving force) may play a key rolgreparing and
triggering mass movements (Fischer et al., 2007zaghi, 1962). According to Wegmann (1998), perowgtfr
degradation and aggradation in rocks in responseltewed hydraulic conductivity occurs at all dep#nd
quickly responds to annual melting patterns. Hddcalso show that rock deformation quickly respotaspa-
tial changes in permafrost rock conductivity. Uafea cleft zones can easily be detected at thecguvfith RST
and with ERT measurements possibly up to the maxirdepth of the applied array (e.g. 80 m at the @iz,
400 m Schlumberger-array). As shown in Fig. 8,stesty in water-filled cleft zones and frozen rotkpically
differs by 1-2 orders of magnitude and is, thusjlgaletectable even at greater depths (Krautllattd Hauck,
2007). This opens up a whole range of new posdsilie.g. for the investigation of rock permafrbgtirology
(Wegmann, 1998), glacier-permafrost interconnetgtigMoorman, 2005) and rock deformation processes t
are closely linked to freeze-thaw processes bynfateat transfer in clefts (Murton et al., 2006; giviann,
1998).

7.3.5 Conclusion

Resistivity monitoring may provide indications aantperature changes and water saturation, whilaatén
seismics help to gain insight into discontinuitynee and exact geometric properties of instabledsodtepeated
time-sections reveal interannual, annual and mmuitial time-patterns as well as response timesfotlnth di-

mension of rock permafrost systems.

For permafrost-induced mass movements, with secgratad tertiary creep of ice close to 0 °C, thréghly-
variable forces play a key role in unbalancingst@sj and driving forces. The resisting force a-areep in
clefts, is mainly controlled by (i) temperature afiij water content in the ice. Due to the lawsebdctrolytic
conductivity, resistivity values assessed by ERActeensitively to both parameters and water congea key
control for P-wave velocity. The highly variableiuing force (iii) hydrological pressure is well @etable in
ERT time-sections as pore and cleft space supeasiain lead to a plunge in electrolytic resistivijowever,
many other anisotropic factors distort ERT andremisneasurements and further field and laboratgpegence

is needed for the allocation of their influence &rdthe “suppression” of such noise.
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8 Main findings and short discussion

As all chapters include a separate discussion, amllgort recapitulatory review on the hypothesestypated in
Section 4 will be given here.

8.1 Theory

A better understanding of the instability of perraf-affected bedrock subsequent to warming coetd/e from
a combination of the relaxation time concept (Bdersand Thornes, 1979) and its rock mechanical e,

the subcritical and time-dependent brittle fractprepagation (Kemeny, 2003).

The theoretic outline showed that treaction timeof rockslides orexisting sliding planess likely to be
dominated by ice-mechanical properties of the bakding plane. Creep rates and the stress levadiat for
“failure” of ice in clefts react instantaneouslywarming and can be held responsible for rapidaesp within
days to weeks. Evidence is provided by (i) the gmes of ice on the sliding planes of rockfalls tatached
with short reaction time in summer 2003 (e.g. Maiben July 17, 2003) (Gruber and Haeberli, 200i7) I¢e-

dominated sliding processes in the Steintaelli sloyweak deformation in late summer. Velocities ad-i
supported sliding increase on average by a fadt@f an comparison to all season measurements. ifitlisates

a short reaction time in the range of weeks andhitdjie susceptibility of ice stability to warming.

Applying the laws ofsubcritical fracture propagatiorfKemeny, 2003), it appears thafaxation time until a

new equilibrium slope is approached, will take hemdd to thousands of years. In its time-dependent
presentation, the approach by Kemeny (2003) shawsces of path-dependence of slope adaptation. The
underlying processes, i.e. the reduction of tot&tibn and critical fracture toughness due to sl
compressive strength of thawing saturated rockctreauch slower to warming than the ice-mechanical
properties described above. Much of the slow respas explained by a gradual reduce of the totefidn
which causes additional loading and slow subctitiestruction of rock bridges. Evidence comes ftbs6000
year delay of large rockslides to deglaciation ¢eraet al., 2008; Soldati et al., 2004). The samedf evidence

is followed by the delayed response of large radksl from permafrost-affected bedrock (Gude ands@&ar
2005; Jerz and Poschinger, 1995; Jerz, 1999; Tietnalr, 2005), but reasoning is more difficult.

Thermal and the geomorphologic understanding dadifisience”, while different, provide an approach to
understand path-dependent behaviour where the thldsaiance was upset by large rock slides or clenat

change.

Kohl (1999) could show that complex topographidedftransient thermal fields even at depths oessvhun-
dred meters below the surface. In accordance, Negid Gruber (2008) point out that alpine rock suita such
as the Matterhorn are large enough to have preddraasient thermal signals deriving from the L@cial
Maximum. Climatic fluctuation such as the Littleel&ge as well as the Holocene or Medieval Clim@&juti-
mum alternate faster than relaxation times of lamgk slopes. While shallow rockslides may be priadile in

terms of present day thermal regimes, large radésliare not. It is worth considering, whether lamagk sum-
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mits have a decoupled core permafrost systemsighait explainable in terms of present day surfdte®s.
The detachment of a 200 m thick rockslide at thgspitze 3700 B.P. and subsequent exposure of tre so
the atmosphere may have caused a more signifibannal shift than millennia of warming on the priock
surface. It is, thus, rather the rule than the ptioa that large rock permafrost summits inherit reworked
thermal and stability signals that may in the cafstarge instabilities be more important than présiay ther-
mal fluxes. Warming since the Little Ice Age angegdally in the last two decades initiated a neamsient re-
gime that may incorporate unprecedented changesewn of the geomorphologic transience theorys iwiorth
considering whether these might evoke unforeseenlifmear” changes in the thermal system such ascarde-
ter deep reaching and rapidly advancing heat tearksf cleft water. A good example is the preseabigerved
thawing of a tertiary karst system in the Zugspgaenmit, which may open a hydraulic and heat tems§stem
that was probably blocked during most of the Quretey.

8.2 Methodology

Resistivity is an accurate proxy of rock temperatur

Laboratory data has shown that temperature-ressjsfpaths of hard rocks are different from thostalkelshed
for brines and soft sediments (McGinnis et al., 3)97Stable alterations of the equilibrium freezipgint,
metastable supercooling effects, pore wall attoactind the effects of confinement create a diffepdrysical
system setting for freezing behaviour. Separatealinfunctions for unfrozen, supercooled and frozen
temperature-resistivity paths describe accuratetydhange in electrical properties. The supposiiprseguin
(1978) that ERT may substitute temperature measmtsmvhere these are difficult to conduct, canddiamed
for frozen rocks, where temperature gradients O &re higher than the distortion due to interraiability of

the rock sample.

ERT can monitor changes in active layer thickneswell as multiannual permafrost aggradation and

degradation accurately in a two-dimensional andetidimensional space.

Several arguments support the applicability of BERTpermafrost rocks: (i) Repeated measurements thigh
same electrodes deliver identical results with atueacy level much better than 1 %. (ii) Normalipeacal
error level measurements yield error levels of apipnately 7-9 % for high resistances in all measaets. (iii)
Observed conditions (surface freezing, warm periassfilled crevasses, cleft water outflow, snovedurden
and overhang positions) are matched by ER tomograph their spatial and the temporal dimensiow) (i
Resistivity values measured in the field for theefring transition of Steintaelli gneiss (Krautldathnd Hauck,
2007) could later be confirmed by laboratory experits. (v) 3D ERT transects subsequent to thewioliegr of
2005/2006 indicate much higher resistivities thhpnse of later years. Multiannual measurements eeliv

resembling freezing patterns with larger changdiced to the surface and gradual changes in ddapers.

Measurement of active layer depths is a straightiod application of ERT as the electric field exggnn a
relatively homogeneous half space above the framety. Allocation of unfrozen bodies below a frodeger
poses a greater challenge and requires carefulsssalf raw data, uncertainty propagation and depihvesti-

gation (Alumbaugh and Newman, 2000; Oldenburg andl299). However, the usual application of ERT in
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permafrost rocks is to monitor the active layerteqr the increase or decrease of the resistivithe frozen

rock body below, which has shown to produce coastsiesults in two and three-dimensional applicetio

Quantitative interpretation of temperature and mmnatent is possible.

Applying temperature calibrated data from Zugspitrek samples to field measurements yielded a testyre
range from —3.5 °C to —0.5 °C for the central pdras body which is consistent with core permafrost
temperatures observed in the borehole nearby. @gbruary and May lower temperatures are inditatese
to the rock surface which is in accordance withebote data. Differential plots of temperature d#ta
subsequent months show temperature alterationst fapa one cleft wit observed water flow) that diiish
away from the rock face. The permafrost body catsraway from the rock face in summer and readvsaase
soon as air temperatures below 0 °C occur in Sdper&RT generally corresponds with temperaturgdog
data from the Zugspitze borehole but underestimaiteter temperatures possibly due to the effecisefilled

fractures.

8.3 System understanding

Ice- and water-filled discontinuities have a dormhanfluence on permafrost development in fractusks.
Hydraulic interconnectivity of dissected rock magvent effective cooling of decametre large rocksvice in

rock factures can dominate permafrost developmedidsected rock.

It has been shown in Section 6.3, that percolatiocieftwater from two dominant fracture systems paevent
cooling of a 40 m long rock section. The data meyige an interesting insight for modelling as watly no
data exists on (i) the dimension of cleftwater sys in permafrost rocks, (ii) the extend to whilciidf tempera-
ture transport away from the main cleft is effeetand (iii) to the potency of such systems to réaahanging

hydraulic and thermal conditions.

All 3D-arrays (Fig 55) show that the presence effited fractures has an overwhelming importanoe Heat
propagation in dissected rock. After the cool wird€ 2005/2006, ice content was significantly hightose to
the surface which could result from enhanced icgeggmtion. Next to the aspect of the slope, idedifractures
appear to have a dominant influence on the stateeeting along the crestline. Bedrock next tofthetures is
perennially frozen up to the surface and indicdlteshighest observed resistivities in the range-fC and
below. While the cooling influence of the perfeetvéiconductor “frozen fracture” has been pinpointedore
(Haeberli, et al. 2000: Lecture Notes in Peter, IPERT provides detailed insights into importance,

dimensions, temporal variability and resiliencdroken fractures.

Local topography can create limited permafrost lesdn all aspects

It appears that not only ice-filled fractures bigoafractures that allow the circulation of ainviimter (Hanson
and Hoelzle, 2004) can create significant thermahaalies in steep positions. Such effects occseireral of
the 3D ERT transects on a SW exposed slope thathisrwise, not perennially frozen. This effect ems to be
sensitive to air temperatures in winter as it oseuore wide-spread subsequent to winter 2006 tfienvainter

2007.
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ER tomographies operate at the scale of permafaxt instability and help to gain insight into thenciples of

rock destabilisation.

All extensometer transects with elevated velocitiese situated above or adjacent to permafrostiposiindi-
cated in the 3D ERT sections. Rock deformationsyakmermafrost were on average three to four tirastef
and all extreme rates of several mm/month were domnpermafrost affected bedrock. Moreover, ER tomo
graphies display position and depths of discontiesli approximate sliding depths and the degredisifitegra-

tion, which are essential inputs for rock stabilitpdelling.

o Outlook

There are many ways to proceed with this topichas been shown, geophysical soundings can dinexilide
meaningful input data for thermal, hydraulic, mathand slope geomorphology applications and ittrhasthe
aim of future work to establish reliable interfacéghile only ERT was included in this thesis, ottezhniques
such as refraction seismics and IP were succegsfplplied in the meantime to permafrost rocks aravigde
complementary input e.g. for critical fracture tbongss (seismics) and joint infillings (IP). The eb®d slow
rock deformations challenge our rock- and ice-mai# understanding and full instrumentation at $tein-
taelli and at the Zugspitze in 2009 in combinatiath laboratory work on stability and rethinkingliwopefully
provide further insights into the processes andedsions of ice-supported rock sliding. While ttisdis oper-
ated on a laboratory scale and a decametre fiale,sit might be possible to modify geophysicahtgques for
the use on a mountain scale. As has been shovire inanceptional part, the questions that arisénisnstale in
terms of path-dependence and transient thermaligtatonfiguration may be among the most importgoes-
tions in future mountain permafrost research. “H use the chance that the geomorphic experimegidbal
change probably presents to us, it seems thatlgeid) geomorphology has a great future ahead (Bars
1993).”
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