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ABSTRACT

This paper analyses changes in the surface morphology of rock and debris-covered
glaciers in the Héladalsjokull and Fremri-Grjotardalur cirques near Holar village in the
Trollaskagi peninsula (northern Iceland) (65°43'55”"N; 19°06'49"W, 160 m), to
understand the dynamics and climatic significance of these landforms. The study
includes an analysis of historical aerial photographs from 1946 to 2000. The aim was to
evaluate surface changes in these landforms and obtain the horizontal displacement and
elevation changes of large boulders and linear features (ridges and furrows) at each date.
In addition, the surface elevation differences between 1980 and 1994 were obtained
from digital elevation models. The horizontal displacement results obtain a mean
velocity of 0.33 m yr! and an average elevation difference of -0.72 m for the boulders,
with the linear features advancing 14.84 m during the period 1946-2000. Except for this

slow mobility, no changes occurred in the surface morphology of these landforms
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during the 54 years. The low displacement rates of boulders and linear features, together
with the surface lowering processes observed in these landforms, indicate that
widespread melting is the most important activity in the debris-covered and rock
glaciers in Trollaskagi. This is confirmed by the recent formation of collapse

depressions.

Key words: debris-covered glacier, rock glacier, themokarst depressions, digital
photogrammetry, boulder displacement, elevation change, Troéllaskagi peninsula,

Iceland

1. Introduction

The Trollaskagi peninsula hosts 167 alpine glaciers (Icelandic Meteorological Office,
2018), mostly north-facing (Sigurdsson and Williams, 2008). A few of these glaciers are
debris-free, but most are debris-covered or end in a rock glacier (Bjornsson, 1991;
Wangensteen et al., 2006; Kellerer-Pirklbauer et al., 2007; Bjornsson and Palsson,
2008). Although the recent glacier evolution of Iceland is well known (see synthesis in
Ingdblfsson and Norddahl, 1994; Geirsdottir et al., 2009; Geirsdottir, 2011; Pétursson et
al., 2015), the origin of the Trollaskagi debris-covered and rock glaciers is still under
discussion. Initial research into these debris-covered and rock glaciers was carried out
especially during the 1970s-1990s. For some researchers, the rock glaciers formed
recently, during the Little Ice Age (LIA) expansion, and are approximately 200 years
old, according to lichenometric criteria and present mobility rates (Martin et al., 1994;
Hamilton and Whalley, 1995a, 1995b). This young age has also been deduced from the
depression of the glacial Equilibrium Line Altitude (ELA) in Trollaskagi (Ipsen et al.,
2018). However, other authors estimate the oldest age for these Trollaskagi debris-
covered and rock glaciers to be around 6 ka or even older according to streamlines
based on the displacement field and surface velocities from 1985-1994 data
(Wangensteen et al., 2006; Kellerer-Pirklbauer et al., 2007).

Debris-free glaciers, rock glaciers and debris-covered glaciers in Trollaskagi coexist in
cirques in close proximity. The limits of these three glacier types and their genetic
relationships are still not clear (Berthling, 2011; Janke et al., 2015). A glacier becomes a
debris-covered glacier when supraglacial debris more than 0.5 m thick covers more than

50% of the ablation area (Azocar and Brenning, 2010; Brenning, 2005; Hambrey et al.,
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2008; Kirkbride, 2011, 2000). The differences between debris-covered glaciers and rock
glaciers are even less clear; they are considered to be rock glaciers where the surface
debris layer is thicker than debris-covered glaciers and the ice content is estimated to be
less than 30% of the total mass (Haeberli et al., 2006; Berthling, 2011). The difference
in surface morphology is not clearly defined, but ridges on debris-covered glaciers tend
to be more longitudinal, while lateral and central moraines are still evident and some
viscous flow morphology is observed (Clark et al., 1994). In addition, rock glacier
morphology is defined by the existence of pronounced transverse ridges and furrows,
perpendicular to the flow direction (Capps, 1910; Wahrhaftig and Cox, 1959; Vitek and
Giardino, 1987; Martin and Whalley, 1987; Whalley and Martin, 1992; Barsch, 1992,
1996; Hamilton and Whalley, 1995a, 1995b; Haeberli et al., 2006; Berthling, 2011;
Janke et al., 2013; Monnier and Kinnard, 2017).

Applying these criteria to Trollaskagi, the current dynamics and geomorphological
context of rock glaciers and debris-covered glaciers are quite similar. There are no
moraine ridges in cirques with rock glaciers and debris-covered glaciers, but many
occur in valleys where debris-free glaciers exist (Hamilton and Whalley, 1995a, 1995b;
Martin et al., 1991; Andrés et al., 2016). Aerial photos from different dates do not show
geomorphic evidence of change to their surface morphology (Hamilton and Whalley,
1995a, 1995h; Andrés et al., 2016) and advances and changes of their fronts are not
apparent (Whalley et al., 1995a, 1995b; Andrés et al., 2016). Nevertheless, these
observations of the absence of surface changes in debris-covered and rock glaciers
contradict the analysis by some authors using photogrammetric techniques, obtaining
surface boulder displacement up to 0.84 m yr! (Kellerer-Pirklbauer et al., 2007;
Wangensteen et al., 2006) or up to 3 m yr! using satellite radar interferometry
(Lillegren et al., 2013). Other authors consider that Trollaskagi debris-free glaciers are
very dynamic and that their fronts are highly sensitive to climate fluctuations
(Caseldine, 1985; Eyporsson, 1935, 1931; Fernandez-Fernandez et al., 2017). The
retreat of nearby debris-free glaciers from the LIA moraines to the present margins
averages around 1300 m (Fernandez-Fernandez et al., 2017). This retreat was
interrupted during at least five cold periods with glacier snout advances which formed
many frontal moraines (Caseldine, 1983, 1985; Eypodrsson, 1935; Fernandez-Fernandez
et al., 2017). However, various surge-type glaciers have been described in Tréllaskagi,
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forming several frontal moraines in the area, and therefore their origin is not directly

related to climate evolution (Bjornsson et al., 2003; Brynjolfsson et al., 2012).

One of the key factors when studying the origin and climatic significance of rock
glaciers and debris-covered glaciers is the analysis of their dynamics and morphological
changes over time (Benn et al., 2012; Bosson and Lambiel, 2016; Brenning, 2005; Capt
et al., 2016; Deline, 2005; Emmer et al., 2015; Humlum, 1998; Kaab, 2008; Kellerer-
Pirklbauer et al., 2008; Kellerer-Pirklbauer and Kaufmann, 2012). The aim of this
present research is to study the evolution and morphodynamics of a rock glacier and a
debris-covered glacier in the Trollaskagi peninsula to gain a better understanding of the
differences, origin and climatic significance of these formations, using an innovative
approach. To achieve this aim, a range of consistent photogrammetric techniques and
geographic information system (GIS) analyses are applied in a multi-temporal approach

involving processing and comparison of historical aerial photographs.
2. Regional setting

The Trollaskagi peninsula in north central Iceland lies between meridians 19°30’W and
18°10°W, jutting out into the North Atlantic to latitude 66°12°N and linked to the central
Icelandic Highlands to the south, between the Skagafjérdur fjord to the west and the
Eyjafjorour fjord to the east (Fig. 1A). The peninsula is a plateau, topped by flat
summits and ridges, intensely dissected by the drainage network, which forms flat-
bottomed valleys, often with steep walls. It is composed of Tertiary basalt bedrock, with
semi-horizontal lava flows often separated by 30-50 cm thick lithified, mainly
argillaceous, sedimentary horizons known as red interbed layers (Seemundsson et al.,
1980). The slopes are often unstable, as many are affected by rock slope failures and
deep-seated gravitational slope deformation, often of significant magnitude, where the
red interbed layers act as decollement levels (Cossart et al., 2014; Feuillet et al., 2014;
Jonsson, 1976; Whalley et al., 1983). These macro-mass movements are considered to
have developed as a result of the final deglaciation during the early Holocene (Coquin et
al., 2015; Cossart et al., 2014; Mercier et al., 2013) and some of them are still active
(Seemundsson et al., 2007; Wangensteen et al., 2006). Large scale failure events may
originate in cirque headwalls in Trollaskagi and the resulting landforms resemble
rockglaciers (Sigurdsson, 1990; Whalley et al., 1983; Whalley and Martin, 1992).
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The climate of the Trollaskagi peninsula is characterized by a mean annual air
temperature (MAAT) of 2 to 4 °C (1961-1990 data series) on the Trollaskagi coasts and
of -2 to -4 °C on the summits (Etzelmuller et al., 2007). The precipitation is relatively
low, because the central highland and the ice-caps block the wet southerly winds.The
precipitation is mainly contributed by northerly winds and oscillates between 400 mm
in some lowland areas and 2000 mm on the summits (1971-2000 data series) (Crochet
et al., 2007). The continuous permafrost limit in the Trollaskagi mountains has been
modeled and located between 850-950 m a.s.l. (Etzelmuller et al., 2007; Wangensteen et
al., 2006). The termini of most of the debris-covered and rock glaciers are at 900-950 m
a.s.l., where the MAAT is -1.8 to -2.6 °C (extrapolated with a gradient of -0.65 °C 100
m from Holar i Hjaltadal meteorological station at 160 m a.s.l.,1961-1990 ) (Kellerer-
Pirklbauer et al., 2007) with precipitation around 1500 mm (Crochet et al., 2007). The
current ELA of the main debris-free glaciers is 1010-1060 m a.s.l., with MAAT around
-2.3 °C at the ELA (Fernandez-Fernandez et al., 2017). These glaciers reached their LIA
maximum approx. 1865-1900 (Caseldine, 1985), with an ELA of 950-1010 m a.s.l. and
MAAT 1.7-1.9 °C lower than at present (Caseldine and Stotter, 1993; Fernandez-
Fernandez et al., 2017).

3. Selection of the case study landforms and previous studies.

The rock glacier that has attracted most attention of researchers in Trollaskagi is
Nautardalur (65°29'21"N 18°22'14"W, altitude 1300-940 m as.l.), studied and
monitored in 1977-1994 (Hamilton and Whalley, 1995a, 1995b; Martin and Whalley,
1987; Martin et al., 1994, 1991). It is located in a cirque on the north slope of
Skjoldalur, a tributary valley of the Eyjafjorourfjord from the west, 20 km south of
Akureyri (Fig. 1A). Significant research has been carried out in two other cirques
(Farbrot et al., 2007; Kellerer-Pirklbauer et al., 2007; Lillegren et al., 2013;
Wangensteen et al., 2006), both north-facing in the Hoéladalur valley, a tributary of the
Skagafjordurfjord from the east, 7 km west of Holar village (Fig. 1B and 1C). The
western cirque, Fremri-Grjétardalur, (65°43' N 19° W, 1245 m a.s.l.) hosts a series of
active rock glaciers, and the eastern cirque hosts the debris-covered glacier
Holadalsjokull (65°42' N; 18°57' W, 1330 m a.s.l.).
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Important differences in the results and interpretations were detailed by authors who
worked in Nautardalur and those who worked on the Hélar rock glaciers, in relation to
the origin, dynamics and age of these landforms:

I Origin. -Nautardalur was considered a rock glacier derived from a small corrie glacier
after frequent rock falls, which supplied mantled debris on the glacial surface. A similar
origin was attributed to the other Trollaskagi rock glaciers (Martin and Whalley, 1987;
Martin et al., 1991; Whalley and Martin, 1994; Hamilton and Whalley, 1995a, 1995b;).
Extrapolation from the Akureyri long-term meteorological temperature data to
Nautardalur cirque, with MAAT <-2°C, showed that permafrost is only possible on
snow-blown summit plateau areas (1250-1300 m a.s.l.), even during the LIA (Whalley
and Martin, 1994). Authors working in the Holar area considered that some rock
glaciers derived from debris-free glaciers, but others were formed from slope talus with
segregate ground ice. In any case, permafrost is present in the cirques, following the
conclusions of Etzelmuller et al. (2007), who established the permafrost limit at 800-
900 m on Trollaskagi during the LIA, 200-300 m lower than today. Farbrot et al. (2007)
support this idea with direct data logger measurements. Lillegren et al. (2013) calculated

the MAAT around -4°C at the roots of Trollaskagi rock glaciers.

Il Dynamics. -Nautardalur glacier was considered almost static. Boulder movement
measured by theodolite for seventeen years ranges from <0.05 m yr* to 0.31 m yr? and
the snout advanced <1 m during this period (Whalley et al., 1995a, 1995b). Different
conclusions were reached in the Holar area by Wangensteen et al. (2006), who applied
digital photogrammetry and cross-correlation matching of multi-temporal orthophotos
from 1985 and 1994, and obtained block movement ranging from 0.07 m yr™ to 0.84 m
yr on the Holadalsjokull debris coevered glacier and Fremri-Grjétardalur rock glaciers,
respectively. Kellerer-Pirklbauer et al. (2007) used similar techniques in Fremri-
Grjotardalur rock glaciers and obtained similar results ranging from 0.06 m yr? to 0.74
m yr. Lillegren et al. (2013) used satellite radar interferometry (ALOS polarimetric
PALSAR images 16 August-1 October 2007) and normally obtained block movement
of 0.2-0.5 m yr! when applied in some rock glaciers in Trollaskagi, with maximum

velocities exceeding 3 m yr 2,

Il Age.- From headwall recession rate and lichenometric dating, some authors deduced
that the maximum age of the Nautardalur rock glacier is approximately 200 yr BP and
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was related to the LIA expansion (Martin et al., 1994; Hamilton and Whalley, 1995a,
1995h;). Authors working on the Héladalsjokull debris covered glacier and the Fremri-
Grj6tardalur rock glaciers proposed headwall recession rates from 0.4 to 1.2 mm a? in
these cirques (Farbrot et al., 2007). Other authors made streamline interpolations from
surface velocities (Wangensteen et al., 2006; Kellerer-Pirklbauer et al., 2007), and
relative surface dating using a Schmidt-hammer (Kellerer-Pirklbauer et al., 2008).
Wangensteen et al. (2006) estimated 4.5-5 ka as the oldest age for these landforms, with
reactivation of the higher lobes at 1000-1500 yr. For the Fremri-Grjétardalur fossil rock
glacier, Kellerer-Pirklbauer et al. (2007) proposed an age contemporary with the GH-8.2
event (8.6-8.0 ka cal. yr BP according to Greenland stratigraphy). However, the origin
of the active rock glacier was related to one of the first neoglacial Trollaskagi advances
of ca. 5.2 to 5.9 ka cal. yr BP. The reactivation of the higher lobes took place during the
second neoglacial advance by 3.0-3.2 ka (Kellerer-Pirklbauer et al., 2007).

IV Relationship between debris-covered and rock glaciers and past cold periods.
Hamilton and Whalley (1995a, 1995b) noted the absence of moraines in front of the
Nautardalur rock glacier, and in other Trollaskagi cirques including rock glaciers. They
also observed a large spoon-shaped depression in the upper region of the Nautardalur
rock glacier, which occurs in many other Trollaskagi rockglaciers. They consider that
the origin of these head basins is related to post-LIA glacial recession. Other authors
have inferred that these glaciers formed during the first Holocene cold phases, after the
Holocene Thermal Maximum (HTM) (Wangensteen et al., 2006; Kellerer-Pirklbauer et
al., 2007). Recent cosmogenic dating of boulders from some small moraines, fossil rock
glaciers and erratic boulders close to the present debris-covered and rock glaciers in
Trollaskagi suggests that during the Oldest Dryas, Younger Dryas and Early Preboreal,
small glaciers formed in Trollaskagiin the interior of the cirques, which were not more
than 1-3 times larger than present-day glaciers, and were not connected through the
tributary valleys to the main fjords at those times (Andrés et al., 2016).

For this case study, the rock glaciers located in Fremri-Grjétardalur and the
Holadalsjokull debris-covered glacier were selected. These are located just north of
Holar village, hosted in adjacent cirques at the head of the Holadalur valley. These
cirques are bounded by prominent cliffs, with summits reaching 1200-1330 m a.s.l. At
the foot of these 100-170 m high north-facing cirque-walls, there are small corrie

glaciers with spoon-shaped hollows where the rock glacier and debris-covered glaciers
7
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developed (Fig. 1B and C and Fig. 2A). The debris-cover thickness of Holadalsjokull
can be observed in several collapse depressions (Fig. 3A). Fremri-Grjotardalur rock
glaciers have layers of debris that rest on segregate ice (Farbrot et al., 2007). These rock
glaciers are formed by blocks with a clay matrix and average diameter of 40 cm,

although some may have a diameter as large as 3 m (Kellerer-Pirklbauer et al., 2007).

4. Methods and materials

In recent years, with digital photogrammetry the displacement and recent changes in the
superficial morphology of rock glaciers and debris-covered glaciers have been
successfully studied through the analysis of historical aerial photographs (Roer et al.,
2005; Kaab, 2005, 2008; D’Agata and Zanutta, 2007; Diolaiuti et al., 2009; Kaufmann
and Ladstadter, 2010; Janke et al., 2013;).

This paper presents a study of changes in the superficial morphology of the Fremri-
Grjotardalur rock glacier and the Holadalsjokull debris-covered glacier, with the
analysis of high-resolution aerial photograph series dating from 1946, 1980, 1985 and
1994 along side the 2000 orthophoto (0.5m spatial resolution), supplied by the National
Land Survey of Iceland and the orthophoto supplied by Loftmyndir ehf. The
observation therefore covers a period of 54 years, considered sufficient time to detect
block movement, which normally does not exceed a few decimeters per year in rock
glaciers (Barsch, 1996). More specifically, the photogrammetric techniques and GIS
analysis were used to: (i) obtain measurements of horizontal movement and elevation
changes of large boulders located on the surface of rock glaciers and debris-covered
glaciers; (ii) determine the displacement of the main landforms such as ridges and
furrows; (iii) obtain elevation differences by comparing the digital elevation models of
1980 and 1994. To do this, the following steps were required:

4.1 Geomorphological analysis

The first step was to carry out a geomorphological study of each landform by photo
interpretation of stereo aerial photographs and fieldwork. The main homogeneous flow
units differentiated in each glacier were outlined and mapped, to facilitate their control,
description, and interpretation.The active or fossil rock glaciers were considered, with
attention to previous publications where appropriate techniques were applied (Andrés et
al., 2016; Farbrot et al., 2007; Kellerer-Pirklbauer et al., 2007).

4.2 Creation of stereo-models and uncertainty errors
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Overlapping stereo aerial photographs were processed using the commercial Digital
Photogrammetric WorkStation Digi3d.NET (DPWS Digi3d) to obtain stereo-models of
the area of rock glaciers and the debris-covered glacier for each date considered.
Generating the stereo-models involved the geometric correction of the stereo aerial
photographs from each date. First, internal orientation was carried out with the help of
the camera calibration parameters and additional information appearing in the photo
frames (i.e. focal length and fiducial marks). Absolute orientation was then defined
based on the accurate identification of a set of 16 geo-referenced ground control points
(GCP) on the 2000 orthophoto. GCP were also detected on the aerial photos from the
remaining dates. The elevation of each GCP was extracted from the 1:20.000
topographic map. The root mean square error (RMSE) of the absolute geometric
correction for each stereo-model in x, y, z (RMSEXxyz) was very low, between 0.153 and
0.251 m (Table 1). Only the model from 1946 presented a higher RMSEXxyz because the
photo frame is cut and the camera focal length and position of the fiducial marks are
unknown.

4.3 Generating orthophotos

In the next phase, orthophotos of the study area for each date were generated, with
spatial resolution of 0.25m. These orthophotos provide a first high-precision visual
observation of the morphological evolution of these glaciers (see complementary
material).

4.4 Photo-interpretation and 3D photogrammetric restitution of surface
geomorphological elements

The changes produced on the glacier surfaces were detected through a spatial
correlation analysis applied to the multitemporal series of stereo-models. A digital
photogrammetric workstation was used for photo interpretation and manual restitution
of the main surface features of the glaciers in 3D. The most easily recognizable
landforms on the surface were mapped in each stereo-model, including internal
transverse and longitudinal ridges and furrows, lateral and frontal crests, thermokarst
depressions and large boulders. Each one of these landforms was identified for each
date, to analyze their dynamic evolution and horizontal and vertical displacement,
according to the following phases:

4.4.1. Quantifying individual block movement
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Monitoring large blocks or boulders has frequently been used to measure and quantify
rock glacier movement using orthophotos from different dates. This monitoring can be
done by manual point-to-point methods (Gorbunov et al., 1992; Janke, 2005; Kaab et
al., 1997), by using differential GPS (Bosson and Lambiel, 2016) and by automatic or
semi-automatic cross-correlation of multitemporal orthophoto series (Capt et al., 2016;
Ké&ab et al., 2003, 1997; Kaufmann and Ladstadter, 2010; Roer et al., 2005; Roer and
Nyenhuis, 2007). This last method allows horizontal displacement vectors to be
obtained automatically and enables the measurement and calculation of displacement
and velocities of individual blocks.

In this study the manual point-to-point method was used, with some improvements.
First, large boulders were identified in the orthophotos by visual inspection using a
CAD platform (Bentley MicroStation v8i), to obtain an inventory of boulders with their
location. The number of boulders identified was limited by the snow coverage and the
photo quality on all dates. Secondly, the digital photogrammetric workstation was used
to capture the position and coordinates of the maximum point of each identified
boulder, recorded as a data point. In addition to the boulders identified on the glaciers,
blocks from external areas considered stable were also recorded, to enhance the
accuracy of the results. At this stage, a database was created with positional information
(X, y, z coordinates) for each block. In the third step, the boulder displacement identified
for the Holadalsjokull debris-covered glacier was determined for 1980-1994 and for the
intervals 1946-1980, 1980-1985, 1985-1994 and 1994-2000.

Blocks at the different dates were correlated using the XY to Line geo-processing tool
included in the ArcMap data management tools (Esri ArcGIS 10.3). The horizontal
displacement vector between the different dates was obtained for each boulder
identified and the elevation difference in the attribute table calculated. Relating these
parameters to the period durations enabled the average annual velocity and sinking to be
obtained for each boulder. Finally, the velocities (m yr?) and elevation differences (m)
of each boulder were interpolated with the kriging routine to obtain a spatial model of
the movement distribution in its horizontal and vertical dimensions.

4.4.2. Obtaining the displacement of the linear geomorphological elements.

Only the front of rock glaciers has been monitored in previous studies (Monnier et al.,
2014, 2011; Monnier and Kinnard, 2015a). In this study, the digital photogrammetric

workstation was also used for the 3D restitution of the main linear landforms (ridges,

10



325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352

353
354
355
356
357

furrows, lateral and frontal crests, limits of depressions) on each stereo-model. Thus,
these landforms were mapped for years 1946, 1980, 1985, 1994 and for the 2000
orthophoto. Repeated measurements were then implemented in a CAD throughout each
period to obtain the displacement of each landform. This software enables simultaneous
working with multiple views and so the position of each feature at each date can be
easily identified.

4.5 Digital Elevation Models (DEM)

In previous studies with similar aims to this present study, a Digital Elevation Model
(DEM) was generated automatically by applying digital photogrammetry to historical
aerial photographs (Capt et al., 2016; D’Agata and Zanutta, 2007; Janke, 2005; K&ib et
al., 2003; Wangensteen et al., 2006). Here, DEMs were generated from the contour lines
and spot elevation, obtained by manual digital photogrammetric restitution in
stereoscopic mode, to achieve a more realistic appearance of the terrain topography.
First, restitution of the contour lines at 2 m interval in the study area was carried out for
1980 and 1994. This area included the debris-covered-glacier, the rock glaciers and a
~10m fringe outside the glaciers. A large number of spot elevations were also stereo-
plotted (2902 for 1980 and 3046 for 1994), mostly located on the glaciers.

Then, DEMs were produced by generating several Triangular Irregular Networks (TIN)
from the contour lines and the set of spot elevations in ArcGis 10.3. Next, each TIN was
converted to raster format with cellsize 1 m? (Fig. 1C) and changes in surface altitude
between the dates were calculated using the raster calculator tool. The results were re-
classified as positive, negative, or unchanged (between -0.25m and +0.25m, taking the
RMSE into account). A statistical analysis of the area of each geomorphological unit
was performed with ArcGIS Zonal statistics tool.

5. Results

Analysis of the data obtained from processing the historical aerial photographs of the
debris-covered and rock glaciers revealed the evolution of their landforms, horizontal

velocities and the elevation changes of large boulders.

5.1 Geomorphological units

The study area was divided into different units to facilitate control and description (Fig.
2A):

5.1.1. The Holadalsj6kull cirque. There are three types of units in this cirque: the
debris-covered glacier, which was divided into units (DCG-1 and DCG-2a, 2b and 2c¢)

11
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according to the debris-cover surface morphology, and a small rock glacier (RG-3) (Fig.
2A).

a.1) Debris-covered glacier (DCG-1).This is the debris-covered glacier tongue,
characterized by a >2m-thick debris layer visible in numerous collapse depressions (Fig.
3A). The debris-covered surface slope is less than 5° and extends 2 km from the limit of
the spoon-shaped depressions to the snout. The snout is at 900 m a.s.l. and forms a steep
wall around 30m high with 30° slope (Fig. 2B). This unit is 1.3 km wide and covers an
area of 2.21 km? The surface morphology shows ridges and furrows running
longitudinally to the flow as the dominant features, reaching up to 1.5 km in length (Fig.
3B and 3C). Some of the furrows have permanent snowcover. In the lower sector,
smooth transverse ridges and furrows appear parallel to the glacier front.

a.2) Glacier spoon-shaped depressions. There are three depressions at the foot of the
cirque headwalls, with almost debris-free ice: eastern (DCG-2a in the tables and
figures), central (DCG-2b) and western (DCG-2c). Considering each unit from the
lower depression limit to the upper glacier limit, they occupy an area of approximately
2.5 km?, 66.6% of which is formed by debris-free glacial ice and scattered blocks, with
the remaining area covered by a thin layer of sediment. These depressions end 1.4 and
1.6 km from the cirque headwalls and are confined at their lower edge by a series of
moraine-like block ridges that overlap the debris forming the rest of the debris-covered
glacier.

a.3) The Holadalsjokull rock glacier (RG-3). A small rock glacier (0.29 km?, 600 m
long), is located just to the west of Holadalsjokull in the same cirque, with its front at
904 m a.s.l.

5.1.2. The Fremri-Grjétardalur cirque. The surface area of all the Fremri-Grjétardalur

rock glaciers is approximately 0.96 km?. The Fremri-Grjétardalur cirque is divided here
into six different sectors (Fig. 2A and 2B):

b.1) Active rock glacier in the western sector (RGW-4a), consisting of a series of lobes,
300 - 400 m in length, terminating at 950-940 ma.s.l. with steep slopes.

b.2) Active rock glacier in the central sector (RGW-4b), up to 1 km long, forming many
transverse ridges and furrows reaching 896-922 m a.s.l. (Fig. 3D and 3E).

b.3) Fossil rock glacier in the central sector (RGW-4c), located at the front of the
previous two rock glaciers, but 500 m longer, extending down to 850 m a.s.l.
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b.4) Active rock glacier in the eastern sector (RGE-5a), an active tongue-shaped rock
glacier, 190 m long, 270 m wide, descending to 1002 m a.s.l.

b.5) Fossil rock glacier in the eastern sector (RGE-5b), 250 m long and 280 m wide,
descending to 978 m a.s.l.

b.6) Two small active talus rock glaciers (RGT 6a and 6b), located just at the foot of the
headwall.

5.1.3. External stable areas. Rocky outcrops and erratic boulders considered stable (SG
-7a and 7b) external to the debris-covered glacier and rock glaciers, used here as fixed
control points to validate changes monitored in the glaciers.

5.2Visual contrast of the orthophotos

An in-depth visual inspection of the orthophotos of the Hdladalsjokull debris-covered
glacier shows an almost total absence of changes in its superficial morphology over the
last 54 years (see commplementary material). The main landforms analyzed on the
surface of the debris glacier, (transverse and longitudinal ridges and furrows), remained
identical in geometry and morphology. Likewise, the landforms analyzed in the
outermost sections of the glacier (lateral and frontal crests) did not undergo
morphological changes, and do not present any significant progress in the lateral or
frontal limits of the debris-covered glacier. The only changes observed in this glacier
are the appearance of new thermokarst depressions. E.g., there is a new depression in
the orthophotos from1980 compared to 1946; in addition, the formation of new
thermokarst hollows was noted in fieldwork in 2014, 2015 and 2016 (Fig. 3B). The
same results were obtained for the rock glaciers from the visual analysis of the
orthophotos, with no deformation or new thermokarst depressions observed.

5.3 Surface displacements and elevation changes of large boulders.

A significant number of common boulders (>75) in the debris-covered glacier could be
identified in the 1980, 1985 and 1994 orthophotos, whereas only 19 and 51 boulders
respectively were identified in the 1946 and 2000 orthophotos. For the rock glaciers,
only the photographs from 1980 and 1994 were usable. Taking into account these
limitations, the displacement analysis of the debris-covered glacier includes the periods
1946-1980 (19 correlated boulders), 1980-1985 (266 boulders), 1985-1994 (308
boulders) and 1994-2000 (51 boulders) as well as the whole period 1980-1994 (270
boulders). The correlation analysis of the rock glacier boulders only includes 1980-
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1994, where 308 boulders were correlated. The boulder elevation changes in the debris-
covered glacier and rock glaciers for the 14 years 1980 - 1994 were analyzed.

5.3.1. Data quality and measurement uncertainty.

The results of the horizontal displacement of the points on stable ground near the
debris-covered glacier obtain mean values ranging from 0.05 to 0.10 m yr* for the
periods 1980-1985, 1985-1994 and for the whole period 1980-1994, confirming the
practical absence of movement (Table 2 and 4). The maximum displacement values
obtained on stable ground were 0.10 m yr* (1980-1985), 0.15 m yr ! (1985-1994) and
0.12 m yr ! (1980-1994). These values were considered as uncertainty in the evaluation
of the horizontal mobility of boulders located on the glaciers. When measuring the
displacement in stable areas surrounding the rock glaciers (SG-7b) a minor error occurs.
The 56 stable points displayed a mean velocity of 0.03 m yr* and a maximum of 0.08
m yr!, so that these values evidence complete stability. According to the maximum
value for the movement of these points, the uncertaintywas 0.08 m yr*.0n the other
hand, the mean value obtained for the elevation changes (1980-1994) from the 22 stable
control points in the Héladalsjokull cirque (SG-7) was -0.20 m (o = 0.416 m), and from
the 56 stable control points in the Fremri-Grjétardalur cirque (SG-7b) was -0.237 m (o
= 0.311 m). Nevertheless, the uncertainty of z is more difficult to estimate, given the
quality of the photos and human error, so the elevation uncertaintyis also estimated as
the extreme values in the maximum and minimum elevation data obtained from the set
of all stable control points. Thus, at some stable points a maximum negative (or
dipping) elevation difference was obtained of -0.94m (SG7a and b unities) and a
maximum positive of 0.81m (SG-7a) and 0.38 m (SG-7b), so that these extreme values
can be considered as the maximum uncertainty of z in the block elevation changes
(Table 3 and 4).

5.3.2. Horizontal displacement velocity of large boulders in the debris-covered glacier.
The results for horizontal mobility of the 172 boulders for the 1980-1994 period in the
debris-covered glacier (DCG-1) obtain a mean velocity of 0.33 m yr! ranging from less
than 0.025 to 1.16 m yr ! (Table 2). The results of interpolating the blockvelocity (Fig.
4A, map 1980-1994) obtain only slight mobility in the central sector of the debris-
covered glacier (DCG-1), from the western spoon-shaped hollow to its eastern front,
where velocity increases from 0.45 to 0.65 m yr~!. The average horizontal velocity of
the 72 identified boulders in the spoon-shaped hollows (DCG-2a, 2b and 2c) is slightly
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lower (0.30 m yr '), although the extreme values are higher (0.06 and 1.59 m yr!
respectively). The highest velocity values (>0.7 m yr') occur where the debris-covered
glacier originates, between the eastern (DCG-2b) and central (DCG-2c) spoon-shaped
hollows (Fig.4A, 1980-1994 map). The overall block velocity for the completely debris-
covered glacier and the spoon-shaped hollow is <0.5m yr !

The mobility of the debris-covered glacier (DCG-1) boulders presents very similar
horizontal velocities in the intermediate periods: 0.32 m yr ! between 1980 and 1985
and 0.35 m yr! between 1985 and 1994 (Fig. 5A). Similarly, mobility at the spoon-
shaped depressions (DCG-2a, 2b and 2c) yields practically identical values in 1980-
1985 (0.30 m yr'!) and in 1985-1994 (0.32 m yr!). Therefore, the average velocity
range is 0.33 m yr~! for the whole 14-year interval. The spatial movement distribution
shows that the greatest displacement in the debris-covered glacier occurs in a small
sector at the northeastern edge of the front, where horizontal velocities reached between
0.6 and 0.7 m yr!. The rest of the debris-covered surface remained with displacement
rates lower than 0.5 m yr™!, but with broad sectors as low as 0.35 m yr ! Finally,
although the number of boulders identified is very limited, the horizontal displacement
values obtained for the periods 1946-1980 and 1994-2000 yield mean velocities of 0.30
m yr' and 0.25 m yr ! respectively. The results, therefore, reflect values similar to
those obtained in the other periods analyzed.

5.3.3. Elevation changes of large boulders in the debris-covered glacier.

The elevation changes of the 172 boulders identified on the surface of the debris-
covered glacier (DWG-1) during the period 1980-1994 reflect an average sinking of -
0.72 m, with this value increasing up to -1.14 m in the 72 boulders of the spoon-shaped
depressions (DCG-2 a, 2b and 2c). The maximum negative values recorded are -2.78
and -3.11 m respectively (Table 3). Approximately 90% of the measured boulders yield
negative values, indicating a tendency to surface lowering during the 14 years (Fig. 4B).
However, as can be seen on the map, some sectors of the DCG-1 unit show losses
greater than a meter in ice thickness, in an area that coincides with the formation of
thermokarst collapse depressions observed in the field (Fig. 3A). Another area with
greater surface lowering is the debris-covered glacier front, in both its western sector
and especially at its eastern edge, which coincides with the area where the horizontal
displacements are greatest (Fig. 5A and 5B). The spoon-shaped hollows, at the limit of
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clean ice, present greater subsidence, seen especially in the western depression (DCG-
2¢), with more than 1.5-2m of total sinking the period 1946-2000.

5.3.4 Displacement velocities and elevation changes of large boulders in the rock
glaciers.

231 boulders were correlated in the Fremri-Grjotardalur cirque rock glacier, and 21 in
the small rock glacier of the Holadalsjokull cirque. The results reflect a displacement
rate of less than 0.15 m yr ! in 14 years (1980-1994) (Table 4 and Fig. 4A). The
mobility only increases slightly in the two upper west lobes (RGW-4b), just in the
transverse crests with abrupt fronts (0.29 and 0.23 m yr?). The lower western rock
glacier (RGW-4c) vyields results confirming its fossil character since all the measured
boulders show a velocity inferior to 0.1 m yr!. The eastern rock glaciers present very
low rates: 0.04 m yr ! in the upper lobe (RGE-5a) and 0.02 m yr ! in the lower lobe
(RGE-2Db). The talus-derived rock glaciers (RGT-6a and 6b) show displacement of less
than 0.05 m yr*. Finally, the small rock glacier (RG-3), located southwest of the
Holadalsjokull debris-covered glacier, displays absence of horizontal movement, with
velocities lower than 0.1 m yr? (0.034 m yr* on average). To sum up, the measurements
of the horizontal displacements in rock glaciers indicate that they are motionless with
rates below the margin of error.

For changes of block elevation overl4 years (1980 - 1994), the Fremri-Grjétardalur
rock glaciers yield an average value of -0.37 m, whereas the value for the
Holadalsjokull rock glacier is -0.24 m, indicating a trend to subsidence (Table 4 and
Fig. 4B).

5.4. Surface changes in linear geomorphological features: ridges and furrows.
Contrasting the geomorphological maps (Fig. 6A and 6B) from various years enabled
the measurement of linear landform displacement over 54 years (1946-2000) for the
debris-covered glacier and 14 years (1980-1994) for this same glacier and for the rock
glaciers.

5.4.1. Surface changes in linear geomorphological features in the debris-covered
glacier.

In the case of the debris-covered glacier, 10 ridges and 8 furrows in the 1946-2000
period, and 17 ridges and 16 furrows in 1980-1994 were identified and digitized in 3D

stereo mode to calculate their displacement rates (Fig.6A and Table 5). These landforms
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are mainly located in the frontal, central and eastern sectors. The results show that the
ridges and the furrows experienced an advance of 14.87m and 13.05 m respectively
during the 1946-2000 period, representing rates of 0.27 m yr! and 0.24 m yr?,
respectively (Table 5). In 1980-1994, the average displacement rate of the ridges was
appreciably reduced: 0.226m yr! (3.17m in 14 years). The reduced advance of these
landforms is most likely related to a surface lowering process, since these lines show an
average elevation decrease of 0.6 m (0.04 m yr1). The sector of the debris-covered
glacier that shows the greatest sinking is at the southeastern border and coincides
exactly with the area where the boulders show the greatest movement. On the contrary,
the lines that define the fronts and lateral ridges of the eastern and western parts of the
debris-covered glacier remained practically immobile (Fig. 6B). In fact, only the
transverse furrows show movement, whereas most of the longitudinal furrows have
remained static.

In conclusion, the slow dynamics of the debris-covered glacier over the 54 years may be
related to certain amount of sinking and did not change its surface morphology, except

for the formation of some depressions due to collapse.

5.4.2. Surface changes in linear geomorphological features of the rock glaciers.

The results obtained in the rock glaciers indicate the almost total absence of
displacement of the linear landforms (Fig.6A). Only slight displacements were observed
in 10 ridges and 15 transverse furrows in the upper and central west lobes (RGW-4a and
4b) for the period 1980-1994, with velocity 0.10 m yr 2, and elevation difference -0.39
m (Table 6).

5.5. Surface elevation changes from DEM: 1980-1994.

When calculating the differences in surface elevation of the debris-covered glacier and
the rock glaciers derived from comparing high resolution DEMs between 1980 and
1994, but the results are affected by the heavy snow coverage in the 1994 photograph.
This means many of the volume changes are positive, especially in the numerous
longitudinal and transverse furrows of the glaciers. We rejected the areas with positive
volume changes from 1980 to 1994 in our analysis, considering that these positive
values were due to the importance of the snow cover in 1994 (Table 7 and Fig. 7).

According with our results, considering only the 55% of the surface of the debris-
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covered glacier (DCG-1), show around 294,510 m® volume losing a 20% of its total
area and a mean thinning of 0.69 m. This value is very similar to that obtained when
comparing the elevation differences between the boulders (-0.72 m). In addition, we
will able to consider the 55% of the surface of the spoon-shaped depression area (DCG-
2 a, 2b and 2c¢) which also yields negative values in the 35% of its total area, with a loss
of 286,703 m? and average thinning of 0.97 m. The results for the Fremri-Grjotardalur
rock glaciers as a whole, considering the 50% of the area, where 20% of its total area
has negative values, indicate a volume loss of 191,187 m® and average thinning of 0.69

m.

6. Discussion

To differentiate debris-covered and rock glaciers in Trollaskagi, debris/ice ratio criteria
(Azocar and Brenning, 2010; Brenning, 2005; Haeberli et al., 2006; Hambrey et al.,
2008; Kirkbride, 2011, 2000) were applied, with this ratio obtained from the results of
previous research (Kellerer-Pirklbauer et al., 2007; Wangensteen et al., 2006) and our
field observations on the walls of collapse depressions. Surface morphology criteria for
differentiating the two features (Berthling, 2011; Clark et al., 1994; Haeberli et al.,
2006; Janke et al., 2013; Monnier and Kinnard, 2017) were also applied. Discriminating
between debris-covered and rock glaciers has been a keyfactor in this research as each

type of feature currently displays very different dynamics:
6.1. Dynamics of the Holadalsjokull debris-covered glacier.

Wangensteen et al. (2006) studied the dynamics of the Héladalsjokull debris-covered
glacier applying automatic digital photogrammetry. Their results propose mean
velocities of 0.37 m yr! and a maximum velocity of 0.84 m yr from 1985 to 1994. Our
study reports a similar mean velocity rate (0.33 m yr?) for the same period, but a much
lower maximum rate (0.65 m yr1). The areas where maximum displacement rates were
recorded in the two studies are in the center and on the eastern edge of the glacier.
These areas coincide with the highest slope and the formation of a drainage network on
the glacier surface, descending from the spoon-shaped depression to the front. A
possible explanation of this coincidence links displacement and greater mobility of the

glacier, resulting from the incisive effect of the drainage network.
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To complete our analysis of the debris-covered glacier dynamics, the boulder elevation
changes in these features was studied here for the first time. High sink values were
obtained, with a mean decrease of 0.72 m and maximum values of up to 3.11 m for the
period 1980-1994. The subsidence affected most of the boulders and was more intense
in the central and eastern sector, precisely where horizontal displacement rates were
greater. Sinking was also very intense in sectors where collapse depressions were

observed.

Our detailed observation of landforms in orthophotos from 1946 to 2000 shows little or
no change, except for some thermokarst collapse depressions. Similarly, according to
their observations of the DTM and orthophotos, \Wangensteen et al. (2006) recognized
the stable geometry and frontal position of all the landforms, despite the evident glacial
flow. However, if we apply the speeds deduced by Wangensteen et al., 2006, the fronts
would have advanced 20-45 m in the 54 year period (1946-2000). In contrast, our
results obtain the maximum advance of the glacier fronts at around 15 m in the same
period (1946-2000). During the period 1980-1994, the advance was only about 3 m. If
the average sinking 0.6 m of the ridges in the same period is taken into account, the
small advance may simply be related to the sinking of the crest on an inclined plane, in
response to the slight degradation of an immobile ice mass. This movement would be
negligible in an active debris-covered glacier (Bosson and Lambiel, 2016). The frequent
formation of collapsed hollows would confirm the melting of buried ice (Emmer et al.,
2015). Displacement of the blocks and ridges and their subsidence is only significant in
the central and eastern sectors, and most of the limits of the debris-covered glacier
remained static for more than fifty years. The tendency to sink affected not only a series
of blocks, but is also widespread throughout the glacier surface, with a demonstrated
loss of almost 300,000 m? in the period 1980-1994 for only 20% of the area that was not

covered by seasonal snow.

In conclusion, the boulder displacement observed seems to announce the terminal phase
of the glacier, trending to widespread subsidence, more intense where the slope is
higher, the onset of a drainage network on its surface and frequent collapse depressions.
All these factors reveal the predominantly erosive action of the subglacial channels
(Janke et al., 2015; Monnier and Kinnard, 2017) and demonstrate the complete stability
of the front and stagnation of the entire ablation area.
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The transformation of debris-free glaciers into debris-covered glaciers is considered a
typical process of a glacial recension stage, where paraglacial processes are accelerated,
such as subsequent decompression when the slopes are free of ice (Janke et al., 2015;
Monnier and Kinnard, 2017). This transformation can occur over just a few decades
(Ackert, 1998; Bosson and Lambiel, 2016; Emmer et al., 2015; Monnier et al., 2011). In
some regions, the new debris-covered glaciers display intense dynamics, as e.g. in
Patagonia (Glasser et al., 2016). However, in others they tend to stabilize, as e.g. in the
Himalayas (Benn et al., 2012; Hambrey et al., 2008) or the Andes (Emmer et al., 2015),
where surface lowering and stagnation trends are very similar to Holadalsjokull. The
low intensity of the glacial flow is considered the main cause of the transformation from
a debris-covered to a rock glacier in some cases in the Himalayas (Shroder et al., 2000),
the Rockies (Ackert, 1998), the Andes (Emmer et al., 2015) and the Alps (Capt et al.,
2016). This very different reaction in the development of debris-covered glaciers may
respond to regional climatic differences or express different phases within a common
paraglacial process (Glasser et al., 2016). In the debris-covered glaciers undergoing
stabilization in the regions mentioned above, such as the Himalayas, a trend can be
observed from substantial activity to paralysis and stagnation of the glacial fronts over a
few decades (Benn et al., 2012; Hambrey et al., 2008). The same occurs in some
glaciers in the Alps (Capt et al., 2016) and the Andes (Emmer et al., 2015). However, in
the rock glaciers and debris-covered glacier in the Trollaskagi peninsula, the stagnation
of the fronts is evident and permanent over decades. The Holadalsjokull debris-covered
glacier has not changed its superficial morphology in any way from 1946 to the present,
except for the appearance of collapse depressions. These depressions do not deform
over time. Nevertheless, the surface changes are intense in other debris-covered glaciers
in many different regions which maintain some flow dynamics (Benn et al., 2012;
Deline, 2005; Hambrey et al., 2008; Janke et al., 2015; Glasser et al., 2016; Monnier
and Kinnard, 2017; Anderson et al., 2018; and many other authors). In fact, the absence
of morphological changes in Holadalsjokull is new in the literature on debris-covered
glaciers and demonstrates its relict state. This would be facilitated by remaining under
permafrost conditions, previously only applicable to rock glaciers (Capt et al., 2016;
Monnier and Kinnard, 2015b; Seppi et al., 2015; Shroder et al., 2000).

6.2. Dynamics of rock glaciers in the Héladalsjokull and Fremri-Grjotardalur cirques.
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The results of previous studies of rock glaciers (Kellerer-Pirklbauer et al., 2007;
Wangensteen et al., 2006) completely differ from those obtained in this study. These
authors obtain velocity rates between 0.11 m yr! and 0.79 m yr? for the period 1985-
1994, very similar to those of the debris-covered glacier. In contrast, the results of our
work here show that these glaciers are practically static, with displacements less than
0.15 m yr?t in 14 years (1980-1994), below the calculated rate of uncertainty. The
results of Lillegren et al. (2013) diverge even more from ours, as they observed up to 3
m horizontal displacements in a few months. However, our results indicate that the rock
glacier horizontal movement is insignificant, but the block collapse is not, with values
between 0.24 and 0.37 m in a 14-year period. The analysis of ridge displacement in rock
glaciers also shows their static nature, with a maximum movement of only 5 m in 48
years. Our results agree more closely with those obtained in the Nautardalur rock glacier
(Martin and Whalley, 1987; Whalley and Martin, 1994) by geodetic techniques
(theodolite) and direct observation methods. These authors obtained velocity ratios of
0.25 m yr? for a period of 17 years (1977-1994) in some rock glacier boulders but
consider the glacier virtually static as a whole with its front advancing less than 1 m in
that period. In short, photogrammetric data and observations at different dates show that
flow in these rock glaciers is non-existent, despite the presence of interstitial ice and the
total conservation of their surface landforms over time. The only activity is a tendency
to subsidence and volume loss, also evident in a certain horizontal displacement, as they
are located on an inclined plane. In fact, the ratio between horizontal and vertical
displacement is very different from that obtained in any active rock glaciers (Bosson
and Lambiel, 2016; Janke, 2005), since subsidence in Trollaskagi is proportionally
much greater in relation to the horizontal displacement, as has also been observed in

other rock glaciers in a total stabilization process (Dusik et al., 2015).

The type and intensity of the flow is the origin of the rock glacier surface morphology
(Janke et al., 2015, 2013). The rock glaciers studied here in Trollaskagi display a very
varied morphology, showing different phases of flow intensity. Nevertheless, once the
rock glaciers lost their dynamism, these landforms were more easily conserved. Even
the steep frontal slopes, considered an indicator of their capacity to advance (Janke et
al., 2015, 2013), remain totally immobile for decades, as has been reported in similar
cases (Emmer et al., 2015).
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6.3. Relationship between the dynamics of the debris-covered and rock glaciers and

climate change.

In both the debris-covered glacier and the rock glaciers their subsidence process would
be attenuated to be above the permafrost level (Capt et al., 2016; Etzelmuller et al.,
2007; Monnier and Kinnard, 2015b; Seppi et al., 2015; Shroder et al., 2000;
Wangensteen et al., 2006). But, in fact, these glaciers would be just at the altitudinal
limit of permafrost according to models derived from the meteorological series of recent
decades (Etzelmduller et al., 2007; Kellerer-Pirklbauer et al., 2007). In turn, regional
warming, and therefore the corresponding rise in the permafrost level, is evident from
the LIA (Caseldine and Stotter, 1993) and has been accentuated in recent decades
(Fernandez-Fernandez et al., 2017). The predominant subsidence dynamics of these
formations could be considered related to permafrost degradation. In several examples
in the Alps, an increase in temperature increases the flow velocity of rock glaciers
(Delaloye et al., 2008; Kellerer-Pirklbauer and Kaufmann, 2012; Kellerer-Pirklbauer et
al., 2008; Roer et al., 2005; Wirz et al., 2016; K&&b et al., 2003; Roer et al., 2005;
Kellerer-Pirklbauer et al.,, 2017; among others). However, the rock glaciers in
Trollaskagi remain with practically no horizontal displacement, despite the increase in
temperature. This difference in behavior may, in the case of Trollaskagi, be due to the
fact that these formations are based on valley bottoms with very little slope. In the Alps
it has been shown that two rock glaciers in close proximity can have a very different
responses to climate change, according to their local topographic characteristics
(Bosson and Lambiel, 2016). The velocity of debris-covered and rock glaciers is related
not only to the effects of warming, which increase ablation, but also to the amount of
debris contributed to the system, which reduces ablation (Anderson and Anderson,
2016). On the other hand, the amount of debris contributed depends on the climate, and
on many other factors, such as local topography, tectonic setting, geomorphological
evolution, etc., which greatly complicate the calculation of the relationship between
climate change and rock glacier flow (Gibson et al., 2017). The mobility of debris-
covered glaciers and rock glaciers depends more on the amount of water supplied to the
system, which in turn is not directly proportionally related to the increase in air
temperature (Bodin et al., 2009; Kenner et al., 2017).

In any case, rock glaciers in Trollaskagi and the Alps, despite the different behavior of

their horizontal displacement, maintain a constant tendency to subsidence (Barsch,
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1996; Capt et al., 2016; Kaab, 2008; Kellerer-Pirklbauer and Kaufmann, 2012; Kellerer-
Pirklbauer et al., 2008; among others).

The extraordinary sensitivity to temperature changes observed in the debris-free glaciers
on Trollaskagi (Fernandez-Fernandez et al., 2017), with intense, rapid advances and
retreats over recent decades, is not reflected at all in debris-covered and rock glaciers
located in coalescent cirques, where the slow tendency to degradation is neither
accelerated nor interrupted by these thermal changes. This contradicts what has been
observed in other regions, such as e.g. Patagonia (Glasser et al., 2016), the Himalayas
(Benn et al., 2012; Hambrey et al., 2008), Alaska (Pelto et al., 2013), or the Alps
(Kellerer-Pirklbauer and Kaufmann, 2012), especially in relation to debris-covered
glaciers, where their reaction to climate changes seems to be instantaneous. In other
cases, such as in the Rocky Mountains, rock glaciers have maintained an unchanging
flow for decades (Janke, 2005; Janke et al., 2013; Potter et al.,1998). The lack of
climatic sensitivity of the rock glaciers and in particular of the debris-covered glacier in
Trollaskagi, may be because they originated in very different climatic situations from

the present day and were preserved in time only in static form.

6.4. Relationship between the dynamics of the debris-covered and rock glaciers and

their ages and origin.

According to our results, we cannot confirm how long the debris-covered and rock
glaciers in Tréllaskagi have remained in a state of permanent subsidence and stagnation
without any real flow. For this reason, it makes no sense to extrapolate the current
situation in Trollaskagi and in other mountain areas, to deduce the origin and formation
date of the debris-covered and rock glaciers, as inferred in many previous studies
(Ackert, 1998; Farbrot et al., 2007; Hamilton and Whalley, 1995a, 1995b; Kellerer-
Pirklbauer et al., 2007; Lillegren et al., 2013; Martin and Whalley, 1987; Martin et al.,
1991; Wangensteen et al., 2006; Whalley and Martin, 1994). This type of stagnation
period may have been repeated throughout the history of the rock and debris-covered
glaciers, and therefore this non-linearity strongly reduces the applicability of this
approach.

6.5. Degree of uncertainty in automatic and manual methods.

There is clearly a degree of uncertainty when analyzing historical aerial photographs

using digital photogrammetry. This is dependent on the quality of the photos, their
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contrast, the presence of shading, snow, etc. In this case, the degree of uncertainty has
been reduced by manually restitution each geomorphological element in 3D (large
boulders, crest and furrows) for each stereo-model. On the contrary, automatic cross-
correlation techniques are currently preferred, matching homologous points in two
orthophotos (Avian et al., 2005; Dall’Asta et al., 2017; Kaufmann and Ladstadter, 2010;
Wangensteen et al., 2006).

In addition, as a result of the restitution of stable landforms outside the glaciers, we
obtained a good indicator of the accuracy of the computed mean annual flow velocity
and elevation changes (Avian et al., 2005; Janke, 2005; Monnier and Kinnard, 2017).

The application of digital photogrammetry using automatic orthophoto correlation, as
previously applied in Trollaskagi, tends to overestimate surface displacement values in
debris-covered glaciers and particularly in rock glaciers. If the velocities proposed
previously by other authors (Kellerer-Pirklbauer et al., 2007; Wangensteen et al., 2006),
close to 1 m yr't were real, this would be seen in a change in surface morphology. This
change has not been detected in Tréllaskagi, but is seen in rock glaciers in the Alps,
where the application of automatic digital photogrammetry techniques to historical
photographs reflects important geomorphological modifications on rock glacier surfaces
(Avian et al., 2005; K&ab, 2002; Kaufmann and Ladstadter, 2010, 2003; Roer et al.,
2005).

7. Conclusions

The combination of manual and traditional methods for analysis of the dynamics of
debris-covered glaciers and rock glaciers, used with automatic digital methods, has
proved to be an effective tool when analyzing long periods, using existing aerial
photographs from the 1940s to the present. In addition, the precision of the results is
considerably enhanced compared to using only digital and automatic methods. The
slight or null movement is translated from a geomorphological point of view into the
conservation and stability of detailed forms, where the transverse and longitudinal crests
and furrows continue to maintain practically the same position and morphology. The
main dynamics of the Hdladalsjokull debris-covered glacier and Fremri Grjotardalur
rock glaciers in the Trollaskagi peninsula are almost exclusively related to subsidence
processes and both formations behave like bodies of stagnation ice. They are insensitive
to the contrast between periods of very different temperature. The dynamics of the
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debris-covered glacier are not related to climate evolution, although the debris-free
glaciers nearby react almost immediately to minimal variations in air temperature over a

few years.

The debris-covered and rock glaciers in Trollaskagi have landforms generated in
periods of great dynamism, although at present this is minimal or null. For this reason,
their origin and age cannot be deduced from their current dynamics, as many previous
studies have attempted to do. On the contrary, their current behavior seems to indicate
that they are formations originating under climatic conditions very different from the
current ones. Ice survives in the interior of the glaciers when permafrost conditions
pertain, although the global warming of recent decades is modifying these conditions.
Our results highlight the application of automatic methods for rock glacier monitoring,
which greatly simplify the work of researchers, but which may overestimate the results

and reach erroneous conclusions.
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TABLES

Table 1. Absolute orientation obtained for each stereo-pair.

Flight date

Stereopairs

Image scale
(aprox.)

Absolute
orientation (RMSE)

1946

AMS1002121014

AMS1002121015

AMS1002121016

0.991

0.391

27/08/1980

F45-F-9871

F45-F-9872

0.153

06/08/1985

J10-J-1724

J10-J-1725

J10-J-1726

1:29,000

0.215

0.215

07/08/1994

N06-N-1078

N06-N-1079

N06-N-1080

1:29,000

0.166

0.251
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1127  Table 2. Horizontal displacements measured on surface blocks of the Hdéladalsjokull
1128  debris-covered glacier at different periods.
) N° Minimun Maximun Average Standard
Time Total . . . . . .
. Geomorphologic Unit blocks/u Velocity Velocity Velocity deviation
Period | Blocks .
nits (m/year) (m/year) (m/year) (o)
Debris-Covered Glacier (DCG-1) 172 0.0248 1.1594 0.3312 0.1609
1980- 270 Glacier-derived depressions (DCG-2a, 76 0.0651 1.5953 0.3063 0.2205
1994 b and c)
Stable ground (SG-7a) 22 0.0010 0.1220 0.0519 0.0291
Debris-Covered Glacier (DCG-1) 11 0.1015 0.5121 0.2996 0.1223
1946- Glacier-derived depressions (DCG-23, 4 0.0896 0.2454 0.1782 0.0588
19
1980 b and c)
Stable ground (SG-7a) 4 0.0132 0.1348 0.0981 0.0496
Debris-Covered Glacier (DCG-1) 172 0.0165 1.5581 0.3260 0.1941
1980- Glacier-derived depressions (DCG-23, 70 0.0722 0.9112 0.3027 0.1700
266
1985 b and c)
Stable ground (SG-7a) 24 0.0152 0.2791 0.1017 0.0622
Debris-Covered Glacier (DCG-1) 205 0.0369 1.3998 0.3549 0.1699
1985- Glacier-derived depressions (DCG-23, 77 0.0354 1.6173 0.3214 0.2295
308
1994 b and c)
Stable ground (SG-7a) 26 0.0174 0.1554 0.0696 0.0352
Debris-Covered Glacier (DCG-1) 27 0.0613 0.5070 0.2505 0.1267
1994- Glacier-derived depressions (DCG-2a, 18 0.0517 0.4089 0.2412 0.1134
51
2000 b and c)
Stable ground (SG-7a) 6 0.1167 0.3014 0.2144 0.0692
1129
1130
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1131  Table 3. Elevation changes measured on surface blocks of the Holadalsjokull debris-

1132 covered glacier for the period 1980-1994.

1133
_ NO Elevation Elevation Elevation
Time | Total Geomorphologic Unit blocks/ | Changes Changes Changes Standard
Period | Blocks . deviation (o)
units Minimum | Maximun Mean
Debris-Covered Glacier (DCG-1) 172 -2.78 0.59 -0.72 0.6185
1980- Glacier-derived depressions
1994 270 (DCG-2a, b and c) 76 -3.11 0.35 1.14 0.7154
Stable ground (SG-7a) 22 -0.94 0.81 -0.20 0.4164
1134
1135

36



1136

37



1137
1138
1139

1140
1141

Table 4. Horizontal displacement and elevation changes measured on surface blocks of the Fremri-Grjotardalur and Holadalsjokull rock glaciers
for the period 1980-1994.

- : Elevation Elevation Elevation
. N° Minimun Maximun Average Standard Standard
;ﬂfd BTlg(t:ils Geomorphologic Unit blocks/ Velocity Velocity Velocity deviation Changes Changes Changes deviation
units (m/year) (m/year) (m/year) (o) Minimum Maximun Mean (o)
Rock Glacier (RG-3) 21 0.003 0.1043 0.034 0.024 -0.63 0.35 -0.236 0.2521
Upper West Lobes (RGW-4a) 49 0.0206 0.2905 0.1412 0.051 -1.91 0.34 -0.56 0.4678
Upper Central Lobes (RGW-4b) 88 0.0031 0.2352 0.1155 0.053 -1.49 0.22 -0.4955 0.4114
Lower Central-West Lobes 37 0.0043 0075 0.031 0020 097 04 -0.3881 03351
(RGW-4c)
1980-1994 308 Upper East Lobe (RGE-5a) 23 0.0022 0.1336 0.0438 0.028 -1.16 0.55 -0.1804 0.4374
Lower East Lobe (RGE-5b) 25 0.0015 0.050 0.0244 0.013 -0.31 0.51 0.1288 0.2077
Talus-derived rock glaciers (RGT- | o 0.0079 0.0517 0.0289 0.012 -0.54 051 -0.0488 0.3402
6a and b)
All Fremri-Grjo6tardalur units 231 0.0016 0.2905 0.0870 0.063 -1.91 0.55 -0.3756 0.4531
Stable ground (SG-7b) 56 0.0050 0.0869 0.0301 0.017 -0.94 0.38 -0.2373 0.3114
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1143
1144
1145
1146

1147
1148

Table 5. Displacement of ridges (A) and furrows (B) of the Hdladalsjokull debris-
covered glacier for the periods 1946-2000 and 1980-1994.

1946-2000 1980-1994
gl_lm Max. Average Min distance | Max. distance | Average
istance . - .

(m) distance (m) | distance (m) (m) (m) distance (m)
Ridge
1 16.2 16.57 16.38 5.23 5.28 5.25
2 11.66 16.18 14.73 1.6 3.88 3.01
3 17.47 9.63 13.13 3.36 5 4.32
4 12.81 14.33 13.78 3.08 3.43 3.22
5 10.36 16.28 13.26 0.96 2.73 1.94
6 12.09 16.82 14.96 1.06 3.87 2.51
7 10.87 20.3 14.96 1.57 3.79 2.55
8 12.67 15.0 13.83 0.77 1.81 1.43
9 - - - 4.29 5.14 4,77
10 15.85 22.33 20.27 1.8 5.58 2.92
11 9.42 13.51 11.25 1.87 4.05 2.96
12 - - - 1.78 2.52 2.15
13 - - - 2.43 4.76 3.03
14 - - - 2.6 4.02 3.27
15 - - - 1.88 3.31 2.63
16 - - - 3.09 5.93 4.59
17 - - - 1.75 4.45 3.23
Furrow
1 4.12 10.52 7.41 5.23 5.28 5.26
2 1.6 4.43 3.01
3 10.67 12.19 11.60 3.36 5.19 4.33
4 10.66 12.42 11.33 3.08 3.43 3.22
5 14 21.08 17.46 0.96 2.73 1.94
6 14.97 24.16 18.61 3.87 1.06 2.51
7 14.87 17.14 16.26 1.57 3.79 2.55
8 12.59 15.28 14.10 0.77 1.81 1.44
9 4.29 5.14 4.78
10 1.8 5.58 2.92
11 1.87 4.05 2.96
12 1.78 2.52 2.15
13 2.43 4.76 3.04
14 2.6 4.02 3.27
15 1.88 3.31 2.63
16 6.17 8.48 7.60 3.09 5.93 4.59
17 1.75 4.8 3.23
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1149  Table 6. Displacements of ridges (A) and furrows (B) of Fremri-Grjotardalur rock
1150  glaciers for the period 1980-1994.

1980-1994
Min distance Max. Distance Average distance

(m) (m) (m)
Ridge
1 0.99 2.80 1.75
2 0.93 3.15 2.06
3 0.64 4.61 1.75
4 0.90 2.46 1.78
5 0,45 1.71 1.12
6 0.58 1.85 1.03
7 0.72 2.74 1.55
8 0.39 1.47 0.86
9 0.72 151 1.12
10 0.36 2.35 0,98
Furrow
1 0.64 1.62 1.15
2 1.42 3.25 2.02
3 1.92 3.47 2.57
4 0.67 1.61 1.07
5 0.91 3.13 2.10
6 1.07 4.56 2.40
7 0.57 2.43 1.50
8 1.74 2.83 2,28
9 1.54 2.35 1.86
10 0.94 2.72 1.86
11 1.43 2.34 1.82
12 1.88 2.19 2,03
13 0.68 1.39 1.07
14 1.48 3.01 1.93
15 0.93 1.36 1.22
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1153  Table 7. Surface elevation differences of the geomorphological units identified.

1154

No
Glacier/ L. changes .
Geomorphologic Unit Positive changes (+0.25/- Negative changes
0.25 m)
Ah\gre:%e Average
Area (m?) variagtion Volume (m®) | Area(m?) | Area(m?) height Volume (m®)
(m) variation (m)

Hoéladalsjokull glacier 3,285,120.00 242 7,949,827.16 | 874,560.00 | 863,060.00 -0.82 -705,865.75
Héladalsjokull Ice and Snow area 1,495,641.00 3.44 5,147,824.76 | 62,167.00 | 118,823.00 -0.95 -113,260.32
Héladalsjokull spoon-shape
depression 368,390.00 1.36 500,665.67 173,866.00 | 295,672.00 -0.97 -286,702.86
(DCG-2a,b and C)
'("Doéagf"g"’k“” debris-covered glacier | ) 19336800 | 1.28 | 1530,284.33 | 591,342.00 | 428,875.00 -0.69 -294,510.19
Héladalsjokull Rock glacier (RG-3) 227,721.00 3.39 771,052.40 | 47,185.00 | 19,692.00 -0.58 -11,393.48
Fremri-Grjotardalur glacier 703,899.00 2.33 1,643,019.21 | 399,897.00 | 282,774.00 -0.69 -194,912.32
Fremri-Grjotardalur active static rock
glaciers (RGW-4a, b and RGE-5a) 249,571.00 1.59 397,787.87 | 173,511.00 | 147,521.00 -0.69 -101,353.87
Fremri-Grjétéardalur glacier depression ] )
(RGW-4b y RGE-5a) 60,661.00 2.29 139,116.10 14,910.00 | 26,230.00 0.72 18,837.57
Fremri-Grjétardalur fossil rock glacier )
(RGW-4c y RGE-5b) 78,570.00 1.29 108,580.83 | 122,479.00 | 96,860.00 0.64 -61,798.33
Fremri-Grjétardalur ice and snow area 267,307.00 3.45 923,447.04 53,658.00 2,900.00 -1.28 -3,724.84
Fremri-Griotardalur talus-derived rock | 4779000 | 155 | 74,087.37 | 3533000 | 9,263.00 -0.99 -9,197.71
glaciers (RGT-6a and b)
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FIGURES

Figure 1. (A) Location of study area in theTrollaskagi Peninsula (northern Iceland); (B)
3D isometric view of Fremri-Grjotardalur and Héladalsjokull cirques at the head of the
Holadalur valley, close to Holar village; (C) High resolution digital elevation model of
Fremri-Grjotardalur and Héladalsjokull cirques.

Figure 2. (A) Geomorphological units of the Fremri-Grjotardalur and Hdéladalsjokull
cirques on the 2000 orthophoto; (B) Slope map of Fremri-Grjétardalur rock glaciers and
Holadalsjokull debris-covered and rock glaciers.

Figure 3. Photographs showing some surface features. A) Recent formation of a
thermokarst depression on the Héladalsjokull debris-covered glacier. B) Large boulder
on debris surface. C) Panoramic view of the debris-covered glacier surface, where long
ridges and well-developed furrows can be seen. D) Detail of a Fremri-Grjétardalur
cirque rock glacier, where transversal ridges at the front can be observed. E) Gentle
debris surface of a Fremri-Grjétardalur cirque rock glacier. Photographs from August
2016.

Figure 4. Spatial distribution of horizontal block velocities (A) and elevation changes
(B) 1980-1994 in the Hdéladalsjokull debris-covered glacier and the Fremri-Grjétardalur
rock glacier.

Figure 5. Spatial distribution of horizontal block velocities in the Holadalsjokull debris-
covered glacier 1980-1985 (A) and 1985-1994 (B).

Figure 6. Map of selected ridges and furrows to measure displacement in Holadalsjékull
debris-covered glacier and Fremri-Grjotardalur rock glacier from 1946 to 2000. General

map of the cirques (A). Enlarged sector of the debris-covered glacier front (B).

Figure 7. Surface elevation differences derived from comparing 1980 and 1994 Digital

Elevation Models, constructed from topographic maps scale 1:2000.
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