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ABSTRACT. The Tréllaskagi Peninsulaislocated in north central |celand, between
meridians 19°30°W and 18°10°W , limited by Skagafjodur fiord to the west and the
Eyjafjodur fiord to the east, jutting out into the North Atlantic to latitude 66°12°’N
and linked to the central Icelandic highlandsto the south. The Peninsulaisa Tertiary
basalt plateau topped by flat summits with altitudes of 1000-1500 m, intensely
dissected by the drainage network. The aim of this present study is to synthesize
the recent advances in our understanding of the landscape and its dynamics in the
Trollaskagi Peninsula and find the origin of its significant difference from the rest of
Iceland. Results of the most recent research suggest the situation of Tréllaskagi as
ice-free, delimited by the two great glacial outlets flowing down from the Icelandic
Ice Sheet through the Skagafiodur and Eyjafjodur fiords, from at least the Oldest
Dryas to the end of the Early Preboreal. Inland in Trollaskagi, the glaciers formed
in the north-facing cirques without losing their alpine characteristics during the
Late Pleistocene and Holocene. The advances of these glaciers during the Oldest,
Older and Youngest Dryas and the Early Preboreal were only a few hundred metres
greater than the most important advance in the second half of the Holocene, during
the Little Ice Age. Only a few of these glaciers remained debris-free and are sensitive
to the minor climate oscillations. The rest, due to the important geomorphological
activity on their walls, developed into debris-covered and rock glaciers and lost this
significant dynamism.

Origen del paisaje glacial alpino en la Peninsula de Trollaskagi (Norte de
Islandia)

RESUMEN. La Peninsula de Trollaskagi se localiza en el Norte de Islandia
Central, entre los meridianos 19°30' Wy 18°10' W. Esta delimitada al oeste por €l
fiordo de Skagafjodur y al este por el fiordo de Eyjafjodur. Al norte, se adentra en
el oceano Nor-Atldntico hasta el paralelo 66°12°N vy, al sur, enlaza con las altas
mesetas de Islandia Central. La peninsula es, en realidad, una gran meseta for-
mada por el apilamiento de lavas basdlticas terciarias, con cumbres aplanadas,
entre 1000y 1500 metros de altitud, cuyo relieve ha sido intensamente disectado
por lared de drenaje. El objetivo de este trabajo es resumir el conocimiento ac-
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tual sobre el paisaje de la Peninsula Trollaskagi y su dinamica, y buscar el origen
de su diferencia con el resto de Islandia. Los resultados de las investigaciones
defienden una situacion de la Peninsula de Trollaskagi libre de hielo en gran
parte, delimitada por grandes lenguas de hielo que descendian desde el inlandsis
del Centro de Islandia por los fiordos Skagafjodur y Eyjafiodur, al menos desde
el Oldest Dryas hasta el final del periodo Preboreal Temprano. Sin embargo, en
el interior de Tréllaskagi, los glaciares solo ocuparon las cabeceras de los circos
que miraban al norte, sin perder su cardcter alpino durante el Pleistoceno Tardio
y el Holoceno. Los avances de estos glaciares en el Oldest, Older, y Younger
Dryas y Preboreal Temprano fueron solo de un centenar de metros mayores que
los del mdximo avance de la segunda mitad del Holoceno (Pequeiia Edad de
Hielo). Sélo unos pocos de estos glaciares permanecieron sin cubierta de derru-
biosy por ello son muy sensibles a las pequeiias osclaciones del clima. El resto de
los glaciares, a causa de la gran actividad geomorfologica de las paredes de los
circos, se transformaron en glaciares cubiertos y glaciares rocosos y han perdido
su gran dinamismo.

Key words: Iceland, Trollaskagi Peninsula, deglaciation, Late Pleistocene,
Holocene, rock glacier.

Palabras clave: Islandia, Peninsula de Trollaskagi, deglaciacion, Pleistoceno tar-
dio, Holoceno, glaciares rocosos.

Received 15 January 2016
Accepted 15 February 2016

*Corresponding author: Research Group of High Mountain Physical Geography.
Departamento de Andlisis Geografico Regional y Geografia Fisica, Universidad
Complutense de Madrid, Madrid, 28040 Madrid, Spain E-mail: nandresp@ucm.es

1. Introduction

The Trollaskagi Peninsula is located in north central Iceland, between 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 (Fig. 1). The Peninsula is a Tertiary basalt plateau topped
by flat summits with altitudes of 1000-1500 m, intensely dissected by the drainage
network.
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Figure 1. Location of the Trdllaskagi Peninsula and of the main geographic elements cited in the
text.

The landscape of the Trollaskagi Peninsula is remarkably different from the rest
of Iceland, not only because of the absence of recent volcanic activity, but also because
of the predominanance of numerous alpine cirques, with a total of 167 small glaciers, a
few of which are debris-free glaciers and the rest are debris-covered and rock glaciers.
This is the highest concentration of this type of glacier and practically the only area of
Iceland where rock glaciers exist. Early research into the landscape of this Peninsula
highlighted its different characteristics compared with the rest of Iceland (Thérarinsson,
1937) because of its marked topographical contrasts, the intensity of the slope processes,
the predominance of corrie-type glaciers and the absence of current and recent ice-caps.
Sigbjarnasson (1983) introduced the term “alpine” to define this landscape. In contrast, in
the south and centre of the island, ice-caps and landforms derived from the deglaciation
of the ice-sheet predominate. Therefore, one of the first criteria to be analysed here is the
relationship between this Peninsula and the glaciation and deglaciation of the Iceland.

In fact, during the Last Glacial Maximum (LGM), Iceland was covered by the
Icelandic Ice Sheet (11S), with approximately 2 km ice thickness in its centre (Hubbard et
al., 2006) and its termini reached the shelf edge, 40 km from the present coast line in the
north, by 24.4 ka (Pétursson et al., 2015). The evolution of the 11S has been summarised
in recent publications (Kaldal and Vikingssson, 1990; Norddahl and Pétursson 2005;
Norddahl et al., 2008; Geirsddttir et al., 2009; Geirsdottir, 2011; Pétursson et al.,
2015). Most of these publications highlight the fact that the IIS retreated rapidly and
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catastrophically, until it occupied only the centre and southeast of the island, around
15 ka (Andrews et al., 2000; Norddahl and Einarsson 2001, Geirsdottir et al. 2009,
Brynjolfsson et al., 2015a). At the end of the Bglling stadial there was a short glacial
advance in the Older Dryas (Ingoélfsson et al., 1997). During the Allergd stadial, the
temperature rose again considerably and the glaciers retreated again (Rundgren, 1995,
1999; Rundgren and Ingdélfsson, 1999). During the Younger Dryas the glaciers started to
re-advance and in the north and northwest they reached the present coastline and entered
the great fiords, in many cases obstructing lateral valleys and forming lakes (Geirsdottir
et al., 2002; Norddahl and Pétursson, 2005), but many interfluves remained free of ice
during this period (Norddahl and Einarsson, 2001). After the glacier retreat at the end of
the Younger Dryas, the glacial fronts re-advanced again in the Early Preboreal period,
around 11.2 ka (Ingdlfsson et al., 1997; Norddahl and Einarsson, 2001; Norddahl and
Pétursson, 2005). Later, the glaciers retreated rapidly (Kaldal and Vikingssson, 1990;
Andrews et al., 2000; Norddahl and Einarsson, 2001; Geirsdottir et al., 2002, 2009;
Larsen et al., 2012). By 10.2 ka the centre and north of Iceland was already deglaciated
(Stotter et al., 1999; Caseldine et al., 2003). Finally, by 8.7 ka the IIS had definitively
disappeared and the extent of the glaciers was similar to or less than at present (Pétursson
et al., 2015). Between 8 and 5 ka, in what is known as the Holocene Thermal Maximum,
some of the great current glaciers disappeared from the centre of Iceland (Caseldine et al.,
2003, 2006, Geirsdottir et al., 2009, 2013). After 5 ka, there was a trend to cooling which
accelerated at 3 ka (Geirsddttir et al., 2009, 2013). The greatest neoglacial advance of
the ice-cap glaciers in the centre of Iceland was during the Little Ice Age (LIA), when the
Holocene Thermal Minimum was reached (Stotter et al., 1999; Kirkbride and Dugmore,
2001, 2006). But various small glaciers in Trollaskagi and in Vestfirdir Peninsula, in the
northwest of Iceland, had advances slightly greater than those of the LIA (Stétter et al.,
1999; Principato, 2008).

There is a controversy whether the dynamics of the 1S expansion and deglaciation
affected the whole of Iceland or the marginal mountain zones, especially in the Vestfirdir
Peninsula in the northwest, where there is currently an ice-cap, the Drangajokull, and
in the north, in the Trollaskagi Peninsula, affected by autonomous glacial systems. In
this context, different types of evidence suggest that ice-free areas and nunataks existed
on the summits of the above mentioned peninsulas of Vestfirdir and Trollaskagi and
their immediate surroundings (Sigurvinsson, 1983; Ingélfsson, 1991; Norddahl, 1991a;
Ingdlfsson and Norddahl, 1994; Rundgren and Ingélfsson, 1999; Andrews et al., 2000;
Geirsdottir et al., 2009; Geirsddttir, 2011).

Recent research carried out in Vestfirdir clarifies the situation for this peninsula,
demonstrating the importance of the local ice-cap during the LGM and during the
whole deglaciation of this peninsula (Principato et al., 2006; Principato and Johnson,
2009; Brynjolfsson et al., 2014, 2015a; Hole, 2015). The ice-free areas were minimal
during the LGM, but the erosion of the highest surfaces was also minimal. In fact, the
low erosive capacity of the ice-caps on the flat summits of Vestfirdir has recently been
pointed out, as these are cold-based glaciers, compared with the intense erosive capacity
of the glacial outlets channelled by the great valleys and fiords (Brynjélfsson et al., 2014,
2015a; Hole, 2015).
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In the case of Trollaskagi, in spite of the considerable scientific activity which had
these mountains as its aim from the 1970s to the 1990s, some important problems still
remain unsolved. The aim of this present study is to synthesize the recent advances in the
understanding of the landscape and its dynamics in the Trollaskagi Peninsula and find the
origin of its significant difference from the rest of the Iceland.

2. Trollaskagi Peninsula settings

The Trollaskagi Peninsula is limited by Skagafjodur fiord to the west and the
Eyjafjodur fiord to the east (Fig. 1). The Skagafjodur fiord, separating Trollaskagi
from the Skagi Peninsula, has its valley head close to the Hofsjokull glacier, in
Central Iceland. The Eyjafjodur fiord separates the Trollaskagi Peninsula from the
Flateyjarskagi Peninsula. This fiord is the continuation of the Eyjafjardardalur valley,
also with its valley head in the highlands, close to Hofsjokull glacier. The Peninsula
is formed by stacked horizontal or semi-horizontal Miocene basaltic flows, alternating
with layers of sediments and clayey palaeosoils (red interbeds), which become plastic
on exposure to hydration and gravity. This basalt plateau is topped by flat summits with
altitudes of 1000-1500 m, intensely dissected by the drainage network, which forms
flat-bottomed valleys with steep walls. The headwalls of these valleys are cirques,
167 of which host alpine glaciers, mostly north-facing and sheltered from the wet
southerly winds. A minority of these glaciers are debris-free glaciers, but most of
them are debris-covered and rock glaciers. The few existing debris-free glaciers are
very sensitive to climatic changes, especially to summer temperature changes, and as
a result have deposited many moraine ridges during their deglaciation (Eythorsson,
1935; Caseldine, 1985). In contrast, the debris-covered and rock glaciers appear highly
static in terms of present climatic changes and their termini are not normally preceded
by moraines (Martin et al., 1991). The origin of these debris-covered and rock glaciers
is under discussion between the authors who consider they were formed during the LIA
(Hamilton and Whalley, 1995; Whalley et al., 1995a) and those who maintain that they
were formed after deglaciation, but that their activity may have intensified in the cold
periods of the second half of the Holocene (Kellerer-Pirklbauer et al., 2007). In any
case, these formations derive from previous glaciers covered with debris from intense
wall activity (Whalley and Martin, 1994).

The valleys slopes in Trollaskagi are extremely unstable, affected by numerous
rock slope failures and deep-seated gravitational slope deformation, often of significant
magnitude, where the red interbed layers act as decollement levels (Jonsson, 1976;
Feuillet et al., 2014; Cossart et al., 2014). These macro-mass movements developed as
a result of deglaciation during the early Holocene (Mercier et al., 2013; Cossart et al.,
2014; Coquin et al., 2015), although in fact some are still active (Wangensteen et al.,
2006). In addition, highly active solifluction processes were widespread on the slopes of
the Trollaskagi, especially during the coldest periods at the end of the Pleistocene and the
Holocene, as occurred during the Younger Dryas and the LIA (Veit et al., 2011).

The 1940-1970 data series show a mean annual temperature of 2-4°C on the
Trollaskagi coasts and -2 to -4°C on the summits. The precipitation is among the lowest
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in Iceland, due to the rain shadow of the great central volcanoes which block the wet
SW winds, and oscillates between 400 mm on the coast and 1200 mm on the summits
(Einarsson, 1976).

3. The deglaciation of Trollaskagi Peninsula

The recent application of Cosmogenic Exposure Dating (CED) on polished
bedrock, moraine, erratic and rock glacier boulders has increased our knowledge of
the deglaciation of the different landforms of Tréllaskagi Peninsula (Palacios et al.,
2015, 2016).

3.1. The deglaciation of the Trollaskagi main valleys and fiords

There is very little previous data available on the deglaciation of the Skagafjodur
(Fig. 1). However, to the west of the fiord on the Skagi Peninsula studies have been
undertaken of pollen, diatom and carbonate analysis in the sedimentary series of Lake
Torfadalsvatn and other nearby lakes, situated in the north extreme of the peninsula at
around 20-40 m a.s.l. (Rundgren, 1995, 1999). Deglaciation had already occurred during
the Allergd stadial, reaching mean temperatures as high as 10°C during the warmest
months. During the Younger Dryas severe cooling occurred with a significant impact
on the vegetation. After a brief temperature enhancement period there was a further
Preboreal cooling. The temperature increased definitively from 10 ka onwards. Many of
the large-scale landslides which have been dated in Skagafjodur coincide with this date,
indicating that the valleys were recently deglaciated (Mercier et al., 2013; Cossart et al.,
2014; Coquin et al., 2015).

The existing information on the deglaciation of Eyjafjodur is summarised by
Norddahl (1991b), demonstrating that up to a total of 12 submarine frontal morainic
ridges have been identified, from the mouth of the fiord to its head, although at the
present day none can be observed on the surface (Fig. 1). During deglaciation, the
tongue which flowed through the fiord blocked the drainage of the right lateral valley
of Dalmynni-Fnjéskadalur and specifically in the Fnjéskadalur valley formed up
to 8 lacustrine layers. Norddahl (1991b) relates these ice-dammed lake levels with
advances of the glacial tongue which formed 7 frontal moraine arcs to the north of
the mouth of the Dalsmynni Valley. When the glacial terminus retreated from the
Dalsmynni mouth, the ice-dammed lake was definitively drained. Einarsson (1967,
1973) using palynological data and comparative stratigraphy, deduces that this
occurred at approximately 12 ka, with the position of the glacier snout at the present
head of the fiord at 11 ka, dates later confirmed (Norddahl, 1991b). Skégar tephra
is found at the base of the lacustrine sedimentary series of Fnjéskadalur, with a
calculated age of 17 ka, which would indicate the onset of the glacial obturation of
the valley (Norddahl, 1991b).

Terminal moraines have been found in other tributary valleys of the Eyjafjodur,
indicating the existence of glacial advances which interrupted deglaciation, as in
Olafsfjordur and Svarfadardalur, but these have not been dated. In the Flateyjarskagi
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Peninsula moraines have been found indicating a late recovery of the glaciers dated to
around 10 ka BP. This finding has served to attribute this same date to similar moraines
in the Eyjafjodur tributary valleys (Norddahl, 1991b).

The results obtained by the application of CED methods in Skagafjédur and
in Eyjafjodur fiords indicate that the deglaciation phases in both were exactly the
same (Palacios et al., 2015, 2016) (Fig. 2 and 3). The mouths of the Skagafjodur
and Eyjafjodur fiords were definitively abandoned by the glacier terminus just after
the Oldest Dryas maximum and the glacier terminus retreated definitively from the
middle reach of the fiords during the Bglling/Allergd stadials. The minimum date of
deglaciation in the Skagafjodur, from its origin in the LIA moraines of the Hofsjokull
glacier to the coast, close to Saudarkrokur village, was 11.4 +1.0 ka. These results
suggest a scenario of abrupt, rapid deglaciation of this valley at the Early Preboreal
period. The results from Eyjafjardardalur suggest a similar deglaciation period
(Palacios et al., 2015, 2016). According to the results obtained, the deglaciation
of the Skagafjodur valley and of Eyjafjodur is completely coherent with earlier
publications on I1S deglaciation and the paleoenvironmental evolution of Iceland
during the Late Pleistocene.
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(polished surfaces) peninsula : ,
16.9+1.5 ka SEEC N ey e
13.8 +1.3 ka pmmmm ; : & (polished surfaces)
2151050 . - J &% RIS
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Figure 2. Location of the samples and dates obtained by CED methods, according to
Palacios et al. (2015, 2016), in the main IIS outlets: Skagafjodur and Eyjafjodur fiords, and
in the tributary valleys: Vantsdalur and Holadalur, just inside the Trollaskagi Peninsula
(Google Earth image, 2013).
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Figure 3. Photos of A) Polished surfaces at the head of Skagafjodur fiord, close to Saudarkrokur
village, reached by the snout of the glacial outlet during the Younger Dryas and Early Boreal
periods. B) Polished surfaces at the head of Eyjafjodur fiord, close to Akureyri village, reached
by the snout of the glacial outlet during the Younger Dryas and Early Boreal periods. In both
photos, dates of older polished surfaces, to the mouth of the fiords, are indicated. The dates were
calculated in Palacios et al. (2015, 2016). Photos: Nuria Andrés.

3.2. The deglaciation of Trollaskagi internal valleys and cirques

Apart from the frontal moraines mentioned above in a few tributary valleys in
the Eyjafjodur area, no others have been shown to have existed in all the Trollaskagi
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mountains earlier than those of the LIA. The only exceptions are three cirques where
moraines found a few metres in front of those from the LIA have been dated, all
with ages more modern than 5.4 ka (Stotter et al., 1999). Pollen studies in different
valleys of the Trollaskagi confirm the start from 4.2 ka of a series of cold periods which
facilitated the neoglacial advances. (Caseldine and Hatton, 1994; Wastl et al., 2001).
Stotter et al. (1999) reported six pre-LIA advances in: 5.4 ka, 4.7 ka, 3.5-3.4 ka, 1.9 ka,
1.4 ka, and 0.9 ka ca BP, which have been observed in three cirques: Vatnsdalur (Stotter,
1991), Beegisardalur (Haberle, 1994) and Barkardalur (Haberle, 1991) (Fig. 1). In many
cases, these moraines were deposited on ground covered by Saksunarvatn tephra from
10.2 ka (Stotter et al., 1999). Stotter (1991) suggests the possibility that the pre-LIA
moraines in the Vatnsdalur cirque are due to surges. This possibility was confirmed by
Brynjolfsson et al. (2012), who studied various surges occurring in the 20" century in
valleys adjacent to Vatnsdalur, which left very similar moraines. In fact, these authors
consider that this must be a usual process in the small Tréllaskagi glaciers. Surges,
with no direct relationship to the climatic crises, were also very important in Vestfirdir
(Brynjolfsson et al., 2014, 2015b). In any case, lichenometric studies of many glacial
deposits in the Tréllaskagi cirques demonstrate that in the great majority of the cirques
the main advance after Saksunarvatn tephra (10.2 ka) was during the LIA (Caseldine,
1987; Kugelmann, 1991; Haberle, 1991, 1994).

The main tributary valleys of Troéllaskagi (Hjaltadalur, Héladalur, Kolbeinsdalur,
Deildalur, Unadalur, tributaries of Skagafjodur and Hogardalur, Skidadalur and
Svafardadalur, tributaries of Eyjafjodur) (Fig. 1) were explored for four summers without
finding any glacial landforms (moraine and erratic boulders or polished surfaces) which
allowed CED methods to be applied (Palacios et al., 2015, 2016). The large number of
landslides, and also intense solifluction, has transformed and covered the glacial landforms
of these valleys. On the other hand, the slopes and floors of the valleys are completely
covered with tephra and aeolian deposits. In fact there are no bedrock outcrops, or any
existing outstanding blocks in the relief, with the exception of those generated by post-
glacial rock avalanches. The difference in age between these mass movements is evident
in the landscape. Over time they were covered by solifluction lobes and tephra until
gradually the boulder outcrops disappeared and no boulders protrude in the oldest.

The glacial landforms which allow application of CED methods inland in Trollaskagi
are only found in the cirques situated at the bottom of the tributary valleys, very near the
present glacier termini and a few metres from what have been considered LIA landforms
(Fig. 2). The Vatnsdalur cirque (Fig. 1 and 4), a tributary of Svafardadalur, was chosen
as an example of the debris-free glacial cirques where moraines had already been dated
with radiocarbon and tephrachronology (Stotter, 1991, ages recalibrated in Wastl and
Stotter, 2005). The cirques of the Holadalur headwall were also selected (Fig. 1 and 5),
where various generations of rock glaciers and a debris-covered glacier had already been
recognised (Kellerer-Pirklbauer et al., 2007).
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Figure 4. Cirque of Vatnsdalur, where the limits of LIA moraines and active rock glacier is
indicated. The dates correspond to erratic boulders and were calculated in Palacios et al. (2015,
2016). Photos: Nuria Andrés and Google Earth Images (2013).

The results obtained in Vatnsdalur seem to confirm the considerable dynamism
of these glaciers, especially in the second half of the Holocene, whether they were
very sensitive to climatic changes or because of their facility for forming surges,
or for both of these reasons at the same time. On the other hand, the minimum
dates obtained from the boulders furthest away from the glacier termini indicate
that during the Younger Dryas, when the glacier termini of the fiords were found
100 km from the LIA moraines of the Hofsjokull, in the interior of Trollaskagi they
had only moved 700 m with respect to the LIA maximum (Fig. 2 and 4) (Palacios
et al., 2015, 2016).

The results obtained in the cirques in the Holadalur valley are even more surprising
than in Vatnsdalur (Palacios et al., 2015, 2016). In front of the debris-covered glaciers,
considered to have been formed during the LIA, there is only one diffuse moraine or
erratic boulder alignment where the minimum ages indicate a possible origin in the
deglaciation during the Bglling/Allergd stadials (Fig. 2 and 5). And on the other hand,
the origins of the fossil rock glaciers underneath the active rock glaciers also have a
definitive stabilization date during the Bglling/Allergd stadials or even earlier. In
this case, while the glaciers occupied the mouths of the great fiords which surround
Trollaskagi, almost 170 km from the present glaciers in central Iceland, in Holadalur the
length of the glaciers did not exceed 2 km.
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Debyris-covered glacier of Holadalsjékull

14.8 +1.3 ka

Fremri-Grj6tardalur
ossil Rock Glacier Active Rock Glacier
B 7 o g

Figure 5. Cirques of Holadalur. A) Debris-covered glacier of Holadalsjokull and a erratic
boulder dated, located 600 m of the glacial snout. B) Rock Glaciers, active and fossil, of
Fremri-Grjotdrdalur. One boulder of the fossil rock glacier was dated. The dates were
calculated in Palacios et al. (2015, 2016). Photos: Nuria Andrés.
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3.3. Glacial evolution of Trollaskagi flat summits

Ingélfsson (1991) and Norddahl (1991b) summarised the studies carried
out on the possible glaciation of the Trollaskagi summits, and show how most
geomorphologists and palaeobotanists in the early 20th century defended an ice-free
scenario for these summits during the LGM. Einarsson (1963, 1967, 1973), collecting
all the previous information on pollen analyses, Steindérsson (1963), on vegetation
biodiversity, and Sigbjarnasson (1983) on geomorphological evidences, maintained
that almost all the Tréllaskagi summits were deglaciated in the LGM. On the other
hand, the geomorphologist Einarsson (1966), analysed evidence of glacier thickness
in Eyjafjodur and modeled its extent during the LGM, reaching the conclusion that
part of the summits of Trollaskagi and Flateyjarskagi were not covered by glaciers
in the LGM. Norddahl (1991a, 1991b) emphasises that most of the great Trollaskagi
valleys run N-S, thus facilitating the flow of the IIS outlets. But important sectors
of these mountains, affected by a dendritic drainage network, were outside these
flows. This hypothesis was confirmed by recent simulation models (Hubbard et al.,
2006) where, as stated by Einarsson y Norddahl, the thickness of the 11S allowed
extensive ice-free platforms to exist in Trdllaskagi during the LGM, which served as
a refugium for the flora and fauna (Rundgren and Ingélfsson, 1999).

CED dating methods could not be applied in various flat summit areas between
the tributary valleys mentioned above (Fig. 1) as no glacial landforms (erratic boulders
or polished surfaces) were discovered (Palacios et al., 2015, 2016). These surfaces are
completely covered by blockfields, often forming pattern grounds, without any existing
bedrock outcrops. Only a few erratic boulders have been identified from aerial photography
of some of the summits, and attempts will be made to sample these in the near future.
In this regard, the morphology of the flat summits in Trollaskagi is completely different
from the summits of other areas of Iceland, such as the Vestfirdir Peninsula or the central
highlands where, although blockfields do also exist, the landscape is predominantly
glacial, with polished surfaces, basin lakes, erratic boulders, etc.

3.4. Evidences from Tréllaskagi deglaciation

The Skagafjodur fiord and valley, the western boundaries of the peninsula, and
the Eyjafjodur fiord and Eyjafjardardalur valley, the eastern limits, display very similar
behaviour and fully agree with what is described for the I1S. The glaciers, after the LGM,
reached the mouth of the fiords during the Oldest Dryas. The glaciers then retreated
slowly, occupying the middle reach of the fiords by the end of the Oldest Dryas. During
the Bolling/Allerad stadials the glaciers retreated, this time almost disappearing, to re-
form again in the Younger Dryas with the termini reaching again the head of the fiords.
After a new retreat, the glaciers advanced again, re-reaching the head of the fiords during
the Early Preboreal. From 11.4 ka the glaciers retreated abruptly from these positions, until
they were reduced to their current limits over just a few centuries. In inland Trollaskagi,
on the contrary, there is no evidence of recent glaciation on the summits or in the middle
reaches of its tributary valleys. It is not known whether they were affected by the
LGM, but they were not affected by the Oldest Dryas or by the Younger Dryas. On the
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contrary, during these periods of generalized advances of the Icelandic central glaciers,
in Trollaskagi small glaciers formed only in the cirques, on average approximately 1/3
larger than those existing at the present time. In the cirques where there was no important
activity on the walls, the glaciers remained debris-free, and their termini oscillated as
new cold periods originated in the second half of the Holocene, above all during the
LIA. Where the geomorphological activity of the cirque walls was intense, the glaciers
derived in rock glaciers and debris-covered glaciers.

Thus, a first fundamental factor to understand the characteristics of the alpine
landscape in the Tréllaskagi Peninsula is the fact that it was not affected inland by a
great ice-sheet during the Late Pleistocene and Holocene. The period occurring between
the deglaciation of the valleys and most of the cirques in Trollaskagi is much longer than
in the rest of Iceland, and therefore the landscape has been transformed more intesely by
aeolian, periglacial and gravitational processes.

4. The dynamic of debris-free glaciers in Trollaskagi Peninsula

To understand the dynamics of the debris-free glaciers in the Trollaskagi cirques,
the Gljdfurarjokull glacier was selected at the Skidadalur valley head, a tributary of
the Eyjafjordur fiord, and the Western and Eastern Tungnahryggsjokull glaciers, at the
Kolbeinsdalur valley head, a tributary of the Skagafjérdur (Fig. 1, 6 and 7).

The Gljufurarjokull and Tungnahryggsjokull glaciers reached their maximum
known extension in the LIA during the second half of the 19" century, coinciding
with the maximum advance of the ice-caps in central Iceland. However, the maximum
extension was not completely synchronic in the two glaciers: in the Gljafurarjokull it
occurred in the last decade of the 19th century, around 1898-1903, while in the Western
Tungnahryggsjokull it was earlier, in 1868 (Caseldine and Cullingford, 1981; Caseldine,
1983, 1985). The results obtained by Caseldine y Stotter (1993) show that during the
LIA maximum the Trollaskagi climate was characterized by a summer temperature
0.3 °C lower than the 1961-1990 series and a winter precipitation of 1450 mm at the
Equilibrium Line Altitude (ELA), located at 946 m a.s.l.

The rise in temperatures from the end of the 19" century caused the retreat of the
glaciers from their positions during the LIA. The only and latest data published for
the Western Tungnahryggsjokull glacier (Caseldine, 1985) show that the retreat began
decades earlier than in Gljufuréardalur, due in part to the steeper gradient in this valley
and the lower thickness of the ice. Its retreat over the 19" century was interrupted by
different advance or stable phases, during which new moraines were formed: 1876-1878,
1882-1887 and 1898-1903.

In the case of the Gljufurarjokull, the temperature rise during the first two decades
of the 20" century resulted in an important retreat of 250 m from the LIA limits and a
rise of the ELA to 1060-1100 m (Caseldine, 1983, 1987). In this case, the retreat was
also interrupted with the formation of moraines in 1910 and 1913-1917. Subsequently,
between the mid-1920s and 1930 the recession of the glacier slowed. The retreat
accelerated again in the early 1930s (200 m), again interrupted by minor advances which
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enabled the formation of moraines around 1935. In the late 1940s there was another
short readvance which ended around 1950-1951 (Caseldine, 1983) leaving a continuous
sequence of moraines. After that, Gljufurarjokull continued to retreat, reaching a
minimum in the mid-1960s. The data for the glacier retreat since the LIA obtained by
Caseldine y Cullingford (1981) using photogrammetry and lichenometry show a retreat
of the glacier terminus of 265 m between 1939 and 1972, and 151 m between 1953 and
1960. After recording the minimum extension, the glacier trend changed in 1977. The
glacier started a new readvance of greater scope and continuity than those occurring
during deglaciation, in response to the lower summer temperatures in the early 1960s.
Thus, the terminus advanced 50 m in 1977-1979, 30 m in 1979-1981 and 25 m in 1981-
1983 (Caseldine y Cullingford, 1981; Caseldine, 1983, 1985).

Thus, the situation of the Gljafurarjokull in 1985 was characterized by the location
of its terminus at altitude 580 m and by an ELA around 960 m (Caseldine, 1985). The ELA
of the series of 48 glaciers in Trollaskagi was significantly higher, at 992 m (Caseldine
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Figure 6. Location of the studied debris-free glaciers: Gljiifurdrjokull and Western and Eastern
Tungnahryggsjokull glaciers
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Western Tungnahryggsjokull glacier
LIA moraine
7 1946 moraine
2000 moraine

Figure 7. The debris-free glaciers of Gljiifurdrjokull and Western Tungnahryggsjokull, with
snouts fluctuating from small climatic variations. Photos: Nuria Andrés
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and Stotter, 1993). The research and related publications into the Gljafurarjokull glacier
ended in the late 1980s, just when the trend of the Trollaskagi glaciers was uncertain.
This did not however occur in the study of the temperature evolution, which is described
in great detail until the 1990s: Einarsson (1991) distinguished six thermal phases between
1901 and 1990 depending on whether these were cold (1901-1925, 1947-1952 and 1965-
1971) or warm (1926-1946, 1953-1964 and 1972-1990).

There has been no further information since the early 1990s on the evolution of
these glaciers. Recent studies have attempted to analyse their recent evolution, using
surface and volume evolution, ELA calculations using the Accumulation Area Ratio
(AAR) and Area Altitude Balance Ratio (AABR) methods, and their relationship with
climate evolution, from the maximum known extension (L1A) until 2013 (Fernandez
etal., 2015, 2016). This research takes into consideration the data from the following
weather stations: Akureyri (65°41°N, 18°06°W, 23 m a.s.l.) (1882-2014 series) and
Oxnadalsheidi (65°28°N, 18°42°W, 540 m a.s.l.) (2000-2014 series) (Fig. 1, 6, 7 and
8 and Tables 1, 2 and 3).

65°41"15"N 65°42'0"N 65°42'45"N

65°40'30"N

0 250 500 1000 1500 2000
[ = e— ]

18°54'45"W 18°53'0"W 18°51'15"W 18°49'30"W 18°47'45"W
[ Jua [ 11946 [ 12000 [ 2005 [ 12013

Figure 8. Evolution of the Tungnahryggsjokull Western and Eastern glaciers, from the LIA to
2013, according to Ferndndez etal. (2015, 2016).
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Table 1. Glacial area and volume of debris-free glaciers in Little Ice Age maximum, 1946, 2000,

2005, and 2013.

AREA (km?)

Glaciers LIA 1946 2000 2005 2013
Gljufuréarjokull 4.03 3.40 3.39 3.28 3.24
Western Tungnahryggsjokull 8.65 6.69 6.36 6.25 6.19
Eastern Tungnahryggsjokull 5.27 4.50 4.03 3.82 3.82
Total area 17.95 14.59 13.78 13.34 13.24

VOLUME (km?®)

Glaciers LIA 1946 2000 2005 2013
Gljafurérjokull 6.80 5.39 5.35 511 5.03
Western Tungnahryggsjokull 19.42 13.64 12.73 12.41 12.25
Eastern Tungnahryggsjokull 9.84 791 6.80 6.31 6.30
Total volume 36.06 26.94 24.88 23.84 23.58

Table 2. AAR/AABR-ELAs of debris-free glaciers in Little Ice Age maximum, 1946, 2000, 2005,

and 2013.
AAR-ELAs (AAR=0.67)
Glacier LIA 1946 2000 2005 2013
Gljafurérjokull 950 977 992 1001 997
Western Tungnahryggsjokull 1059 1099 1107 1094 1096
Eastern Tungnahryggsjokull 1038 1074 1084 1090 1081
mean 1016 1050 1061 1062 1058
AABR-ELAs (BR=1.5+0.4)
Glacier LIA 1946 2000 2005 2013
Gljafurarjokull 940 967 982 991 1007
Western Tungnahryggsjokull 1049 1089 1097 1104 1106
Eastern Tungnahryggsjokull 1028 1064 1074 1080 1081
mean 1006 1040 1051 1058 1065

Table 3. Cool and warm periods at Akureyri and Oxnadalsheidi Stations according with MAAT.

period e MRS oxnasaiieisi o)
1882-1924 Cool 252 0.73
1925-1948 Warm 4.01 0.62
1949-1955 Cool 352 0.18
1956-1965 Warm 3.79 0.43
1966-1973 Cool 2,81 -0.46
1974-1978 Warm 3.74 0.38
1979-1986 Cool 2.93 -0.35
1987-2014 warm 4.06 0.67
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During the LIA, the area of the three glaciers as a whole was close to 18 km?, with
the Western Tungnahryggsjokull, with over 8 km?, the most extensive of the three. During
the period between the LIA maximum and 2013, the glacier area was reduced by 26.3%.
The greater part of the surface loss, 18.7% equivalent to 14.6 km?, occurred before 1946.
The reduction in the surface area between 1946 and 2013 represents only 7.3% of the total
reduction between the LIA and 2013 when the surface area of the glacier was slightly
over 13 km? On an individual level, the glaciers which evidenced greatest sensitivity were
those of the Tungnaghryggsjokull, with losses exceeding 27-28%. Likewise, during the
LIA maximum the total volume of ice was in excess of 36 km® with approximately 19.4
km?® (54%) concentrated in the Western Tungnahryggsjokull glacier. The greatest volume
loss was also here between the LIA maximum and 1946, with 9 km?® (25.3%), while from
1946 to 2013 the loss was 3.3 km?® (12.5%). The individual volume losses were again
greater for the Tungnahryggsjokull glaciers (36-37%) compared to Gjufurarjokull (26%).
The results of the ELA calculations using the methods mentioned above show a rise at
the dates available from the LIA to the present, and also consistently higher values for the
Tungnahryggsjokull glaciers compared with the Gljifurarjokull (Fernandez et al., 2015,
2016). The AAR method obtains a total increase of 42 m in the overall ELA for the three
glaciers, rising from 1016 m to 1058 m, with the greatest variation concentrated in the
period between the LIA and 1946 (+34 m). The difference between 1946 and 2000 is only
+11 m, while from 2000 onwards the ELA remains practically stable at <1060 m. The
AABR method obtains a higher ELA for all dates, with lower values (=10 m) than those
obtained with the AAR method, but obtains a rise of 14 m from 2000 to 2013. Whichever
the method used, the behaviour of the Western Tungnahryggsjokull glacier is different from
the other two, with more marked increases and decreases (Fernandez et al., 2015, 2016).

In general terms, the evolution of the Mean Annual Air Temperature (MAAT) at
Akureyri shows an increase from the LIA to the mid-1940s, followed by a decrease until
the early 1980s, and a further increase, still ongoing at present, accentuated just after the
year 2000. 4 cold periods have been identified during the period 1882-2014 (1882-1924;
1949-1955; 1966-1973; 1979-1986) and 4 warm periods (1925-1948; 1956-1965; 1974-
1978; 1987-2014), which overall represent 66 and 67 years respectively. The cold period
1882-1924 (2.5°C) describes the climatological conditions of the LIA, and contrasts
with the periods 1925-1948 (4.01°C) and 1987-2014 (4.06°C), the warmest in the series
(Fernandez et al., 2015, 2016).

In summary, it can be observed that the response of the debris-free glaciers in
Trollaskagi is highly sensitive to the alternating cold and warm periods, within the
overall deglaciation trend since the LIA maximum.

5. The dynamic of debris-covered glaciers and rock glaciers in Tréllaskagi Peninsula

It has already been shown that debris-covered and rock glaciers have traditionally
been considered much less dynamic than debris-free glaciers (Martin et al., 1991). Two
main cirques in the Holadalur valley, both oriented north, were studied to determine their
dynamics. The western cirque, Fremri-Grjotardalur, hosts a series of active rock glaciers,
and the eastern one a debris-covered glacier, known as Héladalsjokull (Fig. 1, 5 and 9).
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Figure 9. Fremri-Grjotdrdalur rock glaciers and Holadalsjokull debris-covered glacier: geo-
morphological sketch and ortophoto (Google Earth). Ages of the erratic and fossil rock glacier
boulders are indicated, according to Palacios et al. (2015, 2016).
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Lillegrenetal.(2013) identified 265 landforms related to the presence of permafrost
in Trollaskagi, of which 178 are rock glaciers and 87 debris-covered glaciers. The
Nautardalur is the only rock glacier which has been monitored in Trollaskagi (Martin
and Whalley, 1987; Martin et al., 1991; Whalley and Martin, 1994; Hamilton and
Whalley, 1995). The results of these studies show that the rock glaciers started to
develop when small cirque glaciers were covered with debris from the unstable cirque
walls, forming an insulating cover on the glacier ice, enabling its preservation to the
present day (Whalley and Martin, 1994, Hamilton and Whalley, 1995). This occurred
during or immediately after the LIA in response to a climate change which affected
the mass balance of the small cirque glaciers and debris production rates on the cirque
walls. This has been demonstrated by lichenometric dating in the Nautardalur rock
glacier, with boulders covered by 200-year-old lichens (Martin et al., 1994; Hamilton
and Whalley, 1995).

A numerical model of the regional distribution of permafrost in Iceland has
recently been developed by means of a gridded MAAT for the 1961-1990 period
interpolated from point meteorological data (Etzelmuller et al., 2007). This permafrost
model shows the extensive and almost continuous presence of permafrost in the
Trollaskagi Peninsula, with a limit at around 800-900 m. Lillegren et al. (2013) confirm
the existence of permafrost currently above 800 m a.s.l. at certain inland locations in
Trollaskagi.

After these studies on the existence of permafrost, other new studies have also
appeared on rock glaciers and debris-covered glaciers, precisely in the Holadalur valley,
in Fremri-Grjotardalur rock glaciers and in Holadalsjokull debris-covered glacier.
Farbrot et al. (2007) studied the ground surface temperature in the Fremri-Grjétardalur
rock glacier and in its highest area, with mean temperatures (2005-2006) between -0.5/-
0.2°C and -2.3°C respectively. Wangensteen et al. (2006) and Kellerer-Pirklbauer et al.
(2007) calculate approximate estimated surface velocities by streamline interpolations
to calculate the age of these glaciers. Kellerer-Pirklbauer et al. (2007) apply relative
surface dating using a Schmidt-hammer. Farbrot et al. (2007) study the headwall
recession rates of these cirques. These studies point to a much older age for the
formation and development of these rock glaciers than that proposed for the Nautardalur
rock glacier. Wangensteen et al. (2006) calculate an age of 4500-5000 years for the
Fremri-Grjotardalur rock glaciers, although they highlight the formation of more recent
lobes of around 1000-1500 years. Kellerer-PirkIbauer et al. (2007) consider that their
formation may have derived from as early as the deglaciation in the late Younger Dryas,
Preboreal or 8.4 ka event. The lower lobes would have remained inactive during the
Holocene Thermal Maximum and the upper lobes would have started their activity with
the onset of the Holocene cold periods around 3 ka.

Studies of the rock glacier dynamics also focused earlier on the Nautardalur valley
and more recently on Holadalur. The studies using a theodolite carried out by Martin
and Whalley (1987) and Whalley et al. (1995a, 1995b) in Nautardalur obtain velocities
of 0.2myrtto 0.25 myr?, fora 17 year period (1977-1994). Wangensteen et al. (2006)
analysed the dynamics of the Fremri-Grjotardalur rock glaciers and the Holadalsjokull
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debris-covered glacier, using digital photogrammetry and cross-correlation matching
of multi-temporal orthophotos from 1985 and 1994. Over a 9 year period these authors
obtain velocities ranging from 0.07 m yr?* to 0.84 m yr? in Fremri-Grj6tardalur and
from 0.07 m yr* to 0.84 m yr? in Holadalsjokull. Kellerer-Pirklbauer et al. (2007) also
studied the rock glacier dynamics in Fremri-Grjétardalur and confirmed a velocity
range from 0.06 m yr to 0.74 m yr. Lillegren et al. (2013) monitored the dynamics
of various debris-covered and rock glaciers in the south of Holadalur using techniques
based on satellite radar interferometry (ALOS polarimetric PALSAR images between
16 August and 1 October 2007) and calculated velocities between 0.2-0.5 m yr?, with
maximum velocities exceeding 3 m yr™.

Tanarro et al. (2015, 2016) produce the comparison and visual recognition of the
superficial landforms of the Fremri-Grjétardalur rock glaciers and the Héladalsjokull
debris-covered glacier using georeferencing, contrasting a 1946 aerial photograph, a
2000 orthophoto and the 2013 image from Google Earth (Fig. 1, 5, 9 and 10). The
results obtained reflect the almost total absence of changes in the surface morphology
of the Héladalsjokull debris-covered glacier. The main relief landforms such as ridges
and furrows, both transversal and longitudinal, remain stable and immobile, with no
appreciable readjustment or superficial deformation as might be expected of active
glaciers over a 67 year period. Even the depressions from collapse observed in the
1946 image maintain identical morphologies in 2000 and in 2013. The appearance is
only detected of a new depression from collapse in the 2000 image in the central sector.
Similarly, no variations are observed in the glacier terminus or lateral ramps with the
external limits remaining immobile (Tanarro et al., 2015, 2016). Similar results can
be obtained from observing the images of the Fremri-Grjotardalur rock glaciers. The
western and more complex sector, where different bodies or lobes are juxtaposed,
shows total stability, where the fronts of the different bodies, the crests transversal
to the flow and the longitudinal grooves, generally snow-covered, maintain the same
position at all the dates, with no appreciable deformation or morphological changes.
In contrast, the eastern sector, formed by two main lobes, does seem to show some
movement. In the upper lobe there is appreciable movement of its terminus with some
deformation, while a slight change in the geometry of the lower lobe can be observed,
changing from a more elongated shape where the front and transversal crests can be
clearly seen in 1946, to an apparently more circular shape as the result of a slight
collapse in 2000. From this date until 2013 no change was observed (Tanarro et al.,
2015, 2016).
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Fremri-Grjotardalur Héladalsjokull

Figure 10. Fremri-Grjotdrdalur rock glaciers and Héladalsjokull debris-covered glacier
ortophotos from 1946 and 2000, where no changes can be observed, according to Tanarro et al.
(2015, 2016).

6. Conclusions

The alpine character of the Trollaskagi Peninsula is the result of the confluence
of a series of geographical and evolutive factors whose effects were noted from earlier
studies and are now confirmed by more recent research.

Clearly, the main fundamental factor is the prolonged absence of volcanic activity,
which has enabled the development of a deeply incised drainage network, forming valleys
with vertical walls perpendicular to the fiords which delimit the peninsula, and in particular
to emphasize the alpine character, valley heads in the form of cirques with vertical walls.
However, the interfluves form flat summits, which are in fact large plateaux.

Another fundamental factor is its position with regard to the atmospheric circulation,
in the lee of the great central volcanoes, which offer protection from the wet winds from the
south and in fact transform the peninsula into a dry region. The lack of precipitation and the
configuration of the relief prevent the formation of ice-caps on the summits, in contrast to what
occurs in the Vestfirdir Peninsula, but allow the snow to accumulate in the cirques located
downwind, i.e. those which are north-facing, swept by the wind from the great plateaux.
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In fact, there is no geomorphological evidence of ice-cap formation on the summits
or that they were affected by the 11S at the end of the Pleistocene. Earlier and more recent
research studies confirm both of these assertions. In addition, the presence of glaciers
2000 m longer than those currently found in the centre of Iceland would have allowed
these mountains to exert a major role as an orographic barrier for Trollaskagi. These
features suggest the situation of Tréllaskagi as ice-free, delimited by two great glacier
tongues flowing down from the IIS through the Skagafjodur and the Eyjafjodur fiords,
at least since the Oldest Dryas. Although with successive recessions and advances, the
termini of these huge glaciers would still have been present at the head of these fiords
during the Early Preboreal.

In contrast, the advances of the Oldest, Older and Youngest Dryas and Early
Preboreal would not have meant the formation of great glaciers in the tributary valleys
of the Trollaskagi fiords. On the contrary, these advances were only around a hundred
metres longer than the greatest advance in the second half of the Holocene, which was
the LIA, and therefore the glaciers did not lose their alpine character during the Late
Pleistocene and Holocene.

Another important factor in the configuration of an alpine relief was the significant
dynamism of the slopes. Their vertical character and the instability resulting from the
alternating layers of lava and clays in the outcrops led to a succession of many types of
enormous mass movements. Although much of Iceland was finally deglaciated around
11.4 Kka, the tributary valleys of the Trollaskagi Peninsula were deglaciated at least by
the end of the LGM, if not before. Therefore the destructive mechanism of the glacial
landforms by slope processes was much more prolonged, with more time available to
conceal these landforms by a cover of aeolian deposits and tephras.

The Trollaskagi glaciers have also evolved intimately related to the intensity of
the slope processes, as occurs in alpine high mountain landscapes. Where the slope
processes are slight or non-existent, the glaciers remain debris-free and demonstrate
an enormous sensitivity to small climatic variations, with alternating 5-10 year warm
or cold periods, retreating or advancing respectively. The results of research carried
out on these glaciers since the mid-20" century to the present are in this context
completely homogeneous.

Where the slope processes are intense, and large quantities of debris are deposited
on the glaciers, these are transformed into debris-covered glaciers, if the proportion of
debris is limited in relation to the ice mass, or into rock glaciers if the proportion of debris
to ice mass is considerable. This diversity of the glaciers also facilitates the existence of
a true alpine landscape. In this case, a wide variety of results can be seen in studies of
the dynamics of these glaciers dominated by the factor of the insulating debris cover. But
evidence of the total absence of geomorphological changes in this cover suggests the
markedly static character of these formations. The absence of moraines at their termini,
the existence of fossil rock glaciers since the Oldest Dryas, and the existence of erratic
boulders of this age at the termini all support the idea that their origin and static nature is
much older than suggested to date.
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