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Periglacial environments are facingdramatic chang-
es. Warming air temperatures and strong snow cov-
er variations fundamentally affect landforming pro-
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lobes, palsas and patterned ground. By using the
geophysical methods 2-D and 3-D ERI, as well as
GPR surveying, structural differences and similar-
ities between landform units of different or the
same landform types are highlighted. This enables
a reconstruction of their past and a projection of
their future development.
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Abstract
The internal structure of periglacial landforms contains valuable information on the past
and present environmental conditions. To benefit from this archive, however, an enhanced
understanding of subsurface variations is crucial. It enables an assessment of the influence of
the internal structure on prevailing process regimes and to evaluate the sensitivity of different
landform units to environmental changes.

This thesis investigates structural variations in the subsurface of (i) rock glaciers, (ii) so-
lifluction lobes, (iii) palsas/lithalsas and (iv) patterned ground that occur between the differ-
ent landform types, but also between landform units of the same type. Investigated variables
include (i) the spatial distribution of permafrost, (ii) the content of ground ice (iii) the origin
of detected ground ice occurrences, (iv) the thickness of the active layer and (v) the topogra-
phy of the frost table.

Multi-dimensional investigations by the geophysical methods Electrical Resistivity Imag-
ing (ERI) and Ground-Penetrating Radar (GPR) were performed in six study areas (a–f):
Four of them are located in high-alpine environments in Switzerland and two of them are
located in the subarctic highlands of Iceland. Additionally, surface and subsurface tempera-
ture values were continuously recorded at selected study sites. At one study site, pF-values,
representing the matric potential (or water potential), were recorded.

From a methodological view, this thesis focuses on the application of quasi-3-D ERI, an
approach in which data from multiple two-dimensional data sets is combined to create one
three-dimensional data set. This permits e.g., a three-dimensional delimitation of subsurface
structures and a spatial investigation of the distribution of ground ice. Besides the analysis
of field data, this thesis includes a comparison between inversion models produced with dif-
ferent software products, based on two self-created synthetic data sets.

The detection of resistivity structures and reflection patterns provides valuable insights
into the internal structure of the investigated landform units: At the high-alpine study site at
(a) Piz Nair, a highly variable ice content indicates a complex development of the investigated
rock glacier assembly. The local formation of ground ice is attributed to an embedding of sur-
face patches of snow or ice into the subsurface by rockfall. Results of geoelectric monitoring
surveys on selected rock glaciers show the influence of seasonal alterations in the internal
structure on subsurface meltwater flow.

At the study site at (b) Piz Üertsch, the presented results indicate the occurrences of iso-
lated ground ice patches in the subsurface of a nearly 500m long rock glacier. Detected
characteristics of the internal structure enable a reconstruction of the development of the
rock glacier, in which a temporary override of an adjacent glacier tongue on the pre-existing
rock glacier is considered crucial for the current distribution of ground ice. However, the
presented results show that buried glacier ice is absent in the subsurface of the rock glacier.

Results from a talus-derived rock glacier near the (c) Las Trais Fluors mountain ridge
affirm the existence of a water-permeable permafrost table, which was assumed in previous
studies. Furthermore, the presented results show that the investigated rock glacier contains
large amounts of rockfall deposits.
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A joint interpretation of ERI and GPR results from an investigated scree slope at the
mountain (d) Blauberg (Furka Pass) reveals characteristic subsurface structures, which en-
able a differentiation between solifluction lobes and pebbly rock glaciers.

At the subarctic study site (e) Orravatnsrústir, the presented results show that the internal
structure of palsas can be used to deduce their current development stage and to assess their
past and future development. Results affirm a long history of palsa development in the area
around Lake Orravatn, as assumed by previous studies, but further indicate a recent change
in environmental conditions.

The investigated occurrences of patterned ground in the (f) proglacial area of the glacier
Hofsjökull are currently not influenced by the detected occurrence of permafrost, according
to the presented results. Therefore, a temporary formation of pattered ground is assumed,
which is linked to the retreat of the glacier.

This thesis shows discrepancies between the internal structure of some of the investigated
landform units and the recent environmental conditions. This indicates a delayed adaption
and a low sensitivity of the landform units to environmental changes. Findings indicate that
the future development of permafrost will be strongly affected by variations in snowfall. Fur-
thermore, the detection of isolated ground ice occurrences at several study sites contradicts
the widely assumed efficiency of balancing heat fluxes to create homogenous subsurface con-
ditions in relatively fine-grained subsurface materials.
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Kurzfassung
Der strukturelle Aufbau periglazialer Landformen beinhaltet wertvolle Informationen über
vergangene und heutige Umweltbedingungen. Um diese Informationen nutzen zu können,
muss jedoch ein vertieftes Verständnis für den Zustand der inneren Struktur und möglicher
Variationen entwickelt werden. Dieses Wissen ermöglicht beispielsweise eine Abschätzung
des Einflusses der inneren Struktur auf das momentan dominierende Prozess-Regime und
eine Beurteilung der Sensitivität gegenüber sich verändernden Umweltbedingungen.

Die vorliegende Arbeit untersucht Unterschiede im Aufbau von (i) Blockgletschern, (ii)
Solifluktionsloben, (iii) Palsas/Lithalsas und (iv) Frostmusterböden, die zwischen den Land-
formtypen, aber auch zwischen einzelnen Einheiten desselben Typs bestehen. Betrachtet
werden dabei (i) die räumlicheVerbreitung von Permafrost, (ii) der Eisgehalt imUntergrund,
(iii) die Entstehung von Untergrundeis, (iv) die Mächtigkeit der Auftauschicht sowie (v) die
Formung der Frosttafel.

In sechs Untersuchungsgebieten (a–f), davon vier in Hochgebirgsregionen der Schweiz
und zwei im subarktischen Hochland Islands, wurden Untersuchungen mittels mehr-dimen-
sionaler geophysikalischerVerfahren,Widerstandsgeoelektrik (ERI) undBodenradar (GPR),
durchgeführt. Zudem wurden an ausgewählten Standorten kontinuierlich Temperaturwerte
der Oberfläche und des Untergrunds aufgezeichnet. An einem Standort wurden ergänzend
pF-Werte, die die Saugspannung des Porenwassers angeben, aufgezeichnet. Methodischer
Schwerpunkt der vorliegenden Arbeit ist die Anwendung von quasi-3-D ERI, einem Ansatz
bei dem Datenpunkte mehrerer zweidimensionaler Datensätze zu einem dreidimensionalen
Datensatz vereinigt werden. Dies erlaubt beispielsweise eine dreidimensionale Abgrenzung
von Untergrundstrukturen und damit eine räumliche Untersuchung der Verbreitung von
Untergrundeis. Ergänzend zur Arbeit mit Felddaten enthält die vorliegende Arbeit einen
Vergleich zwischen Inversionsmodellen, die auf Basis von zwei selbst erstellten synthetischen
Datensätzen mit unterschiedlichen Softwareprodukten generiert wurden.

Durch die Detektion von Widerstandsstrukturen und Reflektionsmustern lassen sich
wertvolle Erkenntnisse über den strukturellen Aufbau der untersuchten Einheiten gewinnen:
Im hochalpinen Untersuchungsgebiet am (a) Piz Nair weisen stark schwankende Eisgehalte
auf eine komplexe Entwicklungsgeschichte der untersuchten Blockgletschergruppe hin. Die
lokale Entstehung von Untergrundeis wird auf Verschüttungen oberflächlicher Schnee- oder
Eisfelder durch Steinschlag zurückgeführt. An ausgewählten Blockgletschern wird mittels
geoelektrischer Wiederholungsmessungen der saisonale Einfluss der inneren Struktur auf
den Schmelzwasserabfluss imUntergrund durch Veränderungen der Permafrosttafel gezeigt.

An einem deutlich größeren Blockgletscher im Untersuchungsgebiet am (b) Piz Üertsch
zeigen die Ergebnisse dieser Arbeit isolierte Vorkommen von Untergrundeis. Hier kann
anhand der inneren Struktur die Entwicklung des Blockgletschers nachvollzogen werden,
wobei insbesondere eine zeitweilige Überdeckung des Blockgletschers durch eine benach-
barte Gletscherzunge als ausschlaggebend für die lokale Verteilung von Untergrundeis ange-
sehen wird. Die Ergebnisse zeigen, dass kein Gletschereis in den Blockgletscher eingebettet
wurde.
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Die vorgestellten Ergebnisse derUntersuchungen an einemBlockgletscher nahe des Berg-
kamms (c) Las Trais Fluors bestätigen die dort in vorherigen Studien angenommene Wasser-
durchlässigkeit der Frosttafel. Zudem zeigt der Aufbau des Blockgletschers das Auftreten
großer Mengen von Steinschlagablagerungen.

Am untersuchten Schutthang am (d) Blauberg (Furkapass) können durch eine gemein-
same Auswertung der Ergebnisse von ERI und GPR charakteristische Strukturen detektiert
werden, durch die sich die dort auftretenden Lobenstrukturen in Solifluktionsloben und
Feinmaterial-Blockgletscher (Pebbly Rock Glaciers) unterscheiden lassen.

Im subarktischen Untersuchungsgebiet (e) Orravatnsrústir zeigen die Ergebnisse, dass
vomstrukturellenAufbauvonPalsas auf deren gegenwärtiges Entwicklungsstadiumgeschlos-
senwerden kann und dass Rückschlüsse auf vergangene und zukünftige Entwicklungenmög-
lich sind. Die vorgestellten Ergebnisse bestätigen die in vorherigen Studien getroffene An-
nahme einer lange zurückreichenden Entwicklungsgeschichte der Palsas, weisen aber auch
auf sich seit kurzem verändernde Umweltbedingungen hin.

Die untersuchten Frostmusterböden im (f) Gletschervorfeld des Hofsjökull-Gletschers
zeigen gegenwärtig keine Beeinflussung durch Permafrost, obwohl ein rezentes Vorkommen
von Permafrost angenommen wird. Daher wird eine temporäre Bildung der untersuchten
Oberflächenstrukturen angenommen, die an den Rückzug des Gletschers gebunden ist.

Die vorliegendeArbeit zeigt, dass die innere Struktur einiger der untersuchten Landform-
Einheiten Diskrepanzen zu den momentanen Umweltbedingungen aufweist. Dies deutet
auf eine geringe Sensitivität, beziehungsweise eine verzögerte Anpassung der Landschaftsfor-
mung auf sich verändernde Umweltbedingungen hin. DesWeiteren zeigt die vorliegende Ar-
beit, dass besonders Veränderungen im Schneedeckenauf- und abbau wesentlich zur zukünf-
tigen Entwicklung von Permafrost in den untersuchten Gebieten beitragen werden. Die Be-
obachtung isolierter Vorkommen von Untergrundeis in mehreren Untersuchungsgebieten
steht in Kontrast zur verbreiteten Annahme, dass die ausgleichende Wirkung von Wärme-
strömen im Untergrund in feinkörnigem Material besonders stark ist.
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Chapter 1

Introduction
The first chapter of this thesis outlines its general setting in the context of periglacial geomor-
phology and its position in the state of current research. At the beginning, definitions are
introduced and an overview of periglacial processes and landforms is presented (1.1). This is
followed by a description of environmental changes in periglacial areas, both observed and
projected, that are associated with climate change (1.2). After the second section, the current
state of research on the internal structure of different types of periglacial landforms is sum-
marized (1.3), with a focus on investigations with geophysical methods. The first chapter
closes with the objectives of this thesis, explicitly stated as research questions (1.4).

1.1 The Periglacial Domain

The term periglacial describes

“conditions, processes and landforms associated with cold, non-glacial environ-
ments”

— Van Everdingen (2005).

Corresponding conditions are present in arctic and subarctic areas of high latitude and in
mountainous areas of high altitude, which are both characterized by cold temperatures and
intense freezing. To delimit the extent of the periglacial zone, Williams (1961) suggested to
use a value of 3 °C for the mean annual air temperature (MAAT) as a lower boundary to de-
limit the area in which periglacial phenomena can be observed. A refined concept subdivides
this area by using the −2 °C MAAT isotherm into one section with lower temperatures, in
which frost-action conditions dominate, and into another section with higher temperatures,
in which frost-action conditions occur, but not in a dominant way (French, 2018). Beside the
obligatory occurrence of intense seasonal frost, the occurrence of permafrost is not manda-
tory to define periglacial environments.

Permafrost is defined as

“ground (soil or rock and included ice and organic material) that remains at or
below 0 °C for at least two consecutive years”

— Van Everdingen (2005).

Permafrost is present in areas where an intense freezing in winter is stronger than thawing
in summer, so that only the uppermost part of the subsurface, the so-called active layer, sea-
sonally thaws (Dobiński, 2011) (see fig. 1.1). An approximate outline for the global extent
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Figure 1.1: Schematic Ground Thermal Regime in Permafrost Areas. Modified Sketch from French (2018).

of permafrost is the position of the −1 °C MAAT isotherm. Following the calculations of
Zhang et al. (2008), approximately 23.9% of the land surface of the northern hemisphere is
currently affected by permafrost. The presented definition of permafrost considers the two
variables (i) temperature and (ii) time only, but not the occurrence of water. Permafrost
can thus be in a dry state or contain small amounts of liquid water (Ballantyne and Murton,
2017). For research in a geomorphologic context, however, the increasing volume of water
during phase transition from a liquid to a solid state is one of the key factors that determine
frost-related processes and periglacial landform development.

Periglacial processes are geomorphologic processes that are related to intense freezing.
They are not exclusively bound to the occurrence of permafrost conditions and most of these
processes are not restricted to periglacial environments. Washburn (1979) names (i) pro-
cess combinations and (ii) process strength as two key variables to characterize periglacial
conditions. This view avoids a normative listing of explicitly periglacial processes. However,
processes that are commonly associated with periglacial conditions are e.g., frost heave (i.e.,
surface uplift due to the formation of ground ice), or ice segregation (i.e., formation of ice
layers in freezing soils from migrating pore water) (Van Everdingen, 2005).

Periglacial landforms are the visible expressions of such processes. The detection of spe-
cific landform types allows conclusions on environmental conditions even in remote areas,
like planetMars, where structures on the planetary surface resemble structures that occur on
the Earth’s surface (Mellon et al., 2008; Squyres and Carr, 1986). Although there is still no
commonly accepted definition of the term landform, it represents a key concept in geomor-
phology (Barsch, 1993; Rhoads and Thorn, 1996). This is because the internal structure of
landforms can act as an archive for paleoclimatic and paleoecologic conditions, while knowl-
edge on the current environmental conditions can be used for a classification of landform
units. Similar to periglacial processes, an explicit listing of periglacial landforms is neither
possible nor useful in a continuous environment (Berthling and Etzelmüller, 2011).

1.2 Climate Change in Periglacial Areas

The aforementioned definition of the term periglacial not only includes the thermal condi-
tions explicitly named, but also further climate-related parameters like precipitation. This is
because snow can e.g., insulate the subsurface from solar radiation and thereby determine
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1.2 Climate Change in Periglacial Areas

Figure 1.2: Long-Term Development of Environmental Factors in Samedan (CH). a) Trend of MAAT, b) Trend of
Snow Height. Data fromMeteoSchweiz (2018).

the local energy input into the ground. Hence, the projected environmental changes, such
as changes in snowfall or air temperature (see Kovats et al., 2014; Larsen et al., 2014 for de-
tails on climate change) will significantly alter the periglacial domain in various ways. These
alterations will also modify the internal structure of periglacial landforms, as surface and
subsurface conditions are closely linked. Thus, it is important to summarize the expected
impacts of the observed and projected environmental changes.

The generally observed increase in surface temperatures is particularly strong in the Eu-
ropean Alps. In the Greater Alpine Region, defined as the area between 4° E and 19° E as
well as between 43° N and 49° N, the increase between the late 19th century and the early
21st century is two times as high as the average increase in the northern hemisphere (Auer
et al., 2007). Warming temperatures in the Engadin, where some study sites of this thesis
are located (see fig. 2.1), are exemplary illustrated in figure 1.2a. Projections based on the
rather balanced A1B emission scenario (Nakicenovic et al., 2000) show that the temperature
increase in the Greater Alpine Region will accelerate from 0.25 °C 10 a−1 in the first half of
the 21st century to 0.36 °C 10 a−1 in the second half (Heinrich et al., 2013).

Beside the observed and projected increase in temperature, environmental changes con-
cern snowfall intensity and its temporal pattern. Data from Switzerland shows that the ratio
between the number of days with snowfall and the number of days with precipitation de-
creased between 1961 and 2008 (Serquet et al., 2011). This decrease is particularly strong at
lower elevations, but in the periglacial zone, which is assumed to cover elevations between
2000m a.s.l. and 2700m a.s.l., the average decrease is still 7.29%. Regarding data from 1931
to 1999, Laternser and Schneebeli (2003) show a decrease in snow height for many locations
in the Swiss Alps after the early 1980s and a simultaneous decrease in snow cover durability.
The aforementioned study further shows that an earlier onset of snowmelt in spring has a
stronger impact on the shortening of snow cover duration than a later onset of snowfall in
autumn. Using again the example of the Engadin, the decrease in snow height is illustrated
in 1.2b. Projections on snowfall and snow cover characteristics are more complex than pro-
jections on temperature, as interactions between the two variables temperature and precipi-
tation must be considered. Assuming the A2 emission scenario, which corresponds to eco-
nomic growth (Nakicenovic et al., 2000), Beniston et al. (2011) show that snow-unfavorable
conditions will occur more frequently between 2071 and 2100.
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Environmental studies from areas of high latitude show similar results as studies from
areas of high altitude. The temperature increase in the Arctic, defined here as all areas north
of 60° N, was 0.36 °C 10 a−1 between 1977 and 2001 (Jones and Moberg, 2003). Long-term
observations from Iceland, where two study sites of this thesis are located, show that themag-
nitude of the temperature increase in Iceland has been comparable to the magnitude of the
temperature increase in other parts of northern Europe during most of the 20th century. An
exception to this correspondence exists only between the 1940s and the 1980s, when temper-
ature records from Iceland show a distinct cooling (Hanna et al., 2004). Assuming again the
A2 emission scenario, climate simulations show that both temperature and precipitation will
increase in northern Europe between 2071 and 2100, and that this increase will be particu-
larly strong in winter (Räisänen et al., 2004).

Large-scale projections show a strong decrease in the extent of the permafrost-affected
area. Based on the A2 emission scenario, the permafrost-affected area in the northern hemi-
sphere will be reduced by around 90% between recent times and the year 2100 (Lawrence
and Slater, 2005). However, based on the comparable RCP8.5 emission scenario (Riahi et al.,
2011), the application of a more sophisticated climate model than the one that was used in
the aforementioned study, reduces the value of decrease to 72% (Lawrence et al., 2012). Re-
gional differences in the projected decrease in permafrost extent exist between high-latitude
permafrost areas in the Tibetan Plateau where the decrease is higher, and high-altitude per-
mafrost areas where the decrease is lower (Guo and Wang, 2016). In the Swiss Alps, changes
of temperatures and snow cover duration will presumably have a strong impact on the future
extent of permafrost, while changes of snow height are assumed to be of minor importance,
as a modeling approach of Marmy et al. (2013) shows.

As aforementioned, climate change will alter the local process dynamics in periglacial
areas and subsequently affect landform development. To assess the strength of these alter-
ations, knowledge on the sensitivity of the landforms to environmental changes is crucial.
This sensitivity is determined by characteristics of the internal structure, like debris compo-
sition, the occurrence of ground ice, thickness of the active layer or frost table topography.
These parameters interact with each other and can be heterogeneously distributed even over
small areas in the subsurface (Lambiel and Pieracci, 2008; Luetschg et al., 2004).

Fine-grained debris is assumed to be more sensitive to climatic changes than coarse-
grained debris (Schneider et al., 2012). This is because higher surface temperature values
weremeasured at sites where fine-grainedmaterials are exposed (Hoelzle et al., 1999; Rödder
and Kneisel, 2012a), indicating a higher sensitivity (Kääb et al., 2007; Lambiel and Delaloye,
2004). Fine-grained materials further often lack ice supersaturation (Ikeda and Matsuoka,
2006) and contain a higher amount of liquid water, even at subzero temperatures. This is
due to a relatively high water retention capacity and the ability of fine-grained materials to
reduce the speed of percolating meltwater (Ikeda et al., 2008; Schneider et al., 2013).

The incorporation of remnant ice patches from former glaciations into the internal struc-
ture of periglacial landforms can lead to a local increase of ice content and, in case of exposure
and subsequent melting, can trigger thermokarst processes (Monnier et al., 2013; Stenni et
al., 2007). Despite their sensitivity to thermal disturbances in case of exposure (Haeberli and
Vonder Mühll, 1996), remnant ice bodies can persist in case of undisturbed conditions and
thereby indicate a rather slow response to climatic changes (Moorman and Michel, 2000; Ri-
bolini et al., 2010). The incorporation of surface accumulations of snow or ice into periglacial
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landforms, e.g., by rockfall or by debris-rich avalanches, is frequently reported from moun-
tainous areas (Isaksen et al., 2000; Kenner et al., 2017). It can lead to a local increase in ice
content and lower debris temperatures towards the freezing point (Haeberli et al., 2006). An
enhanced supply with meltwater from the embedded snow and a subsequent refreezing of
themeltwater can further result in the development of distinct ice bodies, which are assumed
to initiate the formation of rock glaciers (Humlum et al., 2007).

The active layer is the transition between the ground surface and a permafrost body and
its chemical and physical properties can therefore influence interactions and exchange pro-
cesses between these two entities. At the bottom of the active layer, the frost table prevents
the infiltration of meltwater into the frozen parts of the subsurface. Although the frost table
can be water-permeable as well (Ikeda et al., 2008), its shape can determine the direction
and intensity of the flow of subsurface water (Hayashi et al., 2007). A particularly ice-rich
frost table can prevent a thickening of the active layer, although exceptionally warm tempera-
tures, like they were observed in the year 2003, can substantially damage this protective layer
(Zenklusen Mutter and Phillips, 2012).

1.3 Overview of Periglacial Landforms

As the previous sections emphasized the importance of an enhanced understanding of the
internal structure of periglacial landforms, the following section reviews the current state of
research on the internal structure of selected types of periglacial landforms. This comprises
rock glaciers, solifluction lobes, palsas/lithalsas and patterned ground, as investigations from
these four landform types are presented in this thesis. Additionally, the methodological de-
velopment of the applied geophysical methods is outlined.

Methodological Progress

Electrical Resistivity Imaging (ERI) and Ground-Penetrating Radar (GPR) are long-estab-
lished geophysical methods for investigating the internal structure of landform units in peri-
glacial environments (Doolittle et al., 1992; Farbrot et al., 2007; Isaksen et al., 2000; Kris-
tensen et al., 2009; Ross et al., 2007). They are frequently used together, sometimes further
supported by Seismic Refraction Tomography (SRT), to overcome the specific weaknesses of
the single methods (Dusik et al., 2015; Kneisel et al., 2008; Otto and Sass, 2006).

One of the first applications of electrical resistivity measurements in permafrost-related
research was presented by Østrem (1964), but the number of studies increased only from
the 1980s onward. Basic 1-D approaches from that time enable a general detection of per-
mafrost conditions, an assessment of the subsurface layering and estimations on the thick-
ness of ground ice occurrences. Numerous publications show the worldwide application of
1-D resistivity measurements (Evin and Fabre, 1990; Fukuda and Sone, 1992; Haeberli, 1985;
Ishikawa and Hirakawa, 2000; King and Seppälä, 1987; Kneisel, 1999; Kneisel et al., 2000;
Osterkamp et al., 1980). Around the turn of the millennia, 1-D approaches were replaced by
2-D ERI. This two-dimensional approach permits a differentiation between areas with dif-
ferent subsurface conditions on a small distance and is suitable for more complex research
issues, like detailed investigations of the internal structure of landforms (Hauck and Vonder
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Mühll, 2003; Hauck et al., 2003; Kneisel, 2006). Repeatedly performed surveying in the same
area permits the detection and investigation of processes on different timescales, like the per-
colation ofmeltwater or thawing of the active layer (Hauck, 2002; Hilbich et al., 2011; Hilbich
et al., 2009; Kneisel et al., 2014b). This approach still represents the current state-of-the art.

Only in recent years, 3-DERIwas introduced into permafrost-related research (Kneisel et
al., 2014a; Rödder and Kneisel, 2012b; Seppi et al., 2015). Through the ability to provide sub-
surface information on two horizontal dimensions, and in contrast to intersecting networks
of two-dimensional models (Langston et al., 2011; Scapozza and Laigre, 2014), 3-D ERI al-
lows to investigate spatial correlations between horizontally distributed surface and subsur-
face parameters. These spatial analyses can be used, e.g., to detect relationships between the
occurrence of certain soil types and the horizontal permafrost distribution (Kneisel et al.,
2015). Other studies use 3-D ERI for investigating the internal structure of solifluction lobes
(Draebing, 2016) or use 3-D ERI models as a constraint for 3-D GPR (Merz et al., 2015). In-
vestigations of the differences between 2-D ERI models and congruent slices of overlapping
3-D ERI models show that the magnitude of the modeled resistivity values and the extent of
the detected structures can vary (Emmert and Kneisel, 2017).

In permafrost-related research, most of the resistivity data sets are processed with the
widespread RES2DINV/RES3DINV software package (Geotomo Software Sdn Bhd). De-
spite the observation that results between different software packages can vary (Hellman et
al., 2016), only a small number of studies use other software products (e.g., Emmert and
Kneisel, 2015; Léger et al., 2017; Tran et al., 2018).

The application of GPR in permafrost-related research started from the 1970s onward
(Annan and Davis, 1976). Similar 2-D GPR approaches as they were used back then are
used still today. They are applied to investigate the layering of the subsurface, to assess frost
table topography and to detect buried ice bodies (Brandt et al., 2007; Doolittle et al., 1992;
Hinkel et al., 2001; Monnier et al., 2014; Schwamborn et al., 2008). Comparably to ERI, 3-D
GPR approaches exist, permitting a three-dimensional assessment of the extent of subsurface
features like ice-wedges or ice complex deposits (Munroe et al., 2007; Schennen et al., 2016).
On the contrary, repeatedly performed monitoring approaches, e.g., to investigate processes
in the active layer, are rare (Westermann et al., 2010).

Rock Glaciers

“Active rockglaciers [sic] are lobate or tongue-shaped bodies of perennially frozen
unconsolidated material supersaturated with interstitial ice and ice lenses that
move downslope or downvalley by creep as a consequence of the deformation of
ice contained in them and which are, thus, features of cohesive flow”

— Barsch (1996).

The distribution of rock glaciers and their classification, especially in, but not restricted to
remote areas, are in the focus of current research (e.g., Bolch and Gorbunov, 2014; Jones et
al., 2018; Kenner and Magnusson, 2017; Knight et al., 2018; Schmid et al., 2015; Villarroel
et al., 2018). In arid and semiarid areas, studies target the hydrologic significance of rock
glaciers (Azócar and Brenning, 2010; Bodin et al., 2010). Estimations of the amount of water
stored in rock glaciers, however, require additional information on the internal structure, in
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particular on ice content, which is commonly gained by geophysical methods (Bolch et al.,
2018; Croce and Milana, 2002; Monnier and Kinnard, 2015).

The availability of long-term data from rock glaciers in Europe and North America en-
ables investigations of the past andmodeling of the future development of rock glaciers. Stud-
ies from the Swiss Alps show an initial acceleration of glacier movement at multiple rock
glaciers around the 1990s (Roer et al., 2005) and a further acceleration after 1994 (Kääb et
al., 2007). A strong increase in rock glacier movement is expected in the future, as models
show that a temperature rise of 1 °C 10 a−1 can triple the acceleration (Müller et al., 2016). To
affirm such projections, an enhanced understanding of subsurface processes, e.g., from mod-
eling approaches (Pruessner et al., 2018; Scherler et al., 2014), and thus a detailed knowledge
on the internal structure is crucial. However, it must be noted that results of previous studies
indicate a predominant influence of external factors on rock glacier movement, compared to
the influence of internal characteristics (Delaloye et al., 2008).

It has not yet been clarified whether the currently warming air temperatures already alter
active layer thicknesses. At Murtèl rock glacier, borehole temperature records indicate an
increase from 3.1m to 3.5m between 1987 and 2006 (Harris et al., 2009). However, data
from another borehole on the same rock glacier between 2002 and 2010 does not affirm this
assumption (Schneider et al., 2012). An increase is also not indicated by data from ten bore-
holes at different rock glaciers in the Swiss Alps between 1996 and 2009 (Zenklusen Mutter
and Phillips, 2012). Intraannual active layer variations can be investigated by repeatedly per-
formed 2-D ERI surveying: results from Murtèl rock glacier show a spatially variable thick-
ening during the snowmelt period (Hilbich et al., 2009) and rapid and fundamental changes
in the resistivity pattern at a smaller rock glacier in the same area (Kneisel et al., 2014b).

The occurrence ofmassive ice bodies in the root zones of rock glaciers and near the fronts
has been detected and investigated by both GPR and ERI on many rock glaciers worldwide
(Berthling et al., 2000; Degenhardt, 2009; Isaksen et al., 2000; Monnier et al., 2013; Ribolini
et al., 2007; Ribolini et al., 2010). These ice patches are commonly assumed to represent (i)
sedimentary ice/ice of sedimentary origin (i.e., remnant glacier ice or buried patches of snow
or ice), or (ii) congelation ice (i.e., ice formed in the subsurface by freezing of liquid water)
(Haeberli and Vonder Mühll, 1996). However, ground ice of both types can exist in close
proximity (Kneisel and Kääb, 2007). Knowledge on the origin of ground ice allows to draw
conclusions on the formation of rock glaciers, which is often assumed to be a sequentially
process that is connected to glacier advances and retreats (Dusik et al., 2015; Monnier et al.,
2008; Monnier et al., 2011; Monnier et al., 2013; Seppi et al., 2015).

The detection of ice content variations in the subsurface of rock glaciers provides infor-
mation on hydrological conditions and flow paths (Hausmann et al., 2007; Hausmann et al.,
2012; Leopold et al., 2008; Leopold et al., 2011). It further allows to draw conclusions on
phenomena like flow-induced permafrost thickening and active layer thickening (Emmert
and Kneisel, 2017; Kneisel, 2006). Differences in ice content between different rock glaciers
are frequently attributed to differences in grain size, as fine-grained debris can hold only rel-
atively low volumes of ice (Ikeda and Matsuoka, 2006; Kneisel, 2010; Schneider et al., 2013).
To emphasize that a rock glacier is composed of materials with an extraordinary small grain-
size, the term pebbly rock glacier is used (Ikeda and Matsuoka, 2006). This landform type is
set in contrast to bouldery rock glaciers and describes landform units with a dominant clast
size between 0.15m and 0.2m (Ikeda and Matsuoka, 2006).
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1 Introduction

Solifluction Lobes

“Isolated, tongue-shaped solifluction feature, up to 25 m wide and 150 m or more
long, formed by more rapid solifluction on certain sections of a slope showing vari-
ations in gradient”

— Van Everdingen (2005).

This definition of solifluction lobes is based on the formative process of solifluction, which
can include up to four components: (i) needle ice creep, (ii) frost creep, (iii) gelifluction and
(iv) plug-like deformation (Ballantyne and Murton, 2017; Matsuoka, 2001). It further shows
that solifluction is not bound to permafrost conditions or cold climates (French, 2018).

Current research focuses on the relationships between the different processes that are
involved in the development of the landform units. This can be achieved by the measure-
ment of surface and subsurface variables like e.g., temperature, displacement rate, soil mois-
ture or pore water pressure (Harris et al., 2008a; Kinnard and Lewkowicz, 2005; Matsumoto
and Ishikawa, 2002). Information on the type and speed of displacement is gained by pho-
togrammetric approaches or laboratory experiments (Harris et al., 2003; Harris et al., 2008b;
Matsuoka, 2014). Matsuoka (2001) presents schematic velocity profiles to connect vertical
displacement gradients with the occurrence of certain subsurface processes. A morphomet-
ric classification system for a differentiation between solifluction lobes and similarly shaped
small pebbly rock glaciers is presented by Matsuoka et al. (2005), who use the ratios between
width, length and height to distinguish between the different landform types.

To understand the distribution of solifluction lobes on alpine talus slopes, detailed infor-
mation on the internal structure of the hosting slopes is crucial. Affected talus slopes are
known to show isolated aggregations of subsurface ice as well as interbedded ice-rich layers
(Lambiel and Pieracci, 2008; Scapozza et al., 2011). Values of the surface and subsurface tem-
perature show that ground thermal regimes at talus slopes with solifluction lobes are strongly
influenced by spatial variations of snow cover (Luetschg et al., 2004). The aforementioned
studies show a zonation of the permafrost probability: The probability for the occurrence of
permafrost is higher in the lower parts of talus slopes, while it is lower in the upper parts. It
is assumed that this pattern is caused by air circulations (Delaloye and Lambiel, 2005) or by
avalanche snow deposits (Kenner et al., 2017).

The relationship between vegetation and solifluction processes is investigated by Eichel
et al. (2016). Eichel et al. (2017) highlight the role of the pioneer plant Dryas octopetala as
an engineering species on decelerating the displacement rates of solifluction lobes. Further
environmental parameters that influence solifluction are snow cover (Hugenholtz and Lew-
kowicz, 2002; Ridefelt and Boelhouwers, 2006) and slope angle (Benedict, 1970a). Results of
2-D ERI on a solifluction slope in northern Sweden show that the formation of solifluction
lobes can be associated with recent permafrost conditions in the subsurface, but that this is
not a prerequisite (Kneisel, 2006; Kneisel, 2010). At lobes on a solifluction slope in Iceland,
results of the same approach by Kneisel et al. (2007) show a shallow active layer and that the
lobes are connected to recent permafrost conditions. The application of 3-DERI on a solifluc-
tion lobe in the Swiss Alps permitted the delimitation of the three-dimensional geometry of
a lobe body by Draebing and Eichel (2017).
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1.3 Overview of Periglacial Landforms

Palsas/Lithalsas
Until today, there is no commonly accepted definition of the term palsa (Pissart, 2002; Sep-
pälä, 1972; Seppälä, 2011; Washburn, 1979) but the occurrences of segregation ice and peat
are considered to be the main characteristics of a frost mount to be classified as a palsa (Van
Everdingen, 2005). As similar frost mounds also exist in settings without larger amounts of
peat, Pissart (2002) suggests to use the term lithalsa to distinguish between the two landform
types. However, this differentiation is not yet prevalent, and therefore landform units with
and without peat are regarded as palsas in this thesis.

The cyclic development of palsas and the formation and degradation of palsa landscapes
are main objectives of current research. Investigations comprise the analysis of vegetation
patterns and soil layering, as well as dating approaches based on plant macrofossils or tephra
layers (Hirakawa, 1986; Kuhry, 2008; Matthews et al., 1997; Oksanen, 2006; Zuidhoff and
Kolstrup, 2005). Since the complex energy fluxes between the surface and the subsurface
are not fully understood yet (Sjöberg et al., 2016), the interest in the response of palsas to
environmental changes is particularly high. Studies from several regions document a de-
cline in palsa landscapes: This decline was around 50% in a study region in Sweden between
1960 and 1997 (Zuidhoff and Kolstrup, 2000) and ranged between 33% and 71% in different
study regions in Norway between the 1950s and today (Borge et al., 2017). In subarctic palsa
mires in Sweden, the increase in active layer thickness between 1978 and 2006 was between
0.7 cm a−1 and 1.3 cm a−1 at different palsas (Åkerman and Johansson, 2008). An increas-
ing active layer thickness is also reported from Orravatnsrústir palsa site in central Iceland
(Saemundsson et al., 2012), which is one of the study sites of this thesis (see sect. 2.2).

In contrast to direct observations of the internal structure (Allard and Rousseau, 1999;
Iwahana et al., 2012), geophysical approaches are non-destructive. Main targets for GPR
surveying are assessments of the shape of the frozen core and the thickness of the active layer
(Doolittle et al., 1992; Kohout et al., 2014). The application of 2-D ERI has also proven its
suitability for investigations of the internal structure of palsas, in particular for assessing ice
content variations and for estimating the depth of the frozen layer (Dobiński, 2010; Fortier
et al., 2008; Kneisel, 2010; Kneisel et al., 2007; Lewkowicz et al., 2011; Wolfe et al., 2014). For
a detailed understanding, a joint application of bothmethods was performed by Sjöberg et al.
(2015). Findings of the aforementioned case studies agree on the occurrence of small-scale
areas of frozen and unfrozen conditions and show that the thickness of the active layer is
spatially variable.

Patterned Ground
“The termpatterned ground is used to describe terrain that exhibits regular or irreg-
ular surface patterning, most commonly in the form of circles, polygons, irregular
networks or stripes”

— Ballantyne and Murton (2017).

This definition includes several subtypes, such as sorted or non-sorted forms, and various
formative processes, like differential frost heave or frost cracking. It further includes frost-
independent processes like mass displacements or desiccation (Washburn, 1979). Neverthe-
less, intense seasonal frost is included in other definitions (e.g., Washburn, 1956) and most
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1 Introduction

patterned ground phenomena are attributed to repeated freeze-thaw cycles (Ballantyne and
Murton, 2017).

Current research, focusing on patterned ground include (i) the relationships between
vegetation and morphology (Walker et al., 2004), (ii) formative processes (Matsuoka et al.,
2003; Peterson and Krantz, 2008), and (iii) interactions between the occurrence of patterned
ground and other variables, like e.g., soil texture (Feuillet et al., 2012; Luoto and Hjort, 2006;
Watanabe et al., 2017). An inconsistent development of patterned ground occurrences was
observed in the Canadian Arctic between 1972 and 2004 (Steedman et al., 2017). This obser-
vation indicates that interactions between patterned ground and warming temperatures are
complex and that a strong influence of subsurface properties must be considered. Despite
the low number of case studies in which geophysical methods are used for investigating the
internal structure of patterned ground, they are assumed to be valuable tools, especially for
investigating formative processes within the active layer (Kasprzak, 2015; Kneisel, 2006).

As the definition of patterned ground includes a variety of surface phenomena, case stud-
ies show varying subsurface conditions between different types of patterned ground. Results
of a joint application of 2-D ERI, 2-D GPR, Electromagnetic techniques and LiDAR in the
Canadian Arctic show different distribution patterns of the addressed geophysical variables
between different types of polygons (Hubbard et al., 2013). For patterned ground in Sval-
bard, results of 2-D ERI show different resistivity distribution patterns between a site with
ice-wedge polygons and a site with surface cracks on mudboils (Watanabe et al., 2012). Both
of the aforementioned studies attribute the observed differences between the different types
of patterned ground to differences in surface parameters like soil moisture, soil temperature
or dominant soil texture.

At a study site with sorted stone circles in Svalbard, results of 2-DERI show an undulating
frost table topography and indicate intense cryoturbation processes. This points towards a
close connection between frost table and surface topography (Kasprzak, 2015). In contrast
to the undulating frost table topography in the subsurface of the sorted stone circles of the
aforementioned study, a rather planar frost table topography was detected in the subsurface
of non-sorted polygons in Svalbard and in the subsurface of frost-crack polygons and sorted
polygons in Iceland (HPA study site of this thesis) (Kasprzak, 2015; Kneisel, 2010; Kneisel et
al., 2007; Watanabe et al., 2012).

1.4 Objectives

After the importance of an enhanced knowledge on the internal structure of periglacial land-
forms was emphasized in the previous sections, this section focuses on the objectives of this
thesis, stated as research questions. They are divided into three groups: Questions of group 1
address the spatial domain, i.e., the composition of the landform units. This is a basic require-
ment for the following questions of group 2. Questions of this group focus on the process-
domain and thus add a temporal perspective. Targeted changes represent either long-term
adaptions to changing environmental conditions or responses to short-term or seasonal vari-
ations. Questions of group 3 focus on the suitability of the applied methods for answering
the questions of the first two groups and address the performance of the 3-D ERI approach.
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1.4 Objectives

Group 1: Composition of the Investigated Landform Units
• Are the investigated study sites/landform units currently affected by permafrost con-

ditions?

• Towhat extent do spatial variations of the internal structure (e.g., active layer thickness,
frost table topography, ice content) occur?

• What is the origin of the detected ground ice?

• Which prominent resistivity structures or GPR reflection patterns appear in the results
of different landform units or landform types?

• Does the spatial distribution of ground ice correspond to the spatial distribution of
surface parameters, such as surface topography or vegetation?

Group 2: Permafrost and LandformDevelopment
• How does the internal structure interact with geomorphologic processes?

• Which processes determined landform development in past phases of colder climate?

• How will warming temperatures alter the permafrost distribution and affect the land-
form development?

Group 3: Methodological Approach
• Are the applied methods suitable to answer the research questions?

• Which advantages provides the relatively innovative and until today sparely used 3-D
ERI approach over the established 2-D ERI approaches? Which limitations exist and
how can the 3-D ERI approach be further developed?

• Which differences occur between resistivity models generated with different inversion
software?
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Chapter 2

Study Sites
This thesis comprises findings from six study sites (NAR, UER, LTF, FUR, OVR and HPA),
located in high-alpine (fig. 2.1a, b) or subarctic areas (fig. 2.1c), to reflect a wide range of per-
mafrost environments. The sites were chosen with respect to logistical aspects and accessibil-
ity, but the availability of previous studies was also considered, as this permits an integration
of the results into a wider context. Each study site comprises one or more landform units of
different or the same landform types. This chapter presents an overview of the main topo-
graphic, geological and climatological characteristics of the study sites. While site-specific
details are noted in individual sections (2.1–2.6), general characteristics are presented at the
beginning of this chapter.

High-Alpine Sites

Strong relief intensity characterizes high-alpine permafrost environments. Elevations of the
investigated landformunits are between 2460m a.s.l. and 2840m a.s.l. and all landformunits
are located in north-exposed positions. Long-term average temperature and precipitation
records (fig. 2.1d, e) indicate a DfC climate at the high-alpine sites, following the Köppen-
Geiger classification system (Peel et al., 2007). The study sites NAR, UER and LTF are in the
Swiss canton ofGrisons and are part of, or adjacent to the Engadin valley, a 130 km long valley
drained by the river Inn. Data from the weather station in Samedan (fig. 2.1d) shows the
dry climatic characteristics of an inner-alpine valley and thereby contrasts the rather moist
conditions that are observed near study site FUR in central Switzerland.

TheMAAT in Samedan between 1961 and 1990 was 1.3 °C (MeteoSchweiz, 2018). When
a value of 0.56 °C 100 m−1 is assumed for the non-adiabatic temperature gradient (Gensler,
1978), the calculated position of the −2 °C isotherm is around 2300m a.s.l. Thus, all inves-
tigated landform units of NAR, UER and LTF are located in the part of the periglacial zone
where frost-action conditions dominate (French, 2018). Due to the rather dry climatic condi-
tions, only relatively small areas of the Engadin are glaciated today. The higher precipitation
values that are recorded near FUR study site (fig. 2.1e), explain the more extensive glacia-
tion in the surrounding area and the high rate of avalanche events that is documented in
newspaper articles (e.g., Felder, 2018).

At the Alpine Research Station Furka (ALPFOR) (2440m a.s.l., horizontal distance to the
investigated area is around 800m), temperature records show an MAAT of 0.13 °C between
2013 and 2015 and amean annual precipitation of 1181mm (Hiltbrunner, 2017, unpublished
data). This aligns with records from the weather station in Gütsch ob Andermatt (fig. 2.1e).
Assuming a value of 0.56 °C 100 m−1 for the non-adiabatic temperature gradient (Gensler,
1978), and using the long-term MAAT between 1981 and 2010, the 2 °C isotherm is located
at an elevation of 2712m a.s.l. This elevation is higher than the elevation of the investigated
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2 Study Sites

Figure 2.1: Study Sites. a) High-alpine Sites, b) Engadin Sites, c) Subarctic Sites, d–f ) Climate Diagrams. Data
fromMeteoSchweiz (2018) and Icelandic Met Office (2018), respectively.

landform units in this area, which are thus, in contrast to the landform units of the other
high-alpine study sites, not necessarily dominated by frost-action conditions (French, 2018).
From a tectonic view, NAR, UER and LTF are located in an area that belongs to the unit of the
Lower Austroalpine Nappes. These nappes represent the former Adriatic continental margin
and include a crystalline Pre-Triassic basement below Mesozoic sedimentary rocks (Pfiffner,
2015). Study site FUR is located in the Urseren Zone, where a small band of Mesozoic rocks
is exposed between the crystalline Aar and Gotthard massifs (Pfiffner, 2015).

Subarctic Sites

The two subarctic study sites OVR and HPA are located in the uninhabited and mostly bar-
ren desert of central Iceland, from which detailed climatic data is not available. The closest
weather station at Hveravellir is located around 55 km from OVR and around 40 km from
HPA. Temperature and precipitation records from this weather station (fig. 2.1f) show a
cold tundra climate, specified as ET in the Köppen-Geiger classification system (Peel et al.,
2007). Geological maps show that OVR is in a zone of basic and intermediate interglacial
and supraglacial lavas with intercalated sediments that are younger than 0.8Ma (Jóhannes-
son, 2014). Study site HPA is located in a zone of basic and intermediate hyaloclastites, lava
and associated sediments of a similar age, but geological maps show the additional occur-
rence of prehistoric lava flows that are older than AD 871 (Jóhannesson, 2014).
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2.1 Piz Nair Rock Glacier Assembly (NAR)

Figure 2.2: NAR Study Site. a) OverviewMap, b) Overview Photo, c) Photo NAR04, NAR02 and NAR01, d) Photo
NAR07. Own Pictures.

2.1 Piz Nair Rock Glacier Assembly (NAR)

Study site NAR (46.52° N, 9.78° E), is administratively assigned to the municipality of Cele-
rina and located in the 2 km long, east-striking valley Valletta Schlattain, which is drained by
the headwaters of a small creek. Main target of investigations at NAR is an assembly of north-
or northeast-striking rock glaciers below the summit of Piz Nair and the adjacent mountain
ridge (fig. 2.2). The rock glaciers vary in length and width and partially have a multi-lobe
appearance (see tab. 2.1). The composition of the talus materials at the surface of the rock
glaciers reflects the lithology of the bedrock exposed in the summit area of Piz Nair and in-
cludes mainly shales and breccias of Mesozoic age from the Err-Nappe (Peters et al., 2005).
The clast size of all rock glacier lobes is small, and the rock glaciers are hence classified as
pebbly rock glaciers.
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2 Study Sites

Table 2.1: Overview of Investigated Rock Glaciers NAR.

Label Length [m] Width [m] Comment

NAR01 190 120 Two Lobes
NAR02 270 80 Three Lobes
NAR03 130 40 Joint Root Zone with NAR05
NAR04 100 90 Surface Cracks
NAR05 150 60 Joint Root Zone with NAR03
NAR06 120 100 Surface Cracks
NAR07 60 20 TwoLobes, In Root ZoneofNAR03/NAR05

Ancient topographical maps indicate the existence of surface ice between 1917 and 1944
(Coaz et al., 1925; Coaz et al., 1946), but today the valley is completely ice-free at the surface.
The occurrence of ground ice at the summit of Piz Nair is known at least since the construc-
tion of a cable car station in the 1950s (Haeberli, 1992). Today, the Alpine Permafrost Index
Map (APIM) (Boeckli et al., 2012) describes the spatial distribution of permafrost in most
parts of the investigated area with colors that indicate “permafrost in nearly all conditions”
and only small patches at the valley floor show colors that represent a medium or low po-
tential for the occurrence of permafrost. Similar conditions are indicated by the Swiss Map
of Potential Permafrost Distribution (BAFU, 2005), which shows colors that represent the
attribute “Extensive permafrost likely” throughout the complete investigated area. Around
the positions of the talus cones, it further states an “increasing thickness” of permafrost.

A morphological description of the rock glacier assembly and results of geophysical sur-
veying on multiple rock glaciers with different methods is presented by Ikeda and Matsuoka
(2006). Their results indicate permafrost conditions at the rock glaciers NAR01 and NAR06.
At NAR01, subsurface temperature records show that the upper boundary of a permafrost
layer is located between 3m and 5m depth (Emmert and Kneisel, 2017).

2.2 Rock Glaciers Piz Üertsch and Piz Blaisun (UER)

Study siteUER (46.60°N, 9.84° E) is located in the 5 km long, north-striking valleyVal Plazbi,
which administratively belongs to the municipality of Bergün. At the head of the valley, an
extensive glaciation during the Little Ice Age (LIA), as depicted on ancient topographical
maps (Coaz and Leuzinger, 1878), is outlined by lateral moraines. However, the recent ex-
tent of surface ice is restricted to a small ice patch in a cirque (fig. 2.3a). The valley further
comprises multiple rock glaciers, of which two are targeted by investigations presented in
this thesis: UER01 and UER02. Both rock glaciers consist of fine-grained debris of shale and
marlstone from the Ela-Nappe, which is exposed at the mountain ridge between Piz Üertsch
and Piz Blaisun. Due to the small grain size of the clasts, both rock glaciers are classified as
pebbly rock glaciers. Only at the summit area of Piz Üertsch, a shallow layer of carbonate
rocks exists (Bearth et al., 1987).

According to the APIM (Boeckli et al., 2012), the occurrence of permafrost is highly
probable only for the uppermost part of UER01, while UER02 is completely within the zone
of maximum permafrost probability. This disagrees with the depiction on the Swiss Map of
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2.2 Rock Glaciers Piz Üertsch and Piz Blaisun (UER)

Figure 2.3: UER Study Site. a), b) OverviewMaps, c) UER01 andAdjacent Lateral Moraines, d) Furrow-and-Ridge
Topography of UER01 Rock Glacier Snout, e) UER02. Own Pictures.

Potential Permafrost Distribution (BAFU, 2005), according to which extensive permafrost
also affects the rock glacier snout of UER01.

Rock glacier UER01 (fig. 2.3a, c–d) is around 500m long and 120m wide. It parallels the
LIA moraines by around 100m. In front of the rock glacier, sunken and hence apparently
relict lobes indicate a successive rock glacier formation (fig. 2.3c). The elevation of UER01
ranges from2394m a.s.l. at the rock glacier front to 2554ma.s.l. at the root zone. It is divided
into three zones: The root zone (i) comprises a perennial surface ice patch of around 2400m2.
A small lateral moraine on the western edge indicates that the glaciation on the rock glacier
surface was more extensive in the past, as depicted on ancient topographical maps (Coaz
and Leuzinger, 1878). The central zone of the rock glacier (ii) comprises longitudinal surface
ridges of around 0.5m to 1m height in the eastern and central part, as well as a prominent
surface depression in the western part. The rock glacier snout (iii) comprises arcuate surface
structures on the surface, contoured by deep furrows (fig. 2.3d). This marked furrow-and-
ridge topography, which reaches a height difference of up to 4m, indicates that strong flow
processes were active in the past (Frehner et al., 2015; Kääb and Weber, 2004).
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2 Study Sites

Figure 2.4: LTF Study Site. a) OverviewMap, b) View on Upper Lobe, c) Coarse-grained Section, d) Fine-grained
Section. Own Pictures.

The second target of investigations, UER02, is a small, around 50m long northwest-
striking rock glacier that consist of multiple lobes (fig. 2.3b, e). It is located 1.3 km east of
UER01 at an elevation of around 2790m a.s.l. on the western slope of Piz Blaisun. Morpho-
metrical analyses that include assessments of length, slope, aspect and lithology of UER01
rock glacier are presented in a study by Ikeda andMatsuoka (2006), but no results of geophys-
ical surveying are published therein. Emmert and Kneisel (2017) validate the occurrence of
permafrost by subsurface temperature records and present results of 3-D ERI and 2-D SRT
as well as a geomorphological map of the rock glacier snout and in the central part of UER01.

2.3 Las Trais Fluors Rock Glacier (LTF)

Only 3.5 kmnortheast of NAR, LTF study site (46.53°N, 9.82° E) is locatedwithin the bound-
aries of themunicipality of Samedan. The investigated area includes a section of a rock glacier
assembly on the northern slope of the Las Trais Fluors mountain ridge that includes both
pebbly and bouldery rock glaciers (fig. 2.4a). Like at NAR, ancient topographical maps show
that a small patch of surface ice existed between 1917 and 1944 (Coaz et al., 1925; Coaz et al.,
1946), but today the surface of the area is ice-free.

Target of investigations at LTF is a multi-lobe rock glacier at the northern slope of the
mountain Piz dal Büz, named LTF rock glacier in this thesis. The upper lobe is around 70m
long and 110m wide (fig. 2.4b) and the lower lobe is around 120m long and 90m wide.
In contrast to the upper lobe, which has a distinct outline, the outline of the lower lobe is
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2.4 Blauberg/Furka Pass (FUR)

more complex and subdivided at its northwestern margin. The elevation of the rock glacier
is between 2835m a.s.l. at the root zone of the upper lobe and 2744m a.s.l. at the front of
the lower lobe. Different rock types of the Err-Nappe are exposed in the summit area of Piz
dal Büz, and hence the rock glacier lobes below are longitudinally divided into two segments
that comprise different debris materials: relatively coarse-grained dolomite debris of white
color (fig. 2.4c) covers the eastern part of the lobes, while relatively fine-grained brown shale
debris covers the western part of the lobes (fig. 2.4d).

Both investigated rock glacier lobes lack a distinct furrow-and-ridge surface topogra-
phy and are classified as pebbly rock glaciers, despite the relatively coarse clast size of the
dolomitic debris (Ikeda and Matsuoka, 2006). Maps of the potential permafrost distribu-
tion like APIM (Boeckli et al., 2012) or the Swiss Map of Potential Permafrost Distribution
(BAFU, 2005) agree on a maximum level of permafrost probability throughout the complete
investigated area. Study site LTF is well-known for investigations of frost weathering and
rockwall erosion (Matsuoka, 2008), but also investigations of the morphometry of the rock
glacier lobes and their velocity were performed. Permafrost conditions below a depth of 3m
were confirmed at the upper lobe by borehole temperature measurements between the years
2000 and 2005 (Ikeda et al., 2008). Results of previous studies show that the upper and the
lower lobe of LTF rock glacier are in an active state (Ikeda and Matsuoka, 2002). Very fast
deformation rates with averages of up to 1m a−1 and resistivity values of around 1 kΩm for
frozen materials indicate the existence of a water-permeable permafrost table (Ikeda, 2006;
Ikeda and Matsuoka, 2006; Ikeda et al., 2008). According to direct observations, the shallow
subsurface of the upper lobe is ice-cemented and borehole temperature records show that
subzero temperatures are present below a depth of 3m (Ikeda and Matsuoka, 2006).

2.4 Blauberg/Furka Pass (FUR)

Study site FUR (46.57° N, 8.42° E) is located on the border between the municipalities of
Realp and Obergoms and comprises the northern slope of the mountain Blauberg, close to
Furka Pass (fig. 2.5a, c). Numerous bound and unbound lobe-shaped structures occur on
the surface of the entire slope between 2745m a.s.l and 2430m a.s.l. The lobes are built up
of metamorphic debris from the summit area, which comprises mostly gneiss, schist and
phyllites of Paleozoic age (Flück et al., 1975; Labhart et al., 2012). Despite the partially ex-
tensive glaciations in the surrounding area, the investigated area is free of surface ice today.
According to maps of the potential permafrost distribution, the occurrence of extensive per-
mafrost is highly probable on the entire slope, with increasing thickness in an upslope direc-
tion (BAFU, 2005; Boeckli et al., 2012).

Bound lobes concentrate at elevations of below 2500m a.s.l. and are textbook exam-
ples for solifluction lobes (Stahr and Langenscheidt, 2015). At elevations above 2500m a.s.l.,
the lobes are predominantly unbound. In addition to the hosting slope, two lobe-shaped
structures of the upper section of the slope are the further targets of investigation at FUR
(fig. 2.5b): the upper lobe FUR01 is around 1.5m high and a rather isolated landform unit
(fig. 2.5d), while the lower lobe FUR02 (fig. 2.5e) is part of a compound structure of several
lobes and around 1.8m high. To the knowledge of the author, no geomorphological or other
permafrost-related studies from FUR are published.
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Figure 2.5: FUR Study Site. a), b) Overview Map, c) Overview Picture, d) Side View on FUR01, e) Side View on
FUR02. Own Photos. Bold Red Line in Panel a) Indicates Cantonal Boundary.

2.5 Orravatnsrústir Palsa Site (OVR)

Study site OVR (65.08° N, 18.53° W), located 14 km north of Hofsjökull glacier, is part of the
municipality Sveitarfélagid Skagafjördur. The study site stretches from a large wetland area
at the south of lake Orravatn to the surrounding desert (fig. 2.6). While palsas within the wet-
land area are relatively small, palsas surrounded by water are markedly higher (see tab. 2.2).
In contrast to the barren desert, the wetland area is densely vegetated with mosses and dwarf
trees on the palsas while sedges and grasses dominate the main part of the wetland area. The
formation of ground ice at OVR started not until after 4500 a before today (Hirakawa, 1986).

Targets of investigations at OVR study site are five distinct palsas of different height, size
and shape (fig. 2.6b–e, tab. 2.2) and parts of their surrounding areas. As the palsas of OVR
lack a massive peat layer, likely because the organic content is lowered by a steady aeolian
deposition (Saemundsson et al., 2012), they are classified as lithalsas or lithalsa plateaus, fol-
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2.6 Hofsjökull Proglacial Area (HPA)

Table 2.2: Overview of Investigated Palsas OVR.

Label Palsa Height [m] Extent of Uplifted Area [m2] Description

OVR01 0.5 30 Water Logs
OVR02 1 240 Uplifted Area
OVR03 2.4 1090 Part of Former Plateau, Surface Cracks
OVR04 2.4 1400 Part of Former Plateau, Surface Cracks
OVR05 1 40 Surface Crack

lowing the definition of Pissart (2002). An aerial picture from 1998, which is reprinted by
Saemundsson et al. (2012), indicates that palsas OVR03 and OVR04 are remnants of one
large palsa or palsa plateau. Ongoing lateral degradation was visually observed in the field
by an enlargement of the gap between OVR03 and OVR04 between 2015 and 2017.

Results from previous studies at OVR show increasing thicknesses of the active layer. At
OVR03, active layer thickness increased from 0.69m in 2004 to 0.81m in 2010 (Saemunds-
son et al., 2012). Results from Kneisel et al. (2007) and Kneisel (2010) show that the average
active layer thickness increased from between 0.45m and 0.65m in 2001 to between 0.77m
and 0.81m in 2006 and that the depth of the permafrost layer is between 5m and 7.5m.
The MAGST between July 2006 and July 2007 was 1 °C, and the curve of daily mean tem-
peratures indicates absence of a thick snow cover on the palsas (Kneisel, 2010). Despite the
visually observed signs of degradation, Kneisel (2010) states that small palsas at OVR pre-
sumably represent an early development stage and that palsa formation is hence still possible
under the recent environmental conditions.

2.6 Hofsjökull Proglacial Area (HPA)

Like OVR, HPA (64.98° N, 18.84° W) is part of the municipality of Sveitarfélagid Skagafjör-
dur. The investigated area is at a distance of around 500m from the northern margin of
Hofsjökull glacier, which retreated by around this distance in historic times (Oddur et al.,
2013). The investigated area comprises an extensive plain surface that is intersected by iso-
lated exposures of lava (fig. 2.7a). The material composition of the plain surface consists of
a mixture of coarse clast and fine-grained materials. At positions next to the lava exposures,
larger clasts are absent and fine-grained materials accumulate.

Targets of investigations are two areas of patterned ground between the mountains Kró-
kafell and Tvifell (HPA01, HPA02), which are separated by around 100m (fig. 2.7a, d). At
HPA01, sorted polygons with diameters between 1m and 2m occur on the plain surface,
which comprises material of different grain size. (fig. 2.7b). At HPA02, smaller surface
cracks with maximum diameters around 1m occur at a spot where fine-grained materials
accumulate (fig. 2.7c). Results of previous 2-D ERI surveys indicate permafrost conditions
at HPA01 and that the subsurface consist of horizontally layered unconsolidated sediments
(Kneisel, 2010). The occurrence of massive ground ice was detected in the subsurface of a
nearbymoraine structure, close to themountainKrókafell (Kneisel et al., 2007). Temperature
records at HPA01 show a MAGST of around 1 °C and indicate the formation of a relatively
thick winterly snow cover, compared to OVR (Kneisel, 2010).
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2 Study Sites

Figure 2.6: OVR Study Site. a) OverviewMap, b) OVR01, c) OVR02, d) OVR05, e) OVR04 (front) andOVR03 (back).
Own Photos.

Figure 2.7: HPA Study Site. a) Overview Map, b) Sorted Polygons on Plain Surface, c) Surface Cracks in Fine-
grained Materials, d) Overview Picture. Own Photos.
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Chapter 3

Methods
This chapter describes the different methods that were used for the presented investigations.
Beside the two geophysical methods ERI (3.1) andGPR (3.2), complementarymeasurements
include the continuous recording of (i) surface and subsurface temperature values and the
recording of (ii) soil matric potential values, used for assessments of the content of liquid
water in the subsurface (3.3). At the end of the chapter, an overview of the performed surveys
and their locations is attached (3.4).

Geophysical techniques provide information on the distribution of physical properties in
the subsurface. This allows to conclude on the material composition and its characteristics.
Together with the non-invasive way of data acquisition, this makes them excellent tools for
various issues of engineering, exploration and environmental sciences. However, as most
geophysical methods provide indirect information only, they do not provide one unique so-
lution, but models that approximate the real conditions in the subsurface (Reynolds, 2011).

To improve the validity of geophysical models, joint applications of two ormore geophys-
ical methods are frequently applied, especially in situation where ground truth information
is absent (see e.g., Briggs et al., 2017; Dusik et al., 2015; Sjöberg et al., 2015). These joint appli-
cations can compensate the weaknesses of a single method, as different geophysical methods
are based on different physical parameters. Therefore, geophysical models are not only an
additional source of information to direct observations, but can be seen as a “primary source
of evidence” for different research issues (Van Dam, 2012).

The basic theory and data processing procedures of different geophysical methods are
described in various textbooks (e.g., Lowrie, 2011; Reynolds, 2011; Telford et al., 1990). Their
application in a geomorphologic context is outlined e.g., by Schrott and Sass (2008) or Van
Dam (2012), and applications in permafrost-related research are described e.g., by Hauck
(2013), Kneisel et al. (2008) or Scott et al. (1990).

3.1 Electrical Resistivity Imaging

The application of electrical resistivity methods is based on the varying electrical properties
of different earthmaterials. Through its representation as resistivity models, which consist of
discretemodel cells, the subsurface resistivity distribution provides information on the struc-
ture and the composition of the subsurface. The spatial resolution of these resistivity models
is based on the extent of the two- or three-dimensional model cells and can be adjusted to
variations in the density of data points. Today, multiple approaches of data acquisition and
processing techniques exist, with varying nomenclatures between different authors. Hence,
it is necessary to state the nomenclature that is used in this thesis. This concerns the following
notations:
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3 Methods

• ERI/ERT: In this thesis, the abbreviation ERI is used for all types of resistivity surveys,
regardless of dimensions. The term is preferred over ERT, as ERT implies that tomo-
grams are derived as results, which is not the case for three-dimensional surveys. The
abbreviation ERT is only used as a part of the abbreviation ERTM (Electrical Resis-
tivity Tomography Monitoring) for repeatedly performed monitoring surveys, as this
approach was solely performed two-dimensional in the presented investigations.

• 2-D/3-D: This prefix, used for resistivity surveys or models, refers to the parametriza-
tion of the inversion scheme only, regardless of the type of data acquisition. A two-
dimensional inversion scheme permits the modeled resistivity distribution to vary in
two dimensions, while a three-dimensional inversion scheme permits the modeled re-
sistivity distribution to vary in three dimensions.

• r-3-D/q-3-D: To distinguish between the two main types of data acquisition for 3-D
models, the prefixes r-3-D and q-3-D are used as abbreviations for real-3-D and quasi-
3-D.While data acquisition by the r-3-D approach uses a rectangular grid of electrodes,
data acquisition by the q-3-D approach is performed by merging data points of inde-
pendently acquired two-dimensional data sets.

The application of ERI in permafrost-related studies is based on the high resistivity con-
trast between frozen and unfrozen conditions due to the weak electrolytic propagation of
electric current in frozen materials (Kneisel et al., 2008). However, the phase transition of
water is not only determined by temperature but also affected by soil properties like the salin-
ity of the pore water or by interactions between the mineral matrix and water. Hence, the po-
sition of the freezing front corresponds not necessarily with the position of the 0 °C isotherm,
which defines the occurrence of permafrost (Krautblatter et al., 2010; Scott et al., 1990).

For interpreting the resulting resistivity models, qualitative assessments of the resistivity-
permafrost-relationship are used (e.g., Haeberli and Vonder Mühll, 1996; Ikeda and Mat-
suoka, 2006; Kneisel and Hauck, 2008). These assessments show that relatively high resistiv-
ity values indicate ice-rich permafrost and relatively low resistivity values indicate ice-poor
permafrost. They further permit to distinguish between sedimentary ice and congelation ice.

Basic Theory

The subsurface is considered a porous material, where the electrical conductivity, and thus
the electrical resistivity ρ as its reciprocal, is determined by (i) the resistivity of the host mate-
rial, (ii) its porosity and (iii) the resistivity of the pore filling. This relationship is expressed by
Archie’s Law (eq. 3.1, Archie (1942)), which was initially applied for oil exploration purposes.

ρ0 = ρfϕ
−m (3.1)

Where ρ0 is the resistivity of a fully water-saturated sample, ρf is the resistivity of the pore
filling,ϕ the porosity fraction andm an empirically determined cementation exponent. How-
ever, a slightly adjusted form of Archie’s Law (eq. 3.2), based on investigations by Winsauer
et al. (1952), is more popular today, as studies showed that results of this equation align
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3.1 Electrical Resistivity Imaging

Table 3.1: Resistivity Values for Different Subsurface Materials. Data from Kneisel and Hauck (2008), Reynolds
(2011), Telford et al. (1990).

Material Range of Resistivity [kΩm]

Sand 0.1–5
Gravel 0.1–1.4
Granite 5–1000
Mica Shist 0.2–10
Frozen Sediments, Ground Ice, Mountain Permafrost 1–1000
Glacier Ice (Temperate) 2000–1200000
Basalt 0.01–13000

Figure 3.1: Current Flow in a Homogenous Halfspace. Modified from Lowrie (2011).

better with experimental data (Glover, 2016). This version of Archie’s Law introduces the
additional, empirically determined parameter a so it is stated:

ρ0 = aρfϕ
−m (3.2)

Due to the omnipresence of water in most environmental settings and the relatively poor
conductivity of mineral grains, the most important way of current flow in the subsurface is
by electrolytic conduction. It occurs in the pore space, where water-solved ions serve as car-
riers of current transport. Alternative ways of conduction like (i) electronic conduction (i.e.,
current propagation through metal conductors), or (ii) dielectric conduction (i.e., current
propagation through non-conductors under a changing electric field), are of minor impor-
tance in practice (Telford et al., 1990).

These considerations show a close relationship between resistivity and the actual pore
filling of a material, particularly whether it is in solid, gaseous or liquid state. Variations of
the pore filling therefore explain the wide range of characteristic resistivity values of different
earth materials (tab. 3.1). However, this parameter, the so-called specific resistivity, cannot
be measured directly from the ground surface. To conclude on this parameter, values of the
apparent resistivity are measured. It must be noted here that the apparent resistivity is not
an actual physical parameter of the subsurface, and that it depends on a mixture of different
values of specific resistivity in an inhomogeneous subsurface (Lowrie, 2007).

To measure the apparent resistivity ρa, an electric direct current, generated with an arti-
ficial power source, is injected into the ground via two current electrodes (A, B). This results
in the formation of an electric field within the subsurface (fig. 3.1). Then, electric potentials
are measured at two other electrodes (M, N) with a resistivity meter. As the intensity (I)
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Table 3.2: Advantages and Disadvantages of Different Electrode Arrays. Modified from Binley (2015).

Dipol-Dipol (Dip-Dip) Wenner-Schlumberger (WenSl)

Description Current and potential electrodes arranged
in separate pairs on a horizontal line.

Current electrodes enclose the poten-
tial electrodes on a horizontal line.

Survey Procedure The separation between the two electrode
pairs is increased.

The separation between the two
current electrodes is increased.

Penetration Depth Low Medium
Lateral Resolution High Medium
Signal Amplitude Low Medium
Survey Speed High (capable of multi-channel

optimization)
Low

of the injected current is known and the difference of the electric potentials (∆V ) between
the potential electrodes can be calculated from the measurements, it is possible to calculate
a value for the apparent resistivity through Ohm’s law (eq. 3.3).

ρa = (
∆V

I
)k (3.3)

Where the parameter k summarizes information on the electrode geometry and depends on
the distance between the electrodes A and M (r1), the distance between the electrodes B
and N (r2), the distance between the electrodes A and N (r3) and the distance between the
electrodes B and N (r4) (see eq. 3.4) (Reynolds, 2011).

k =
2π

1/r1 − 1/r2 − 1/r3 + 1/r4
(3.4)

Various configurations for possible arrangements of the four electrodes exist, the so-called
arrays. As the sensitivity pattern of the different arrays varies, each array has specific advan-
tages and disadvantages (see tab. 3.2).

Data Acquisition
The usage of multi-core cables allows to use dozens or hundreds of electrodes in one ERI
survey. For the investigations presented in this thesis, either 36 or 72 electrodes were used.
Following a predefined sequence, the resistivity meter selects two electrodes as current elec-
trodes and two electrodes as potential electrodes. This combination of electrodes is then used
to measure one data point of apparent resistivity. To ensure data quality, each data point is
measured at least a second time with reversed polarization, and the deviation between the
reciprocal measurements is stored. After one data point is measured, the resistivity meter
switches to another combination of electrodes.

Multi-channel resistivity meters enable the simultaneous measurement of multiple da-
tum points. While current is injected through one pair of current electrodes, electric poten-
tials can be measured instantly at multiple pairs of potential electrodes. This option strongly
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3.1 Electrical Resistivity Imaging

Figure 3.2: Different Types of ERI Data Acquisition. a) 2-D by Linearly Aligned Electrodes, b) r-3-D by a Rectan-
gular Field of Electrodes, c) q-3-D by a Network of 2-D Lines (see Panel a). Own sketch.

increases the speed of data acquisition, but is bound to the Dipol-Dipol array, as the required
enclosing of the potential electrodes in the Wenner-Schlumberger array rules out this opti-
mization method (Dahlin and Zhou, 2004). Furthermore, only one of the two resistivity me-
ters that were used for surveying is capable of multi-channel opitimzation: while the Syscal
Pro resistivity meter (Iris Instruments S.A.S.) supports this option, it is not supported by
the Syscal Junior Resistivity Meter (Iris Instruments S.A.S.) for technical reasons. To ensure
a sufficient ground coupling between the electrodes and the subsurface, which enables the
acquisition of reliable data, ground resistance values are checked at every electrode before
the measurements are started. At electrode positions where exceptionally high resistance
values (e.g., >30 kΩm) are measured, water-soaked sponges are attached to the electrodes
(Marescot et al., 2003). However, this procedure is not recommended at ERTM locations
where measurements with permanently installed electrodes are performed, to avoid any ex-
ternal influence on the data.

Two basic types of data acquisition can be distinguished, (i) two-dimensional data ac-
quisition and (ii) three-dimensional data acquisition. For two-dimensional data acquisition,
the electrodes are linearly aligned (fig. 3.2a). Data points of apparent resistivity are hence
arranged in a two-dimensional profile. For three-dimensional type of data acquisition, the
electrodes are arranged in a horizontal field, and the resulting data points are hence arranged
in a three-dimensional space (fig. 3.2b). This type of data acquisition is usually restricted to
small areas, as the number of electrodes that is required for a meaningful data coverage is
increased to the square and the required cable length is also strongly increased. However,
this setup enables the acquisition of data points from diagonal or oblique alignments of elec-
trodes, which is beneficial for the accuracy of the resulting resistivity model (Loke, 2016b).
Although it is possible to set electrodes at arbitrary positions, constant separations between
the electrodes are commonly used.

An approach that permits the generation of spatially extensive three-dimensional resistiv-
ity models, is tomerge data from a network of independently performed parallel and perpen-
dicular two-dimensional surveys (fig. 3.2c) (see e.g., Bentley and Gharibi, 2004; Chambers
et al., 2002). The term q-3-d, which is used for this approach in this thesis, refers to the
two-dimensional type of data acquisition, but emphasizes that the data set is subsequently
treated as one three-dimensional data set. A crucial factor to avoid undersampling in the
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Figure 3.3: Workflow for Processing ERI Data. Own Sketch.

areas between the two-dimensional survey lines is their separation. This line-separation is
recommended not to exceed twice the electrode spacing (Gharibi and Bentley, 2005).

The models presented in this thesis were gained by following this recommendation in
one survey direction. In the perpendicular direction, adjustments to line separation were
necessary in certain situations, e.g., when deep snow fields or huge boulders prevented the
setup of a survey line at the recommended distance. However, as the setup of perpendicular
lines is not compulsory for three-dimensional approaches (Loke et al., 2013), it is assumed
that the acquired data sets provide a sufficient data coverage.

Data Processing and Inversion

The basic workflow for processing the acquired data is displayed in figure 3.3. As stated in
the previous section, the acquired data sets are quality checked through reciprocal measure-
ments during data acquisition. Only data points with a deviation below 5% between these
reciprocal measurements are used for further processing. Information on surface topogra-
phy, gained either by Real-Time Kinematic (RTK) positioning data from a GNSS (Global
Navigation Satellite System) or estimated visually in the field, is subsequently added to the
resistivity data sets. Following the procedures suggested by Loke (2016b) a trial inversion is
carried out on each data set and outlying data points, as which all data points that produce a
misfit error≥100% between themeasured and themodeled resistivity values are considered,
are eliminated. While the filtered data sets of 2-D and r-3-D data acquisition approaches are
inverted directly after this step, the two-dimensional data sets used for q-3-D ERI have to
be merged and another trial inversion is performed on the resulting three-dimensional data
sets. Processing of ERTM data sets is similar to processing of 2-D data sets.

Modeling the distribution of specific resistivity from a set of measured apparent resis-
tivity values is a non-linear and ill-conditioned problem (Pidlisecky et al., 2007). To solve
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3.1 Electrical Resistivity Imaging

this problem, inversion schemes are used. These techniques, which require an initial model,
are implemented in different inversion software products. Multiple products are available,
licensed both proprietary and open source. The first group includes software products like
EarthImager3D (Advanced Geosciences, Inc.), RES2DINV/RES3DINV (Geotomo Software
Sdn. Bhd.) or ZondRes3D (Advanced Geophysical Operations and Services, Inc.). In con-
trast to these commercial products, software like e.g., BERT (Boundless Electrical Resistivity
Tomography) (Günther et al., 2006; Rücker et al., 2006) or RESINVM3D (Pidlisecky et al.,
2007) are free and open source. All software products execute two main tasks: (i) forward
modeling and (ii) inverse modeling.

Forward modeling is used to calculate values of apparent resistivity from a model of spe-
cific resistivity values. This step is required for the inversion scheme, which calculates the
misfit between the observed and the modeled data. Parameters that are required for an accu-
rate forward modeling of resistivity data are (i) topography, (ii) resistivity of the subsurface
and (iii) information on the electrode arrays. The modeling routine divides the subsurface
into cells and assigns values of electrical potential to them. For this purpose, different meth-
ods are used, commonly either the (i) finite-difference or the (ii) finite-elements method.
While the first method is based on differential approximations to the partial derivatives, the
second method is based on integral approximations (Binley, 2015). Main advantage of the
more complex finite-element approach is the possible implementation of arbitrary model
geometries which allows a more accurate incorporation of topographical data.

The solution of the inverse-problem, also referred to as inverse modeling, describes the
generation of a geophysical model of which the measured data can be reproduced. This rela-
tionship is underdetermined, as the number of measured data points of apparent resistivity
is finite, but the subsurface distribution of specific resistivity is considered continuous. Con-
sequently, many models can satisfactorily reproduce to the observed data, especially as the
measured data is affected by noise (Pidlisecky et al., 2007). To overcome this problem, com-
mon inversion schemes use a least square approach. A basic formulation of this approach
to minimize the data-model misfit ϕd is given in equation 3.5 (Binley, 2015), where d is the
measured data and Wd is a diagonal matrix with entries equal to the standard deviation of
the measurements, which is used for data weighting:

ϕd = (d− dpred)
TWT

d Wd(d− dpred) (3.5)

To ensure stability of the inversemodeling, a regularization parameterλ is used. It is required
to avoid that small variations in themeasured data lead to large changes in the finalmodel (Li
and Oldenburg, 1999). The regularization parameter is a tool that can be adjusted according
to prior knowledge and needs to be chosen with respect to data quality (Cockett et al., 2015).
To describe the effect of regularization, themodel roughness parameterϕm, calculated froma
roughnessmatrixR and themodel parameterm, is introduced and included into the formula
of total data misfit (eq. 3.6) (Binley, 2015):

ϕtotal = ϕd + λϕm (3.6)

While a high regularization leads to smooth models with high misfit errors, a small regular-
ization results in a heterogeneous pattern of resistivity values. In common software products,
the user can (i) determine regularizationmanually, or (ii) use an automatic approach to deter-
mine regularization. A comparison between different automatic approaches is presented by
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Farquharson and Oldenburg (2004). Most software products use iterative approaches based
on a Gauss-Newton scheme for minimizing the data misfit. This procedure stepwise assigns
values to the model cells in order to minimize the difference between the calculated and the
observed resistivity values (eqs. 3.7 and 3.8) (Binley, 2015):

(JTWT
d Wd)λm = JTWT

d (d− dpredk
)− λRmk (3.7)

mk+1 = mk +∆m (3.8)

where J is the sensitivity or Jacobian matrix with the components Jij , that states the change
of the ith datumpoint with respect to the jth model parameter. The parameter set at iteration
k is represented by mk and ∆m is the parameter change at iteration k. For minimizing
the differences between the modeled and the observed values, two methods are commonly
used: (i) the L1-norm or robust inversion, or (ii) the L2-norm or smoothness-constrained
least square inversion. While the first method tries to minimize the sum of the absolute
values of the data misfit, the second method minimizes the sum-of-squares. In addition to
equation 3.7 and equation 3.8, which describe an L2-norm inversion, the L1-norm inversion
uses iteratively reweighted matrices for the observed and the modeled data to reduce the
effect of bad data points and to produce models with sharp boundaries (Loke et al., 2003).

The inversion procedure continues until it reaches a convergence criterion. This criterion
is an indication that the model cannot be improved any further. Common software products
offer different criteria for terminating the inversion, as the assumption that the model has
reached an ideal level depends on hardly appraisable parameters like noise (Pidlisecky et al.,
2007). Commonly, the inversion is stopped (i) after a fixed number of iteration steps or (ii)
when a calculated value, chosen with respect to data misfit and error bounds, is reached.
Beside mathematical measures, it must be stated that the model with the lowest misfit error
is not necessarily the best model from a geological perspective (Kneisel et al., 2008).

To evaluate if a resistivity model is sufficiently resolved, the application of a resolution
matrix approach (Emmert and Kneisel, 2017; Loke, 2016b; Stummer et al., 2002; Wilkin-
son et al., 2006) is recommended. This approach estimates the information content of each
model cell and provides a measure on the influence of inversion settings and neighboring
model cells. In the most popular software package RES2DINV/RES3DINV, resolution ma-
trix values are transferred into index values, taking into account the discretization of the
model (Loke, 2016a). The resistivity models presented in this thesis were processed with the
software products RES2DINVx64 (Ver. 4.05.32) and RES3DINVx64 (Ver. 3.11.57). For the
comparative analysis between two inversion software products (see chap. 10), BERT (Ver.
2.1.1) was used.

Comparison of Inversion Software
This thesis includes a comparison between resistivity models from two different software:
(i) the wide-spread commercial RES2DINV/RES3DINV software package and (ii) the BERT
inversion software, published under GNU Public License 3 and free for academic purposes.
However, a comparison is difficult as the code of RES2DINV/RES3DINV is not published.
Key parameters which differ between the two software products include (i) discretization (ii)
regularization, and (iii) the convergence criterion.
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• RES2DINV/RES3DINV subdivides the subsurface into cuboid-shaped cells that re-
flect the electrode spacing of the survey setup. Different options allow to refine the
mesh in horizontal dimension by increasing the number of nodes between the grid
lines and in vertical dimension by adjusting the number of model layers. BERT, in
contrast, uses irregularly shaped tetrahedral cells. This approach considers the actual
model resolution and enables a model refinement in areas of high sensitivity. Further-
more, it saves computation time, as a global refinement is unnecessary. For these rea-
sons, the approach that is used by BERT is considered to be superior to conventional
approaches that use regularly shaped model cells (Binley, 2015).

• The provided options to adjust the regularization setting differ between the two soft-
ware products. When a manual adjustment is used, the user of RES2D/RES3DINV
can choose a starting value for the damping factor which is decreased during the inver-
sion process until a pre-determined minimum value is reached. Additionally, a higher
damping factor can be used for the uppermost model layer. By default, BERT uses a
constant regularization value, but there is also a similar option to use a pre-defined
damping factor that decreases during the inversion process. Both software products
provide additional options for an automatic estimation of the regularization strength.
For this task, BERT uses an L-curve approach, in which the software estimates an
ideal damping factor from plotting values of data misfit for different damping factors
against model roughness (Günther et al., 2006). The optimization approach used by
RES3DINV/RES3DINV is not published, but according to Loke (2017, personal com-
munication), it is based on a similar approach.

• In RES2DINV/RES3DINV, the inversion process is terminated when the change in the
overall misfit error between two iteration steps is lower than a pre-defined value. BERT
also stops the inversion process at a level of stagnating minimization, but uses a differ-
ent criterion based on a χ2-method (Günther et al., 2006). However, both software
products offer the option to manually define a maximum number of iterations that is
carried out.

For the comparative analysis, synthetic geocryological models of two landform types,
one rock glacier (SYN01, fig. 3.4a) and one palsa area (SYN02, fig. 3.4b) were created with
the toolkit provided by the software RES3DMOD (Geotomo Software Sdn. Bhd., Version
2.14.23 Plus). This toolkit allows the creation multi-layered 3-D subsurface models with a
high number of cells to which the user can assign individual resistivity values, based on liter-
ature values or user experience. Synthetic modeling is commonly performed as part of the
back-and-forth procedure, presented e.g., by Hilbich et al. (2009), in which synthetic models
are used to constrain the inversion of measured data. It is further used in studies that target
methodological questions, like e.g., evaluating the imaging capabilities of different electrode
arrays (Dahlin and Zhou, 2004). Since RES3MOD is not able to integrate topographic data
into the synthetic resistivity models, both models have a flat surface topography.

The calculation of apparent resistivity values from the synthetic models was based on
networks of linearly aligned electrodes, which corresponds to data acquisition for a q-3-D
ERI data set. A noise level of 5%was added to each data set. The data files were subsequently
adjusted individually to meet the input requirements of the two software products. Similar
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Figure 3.4: Synthetic Resistivity Models. a) SYN01, b) SYN02.

inversion settings and procedures were used to approach a high level of comparability: a
relatively low level of regularization and an L1-norm inversion were chosen. Although the
models represent a flat surface topography, finite-element modeling was used in the step of
forwardmodeling. The range of modeled resistivity values was not limited, and the inversion
process was stopped manually after five iteration steps in both software products.

Resistivity values of the synthetic rock glacier model (SYN01) are between 1.2 kΩm and
100 kΩm (fig. 3.4a). One structure of high resistivity values covers one side of the model
(A). Resistivity values increase with depth and reach a maximum below a depth of 5m. The
extent of structure A increases at depths between 1m and 5m, and a small, longitudinal band
of high resistivity values (B) attaches to structure A. Structure B is absent between 5m and
12m, but it reappears at depths between 12m and 20m. At the same depth level, an isolated
patch of cells with resistivity values of 100 kΩm (C) appears.

Resistivity values of the synthetic palsa model SYN02 are between 0.1 kΩm and 80 kΩm
(fig. 3.4b). While multiple patches of relatively high resistivity values are present in the shal-
low subsurface (D), resistivity values of up to 80 kΩm cluster at one spot between depths of
0.8m and 2m (E). Between depths of 2m and 9m, the extent of structure E reduces, and
resistivity values of the model cells are not exceeding 10 kΩm (F). In the lowermost model
layer, cells with high resistivity values cover again a larger area, with a complex outline (G).

3.2 Ground-Penetrating Radar

In addition to electric, seismic and electromagnetic methods, Ground-Penetrating Radar is
one of the four main geophysical methods (Hauck, 2013). It is based on the transmission
of artificially created electromagnetic (EM) pulses into the ground, which are reflected at
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Table 3.3: Specific Dielectric Constants and EM Velocity Values for Different Materials. Data from Davis and
Annan (1989); Reynolds (2011).

Material Dielectric Constant EM Velocity [mns−1]

Air 1 0.3
Fresh water 80 0.033
Dry sand 3–5 0.15
Saturated sand 20-30 0.06
Limestone 4–8 0.12
Shales 5–15 0.09
Ice 3–4 0.16

layer boundaries in the subsurface. The echoes of the reflected waves, the so-called Two-way
Traveltimes (TWT) are recorded and transferred into an image of the subsurface layering
(Scott et al., 1990). In this thesis, GPR is used as a complementary method to ERI, as results
of GPR provide supplementary information on the subsurface layering.

The application of GPR in permafrost-related investigations is based on its ability to dif-
ferentiate between frozen and unfrozen subsurface conditions by the detection of thermal
boundaries, which are independent from changes in the material composition. This is possi-
ble as the physical properties of liquid water and ice differ strongly (Moorman et al., 2003).
GPR therefore permits a differentiation between massive ice and ice-saturated conditions as
well as between different ways of material deposition (Scott et al., 1990). For such questions,
characteristic reflection patterns, so-called “radar facies” are used (Van Overmeeren, 1998).

Basic Theory

Differences in the electromagnetic (EM) properties between different subsurface materials
affect the dynamics of propagating EM waves. A crucial variable for the successful applica-
tion of GPR is the EM velocity v of the propagating waves. Its value can be calculated from
the speed of light c and the dielectric constant (or relative electrical permittivity) ϵr of the
material that is crossed by the EM waves (Everett, 2013) (eq. 3.9).

v =
c

√
ϵr

(3.9)

The dielectric constant depends primarily on the water content and the level of water satu-
ration of the specific materials, but also on the physical state of the water. Exemplary values
of dielectric constants and EM velocities are stated in table 3.3. When artificially created
EM waves are reflected at a boundary between two layers that have the dielectric constants
ϵr1 and ϵr2, respectively, the reflection coefficientR is calculated from the ratio between the
dielectric constants, as stated in equation 3.10 (Berthling andMelvold, 2008). To enable a de-
tection of these reflections, Annan and Cosway (1992) claim thatR2 should be at least 1/100
and that the ratio between the depth of the second layer and its smallest lateral dimension
should not exceed 10/1.

Beside a reflection of the EM waves, their amplitude A diminishes when they travel
through a subsurface medium. The strength of this signal loss depends on the travel distance
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z and the attenuation constant α (see eq. 3.11), which, in turn, depends on the electrical con-
ductivityσ, themagnetic permeabilityµ and the dielectric constant ϵ (see eq. 3.12) (Berthling
and Melvold, 2008).

R ≈
√
ϵr1 −

√
ϵr1√

ϵr1 +
√
ϵr1

(3.10)

A = A0e
−αz (3.11)

α =
σ

2

√
µ

ϵ
(3.12)

In addition to a sufficiently high reflection coefficient R, the ability to detect discrete struc-
tures in the subsurface is bound to the size of the target, which must exceed a certain radius
r. This radius depends on the depth of the structure h below the surface and the wavelength
λ of the EM waves (see eq. 3.13) (Annan, 2009). The wavelength, in turn, depends on the
EM velocity of the surrounding materials and the frequency of the transmitted EM pulses.
Berthling and Melvold (2008) present an example for the estimation of a minimum reflec-
tor radius, given a frequency of 50MHz and a EM velocity of 0.15mns−1. It results in a
wavelength of 3m and a minimum radius of 5.5m for a reflector at a depth of 20m.

r =

√
λh

2
+

λ2

16
(3.13)

Data Acquisition

During GPR data acquisition, EM pulses are transmitted into the subsurface with a constant
frequency by a transmitter antenna (Tx). A receiver antenna (Rx) detects incoming echoes
of the EM waves and records the amplitude and the propagation time of the reflected signals
(see fig. 3.5). Two different modes of GPR surveying are used for the investigations in this
thesis: (i) one-dimensional Common Mid-Point surveying (CMP) and (ii) two-dimensional
Common Offset profiling (abbreviated as 2-D GPR in the following).

In CMP mode (fig. 3.5a), transmitter and receiver antenna are moved away from a Com-
mon Mid-Point with a fixed step size. This enables an estimation of the vertical EM veloc-
ity changes in the subsurface and thereby a characterization of the subsurface layering (Van
der Kruk, 2015). Disadvantages of this approach are (i) that it provides information only in
one-dimension, and (ii) that an undisturbed subsurface layering is required through the com-
plete area of investigation (Reynolds, 2011). In periglacial research, CMP surveying is used
to create one-dimensional models of the vertical EM velocity layering for the conversion of
recorded time values into depth values.

In Common Offset mode (fig. 3.5b), transmitter and receiver antenna are separated by a
fixed distance and the entire setup ismoved along a horizontal line on the ground surfacewith
a constant step size. The resulting two-dimensional cross-section of the subsurface enables
the detection of discrete structures and their horizontal and vertical extent (Van der Kruk,
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3.2 Ground-Penetrating Radar

Figure 3.5: Different Types of GPR Data Acquisition. a) Common Offset, b) Common Mid-Point. Modified from
Reynolds (2011).

2015). Three-dimensional data sets can be created by merging data from multiple closely
separated, parallel Common Offset surveys. The separation between the parallel survey lines
must be chosen with respect to the extent of the survey area and the targeted level of detail
(Bristow, 2009). To achieve a so-called “full-resolution 3D GPR Imaging” (Grasmueck et
al., 2005), however, the line separation must be smaller than 1/4λ, which results in values
between 0.1m and 0.2m, when 100MHz antennas are used (Grasmueck and Weger, 2002;
Grasmueck et al., 2004).

A Pulse EKKO Pro System (Sensors&Software Inc.), connected to antennas with center
frequencies of 50MHz, 100MHz, or 200MHz, was used for data acquisition in this thesis.
When an EM velocity of 0.12mns−1 is assumed, these frequencies enable a detection of
structures that exceed a vertical extension of 0.6m (50MHz) 0.3m (100MHz) and 0.15m
(200MHz), respectively (Bristow, 2009). For all profiling surveys, antennas were orientated
parallel to each other and perpendicular to the survey direction, in the so-called perpendic-
ular broadside orientation (Barker and Moore, 1998).

Data Processing

While processing of 1-D CMP data requires only a time-zero correction (see following para-
graph) for reliable estimations of EM velocity values (Sandmeier, 2017), GPR profiling data
requires amore sophisticated processing. Theworkflow presented in fig. 3.6 was used for pro-
cessing the data sets presented in this thesis. The steps were carried out with the commercial
software ReflexW (Sandmeier geophysical research, Version 8.5.3).

After data acquisition, a first processing step is the elimination of duplicated traces, which
can occur e.g., from accidentally pressing the start button twice (Berthling and Melvold,
2008). A second step is to shift the recorded signal traces along the time axis, so that the
first recorded EM pulse is set to a certain time value, commonly to zero. This procedure re-
moves temporal displacements of single traces, which can be caused e.g., by variations of the
antenna orientation.
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Figure 3.6: Workflow for Processing GPR Data. Modified from Berthling and Melvold (2008).

Subsequent filtering steps include the so-called Dewow-filtering, which removes unwant-
ed components of very low frequency caused by electromagnetic induction, and the removal
of a moving average of the signal amplitude, the so-called background-removal. This filter-
ing step removes signals caused by a direct coupling between the antennas and contain no
information on the subsurface (Everett, 2013).

After filtering the data, migration compensates distortion effects on wave propagation in
the subsurface, caused by point scatterer or dipping features. This processing step relocates
reflections from their measured positions on a single trace to their actual positions, which
are calculated with respect to neighboring traces (Van der Kruk, 2015). Among the available
migration techniques, the topographic migration, works with respect to a distinct surface to-
pography and is hence preferred for data from high-alpine sites (Sandmeier, 2017).

Following to the step of migration, the recorded TWT values are transferred into values
of depth (time-depth conversion). This step requires information on the vertical EM velocity
layering in the subsurface (Berthling andMelvold, 2008), which can be derived from (i) CMP
surveying, (ii) hyperbola matching or (iii) literature values. For the second option, the shape
of reflection or diffraction hyperbolas that appear in Common Offset radargrams when EM
waves are reflected by single objects, is investigated. This allows to assess the EM velocity in
the surrounding of the scatterer (Cassidy, 2009). If hyperbolas are absent in the radargram,
estimations on the vertical EM velocity layering that are based on literature values can be
used to produce reliable results (Cassidy, 2009).

To compensate a strong signal attenuation, especially of reflections from deeper parts of
the subsurface, the application of gains is advised. This improves the visibility of weak reflec-
tions, but as it can change the relative reflection amplitude and thereby alter the structure of
the data, gains must be used carefully (Cassidy, 2009). Finally, the radargrams are displayed
with topography. Merging data from multiple 2-D GPR surveys into one three-dimensional
data set is also enabled by REFLEXW. The workflow for processing three-dimensional data
sets is comparable to the presented workflow for two-dimensional data sets.
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3.3 Additional Methods

In addition to the geophysical data, this thesis comprises records of subsurface temperature
values, measured as vertical temperature profiles within boreholes, surface temperature val-
ues and values of the soil matric potential.

Temperature Measurements

The continuous recording of subsurface temperature values provides a direct proof of per-
mafrost, according to definition stated at the beginning of this thesis. Nevertheless, records
of Ground Surface Temperature (GST) values can also provide information on the subsur-
face conditions. This is because the ground surface is the interface between the atmosphere
and the subsurface and thereby controls the intensity of energy exchange processes (Haeberli,
1975; Haeberli and Patzelt, 1982).

Temperature values at the ground surface were recorded hourly by M-Log data loggers
equipped with PT1000 sensors that provide an accuracy of ±0.1 °C (GeoPrecision GmbH).
Data loggers were distributed at topographically different surface positions in the investiga-
tion areas and placed (i) either at depths of a few centimeters or (ii) below small stones to
shield them from solar radiation. The same type of data logger was used to record subsurface
temperature values, which weremeasured hourly by thermistor chains equipped with 15Dal-
las sensors (Geoprecision GmbH). The vertical positions of these sensors, which provide an
accuracy of±0.25 °C, are the ground surface and depths of 0.2m, 0.4m, 0.8m, 1.2m, 1.6m,
2m, 3m, 4m, 5m, 6m, 7m, 8m, 9m and 10m.

Values of the mean daily and the mean annual ground surface temperature (MAGST)
were calculated from the recorded data. For assumptions on the existence of an insulating
snow cover, diurnal temperature variations were analyzed (Lewkowicz, 2008; Reusser and
Zehe, 2011). When diurnal temperature fluctuations are below 0.4K throughout one com-
plete day, the existence of an insulating snow cover is assumed (Rödder and Kneisel, 2012a).
So-called zero-curtain periods describe time spans in which surface temperatures are nearly
constantly around 0 °C. Their appearance is caused by latent heat that is bound in the phase
change of water in times of freezing or thawing (French, 2018; Rödder and Kneisel, 2012a).

Soil Matric Potential Measurements

The amount of liquid water in the subsurface is an important variable that characterizes the
ground thermal regime in frozen areas (Hauck et al., 2008; Kane et al., 2001). To approach
this variable in the presented investigations, measurements of the soil matric potential with
Tensiomark sensors (EcoTech Umwelt-Messsysteme GmbH) were used. Data was acquired
hourly and recorded by a data logger. This approach is relatively innovative in the field of
periglacial geomorphology. Compared to approaches where the volumetric water content
is measured (Kujala et al., 2008; Pellet et al., 2016; Rist and Phillips, 2005), the approach
of measuring the soil matric potential is not bound to small sample volumes, which may
be unrepresentative in case of heterogeneous settings. In contrast to measurements with
tensiometers (e.g., Matsuoka, 1996), the device is the frost resistant.
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The measurement principle is based on moisture-related variations in the heat capacity
of a porous ceramic plate, which is measured with an artificial heat pulse. As this requires
a simultaneous recording of the temperature in the surrounding of the sensor, the sensor
provides additional information on subsurface temperatures (ecoTech, 2014). The resulting
pF-values indicate the level of energy that is required to pull water out of the subsurface that
is held by capillary and absorptive forces. A pF-value of 0 represents a state of full water
saturation while a pF-value of 7 represents extremely dry conditions (Blume et al., 2016).

3.4 Surveys Maps and Setups

The last section of this chapter presents individual maps of the six study sites, which show the
locations of the geophysical surveys and the positions of the surface/subsurface temperature
sensors and the matric potential sensors. Further details on survey specifications, like e.g.,
the electrode spacing that was used or the dates on which the surveys were performed, as
well as details on the results of the geophysical modeling, are presented in appendix A. At the
end of this section, the synthetic models for the comparative analysis between two software
products are displayed.

Survey Setups NAR

Between 2014 and 2017, two q-3-D ERI, 18 2-D ERI, four 2-D ERTM and two 2-D GPR
surveys were performed on the rock glacier assembly at NAR study site to investigate the dis-
tribution of permafrost and to assess the internal structure of the rock glaciers (fig. 3.7). In-
formation on the vertical EM velocity layering, which is required for time-depth conversion
of the GPR data, is gained by one 1-D CMP survey. Geoelectrical monitoring surveys were
performed between August 2015 and October 2016 at NAR01 (E02/E03) and between July
2016 and October 2016 at NAR07 (E08/E09) (see tab. A.3, appendix). Subsurface tempera-
ture values were measured with one thermistor string, installed in a borehole with a depth of
10m, and recorded between September 2014 andAugust 2017. Surface temperature data was
measured by ten GST sensors, which were placed at different topographic positions. Except
for the T07 sensor, which was installed only on October 15, 2015, GST data was recorded
between September 2014 and August 2017. The sensors T05, T07 and T10 stopped record-
ing in June 2016 due to battery failure, and due to the same reason, a small data gap exists
at T04. In addition to geophysical surveying and temperature recording, core drilling was
performed at one location on NAR06 in September 2016.

Survey Setups UER

At UER study site, three q-3-D ERI surveys were performed on UER01 in the years 2014
(E01), 2015 (E02) and 2016 (E03), respectively for a detailed investigation of the subsurface
conditions. Four 2-D GPR surveys were additionally performed on UER01, one in longitu-
dinal direction of the rock glacier (R01) and three in transverse direction (R02–R04). On
UER02, only one 2-D ERI survey (E04) was performed in August 2015 (fig. 3.8). Temper-
ature data at UER study site was recorded with a subsurface thermistor string installed in
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a borehole with a depth of 10m at UER01, and at ten surface positions on UER01. Eight
GST sensors were placed on the surface of UER01: they were distributed around the furrow-
and-ridge topography of the rock glacier snout or placed at positions in the transitional area
between the frontal and the central part of the rock glacier. Two additional GST sensors
were placed on the apparently relict lobe in front of the rock glacier (T09) and on the scree
slope in the east of UER01 (T10), respectively. Continuous temperature records are available
throughout the time span from October 2014 to August 2017.

Survey Setups LTF

One q-3-D ERI survey, which covers both the coarse-grained and the fine-grained section
of LTF rock glacier, was performed at LTF study site in 2014 (fig. 3.9). To provide comple-
mentary information, four 2-D GPR surveys were performed in 2016: one pair of parallel
surveys was performed along the longitudinal axis of the rock glacier (R03, R04) and one
pair of parallel surveys was performed in transverse direction (R05, R06), respectively. One
1-D CMP survey was performed in the area covered with fine-grained debris (R01) and one
1-D CMP survey was performed in the area where rather coarse-grained debris dominates
the ground surface material composition (R02). These two 1-D CMP approaches provide
information on the vertical EM velocity layering of the subsurface in both sections and were
used to improve the reliability of the time-depth conversion.

Survey Setups FUR

To investigate subsurface conditions of the lobe-bearing talus slope, one q-3-D ERI survey
was performed at FUR study site in 2014 (E01). Formore detailed investigations, two smaller
r-3-D ERI surveys were performed on the two selected lobes, FUR01 (E02) and FUR02 (E03),
in 2015. In addition to the geoelectrical surveys, two 2-D CommonOffset GPR surveys were
performed in longitudinal direction on the upper (R01) and the lower (R02) lobe in 2017
(fig. 3.10).

Survey Setups OVR

At OVR study site, two r-3-D ERI, seven 2-D ERI, five 2-D GPR surveys and one 3-D GPR
survey were performed in 2015 and 2017 (fig. 3.11). At three locations (T01–T03), GST sen-
sors were placed for continuous temperature recordings. Their locations represent exposed
positions in the surrounding desert (T01) and on a palsa (T02), respectively, as well as a
rather sheltered position between two palsas in the central part of the wetland area (T03). At
the locations of T02 and T03, additional Tensiomark sensors were installed at depths of 0.5m
(T02) and 0.55m (T03), respectively. While GST values were recorded failure-free between
September 2015 and September 2017, the Tensiomark sensor at T03 failed for an unknown
reason in December 2016. In addition to geophysical surveying and the recording of temper-
ature values and pF-values, the topography of the frost table was manually sampled within
the extents of the surveys R01 and E01 with a 1.2m long steel rod. This approach provides
ground truth information that was used to assess the EM velocity of the subsurface materials
for the GPR time-depth conversion.
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Survey Setups HPA
One q-3-D ERI, one r-3-D ERI, one 2-D ERI and four 2-D Common Offset GPR survey
were performed at HPA study site between 2015 and 2017 (fig. 3.12). Most of the surveys
concentrate on HPA01, where sorted polygons occur. At HPA02, where surface cracks form
polygonal structures in an accumulation of fine-grained materials, one r-3-D ERI and one
2-D GPR survey were performed. In addition to the geophysical surveys, GST data was
continuously recorded at HPA01 between September 2015 and September 2017.

Survey Setups SYN
Virtual surveying on the synthetic rock glacier model SYN01 comprises 30 synthetic 2-D
ERI surveys with Dipol-Dipol array (fig. 3.13a). The electrode spacing is 2m for the lines
in x-direction and 3m for the lines in y-direction. This results in 12240 data points. As
the separation between the parallel lines in x-direction, never exceeded the recommended
value of twice the electrode spacing, the appearance of undersampling effects is presumably
avoided. Virtual surveying on the synthetic palsamodel SYN02 comprises 18 2-DERI survey
lines of the Wenner-Schlumberger array, which results in a total number of 5184 data points.
In both horizontal dimensions, an electrode spacing of 2m was used in the center of the
investigated area. Towards the margins of the investigated area, the electrode spacing was
increased to imitate a realistic survey setup. This setup is assumed to promote the occurrence
of undersampling effects at the margins of the investigated area, as recommendations on line
separation are ignored in these parts.
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Figure 3.7: Map of Survey Locations NAR.
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Figure 3.8: Map of Survey Locations UER.
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Figure 3.9: Map of Survey Locations LTF.

Figure 3.10: Map of Survey Locations FUR.
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Figure 3.11: Map of Survey Locations OVR.
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Figure 3.12: Map of Survey Locations HPA.

Figure 3.13: Sketches of Survey Lines SYN. a) SYN01, b) SYN02.
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Chapter 4

Results and Interpretation NAR
Geophysical investigations at NAR comprise multi-dimensional approaches of ERI (4.1) and
GPR (4.2). Temperature data was recorded at the ground surface and by a subsurface ther-
mistor chain (4.3). The last part of this chapter comprises an interpretation of the results,
focusing the internal structures of the rock glaciers NAR01 and NAR07 as well as the general
permafrost distribution and ground ice characteristics of the study area (4.4).

4.1 Electrical Resistivity Imaging

Presented results of geoelectrical surveying are divided into three parts: Surveys targeting
rock glacier NAR01 are presented in the first part of this section, while surveys targeting
rock glacier NAR07 are presented in the second part. The third part of this section comprises
results from six reconnaissance surveys conducted on the upper lobes of the rock glacier as-
sembly, and from eight reconnaissance surveys conducted on the lower lobes. A previous
comparison between results of 2-D ERI surveying, 2-D SRT surveying and borehole temper-
ature measurements (Emmert and Kneisel, 2017) shows that a value of around 7 kΩm can
be used to distinguish between frozen and unfrozen subsurface conditions at NAR01 rock
glacier. This threshold value is used for interpretation purposes of the results from all rock
glacier lobes, as surface conditions seem comparable. Although results of survey E01 have
already been published (Emmert and Kneisel, 2017), they are rearranged here, as the addi-
tionally performed measurements considerably enhance the interpretation capabilities.

Rock Glacier NAR01

The most westerly located rock glacier NAR01 reaches the highest elevation of all investi-
gated rock glaciers. It was investigated by one q-3-D ERI survey (E01), two one-year periods
of ERTM surveying (E02, E03) and two supplementary 2-D ERI surveys (E04, E05). Both
periods of ERTM surveying were processed independently to eliminate the influence of inter-
annual variations, like temporal shifts in the snowmelt period. Model E02 comprises data
acquired in 2015 and model E03 comprises data acquired in 2016. When qualitative changes
of resistivity values between the different time steps (TS) are described, median values are
used due to their lower sensitivity to single outliers. Additionally, the number of cells which
are concerned is stated in brackets.

In the upward part of the q-3-D ERI model E01 (fig. 4.1), resistivity values between
200 kΩm and 400 kΩm indicate ice-supersaturated conditions in an area that corresponds
to the talus slope behind the rock glacier (A). At this spot A, the extremely high resistiv-
ity values form a band of 40m width in x-direction, which is visible throughout the entire

47



4 Results and Interpretation NAR

Figure 4.1: ERI Model NAR: E01. Selected Slices. Labels Refer to Structures Mentioned in the Text.

model depth of 15m. In y-direction, resistivity values decrease to a range between 12 kΩm
and 20 kΩm (B). Values of this range still indicate frozen conditions but indicate a lower ice
content. The part of themodel around spot B corresponds to the root zone of the rock glacier.
It is covered by a layer with around 2m thickness and resistivity values between 4 kΩm and
7 kΩm. The observed decrease in resistivity continues in y-direction, while the thickness
of the upper layer simultaneously increases to around 4m (C). Resistivity values increase in
x-direction towards the western margin of the model, while relatively low resistivity values
(<4 kΩm) are present throughout the entire model depth at the eastern margin (D).

The ERTM model E02 repeats the appearance of the prominent structures of the E01
model (fig. 4.2): resistivity values of up to 400 kΩm appear within the first 20m of the pro-
file (E), in a section which corresponds to the talus cone. The rest of the model is vertically
divided into two parts: an upper layer, in which resistivity values below 7 kΩm indicate un-
frozen conditions (F), and a lower layer, in which resistivity values above 7 kΩm indicate
frozen conditions (G). However, the position of the boundary between these two layers F
and G varies in space and time: Its minimum depth of around 1.3m is reached at x = 10m
and remains constantly at this depth level throughout the complete investigation period. The
maximum depth of the boundary is around 6m and is reached at x = 49m, but only in TS5.

Within the first 20m of the profile, the observed resistivity changes differ between the
model cells, dependent on their initial resistivity value. Cells with an initial resistivity value
above 50 kΩm (n = 6), which is assumed to represent extraordinary ice rich conditions in
this case, show a median increase of 53% from TS1 to TS2, while cells with an initial value
between 50 kΩmand 20 kΩm (n = 15), which represents a lower ice content, show amedian
decrease of 22%. From TS2 to TS3, resistivity values decrease in all cells with an initial value
between 20 kΩm and 50 kΩm, but the decrease is stronger in the cells with an initial value
above 50 kΩm. While resistivity changes are neglectable between TS3 and TS4, resistivity
values of all cells in this part of the model increase strongly towards TS5. The increase is
26% for cells with an initial resistivity value above 50 kΩm and 47% for cells with an initial
resistivity value between 50 kΩm and 20 kΩm.
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Figure 4.2: ERI Model NAR: E02. Labels Refer to Structures Mentioned in the Text. Vertical Line Marks Borehole
Position.

The adjacent part of the model corresponds to the actual rock glacier. In this part, time-
lapse results show a vertical subdivision at a depth of around 1.7m. It divides the upper
model layer F that, according to the assumed threshold value (7 kΩm), represents the active
layer. Resistivity values in cells above this boundary (H) increase with a median of 12%
from TS1 to TS2 (n = 143). Values remain on this higher resistivity level and show only
small fluctuations (±5%), until the resistivity values increase again by 28% from TS4 to TS5.
Model cells below the boundary (J) (n = 211), show a median decrease of 8% from TS1
to TS2, followed by alternating resistivity changes between 6% and −5%. Model cells with
resistivity values permanently above 7 kΩm (n = 153) are assumed to represent permafrost.
Affected cells show a median resistivity increase of 8% between TS1 and TS2 and a constant
decrease in the following. The initial increase is particularly strong at three spots (K1–K3),
while resistivity values of the other cells remain on a nearly constant level. From a total of
654 model cells, resistivity values of 47 cells shift across the threshold value. This transition
affects (i) parts of the shallow subsurface, in which cells exceed the threshold value between
the second last and the last time step (n = 6), but also (ii) model cells at the bottom of
the active layer with initially low resistivity values that vary around the threshold value in
alternating directions (n = 41).

The ERTMmodel E03 (fig. 4.3) shows the same structures as the E02model and therefore
the same labeling is used. Prominent differences between themodels concern the lower layer
(G), where resistivity values at TS1 (up to 21 kΩm) are higher in the E03 model compared to
the E02 model (up to 19 kΩm). The depth of the boundary between the upper layer of low
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Figure 4.3: ERI Model NAR: E03. Labels Refer to Structures Mentioned in the Text, Vertical Line Marks Borehole
Position.

resistivity (F) and the lower layer of high resistivity (G) varies in a similar way as observed
in the E02 model. Additionally, the magnitude of the observed resistivity changes differs
between the models. This concerns the part of the model that corresponds to the talus cone
(E), in which the contrasting resistivity development between the cells with high and low
initial resistivity values is less pronounced in the E03 model. After an initial median increase
of 43%, resistivity values of model cells with initial resistivity values above 50 kΩm (n = 6)
decrease until TS6 and increase afterwards. Model cells with initial resistivity values between
20 kΩm and 50 kΩm (n = 15) show constantly decreasing resistivity values, which decline
by median values between 4% and 24%.

In the part of the model that corresponds to the actual rock glacier, the upper (H) (n =
143) and the lower part of the active layer (J) (n = 202) show an initial decrease of 7%
(n = 143). Hence, the contrasting resistivity development between these two layers, which
is observed at corresponding time steps of the E02model, is not yet present in the E03model.
However, a contrasting development is visible between the following time steps, when values
in the upper part (H) increase by a median of 8%, while values in the lower part (J) decrease
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Figure 4.4: ERI Models NAR: a) E04, b) E05. Labels Refer to Structures Mentioned in the Text, Dashed Box Indi-
cates Overlapping Section with E01.

constantly until TS6. Values in the upper part decrease slightly between TS3 and TS5 but
increase again by 17% between TS5 and TS6, and by 43% between TS6 and TS7. In the
lower part of the active layer, values increase by 5% between TS6 and TS7. Similar to the
observation in the E02model, the E03model shows increasing resistivity values between TS1
and TS2 in cells that represent permafrost conditions (n = 162). This increase is followed by
slightly decreasing resistivity values throughout nearly the rest of the investigated time span;
only between TS5 and TS6, the decrease is interrupted by stable conditions (±3%). From
654 model cells, 125 cells shift across the threshold value in the E03 model. This number is
much higher compared to the E02 model. It is attributed to cells of the shallow subsurface
that exceed the threshold between TS06 and TS07 (n = 87). The number of model cells
that shift across the threshold at the bottom of the active layer (F), is only slightly different
between E02 and E03 (n = 38).

Two additional 2-D ERI surveys stretch the investigated area of NAR01 in transverse
(E04) and longitudinal (E05) direction, and provide additional information on deeper layers.
The resistivity distribution of the E04 model (fig. 4.4a) broadly repeats the structure of the
overlapping part of the E01 model. Minor differences are attributed to seasonal or interan-
nual alterations between the survey dates (see tab. A.4 and tab. A.1, appendix). Adjacent to
the structure of high resistivity in the overlapping part (M), the E04 model shows an addi-
tional structure of high resistivity (L). Resistivity values of structure L exceed the values of
structure M and increase with depth from 8 kΩm to 20 kΩm.

Resistivity values above 7 kΩm in the area between the two structures of relatively high
resistivity indicate that the two structures L andMare part of one frozen compound structure.
Beside this central area of high resistivity, a third structure of relatively high resistivity values
around 14 kΩm appears at the northwestern end of the survey line (N). Model E05 (fig. 4.4b)
overlaps with the E02/E03 models on a length of 29m. It shows that the permafrost layer,
as derived from the E02/E03 models, ends abruptly behind the overlapping section (P). The
downwards following part of the model, which is characterized by a slightly steeper surface
topography, is dominated by relatively low resistivity values (<5.5 kΩm) and thus indicates
unfrozen conditions.
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Figure 4.5: ERI Models NAR: a) E06, b) E07. Labels Refer to Structures Mentioned in the Text, Dashed Lines
Indicate Intersection Between the Models.

Rock Glacier NAR07

Rock glacier NAR07 is much smaller than the other rock glaciers of the assembly and su-
perimposes the root zone of the rock glaciers NAR03 and NAR05. The rock glacier was
investigated by two 2-D ERI surveys (E06, E07) and two ERTM surveys (E08, E09).

The resistivity distribution of the longitudinal E06model (fig. 4.5a) is qualitatively similar
to the resistivity distribution of the longitudinal models of NAR01 rock glacier, but resistiv-
ity values are much higher in the E06 model. An upper layer with resistivity values below
7 kΩm indicates unfrozen conditions and shows an increasing thickness in a downslope di-
rection, from 1.5m (A) to 4.5m (B). Extremely high resistivity values below this layer (up to
850 kΩm) indicate ice-supersaturated conditions at a central position (C). While resistivity
values in the upper part of the profile are only slightly lower, resistivity values drop to 17 kΩm
in a downslope direction (D). This drop is followed by a gradual increase in resistivity to val-
ues up to 23 kΩm (E).The range of resistivity values at the two spots D and E indicates frozen
conditions but different ground ice characteristics, compared to spot C.

The transverse E07 model (fig. 4.5b) shows relatively high resistivity values at three spots
(F, G, H). Extremely high resistivity values (>700 kΩm) appear at positions corresponding
to the root zone of the adjacent rock glacier NAR02 (F) and to the upper lobe of NAR07 (G).
They indicate ice-supersaturated conditions. Resistivity values of up to 35 kΩm at the third
spot (H), which corresponds to a part of the talus slope adjacent to NAR07, also indicate
frozen materials, but with lower ice content. Which a thickness of up to 5m, the covering
layer of relatively low resistivity is distinctly thicker above this spot H, compared to the rest
of the model, where it reaches around 1.5m. Resistivity values above 55 kΩm between the
spots F and G indicate the existence of a continuous frozen layer with a minimum thickness
of 12m. Between the spots G and H, resistivity values decrease to 1.9 kΩm. This indicates
unfrozen conditions throughout the entire model depth at this position, which corresponds
to the transitional area between NAR07 and an adjacent talus slope.
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Figure 4.6: ERI Model NAR: E08. Labels Refer to Structures Mentioned in the Text, Dashed Line Indicates Inter-
section with E09.

The longitudinal ERTM model E08 shows two clearly separated layers (fig. 4.6). Resistiv-
ity values mainly below 4 kΩm indicate unfrozen conditions in an upper layer (J). This layer
covers an area in which extremely high resistivity values indicate frozen and ice-rich condi-
tions. While maximum resistivity values of up to 500 kΩm cluster at both ends of the survey
line (K, L), resistivity values between these two spots are markedly lower (M). The thickness
of the upper layer varies in space and time: itsminimum thickness of around 1.7m is reached
at a x = 31.5m in TS2 and TS5, and its maximum thickness of around 3.7m is reached at
x = 15.5m in TS7. The position of the lower boundary of this upper layer J rises through-
out the complete length of the profile by up to 0.8m between TS1 and TS2. It subsequently
descends with variable intensities throughout the subsequent four time steps. From TS6 to
TS7, the position of the boundary rises only slightly at themost upward part of the profile but
remains at a constant depth level throughout the rest of the profile. The observed differences
in the intensity of the descend between TS2 and TS6 lead to a smoothing of the previously
more angularly shape of the boundary, and to a downslope shift of the prominent step of its
outline (N) below the front of the upper lobe.
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When the threshold value of 7 kΩm is used for a segmentation of the resistivity distribu-
tion of the E08 model, a median decrease in resistivity of 6% affects the unfrozen part of the
subsurface between TS1 and TS2 (n = 496). After only slight alterations between TS2 and
TS3, resistivity values decrease by a median of 7% from TS3 to TS4. After TS4, the active
layer is vertically subdivided at a depth of around 1m. Resistivity values above this boundary
(P) (n = 258) remain at a nearly constant level between TS4 and TS5, while values below
this boundary (Q) (n = 238) continue decreasing with a median of 6%. The decrease in this
lower part of the active layer continues from TS5 to TS6, while values in the upper part of
the active layer start to increase. From TS6 to TS7, resistivity values in both parts increase
by a median of 34% (P) and 6% (Q), respectively. Model cells with an initial resistivity value
above 7 kΩm (n = 158), increase by a median of 52% from TS1 to TS2. After TS2, resistiv-
ity values decrease by median values between 3% (TS2 to TS3) and 10% (TS5 to TS6). This
decrease in resistivity compensates the initial increase at 63 of the 158 model cells. Model
cells that are affected by this compensation are mainly located in the part of the model that
corresponds to the area around the front of the upper lobe. Towards TS7, resistivity values
increase again by a median of 9%.

The transverse E09 model (fig. 4.7) reflects only the upper part of the E08 model, while
the lower part is not depicted due to a lower investigation depth. The resistivity distribution
shows an undulating course of the boundary between an upper layer of low (R) and a lower
layer of high (S) resistivity values. Resistivity values of the upper layer R agree well with val-
ues of the corresponding layer J of the E08 model. However, maximum resistivity values of
the E09 model reach only up to around 60 kΩm. Values of this range cluster at two spots at
the bottom of the model (T, U). In addition to the structures repeated from E08, the resis-
tivity distribution of E09 shows a nearly continuous, surface-parallel band of relatively high
resistivity values between 4 kΩm and 12 kΩm. It appears within the upper layer R at a depth
of about 0.5m (V).

Between TS1 and TS2 of E09, the boundary between the layers of low (R) and high (S)
resistivity rises in a similar way as observed in the E08 model. The modeled resistivity dis-
tribution also repeats the period of stagnation between TS2 and TS3. From TS3 to TS6, the
depth level of the boundary descends gradually by a summarized descend of around 0.2m,
before a slight rise is observed in some parts of the model between TS6 and TS7. Model cells
that represent permanently frozen conditions (n = 28) show a particularly strong increase
by a median of 95% between TS1 and TS2. From TS2 to TS6, resistivity values decrease by
median values between 2% (TS2 to TS3) and 37% (TS5 to TS6). This decrease overcompen-
sates the initial increase at nearly all model cells. Between TS6 and TS7, all model cells with
values permanently above 7 kΩm show a median increase of 25%.

Model cells that represent the active layer show a rather fragmented pattern of resistivity
changes. Cells with an initial value below 1.5 kΩm (n = 318), which appear in the upper-
most 0.4m of the model and again between depths of 0.8m and 1.7m (W), decrease by a
median of 10% between TS1 and TS2. In contrast to this decrease, model cells with an ini-
tial value between 1.5 kΩm and 7 kΩm (V) (n = 308), increase by a median of 9%. This
contrasting development weakens towards TS3, but enhances subsequently, when cells with
a low initial resistivity value decrease by a median of only 3% while cells with a relatively
high initial resistivity value decrease by a median of 12%. Between TS5 and TS7, both parts
of the upper layer show a similar median decrease.
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Figure 4.7: ERI Model NAR: E09. Labels Refer to Structures Mentioned in the Text, Dashed Line Indicates Inter-
section with E08.

Surveys on Upper and Lower Lobes

Six 2-D ERI surveys were performed at NAR01, NAR02 andNAR05 to investigate the subsur-
face conditions of the upper lobes and the transitional areas between the rock glaciers. The
lower lobes of NAR02, NAR03, NAR04 and NAR05 were investigated by longitudinal, trans-
verse and oblique 2-D ERI survey lines. At NAR06, one q-3-D ERI survey was performed.
Core drilling, down to a depth of 4.5m, was additionally performed at NAR06.

The resistivity distribution of the E10 model (fig. 4.8a) broadly reflects the resistivity dis-
tribution of the models E01 and E04 in the overlapping parts. Differences concern the mag-
nitude of resistivity at structure B, which is 13 kΩm in the E04 model but 40 kΩm in the E10
model and the shape of structure B, which is rather blocky in the E10 model. In addition
to the two prominent structures of the overlapping part (A, B), a third structure of relatively
high resistivity appears in the E10model: values of up to 55 kΩm indicate ice-rich conditions
at the northwestern margin of NAR02, which is separated from NAR01 by a morphological
trench of around 3m depth (C). The topographic position of structure C is similar to the po-
sition of structure B, which is located at the northwestern margin of NAR01. Furthermore,
the E10 model shows a large, triangular structure of extremely low resistivity values between
0.5 kΩm and 1.5 kΩm (D) at the bottom of the model. These values indicate unfrozen con-
ditions and a high amount of liquid water.
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Figure 4.8: ERI Models NAR: E10–E15. Labels Refer to Structures Mentioned in the Text. Dashed Lines Indicate
Intersections, Dashed Boxes overlapping Areas.

The E11 model (fig. 4.8b) overlaps the E10 model nearly completely, but surveying was
performed more than two years earlier. Hence, a strong impact of interannual alterations
is assumed. The two models show markedly different resistivity values for structure C in
the overlapping part: while values of the E11 model reach up to 100 kΩm, values in the E10
model reach only up to 55 kΩm. A comparison between the two parallel models E11 and E12
(fig. 4.8c) shows that the spatial extent of structure C is constant in longitudinal direction of
the rock glacier. However, maximum resistivity values of the structure decrease strongly,
from nearly 170 kΩm in the E11 model to around 100 kΩm in the E12 model. This indicates
a reduced ground ice content. Except for this difference at structure C, the E11 model shows
lower resistivity values in nearly all other parts of the model.

The models E13 (fig. 4.8d) and E14 (fig. 4.8e) represent cross-sections of the root zone
of NAR02. The longitudinal E13 model shows a resistivity distribution qualitatively similar
to the resistivity distribution observed at the adjacent rock glacier NAR01 (E02, E03). Max-
imum resistivity values below the talus cone (D) are followed by markedly lower resistivity
values in a downslope direction (E).The layer of relatively high resistivity values is covered by
a layer of relatively low resistivity values (F). In a downslope direction, the thickness of this
upper layer F increases. Maximum resistivity values of the E13 model reach 57 kΩm. This is
distinctly lower than the maximum values of the E02/E03 models, which reach 400 kΩm.
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The transverse E14 model overlaps the E12 model on a length of 31m but surveying was
performed nearly two years later (see tab. A.4, appendix). The E14 model shows a relatively
homogenous resistivity distribution. Extensive parts of the model show resistivity values
between 7 kΩm and 15 kΩm and indicate frozen subsurface conditions. A thickness of the
active layer between 2m and 4m is assumed. Only at one spot (G), which corresponds to the
southeastern margin of NAR02, resistivity values increase to 19 kΩm and thereby indicate a
higher ice content. At the end of the survey line, where the topography starts to decline, re-
sistivity values below 5 kΩm indicate an abrupt end of the frozen subsurface layer (H). At the
intersection of themodels E13 and E14, resistivity values differ strongly. While the longitudi-
nal E13 model shows maximum resistivity values of 55 kΩm at depths below 5m, maximum
values of the transverse E14 model are only 12 kΩm in the same depth range. Further differ-
ences are indicated at the intersection of the models E11 and E13 and at the intersection of
the models E12 and E13. However, the shallow investigation depths of the transverse models
at the intersecting positions disables a detailed analysis.

The E15 model (fig. 4.8f) corresponds to a cross-section of the root zone of rock glacier
NAR05 and shows a nearly continuous layer of relatively high resistivity values. At two posi-
tions, values of 130 kΩm (J) and 34 kΩm (K), respectively, indicate ice-rich conditions. Val-
ues in between the two spots J andK are around 26 kΩm. This still indicates frozen conditions
but a lower ice content. The observed resistivity distribution qualitatively resembles the dis-
tribution of the parallel E06 model, but the range of resistivity values is smaller in the E15
model. Relatively low resistivity values in the shallow subsurface (L) and in deeper parts of
the E15 model (M) indicate that the frozen layer is embedded between two unfrozen layers.
For the frozen layer, a thickness of around 10m is assumed at spot J.

Resistivity values of the E16 model (fig. 4.9a), which corresponds to a longitudinal cross-
section of rock glacier NAR02, are between 0.3 kΩm and 12 kΩm. Only eight of 662 model
cells show values above the threshold of 7 kΩmand thereby indicate frozen conditions. These
cells concentrate at a small patch in the upslope part of the model at a depth of around 6m
(A). The other parts of the E16 model and the complete extent of the adjacent E17 model
(fig. 4.9b) show resistivity values below 7 kΩm and are therefore assumed to represent an
unfrozen subsurface. This observation indicates that the occurrence of frozen conditions at
NAR02 is restricted to the two upper lobes. Extremely low resistivity values (<1 kΩm) at the
bottom of the E17 model (B) indicate the presence of liquid in the subsurface of this part of
the rock glacier, where a small spring exists near the front of the rock glacier.

The E18 model (fig. 4.9c) corresponds to a cross-section of the rock glaciers NAR03 and
NAR04 and the transition between the two rock glaciers. Although the resistivity distribu-
tion shows a similar layering as the resistivity distribution of the E16 model, lower resistivity
values indicate unfrozen conditions throughout nearly the complete extent of E18. Only at
one spot, values exceed 7 kΩm (C). However, as this concerns only four cells at the margin
of the model, and as the maximum resistivity is still only 7.6 kΩm, it is unclear if this struc-
ture indeed represents frozen conditions. Lowest resistivity values cluster in a continuous
layer near the surface, which has a thickness of about 2m (D) and stretches across the tran-
sition between the two rock glaciers (E). This transition is clearly reflected in the resistivity
distribution by resistivity values of around 3 kΩm below the upper layer (E).

The resistivity distribution of the longitudinal E19 model, which corresponds to a cross-
section of NAR04 (fig. 4.9d) is divided into two main parts. The upslope part (F) shows
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Figure 4.9: ERI Models NAR: E16–E23. Labels Refer to Structures Mentioned in the Text. Dashed Lines Indicate
Intersections.

resistivity values between 3 kΩm and 5 kΩm, while resistivity values in the downslope part
(G) are between 0.5 kΩm and 3 kΩm. The resistivity distribution indicates unfrozen condi-
tions throughout the complete extent of the E19 model and an accumulation of liquid water
in the downward part. In contrast to themodels E16, E17 and E18, the E19model lacks a con-
tinuous layer of relatively low resistivity values at shallow depths. The E20 model (fig. 4.9e)
is perpendicular to the E19 model. At the intersection of the two models, resistivity values
vary only slightly between 2 kΩm and 4 kΩm in both models and lack a distinct subsurface
layering. Maximum resistivity values of the E20 model reach up to 8.6 kΩm and concentrate
in a lens-shaped structure in the northwestern part of the model (H). This structure is the
only part of the E20 model where resistivity values indicate frozen conditions.

The E21 model corresponds to a transverse cross-section of NAR05 (fig. 4.9f) and shows
a relatively homogenous resistivity distribution. Only at the northwestern margin of the
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Figure 4.10: ERI Model NAR: E24. Labels Refer to Structures Mentioned in the Text.

model, anomaly high resistivity values (>100 kΩm) appear (J). This marginal structure is
presumably caused by a bad ground coupling of the electrodes or by air-filled voids in the
subsurface. Relatively low resistivity values in the deeper parts of the model (K) indicate
the presence of liquid water. The E22 model corresponds to a longitudinal cross-section
of NAR05 (fig. 4.9g) and agrees with the perpendicular E21 model on the observation of
a relatively homogenous resistivity distribution. Values are below 5.5 kΩm throughout the
complete extent of the model and thereby indicate unfrozen conditions. At the intersection
of the models E21 and E22, values of the E22 model vary only slightly around 2 kΩm. This
is similar to the values of the corresponding cells of the E21 model.

The resistivity distribution of the E23 model (fig. 4.9h) differs from the distributions of
the othermodels of NAR05. It shows higher resistivity values, which reach up to 6.6 kΩm(L).
Differences between the models E21 and E23 appear at the intersection of the two models:
while the E21 model shows resistivity values of around 2 kΩm, corresponding cells of the
E23 model reach values of up to 4 kΩm. In contrast to the resistivity distribution of the E18
model, which also spans across a transition between two adjacent rock glaciers, the transition
between NAR03 and NAR04 is not reflected in the resistivity distribution of the E23 model.

Located at an elevation of around 2730m a.s.l., NAR06 is the lowermost of the investi-
gated rock glaciers. However, massive ground ice was detected at a depth of 4.4m within
the survey area of the E24 by core drilling on September 11, 2016 (fig. 4.10). The modeled
resistivity distribution of the E24 model shows that relatively high resistivity values cluster in
the central part of the model, where they form an irregularly shaped, longitudinal band with
a width of about 34m (M). This band is surrounded by values between 0.5 kΩm and 2 kΩm.
Between depths of 1m and 4m, resistivity values change only slightly and reach up to 6 kΩm.
This indicates that the entire survey area is ice-free at this depth level. Between depths of 4m
and 6m, the horizontal extent of both structures decreases, but resistivity values increase to
8 kΩm and thereby exceed the threshold value of 7 kΩm. At depths between 6m and 9m,
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Figure 4.11: Radargram NAR: R01 (Right Panel) and Derived Velocity Model (Left Panel). Selected Reflectors
are Accentuated in Red.

relatively high resistivity values disappear nearly completely and only a small structure of
resistivity values up to 15 kΩm is visible (N). Below a depth of 9m, resistivity values increase
to 27 kΩm and relatively high resistivity values cover an extensive part of the model slice.

4.2 Ground-Penetrating Radar

In total, one CMP survey and two 2-D GPR surveys were performed at NAR01 and NAR07.
As the previously presented results of the ERI models indicate distinct differences in subsur-
face conditions between the two rock glaciers NAR01 and NAR07, the vertical EM velocity
layering of the CMP model was used for time-depth conversion of data from NAR01 only
(R01). A constant EM velocity of 0.13mns−1, based on values presented by Berthling and
Melvold (2008), was applied for time-depth conversion of data from NAR07 (R02).

The R01 CMP model shows a structure of four layers (fig. 4.11). The uppermost layer
has a thickness of 0.9m and an EM velocity of 0.13mns−1. It covers a layer with 1.8m
thickness and a velocity of 0.15mns−1. Between depths of 2.7m and 3.5m, the EM velocity
is 0.1mns−1, and below this depth, the EM velocity increases to 0.13mns−1. This layering
indicates a relatively high amount of liquid water in the third layer, while the EM velocity
values of the other layers are in a range that agrees with the assumed frozen conditions.

The R02 radargram (fig. 4.12a) shows steeply declining reflectors in the first part (A).
In the following part, which corresponds to the transition between the talus cone and the
rock glacier, it shows one distinct, slanting reflector directly below the surface (B). Below
this reflector, a few undulating reflectors appear near the bottom of the radargram (C). One
prominent reflector appears at a depth of around 3m (D) in a section that corresponds to the
upper lobe of NAR01. This slightly concave reflector is about 30m long, and above and below
this reflector, the radargram shows chaotic reflection patterns that predominately comprise
short, curved reflectors. When the prominent concave reflector D starts to strike towards
the surface, it is followed by a similarly shaped reflector (E). This reflector E itself is again
followed by a third reflector (F), which is traceable throughout the rest of the radargram.

The R03 radargram (fig. 4.12b) is dominated by curved reflectors (G). In a part of the
radargram that corresponds to the front of the upper lobe, undulating reflectors appear be-
tween 3m and 5m depth (H). A nearly continuous reflector is visible at a depth of around
3m in a part of the radargram that corresponds to the lower lobe (J).
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Figure 4.12: Radargrams NAR: a) R02, b) R03. Labels Refer to Structures Mentioned in the Text. Selected Reflec-
tors are Accentuated in Red.

4.3 Temperature Measurements

Temperature data was continuously recorded by 15 temperature sensors, installed in a bore-
hole of 10m depth and at ten positions on the surface.

Subsurface Temperatures
Throughout the complete investigated time span, subsurface temperature values at NAR01
were at or below 0 °C at all sensors between 3m and 5m depth. However, the difference
between the highest temperature and 0 °C is lower than the accuracy range of the sensors
(±0.25 °C), and therefore the occurrence of permafrost cannot be validated. The same applies
to the depth level between 5m and 9m, where temperature values between −0.01 °C and
−0.25 °C were recorded. Only at depths below 9m, temperature values were below−0.26 °C
throughout the recorded time span and thereby verify permafrost conditions at NAR01.

The borehole temperature record (fig. 4.13) shows that downward freezing from the sur-
face started on October 27, 2014 in the winter of 2014/2015 (2015/2016: Oct 20, 2016/2017:
Oct. 08), seven days after the frost table started to rise. This order was reversed in the fol-
lowing winter of 2015/2016, when downward freezing started 14 days earlier than upward
freezing. In the winter of 2016/2017, downward freezing reached the frost table before any
rise was detected. In the winter of 2014/2015, the subsurface was completely frozen 23 days
after the onset of the freezing period (2015/2016: 21 d, 2016/2017: 23 d), and remained in a
frozen state for 199 days (2015/2016: 237 d, 2016/2017: 215 d). Thawing of the subsurface
column took 49 days in the following spring of 2015 (2016: 40 d, 2017: 52 d) and reached a
maximum thickness of 5m on July 25, 2015 (2016: Aug 13, 2017: Jul 25).
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Figure 4.13: Recorded Borehole Temperature Data (NAR). Small Dots on y-Axis Indicate Sensor Positions.

The recorded subsurface temperature values show an increasing strength in the penetra-
tion of cold winter temperatures throughout the investigated time span. The wintry cooling
of 2014/2015 caused a decrease in daily mean temperatures of 0.49K at the sensor at 3m
depth, while temperature values below this level remained at a constant level. In the follow-
ing winter of 2015/2016, the decrease in temperature reached down to a depth of 7m, where
temperature values decreased by 0.3K. In the winter of 2016/2017, the seasonal decrease
in temperatures reached down to the sensor at 9m depth, where temperatures have been
permanently below −0.5 °C since August 30, 2016.

Ground Surface Temperatures
The temperature records of the ten GST sensors, distributed over the rock glacier assem-
bly, show MAGST values between−2.02 °C (T08: 2015/2016) and 1.81 °C (T10: 2014/2015)
(tab. 4.1). HighestMAGST values appear at positions where the sensors are placed at concave
surface positions like shallow depressions or trenches, followed by sensors at positions with
a convex surface topography. Lowest MAGST values appear at a position in front of a lobe of
NAR01 and at a position between coarse clasts in front of NAR01. This order correlates with
the length of snow cover duration, as derived from the number of days with diurnal tempera-
ture variations below 0.4K. At all sensor positions, MAGST values decrease between the two
investigated periods. This is attributed to a period of extraordinary low GST values between
August 2015 and January 2017. In turn, temperature values between September 2014 and
July 2015 and after January 2017 were above the average.

The plots of the temperature data recorded from the data loggers at convex surface posi-
tions (T01, T02, T03) show highly fluctuating values and only short episodes of zero-curtain
conditions (fig. 4.14). In the first year of the investigated period, they became snow-free at
the beginning of June. This event shifted to the end of June/beginning of July in the following
year of 2016. In 2017, they became snow free already at the end of May. While the GST sen-
sors T02 and T03 changed their order of becoming snow-free first, the sensor T01 was the
last one to become snow-free in all three years of the investigation. The three data loggers
at convex surface positions recorded very low minimum daily mean temperature values of
−11.21 °C (T01), −19.18 °C (T02) and −15.76 °C (T03), respectively.
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Figure 4.14: Recorded GST Data NAR.
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Table 4.1: Summary of Recorded GST Data (NAR).

Label MAGST [°C] MAGST [°C] SC [d] SC [d] SC [d] Topographic
2014/2015a 2015/2016a 2014/2015a 2015/2016a 2016/2017b Position

T01 0.51 –1.4 224 180 171 Lobe Convex
T02 0.81 –1.19 121 100 65 Lobe Convex
T03 1.42 –0.25 220 139 86 Lobe Convex
T04 1.46 NoData 277 NoData 229 Lobe Concave
T05 1.77 NoData 260 NoData No Data Lobe Concave
T06 1.62 0.69 264 269 227 Trench Between Lobes
T07 NoData -0.8 NoData 295 240 Lobe Concave
T08 -0.23 –2.02 224 185 134 Lobe Front
T09 0.43 –1.44 217 130 56 Coarse Clasts
T10 1.81 NoData 247 NoData No Data Coarse Clasts

MAGST = Mean Annual Ground Surface Temperature // SC = Snow Cover
aInvestigated Period: 01 Nov–31 Oct // bInvestigated Period: 01 Nov–09 Aug

The temperature plots of sensors placed at concave surface positions and in transitional
areas between the rock glacier lobes show less fluctuations and more durable zero-curtain
conditions. (fig. 4.14). The date on which the last of these sensors became snow-free was
less variable during the investigated period and was always at the end of June/beginning of
July, except for the sensor T07, which was covered with snow until mid-August in both years
of recording. The occurrence of a persistent and insulating snow cover is assumed to limit
the penetration of cold winter temperatures into the ground at these positions and therefore,
the recordedminimum daily mean temperature values are relatively high. They are−5.90 °C
(T04), −5.28 °C (T05), −4.16 °C (T06) and −5.03 °C (T07), respectively.

The plots of daily mean temperature values recorded at one of the lobe fronts of NAR01
(T08) and at one position between coarse clasts (T09) resemble the plots of the sensors placed
at convex surface positions. Relatively low minimum daily mean temperature values of
−16.39 °C (T08) and −12.97 °C (T09), respectively, were recorded. The temperature curve
from the other position between coarse clasts in front of NAR01 (T10) shows similarities
with the curves of the sensors at concave surface positions. However, recorded zero-curtain
conditions are shorter and the MAGST is higher compared to these positions, although the
recorded minimum daily mean temperature of −7.98 °C is relatively low.

4.4 Interpretation

In this section, the results of the different methods are jointly interpreted. It focuses on the
internal structure of NAR01 and NAR07, but also addresses general characteristics.

Rock Glacier NAR01

The results of E04 and E10 affirm the assumed occurrence of ground ice in the root zone
of NAR01, which is based on an interpretation of the E01 model by Emmert and Kneisel
(2017). Differences in the resistivity distribution between the 3-D ERI model and the 2-D
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ERImodels are attributed to alterations caused by natural processes that occurred during the
long time span between the survey dates (see tab. A.3, appendix). However, this argument
cannot explain the differences between the E04 model and the E10 model, as surveying was
performedon two subsequent dayswith stableweather conditions. Thus, differences between
the two 2-D ERI models must be attributed to differences in the methodological approach.
They may be caused by the spatial resolution of the two ERI models, which differs according
to the different electrode spacings that were used (see tab. A.3, appendix). As a consequence,
the generally lower data coverage of E10 is particularly reduced at marginal positions of the
model. Nevertheless, results show a qualitatively similar characteristic resistivity pattern in
lateral direction throughout the root zones of the rock glaciers NAR01 and NAR02.

Resistivity values of both models E04 and E10 agree on the occurrence of congelation ice
from refreezing meltwater (Haeberli and Vonder Mühll, 1996). This meltwater presumably
originates from snow or ice patches, which are buried under a shallow debris cover below the
talus cones. It percolates slowly through the fine-grained debris and refreezes at undercooled
parts of the rock glacier. The observation of longitudinal bodies of ground ice (e.g., E10–E12:
C) indicates that the influence of a lateral meltwater flow is neglectable for the previously
described way of ground ice formation, and that only meltwater that travels longitudinally
through the rock glacier is affected by the described process of refreezing. The spatial coinci-
dence between the abrupt end of the frozen layer, as observed in the longitudinal E05 model
(E05: P), and an increasing slope angle of the surface topography indicates that the forma-
tion of lobes at NAR01 is connected to differences in ice content. The occurrence of buried
patches of snow or ice in the subsurface of the talus cones is affirmed by the appearance of the
strong, declining reflectors in the R02 radargram (R02: A). They are assumed to represent
alternating layers of debris and massive ice (Moorman et al., 2003) and indicate that not one
single, but multiple burial events must have occurred. The undulating reflectors in the lower
part of the R02 radargram (R02: C) indicate a deformation by compressional flow and can
be interpreted as a sign for active rock glacier movement (Degenhardt and Giardino, 2003;
Monnier et al., 2008; Monnier et al., 2011).

The R02 radargram indicates the existence of a continuous frost table by the appearance
of a prominent compound reflector (R02: D-E-F), which is traceable nearly through the com-
plete radargram. The chaotic reflection pattern below indicates frozen conditions but also the
absence of massive ice, as this part of the radargram lacks any blank spaces (Moorman et al.,
2003). The upwardly striking parts of the compound reflector show the occurrence of thrust-
ing processes (Monnier et al., 2013; Monnier and Kinnard, 2015). A boundary between an
upper and a lower part of the active layer, as derived from the time-lapse models E02/E03, is
not reflected in the R02 radargram, but the multi-layer stratification of the R01 CMP model
affirms the existence of this feature. The therein observed layering aligns with the vertical re-
sistivity gradient at a corresponding position of the time-lapse models, although the depths
of the boundaries between the layers do not exactly correspond (not shown).

The observed intraannual variations in the resistivity distribution of E02/E03 indicate
that melting starts at less ice-rich parts of the subsurface below the talus cone and that the
resulting meltwater subsequently refreezes at parts with higher ice content. Only after TS2
(E02/E03), melting affects the complete subsurface of the talus cone. The initial increase in
resistivity in the upper part of the active layer at NAR01 (E02/E03: H) is attributed to dryer
conditions in this shallow part of the subsurface, due to a reduced supply with meltwater
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from surface snow. After TS2 (E02/E03), stable subsurface conditions establish, which last
until a resistivity increase in the upper part of the active layer indicates the onset of wintry
downward freezing at the last time steps of both periods. However, the observation of this
onset disagrees with the borehole temperature records from the days of geoelectrical survey-
ing in both years, as they show slightly positive temperature values at the affected depth level.
This discrepancy is likely caused by small-scale differences in the ground thermal regimes
between the borehole position and the location of the ERTM survey line, or by the weak ac-
curacy of the temperature sensors. Recorded GST values from the sensor which was nearest
to the survey line (T01) are slightly negative around the days of geophysical data acquisition.

The lower part of the active layer (E02/E03: J) is characterized by meltwater flow on the
frost table during summer. This is indicated by the observation of relatively low resistivity
values after the end of the snowmelt period, when meltwater accumulates on the frost table.
A rise of the frost table between TS1 and TS2 is observed in both time-lapse models E02 and
E03 and also reflected by a recorded decrease in borehole temperature values between the
corresponding days. It indicates that percolating meltwater refreezes on the still relatively
cold frost table. After this short period of refreezing ends, constantly decreasing resistivity
values indicate a marginal melting at the top of the frost table. The therefore assumed imper-
meability of the frost table and ice-rich conditions align with the observed strong reflection
amplitude of the compound reflector in the R02 radargram (R02: D-E-F). Small resistivity
changes within the permafrost layer show that the influence of meltwater on this layer is
rather low and restricted to small patchy structures with varying ratios between liquid wa-
ter and ice (E02/E03: K1–K3). The last-named observation must be interpreted carefully, as
resistivity contrasts in this part of the model may be enhanced unreasonably by the applied
L1-norm inversion scheme or by a prolonged inversion process (Hauck and Vonder Mühll,
2003). However, the application of an L1-norm inversion scheme was necessary to avoid
problems in detecting the lower limit of the frozen layer (Lewkowicz et al., 2011).

Small interannual differences between the time-lapse models E02 and the E03 are at-
tributed to differences in weather conditions on the respective survey dates. The stronger
resistivity increase in the upper part of the active layer from TS5 to TS6 in the E03 model
is e.g., attributed to an extraordinary low precipitation in September 2016. In this month, a
summarized precipitation of only 36mm was recorded at the weather station in Samedan,
which is half of the long-term average (MeteoSchweiz, 2018). The higher number of model
cells that represent permanently frozen conditions at greater depths in the E03 model is at-
tributed to an enhanced penetration of cold winter temperatures, which is also reflected by
the borehole temperature records. The observed increase in resistivity in the upper part of
the active layer between TS1 (E03) and TS2 (E03) is attributed to the earlier start of the in-
vestigation period (E02: 12 Aug; E03: 21 Jul) and different snowpack condition. On the first
survey date of E02, the snowmelt period had nearly been completed at NAR, but the same
position, in contrast, was still covered by about 1.8m of snow on the first survey date of E03.
This enormous snowpack had presumably bound a considerably amount of water, which was
released only after TS2 (E03).

The strong resistivity decrease in the deeper parts of the E10 model (E10: D), may rep-
resent the lower boundary of the frozen layer, as its depth corresponds to the assumed per-
mafrost depth that Emmert and Kneisel (2017) deduced from results of 2-D SRT survey-
ing for this position. The extremely low resistivity values indicate a transition to unfrozen
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bedrock below the frozen layer (tab. 3.1). However, regarding the very low model resolu-
tion index values in this part of the model (see fig. B.1, appendix), it must be noted that the
appearance of this structure is not necessarily backed by the data.

Rock Glacier NAR07

Qualitatively similar resistivity distribution patterns at NAR07 andNAR01 indicate an analo-
gous way of rock glacier formation. Hence, the incorporation of surface snow or ice into the
subsurface is also assumed to be crucial for the formation of ground ice at NAR07. Extremely
high resistivity values (>850 kΩm) in the E06 model indicate ice-supersaturated conditions,
but the lack of any characteristic reflection patterns in the E03 radargram, like e.g., blank
spaces (Moorman et al., 2003), shows the absence of massive ice bodies in the subsurface.

The appearance of curved reflectors in the R03 radargram (R03: G) indicates that the
upper part of the rock glacier consists of talus deposits and is affected by flow processes
(Berthling et al., 2000). As flow processes are often associated with a state of water satura-
tion (Benedict, 1976), the occurrence of an impermeable frost table is assumed, although the
appearance of a corresponding, continuously traceable reflector is limited to the part of the
radargram that corresponds to the lower rock glacier lobe (R03: J). Below this continuous re-
flector, the appearance of undulating reflectors in the R03 radargram (R03: H) is interpreted
as a result of deformation by compressional flow (Monnier et al., 2011). The affected part of
the radargram coincides with parts of the E06 and E08 model that show a sharp longitudinal
drop in resistivity, which indicates a strong decrease in ice content.

Results of the E08 model show a strong increase in liquid water in the upper subsurface
between TS1 and TS2. This reflects the substantial decrease in surface snow, which was ob-
served in the field between the two dates of surveying. After the end of the snowmelt period
around TS3 (E08), only slight variations appear in the active layer. The resistivity increase
from TS5 to TS6 in the upper part of the active layer is again attributed to the extraordinary
dry weather conditions in September 2016, as described previously (MeteoSchweiz, 2018). It
is followed by an even stronger increase in resistivity in the upper subsurface between TS6
andTS7, which coincides with slightly negativeGST values (T07) and is therefore interpreted
as the onset of downward freezing. The assumed shift of the step-shaped part of the frost ta-
ble in downward direction (E08: N) indicates a fast and intense movement of the upper lobe
and aligns with the observed signs of compressional flow in the R03 radargram.

Relatively low resistivity values at a position that corresponds to the area between the
upper and the lower rock glacier lobe (E08: M) indicate that liquid water accumulates at
this position. This is supported by an assumed deepening of the frost table topography at
this position, which develops throughout the investigated time span. This assumption aligns
with the observation that the initial increase in resistivity is compensated relatively early in
this part of the model, compared to other parts of the model, and that the following decrease
in resistivity is particularly strong. A similar scenario can explain the resistivity changes in
the E09 model: At a position with a slightly concave frost table (E09: T) resistivity values
decrease constantly, but at a position with an inclining frost table (E09: U), resistivity values
fluctuate after the end of the snowmelt period. The band-shaped structure of relatively high
resistivity values in the shallow subsurface of the E09 model (E09: V) is interpreted as an
interbedded layer of rather coarse-grained materials. This assumption is based on the stable
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Table 4.2: Conversion Table: Potential Direct Solar Radiation (Jul–Oct) to BTS. Modified from Hoelzle (1992).

Pot. Dir. Sol. Radiation Bottom Temperature of
[MJm−2 d−1] Snow Cover (BTS)

16.8 −8 °C to−7 °C
17.5 −7 °C to−6 °C
18.2 −6 °C to−5 °C
19.0 −5 °C to−4 °C
19.7 −4 °C to−3 °C
20.4 −3 °C to−2 °C
21.2 −2 °C to−1 °C
22.0 −1 °C to 0 °C

depth level of this structure throughout the investigated time span and the relatively strong
absolute changes in resistivity, as this is characteristic for coarse-grained materials, due to
their lower water retention capacity (Schneider et al., 2013).

Permafrost Distribution and Ground Ice Characteristics

Although the geophysical models show a widespread permafrost distribution at NAR that
agrees well with maps of the potential permafrost distribution (BAFU, 2005; Boeckli et al.,
2012), the presented GST plots show ambiguous results. Compared to the plots of the classi-
fication study by Ishikawa (2003), the observed temperature curves of all sensors at NAR
indicate a high probability for the occurrence of permafrost, but require further data to
confirm this. The lowering of MAGST values throughout the investigated time span is at-
tributed to lower air temperatures in the 2015/2016 period compared to the 2014/2015 pe-
riod, as recorded at the weather station in Samedan (MeteoSchweiz, 2018). The simultane-
ously recorded decrease in subsurface temperatures values shows a close coupling between
the subsurface and the atmosphere. The observation of higher winter temperatures at posi-
tions where the sensors are placed at concave surface positions is attributed to a relatively
thick snow cover that prevents the penetration of cold winter temperatures.

Longitudinal ERI models of the upper rock glacier lobes (E02/E03, E13, E15) display
highest ice contents at positions below the talus cones. Sharp drops in th e longitudinal resis-
tivity gradients indicate strong reductions of ground ice towards the adjacent rock glaciers. A
qualitatively similar drop in resistivity at Schiantala rock glacier in the Italian Alps (Ribolini
et al., 2010) was interpreted as the margin of a body buried ice from a LIA glaciation. If this
assumption can be transferred toNAR, however, is speculative and not backed by any further
observations. Transverse ERI models of the upper rock glacier lobes show relatively high ice
contents at the lateral margins of the rock glaciers (E04: N; E10: B, C1; E11: C2; E12: C3),
while the transitional zones between the rock glacier lobes are ice-free. This distribution of
ground ice coincides with variations in rockfall intensity, as the transitional zones between
the rock glaciers are less affected. It further coincides with MAGST values, which are higher
at the ice-free positions in the transitional areas. However, at the transition between the rock
glaciers NAR02 and NAR07, the observed ground ice distribution pattern is reversed. This is
attributed to the extraordinary position of NAR07, which superimposes the joint root zone
of NAR03 and NAR05. Presented ERI models of the lower rock glacier lobes show mainly
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Figure 4.15: Map of Potential Direct Solar Radiation in Study Area NAR between July and October. Own Calcu-
lations. Source of DEM: swisstopo (2005).

unfrozen conditions (E). Extremely low resistivity values in the models E17 and E21 indi-
cate accumulations of liquid water at the rock glacier snouts of NAR02 (E17: B) and NAR05
(E21: K). At NAR02, this reservoir presumably supplies the small spring at the foot of the
rock glacier. However, isolated patches of ground ice were detected in the lower parts of the
rock glaciers NAR04 and NAR06 (E20: H; E24: M, N).

The observed permafrost distribution at NAR correlates with the potential direct solar
radiation between July and October (fig. 4.15), as calculated by the Area Solar Radiation-
tool of ArcGIS (Ver. 10.6, ESRI Inc.) from a digital elevation model with a raster size of
25m (swisstopo, 2005). Following the approach of Funk and Hoelzle (1992) and Hoelzle
(1992), values of this parameter can be transferred (see tab. 4.2) into values of the Bottom
Temperature of Snow Cover (BTS) (Haeberli, 1973) and thereby used as an indicator of per-
mafrost. Thepresentedmap (fig. 4.15) shows that the position of the ground ice occurrence at
NAR04 (E20: H) receives radiation values between 18.8MJm−2 d−1 and 19.3MJm−2 d−1.
This corresponds to BTS values below −3 °C, which clearly indicate permafrost conditions.
Radiation values further reflect the absence of permafrost at the rock glacier snout of NAR05.
However, the presented map fails in reflecting the assumed absence of permafrost at NAR03,
where relatively low radiation values disagree with the relatively low resistivity values of the
E19model (E19: G). It further disagrees with the observation of ground ice at NAR06, which
was verified by core drilling. At the corresponding position, radiation values are between
21.4MJm−2 d−1 and 21.6MJm−2 d−1, which indicates the absence of permafrost, follow-
ing Haeberli (1973). These discrepancies may be explained by the general uncertainty of the
BTS method (Haeberli, 1973), but may also reflect a temporal disparity between the recent
environmental conditions and the internal structure of the rock glaciers at NAR. This em-
phasizes the ability of the internal structure to serve as an archive for landforming processes
and conditions of the past.
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Chapter 5

Results and Interpretation UER
Geophysical investigations at UER comprise multi-dimensional approaches of ERI (5.1) and
GPR (5.2). Temperature data was recorded at the ground surface and by a subsurface ther-
mistor chain (5.3). The last part of this chapter comprises an interpretation of the results,
focusing the internal structure of UER01 rock glacier (5.4).

5.1 Electrical Resistivity Imaging

The section is divided into four parts: The first three parts comprise results of the q-3-D ERI
surveys (E01, E2, E03) at UER01. In the fourth part of this section, results of the 2-D ERI
reconnaissance survey (E04) at UER02 are presented. This last part of the section includes
an instant interpretation of the results, as no complementary data from UER02 is available.
The more comprehensive interpretation of the internal structure of UER01 rock glacier is
presented in section 5.4.

Results of a previous study, comparing results of 2-D ERI surveying, 2-D SRT survey-
ing and borehole temperature measurements (Emmert and Kneisel, 2017), show that a value
of around 8 kΩm can be used to distinguish between frozen and unfrozen subsurface condi-
tions at UER. This threshold value is hence used for interpretations in this chapter. Although
results of the surveys E01 and E02 have already been published (Emmert and Kneisel, 2017),
they are rearranged here for a holistic view on the entire rock glacier.

UER01 Rock Glacier Snout

The q-3-D ERI model E01 (fig. 5.1) shows a complex resistivity distribution pattern. Re-
sistivity values that exceed the value of 8 kΩm, cluster in three prominent, longitudinally
shaped structures (A1–A3). Values of up to 14 kΩm (A1), 30 kΩm (A2) and 40 kΩm (A3),
respectively, indicate frozen, but ice-poor conditions. The three structures root in a joint
root zone (B), have lengths between 60m and 70m and widths of around 10m. Their thick-
nesses and depths vary strongly between and within the extent of the three structures. The
boundaries between the structures vanish below a depth of 6m, but resistivity values are still
above 12 kΩmat all three positions throughout the entiremodel depth of 15m. Values of low
resistivity are present at the western margin of the model, where a curved band of relatively
low resistivity values (<1 kΩm) appears below a depth of 2m (C). Its position corresponds
to a surface ridge of around 2m that forms the outer edge of the rock glacier in this part.
A second structure of relatively low resistivity values appears as a U-shaped structure (D)
in front of structure A2. At this position, which corresponds to a deep furrow between the
arcuate ridges, values are below 2 kΩm through the entire model depth.
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Figure 5.1: ERI Model UER: E01. Selected Slices. Labels Refer to Structures Mentioned in the Text.

Figure 5.2: ERI Model UER: E02. Selected Slices. Labels Refer to Structures Mentioned in the Text.
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UER01 Central Part
The uppermost slice of the E02 q-3-D ERI model, which represents the central part of the
rock glacier, shows a complex resistivity distribution pattern (fig. 5.2). Except for a few iso-
lated clusters of relatively high resistivity values in the upper subsurface, resistivity values ex-
ceed the threshold value of 8 kΩm only at two spots (E, F). In the western part of the model,
maximum resistivity values of up to 250 kΩm cluster in an elliptically-shaped structure and
indicate ice-rich conditions (E). Parts of this structure appear directly below the surface and
at a depth of 2m, the structure reaches its maximum horizontal extent. The structure re-
mains at the same position down to a depth of 5m and is followed by a decrease in extent
and resistivity. The structure disappears below a depth of 11m, and the horizontal model
slices show a rather uniform resistivity distribution pattern.

A second structure of relatively high resistivity values between 8 kΩm and 18 kΩm ap-
pears in the central part of the model (F). At the most downslope part of the E02 model,
where it partially overlaps with the E01 model, structure F attaches to the joint root zone
of the tongue-shaped structures of the E01 model (B). Below a depth of 4m, the extent of
structure F decreases with depth. Like structure E, it completely disappears below a depth of
around 11m. Very low resistivity values (<1 kΩm) form a longitudinal bandwith a thickness
of about 12m (G) that appears between depths of 1m and 4m between the two structures E
and F. Structure G disappears below a depth of 4m but reappears at the bottom of the model,
at depths between 11m and 15m.

UER01 Rock Glacier Root Zone
The E03 q-3-D ERI model shows relatively high resistivity values in the central part of the
root zone (H), enclosed by two longitudinal bands of relatively low resistivity values (fig. 5.3).
These bands are located at the western and at the eastern margin of the ERI model. Strong
contrasts in resistivity characterize the horizontal slices.

Maximum values of up to 150 kΩm, which indicate ice-rich conditions, appear in the
upper 2m of the model. With increasing depth, isolated patches of relatively high resistivity
values merge to an L-shaped structure of resistivity values between 50 kΩm and 100 kΩm (J).
The maximum horizontal extent of this structure is reached between 3m and 5m depth. It
covers an area that corresponds to the surroundings of the ice patch on the rock glacier sur-
face (J1), and to a longitudinal gully in the western part of the rock glacier (J2), respectively.
Below a depth of 5m, resistivity values of structure J decrease with increasing depth. The
magnitude of this decrease is stronger in the longitudinal segment J1 than it is in the trans-
verse segment of the structure J2. At a depth of 9m, the longitudinal part of the structure
vanishes and only one ellipsoid patch of relatively high resistivity values is left. Although
the slight decrease in resistivity continues with increasing depth, values at the bottom of the
model at about 20m depth (not shown) are still above 50 kΩm.

UER02 Reconnaissance Survey
The first part of the E04 model corresponds to the area in front of the rock glacier and shows
resistivity values between 1.5 kΩm and 7 kΩm throughout the entire model depth (fig. 5.4).
This indicates unfrozen conditions with a varying content of liquid water. Lowest resistivity
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Figure 5.3: ERI Model UER: E03. Selected Slices. Labels Refer to Structures Mentioned in the Text.

values, between 0.2 kΩm and 1 kΩm, appear in a layer with a thickness between 1m and
3.5m (K). This structure indicates an interbedded layer of relatively fine-grain materials.

At a depth of around 4.5m, a layer with relatively high resistivity values between 30 kΩm
and 125 kΩm appears at the bottom of the model (L). It indicates frozen conditions and a
high ice content. It can either represent ice-supersaturated conditions, like they are assumed
for UER01, or massive ice, which is exposed about 100m away from the survey location.
However, further assumptions are speculative without complementary data. The undulating
frost table topography follows the undulating surface topography. At the position where the
survey line intersects with the upper lobe of the rock glacier, resistivity values of the upper
layer decrease and values between 0.3 kΩm and 1 kΩm dominate the model.

Figure 5.4: ERI Model UER: E04. Labels Refer to Structures Mentioned in the Text.
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5.2 Ground-Penetrating Radar

One 2-D GPR survey was performed along the longitudinal axis of the rock glacier (R01)
and three 2-D GPR surveys were performed in transverse direction: one across the root
zone of the rock glacier (R02), one across the central part (R03) and one across the rock
glacier snout (R04). For time-depth conversion, a simple two-layered 1-D model, based on
hyperbola matching was used: it consists of an upper layer of 1m thickness an EM velocity
of 0.09mns−1, which overlays a lower layer of an EM velocity of 1.2mns−1.

Longitudinal Profile

Radargram R01 (fig. 5.5) shows a pattern of surface-parallel reflectors throughout the first
155m (A).This pattern reaches down to a depth of around 10m at the start of the survey line,
but its thickness is reduced to around 6m at x = 50m. At several positions, the pattern of
surface-parallel reflectors is interrupted by upwardly dipping reflectors at depths of around
6m (B). Between x = 165m and x = 190m, a rather chaotic pattern of short reflectors ap-
pears (C). This pattern is followed in a downslope direction by surface-parallel reflectors (D),
which are partially interspersed with nearly horizontally striking reflectors (E). In the part
of the radargram that corresponds to the area where a distinct furrow-and-ridge topography
is present, the shape of the reflectors follows the surface topography (F). Below the surface
ridges, penetration depth is reduced from around 8.5m to 6.5m.

Transverse Profiles

The radargrams R02, R03 and R04 correspond to transverse cross-sections of UER01. The
radargram of the root zone (R02:, fig. 5.6a) shows a low penetration depth which gradually
increases from 2.5m to 8m in the first part of the radargram. This part corresponds to the
area west of the surface ice patch and shows surface-parallel reflectors (G). In the part that
corresponds to the area around surface ice patch it shows strictly horizontal reflectors. Af-
ter the end of the surface ice patch, the pattern of horizontally striking reflectors continues
for around 3m and is covered by a shallow pattern of surface-parallel reflectors (J). In the
part with inclining surface topography at the end of the radargram, it repeats the pattern of
surface-parallel reflectors of the first 8m and shows again a low penetration depth (K).

The R03 radargram, which corresponds to the central part of the rock glacier (fig. 5.6b)
shows surface-parallel reflectors and a low penetration depth at the beginning of the survey
line (L). In survey direction, this pattern is followed by a chaotic pattern of rather short reflec-
tors (M) at positions that correspond to a surface depression. In a part that corresponds to
the area of the longitudinal surface ridges, the radargram shows surface-parallel reflectors in
the upper 2.5m of the subsurface (N). Penetration depth is highest in the central part of the
radargram but the differences between the identified sections are less pronounced compared
to the R02 radargram. Horizontally striking reflectors (P) appear in the first part of the R04
radargram (fig. 5.6c). This pattern is covered with curved reflectors in the following, which
appear directly below the surface (Q). While penetration depth is highest at positions that
correspond to the furrows in the first half of the radargram (R), this pattern is reversed in the
second half, in which penetration depth is lower at a similar positions (S).
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Figure 5.5: Radargram UER: R01. Labels Refer to Structures Mentioned in the Text. Selected Reflectors are
Accentuated in Red.
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Figure 5.6: Radargrams UER: a) R02 b) R03 c) R04. Labels Refer to Structures Mentioned in the Text. Selected
Reflectors are Accentuated in Red.
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Figure 5.7: Recorded Borehole Temperature Data (UER). Small Dots on y-Axis Indicate Sensor Positions.
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5 Results and Interpretation UER

5.3 Temperature Measurements

Temperature data was continuously recorded at 15 temperature sensors, installed in a bore-
hole of 10m depth and at ten positions on the surface.

Subsurface Temperatures

Throughout the complete investigated period, subsurface temperature values at UER01 were
below 0 °C at all sensors from a depth of 4m. However, at all of these sensors, the dif-
ference between the highest temperature and 0 °C is below the accuracy range of the sen-
sors (±0.25 °C). The borehole temperature record (fig. 5.7) shows that downward freezing
from the surface started on November 16, 2014 in the winter of 2014/2015 (2015/2016: Oct
30, 2016/2017: Oct. 19), 19 days before the onset of upward freezing (2015/2016: 15 d,
2016/2017: 15 d). After 14 days (2015/2016: 15 d, 2016/2017: 22 d) the subsurface col-
umn was completely frozen and remained in a froze state for 175 days during the winter
of 2014/2015 (2015/2016: 216 d, 2016/2017: 187 d). Thawing of the subsurface column took
37 days in the following spring of 2015 (2016: 58 d, 2017: 65 d) and reached a maximum
thickness of 4m on July 19, 2015 (2016: Aug 29, 2017: Aug 04). The recorded subsurface
temperature values show an increasing strength in the penetration of cold winter tempera-
tures throughout the investigated time span. The wintry cooling of 2014/2015 reached down
to a depth of 1.6m only, where it caused a temperature decrease of 0.31K. The following
winter of 2015/2016 caused a decrease of 0.65K at the sensor in 2m depth and in the winter
of 2016/2017, the same sensor depth was affected by a temperature decrease of 1.19K.

Ground Surface Temperatures

The temperature records of the ten GST sensors show a range of MAGST values between
3.23 °C (T03: 2014/2015) and −0.23 °C (T02: 2015/2016) (tab. 5.1). MAGST values of the
second investigation period are generally lower than MAGST values of the first period. The
difference between the two years is highest at the sensor locations T02 and T06, which rep-
resent the positions with lowest MAGST values. The lowest difference is observed at the
sensors T05 and T07, which represent locations of relatively high MAGST values.

A comparison of MAGST values and the sensor positions reveals a connection between
these two parameters: At the rock glacier snout, where arcuate ridge structures occur on the
rock glacier surface, MAGST values are higher at positions on the ridges (T01, T03, T05),
compared to the furrow (T02). This pattern is reversed in the central part of the rock glacier,
where longitudinal ridge structures occur. In this central part, MAGST values are lower on
the ridges (T06, T04), compared to positions in between (T07, T08). Plots of daily mean
temperature values (fig. 5.8) indicate a strong influence of an insulating snow cover. At po-
sitions where a durable snow cover is assumed due to low diurnal temperature fluctuations
(T02, T04 and T07), lowest daily mean temperature values are at or below−5 °C. Minimum
temperatures at the other sensors are between −14.66 °C (T01) and −7.06 °C (T03). The or-
der which sensor became snow-free first varied between the different sensors on the arcuate
ridges (2015: T01, 2016: T01, 2017: T05), but the sensor at the deep surface depression (T02)
was always the last one that became snow-free. The sensor at the apparently relict lobe (T09)
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5.4 Interpretation

Table 5.1: Summary of Recorded GST Data (UER).

Label MAGST [°C] MAGST [°C] SC [d] SC [d] SC [d] Topographic
2014/2015a 2015/2016a 2014/2015a 2015/2016a 2016/2017b Position

T01 2.04 0.98 173 135 92 Arcuate Ridge
T02 1.85 –0.23 258 262 224 Bottom of Furrow
T03 3.23 1.49 232 190 190 Arcuate Ridge
T04 1.99 0.89 234 266 204 Longitudinal Ridge
T05 2.07 1.17 246 178 160 Arcuate Ridge
T06 2.17 0.13 236 177 158 Longitudinal Ridge
T07 2 1.36 259 261 241 Between Ridges
T08 2.59 0.79 226 171 165 Between Ridges
T09 1.76 0.02 257 202 172 Relict Lobe
T10 –0.09 –1.56 234 208 170 Scree Slope

MAGST = Mean Annual Ground Surface Temperature // SC = Snow Cover
aInvestigated Period: 01 Oct–30 Sep // bInvestigated Period: 01 Oct–25 Aug

shows a similar curve compared to the other sensors. Temperature values are relatively low
in winter and moderate in summer. The sensor at the adjacent scree slope (T10), however,
shows significantly lower MAGST values compared to the sensors at the rock glacier surface.
This is attributed to the absence of an insulating snow cover, which causes extraordinary low
winter temperatures at this position.

5.4 Interpretation

The observation of relatively low MAGST values at the adjacent scree slope (T10) and the
apparently relict lobe in front of the rock glacier (T09), indicate that the occurrence of per-
mafrost conditions is not restricted to the recent outline of UER01. However, highly fluctu-
ating temperature values indicate the absence of an insulating snow cover at these positions.
Therefore, assumptions on the presence of permafrost cannot be made from temperature
records alone (Ishikawa, 2003). This ambiguity is reflected in the conflicting representa-
tion of the investigated area by maps of the potential permafrost distribution (BAFU, 2005;
Boeckli et al., 2012). The observed differences in MAGST values between the two investi-
gated periods follow interannual variations in air temperatures, as recorded at the weather
station in Samedan (MeteoSchweiz, 2018). The enhanced subsurface cooling is attributed to
decreases in snow cover thickness and duration. This is indicated by (i) a shortening of the
time span with low diurnal fluctuations and (ii) a shortening of the zero-curtain period in
the GST records. The assumption is further supported by snow height measurements from
the nearby Piz Kesch/Porta d’Es-cha station (MeteoSchweiz, 2018).

The surface depression in the central western part of the rock glacier has presumably the
highest ice content. The relatively high resistivity values (E02: E) at this position, however,
coincide with a chaotic pattern of short reflectors in the transverse R03 radargram (R03: M).
This indicates a large amount of debris in the subsurface and the absence of massive ground
ice (Berthling et al., 2000; Degenhardt, 2009). A frozen, ice-saturated state of the subsurface
materials is further indicated by the relatively deep penetration depth of the EMwaves at this
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Figure 5.8: Recorded GST Data UER.
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5.4 Interpretation

position (Scott et al., 1990). A durable snow cover was observed in the surface depression
during fieldwork, and thus it is assumed that either (i) meltwater percolates into the subsur-
face and refreezes, or that (ii) snow is buried by material from the rim of the depression.

The second area with presumably high ice content is located in the root zone of UER01,
directly attached to the surface ice patch (E03: J). Resistivity values are close to 100 kΩm and,
regarding the local conditions, are assumed to indicate congelation ice. Although a lateral
moraine and the perennial surface ice patch indicate a glacial influence on the formation of
permafrost, the R01 radargram (R01: A) lacks any indications of massive ice, like e.g., blank
areas or synclinal structures (Monnier et al., 2011; Monnier et al., 2013; Moorman et al.,
2003). Hence, it is unlikely that the ground ice is an extension of the surface ice patch, which
reaches down to a depth of less than 2m, as indicated in the R02 radargram (R02: H).

Similar reflectors, as they appear in the R01 radargram (R01: A), were observed by De-
genhardt (2009), regarding rock glaciers in the USA and Svalbard, and interpreted as a result
of sequential covering of surface ice by debris layers. This concept is also plausible for UER01
rock glacier, as the surface ice patch is located in a local depression of the rock glacier surface
and therefore might be covered by debris from time to time. The longitudinal part of the
ground ice body at the western side of the rock glacier (E03: J1) is attributed to refreezing
meltwater of the surface ice patch. Upwardly dipping reflectors in the R01 radargram (R01:
B) are commonly attributed to thrusting processes (Monnier et al., 2011). Their appearance
in a part of UER01 where longitudinal ridges occur, indicates that these surface features re-
sult from permafrost creep along the longitudinal axis of the rock glacier.

At the rock glacier snout, where the distinct furrow-and-ridge topography occurs, the
surface-parallel reflectors of the R01 radargram (R01: F) show an impact of strong compres-
sional forces (Degenhardt and Giardino, 2003; Monnier et al., 2008). Small-scale differences
in penetration depth and reflection amplitude in the transverse R04 radargram of the rock
glacier snout (R04: R, S) affirm the occurrence of a complex ground ice distribution pat-
tern, as derived from the E01 models. In the first part of the radargram, the observation of a
low penetration depth at positions that correspond to the arcuate ridges, however, contrasts
their assumed frozen state (Moorman et al., 2003). This discrepancy is associated with the
observation of vanishing boundaries between the ground ice patches at greater depth levels.

Although no velocity measurements were performed at UER01, the patchy ground ice
distribution and the lack of an extensive frost table at UER01 point towards an inactive state
(Barsch, 1996). This is affirmed by the patchy occurrence of pioneer plants, but due to the
particularly small grain size, conventional concepts that link vegetation and landform activity
may not be transferable to pebbly rock glaciers (Burga et al., 2004).

81





Chapter 6

Results and Interpretation LTF
Geophysical investigations at LTF comprise one q-3-D ERI survey (6.1) and multi-dimen-
sional approaches of GPR (6.2). The last part of this chapter comprises an interpretation of
the results, focusing the internal structure of the investigated rock glacier (6.3).

6.1 Electrical Resistivity Imaging

A previous study from LTF rock glacier (Ikeda andMatsuoka, 2006), which included an over-
lay comparison between a direct observation of ground ice in the fine-grained section of the
survey area and results of 2-D ERI surveying, showed that frozen conditions can be present
in areas with resistivity values above 1 kΩm. The horizontal resistivity distribution of the
q-3-D ERI model E01 (fig. 6.1) reflects the segmentation of the survey area into two main
sections, covered with clasts of different origin and grain size. While the resistivity distri-
bution of the western section, where fine-grained shale debris is exposed, is rather uniform
and dominated by relatively low resistivity values, the eastern section, which is covered by
coarse-grained dolomite debris, shows amore complex distribution pattern. The eastern part
is further subdivided into an upward, northeastern part dominated by relatively low resistiv-
ity values and a downward, southeastern part that shows relatively high resistivity values.
This segmentation is present throughout the entire vertical model range of 15m. Resistiv-
ity values are between around 128 kΩm at isolated patches in the northeastern corner and
around 1 kΩm at patches at the southeastern margin of the model. A transitional area exists
between these two extremes.

Around the northeastern corner of themodel (A), resistivity values of around 25 kΩmap-
pear directly below the surface. This location corresponds to the area close to the front of the
upper rock glacier lobe in the coarse-grained section. Resistivity values decreasewith increas-
ing depth and reach around 10 kΩm at 5m depth. With further increasing depth, resistivity
value increase to around 30 kΩm at a depth of 9m. The horizontal extent of this structure
of relatively high resistivity values changes only slightly throughout the entire model depth.
At the opposite corner of the model (B), resistivity values are mainly below 2 kΩm. This part
of the model lacks a distinct vertical layering and shows only a slight increase from around
1 kΩm to 2 kΩm within the upper 5m of model depth. Below this depth, resistivity values
vary only slightly around 2 kΩm. At the position of the borehole of Ikeda and Matsuoka
(2006), relatively low resistivity values of around 1 kΩm are present in the upper 5m of the
subsurface. Below this depth, resistivity values increase to 4 kΩm at 10m depth and to more
than 5 kΩm at the bottom of the model.

The central part of the model (C), which corresponds to the area around the front of the
upper rock glacier lobe in the fine-grained section, shows constantly increasing resistivity
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6 Results and Interpretation LTF

Figure 6.1: ERI Model LTF: E01. Selected Slices. Labels Refer to Structures Mentioned in the Text.

values with increasing depth. This part of the model represents a transitional zone between
the two extremes. The lateral extent of this zone increases with depth and it has a distinct
vertical layering: an upper layer of resistivity values around 2 kΩmand3.5m thickness covers
a lower layer with resistivity values of around 6 kΩm. This lower layer reaches down to a
depth of around 8m. Below this depth, resistivity values decrease and are around 1 kΩm at
the bottom of the model.

6.2 Ground-Penetrating Radar

Two 1-D CMP surveys and four 2-D GPR surveys were performed at LTF. Two one-dimen-
sional models of the vertical EM velocity layering were derived from the two 1-D CMP sur-
veys, each model representing one of the two main sections of the rock glacier. These models
were then used for a time-depth conversion of the data from the longitudinal surveys of the
corresponding rock glacier section. More complex 2-D models of the vertical EM velocity
layering were built by combining the two 1-D models of vertical EM velocity layering. These
models were used for a time-depth conversion of the data from the transverse surveys.

CMP Surveys

The R01 CMP model (fig. 6.2a) shows a vertical EM velocity layering that consist of an upper
layer with a thickness of 0.8m and an EM velocity of 0.12mns−1. It is followed by a layer
with a thickness of 2.3m and an EM velocity of 0.09mns−1. Below a depth of 3.1m, a layer
with an EM velocity of 0.14mns−1 appears. The R02 CMP model (fig. 6.2b) shows a similar
layering, but with slightly different depths of the boundaries between the layers and a slightly
different EM velocity of the upper layer. The upper layer has an EM velocity of 0.11mns−1
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6.2 Ground-Penetrating Radar

Figure 6.2: Radargrams LTF (Right Panels) and Derived Velocity Models (Left Panels). a) R01, b) R02. Selected
Reflectors are Accentuated in Red.

and reaches down to a depth of 2.2m. It is followed by a layer with 2.1m thickness and an
EM velocity of 0.09mns−1. Below a depth of 4.3m, the EM velocity is 1.4mns−1.

Longitudinal Surveys

The R03 radargram (fig. 6.3a) corresponds to a longitudinal cross-section of the fine-grained
section and shows surface-parallel reflectors within the upper 3m of the radargram (A).This
pattern can be traced throughout the complete radargram. One single, concave reflector,
which reaches into a depth of around 5m, represents the lower boundary of this pattern
throughout the first 30m of the R03 radargram (B). When the radargram corresponds to the
lower lobe of the rock glacier, horizontally striking reflectors (C) appear below the surface-
parallel reflectors and penetration depth reaches up to 6.5m. Pattern C ends when the radar-
gram corresponds to the front of the lower lobe, and penetration depth decreases signifi-
cantly (D). Surface-parallel reflectors (E) appear within the first 30m of the R04 radargram
(fig. 6.3b), which corresponds to a longitudinal cross-section of the coarse-grained section.
Penetration depth is low in this part of the radargram and reaches up to 5m only. In the
second part of the radargram, the orientation of the reflectors changes slightly into a rather
horizontal direction and penetration depth increases to around 9m (F).

Transverse Surveys

The part of the R05 radargram (fig. 6.4a) correspond to a cross-section of the fine-grained
section of the upper rock glacier lobe. This part of the radargram shows a pattern of narrow,
nearly surface-parallel orientated reflectors (G). It is covered by a shallow layer with around
1.5m thickness, in which the reflection amplitude is relatively weak (H). In the second part
of the radargram, which corresponds to the coarse-grained section, the separation between
the reflectors of the surface-parallel pattern is more distinct (J). Penetration depth increases
from around 3.5m to around 5m towards the second part of the radargram. The R06 radar-
gram (fig. 6.4b) shows a pattern of narrow, surface-parallel reflectors in the upper 3m of the
subsurface (K). Below this depth, signal attenuation is high and only weak reflections are
visible in deeper parts of the first part of the radargram. The second part of the radargram,
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6 Results and Interpretation LTF

Figure 6.3: Radargrams LTF: a) R03 b) R04. Labels Refer to StructuresMentioned in the Text. Selected Reflectors
are Accentuated in Red.

Figure 6.4: Radargrams LTF: a) R05 b) R06. Labels Refer to StructuresMentioned in the Text. Selected Reflectors
are Accentuated in Red.
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6.3 Interpretation

which corresponds to a cross-section of the coarse-grained section, shows a higher reflection
amplitude and a higher penetration depth. A maximum penetration depth of about 12m (L)
reveals that the surface-parallel reflection pattern continues at greater depths (L).

6.3 Interpretation

When a resistivity value of 1 kΩm, which represents frozen materials (Ikeda and Matsuoka,
2006), is used as a lower boundary of permafrost conditions, the fine-grained section is clas-
sified as nearly completely frozen below depths of 3m and 4m. However, at the position of
the borehole, where the occurrence of permafrost was proven in the past (Ikeda et al., 2008),
modeled resistivity values exceed this threshold only below a depth of 5m. Although values
of single model cells at the borehole position exceed 1 kΩm already between depths of 0.5m
and 2m, conclusions on a frozen state cannot be drawn here. This is because the exceed
over the threshold value is below 5%, which is the accepted level of deviation between two
reciprocal measurement (see sect. 3.1). However, it must be noted that georeferencing of the
horizontal resistivity slices is based on the retrieval of only eight color markers on the rock
glacier surface, which are used as ground control points. The low number of ground control
points may be responsible for geometrical inaccuracies that can lead to differences between
the actual borehole location in the field and its assumed position in the ERI model.

Increasing EM velocity values from 0.09mns−1 to 0.14mns−1 at a depth of about 3.1m
in the R01 CMP model indicate a transition from an unfrozen to a frozen state (Moorman et
al., 2003). Very low values directly above the assumed frost table indicate a high content of
liquid water. This aligns with the description of a layer of “cobbles/pebbles with sandy/silty
matrix” that was visually observed by Ikeda and Matsuoka (2006) directly above the frost
table. A similar subsurface layering is observed by a comparison between the EM veloc-
ity layering of the R01 CMP model and a corresponding vertical resistivity plot of the ERI
model (not shown). The R02 CMP model shows a similar increase in EM velocity values
from 0.09mns−1 to 0.1mns−1 at a depth of about 4.3m. When this depth is transferred
to a corresponding position of the ERI model, it coincides with a vertical resistivity increase
from 2 kΩm to 3.5 kΩm (not shown).

This observation indicates that a higher resistivity threshold can be used to distinguish
between frozen and unfrozen conditions in the coarse-grained section of the survey area,
compared to the fine-grained section. This difference can be explained by a lower water con-
tent or lithological differences (Etzelmüller et al., 2006; Schneider et al., 2013). The greater
depth at which the frost table is apparently located in this coarse-grained section of the survey
area is compensated partly by an ascending surface elevation from the fine-grained section
towards the coarse-grained section. Therefore, the frost table is assumed to be at a similar
elevation in both sections of the rock glacier, while the thickness of the active layer increases
from the fine-grained section towards the coarse-grained section. This shows a higher vol-
ume of the debris accumulations on the rock glacier surface below the dolomite rockwall.
This higher volume is reflected by the wider separation between the surface-parallel reflec-
tors in the corresponding part of the transverse R05 radargram (R05: J).

The R03 radargram lacks a distinct boundary that could be interpreted as a frost table.
This is attributed to the water-permeability of the frost table at LTF study site (Ikeda et al.,
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6 Results and Interpretation LTF

2008), as this affects the physical properties of the subsurface layers and reduces the contrast
between the specific dielectric constants (Berthling and Melvold, 2008). The occurrence of
a water-permeable frost table and a high amount of liquid water in the frozen layer further
agrees with the relatively low resistivity values that represent frozen materials. The appear-
ance of one prominent concave reflector in the R03 radargram at a position close to the scarp
(R03: B) can be interpreted as (i) the boundary between debris and bedrock or (ii) an internal
bedding plane (Monnier et al., 2011; Otto and Sass, 2006). As very low resistivity values in
the corresponding part of the ERImodel are in a range that represents unconsolidated debris,
the second hypothesis is preferred. The reflection patterns of the radargrams R03 and R04,
which show surface-parallel (R03: A, R04: E) and horizontally striking reflectors (R03: C;
R04: F), show characteristics of relatively undisturbed stratified talus deposits (Sass, 2006).

The position where highest resistivity values appear in the ERI model (E01: A) corre-
sponds to positions of highest penetration depth in the radargrams R04 and R06 (R04: F;
R06: L). Both observations indicate a relatively high ice content and align with the local ac-
cumulation of coarse clasts in this part of the rock glacier (Haeberli and Vonder Mühll, 1996;
Moorman et al., 2003). The occurrence of accumulations of coarse clasts is often connected
to a lowering of surface and subsurface temperatures, as, due to a higher density, warm air
between the clasts is replaced by cold air (Harris and Pedersen, 1998; Hoelzle et al., 1999;
Ishikawa, 2003; Kneisel et al., 2000; Rödder and Kneisel, 2012a). However, a characteristic
permafrost layering that consist of an upper layer of relatively lower resistivity values and
a lower layer of relatively higher resistivity values is absent in this part of the ERI model.
Relatively high resistivity values appear down from the first model slice and decrease with
increasing depth. Possible explanations are (i) an extremely shallow active layer that is not
resolved in the ERI model or (ii) the existence of air-filled voids between the clasts (Vonder
Mühll et al., 2002).
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Chapter 7

Results and Interpretation FUR
Geophysical investigations at FUR comprise different approaches of 3-D ERI (7.1) and 2-D
GPR (7.2). The last part of this chapter comprises an interpretation of the results, focusing
the internal structure of the investigated lobes (7.3).

7.1 Electrical Resistivity Imaging

The q-3-D ERI model E01 (fig. 7.1) shows a complex resistivity distribution pattern that
complicates a delimitation of discrete structures. Values range mainly between 0.1 kΩm and
50 kΩm, but single cells at the bottom of the model reach higher values of up to 100 kΩm
(not shown). The horizontal resistivity distribution of the upper subsurface broadly reflects
the observed surface morphology: highest resistivity values appear in the back of the lobe
fronts and decrease in an upslope direction. However, this characteristic pattern disappears
with increasing depth. Relatively high resistivity values cluster at two spots (A, B): At spot A,
which corresponds to the position of a compound structure of several lobes, relatively high
resistivity values appear down from the first model slice. Resistivity values of single cells
within the upper 2m of the model exceed 40 kΩm, but values between 5 kΩm and 10 kΩm
dominate this part. Between 2m and 3m depth, resistivity values of the model slice are gen-
erally higher and in a range between 10 kΩm and 20 kΩm. However, also the extremely high
resistivity values (>20 kΩm) at spot A disappear. Resistivity values further increase with
depth and reach values of up to 40 kΩm at a depth of 7m. This increase is followed by an
abrupt drop to resistivity values between 4 kΩm and 7 kΩm.

A second spot of relatively high resistivity values appears in the central part of the model
(B). This area corresponds to a part of the slope, which is only partly affected by the occur-
rence of lobes. Relatively high resistivity values are visible below a depth of 2m, as an attach-
ment to the cluster of relatively high resistivity values at spot A. The horizontal extent of the
area of relatively high resistivity values increases with depth and reaches its maximum at a
depth of 7m. While the extent decreases with further increasing depth through the rest of
the E01 model, the resistivity values at spot B increase from 10 kΩm between depths of 5m
and 7m to 15 kΩm between depths of 7m and 9m. Maximum resistivity values of around
30 kΩm appear below a depth of 9m. This cluster of relatively high resistivity is covered by
a layer of extremely low values (<2 kΩm) in the shallow subsurface.

TheE02model (fig. 7.2a), which corresponds to the surrounding of the upper lobe FUR01,
is dominated by relatively low resistivity values, mainly between 1.5 kΩm and 3 kΩm. Only
single cells at the upper 1.5m and below a depth of 3.5m show values of up to 30 kΩm. The
horizontal slices show that the resistivity values in the central part of the model (C) are lower
than the resistivity values at the margins of the model (D, E). This distribution pattern re-
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7 Results and Interpretation FUR

Figure 7.1: ERI Model FUR: E01. Selected Slices. Labels Refer to Structures Mentioned in the Text.

flects the outline of lobe FUR01: relatively high resistivity values appear at positions that
correspond to the lateral risers of the lobe, while resistivity values at positions that corre-
spond to the tread are relatively low. One exception is the appearance of a small isolated
patch of relatively high resistivity values (up to 6 kΩm), at a position that corresponds to the
central part of the lobe tread (F).

The E03 model (fig. 7.2b), which corresponds to the surrounding of lobe FUR02, shows
generally higher resistivity values, compared to the E02 model. They are mainly between
2.5 kΩm and 6 kΩm but reach up to 50 kΩm in the upper 1.5m of the subsurface and again
below a depth of 5m. Lowest resistivity values concentrate directly below the ground surface
at a central position that corresponds to the lobe tread (G). This structure is enclosed by rela-
tively high resistivity values at positions that correspond to the risers of the lobe. Resistivity
values at the western lateral riser (H) and at an isolated spot at the central part of the lobe
tread (J) are particularly high and reach up to 8 kΩm between depths of 2.5m and 3.5m and
to 13 kΩm between depths of 3.5m and 5m.

7.2 Ground-Penetrating Radar

Highly variable subsurface conditions prevent a successful assessment of the vertical EM ve-
locity layering by CMP surveying and, as suitable hyperbolas were absent in the radargrams,
a constant EM velocity value of 0.12mns−1 was used for time-depth conversion. This value
was chosen as an average of EM velocity values for coarse gneiss debris, which range between
0.09mns−1 and 0.14mns−1 (Sass, 2007).
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Figure 7.2: ERI Model FUR: a) E02, b) E03. Selected Slices. Labels Refer to Structures Mentioned in the Text.

The R01 radargram (fig. 7.3a) shows a relatively uniform subsurface layering, with a con-
tinuous pattern of surface-parallel reflectors in the shallow subsurface (A). Below a depth of
around 3m, this pattern is followed by weak reflections, which strike towards the inclining
surface of the slope (B). The R02 radargram (fig. 7.3b) shows a similar pattern of surface-
parallel reflectors in the shallow subsurface, compared to the R01 radargram. In contrast
to the R01 radargram, however, this pattern is interrupted by multiple undulating reflectors
(C). The appearance of these undulating reflectors is restricted to positions that correspond
to lobe FUR02, and they are absent in other parts of the radargram. The low penetration
depth in both radargrams R01 and R02 points to relatively moist conditions in the subsur-
face (Moorman et al., 2003).

7.3 Interpretation

The investigated lobes show a characteristic material sorting of lobate features on alpine talus
slopes, like solifluction lobes and pebbly rock glaciers. This sorting includes the accumula-
tion of rather coarse clasts at the frontal and the lateral risers, while rather fine-grained ma-
terials are present at the lobe treads (Benedict, 1970a; Matsuoka et al., 2005). This material
distribution is reflected by the horizontal resistivity distribution of the ERI models, as the
transport of electric current at the lobe risers is limited by higher amount of air-filled voids
between coarse clasts (E02: D, E; E03: H) (Binley, 2015; Draebing and Eichel, 2017).
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7 Results and Interpretation FUR

Figure 7.3: Radargrams FUR: a) R01, b) R02. Selected Slices. Labels Refer to Structures Mentioned in the Text.
Selected Reflectors are Accentuated in Red.

Maximum resistivity values of the E01model are in a range that represents frozenmateri-
als at talus slopes in comparable settings: At Les Attelas talus slope, Scapozza et al. (2011) de-
rived resistivity values between 15 kΩm and 50 kΩm for frozen materials and Otto and Sass
(2006) assumed that resistivity values above 20 kΩm represent frozen materials at a talus
slope in Turtmanntal. As permafrost-favorable conditions for FUR study site are also de-
picted in maps of the potential permafrost distribution (BAFU, 2005; Boeckli et al., 2012),
it is assumed that the two patches of relatively high resistivity values (E01: A, B) represent
permafrost occurrences at different topographic positions and depth levels. According to
Matsuoka (2001), the depth of movement can be derived from the height of a lobe. When
this approach is transferred to the lobes at FUR study site (not shown), it shows that the
depth of movement in the eastern part of the E01 survey area coincides within a cluster of
relatively high resistivity values, representing frozen conditions (E01: A). It is consequently
assumed that, as movement occurs within a frozen layer, this part of the slope is affected by
permafrost creep. Thus, the lobes in this part of the slope (e.g., FUR01) are classified as peb-
bly rock glaciers (French, 2018; Matsuoka et al., 2005). In the northern part of the E01 survey
area, the structure of relatively high resistivity values (E01: B) is located below the calculated
depth of movement, and the lobes in this part are therefore classified as solifluction lobes.

This assumption is affirmed by the corresponding radargrams. TheR01 radargram shows
a characteristic reflection pattern of stratified talus deposits (Sass, 2006; Sass, 2007), while fea-
tures that would indicate deformation processes are absent. Surface-parallel reflectors in the
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upper part of the R01 radargram (R01: A) indicates a uniform movement rate without ver-
tical variations in velocity. The observed pattern is characteristic for solifluction lobes and
was observed e.g., at solifluction lobes in Antarctica (Mori et al., 2007) and the Rocky Moun-
tains (Leopold et al., 2008). The appearance of undulating reflectors in the R02 radargram
(R02: C), however, is a recurring feature in radargrams of rock glaciers (e.g., Monnier et al.,
2011) and indicates strong vertical variations in movement rates. The deformed shape of the
reflectors resembles exemplary plots of movement rates from rock glaciers (Matsuoka et al.,
2005) but not from solifluction lobes (Harris et al., 2008b; Matsuoka, 2001).

Theoccurrence of different lobe types on the talus slope is also indicated by the prominent
differences in resistivity between the ERI models E02 and E03. The E02 model, which corre-
sponds to lobe FUR01 is dominated by resistivity values presumably representing unfrozen
conditions. Resistivity variations within the outline of the lobe (E02: D, E) are attributed
to small-scale variation in material composition (Draebing and Eichel, 2017; Vanhala et al.,
2009). The longitudinal band of relatively low resistivity values (E02: C) indicates that the po-
sition of FUR01 corresponds to a longitudinal channel in the subsurface with a relatively high
content of liquid water. This assumption aligns with the observed low penetration depth in
the R01 radargram (Moorman et al., 2003). However, it cannot be excluded that the strong
signal attenuation is caused by the impingement of EMwaves on the interface between debris
and bedrock (Sass, 2007). Transferred to the R01 radargram, the height of FUR01 (around
1.5m) corresponds to the depth of the transition between the surface-parallel reflectors (R01:
A) and reflectors that strike towards the surface (R01: B). The lobe is hence assumed to com-
prise a deep-reaching solifluction component (Matsuoka, 2001).

When the height of FUR02 (around 1.8m) is transferred to the E03 model, the result-
ing depth of movement coincides with a structure of relatively high resistivity values up to
13 kΩm (E02: H). Assuming that this range represents frozen materials, which is plausible
following studies from other talus slopes (Otto and Sass, 2006; Scapozza et al., 2011), this af-
firms the classification of FUR02 as a pebbly rock glacier. When the lobe height is transferred
to the R02 radargram, however, it coincides with a pattern of surface-parallel reflectors above
the undulating reflectors. This conflicting result is attributed to an unsatisfactory time-depth
conversion, as this conversion is based on a constant value from literature only. The resulting
uncertainty gives preference to the interpretation based on the result of the ERI survey.

Similar to the observations in the E02 model, extraordinary high resistivity values in the
uppermost layer of the E03 model are attributed to accumulations of blocky materials at
the risers of FUR02. In contrast to the E02 model, in which the horizontal slices show an
enhancing contrast in resistivity between positions at the risers and at the tread, resistivity
values of the E03 model generally increase with depth. However, it must be noted that re-
sistivity contrasts may be unreasonably enhanced due to the applied L1-norm inversion or
a prolonged inversion process (Hauck and Vonder Mühll, 2003). Despite this drawback, the
L1-norm inversion was chosen to avoid problems in detecting the lower limit of permafrost
bodies (Lewkowicz et al., 2011). Considering the assumed occurrence of permafrost, the
small accumulation of relatively high resistivity values in the frontal part of the tread (E03: J)
is interpreted to represent a small ice lens.
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Chapter 8

Results and Interpretation OVR
Geophysical investigations at OVR comprise multi-dimensional approaches of ERI (8.1) and
GPR (8.2). Temperature data was recorded at the ground surface, and matric potential mea-
surements were performed at two positions (8.3). For ground truth information, the topog-
raphy of the frost table was sampled within the survey areas of E01 and R01 by frost-probing.
The last part of this chapter comprises an interpretation of the results, focusing the internal
structure of the investigated palsas and the subsurface conditions of the study site (8.4).

8.1 Electrical Resistivity Imaging

The presented results of geoelectrical surveying are divided into two parts: those from the
southern and central part of the study site are presented in the first part of this section and
those from the northern part of the study site in the second part.

Southern and Central Palsa Area

The southern and central part of the study site was investigated by two r-3-D surveys (E01,
E02) and four 2-D ERI surveys (E03–E06). Horizontal model slices of the E01 r-3-D ERI
model (fig. 8.1a) show a patchy resistivity distribution in the subsurface. Values of up to
1.9 kΩm appear in the center of the model (A), at a position that corresponds to the center
of OVR01. This structure of relatively high resistivity values is covered by a layer with 0.6m
thickness and extremely low resistivity values (<0.5 kΩm). Maximum resistivity values ap-
pear between depths of 1.2m and 2m. With increasing depth, resistivity values decrease to
1.5 kΩm at a depth of 5m. Two additional structures of relatively high resistivity values are
present in the northeastern (B) and the northwestern (C) corner of the model.

At spot A, resistivity values between 1.4 kΩm and 1.8 kΩm appear directly below the
surface. Below a depth of 2m, resistivity values decrease with increasing depth, but are still
above 0.6 kΩm throughout the rest of the model. Structures B and C reach through the
entire depth of the model. While resistivity values of structure B constantly decrease with
increasing depth, resistivity values of structure C increase from 0.7 kΩm directly below the
surface to 1 kΩm at a depth of 2m. Below a depth of 2m, resistivity values of structure C
slightly decrease with increasing depth and the structure attaches to structure A in the central
part of the model. In contrast to the central part of the model, where the outline of structure
A corresponds to the outline of the palsa, the horizontal extents of the structures B and C do
not correspond to any visible surface features. The positions of both structures of relatively
high resistivity correspond to the grassy surroundings of the palsa, where only a few, relatively
small mounds occur.
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Figure 8.1: ERI Models OVR: a) E01, b) E02. Selected Slices. Labels Refer to Structures Mentioned in the Text.

Relatively low resistivity values dominate the horizontal resistivity distribution in the up-
per two slices of the E02 model (fig. 8.1b), and only a small gradual increase in resistivity
towards the southeastern corner is visible. Below a depth of 1.2m, the contrast in resistivity
between the southeastern corner, where cells reach up to 5 kΩm, and the rest of the model,
where resistivity values are constantly below 0.3 kΩm, increases strongly. At a depth of 2m,
a triangular structure of relatively high resistivity values (up to 11 kΩm) appears (D) at a
depth of 3m. With further increasing depth, resistivity values change only slightly and at the
bottom of the model, values are still above 9 kΩm (not show). The shape of structure D and
its position correspond to the extent and position of palsa OVR02.

In the adjacent or partly overlapping models E03 (fig. 8.2a), E04 (fig. 8.2b) and E05
(fig. 8.2c), relatively high resistivity values cluster at four positions (E–H). However, the ex-
tent of the four structures and the modeled resistivity values differ between the models (see
tab. 8.1). These variations are attributed to geometrical variations between the survey posi-
tions, differences in the electrode spacing and temporal alterations between the survey dates
(see tab. A.4, appendix). The structures are embedded in amatrix of values between 0.1 kΩm
and 0.5 kΩm. While structures E, G and H show discrete lens-shaped outlines, structure F
is displayed as two separated structures in the E03 model. The same model indicates further
that the structures E and F and the structures at G andH are connected by bands of resistivity
values between 0.5 kΩm and 0.6 kΩm at a depth of around 4m. Except for the appearance
of structure F in the E03 model, all structures of relatively high resistivity values are covered
by a layer of relatively low resistivity values (<0.4 kΩm).

In addition to the variations in extent and resistivity, the height of the uplifted areas above
the four structures differs: At spot E, the extent of the resistivity structure exceeds the uplifted
area (OVR02) in both horizontal dimensions. The extent of the relatively small structure F is
almost equal to the extent of the uplifted area (OVR01). The surface above themore extensive
structure G is only barely uplifted at isolated positions. At spot H, the extent of the uplifted
area is nearly equal to the extent of the corresponding structure of relatively high resistivity.
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Figure 8.2: ERI Models OVR: a) E03, b) E04, c) E05. Labels Refer to Structures Mentioned in the Text.

Figure 8.3: ERI Model OVR: E06. Labels Refer to Structures Mentioned in the Text.

Figure 8.4: ERI Model OVR: E07. Selected Slices. Labels Refer to Structures Mentioned in the Text.
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Table 8.1: Differences in Thickness and Resistivity Between Identical Structures in Different ERI Models (OVR).

E (E03) F (E03) G (E03) H (E03) E (E04) F (E04) G (E04) E (E05)

ρmax [kΩm] 7.5 1 5 16.5 10.5 5.5 1 10
t High Res. 8.6 4.3 8.6 6 5.6 – 0.7 4.3
t Low Res. – – 1.4 1.4 1 2.2 1.5 2

t High Res. = Thickness of Structure of High Resistivity
t Low Res. = Thickness of Covering Layer of Low Resistivity

The E06 model (fig. 8.3) provides information on the subsurface conditions at the tran-
sition between the wetland area and the surrounding desert. The part of the model that
corresponds to the surrounding desert shows an upper layer with around 3m thickness and
relatively high resistivity values between 0.9 kΩm and 2.4 kΩm (J). Below this layer, resis-
tivity values decrease to around 0.5 kΩm (K). While the uppermost layer J is visible only
in the part of the model that corresponds to the surrounding desert, layer K can be traced
throughout the complete length of the model, except for an interruption of around 19m
length around the transition between the two parts of the model.

Relatively high resistivity values of up to 5.8 kΩm cluster in a structure of up to 6m thick-
ness (L). The extent of this structure corresponds to an area where two adjacent palsas form
an uplifted area of around 0.6m height. Structure L is covered by a layer with 1.8m thick-
ness and resistivity values below 0.5 kΩm. Below structure L, resistivity values decrease to a
minimum of 0.1 kΩm (M) before they increase again to about 5 kΩm (N).

Northern Palsa Area

Palsas of the northern part of the study site were investigated by three 2-D ERI surveys and
one r-3-D ERI survey. The r-3-D ERI model E07 (fig. 8.4) corresponds to the subsurface
of OVR03 and shows a rather uniform resistivity distribution pattern, compared to the r-3-
D ERI models from the central part of the study site (E01, E05). The upper two layers of
the model show resistivity values between 0.8 kΩm and 2.1 kΩm. In the following depth
slice, resistivity values increase sharply to around 8 kΩm at the center of the model (P). With
increasing depth, resistivity values at spot P reach up to 48 kΩm (depth slice 2m–3m) and
89 kΩm (depth slice 3m–4m), respectively. Between a depth of 4m and the bottom of the
model at a depth of 5m, resistivity values reach up to 100 kΩm (not shown).

The 2-D ERImodel E08 (fig. 8.5) corresponds to a cross-section of the palsas OVR03 and
OVR04 and the transitional area in between. It shows two structures of relatively high resistiv-
ity values (Q, R): the position of structure Q, which shows resistivity values of up to 98 kΩm,
corresponds to the subsurface of OVR03 and the position of structure R, which shows resis-
tivity values of up to 89 kΩm, corresponds to the subsurface of OVR04. The two structures
Q and R are separated by a zone of extremely low resistivity values between 0.01 kΩm and
0.4 kΩm (S). This zone stretches over a length of 12m and its position corresponds to the
transitional area between the two palsas. However, only a small part of the model corre-
sponds to the actually water-covered area. Where the model corresponds to the subsurface
of the two palsas, resistivity values sharply increase below depths of 1.3m and 1.9m. How-

98



8.1 Electrical Resistivity Imaging

Figure 8.5: ERI Model OVR: E08. Labels Refer to Structures Mentioned in the Text.

Figure 8.6: ERI Models OVR: a) E09, b) E10. Labels Refer to Structures Mentioned in the Text.

ever, resistivity values at both sides of this boundary are above 1 kΩm. A lower boundary of
the structures Q and R is detected at depths between 10m (Q) and 6m (R), respectively.

The intersecting 2-D ERI models E09 (fig. 8.6a) and E10 (fig. 8.6b) correspond to cross-
sections along the longitudinal (E09) and the transverse (E10) axis of OVR05, respectively.
However, both models show distinct differences in the observed resistivity distribution. The
E09 model shows a lens-shaped structure of 0.9m thickness and relatively high resistivity
values between 0.6 kΩm and 3 kΩm (T). The structure is covered by a shallow layer of resis-
tivity values below 0.4 kΩm. The E10 model shows a similar thickness of structure T at the
intersecting position with E09, but markedly higher resistivity values of up to nearly 9 kΩm.
Thickness and resistivity values of the shallow cover layer, however, are similar in both mod-
els. The horizontal extent of structure T is 5.5m in longitudinal direction (E09) and 2.5m
in transverse direction (E10). Only the transverse E10 model but not the longitudinal E09
model reveals the appearance of an additional patch of relatively high resistivity values (U)
that is separated from structure T and shows resistivity values of up to 0.8 kΩm. Between
the separated patch and the main structure, the thickness of the upper layer of relatively low
resistivity values increases from 0.4m to 0.9m. This part of the model corresponds to the
location of a crack on the palsa surface (see fig. 2.6d).
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Figure 8.7: Radargram OVR: R01 and Frost Table Topography in Corresponding Area. Selected Depths Slices.
Labels Refer to Structures Mentioned in the Text.

Figure 8.8: Radargram OVR: R02. Labels Refer to Structures Mentioned in the Text. Selected Reflectors are
Accentuated in Red.

8.2 Ground-Penetrating Radar

Besides five 2-DGPR surveys, one 3-DGPR survey (R01)was performed to assess the vertical
EM velocity layering. Therefore, a rather innovative approach was applied, making use of
the appearance of a strong reflector in the horizontal slices of the 3-D GPR model R01. This
reflector resembles the shape of the frost table below OVR02, as derived from manual frost-
probing (fig. 8.7). When the TWT until the initial appearance of the detected reflector is
adjusted to the measured depth of the frost table at positions of the investigated area, an EM
velocity of 0.05mns−1 is derived: this valuematches a frost table depth of 0.7m to a TWT of
28 ns (A) and a frost table depth of 0.9m to a TWT of 36 ns (B). Although this value actually
represents subsurface conditions above the frost table only, it was used as a constant value
for time-depth conversion of the 2-D GPR survey data.

Radargram R02 (fig. 8.8) corresponds to a cross-section of the central palsa area and
shows different reflection patterns. A pattern of surface-parallel reflectors (C) is covered
by a shallow layer with weak reflection amplitude (D). Pattern C reaches into a depth of
around 3m at positions that correspond to the areas between the palsas but is reduced to a
depth of around 1m at positions that correspond to the uplifted areas. Where the depth of
pattern C is reduced, blank patches appear (E1–E3). However, two of these blank patches
are vertically divided by single reflectors (F1, F2). Among the surface-parallel reflectors of
pattern C, one prominent, wavy reflector is continuously traceable through the entire model
at depths between 0.7m and 1.3m (G).

The first part of the R03 radargram (fig. 8.9) correspond to the subsurface of the sur-
rounding desert and shows a pattern of strong, slightly descending reflectors directly below
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Figure 8.9: Radargram OVR: R03. Labels Refer to Structures Mentioned in the Text. Selected Reflectors are
Accentuated in Red.

the ground surface (G). Only in the following part, one prominent reflector (H) forms a
distinct boundary between an upper layer of relatively weak reflection amplitude (J), and a
chaotic pattern of short reflectors (K). This boundary is located at a nearly constant depth
level of around 1m and rises only between x = 75m and x = 95m. In this area, which
corresponds to the subsurface of an unnamed palsa, pattern K is replaced by blank spaces
between concave reflectors (L). At the bottom of the radargram, prominent descending or
concave reflectors appear, which partially enclose blank areas (M1, M2). At the bottom of
the radargram, a chaotic reflection pattern is visible (N).

The R04 radargram (fig. 8.10a) corresponds to a longitudinal cross-section of OVR05. It
shows a pattern of surface-parallel reflectors and an increase in reflection amplitude from the
western to the eastern part of the radargram. Two prominent reflectors appear in the central
part of the radargram, which corresponds to the extent of the palsa: one surface-parallel
reflector is located at a depth of around 0.5m (Q) and the other at a depth of only a few
centimeters below the surface (R). The two prominent reflectors Q and R also appear in the
perpendicular R05 radargram (fig. 8.10b) where, likely due to a higher reflection amplitude
compared to the R04 radargram, they can be traced throughout the complete radargram.
Although the survey line of R05 crossed the surface crack (x = 12m), the R05 radargram
appears unaffected from this feature.

The R06 radargram (fig. 8.10c) corresponds to a cross-section of OVR04. At a depth of
0.7m, the radargram shows a prominent reflector (S) that follows the course of the surface
topography. After around x = 33m, however, the descend of this reflector S is stronger than
the descend of the surface and therefore, the reflector descends to a depth of 0.9m at the end
of the radargram. The appearance of a second surface-parallel, but rather weak reflector at
a depth of 0.2m (T), is limited to the first part of the radargram, which corresponds to the
subsurface of the palsa (T).

8.3 Temperature andWater Potential Measurements

At the sensor position of the surround desert (T01), daily mean temperature values between
19.5 °C (Jul 25, 2017) and −16.5 °C (Jan 20, 2016) were recorded. Daily mean values fluc-
tuated strongly throughout the complete investigated time span and the curve of recorded
GST values lacks durable periods of zero-curtain conditions (fig. 8.11a). A similar temper-
ature curve, but with slightly damped values and a short period of zero-curtain conditions,
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Figure 8.10: Radargrams OVR: a) R04, b) R05, c) R06. Labels Refer to Structures Mentioned in the Text. Selected
Reflectors are Accentuated in Red.

is derived from the GST records at T02 (fig. 8.11b). At this sensor position on the surface
of OVR04, higher minimum values (−14.3 °C) and lower maximum values (14.0 °C) are
recorded. At both positions (T01, T02), extreme values were recorded at the same date.

The GST plot of sensor T03 (fig. 8.11c), located in the wetland area between two palsas,
resembles the curves of T01 and T02 only during summer. Therefore, only the maximum
daily mean temperature value of 12.5 °C was recorded at the same date as the maxima of
the other sensors were recorded (Tmin =−2.74 °C, Dec 14, 2015). As indicated by the
relatively high minimum temperature value, extremely cold winter temperatures are absent.
Between March and May, the GST plot of T03 shows a relatively long period of zero-curtain
conditions. Between the spring of 2015 and the spring of 2016, the number of days with
zero-curtain conditions decreased at the sensor locations of T02 and T03, while the num-
ber slightly increased at T01. Interannual differences in MAGST values between the sensor
locations are in a similar range, with an average of −1.22K (tab. 8.2).

The curves of subsurface temperature values andmatric potential values at T02 (fig. 8.11e)
can be divided into four phases: Between mid-October 2015 and mid-December 2015, sub-
surface temperature values were nearly constantly around 0 °C at a depth of 0.55m (Phase A).
Phase A ended in mid-December 2015 with a nearly simultaneous increase of pF-values and
decrease of temperature values. It was followed by a phase of high pF-values and sub-zero
temperatures (Phase B). Short-term temperature fluctuations in this period coincided with
fluctuations of pF-values. Phase B lasted until early April 2016 and was followed by a transi-
tional phase (Phase C). Phase C was characterized by gradually increasing temperatures that
approached a value of 0 °C, and by gradually decreasing pF-values. The next phase (Phase
D) started in early July 2016, when daily mean temperatures started to be constantly positive
and pF-values reached a minimum level, on which they remained for the next six months.
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Figure 8.11: Recorded Data OVR: a)–d) GST, e) pF-Values.

After phase D, which started in early November 2016, this cycle was repeated (A’–D’).
Variations between the two cycles mainly concern the magnitude of recorded temperature
and matric potential values. One more distinct difference between the two years of inves-
tigation concerns the beginning of the phases D and D’, respectively: in the second cycle,
pF-values increased exceptionally strong after mid-July 2017.

The subsurface sensor at T03 failed on Dec 24, 2016. Until this day, the logger had re-
corded a constant pF-value of 0 throughout the complete investigated time span (not shown).
The corresponding plot of daily mean subsurface temperature values (fig. 8.11d) shows only
low fluctuations. Positive temperature values were recorded throughout nearly the complete
recorded time span and thus, a maximum frost depth of 0.5m is assumed.
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Table 8.2: Summary of Recorded GST Data: OVR.

Label MAGST [°C] MAGST [°C] SC [d] SC [d] Topographic
2015/2016* 2016/2017* 2015/2016* 2016/2017* Position

T01 Surface 0.3 1.56 0 10 Surrounding Desert
T02 Surface 0.25 1.52 54 41 Surface of OVR04
T03 Surface 1.09 2.21 186 160 Wetland Area
T02 (–0.55 m) –0.67 0.16 – – Subsurface of OVR04
T03 (–0.5 m) 0.94 No data – – Subsurface of Wetland Area

MAGST = Mean Annual Ground Surface Temperature // SC = Snow Cover
*Investigated Period: 20 Sep–19 Sep

8.4 Interpretation

Despite relatively high MAGST values, the curves of the recorded GST values agree with
the assumption of permafrost-favorable conditions at OVR, as stated by Saemundsson et al.
(2012) and Hirakawa (1986). Strong diurnal temperature fluctuations in the recorded data
from T02 indicate that the surfaces of the palsas are only slightly covered with snow during
winter. The existence of an insulating snow cover is assumed for the areas between the pal-
sas from the records of T03. Snow-free conditions at the surface of OVR04 are presumably
responsible for the shallow active layer thickness, which was detected only by 2-D GPR (R06:
S) and ranges between 0.7m and 0.9m. The appearance of resistivity values of up to nearly
100 kΩm at OVR03 (E08: Q) and 90 kΩm at OVR04 (E08: R) indicates the occurrence of
massive segregation ice. However, the magnitude of resistivity may be enhanced by the enor-
mous palsa height and a subsequent gravitational loss of liquid water in the uplifted layers.
The upper reflector in the R06 radargram (R06: T) is interpreted as a boundary between
different types of subsurface materials, like the boundary between layers of sandy loam and
loam as reported by Saemundsson et al. (2012).

The short time lag between changes in subsurface temperature and matric potential at
T02 shows a close and direct coupling between the two parameters. The observed cycle high-
lights the ability of liquid water to buffer temperature variations in the active layer. Decreas-
ing pF-values in spring show that subsurface materials can hold a relatively high amount
of liquid water, although negative temperature values indicate a frozen state. The strong
increase in pF-values in July 2017 is attributed to a period of extraordinary high evapora-
tion, which led to desiccation in this part of the active layer, as all GST sensors show their
maximum temperature values around this time of the year. Positive subsurface temperature
values and the absence of any pF-value variations at T03 show that the subsurface at this po-
sition is permanently in an unfrozen, water-saturated state. However, it must be noted that
the lack of any fluctuations from the displayed pF-value of 0 is suspicious and may indicate
malfunction even in advance of the complete sensor failure in December 2016.

GST records from the surrounding desert (T01) indicate snow-free conditions outside
the wetland area, likely due to snow redistribution by wind. This concept further explains
the strong variations of MAGST values between the different sensor positions and the incon-
sistent development of the zero-curtain period. Despite the relatively cold temperatures, a
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8.4 Interpretation

Figure 8.12: Overlay Analysis: Manually Detected Frost Table Depth and ERI Model E01 (OVR).

possible occurrence of permafrost is unlikely outside the wetland area. This is because frost
susceptibility of the rather coarse-grained materials of the surrounding desert is lower than
frost susceptibility of the fine-grained materials in the wetland area (Chamberlain, 1981).
However, the nearly continuous layer of relatively low resistivity values in the corresponding
ERI model (E06: K) indicates that coarse materials only form a covering layer.

A comparison between the horizontal resistivity distribution of the E01 model and the
manually sampled frost table topography provides information on the relationship between
resistivity and permafrost: highest conformity between the two data sets is achieved by a
threshold value of 0.6 kΩm to distinguish between frozen and unfrozen conditions, as this
value can reproduce frost-probing results at 37 of the 42 sample locations (fig. 8.12). Al-
though this approach provides only a rough approximation due to differences in the vertical
resolution of ERI and frost probing, it can still be used for interpretation purposes.

Structures of relatively high resistivity values in the central part of the study site, which
partially correspond to areas without any GPR reflections, indicate the occurrence of ice lay-
ers. However, 2-D ERI models from this area reveal discrepancies between the extent of the
uplifted areas and the extent of the frozen cores. A comparison between the 2-D ERI models
and the R02 radargram reveals that the presumably frozen structures differ by appearance
(E03–E05: E, G) or absence (E03–E04: F) of horizontal reflectors that divide these structures
(R02: F) into compound features. The appearance of surface-parallel reflectors between the
ice layers (R02: C) indicates an aeolian deposition of the subsurface materials (Van Over-
meeren, 1998). This aligns with the high rates of this type of deposition in central Iceland
(Arnalds, 2010). The continuous reflector in the R02 radargram (R02: G) is assumed to rep-
resent a continuous frost table, as its course corresponds with the course of the manually
detected frost table. Extensively frozen subsurface conditions are indicated by the connect-
ing bands of relatively high resistivity values between the structures E and F and between
the structures G and H in the E03 model, when the assumed threshold value of 0.6 kΩm is
assumed. The absence of the connection between the structures E and F in the E04 model
indicates that this connection disintegrated between 2015 and 2017. However, it must be
noted that the models E03 and E04 have a different spatial resolution and that surveying was
not performed at exactly the same position.
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8 Results and Interpretation OVR

Generally higher resistivity values of the E06 model, compared to the other resistivity
models, indicate different subsurface conditions at themargin of the wetland area, compared
to the central part. Results of both geophysical surveys (E06, R03) clearly reflect the transition
between the wetland area and the surrounding desert (E06: J, R03: G). The boundary (R03:
H) that separates an upper part with weak reflection amplitude and relatively low resistivity
values from a lower part with a chaotic reflection pattern and relatively high resistivity values,
is interpreted as the frost table. It is located at depths between 1m and 3m. Blank spaces in
the radargram (R03: M1,M2), as well as isolated structures of relatively high resistivity values
(E06: N) and a nearly continuous layer of relatively low resistivity values (E06: K) in the ERI
model indicate a rather complex subsurface layering. It likely includes alternating layers of
frozen and unfrozen conditions, as well as the occurrence of massive ice at the bottom of the
water-saturated layer. The high magnitude of the vertical resistivity alternation in the E06
model (E06: L–M–N) may be exaggerated by a prolonged inversion process, but its basic
appearance already in the 2nd inversion step shows that this feature is backed by the data
and not an artifact (not shown).

The two 2-D ERImodels fromOVR05 are characterized by strong differences in the resis-
tivity distribution between the longitudinal (E09) and the transverse (E10) model. Therefore,
the two models must be interpreted carefully. The assumed thickness of the frozen core (E09,
E10: T) varies between 1.5m (E09) and 2m (E10), but itmust be noted that 2-DERImay gen-
erally underestimate the thickness of a permafrost layer (Lewkowicz et al., 2011). Connecting
bands of relatively high resistivity values to other palsas or to the base of the water-saturated
layer are unlikely, as a distinct lower boundary of the frozen core is visible in both models.
The patterns of surface-parallel reflectors, which are visible in the radargrams R04 and R05,
resemble the pattern of the R02 radargram, which corresponds to a cross-section of the cen-
tral part of the wetland area (R02: C). While reflectors in the upper subsurface (R04, R05:
R) are attributed to aeolian deposition (Van Overmeeren, 1998), the lowermost, prominent
reflector is assumed to represent the frost table (R04, R05: Q). This is affirmed by an increase
in resistivity at a similar depth in the corresponding 2-D ERI models.
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Chapter 9

Results and Interpretation HPA
Geophysical investigations at HPA comprise multi-dimensional approaches of ERI (9.1) and
2-D GPR (9.2). Additionally, temperature data was recorded at the ground surface (9.3). The
last section of this chapter presents an interpretation of the results, focusing on the internal
structure of the investigated patterned ground phenomena (9.4).

9.1 Electrical Resistivity Imaging

The q-3-D ERI model E01 (fig. 9.1a) shows the resistivity distribution in the subsurface of
HPA01. The upper two model slices show a patchy resistivity distribution, which reflects
the grain-size distribution of the surface: Relatively low resistivity values below 2 kΩm cor-
respond to slightly vegetated parts of the survey area, where the material composition com-
prises a great variety of different grain sizes (A) and relatively high resistivity values between
2 kΩm and 8 kΩm correspond to areas where fine-grained materials dominate (B). This ob-
servation shows the sensitivity of the q-3-D ERI approach and is enabled by the high density
of data points (see tab. A.1, appendix), which results from using a survey setup with both an
electrode and line spacing of 2m over the complete survey area.

Below a depth of 1.5m, resistivity values increase throughout the complete horizontal
extent of the E01 model. Highest values accumulate at two spots (C, D): in the central part of
themodel (C), values reach up to 28 kΩmbetween depths of 1.5m and 2.5m, while values at
the eastern margin of the model (D) reach up to 58 kΩm between depths of 2.5m and 3.5m.
The model shows decreasing resistivity values with increasing depth and the outlines of the
two structures with high resistivity values C and D vanish below a depth of 5m. The lower-
most model slice, which represents a depth level between 6.5m and 8m, shows a relatively
uniform resistivity distribution with values between 2 kΩm and 12 kΩm.

The intersecting 2-D ERI model E02 (fig. 9.1b) shows a similar resistivity layering. A
layer of relatively low resistivity values between 1.5 kΩm and 8 kΩm appears in the upper
1.5m of the subsurface (E), followed by a layer of resistivity values between 11 kΩm and
47 kΩm (F). The E02 model shows the occurence of two additional clusters of relatively high
resistivity values in this layer, which appear outside the overlapping part (G, H).With further
increasing depth, the resistivity values in the southeastern part of the model decrease (J).

The r-3-D ERI model E03 (fig. 9.2) corresponds to the subsurface of HPA02 and shows
only small variations in the horizontal resistivity distribution. A layer with relatively low re-
sistivity values, mainly between 1 kΩm and 2 kΩm, reaches down to a depth of 1.2m (K).
Below this layer, resistivity values increase sharply from 2 kΩm to 7 kΩm. Only in the south-
ern part of the model, relatively low resistivity values, below 4 kΩm, are visible throughout
the entire model depth of 5m (L).
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9 Results and Interpretation HPA

Figure 9.1: ERI Models HPA: a) E01, b) E02. Selected Slices. Labels Refer to Structures Mentioned in the Text.
Dashed Line/Box Mark Intersection between the Models.

Figure 9.2: ERI Model HPA: E03. Selected Slices. Labels Refer to Structures Mentioned in the Text.
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9.2 Ground-Penetrating Radar

9.2 Ground-Penetrating Radar

For time-depth conversion of the data from the 2-D GPR surveys at HPA01 (R01–R03) and
atHPA02 (R04) a constant EMvelocity value of 0.08mns−1 was used, based on the detection
of a few diffraction hyperbolas in the radargrams. The R01 radargram (fig. 9.3a) corresponds
to a parallel cross-section of the survey line of E02. It shows a structure of four units: Down
to depths of around 1m, the radargram lacks any prominent reflectors (A). Below this layer,
the radargram shows a pattern of curved reflectors, that reach down to a depth of around
5m (B). Below this depth, the reflection amplitude decreases significantly (C). Reflection
amplitude increases again only towards the bottom of the radargram, where a pattern of
curved reflectors is visible (D). The upper boundary of pattern D shows a slight descend in
survey direction.

The upper layer without prominent reflectors A is repeated in the perpendicular R02
radargram (fig. 9.3b). However, in contrast to the R01 radargram, the lower boundary of
this layer A is formed by one prominent, continuous reflector at a depth of around 3m (E).
Below this reflector, reflection amplitude is low (C). A high reflection amplitude is restored
only in the lowermost part of the radargram (D). The upper boundary of pattern D shows
again a descending course in survey direction. Except for the differences in the upper part
(B/E), the radargrams R01 and R02 show a congruent layering at the intersection. The R03
radargram (fig. 9.3c) shows again the structure of the parallel R01 radargram (A–D). Only
the course of the boundary between the two lowermost reflection patters differs: while it has
an inclined orientation in the radargrams R01 and R02, it is located at a constant depth of
around 10m in the R03 radargram.

Adifferent subsurface layering is observed in theR04 radargram (fig. 9.4). The radargram
showsmultiple prominent reflectors, embedded in a chaotic pattern of rather weak reflectors.
One prominent reflector (F) appears in the first part of the radargram and declines from the
surface to a depth of around 1.5m at x = 10.5m. It is replaced by an 11m long, horizontally
striking reflector at a depth of about 0.6m (G) and by a short, inclining reflector at a depth
of about 2m (H). The northeastern part of the radargram shows a pattern with multiple
inclining reflectors (J).

9.3 Temperature Measurements

Recorded temperature data shows a MAGST of 1.76 °C for the complete year-round period
from October 01, 2015 to September 30, 2016. The temperature curve (fig. 9.5) shows highly
fluctuating daily mean values after the start of the investigation period. An overall minimum
value of daily mean temperatures of−3.55 °C was recorded on November 20, 2015. Diurnal
temperature fluctuations were below 0.4K on 193 days in the winter of 2015/2016 and indi-
cate a durable, insulating snow cover. The occurrence of such a snow cover is affirmed by a
relatively long zero-curtain period of 74 days, that lasted until March 2016.

After the zero-curtain period in spring 2016, temperature values increased by up to nearly
6K within only two days, and a temperature of 11 °C was reached in Mid-July 2016. In the
subsequent weeks, temperature values decreased and reached a level of 0 °C at the end of Oc-
tober 2016. In the following winter of 2016/2017, daily mean temperature values fluctuated
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9 Results and Interpretation HPA

Figure 9.3: Radargrams HPA: a) R01, b) R02, c) R03. Selected Reflectors are Accentuated in Red.

Figure 9.4: Radargram HPA: R04. Selected Reflectors are Accentuated in Red.
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Figure 9.5: Recorded Ground Surface Temperature Data HPA.
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9.4 Interpretation

only slightly around 0 °C. Low diurnal fluctuations indicate the existence of an insulating
snow cover on 209 days in spring 2017. Like in the previous summer of 2016, temperature
values started to increase from the end of May. An overall maximum value of daily mean
temperature of 13.6 °C was reached on July 25, 2017.

9.4 Interpretation

Although only one complete year-round record of GST data is available, a mean temperature
value of 2.13 °C from October 01, 2016 to September 10, 2017 indicates that the MAGST
of 2016/2017 will be significantly higher than the MAGST of 2015/2016. This increase is
attributed to a more durable snow cover in the winter of 2016/2017 which prevented the
penetration of cold winter temperatures into the ground. The GST plot from HPA (fig. 9.5)
indicates that the ground thermal regime is characterized by an enhanced ground cooling in
early winter (Ishikawa, 2003).

Although relatively high temperature values after the onset of an insulating snow cover in-
dicate permafrost-unfavorable conditions, the layer of relatively high resistivity values in the
models from HPA01 (E01: C; D; E02: F) is interpreted as permafrost layer. This assumption
is based on the observed range of resistivity values, which is not characteristic for unfrozen
unconsolidated materials, and could be explained else wise only by (i) air-filled voids in the
subsurface or (ii) solid rock (see tab. 3.1). Both options are conceivable, particularly as lava
is exposed near the survey lines, a material which can be bothmassive or porous (see fig. 2.7).
Although the first option can be neglected regarding the reflection patterns of the radargrams
R01-R03, which lack any indication of air-filled voids, the observed low reflection amplitude
in the central part of the radargrams (R01–R03: C) could be also caused by a high signal
attenuation in solid rock (Sass, 2007). However, a pattern of characteristic reflectors (see
e.g., Miyamoto et al., 2005), which should be traceable through the R03 radargram that cor-
responds to a cross-section of the lava outcrop, is absent. Assuming frozen conditions, the
distinct boundary in the upper part of the R02 radargram (R02: E) reflects the thermal inter-
face at the permafrost table (Stevens et al., 2008). The absence of prominent reflectors in the
frozen layer indicates ice-saturated subsurface conditions (Moorman et al., 2003).

The r-3-D ERI model E03 from HPA02 shows a distinct boundary at depths between
1.5mand 2m. As the vertical resistivity gradient across this boundary resembles the gradient
at the boundary between the layer E and F in the E02 model, a similar subsurface layering
is observed at HPA01 and HPA02. Lower resistivity values below this boundary in the E03
model, compared to the E02 model, indicate a lower ice content at HPA02. Declining and
inclining reflectors in the R04 radargram resemble the characteristic reflection patterns of
glacio-fluvial or glacio-lacustrine deposits (Van Overmeeren, 1998). This type of material
deposition is obvious as the study site is close to the recent margin of Hofsjökull. The course
of the reflectors F, G and J of the R04 radargram delineates a surface depression of 0.3m
depth, filled with fine-grained materials. The absence of this layer in the corresponding E03
model is attributed to an insufficient vertical resolution of the applied ERI approach.
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Chapter 10

Results and Interpretation SYN
This chapter presents results from the comparative analysis between resistivity models cre-
ated with the software products BERT and RES3DINV, respectively. To differentiate between
the reference data and the final models, the terms reference model and inversion model are
used in the following. Inversion models of two reference data sets are compared, which rep-
resent a rock glacier (SYN01, see sect. 10.1) and a palsa area (SYN02, see sect. 10.2).

10.1 Rock Glacier Model

Both inversion models (fig. 10.1) show relatively low misfit errors of 6.26% (BERT) and
4.54% (RE3DINV), respectively. The number of cells is lower in the BERT inversion model
(9073) compared to the RES3DINV inversionmodel (16835). Horizontal slices of both inver-
sionmodels show the appearance of an elongated structure of relatively high resistivity values
(A) at the depth slice of 0.5m. This position is shallower than the position of the correspond-
ing structure in the reference model SYN01 (fig. 3.4), which appears only below a depth of
1m. The uniform resistivity distribution of the uppermost layer of the reference model is not
resolved in both inversion models. The horizontal depth slice of 2m shows higher resistivity
values for structure A in the RES3DINV inversion model, which is closer to the values of the
corresponding structure in the reference model. Below a depth of 10m, a narrow band of
relatively low resistivity values (B) appears in the horizontal slices of both inversion models.
This erroneous structure appears more clearly in the RES3DINV inversion model.

A quantitative comparison between the distribution of resistivity values shows a wider
range of resistivity values in the BERT inversion model. In this inversion model, single out-
liers reach values of up to 130 000 kΩm (fig. 10.2a). The minimum resistivity value of both
inversion models of 0.05 kΩm, however, is present in the RES3DINV inversion model. The
median of modeled resistivity values is higher in the RES3DINV inversion model (7.9 kΩm),
compared to the BERT inversionmodel (4.1 kΩm). The relative histogram (fig. 10.2b) shows
a similar frequency distribution of resistivity values in the inversion models from both soft-
ware products. Resistivity values between 1 kΩm and 2 kΩm dominate both inversion mod-
els, but this class is more frequent in the BERT inversionmodel. The class of resistivity values
between 20 kΩm and 35 kΩm, however, is more frequent in the RES3DINV inversion model.

10.2 Palsa Model

The two inversion models (fig. 10.3) show a slightly higher misfit error (6.38%) and a higher
number of cells (15120) in the RES3DINV inversion model, compared to the BERT inver-
sion model (5.74%, 13795). The horizontal resistivity distribution reveals that neither the
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Figure 10.1: Comparison Between Inversion Models (SYN01). a) BERT, b) RES3DINV.
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10.3 Interpretation

Figure 10.3: Comparison Between Inversion Models (SYN02). a) BERT, b) RES3DINV.

BERT inversion model nor the RES3DINV inversion model reproduces the patchy resistiv-
ity distribution pattern of the shallow subsurface of the reference model SYN02 (fig. 3.4b).
One prominent structure of relatively high resistivity values appears in the central part of
both inversion models (C). The shape of this structure is similar in both inversion models at
the depth slices of 0.5m, 1m and 2m and reflects the shape of a corresponding structure in
the reference model. Differences between the two inversion models appear in the horizontal
depth slice of 7m, in which the resistivity contrast between structure C and its surround-
ing area is stronger in the BERT inversion model. The RES3DINV inversion model shows
lower resistivity values for structure C than the BERT inversion model and the area which is
occupied by structure C is more extensive. Compared to the reference model, the outline of
structure C ismore accurately reproduced in the BERT inversionmodel. Another prominent
difference between the two inversion models concerns the lowermost presented depth slice
of 12m: only the RES3DINV inversionmodel, but not the BERT inversionmodel reproduces
the relatively high resistivity values of the reference model (D).

Thebox plots of the distributions of resistivity values (fig. 10.2c) show that theRES3DINV
inversionmodel comprises a wider range of resistivity values: more than 0.5% of the resistiv-
ity values of the RES3DINV inversion model are below 0.02 kΩm. However, the median of
the resistivity values of the BERT inversion model is only slightly higher (0.105 kΩm), than
the median of the resistivity values of the RES3DINV inversion model (0.101 kΩm). A simi-
lar distribution of resistivity values between the two inversionmodels is also indicated by the
similar frequency distributions of resistivity values (fig. 10.2d): in both inversionmodels, the
class with the highest frequency is the one with the lowermost resistivity values. However,
the class of minimum resistivity values has a higher proportion of the total resistivity values
in the RES3DINV inversion model than in the BERT inversion model.

10.3 Interpretation

As the options to adjust the inversion parameters differ between the two software products
(see sect. 3.1), a detailed analysis of the differences between the inversion models is difficult.
The observation that the inversion models of both software products show similar erroneous
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structures (SYN01: B) and fail to reproduce shallow layers of the reference models, is at-
tributed to the joint step of forward modeling of the reference data. It is therefore assumed
that differences between the inversion models and the reference model that appear in both
inversion models are not suitable to evaluate inversion quality. Prominent differences that
can affect a geomorphological interpretation are absent in the inversionmodels of the SYN01
data set but appear in the inversion models of the SYN02 data set.

The stronger contrast between structure C and the surrounding area in the depth slice
of 7m in the BERT inversion model of the SYN02 data set indicates stronger interpolation
effects in the RES3DINV inversion model. The absence of structure D in the depth slice of
12m of the BERT inversion model is clearly erroneous and attributed to the low density of
data points at this depth level. However, the appearance of structure D in the RES3DINV
inversion model is also attributed to undersampling effects: as the shape of this structure
differs strongly between the RES3DINV inversion model and the reference model SYN02,
it is assumed that it rather originates from a vertical extension of the resistivity pattern of
overlaying model layers than from the input data.

Inversion models of both software products contain outliers that are far from the resistiv-
ity values in the referencemodels. Particularly the RES3DINV inversionmodel of the SYN02
data set shows extremely low resistivity values, which even approach 0 kΩm. Such extremely
low resistivity values are absent in the BERT inversion models, but one single outlying data
point in the inversion model of the SYN01 data set reaches an unrealistically high resistivity
value of more than 100MΩm. Resistivity values of the BERT inversion models are generally
lower than values of the RES3DINV inversion models, as shown by median values and the
frequency distributions.

Depth slices of the upper subsurface show more complex resistivity distribution patterns
in the BERT inversion models. This is particularly visible in the depth slice of 0.5m of the
inversion model of the SYN02 data set, which reflects the linearly aligned positions of the
input data points. The absence of this effect in the corresponding slice of the RES3DINV
inversion model affirms the assumption on stronger interpolation effects in the RES3DINV
inversion models. These interpolation effects apparently mask indications of undersampling,
which are expected in the inversion models of the SYN02 data set, due to the low density of
the input data points.
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Chapter 11

Discussion
To approach the objectives of this thesis (see sect. 1.4), the presented findings are evaluated in
this chapter. They are discussed in the context of recent or landmark literature and compared
with results of previously conducted studies. The structure of this chapter is organized in five
sections: while the first section evaluates methodological aspects and describes the benefits
and drawbacks of the applied geophysical approaches (11.1), the following sections (11.2–
11.4) address the different landform types.

11.1 Methodological Aspects

The relatively low misfit errors of the presented ERI models highlight an exceptionally high
data quality and successful applications of the different ERI approaches. This is emphasized
by the lack of any “w-shaped anomalies” (Kneisel and Hauck, 2008) in plots of the measured
values of apparent resistivity (not shown). In total, only 3% of themeasured data points were
obviously erroneous and have therefore been removed during processing (see tabs. A.1 toA.4,
appendix). Larger adaptions to the targeted line separation of twice the electrode spacing
(Gharibi and Bentley, 2005) were unnecessary, as larger obstacles like deep snow fields or
huge boulders were absent in the investigated areas on the days of data acquisition. The check
of ground resistance values before the start of data acquisition and the eventual attachment of
water-soaked sponges to the electrodes, ensured a good ground coupling and limited negative
effects on data quality (Hauck and Vonder Mühll, 2003; Marescot et al., 2003).

Although the more robust Wenner-Schlumberger array is commonly recommended for
investigations in permafrost environments due to its higher signal strength (Kneisel and
Hauck, 2008), surveying with Dipol-Dipol electrode configuration also provided plausible
results. When Dipol-Dipol and Wenner-Schlumberger array were used comparatively (not
shown), inversion models show comparable resistivity distribution patterns. Despite a supe-
rior vertical resolution, the Dipol-Dipol array fails in resolving active layer thicknesses be-
tween around 0.3m and 0.8m at OVR and in detecting a layer with around 0.3m thickness
in the shallow subsurface of HPA, using an electrode spacing of 2m. Results of the synthetic
data sets show that assumptions on about the uppermost 1m have to be interpreted with
care, even if a high density of measured data points is provided. The ability of ERI to resolve
structures of a size that is half the minimum electrode spacing, as described by Sasaki (1992),
is affirmed by the inversion models of the SYN02 data set. Problems in detecting the lower
limit of permafrost bodies, as reported by Lewkowicz et al. (2011), were avoided by the appli-
cation of an L1-norm inversion (Loke et al., 2003). The resolution matrix approach, which
was used as an indicator for model reliability (see e.g., Stummer et al., 2004), indicates that
the upper and central parts of the ERImodels are very well resolved inmost cases (see fig. B.1,
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appendix). Low model resolution index values exist only below structures of relatively high
resistivity and at the bottoms of themodels. These parts of themodels were hence interpreted
particularly careful.

Differences between intersecting 2-D ERI models (e.g., NAR: E13/E14, OVR: E09/E10)
indicate the appearance of “3-D effects” (Chambers et al., 2002; Sjödahl et al., 2006). These
effects, which result from small disturbances in complex resistivity distributions, are consid-
ered a main drawback of 2-D ERI approach (Sjödahl et al., 2006). Differences between inde-
pendently inverted 2-D ERI models and corresponding slices of 3-D ERI models of UER01,
UER02 and NAR01 are presented and analyzed by Emmert and Kneisel (2017): their study
shows that the magnitude of the modeled resistivity values and the depth of the detected
structures can vary between the different ERI approaches. The smoothly drawn outlines of
the resistivity structures, which can be observed in the 3-D ERI models, are attributed to
diagonal filters and interpolations.

Results from the investigations at the high-alpine study sites show relatively low resistiv-
ity values compared to other studies from mountainous environments (Dusik et al., 2015;
Hilbich et al., 2009; Kneisel, 2010; Maurer and Hauck, 2007). This is attributed to the rela-
tively small grain size at the investigated landform units, as fine-grained materials can store
a relatively high amount of liquid water even when temperatures are at 0 °C or even slightly
below (Schneider et al., 2013). Relatively low pore space volumes in fine-grained debris are
further assumed to limit the formation of larger volumes of ground ice (Scapozza et al., 2011;
Vonder Mühll et al., 2000). This is expressed by the lower specific resistivity of frozen fine-
grained materials, compared to frozen coarse-grained materials. The observed characteris-
tics of the local resistivity regimes of the high-alpine study sites are presumably transferable
to the subarctic study sites, where the occurrence of fine-grained materials is more common
(Farbrot et al., 2007; Kneisel et al., 2007; Lewkowicz et al., 2011; Ross et al., 2007).

The detection of massive ground ice in the subsurface of NAR06 by core drilling aligns
with the resistivity threshold value stated by Emmert and Kneisel (2017). The depth of the
upper boundary of the detected ground ice occurrence in the E24 model corresponds to an
increase in resistivity from below 5 kΩm to 8 kΩm. Furthermore, results of this thesis show
that resistivity values representing frozen conditions at NAR01 are higher than at the nearby
LTF rock glacier (Ikeda and Matsuoka, 2006), but markedly lower than equivalences at other
rock glaciers (e.g., Leopold et al., 2011; Ribolini et al., 2010; Seppi et al., 2015). At OVR, the
assumed threshold value of 0.6 kΩm to distinguish between frozen and unfrozen subsurface
conditions agrees well with observations from other study sites (tab. 11.1).

Results of the comparative analysis between the two different inversion software prod-
ucts show that the selected option to allow the software to assume an unlimited range of
resistivity values, is apparently disadvantageous for both software products. However, the
negative impact appears to be stronger in the RES3DINV inversion model. Structural differ-
ences between the inversion models concern deeper parts with low data coverage. Although
corresponding parts of the reference models are better reproduced by RES3DNIV, presented
results indicate that this effect is due to interpolation only, which masks an insufficient data
coverage. However, it must be noted that the presented analysis is imperfect, as it was not
possible to choose comparably adjusted inversion settings.

Data acquisition by GPR is difficult in areas with a blocky surface layer and therefore data
acquisition in winter, when antennas can bemoved on a continuous snowpack, is usually rec-
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Table 11.1: Resistivity Values for Frozen Palsa Materials from Different Studies.

Region ρmin [kΩm] Reference

Sweden 1 Sjöberg et al., 2015
Canada 0.3 Lewkowicz et al., 2011
Sweden 0.5 Dobiński, 2010
Canada 1 Fortier et al., 2008

ommended (Maurer and Hauck, 2007). However, surveying at the investigated study sites
was performed in summer due to reasons of accessibility. Thus, a weak coupling between
the antennas and the ground surface must be taken into account at positions where the an-
tennas could not be placed planar on the surface (Campbell et al., 2018; Heincke et al., 2005;
Lambot et al., 2012). To improve ground coupling, antenna orientation was changed from
perpendicular broadside to oblique (Baker et al., 2007) at positions where topographical ob-
stacles like boulders disabled a proceeding with parallel antennas. A subsequent disturbance
of the electromagnetic field is neglected, as the occurrence of linear objects in the subsurface
is not assumed at the investigated study sites (Everett, 2013). The effect of a weak ground
coupling is likely visible in the R04 radargram, as the observed weakening in reflection am-
plitude coincides with a part of the survey line where the antennas were moved along the
crack at the surface of OVR05. However, it is also conceivable that the surface crack caused
an alteration of the physical properties in the subsurface, which results in an approximation
of the dielectric constants and hence a reduction in reflection amplitude.

Compared to other investigations in permafrost environments (e.g., Degenhardt, 2009;
Dusik et al., 2015; Monnier and Kinnard, 2015; Sjöberg et al., 2015), the observed penetra-
tion depths are relatively low. This is attributed to a relatively high content of liquid water
in the subsurface, which causes a strong signal attenuation (Davis and Annan, 1989). While
this drawback is often compensated in subarctic environments by a relatively high ice con-
tent (e.g., Hinkel et al., 2001), it reduces the suitability of GPR for investigations of landforms
that comprise a significant amount of only slightly frozen fine-grained materials. At a boul-
dery rock glacier, e.g., Monnier et al. (2011) reached a penetration depth of up to 40m with
50MHz antennas, while surveying with the same antenna frequency at UER01 resulted in a
penetration depth of around 12m only.

At NAR and LTF, assessments of the vertical EM velocity layering by CMP surveying
provided results that agree with the subsurface layering derived from ERI at corresponding
positions. This indicates a rather undisturbed layering of the subsurface (Neal, 2004). An es-
timation of EM velocity values by hyperbola fitting was successfully performed at UER and
HPA. Although only relatively small numbers of suitable hyperbolas were detected, likely
due to a lack of large boulders in the subsurface, EM velocity values of 0.09mns−1 and
0.12mns−1 at UER and 0.08mns−1 at HPA are in a plausible range (Degenhardt and Gi-
ardino, 2003; Dusik et al., 2015; Hubbard et al., 2013; Monnier et al., 2011). Nevertheless,
assumed depth levels of the radargrams must be interpreted carefully. At OVR study site,
the approach of fitting TWT values to manually sampled values of frost table depth also pro-
vided plausible results, compared to other studies from comparable environments (Delisle
et al., 2003; Doolittle et al., 1992; Hinkel et al., 2001; Horvath, 1998; Sjöberg et al., 2015). A
constant EM velocity value was used for time-depth conversion at FUR, due to the hetero-
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geneous environment and as diffraction hyperbolas were absent. Thus, inaccuracies in the
assignment of depth values to subsurface structures must be taken into account and the in-
terpretation of the radargrams is mainly based on characteristics of the reflection patterns
and radar facies (Van Overmeeren, 1998).

The separation value of 0.5m between the parallel survey lines of the 3-D GPR approach
performed at OVR exceeds the suggested value for creating a “full-resolution” three-dimen-
sional model (Grasmueck et al., 2005). Nevertheless, this approach is not mandatory to
achieve valuable information on the subsurface layering, as proven in various other studies
(Godfrey et al., 2008; Munroe et al., 2007). An accurately reproduced frost table geometry
indicates the successful application of 3-D GPR at OVR.

11.2 Rock Glaciers

Results from NAR, UER, LTF and partly from FUR show that differences between the inves-
tigated rock glaciers concern the ground thermal regime, the formation and distribution of
ground ice, frost table characteristics as well as the internal deformation.

The close relationship between the recorded subsurface temperature data and the air tem-
perature values recorded at the weather station in Samedan (MeteoSchweiz, 2018) show a
direct coupling between atmospheric and subsurface conditions at NAR01 and UER01. This
indicates a high sensitivity of the rock glaciers to microclimatic changes (Schneider et al.,
2012). The observed coupling is stronger at NAR01 than it is at UER01, as the insulating ef-
fect of a durable snow cover (Rödder and Kneisel, 2012a) is less pronounced at UER01. This
is attributed to a higher potential of the furrow-and-ridge topography to accumulate snow
at concave surface positions.

A characteristic MAGST distribution pattern for rock glaciers and glacier forefields, with
lower values in surface depressions and higher values at rather exposed positions (Hoelzle et
al., 1999; Rödder and Kneisel, 2012a), is observed only at the rock glacier snout of UER01.
Although this pattern is usually interpreted to reflect differences in the intensity of vertical
heat fluxes between permafrost and non-permafrost positions (Gubler et al., 2011; Haeberli
and Patzelt, 1982), it is attributed to the formation of an extraordinary durable snow cover
in this case. This insulating layer prevents the penetration of warm temperatures in spring
and summer. It leads to the relatively lowMAGST values at positions that are protected from
solar radiation, particularly at the bottom of the deep furrow of the rock glacier snout.

The absence of a characteristic MAGST distribution pattern in the other parts of UER01
is attributed to the pebbly material composition. The presence of rather fine-grained mate-
rials affects the regime of energy exchange processes by the ability to store a relatively high
amount of liquid water and latent heat (Hoelzle et al., 1999). Coolingmechanisms, which are
e.g., caused by air circulations (Hanson and Hoelzle, 2004; Outcalt and Benedict, 1965) are
unlikely in pebbly rock glaciers due to the small pore space volumes the subsurface materials.
At NAR, relatively high MAGST values in the transition zones between the rock glacier lobes
align with the assumed ice-free conditions in the subsurface of these positions.

Results indicate isolated occurrences of congelation ice in the subsurface of the lower
lobes of the NAR rock glacier assembly (Haeberli and Vonder Mühll, 1996). This shows that
the detected ground ice occurrences are not remnant ice patches from an LIA glaciation,
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although the corresponding area was marginally affected by surface ice (Coaz et al., 1925;
Coaz et al., 1946). However, both the preservation of ground ice and the former occurrence
of surface ice are attributed to an extremely low incoming solar radiation (fig. 4.15). The
observed small-scale variability in ground ice distribution contradicts the assumption that
pebbly materials promote the appearance of balancing energy fluxes by an enhanced advec-
tive heat transport due to the higher water retention capacity (Hoelzle et al., 1999; Schneider
et al., 2012). This affects not only the lower lobes of the NAR rock glacier assembly, but also
the rock glacier snouts of UER01 and FUR02.

Distinctly higher resistivity values appear in the models of the upper lobes of the NAR
rock glacier assembly and at LTF rock glacier. Although ancient topographic maps (Coaz
et al., 1925; Coaz et al., 1946) indicate the local occurrence of surface ice between 1917 and
1944, resistivity values are still far below the range that is commonly assumed to represent
buried glacier ice (Reynolds, 2011). However, it is conceivable that recrystallization processes
alter the physical properties of the ground ice, and thereby the electrical conductivity, during
multiple freeze-thaw cycles (Reynolds and Paren, 1980). Examples of buried ice of an LIA
glaciation in the subsurface of rock glaciers are reported from the French Alps (Monnier et
al., 2011), the Central Pyrenees (Lugon et al., 2004) or the Andes (Monnier and Kinnard,
2015). Nevertheless, a direct link between the detected ground ice occurrences at NAR and
LTF and buried ice of a former glaciation is speculative.

A different way of ground ice formation is indicated by the longitudinally decreasing ice
content of the rock glaciers NAR01 and NAR02. This observation points to the assumption
that the origin of the ground ice is refreezingmeltwater, which originates fromburied patches
of surface snow or ice at positions below the talus cones (Haeberli et al., 2006; Haeberli and
VonderMühll, 1996; Ikeda andMatsuoka, 2006). This concept can be transferred to LTF rock
glacier, where it aligns with the particularly intense rockfall activity, indicating that a phase
of relatively warm temperatures is present (Gruber and Haeberli, 2007; Matsuoka, 2008).

Ground ice formation by refreezing meltwater from buried patches of snow or ice can
further explain the multi-lobe appearance of the rock glaciers at NAR and LTF. This charac-
teristic shape is known to result from a reactivation of single lobes due to an acceleration of
lobe movement and is associated with an epigenetic increase in ice content or an enhanced
meltwater supply (Müller et al., 2016; Wahrhaftig and Cox, 1959). In combination with the
observed spatial variations in grain size distribution, the concept of refreezing meltwater can
explain the complex distribution of ground ice in the upper lobes of the NAR rock glacier as-
sembly: Accumulations of larger clasts at the coalescing zones between adjacent talus cones,
which are a result of gravitational sorting, lead to a lower water retention capacity at the cor-
responding positions, which is disadvantageous for refreezing and subsequently impedes the
formation of ground ice (Ballantyne and Murton, 2017; Ikeda et al., 2008).

As the observed spatial variations in the grain size distribution at LTF likely affect the
characteristics of the local resistivity regimes, a reliable assessment of the ground ice distri-
bution is difficult (Schneider et al., 2013). However, even if the lowermost value for active
layer thickness is used, an increase of several meters between the years 2000 and 2016 is
observed (Ikeda et al., 2008). This increase in active layer thickness is significantly stronger
than increases observed at other rock glacier sites (Kneisel et al., 2014b; Schneider et al., 2012;
Zenklusen Mutter and Phillips, 2012). Nevertheless, this is plausible due to site-specific con-
ditions at LTF: the absence of an ice-rich, impermeable frost table and the high content of
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unfrozen water are assumed to enhance the effect of increasing temperatures (Ikeda et al.,
2008; Shur et al., 2005).

A significant influence of snow or ice patches buried by rockfall on the formation of
ground ice is negligible at UER01, due to the relatively far distance to the nearest talus slope.
Although lateral moraines on the surface of the rock glacier indicate glacier-permafrost inter-
actions (Emmert and Kneisel, 2017), the occurrence of remnant glacier ice in the subsurface
of the rock glacier, as e.g., observed by Ribolini et al. (2010) for a study site in the Italian Alps,
is excluded by the presented results. Only the absence of frozen conditions in large parts of
the root zone of UER01 is attributed to a glacial influence on the distribution of ground ice:
it is assumed that the nearby glacier tongue spread on the pre-existing rock glacier during a
phase of colder temperatures and thereby disrupted the occurrence of permafrost. Similar
concepts are described by Ribolini et al. (2010) and Monnier et al. (2013) for rock glaciers
in the Italian and French Alps.

Results indicate that ground ice at UER01 likely originates from refreezing meltwater.
This meltwater presumably originates from the surface ice patch, infiltrates into the ground
and refreezes at undercooled parts of the subsurface (Humlum et al., 2007). The occurrence
of ice of sedimentary origin, formed by recrystallization of snow or ice, is conceivable only
at the surface depression in the western part of the rock glacier. The observed decrease in
resistivity towards the frontal part of UER01 is attributed to variations in the ionic compo-
sition of the ground ice: as the proportion of refreezing meltwater in relation to freezing
groundwater decreases with increasing distance from the surface ice patch, the resistivity of
the ground ice decreases (Haeberli andVonderMühll, 1996; Krainer andMostler, 2002). The
spatial correspondence between the observed structures of relatively high ice content at rock
glacier snout and the arcuate surface ridges indicates local enrichments of ground ice due to
compressive flow (Haeberli and Vonder Mühll, 1996; Ikeda and Matsuoka, 2006).

The two relatively small rock glaciers NAR07 and UER02 differ from the larger landform
units of the rock glacier assembly by a relatively high ice content and a congruent course
of frost table and surface topography. The last-named observation is assumed to indicate a
“monomorphic” rock glacier type (Frauenfelder and Kääb, 2000), which is set in contrast to
the larger rock glaciers for which a successive formation by multiple processes is assumed
(“polymorphic rock glacier type”). The topographic position of the two rock glaciers below
steep talus slopes indicates a formation by debris-covered avalanche snowdeposits (Humlum
et al., 2007; Kenner et al., 2017). The importance of this way of ground ice formation on the
development of rock glaciers was shown by Kenner and Magnusson (2017), and the concept
is also plausible for the development of the other relatively small rock glacier FUR02. This
rock glacier is located at a concave surface position where the inclination of the steep slope
is reduced to a slope angle below 33°, which is a threshold for the deposition of avalanche
snow (Sovilla et al., 2010). Other ways of ground ice formation, e.g., by refreezing meltwater,
are unlikely at NAR07 and UER02, regarding the ice-supersaturated subsurface conditions
that rather indicate the occurrence of buried snow in the subsurface (Ikeda and Matsuoka,
2006). The assumed existence of an ice lens near the front of FUR02 is attributed to an en-
hanced preservation of ground ice by active layer thickening due to longitudinal compression
(Haeberli and Vonder Mühll, 1996; Scapozza et al., 2011).

The presented ERTM models show that the investigated rock glaciers are less affected by
single weather events, like e.g., heavy rainfalls, as other rock glaciers (Hilbich et al., 2011;
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Kneisel et al., 2014b). This is attributed to the higher water retention capacity of the peb-
bly materials, in which the water saturation is generally higher. The observation of an ex-
tensive freezing in the upper subsurface of NAR01 and NAR07 shortly after the onset of
downward freezing in October illustrates the so-called “autumn-snow effect”. This effect, de-
scribed by Keller (1993), explains an efficient way of ground cooling by the development of
only a shallow snow cover in autumn. The effect is caused by the high thermal emissivity of
a non-insulating snow cover and the increased surface albedo (Keller and Tamás, 2003). The
concept agrees with the recorded GST values and the visual observation of a shallow snow
cover on the respective dates of geophysical surveying.

The presented results of geophysical surveying at LTF rock glacier align with the assumed
existence of an impermeable frost table, as stated by Ikeda et al., (2008). However, the
markedly different results from the nearby rock glaciers NAR01 and NAR07 emphasize the
singularity of this phenomenon: these rock glaciers rather suit the traditional concept of an
impermeable boundary, as it is described e.g., by Haeberli (1985) and validated by numerous
studies (Krainer et al., 2012; Schneider et al., 2013; VonderMühll, 1992). This is because only
the shape of an impermeable frost table can cause the assumed variations in the intensity of
meltwater runoff (Langston et al., 2011; Wright et al., 2009).

AtNAR01 andNAR07, the observed rise of the frost table at the beginning of both ERTM
investigation periods indicates that meltwater refreezes at a still relatively cold frost table, as
described by Humlum et al. (2007) or Sawada et al. (2003) for rock glaciers in Svalbard
and Japan, respectively. Together with the simultaneously observed decrease in subsurface
temperatures and zero-curtain conditions at the ground surface of NAR01, this indicates os-
cillating infiltration andwarming processes as described by Scherler et al. (2010) and verified
by Hilbich et al. (2011). This concept shows that refreezing meltwater can seal the top of the
active layer and thereby interrupt heat fluxes from penetrating into the subsurface until a
critical water pressure is reached at the ground surface and infiltration continues.

The appearance of undulating reflectors in the radargrams from NAR01, NAR07, LTF
rock glacier and FUR02 indicates the occurrence of deformation processes in the respective
permafrost layers (Monnier et al., 2011). Spatial coincidences between the appearance of
undulating reflectors and resistivity contrasts highlight the influence of ice content variations
onmovement rates (Kneisel and Kääb, 2007), and the subsequent development of overriding
lobes (Barsch, 1996). At LTF, the observation of relatively undisturbed talus deposits in the
active layer agrees with the therein detected small movement rates by Ikeda et al. (2008).

Deformation outside the permafrost layers is indicated by the appearance of upwardly
dipping reflectors in the radargrams from NAR01 and UER01. The appearance of this reflec-
tion pattern affirms a multi-phase rock glacier development of NAR01 and the classification
as a polymorphic rock glacier (Frauenfelder and Kääb, 2000). At UER01, where undulat-
ing reflectors are absent in the corresponding radargram, it indicates that only the shallow
subsurface is affected by contemporary deformation processes.

The appearance of surface-parallel reflectors in the part of the radargram that corre-
sponds to the rock glacier snout of UER01 indicates that this part of the rock glacier was
deformed as a whole and that the deformation that caused the development of the furrow-
and-ridge topography (Frehner et al., 2015; Kääb and Weber, 2004) was caused rather by ex-
ternal forces. Considering the geomorphologic situation, it is assumed that a glacial override
on the upper part of the rock glacier amplified the deformation in the past. This assumption
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can further explain the observed reflection pattern (Fukui et al., 2008; Krainer et al., 2012).
As the two rock glaciers NAR01 and UER01 are located in the back of apparently inactive or
relict lobes, respectively, it is assumed that these lobes act or acted as buttresses and addition-
ally enhance or enhanced the deformation processes (Springman et al., 2012).

11.3 Solifluction Lobes

Differences in size between the individual solifluction lobes show that their formation and
development are related to small-scale variations of internal or external factors (Matsuoka,
2001). While a map of the potential solar radiation (not shown) reveals that all parts of
the slope receive comparable amounts of radiation, an influence of small-scale variations
in snow height and snow cover duration are conceivable. Such variations are e.g., known
to punctually promote solifluction at positions downward of durable snow patches by an
enhanced meltwater supply (Smith, 1988). Although differences in the vegetation pattern
between the different lobeswere not assessed systematically in the field, a variable density was
visually observed during fieldwork. This parameter can control the intensity of diurnal freeze-
thaw processes and can thereby enhance solifluction at lobes with rather sparse vegetation
(Matsuoka, 2001). Dense mats of Dryas octopetala, which is described as an engineering
species that closely interacts with solifluction (Eichel et al., 2017), are absent at FUR.

Extraordinary riser heights at some of the solifluction lobes indicate that additional com-
ponents to solifluction, as e.g., gelifluction or plug-like deformation enhance the rate and
intensity of the mass movement. While plug-like deformation only occurs in areas of cold
permafrost only (Ballantyne and Murton, 2017), gelifluction, which can form lobes of up to
2m height (Matsuoka, 2001), is presumably an important component in the formation of the
investigated lobes at FUR. This process, however, requires the occurrence of permafrost (Bal-
lantyne and Murton, 2017). Consequently, the observed resistivity values between 8 kΩm
and 10 kΩm must represent the lower boundary of resistivity values that indicate frozen con-
ditions. This value aligns with observations from lobe-bearing talus slopes in comparable
settings and with similar lobe structures (Otto and Sass, 2006; Scapozza et al., 2011).

The appearance of a small patch with relatively high resistivity values near the front of
lobe FUR01 in the E02 model contradicts the observation of Draebing and Eichel (2017),
who detected relatively low resistivity values at a corresponding position of a solifluction
lobe. However, the resistivity distribution of the E02 model aligns with the spatial variations
of volumetric water content measured in the aforementioned study (Draebing and Eichel,
2017). Further resistivity variations in the E02 model are attributed to small-scale differ-
ences in the material composition, which e.g., occur when relatively fine-grained materials
superimposematerials with a higher amount of larger clasts at themovement base (Benedict,
1970a; Matsuoka, 2010; Matsuoka, 2014).

The occurrence of drainage channels, which Benedict (1970a) assumes to be crucial for
the development of lobe-shaped landform units, in contrast to the development of terraces,
is indicated by the observation of a linear structure of relatively low resistivity values in the
E02 model. The position of such drainage channels may be connected to avalanche tracks,
which are important paths for sediment transport and likely occur on the steep talus slope
of Blauberg (Freppaz et al., 2010; Schrott et al., 2003). However, it must be noted that the
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investigated area was snow-free during the days of data acquisition and that the weather
was dry on the days before surveying (MeteoSchweiz, 2018). Therefore, meltwater could
be provided from ground ice in upward parts of the slope only, and is assumed to percolate
through deeper parts of the subsurface (Jaesche et al., 2003).

Considering the permafrost distribution of the entire slope, a non-altitudinal zonation
is observed. This aligns with the expected permafrost distribution: The occurrence of per-
mafrost is restricted to lower parts of the slope, while upper parts of the slope are permafrost-
free (Kenner et al., 2017; Scapozza et al., 2011). This pattern is attributed to air circulations in
coarse-grained talus of deeper subsurface layers (Delaloye and Lambiel, 2005; Lambiel and
Pieracci, 2008), or to a locally enhanced thermal insulation by redistributed snow (Lerjen
et al., 2003; Luetschg et al., 2004). The occurrence of air circulations in the subsurface is
bound to the existence of funnels in the upper and in the lower part of the slope and requires
a surface sealing by fine-grained materials in the central part (Harris and Pedersen, 1998;
Wakonigg, 1996). Both premises are conceivable at FUR, but due to the lack of GST data or
visual inspections in winter, their presence can be neither assured nor neglected. For a com-
parable talus slope in the Swiss Alps, Scapozza et al. (2011) assumed that ground ice formed
as congelation ice at the bottom of the active layer during a past phase of colder climatic con-
ditions, and that it is preserved by enhanced rockfall. Whether this concept is transferable
to FUR or not, however, is speculative, due to the lack of additional data.

11.4 Palsas/Lithalsas

The observed correlation between MAGST values and snow cover duration emphasizes the
close coupling of these two parameters and the importance of an insulating snow cover on
the formation of palsas (Seppälä, 2011). The observed ability of the subsurface materials to
hold a relatively high amount of liquid water even in a frozen state aligns with the findings of
Kujala et al. (2008), who observed a strong increase in liquid water during a temperature rise
from −0.8 °C to 0 °C in peaty materials. However, subsurface materials at OVR differ from
common subsurface materials in palsa areas by a relatively low organic content and a high
content of sand and thus, transferability of the results is limited (Saemundsson et al., 2012).

The ratio between palsa height and permafrost thickness at palsa OVR01 is around 1/3,
which is the characteristic ratio for a palsa that is freely uplifted by buoyancy forces (Allard
and Rousseau, 1999; Seppälä and Kujala, 2009). Hence, it is unlikely that the visually ob-
served signs of degradation (i.e., water pond, sunken appearance) can be attributed to a ma-
ture stage of palsa development, which starts after the frozen core reached the bottom of the
water-saturated layer (Seppälä, 1986). In contrast, these signs of degradation are attributed
to bottom-up melting (Seppälä, 2011): this concept describes that the volume of the frozen
core starts to shrink due to e.g., changes in water level, climatic changes or small-scale varia-
tions in snow cover (Coultish and Lewkowicz, 2003). It lasts until only a small dome-shaped
structure that rises out of the water is left.

At OVR02, the discrepancy between the extent of the frozen core and the uplifted area
can be explained only if uplift by buoyancy forces is restrained, e.g., due to absence of liquid
water below the frozen core (Seppälä and Kujala, 2009). This is usually associated with a ma-
ture state of development, after the growing core reached the bottom of the water-saturated
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layer (Seppälä, 2011). However, a mature state of palsa development disagrees with the as-
sumption that OVR02 is part of the newly formed palsas that developed after the 1960s (Hi-
rakawa, 1986; Kneisel, 2010; Saemundsson et al., 2012). Both observations can be combined,
if a compound structure of the frozen core is assumed, as indicated in the R02 radargram:
this compound core formed when the growing core of the initial palsa OVR02 reached a
pre-existing structure of frozen material at the bottom of the water-saturated layer. If only
the thickness of the upper part of this compound core is used for calculating the ratio be-
tween palsa height and permafrost thickness, a value is received that represents an initial
development stage (Lewkowicz et al., 2011). However, the observation of frozen structures
at the bottom of the water-saturated layer is described only rarely in literature. Marklund
(2014), who found similar features in a palsa area in northern Sweden, speculates that these
structures represent remnant ice of formerly existing, but today degraded palsas.

A deceleration in active layer thickening is indicated by the observation of similar values
of active layer thickness at OVR03 and OVR04 between the presented results and investi-
gations in 2010 (Saemundsson et al., 2012). Nevertheless, considering the large size of the
palsas, the active layer thickness at OVR03 andOVR04 is relatively low (Seppälä, 2011). This
can be explained by surface abrasion due to strong winds on the exposed palsa surface (Sep-
pälä, 2003). At OVR05, the distinct surface crack is presumably responsible for the local
thickening of the active layer. However, the formation of cracks on the surface of palsas is
not necessarily bound to permafrost degradation, as also dilation due to palsa uplift can cause
surface cracking during an early stage of palsa development (Matthews et al., 1997). This as-
sumption is affirmed by the ratio between palsa height and permafrost thickness at OVR05,
which, despite ambiguities in assessing permafrost depth from 2-D ERI models, indicates an
initial development stage (Allard and Rousseau, 1999; Lewkowicz et al., 2011).

11.5 Patterned Ground

The occurrence of permafrost at HPA aligns with the lower limit of permafrost in Iceland,
which is around 800m a.s.l. (Etzelmüller et al., 2007). However, it contradicts conclusions
from MAGST values of the presented GST records and those of the study of Kneisel (2010).
This observation shows that conventional concepts that link the occurrence of permafrost to
MAGST values, like BTS, are not transferable to the local setting. Such concepts were orig-
inally developed for mid-latitudinal mountains and cannot be transferred to the maritime
climate of Iceland (Etzelmüller et al., 2007). At HPA01, the presented ERI models align with
the previous observations of an 8m to 10m thick permafrost body at this position (Kneisel,
2010). The absence of prominent differences between the presented models and results of
the previous study shows that subsurface conditions are stable and decoupled from the fluc-
tuating weather conditions. This is considered a sign for a delayed adaption of subsurface
conditions to the warming temperatures after the LIA (Etzelmüller et al., 2007). The distinct
morphological differences betweenHPA01 andHPA02 indicate that different processes dom-
inate the formation each occurrence of patterned ground. As both occurrences are separated
by a distance of only around 100m, it is assumed that rather small-scale variations are de-
cisive. This can concern e.g., soil texture, as observed in the field, or pore size, two factors
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that affect frost-susceptibility and thus the development of patterned ground phenomena
(Arnalds, 2015a; Chamberlain, 1981; Hohmann, 1997).

The detection of glacio-fluvial or glacio-lacustrine sediments in the radargrams from
HPA01 and HPA02 indicates that meltwater from the nearby glacier leads to the deposition
of high amounts of sediments. While strong winds from the glacier erode the deposited fine-
grainedmaterials on the plain surface, the lava outcrops that enclose HPA02 act as wind shel-
ters and promote the accumulation of fine-grained materials (Arnalds, 2015b). The occur-
rence of mudboils (see French, 2018) must be named as another explanation for the accumu-
lation of fine-grained materials at HPA02. However, presented results lack any indications
on diagnostic processes like cryostatic pressure, differential frost heaving or soil circulation.
Furthermore, the observed diameter of the area covered by fine-grained materials at HPA02
clearly exceeds the range from 1m to 3m, which is reported for mudboils (Shilts, 1978).

Results fromHPA01 lack any congruence between frost table topography and the appear-
ance of the sorted polygons, as reported from patterned ground occurrences e.g., in Canada
(Hubbard et al., 2013) or Svalbard (Kasprzak, 2015). It is therefore assumed that the poly-
gons atHPA01 are not coupled to the recent permafrost occurrence but preserved from a past
phase with colder climate. The location of the study site near themargin of Hofsjökull glacier
indicates that patterned ground developed in a temporary zone with active periglacial condi-
tions during glacier retreat, as assumed by Haugland (2006) for patterned ground in Norway.
Similar to HPA01, presented results from HPA02 lack any indications of a direct coupling
between the appearance of patterned ground and characteristics of the internal structure.
The small diameter of the polygons and their apparent restriction to a shallow cover layer
of fine-grained materials indicate a formation by processes like frost cracking or desiccation
(Benedict, 1970b; Washburn, 1979). The formation of desiccation cracks in periglacial en-
vironments is reported e.g., from Norway (Ballantyne and Matthews, 1983; Matthews et al.,
1998) or Svalbard (Van Vliet‐Lanoë, 1988). It requires an occasional water-saturation and
strong evaporation, which is both conceivable at HPA (Gutiérrez and Gutiérrez, 2016).
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Chapter 12

Conclusions
The final chapter summarizes the key findings (12.1) and replies on the research questions
stated at the beginning of this thesis (12.2). Furthermore, it evaluates the importance of the
presented findings and includes an outlook on possible future research (12.3).

12.1 Key Findings

Findings illustrate the potential of the internal structure to archive past environmental con-
ditions and processes. This provides valuable information for an enhanced understanding
of the development of periglacial landforms. This is important for the interpretation of re-
sults from numerical models that e.g., describes rock glacier dynamics, as such models only
rarely include information on subsurface heterogeneities or melting processes of internal ice
(Haeberli et al., 2006; Müller et al., 2016).

At several rock glaciers of the NAR rock glacier assembly and at UER01, the detected in-
ternal features indicate a discrepancy between the recent environmental conditions and the
size and appearance of the landform units. A similar discrepancy is indicated between the
visible polygons and the recent distribution of permafrost at HPA01. The internal structure
of the palsas at OVR reveals a long-lasting palsa development in the investigated area, that
recently faces environmental changes. Rather uniform subsurface conditions at the smaller
landform units NAR07, UER02, HPA02, FUR02 indicate a formation by one distinct forma-
tive process. Intraannual variations in the internal structure of NAR01 and NAR07 reflect
short-term processes likemeltwater flow and complete the scope of amulti-temporal archive.

Findings highlight that the incorporation of surface snow or ice into the subsurface is
crucial for the development of many landform units in high-alpine environments. Ground
ice of this epigenetic origin can affect or even initiate subsequent processes, like e.g., reacti-
vate formerly inactive rock glacier lobes or accelerate rock glacier movement by an enhanced
supply of meltwater. Results from UER show that glacier-permafrost interactions caused a
disruption of permafrost conditions in the subsurface of a rock glacier.

The detection of isolated patches of ground ice in unfrozen surroundings shows that the
influence of balancing heat fluxes, which is commonly assumed to be strong in fine-grained
materials close to the freezing point, is relatively low at the investigated study sites. This indi-
cates a relatively low sensitivity of the investigated landform units to environmental changes
and may lead to an underestimation of the potential of pebbly materials to bear ground ice.
Results show that the actual extent of permafrost exceeds the extent of the potential per-
mafrost area as depicted by the APIM or the Swiss Map of Potential Permafrost Distribu-
tion (BAFU, 2005; Boeckli et al., 2012). Findings of this work show examples for the con-
cepts of oscillating infiltration into frozen subsurface materials (Scherler et al., 2010) and the
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“autumn-snow-effect” (Keller, 1993). They are further assumed to display the concept of (iii)
bottom-up melting (Seppälä, 1986).

In this thesis, characteristic resistivity values and characteristic reflection patterns, as de-
scribed in prior studies, are used for interpreting the ERI models and radargrams, respec-
tively. This approach permits a differentiation between the landform types, which is partic-
ularly shown by results from FUR, where the detection of undulating reflectors enables to
distinguish between solifluction lobes and pebbly rock glaciers. The detection of small-scale
subsurface variations shows that three-dimensional geophysical approaches are superior to
two-dimensional approaches in complex environments, as small structures could be missed
by small-scale probing or point sampling. This can cause severemisinterpretations when sub-
surface parameters are extrapolated. Based on the presented results, the research questions
stated in chapter 1.4 can be answered as follows:

Group 1: Composition of the Investigated Landform Units
Are the investigated study sites/landform units currently affected by permafrost conditions?

Results show current permafrost conditions at all study sites. However, the influence of per-
mafrost on landform formation and development differs between the investigated landform
units: Current permafrost conditions are assumed to affect the development of the upper
rock glacier lobes of NAR as well as UER02, FUR02, LTF rock glacier and the palsas of OVR.
In contrast, the isolated occurrences of permafrost in the subsurface of UER01 are presum-
ably no longer involved in the development of the rock glacier. A similar situation is assumed
atHPA, where thewidespread occurrence of permafrost is likely decoupled from the develop-
ment of the patterned ground phenomena. At FUR, permafrost currently affects only deeper
parts of the talus slope and is not considered a crucial factor for the development of the so-
lifluction lobes.

To what extent do spatial variations of the internal structure (e.g., active layer thickness, frost
table topography, ice content) occur?

Differences in the internal structure appear between landform types and between landform
units. The investigated rock glaciers show strong variations in ice content, ranging from
ice-rich (NAR07, UER02) to only isolated occurrences (UER01). Where a continuous frost
table exists, it can be impermeable (NAR01) or permeable (LTF). The shape of the frost table
ranges from surface parallel (NAR07) or undulating (NAR01). Active layer thicknesses are
also highly variable: frozen conditions can exist directly below the surface (LTF) or only at
greater depths (UER01). The internal structure of the investigated solifluction lobes lacks any
permafrost-related features, as permafrost conditions affect only deeper parts of the slope be-
low the lobes (FUR01). Strong ice content variations appear between the investigated palsas
at OVR and are attributed to different development stages: barely frozen conditions are as-
sumed at a degrading palsa (OVR01), while palsas of a mature state comprise a relatively
high amount of ice (OVR03). Active layer thickness variations are less pronounced at the
palsas, compared to the rock glaciers, likely because the frozen cores are in an equilibrium
of buoyancy with the surrounding water-saturated layer. A deviation from the characteristic
dome-shaped frost table topography is observed at the palsa with the surface crack (OVR05).
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Smaller variations in ice content appear between the two areas of patterned ground (HPA01/
HPA02), and results show a rather flat frost table topography at both spots.

What is the origin of the detected ground ice?

Results indicate that altered ice of sedimentary origin occurs below the talus cones of NAR
and LTF as well as at the surface depression in the central part of UER01. At these positions,
ground ice is assumed to originate from incorporated surface patches of snow or ice and is
likely affected by alternatingmelting and refreezing. Refreezingmeltwater from these ground
ice occurrences is subsequently assumed to be the origin of the ground ice at the upper rock
glacier lobes of NAR. The occurrence of ground ice in the root zone of UER01 presumably
originates from refreezingmeltwater of the surface ice patch. At NAR07, UER02 and FUR02,
a ground ice formation from debris covered avalanche snow deposits is assumed. The origin
of the ground ice at OVR is evident, as the formation of palsas is by definition related to the
occurrence of segregation ice. Results show that the occurrence of sedimentary ice can be
excluded at HPA, and it is therefore assumed that the formation of ground ice presumably
started only after, but at the earliest during the retreat of the glacier.

Which prominent resistivity structures or GPR reflection patterns appear in the results of
different landform units or landform types?

Structures of relatively high resistivity values, interpreted as areas with ice-saturated condi-
tions, recur in the root zones of multiple investigated rock glaciers. As their appearance
coincides with chaotic patterns of short reflectors at corresponding positions in overlapping
radargrams, they clearly indicate the absence of massive ice. Indications for the occurrence
of massive ice are e.g., blank areas without any reflectors, as they can be observed in the
radargrams from the investigated palsas. Here, they coincide with structures of relatively
high resistivity values in the corresponding ERI models and outline the extents of the frozen
palsa cores. While radargrams from the smaller rock glaciers comprise undulating reflec-
tors as a common feature, upwardly dipping reflectors solely occur in radargrams from the
larger rock glaciers. This highlights the occurrence different types of deformation and aligns
with the observation ofmarkedly higher resistivity values in the ERImodels from the smaller
rock glaciers. The range of these values indicates stronger differences in ice content and a less
advanced stage of ice recrystallization.

Radargrams from the smaller rock glaciers and from the investigated solifluction lobe
FUR01 show a characteristic reflection pattern for stratified talus deposits in the shallow
subsurface. The ERI model from the complete talus slope at FUR shows patches of relatively
high resistivity values below the risers of the solifluction lobes. This observation is attributed
to small-scale differences in thematerial composition and subsequent differences in thewater
retention capacity.

Does the spatial distribution of ground ice correspond to the spatial distribution of surface
parameters, such as surface topography or vegetation?

At NAR, the distribution of ground ice reflects the outlines of the rock glaciers, while tran-
sitional areas between the lobes are ice-free. The occurrence or absence of permafrost at
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UER01 is connected to different positions of the furrow-and-ridge topography. The outlines
of the solifluction lobes at FUR correlates with the resistivity distribution in the upper part
of the subsurface, but as the lobes are apparently not directly affected by permafrost condi-
tions, this correspondence is attributed to differences in the surface material composition.
The segmentation of the investigated area at LTF into parts with a different grain size, is also
reflected in the resistivity distribution. At OVR, the observed vegetation patterns correlate
with the uplifted area, but as the vegetation pattern likely follows an increase in soil drainage,
this connection not directly involves the subsurface. The higher water retention capacity of
fine-grained materials is presumably responsible for the correspondence between grain size
and resistivity distribution at HPA.

Group 2: Permafrost and LandformDevelopment
How does the internal structure interact with geomorphologic processes?

At the upper lobes of NAR, as well as at UER02, LTF and FUR, intense rockfall or avalanche
activity is presumably responsible for the formation and distribution of ground ice. Closely
connected to the distribution of ground ice is an enhanced meltwater flow, which affects
positions in flow direction. Refreezing meltwater can lead to a redistribution of ground ice
and cause a gradually decrease in ice content, as it is absorbed by the subsurface materials,
depending on their retention capacity. At NAR, it is assumed that this process chain is re-
sponsible for a partial reactivation of rock glacier lobes. Seasonal variations in the meltwater
flow at NAR01 and NAR07 are apparently affected by the shape of the frost table. It is fur-
ther assumed that isolated ice patches in the subsurface of NAR06 and NAR04 act as heat
sinks that punctually absorb energy and distribute it over a more extensive area. The oc-
currence of ground ice in the subsurface of the talus slope at FUR facilitates mass wasting
processes, specifically gelifluction, by forming a sliding plane. Furthermore, it is a source of
meltwater, which both promotes solifluction by an enhanced availability of water. At UER01,
deformation processes apparently control the enrichment of ground ice at the rock glacier
snout. Differences in ice content and permafrost thickness between the palsas at OVR in-
dicate different stages of palsa development and thus the dominance of different processes.
This includes the long-term or short-term aggregation of ice, e.g., at OVR03 or OVR02, re-
spectively, as well as the assumed bottom-up melting at OVR01. At HPA, the occurrences
of patterned ground are presumably decoupled from the occurrence of permafrost, but still
show interactions between the internal structure and the process domain: The formation of
surface cracks at HPA02 is likely promoted by a layer of fine-grained materials in the upper
part of the subsurface.

Which processes determined landform development in past phases of colder climate?

It is assumed that a lower rockfall activity has affected landform development at NAR, LTF
and FUR by a reduced debris supply. A more widespread distribution of surface ice, as de-
picted on ancient topographic maps at NAR and LTF, would have had disrupted the occur-
rence of permafrost, although its depicted extent does not allow any statement about the
thickness of the surface ice. Nevertheless, the dimension and the multi-lobe appearance of
the rock glaciers indicate that periglacial processes prevailed in the past. Assuming ice-free
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surface conditions at FUR, a more widespread permafrost distribution is assumed to have
caused an enhanced gelifluction component, and that resulting lobes were therefore higher.
At UER01, it is assumed that the adjacent glacier tongue was overriding the rock glacier dur-
ing past phases of colder climate. This presumably enhanced the internal deformation of the
rock glacier through immense external thrusting forces and initiated the development of the
furrow-and-ridge topography. It is assumed that such override events caused a disruption
of permafrost in the subsurface. As results of this thesis indicate a long-term development
of palsas at OVR, it is assumed that climatic changes in the past may have affected the inten-
sity of palsa formation, but not fundamentally changed the process regime. Colder climatic
conditions are assumed to have contributed to the formation of patterned ground at HPA01,
although a formation of this surface phenomenon does not generally require the occurrence
of permafrost. However, the development of patterned ground at HPA can have started only
after the begin of glacier retreat. During past phases of colder climate, HPAwas likely covered
by ice and formed by glacial processes.

How will warming temperatures alter the permafrost distribution and affect the landform
development?

Although warming air temperatures will increase heat fluxes into the subsurface, results of
this thesis indicate that even fine-grainedmaterials have a strong ability to buffer this increase.
This is illustrated by subsurface temperature records from NAR and UER, which show stable
or decreasing temperatures throughout the investigated time span. At the landform units
that are connected to intense rockfall activity, warming temperatures will enhance debris
supply and subsequently promote the incorporation of surface snow or ice into the subsur-
face. This may result in a reactivation of formerly inactive parts of the landform units, which,
however, will only last as long as there is a considerable amount of snow. A loss of ground ice
at the high-alpine study sites will result in enhanced surface cracking, as already indicated
at NAR04 and NAR06, and subsequently in a collapse of affected rock glacier lobes. Varia-
tions in snowfall are hardly assessable, but, as indicated by the presented GST records, will
have a strong impact on the insulation of the subsurface. Furthermore, temporal variations
in snowfall will affect the strength of the “autumn-snow effect”, which is assumed to be an
important factor for cooling the subsurface. At OVR, warming temperatures are assumed
to enhance palsa degradation and bottom-up melting will likely affect a higher number of
palsas. Variations in the distribution of snow will strongly affect the formation of new pal-
sas, as these processes are closely related. The occurrence of patterned ground at HPA01 is
apparently not directly influenced by permafrost anymore, and it is hence assumed to vanish
as the polygonal structures will be filled by deposited fine-grained materials. Nevertheless,
an enhanced glacier retreat will promote the formation of patterned ground at positions that
will become ice-free.

Group 3: Methodological Approach
Are the applied methods suitable to answer the research questions?

The applied geophysical methods are well-established for investigations in periglacial areas.
However, the presented findings show that the availability of ground truth information is
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sometimes important for an unambiguous interpretation of the results. This concerns areas
where a relatively low ground ice content or very complex subsurface conditions are assumed,
like FUR or LTF. Although results permit a general assessment of the internal structure at
these two study sites, a detailed interpretation of the detected structures is difficult. While
ERI provides information on the existence of ground ice and its characteristics, GPRprovides
information on the structural layering of the subsurface. The joint application of the two
methods thus permits a differentiation between different types of ground ice (UER01) or
between solifluction lobes and pebbly rock glaciers (FUR). The ability of joint applications to
overcomeweaknesses of a singlemethod is shown e.g., atOVR03, where ERI fails in resolving
the thickness of the active layer and at all sites with fine-grained debris, where the penetration
depth of GPR is strongly reduced due to a relatively high content of liquid water. However, it
must be noted that ERI andGPR are both based on the dielectric properties of the subsurface
materials and are hence not fully independent.

Records of subsurface temperature data provide ground truth information on the exis-
tence of permafrost and permit to deduce a threshold value to distinguish between frozen
and unfrozen subsurface conditions. However, the relatively low accuracy of the subsurface
temperature sensors at NAR and UER prevents unambiguous assessments of the conditions
in the subsurface. GST records are assumed to be of secondary importance for interpreting
the results from sites with fine-grained materials, as the ground thermal regime in such areas
presumably differs from the ground thermal regime in other permafrost areas. Recorded pF-
values show plausible results at OVR and enable the detection of year-round water-saturated
conditions at a position between the palsas. However, the approach has still to prove its value
in more complex settings.

Which advantages provides the relatively innovative and until today sparely used 3-D ERI
approach over the established 2-D ERI approaches? Which limitations exist and how can the
3-D ERI approach be further developed?

Key advantage of 3-D ERI approaches is the ability to perform spatial analyses between the
horizontal resistivity distribution and other horizontally distributed parameters. This allows
to perform statistical analyses and can thus help to investigate relationships between surface
and subsurface parameters, like e.g., between ice content and vegetation. However, as the
focus of this thesis was to assess internal characteristics, congruencies between surface and
subsurface parameters were investigated only qualitatively. Furthermore, it is assumed that
results of 3-D ERI better reflect the real subsurface conditions, compared to results of 2-D
ERI, as “3-D effects” are absent. Hence, a detection of small-scale changes in subsurface con-
ditions and the delimitation of isolated structures is possible. Limitations of 3-D ERI are a
lower flexibility in the survey setup, as obstacles like large boulders or surface ice patches can
be hardly bypassed and require adjustments in line separation. However, this was a minor
problem at the investigated sites and a sufficient data coverage was likely achieved in all in-
version models. Another disadvantage of 3-D ERI is the generally higher time consumption
of both survey setup and data inversion. The use of tapemeasures to determine start and end
positions of the two-dimensional survey lines for q-3-D data acquisition is considered an ef-
ficient procedure to avoid problems due to the misalignment of electrodes. In an exemplary
study with data from UER02 (not shown), the option to directly include RTK-GNNS po-
sitioning data into the inversion scheme provided only small improvements in misfit error
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over the traditional approach outlined in section 3.1. Data acquisition by the real-3-D ap-
proach is reasonable only for very small-scale investigations, as cable length and the number
of electrodes increase exponentially.

Which differences occur between resistivity models generated with different inversion software?

The comparative analysis between the two inversion models, generated with the software
products RES3DINV and BERT, respectively, shows only slight differences. Both software
products generate results that would lead to a similar geomorphological interpretation. Ob-
served differences in lower parts of the inversion models show that areas with low data cov-
erage must be interpreted carefully. Hence, the execution of approaches that enable assess-
ments of model reliability, such as e.g., DOI or model resolution, is strongly advised. It is
concluded that the freely licensed, open source software product BERT is a valuable tool and
can substitute the widespread RES2D/3DINV software package.

12.2 Outlook

This thesis can be a base for further research on different objectives. For a better understand-
ing of the interactions between surface and subsurface conditions, future studies should in-
clude a higher number of horizontally distributed surface parameters like temperature, soil
texture or vegetation. Through the application of 3-D ERI, these parameters can be linked
to the horizontal resistivity distribution in the subsurface, which reflects not only the distri-
bution of ground ice, but also e.g., the distribution of soil moisture. Existing studies using
three-dimensional ERI approaches (see sect. 1.3) show their potential for resistivitymapping
especially in complex environments, as the appearance of “3-D effects” is avoided. From a
methodological view, future research should comprise three-dimensional geoelectrical mon-
itoring surveys, as this approach can provide information on parameters which are variable
in space and time, as e.g., meltwater flow.

To validate assumptions on the internal structure, future research should include more
and different complementary methods. This comprises other geophysical techniques, such
as SRT, but also a transfer of techniques from neighboring fields, such as thermal infrared
surveying (see e.g., Stilla and Hoegner 2007). Especially at study sites with a shallow active
layer thickness, the last-named approach can provide valuable information on the ground
thermal regimes. Longer time-series of recorded temperature data or pF-values permits the
detection of long-term adaptions of the landform units to climate change. As results from
NAR show that ground truth information can be also achieved by low-cost core drilling, this
approach should be used more extensively in future research. Furthermore, the promising
results of this thesis advise the transfer of the presented approach to other landform types,
such as bouldery rock glaciers, pingos or different types of patterned ground.

Combined with the presented assessments of the internal structure, investigations of
landform dynamics can affirm e.g., the assumed movement of the upper lobe of NAR07.
Investigations of landform dynamics can further enhance the understanding of landform de-
velopment at all study sites. Data can be gained e.g., by photogrammetric techniques or by
terrestrial laser scanning. Especially the repeated application of Structure-from-Motion tech-
niques, in combination with UAV-based surveying, permits large-scale investigations. This
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approach can e.g., provide valuable information on the formation of new palsas at OVR. The
observation of different resistivity values representing the lower limit of frozen conditions
between the study sites should be analyzed systematically. A collection of these threshold
values from multiple areas can provide valuable information for investigations at sites where
an assessment of the resistivity-permafrost relationship is not possible.
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Appendix A: Survey Details and Inver-
sion Data Sets

Electrical Resistivity Imaging: q-3-D

Table A.1: List of Geophysical Surveys: q-3-D ERI.

Site/Label Array
Type

Number of
Grid Lines

Electrode
Spacing [m]

(X/Y)

Number of Data Points
for Inversion (of max.)

Survey Date

NAR/E01 D 17 (9/8) 2/3 6294 (6936) 12–14 AUG 2014
NAR/E24 WS+D 36 (20/16) 2/2 12441 (12472) 10–11 SEP 2016

UER/E01 WS+D 17 (9/8) 2/3 7372 (7800) 11–13 SEP 2014
UER/E02 WS+D 30 (17/13) 2/3 20523 (20880) 26–31 JUL 2015
UER/E03 WS+D 52 (14/12) 2/3 17813 (18096) 22–25 JUL 2016

LTF/E01 D 17 (8/9) 3/2 6111 (6936) 09–11 AUG 2014

FUR/E01 WS+D 22 (12/10) 2/3 10729 (11856) 30 SEP 2014–03
OCT 2014

HPA/E01 D 8 (8/0) 2/0 3264 (3264) 18–19 SEP 2015

D = Dipol-Dipol // WS =Wenner-Schlumberger

Electrical Resistivity Imaging: r-3-D

Table A.2: List of Geophysical Surveys: r-3-D ERI.

Site/Label Array
Type

Number of
Electrodes

(X/Y)

Electrode
Spacing [m]

Number of Data Points
for Inversion (of max.)

Survey Date

FUR/E01 WS+D 8/9 3 804 (816) 27 AUG 2015
FUR/E02 WS+D 8/9 3 731 (8162) 28 AUG 2015

OVR/E01 WS+D 8/9 1 816 (816) 17 SEP 2015
OVR/E02 WS+D 8/9 1 816 (816) 20 SEP 2015
OVR/E03 WS+D 8/9 1 816 (816) 16 SEP 2015

HPA/E03 D 8/9 2 497 (497) 19 SEP 2015

D = Dipol-Dipol // WS =Wenner-Schlumberger
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Electrical Resistivity Imaging: ERTM

Table A.3: List of Geophysical Surveys: ERTM.

Site/Label Array
Type

Electrode
Spacing

[m]

Survey
Length

Number of Data Points
for Inversion (of max.)

Survey Dates

NAR/E02 D 2 70 2040 (2040) 12 AUG, 21 AUG, 29 AUG, 06 SEP,
06 OCT (all 2015)

NAR/E03 D 2 70 2856 (2856) 21 JUL, 28 JUL, 14 AUG, 25 AUG,
10 SEP, 29 SEP, 18 OCT (all 2016)

NAR/E08 D 1 35 2856 (2856) 21 JUL, 28 JUL, 14 AUG, 25 AUG,
10 SEP, 29 SEP, 18 OCT (all 2016)

NAR/E09 D 0.5 17.5 2856 (2856) 21 JUL, 28 JUL, 14 AUG, 25 AUG,
10 SEP, 29 SEP, 18 OCT (all 2016)

D = Dipol-Dipol

Electrical Resistivity Imaging: 2-D

Table A.4: List of Geophysical Surveys: 2-D ERI.

Site/Label Array
Type

Electrode
Spacing [m]

Survey
Length [m]

Number of Data Points
for Inversion (of max.)

Survey Date

NAR/E04 WS 2 142 864 (864) 08 AUG 2017
NAR/E05 WS 3 105 288 (288) 09 AUG 2017
NAR/E06 WS 2 142 864 (864) 08 AUG 2017
NAR/E07 WS 2 142 1215 (1216) 10 AUG 2017
NAR/E10 WS 3 210 1216 (1216) 08 SEP 2017
NAR/E11 WS 3 105 288 (288) 12 AUG 2015
NAR/E12 WS 3 105 288 (288) 12 AUG 2015
NAR/E13 WS 3 105 288 (288) 12 AUG 2015
NAR/E14 WS 2 70 288 (288) 04 SEP 2015
NAR/E15 WS 2 70 288 (288) 10 AUG 2017
NAR/E16 WS 3 105 288 (288) 10 AUG 2017
NAR/E17 WS 3 105 288 (288) 10 AUG 2017
NAR/E18 WS 2 70 288 (288) 08 AUG 2017
NAR/E19 WS 2 70 288 (288) 07 AUG 2017
NAR/E20 WS 2 70 288 (288) 07 AUG 2017
NAR/E04 WS 2 142 864 (864) 08 AUG 2017
NAR/E21 WS 2 70 288 (288) 26 AUG 2016
NAR/E22 WS 2 70 288 (288) 25 AUG 2016

continues on next page
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continued from previous page

NAR/E23 WS 2 70 287 (288) 14 AUG 2016

UER/E04 D 1 36 406 (408) 21 AUG 2015

OVR/E03 WS 2 142 1216 (1216) 17 SEP 2015
OVR/E04 WS 1 71 1216 (1216) 06 SEP 2017
OVR/E05 WS 2 70 288 (288) 20 SEP 2015
OVR/E06 WS+D 2 142 2926 (2926) 20 SEP 2015
OVR/E08 WS+D 2 70 696 (696) 16 SEP 2015
OVR/E09 WS 0.5 17.5 288 (288) 07 SEP 2017
OVR/E10 WS 0.5 17.5 276 (288) 07 SEP 2017

HPA/E02 D 2 70 408 (408) 19 SEP 2015

D = Dipol-Dipol // WS =Wenner-Schlumberger

Ground-Penetrating Radar

Table A.5: List of Geophysical Surveys: GPR.

Site/Label Survey Type Survey Length (2-D)
or Extent (3-D) [m]

Frequency
[MHz]

Survey Date

NAR/R01 1-D CommonMid-Point — 100 20 JUL 2016
NAR/R02 2-D Common Offset 80 100 20 JUL 2016
NAR/R03 2-D Common Offset 45.25 100 20 JUL 2016

UER/R01 2-D Common Offset 300 50 23 JUL 2016
UER/R02 2-D Common Offset 100 50 23 JUL 2016
UER/R03 2-D Common Offset 80 50 23 JUL 2016
UER/R04 2-D Common Offset 74 50 22 JUL 2016

LTF/R01 1-D CommonMid-Point — 50 09 SEP 2016
LTF/R02 1-D CommonMid-Point — 50 09 SEP 2016
LTF/R03 2-D Common Offset 124 50 09 SEP 2016
LTF/R04 2-D Common Offset 52 50 09 SEP 2016
LTF/R05 2-D Common Offset 102 50 09 SEP 2016
LTF/R06 2-D Common Offset 102 50 09 SEP 2016

FUR/R01 2-D Common Offset 50 50 05 AUG 2017
FUR/R02 2-D Common Offset 43 50 05 AUG 2017

OVR/R01 3-D Common Offset 20x20 200 07 SEP 2017
OVR/R02 2-D Common Offset 72.5 100 06 SEP 2017
OVR/R03 2-D Common Offset 118 50 08 SEP 2017
OVR/R04 2-D Common Offset 20 200 06 SEP 2017
OVR/R05 2-D Common Offset 20 200 06 SEP 2017
OVR/R06 2-D Common Offset 45 200 06 SEP 2017

HPA/R01 2-D Common Offset 50 50 10 SEP 2017
HPA/R02 2-D Common Offset 50 50 10 SEP 2017
HPA/R03 2-D Common Offset 50 50 10 SEP 2017
HPA/R04 2-D Common Offset 28.1 200 10 SEP 2017
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Temperature andMatric Potential Values

Table A.6: List of Recorded Time Spans Data Loggers.

Site/Label Parameter Recorded Time Span

NAR/T01 GST 17 Sep 2014–09 Aug 2017
NAR/T02 GST 17 Sep 2014–09 Aug 2017
NAR/T03 GST 17 Sep 2014–09 Aug 2017
NAR/T04 GST 17 Sep 2014–25 Apr 2016 and 14 Aug 2016–09 Aug 2017
NAR/T05 GST 17 Sep 2014–11 Aug 2016
NAR/T06 GST 17 Sep 2014–09 Aug 2017
NAR/T07 GST 15 Okt 2015–09 Aug 2017
NAR/T08 GST 17 Sep 2014–09 Aug 2017
NAR/T09 GST 17 Sep 2014–09 Aug 2017
NAR/T10 GST 17 Sep 2014–12 Aug 2016
NAR/Borehole Subsurface Temperature 17 Sep 2014–10 Aug 2017

UER/T01 GST 26 Sep 2014–24 Aug 2017
UER/T02 GST 26 Sep 2014–24 Aug 2017
UER/T03 GST 26 Sep 2014–24 Aug 2017
UER/T04 GST 26 Sep 2014–24 Aug 2017
UER/T05 GST 26 Sep 2014–24 Aug 2017
UER/T06 GST 26 Sep 2014–24 Aug 2017
UER/T07 GST 26 Sep 2014–24 Aug 2017
UER/T08 GST 26 Sep 2014–24 Aug 2017
UER/T09 GST 26 Sep 2014–24 Aug 2017
UER/T10 GST 26 Sep 2014–24 Aug 2017
UER/Borehole Subsurface Temperature 19 Sep 2014–24 Aug 2017

OVR/T01 GST 18 Sep 2015–23 Sep 2017
OVR/T02 GST 18 Sep 2015–23 Sep 2017
OVR/T02 Matric Potential 18 Sep 2015–23 Sep 2017
OVR/T03 GST 18 Sep 2015–23 Sep 2017
OVR/T03 Matric Potential 20 Sep 2015–24 Dez 2016

HPA GST 19 Sep 2015–10 Sep 2017

GST = Ground Surface Temperature
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Appendix B: Model Resolution and
Survey Network Layouts

Figure B.1: Selected Inversion Models and Corresponding Model Resolution Index Values. Note that an Index
Value of 10 is assumed to represent a lower limit for sufficiently resolved model cells (Loke, 2016a). a) Model
NAR/E10, b) Model OVR/E04.

Figure B.2: Schematic Survey Network Layouts of q-3-D ERI Surveys. a) NAR/E01, b) NAR/E24, c) UER/E01, d)
UER/E02, e) UER/E03, f ) LTF/E01, g) FUR/E01, h) HPA/E01.
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