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Abstract

The combined effect of glacial and periglacial msses on landscape evolution has recently
been termed the ‘cryoconditioning’ of landscapesd dargely affect the Fennoscandian
landmass. Further, the distribution of permafrosthbtemporally and spatially during and
after the last glaciation affect the overall geopinc expression. In this thesis the product of
landscape evolution is investigated in terms of gemmorphic imprint of glacial and
periglacial processes, where the interactions kertwglaciers and permafrost have been
particularly focussed upon. Whereas the glacialatians over the Holocene are relatively
well known the same is not the case for the pewsaftistribution.

As a starting point, inventories of landforms irating present and former permafrost
were compiled for mainland Norway and northern dodl The main findings from the
inventories were (1) a low abundance of landformdNbrway and a high abundance of
landforms in Iceland probably due to differencesbetirock competence, (2) an apparent
change in processes leading to rock glacier foomaticcurred in mid-Holocene from a dry,
periglacial regime characterizing early-Holoceneatbumid, glacially-dominated regime in
mid- to late-Holocene, and (3) warm and maritimengdrost regions are dominated by
permafrost landforms formed by the influence otgles. For Iceland the occurrence of relict
rock glaciers at sea level imply a possible eadeglaciation or alternatively a less extensive
Last Glacial Maximum (LGM) than commonly accepted.

As a second step, modelling of permafrost variatimver the Holocene was
performed in depth and spatially, using a 1D hé&av fmodel and a 2D equilibrium model
(CryoGRID1.0). During the warm Holocene Thermal hfaxm (HTM) the permafrost
survived at high altitudes in southern Norway, veaer during the ‘Little Ice Age’ (LIA) the
permafrost reached its greatest extent both inhdegptd spatially. From these results

altitudinal zones of permafrost ages was suggestedlogous to age patterns for Arctic



permafrost. From the Neoglaciation until preserite tpotential of glacier-permafrost
interactions has been large.

Thirdly, a case study of the currently very smdlcier, or glacieret, Omnsbreen
which formed and largely disappeared during the MAs studied in terms of glacial
geomorphic evidence for permafrost interaction. Bl permafrost distribution for the LIA
suggest permafrost presence in the Omnsbreen sdings during its formation and decay,
and the landform assemblage present at Omnsbreemssdered representative for mountain
glaciers terminating into permafrost. Permafrostugrently only present sporadically in the
Omnsbreen surroundings, and the glacier and peostainderwent a parallel disintegration.

The current geomorphic expression of Norway andheon Iceland is significantly
affected by long-term interactions between the iglacsubglacial and ground thermal

regimes.
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Chapter 1

Introduction, motivation and goals

The large-scale geomorphology of Norway has trawl#tily been described as consisting of
two main components; (1) an old, ‘paleic’ surfacel §2) a young, glacially sculptured
landscape (Figure 1) (Reusch, 1901, Gjessing, 198%. paleic surface is the generally
high-elevated and lightly undulating vast areas émeompass the fjords and glacially eroded
valleys. Edging most of the Norwegian coast, the-telief areas which are referred to as
‘the strandflat’ resemble the paleic surface, buhierpreted to be both younger, and possibly
formed by wave action in combination with a varyiega level during the Quaternary
glaciations (Nansen, 1922). As such, the strandélate as a third important part of the large-

scale geomorphology of Norway.
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Figure 1 Elements of Norwegian large-scale geomorphology. Modified from J. Gjessing.

Processes working on the large-scale landscape foenmiddle- and small-scale
geomorphology which constitutes a great varietylasfdforms. These are formed under

glacial and periglacial conditions, and also byslebmatically influenced processes, under
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so-called ‘azonal’ conditions. At present, larggioas of the Norwegian mainland are
affected by processes related to cold climated) wibuntain permafrost partly co-existing

with glaciers, and seasonal and diurnal frost pees at lower altitudes. Norway is a country
with large variations concerning climate and cqroesling geomorphology, and the long
coastline cause damped yearly temperature vargatimre compared to inland and mountain
areas with more continental climate. Furthermdne, latitudinal effect lowers the different

ecological zones in altitude from south towardgimor

To varying degrees, the landmass of Norway is aslih the past been affected by
what was recently termed ‘cryoconditioned’ processg Berthling and Etzelmduller (2011).
Both the periodic coverage of ice-sheets which dtarze the Quaternary period, the
periglacial environment of the outskirts and nukatauring glaciations, and alternating
interglaciations are ultimately governed by thetgnabntrolled factors. More specifically,
large Quaternary periods were conditioned by teatpegs below the freezing point of water.
The concept of cryoconditioning in landscape evotutemphasize the importance of one
common environmental characteristic, independentglacial or periglacial conditions,
namely that it is largely affected by the cryotigrface and subsurface thermal regime
(Berthling and Etzelmdller, 2011).

When studying geomorphology, the correct classwaihodology is to start with an
inventory based on description and process traairige landforms in question, followed by
investigations of the relationships between theolved processes, including observations
and measurements. As a last step the developmeatay’'s landforms is put into a longer
time perspective, where relevant time periods efrégion’s history is investigated in terms
of landform formation (Ahnert, 1996). With this asbackground, the main goal of my
dissertation is to discuss landscape evolution gemmorphology on both small and large
spatial and temporal scales as a product of theathveryoconditioning of the landscape
processes. This is done by (1) compiling invensakintact and relict permafrost landforms
of mainland Norway and northern Iceland, (2) madglithe Holocene permafrost variation
of Norway, both spatially and temporally, (3) derrelative ages of the Norwegian mountain
permafrost, and (4) investigations of glacier-pdrost interactions linked to the pro- and
subglacial geomorphology of a small mountain glat@eminating in permafrost.

Part | of this thesis consists of a synthesizedivarof the four papers presented in
Part Il, and the combined relevance of the reseigrafitroduced and discussed. A thorough
background is given on the morphogenesis of Feramusa, tentatively split between the

large-scale landscape development of Fennoscamdiading orogeny, downwearing and
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glaciations of the landmass, and meso- and smalé$andscape development. This includes
processes working in periglacial and permafroseiffd environments, and the impact of
glacier-permatfrost interactions is introduced. &pelied methods are elaborated, and shortly
presented in the papers. The main results basetieopapers of Part Il are outlined, and
discussed in a broader context. Here, the glag@amafrost influence on landscape evolution
is discussed both concerning the thermal regimemgliglaciations and on the effect at

smaller scales over the Holocene.



Chapter 2

Theoretical background

2.1 Concepts in geomorphology

Geomorphology is the study of the shape of thehE&g surface processes and configuration
of landforms (Anderson and Anderson, 2010), andsttientific branch has developed since
the late 19 and early 20 centuries when first established by scientists . M. Davis, W.
Penck and G. K. Gilbert. Geomorphology belongs He earth sciences, and is often
categorized as a sub-discipline of geography otoggo In geomorphology, the focus is
process understanding and qualitative descriptiothe physical environments, and how
these are affected by the geographical position.

There are many concepts of importance when consgi&andscape development. In
this section | will briefly introduce some, whereahers are left out. First, an environment in
balance (‘equilibrium’) receives the same supplyr@tter as what is removed from an area
unit; for example a part of a slope or a whole rrieatchment (Ahnert, 1994). The evolution
of landforms is directly dependent on the amounmaiss added to or removed from the
system, and on the spatial and temporal variatiorssich a system. Isostatic rebound of the
land mass after a glaciation (i.e. uplift) wouldinbas a mass supply in this context. Further,
the ‘steady-state’ system refers to a process-resgpgystem where the process rates are
constant over time, while the ‘dynamic equilibriungfers to the relationship between the
rates of the involved processes. In geomorpholognly makes sense to talk about open-

system equilibriums, where the input of energy atter keeps the processes active within



the system. By negative feedback, the process agfest themselves to that input, and have
a tendency towards establishing a dynamic equilibietween them.

In geomorphology, tendencies toward non-equilibrioccur when major changes in
the input to the system happen. Major changes oarexample be land uplift or major
changes in climate, which for example leads to ma-@ff systems of glaciations. In such
cases, positive feedback effects guide the systwway drom an initial equilibrium state
towards a period of non-equilibrium, and eventudhyards a new state of equilibrium.

The relaxation of the system, the changes of ttetesy components towards an
equilibrium state, takes place rapidly at firstddhen gradually more slowly and in smaller
steps (Ballantyne, 2002). In addition, small vaolasi will interrupt a long-term trend in
nature, so determination of when the system hasheehits equilibrium state may in nature
be impossible. The adjustment towards the equiiibris asymptotic, and in large systems
several million years may have passed before thestate is reached (Summerfield, 1991).
In such long time periods nothing in the system ai@s constant, but a large degree of
equilibrium may have been reached long before, @& wf the adjustment occur shortly after
the new conditions on development were introdudeeizhen et al., 2001). To establish
equilibrium, new material needs to be added tosiystem continuously, and the observer

needs to have an awareness of what kind of systanistinvestigated.

2.2 Landscape development

2.2.1 Large-scale geomorphology

Large-scale landforms, i.e. mountain chains, islants and ocean troughs are landforms
formed mainly by endogenic processes, while mend-small-scale landforms more often
are the product of exogenic processes (Summerfi®@l]). The landform size is a product of
the formation period (Figure 2), and all landmasaes a result of the combined work of
upbuilding and downwearing processes. In this gedi brief overview of the genesis of the
Fennoscandia is given. The landmasses of the Seandn Peninsula (Norway and Sweden),
Finland, Karelia and the Kola Peninsula are commaerimed Fennoscandia, and consist of
Precambrian basement rocks formed by several oesgsn At the onset of Cambrian, this

landmass was denuded to a low-relief surface othvithe remnants are referred to as the



Continental

104 - " lef /shields
acrorelie
103 — Mountains
102 -
Valleys
< 10! — ] and small
-3 , Meso relief /mountains
@ 109 —
‘» Slopes
-1
£ 10
S
ré 102 -
8 1023 4 Microrelief Gullies
Rills
10-4 —
10-5 -
106 - Raindrop
impact

&
I I I 1 1 I I I 1 I I 1 1 I I I

10° 10> 10* 10% 102 10! 10° 10' 10> 10® 10* 10° 105 10’ 108 10°

Time span (years)

One minute —
One hour —
Oneday —
One month —
One year —>

Figure 2 Relationship between size and duration of landforms, modified from Ahnert (1996).

sub-Cambrian Peneplain (Lidmar-Bergstrom and N&asl@8@5). The pre-Atlantic ocean
lapetus transgressed this peneplain, and marineneets were deposited from Cambrian
through Silurian (Hogbom, 1910). Tectonic evenissea the convergence of the two former
continents Laurentia and Baltica during the earldd@ician (Dewey, 1969). As a result the
lapetus ocean narrowed and eventually closed, lnarogenesis of the Caledonides which
currently are exposed continuously over more tha80A km in western Scandinavia
occurred (Roberts and Gee, 1985). The Scandian pifatee Caledonian orogenesis is
defined by the continent-continent part of theisah, and continued into Middle Devonian
when the highest altitudes of up to 8-9 km werelned (Gabrielsen et al., 2010), and nappes
were thrusted eastwards over the Cambro-Siluripogies (Gee and Sturt, 1985). This three-
fold geology can be observed over large areas irwhlyg the autochthonous Precambrian
basement rocks below the deformed Cambro-Siluriarinemadeposits, and on top
allochthonous basement thrustsheets. The Caledoma®e strongly asymmetrical in
appearance with a steep western flank, charactebyeyreat relief (Gabrielsen et al., 2010).

By the completion of the orogen the crust was dh@kened and several rift zones appeared,



causing the mountain range to collapse by crustnsikbn (Fossen et al., 2008). At Late
Carboniferous rifting of the new continent startedtiated at the Oslo graben areas. By
Tertiary the main rift zone had shifted westwardd apened the Atlantic Ocean west of the
remnants of the Caledonides, the Scandinavian rapuahbain. As a result of this continental
breakup, uplift occurred along the western flankhaf now Fennoscandian land mass during
Tertiary. Uplift following a continental breakup generally asymmetrical along the passive
margin, and as a result, the Fennoscandia is algesent steeper towards the ocean in west
(Holtedahl, 1953, Lidmar-Bergstrom et al., 2000). tA¢ onset of Tertiary, Fennoscandia
underwent uplift in two central domes, the south&candes and the northern Scandes
(Lidmar-Bergstrom and Né&slund, 2005). Previously-kititude plains were then elevated
over several uplift events (Gabrielsen et al., 2010

The characteristic decrease of global temperatungsh characterizes the onset of the
Quaternary led to glacier formation along the ndewated topography of the Fennoscandia.
It is likely that the initial glaciations occurredong the main water divides, much like how
the glacier distribution appears at present. Du€uogternary, Fennoscandia was subjected to
repeated glaciations, and glacial erosion commemtecly the pre-existing fluvial valleys
(Nesje and Whillans, 1994). Repeated cycles of glieei of increasing duration led to the
formation of fjords and U-shaped valleys which prel/ characterize the Fennoscandian
landscape.

During interglacials, and surrounding the glacigrsriglacial and azonal processes
worked. As both the Caledonides and the later Trgrtiplift had given the Fennoscandian
landmass an asymmetrical appearance, erosion wgesian west due to the high gradient
towards the sea. Both the erosion by Tertiary flupracesses and later by glacial processes
are structurally controlled (Lidmar-Bergstrom andshad, 2005), and the overall landscape
asymmetry eventually shifted the main water divedestwards. In between the incised and
over-deepened glacier erosional zones, the Tersiariaces were kept largely intact and the
glacial valleys end abruptly where they meet thieipasurfaces. These landscape features
were early recognized by H. Reusch (1901), who wWalig an excursion with the
contemporary leading geomorphologist W. M. Davisrided the peneplains at different
altitudes to belong to different stages in the gaplgical cycle. The ‘geographical cycle’ had
short before been introduced by Davis (1899) araltiseoretical concept founded on James

Hutton’s principle of uniformitarianism. Davis arepl that cycles where land uplift formed



the starting point was followed by mainly fluviatosion and slope processes until an
erosional baselevel was met as an end product.bHsislevel was ultimately marked by sea
level, unless the process was interrupted by aupift, and the rate of erosion slowed down
as the landscape levelled, until the cycle wasategke(Figure 3).

The German geomorphologist W. Penck (1924) adoptelddeveloped Davis’ cyclic
world view, but rejected the idea that the Earthigface could be stable following an episode
of rapid uplift. His alternative view was that thete of slope retreat and valley incision is
related to the tectonic state of an area, eitheina®asing or decreasing uplifts, or as a
stagnated landmass. This view implies that thehEsashape is a result of reactions between
opposite forces, where erosion in one place leteposition somewhere else, and the concept
of a ‘dynamic equilibrium’ was introduced. In Peirgldynamic equilibrium, the overall
landscape slowly change while within a given tina the sediment input to a geomorphic
system is equal to what is evacuated from it.

While both Davis and Penck thought of the slopesttigyment as a gradually decrease
in angle, until a peneplain were reached, L. C. Kit@62) introduced the concept of parallel
slope retreat. Like Davis, King (1953) too imaginteé landscape development as being

cyclic, where long periods of tectonic standstikres separated by rapid events, implying

Figure 3 lllustration of W.M.Davis’ ‘geographical cycle’ from the uplift of the landmass (A) via fluvial erosion
and gradual downwearing until the erosional end product, the ‘baselevel’ is reached (E).



discontinuous uplift. Here, erosion occurred invgafdom the coast, resulting in an age
differentiation within what he termed pediplainsey are multichronous. Remnants between
the pediplains were termed inselbergs. The maimuraegts against all these landscape
development theories from contemporary scientists thiat the cyclic views were theoretical
and idealized, and that the importance of climagability in landform development was
undervalued (Summerfield, 1991).

The importance of climatic variability in geomorpbgic processes was emphasized
by J. Bldel (1963). Budel (1982) pointed out thatgnexdecessors did not base their systems
on morphological criteria, i.e. which forms wouldwlop within specific climate zones, but
rather emphasized that surface processes spesialithin different climatic zones. He
introduced his peneplain concept based on etchimtaces and double planation where
stairways with escarpments will develop on the K&awof crustal uplifts and around etched
intra-mountain basins. Based on experience fromatltetropics, Budel suggested chemical
weathering to occur along two important zones; @ltre surface-air interface and along the
sediment-bedrock interface. Etch-driven loweringhe# landscape could continue on plains
until uplifted above the normally tropical or subgical climate feasible for double
planations to work effectively. This process furtheplies that all parts of one plain have the
same age; they are monochronous. According to BtldelScandinavian elevated peneplains
are the result of deep weathering and etching duiie warm and humid Tertiary period,
whereas erosional landforms like roche moutonnése \wregularities in the bedrock where
weathering products were removed by the glacietlssascessively smoothed.

In southern Norway, the mountain regions of DoRendane and Jotunheimen reach
1200-1500 m above the lowest altitude of the padaiface. Except for Jotunheimen and the
northwestern Romsdalen in southern Norway (Figurewhlich have an alpine character,
mountain areas are generally only moderately aftediy glacial erosion, and the pre-
Quaternary appearance kept intact (Lidmar-BergsaiichNaslund, 2005, Etzelmdiller et al.,
2007Db).

2.2.2 Paraglacial processes
The effect of repeated glaciations in terms of &mage reworking of an area is well known,
and glacial erosion is often referred to as thglsiost effective erosive agent on Earth.

The presence of a glaciation introduces a new regiherosional and depositional processes,
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Figure 4 Key map of Norway, where places mentioned in the thesis are marked.

and both magnitude, duration and the extent ofefomre different from those working in a
‘normal’, subaerial environment (Church and Ryde®/2). Less acknowledged are the
erosional processes working between periods ofiaglans, in interglaciations or in

interstadials. Formerly glaciated areas are sultifechassive reworking of sediments and a

change in processes once the glacier retreats.eThescesses are commonly termed
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‘paraglacial processes’, i.e. processes involvorgnerly glaciated areas, going on in glacial
deposits, and/or are a direct consequence of #dwgegls work in the area.

Church and Ryder (1972) first defined the term ‘g&eial’ as “nonglacial processes
that are directly conditioned by glaciation”, amder specified that paraglacial processes are
not restricted to the late Pleistocene or to otltrsing phases” of a glaciation, but are a
continuing characteristic of mountain walls (Churhd Ryder, 1989). Later, Ballantyne
(2002) defined paraglacial geomorphology as glbciebnditioned sediment availability,
implying that once a glacier retreats from an atea, exposed environment is likely to
undergo fast changes. Thus, the term ‘paraglaafdrs to processes at work in a transitional
period between two stages of landscape equilib(iEtzelmuiller and Frauenfelder, 2009).

Among other processes within the paraglacial fraorgwover-steepened glacial rock
walls may result in slope failure or enhanced rattkéctivity if not in balance with the
bedrock’s mass strength, slopes consisting of wsamated material are more vulnerable to
reworking by debris flows, snow avalanches and eslogash, glacier forelands are more
exposed to wind erosion and frost action, and siwstrain and redistribute large amounts of
unconsolidated sediments of glacial origin. Consetiuea somewhat radical theory has
been forwarded stating that most of the valley widg effect of numerous glaciations are
happening in between, and not during, glaciatiodarnjan, 2009). According to this
interpretation, most rock slope failures are odogrimmediately after a glaciation when
periglacial processes take over, leading to taluklup, solifluction, gelifluction, landslides
and so on in unconsolidated material, while fretwav cycles in bedrock cause fractioning
and rock fall events. An advancing glacier will @rae the sediment deposited during the ice-
free period, polish and induce stress on the valilgpes, eventually retreat and the
paraglacial cycle starts over again.

In the periods immediately following a glaciatidhg stage is set perfectly to create
new periglacial landforms, as the area is adjusfmogn a glacial to a new non-glacial
equilibrium. Here, the paraglacial framework prasgda link between the glacial and the
periglacial processes (Etzelmiller and Frauenfel@®09). Both mass movement due to
stress release and tectonic events due to lanét wpli generate sediment availability in
slopes affected by glaciation. In such slopes, raticoum of landforms from rock glaciers,
which require permafrost, to solifluction lobes,igfhrequire seasonal freezing, will form.

Following a strict definition of the term ‘paragiak, isostatic rebound events subsequent to
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glacier retreat are not“‘paraglacial process as it is an indirect tectomesponse rather than

a process operating at the earth’s surfag@®allantyne, 2002: p. 1938). Still, such events
provide sediment for periglacial processes to r&wdhe rate of which the adjustment from
one equilibrium state to the next occurs is highdyiable, from slow processes that involve
large volumes of mass, to rapid processes involsmgll to medium volumes of mass (high-
magnitude — low-frequency vs. low-magnitude — higigquency). The paraglacial processes
as a framework is useful and should be appreciased valuable principle when discussing

the Holocene landscape development.

2.3  Periglacial geomorphology and permafrost

The term ‘periglacial’ was introduced for the fitghe by Lozinski (1909, 1912) to denote
geomorphic and climatic processes that worked e dbtskirts (in theperiphery of the
Fennoscandian ice-sheet. Following this first idirction the understanding of the term has
shifted towards a general description of procesmegeomorphology occurring in areas
dominated by freeze-thaw cycles. Despite effortslénify and suggest rigorous definitions
(e.g. French and Thorn, 2006), ambiguity remainst{iag and Etzelmuller, 2011). While
some scientists require perennially frozen grounel, permafrost, to be present in the
periglacial environment (e.g. Péwe, 1969), for epl@mFrench (2007) summarizes the
current understanding of ‘periglacial geomorphologgs a sub-discipline within
geomorphology concerned with cold, non-glacial fanais, and do not mention permafrost
as a criteria. An alternative term to denote geqinology of cold regions in general was
introduced by Berthling and Etzelmuller (2011), nhmeryogeomorphology’, a spin-off
term from the concept of ‘cryoconditioned’ landsespThe advantage of this notion is the
unification of glacial and periglacial processestloa basis of belonging to a certain climate
type and includes both periglacial and glacial geqorhology. As such, two disciplines
within geomorphology which are often treated sefgdyan the scientific community can be
joined, at least concerning nomenclature. The piasiain the Nordic countries belongs to
the periglacial zone, i.e. areas outside glaciecsreorth of or above the timber line, but this
is not always the case. Permafrost also underlegstfed areas of Mongolia, Alaska and
Canada (French, 2007).

By the International Permafrost Association (IPpg&rmafrost is defined as ‘soil or
rock with included ice and organic debris that remeaat or below 0 °C for at least two
consecutive years'. Hence, glacier ice is exclulenh the permafrost regime (IPA, 1988).
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The surface layer which thaws every summer is algduded from the permafrost regime,
and is termed thactive layer Since permafrost is defined by temperature altme latter
definition is not accurate, as unfrozen water castat subzero temperatures, thus includes
the upper part of the permafrost in the activeddlfeench, 2007). The thickness of the active
layer varies largely due to differences of heatdemtivity associated with bedrock types,
surface cover, ice and/or water content in the tsatas and of course due to climate
characteristics, for example as continental vensaistime climate.

A number of landforms exclusively forms and existpermafrost environments, and
based on the state of activity of such landfornes/tban be used as a proxy of present and
former permafrost occurrence. In Scandinavia, fgpes of landforms indicate the presence
of permafrost; palsas (Sollid and Sgrbel, 1974 p8ky 1994, Sollid and Sarbel, 1998), rock
glaciers (Shakesby et al., 1987, Sollid and Sgd$#9?2), ice-cored moraines (Jstrem, 1964,
King, 1986), and ice-wedge polygons (Svensson, 1868id et al., 1973, Svensson, 1992).
With the exception of ice-wedge polygons, activaragles of the remaining three types of
landforms are known to currently exist in Norwagldas are a special form of permafrost
landforms since these develop and exist in bogsrevhiee thermal properties of peat are
decisive of their existence rather than a spesiit of climatic conditions. Therefore, they
exist in a zone stretching south of or lower thia@ tegional permafrost belt, and are also
delimited northwards and in altitude by climatistrections on peat production.

The perhaps most striking geomorphic expressigreahafrost is rock glaciers. Rock
glaciers are glacier-like landforms consisting n€onsolidated material of most grain-sizes,
which creep downslope due to deformation of thersiitial ice and gravitational pull
(Barsch, 1996, Haeberli et al., 2006).

According to Barsch (1996) several geomorphologamaiditions need to be met in
order for the landform to be termed ‘rock glaci@rockglacier’ in Barsch, 1996); (1) a rock
glacier stand above the adjacent terrain (typicEly20 m), (2) they have steep front and side
slopes which appear light due to exposure of unvezatl debris, (3) compared to the front
and side slopes the upper surface has a gentle,sdop (4) in the upper end the landform
either grade into a talus slope or a depressiast briween the rock glacier and the headwall
which now or in the past has been occupied by e4fiédd or a small glacier (Figure 5). Due
to local topography several exceptions from this &k rules exist (Barsch, 1996). In

literature, a long-lasting controversy exists cont® nomenclature and definitions of rock
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glaciers, where especially two different scientgwsitions are debated: (1) that rock glaciers
are the geomorphic expression of slow creep in pgost ground and (2) that rock glaciers
and rock glacier-like landforms are the visible mgsions of a multitude of processes,
respectively termed the ‘permafrost creep schoadl the ‘continuum school’ by Berthling
(2011). Very briefly summarized the permafrost preehool, which by far has done most of
the quantitative research in the area, is basé¢tdeoassumption that rock glaciers are the only
true geomorphic expression of creep of unconsaaiabaterial in a steady-state permafrost
environment, which can occur in material such dsstalopes, till and moraine-deposits
(Haeberli, 1985, Barsch, 1996). This group do empgbhathat ground ice can arise from a
variety of processes, including the burial of snand ice (Haeberli, 2000). The continuum
school thus takes a continuity stand, claiming #ildbindforms that resemble rock glaciers in
morphology should be termed rock glaciers, suctHoasexample heavily debris-covered
glaciers and creeping ice-cored moraines, andviollee morphological definitions of Capps
(1910) rather than genesis and processes (e.ginMartt Whalley, 1987b, Whalley and
Martin, 1992, Clark et al., 1994, Hamilton and Whawgll 1995). For the latter group,
permafrost is not specified as a prerequisite faxck glacier to form and maintain dynamics
independent of for example the glacier upslopes treating new controversies. In Iceland, a
permafrost and rock glacier controversy originatent this latter group, when the
Nautardalur rock glacier in Tréllaskagi was classifas a ‘glacier ice-cored rock glacier
terminating in a non-permafrost environment asestély Martin and Whalley (1987a), and is

discussed in section 2.3.2.

Headwall

Talus /rockfall . - °

Flow lines
Creep structures .

Front slope

Figure 5 Characteristics of an active talus-derived rock glacier, Tréllaskagi, Iceland.
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Another aspect of the rock glacier classificatiaiesne is whether the landform
should be identified mainly on processes and geritbe permafrost creep school' following
Berthling, 2011, Haeberli, 1985, Barsch, 1996), @t th morphological unity is sufficient
('the continuum school', e.g. Capps, 1910, Martoh\Mnalley, 1987b). Again, others entirely
leave the permafrost environment stating that mlekiers can form when the debris-cover
on glaciers overcome a critical thickness or thatklides or large rock fall events eventually
can develop creep movement (Whalley and Martin,2)9Blowever, both debris-covered
glaciers and original landslide deposits which d®yesecondary creep can turn into rock
glaciers if they exist in a permafrost environméitr example, the rock glaciers in the alpine
regions of especially northern Norway is interpdei® have been initiated as landslide events
during the deglaciation as a paraglacial respongech eventually developed secondary
creep (Tolgensbakk and Sollid, 1988). A differerairaple is the currently inactive rock
glacier known as the ‘Verkilsdalen landslide’ in Rlane in southern Norway (Barsch and
Treter, 1976, Dawson et al., 1986).

Stable ice-cored moraines are found in regions &letd or polythermal glaciers
terminate in permafrost environments. As a genkradiform, this type of moraine is not
exclusively formed in permafrost environments. Hogre in non-permafrost regions these
ice-cored structures are prone to rapid mass wpsimd are not stable over more than a few
decades (e.g. Driscoll, 1980, Kriuger and Kjeer, 20@)nversely, within a permafrost
environment, the ice-core may survive millennighi& debris cover on the glacier front is
thicker than the active layer depth, causing ptaedrom ice degradation (Etzelmuller and
Hagen, 2005). In those cases, ice-cored morainesniee indicators of permafrost presence,
as they by definition can only be stable in perwstfrenvironments. In this way, both rock
glaciers and ice-cored moraines serve as climabedtors as they reflect a certain ground

thermal regime.

2.3.1 Permafrost in Norway

In Norway, permafrost is a widespread phenomenagu(E 6), which currently underlie

approximately three times the area covered by g@lacbut is obviously harder to observe
given its definition as a subsurface and stridtigrmally defined phenomenon (King, 1983,
King, 1986, @degard et al., 1996). However, duimitiatives such as the PACE (Permafrost
and Climate in Europe) project (Harris and VonderhMu2001), TSP (Thermal State of
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Figure 6 Permafrost distribution in Norway, as modelled by Gisnds (2011).

16



Permafrost) (Christiansen et al., 2010) and the QiyKLproject (Etzelmdiller et al., 2009)
the current knowledge of permafrost in Scandinéasa been greatly improved over the last
decade. Several boreholes in permafrost region® Hmeen drilled and provide direct
observations of permafrost temperature and therstate while series of boreholes in
altitudinal transects as well as in climatic trasiselead to increased understanding of
permafrost zonation. Such direct observations maade it possible to calibrate 1D and 2D
permafrost models (Gisnas, 2011, Hipp et al., 2048)a regional pattern in Scandinavia, the
lower limits of mountain permafrost altitude (MP@gcrease in a transect from west towards
east, where the lower permafrost limit of e.g. dbkimen and Dovrefjell is.d550 m a.s.l.
(Ddegard et al., 1996, Isaksen et al.,, 2002). Tistricltion of permafrost is highly
dependent on topographic effects such as slopaspekct, surface characteristics and local
snow conditions, where for example locally on D&ele on particular snow-blown sites,
permafrost is observed at 1350 m a.s.l. (Sollidlet2003). Permafrost probably also exists
west of these mentioned areas at summits exceed®00 m a.s.l., while in eastern parts of
southern Norway the regional lower limit is probahtound 1300 m a.s.l. (Etzelmdller et al.,

2003, Heggem et al., 2005). The observational hagiseese areas are however limited.

2.3.2 Permafrost in Iceland — the permafrost-rock glagentroversy

In the official International Permafrost AssociatiglPA) map the Icelandic permafrost
distribution is restricted to palsa areas in céritreland, covering an area of c. 180%at
altitudes between 460 and 720 m a.s.l. (Priesmtz Schunke, 1978, Brown et al., 1995).
However, ground temperature monitoring in borehotelcate a total permafrost area in
Iceland of c. 7000-8000 Kmand a decline of the lower limit of permafrosirfr southeast
towards northwest (Etzelmdiller et al., 2007a, Farlat al., 2007b). Permafrost is most
common in the mountainous areas of the Trollaskaginsula, around the Askja crater, at
the northern and southern margins of Sprengisaaddrin northeast Iceland at Smjorfjoll
(Figure 7) (Etzelmuller et al., 2007a).

The existence of both intact and relict rock gleie Iceland has been a subject of
discussion since the 1980s when Martin and Wha(E987a) published a paper on
investigations of one specific rock glacier in Tagkagi, followed by a later publication on a
wider study sample (Whalley and Martin, 1994), ahthe same time denied permafrost as a
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prerequisite of rock glacier formation in this ar@ae controversy continued when a master
thesis inventorying rock glaciers in Iceland was

submitted (Gudmundsson, 2000), presenting a sysitercampilation of active,
inactive and relict rock glaciers. Together, theugblications formed a renewed and
important discussion on rock glaciers and permafros

In the first-mentioned publications above, rockcgtes in the Trollaskagi area were
investigated as strictly glacier-related landforrasd the most thoroughly studied rock
glacier was termed a ‘glacier ice-cored rock gladgrethe paper (Whalley and Martin, 1994).
This hypothesis was based on the observation dekt glaciers in Iceland most often are
associated with small glaciers (<1 ®nand that ice with debris bands often is visilleHe
lower parts of glaciers, feeding debris to the rgtacier downslope of the glacier (Whalley
et al., 1995b). By analysing mean annual air teatpees (MAAT) from Akureyri, as a base
for calculated lapse rates for mountain sites, elgahnd Martin (1994) concluded that an
MAAT of -1.5 °C at the rock glacier snouts makerpafrost presence unlikely. Regarding
the formation (genesis) of these rock glaciers, Mgliaand Martin (1994) assumed that the
‘Little Ice Age’ (LIA) was most likely the formatio period, since debris transport rates was
higher then. Thus, they have an age of approxim&@) years.

In the last-mentioned publication above (Gudmunds®00), a high number of
large landforms consisting of unconsolidated matesind often, but not always, situated
close to sea level were classified as relict rdekigrs, in addition to less controversial active
rock glaciers at higher altitude. These low-lyimgndforms sometimes resemble relict rock
glaciers, as they are clearly restricted spatidipye uneven surfaces, creep structures and
hilly local topography, but are many times lard®art relict rock glaciers familiar from other
places in the world. These landforms are commontgrpreted as landslides in Iceland
(Thorarinsson, 1954, Jonsson, 1976, Whalley efl@B3) since they normally have a clearly
defined source area and are most often referres twaused by stress-release following the
deglaciation of Iceland, but also this classificatis debated. However, the idea of relict rock
glaciers at sea level was at the time of the pabba not in accordance with the existing
deglaciation model of Iceland, and there was simplyenough time in this model to develop
such large rock glaciers only by slow creep proegshiring and/or immediately following
the deglaciation.

More recently, additional studies of rock glacigrdceland have been carried out by
several researchers especially in the surroundihgolar in Hjaltadalur (e.g. Wangensteen
et al.,, 2006, Farbrot et al.,, 2007a, Kellerer-Pigkler et al., 2008). Here, both active and
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relict rock glaciers exist, and have been studietims of distribution, surface displacement
rates and relative age determination. First, thesgeers all state that the rock glaciers
observed in the area are in fact the geomorphicesspn of long-term cryogenic processes
in the ground like those familiar from other pastshe periglacial areas of the Earth. Second,
they all acknowledge the presence of permafrost @®sent and widespread phenomenon in
high-altitude areas of Iceland, and as a formenph®non in low-altitude areas, based on
for example permafrost modelling and temperatussenlations from boreholes (Etzelmuller
et al., 2007a, Farbrot et al., 2007a).

As a general observation, the rock glaciers inakel are very well developed
landforms, and represent a wide variety of land&rboth concerning genesis and activity.
The Trollaskagi region is characterized by extemsiocal glaciation, and the general
potential of glacier-permafrost interactions ishigvith a substantial number of ice-cored

moraines as a result.
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Figure 7 Predicted permafrost extent in Iceland, based on mean annual air temperatures (MAAT). Continuous
permafrost may occur at -4.5 °C, discontinuous permafrost between -4.5 and 3 °C, and at temperatures higher
than -3 °C, permafrost is unlikely.
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2.4  Glacier-permafrost interactions

Shumskii (1964) defined glaciers as part of therbgpghere, and permafrost as part the
lithosphere. These definitions have persisted enstientific community and are still valid.
This is partly based on the assumption that glacaérd permafrost mutually exclude the
other component, as substantial thicknesses ofegla® isolate the ground thermal regime
from the atmosphere, and that heat-generating aaiad)lprocesses in a polythermal glacier
weaken the underlying permafrost. Further, wheesdiacier is cold-based, preservation of
the underlying landscape is expected and suchegtaare considered ineffective in terms of
geomorphology. This divergence of research fieldsehled to increasingly disconnected
scientific research societies, which only to a fedidegree cooperate or use consistent terms
(Spagnolo et al., 2012). Recently, efforts have beade to unite these research fields, for
example in publications like Harris and Murton (2@pand Waller et al. (2012).

Clear geomorphic significance and specific landf@ssemblages are connected to
areas prone to the interfingering processes betwgaeiers and permafrost (Harris and
Murton, 2005b). Recently, the concept of ‘cryocoiotiéd’ landscapes was introduced to
describe‘the interaction of cryotic surface and subsurfabermal regimes and geomorphic
processes”(Berthling and Etzelmduller, 2011, p. 380), and sg#es the interconnectivity
between glacial, periglacial and azonal processe®ik in cold-climate environments.

The original meaning of the word ‘periglacial’ inded the association of frost action
in permafrost and proglacial environments (Lozinsk®09). Where permafrost is most
extensive, that is in polar or mountain regionsc@rs also tend to build up, and currently
ice-free areas surrounding the ice sheets of Gardndnd Antarctica are characterized by
extensive permafrost. Little is known about the gdabial regime of the present-day ice-
sheets due to the inaccessibility of such areaecDobservations on ice-sheet temperature
exist from boreholes, and at ice-divides wheréelithteral glacier flow occur, cold ice is
observed deep into the ice (Dyke, 1993). In formnglacial environments, evidence of
glacier-permafrost interactions exists. For examptadies have shown that the extent of
glacier-permafrost interactions affects the largestis during periods of ice-sheet advances,
when permafrost in the glacial periphery was odelen (Mathews and Mackay, 1959, Cutler
et al., 2000). Also, the glaciers tend to be caldhie first phases when they form in regions
that have cold climate and thick permafrost (Dyk®93). During the Pleistocene glaciations,
permafrost developed widely around the margins ha&f tce-sheets (Vandenberghe and
Pissart, 1993, Ballantyne and Harris, 1997).
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Like the large ice-sheets, also smaller glacieosige a thermal offset between the air
temperature and the ground thermal regime in peos@afegions. This means that glaciers
terminating in permafrost are either partly or céetgly cold, that is they are either
polythermal or cold glaciers, respectively. Howgkarthe sub-zero mass of the glacier is
depends on factors like winter air temperatureacigt dynamics and snow cover over
summer (Liestgl, 2000), in addition to the underyipermafrost thickness (Dyke, 1993).
Polythermal glaciers are frozen to the ground astlen marginal zones where the ice is
thinnest, while ice in the accumulation zone is me&d due to meltwater penetration and
latent heat release in the firn in regions wherenreer melt occurs (Paterson, 1994).
Independent of the climatic situation also smailitially temperate glaciers will turn cold or
polythermal during retreat. In such situations @béation zone increases leading more of the
meltwater runoff to evacuate the glacial systemlasd energy release occurs in the reduced
firn zone (Paterson, 1994, Hock, 2003). Locallyrnpefrost will develop in connection to
such retreating glaciers.

Geomorphologically, glacier-permafrost interacti@me imprinted in the presence of
landforms like open-system pingos, moraine-derivedk glaciers, ice-cored and push
moraines (Boulton, 1972, Liestgl, 1977, Benn and Eyd®98, Lysa and Lenne, 2001,
Etzelmuller and Hagen, 2005). In a more indirecy whe presence of paleic surfaces in large
parts of high-altitude Scandinavia, often covergdnbsitu blockfields, can be interpreted to
indicate the presence of non-erosive cold-basedheets and thus a geomorphic feature of
glacier-permafrost interactions (Berthling and Etadler, 2011). Conflicting views of the
age and implications for ice-sheet dimensions mepred by blockfields exist in the
scientific literature, and they have traditionabgen interpreted as either palaeo-nunatak
phenomena (e.g. Nesje et al., 1987, Nesje, 198§eN@d Dahl, 1990, Brook et al., 1996) or
as protected and preserved beneath a cold-basg@.geFollestad, 1990, Kleman, 1994,
Sollid and Sgrbel, 1994, Kleman and Hattestran@91%jellanger et al., 2006). Later the
view on age and significance of blockfields hasmbesodified to include both cases at
different temporal and spatial scales (Ballanty®98] Goodfellow, 2007, Ballantyne, 2010).
For example, cosmogenic datings suggest ice-fradittons in the alpine areas of western
southern Norway since >55,000 years BP (Brook efi@Bg6, Goehring et al., 2008) while in
other areas evidence of blockfields overridden lagigrs exist (Rea et al., 1996, Fjellanger

et al., 2006, Goehring et al., 2008). However, augemic datings of tor emergence from
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blockfields suggest Middle Pleistocene ages (Piilket al., 2006b, Darmody et al., 2008),
implying that the surrounding blockfields was supsntly lowered (Ballantyne, 2010). An
updated blockfield formation model which accounts these observations was therefore
recently presented by Ballantyne (2010). In thisdelaa near-horizontal preglacial surface
covered by a few metres of saprolite is assumethasstarting point, and a Quaternary
surface lowering of several metres occurred. Fipse-Pleistocene chemical weathering
works along a horizontal weathering front paraltethe surface, gradually transforming to
bedrock in depth via a zone of pronounced corestgR®aldset et al.,, 1982, Ballantyne,
2010). Entering the Pleistocene, frost weatheringdgally takes over the rock jointing
process as the residual saprolite is stripped fitoensurface and the remaining corestones
produce a ‘proto-blockfield’ (Ballantyne, 2010). @wbe Pleistocene, periglacial processes
accentuate the blockfields by selective verticasfisorting processes lifting the large blocks,
which are altered corestones and/or frost-wedgedksyotowards the surface, whereas
gradually finer material is situated below and witthe bedrock joints (Ballantyne, 2010).

The Quaternary mass removal from the blockfieddexiplained by episodic events of
glacial erosion by either rapid temperature chanigeshe ice during or at the end of
glaciations (Dredge, 2000, Andre, 2004, Hall andliBs, 2006), or by sediment entrainment
and deformation by cold-based ice (Fitzsimons .et1899, Cuffey et al., 2000, Waller et al.,
2012). Lowering of blockfields where no evidencegtdcial overriding exists is harder to
explain, but slow lateral mass movement (Small.ett899, Anderson, 2002), plug-like flow
over cold permafrost in low-gradient slopes (Egginand French, 1985, Lewkowicz and
Clarke, 1998, Matsuoka, 2001), and aeolian or fluseaoval of fine-grained products of
superficial clast weathering (Ballantyne and Harfi897, André, 2002, Hall and André,
2003, Matsuoka and Murton, 2008) have been sughef@allantyne, 2010). Lastly,
permafrost presence in periods of active blockfadddelopment is assumed in this model,
causing drainage limitation during freeze-back asftective frost wedging. Thus, the
blockfield depth equals the active layer thickn@alantyne, 2010).

The openwork structure of the Scandinavian blotd$igorovides a negative ground
thermal anomaly compared to adjacent finer-graisiedace cover or bedrock (Harris and
Pedersen, 1998, Gorbunov et al., 2004, Juliusseh Humlum, 2007b, Juliussen and
Humlum, 2007a). Therefore, blockfields are pronentaintain permafrost in areas at
marginal permafrost conditions which are otherwmmafrost free, and Berthling and

Etzelmdiller (2011) propose positive feedback preessetween blockfields, permafrost and
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cold-based glacier cover. Glaciers aggrading inbas of extensive and thick permafrost will
attain cold-based conditions until substantialkhesses are achieved (Dyke, 1993).

For areas affected by the Fennoscandian glaciats@mveral zones based on
assemblages of landforms interpreted to belongingdifferent subglacial thermal regimes
have been proposed by Sollid and Sgrbel (1994)e,Hare central zone is characterized by
landforms such as lateral meltwater channels, Rqgébed) moraines and drumlinoid
landforms located in surface depressions (Solldl @arbel, 1994). The areas bordering this
zone appear quite different, with characteristiodfarms such as eskers, drumlinoid
landforms and some glacier-marginal deposits. Thasthors interpret the different
geomorphological characteristics as marking a githdnange of the thermal regime of the
ice-sheet from cold-based to warm-based outwaais the culmination zones. Hattestrand
and Kleman (1999), however, associate the formatfdRogen moraines itself to depressions
in the landscape within the cold-based ice regiargreas Sollid and Sgrbel (1984) ascribe
transition between physical properties of the wehie formation of this landform. In sum,
several studies indicate large areas of the Scaw@din peninsula to have been covered by
cold-based ice at least partly during the glacretjeeastern parts of Norway, most of Sweden
north of 61°N, northern parts of the Gulf of Bothmaiad also north-eastern parts of Finland
(Lundqvist, 1989, Kleman, 1992, Kleman et al., 19%2eman and Borgstrom, 1994,
Hattestrand, 1997, Kleman and Héttestrand, 1999).
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Chapter 3

Methods

Geomorphology has traditionally been a qualitatiiecipline within science, where map
products made via field and/or air photo intergietes have served as both research tools
and as results. At present, the discipline movesitds more quantitative approaches, where
especially the increased computational power astdyeavailable high-resolution web-based
aerial photos are valuable research tools. Thsighiakes advantage of this development, but

it is still based on qualitative approaches.

3.1 Landform inventories, Norway and Iceland

3.1.1 Compilation

An important and natural first step in geomorphgligto establish databases or inventories
of landforms and landscape components (Ahnert, Y1996
For mainland Norway and Iceland permafrost landfonwrentories were compiled

based on interpretation of aerial imagery. In thesses permafrost landforms include rock
glaciers, either talus-derived or moraine-derivad]j large stable ice-cored moraines. Azonal
permafrost landforms such as palsas were excluellid and Sgrbel, 1998), although they
exist within both landmasses. Relict ice-wedge patggare observed in northern Norway
(Svensson, 1962, 1992), while no currently actixangples are known to exist in either

countries.
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The landforms were identified based on geomorgiocd criteria and digitized in a
GIS-environment. Each landform was characterizeceiiger being a talus- or moraine-
derived rock glacier, or an ice-cored moraine, amther attributed with characteristics on
the state of activity and shape.

From the air, rock glaciers resemble both glacad lava streams in appearance
(Barsch, 1996, Haeberli et al., 2006), and charatiwally have steep front and side slopes
and clear creep features at their surface suclurmewis and ridges parallel to the outer
landform margin. Active and inactive rock glaciare additionally characterized by little or
no vegetation, and front slopes at the angle afser steeper during winter (Barsch, 1996).
Active rock glaciers currently creep downslope agsponse to gravity, while intact rock
glaciers have stagnated either due to climatic gbsror topography. Active and inactive
rock glaciers were here termed intact rock glacimsause of unclear borders between the
two types strictly based on image interpretatiorlidReock glaciers, however, have stopped
moving, and are often covered by extensive vegetaBometimes, but not always, taliks and
collapse structures are visible at the surface,feomd slopes have been worn down and are
no longer standing at the angle of repose.

In light of the on-going nomenclature debate cd&sng rock glaciers introduced in
section 2.3, it is not a trivial exercise to clégshe different kinds of rock glaciers in terms
of origin. However, clear extinctions were obviorem the aerial photos and also
acknowledged in literature (e.g. Humlum, 1982, Erdalder et al., 2003, Berthling, 2011),
and it was ultimately decided to consider two typésrock glaciers; talus-derived rock
glaciers and moraine-derived rock glaciers. Rockigta which origin in and creep out of
talus slopes were ascribed as talus-derived radagts (Figure 8a). These commonly consist
of deforming pore ice which in combination with gitg is the main cause of creep. Rock
glaciers which creep out of moraine ridges werenégl moraine-derived rock glaciers and
thus commonly exist lower in the terrain than theciggrs and regional glaciation limit, which
is in accordance to Haeberli (1985). These rockigta might possess a deforming glacial
ice-core, but the movement of the landforms arartledecoupled from the glacier situated
above (Figure 8b). Whether or not these rock gtacensist of an inner ice-core or is
cemented by pore ice is virtually impossible to idecfrom aerial images. For interior
classification ground penetrating radar or borelalalyses is necessary, and this was not

performed here.
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Ice-cored moraines are formed where polythermalcad glaciers terminate in
permafrost environments. They are characterized clasrly standing out of their
surroundings, and are commonly also taller thargtheier surface behind (Figure 8c). This
latter characteristic is due to the general omgajlacier volume loss (UNEP, 2007). Large
supplies of glacially transported material are 8saey in order to build up ice-cored
moraines, and they are therefore commonly founfiiant of cirque glaciers surrounded by
weathering headwalls. This is not always the ca$e material is either thrusted to the
surface in zones where deforming ice meets stagnaiiin ice or where the geophysical
properties of the ice changes from temperate td ®bulton, 1972). Once the material is
deposited at the glacier front, it becomes pathefpermafrost environment, since glacier ice
is normally excluded from the permafrost definition the build-up phase the ice core will
undergo melting during summer, but once the sediager is thicker than the active layer
of the permafrost the ice core is protected fronthir melting, resulting in large moraines.
Further, the sediment which belongs to the perrmsafie. below the active layer, is protected
from evacuation from the proglacial accumulatiomjck additionally stabilizes the moraine
compared to a non-permafrost moraine and causésoadd growth. The mobile sediment of
the ice-cored moraine belong to the active layad & affected by fluvial and colluvial

processes. Ice-cored moraines were only consideriee active, i.e. intact.
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Figure 8 Examples of rock glacier types. a) Talus-derived rock glacier, ground photography taken towards
south, Tréllaskagi, Iceland. b) Moraine-derived rock glacier, Storskrymten, Dovre/Sunndalsfijella, southern
Norway. c) Ice-cored moraines in front of two small glaciers, Klenegga, Romsdalen, Southern Norway, aerial
photos oriented towards north (© Statens Kartverk).
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Large and stable ice-cored moraines are oversinedppearance compared to
moraines formed in non-permafrost environments.yTpessess a stable core of glacial ice,
and can be recognized on air photos as dispropaitjolarge compared to the glacier which
produced them. Sometimes, but not always, ice-caremtaines show surface creep

structures.

3.1.2 Synthetic Aperture Radar (SAR)

Interferometric SAR or INSAR approaches to measock& glacier velocities have proven to
be successful in the European Alps in comparisophimtogrammetric, geodetic and field-
based methods (Rott and Siegel, 1999, Kenyi andriari, 2000, Strozzi et al., 2004). To
evaluate the rock glacier deformation, and thusdate the landform activity attributed by
visual interpretation of aerial imagery, the suefagelocity acquired by satellite radar
interferometry was used (Strozzi et al., 2004) sTdpproach was only used for Tréllaskagi in
Iceland where a pair of ALOS PALSAR data (L-bandYhwi#l6é days temporal baseline
between 16 August and 1 October 2007 was avail@ol¢he purpose. The use of L-band
radar data ensured a good temporal phase cohesétioe observation period despite of the
humid climate in the study region. The radar scemee taken in ascending orbit with a,
roughly, west-east-looking sensor. This constetatallows for determination of the east-
west, i.e. line-of-sight components of displacersemeliably, but the displacement
components in flight direction, approximately scuatirth, are undetectable. No suitable
PALSAR data over the study site are available incelegding orbit to constrain the two-

dimensional direction of displacement. The topobgragontribution to the interferometric

phase was removed using the above 30X3figital elevation model. Various projections of
the original line-of-sight displacements were proetli such as to the horizontal of the line-
of-sight and to the direction of the steepest dasc&he accuracy of the measured

displacements is estimated to be a few centimetresthe 46-day period or better.

3.1.3 Land surface temperatures (MODIS)

For Iceland, clear-sky land surface temperat(it€5) was obtained at a spatial resolution of
1 knf from the ‘Moderate Resolution Imaging Spectroraditeri (MODIS), and was
previously successfully applied for permafrost magpn lowland permafrost areas (Hachem
et al.,, 2008). The gridded daily L3 LST products BfODIS Terra and Aqua
(MOD11A1/MYD11A1) were used, and the average clar-LST for the 9-year period

2003-2011 was computed. The spatial resolution kind was not sufficient to capture the
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effect of small-scale topography on LST; howevargér-scale temperature patterns in the
Trollaskagi area are well reproduced. Due to tlo& Iaf in situ measurements of long-wave
radiation in the study area, the accuracy of th& B8erages cannot be benchmarked. In a
similar topographic setting on Svalbard, Westermahial. (2011) found an agreement of
better than 2 °C betweean situ measurements and MODIS LST for the snow-free summe
season, whereas the average wintertime LST wasifisagrily cold-biased due to
underrepresentation of cloudy periods with warmemgeratures in LST averages
(Westermann et al., 2012). Despite of considerabtzertainty, it is concluded that remotely
sensed LST can give valuable indications on thgelascale patterns of permafrost

occurrence in the study area.

3.1.4 Inventory statistics

The upper boundary of the rock glaciers was com&daeither as identifying a clear nick
point or distinct change of the slope angle, orshipjective impressions. As digitizing the
landforms in a GIS was done manually, this allovie@dsome considerations concerning the
landform constrains. This proved to be a problepeeislly concerning the relict landforms,
where the whole landform is vaguer in appearancéié GIS inbuilt ArcMap tools, such as
‘Area’, ‘Perimeter’, ‘Slope’ and ‘Aspect’, were us®n the DEM (25 m x 25 m) within each
landform polygon. Non-linear rules had to be apmplie the aspect layer in order to obtain
average values, and circular statistics as destrib&lardia (1972) and Davis (2002) were
applied (discussed in detail in Paper 1). Furthegridded regional temperature dataset of the
normal period 1961-90 exists for Norway at a 1*kesolution (Tveito and Fgrland, 1999).
By introducing a general lapse rate of 0.0065 °Cris dataset was downscaled to 25 m x 25
m resolution, using the ‘Zonal statistics as taldel. These statistics were all attributed to
each individual landform, including the average MRANnd elevation. For Iceland, the
additional mean landform velocity (PALSAR) and LSTasw attributed. All these
characteristics including standard deviation astedl in Table 1, Paper I, and Table 2, Paper
Il.

Now, the landform polygons each contain informatoonstate of activity (i.e. intact
or relict), origin (talus- or moraine-derived roglacier, or ice-cored moraine), in addition to
the attributes listed above. To identify possildationships and differences between groups

and characteristics, first, a separation betwegions was established (i.e. southern Norway,
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northern Norway, and Iceland); second, the land$oimeach region were divided by activity
state; and third, by landform origin. To test diffieces between the regional groups, and
within and between the activity classes for eadjiorg statisticat-tests were performed for
elevation, area, slope and MAAT. Test charactessiind results are listed in Table 2, Paper

| and Table 3, Paper II.

3.1.5 Geomorphic distribution models

Analyses of which factors that control the disttibn and occurrence of landforms are easier
performed once a landform inventory exists. Oner@ggh is to use statistically-based
geomorphic distribution models (GDMs), where fidiata are related to geomorphic features
using empirical models. In such a statistical apphothe landforms are the response
variables (Hjort et al.,, 2007), and the goal isptovide simple relationships to explain
complex relationship between process and envirohnehe analyses the simplest possible
relationship, using a reduced number of explanateayiables, is searched for using
explanatory models where a reductionist approachnisntrinsic property. Environmental
factors serve as potential explanatory variablegredictors. Further, this sort of experiment
can provide tools to map previously unmapped region landform occurrence (Luoto and
Hjort, 2005).

For testing of the GDM'’s ability to predict occunce of rock glaciers and ice-cored
moraines in Norway, a test area within the Lyngéijé¢d (Figure 9) region was selected. In
this area the landform density is high, and in id gf 500x500 m all cells were assigned
with binary values where 1 indicates landform pneseand O that landforms are absent.
Since the climate data applied as explanatory blsaare modern, only intact landforms
were selected.

The explanatory variables derived from the terramdel were mean elevation, slope
(first derivative of elevation), aspect, curvatysecond derivative of elevation), concavity,
solar insolation, and elevation-relief ratio amantbers. Additional available environmental
explanatory variables in this case were bedroogni®nd, 2002, Olesen et al., 2010), surface
cover (Thoresen, 1991), vegetation type (Heggem Snand, 2010), MAAT (Tveito and
Foarland, 1999), mean annual precipitation (MAP) kkand Tveito, 2008), maximum snow
depth (Engeset et al., 2004a, Engeset et al., 20@Hmgraphy roughness index and wetness
index, the latter two referred to as compound patars (Etzelmuller et al., 2001b). The

geomorphic system was then analysed by applyirenargl linear model, providing the most
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Figure 9 The Kdfjord/Lyngen area selected as a test region for a geomorphic distribution model. Intact
landforms are shown in red.

important variables for landform presence to batified. These type of models can provide
insights to important factors concerning landforeavelopment, and perhaps move research
efforts in more efficient directions. Modelling pfesence of geomorphic landforms on a
multi-variate basis may also provide higher objatstiin landform interpretations (Ayalew
and Yamagishi, 2005).

The statistical softwarenaxent(Phillips et al., 2006a) was used for the exercise
which was performed by J. Hjort, Professor at tmeversity of Oulu, Finland. This software
can be used for several data types and purposdsisatesigned to make predictions or
inferences from incomplete data (Phillips et al00@a). The model needs calibration,
therefore 70 % of the grid cells prepared for testivas used for calibration and 30 % for
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evaluation, selected at random. Where the dataicasnplete (relevant for MAP and snow
depth), all observations were deleted. In ordestii@in more reliable results only parts of the
potential explanatory variables were selected duleigh intercorrelation between variables
such as for example MAAT and elevation. Only linequadratic and terms describing
interaction were fit to the curve, and not compllesesholds. The variables used in the test
sample were bedrock, roughness index, MAAT, cortgawlope, maximum snow depth,

solar insolation and curvature.

3.2 Holocene temporal and spatial permafrost modelling

3.2.1 Holocene temperature series

Little is known about the Holocene permafrost dyi@amof Norway, since the
permafrost has not been directly dated. HoweveNarway, a network of deep and shallow
boreholes (Figure 10) now exist and has been teatyrermonitored for a period of between
three and fourteen years, as part of the Europegagb on permafrost monitoring in a north-
south transect through Europe (PACE) and the joiotwegian project on links between
ground and air temperatures (CryoLink). A substaatount of modelling and verification
have been put into these projects, with good andntyy improved 1D transient heat flow
models and enhanced understanding of the grounch#heegime as main outputs. These
achievements were used to evaluate the ground #heegime at the borehole sites over the
Holocene both to address the possible formatiomogenf the currently relict and intact
permafrost landforms inventoried in Paper | andidentify periods of degrading and
aggrading permafrost at each borehole.

The 1D heat flow model is driven by ground surfeemperatures for each year, and
in order to run the model over the entire Holoceneemperature series ultimately providing
yearly average Holocene temperature data had tobwiled. Thus, available temperature
records which covered the period of interest, 16,000 years BP until present were
collected, manually read and plotted in 250 yeaetsteps. The pre-existing records were
organized by southern and northern Norway.

In addition, seasonal temperatures, representeduby and January temperature
anomalies, were desired to address seasonal wvasatience, mean annual, mean July, and

mean January temperature anomaly series were cairfpit southern and northern Norway.
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Figure 10 Borehole locations and transects in Southern Norway (Cryolink; Hipp et al., 2012).

Several proxy temperature series exist, derivethfpmllen and plant macrofossils in lake
sediment cores (e.g. Rosén et al., 2001, Seppa aksd, B001, 2002, Davis et al., 2003,
Bjune et al., 2004, Nesje et al., 2005, Jensen awde, 2008), chironomids in sediment
cores (Rosén et al., 2001, Seppa and Birks, 200lhdfaoret al., 2002), tree line changes
(Dahl and Nesje, 1996, Vorren et al.,, 1999, Seppal.e 2002), and deposition rate of
speleothems (Lauritzen, 1996, Lauritzen and Lurglb£999). The use of organic material
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normally retrieved via lake sediment cores hasatheantage of providing datable material as
well as a temperature proxy, however, not as alyeserages but is normally associated
with the temperature of the warmest month of thar,yee. July. All July temperatures were
compared using multiple regression and all recavils mutual r’-values higher than 0.7
were averaged and further considered representafivéhe Holocene July temperature
anomaly for one region.

The resulting temperature series vary considerabtyween different sample sites and
also between results from the same lake usingrdiffemethods (Seppéa and Birks, 2001,
2002, Nesje et al., 2005). Several factors camenite these results, including year-to-year
variations in pollen production, in pollen dispéraad sedimentation rates, and statistical
uncertainties in percentage pollen counts (Nesm@.e2005). Vegetation also needs up to a
few hundred years to adjust to abrupt climate changhile insects are more mobile and
sensitive to short-term changes, and different odsgloften need to be combined in order to
obtain comprehensive results (Bradley, 1999). Furteach method is associated with
characteristic sensitivity and response times t@atians in climate. Additional uncertainties
are introduced when the site in question is sithiateareas close to the present tree line,
where relevant pollen sources are affected bydhtains in the timberline. For the present
purpose, only major long-term trends or ‘signal€ aecessary, and large anomalies has been
drawn from the different datasets and tentativelytpgether to one dataset.

The best mean annual temperature dataset of Nasnagde from interpretation and
dating of speleothem growth in Mo i Rana, Nordlandnty (Lauritzen, 1996, Lauritzen and
Lundberg, 1999), situated in northern Norway, hosveyeographically midway between the
areas of interest in northern and southern Norwag. overall relationship with other well-
known Holocene temperatures such as those retrigoad e.g. Greenland ice core data is
reasonably good, but with larger amplitudes in Noywf? = 0.55) (Alley et al., 1995,
O'Brien et al., 1995). The speleothem data was dgtéto cover the whole Holocene by use
of the relationship with the GISP2 temperaturesj aegionally adjusted using the July
temperature dataset constructed as described aboeree are some known differences in the
climatic history of southern and northern Norwaystf the temperature amplitude tends to
attenuate closer to the Arctic, and second, thengrof the onset of Neoglaciation is delayed
in northern Norway compared to southern Norway (Radékal., 2005, Bakke et al., 2008).

The January temperature anomaly was calculated hrogar regression of modern
temperature relationships. Normally, January teatpees follow the mean annual

temperature of a meteorological station much clésan the July temperature. Using data
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from several meteorological stations, the bestessjon coeffiencer{= 0.51,N = 250)
describing modern January mean temperatures ofewuiNorway was obtained by simple
regression of the MAATTuan = @ + Byaa7). For northern Norway, the best € 0.50,N =
150) was obtained when also including the mean tduhperature in the equatiofny{, = a +

bTmaat + CTou).

3.2.2 Heat flow modelling

This 1D heat flow model was first implemented arsedi by Farbrot et al. (2007b) and
Etzelmuller et al. (2011) for Iceland and Svalbardspectively. In the model, heat
conduction is assumed to be the only process afjgrieansfer and the heat flux equation is
solved (Williams and Smith, 1989):

pe 5= ~x (k5) e
where the temperature evolution of the ground Mgrdime (t) and depth (z) is described.
The main ground thermal properties are densjiy, feat capacity (c) and thermal
conductivity (k). In the model, the borehole sgedphy is implemented by using different
values of the ground thermal properties for eaghrlalo consider changes of the latent heat
of fusion () connected to phase changes between ice and \mat@apparent heat capacity
was applied within a small temperature intervakt0f1°C around the freezing temperature
(e.g. Wegmann et al., 1998):

(2)

Further, any effects of heat advection related atewflow in the active layer was neglected.

C(T) = (o + T-T,

The heat flow equation (Eq. 1) was discretized @ldhe borehole depth using finite

differences and subsequently solved by applyingrtethod of lines (Schiesser, 1991).

3.2.3 Model initiation

The 1D heat flow model is driven by ground surféeeperatures for each site, which are
obtained from air temperatures via site speciffactors representing the temperature offset
between air and ground surface (Smith and RisebbroR@02). In winter, the-factor is
affected by the thickness and duration of snow ggatedn;) while in summer, the-factor is
affected by the extent and kind of vegetation pregannotateah;). To consider year-to-year
variability of snow thickness and vegetation densit random variation of the-factor was

introduced, with a standard deviation of +0.1.
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At the lower end of the model domain (5000 m deptng geothermal heat flux was
used as the boundary condition. The geothermal fheatwas provided by the Norwegian
Geological Survey (NGU) for each borehole site gStad et al., 2009), and kept constant
over the model period of 10,000 years.

An initial surface air temperature (SAT) was giveneach borehole site to start the
simulation, and in absence of more detailed infaiona steady-state profiles for an SAT of 0
°C were given. By choosing this value the model dan@oes not contain any initial
permafrost and the obtained results thus represgemimum estimates of the permafrost
extent.

Two numerical experiments were performed usingdimesdel constraints:

1. For the whole Holocene, we used the deviatimmfrthe normal period 1961-1990
obtained from the analysis of the Holocene tempegageriesAMAAT). For each borehole
site AMAAT was added to the MAAT of the normal periodthese sites. The latter was
derived by applying a constant lapse rate fromalmeweather station yielding annual mean
air temperatures over the 10 kyr period, howeveassnal variations are not resolved. This
run covers the whole time period and an estimaifaground temperatures during time.

2. For selected periods monthly temperatures arleded to address active layer dynamics
and the effects of seasonal differences in therommductivity and latent heat release
depending on average annual water content. Thehityol@mperature at the ground surface

was derived from superimposing a sinusoidal vamatn the MAAT:

2t

Tmontn = f(MAAT + A Sin(T)) (3)

where MAAT is the mean temperature of the 1961-1980hmal period based on
meteorological informationt, is a number between 0 and 1 where automaticalhemgeed
random numbers around the respectifactors gtandard deviation = 0)lwere multiplied
with the samen-factorto simulate natural variatiod is the amplitudet is the timeandP is
the period. The amplitude was estimated based @ arder relationship between the
MAAT anomaly value and the range of January ang thrhperatures:

A = a MAanom +b MAATanom +c (4)
where the coefficients are estimated for northerd southern Norway, respectively (Fig.
2b). In both cases thé exceed®.75. Eq. 3 is multiplied with this factor depenglion Tmont
being above or below 0. An inbuilt MATLAB random fttion was used for this purpose.

The model calibration and validation were perfornfisdT. Hipp during his Ph.D.
work, and partly published in Hipp et al. (2012)l Borehole models closely reproduced
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recently measured ground temperatures, and weseaated from the observed distribution of
ground temperatures at the beginning of the obtervaeriod (500-1000 days). Values on
thermal conductivity and bedrock density were eitheasured by the Norwegian Geological
Survey (NGU) or found in literature (Williams andngh, 1989, Sigmond, 2002, Olesen et
al., 2010). The most important parameter used @ dalibration process was the water
content, which dampens the temperature signalpthd&he calibration results are good, and
comparison of observed and modelled temperatusdg yivalues above 0.9.

3.2.4 CryoGRID1.0 spatial modelling of Norway

To investigate the spatial extent of permafrostraire Holocene, a recently implemented
equilibrium model (CryoGRID1.0) was used (for detads Gisnas, 2011). This model is
based in the TTOP approach originally developed Ganada (Smith and Riseborough,
1996), and models the relationship between clinaa@ permafrost. In CryoGrid1.0 three
vertical layers is considered: (1) mean annualteinperature (MAAT), (2) mean annual
ground surface temperature (MAGST), and (3) theptmature at the top of the permafrost
(TTOP) or alternatively at the bottom of the seasdrozen layer (MAGT) (Figure 11). The
temperature gradient between the MAAT and the MAdSThormally positive, and this
difference is termed the ‘surface offset’, and esges the influence of surface cover at
ground surface temperatures. The temperature elifter between the upper two layers are
overcome by introducing scaling factors as expoessof summer vegetation and winter
snow cover 1)) termed thawing and freezingfactors, respectively (Lunardini, 1978). If
permafrost is present, the temperature gradienvdsst the MAGST and the TTOP is
negative, termed the ‘thermal offsefTy) (Goodrich, 1982, Burn and Smith, 1988, Smith
and Riseborough, 1996), and is related to diffetexdtt conduction in frozen and thawed
ground. Frozen ground has typically higher theramaductivity than thawed ground. Hence,
permafrost can be present where the MAGST is ¢dmse above 0 °C.

The input parameters for CryoGRID1.0 are gridded saog air temperature data
(degree-days) provided by the Norwegian Meteoratignstitute, available at 1 Kmand is
validated against numerous permafrost observafioméorway (Gisnas, 2011). To address
the Holocene permafrost distribution and variatainNorway, three climatically different
time periods were selected; (1) the Holocene themaximum (HTM) (2) the LIA and (3)

present. For each run the positive and negativeedegay sum was adjusted compared to the
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Figure 11 Schematic illustration of mean annual temperature relationships in a vertical ground profile (Smith
and Riseborough, 2002). MAAT: Mean Annual Air Temperature, MAGST: Mean Annual Ground Surface

Temperature, TTOP: Temperature at the top of permafrost.

present situation, and one value was used foif athuthern Norway and a different value for
northern Norway (Table 3, Paper lll). Degree-daysthe HTM and LIA are based on the
relationship between modern MAAT measured at metegical stations and the calculated
freezing degree-days (DDF) from the same statichs (0.85), whereas the corresponding
thawing degree-days (DDT) were calculated fromréiation to DDF as:

DDT = (MAAT P) + DDF 5) (
whereP is the period of one year (365 days) (Smith and lRissugh, 2002). Likewise the
precipitation and hence snow depth was alterethtalate former conditions. The change of
precipitation was given as a rough estimate basegl@ Bjune et al. (2005), Matthews et al.
(2005), and Nesje et al. (2001). In addition, fue LIA the vegetation was kept similar as at
present, while for the HTM the timber line was eaisvith 200 m in altitude over the whole
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country, following Dahl and Nesje (1996), Seppa &mds (2001, 2002) and Seppa et al.
(2002). In this spatial model, no 3D-effects wesasidered.

3.3 Glacial reconstruction and geomorphology, Omnsbreen

Reconstruction of the former maximum extent of Omesb was done strictly by
considering dynamical criteria, since the formeghaciated zone is not constrained by
landforms such as terminal moraines. However, aiaglajeomorphic mapping of the area
was performed, and based on landforms like stfiaégs, eskers, crag-and-tails, boulder
tracks in the till, the peculiar “domino”-structsrédescribed in Paper 1V) and to a limiting
degree morainic deposits an outline of the formacigr was suggested. From this starting
point, surface contour lines at 25 m spacing wegitized in a GIS environment (ESRI
ArcMap®©), based on the assumption that the steequefice slope is aligned parallel to the
direction of the glacier movement, thus is the oantines oriented perpendicular landform
indicating ice movement direction. The glacier aud, slope and volume was calculated via
inbuilt interpolation, slope and raster calculatimols (Hutchinson, 1989, Hutchinson and
Dowling, 1991). Further, the subglacial shear st{gswas calculated from the equation:

T = Fpghsina (6)
whereF is a shape factor assigned to valley glaciers sed 1), is the ice density (900
kg/m?), g is the gravitation (9.81 nfls h is the glacier thickness andis the surface slope
(Nye, 1965, Paterson, 1994). A general ground wéisol of 25 m was applied. The spatially
distributed values of basal shear stress can leepreted as a measure of glacier activity.
Further, the strain rateé) of the ice is given by Glen’s flow law:

E=AT" (7)
whereA is a constant which decreases at lower tempesaaurén is the flow law exponent,
normally with a value close to 3 (Glen, 1955, Bemu &vans, 1998). The deformation
velocity Ug) is found by integrating the strain rate over tbe thickness, following Nye
(1965):

Ug = —=(F8g sina)"h™* (8)

Considerations concerning sliding velocities wereapplied.
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Chapter 4

Results — Summary of papers

4.1 Inventories of permafrost landforms — Norway and leland

4.1.1 Norway (without Svalbard) (Paper I)

In total, 307 permafrost landforms were identifiadNorway, distributed by region, activity
state and genesis as described in Table 1 andLFRaper I. One of the main outcomes of
this inventory is the observation that most rdetdforms are of a talus-derived type while
the majority of the currently intact landforms @a@nnected to modern glaciers, either as ice-
cored moraines or as moraine-derived rock glaciemsm this observation it is interpreted
that a process-shift concerning the formation aséhlandforms occurred at some point
during the Holocene, where the modern landformsnaaily connected to glacial activity.
This observation does not contradict the definitidrrock glaciers as creeping permafrost.
The most likely timing of this process-shift is asisted with the Neoglaciation, when the
climate after a warm and dry period turned colded wetter. This climate change lead to
reappearance of the Scandinavian glaciers aftedéigéaciation, thus ‘Neoglaciation’. The
glacier-related landforms also represent the nigjaof the total amount of inventoried
landforms, regardless of activity state (Figure. 12)
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Figure 12 Inventoried permafrost landforms of Norway, classified by landform type (genesis).
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Of the inventoried landforms, the intact landforame strongly dependent on aspect,
while this is not the case for the relict landfornisis is a logic implication of former
permafrost being a widespread ground thermal phenom along the ice-sheet margins
during the deglaciation, whereas modern permaisost relatively marginal high-mountain
phenomenon in comparison and depend on altituday;, sadiation and specific surface heat
fluxes to exist. This is also why the relict landifis are situated at all elevations, including at
sea level.

The permafrost landforms inventoried were treatedifierent landform populations.
The physical distance between the landform clustérsouthern and northern Norway is
long, and differences in statistical charactersstitich as mean elevation and temperature
would otherwise alter the result. There are alsalitechal differences between the
populations, for example the vast majority of taadforms in northern Norway are relict,
while the opposite is the case in southern Nonimyorthern Norway, the most frequently
occurring intact landforms are derived from tallogpss, while in southern Norway ice-cored
moraines occur most often. One suggested explan#&tiothis observation would be that
modern permafrost landform formation in maritimerrpafrost environments is strongly
connected to glacial activity, manifested as maalarived rock glaciers and ice-cored
moraines instead of ‘dry’ talus-derived landfornibe same observation is done in Iceland,
cf. section 4.1.2.

In literature, the activity state of rock glacidras been used to validate mountain
permafrost zonation, e.g. active rock glaciers mgldo areas of at least discontinuous
permafrost and relict rock glaciers to areas oimfar permafrost (e.g. Imhof, 1996, Lambiel
and Reynard, 2001, Janke, 2005). As validation kistieg Norwegian permafrost models
(e.g. Ddegard et al., 1996, Etzelmiller et al.,120Ghe inventory only works to a limited
degree. In Norway, the number of rock glaciersois ctompared to regions like northern
Iceland (Paper 1), the European Alps (Frauenfekteal., 2003), the Colorado Front Range
(Janke, 2007), or the Andes (Brenning, 2005), andtadistical approach to validate
permafrost models would not give significant reswh landscape or mountain range scales.
However, the lower inventoried landforms and thenmal zonation between activity groups
is within the permafrost models’ predictions. Inddin, the distribution of permafrost is
affected by 3D-effects, and will penetrate bothpaean the ground and lower in the terrain

in north-facing compared to south-facing slopeghe northern hemisphere (Noetzli and
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Gruber, 2009). As the modern rock glaciers strortgpend on aspect, the lowest situated

examples represent an absolute lower limit of mod&rwegian permafrost.

4.1.1 b) Applications of a geomorphic distriloatimodel (not included in paper)

For further and perhaps more objective classificeti of the decisive environmental
parameters causing rock glaciers to form, a tasuging the statistical softwamneaxentwas
applied on a subsample of the Norwegian intact mglelkcier population. Only intact rock
glaciers were considered since the climatic pararsedpplied are modern. The parameter
which proved to be by far the most important prestidor rock glacier presence within the
grid cells was bedrock, followed by the landscapeghness index and MAAT (Table 1). The
landscape roughness index expresses the topognragriation in an area, and influences the
amount of incoming radiation (Etzelmdller et aD02b). Bedrock as an explanatory variable
also possesses the highest importance when ussdlation, and has the highest impact on
the result when omitted from the model (Figure B¥drock is therefore considered to hold

the most information that is not present in othatables.

Table 1 Contribution and permutation importance of the environmental variables considered for prediction of
rock glacier occurrence.

Variable Percent contribution Permutation importance

Bedrock 41.5 48.5
Roughness 17.2 8.2
MAAT 14.3 25.2
Concavity 14.2 9.6
Slope 9.2 2.2
MaxSnowDepth 15 5.2
MAP 11 0
SolarRadiation 0.8 0.8
Curvature 0.2 0.4

Bedrock was not considered as a variable in thesstal analyses performed in Paper I. In
this paper only MAAT and the topographic varialdésvation, slope and aspect were used to
reveal differences between landform activity, origind populations. There was a high

internal dependence on aspect for the intact rdakieys, whereas in the GDM aspect is
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‘translated’ into solar radiation, which has them®l lowest predictive power concerning
presence or absence of rock glaciers in Lyngen.sTlhiie independent validation of
geomorphology interpretation that the GDMs offen patentially be of great importance.
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Figure 13 Jack-knife tests of the explanatory variables considered: a) for the sample used as a training sample
for validation, b) for the test sample used for modelling and c) for the total area under curve (AUC). Green lines
indicate the prediction power when the variable is left out of the model, blue lines indicate the prediction power
when the variable is used as the only variable of the model, and red lines are the total model gain.
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4.1.2 Iceland (Paper II)

In Trollaskagi, northern Iceland, rock glaciers aoe-cored moraines occur in abundance,
and 265 landforms were inventoried within two ey small adjacent peninsulas (refer to
Table 2, Paper Il for characteristics). Like in Way, the most commonly occurring
landforms are those related to glaciers, an ob8ervavhich is interpreted as manifestation
of maritime permafrost, and in particular the clogeraction between permafrost and glacial
processes (Figure 14). Similar landforms are olegkerin Disko, western Greenland
(Humlum, 1982, 1988), but is not largely reportezhf for example the European Alps.

INSAR data were used for additional information orovement and rates of
movement in the inventoried dataset. The charaetion based on image interpretation
coincided with the produced landform velocitiesd avas therefore not altered. Actually, the
results from INSAR data served as verification & ittmage interpretation approach initially
used to classify landforms in terms of activity tban Iceland and mainland Norway. The
landforms velocities received were up to 1.2 th(Bigure 3b, Paper Il), and in good
agreement with measurements on individual landfologs GPS and photogrammetry
(Whalley et al., 1995b, Wangensteen et al., 2006¢ land surface temperatures obtained
from MODIS satellite data also support the actiwtierpretation of the landforms, although
these temperatures appear somewhat too low inpl&egure 14). This can be both due to a
bias within the timing of cloudy conditions overetlyear and that temperatures on top of
snow covers are included in the measurements (Wesism et al., 2012). However, the
overall representation is good.

Further, also in Iceland relict rock glaciers exasiow altitudes. For rock glaciers to
develop into the sizes that were observed at thstcgeveral millennia of low temperatures
are required (Barsch, 1996, Frauenfelder and Ka@bB0). This observation supports the
current interpretation of a very rapid deglaciatidriceland. The coastal areas of Tréllaskagi
were ice-free already during Bglling interstadialX4,500 years BP; Ingolfsson et al., 2010)
mainly as a dynamic response to the rising globallsvel from a largely marine-based ice
sheet. In addition, the Icelandic crust is highdpnstive to glacial loading and unloading, and
compensate fast by isostatic rebound (Ingoélfssornl.et1995, Ingélfsson and Norddahl,
2001). Dry land was available for rock glacier depeent and subject to still cold
conditions until the complete deglaciation of lgelaat approximately 8,700 years BP

(Ingolfsson et al., 2010). This deglaciation waterrupted by the Younger Dryas stadial,
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Figure 14 MODIS land surface temperatures in Tréllaskagi, with landforms and activity class indicated.
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which, however, is weakly constrained in the Triliagi peninsula (Norddahl et al., 2008).
In addition, the relict coastal landforms are d#daat seafacing slopes and not fjordfacing
slopes where they probably would be affected byaadwg glaciers. In fact, the lack of relict
landforms in such slopes might suggest possibleovaimof landforms by glaciers. Two
places in Trollaskagi rows of relict moraine-dedweck glaciers in cirques at 4-500 m a.s.l.
are observed, which is too low for current permstiréiowever, one could speculate that
these rock glaciers were active during the Yourggras and as such represent reglaciation
of low-elevation cirques, whereas on the other hamdlA age is also plausible.

The currently active landforms in Iceland are ripteted to be of mid-Holocene age
and Neoglacial origin (Wangensteen et al., 2008pea et al., 2007a, Kellerer-Pirklbauer et
al., 2008). Also, the rock glaciers display relalyhigh surface velocities, which indicate
‘warm’ permafrost and/or high ice content (Kaakakt 2007). Active rock glaciers are the
cumulative expression of their entire life sparg develop through creep over millennia. In
addition, the age is often considered proportidoathe rock glacier size. For relict rock
glaciers, a late-glacial age is often inferred (Bhaysl996, Frauenfelder and Kaab, 2000).
Obviously, rock glacier initiation requires grourmgermafrost conditions. In addition
sufficient material supply is necessary, which at®mve as a delimiting factor in some

regions. The latter, however, is not the caseefalal.

4.2 Relative age of Holocene permafrost in Norway (Papéll)

The major findings when modelling Holocene permstfrcm mainland Norway are the
permafrost persistence during the HTM in high adtés, and that the greatest extent of
permafrost both in distribution and in depth is fduduring the LIA. From these
observations, five altitudinal zones of relativerpafrost age is suggested; (1) in the highest
altitudes the permafrost predates Holocene, ansulasequently lower altitudes (2) taliks
formed above permafrost during the HTM, (3) perwstfrthawed during HTM, and
permafrost postdate the HTM, (4) permafrost aggtadiering the LIA, while is currently
under degradation and (5) permafrost was neveeptewer the Holocene. Figure 15 shows
the TTOP/MAGT at six different times during the Hoéne, for a small area in southern
Norway.
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Figure 15 Mean annual temperature at the top of permafrost (TTOP) and bottom of the seasonally frozen layer
(MAGT) as modelled by CryoGRID1.0 at six different times during the Holocene. The upper left corner is the
present (1981-2010) situation, and the lower right corner indicate the situation by the end of the last
glaciation. Dark blue colours indicate permafrost, whereas yellow and red colours are non-permanent frozen

ground.
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When comparing the modelled permafrost distributioming LIA with the current
distribution, the highest sensitivity is found irorthern Norway, and in particular the
northernmost county, Finnmark. Here, the permafdistribution is now reduced by more
than 50 %, and the area might represent a link dmtwthe mountain permafrost of
Scandinavia and the continuous Arctic permafroststvbf the areal reduction, however, is
found at Finnmarksvidda, a large low-relief plategyarently situated at an elevation which
favoured permafrost during the LIA climate, whitenb longer does. The significance this
represents in terms of permafrost sensitivity igea

During the Quaternary glaciations, large areas warderlain by permafrost in
Fennoscandia. Areas that traditionally has beenbastas covered by a cold-based ice sheet
are areas associated with landforms such as lateettivater channels, Rogen (ribbed)
moraines and extensive sediment cover (Sollid aadbe, 1984, Kleman, 1992, 1994,
Kleman and Borgstrom, 1994, Sollid and Sgrbel, 1994ttestrand, 1997, Kleman and
Hattestrand, 1999). The distribution of these areaspared to the LIA distribution of
permafrost as modelled by the CryoGRID1.0 modelrigisg. However, the CryoGRID1.0
approach is more detailed, and restricts thesesdmea larger degree than the traditional
zones of areas of cold-based ice, but is of cogreatly underestimated compared to the
situation at the onset and during the last glamati Often is the occurrence of cold-based ice
associated to the deglaciation and a thin ice-gloeet to the often co-existing or peripheral
existence of landforms indicative of a temperai emoding ice-sheet.

4.3 Glacier-permafrost interactions, exemplified by Omrsbreen (Paper
V)

As shown in the previous section based on Papepélimafrost was likely to occur under a
much larger area during the LIA than at presemhuaneously the glaciers gained mass and
aggraded into new areas, creating a large potesftipérmafrost and glaciers to coexist and
respectively related processes to interact in Ngrave mountains. Areas peripheral to the
current glaciers and permafrost areas were affdoyeglacier-permafrost interactions in that
period. In this respect, the currently small (<RrB%), but previously much larger, glacier
Omnsbreen, situated north of Finse in southern ldgrrvepresent a kind of glacier which

both formed and almost completely disappeared dutire LIA. Today, the glacieret is
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located in the western slope of a north-south frendalley, and is completely dependent on
accumulation of wind-redistributed snow to exisheTglacier's equilibrium line altitude
(ELA) is currently situated below the regional Elg& c. 1700 m a.s.l. At its maximum
extent, the glacier was by glacial-geomorphic datenapped to have covered an area of 7
km? The first appearance of Omnsbreen in the catchmithe nearby Lake Omnsvatn
occurred at AD 1425 + 85 years (Saegrov, 2006) whghn close agreement with
radiocarbon datings (1430 + 100 years) of plantaiesicovered during the formation of
Omnsbreen (Elven, 1978). These dates correspotitetonset of the LIA. In early-LIA a
shift in wind patterns occurred, and traces of miveguent winter storms are found in
Greenlandic ice cores (Kreutz et al.,, 1997, Fisatteal., 1998). The current glacieret is
entirely dependent on wind-redistributed snow testexand a change in wind fields might
have given the lee areas an extra amount of wistew during the LIA. Based on
observations on radial striation, and current arevipus wind patterns of the area, it is
suggested that the glacier was initiated at theesapot where it is located today, and
subsequently grew from this spot to its maximune sienturies later. At its maximum size,
the glacier presumably filled the whole valley aihn@sbreen, and could to much less degree
than previously benefit from its lee-side occupati®ather, the glacier might have been
subjected to wind erosion at its surface at thiximam stage. The glacier had a fast but late
retreat, with the main mass loss occurring betw#880 and 1985, until it reached its
approximate current size. Again, the glacier wasitmmed in a lee-side slope.

The CryoGRID1.0 model predicts sporadic permafrosthe glacial area at present
and widespread permafrost during the LIA. Contempyopermarfrost is observed as frozen
subglacial till below the nearby outlet glacier Midisbreen, a northwards draining outlet
glacier of the much larger Hardangerjgkulen ice, Gagl by DC-resistivity measurements
(Liestgl and Sollid, 1980, Etzelmduller et al., 1998 the late summer of 2011 an attempt to
replace a malfunctioning ground temperature logger550 m a.s.l. was unsuccessful due to
frozen ground at 30 cm depth. The winter of 201012Was less snow-rich than previous
years and illustrates the sensitive ground theregime of the area, and the high dependence
of snow distribution. Based on these observatidns,probable that during the formation of
Omnsbreen in the ¥5century permafrost had formed in the ground, amdn€breen
aggraded into a permafrost environment. As theiglarew, the basal ice turned temperate,
and the glacier remained a mainly temperate gldabreughout its life span. Marginal zones,

however, were cold.

50



Chapter 5

Overall discussion

5.1 Permafrost landforms — Norway and Iceland

The most important findings considering the perostfiandform inventories are first the
very low abundance of permafrost landforms in Ngrvaad the very high abundance in
Iceland compared to the European Alps, western ritapd, the Colorado front range etc.,
and second the dissimilarity concerning landformgior between the early-Holocene

landforms and the mid- to late-Holocene landforms.

5.1.1 Permafrost landform abundance

Despite the rather widespread occurrence of peasiain mountainous Norway, especially
active talus-derived rock glaciers are almost nastent. This situation can be a result of
high-competent bedrock not prone to weatheringjitepto a debris-limited distribution and
occurrence pattern of landforms. This assumptioalss supported by results of the GDM
performed by J. Hjort, where bedrock turned oytdesess the highest explanatory power for
rock glacier occurrence. In Iceland, the bedroclyasng, highly prone to weathering and
situated within an active tectonic environment aagisarge amounts of debris available for
deformation when subjected to permafrost. There,ggomorphic expression of permafrost
is not limited by the availability of debris, arttetpatterns of activity zones are more likely to
realistically represent the permafrost distributidinis ‘Icelandic situation’ is also the case

elsewhere where the activity of landforms have besed to reflect the zonation within
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mountain permafrost, such as in the tectonicalliwadEuropean Alps (Frauenfelder et al.,
2001), the South American Andes (Brenning, 2005, perhaps also in the less studied, in

terms of permafrost geomorphology, south islanN@ifv Zealand.

5.1.2 Change of permafrost landform origin during the Hmoe

The relict permafrost landforms exist at all atfiég, and are primarily formed from talus
slopes or as secondary creep in landslides invailkedsostasy-driven earthquakes. These
landforms thus reflect a severe climate, and dmrigpacial environments. Both the
inventories of mainland Norway and Iceland suggdleat the most often observed modern
permafrost landforms are those which are assoctatetbdern glacial activity, i.e. ice-cored
moraines and moraine-derived rock glaciers. The éxamples of moraine-derived rock
glaciers which are indirectly dated in Iceland af@ges of around 5000 years (Farbrot et al.,
2007a), which correspond to the general onset afghdeiation both in Trdllaskagi and in
Scandinavia (Norddahl et al., 2008, Nesje, 2000)Nbrway, despite datings, the close
relationship between glaciers and permafrost lama$as striking and a connection between
the Neoglaciation and the development of glacialiyuenced permafrost landforms was
suggested in Paper |. According to the spatial Elé@ permafrost model presented in Paper
lll, permafrost aggraded following the HTM in moaint regions as a response to the
Neoglacial cooling. Thus, the potential of glagi@rmafrost interactions of the late-Holocene
was large.

The permafrost regions of both Norway and Icelangtnbe considered maritime and
warm, and the suite of landforms associated witth uermafrost environments differ from
the very well investigated permafrost geomorphologly the European Alps. The
Scandinavian, Icelandic and western Greenlandima#ost landform assemblage represent
maritime permafrost geomorphology, where the gtagermarfrost interfingering is defining
for the suite of landforms present.

Glacial influence on the early-Holocene permafiasidforms both in Norway and
Iceland is much less obvious, and a change in & rMportant processes leading to rock
glacier formation is suggested. Thus, the impoeamd glacier-vicinity and process
interaction between glaciers and rock glaciers tmaditionally been underestimated in
modern maritime permafrost regions, which has &irrted to misinterpretations of landforms
indicative of permafrost in regions like Norway aeeland. The “ice-cored rock glacier” of
Nautardalur, Iceland, serve as an example whewaraatly identified rock glacier originally
and persistently was interpreted as decoupled tlwmpermafrost regime (Whalley et al.,
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1995a). Also the inventory of Scandinavian ice-dongoraines compiled by @strem (1964)
contains numerous examples of rock glaciers, as lates acknowledged by the author
(Dstrem, 1971). However, permafrost presence wasrmaentioned. In this respect it should
be noted that Scandinavian permafrost and relaadférms except for palsas was not
recognized to be of importance until the early 080ng, 1983).

| suggest that a shift in the most important psses leading to the formation of rock
glaciers occurred over the Holocene. In early-Hefec a dry, and periglacially dominated
regime favoured formation of ‘dry’ rock glacierse.i of the talus-derived type, whereas a
humid, and glacially dominated regime charactegigimee mid- and late-Holocene favoured
‘moist’ rock glacier formation, namely of the maraiderived type, and correspondingly to
the high occurrence of present-day ice-cored mesa(frigure 16). Thus, modern and active

rock glaciers in a maritime permafrost environmeet likely to be moraine-derived.
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Figure 16 Holocene temperature series (Southern Norway) compiled for and applied in Papers Ill and IV. Distinct
periods of geomorphic importance are indicated.

5.2 Implications for the extent of the last glacial makmum (LGM) and

deglaciation of northern Iceland

The landform inventory of the Troéllaskagi regioneland, revealed that relict rock glaciers
exist at all altitudes, including at sea level. Gagplanation of the formation of low-level

rock glaciers is to assume a short time period,ebaample by secondary creep in rapidly
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deposited colluvial debris. Landslides can be gigd as a paraglacial response soon after or
during deglaciation of an area (Whalley et al.,3,98ehls et al., 2000, Ballantyne, 2002).
Many of the currently inactive or relict rock glacs of northern Norway are for example
interpreted to first have been deposited by laddsli in permafrost environments
(Tolgensbakk and Sollid, 1988), and considering rdq@d isostatic rebound following the
glacial unloading (Ingdlfsson et al., 1995, Biessyak, 2008), landslide triggering appear
likely. The partly controversial low-land debrisdies occurring in large volumes in the
Troéllaskagi regions is also commonly interpretedeitect paraglacial stress release (Jonsson,
1976, Whalley et al., 1983).

However, in Paper Il it was argued that the comma@dcepted deglaciation model
opened a time window of app. 6000 years since éggadiation commenced in the Bglling
interstadial (15,400 years BP) until the completglai@ation at around 8,700 years BP
(Kaldal and Vikingsson, 1991, Gudmundsson, 199d)ther, in Paper Il we followed the
position of Ingolfsson et al. (2010) where it iatetd that a very quick deglaciation occurred
as a response to a sea level rise which causddrtiety marine-based ice-sheet to collapse.
Since this relict population of rock glaciers isdobnd probably formed during the
deglaciation of the late-Pleistocene glaciatioomeaonsiderations concerning the extent of
the last glacial maximum (LGM) and deglaciationragastified. First, rock glaciers are the
cumulative expression of creep over millennia, dreefore a long and continuously ice-free
time period is required for their formation. Secpadarge-volume LGM ice-sheet is disputed
by some scientists based on ages obtained ffi@ates of marine sediments off the
northern Icelandic coast (e.g. Andrews et al., 200@drews and Helgadéttir, 2003, Van
Vliet-Lanoé et al., 2007). Furthermore, accordiag/an Vliet-Lanoé et al. (2007) the LGM
is northerly constrained mainly by assumptions loé fpresence of undated submarine
terminal moraines from other parts of the island, far west and bordering the Reykjanes
peninsula in southwest (Olafsdottir, 1975, Ingdfsset al., 1997). Third, the current
understanding of the Younger Dryas advance in théllaBkagi is poorly spatially
constrained in the most updated publications (egplfsson et al., 2010), and also disputed
by tephra chronologies in north (Van Vliet-Lanoéatt 2007) and by sedimentological
analyses in the central south of Iceland (Geirgdéttal., 1997). Fourth, a climate in favour
of rapid deglaciation is not consistent with a sey@ermafrost climate producing periglacial
talus-derived rock glaciers at sea level. Howeiethe reasoning of Paper Il it was argued
that if the deglaciation was mainly a dynamic resmoto a rising sea level the climate could

still be severe. Although the sea level rose withis chronozone, and perhaps triggered by
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an Antarctic meltwater pulse (e.g. Weaver et &03), the Bglling interstadial is associated
with distinct a temperature rise as interpretednfioe-core records (Dansgaard et al., 1993,
Stuiver et al., 1995), dendrochronology (Friedrgthal., 2001), and thermohaline circulation
patterns (Ruhlemann et al., 1999, Schmidt et aD420n this context, onset of rock glacier
formation during the warm Bglling interstadial appeaunlikely. Based on these
considerations | suggest that rock glaciers inaleeélformed during a less voluminous LGM
than commonly accepted, and/or since a pre-Bgllieglatiation. Here, a ‘minimum’
Younger Dryas ice-sheet model is assumed for Tskdlgi, with the possibility of local

glaciers forming in its surroundings.

5.3 Holocene permafrost distribution and permafrost age

The simulation of permafrost occurrence over théoekne both in time and space provides
new insights to understanding the current pattéqmeomafrost in the Norwegian mountains.
An important result in this respect is that permstfrsurvived the HTM at high altitudes in
southern Norway, above c. 1800 m a.s.l. The tenyeraeries used to drive the simulation,
however, is somewhat conservative, and higher tespes at the HTM might have
occurred. If so, the zone of permafrost survivauldlobe shifted towards higher altitudes,
although lower than the highest summits. The Cryo@RIDmodel predicts permafrost
occurring at c. 6.4 % of the Norwegian landmasgrasent (1981-2010). The last normal
period (1961-1990) was colder, and permafrost edigted for c. 10 % of the landmass
(Gisnas, 2011, Gisnas et aybmitted, whereas the respective numbers for the HTM and
LIA are 1.1 % and 14.5 %. Thus, the LIA permafrestent was more than doubled
compared to the last normal period, although thetesoporary larger glacier area is not
accounted for, and the permafrost distribution over Holocene appears highly dynamic
(Figure 17).

The relative age of mountain permafrost is a nespeat within permafrost
classification. Relative ages previously exist fdorth American and Eurasian Artic
permafrost, and a similar approach is here intredufor mountain regions. The highly
heterogeneous nature of mountain permafrost makbard to provide robust altitudinal
zones for each mountain region, but if the zonescansidered indicative, new insights can

be achieved.
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Due to the generally gentle relief characterizihg Norwegian permafrost regions
these are expected to respond differently to cloratanges than for example permafrost in
the European Alps. 3D-effects are an issue, evength vast areas of the landscape are
characterized by plains. Repeated local and reg@iaalations have incised these plains, and
based on the properties of the glaciation both peakl less affected high-altitude plains are
common features. Large areas are underlain by persbamaking the regions sensitive to
temperature changes. If the lower limit of mounfaémmafrost in flat areas rises, large areas
will be affected, analogous to a rise of the ELAplateau-type glaciers. This is exemplified
by for example the lower limit of HTM permafrostathrose above the southern Norwegian
plateaus leading to permafrost prevalence onlyhat lighest summits, or by the vast
reduction of permafrost since the LIA in the Finmksaidda plateau in northern Norway.

Permafrost stabilizes its host material, both usotidated material and bedrock
(Gruber and Haeberli, 2007, Etzelmiller and Frageleief, 2009). The highly dynamic nature
of the permafrost presence over the Holocene mast Inferred destabilization of slopes in
periods of permafrost degradation, such as leattitgthe HTM and from the LIA until

present. However, the slope stability over the ldel® is rather contrary documented to
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Figure 17 Permafrost distribution at (from left) the Holocene thermal maximum, the ‘Little Ice Age’ and the last
normal period (1961-90).
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decrease in periods of modelled permafrost aggmagatspecially following the HTM at the

onset of the Neoglaciation and onwards (Blikra amadnic, 1998, Sletten and Blikra, 2007).
It should be noted that these colluviums often,rmitalways, are situated lower in the terrain
than the permafrost and might have been induceglbyial processes rather than frost

instability.

5.4  Cryoconditioned landscape evolution

5.4.1 Holocene

Geomorphologically, glacier-permafrost interactioase imprinted in the presence of
landforms like open-system pingos, moraine-derikaak glaciers, and ice-cored and push
moraines (Boulton, 1972, Liestal, 1977, Benn and Eyvdm®98, Lysa and Lgnne, 2001,
Etzelmuller and Hagen, 2005). In mainland Norwayl doeland, moraine-derived rock
glaciers and ice-cored moraines occur frequentlycentain regions, a sign of glacier-
permafrost interactions. Further, substantial paftsvhat constitutes the paleic surface of
Norway are covered in blockfields. Since the blogkis represent a ground thermal
anomaly, these regions will first develop or mamfaermafrost if the region are undergoing
a climate deterioration or is at marginal permafcmditions. This ground thermal anomaly
caused permafrost to grow and persist during thid-op phases of the Pleistocene
glaciations, and certainly in the surroundings loé warying ice-cover within one glacial
cycle.

If considering contemporary glacier-permafrost rpkey in a west-east transect of
southern Norway, the different pro-glacial landfermproduced carry ground thermal
significance with them. Whereas the MPA decreaseatds east, the ELA on glaciers
increase (Etzelmuller et al., 2003). In the westeas, the ELA is situated below the MPA,
temperate glaciers terminate in non-permafrostrenments and ‘bulldozing’ moraines are
formed. More eastwards, for example in the Finggore(Paper 1V), the ELA and MPA are
situated at approximately the same altitudes, arsthqmoraines are produced by cold glacier
margins in polythermal glaciers existing in a splzgpermafrost environment. In areas of
continuous permafrost, for example in Jotunheiniem MPA is situated below the ELA, and

glaciers are generally cold, either completely nifiafi or more often partly, which is
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geomorphologically manifested as well-developedcored moraines and moraine-derived
rock glaciers.

Rock glacier research has been a major focus withendiscipline of periglacial
geomorphology, but has also led to confusion oatyng from the discussion of glacial or
periglacial origin. As most scientists now agreatthock glaciers belong to permafrost
environments, it appears to be harder to agree eviglacial or glacial origin. Several
processes may lead to the typical appearance aiclka glacier; however, the common
denominator is the primary or secondary gravitaiameep of unconsolidated debris caused
by permafrost presence. Whether the creeping debokglacial origin (e.g. moraine, till or
other proglacial deposits) or of periglacial origie.g. talus slopes, colluvium or other
weathering products), is of secondary importancthig context. Still, the moraine-derived
rock glaciers and ice-cored moraines can serveinks between periglacial and glacial

geomorphology.

5.4.2 Pleistocene

The topography of Norway as a whole varies conaldlgr and partly depending on relief
and surface conditions, the ground response toatdinperturbations differ substantially
(Etzelmdller et al.,, 2007b). For example, the |dewated Finnmarksvidda plateau in
northern Norway is covered in till which delay clite perturbations response in the ground,
whereas high-altitude regions to a larger degresvstparse surface covers or are subjected
to the negative ground temperature anomaly caugdétbokfield covers (Balch, 1900, Harris
and Pedersen, 1998, Juliussen and Humlum, 2008&ré&it concerns are associated with the
permafrost landscape types.

First, paleic surfaces are found in northern Ngraiarelatively low elevations and are
permafrost sensitive mainly because relatively sofanges of the present MPA affect large
areas (Paper Ill). However, the till-cover delape temperature signal into the ground,
causing prolonged ground response times to aireéeatyre variations. Second, high-altitude
paleic surfaces such as those widely occurringoutrern Norway between Quaternary
valleys are often covered by openwork blockfielBgygre 18). The blockfields themselves
represent a negative ground thermal anomaly as a@olthat sinks in winter are trapped
below lighter warm summer air closer to the surfatkus, blockfields are also highly
sensitive to permafrost, and, with the exceptionpafsa bogs, commonly represent the
lowermost areas of permafrost. Third, in high-fellegh-altitude mountain permafrost
regions, the permafrost distribution is influentgd3D-effects, and past cold periods such as
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the last ice age still affect mountain permafreshperatures due to latent heat release and
lateral heat fluxes (Noetzli and Gruber, 2009). iEifeground temperatures below the depth
of zero annual amplitude (ZAA) are stable, the drant effects of past climate modify the
temperature fields within the mountains (Lunardit®96, Kukkonen and Safanda, 2001).
Sparse surface covers are common in such regiaoms, near-surface response to air
temperature changes occur rapidly.

In this respect, blockfields represent a very edgéng element of the Norwegian
landscape. The blockfields survived the Pleistocglaeiations at coastal palaeo-nunataks
(Nesje, 1989, Nesje and Dahl, 1990, Brook et al961Rea et al., 1996), such as in
northwestern parts of southern Norway and in thegeyn-region of northern Norway (Sollid
and Sgrbel, 1979), and where it is evident by tb@wence of erratics, lateral melt-water
channels and moraine-deposits below cold-basedkgia@-ollestad, 1990, Sollid and Sarbel,
1994, Fjellanger et al., 2006).

During the Pleistocene glaciations large partdheflandscape were covered by cold-
based ice which preserved rather than eroded litstrsiia (Kleman, 1994, Sollid and Sarbel,
1994, Kleman and Stroeven, 1997, Fjellanger andeb@P007, Kleman et al., 2008). In
Tertiary the landscape was characterized by fludi@inage and erosion, and when the
Quaternary ice-sheets built up the natural drainzegés were through pre-existing fluvial
valleys (Gjessing, 1967, Nesje and Whillans, 198&fore substantial ice thicknesses were
accumulated, the glacial erosion would work mosiciehtly where the ice velocity was
highest, i.e. through the fluvial valleys, and tlmgtial elevation difference and focused
erosion would quickly develop into a positive feadk loop. As the glaciers grew and got
more erosive, the ice drainage patterns were hrgel through the pre-existing and
increasingly deeper and wider valleys, which calddin increasingly more ice. Current ice
flow observations in Greenland and Antarctica (Jouget al., 2010, Rignot et al., 2011)
show patterns of high ice velocities concentrate@te-streams and separated by large areas
of low-velocity ice, which probably also reflectethdrainage patterns of the Pleistocene
glaciations. Slow ice flow and relatively thin icevers at high elevations in combination
with low air temperatures caused cold ice to persad the paleic surfaces and
corresponding blockfields was protected from enmoskrom present conditions, it is known
that blockfields represent areas where permafoskely to form rapidly during climatic

deteriorations, as for example during the onseéhefQuaternary ice ages, as well as during
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interstadials within the glacials. As ice-sheetguree millennia to grow, once they aggraded
over blockfields at high altitudes the glaciers svaffected by the underlying ground thermal
anomaly. As a combined result of shallow ice antaify frozen ground, blockfields were
protected through the repeated glaciations. Thekkikld evolution model by Ballantyne
(2010) suggests that the present-day blockfieldsnat completely preglacial phenomena,
but rather the resulting effect of Tertiary cherhiegeathering forming saprolites and
corestones, processes which during the Pleistovene replaced by removal of fine-grained
material, frost wedging and vertical frost sortirictive rock jointing at the interphase
between bedrock and blockfields were governed ley ghesence of permafrost and the
blockfield thickness, although lowering of surfacesurred, was equal to the active layer
thickness (Ballantyne, 2010). Close and interactietationships between blockfields,
permafrost and cold-based glaciers preserved tbglamial paleic surfaces of Scandinavia

and both protected and partly formed the block&€ligure 18).
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Figure 18 lllustration of areas covered by blockfields (classified by A. Ellingsgdrd, unpublished), present-day
permafrost (Gisnds, 2011) and areas indicative of cold-based ice (Kleman and Hdttestrand, 1999).
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Chapter 6

Conclusions

In Norway, the general abundance of landforms & lompared to other mountain
permafrost regions whereas the abundance is higbeiand. The majority of the modern
landforms in both regions are connected to glaamidivity, expressed as landforms such as
moraine-derived rock glaciers and ice-cored momaidowever, the relict landforms are
mostly talus-derived rock glaciers. A shift in theminating processes forming permafrost
landforms occurred over the Holocene, from an elddiocene dry, periglacial environment
to a mid- to late-Holocene moist, glacial envirommedccurrence of relict rock glaciers at
sea level in Iceland indicates a less extensiviediagial maximum or an earlier and faster
deglaciation than the commonly accepted model ptedihe current landform mode in both
regions is interpreted to represent maritime perosaf

Modelling of 1D and 2D permafrost extent over theld¢ene indicate that high-
altitude permafrost in southern Norway is of predddéene age and survived the Holocene
thermal maximum (HTM), whereas the ‘Little Ice Ade1A) permafrost area was more than
doubled compared to present. Glacier and permaaggtadation after the HTM increased
the potential for glacier-permafrost interactiona/o periods of permafrost degradation were
identified after the deglaciation, first at the ensf the HTM and second from the LIA
maximum until present.

A small-scale case study of glacier-permafrostradgons from the currently very
small glacier Omnsbreen in Southern Norway suggtwss the lack of glacier-marginal

landforms from the maximum extent may indicate arfrly cold glacier margin. This
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glacier formed at the onset of the LIA at c. 142D, Aargely disappeared during the™9
century, and the spatial permafrost model (CryoGRIP4uggests continuous permafrost in
the area during its formation. At present the glaciepends on wind-redistributed snow to
exist, whereas sporadic permafrost in the aredseaisvind-blown sites.

Also during the build-up phases of the last glaoies, permafrost was likely to be
present and to affect the subglacial thermal regEspecially in areas of blockfields a close
interaction between subglacial thermal regime amdumd thermal properties caused
preservation of the landscape.

Together, the current geomorphic expression of ldrescapes in Norway and

northern Iceland are affected by a long-term cryoltttoned evolution.
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