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exposure dating.

1. Introduction

Rock glaciers and debris-covered glaciers are indicative of important tipping point
phases in regional climatic and geomorphological evolution (Winkler and Lambiel,
2018; Anderson et al., 2018a). An appropriate differentiation between them allows the
understanding of their origin, the palaeoclimatic implications and the geomorphological
processes that led to their formation. In this work we follow the differentiation between
debris-covered glaciers and rock glacier features proposed by Janke et al. (2015), which

can also be applied to their derived landforms, once the internal ice has disappeared in
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both cases (Fernandez-Fernandez et al., 2017a). According to this differentiation, the
debris-covered glacier surface is characterized by a rock mantle with variable thickness
but overall increasing towards the toe (Janke et al., 2015). Commonly, it shows the
presence of longitudinal ridges, no features derived from viscous flow (Clark et al.,
1994) and depressions derived from thermokarst and collapse (Janke et al., 2015). The
existence of central and lateral moraines is also common (Clark et al., 1994). On the
other hand, rock glaciers commonly include transversal ridges and furrows derived from
compressive flow and the overlap of shear planes among other processes concerning to
the debris supply (Janke et al., 2015). Rock glaciers often show some longitudinal
ridges resulting from the inclusion of lateral moraines of the original glacier, and also a
steep front whose junction with the gentle rock glacier surface is very sharp (Janke et

al., 2015).

The existence and dynamics of rock glaciers may indicate permafrost in the region and a
Mean Annual Air Temperature (MAAT) <—4 °C at present or in the past if they are
relict rock glaciers (e.g. Barsch, 1996). Also, they act as fingerprints of the climatic
development (i.e., climate warming or moisture supply decrease, and the subsequent
mass balance trend) that led to the transformation from debris-free glaciers to rock
glaciers (Johnson, 1980; Giardino and Vitek, 1988; Ackert Jr., 1998; Janke et al., 2015;
Anderson et al., 2018a; Kenner, 2018 and others), except rock glaciers which have no
relationship with a glacial origin (e.g. Barsch, 1996). In this sense, they are affected by
the climatic development during their active period (Humlum, 1998; Berger et al., 2004,
Paasche et al., 2007; and others), e.g. when an increase in MAAT can either accelerate
(Delaloye et al., 2008; Kellerer-Pirklbauer, 2012; Kellerer-Pirklbauer and Kaufmann,

2012; Kellerer-Pirklbauer et al., 2017; Wirz et al., 2016; Eriksen et al., 2018; Kenner,
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2018) or stagnate the rock glacier motion (Emmer et al., 2015; Tanarro et al., 2019).
Moreover, rock glaciers also reflect the geomorphological changes of the slopes
surrounding the rock glaciers (Humlum, 2000a, Humlum, 2000b), which can transform
these rock glaciers without any direct relationship with climatic changes (Deline et al.,
2015; Anderson and Anderson, 2016). And finally, these formations are also indicative
of the amount of water supplied to the rock glaciers (Kenner et al., 2018; Jones et al.,

2018).

Existence and development of debris-covered glaciers can also indicate climatic and
geomorphological changes, such as their origin in the transformation from a debris-free
glacier caused by an increase in ablation, the intensification of the geomorphological
processes in the surrounding slopes, or the combination of both factors (Kirkbride,
2000, Kirkbride, 2011; Brenning, 2005; Azdcar and Brenning, 2010; Mayr and Hagg,
2019). Climate changes can also trigger changes in the dynamics of debris-covered
glaciers (Hambrey et al., 2008; Benn et al., 2012; Pelto et al., 2013; Glasser et al.,
2016). Nevertheless, these changes may also be due to variations in the debris supply
derived from the geomorphological activity on the slopes (Anderson and Anderson,
2016; Anderson et al., 2018a; Mayr and Hagg, 2019). In fact, this dual dependence
greatly complicates the interpretation of the changes that debris-covered glaciers
undergo (Gibson et al., 2017). In this sense, debris-covered glaciers can evolve to rock
glaciers throughout various phases driven by climatic evolution and increased debris
supply in their environment (Janke et al., 2015; Monnier and Kinnard, 2015; Andrés et

al., 2016; Anderson et al., 2018a; Mayr and Hagg, 2019).
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Climatic changes, as well as changes in the geomorphological dynamics of the slopes,
can directly influence the dynamics of the debris covered glacier and rock glaciers
(Anderson et al., 2018a), even leading to the stop of their flow stop or complete melt of
their internal ice and stabilization of their deposits (Potter et al., 1998; Janke et al.,
2013; Emmer et al., 2015; Tanarro et al., 2019). However, it is very difficult to
determine when this transformation occurred (Barsch, 1996; Haeberli et al., 2006). In
the light of the presently ongoing global warming, it is particularly important to know
the trend and evolution of these formations and their relation with climate change, as

they have been highlighted as authentic water reservoirs (Rangecroft et al., 2015).

Recent intensified studies focus on monitoring dynamics (e.g. mobility) of rock glaciers
and debris-covered glaciers on a very reduced time scale, but with increasingly
sophisticated techniques (Benn et al., 2012; Bosson and Lambiel, 2016; Capt et al.,
2016; Emmer et al., 2015; Lippl et al., 2018; Kenner et al., 2018). In spite of the great
potential of long-timescale understanding that the dating of active, static or relict rock
glaciers and debris-covered glaciers might allow, it has attracted little attention of
researchers in recent years in contrast with debris-free glacial chronology, for example,
throughout all of North America, where rock glacier landforms are common (Phillips,
2016; Briner et al., 2017; Leonard et al., 2017; VVazquez-Selem and Lachniet, 2017;

Licciardi and Pierce, Licciardi and Pierce, 2018).

The timing of formation of rock glaciers and debris-covered glaciers is often deduced
by extrapolating their current dynamics to the past (Ackert Jr., 1998; and many other

subsequent studies), without considering the dynamic and morphological changes that
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these formations can undergo over time (Tanarro et al., 2019). Regional studies have
traditionally framed the relative age of rock glaciers within the context of glacial
evolution, with support from lake and moraine soil radiocarbon dating (Benedict, 1973,

Ribolini et al., 2007 and others).

The need to apply more reliable dating methods to rock glaciers has been proposed for

years (Haeberli et al., 2003). Dating rock glaciers methods include:

(i) Lichenometry, from the measurements of lichen growth, the method most commonly
applied to rock glaciers (Benedict, 1973; Konrad and Clark, 1998; Galanin et al., 2014
and others) obtains the stabilization point in time of the boulders, within an age range of
the last few hundred years, although its application to rock glaciers presents many
difficulties (Rosenwinkel et al., 2015). In any case, it only provides reliable results

when independent fixed control points (e.g. historical evidence) are available.

(ii) Radiocarbon dating of lacustrine sediment overridden by rock glaciers (Paasche et
al., 2007) or dendrochronology of tree trunks buried by rock glacier debris (Bachrach et

al., 2004), although these circumstances very seldomly exist.

(iii) Schmidt Hammer dating to determine the stabilization age of rock glaciers from the
rock weathering. As in the case of lichenometry, require complex complementary

information to determine the minimum stabilization age, and especially independent
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fixed points (e.g. surface exposure ages; Matthews et al., 2013; Scapozza et al., 2014;

Winkler and Lambiel, 2018).

(iv) Luminescence dating, a method which also presents serious complications of

interpretation when applied to rock glaciers (Fuchs et al., 2013).

Over the last ten years, Cosmic-Ray Exposure (CRE) dating methods using beryllium-
10 (10Be), helium-3 (3He) and chlorine-36 (3*Cl) have been applied to rock glaciers and
debris-covered glaciers, although this approach is far from being routine. 10Be dating
has been applied successfully to date stabilization time of rock glaciers in Scotland
(Ballantyne et al., 2009), the Alps (Hippolyte et al., 2009) and the Iberian Peninsula
(Palacios et al., 2017; Rodriguez-Rodriguez et al., 2017; Andrés et al., 2018a).
Correlation between 10Be ages and Schmidt Hammer rebound (R- values) to date rock
glaciers was shown by Winkler and Lambiel (2018). 10Be dating has also been applied
to date the stabilization of fossil debris-covered glaciers (Fernandez-Fernandez et al.,
2017a) and rock avalanche events on active debris-covered glaciers (Deline et al.,
2015). 3He has been applied to study the dynamics of debris-covered glaciers (Mackay
and Marchant, 2016). %Cl dating has been successfully applied to date the stabilization
period of several rock glaciers in the Iberian Peninsula (Palacios et al., 2012, Palacios et
al., 20153, Palacios et al., 2015b, Palacios et al., 2016), the Alps (Moran et al., 2016);

and the Karcal Mountains in the Lesser Caucasus (Dede et al., 2017).

However, a recent application of the CRE methods has shown that boulders on the

surface of rock glaciers and debris-covered glaciers with limited flow may have
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received cosmic radiation before their definitive motionless (Mackay and Marchant,
2016). In fact, active rock glacier ice can be very old; e.g. radiocarbon dating of plant
macrofossil remains in a rock glacier core in the Alps yielded an age of >10 ka (Krainer
et al., 2015). 10Be dating of boulders from cold based debris-covered glaciers in
Antarctica allowed to deduce that the ice is >1 Ma (Mackay and Marchant, 2016) or
even >2 Ma old (Bibby et al., 2016). However, it has also been shown that due to the
limited trajectory and erosion of the boulders in a rock glacier, they may retain nuclide

inheritance prior to deposition (Ciner et al., 2017).

3CI dating has been successfully applied to basalts, which is the predominant bedrock
in Iceland (Swanson and Caffee, 2001; Phillips, 2003; Principato et al., 2006; Licciardi
et al., 2006, Licciardi et al., 2007, Licciardi et al., 2008; Schimmelpfennig, 2009;
Schimmelpfennig et al., 2009, Schimmelpfennig et al., 2011) has been employed in
northern Iceland to date the deglaciation (Principato et al., 2006; Brynjolfsson et al.,

2015; Andrés et al., 2018b).

The Trollaskagi peninsula, in central north Iceland, hosts a total of 167 rock glaciers,
debris-covered glaciers and a few debris-free, mostly north-facing (Sigurdsson and
Williams, 2008; Icelandic Meteorological Office, 2018; Fig. 1). They are occupying
cirques under similar climatic and geomorphological conditions (Bjérnsson, 1991;
Bjornsson and Palsson, 2008). Two of the cirques in the Vidinesdalur valley
(Tréllaskagi peninsula) are occupied by rock glaciers and debris-covered glaciers
respectively, namely the Fremri-Grj6tardalur cirque, hosting a large rock glacier

complex, and the Holadalur cirque, hosting a large debris-covered glacier,
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Holadalsjokull. A similar debris-covered glacier exists in the Hofsdalur cirque. These
rock glaciers and debris-covered glacier have attracted the attention of researchers to
determine their flow dynamics (Wangensteen et al., 2006; Farbrot et al., 2007; Kellerer-
Pirklbauer et al., 2007; Lillegren et al., 2013; Tanarro et al., 2019; Campos et al., 2019),
but CRE dating methods have not yet been applied (Fig. 1). A combination of multi-
temporal aerial photo imagery, lichenometric procedures and *Cl dating has recently
been applied to study the evolution of two nearby debris-free glaciers during late

Holocene (Fernandez-Fernandez et al., 2019).

Here we will present the results of CRE dating of fossil and active rock glacier and
debris-covered glacier deposits, which was preceded by high-accuracy boulder tracking
measurements of active rock glaciers and debris-covered glaciers, with the objective to
relate the results to the stability degree of the analyzed features. The aim of this work is
to (i) test the application of CRE dating to determine the stabilization of rock glaciers
and debris-covered glaciers of the Trollaskagi peninsula; and (ii) investigate their
evolution to evaluate the potential for future research contributing to our knowledge of

the climatic and glacial evolution in this region.
2. Geographic setting.

The Fremri-Grjotardalur and Holadalur cirques in the Vidinesdalur valley, and the
Hofsdalur and Hédinsdalur valleys are the focus area of this study and are located in the
surroundings of the village of Hdlar, on the western side of the Trollaskagi peninsula.
These valleys are tributaries to the main valley of Hjaltadalur, which drains into
Skagafjordur (Fig. 1), and host both debris-free, debris-covered and rock glaciers. The
summits surrounding these cirques form a flat plateau at around 1200-1330 ma.s.1.,
hosting flat-bottomed cirques with steep 100—170 m high slopes. These cirque walls are

composed of Tertiary basalt bedrock, with semi-horizontal lava flows often separated by



196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

30-50 cm thick argillaceous sedimentary layers (Seemundsson et al., 1980). These walls
might have been unstable, as in the rest of Trollaskagi, and thus are affected by rock slope
failures (Jonsson, 1976; Whalley et al., 1983; Mercier et al., 2013; Cossart et al., 2014;

Feuillet et al., 2014; Decaulne et al., 2016; Seemundsson et al., 2018).

The snouts of the debris-covered and rock glaciers in Trollaskagi are found at 900—
950 m a.s.l., where the MAAT is —1.8 to —2.6 °C (Kellerer-Pirklbauer et al., 2007) and
precipitation around 1500-2000 mm (Crochet et al., 2007). The continuous permafrost
limit is located between 850 and 950 m a.s.l. (Wangensteen et al., 2006; Etzelmiiller et
al., 2007; Czekirda et al., 2019). The current ELA of the main debris-free glaciers close
to the study cirques is 1010-1060 m a.s.l., with the MAAT around —2.3 °C (Fernandez-
Fernandez et al., 2017b). These glaciers reached their LIA maximum ca. 1865-1900,
according to Caseldine (1985) or in the 15th century or earlier according to Fernandez-
Fernandez et al. (2019). During this maximum the ELA was about 950-1010 m a.s.l. and
the MAAT 1.7-1.9 °C lower than at present (Caseldine and Stotter, 1993; Fernandez-

Fernandez et al., 2017b).

3. Previous research on the study area.

CRE dating (Andrés et al., 2018b), combined with previous radiocarbon results (see
synthesis in Pétursson et al., 2015), indicates that the glacier outlet of the Skagafjordur
fjord (Fig. 1), flowing down from the Icelandic Ice Sheet (11S), was situated in the
outermost sector of the fjord at approximately 17—15 ka. Subsequently, this glacier
outlet retreated and occupied the central part between 15 and 12 ka, and then the
innermost part of the fjord around 11 ka. After 11 ka, rapid deglaciation affected the

fjord, when the 11S outlet glacier almost reached dimensions similar to the current
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Hofsjokull ice-cap in central Iceland. Norddahl, 1991a, Norddahl, 1991b emphasized
that most of the Trollaskagi valleys run N-S, thus facilitating the flow of the IS outlets,
but important secondary valleys in these mountains were outside these flows. Ing6lfsson
(1991) and Norddahl, 1991a, Norddahl, 1991b summarized the studies carried out on
the possible glaciation of the Tréllaskagi summits and show how most
geomorphologists and palaeobotanists in the early 20th century argued for an ice-free
scenario for these summits during the LGM. This hypothesis was supported by
simulation models (Hubbard et al., 2006). In fact, ice-free plateaus on the Trollaskagi
summits during the LGM may have served as refugia for flora and fauna (Rundgren and

Ingdlfsson, 1999).

The first study area of this paper includes the two main cirques in the Vidinesdalur
valley: Fremri-Grjotardalur and Holadalur (Fig. 1, Fig. 2). In the Fremri-Grjotardalur
cirque, two lower relict rock glacier sectors have been differentiated, overlapped by
active rock glaciers in the western and eastern sectors of the cirque (Andrés et al., 2016;
Farbrot et al., 2007; Kellerer-Pirklbauer et al., 2007). The whole rock glacier complex
occupies an area of 0.96 km2 with a maximum length of 1 km and a maximum width of
almost 300 m. These rock glaciers show typical features, i.e. transverse ridges and
furrows composed of large angular boulders (Kellerer-Pirklbauer et al., 2007). The
collapsed fronts of the relict rock glaciers descend to an altitude of 850 m a.s.l., while
the steep fronts of the active ones descend to 950 m a.s.l. (Tanarro et al., 2018, Tanarro
et al., 2019). The existence of interstitial ice in the active rock glaciers and the non-
existence of ice in the relict rock glaciers have been demonstrated by geophysical
surveys and field observations in previous works (Farbrot et al., 2007; Kellerer-

Pirklbauer et al., 2007; Tanarro et al., 2018, Tanarro et al., 2019).
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The Hdladalsjokull glacier, located in the adjacent cirque to the east of Fremri-
Grjotardalur (Fig. 1), is formed by a debris-covered lower section, 2 km long and

1.3 km-wide, covering an area of 2.2 km2. The front is located at 900 m a.s.l. The upper
sector is formed by 1.7 km-long debris-free glacial ice, occupying an area of 2.5 km2
(Tanarro et al., 2018, Tanarro et al., 2019). Previous works described the existence of
glacial ice, up to 20 m thick, under a meter-thick debris in the debris-covered sector of
Holadalsjokull glacier, which was visible at its forehead and in collapsed depressions

(Andreés et al., 2016; Tanarro et al., 2018, Tanarro et al., 2019).

The age and origin of these rock glaciers and debris-covered glaciers is still under
discussion. The ages of their inner and outer lobes age have been assumed to be
between 5 and 9 ka for headwall recession rates estimation (Farbrot et al., 2007).
Through streamline interpolations from present surface velocities, Wangensteen et al.
(2006) estimated the maximum age of the rock glaciers to be about 4.5-5 ka BP, with
reactivation of the higher lobes about 1.0-1.5 ka BP. Using a combination of the same
method and Schmidt hammer dating, Kellerer-Pirklbauer et al., 2007, Kellerer-
Pirklbauer et al., 2008 proposed an age contemporary with the 8.2 ka event (8.6—

8.0 ka cal. yr BP according to Greenland stratigraphy; Alley and Agustsdottir, 2005) for
Fremri-Grjotardalur relict rock glaciers. Kellerer-Pirklbauer et al. (2007) proposed that
the origin of the active rock glacier was related to one of the first neoglacial advances in
Trollaskagi at about 5.9-5.2 cal ka. BP, with reactivation during a second neoglacial
advance by 3.2-3.0 ka (Kellerer-Pirklbauer et al., 2007). From a combination of
headwall recession rate and lichenometric dating, the Nautardalur rock glacier, located a

few kilometers to the east, was considered to be about 0.2 ka old and related to the Little
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Ice Age glacial expansion (Martin et al., 1994; Hamilton and Whalley, 1995a, Hamilton

and Whalley, 1995b).

The dynamics of these rock and debris-covered glaciers are under discussion. Using
data obtained by digital photogrammetry, Wangensteen et al. (2006), proposed
horizontal block displacement rates ranging from <0.10 to a maximum of 0.84 m yr * in
the Holadalsjokull debris-covered glacier and a maximum of 0.74 m yr ! in the Fremri-
Grjotardalur rock glacier. Kellerer-Pirklbauer et al. (2007) used similar techniques in
the Fremri-Grjotardalur rock glacier and obtained rates of 0.06-0.74 m yr .. Lillegren et
al. (2013), used satellite radar interferometry and reported block displacement rates of
0.2-0.5 m yr ! in some rock glaciers in Tréllaskagi. Tanarro et al. (2019) applied jointly
manual and digital photogrammetry, obtaining a mean horizontal displacement rate of
0.33 m yr ! for the Holadalsjokull debris-covered glacier, mainly connected to surface
lowering processes derived from ice degradation, and insignificant movement for the
Fremri-Grjotardalur rock glacier. These results are similar to those obtained in the
Nautardalur glacier, where boulder movement measured by theodolite during a 17-year
period ranged from <0.05 m to 0.31 m yr %, with the snout advancing <1 m during this

period (Whalley et al., 1995a, Whalley et al., 1995b).

The second study area, Hofsjokull glacier, is located at the head of the Hofsdalur valley,
to the south of Holardalur (Fig. 1). Hofsjokull glacier is a 1.7 km long and 1.5 km wide
debris-covered lower section and 1.3 km long debris-free upper section. Hofsjokull
glacier has a thickness ratio of glacial ice and debris similar to Holadalsjokull glacier

(Campos et al., 2019). Campos et al. (2019) found average horizontal boulder
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displacement rates of 0.22 m yr ! in Hofsjokull glacier, and 0.15 m yr * in the nearby
Jullogil rock glacier, which confirms the stability of these glaciers whose predominant

dynamic is the subsidence associated to ice downwasting.

The third study area is Hédinsdalsjokull in Hédinsdalur valley (Fig. 1), to the south of
Hofsdalur. The distal sector of Hédinsdalsjokull is a debris mantle that evidences former
extent of a debris-covered glacier. The snout of this palaeo debris-covered glacier is at
640 m a.s.l. The present debris-covered glacier extends from 900 m a.s.l. upwards,
where ice-collapsed depressions can be observed on a debris mantle. The total debris-
covered sector (with and without underlying ice) is 2.1 km long, with the collapsed and
active sectors being 1.2 and 0.9 km long, respectively. The upper sector is formed by

debris-free glacial ice 2.3 km long and 2.6 km wide.
4. Methods

4.1 Geomorphological setting and CRE sampling strategy

The three complementary methodological steps of this research focused on the Fremri-
Grjotérdalur rock glaciers and the Héladalsjokull, Hofsjokull and Hédinsdalsjokull
debris-covered glaciers. The first step was to determine when the deglaciation occurred
in these valleys and in each of the two cirques. The second step was to determine the
exposure age of the boulders of the relict rock glaciers located in the Fremri-
Grjotardalur cirque. In this context, the relict rock/fossil debris-covered glaciers are
representative of the first landforms originated after deglaciation inside the cirques. The
application of this strategy, following a clear chronological sequence indicated by the
geomorphological landform disposition, will allow the reconstruction of the

deglaciation phases and the rock glacier formation.
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The final step was to determine the stabilization period of the frontal boulders of the
debris-covered glaciers that still conserve underlying ice, and those without it. For
sufficiently representative sampling, we took samples from boulders of both the
Hofsjokull and Hédinsdalsjokull debris-covered glaciers. By this way, we will be able
to deduce whether the stabilization moment of these debris-covered glaciers was

synchronous in different valleys of Trollaskagi.

Previous to CRE sampling of the fronts at the active debris-covered glaciers and rock
glaciers, a photogrammetric analysis was applied to these boulders to measure their
horizontal displacement and hence their stability degree in the last decades, in order to

avoid that high-mobility or potentially overturned boulders are sampled.

Samples were taken from gentle flat-topped surfaces by using hammer and chisel,
preferring boulders with a> 1-m diameter and with signs of glacial polishing which

minimize the risk of cosmogenic nuclide inheritance.

4.2 Movement analysis of the sampled boulders

To determine the degree of stability of the boulders sampled for CRE dating, we
followed the method previously proposed by Tanarro et al. (2019). We applied digital
photogrammetry to historical aerial photographs to determine the horizontal movement
and elevation changes of sampled boulders from debris-covered glaciers and rock
glaciers. This method was applied to the rock glacier in Fremri-Grjotardalur, and the
debris-covered glacier, the Hofsjokull, to complement previous analyses of boulder
movement in the area (Tanarro et al., 2019; Campos et al., 2019). We used photo stereo

pairs from 1980 and 1994, which were the only flights available with sufficient
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resolution quality to identify the same boulders in both years. The photo stereo pairs
were scanned at a high resolution (20 and 15 um respectively). A digital
photogrammetric workstation was used to correct the geometric deformation of the
photograms and to create stereoscopic models for both dates. In this process, the
absolute orientation was obtained from a series of control points from an orthophoto of
the year 2000. To estimate the uncertainty (RMSEXxyz) on the boulder tracking in rock
glaciers and debris-covered glaciers, X, Y and Z values of moraine boulders that are
considered stable and immobile were determined. The resulting RMSEXyz values are at
most 0.32 m. The photograms covering the area of the Fremri-Grjétardalur and
Holadalsjokull cirques present a slightly lower error range (RMSExyz 0.15-0.25 m)
than those covering the Hofsdalur cirque (RMSExyz 0.17-0.32 m). With the
stereoscopic models from both dates, we carried out 3D photogrammetric restitution of
a set of boulders identified on the surface of the sampled landforms (see the boulders
tracked and the geomorphological units to which they belong in Table 1). Some of these
boulders were the same boulders as those sampled for CRE dating and others were very
close to them in the same geomorphological unit (Fig. 2, Fig. 3, Fig. 4). Finally, we
compiled a database including X and Y coordinates, and altitude (Z) of each boulder in
both dates. These data were then processed to obtain the horizontal displacement and

elevation difference for each boulder.
4.3 3°C| CREdating

The locations of the 18 CRE samples are shown in Table 2 and Fig. 3, Fig. 4, Fig. 5.
Samples HOL-1, HOL-2, FGD-1, FGD-2 and FGD-11 were collected during a fieldwork
conducted in 2012. Preliminary results of these first samples were presented in Andrés et
al. (2016), but the age re-calculation with the new calculator (Schimmelpfennig et al.,

2009) and different in situ 3Cl production rates (detailed below) considerably improved
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the results. These samples were crushed and sieved in the “Physical Geography
Laboratory” of the Complutense University of Madrid (Spain), and the 0.25-1 mm
fraction was separated. Aliquots splits of rocks were taken for chemical analysis both
from the pre-treated samples (bulk fraction; Table 3) and the samples after a first pre-
dissolution conducing to the removal of Cl-rich ground mass (Table 4). Chemical analysis
were carried out at the ‘“Activation Laboratories” (Ancaster, Canada). Chemical
processing of the samples was carried out at the “PRIME Laboratory” (Purdue University,
USA), following the procedures described in Zreda et al. (1999) and Phillips (2003) for
the 38Cl extraction from whole rock. The resulting targets were analyzed using accelerator
mass spectrometry (AMS) to determine the 3°CI/37Cl, *CI/*Cl and %CI/37Cl ratios. Two
chemistry blanks (Cblk3125-1 and Chblk3125-2) were processed together with the
samples, for which the laboratory provided only the data collected in Table 5, with the
previously calculated results of Cl and *®Cl concentrations, which were used here to

calculate the *¢Cl ages.

A second batch of samples, ELLID-1, ELLID-2, FGDsingle bond1B, FGDsingle bond2B,
FGDsingle bond3B, FGDsingle bond4B, FGDsingle bond5B, HOFS-1, HOFS-2, HOFS-
3, HEDIN-1, HEDIN-2 and HEDIN-3 were sampled in 2014 and 2015. The initial
mechanical preparation was also carried out in the “Physical Geography Laboratory”
(Complutense University of Madrid, Spain) and the 0.25—-1 mm fraction was chemically
processed in the Laboratoire National des Nucléides Cosmogéniques (LN2C) at the
“Centre Europeén de Recherche et d'Enseignement des Géosciences de I'Environnement”
(CEREGE), in Aix-en-Provence (France). Aliquot splits of bulk rock were taken from
several representative samples of each study area, in order to analyze the concentrations
of major and trace elements (Table 3) at the “Service d'Analyse des Roches et des

Mineraux” (SARM, Nancy, France). After removing dust and fines and etching the
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samples with nitric (HNO3) and hydrofluoric (HF) acids, aliquots were taken again to
measure the target element concentrations by inductively coupled plasma-optical
emission spectrometer (ICP-OES) at SARM (Table 4). An *Cl-enriched spike (~99%)
was then added to the samples for isotope dilution (Ivy-Ochs et al., 2004) and the samples
were completely dissolved in a mixture of HF + HNO3. The undissolved fines and
fluoride gel was removed after centrifugation of the samples. The following steps of the
process follow the procedure proposed by Schimmelpfennig et al. (2011). Finally,
measurements of the **C1/37Cl and *CI/*°C] ratios were carried out at the “Accélérateur
pour les Sciences de la Terre, Environnement et Risques” (ASTER, CEREGE), to infer
the concentrations of *Cl and Cl. Three chemistry blanks (BK-1, BK-2 and BK-3) (Table

5) were processed together with the samples.

The Excel™ spreadsheet proposed by Schimmelpfennig et al. (2009) was used to
calculate *°Cl exposure ages. The most relevant data used in the calculations (topographic
shielding factor, sample thickness, chemical composition of the samples) are summarized
in Table 2, Table 3, Table 4. In absence of lab density measurements, a value of
2.7 gem—3 is assumed for all samples. The nucleonic and muonic scaling factors based
on the time-invariant “St” scheme (Stone, 2000) were applied, and the topographic
shielding factor was calculated with the ArcGIS toolbox designed by Li (2018), since the
data could not be taken directly in the field due to fog. The exposure age calculations
were made with the following 36Cl production rates: 57.3 +5.2 atoms *°Cl (g Ca) ' yr
for spallation of Ca (Licciardi et al., 2008), 148.1+7.8 atoms °Cl (gK) 'yr ! for
spallation of K (Schimmelpfennig et al., 2014), 13+3 atoms *Cl (g Ti)'yr' for
spallation of Ti (Fink et al., 2000), 1.9+ 0.2 atoms *®Cl (g Fe)' yr™! for spallation of Fe

(Stone et al., 2005), and 696 + 185 neutrons (g air) ' yr ' for the production rate of
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epithermal neutrons from fast neutrons in the atmosphere at the land/atm interface
(Marrero et al., 2016). A high-energy neutron attenuation length of 160 g cm—2 was

applied.

5. Results

5.1 Movement of boulders from rock glaciers and debris-covered glaciers.

The results of the horizontal movement and elevation changes of the analyzed boulders

are presented in Table 1. Their locations are shown in Fig. 2, Fig. 3, Fig. 4.

The moraine boulders HOL-1 and HOL-2, located in the Holadalsjokull cirque, have
remained stable during the 14-year observation period. Horizontal movement (0.052 and
0.022 m yr 1) and elevation changes (—0.04 and 0.06 m yr ) are negligible and within the
RMSE of our analysis. We obtained similar results from the analysis of the moraine
boulders in the Fremri-Grjotardalur cirque, where sample FDG-11 was collected. There
is the exception of one boulder, which indicates a slight horizontal movement of
0.108 myr, while the rest hardly show any movement, with maximum about

0.05myr 2.

We obtained similar results from the boulders located on the ridges at the Fremri-
Grjotardalur relict rock glaciers. For example, in the western rock glacier from which
samples FDG-1 and FDG-2 were collected, we obtained displacement rates of
<0.047 myr ! and maximum elevation difference of —0.43 myr L. In the eastern rock

glacier, we obtained a movement of 0.022 m yr * for the samples FGD-4B and FGDsingle
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bond5B, and maximum elevation changes of —0.36 m yr *. In any case the total horizontal

displacement during the 1980-1994 was not higher than 0.66 m (Table 1).

As it would be expected, different results were obtained from the boulders located on the
ridges of the active rock glaciers (representative for samples FGDsingle bond1B, FGD-
2B and FGDsingle bond3B), although the movement is very slow, between 0.076 m yr *
and maximum 0.16 m yr*. These values, therefore, would indicate displacements of 1.06
and 2.2 m in 14 years. The elevation differences are negative, but negligible, between

—-0.04 and—0.19 myr 1,

We also obtained very small displacements on the front of the Hofsjokull debris-covered
glacier (boulders from which samples HOFS-1, HOFS-2 and HOFS-3 were collected).
The horizontal displacement rates of the boulders range from 0.18 m to 0.37 myr !,
indicating about 2.5 and 5.16 m displacement and elevation changes of —0.19 to —1.26 m

in 14 years.

5.2 Deglaciation of the Trollaskagi internal valleys: geomorphology and CRE dating

results

Fieldwork and moraine mapping were carried out in the Vidinesdalur, Hofsdalur and
Hédinsdalur valleys, during the summers of 2012, 2014 and 2015, exploring for erratic
boulders or glacially polished bedrock surfaces suitable for applying CRE dating. The
abundance of debris-flows and other slope processes have transformed and covered the
glacial landforms of the valley. No bedrock outcrops, or any existing outstanding block

in the relief were observed, with the exception of those generated by post-glacial rock
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avalanches. The only exceptions observed during the fieldwork were two polished
bedrocks located on the EIllidi ridge (Fig. 5), which separates the Vidinesdalur valley to
the south from the Kolbeinsdalur valley to the north (Fig. 6). The polished surfaces are at
around 600 m a.s.l., i.e. 300 m above the bottom of the Vidinesdalur valley. Samples were
collected from each of these polished surfaces (ELLID-1 and ELLID-2), whose ages
indicate the start of deglaciation of the studied valleys. Both samples gave very similar
ages: 16.3+1.2ka (ELLID-1) and 16.3+0.9ka (ELLID-2), published in Fernandez-

Fernandez et al. (2019).

5.3 Deglaciation of the Trdéllaskagi cirques: geomorphology and CRE dating results.

To determine the timing of the deglaciation of the Fremri-Grjétardalur and Holadalsjokull
cirques, glacial landforms located in front of the rock glaciers and the debris-covered
glacier were studied. No polished surfaces are preserved, only remnants of a highly
degraded moraine ridge in each cirque. In the Fremri-Grjotardalur cirque there is a
degraded lateral moraine in front of the rock glaciers (Fig. 2, Fig. 7, Fig. 8). One
prominent glacial boulder (FDG-11) was considered suitable for exposure dating and
yielded an age of 11.3 + 0.8 ka. A similar highly degraded moraine is located about 900 m
distal and 100 m lower in altitude than the Holadalsjokull debris-covered glacier (Fig. 9).
Two large stable blocks with glacially polished surfaces were considered suitable for
exposure dating (Fig. 9). From those, samples HOL-1 and HOL-2 yielded ages of
11.1+1.1 and 10.3 +0.7 ka respectively (Fig. 6, Fig. 9) (Figs. 6 and 9). The three ages
are indistinguishable from each other within their 1 sigma analytical uncertainties, and

are in chronostratigraphical order with the ELLID samples (Fig. 6).
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5.4 Stabilization of boulders from the relict rock glaciers (with no internal ice):

geomorphology and CREdating results.

Two large boulders (samples FDG-1 and FDG-2) were collected at the frontal margin of
the relict rock glacier located below the active rock glaciers of the western sector of
Fremri Grjétardalur cirque about 870 m a.s.l. (Fig. 2, Fig. 7, Fig. 8). The samples yielded
exposure ages of 10.5+0.7 and 11.1£0.7 ka respectively. Two more boulders (samples
FDG-4B and FDGsingle bond5B) yielded ages of 9.3 +£0.7 and 9.5 = 0.7 ka respectively.
They are located at the frontal edge of the other relict rock glacier at approximately
1005 m a.s.l., about 150 m higher than FDG-1 and FDG-2, in the eastern sector of the

cirque (Fig. 2).

5.5 Stabilization of boulders from active rock glaciers and debris-covered glaciers (with

stagnant internal ice): CRE dating results.

Three samples were collected from boulders at the front of the active rock glacier, with
internal ice, to the western sector of Fremri-Grjétardalur (FGDsingle bond1B, FGD-2B
and FDGsingle bond3B), at an altitude of approx. 960 m (Fig. 2, Fig. 8). These samples
gave ages of 25+02, 52+04 and 65+05ka respectively, in good
chronostratigraphical agreement with previous samples of the cirque (moraine and relict
rock glacier). To determine the timing of the stabilization of the debris-covered glaciers,
three samples were taken from boulders at the frontal part of the Hofsjokull debris-
covered glacier, located at the bottom of Hofsdalur. The front of Hofsjokull presents a
glacial ice wall of around 20 m, covered by a 2-m-thick debris mantle. Three samples
were collected from boulders at the front of the glacier, located at about 900 m a.s.l.

(HOFS-1, HOFS-2 and HOFS-3; Fig. 3, Fig. 10). The results of these samples yielded
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ages of 5.4+£0.5, 5.6+£0.5 and 6.7 £0.6 ka, respectively. These ages are similar to the

samples FGD-2B and FDG-3B from the active rock glaciers.

Finally, three samples were taken from the debris-covered glacier of Hédinsdalur, in the
distal sector of Hédinsdalsjokull, where no internal ice persists at present (HEDIN-1,
HEDIN-2 and HEDIN-3), at about 650 ma.s.l. (Fig. 4, Fig. 11), and yielded ages of

3.0+0.3,2.6+£0.3 and 2.2 £ 0.2 ka respectively.

5.6. Chronological sequence summary.

The application of 3Cl dating has revealed that the onset of the deglaciation in the main
valleys Vidinesdalur and Kolbeinsdalur started around 16 ka. Subsequently, cirque
glaciers of Fremri-Grjotardalur and Hdéladalur culminated in a last glacial advance or
stillstand at 11 ka, when the moraine abandonment was definitive. Shortly afterwards, the
relict rock glaciers of Fremri-Grjotardalur stabilized in the cirques at around 11-9 ka,
while the active debris-covered glacier of Hofsdalur and the rock glaciers of Fremri-
Grjotéardalur stagnated at 7-5 ka. And finally, the definitive stabilization of the relict

debris-covered glacier of Hedinsdalsjokull occurred at 3-2 ka.

6. Discussion

6.1 Deglaciation of the Tréllaskagi internal valleys and beginning of the formation of the

rock glaciers and debris-covered glaciers into the cirques.

The intense degradation of the Trollaskagi glacial landscape, due to slope mass
movements together with the deposition of soil, fluvial, debris-flow and aeolian
sediments, which have partly covered the slopes, greatly limits the possibility of obtaining

a sufficient number of reliable CRE samples to map/reconstruct the deglaciation pattern
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of the three studied valleys. The only samples obtained from the Ellidi ridge summits
(ELLID-1, ELLID-2) yielded the same age (16.3 = 1.0 ka) (Fig. 6). This age may indicate
the definitive retreat of the glaciers that descended through the Hdéladalur valley. The
datings of the moraine remains observed in the Fremri-Grjotardalur and Holadalur cirques
yielded indistinguishable ages of 11.3+£0.7, 11.1 £1.0 and 10.3+0.7 ka (Fig. 6), which

are around 5 ka younger than those from the Ellidi ridge.

The results obtained in this study reflect a similar deglaciation pattern to that observed
elsewhere in Iceland. In fact, the onset of the deglaciation in Iceland can be determined
around 18.6 cal. ka BP, in concordance with the global sea level rise (Andrews et al.,
2000; Ingdlfsson and Norddahl, 2001), which increased sharply during the Bglling
interstadial (14.7 to 14.1 ka BP), when the Icelandic Ice Sheet IIS collapsed and retreated
from the north (Norddahl et al., 2008; Norddahl and Ingolfsson, 2015; Pétursson et al.,

2015).

The ages obtained in this study suggest that the retreat of the glaciers in Trollaskagi
coincided with the retraction of the main tongue of the IIS in this area, which flowed
down from the highlands throughout the Skagafjérdur fjord. This glacier retreated from
the mouth of the fjord (161 km north of the present Hofsjokull ice-cap) in 15.9+ 1.2 ka,
based on %Cl dating (Andrés et al., 2018b). This indicates that from the Bglling
interstadial, the glaciers in the internal Trollaskagi valleys and the Skagafjordur 1S outlet
glacier were already disconnected. This may show that from the Allergd interstadial
(13.9-12.9 ka) at least some of the Trollaskagi glaciers behaved as alpine glaciers, already

disconnected from the I1S. The Trollaskagi plateau therefore, may have remained ice-



559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

free, as it has been widely proposed (Ingolfsson, 1991; Norddahl, 1991a, Norddahl,

1991b; Rundgren and Ingdlfsson, 1999; Andrés et al., 2016).

Data from lacustrine and marine sediments, and sea level changes, suggest a cold period
and glacial advances at the end of the Bolling interstadial, around 14 cal. ka BP
(Ingdlfsson et al. 1997; Pétursson et al., 2015; Patton et al., 2017). However, probably
due to the intense paraglacial erosive activity, there is no geomorphological evidence of
that cold episode in the Vidinesdalur valley or in the Fremri-Grjotardalur and Holadalur
cirques. Lake sediments from the Torfadalsvatn lake, on the Skagi peninsula (west of the
Skagafjorour fjord), show that temperatures rose to current levels during the Allerad
interstadial in the Skagafjordur area (Rundgren, 1995, 1999; Rundgren and Ingdlfsson,
1999). The Trollaskagi glaciers, might have retreated reaching their their minimum extent

in their cirques during the Bglling interstadial.

After the Allergd interstadial, during the Younger Dryas, major degradation of the
biosphere and increased amounts of sea-ice occurred in northern Iceland (Rundgren,
1995, 1999; Xiao et al., 2017). The glacial outlets descending from the 1S, reoccupied
the main fjords of northern Iceland up to their middle parts according to shoreline and
tephra distribution (Pétursson et al., 2015). This deglaciation pattern has been confirmed
in Skagafjordur with %Cl CRE ages of 12.7+0.9 and 11.9+£0.9ka BP for polished
surfaces, when the front of the glaciers left the middle part of the fjord, 130 km from the
current Hofsjokull ice cap (Andrés et al., 2018b). The last important advance or stagnation
of the IIS outlets in northern Iceland was around 11 ka (Preboreal), when their fronts were
located at the innermost parts of the fjords (Ingdlfsson et al., 1997; Norddahl and

Einarsson, 2001; Norddahl and Pétursson, 2005; Pétursson et al., 2015). %Cl CRE ages
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confirm the position of the outlet terminus close to the present shoreline in the
Skagafjordur fjord (90 km from the current Hofsjokull ice-cap) at around 11 ka (Andrés
et al., 2018b). This last glacial advance was immediately followed by an abrupt retreat
until the disappearance of the 11S within the current limits of the glaciers (Kaldal and
Vikingsson, 1990; Andrews et al., 2000; Norddahl and Einarsson, 2001; Geirsdottir et al.,
2002, Geirsddttir et al., 2009; Larsen et al., 2012; Pétursson et al., 2015; Harning et al.,
2016). This has been also confirmed by CRE 2¢Cl ages in Skagafjordur (Andrés et al.,

2018D).

Samples FDG-11 (11.3+0.7ka) from the Fremri-Grjotardalur moraine, and HOL-1
(11.1+1.1 ka) and HOL-2 (10.3+0.7, ka) from the moraine in front of Holadalsjokull
glacier (Fig. 6), may represent a glacial advance or glacial front stagnation in the
Holadalur valley during the Preboreal, around 11 ka, similar to that observed at the bottom
of the fjords. After this, the Héladalur glaciers must have retreated very quickly, as
occurred in the nearby ice-caps (Andrés et al., 2018b), probably until the total
disappearance of all the Icelandic glaciers at ~9 ka (Larsen et al., 2012; Geirsdottir et al.,
2018). This may also be the case of Drangajokull, in the NW (Harning et al., 2016;
Anderson et al., 2018b). However, other studies have also suggested that Drangajokull

persisted into the early-mid Holocene (Schomacker et al., 2016).

The ages of the moraine located in front of the Fremri-Grjétardalur relict rock glaciers
(~11.3 ka) and the frontal sector of these rock glaciers (~10.5-11 ka and ~9.4 ka) date to
the Early Holocene (Table 4). Note that we do not report mean ages for the rock glacier
front as they might have had different exposure histories. These dates demonstrate the

rapid transformation of the small debris-free glaciers that occupied the cirque at the
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beginning of the Holocene into rock glaciers, whose fronts stabilized shortly afterwards.
The surface boulders on the frontal area of these rock glaciers seemed to have stabilized
rapidly, resulting in undisturbed exposure to cosmic radiation, otherwise younger and less
internally coherent ages would have been expected (Fig. 2). Hereafter, we will use the
concept of “stabilization” along the discussion assuming that the duration between
boulder emplacement and stabilization is insignificant compared to the age of the
landforms. The different stabilization ages of the fronts of the western and eastern relict
rock glaciers (~10.5-11 ka and ~9.4 ka) may be related to their different altitudes, located
around 870 m a.s.l. and between 940 and 990 m a.s.1., respectively: in a warming tendency
context, with permafrost altitude rising, the rock glaciers that first become inactive are
the lowest (Fig. 8). The similarity of the boulder ages from the relict rock glaciers and
those of the moraines makes us confident that the samples are not affected by cosmogenic
nuclide inheritance from earlier exposure periods (Andrés et al., 2018b; Fernandez-
Fernandez et al., 2019), which is shown to be an issue in other areas (e.g. Ciner et al.,

2017).

The formation of rock glaciers relatively quickly after the retreat of the glacial fronts from
youngest moraines in the cirques may indicate that they derive from the rapid
transformation of debris-free glaciers during the final deglaciation stages. After that, their
fronts, already evolved to those typical of the rock glaciers, stabilized shortly afterwards
as they lost the internal ice (Humlum, 2000a, Humlum, 2000Db; Janke et al., 2015; Monnier
and Kinnard, 2015; Andrés et al., 2016; and many others). CRE dating of frontal boulders
from relict rock glaciers and glacial polished bedrock on which they are supported has
demonstrated in many mountain ranges that rock glaciers usually formed shortly after

deglaciation, followed by relatively rapid stabilization of their fronts. This process has
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been observed in several areas of the Iberian Peninsula, such as Sierra Nevada (Palacios
et al., 2016), Sierra de Guadarrama (Palacios et al., 2012), Sierra de la Demanda
(Fernandez-Fernandez et al., 2017a), the Cantabrian Mountains (Rodriguez-Rodriguez et
al., 2017), the Central Pyrenees (Palacios et al., 2017) and the Eastern Pyrenees (Andrés
et al., 2018a), and also in the British Isles (Ballantyne et al., 2009), the Alps (Hippolyte
et al., 2009; Moran et al., 2016), the Karcal Mountains in Lesser Caucasus (Dede et al.,

2017) and in the New Zealand Southern Alps (Winkler and Lambiel, 2018).

The rapid formation of debris-covered glaciers and rock glaciers at the end of deglaciation
and the early stabilization of their fronts has a logical explanation in many mountains
(Winkler and Lambiel, 2018), but especially in the Trollaskagi valleys (Fig. 12).
Deglaciation supposes the decompression of the upper part of the cirque walls from the
glacier ice, accelerating paraglacial processes shortly after its deglaciation, as it has been
observed in other studied mountains (Ballantyne, 2002, 2009; Mercier, 2008; Oliva et al.,
2016). Intense paraglacial activity just after deglaciation has been proposed in many
valleys of Tréllaskagi, and it has even been demonstrated by radiocarbon dating of several
landslides (Mercier et al., 2013, Mercier et al., 2017; Cossart et al., 2014; Coquin et al.,
2015; Decaulne et al., 2016). The intense supply of material from the slopes derived from
paraglacial activity can transform a retreating glacier into a rock glacier or debris-covered
glacier (Johnson, 1980; Giardino and Vitek, 1988; Ackert Jr., 1998; Janke et al., 2015;
Anderson et al., 2018a; among others). In the same way, the end of paraglacial activity
may involve stabilization of the rock glacier (Humlum, 2000a, Humlum, 2000b; Deline
et al., 2015; Anderson and Anderson, 2016). Our results show that relatively short time
passed since the glaciers advanced and formed glacial moraines and the formation and

the subsequent stabilization of rock glaciers. If we consider the uncertainty ranges of the
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moraine and relict rock glacier stabilization ages (see Fig. 2), this period might have lasted
2—4 ka as maximum. These results support the idea that rock glaciers form during the
transformation of glaciers within paraglacial mountain landscape (Knight et al., 2018).
However, to explore whether the interstitial ice of these rock glacier comes from glacial
ice, as we propose, or from aggradation ice requires other research methods. In that sense,
the combination of the field geomorphological survey and chronological analysis with a
fabric study (e.g. Ribolini et al., 2007) can shed more light on the formation of the rock

glaciers.

6.2 The exposure age of boulders in active rock glaciers and debris-covered glaciers and

the climatic and geomorphological significance.

The CRE dating results from the front of the Fremri-Grj6tardalur rock glacier yielded
ages of 6-2 ka (Table 5, Fig. 2, Fig. 8), with two boulders around 6-5 ka. In the view of
the results of boulder tracking (Table 1; Tanarro et al., 2019), which point to an evident
stagnant state (<0.66 m of horizontal displacement in 14 years), the scatter of ages might
be related to the ice melting and subsidence. If we consider that sampled boulders are
located in a lower sector of the rock glacier, where the potential ice melting should be
higher due to the higher temperature, the probability that a boulder overturned as the ice
melted is cannot be ruled out completely. This rock glacier is considered active (Farbrot
et al., 2007; Wangensteen et al., 2006; Kellerer-Pirklbauer et al., 2007, Kellerer-
Pirklbauer et al., 2008). In a recent study, the mobility of its blocks was restricted to
<0.15 m yr ! of horizontal displacement and — 0.37 m in sinking during 14 years (Tanarro
et al., 2019). Our results show also limited horizontal movement rates of the boulders.
For example, the highest displacement value for a boulder of Hosfdalur debris covered

glacier is 5.16 m in 14 years, which means a displacement of 0.37 m yr %, In the case of
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Fremri-Grjotardalur, the highest displacement value for a block is 2.2m, that is,
0.16myr ! (Table 1). Other authors have obtained higher values in these same rock
glaciers, but with automatic digital photogrammetry. Specifically, these authors propose
0.6myr ! to 0.74 myr ! (Kellerer-Pirklbauer et al., 2007) or 0.07 myr * to 0.89 m yr*
(Wangensteen et al., 2006). On the contrary, the values obtained in this work are similar
to those obtained by direct observation through total station in Nautardalur rock glacier,
also in Trollaskagi, with values between 0.2 myr ' to 0.25 m yr * (Whalley et al., 1995a,
Whalley et al., 1995b). Our results would be within the range of rock glaciers of very low
activity, for example, among those studied in the Alps, where movements have been
measured from a few cm yr up to 10 m yr ! (Delaloye et al., 2010). Previous work has
shown that the boulders with greatest horizontal displacement in the debris covered
glaciers are also those that have had the greatest sinking (Tanarro et al., 2019; Campos et
al., 2019). The morphology of these formations has not changed in 50 years, which
suggests that the surface of these formations is sinking uniformly. As a consequence of
this process and the location of the tracked boulders in a gentle slope, the dynamics
observed point to a slight horizontal displacement (Tanarro et al., 2019; Campos et al.,
2019). It is important to consider that both rock glaciers and debris covered glaciers are
approximately at the limit of permafrost (Wangensteen et al., 2006; Etzelmdller et al.,
2007; Czekirda et al., 2019), probably in thermal conditions in which the layer of debris
is sufficient to insulate the internal ice from radiation, although in fact there is no
accretion of permafrost. In the view of the limited mobility of the active rock glaciers and
debris-covered glaciers and their predominant subsidence dynamics, it seems to be
evident that they have no longer accumulate ice in their headwall areas (accumulation

zone).



709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

Our information obtained about the almost null flow of these formations is limited to the
last decades, in agreement with previous works (Tanarro et al., 2019; Campos et al.,
2019). This practically null movement occurs while interstitial ice is present inside the
studied rock glaciers. In the case of the debris-covered glaciers, the glacial ice is covered
by a thin layer of debris, around one meter thick (Farbrot et al., 2007; Kellerer-Pirklbauer
et al., 2007; Andrés et al., 2018; Tanarro et al., 2019; Campos et al., 2019). However,
despite of this movement, no change in the morphology of both rock glaciers and debris-
covered glaciers has been detected in the last fifty years (Tanarro et al., 2019; Campos et
al., 2019), except for the formation of thermokarst depressions indicative of a slow ice

melting.

We assume that, despite the debris-covered and rock glaciers still contain internal ice,
they have had a very limited or almost null flow the last thousands of years, otherwise
boulders would have moved and overturned and consequently, their dated surfaces would
not have been constantly exposed to cosmic radiation. If these formations had experienced
an important flow with boulder toppling, the exposure ages of the sampled boulders
would be much younger and less coherent. However, all our dated surfaces are
chronologically coherent, except sample FDGsingle bond1B, which is 3—4 ka younger
than the two adjacent boulders, probably due to an overturning. These results support that
the Holar debris-covered and rock glaciers have been static for a long period and that
consequently, most of the sampled surfaces of their boulders have been continuously
exposed to cosmic radiation without disturbances (e.g. overturning) continuously during
the last 5 ka. As a suggestion, this date of definitive stabilization could reflect the impact
of the Holocene Thermal Maximum (HTM), which in Tréllaskagi entailed the maximum

birch expansion between 8 and 5 ka BP, with temperatures higher than at present (1961—
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1990 series) (Wastl et al., 2001; Caseldine et al., 2006). According to lake sediment
dating, the ice cap Drangajokull glacier, in northeast Iceland, had retreated compared to
its current extent (Schomacker et al., 2016) or even disappeared (Harning et al., 2016,
Harning et al., 2018) at that time, just as other central ice-caps (Anderson et al., 2018b;
Geirsdottir et al., 2018). A MAAT >3 °C above the present mean value would be required
for this to occur (Anderson et al., 2018b; Geirsdottir et al., 2018). We can therefore
deduce that the Fremri-Grjotardalur rock glacier flow ended during the HTM, when the
headland glacier stopped feeding the tongue, composed of a mixture of debris and ice,
which remained static, as it was above the permafrost level in this period (Etzelmiller et

al., 2007; Wangensteen et al., 2006).

Nevertheless, with our data another interpretation is possible. The present Trollaskagi
rock glaciers with internal ice could have been formed at the onset of the Neoglacial
cooling, 5 ka ago (see synthesis in Geirsdottir et al., 2018). However, more subsurface
data of the active rock glaciers (e.g. ice petrography) would be needed to prove the origin
of the internal ice: past glaciers or ice formed under permafrost conditions (Ribolini et
al., 2007). Moreover, if the origin of interstice ice in the rock glacier had been related to
the accretion of ice in permafrost conditions, more time would have been necessary for

its formation before its early stabilization.

The comparison of our results with other cases is complicated, since the boulders on the
top of an active rock glacier (Fig. 12) have only been dated very rarely, e.g. by Winkler
and Lambiel, 2018 (Southern Alps) with the Schmidt-Hammer method, and on the basis

of a calibration curve reconstructed with the help of CRE-dated boulders of an adjacent
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moraine. This work supports our hypothesis according to which the CRE ages from the

rock glacier boulders would be indicating the age of the rock glacier stabilization.

The results obtained in the Hofsjokull debris-covered glacier are similar to those of the
stagnant active rock glaciers in Fremri-Grjotardalur. Three boulders at the glacier front
yielded similar ages of 7-5 ka, thus supporting its possible “stabilization” during the
HTM. It is important to remember that these blocks belong to a 2 m thick debris cover,
resting on about 20 m thick glacial ice. Their current boulder subsidence rate is of
—0.55myr-1 and the horizontal displacement ranges from 0.18 to 0.37 m yr ?, probably
derived from the subsidence processes, and their frontal limits did not advance over the

past 50 years.

The CRE results obtained from the collapsed sector of the Hédinsdalsjokull debris-
covered glacier, at 650 ma.s.l., yielded ages between 3 and 2 ka. This front is now
completely static and has no internal ice. We assume that these boulders could easily
rotate when the glacier ice melted, and therefore their cosmogenic age shows the time
that they have been stable since then. CRE dates previously obtained on fossil debris-
covered glaciers suggest different durations of existence when these glaciers are exposed
to strong solar radiation and thus lost the ice shortly after being formed, compared to
nearby glaciers which are more shielded, with glacial activity lasting for thousands of
years (Fernandez-Fernandez et al., 2017a). Thus, our results may show the end of some
Neoglacial advances in Tro6llaskagi around 3.2 ka (Caseldine and Hatton, 1994; Stotter et
al., 1999; Wastl et al., 2001 among others), as it occurred in some sectors of Drangajokull
(Harning et al., 2016, Harning et al., 2018), where lake records indicate severe cooling in

Iceland (synthesis in Geirsdadttir et al., 2018).
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7. Conclusions.

Our results allow a preliminary reconstruction of the glacier behavior in valleys and
cirques of the Trollaskagi peninsula during and after the last deglaciation. The
deglaciation of the main valleys (Vidinesdalur and Kolbeinsdalur) in the Trollaskagi
peninsula began their retreat at around 16 ka. The glacier dynamics between the onset of
deglaciation and the beginning of the Holocene cannot be determined at present, as in our
study area no glacial landforms are preserved between the terminal part of the valleys and
the base of the cirques. Small moraines exist in these cirques, with ages apparently
corresponding to the last glacial advance in the fjords, probably during the Preboreal,
around 11 ka. After this date, the glaciers retreated and temperatures rose abruptly, as in
the rest of Iceland, triggering paraglacial processes on the deglaciated walls, including
gravitational events, with the subsequent formation of debris-covered and rock glaciers

whose fronts shortly after stabilized, especially those at lower altitudes.

New rock glaciers and debris-covered glaciers were then formed at the upper sectors of
the valleys sometime after the Preboreal. These new formations still retain currently
internal ice covered by debris. Moreover, they display minimal dynamics, mainly related
to subsidence. These limited dynamics allowed most of the boulder surfaces resting on
the ice to be continuously exposed to cosmic radiation. This indicates that these debris-
covered glaciers and rock glaciers no longer accumulated ice in their head areas. This
stabilization timing oscillates between 7 and 3 ka ago and may have been caused either
by the HTM warm period or remobilization during the cold Neoglacial periods. Thus, this
research demonstrates the potential of CRE dating methods in the study of the past

dynamics of debris-covered glaciers and rock glaciers both in the frame of the glacial
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landscape evolution and in the understanding of the debris-free glaciers transformation to
debris-covered and rock glaciers. However, to fully understand this evolution and its
origin, more information must be collected both from other nearby rock glaciers or debris-
covered glaciers to have a more complete overview and more representative study cases
in a statistical point of view. Subsurface data would also have a great potential as internal
ice of rock glacier and debris-covered glaciers is not present homogeneously in the detrital
bodies, and this information would complement the conclusions derived from the boulder

mobility/stability analysis.
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1371 Table 1. Inventory of the photogrammetry-tracked boulders surveyed in the different geomorphological units their mobility measurements for the
1372 1980-1994 period. Note that the low mobility figures pose the sampled boulders as highly reliable.

Geomorphological CRE Analized Year 1980 Year 1994 1980-1994 period
units sample boulders
X (m) Y (m) Elevation X (m) Y (m) Elevation Horizontal displacement Elevation changes
(masl) (masl) Absolute (m  Velocity Absolute  Velocity
14 yrl) (myr?d) (m1dyry) (myrd)
Moraine boulders at HOL-1 B-1 501384.27 581422.77  835.36 50138499 58142270 83532 0.723 0.052 -0.04 -0.003
Holadalsiokull cirque ) 5 B-2 501393.24 581350.79  839.98 50139294 58135062  840.04 0.345 0.025 0.06 0.004
Moraine boulders at FDG-11 B4 499246.73 58078327 89757 499247.03 58078179  897.53 1,510 0.108 -0.04 -0.003
Eirr‘img'srjétérda'“’ B-5 499248.00 580769.41  898.00 499247.80 580768.72  897.93 0.718 0.051 -0.07 -0.005
B-6 499266.84 580740.85  899.42 499267.27 58074050  899.74 0.554 0.040 0.32 0.023
Frontal ridge at Fremri-  FDG-L, B-7 49880531 580940.54  871.31 49880497 58094022  871.04 0.467 0.033 027 -0.019
gggia:gfl'(uél‘;"gztfr” FDG-2 B-8 498828.64 580944.99  866.63 49882892 580944.85  866.20 0.313 0.022 043 0,031
B-9 498871.17 580933.82  867.89 498871.83 580933.79  867.78 0.661 0.047 011 -0.008
Transverse ridge at FGD-1B, B-10 499163.16 580360.13  950.27 4991618 58037094  950.20 2.264 0.162 007 -0.005
éﬁfgt;'rngu‘r’f;g:rg FoDZ Bl 49915350 58034539 95161 49915330 58034720 95157 1821 0.130 004 -0.003
rock glacier with B-12 499172.04 580338.82  953.45 49917196 580340.40  953.62 1.582 0.113 0.17 0.012
internal ice B-13 499221.77 580333.74  952.24 49922159 58033479  952.16 1.065 0.076 -0.08 -0.006
B-14 499153.33 580314.13  956.72 499152.87 580315.89  956.53 1.819 0.130 -0.19 -0.014
Frontal ridge at Fremri-  FGD-4B,  B-15 499645.82 580131.39  989.73 49964573 58013151  980.76 0.150 0.011 0.03 0.002
g)rslgtlarrg;'(uglgiféfr” FGD-SB  p16 49965070 580127.30  993.74 49965943 580127.46  993.38 0.314 0.022 0.36 0,026
B-17 499651.98 580097.27  992.21 499651.94 58009729  992.00 0.045 0.003 021 -0.015
Frontal ridges at HOFS-1, B-18 502428.88 575950.77  887.63 50242446 57505928  887.04 4.447 0.318 059 -0.042
?O(ifgfeﬂ“glg;zrr's' Egigg B-19 50239388 575939.80  884.95 50239067 57594319  883.69 4.669 0.333 -1.26 -0.090
B-20 50240052 57593157  887.51 502396.74 57593419  886.48 4599 0.329 -1.03 -0.074
B-21 502411.46 57592045  891.44 502407.88 57592378  890.89 4.889 0.349 -0.55 -0.039
B-22 50241324 575917.63  892.38 502409.12 57592074  891.60 5.162 0.369 0.78 -0.056
B-23 502416.01 57567523  926.16 502412.97 575677.98  925.85 4.099 0.293 031 -0.022
B-24 502382.18 575667.46  923.25 502379.86 575669.72  923.06 3.239 0.231 0.19 -0.014
B-25 502408.02 575627.08  933.75 502406.13 57562855  933.42 2.394 0.171 0.33 -0.024
B-26 502400.35 575616.67  934.97 502398.34 57561854  934.54 2.745 0.196 -0.43 -0.031
B-27 50242577 575603.09  940.43 50242372 57560454  940.39 2511 0.179 -0.04 -0.003

1373



1374  Table 2. Geographic sample locations, topographic shielding factor, sample thickness and distance from headwall.

Sample name Sample type Latitude (°N) Longitude (°W) Elevation (m Shielding factor ~ Thickness (cm) Distance from the
as.l.) headwall (m)
Glacially polished ridge Elligi
ELLID-1 Polished bedrock 65.7580 19.0848 597 0.9986 2.0 16000
ELLID-2 Polished bedrock 65.7579 19.0854 597 0.9994 35 15900
Moraine boulders of Hdladalur
HOL-1 Moraine boulder 65.7303 18.9698 833 0.9629 3.0 3400
HOL-2 Moraine boulder 65.7297 18.9696 841 0.9931 3.0 3480
Fremri-Grjotardalur rock glacier complex
FGD-1 Rock glacier (inactive) boulder 65.7259 19.0245 869 0.8889 4.0 1480
FGD-2 Rock glacier (inactive) boulder 65.8003 19.0200 874 0.9765 45 1640
FGD-11 Moraine boulder 65.7242 19.0159 912 0.9843 5.0 1680
FGD-1B Rock glacier (active) boulder 65.7207 19.0172 960 0.9932 2.0 1030
FGD-2B Rock glacier (active) boulder 65.7209 19.0186 960 0.9741 4.0 1080
FGD-3B Rock glacier (active) boulder 65.7205 19.0186 966 0.9929 35 1035
FGD-4B Rock glacier (inactive) boulder 65.7184 19.0079 1005 0.9841 35 830
FGD-5B Rock glacier (inactive) boulder 65.7187 19.0073 1030 0.9880 4.0 780
Hofsjokull debris-covered glacier
HOFS-1 Debris-covered glacier (active) boulder  65.6812 18.9481 893 0.9758 25 2950
HOFS-2 Debris-covered glacier (active) boulder  65.6811 18.9478 894 0.9557 4.0 2920
HOFS-3 Debris-covered glacier (active) boulder  65.6811 18.9479 903 0.9856 35 2930
Hédinsdalsjokull debris-covered glacier
HEDIN-1 Moraine boulder 65.6454 18.9292 640 0.9758 35 4690
HEDIN-2 Moraine boulder 65.6455 18.9272 660 0.9764 2.0 4580
HEDIN-3 Moraine boulder 65.6455 18.9278 653 0.9775 25 4610
1375
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Table 3. Concentrations of the 3®Cl target elements Ca, K, Ti and Fe Ca, K, Ti and Fe, determined in splits taken after the chemical pre-treatment

(acid etching).

Sample name CaO (%) K20 (%) TiO2 (%) Fe20s (%0)
Glacially polished ridge Ellidi

ELLID-1 7.20+£0.14 0.14 £ 0.02 6.96 £ 0.35 24.28 £ 0.49
ELLID-2 7.01+£0.14 0.12 £0.02 7.18+0.36 25.12+0.50
Moraine boulders of Héladalur

HOL-1 12.05+0.24 0.29+£0.04 2.53+0.13 13.16 £ 0.26
HOL-2 11.07£0.22 0.35+0.05 2.93+0.15 14.13+0.28
Fremri-Grjotardalur rock glacier complex

FGD-1 11.01+£0.22 0.28 £ 0.04 2.66+0.13 14.07 £ 0.28
FGD-2 11.57£0.23 0.33£0.05 2.52+0.13 12.79+0.26
FGD-11 10.92 £ 0.22 0.28 £ 0.04 2.59+0.13 13.70 £ 0.27
FGD-1B 11.37£0.23 0.33+0.05 3.15+0.16 12.68 + 0.25
FGD-2B 11.73+£0.23 0.31+£0.05 2.80+£0.14 10.60 £ 0.21
FGD-3B 9.88+0.20 0.31+0.05 4.06+0.20 16.71+0.33
FGD-4B 8.59+0.17 0.40 £ 0.06 4.55+0.23 19.70 £ 0.39
FGD-5B 8.96 +0.18 0.29+0.04 4.75+0.24 20.58 £ 0.41
Hofsjokull debris-covered glacier

HOFS-1 9.91+0.20 0.39+0.06 3.54+0.18 17.06 £ 0.34
HOFS-2 9.66 £0.19 0.39 £ 0.06 4.50 £0.22 18.43 £ 0.37
HOFS-3 9.63+0.19 0.44 +0.07 4.37+0.22 18.07 £ 0.36
Hédinsdalsjokull debris-covered glacier

HEDIN-1 10.28 £0.21 0.18 £ 0.03 3.70+£0.18 16.91+0.34
HEDIN-2 7.87+£0.16 0.80 £ 0.04 2.65+0.13 13.36 £ 0.27
HEDIN-3 8.06 £ 0.16 0.76 £ 0.04 3.05+0.15 14.50 £ 0.29
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Table 4. Chemical composition of the bulk rock samples before chemical treatment.

Sample hame CaO KO TiO2 Fe03 SiO2 Na:O MgO AlOs MnO P:0s  Li B Sm Gd Th U Cl
() () () () () () (%) (%) (%) (%)  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

Glacially polished ridge Ellidi

ELLID-1 8.568 0.179 4753 18.215 44950 2.161 7.475 12.416 0.228 0.20 4.4 2 5709 5953 0504 0149 21

Fremri-Grjotardalur rock glacier complex

FGD-1B 11.738 0.356 2.590 13.300 47.670 2.395 6.702 13.844 0.194 0.24 4.3 <2 5120 5280 1131 0.314 37

FGD-4B 9580 0.465 3529 16.270 47.200 2.808 5.223 12.798 0.239 0.34 6.1 <2 6.930 7.122 1605 0437 44

Hofsjokull debris-covered glacier

HOFS-1 9.345 0.359 4.267 18.150 48.770 2.225 5.772 10.288 0.250 <L.D 5.4 <?2 2756 3.213 1.017 0336 77

Hédinsdalsjokull

debris-covered

glacier

HEDIN-1 10.773 0.262 2.880 14.920 47.290 2.282 6.423 12918 0.213 0.24 4.4 <2 5.447 5704 1.143 0317 40
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Table 5. **CI CRE dating results. The numbers in italics correspond to the internal (analytical) uncertainty at one standard level.

Sample name Sample weight (g) Mass of Cl in spike (mg)  35CI/3Cl 3CIECI (1014 [CI] in sample (ppm) [8CI] (10* atoms g?) 38CI CRE age (yr)
Glacially polished ridge Elligi
ELLID-1 28.88 1.864 64.854 +0.615 11.051 £0.438 35 12.438 £ 0.516 16254 + 1685 (1217)
ELLID-2 27.69 1.928 86.476 +0.876 10.014 £0.437 2.6 11.977 £0.547 16174 + 1713 (925)
Moraine boulders of Héladalur
HOL-1 30.41 1.012 10.718 £ 0.037 17.257 £0. 435 15.6 15.060 + 0.384 11096 + 1092 (1057)
HOL-2 30.89 0.992 9.528 £ 0.066 15.669 £ 0.364 18.3 14.055 £ 0.336 10328 + 993 (668)
Fremri-Grjotardalur rock glacier complex
FGD-1 31.96 1.018 7.805+0.131 13.071 £ 0.399 25.7 13.311 £ 0.444 10534 + 1048 (720)
FGD-2 30.2 0.985 6.026 + 0.035 13.066 + 0.395 43.9 17.536 £ 0.547 11092 + 1111 (734)
FGD-11 30.69 1.000 9.585 + 0.096 17.206 + 0.568 184 15.604 £ 0.525 11341 + 1133 (782)
FGD-1B 70.54 1.883 6.135 + 0.648 48.960 + 0.269 36.7 4.304 £ 0.287 2509 + 290 (227)
FGD-2B 70.34 1.880 5.649 + 0.646 83.750 £ 0.343 43.8 8.330 £ 0.444 5176 + 565 (411)
FGD-3B 67.66 1.882 5.888 + 0.568 10.512 £ 0.412 41.6 10.414 £ 0.521 6546 + 696 (505)
FGD-4B 26.52 1.851 14.293 £ 0.150 87.158 +0.394 25.1 12.908 = 0.627 9274 £ 951 (715)
FGD-5B 25.78 1.870 11,531 +£0.115 86.801 +0.361 35 14.353 £ 0.655 9450 + 977 (706)
Hofsjokull debris-covered glacier
HOFS-1 84.09 1.822 4.289 +0.532 68.219 + 0.356 77.4 9.128 £ 0.670 5417 + 669 (509)
HOFS-2 85.46 1.832 5.189 £ 0.100 89.175 + 0.466 43.0 8.026 + 0.552 5596 + 644 (508)
HOFS-3 86.23 1.819 4.374 £ 0.671 90.595 +0.430 70.2 11.279 £0.809 6748 £ 817 (625)
Hédinsdalsjokull debris-covered glacier
HEDIN-1 67.56 1.878 8.846 £ 0.853 45.314 + 0.258 19.9 3.167 £0.202 2953 + 334 (260)
HEDIN-2 64.38 1.875 4,706 + 0.454 25.226 +0.165 76.5 3.571 £ 0.286 2591 + 337 (266)
HEDIN-3 63.98 1.893 4,717 £0.438 22.065 +0.157 77.1 3.136 £ 0.269 2221 + 300 (241)
Blanks 2 Total atoms Cl Total atoms %Cl|

(10%) (10%
BK-1 1.800 297.029 £11.372 0.545 £ 0.097 2.941 £ 0.220 16.981 £ 3.034
BK-2 1.884 356.675 £ 7.637 0.575 +£0.135 2.313+0.139 18.738 £ 4.384
BK-3 1.888 328.059 £ 2.892 0.359 £ 0.069 2.650 £ 0.136 11.725 £ 2.249
Chlk3125-1 1.897 98.243 + 1.536 14.248 +0.301
Cblk3125-2 1.859 85.103 £ 0.398 2.228 £0.175

HEDIN-2, HEDIN-3, FGD-4B and FGD-5B. Cblk3125-1 and Cblk3125-2 were processed with the other samples.

2 BK-1 was processed with samples HOFS-1, HOFS-2 and HOFS-3; BK-2 was processed with samples FGD-1B, FGD-2B and FGD-3B; BK-3 was processed with samples ELLID-1, ELLID-2, HEDIN-1,
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Figure captions

Figure 1. Location of the study area in central north Iceland (A) the Trollaskagi peninsula
(B) and glaciers and debris-covered glaciers under study (C). The red boxes show the

extent of the aerial photos and maps corresponding to the Fig. 2, Fig. 3, Fig. 6.

Figure 2. View of the Fremri-Grjétardalur rock glacier complex and spatial distribution
of **CI CRE samples and photogrammetry-tracked boulders. Stable area refers where it
is known that the boulder movement of <0.16 m yr 1. The red dashed line indicates the

edge between the relict and active rock glaciers.

Figure 3. Overhead view of the Hofsjokull glacier complex and spatial distribution of %Cl
CRE samples and photogrammetry-tracked boulders. Panel A shows the whole glacier
complex (debris-free and debris-covered sectors). Panel B is a zoom of the frontal area.

Stable area refers where it is known that the boulder movement is <0.37 m yr ™.

Figure 4. View of the Hédinsdalsjokull glacier complex and spatial distribution of Cl

CRE samples and photogrammetry-tracked boulders. Panel A shows the whole glacier
complex (debris-free and fossil/active debris-covered sectors). Panel B is a zoom of the
frontal area. The red dashed line in panel A indicates the edge between the collapsed and

active debris-covered glaciers.

Figure 5. A) Location of sample ELLID-1 viewed from the west, on the northern side of
the Héladalur valley. Holajokull and Fremri-Grjétardalur cirques at the bottom. B)
Location of sample ELLID-2 viewed from the east. The Skagafjordur fjord can be seen
at the bottom. Ages results from samples: ELLID-1: 16.3 + 1.2ka; ELLID-2:

16.3+0.9 ka.

Figure 6. Location of samples describing the deglaciation pattern of the study area. The

red box corresponds to the extent of the Fig. 2.
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Figure 7. Photos of the Fremri-Grjotardalur rock glacier complex. A) View of the rock
glacier complex from the summit area to the north. B) Sample FDG-1 in the relict rock
glacier. C) Sample FDG-11 in the lateral moraine located in front of the rock glaciers. D)

View of the rock glacier complex from the eastern sector of the cirque.

Figure 8. Idealized longitudinal profile of the Fremri-Grjétardalur rock glaciers and the

relative position of the 3Cl CRE samples. The inner structure is speculative.

Figure 9. ield photos of Héladalur cirque. A) Oblique view of the Holadalsjokull debris-
covered glacier from the western summit area. B) Sample HOL-1 in a moraine in front of

the debris-covered glacier. C) Close up view of the debris-covered glacier snout.

Figure 10. Field photos of Hofsjokull cirque. A) Oblique view of the Hofsjokull debris-
covered glacier from the southern summit area. B) Close up view of the debris-covered
glacier snout. C) Sample HOFS-1 on a crest located in the frontal area of the debris-

covered glacier.

Figure 11. Field photos of Hédinsdalsjokull glacier. A) Oblique view of the
Hédinsdalsjokull debris-covered glacier from the south. B) Middle sector of the debris-
covered glacier with internal ice. C) Snout of the debris-covered glacier in the current
fossil stage. D) Sample HEDIN-2 on a crest in the frontal area of the debris-covered

glacier. E) Sample HEDIN-1 on the crest in the frontal area of the debris-covered glacier.

Figure 12. dealized model about the evolution of glaciers in the Tréllaskagi mountains
according to the CRE dating results. A) The main valleys of the interior of Trollaskagi
were covered with ice before 16 ka, feeding the glacier outlet of Skagafjérour. B) Around
16 ka a series begins of rapid, intense, glaciological and geomorphological processes; the
sequence can be determined, but the uncertainty of the CRE results prevents an accurate

timing of each specific moment. Deglaciation begins around 16 ka and glaciers in the
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interior of Trollaskagi become disconnected from the Skagafjordur glacier outlet. C)
Subsequently, the main valleys are deglaciated with a small advance inside the cirques
around 11 ka. D) The first rock glacier generation forms around 11-10 ka. E) The glacier
fronts rapidly become inactive around 10 ka. F) After 10 ka, a new generation of rock
glaciers forms and their dynamics begin to stabilize 5-3 ka according to their altitude.
Note that the debris mantle of the stage D contributed to form the deposits of the relict

rock glacier of the following stage E.



