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Preface

This PhD project has been carried out as collaboration between the Department of Geology
and Mineral Resources Engineering in the Norwegian University of Science and
Technology and the Institute of Earth Sciences in University of Iceland, resulting in a joint
PhD degree. This thesis contains result of research carried out in the years 2011-2015,
including fieldwork both in summers and winters around the Drangajokull ice cap. The
thesis is based on five papers listed below as Appendices I-V. The papers are either
published, in review or as draft manuscript.
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Abstract

This thesis describes the glacial history, glacier dynamics, sediments and landforms of the
Drangajokull ice cap as well as the glacial history and dynamics of the eastern Vestfirdir
peninsula in northwest Iceland from the Late Weichselian until present. The aim was to
reconstruct and improve the present understanding of the glacial history, surge history and
dynamics of the Drangajokull ice cap.

The results reveal a topographically controlled ice sheet which more and less covered the
Vestfirdir peninsula during the last glaciation. Cold-based non-erosive sectors of the ice
sheet covered most of the mountains while fjords and valleys were occupied by dynamical,
warm-based ice. Ice thinning and deglaciation started over the mountain plateaux 26 ka BP;
the deglaciation was stepwise and asynchronous, uplands and some valleys were
deglaciated 14-15 ka BP while valleys draining the main outlets of Drangajokull were
occupied by outlet glaciers until c. 9 ka BP.

The forefield proximal to the present Drangajokull ice cap is characterised by thin, coarse
grained till and locally weathered bedrock, except for the sandur covered valley floors. The
landforms mapped at the surging outlet glaciers are not unique for surging glaciers, and
furthermore the mapped landform assemblage does not resemble landsystem models for
surging glaciers.

The surge-type outlets of Drangajokull reached their LIA maximum extent asynchronously
during surges ~1700-1846 AD. Review of historical data and geomorphological mapping
revealed twice as many surges than previously recorded. The surge interval varies from 10-
140 years between and within the outlets. Surges were most frequent during the 19"
century and the earliest 20" century. No clear relationship between surge initiation or
periodicity and climate could be established. A distinct ice discharge occurs during surges,
reflected in 10-30 m surface thinning of the upper reservoir areas and 10-120 m thickening
of the receiving areas. During the present quiescent phase, the reservoir areas thicken by c.
0.5-0.7 m a” and the receiving areas thin by c¢. 1 m a”, which might bring the glacier
surface to a pre-surge stage in 45-65 years.

Future studies could focus on extensive morphological mapping and direct dating of glacial
features, aiming to add further details to the glacial history and test the reconstructions of
Drangajokull presented here. Further investigation of the surge-type glaciers, e.g. extensive
monitoring of weather and the glacier conditions, geophysical surveys both of the glaciers
and their forefields, might also contribute to an improved understanding of the
Drangajokull surging glaciers.
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Agrip

Agrip

[ pessari ritgerd er fjallad um joklunarsogu, sveiflur, setmyndanir og landmétun
Drangajokuls. Einnig er fjallad um joklunar- og afisunarsogu Vestfjarda, fra seinni hluta
sidusta jokulskeids til nutima. Adalmarkmid rannsdknarinnar var ad kanna betur ségu
joklunar og framhlaupa Drangajokuls.

Nidurstodurnar benda til pess ad Vestfirdir hafi ad langmestu leiti verid huldir is & hamarki
sidasta jokulskeids, ishellan var undir sterkum 4&hrifum djipra dala og fjarda
Vestfjardskagans. Pydjoklar/isstraumar fleeddu tiltdlulega hratt eftir fjéroum og délum og
rufu undirlag sitt. Ofarlega i fjallshlidum eda yfir fjalllendi voru snérp skil i eiginleikum
jokulissins. Par uppi var gaddjokull radandi sem fleddi haegt vid innri aflogun og 1ét
undirlag sitt ad mestu 6snortid. Jokulhorfun hoéfst 4 hastu fjollum fyrir 26 pusund arum,
joklaleysingin var d6samstiga milli svaeda, en fyrir um 14-15 pasund &rum voru harri
landsveedi og sumir dalir pegar islausir & medan adrir firdir og dalir mattu pola agang
meginskridjokla Drangajokuls pangad til fyrir u.p.b. 9 pusund drum sidan.

Svae0id umhverfis Drangajokul einkennist af punnum og gréfum jokulrudningi i bland vid
ismotadar og vedradar klappir en adliggjandi dalbotnar eru ad mestu huldir armol og
areyrum. Framhlaupsjoklar Drangajokuls nddu hamarksstaerd hver i sinu lagi & drunum
1700-1846. Sogulegar heimildir og kortlagning 4 landmoétunarsvedum peirra leiddi 1 1j0s
jokulgarda sem voru tvofalt fleiri en adur skrad framhlaup Drangajokuls. Framhlaupahlé
eru mjog oregluleg, 10-140 ar, en framhlaup virdast hafa verid einna tidust a 19. 6ld og i
upphafi 20. aldarinnar. Ekkert augljést samband loftlags vid eignleika og tidni
framhlaupanna er greinanlegt. [ nyyfirstsdnum framhlaupum Drangajokuls var algengasta
yfirbordspynning séfnunarsvaedanna 4 bilinu 10-30 m 4 medan pykknun leysingasvedanna
var mun breytilegri, eda um 10-120 m. Pratt fyrir neikveeda medal afkomu Drangajokuls,
pad sem af er yfirstandandi kyrrfasa framhlaupsjoklanna, pykkna séfnunarsvaedi peirra ad
medaltali um 0.5-0.7 m 4arlega. Uppbygging sofnunarsvaedanna dsamt um 1 m arlegri
medalpynningu leysingasvadanna leidir til brattara yfirbords jokulsins og 4 45-65 drum
geeti yfirbordid ordid sambarilegt pvi sem var fyrir sidasta framhlaup joklanna.

Rannsoknin hefur leitt i 1jos allflokid mynstur iseiginleika, sveiflna og joklunarsdogu
Drangajokuls. Vitneskju okkar um pessa petti maetti auka med aframhaldandi kortlagningu,
aldursgreiningu jokulmyndadra landforma og jokulattads sets. Pannig meetti sannreyna per
nidurstodur sem hér eru kynntar og skerpa linur vardandi sdgu og eiginleika sidasta
jokulskeids. Eignleikum, edli og sdgu framhlaupsjoklanna i Drangajokli metti gera betri
skil. Gagnlegt geti verid ad beita fleiri adferdum, t.d. langtima voktun & vedri og afkomu
joklanna, jardedlisfreedilegar kannanir & iseignleikum, undirlagi joklanna og
landmoétunarumhverfi peirra geetu einnig aukid skilning okkar.
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Introduction

1. Introduction

1.1 Background

When glaciers grow and decay, they leave certain fingerprints as evidence for their
presence. Those fingerprints, such as moraines and distribution of till and erratic boulders
are fundamental to configure marginal positions and the size of former ice sheets and
glaciers. More detailed information about processes and properties of former glaciers can
be established on the basis of thorough mapping and investigation of landforms and
sediments. Thermal regime, subglacial characteristics, basal hydrological conditions, ice
velocity, flow direction and type of glaciation are among things which can be
reconstructed.

In terms of the Drangajokull ice cap, the glacial history, configuration and properties are
relatively poorly known from the Last Glacial Maximum (LGM) until the late Holocene.
Careful study of those fingerprints along with a good chronological control can be a key to
past developments, present conditions and at same time for predictions on the future
development of the ice cap.

An ongoing debate is whether or not the Vestfirdir peninsula hosted an independent ice cap
with valley glaciers that left relatively large areas ice free, rather than an extensive ice sheet
totally covering the area (Porarinsson, 1937; Hoppe, 1982; Hjort et al., 1985; Andrews et
al., 2002; Geirsdottir et al., 2002; Hubbard et al., 2006; Principato et al., 2006; Norddahl et
al., 2008; Principato, 2008). Furthermore, glacial conditions like, if some sectors of the
Icelandic Ice Sheet (IIS) were cold based or not, are little discussed and remain largely
unknown.

Based on glacial geological studies which provide indirect dating from sediment cores and
a few geological sections, a deglaciation history has been proposed for the Drangajokull ice
cap and the Vestfirdir peninsula (Hjort et al., 1985; Sywitisky et al., 1999; Andrews et al.,
2000, 2002; Geirsdottir et al., 2002; Castaneda et al., 2004; Principato, 2003, 2008).
However, it suffers from a lack of chronological control (Geirsdoéttir et al, 2009), and
challenging questions about the configuration, thickness, ice dynamics and thermal
conditions remains unanswered. A recent *°Cl nuclide exposure dating of glacial landforms
(Principato et al., 2006) and a subsequently established production rate for the *°Cl nuclide
in Icelandic basalt (Licciardi et al., 2008) indicate a potential to clarify those problems and
significantly improve the glacial history.

Because research on Drangajokull has focused on geomorphology and potential
connections between marginal fluctuations and climate, the fluctuations of the three main
outlets of the ice cap are relatively well recorded (Thoroddsen, 1933, 1958; Eyporsson,
1935; borarinsson, 1943; Lewis, 1964; John and Sugden, 1962; Sigurdsson, 1998, 2000;
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brastarson, 2006). However, the surge-type glaciers and their forefields have not been
studied in terms of the recorded surge activity. This stimulates several important questions
about the main surge characteristics of Drangajokull; is the surge duration, quiescent phase,
accelerating and decelerating phase, pattern of ice discharge, sediment-landform
assemblage and sediment distribution of Drangajokull surges similar to other surge-type
glaciers? If not, what are the factors controlling the different expression of the surge
characteristics? Furthermore, do the recorded surges represent the complete surge history of
the Drangajokull ice cap?

1.2 Project objectives
The Drangajokull ice cap is drained by three main outlet glaciers that are known to have
retreated considerably and surged 3-4 times each since their maximum extent during the
Little Ice Age (LIA). Our understanding of the glacial conditions of the Vestfirdir peninsula
from the Late Weichselian until the end of the LIA, suffers substantially from a lack of
terrestrial data, mainly direct datings of landforms and sediments but also
geomorphological data. Due to the location of the ice cap on Vestfirdir, the northwest
peninsula of Iceland, it is sensitive to flow variations of either the cold polar water from
North or the warmer Atlantic water from South, which converge in the ocean just off the
peninsula (Bergporsson, 1969; Ogilvie, 1984; Eiriksson et al., 2000). Despite substantial
fluctuations, at least during the last three centuries, and its uniqueness in terms surge
behaviour and glaciological conditions, Drangajokull has received surprisingly little
attention from the scientific community. Earlier studies from the area were focused on
marginal fluctuations and geomorphology in general (Thoroddsen, 1933, 1958; Eyporsson,
1935; John and Sugden, 1962; Lewis, 1964; brastarson, 2006). In a recent pilot study,
Principiato (2003) described numerous sites with glacial landforms and raised beaches. Her
pioneering work with cosmogenic exposure dating in Iceland and glacial-geological study
around the Drangajokull ice cap (Principato et al., 2006; Principato, 2008; Principato and
Johnson, 2009) revealed potentials to significantly improve our knowledge of the glacial
conditions and the glacial history in northwest Iceland since the Late Weichselian.
The overall aim of this project was to map, describe and interpret landforms and sediments
around Drangajokull, and improve our current knowledge of the glacial conditions and the
glacial history of the Drangajokull ice cap.
The specific aims were:

e To reconstruct the Late Weichselian — Early Holocene glacial history and conditions
of the Drangajokull ice cap and Vestfirdir peninsula, northwest Iceland.
e To investigate the timing and dynamics of late Holocene surges of Drangajokull
outlet glaciers.
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e To map and interpret the geomorphology of the modern surging glacier landsystems
at Drangajokull and establish a conceptual landsystem model.

e To assess the recent ice volume changes of the Drangajokull ice cap and investigate
the coupling between climate and glacier changes.

1.3 Glaciers and glacial history of Iceland
Glaciers cover about 11% of Iceland with the largest ice cap, Vatnajokull, being about 8100
km”. The larger ice caps are all located in south and central Iceland, except the fifth largest
ice-cap, Drangajokull, in northwest Iceland. About 150 valley and cirque glaciers are
located in the Trollaskagi peninsula in central north Iceland, and several small glaciers are
located in the east Iceland and the northwest peninsula. All Icelandic glaciers are
considered warm based at present. All the major ice caps have surge-type outlet glaciers
with over 80 recorded advances (Bjornsson et al., 2003; Bjornsson and Palsson 2008;
Ingo6lfsson et al., in review).
25° 20° 157
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Figure 1. Overview of the major ice caps in Iceland (L=Langjékull, H=Hofsjékull,
M=Mpyrdalsjokull). Moraines on the shelf of Vestfirdir considered as potential LGM position of the
Icelandic Ice Sheet are marked (Olafsdéttir et al., 1975; Andrews et al., 2002; Gerisdéttir et al.,
2002).
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The LGM position of the IIS, at about 18-21 ka BP, is not spatially well constrained
(Hoppe, 1982; Ingolfsson and Norddahl, 2001; Geirsdéttir et al., 2007). Marine data and
various terrestrial morphological features indicate a 1000-2000 m thick ice sheet over the
island, extending to the shelf areas (Olafsdottir et al., 1975; Syvitsky et al., 1999; Eiriksson
et al., 2000; Andrews et al., 2000; Geirsdottir et al., 2002; Norddahl and Pétursson, 2005;
Hubbard et al., 2006; Norddahl et al., 2008). Small ice free areas most likely existed along
high coastal mountains in the northwest, north and east Iceland (Einarsson and Albertsson,
1988; Ingolfsson, 1991; Roberts et al., 2007). Contrastingly, other studies suggest local
glaciation characterised by individual ice-caps drained by valley glaciers and leaving
relatively large ice free areas in the Vestfirdir peninsula (Pérarinsson, 1937; Sugden and
John, 1976; Sigurvinsson, 1983; Hjort et al., 1985; Norddahl, 1990; Rundgren and
Ingo6lfsson, 1999; Andrews et al., 2002; Principato, 2008).

About 14-15 ka BP, the marine based ice sheet broke up and retreated rapidly to present
day dry land (Syvitsky et al., 1999; Eiriksson et al., 2000; Andrews et al., 2002; Geirsdottir
et al., 2002). Several moraines and clusters of moraines mapped in the lowland and central
Iceland, together with observations of the Vedde and Saksunarvatn tephras indicate a step-
wise and rapid terrestrial deglaciation (Norddahl, 1990; Kalddal and Vikingsson, 1991;
Ingo6lfsson, 1991; Ingolfsson et al., 1997). Recent studies indicate that central Iceland, the
highland, was largely deglaciated by 10.2 ka BP (Larsen et al., 2012).

At least some ice caps, e.g. Langjokull (Fig. 1), are considered to have been largely absent
during the Holocene Thermal Maximum (HTM) and started to re-grow about 5 ka BP at the
onset of Neoglaciation (Larsen et al., 2012; Geirsdottir et al., 2013). Icelandic glaciers
fluctuated during the Neoglaciation and most of them reached their maximum extent during
LIA, either in the 18" or 19" century (Grove, 1988; Stotter et al., 1999; Kirkbride and
Dugmore, 2006, 2008; Larsen et al., 2011, 2012).

1.4 Glacier surges
Glacier surging is a cyclic flow instability, characterised by switches between phases of fast
flow, an active phase, and slow flow, a quiescent phase. Both temperate and polythermal
glaciers surge. They cluster in certain areas, indicating rather poorly known environmental
and glaciological factors that control their location (Meier and Post, 1969; Porarinsson,
1969; Raymond, 1987; Sharp, 1988; Jiskoot et al., 2000; Murray et al., 2003; Benn and
Evans, 2010; Sevestre and Benn, 2014). However, their occurrence is most common where
climatic conditions are bounded by mean annual temperature approximately 0-10°C and
annual precipitation of 200-2000 mm (Sevestre and Benn, 2014). The surge phase of
temperate glaciers typically last 1-2 years or less, while a 3-10 years surge duration is
common for polythermal glaciers in Svalbard. The length of the quiescent phase is more
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inconsistent within regions, e.g. 30-500 years in Svalbard, 10-140 years in Iceland and,
typically 20-40 years elsewhere (Meier and Post, 1969; Sharp, 1988; Hamilton and
Dowdeswell, 1996; Jiskoot et al., 2000; Murray et al., 2003; Bjornsson et al., 2003). During
the active phase, ice is usually transported down-glacier from a reservoir area, down to a
receiving area in the lower part of the glacier, with ice velocity often 10-100 times greater
than during the quiescent phase (Meier and Post, 1969; Poérarinsson, 1969, Raymond,
1987).

The ice surface morphology change considerably during a surge; draw-down of the
reservoir areas and thickening of the receiving areas usually cause a marginal advance and
decreased surface gradient of the glacier. During the quiescent phase, snow and ice
accumulate in the reservoir area while ice thinning and marginal retreat occur in the
receiving area. This contributes to a gradually steeper surface gradient of the glacier,
similar to the pre-surge stage. Sufficient development of a steep surface profile in complex
combination with other factors, e.g. the substratum condition, hydrological conditions and
thermal regime have been considered as critical factors to favour a new surge (Kamb, et al.,
1985; Raymond, 1987; Dowdeswell et al., 1995; Eisen et al,. 2001; Murray et al., 2003;
Frappé and Clarke, 2007; Sund et al., 2009).

Studying geological fingerprints of surge-type glaciers have resulted in establishment of
glacier landsystem models (Evans and Rea, 1999, 2003; Brynjolfsson et al., 2012;
Schomacker et al., 2014). They are considered useful to recognise the imprints of surging
glaciers, reconstruct past glacier activity and its climate implications (Evans and Rea, 1999,
2003). However, on a timescale of decades or perhaps centuries, surging glaciers are not
good measurements on climate fluctuations, because of their non-direct response to climate
(Yde and Paasche, 2010; Benn and Evans, 2010; Striberger et al., 2011).

1.5 Cosmogenic exposure dating

Cosmogenic exposure dating is used to estimate how long a rock surface has been exposed
to cosmic radiation on the Earth’s surface. It is widely used by geomorphologists to date
various geological events, recorded both by sediments and bedrock, e.g. glacier advance
and retreat, landslides, and lava flows. The method is particular useful to date glacier
fluctuations because glaciers commonly create fresh rock surfaces and landforms by
subglacial erosion, which are free of cosmogenic nuclide inheritance (Dunai, 2010).

The main portion of the cosmic nuclides is formed in the surface rock minerals when
galactic cosmic rays bombard the Earth’s surface. With time the cosmic nuclides build up in
minerals exposed to these cosmic rays. Thus, by measuring their concentration in a rock, it
can be estimated how long that rock has been exposed (Lal, 1991; Gosse and Philips, 2001;
Ivy-Ochs and Kober, 2008; Dunai, 2010).
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Several factors can affect the production rate of cosmogenic nuclides in the rocks, e.g.
latitude, topographic shielding, position in the Earth’s geomagnetic field and atmosphere
shielding, i.e. altitude. Those factors can be corrected for by scaling algorithms established
by Lal (1991), Stone (2001), Dunai (2001) and Desilets et al. (2006). Erosion, snow cover
and exhumation can also affect the cosmogenic nuclide production, by estimating the
degree of weathering and potential average snow cover those factors can be approximately
corrected for (Dunai, 2010; Balco, 2011).

The most commonly applied nuclides are '’Be, '*C, *°Al and *°Cl and the stable noble gases
*He and *'Ne, each of them applies to specific minerals and elements. °C1 is the only
nuclide that can be applied on Icelandic basalt except if it contains substantial olivine
phenocrysts which enable *He to be applied.
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2. Setting
Iceland is located approximately at 63-67 °N and 13-24 °W, near the borders of cool
oceanic and atmospheric currents from the north and warmer currents from the south (Fig.
2a). This makes Icelandic glaciers sensitive to climate variations and provides an important
arena for studying glacier fluctuations and North Atlantic palacoclimate (Bergporsson,
1969; Bjornsson, 1979; Gudmundsson, 1997; Eiriksson et al., 2000; Geirsdottir et al.,
2009). This study is focused on the Drangajokull ice cap and its surroundings, located on
the eastern Vestfirdir peninsula in northwest Iceland (Fig. 2b).

b)
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Figure 2. a) Location of Iceland at the boarder of cool and warmer ocean currents centrally in the
North Atlantic Ocean (modified from Eiriksson et al., 2000). b) Drangajékull ice cap, its Little Ice
Age extent and the three main focus areas Reykjarfjérour, Leirufjorour and Kaldalon.

2.1 Vestfiroir
The Vestfirdir peninsula is located approximately at 66 °N and 23 °W (Fig. 3a). The
bedrock consists mainly of 16-7 million years old sub-aerial tholeiitic and porphyritic
basalts and some outcrops of olivine basalts. These Miocene flood basalts are interbedded
with thin sedimentary layers and occasional volcanoclastic sedimentary horizons
(Seemundsson, 1979; Einarsson, 1991; Kristjdnsson and Johannesson, 1994; Gudmundsson
et al., 1996; Hardarson et al., 1997). The eastern part of Vestfirdir is a relatively large 350-
600 m high upland hosting the Drangajokull ice cap (Fig. 3b). In other areas of the
Vestfirdir peninsula, the landscape is characterized by glacially eroded steep fjords and
valleys, often confined by 500-700 m high basaltic plateaux. The plateaux surfaces are
commonly characterized by block fields with 2-4 m wide surface polygons or sorted stripes.
Glacial sediments, except for scattered erratic boulders, are absent in the block fields that
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we explored during field work. However, a diamict, either locally weathered bedrock or till,
was observed here and there in between the block field areas. Erratic boulders, often sub-
rounded and in some cases relatively fresh looking, occur from lowland locations up to
500-600 m high mountain passes and occasionally up on plateaux and uplands around the
ice cap (Paper I and III).

A more alpine landscape, with cirques and short valleys incised between plateaux and horns
dominates the Hornstrandir area (Fig. 4d), the northern tip of the Vestfirdir peninsula about
25 km north of Drangajokull. This setting is considered to indicate that the glaciation of the
Hornstrandir area was of a local character, rather than covered by the main IIS (Sugden and
John, 1976; Simonarson, 1979; Hjort et al., 1985; Principiato et al., 2006).
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Figure 3. The study area at the Drangajokull ice cap, its surroundings and the Vestfirdir peninsula.
The topographical maps are based on a digital elevation model from Loftmyndir ehf. a) Overview of
the Vestfirdir peninsula, dashed lines indicate ice divides during LGM (Norddahl, 1991, Ingolfsson
and Norddahl, 2001). b) Drangajékull and the study area with location of sites discussed in the
papers, present and maximum extent during LIA are shown.
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2.2 Drangajokull ice cap and its surroundings

The dome shaped Drangajokull ice cap is located approximately 100 to 915 m above sea
level (a.s.l.) on the highland plateau of the eastern Vestfirdir peninsula in northwest Iceland
(Figs 2 and 3). The ice cap is considered warm based, as all other glaciers in Iceland
(Bjornsson et al., 2003). A low glaciation limit and an average equilibrium line altitude
(ELA) between 550-650 m a.s.l. make the glaciological conditions of Drangajokull unique,
as ELA and glaciation limits at other Icelandic ice caps usually lie above 1100 m a.s.l.
(Eyporsson, 1935; Bjornsson, 1979; Bjornsson and Palsson, 2008). Those conditions of
Drangajokull are considered to be amplified by the proximity to Greenland and the cold
polar East Greenland Current (Fig. 2a), and to reflect low summer temperature and high
precipitation in the area (Eyporsson, 1935; Bergporsson, 1969; Ogilvie, 1984; Eiriksson et
al., 2000).

Recent aerial photograph studies and geomorphological mapping suggest that Drangajokull
extended over about 190-215 km? during the LIA maximum (Sigurdsson et al., 2013; Paper
I and II; Fig. 2b). The oldest reliable size estimation of the ice cap gave about 200 km?
approximately by the end of the LIA (Porarinsson, 1943, 1958). Recent measurements of its
size gave 146 km? in 2004 (Sigurdsson et al., 2013) and 142 km? in 2011 (Jéhannesson et
al., 2013).

At present, the ice cap is mainly drained by three surge-type outlet glaciers,
Reykjarfjardarjokull to the northeast, Leirufjardarjokull to the northwest and Kaldalon to
the west (Figs 2b and 4). These glaciers have been recognised to surge 2-4 times, with
surge duration of 4-7 years and 50-140 years surge interval (Eyporsson, 1963; Sigurdssoon,
1998; Bjornsson et al., 2003; Prastarson, 2006). Currently the glaciers are all in their
quiescent phase.

10
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Reykjarfjérour

Drangajokull

Figure 4. The three main study areas. a) View into Reykjarfjérour towards Drangajokull in the
southwest (Oddur Sigurdsson, 2001). b) The east side of Leirufjordur, view towards Drangajokull
in southeast, July 2012. c¢) The inner part of Kaldalon and Drangajokull in the east, July 2013). d)
HIioouvik in the Hornstrandir area, view towards west, July 2014.
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The most prominent geomorphological features around the northern perimeter of
Drangajokull are end- and lateral moraines, flutes, outwash plains and periglacial features;
such as block field, polygons and sorted stripes on uplands and plateaux above c. 400 m
a.s.l. (Paper [; Fig. 4). Several end moraines have been mapped in the forefields of the three
surge type glaciers (John and Sugden, 1962; Principato, 2008; Paper I). The outermost
moraines indicate maximum extent during the LIA and were formed during surges in the
18" and 19 century (Thoroddsen, 1933, 1958; Eyporsson, 1935; borarinsson, 1943;
Bjornsson et al., 2003). In Kaldalon, dating of two additional end moraines distal to the
LIA maximum moraine have yielded Younger Dryas and Neoglacial ages (Principato et al.
2006; Principato, 2008).

The sediments around Drangajokull, especially in topographically higher areas, are
generally a thin sheet of till or locally weathered rocks and often protruded by ice sculpted
bedrock. The valleys are the main depocenters partly filled up with fluvial sediments (Paper
I). Raised beaches have been recognised from 5 to 48 m a.s.l. on the eastern Vestfirdir
(John and Sugden, 1962; Principato, 2008; Brynjolfsson et al., 2014). In the mouth of
Kaldalon, they are about 20-30 m a.s.l., 14 m a.s.l. in the mouth of Jokulfirdir and about 5
m a.s.l. in Reykjarfjordur and Leirufjordur (Principato, 2008; Paper II).

2.2 Climate

The present climate of Iceland is classified as cool, temperate maritime with an average
annual temperature of 4-5 °C (Einarsson, 1976; Jonsson, 1993; Hanna, et al., 2004). The
regional climate of the eastern Vestfirdir peninsula is cool, characterised by a temperature
and precipitation gradient from the northeast to southwest. The summers have 6-8 °C
average temperature from June-September, and the annual average temperature is 2.5-4 °C
(Einarsson, 1976; Jonsson, 1993). About 1100 mm annual average precipitation on the
northeast coast and about 580 mm on the west coast of the ice cap, contrast considerably
from a modelled 2500-3000 mm annual precipitation on the ice cap (Einarsson, 1976;
Crochet et al., 2007). Perennial snow fields occurring on lee sides for the dominating
northeasterly winds demonstrate a profound wind effect on the snow accumulation in the
area (Paper I).

12
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3. Methods

The fieldwork was carried out around the perimeter of the Drangajokull ice cap during the
summers 2011-2013 and in the Hornstrandir area, about 20 km north of the ice cap, during
the summer 2014. During the fieldwork, base-camps were in the forefields of the three
main outlet glaciers of Drangajokull and the small bay HI60uvik, in the Hornstrandir area.
All these areas are remotely located and were accessed by STOL aircraft on tundra tires or
boat, except Kaldalon which can be approached by a normal car. The base data used for all
maps and many of the figures in Appendices [-V1, are aerial orthophotographs, provided by
Loftmyndir ehf., recorded in 2005 with 0.5 m ground resolution, and a LiDAR (Light
Detection and Ranging) derived digital elevation model (DEM) recorded in 2011 with 5 m
ground resolution, provided by the Icelandic Met Office (IMO). The ISN93/WGS84
reference system was used for data handling and the final maps. The geographic
information system (GIS), ArcMap 10, was used to manually digitise all the mapped
features. The drawing software Canvas, version 11, was used to produce sketches,
drawings, logs, process figures and make final refinements of the maps. Overview of the
main methods and their relationship to the papers is shown in Figure 5.
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Figure 5. Overview of the main methods and data applied during each part of the work.

/- Thorough field survey in 2011, 2012 and 2013 A

- Remote sensing; areal photos, DEMs and LiDAR derived DEM

- Landforms described, interpreted and classified according to genesis
- GPS measurements of glacial features

- Map processing with Esri ArcGis 10.2

- Final layout with the drawing software Canvas, version 11
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- Sediments sections dug out and cleaned
- Sediments described, interpreted and classified according to genesis
- Structures and lithologies logged following Kriiger and Kjeer 1999

\- Sedimentological logs processed with Canvas, version 11
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- Historical data review
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\_ Figures processed with Canvas, version 11
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- Elevation values gained from lateral moraines and nunataks

- Points interpolated using “natural neighbour” in ArcGis 10

- DEMs comparison to quantify volume and surface changes
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- Samples processed and analyzed at PRIME-lab, USA

- Age calculated with excel calculator from Scimmelphenning et al., 2009
- Maps and figures produced with ArcGis 10 and Canvas, version 11

- Three set of DEMs (1994, 2005 and 2011) derived from \
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- Volume mass balance converted to mass balance following the
\__ definition of Sorge’s law.
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Table 1. Overview of the aerial photographs and DEMs used in this study

Date Recorded Flying Cell size DEM Product
By altitude (m) RMS error
(ma.s.l.) (m)
29.08. Landmalingar 5486 2 1.2 Orthophotograps
1994 fslands +DEM
2005 Loftmyndir c. 3000 0.5 ~3 Orthophotographs
ehf + DEM
20.07. Icelandic c. 2500 S5m 0.5 LiDAR DEM

2011 Met Office

3.1 Geomorphological mapping

Three detailed glacial geomorphological maps, illustrating all observed glacial related
landforms, from each of the surge-type outlet glaciers, Reykjarfjérdur, Leirufjérdur and
Kaldalon, were produced. One large overview geomorphological map presents the main
sediments and landforms around Drangajokull ice cap, and a reconstructed maximum
extent of the ice cap during the LIA. Initially, preliminary maps were produced by remote
studies, based on the orthorectified aerial photographs and the LiDAR derived DEM (Table
1). The initial maps from each area were tested and improved during the fieldwork.
Classical methods for mapping glacial geomorphology were applied (Hubbard and Glasser,
2005); landforms and sediments were described, interpreted and classified according to
genesis. Boundaries and locations of the mapped features, which were unclear on the aerial
photos, were located with accuracy of £3 m by a hand held GPS, Garmin GPSMAP 62sc.
Specific emphasis was on mapping the landforms that are representative for former glacier
extension, such as end moraines, lateral moraines, raised beaches and other landforms and
sediments relevant for the glacial history. Polygons and polylines were used to delineate the
mapped features.

3.2 Surge history
The reconstruction of the surge history in Paper II is established on historical data and the
field-based work on geomorphology and sediments. People who lived in the vicinity of the
valleys, which the outlet glaciers drain into, were aware of environmental changes and
glacial fluctuations, which often were recorded in local annals and church books
(Magnusson and Vidalin, 1710; Olafsson and Palsson, 1772; Dérarinsson, 1943).
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Fluctuations of Drangajokull in the last three centuries were documented in two particular
valuable surveys around the ice cap, in 1886-1887 by Thoroddsen (1933, 1958) and in 1931
by Eyporsson (1935). Their documentations were based on information on glacier
fluctuations given by the local people, geomorphology and the location of the glacier at
those times. Furthermore, Eyporsson (1935) installed markers for measurements of frontal
fluctuations of the outlet glaciers Reykjarfjardarjokull, Leirufjardarjokull and
Kaldalonsjokull. Since then the Icelandic Glaciological Society (IGS) has measured the
annual frontal fluctuations.

For the reconstruction of the surge history, end moraines together with the historical data
were of special interest. The end moraines and the distance between them were surveyed
and measured both in the field and on the aerial photos. Some of the moraines were initially
of known age and had been related to recorded surges of the outlet glaciers (Porarinsson,
1969; Bjornsson et al., 2003). A relative age of undated moraines were constrained by
correlating historical data, moraines of known age, moraines of unknown age and a mean
retreat rate of certain periods. Two moraines were directly dated by tephra. Sections
providing organic material for '*C dating or tephra for absolute dating are very restricted.
The maximum surge conditions of the glaciers were reconstructed by lateral moraines
located on the valley slopes and which correlate with the end moraines that formed during
the LIA maximum surge conditions of the glaciers. Lateral moraines are typically formed
along valley slopes, demonstrating the ice thickness during glacier advance or still stand
(Benn and Evans, 2010). A DEM for each of the surging outlet glacier was produced from a
manually made network of points that were given a height value. The spatial distribution of
the points, and the maximum area of the surging glaciers during LIA was constrained by
the end moraines, lateral moraines and ice divides estimated from shaded relief LiDAR
derived DEM (Table 1; Fig. 2b). The altitude values for the points were yielded from the
lateral moraines and information about approximately 50 m ice thinning around the
nunatak, Reydarbunga since 1910 (Fig. 3b; Eyporsson, 1963). The ice thinning was used as
a fixed minimum ice thinning for the reservoir area of the present surging glaciers. Finally,
the DEMs demonstrating LIA maximum surge conditions were compared with the LIDAR
derived DEM from 2011, yielding approximate ice thickness changes, volume changes and
aerial changes of the surging outlet glaciers since their LIA maximum conditions until
2011.

3.37° Cl exposure dating
In order to obtain deglaciation ages of certain localities around the Drangajokull ice cap, 24
whole rock samples were dated by the **Cl nuclide cosmogenic exposure dating. A
sampling strategy of Ivy-Ochs and Kober (2008) and Balco (2011) was followed. From the
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northern perimeter of Drangajokull, 21 samples were dated and three from the Hornstrandir
area (Figs 3 and 6). Twelve samples were from ice sculpted bedrock, six from moraine
boulders and six from erratic boulders. Potential error sources for the age results, such as
topographic/snow shielding and erosion, were evaluated in the field and corrected for or
avoided if possible. Relative fresh samples, located topographically high, were chosen to
avoid errors by snow or sediment cover. Problems because of tip-over of boulders and
exhumation (past burial) were avoided by choosing large moraine boulders and erratic
boulders preferably located on bedrock or relatively stable blockfield. Finally, topographic
shielding was measured by compass and clinometer in the field, and corrected for
subsequently.

About 2-5 cm thick samples were hammered and chiselled from the rocks and subsequently
crushed to grain size about 147-250 um in the lab at the Department of Geology and
Mineral Resources Engineering at NTNU. All further preparations of the samples, e.g.
cleaning, chemical treatment and finally the *°Cl analysis were carried out by the PRIME
Lab, Purdue University, Indiana, USA. Finally the exposure ages were calculated using an
Excel spread sheet developed for calculating *°Cl ages (Schimelpfenning et al., 2009) and
the scaling and shielding factors were calculated by CosmoCalc (Vermech, 2007).
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Figure 6. A mosaic figure showing selected localities sampled for cosmogenic exposure dating. The
sample numbers and names of the localities are indicated (see Paper Il).
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3.4 Sedimentology and stratigraphy

Sedimentology and stratigraphy was investigated in surface pits and river cut sections
around the perimeter of Drangajokull. Sediments were described and interpreted according
to their genesis (Evans and Benn, 2004; Benn and Evans, 2010) and subsequently recorded
on geomorphological maps and sedimentological logs or section drawings. Several river cut
sections were cleaned, using shovels and spades, in order to study their sedimentology and
stratigraphy. For the sketches and logs, we used the data chart of Kriiger and Kjar (1999)
and its symbols and codes for sedimentary structures and lithologies.

3.5 Ice surface elevation and volume changes

Three set of DEMs, from 1994, 2005 and 2011 (Table 1), which pre-date and post-date the
recent most surges of the Drangajokull outlet glaciers were used to quantify surface
elevation and volume changes of Drangajokull. Aerial photographs from 1994 supplied by
the National Land Survey of Iceland were orthorectified and used to produce a DEM with 2
m ground resolution by stereophotogrammetry. Unfortunately, the southern perimeter of
Drangajokull, and parts of Kaldalonsjokull, are missing from the 1994 aerial photograph
survey. The LiDAR derived DEM was used to measure time-homologous points outside the
ice cap for ground control of the 1994 DEM. Because the LiDAR DEM was measured in
the middle of the summer, on the 20" of July 2011, there are still several snow fields in the
forefield of the ice cap. The 2005 DEM was supplied by Loftmyndir ehf. and has a RMS
error c. 3 m (Table 1). The geographical system ArcGIS10.2 was used to analyse and
handle the DEMs, a 3D extension to ArcGIS was used to calculate DEM of differences
(DoDs). The DoDs yielded surface elevation changes of the glacier which occurred in the
years that elapsed between measurements of each DEM. To obtain volume changes of a
specific area, the mean surface elevation change was simply multiplied with the area of
study. To enable better comparison of the Drangajokull changes with other glaciers, an
average mass balance was calculated from the mean surface elevation changes.

The definition of Sorge’s law allows the volume changes to be converted to change of
mass. The mean thickness changes were multiplied with a constant density of the ice
volume (Bader, 1954; Paterson, 1994). The ice mass at Drangajokull was assumed to have
a density of 917 kg/m’. However, because the density of the lost and gained mass is not
known, the applied density is a source of errors in the mass balance calculations, and they
should be regarded as estimations.
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4. Summary of papers

This thesis consists of five papers (I-V). Table 2 gives an overview of the contributions from the
authors of these papers.

Table 2. Contributors to the papers presented in Appendix I-V.

Task

Paper |

Paper I

Paper 111

Paper V

Logistics
and preparation

Fieldwork

Geomorpho-
logical
mapping

Aerial photos
and DEMs

Calculation of
exposure age

Sedimento-
logical logs
and descriptions

Review of
historical
literature

Tephra analysis,
geochemical
analysis

Data
interpretation

Preparation of
text/figures

S. Brynjo6lfsson
A. Schomacker

S. Brynjo6lfsson
A. Schomacker
J.B. Fridriksson
J. Andreassen
K. Naegeli

S. Brynjoélfsson
A. Schomacker

S. Brynjo6lfsson
A. Schomacker
0. Ingolfsson

S. Brynjoélfsson

S. Brynjolfsson
A. Schomacker

S. Brynjolfsson
A. Schomacker
J.B. Frioriksson
J. Andreassen

K. Naegeli

S. Brynjolfsson

S. Brynjolfsson

S. Brynjolfsson

S. Brynjolfsson

ER.
Gudmundsdottir

S. Brynjolfsson
A. Schomacker
0. Ingblfsson

S. Brynjolfsson

S. Brynjo6lfsson
A. Schomacker

S. Brynjo6lfsson
A. Schomacker
J.B. Fridriksson
J. Andreassen
K. Naegeli

S. Brynjoélfsson

J.K. Keiding

S. Brynj6lfsson
A. Schomacker
0. Ingolfsson

S. Brynj6lfsson

S. Brynjolfsson
N.J. Korsgaard

S. Brynjolfsson
A. Schomacker
N.J. Korsgaard
0. Ingblfsson

S. Brynjolfsson

All

0. Ingolfsson
1.0. Benediktsson
S. Shchomacker
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4.1 Paper 1

In this study, we aimed to define the landform-sediment assemblage of the three surging
outlet glaciers of Drangajokull ice cap. Furthermore, we aimed to map the geomorphology,
sediments and the extent of the ice cap since its maximum during the LIA. Valleys, fjords
and ice margins were surveyed by walking around the northern perimeter of the ice cap,
with focus on the three surging glaciers during the summer 2011, 2012 and 2013.
Landforms and sediments were described, interpreted and classified according to genesis.
Three detailed geomorphological maps, one from each surging glacier, were produced to
demonstrate the landsystems of the surge-type glaciers and one larger overview map (Fig.
7) was produced to present the most pronounced features around the whole ice cap and its
maximum extent during LIA (Appendix VI). Aerial photographs and a LiDAR derived
DEM were used as base data for the mapping procedure.

Legend
— Raised beach

River

— Recent moraine

Moraine older than LIA

Extra-marginal sediments

l:| Perennial snow

[ Subglacial surface
Periglacial surface
Sandur

[ Lake

- Rock glacier

Figure 7. The main geomorphological and sedimentological characteristics in the Drangajékull
area.

The geomorphology of the three surging glaciers is characterised by end moraines that
correlate well with historical information on glacier advances since the LIA, and extensive
sandar that cover the valley floors which are the main depocentres. The distal most
moraines of the three surging outlets are 10-15 m high ridge shaped terminal moraines
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which consist of gravel, soil and peat pushed up by the glacier. The other moraines,
constituting of coarse boulder-rich till, are usually not sharp crested but flat (2-5 m high)
and 5-20 m wide and sometimes indistinct or eroded by the glacial rivers. Flutes are
relatively common landforms proximal to the glaciers in Reykjarfjordur and Leirufjordur.
Kames, eskers, pitted sandar and hummocky moraines are not frequently occurring
landforms. In general, the sediment cover is thin around the Drangajokull ice cap and
consists mainly of basal till or locally weathered bedrock. Ice sculpted bedrock sporadically
protrudes the drift cover and large bedrock outcrops are often distinguishable below the
thin till sheet. In general, the landform-sediment assemblage from the Drangajokull surging
glaciers differs from other surging glaciers in Iceland, nor does it agree well with the
landsystem model of Evans and Rea (1999, 2003). This could, among other things, be
owing to low preservation potential of landforms and sediments due to intensive fluvial
erosion at the valley bottoms.

The maximum extent of the ice cap during LIA was well constrained around the northern
perimeter of the ice cap by ice marginal landforms and the historical data. Due to lack of
moraines and other landforms, the maximum extent was challenging to reconstruct around
the southern margin.

4.2 Paper 11

This paper aimes at reviewing, re-interpreting and updating the historical surge descriptions
of the Drangajokull ice cap since the LIA maximum, and to establish their climatic and
glacial dynamic context. Furthermore, the maximum glacier conditions during the LIA
were studied. The surge history records back to the beginning of the 18™ century and is
based on direct observations of marginal movements, recorded in church books and local
annals. According to the 3-4 recorded surges, the glaciers reached their maximum extent
asynchronously during surges in the 18™ and 19" century, and have retreated 3000-4000 m
since then.

Geomorphological data (Paper I) are used together with the historical data to improve the
surge history of Drangajokull and to assess the accuracy of the historical data. End
moraines were of special interest. Their position and the distance between them was
measured with a hand held GPS and by GIS. Some of the moraines were of known age and
related to the recorded surges. By using the historical data and correlating additional
moraines of unknown age with the known moraines and a mean retreat rate in certain
periods it was possible to establish a relative age of the additional moraines mapped in
Paper I. DEMs were manually produced on the basis of moraines to represent maximum
conditions during the LIA and to enable comparison with present conditions of the surging
glaciers.
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Figure 8. Overview of the surge history at the three surge-type outlet glaciers of Drangajokull. The
grey vertical bars indicate moraine/marginal positions related to a surge that was not observed in
the field, the dashed bars indicate new surges reconstructed during this study, bars without an
yearare surges of unknown time, the shadowed areas (grey columns) demonstrate surges of all the
outlets that occur almost synchronously.

The surge history of each glacier is plotted in detail on three individual figures in Paper II.
The duration and timing of the surges is plotted with the longest temperature record from
Iceland on an adjusted time and length scales (Figs. 2, 3 and 5 in Paper II). The main
morphological features are shown on a shaded relief LIDAR map. For comparison, cross-
and longitudinal sections of the ice surface in 2011 and the reconstructed maximum
conditions during LIA are shown. Furthermore, the reconstructed thinning, volume changes
and area changes since their LIA maximum until present are represented.

The results of this paper rely on the thorough geomorphological mapping presented in
Paper 1. In total, five surges were reconstructed from Reykjarfjordur, eight from
Leirufjordur and seven from Kaldalon (Fig. 8). Earlier surges seem to have occurred
asynchronously, but the last two surges of the three outlet glaciers occurred broadly
synchronously, around 1940 AD and 2000 AD. The duration between surges is 10-140
years and varies between and within the glaciers, about 140 years without recorded surge
between ~1700 and ~1840 in Leirufjardarjokull perhaps indicating a lack of data rather than
a long quiescent phase. Currently the three surge-type outlets are in their quiescent phase.
Drangajokull reached a LIA maximum extent of ~216 km* compared to 143 km? in 2011.
Each outlet reached their LIA maximum conditions asynchronously from ~1700-1846,
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when their volume and area, respectively, was 2.1-2.3 km® and 22-34 % greater than at
present. Any clear relationship between climate and the surges was not established.

4.3 Paper 111

The main aim of Paper III was to reconstruct the glacial history of the Drangajékull ice cap,
assess the timing of terrestrial deglaciation and define terrestrial glacial conditions from the
Late Weichselian to the early Holocene in the Vestfirdir peninsula. Cosmogenic isotope
(*°Cl) surface exposure dating was applied to 24 samples from bedrock, erratic boulders
and moraine boulders sampled from the perimeter of the ice cap and Hornstrandir (Fig. 9).
Furthermore, river-cut sediment profiles in Reykjarfjorour were studied in order to
reconstruct the environmental conditions there during the last deglaciation. The
geomorphological mapping, presented in Paper I, was fundamental for the sampling
process and to identify moraines, ice sculpted bedrock or other landforms that could be
relevant to date for reconstruction of the glacial history.

Data from Paper I, II, and III together with results of earlier studies, based on marine
sediment core data, sea level changes and terrestrial mapping and chronological data from
the area, are compiled and represented in an overview glaciation model.
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Figure 9. Overview of the cosmogenic exposure ages from the Drangajokull area. a) Bedrock
samples are indicated with a bar and erratic and boulder samples with a circle. Previous exposure
ages of Principato et al. (2006) are shown in grey colour for comparison. b) Exposure ages (ka BP)
plotted against elevation and in relative distance from the present ice cap margin. For location of
place names, see Figure 3b.

The resulting *°Cl exposure ages were logical according to their topographical setting. The
oldest samples (76.5 +2 ka and 41.6 £1.1 ka) were located on considerably weathered
uplands and mountain plateaux in combination with younger erratic boulders (26.2-13.8
ka). This suggests a presence of non-erosive ice which left the oldest sample sites and the
weathered surfaces relatively intact. In the lowland, glacially scoured bedrock and erratic
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boulders yielding younger ages (9.4-11.3 ka BP) indicate a warm-based, erosive, dynamic
ice that occupied valleys and fjords during the last glaciation. The few higher ages obtained
from bedrock in the valley of Reykjarfjordur were considered to result from nuclide
inheritance. Notably, this demonstrate erosion <2-3 m during last glaciation. That
observation of limited subglacial erosion corresponds with descriptions in Paper I of thin
and patchy till cover in the forefield of Drangajokull.

The early deglaciation time of the plateau mountain Leirufjall (26.2 £1.5 ka BP) indicates
ice thinning and deglaciation over some mountains in the Vestfirdir peninsula that preceded
any considerable lateral retreat of the ice sheet. The new exposure ages suggest
asynchronous and stepwise deglaciation. Most of the uplands and some valleys were
deglaciated 14-15 ka BP while other fjords and valleys drained the major outlets of
Drangajokull at least until ~ 9 ka BP.

The outermost moraine in a series of concentric moraines in the mouth of Leirufjordur was
dated to 9.3 ka. Those moraines are interpreted to have formed during glacier advances in
response to climatic deterioration forced by reduced Atlantic Meridional Overturning
Circulation (AMOC). The sediment profile data demonstrate an outlet glacier advancing
and calving into a glacier lagoon in the valley of Reykjarfjordur after 9.4 ka BP.

The results suggest a strongly topographically controlled ice sheet, with slow non-erosive
cold-based sectors over plateaux and uplands while warm-based erosive ice occupied fjords
and valleys of the Vestfirdir peninsula during last glaciation. Furthermore, the new
exposure data reveal an extensive Drangajokull ice cap which survived at least until c. 9 ka
BP.

4.4 Paper 1V

Paper IV focuses on surface elevation, volume changes and ice dynamics related to the
recent most surges of Reykjarfjardarjokull and Leirufjardarjokull, aiming to clarify the
main characteristics of the Drangajokull surging glaciers. Generally, surface lowering of
the glacier reservoir areas is in the order of 20-100 m during surges, and surface thickening
of a similar amount in the receiving area (Bjornsson et al., 2003; Sund et al., 2009). Three
DEMs from 1994, 2005 and 2011 were handled with a 3D extension of ArcGIS to quantify
the surface and volume changes of Drangajokull in the period 1994-2011.

The main conclusion is that the surge duration, characteristics of ice discharge and
dynamics of the Drangajokull surges resemble characteristics of Svalbard surges rather than
the surges of the larger ice caps in central and south Iceland. At Drangajokull, the main
surface thinning, of c. 10-30 m, during surges, occurs above ELA in the upper reservoir
areas. Consequently, very variable thickening in order of 10-120 m occur in the receiving
area, reflecting a high-relief topography that the surges have overridden. Ice discharge from
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the reservoir area to the receiving area was 0.054 km® for Reykjarfjardarjokull and 0.152
km® for Leirufjardarjokull. This contributes to at least 30-40% of the volume loss of the
reservoir areas in the period 1994-2005. These values are minimum estimates because the
DEMs pre- and post-date the surges. Based on annual glacier-frontal measurements of the
surging outlet glaciers, the surges usually have a distinct maximum average flow rate in
about one year, 2.1 m d”' in 1995-1996 during the surge of Leirufjardarjokull, 1.8 m d”' in
1996-1997 during the surge of Kaldalénsjkull and only 0.2 m d” during the period of
fastest flow of the Reykjarfjardarjokull margin in 2003-2004. However, the accelerating
and decelerating phases tend to take several years, resulting in a 4-10 long active phase of
the surges. The average marginal flow rate was 0.46 m d' during the last surge of
Leirufjardarjokull and 0.12 m d™' of Reykjarfjardarjokull.

By comparison of the 2005 and 2011 DEMs, the condition of the glaciers during their
present quiescent phase was evaluated. Despite negative mass balance of c. 0.15-0.22 m
w.e. a', depending on study areas, the surging glaciers gained mass and thickened by 0.5-
0.7 m a™ in the reservoir areas and thinned by 1 m a” on average in the receiving areas
during the period 2005-2011.

Compared to a relative abrupt accelerating and decelerating phase, short surge duration and
a main surface thinning in the upper ablation areas of most Icelandic surge-type glaciers
(Bjornsson et al., 2003), the expression of Drangajokull surges is unique; their surge
duration is several years longer and characterised by a few years long accelerating and
decelerating phase, and the main ice discharge coincide with the main accumulation zone of
the quiescent phase in the upper reservoir areas.

4.5 Paper V

Paper V is a review article which focuses on past and ongoing research of geological
fingerprints of Icelandic surge-type glaciers. The main aim is to give an overview of the
processes and products of the Icelandic surging glaciers and recent progress of the
understanding of surging glacier landsystems, and to outline future research challenges.

The main motivations for glacial geological studies of surging glaciers in Iceland has been
that, form, flow, discharge and stability of present and past ice sheets and ice caps are
controlled by ice streams and surging glaciers (Evans and Rea, 2003; Boulton, 2010). Thus,
studying the geomorphological and sedimentological products and processes of surge-type
glaciers enable better reconstructions of past glacier dynamics (Dowdeswell, 1995; Evans
and Rea, 2003).

Studies of Bruarjokull, northern Vatnajokull, resulted in a new model suggesting rapid ice
flow to be supported by overpressurized water which caused a decoupling of a thick
sediment sequence from its bedrock and enabled the extreme fast flow of Bruarjokull
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surges (Kjar et al., 2006). Some occurrence of fast flow results from complex interplay of
topography and the nature of the substrate and subglacial thermal and hydrological
conditions. Therefore, the new model is not considered to explain all observed fast flow.
Benetiksson (2012) and Benediktsson et al. (2008, 2009, 2010) demonstrated the
importance of glaciotectonic end moraines to understand the dynamic nature of surging and
fast-flowing glacier. Different structural style and lateral variability in end moraine
morphology and architecture at Briarjokull and Eyjabakkajokull was explained by spatial
variations in subglacial sediment conditions, thickness and rheology of foreland sediments,
ice flow mechanism and subglacial hydrology. This extensive work on ice-marginal and
sub-marginal landforms may support future reconstructions of ice-flow rates from
geomorphological situations in the glacier forefields.

Studies of lake sediment cores suggest a climatic forced mass balance control on surge
initiations and surge interval of Eyjabakkajokull, and the glacier switched to surge
behaviour about 2200 BP during cooling Neoglacial conditions and surges of the glacier
became even more frequent during the LIA (Striberger et al., 2011).

A landsystem model for surging glaciers, including three zones which each contained
certain assemblage of landforms and sediments, was established by Evans and Rea (1999,
2003). A moderately refined version of that landsystem model was developed during
studies of Bruarjokull and Eyjabakkajokull (Schomacker et al., 2014) and a new landsystem
model was developed for surge-type cirque glaciers (Brynjolfsson et al., 2012). The main
aim of developing and improve the landsystem models is to provide a method and tool to
identify fingerprints of fast-flowing ice and obtain information on the conditions and
processes of those glaciers on local, regional and temporal scale. Therefore well-developed
landsystem models might enable us to identify surge-type glaciers in areas lacking any
historical or observational record and reveal previously unknown surges at known surge-
type glaciers. Thus, it may serve as analogue when identifying and describing the dynamics
of glaciers and enable more thorough understanding of the potential relationship with
climate.
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5. Discussion

5.1 Geomorphological impacts of surging glaciers

Glacier surges are often considered to produce diagnostic collections of landforms and
sediments. Studies of landform-sediment assemblages from the forefields of surging
glaciers in Iceland, Alaska and Svalbard were used to establish a landsystem model, which
aims to identify and describe characteristic landforms and sediments formed by surging
glaciers (Evans and Rea, 1999, 2003). This landsystem model divides the surging glacier
forefield into outer zone, middle zone and inner zone. Such an approach has been
considered favourable to recognise imprints of former surging glaciers on the landscape and
to identify unrecorded surge events of present surge-type glaciers (Sharp, 1985, 1988;
Evans and Rea, 1999, 2003). However, more recent studies have demonstrated that the
landform-sediment assemblages at some surging glaciers do not agree completely with the
landsystem model of Evans and Rea (Brynjolfsson et al., 2012; Schomacker et al., 2014;
Paper I). Brynjolfsson et al. (2012) emphasised the effect of the landscape settings, on the
sediment-landform assemblage, which surge-type cirque glaciers experience on the
Trollaskagi peninsula in north Iceland.
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Figure 10. A landsystem model developed to clarify the main landform-sediment assemblages in
forefields of strongly topographically confined surge-type outlet glaciers, based on the observations
from the Drangajokull outlets.

One of the key aims of this study was to describe and analyse the landform-sediment
assemblages of the three surging outlet glaciers of Drangajokull, develop a landsystem
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model for these glaciers for better understanding the relationship between surge dynamics
and sediment/landform processes and products, and to compare the results to the
landsystem model for surging glaciers in general (Evans and Rea, 1999, 2003). The
ultimate aim was to understand better what controls the landform and sediment occurrence
and distribution in the Drangajokull surging outlet glacier forefields.

It is concluded that the landform-sediment assemblages that define the landsystem model
for the Drangajokull surge-type outlets (Fig. 10) differ considerably from those signifying
surging glaciers elsewhere, and the landsystem model does not agree well with the
forefields of other surge-type glaciers described in Iceland (Sharp, 1985, 1988; Evans et al.,
2002, 2007 2009; Kjer et al., 2006, 2008; Brynjolfsson et al., 2012; Jonsson et al., 2014;
Schomacker et al., 2014). The forefields of the Drangajokull outlets are characterised by
extensive sandurs that cover the valleys floors and end-moraine ridges that mark the extent
of former advances. Flutes are relatively common proximal to the glaciers while eskers,
kame terraces, pitted sandur and hummocky moraine are in-frequent landforms. None of
the landforms at Drangajokull are unique for surging glaciers. The general surging glacier
landsystem model of Evans and Rea (1999, 2003) and the modified version of Schomacker
et al. (2014) emphasise hummocky moraines, pitted sandur, crevasse-squeeze ridges and
concertina eskers as important landforms of the surging glacier landsystem. The crevasse-
squeeze ridges and the concertina ridges are absent, while hummocky moraine and pitted
sandur only rarely occur in front of the Drangajokull outlets.

The main reasons for this difference could be (i) the generally thin and coarse-grained till
produced by Drangajokull surging outlets cannot be squeezed from the substratum into
crevasses during a surge; (ii) in the current quiescent phase, the main depocentres at the
valley bottoms are characterised by sandur and glacial rivers that meander between the
valley slopes indicating extensive fluvial erosion, which most likely erodes most surge
imprints quickly; (ii1) furthermore, the presently stagnant surge-type margins consist of
relatively clean ice and are therefore not in the process of forming extensive dead-ice and
hummocky moraine.

5.2 Are Drangajokull surges unique in terms of Iceland?

Another main objective of this study was the history and dynamics of the Drangajokull
surge-type outlets, whether or not their surge behaviour was similar to other surge-type
glaciers in Iceland, and if a distinct relationship between the surge behaviour and climate or
other environmental factors could be detected.

Thorough geomorphological mapping of the forefields of the three surge-type outlet
glaciers was fundamental to decipher their surge history. The geomorphological mapping in
Paper I revealed several moraines in addition to those deposited by the recorded surges.
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The ‘new’ moraines were interpreted to have formed during surges. The locations of end
moraines were easily identified with direct observations and the historical review
(Thoroddsen, 1933; Eypodrsson, 1935; Porarinsson, 1943, 1969). Nevertheless, several of
the moraines lack exact dating. Their relative ages are constrained by the neighbouring
moraines. Thus, a combination of the geomorphological mapping, sedimentological studies
and review of historical records, enabled reconstruction of a 300 year long surge history of
the Drangajokull ice cap (Figs 8 and 11; Paper II).

Short series of measured precipitation and temperature in the vicinity of Drangajokull (Fig.
11) and almost no direct mass balance measurements of the ice cap make it challenging to
identify any potential relationship of climate or mass balance with the surge characteristics,
e.g. surge initiation, duration, periodicity or advanced distances (Fig. 8). Climatically
forced mass balance may alter the surge periodicity of the Drangajokull outlets
(Dowdeswell et al., 1995; Eisen et al., 2001; Hewit et al., 2007). The duration of the
quiescent phases of the two recentmost surges was 50-60 years during warmer climate
conditions after 1920 AD, compared to quiescent phases of only 10-50 years during the
cooler 19™ century. This agrees with observations of longer periods between surges of
Svalbard, Vatnajokull and Langjokull surge-type glaciers during the warmer climate
conditions after the termination of the LIA (Dowdeswell et al., 1995; Striberger et al., 2011;
Larsen et al.,, 2015). The exceptionally long quiescent phase, about 140 years at
Leirufjardarjokull, in the 18™ and 19" centuries was considered to indicate lack of data
rather than a truly long quiescent phase, accounts for temporal uncertainties in the surge
history (Fig. 9).

The glacier margins were observed to advance for 4-7 years during the last two surges of
the Drangajokull outlets. The total duration of the active phase of Reykjarfjardarjokull
might be up to 8-10 years, because unusual crevasse formation in the upper reservoir area,
indicating accelerated ice velocity were noticed several years before the marginal advance
started (Prostur Johannesson pers. comm.). Furthermore, zero retreat of the glacier margin
the last three years before the marginal advance may also indicate increased ice velocity
that overcome marginal retreat due to ablation. At Leirufjardarjokull, the three DoDs for
the period 1994-2011 show distinct surface thickening proximal to the southwest margin,
and some advance of the margin at least until 2005. However, the glacier-frontal
measurements at the westernmost tip of the Leirufjardarjokull margin had indicated surge
termination in 2001. This reveals an area proximal to the southwest margin which was still
surging in 2005. Thus, the active phase of Leirufjardarjokull lasted at least for 10 years
since the first marginal advance was observed in 1995.

This is in pronounced contrast to the marginal advance during the active phases of most
other Icelandic surge-type glaciers which commonly lasts 2-3 months (Bjornsson et al.,
2003). Therefore, the duration of the Drangajokull surges resemble better the 3-10 years
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active phases of polythermal Svalbard surge-type glaciers (Dowdeswell, 1991; Hamilton
and Dowdeswell, 1996, Jiskoot et al., 1998) and surge-type cirque glaciers in north Iceland
(Brynjolfsson et al., 2012).

Similar to the surge periodicity, the surge distances are irregular and variable within periods
and between glaciers. Reykjarfjérour surged 224 m in 2002-2006 but 839 m in 1933-1939.
Similarly, Kaldalonsjokull surged 191 m in 1936-1940 and 1015 m in 1995-1999.
However, Leirufjardarjokull surged about 1000 m during the two recent most surges at
similar time as Kaldalonsjokull (Fig. 11). Explaining those contrasts is challenging; shorter
advances could reflect that a smaller portion of the reservoir area participated in a surge.
Large local contrasts in climate and climatically forced mass balance are considered
unlikely to explain those contrasting advanced distances.
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Figure 11. Surges of Drangajokull plotted against meteorological data from the Icelandic Met
Office. The vertical columns represent surges, their width indicate the surge duration, except the
thinnest columns which indicate surges of unknown duration. The column height represents the
advanced distance, the columns are set to 500 m for surges of unknown distance (K =
Kaldalonsjokull, L = Leirufjardarjokull, R = Reykjarfjardarjokull). See also Paper I1.

The pattern of ice discharge during surges of Vatnajokull and other ice caps in Iceland is
well established. The acceleration phase is characterised by an abrupt increase of the
surface velocity in the upper ablation area (Bjornsson et al., 2003). The main surface
thinning coincides with the highest velocity in the upper ablation area and around the ELA.
The total surge duration, from the first indication of high velocity and ice discharge until
termination, can take up to 2-3 years (Bjornsson, et al., 2003; Adalgeirsdottir et al., 2005).
The average flow rate 2-22 m d’ has been observed for some Vatnajokull surges
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(Porarinsson, 1969; Fischer et al., 2003; Adalgeirsdottir et al., 2005) and 0.1-7 m d?! for
some Svalbard surges (Dowdeswell et al., 1991; Murray et al., 2003; Kristensen and Benn,
2012).

The three DEMs from Drangajokull pre- and post-date the surges and can therefore not
been used to make any direct measurements of surface velocities or propagation of a
potential surge bulge during the Drangajokull surges. However, according to the ice-
marginal measurements the average marginal flow rate during the recent most surges was
0.12 m d”' for Reykjarfjardarjokull and 0.46 m d” for Leirufjardarjokull and the highest
average flow rate within a year was c. 0.2-2.1 m d”'. This is relatively low compared to
average flow rate of the Vatnajokull and Svalbard surges (Porarinsson, 1969; Dowdeswell
et al., 1991; Fischer et al., 2003; Murray et al., 2003; Adalgeirsdottir et al., 2005). The
relatively slow accelerating phases and especially the decelerating phases, which tends to
take few years, accounts for those low average marginal flow rates of Drangajokull,
resulting in active phases up to ten times longer than the active phase of the other ice caps
in Iceland.

According to coinciding areas of the highest surface velocity and main surface draw-down
in the upper ablation areas during the Vatnajokull surges (Bjornsson et al., 2003), it might
be assumed that the highest surface velocities of the Drangajokull surges would coincide
with the areas of main surface thinning in the upper reservoir areas. Svalbard surges begin
in the upper reservoir areas where the highest surface velocity and the main surface
thinning is also observed, and coincides with the area of most accumulation during the
quiescent phase (Sund et al., 2009, 2014).

The flow pattern and ice discharges of Drangajokull resembles Svalbard surging glaciers
(Hamilton and Dowdeswell, 1996; Jiskoot et al., 1998; Murray et al., 2003; Sund et al.,
2009) rather than other surge-type glaciers in Iceland which usually accelerate and
decelerate abruptly (Bjornsson et al., 2003). Furthermore, the observations described in
Paper IV indicate the main thinning during Drangajokull surges, in the order of 10-30 m, to
occur above the ELA in the upper reservoir area, coinciding with the area of most
accumulation during the quiescent phase of the glaciers.

The ice discharge down to the reservoir area during some Vatnajokull surges contributes to
about 75% of the lost volume of the reservoir area. The remaining 25% are explained by
increased ablation enhanced by increased surface area and ice transportation to lower
altitudes (Adalgeirdottir et al., 2005). The observations in Paper IV indicate that at least 30-
40% of the reservoir area volume loss at Drangajokull surging outlets is due to ice
discharge during the surges. The actual contribution of the ice discharge to the volume loss
of the reservoir area must be considerably higher. Because the DEMs pre- and post-date the
surges it allows some additional ablation of unknown amount before and after the surges.
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Despite a negative gedetic mass balance of Drangajokull in the period 2005-2011, the
reservoir areas of the surging glaciers have been thickening on average in the order of 0.5-
0.7 m a” since the last surge termination (Fig. 12.). This coincides with positive mass
balance observed by ablation stake measurements 2005-2007 (Shuman, et al., 2009). A
distinct melting of the ablation areas and the thickening of the reservoir areas contributes to
a steeper surface profile which gradually brings the glacier back to the pre-surge stage,
which might lead to new surges in 45-65 years.
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Figure 12. Surface elevation change of Drangajokull from 1994-2011. The surface elevation
changes obtained from the DoDs clearly demonstrate the main ice discharge during the recent most
surges of the outlet glaciers in a), and the surface thickening of the reservoir areas after the surge
termination in b).
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What control the characteristics of Drangajokull surges remains unknown.

The difference between the Drangajokull surges and surges of the larger Icelandic ice caps
(Paper 11 and Paper 1V), clearly shows that Drangajokull surges resemble surges of
Svalbard glaciers (Dowdeswell et al., 1991; Jiskoot et al., 1998; Murray et al., 2003) and
surge-type cirque glaciers in north Iceland (Brynjélfsson et al., 2012) rather than the surges
of the larger ice caps in Iceland. The contrasting pattern of surface thinning, ice discharge,
accelerating and decelerating phases and the surge propagation in general of Drangajokull
surges compared to the Vatnajokull surges might be controlled by several parameters. The
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high relief alpine setting of northern Drangajokull compared to the flat highland plateau
which the Vatnajokull surging glaciers are situated on, and the Neogene plateau basalt
substratum at Drangajokull, compared to palagonite dominated substratum of the larger ice
caps in Iceland, might favour contrasting subglacial sedimentary and hydrological
conditions of the glaciers and thereby contribute to the different dynamics and surge
propagation. Furthermore, along with topographical conditions and geometry of the
polythermal Svalbard surge-type glaciers, variable thermal regimes and margins frozen to
their substratum have been considered to contribute to their long surge durations and long
accelerating and decelerating phases (Hamilton and Dowdeswell, 1996; Jiskoot et al., 1998;
Sund et al. 2009, 2014). This study suggests that the main characteristics of surge-type
glaciers are similar in nature, but the pattern and expression of those characteristics depend
on complex combination of environmental factors.

5.3 Exposure dating: problems and potentials

Despite accumulating data and improved knowledge on the Late Weichselian-Early
Holocene glacial history of Iceland, configuration and thermal conditions of the last IIS still
suffer from a lack of chronological data, especially direct dating of terrestrial landforms
(Norddahl et al., 2008; Geirsdottir et al., 2009, 2013; Ingolfsson et al., 2010). Whether or
not certain areas, like the Vestfirdir peninsula, were completely covered by a coalesced ice
sheet or if the peninsula was partly occupied by a regional ice cap which drained through
valleys and fjords leaving upland areas and some coastal proximal areas ice free during the
last glaciation has been debated for several decades (Pérarinsson, 1937; Sigurvinsson,
1983; Hjort et al., 1985; Norddahl, 1991; Rundgren and Ingoélfsson, 1999; Principato et al.,
2006; Hubbard et al., 2008; Norddahl et al., 2008; Geirsdottir et al., 2009).

The results of Principato et al. (2006) demonstrated the potentials of the *°Cl exposure
methodology, and indicated early ice free conditions of some uplands and valleys around
Drangajokull. However, the age calculation suffered from uncertainties about the
production rate of **Cl in Iceland (Principato et al., 2006).

This uncertainty of the *°Cl method originate from discrepancy between different
production rates which have been calculated from surfaces of very dispersed locations and
ages (Stone et al., 1996; Philips et al., 2001; Swanson and Caffee, 2001; Licciardi et al.,
2008). The uncertainty for Iceland was reduced significantly when a local production rate
of *°Cl was established in 2008, aiming to enable accurate exposure dating of postglacial
landforms in Iceland (Licciardi et al., 2008). In addition, poorly defined weathering rates of
bedrock in alpine landscapes have been considered to contribute to uncertainty in exposure
ages (Balco, 2011). Correcting for several erosion scenarios in Paper III do not indicate a
large effect of variable erosion on samples younger than 20 ka. Furthermore, more

37



Discussion

sophisticated recent calculators for scaling and shielding factors contribute to more accurate
exposure ages (Vermech, 2007). Thus, the accuracy of ages from *°Cl exposure dating in
Iceland is considered well acceptable.

The results in Paper III confirm the potentials of the exposure dating, and have improved
the knowledge about glacier conditions and the glacial history of Drangajokull since the
Late Weichselian. The main results, based on the exposure ages from Paper III and
geomorphic data from Paper I, suggest an early onset of a stepwise, asynchronous
terrestrial deglaciation. A long lasting deglaciation, initiated about 26 ka BP over high
mountains and terminated in valleys drainging the main outlets of Drangajokull about 9 ka
BP, compared to abrupt retreat of the shelf based ice sheet to the fjords and valleys about
14-15 ka BP (Andrews et al., 2000, 2002; Geirsdéttir et al., 2002; Principato et al., 2006;
Ingolfsson et al., 2010).

Deglaciation of some valleys already c. 14-15 ka BP does not agree with the distinct IRD
signals. However, this might rather indicate a complicated deglaciation pattern which
makes precise reconstruction of the glacial history difficult without more direct datings of
glacial landforms that identify the extent of a glacier in each specific area.

In Paper I, series of moraines were mapped and described at the mouth of Leirufjérdur.
According to marine data from the fjords distal to Leirufjordur, the ice retreated on land by
10.2 ka BP (Andrews et al., 2002; Geirsdottir, et al., 2002). Therefore, the age of the
moraines could be assumed to be younger than 10.2 ka. Subsequently, the exposure ages in
Paper III showed the outermost moraine to be formed 9.3 £0.8 ka BP. This allowed us to
correlate the formation of the moraines with the climatic deterioration which has been
interpreted to have resulted from freshwater pulses from Lake Agassiz and has been
described from many localities around the North Atlantic (Alley et al., 1997, Clarke et al.,
2004; Kleiven et al., 2008; Solomina et al., 2015). Therefore, the el exposure dating in
combination with the geomorphological mapping, for the first time in Iceland, revealed
moraines formed by glacier re-advance in response to a cooler climate forced by meltwater
pulses into the north Atlantic 9.5-8.2 ka BP.

In many presently glaciated environments, fjords or valleys occupied with glaciers have
neighbouring fjords or valleys with ice free conditions. Hence, this modern analogue can be
representative for the conditions on the larger peninsulas in Iceland, i.e. Vestfirdir, and
Trollaskagi during the last deglaciation and early Holocene. Similar to this study, such a
complicated deglaciation pattern, based on cosmogenic exposure dating, have been
suggested for Northwest Svalbard (Gjermundsen et al., 2013). Thus, marine sediment cores
can convincingly indicate the timing of on-land retreat of glaciers and disappearance of
calving glaciers. Direct dating of landforms, like exposure dating, is fundamental to
reconstruct a detailed terrestrial glacial history and dynamics.
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Figure 13. A conceptual overview of the glaciation of the Vestfirdir peninsula during the LGM.

The exposure ages from Paper III provided chronological control on the geomorphological
and sedimentological observations in Paper I. Compiled results of those papers enabled us
to reconstruct and establish a conceptual model of the glaciation of the eastern Vestfirdir
peninsula during the last glaciation (Figure 13). The glaciation was characterized by
topographically confined fjord/valley-type ice streams or glaciers. Warm-based ice in fjords
and valleys flowed faster than the grounded, cold-based, ice domes over the mountains. A
thin, non-erosive ice that flowed by internal deformation and left the substratum almost
intact, covered uplands and plateaux, while the fjords and valleys were occupied with
erosive, warm-based ice.

The exposure ages of erratic boulders and moraines show that an extensive ice cap was
preserved over the eastern Vestfirdir peninsula at least until c. 9 ka BP. Contrastingly, at
that time the other ice caps in Iceland have been reconstructed to similar size or even
considerably smaller than at present (Geirsdottir et al., 2009; Larsen et al., 2012). However,
lots of un-dated moraines have been mapped in the central highlands of Iceland (Kaldal and
Vikingsson, 1990). Because of an almost complete lack of organic material and tephra,
those moraines have not been dated directly. By applying the cosmogenic nuclide exposure
dating, absolute ages might be obtained.

Conversely, the exceptional extent of Drangajokull about 9 ka BP might indicate a strong
contrast in climatically forced mass balance over the country enabling the size of the
Drangajokull ice cap to be preserved longer. Perhaps those conditions of Drangajokull were
promoted by enhanced strength of cold ocean currents just of the northwest coast, mainly
affecting the climate conditions and glaciers on a local scale.

Despite ice sculpted bedrock and distinct glacial striations on the lowland of Reykjarfjordur
valley, exposure ages obtained from bedrock samples were 15-25 ka, interpreted to indicate
3®Cl inheritance at least in some of the bedrock. Bedrock clearly indicating subglacial
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erosion by striations and ice sculpted shape does not necessarily confirm enough erosion to
reset pre-glaciation nuclide inheritance within the bedrock (Ivy-Ochs and Kober, 2008.

To remove any inheritance, the bedrock has to be eroded by 2-3 m (Ivy-Ochs and Kober,
2008; Balco, 2011). Thus, the old bedrock samples from Reykjarfjérour most likely
indicate limited subglacial erosion, less than 2 m, during last glaciation. This supports the
observations described in Paper I of a generally thin and non-coherent cover of till around
the Drangajokull ice cap.
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5.4 Late Weichselian-Holocene terrestrial glacial history of the

Drangajokull ice cap
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Figure 14. An overview time-distance model representing the glacier changes of the glacier over
Vestfirdir and later the Leirufjardarjokull outlet glacier. The model is based on data from Paper I,
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1l and Il and several earlier studies in the Vestfirdir area, see references on the figure. Note that
the time scale is not linear.

The main purpose of this study has been to improve the present understanding of the
terrestrial glacial history and dynamics of the Drangajokull ice cap. Paper I, II and III are
fundamental contributions aiming to serve that goal. Descriptions and interpretations of
landforms, sediments, old literature and chronological control of certain landforms and
localities accounted for improved glacial history of Vestfirdir (Fig. 14).

Previous research outlines the deglaciation history of the marine based part of the IIS.
Interpretations based on marine sediment cores, geophysical data and '*C dated shorelines
indicate a sudden retreat about 15 ka BP of the IIS from an extended shelf based LGM
position (Andrews et al., 2000, 2002; Geirsdottir et al., 2002; Norddahl and Pétursson,
2005). Calving outlet glaciers were active in the Vestfirdir until the IRD signal disappeared
by 10.2 ka BP. Observations of the 10.2 ka BP Saksunarvatn tephra do also suggest at least
some ice free localities in the Vestfirdir peninsula by that time (Hjort et al 1985; Principato,
2008).

The exposure ages represented in paper III reveal ice thinning and deglaciation over the
plateau mountains about 26 ka BP, suggesting an early onset of terrestrial deglaciation of
high mountains, compared to the break-up of the shelf based ice sheet about 15 ka BP and
the glaciers retreat to the inner fjords and valleys about 12-10 ka BP. (Andrews et al., 2000,
2002; Geirsdottir et al., 2002; Principato et al., 2006; Ingdlfsson et al., 2010). The exposure
ages from uplands and lower plateaux reveal deglaciation c. 14-15 ka BP, together with
some valleys which were at least partly deglaciated at that time (Principato et al., 2006).
Exposure ages from lateral moraines and uplands in Leirufjordur, Reykjarfjordur and
baralatursfjordur argue for glaciers that approximately half-filled the valleys and extended
to the sea 10.5-11.3 ka BP. This agrees with distinct IRD signals in marine sediment cores,
interpreted to originate from calving glaciers in fjords and valleys which drained into the
Isafjardardjup fjord (Andrews et al., 2000, 2002; Geirsdottir et al., 2002).

Exposure ages from Reykjarfjorour and Leirufjordur indicate that fjords and valleys
draining the main outlets of Drangajokull were occupied with glaciers at least until about 9
ka BP.

Little is known about the postglacial evolution of the Drangajokull ice cap, which anyhow
was considered to have retreated rapidly to the highland of the eastern Vestfirdir after the
IRD disappearance (Geirsdottir et al., 2002). The series of 10-12 undated moraines
proximal to the 9.3 ka moraine at the mouth of Leirufjordur suggest glacier advances
considered related to climatic deterioration events 9.5-8.2 ka BP (Alley et al., 1997,
Solomina et al., 2015). Undated moraines formed by more extensive glaciers than during
the LIA were mapped to the north and northwest of the present ice cap (Paper I). Some of
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those moraines are considered to have formed 9-11 ka BP as the recently dated moraines in
Reykjarfjorour and Leirufjordur.

Neoglacial fluctuations are well known from many glaciers in Iceland (Grove, 1988;
Guomundsson, 1997; Stotter et al., 1999; Schomacker et al., 2003; Kirkbride and Dugmore,
2006, 2008; Solomina, et al., 2015). However, the mid-Holocene and Neoglacial history of
Drangajokull is mostly unknown. Two degraded moraines in Reykjarfjordur and one in
Kaldalon dated to Neoglacial ages indicate slightly more extensive glacial advances of
Drangajokull some time during the Neoglaciation than during the LIA (Principato, 2008).
The historical data indicate land deterioration due to continual meandering of the glacial
rivers and glacier fluctuations of the Drangajokull outlet glaciers in the centuries prior to
the LIA maximum. However, potential geomorphological imprints of pre-LIA maximum
advances have been eroded by advancing glaciers and the glacial rivers during the LIA. The
most recent dynamics and fluctuations of the Drangajokull outlet glaciers are well
constrained, and interpreted as surges (Papers I and I'V).

A combination of geomorphological studies, historical studies and absolute dating of
glacial features have successfully accounted for a reconstruction of the terrestrial glacial
history, significantly improved the recorded surge history and clarified the configuration,
thermal conditions and dynamics of the Late Weichselian Vestfirdir ice sheet and the
Drangajokull ice cap (Fig. 14).
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6. Implications and future studies
Until recently, direct dating of glacial landforms in Iceland has been very difficult due to
lack of organic material and tephra in association with the landforms. The new Icelandic
production rate for *°Cl nuclides in Icelandic rocks (Licciardi et al., 2008) opens new
opportunities to significantly improve the glacial history and properties of the IIS. The
exposure ages presented here demonstrate complex ice conditions, dynamics and glacial
history of Drangajokull and the IIS, which elucidate a long lasting debate about the glacial
history and the glacial conditions over the Vestfirdir peninsula during the last glaciation.
Future studies on the glacial history of Iceland can clearly benefit significantly from *°Cl
exposure dating, and ideally future studies would apply a combination of different
chronological methods aiming to confirm and add further details to the results presented
here, and the Icelandic glacial history in general.
The landform-sediment assemblage at Drangajokull surge-type glaciers is different from
and lacking typical features compared to the general surging glacier landsystem model of
Evans and Rea (1999, 2003) which is partly based on studies of Vatnajokull outlets. One of
the potential explainations is considered to be the glacial rivers which meander around the
valley floors, erode landforms and re-deposit sediments. This could be investigated by
studying time series of aerial photographs. At least four sets of aerial photographs, from
from the 1940s to 2005, exists from each glacier forefield. The older aerial photographs
could reveal landforms produced by the surges in the 1930-1940s. Landforms that we do
not see at present or on the aerial photographs from 2005, those potential landforms might
have been eroded by the glacial rivers and the glaciers during their recent most surge. Thus,
the aerial photographs could clarify this and enable remote studies of the forefield evolution
after the 1930-1940s surges until the surges around 2000. Furthermore, the glaciers can be
expected to retreat considerably during their present quiescent phase, perhaps the landform-
sediment assemblage that will be revealed during the coming decades will be more similar
to the landsystem model of Evans and Rea (1999, 2003).
Accumulating evidence during the last decades has revealed a variable nature and
characteristics of surging glaciers (e.g. Hamilton and Dowdeswell, 1996; Harrison and
Post, 2003; Ingolfsson et al., 2015). This study suggests that a combination of
environmental factors affects the expression and pattern of the main surge characteristics of
the Drangajokull ice cap, and makes it different from the surge-type glaciers of the larger
ice caps in central and south Iceland. However, fundamental questions remains unresolved,
like why do some glaciers surge, is there any trigger factor for surges afte all, or are surges
rather result of gradual development of the glaciers surface profiles, why then is the balance
velocity of those glaciers not correspondent to their mass balance and what enhances their
fast flow during surges?
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Though this study reveals the main characteristics and the surge history of the Drangajokull
surge-type glaciers, it does not resolve all fundamental questions about surge dynamics. For
doing that, a thorough real-time study and monitoring of surging glaciers, from before
surge initiation until after surge termination, is necessary. Preferably, a whole surge cycle
should be monitored and studied.

However, a unifying theory might not be expected to answer those questions and explain
the nature of all surge-type glaciers. There are most likely different reasons and
environmental conditions that can explain similar main characteristics of different glaciers.
This study suggests that the main characteristics of Drangajokull surges depend on a
complex combination of their environmental conditions. Further investigation of the
Drangajokull surge-type glaciers, e.g. extensive monitoring of climate and the glacier
conditions and geophysical surveys both of the glaciers and their forefields might
contribute to improved understanding of the properties of the Drangajokull surge-type
glaciers.
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7. Conclusions
This thesis presents geomorphological, sedimentological and chronological data gathered

around the perimeter of the Drangajokull ice cap and Hornstrandir during fieldwork in the
years 2011, 2012, 2013, and 2014. Those data along with a review of historical data from
the area have enabled reconstruction and improvements of the terrestrial glacial history, and

configuration and dynamics of the Drangajokull ice cap. The main conclusions are as

follows:

The sediment cover around Drangajokull is generally thin, coarse grained subglacial
till and locally weathered bedrock, except the main valley depocentres characterised
by sandur covered valley floors. Almost no geomorphological features were
observed around the southern perimeter of the ice cap.

The mapped landforms of the Drangajokull surge-type glaciers are not unique for
surging glaciers, and furthermore, the mapped landform assemblage is not
diagnostic for surging glaciers, nor does it agree well with other landsystem models
developed for surge-type glaciers. This is most likely due to the generally thin,
coarse grained basal till and the extensive fluvial erosion. The Neogene plateau
basalt substratum of Drangajokull, and sub-glacial hydrological and thermal
conditions during surges might also account for this pattern of erosion and
sedimentation.

A new landsystem model for strongly topographical confined surge-type outlet
glaciers emphasises an extensive sandur covering the valley floor, distinct terminal
moraines, and a coarse grained fluted till plain proximal to the glaciers. Kame
terraces, eskers, pitted outwash and hummocky moraines are rarely occurring
landforms.

The surge-type outlets of Drangajokull reached their LIA maximum extents
asynchronously during surges ~1700-1846 AD, reaching 3-4 km further down-
valley and having ice volumes 2-2.5 km® greater than at present. Twice as many end
moraines as previously recorded were mapped. The surge interval varies in order of
10-140 years between and within the outlets. Surges seem to have been more
frequent during the 19" century and the earliest 20" century compared to about 50-
60 year periodicity after 1920 AD. No clear relationship between surge initiation or
periodicity and climate could be established.

During surges, a maximum surface thinning in the order of 10-30 m occurs in the
upper reservoir areas, which coincides with areas of maximum accumulation during
quiescent phase. The surges contribute at least to 30-40% of the volume loss in the
reservoir area during the period 1994-2005. During the present quiescent phase, the

reservoir areas thicken by ¢. 0.5-0.7 m a”' and the receiving areas thins by ¢. 1 ma™,
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which will bring the glacier surface profiles towards a pre-surge stage in 45-65
years.

The ice sheet over Vestfirdir during the last glaciation was characterised by
topographically controlled fjord/valley-type ice streams or glaciers which flowed
faster than grounded ice domes over plateaux and some uplands. A thin, non-erosive
and cold-based ice covered the plateaux and some uplands, while warm-based
erosive ice filled valleys and fjords during LGM.

Ice thinning and deglaciation of some mountains at least c. 26 ka BP, preceded any
considerable lateral retreat of the ice sheet. The terrestrial deglaciation was stepwise
and asynchronous. Uplands and some valleys were deglaciated 14-15 ka BP while
some valleys were occupied with ice at least until c. 9 ka BP.
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Detailed geomorphological maps from the forefields of three surging outlets of the Drangajékull ice cap, north-
west [celand, are presented. The maps are based on field studies in 2011-2013, high resolution orthorectified ae-
rial photographs recorded in 2005-2006, and airborne LiDAR data from 2011. The maps cover an area of about
40-60 km? each. Furthermore, we present an overview map that covers the area surrounding the Drangajékull
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giﬁ;ﬁmu and moraines. Fluvial landforms include outwash plains/sandur, pitted sandur, and eskers. In addition raised
Iceland beaches were mapped. The Little Ice Age (LIA) maximum extent of Drangajékull and its outlet glaciers are
Glacial geomorphology fingerprinted by surficial till deposits and freshly glacially scoured bedrock. Sediments distal to the LIA deposits
Surging glacier were recorded and consist mainly of late Weichselian and early Holocene sediments and locally weathered bed-
Landform rock. Periglacial activity is demonstrated by patterned ground, mainly occurring on the 500-700 m high plateaux,
Little lce Age and three rack glaciers. At least 3-4 surge events are described from each of the outlet glaciers, occurring over the
last three centuries. In contrast to most other surge-type outlets from Icelandic ice caps, the Drangajokull outlets
are confined within valleys, which affect the forefield geomorphology. Glaciofluvial landforms, moraines, and a

thin sheet of till with numerous boulders are characteristic for the forefields of the Drangajékull outlets.
© 2014 Elsevier B.V. All rigths reserved.
1. Introduction five years (Sigurdsson, 1998; Sigurdsson and |6hannesson, 1998;

The three main outlets of the Drangajékull ice cap (Reykjarfjardarjokull,
Leirufjardarjokull and Kaldalénsjokull) are all surge-type glaciers
(Porarinsson, 1969; Bjérnsson et al., 2003; Sigurdsson, 2005; Sigurdsson
and Williams, 2008). Eythorsson (1935) and bérarinsson (1943) summa-
rized the historical information regarding the fluctuations of the glacier
margins, as chronicled by local farmers and previous explorers in the
area. Leirufjardarjékull and Kaldal6énsjékull surged around A.D. 1700 and
1740. All three glaciers surged in the mid-nineteenth century and again
in the 1940s. Finally, Leirufjardarjokull and Kaldalénsjokull surged during
the period 1995 to 2000 and Reykjarfjardarjékull between 2002 and
2006 (Sigurdsson, 1998; Sigurdsson and J6hannesson, 1998; Sigurdsson,
2003; Prastarson, 2006). Bjornsson et al. (2003) described the nature of
surging glaciers in Iceland, concluding that the advance of the surging
terminus usually lasts a few months. However, during the last two surges
of the Drangajokull outlets, the advance of the terminus lasted about

* Corresponding author at:. Department of Geology, Norwegian University of Science
and Technology, Sem Slands veg 1, N-7491 Trondheim, Norway. Tel.: 4-47 407 20331,
E-mail addresses: skafti brynjolfsson@ntnu.ne (S. Brynjélfsson),
anders.schomacker@ntnu.no (A. Schomacker), oi@hi.is (0. Ingélfsson).
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0169-555X/© 2014 Elsevier BV. All rigths reserved,

Sigurdsson, 2003). Such long lasting advances of other surging glacier
termini in Iceland have only been reported from Birfellsjokull, a small
surging cirque glacier in Trollaskagi, north Iceland (Brynjélfsson et al.,
2012). This makes the surge activity of Drangajékull unique, compared
to the surge-type outlets of the other ice caps in Iceland. The duration of
the Drangajokull surges resemble the surging of glaciers of Svalbard
where the active phase typically lasts 3-10 years (Dowdeswell and
Hamilton, 1991; Jiskoot et al., 1998; Murray et al., 2003).

Glacier surging is a cyclic flow instability generally thought to be
triggered within the glacier system rather than by external climate forc-
ing (i.e, Benn and Evans, 2010). However, notably, Striberger et al.
(2011) suggested that a mass-balance control on surge frequencies
was found on Eyjabakkajokull, a northeastern outlet of Vatnajokull ice
cap, Iceland. During the active phase of surge, ice is transferred from
the reservoir area to the snout of the glacier. Ice flow velocity of the ac-
tive phase can be up to a thousand times faster than the quiescent
phase, whereas the quiescent phase is characterised by snout stagnation
and ice build-up in the reservoir area (Meier and Post, 1969; Raymond,
1987; Sharp, 1988; Harrison and Post, 2003; Benn and Evans, 2010).
Landform-sediment assemblages on the foreland of such glaciers have
been used to define a surging glacier land system model (Evans and
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Rea, 1999, 2003). The forefield of the nontopographically confined surg-
ing glaciers, Briarjokull, an outlet of northern Vatnajokull, was one of
the main study areas for the land system model (Evans and Rea, 1999,
2003; Kjeer et al.,, 2008). Such an approach can be used to recognise
the imprint of former surging on the landscape {(Evans and Rea, 2003;
Benn and Evans, 2010). However, sometimes this land system model
has to be modified as each surging glacier is unique. A recent study of
small surging cirque glaciers in Trollaskagi, northern Iceland, shows
that a modified version of the surging glacier land system model best
described the fingerprints of surging cirque glaciers (Brynjélfsson
etal., 2012),and Schomacker et al. (2014) described a modified surg-
ing glacier landsystem model for Eyjabakkajokull, eastern Iceland.

Geomorphological maps exist from the Drangajokull region
(Eythorsson, 1935; Pérarinsson, 1943; John and Sugden, 1962;
Groove, 1988; Principato, 2008). However, no detailed geomorphologi-
cal maps exist of the forefield of the Drangajékull surging outlets, except
the map of Kaldalén outlet by John and Sugden (1962). The aim of this
paper is to present detailed geomorphological maps and describe the
sediments and landforms that occur in the forefield of the three surging
outlets of the Drangaj6kull ice cap. This is in order to better interpret the
scarcely known surge dynamics before the observed surges in the 1930s
and to identify characteristic landforms and sediments formed by the
surges. Furthermore, based on the geomorphological mapping and his-
torical information, we aim to reconstruct the Little Ice Age (LIA) maxi-
mum extent of the ice cap.

2. Regional setting
The Drangajokull ice cap reaches 915 m above sea level (asl) and is

located on the eastern highland plateau of the Vestfirdir peninsula in
northwest Iceland (Fig. 1). This dome shaped, fifth largest ice cap

in Iceland, rests on Neogene flood basalts interbedded with thin sedi-
mentary layers (Einarsson, 1991; Kristjansson and Jéhannesson,
1994). The equilibrium line altitude (ELA) at 550-600 m asl is about
half the altitude of ELA on the other ice caps in Iceland, reflecting low
summer temperature, short melting season, and high precipitation
over the eastern Vestfirdir peninsula (Eythorsson, 1935; Crochet et al,,
2007; Bjornsson and Palsson, 2008). This unique glacial condition, in
terms of Iceland, is considered to be amplified by the proximity
of Greenland and the cold polar East Greenland Current (EGC)
(Berghorsson, 1969; Bjérnsson, 1979; Ingdlfsson et al., 1997; Eiriksson
et al., 2000). Short distance to the open ocean to the west, north, and
east of the eastern Vestfirdir peninsula favours the access of moist air
to the glacier (Eythorsson, 1935). The EGC converges with relatively
warm Atlantic water of the Irminger Current off the Vestfirdir peninsula
(Stefansson, 1969; Eiriksson et al., 2000). Enhanced advection of either
of the currents strongly affects sea ice extent north of Iceland and re-
gional changes in temperature (Bergbdrsson, 1969; Stétter et al.,
1999; Hanna et al., 2004; Geirsdottir et al,, 2009).

The present climate of Iceland is classified as cool, temperate mari-
time (Einarsson, 1976). Regional climate conditions at Drangajokull
are characterised by steep precipitation and temperature gradients
from the northeast to the southwest. The mean summer temperature
(June-September) is 6-7 °C on the northeast coast of the ice cap and
8-9 °C on the west coast of the ice cap (Eythorsson, 1935; Hanna
et al., 2004; http://www.vedur.is/Medaltalstoflur-txt/Manadargildi.
html accessed 15 August 2013). The precipitation gradient reflects pre-
vailing wind direction in the area from the northeast (Einarsson, 1976),
with about 1100 mm annual average precipitation close to sea level on
the northeast coast and about 580 mm on the west coast on the lee side
of the Drangajékull ice cap (Crochet et al., 2007; http://www.vedur.is/
Medaltalstoflur-txt/Arsgildi.html accessed 15 August 2013).

Fig. 1. The Drangajkull ice cap, located on the eastern Vestfirdir peninsula, north-western Iceland. The main geographical names are presented on aerial orthophotos from 2005 to 2006

taken by Loftmyndir ehf.
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Three surging outlet glaciers have been recognised draining
the Drangajokull ice cap, Reykjarfjardarjokull to the northeast,
Leirufjardajokull to the northwest, and Kaldalénsjokull to the
west. Records show that these glaciers are known to have surged
at least three or four times since the settlement of Iceland
(Sigurdsson, 1998; Bjérnsson et al., 2003). Timing of the last two
surge events of each of the three surging outlets is well documented
(Sigurdsson, 1998; Bjdrnsson et al., 2003; Sigurdsson, 2003, 2005;
Bjornsson and Pélsson, 2008 ). The outermost end moraines, except
the moraine in Kaldalén, were formed in the eighteenth and the
mid-nineteenth centuries (Eythorsson, 1935; bérarinsson, 1943;
Sigurdsson, 1998; Bjornsson et al., 2003; Sigurdsson, 2005; Principato,
2008). In Kaldaldn the two outermost end moraines have been dated
to Younger Dryas and Neoglacial ages (Principato et al., 2006). Since
the LIA maximum, the Drangajékull outlet glaciers have retreated
3000-3500 m from their outermost terminal moraines, and extensive
surfaces that formed during surge activity have been revealed. Surge ac-
tivity has not been reported from other outlets or parts of Drangajokull,
From SPOT 5 satellite imagery, the present size of the Drangajokull ice
cap has been estimated to 150 km? (Pbrastarson, 2006). Eythorsson
(1935) estimated its size about 160 km?, while the map survey of the
Danish army in 1913-1914 shows its size to be about 200 km?
(borarinsson, 1958; Bjornsson, 1979). Two further estimates of the
size of the ice cap were published by Bjérnsson (1979) who estimated
its size to be 160 km? from air photos taken in 1960, and finally
Johannesson et al. (2013) calculated its size in 2011 from LiDAR data
to be 142 km?. The area of Drangajékull, except the three surging out-
lets, thus appears to have been relatively stable during the last 50 to
80 years.
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3. Methods
3.1. Data

The base data used for mapping the geomorphology of Drangajokull
are aerial photographs with 0.5-m pixel size dating from 2005 and 2006
supplied by Loftmyndir ehf. and a LiDAR (light detection and ranging)
derived digital elevation model (DEM) with 5-m ground resolution
from 2011, supplied by the Icelandic Meteorological Office (IMQ).

Extensive field work was carried out during the summers of 2011,
2012, and 2013. Valleys, fjords, mountains, and ice margins of the north-
ern half of the ice cap were surveyed by walking around the perimeter
from Reykjarfjérour on the east side to Kaldalén on the west side
of the ice cap (Fig. 1). Landforms and sediments were described,
interpreted, and classified according to genesis. Moraines representing
former glacier extension, raised beaches, and other landforms and sed-
iments relevant for the glacial history of Drangajokull were localized by
Garmin GPSMAP 62sc, with horizontal accuracy close to +3 m. The
ISN93/WGS84 reference system was used for all data handling and the
final maps.

32. Geomorphological mapping

The geographical information system (GIS), ESRI ArcMap 10, was
used to manually digitize all the mapped features. Final layout of the
maps was performed in the drawing software Canvas, version 11. On
the overview map (Fig. 2), polygons are drawn to represent different
sediments and surfaces, and polylines are used to delineate line-
shaped features, e.g., moraines, raised beaches, and rivers.

Fig. 2. An overview map of the geomorphology and sediments around Drangajékull, an x-mark south of the ice cap locates a lake sediment core. See online Supplementary data for full

version of the map.

62



Appendix I

S. Brynjolfsson et al. / Geomorphology 213 (2014) 292-304 295

The detailed maps (Figs. 3, 4, 5) are processed in much more detail.
Smaller landforms and indistinct sediments were registered in a scale
of 1:1000 or better resolution. The LiDAR DEM, in addition to careful
field exploration, results in accurate representation of landforms and
sediments. Features such as subglacial surface, sandur, pitted sandur,
extra-marginal sediments, perennial snow, periglacial surface, glacial river,
moraine, hummocky, esker, kame terrace, and ice sculpted bedrock were
delineated by polygons. Linear-shaped landforms such as channels, flutes,
and raised beaches are represented by polylines. The maps are designed
to be viewed digitally or printed in A0 format. Some landforms may ap-
pear as cluster or indistinct if the maps are printed on A3 or A4 format.

4, Mapped landforms

Below, we describe the geomorphology of Reykjarfjardarjékull,
Leirufjardarjokull, and Kaldalénsjokull, which are unlike other de-
scribed surge-type glaciers in Iceland. Their landform assemblage and
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distribution do not fit well into the land system model of Evans and
Rea (1999, 2003). First we describe the general settings and the LIA
maximum glacier extent of the Drangajékull region. Fig. 2 provides an
overview of the distribution of the sedimentary units and landforms in
the forefield of the Drangajokull ice cap and its surroundings. Then we
describe the geomorphology related to the glacier surges. Detailed
maps of the valleys of the three surging outlet glaciers are presented
on separate maps shown in Figs. 3, 4, and 5. Finally, we describe other
distinct geomorphological features in the region, not related to the
surge activity,

4.1. The Drangajékull region

A former subglacial surface extends from the present glacier margin
to the LIA limit (Fig. 2). In our mapping, this class (subglacial surface) in-
cludes basal till, locally weathered bedrock, and ice-sculpted bedrock
dissected by meltwater streams (Fig. 6A). The class represents the LIA

Fig. 3. A glacial geomorphology map of Reykjarfjardarjokull. See online Supplementary data for full version of the map.
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Fig. 4. A glacial geomorphology map of Leirufjardarjokull. See online Supplementary data for full version of the map.

maximum extent of the glacier. Where possible it is defined by the LIA
maximum moraines, otherwise with other landforms and sediments re-
lated to the LIA maximum position. Mapping of the subglacial surface is
mainly based on field ebservations for the northern perimeter of the ice
cap and remote sensing for the southern perimeter. Generally, the till is
coarse grained, rich in subangular to subrounded basaltic pebbles and
boulders (Fig. 6B). Glacially scoured bedrock sporadically protrudes
the thin till cover. It is often streamlined and glacially striated heading
approximately parallel to the valleys draining the glacier.

All superficial sediments beyond the mapped LIA extent of
Drangajékull, except the sandur and the periglacial sediments, were
mapped as extra-marginal sediments. This term includes remains
of late Weichselian and early Holocene tills (Hjort et al., 1985;
Geirsddttir et al., 2002; Principato et al,, 2006; Principato, 2008), bed-
rock, and locally weathered bedrock (Fig. 6C). It also includes scree ma-
terial, soil, wetlands, and vegetation.

Erratics (Fig. 6D) are more densely scattered within known LIA ter-
minal moraines than outside of them. The exact position of the LIA max-
imum ice limit is difficult to reconstruct all around the ice cap, in
particular around the southern perimeter, where the geomorphological
imprints are negligible. Lacustrine sediment cores retrieved about 1 km
beyond the present southern ice cap margin (Fig. 2) indicate that the
glacier extended at least to that location. At present this lake receives
glacial meltwater. The core consists of about 30 cm of silt and clay on
top of a diamict that is interpreted as till. This and the absence of organic
material in the core are the main indication of glacier covering that area
for a period during the LIA. The lack of geomerphological imprints indi-
cates a thin and not very dynamic (perhaps cold-based) LIA ice margin
in this area, where the elevation is about 500-600 m asl. At the south

margin, the ice cap extended to the head of the Skjaldfannardalur valley
(Fig. 2) in the mid-nineteenth Century (Shepard, 1867). Because of well
preserved terminal moraines and fluted surfaces, as well as historical
evidence, the LIA extent is well constrained from Bjarnafjoréur on the
northeast side to Leirufjérour on the northwest side of the glacier. Rela-
tively small marginal variations since the LIA seem to be a general ten-
dency on the plateaux around the ice cap. The main variations of the
ice cap margins occur where the outlet glaciers descend into topograph-
ical lows (Fig. 2).

Moraines are presented in two different colour classes, i.e., recent
moraines known to have formed from the LIA until present and other
moraines older than LIA or of unknown age.

Moraines mainly occur around the northern half of the Drangajokull
ice cap (Fig. 2). End moraines occurring on higher slopes and in the
small hanging valleys north of the Drangajékull ice cap are generally in-
conspicuous low crest ridges 5 m in height and width, consisting of
coarse diamict and occasionally predominantly of boulders (Fig. 6E).
Lateral moraines are generally characterised by indistinct low relief mo-
raine ridges, 1-5 m in height and width, of diamict and boulders. These
features are particularly well preserved in Leirufjorour and Kjés (Fig. 4),
where they are represented by a series of distinct lateral moraines, pre-
viously mapped by Principato (2008), up to 40 m wide and 15 m high
(Fig. 7A), and can be traced along the valley sides. Furthermore, distinct
moraines of unknown age occur far beyond the LIA maximum extent in
Grunnavik and Skjaldfannardalur (Fig. 2).

Ice-sculpted bedrock (roche moutonneés and whalebacks) was
spotwise recorded in front of the three surging outlets (Figs. 3, 4,
and 5). The ice-sculpted bedrock outcrops are from 2 to 3 m long and
wide, up to 100 m in diameter, and usually elongated in the former ice
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Fig. 5. A glacial geomorphology map of Kaldaldnsjokull. See online Supplementary data for full version of the map.

flow direction. Smaller erosional forms like glacial striae also have a di-
rection parallel to the valleys, and P-forms occasionally occur on the bed-
rock surface,

Flutes are elongated landforms aligned parallel to the former glacier
flow (Fig. 7B). In addition to the flutes mapped in the forefields of the
surging outlets, distinct flutes, up to 100 m long and 1 m in relief,
were observed at the head of the Furufjérour, baralatursfjorour, and
the hanging valleys north of the glacier within the LIA moraines,

Erratics, up to 1 m in diameter, are common around Drangajokull
(Fig. 6D), particularly within moraines known to have formed during
the LIA. However, they also occur outside the LIA limit, predominantly
on mountain plateaux and along the coastlines fringing the ice cap. Be-
cause of their great number and wide dispersal, the erratics were not
mapped.

Outwash plains and sandurs are gently down glacier sloping surfaces
of glaciofluvial deposits, from braided glacial rivers, and are
characterised by networks of abandoned channels and active river
channels (Fig. 7C). Lowland valley floors around Drangjékull are partial-
ly filled with glaciofluvial sediments; eight sandurs related to present
drainage of the glacier were mapped. The sandurs covering the largest
areas are located in Kaldaldn, Leirufjorour, and Reykjarfjorour. Sandurs
covering smaller areas occur in Paralitursfjprour, Bjarnafjérdur,
Furufjoérdur, and Skjaldfannardalur, which all drained outlet glaciers
during the LIA (Shepard, 1867; Eythorsson, 1935). Sandurs were also
mapped at Héfdastrond, Unadsdalur, and occasionally along the coast
on the southwest side the ice cap. That is not known if the latter were
active during the LIA or later. Braided meltwater channels commonly
occur on the sandurs. Some are recurrently occupied by water, others

fill only during flood events. Owing to their chaotic and dense distribu-
tion, the major stream channels were mapped as polygons while small-
er streams and dry channels were mapped as polylines.

The periglacial surfaces (Fig. 8A) were primarily documented on flat,
wind-exposed plateaux at 500-750 m asl (Fig. 2), where they are
characterised by block fields, polygons, and stripes. The polygons at
this elevation are usually 2-5 m in diameter and up to 1 m in relief.

4.2. Geomoirphology of the surging outlets in Reykjafjorour, Leirufiorour and
Kaldalén

4.2.1. Reykjarfjordur

Four separate end moraines were mapped on the valley floor in
Reykjarfjérdur (Fig. 3). This is one more than mapped by Eythorsson
(1935), bérarinsson (1943), and Principato (2008). The outermost mo-
raine, about 4500 m distal to the present ice front, is a poorly defined,
vegetated, horseshoe-shaped moraine. It is 5 m high and 10-30 m
wide, consisting of gravelly and boulder-rich diamicton. Its age is un-
known, and since no sections exist where sediments and structures
can be observed, and therefore not known if it is primarily formed by
dumping or active thrusting. About 250-350 m proximal to the glacier
from the outermost moraine is a 10-15 m high moraine formed by
the surge in AD 1846, consisting mainly of gravels pushed/thrusted up
from the pre-surge outwash plain (Eythorsson, 1935; Principato,
2008). A lateral moraine continuing from the 1846 end moraine can
be followed for about 900 m along the northern valley side. Located
about 1600 m proximal to the glacier from the 1846 moraine is a
poorly developed end moraine formed by a surge in AD 1936-1940
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Fig. 6. Examples of landforms in the forefield of Drangajokull. The arrows indicate ice flow direction. (A) Overview of ‘subglacial surface’ in front of Reykjarfjardarjskull. (B) Typical ‘sub-
glacial surface’ proximal to present margin of Leirufjardatjélkull. (C) Extra-marginal sediments at the valley floor of Furufjordur. Today, the glacier barely reaches into the head of the valley,
(D) Erratics on the mount Halsbunga in Reykjar{jérour, proximal to present glacier margin. (E) The distal most terminal moraine of Reykjarfjardarjokull formed during a surge around AD
1840. Located on top of the mountain Halsbunga where the sediment supply is limited; as a consequence, the end moraine mainly consists of boulders at this place.

(Sigurdsson, 1998, 2003; Bjérnsson et al,, 2003). Between the moraines
formed by the 1846 and 1940 surges the third moraine is located, which
age and process of formation are unknown. The 1940 moraine and the
third moraine have been extensively eroded by the meltwater streams;
the moraines today are primarily recognised by trains of remnant boul-
ders on the outwash plains. The glacier last surged in 2001-2006
(Prastarson, 2006), but because of snow cover along the margin during
fieldwork in summer of 2011, we were not able to recognise or map a
corresponding moraine. Dissected lateral moraines occur along the

southern slope of the valley and discontinuous end moraines on
Hélsbunga, which most likely correlate to the glacial events that caused
the formation of the three end moraines since AD 1846. However, the
lateral moraines remain undated and their correlation is therefore not
clear.

Inconspicuous flutes, up to a few tens of metres long, were mapped
within the area influenced by the 1940 surge and proximal to the end
moraines at Halsbunga. Hummocky moraine consisting of diamict—
characterised by small depressions, hills, and hillocks—covers a
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Fig. 7. Examples of landforms in the forefield of Drangajékull. The arrows indicate ice flow direction. (A) Lateral moraines along the lower part of the 350-m high mountain, Kjésarndpur.
(B) Distinct flutes within the Little Ice Age limits of the ice cap, along its northern margin. (C) Sandur in the valley Reykjarfjordur, farther out on the plain is the Little Ice Age limit of

Reykjarfjardarjékull.

topographic depression preximal to the present glacier margin in the
southern part of the valley Reykjarfjérdur (Fig. 8B). It is interpreted to
represent melting of stagnant glacier ice after the 1940 surge termina-
tion. Fragmented kame terraces composed of gravel, cut by meltwater
channels, and slumped as debris flows occur within the AD 1940 mo-
raine. They could indicate stepwise shrinkage of the glacier after
surge stagnation. An ~5-m-high, 10-m-wide, and 200-m-long esker,
consisting of coarse-grained gravel, occurs within the area of the AD
1940 surge (Fig. 8C). Two smaller eskers are located nearby and a
small esker in the southern part of the valley.

422, Leirufjorour

Seven separate moraines were mapped in the forefield of the
Leirufjérour surge-type outlet (Fig. 4). The two outermost end moraines
are ~3000 m distal to the present glacier margin and located together.
The terminal moraine is heavily eroded, mostly vegetated, about 10 m
high and 15 m wide, and extending about 200 m. The end moraine lo-
cated at its proximal side is 5-15 m high, 5-20 m wide, and partly veg-
etated (Fig. 8D). Its composition (mainly silt, sand, soil, and grave]) is
revealed in a 10-m-wide and 3-m-high river-cut section. Thrust planes
and folds show that the moraine contains pushed and deformed sedi-
ments. On the west side of the valley floor the moraine has been eroded
by the glacier river and consists mainly of boulders and diamict. Be-
tween 300 and 1000 m within the two outermost moraines, we mapped
tree indistinct ridges that we interpret to be end moraines, each 1-3 m
high and 3-10 m wide. The ridges are fluvial eroded, consisting of rem-
nants of coarse-grained diamicton and boulders. Their process of forma-
tion is unknown. Most proximal to the glacier, located at an elevation of

80-100 m asl are two moraines formed by the surges in AD 1938-1942
and AD 1995-2001, respectively (Bjérnsson et al., 2003; Sigurdsson,
2003, 2005). They are 1-3 m high and 2-6 m wide, consisting of the
coarse-grained diamicton. Six separate lateral moraines, of similar ap-
pearance as the AD 1942 and AD 2001 moraines, occur on the eastern
valley side. They most likely correlate with the end moraines described
above,

Clusters of poorly preserved flutes, up to 100 m long and perpendic-
ular to the end moraines, are located at the eastern side of the valley.
Distinct kame terraces of gravel are situated in a river gully at the
head of the valley about 300 m outside the present ice margin
(Fig. 9A). Fragmented kame terraces of gravel also occur about 1 km
downvalley. Few eskers, about 1-3 m high and 5 m broad and segment-
ed by meltwater channels, are present on the sandur distal to the AD
1942 moraine,

4.2.3. Kaidalén

Eight end moraines were mapped in the forefield of the Kaldalén
surging outlet (Fig. 5). The two outermost moraines have been dated
to Younger Dryas and Neoglacial ages (Principato et al., 2006;
Principato, 2008). The younger of those is not considered to be related
to the LIA surge history of the Kaldalén glacier.

We mapped six moraines that were formed by ice marginal fluctua-
tions and surge events since the LIA maximum. On the proximal side
of the two old moraines is a steep crested moraine ridge, composited
of gravel and diamicton, scarcely vegetated, and 10 m high. It is consid-
ered to have formed as a result of a surge around AD 1740 (Sigurdsson,
1998; Bjornsson et al.,, 2003). The next five moraines have been
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Fig. 8. Examples of landforms in the forefield of Drangajokull. The arrows indicate ice flow direction. (A) Polygons, 2-5 m in diameter, located about 550 m asl on mount Leirufjall.
(B) Hummocky moraine about 500 m beyond the present margin of the Reykjarfjérdur outlet. (C) A 5-m-high and 200-m-long esker located 50 m in front of the present margin of
Reykjarfjardarjdkull. (D) The distal most end moraine in Leirufjsrdur formed during a surge in the early eighteenth century, about 15 m high and about 3000 m distal to the present glacier

margin.

extensively eroded by the glacial rivers and can be identified as low re-
lief latero-frontal ridges, 1-5 m high, consisting predominantly of
coarse-grained diamicton and trains of boulders. The fourth moraine
in this sequence of end moraines is considered to have formed by
surge arcund AD 1860 (Bjornsson et al., 2003). Its 1-4 m high ridge
on the southern side of the valley floor consists of coarse-grained
diamicton and boulders. Finally, two indistinct moraines proximal to
the glacier correlate to the surges that terminated in AD 1940 and AD
1999.

Poorly preserved flutes, 50 m long, are visible in the glacier forefield
on the plateau on each side of the valley. Pitted sandur occurs at the foot
of the southern valley slope; its surface is uneven with depressions and
mounds. Though its appearance resembles the hummocky moraine, the
deposit is different; composed of esker segments and glaciofluvial sed-
iments, coarse and sandy gravel with subrounded to rounded pebbles
and boulders. The pitted sandur, indicative of dead-ice downwasting,
was probably mostly deposited supraglacially. Several eskers occur in
the middle of the valley; they range from a few metres in width and
height and up to a few hundred metres in length. The most distinct es-
kers were mapped, but some esker fragments have a chaotic appearance
owing to melting of dead-ice, and a hummocky surface that indicates at
least some were formed englacially,

4.3. Other geomorphological features

Three distinct geomorphelogical forms considered to be rock gla-
ciers occur on the northern side of the ice cap: one is situated in a
narrow north-facing gully between Kjés and Beajardalur, and two
occur below a northeast-facing sharp mountain edge at the head of

Furufjérdur (Fig. 9B). They are a few tens of metres thick, and their sur-
face is bare of vegetation and with multiple lobed-tongue—shaped piles
of coarse and angular rocks. Their structure and geomorphology closely
resemble rock glaciers described by Clark et al. (1998) and Humlum
(2000). The rock glaciers have a common location and aspect with ac-
tively frost shattered backwalls and restricted exposure toward solar
radiation.

Lakes are particularly widespread on the plateaux south and south-
east of the ice cap. They seem to occupy structural depressions in the
bedrock rather than being formed as moraine-dammed ice-marginal
lakes. Because of restricted glacial drift and no moraine dammed lakes,
Principato and Johnson (2009) suggested that the lake basins are
formed by ice scour, indicating intensively eroded bedrock. Some
lakes serve as threshold lakes and have received glacial meltwater sed-
iments during more extended stages of the glaciers. Few of them receive
glacial meltwater at present.

Distinct perennial snow fields were mapped where ice and old dark
snow were exposed. The aerial photos used for the mapping were cap-
tured during late summer when perennial snow fields can be expected
to remain after the summer melt.

Raised beaches at about 5 m asl are common and were mapped in
the fjords east and north of the glacier (Fig. 9C). Distinct raised beaches
5-8 m asl are common on Snafjallastrénd and occur sporadically along
the whole coast southwest of the ice cap. Additional raised beaches and
marine limits have previously been mapped at altitudes up to 30 m asl
(John and Sugden, 1962; Principato, 2008), but were not recognised
during our mapping campaign. However, ~20 m asl we mapped sandur
terraces proximal to the present beach south of Kaldaldn. Topset and
foreset are revealed in a 2-4 m deep gully intersecting the sandur. We
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Fig. 9. Examples of landforms in the forefield of Drangajskull. (A) Fragmented kame terraces proximal to the present glacier margin of Leirufjérour outlet. (B) A rock glacier located at the
head of Furufjérdur, facing northeast. (C) About 5 m high raised beach ridges in Hrafnsfjérdur north of the ice cap.

conclude that this landform was either deposited in the sea during
higher sea level or into a lagoon, lateral to a glacier extending to the
fjord, during deglaciation.

Numerous distinct sharp edged-boulders up to 1.5 m in diameter are
present on the sandur on the valley floor of Kaldalén around tidemark at
the head of the valley. They appear in clusters and extend from the val-
ley sides to the middle of the valley bottom. Farmers that used to live on
now-abandoned farms in the valley have described deposition of some
of these boulders by snow avalanches coming down the steep valley
slopes (John and Sugden, 1962; Indridi Adalsteinsson, affiliation, per-
sonal communication, 2013). Big snow fields and cornices build up on
the lee sides of the prevailing snow drift direction from the north and
northeast. Under certain conditions the cornice and the snow fields
can fail resulting in a release of an avalanche that plucks boulders
from the slope. Some of the boulders are transported 200-300 m across
the flat valley bottom.

5. Discussion

We mapped landforms in front of the three surging outlets draining
the Drangajokull ice cap. None of the landforms mapped are diagnostic
for surging glaciers, and furthermore, the landform assemblages we
have mapped are not diagnestic for surging glaciers, according to the
surging glacier landsystem model of Evans and Rea (1999, 2003). Mo-
raines, flutes, and sandurs are predominant at Drangajokull surging gla-
ciers; they are also prominent in the land system model of Evans and
Rea (1999, 2003). Hummocky moraine, pitted sandur, crevasse fill
ridges, and concertina eskers all serve as important components of
their land system model. However, they are restricted, obscure, or ab-
sent in our study. The conceptual model for a surging glacier landsystem

was developed by Evans and Rea (1999, 2003) based on observations
from surging glacier ferefields in Iceland, Svalbard, U.S.A., and Canada.
The Icelandic examples from Vatnajokull have well-preserved landform
assemblages conforming well with the land system model and are con-
sidered to be good analogues for palaeo surge ice sheet lobes (Evans and
Rea, 1999, 2003; Kjer et al., 2008; Schomacker et al,, 2014).

5.1. Geomorphology related to surges of Drangajékull

The geomorphology of Reykjarfjardarjokull, Leirufjardarjékull, and
Kaldalénsjokull are unlike other described surge-type glaciers in Iceland,
and their landform assemblage and distribution does not agree well
with the landsystem model of Evans and Rea (1999, 2003). In contrast
to most other surging outlets in Iceland, the surging outlets of
Drangajdkull are strongly topographically confined. They could possibly
serve as analogues for terrestrial palacoglaciers and contemporary surg-
ing outlets that terminate in strongly topographically confined fjords
and valleys,

The absence of diagnostic landforms such as crevasse-fill ridges
(Sharp, 1985; Evans and Rea, 1999, 2003; Kjar et al., 2008) and very
limited occurrence of hummocky moraine, pitted sandur, and flutes
could be a result of the relatively steep and confined topography. Cre-
vasse ridges form when water-saturated basal till is squeezed into frac-
tures extending upwards from the glacier bed; the process appears to be
uniquely associated with glacier surges (Sharp, 1985; Benn and Evans,
2010). The valley floors in front of Drangajokull are covered by
glaciofluvial sediments; and because of continuous erosion by the
meandering glacial rivers, the preservation potential of glacial land-
forms and sediments is poor. The erosion has degraded many of the
foreland moraines, washing away the fines and leaving boulders that

69



Appendix I

302 S. Brynjélfsson et al. / Geomorphology 213 (2014) 292-304

mark the end moraine positions. The outermost end moraines of the
surging outlets (Figs. 3-5) resemble best moraines described from
the not topographically confined surging outlets of Vatnajékull
(Benediktsson et al., 2008, 2009). Glaciotectonic structures that indicate
that sediment in an end moraine had been pushed and thrusted by the
glacier occur in a section in the A.D. 1740 moraine in Leirufjordur. Apart
from that site, available sections for careful studies of internal structures
and sediments are very limited. We think the indistinct appearance of
the moraines closer to the glacier is best explained by intensive river
erosion and resedimentaticn on the topographically confined valley
bottoms. Furthermore, the steep valley slopes make the preservation
potential of landforms low, which is well illustrated by the fragmented
appearance of moraine ridges and kame terraces on the valley sides.
However, relatively flat topographically high areas occupied by
flutes exist proximal to the present margins of Kaldalonsjékull,
Leirufjardarjokull, and Reykjarfjardarjokull. The absence of crevasse-fill
ridges in those areas proximal to the present margins may be explained
by the coarse-grained and thin till. The subglacial till is predominantly
gravelly, whereas finer grained sediments are inconspicuous (Fig. 6B).
This could also suggest high permeability and low water saturation of
the till. The till cover is usually thin on topographic high areas, bedrock
structures are often easily discernible below the thin till sheet, and in-
termittently glacially scoured bedrock protrudes (Figs. 3-5). Where
surging glaciers are underlain by thin till, characteristic components
such as crevasse ridges may be absent (Benn and Evans, 2010). We con-
sider the till resulting from the Drangajokull outlet advances to be
unfavourable for the process of crevasse-squeeze ridge formation. This
might also explain the limited and often indistinctive occurrence of
flutes, which is common in front of surging and nonsurging outlets
from the other major Icelandic ice caps. The characteristics of the sub-
glacial till are generally valid for the Drangajokull forefields and are
not limited to the surging outlets. The surficial sediment could also be
partly supra- and englacial sediment deposited as the ice retreated.
This is also reflected by size and architecture of the end moraines.
They are most prominent in basins that have contained sediments for
the glacier to push or thrust. They are usually indistinct on topographic
rises, constituting of coarse-grained diamict with very little fine materi-
al and in some cases only consisting of boulders (Fig. 6E). Colin (1964)
described several small ridges of diamicton in front of the margin of
Kaldalénsjokull, which he interpreted as annual moraines. However,
during our field campaign no annual moraines were identified.

5.2. Reconstruction of Little Ice Age extent

The subglacial surface represents the reconstructed maximum ex-
tent of the LIA glaciation. The most important data for reconstruction
of the LIA glacier extent are terminal moraines, which together with his-
torical information provide good control on the LIA glacier extent of the
northern half of the ice cap.

Except for the moraines in Kaldalén, only few and indistinct mo-
raines occur along the southern and western margins of the ice cap.
The density of erratics appears to be higher within moraines known to
be formed since LIA and can therefore aid in reconstructing the LIA
extent, Flutes are easily eroded, and their occurrence is considered an
indication of glacial activity since LIA maximum and reveals one mea-
sure of the LIA extent. A complete lack of glacial geomorphological im-
prints on the plateau between Kaldalén and Leirufjérour made the LIA
reconstruction there difficult. Lateral moraines, correlating with the
distalmost LIA moraines in Leirufjérour and Kaldalén, are located adja-
cent to the plateau and immediately proximal to the present ice cap
margin. This indicates little variations of the ice cap margin on the pla-
teau. However, the plateau is presently partly covered with perennial
snow fields up to 3.5 km? in size. Some of the snow fields have been sug-
gested to be remnants of thin glacier ice that covered the plateau until
recently (Prastarson, 2006; J6hannesson et al., 2013).

Lacustrine sediment cores taken about 1 km beyond the present
southern ice cap margin (Fig. 2), in connection with a separate study, in-
dicate that the glacier extended at least to this position in the LIA. At
present this lake receives glacial meltwater drained from an elongated
perennial snow field, with exposed glacier ice, extending about 1 km
south from the present southern margin, approximately to the lake.
The core consists of about 30 cm of silt and clay on top of a diamict
that is interpreted as till. We consider these circumstances and the ab-
sence of organic material in the core to indicate that the area around
the southern perimeter of the glacier was ice covered for some period
during LIA. At the southwestern margin, the glacier extended to the
head of the Skjaldfannardalur valley in the year AD 1862 (Shepard,
1867). Negligible geomorphological imprints suggest a thin and not
very dynamic glacier ice in those specific areas at elevations of 500~
600 m asl, perhaps it infers that the ice was polythermal and frozen to
its base at the margins there. Furthermore, many of the topographical
depressions that could serve as depocentres are occupied by lakes. Rel-
atively small marginal variations since LIA seem to be the general ten-
dency on the plateaux, the main variations of the ice cap occur where
the outlet glaciers drain into topographical lows (Fig. 2).

Three landforms considered to be rock glaciers occur below 500 m
asl on steep north-facing slopes north of the glacier. They could indicate
sporadic permafrost conditions and favourable conditions for rock gla-
cier formation. As suggested from Trdllaskagi peninsula, north Iceland
(by Whalley and Martin, 1994; Whalley et al., 1995) they might as
well indicate changed climate affecting the input rate of weathered
rock debris rather than being related to permafrost. Whalley (2009)
used the term ‘discrete debris accumulation’ for such landforms related
to debris accumulation of unknown origin.

However, it remains unknown if the rock glaciers are active at pres-
ent. Hjort et al. (1985) interpreted entirely frozen ground below a depth
of 15-30 cm, on 450-500 m high plateaux about 20 km north of the
Drangajokull, as permafrost. Solid frozen ground was also observed at
15-30 cm soil depth on the 550-700 m high plateaux around the
Kaldalén outlet during fieldwork in late July 2013. Recent studies from
the coastal areas in north and east Iceland indicate sporadic permafrost
above 800 m asl (Etzelmdller et al., 2007; Farbrot et al., 2007), but
the elevation for permafrost could be significantly lower around
Drangajékull ice cap, as a consequence of lower summer temperatures
and shorter melting season. Patterned ground and 2-5 m wide polygons
that occur on the plateaux around Drangajokull above 500 m asl could
be products of permafrost. Polygons of that size have been considered
as indicators of present or recent permafrost in the central highland of
Iceland (Schunke and Priesnitz, 1983). Further studies are needed to
conclude if the polygons and the rock glaciers are related to occurrences
of permafrost, or frequent and numerous frost and thaw cycles.

6. Conclusions

» We present detailed geomorphological maps from the forefields of
the Drangajokull surging outlet glaciers (Reykjarfjardarjokull,
Leirufjardarjokull, and Kaldalénsjokull). Except for Kaldalén, those
are the first detailed geomorphological maps published from the
forfields of the surging outlets. An overview map presents the geo-
morphology around the entire Drangajokull ice cap.

In general the sediment cover is thin around Drangajokull and mainly
consists of basal till and locally weathered bedrock. Large bedrock out-
crops are often distinguishable below the thin sediment sheet, inter-
mittently glacially scoured bedrock protrudes the drift cover. The
valleys are the main depocentres for sediments.

The Little Ice Age limits of the ice cap are constrained by terminal mo-
raines and confirm with historical evidence on glacier extent around
the northern and eastern part of the ice cap. Glacial geomorphological
imprints are mostly lacking along the southern and part of the west-
ern margin of the ice cap, which makes the LIA reconstruction chal-
lenging. Fragmentary historical information, distribution of erratics
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and flutes, correlation to adjacent known LIA landforms, and lake sed-
iment cores were used to estimate the LIA extent in such areas.

The geomorphology of the surging outlets is characterised by exten-
sive sandurs, covering the valley floors, and end moraines. The end
moraines correlate well with reported surges since the Little Ice Age,
and together they reveal the surge history over the last two centuries.
Flutes, eskers, kame terraces, pitted sandur, and hummocky moraines
were mapped in front of the surging outlets but are not frequently
occurring landforms. The till is generally coarse grained and rich in
boulders. The distalmost end moraines of the three surging outlets
are 10-15 m in relief consisting mainly of gravel pushed up from the
outwash plain and (to a lesser extent) of peat, fines, and diamict.
Other moraines are usually low in relief and often indistinct or
eroded by the glacial rivers, constituted of coarse-grained till and
boulders.

The landform distribution in the forefields of Reykjarfjardarjokull,
Leirufjardarjokull, and Kaldalénsjokull does not agree well with the
surging glacier land systems model of Evans and Rea (1999, 2003)
and differs from descriptions of other surge-type glaciers in Iceland.
This could be owing to the thin basal till, generally coarse-grained
till matrix, subglacial hydrological conditions, or basal temperatures
and intensive fluvial erosion on the valley bottoms.
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Abstract

QOver the last 300years, each of the three surge-type outlet glaciers of the Drangajckull ice cap in northwest Iceland has surged 2—4 times. There is
valuable historical information available on the surge frequencies since the ‘Little Ice Age’ (LIA) maximum because of the proximity of the surging outlets,
Reykjarfjardarjokull, Leirufiardarjokull and Kaldalénsjokull, to farms and pastures and monitoring of these glaciers since 193 1. We have reconstructed the
surge history of the Drangajokull ice cap, based on geomorphological mapping, sedimentological studies and review of historical records. Geomorphological
mapping of the glacier forefields reveals twice as many end moraines as previously recognized. This indicates a higher surge interval than earlier perceived.
A clear relationship between the surge interval and climate cannot be established. Surges were observed more frequently during the 19th century and
the earliest 20th century compared with the relatively cool I8th century and the late 20th century, possibly reflecting a lack of information rather than a
long quiescent phase of the glaciers. We have estimated the magnitude of the maximum surge events during the LIA by reconstruction of Digital Elevation
Models (DEMs) that can be compared with modern DEMs. As reference points for the digital elevation modelling, we used the recently mapped lateral
moraines and historical information on the exposure timing of nunataks. During the LIA maximum surge events, the outlet glaciers extended 3—4km

further down-valley than at present. Their ice volumes were at least 2-2.5km? greater than in the beginning of the 21st century.
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Introduction

The classical definition of surge-type glaciers emphasizes a cyclic
flow instability in which glaciers undergo quasi-periodic fluctua-
tions (Benn and Evans, 2010; Harrison and Post, 2003; Meier and
Post, 1969; borarinsson, 1964). The active period of fast flow, the
surge, lasts from a few months to several years, and the quiescent
phase lasts from decades to several hundred years. A glacier surge
is a dramatic event where ice velocity can be up to two or three
orders of magnitude higher than the velocity of the quiescent
phase (Kamb et al., 1985; Meier and Post, 1969; Sharp, 1988a,
1988b; Porarinsson, 1964). Non-surging glaciers experience
much more stable ice flow. The flow rate can be both slow, less
than 1 m/day centrally in ice sheets, and fast, tens of metres on a
day in ice-streams. In contrast to surging glaciers, the dynamics of
non-surging glaciers is climatically controlled, thus they respond
directly to changes in their mass balance. Because non-surging
glaciers respond virtually directly to mass balance (climate), their
end moraines are much better proxies for climatic fluctuations
than end moraines at surging glaciers (Benn and Evans, 2010).
During a surge, ice is transported down to the glacier front from
the reservoir area, sometimes resulting in a frontal advance of sev-
eral kilometres (Harrison and Post, 2003; Meier and Post, 1969;
Raymond, 1987). Those drastic changes of the glacier dynamics
are believed to be mainly driven by thermal and hydrological
changes at the glacier bed. Initially a surge is triggered by a com-
plex combination of internal dynamic processes and external

environmental factors (Fowler et al., 2001; Kristensen and Benn,
2012; Murray et al., 2003). Two main mechanisms have been pro-
posed; either a threshold behaviour of underlying sediments
appearing in water saturation which enhance the fast flow (Clarke
et al., 1984; Kjer et al., 2006), or an abrupt shift from a subglacial
tunnel drainage system to a linked-cavity system (Bjomsson,
1998:; Kamb, 1987; Kamb et al., 1985). Surges can be fast (veloc-
ity of several kilometres per year) or slow (velocity of a few tens
of metres per year), and they occur in both temperate and polyther-
mal glaciers. Polythermal glaciers typically experience an active
phase lasting 3—10years, while the active phase of temperate
glaciers is often 1-2years in Alaska and Iceland (Dowdeswell
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Figure |. Overview map of the Drangajokull ice cap in northwest Iceland. The approximate ice divides of the three surging outlets are drawn
in the figure. The ‘LIA extent’ presents the glacier maximum extent over the LIA period and its reconstruction is based on geomorphological

mapping and aerial photograph analysis.

Annual marginal positions of the three surging outlets have
been measured since 1931 (Eyporsson, 1963; Sigurdsson, 1998,
2011). Their two last surges are therefore temporally and spatially
well documented.

Data and methods
Fieldwork, aerial photographs and DEM

Fieldwork was carried out during the summers of 2011, 2012 and
2013 with focus on Reykjarfjardarjékull, Leirufjardarjékull and
Kaldalénsjokull (Figure 1). Landforms and sediments in front of
the glaciers were mapped, described and interpreted (Brynjolfs-
son et al., 2014). Samples of peat and tephra for dating of glacial
landforms and sediments were also collected from a moraine sec-
tion in Leirufjérdur. The “C ages of the peat samples were cali-
brated with IntCal09 according to Reimer et al. (2009); the *C
samples were processed at the Angstrém Laboratory, Uppsala
University, Sweden. The geochemistry of the tephra layer was
analysed at the University of Copenhagen, Denmark, using a
JEOL Super probe JSL 8200 with an acceleration voltage of
15kV, a 10-nA beam current and a beam diameter of 7um. In
addition to natural and synthetic minerals, glass standards (K22
ATHO and K15 KL2) were used as standards. The geomorpho-
logical overview of Brynjolfsson et al. (2014; Figures 2, 3 and 5)
is based on aerial photographs with 0.5-m pixel size dating from
2005 and 2006 supplied by Loftmyndir ehf, and a LiDAR (Light
Detection and Ranging) derived DEM with 5-m ground resolution
from 2011 supplied by the Icelandic Meteorological Office (IMO).

Historical records of glacier fluctuations

Some of the fluctuations of Drangajokull in the last four to five
centuries are known from written sources (Eyporsson, 1935;
Johannesson and Jonsson, 2012; Magnusson and Vidalin, 1710;
Olafsson and Palsson, 1772; Thoroddsen, 1933, 1958). Farmers that
lived in the vicinity of the glaciers were conscious about their

fluctuations, and information was recorded in local annals and
church books. Two particularly valuable surveys on glacier fluctua-
tions of Drangajokull in the last three centuries exist. Thoroddsen
(1933, 1958) and Johannesson and Jonsson (2012) recorded infor-
mation on glacier fluctuations given by local residents during
Thoroddsen’s exploration in 1886—1887. Eypérsson (1935) explored
tluctuations of Drangajokull and installed markers for measure-
ments of glacier margin positions on some of the outlets in the year
1931. Furthermore, some ambiguous information on glacier fluctua-
tions extending back to the late Middle Ages was summarized by
borarinsson (1943). Since Eyporsson’s (1935) initiative, the [celan-
dic Glaciological Society (1GS) has measured frontal fluctuations of
glaciers in Iceland since the 1930s, published in semi-annual reports
in the journal Jokuil (e.g. Sigurdsson, 2000, 2011).

Reconstruction of the surge history and interval

The reconstruction of the surge history of the Drangajokull ice
cap is based mainly on the recently produced geomorphological
maps (Brynjolfsson et al., 2014) and a review of historical data.
End moraines and lateral moraines were of special interest. They
were surveyed on the aerial photographs and localized in the field
with GPS (Garmin GPSMAP 62sc) with a horizontal accuracy of
+3m. The distances between each end moraine were measured on
the aerial orthophotographs using the Geographical Information
System (GIS), Esri ArcMap 10.

Some moraines are of known age and relate to the recorded
surges (Bjornsson et al., 2003; Eyporsson, 1935; bérarinsson,
1969: Thoroddsen, 1933, 1958), while the exact ages of other
moraines are not known, but they are assumed to have formed in
colder periods (Eypoérsson, 1935). Organic material or tephra for
absolute dating of the moraines is very limited, but we were able
to constrain the age of two moraines by absolute dating.

Furthermore, we constrained a relative age of the undated
additional moraines that were mapped by Brynjolfsson et al.
(2014). This was done by using the historical data and correlating
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moraines of unknown age with moraines of known age and a
mean retreat rate in certain periods.

Reconstruction of the maximum surge conditions during LIA
The lateral moraines of the Drangajokull surging outlet glaciers
formed along the valley slopes during the LIA maximum extent
provide a reference height for the ice surface and maximum ice
thickness at that time. Lateral moraines are characteristic along the
margins of outlet glaciers confined by valleys and considered to
demonstrate the ice thickness during advance or steady state (Benn
and Evans, 2010; Hannesdottir et al., 2015). In case of absence on
one of the sides, the elevation of a lateral moraine on the other side
of the valley was used for reconstruction of the absent moraine. The
area of each of the three surging outlets was also estimated, based
on their approximate ice divide location, identified on shaded relief
LiDAR derived DEM, and the LIA maximum moraines.

The nunatak, Reydarbunga. located about 800 m a.s.l. in the
accumulation area of Reykjarfjardarjokull proximal to the ice
divide (Figure 1), provides valuable information on minimum ice
thinning in the reservoir areas of the surging outlet glaciers, since
its exposure in the first decade of the 20th century (Eyporsson,
1963). When producing the LIA maximum DEMs, we used the
approximate 50-m ice thinning around Reydarbunga since ~1910
as fixed thinning for the reservoir areas since LTA maximum. The
outlet tongues are better constrained using the lateral moraines
extending adjacent to their margins as reference height.

The DEMs representing the LIA maximum ice conditions
were produced in GIS. First, a grid of points with given coordi-
nates and elevation was produced, with emphasis on the lateral
moraines. The ice surface topography was assumed flat between
the lateral moraines of the outlet tongues. The DEMs were
processed using an ArcGIS 3D extension, where the point grids
were interpolated using natural neighbour as interpolation
method. Finally, the DEMs were compared with the LIDAR
derived DEM enabling estimations of ice thickness and volume
changes of the surging outlets between the LIA maximum
extent and 2011.

Historical record of glacier
variations and surges

End moraines formed since the LIA maximum were recently
mapped by Principato (2008) and Brynjolfsson et al. (2014).
Four moraines occur in Reykjarfjordur, six in Leirufjérdur, and
six in Kaldaléon, The number of end moraines is not in agree-
ment with the number of recorded surges of the outlet glaciers as
read from historical records. They document two surges in
Reykjarfjordur, four in Leirufjordur and four in Kaldalon
(Bjornsson et al., 2003; Sigurdsson, 1998; borarinsson, 1969).
By mapping the geomorphology, more advances have been
identified compared with what is known from the surge record
during the last c. 300 years.
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Figure 2. Fluctuations of Reykjarfiardarjékull since the LIA maximum extent. (a} Open circles mark marginal position at known times; recorded
marginal advances and retreats are indicated with bold numbers.A solid line in the diagram indicates known pattern of the glacier, while dashed
line indicates unknown.The temperature plot is the longest measured record in Iceland, from Stykkishélmur in west Iceland. Cooler and warmer
periods are shown on the bar to left. (b) Cross section indicating the different ice conditions during LIA maximum extent and approximately the
mid-20th century. (c) LIDAR derived shaded relief surface model; solid lines show moraine positions in the glacier forefield, and dashed lines ice
marginal positions or described moraines not observable at present. (d) Longitudinal section of the present glacier surface, reconstructed LIA
maximum surface, moraine positions, and a reconstructed bedrock based on few ice-radar point measurements (Magnusson et al., 2004).

76



Appendix 11

1080

The Holocene 25(7)

Reykjarfjardarjokull

The Reykjarfjardarjokull outlet advanced abruptly in 1837
(J6hannesson and Jénsson, 2012; Thoroddsen, 1933) and reached
its LIA maximum position about AD 1846 (Eypérsson, 1935;
borarinsson, 1943; Thoroddsen, 1933). Based on Thoroddsen’s
(1933) descriptions of this sudden advance and of the subsequent
geomorphological characteristics, this event is concluded to have
been a surge (Bjornsson et al., 2003; bérarinsson, 1969). The gla-
cier front was described as steep and high, pushing and overriding
older moraines and fluvial material, and finally forming a distinct
end moraine, which in this study is referred to as Moraine 1
(Figure 2; Thoroddsen, 1933). An associated lateral moraine is
partly preserved along the valley slopes (Brynjélfsson et al.,
2014; Eypdrsson, 1935).

Initially after the surge termination, the glacier melt was char-
acterized by surficial thinning and no distinct frontal retreat. A
total of 8-9 years later, the glacier had thinned considerably and
separated by 10-20m from Moraine 1. The glacier retreated
quickly about 1400 m in the period until 1886 (Thoroddsen, 1933).
At that time, the valley floor was covered by sandur deposits,
and there were deep ponds located between gravelly hillocks

indicating dead-ice melting (Johannesson and Jonsson, 2012;
Thoroddsen, 1933).

Moraine 2 is situated about 800 m proximal to Moraine 1, formed
after at least 600-m advance of the ice front (Figure 2). An exact
timing of its formation is unknown. Eyporsson (1935) assumed it
formed about 18601870 as a response of the glacier to colder cli-
mate in that period. As Thoroddsen only recorded Moraine 1 in the
year 1886 and according to known surge activity of the glacier, we
assume that Moraine 2 was formed by surge rather than as direct
response to a period of cooler climate. The third moraine, located
about 800m inside Moraine 2, was formed by a surge in 1934-1939
(Bjornsson et al., 2003; Porarinsson, 1969). Notably, Eyporsson
(1935) described a moraine at a similar location during his explora-
tion in 1931 and measured the glacier margin being located about
8§70m up-valley from that moraine. Therefore, we assume the surge
in 1934-1939 was at least the fourth advance since the glacier
reached its LIA maximum extent in 1846; the associated moraine is
hereafter referred to as Moraine 4, and the moraine that Eyporsson
(1935) described referred to as Moraine 3 (Figure 2). The annual
glacier-front measurements indicate an advance of 830m during the
surge in 19341939 (Eyporsson, 1963).
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Figure 3. Fluctuations of Leirufjardarjokull since the LIA maximum extent. (a) Open circles mark marginal position at known time; recorded
marginal advances and retreats are indicated with bold numbers.A solid line in the diagram indicates known pattern of the glacier, while
dashed line indicates unknown. The temperature plot is the longest measured record in Iceland, from Stykkisholmur in west lceland. Cooler
and warmer periods are shown on the bar to left. (b) Cross section indicating the different ice conditions during the LIA maximum extent
and approximately the mid-20th century. (c) LIDAR derived shaded relief surface model; solid lines show moraine positions in the glacier
forefield, and dashed lines ice marginal positions or described moraines not observable at present. An approximate position of the farm
Oldugil is indicated by O. (d) Longitudinal section of the present glacier surface, reconstructed LIA maximum surface, moraine positions, and a
reconstructed bedrock based on few ice-radar point measurements (Magnusson et al., 2004).
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During the quiescent phase 1940-2002, the glacier retreated
about 2300m and in the course of retreat, the location of the mar-
gin changed from about 30 to about 250 m as.l. The glacier
advanced about 227 m during the most recent surge in 2002-2006
and has only retreated about 15m since then. Because of snow
cover at the glacier margin, no moraine was visible in front of the
glacier in late July 2011. Sigurdsson (2011) mentions that the gla-
cier margin was about to become separated from an indistinct
gravelly moraine in the autumn of 2010. Reykjarfjardarjokull has
surged at least five times and retreated about 4100 m from its LIA
maximum position in 1846 until 2011.

Leirufjardarjokull

Leirufjorour is an about 6-km-long valley orientated NW-SE. The
flat valley floor is mostly covered with fluvial sediments. The 600m
closest to the present glacier margin are gently inclined slopes reach-
ing elevations of about 200 m a.s.1. at the glacier margin, character-
ized by ice sculpted bedrock protruding through a coarse-grained
subglacial till. The farm Oldugil (Figure 3c) was abandoned in the
15th-16th century because of deteriorating farmland related to
expansion of the glacial rivers and the advancing glacier (Magns-
son and Vidalin, 1710). No landforms can be correlated with the
historical records earlier than approximately AD 1700.

In the late 17th century or at about AD 1700, the farm Oldugil
was overridden during a rapid advance of the glacier (Magniisson
and Vidalin, 1710; Thoroddsen, 1933, 1958). The associated gla-
cier marginal position, Moraine 1 (Figure 3), is represented by
one moraine segment about 3100m distal to the glacier-front
position in 2011. Moraine 1 is not dated, but by correlating the
historical information and the geomorphological imprints, we
consider it to have formed in the glacier surge about AD 1700.

Moraine 2 formed approximately AD 1840, just proximal to
Moraine 1 (Eypérsson, 1935; Thoroddsen, 1933, 1958). The local
farmers informed Thoroddsen (1933) that the glacier margin was
at Moraine 2 approximately AD 1837-1847. This correlates with
tephra and organic material that were dated from glaciotectonized
sediments within Moraine 2, indicating formation no earlier than
AD 1693 and at latest about AD ~1840 (Figure 4). The geochemi-
cal analyses show that the tephra layer originates from the Hekla
volcano (Gudmundsdottir et al., 2011; Larsen and Eiriksson, 2008;
Larsen et al., 1999; Figure 4 and Appendix ). Based on chemistry,
the ¥C dates and distribution of known tephra layers from Hekla,
this tephra layer is correlated to the Hekla eruption in AD 1693
(Dugmore et al., 2007; Larsen, unpublished data; Porarinsson,
1968). The “C samples were dated to: Ua-46081 199430 cal. BP,
Ua-46082 111+30 cal. BP and Ua-46083 1211=30 cal. BP.

We consider sample Ua-46083 an outlier. It could possibly be
due to old, organic material that has been displaced and reworked
by the glaciotectonic deformation.

Heavily deformed sediments within Moraine 2 are exposed in
a 10-m-wide and a 3-m-high river cut section. The unit FPT
(Fine-Peat-Tephra) is deformed fine sediments, mostly silt to
sand, with folded layers of tephra and peat (Figure 4). The units
Fine 1 and Fine 2 both consist mainly of silt and sand with thin
lenses of clay and fine gravel; the main difference is more defor-
mation and no preservation of sedimentary structures in Fine 1.
Pockets of massive gravel are found in the upper parts of the sec-
tion and a massive diamict, interpreted as till, occurs on the proxi-
mal side of the moraine.

The glaciotectonically deformed sediments resemble descrip-
tions of end moraines formed during surges of large Vatnajokull
outlet glaciers (Benediktsson et al.. 2008, 2009, 2010) which sug-
gest that this moraine was formed during a surge. Furthermore, all
the observed advances of Leirufjardarjkull were abrupt (Eypors-
son, 1935; Thoroddsen, 1933, 1958) and subsequently interpreted
as surges (Bjérnsson et al., 2003). The appearance of Moraine 2
corresponds well to Thoroddsen’s (1933, 1958) descriptions, and

an associated lateral moraine is partly preserved along the valley
slope (Brynjolfsson et al., 2014; Eyporsson, 1935).

Thoroddsen (1933, 1958) described four distinct horseshoe
shaped moraines, here referred to as Moraine 2-Moraine 5,
located within about 1000-m distance from the glacier in 1887.
The glacier snout was steep and heavily crevassed and icebergs
had been falling off the margin few years earlier. In 1887, the
glacier had just separated by a few tens of metres from Moraine
5. Judging from those descriptions, we conclude that the glacier
surged a few years before, probably around AD 1880-1885.
Thoroddsen (1933, 1958) did not describe the location or age of
Moraines 3 and 4, but their locations have been mapped and
described recently (Brynjolfsson et al., 2014; Principato, 2008).
The exact ages are unknown, but their relative ages are confined
by Moraine 2 and Moraine 5. Eyporsson (1935) described a
moraine about 330m proximal to Moraine 5. His observation
was supported by his local guide who confirmed the glacier
position at the moraine approximately in the year 1898. This
moraine, Moraine 6, is not recognizable at present but its loca-
tion can be approximated from Eyporsson’s (1935) data. The
location of Moraine 6 is marked as an ice marginal position in
Figure 3. This suggests an average surge interval of 10years in
the period ~1840 to ~1898. Between 1898 and 1938, the glacier
retreated about 1800 m.

The glacier surged approximately 998 m in the years 1939—
1942, and formed Moraine 7 about 1200m up-valley from
Moraine 6. During the next 53 years, the glacier retreated about
1300m. A new surge took place in the years 1995-2001, where
the glacier advanced about 1150m and formed the most recent
moraine, Moraine 8. In 2012, the margin had retreated about
430m from Moraine 8, experienced at least seven surges and
retreated about 3100m since it reached a maximum extent during
LIA, about AD 1700.

Kaldalonsjokull

Kaldalon, orientated approximately NE-SW, is an about 8-
km-long glacially carved valley. Fluvial sediments dominate on
the flat valley floor which is confined by steep 300- to 500-m-high
mountain slopes. Advances and retreats of the outlet glacier Kal-
dalénsjokull in earlier centuries are recorded in historical docu-
ments and considered to have caused abandonment of at least two
farms before AD 1700 (Magnusson and Vidalin, 1710; Thoro-
ddsen, 1933, 1958). These fluctuations are most likely reflected in
a pit section on the distal side of Moraine 1 (Figure 5). There,
15- to 35-cm-thick layers of fine, massive gravel and sand are
interbedded with a sequence of peat and soil (Figure 6). The clast
supported sand and gravel layers are interpreted as glaciofluvial
sediments. The soil layers are massive and consist of organic
material and small amounts of minerogenic sediments of grain
size from clay to fine sand.

A natural meadow, of a size which ‘took 12 men to harvest
over a summer’, was abruptly overrun by an advancing glacier
about 20 years before an official survey of the area was conducted
in 1754 (Eyporsson, 1935; Olafsson and Pélsson, 1772; borarins-
son, 1943; Thoroddsen, 1933, 1958). A corresponding distinct
moraine occurs about 3400m distal to the marginal position in
2011, referred to as Moraine 1 in this study. It has been considered
as the first historically confirmed surge of Kaldalonsjokull, occur-
ring approximately AD ~1740 (Bjomsson et al., 2003; Sigurds-
son, 2005; borarinsson, 1969).

Thoroddsen (1933, 1958) described three arc-shaped moraines
in front of the glacier, observed during his travels in 1887. Similar
to Leirufjérour, he described a steep, 120- to 150-m high and heav-
ily crevassed glacier snout. Distal to Moraine 1, he described an
old vegetated moraine, dated to Younger Dryas age by Principato
et al. (2006). A poorly conserved lateral moraine occurs on the
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the cleaned section wall in Figure 4a.

southern valley slope, between Moraine 1 and Moraine 3. How-
ever, its terminal position is impossible to locate on the valley
floor, and is therefore only marked with a dashed line in Figure 5.
Moraine 3 is located about 1200m up-valley from Moraine 1. At
present, it is recognizable as a 1- to 4-m high, discontinuous,
gravel ridge on the valley floor near the southern valley slope, and
as a lateral moraine along the southern valley slope. The age of
Moraines 2 and 3 is unknown, but a relative age is provided by
Moraine 1 and Moraine 4, that is, between AD ~1740 and 1860.

Moraines 4, 5 and 6, described below, are not recognizable
anymore, because of a 1998 outburst flood in the glacial river
Moérilla, which drains Kaldalénsjokull (Sigurdsson, 2000). The
river transported icebergs of many metres in diameter 2-3km
down-valley and deposited an 8- to 10-m thick sheet of coarse-
grained gravel on the valley floor distal to the glacier margin. A
thinner sheet of gravel was deposited to about 1 km down-valley.

Thoroddsen (1958) described a moraine, referred to as
Moraine 4 in this study, about 700m up-valley from Moraine 3
(Figure 5). At that time, the glacier margin was located 400-500 m
up-valley from Moraine 4. Local residents informed Thoroddsen
that the glacier was positioned at Moraine 4 about 20-30years
before his visit, that is, approximately in the year 1860 (Eypors-
son, 1935; Thoroddsen, 1933, 1958). Eypo6rsson (1935) described
this moraine as a distinct ridge on the southern side of the valley
floor in 1931, It is not recognizable at present, but its location can
be approximated from correlating the Tceland Glaciological Soci-
ety (IGS) ice marginal measurements and measurements from
Thoroddsen (1933, 1958) and Eyporsson (1935).

Moraine 5 is located about 750m up-valley from Moraine 4,
but is not recognizable at present. Eyporsson (1935) described it
as conical mounds of boulders about 5m in height in 1931, mark-
ing a still stand of the glacier margin because of relatively cold
summers in 1920-1925. The margin had retreated about 100m

from Moraine 5 in 1931. Because of this and the fact that it gener-
ally takes at least few years before the margin and a moraine sepa-
rate at Drangajokull, we consider that it was formed during a
surge 1015 years before Eyporsson’s survey in 1931,

The glacier surged 191m in the years 1936-1940 (Eypors-
son, 1963). Only the associated lateral moraines are recogniz-
able. However, the terminal position, referred to as ice marginal
position (Moraine 6), was easily established about 120m up-
valley from Moraine 5 by using the IGS glacier-front measure-
ments. The glacier retreated about 1500m in the following
55 years until 1995.

Moraine 7 was formed during the surge in 1995-1999 when
the glacier advanced about 1015m. A total of 4 years after the
surge termination, in 2003, the margin started to retreat and has
retreated about 290m until 2013.

Two additional lateral moraines have recently been mapped
between Moraine 6 and Moraine 7 (Brynjolfsson et al., 2014).
No corresponding terminal moraines exist for exact marginal
delimitation. The IGS data report minor advances or still stands in
19481951 and 1967-1973; the snout was described relatively flat
and smooth and not surging at those times. The lateral moraines
might have formed during those periods. Since Kaldalonsjokull
reached a maximum extent during LIA, it has retreated about
3400m and experienced at least six surges.

Surge interval and the maximum
conditions during LIA
Surge interval

The surge intervals are summarized in Table 1. It appears that the
surges are non-synchronous between the three outlets Reykjarf-
jardarjokull, Leirufjardarjokull and Kaldalonsjokull. The surge
interval varies from 10 to 140 years.
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Figure 5. Fluctuations of Kaldalénsjskull since the LIA maximum extent. (a) Open circles mark marginal position at known time; recorded
marginal advances and retreats are indicated with bold numbers.A solid line in the diagram indicates known pattern of the glacier, while
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forefield, and dashed lines show ice marginal positions or earlier described moraines not observable at present. (d) Longitudinal section of the
present glacier surface, reconstructed LIA maximum surface, moraine positions, and a reconstructed bedrock based on few ice-radar point

measurements (Magnusson et al., 2004).

The 140-year long quiescent phase in Leirufjérour, from AD
1700 to 1840 is in contrast to the shorter surge interval in other
periods for all the three glaciers. No information exists from this
period between the formation of Moraine 1 and Moraine 2. All
older geomorphological features appear to have been removed by
the ~1840 advance.

The quiescent phase seems to be generally shorter in the 19th
century and the beginning of the 20th century. This could relate to
lower average temperatures (Figures 2, 3 and 5) in the period and
thus potentially a shorter recovery time of the reservoir areas to
build up for a new surge, either related to less melting during the
ablation season or more accumulation during winters, or a combi-
nation thereof.

The quiescent phase is about 50-00years between the most
recent surges. This is longer than before the 1940s surges in Reyk-
jarfjorour and Leirufjérdur. The longer quiescent phase coincides
with increased mean annual air temperature by 1°C at the Styk-
kisholmur weather station after ~1920 compared with the period
~1850 to ~1920.

Maximum extent during LIA

‘We have mapped the maximum area of the Drangajokull ice cap
to about 216km? during LIA, compared with about 142km? at
present (Johannesson et al., 2013). The whole area for each of the
three surging outlets was also mapped and compared (Table 2).
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Figure 6. Section in a peat bog below Moraine | in Kaldalon.

Lateral moraines occur along the valley slopes of the three
glaciers. They are located up to 240m above the valley floor,
revealing the minimum ice thickness at the time of formation.
Beyond presently glaciated areas, the ice has been thickest just
where the valley floors start to rise in elevation, generally half
way between the present margins and the moraines formed during
maximum extent in LIA. The ice has thinned towards the LIA
maximum end moraines (Figure 7). Based on the lateral moraines,
we produced a DEM representing maximum glacier conditions
for each outlet glacier during LIA. Reconstructing any topograph-
ical details of the maximum ice surface is difficult, as it is only
based on the lateral moraines and the present surface topography.
Therefore, we assumed a flat ice surface between the lateral
moraines for the DEMs. This gives an approximation of the ice
thickness during the LIA and, hence, approximate volume
changes since the maximum conditions during LIA.

The only reference we have on surface elevation change for
the presently glaciated areas, prior to the first aerial photos in
1945, is the exposure time of the aunatak Reydarbunga (Figure
1), in the first decades of the 20th century. The runatak is said to
have protruded 1-2m through the ice surface until at least 1931,
and subsequently towered about 100m above the ice surface
approximately in 1960 (Eyporsson, 1963). This great change in
the period 1931-1960 coincides with the surge of Reykjarfjardar-
jokull 1936-1940 and a relatively warm period (Figure 2). We
conclude that this dramatic deglaciation of the nunatak is mainly
aresult of the surge in 1936—1940, when ice was transported from
the reservoir area down to the ablation area. At present, Reydar-
bunga reaches at maximum 50-65m above the glacier surface at
its down-glacier side. The up-glacier side is covered by snow and
ice of similar height as the summit of the runatak. Thus, the sur-
face elevation has increased by 35-50m in this place since 1960.
According to this, we used ~50 m as a minimum ice thinning since
the LIA maximum of the reservoir areas in the presently glaciated
areas of the surging outlets.

Comparison of the DEMs, representing maximum conditions
during LIA, with the LiDAR derived DEMs from 2011 shows a
significant ice volume loss. Reykjarfjardarjokull has lost about

2.5km? between 1846 and 2011, Leirufjardarjokull has lost
about 2.2km* and Kaldalonsjokull about 2.1km?* (Table 2).
Both the decrease in area and thickness of the surging outlets
are considered strongly related to the general warming trend since
the glaciers experienced their maximum extent during LIA.

Discussion

Surge activity prior to the maximum extent during LIA is challeng-
ing to reconstruct. No geomorphological imprints or precise
descriptions in the historical information can confirm surges prior
to the LIA. However, the historical data provide information on
advances and retreats of the outlets prior to the LIA maximum
extent. In general, glaciers in Iceland are considered to have been
growing during the 17th and 18th centuries (Magnisson and
Vidalin, 1710; Sigurdsson, 2005; Porarinsson, 1943). Around
Drangajokull, farmlands were deteriorating in the forefields of the
three surging outlets, Reykjarfjardarjokull, Leirufjardarjokull and
Kaldalonsjékull, which were destroying pasture areas. Farms were
abandoned in all of the valleys because of the approaching glaciers
and the braided glacial rivers which were constantly changing
courses (Magniisson and Vidalin, 1710; Olafsson and Pélsson,
1772; borarinsson, 1943). According to the directly observed
surge history of Drangajokull since the maximum extent in LIA,
we consider it most likely that the potential advances which the
three surging outlets experienced, during late Holocene, prior to
the LIA maximum extents were also surges. Proglacial lake sedi-
ment records from Eyjabakkajokull indicate that this Vatnajokull
outlet glacier has been experiencing surges prior to the LIA, back
to ¢. 2000 yr BP (Striberger et al., 2011). Hence, surge behaviour
of Icelandic glaciers is not necessarily confined to the LIA.
Principato (2008) concluded that the Drangajékull outlets
reached their Holocene maximum size in Neoglacial time. This is
most likely true for Reykjarfjorour and Kaldalon, but we have not
been able to confirm this in Leirufjordur. Principato et al. (2006)
used *Cl cosmogenic exposure dating to date the furthest end
moraine in Leirufjordur, Moraine 2, which marks the glacier max-
imum extent during the LIA. Only one rock sample provided a
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Table I. Ages of moraines and ice marginal positions from the three surging outlets The surge interval, the advanced distance during surges
and the retreat between surges are shown in metres. The ages of Moraines 2 and 3 in Reykjarfjéréur, Moraines 3 and 4 in Leirufjoréur and
Moraines 2 and 3 in Kaldalén are estimated. However, their relative age and interval are constrained by prior and subsequent moraines.

Glacier Moraine Year (AD) Interval (yr) Advance (m) Retreat (m)
Reykjarfiardarjckull Mor-1 1846 7 >1400
Mor-2 ~1890 ~45 ~750 >800
Mor-3 ~1910 ~20 ~800 ~900
Mor-4 1934-1939 ~25 839 2624
Mor-5 2001-2006 62 221 19
Leirufjardarjokull Mor-1 ~1700 Substantial !
Mor-2 ~1837-1847 ~140 ? >300
Mor-3 ~1860 ~15 >250
Mor-4 ~1870 ~10 >450
Mor-5 ~1880-1885 ~15 >330
Mor-6 ~1898 ~13 ~1800
Mor-7 19381942 53 998 1333
Mor-8 1996-2001 54 1163 471
Kaldalénsjskull Mor-1 ~1740 Substantial >400
Mor-2 178022 407 >600
Mor-3 182022 407 >700
Mor-4 1860 ~60? >800
Mor-5 ~1920 ~60 ~330
Mor-6 1936-1940 ~16 191 I515
Mor-7 1996-2001 56 1015 290

Table 2. The measured area (km?) of each surging outlet,and the whole ice cap,in 201 | and during the LIA maximum extent. Proportional
areal changes, and estimated volume changes, between the LIA maximum extent and 201 | are shown.The decrease of the whole ice cap is
most likely a bit overestimated; thus the three surging outlets did not reach their maximum extent at absolutely the same time.

Glacier Extent (km?) in 2011 Maximum extent (km?) during LIA Change (%) Change (km?)
Reykjarfjordur outlet 2 33 -34 =25
Leirufjordur outlet 28 40 =30 2.2

Kaldalén outlet 33 42 =22 -2.1
Drangajokull 142 216 -34

measureable amount of Cl, dating to about 4500 yr BP. Our
results do not agree with this conclusion. We dated tephra and
organic material from within the moraine (Figure 4), indicating
formation of Moraine 2 no earlier than AD 1693 and no later than
AD 1850. Thus, the Holocene maximum extent seems to have
been reached twice, and is represented by Moraine 1 and Moraine
2 in Leirufjérour, formed AD ~1700 and ~1840.

However, in Reykjarfjérdur we have mapped two diffuse ter-
minal moraines 200-300m distal to Moraine 1, the LIA maxi-
mum position, indicating a more advanced Holocene position of
Reykjarfjardarjékull as suggested by Principato (2008; Brynjolfs-
son et al., 2014).

Furthermore, two moraines distal to Moraine 1 (LIA maxi-
mum extent) in Kaldalon confirm maximum glacier extent during
the Holocene prior to the LIA maximum extent (Brynjolfsson,
2014; Eyporsson, 1935; Principato, 2008; Thoroddsen, 1933).
The furthest is dated to Younger Dryas age. by*°Cl cosmogenic
exposure dating. The other moraine has a minimum age of 2600
yr BP, indicated by three radiocarbon datings from peat on top of
the moraine (Principato, 2008). We explored a 2- to 3-m-high
river cut section in a peat bog, just in front of and below the sec-
ond moraine (Figure 6). The peat and soil are interbedded with
sand and gravel layers which we interpret as deposited by a gla-
cial river braiding on the valley floor.

Surge history

Reykjarfiordur surge history. Thoroddsen (1933) described deep
ponds sitting between gravelly hills and hillocks interrupting the

1400-m-long, flat sediment plain between Moraine 1 and the gla-
cier margin in the year 1886. His description of this hummocky
surface indicates downwasting of stagnant ice after the surge ter-
mination approximately AD 1846. Such dead-ice environment is
characteristic for surging glaciers during the quiescent phase, in
line with the landsystems model of Evans and Rea (1999, 2003).
We only observed a small patch of hummocky moraine close to
the present margin of Reykjarfjardarjokull (Brynjolfsson et al.,
2014). Apparently, the last surge in 2002-2006 did not produce
enough debris-rich dead-ice for the formation of any major hum-
mocky moraine in the area. We concur with Pérarinsson (1969)
and Bjdrnsson et al. (2003) that Moraine 1 was formed by a surge
and consider that Thoroddsen’s (1933) description of the hum-
mocky terrain supports that conclusion.

The exact ages of Moraine 2 and Moraine 3 remain unknown
(Figure 2). As Thoroddsen (1933) only observed Moraine 1 in the
year 1886 and Eypaérsson (1935) described Moraine 1, Moraine 2
and Moraine 3 in the year 1931, the relative ages of Moraine 2 and
Moraine 3 are confined by Moraine 1 and Eypérsson’s exploration
in 1931. Exactly when they formed, in this period between 1886 and
1931, remains unknown. Thoroddsen (1933) described gravelly
hills, heap of rocks and ponds in between, and we do not exclude the
possibility that he did not observe all moraines. However, Eypors-
son (1935) considered Moraine 2 to be formed prior to Thoroddsen's
exploration, during a cold period in 1860-1870. We consider this
unlikely because all the observed advances of the outlets were
surges, and furthermore, we can confirm that Thoroddsen’s descrip-
tions of the moraines are reliable. Moraine 3 must have formed after
1914. The Ordinance Survey map from 1914 located the glacier
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Figure 7. The maximum surge conditions during LIA compared with the present conditions on the 201 | LiDAR derived DEM, (a) the 1846
lateral moraine shown on aerial photos from 2006 draped over the LiDAR derived DEM, (b) reconstruction of Reykjarfiardarjokull in 1846, and
(c) approximate ice thickness change of Reykjarfiardarjokull from 1846 to 201 |, approximate ice thickness change of Leirufjardarjokull from
1700/1847 to 2011, approximate ice thickness change of Kaldaldnsjskull ~1740 until 201 | and scale for the ice thickness change.

margin about 100m further down-valley than Moraine 3. Eyporsson
(1935) considered Moraine 3 to have been covered by the glacier at
that time, which we find unlikely as it would probably have been
eroded away, or at least deformed considerably, by the glacier.
Moraine 3 was described by Eyporsson (1935) to constitute an about
9-m high, distinct ridge, formed prior to 1931; it has only been
explored and described by Eyporsson (1935). Consequently, we
assume it was either buried by glaciofluvial sediments or eroded by
the glacial river during the next surge in 1935-1939 which formed
Moraine 4 at a similar location (Figure 2).

The 19351939 surge is of specific interest because of its halt
in 1937 when the margin retreated 27m, and advanced again
57and 2m in the next 2 years (Eyporsson, 1963). Its pause and
restart remain unexplained, but could suggest two-phased surge
wave reaching the ice front.

Leirufjérdur surge history. Thoroddsen (1933, 1958) described
steep, high and crevassed glacier snouts both in Kaldalon and Lei-
rufjérdur during his exploration in 1887. In Leirufjordur, local
residents reported ‘icebergs’ collapsing from the glacier margin a
few years prior to Thoroddsen’s exploration (Eyporsson, 1935;
Thoroddsen, 1958). This indicates a major advance or surge of the
glacier few years prior to Thoroddsen’s (1958) survey. An exact
timing of this advance is unknown, but we suggest the glacier
surged approximately in the years 1880-1885 and formed
Moraine 5. Moraine 3 and Moraine 4 are indistinct fluvially

eroded gravelly ridge segments not providing any tephra or
organic material for dating; their age is confined by Moraine 2
and Moraine 5. Eyporsson (1935) described a moraine, Moraine
6, about 330 m proximal to Moraine 5. The glacier frontal position
was reported at Moraine 6 approximately in the year 1898, This
suggests a period with average surge intervals of 10 years in the
years ~1840 to ~1898.

One could consider that 10 years would be an interval too short
for mass build-up within the reservoir area so as to enable five
surges in about 58 years. However, such high surge recurrence is
also reported from some outlets of the large ice caps in central and
south Iceland (Bjornsson et al., 2003; Johnson et al., 2010). We do
not have information on the ice dynamics in the 140-year period
between the formation of Moraine 1 and Moraine 2. All older geo-
morphological features appear to have been removed by the
~1840 advance. The surge interval could have been similar in the
period AD 1700-1840.

Heavily deformed sediments have been described in end
moraines formed during surges of Braarjokull and Eyjabakka-
j6kull, surging outlet glaciers of northern Vatnajokull. The char-
acteristic glaciotectonic deformation structures in tephra and fine
sediments are considered strongly related to surge behaviour,
although they cannot be considered diagnostic for surges alone
(Benediktsson et al., 2008, 2009, 2010). Moraine 2 in Leirufjorour
consists of heavily glaciotectonized sediments (Figure 4) that
strongly resemble descriptions of the moraines from Bruarjokull
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and Eyjabakkajokull. This and the observed surge behaviour of
the glacier supports the conclusion of bérarinsson (1958) and
Bjdrnsson et al. (2003) that Moraine 2 was formed by a surge.

Kaldalén surge history. An area with pitted sandur and hummocky
moraine, indicating melting of stagnant ice, on the proximal side
of Moraine 1 has been mapped in Kaldalon (Brynjolfsson et al.,
2014; John and Sugden, 1962). We consider it to support earlier
conclusions (Bjdrnsson et al., 2003; Poérarinsson, 1969), that
Moraine 1 in Kaldalon was formed by a surge. The exact ages of
Moraines 2 and 3 are unknown, but confined by the surges in AD
~1740 and ~1860 (Figure 5).

Similar to Leirufjérour, the glacier snout was steep, high and
crevassed during Thoroddsen’s visit in 1887. However, no end
moraine was recognizable proximal to the 1887 ice marginal posi-
tion, during our fieldwork in 2013. Thoroddsen’s (1933, 1958)
description of the glacier snout could indicate recent or active
surge about the time of his exploration in 1887. Eyporsson (1935)
discussed discernible lateral moraines on the southern valley slope
which we correlate with surge activity. He concluded that the lat-
eral moraines indicated fluctuations, related to colder periods, that
could not be clarified exactly due to lack of terminal moraines.

Eyporsson (1935) proposed that Moraine 5 was formed during
a still stand of the margin because of relatively cold summers in
1920-1925. However. glaciers are generally not considered to
shift from surge-type to a climatically forced non-surging glacier
(Benn and Evans, 2010). Hence, according to the observed surge
behaviour of Kaldalonsjokull we suggest that Moraine 5 was
formed by a surge. The glacier margin was about 100 m proximal
to Moraine 5 in 1931. According to the few years’ time the outlets
needs to separate from a moraine and a 45-m mean annual retreat
during the last quiescent phase of Kaldalonsjokull, we conclude
that Moraine 5 was formed by a surge approximately AD 1920.

Surge interval, duration and LIA maximum conditions

Surge interval and duration. The surge interval of Icelandic gla-
ciers is from c. 10years up to more than a century. Most surging
glaciers in Iceland do not experience regular surge periodicity
(Bjornsson et al., 2003), demonstrating that the time span needed
to recover from a surge, build up a steep profile and accumulate
mass in the reservoir area before a new surge is initiated can be
variable for a particular glacier.

On the other hand, surge events can be missing in the histori-
cal record. This is well demonstrated in the geomorphological
record of the Drangajokull outlets, where, for example, the num-
ber of end moraines is higher than the number of historically
recorded surges (Brynjolfsson etal., 2012, 2014). In Leirufjordur,
five surges occurred in the 58-year period between ~1840 and
~1898, forming Moraine 2 to Moraine 6. About 10-year surge
interval in this period is short for the glacier to recover between
the surges, and contrasting to the 50-year quiescent phase of
the two subsequent surges. It remains unknown if any surges
occurred in the 140-year period between the surges in AD ~1700
and ~1840 of Leirufjardarjokull. On Svalbard, more frequent
surges have been related to colder conditions in the 19th and
early 20th centuries, compared with the late part of the 20th
century (Dowdeswell et al., 1995). Surge interval less than
10 years is known from a few glaciers in south and central Ice-
land (Bjornsson et al., 2003; Johnson et al., 2010). A 40- to
50-year variation in the length of quiescent phase within the
same ice caps is also known from other Icelandic surging glaciers
(Bjornsson et al., 2003; Porarinsson, 1964, 1969).

Surges of the larger ice caps in central and south Iceland, often
lasting 2-3 years, start with glacier surface velocity acceleration
(Bjornsson et al., 2003; Fischer et al., 2003; Palsson et al., 1992).
Subsequently, a surface bulge propagates down-glacier, and after

reaching the glacier front, it results in a glacier advance of several
hundred metres to some kilometres, which normally takes only
2-3months before termination (Adalgeirsdottir et al., 2005;
Bjornsson et al., 2003). For Drangajékull, the advances of the gla-
cier margins took 3-6years in the last two surges of the three
surge-type outlets. This greatly contrasts with the general few
months’ duration of the marginal advance during surges of the
bigger ice caps in central and south Iceland (Bjornsson et al.,
2003; borarinsson, 1969). Additionally, 3 years with no or negli-
gible retreat before the last surges of Reykjarfjardarjokull and
Kaldalonsjokull could indicate that the ice velocity in the receiv-
ing area had already accelerated and overcome the potential mar-
ginal retreat, Thus, these two surges have potentially been going
on for at least 8 years. On the larger Icelandic ice caps, it generally
takes 2-3 years from the first signs of increased sliding and the
subsequent down-glacier propagation of a surge bulge (Bjérnsson
et al., 2003; Sigurdsson, 1995). Surges of at least some Icelandic
glaciers start at central locations on the glaciers, with ice flow
rates then accelerating both upward and downward along their
longitudinal profiles (Fischer et al., 2003; Palsson et al., 1992).
The active phase of surge turns out to be longer for smaller surg-
ing glaciers in north and northwest Iceland than for the bigger ice
caps in Iceland. The advance of Burfellsjékull, a small surge-type
cirque glacier in northern Iceland, lasted for about 3 years after a
surge bulge reached the margin in 2001 (Brynjolfsson et al.,
2012). For Drangajokull, it is unknown when the ice velocity
accelerated, and how long it took a potential surge bulge to travel
down the glacier before the marginal advance started in the recent
most surges.

Apparently, the long surge duration of Drangajokull outlets is
more similar to that of polythermal surging glaciers in Svalbard,
where the surge mechanism is often characterized by a thermal
transition (Dowdeswell et al., 1991; Jiskoot et al., 1998; Murray
et al., 2003). However, all Icelandic glaciers are warm based, and
the long active phase of Drangajokull surges can therefore not be
related to a surge mechanism that relies on thermal transition. The
surge mechanism and propagation of a surge bulge down-glacier
during surges are rather considered to be controlled by a switch
between a channelized basal drainage system and a distributed
drainage system (Bjornsson et al., 2003). The different substra-
tum or climatic settings of Drangajokull compared with the other
ice caps of Iceland might explain the longer surge duration. It is
interesting to note that Drangajokull outlet surge recurrence has
generally decreased after the LIA, particularly since the 20th cen-
tury warming trend set in. This agrees with the observations of
Striberger et al. (2011), based on a more than 2000-year long
surge record of Eyjabakkajokull, that it doubled its surge recur-
rence during the LIA. They suggested that surge periodicity of
Eyjabakkajokull was forced by climatically driven mass balance
changes which might be a common forcing factor for similar
surge-type outlet glaciers.

Maximum conditions during LIA. The surface drawdown of the
reservoir areas is often tens of metres during surges of Icelan-
dic glaciers (Adalgeirsdottir et al., 2005; Bjornsson et al..
2003; Johannesson et al., 2013). We consider that large parts
of the dramatic ice thickness change of Reykjarfjardarjokull
can be explained by drawdown of the surface, related to the
surge in 1936-1939. and not only because of warmer climate
in the 20th century. This is supported by the ice level observa-
tions at the Reydarbunga nunatak (Figure 1). Thus the ice
thickness around Reydarbunga has increased by tens of metres
during the last decades despite similar climate as in the period
1930-1960 when the main ice thinning was observed (Eypors-
son, 1963).

When producing the DEMs for maximum conditions during
LIA, we used about 50-m ice thinning around Reydarbunga, from
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~1910 until present, as an evenly distributed surface lowering for
the reservoir areas since LIA maximum conditions. This is a sim-
plification, but it gives a minimum estimate of the ice thinning
and volume changes of the surging outlets since their maximum
conditions in LIA. Unfortunately, calculating the ice volume loss
as a proportion of the whole ice volume is not possible as the
thickness of the ice cap is currently only known in a few points
(Figures 2, 3 and 5; Magnusson et al., 2004).

The surface lowering of the Drangajokull outlets reached a
maximum lowering of 160-240m, near the present marginal loca-
tions (Figure 7). The surface area decrease of the surging glaciers
was about 20—35% from maximum extent during LIA until present
(Table 2). About 34% area decrease of the whole ice cap, in the
same period, is most likely overestimated, because of asynchro-
nous maximum extent of the outlets. Those values are comparable
with about 150- to 270-m outlet surface lowering since the LIA
maximum conditions of non-surging glaciers that drain the south-
ern Vatnajokull ice cap. They decreased in area by 10-30%, and
individual glaciers lost about 10-50% of their volume since ~1890
(Hannesdottir et al., 2014). Based on a lacustrine sediment record
from two non-surging outlets of the Langjokull ice cap, Larsen
etal. (2013) propose two main growth phases of the ice cap during
the LIA, c. AD 1400 to 1550 and ¢. AD 1680 to 1890.

It is difficult to reconstruct the exact timing for maximum con-
ditions of the Drangajokull ice cap during LIA. Apparently, the
three main outlets reached their maximum area, and probably
thickness, asynchronously. The fine sediments and organic mate-
rial that was pushed up to form Moraine 2 in Leirufjordur (Figure
4) indicate a sufficiently long period with favourable conditions
for vegetation growth and low energy sedimentation without dis-
turbance from glacier advances. Framed in by their largest surges,
the individual outlets of Drangajokull reached their LIA maxi-
mum extent asynchronously in the period AD ~1700-1846.

Surges and climate

External forcing such as climate does not trigger a surge directly
but can alter the surge periodicity by affecting the mass accumu-
lation of a glacier, and prevent a new surge event in terms of
insufficient mass build-up in the reservoir area (Dowdeswell
et al., 1995; Hewitt, 2007, Striberger et al., 2011). However, for
some glaciers in the Karakoram region, in Pakistan, the periodic-
ity of surges seems to be consistent since the LIA, despite signifi-
cant climate changes (Quincey and Luckman, 2014).

The surge interval varies between and within the three surg-
ing outlets of Drangajokull. A longer quiescent phase, 55—
60years, in the second half of the 20th century could be
considered a result of generally warmer climate compared with
the 19th century (Figure 8). Thus. longer time was needed for
snow accumulation to refill the reservoir area (Eisen et al.,
2001) because of more ablation in this period. Interestingly, all
the three outlets surged during a period of relatively high aver-
age temperature in the 1930s—1940s and again around the 2000s.
How or whether this could be related to increased melting and
potentially more water in the englacial and subglacial meltwater
systems remains unknown. Some surges are known to terminate
in the melting season or during exceptionally high ablation
events (Eisen et al., 2001, 2005). This is considered a result of
increased meltwater entering from the surface and a shift from
inefficient distributed subglacial drainage system to an efficient
channelized system (Kamb, 1987; Kamb et al., 1985). A strong
relationship between sufficient accumulated mass over a period
and surge initiations has been described from Variegated glacier
in Alaska (Eisen et al., 2001). The process leading to initiation
of Drangajokull surges seems to be independent of average tem-
perature since AD ~1800 (Figure 8). The shorter surge distances
of Kaldalonsjokull in the 1930s and Reykjarfjardarjokull in the

2000s compared with the other surges at the same time could
indicate a smaller amount of accumulated mass in the reservoir
areas for driving the surge bulge down-valley (Figure 8).

Both decrease of the area and thinning of the surging outlets
are most likely related to a generally warmer climate and thus
increased melting since the early 20th century. Short data sets for
precipitation in the area do not allow concrete assumptions of
changed pattern for accumulation (Figure §). It could be assumed
that an increased percentage of the precipitation falls as rain on
the glacier as the mean average temperature in Iceland has
increased by 1-2°C since the LIA maximum (Figure 8; Guo-
mundsson, 1997; Hanna et al., 2004). Increased annual air tem-
perature of 1-2°C has been estimated to increase the ELA by
100-150m on valley and cirque glaciers in north Iceland (Casel-
dine and Stétter, 1993; Stotter et al.. 1999).

The three surging outlets show different patterns of retreat
since their LIA maximum extent. The extent of Leirufjardar-
jokull remained rather stable until the turn of the 19th and 20th
centuries when the average temperature started to increase (Fig-
ure 3). Prior to Thoroddsen’s exploration in 1887, the average
retreat of the glacier was about 6m per year, compared with
about 17m afterwards. The average retreat rate of Reykjarf-
jardarjokull changed greatly around 1939 (Figure 2). In 1846~
1939, its average retreat was about 17m per year and about 32m
in 1939-2013. No specific change of the retreat rate of Reykjarf-
jardarjokull is noted in the beginning of the 20th century. Unex-
pectedly, on average, Kaldalonsjokull retreated faster before the
temperature rise in the early 20th century (Figure 5). From 1740
to 1887, it retreated about 16 m per year, and about 9m per year
in 1887-2013. This demonstrates the importance of also consid-
ering the relationship to non-climatic factors such as topography
confining the glaciers, and that fluctuations of surge-type gla-
ciers are not well suited as a proxy for short-term climate changes
(Yde and Paasche, 2010).

Conclusion

e The historical data reveal information on advances and
retreats of the surging outlets prior to their maximum
extent during LIA. Descriptions of fast and sudden frontal
advances during the LIA are most likely surges rather than
glacier responses directly triggered by climate.

e Five surges are reconstructed from Reykjarfjardar-
jokull, seven from Leirufjardarjékull and six from
Kaldalonsjokull.

e The surge interval varies between and within the outlets.
About 5060 years are between the last two surges of each
outlet. The interval is generally shorter in the 19th century
and in the beginning of 20th century. Surges of Lei-
rufjardarjdkull occurred with about 10-year intervals dur-
ing the period AD ~1840 to ~1898. About 140years
elapsed with no surges recorded from Leirufjardarjokull
from AD ~1700 to ~1840, possibly reflecting a lack of
information rather than a long quiescent phase of the
glacier.

e Extent, ice thickness, and ice volume changes of the maxi-
mum surges during LIA were quantified. The surging gla-
ciers’ volumes were estimated 2.1-2.5km? higher than at
present, and the area has diminished by 22-34% since the
maximum extent in the LIA.

The ice cap decreased in area from ~216km? during the LIA
maximum extent to 143km? in 2011. Individual outlets of Dran-
gajokull reached their LIA maximum extent asynchronously dur-
ing surges in the period AD ~1700-1846. Leirufjardarjokull
reached its Holocene maximum extent about AD 1700 and again
about AD 1840. Reykjarfjardarjokull reached its LIA maximum
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Figure 8. Surges of the three surge-type outlets of Drangajékull ice cap plotted against meteorological data; vertical columns represent surges
(K =Kaldalénsjskull, L = Leirufiardarjokull, R = Reykjarfiardarjékull). Their widths indicate the active phase duration, except the thinnest columns
which are active phases of unknown duration. The column heights indicate the surge distance in metres; for unknown surge distances, the
columns are set to 500m. The meteorological data are provided by the Icelandic Met Office.

extent about AD 1846. Two more distal indistinct moraines indi-
cate greater Holocene advances of Reykjarfjardarjokull. Kal-
dalénsjokull reached its LIA maximum extent approximately AD
1740. Two more distal moraines indicate greater Holocene
advances of Kaldalonsjokull.
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Appendix 1. Chemical composition of the tephra; Hekla AD 1693 tephra, from within Moraine 2 in Leirufjérdur (Figure 4).

Hekla 1693 AD SiO, TiO, AlLO, FeO MnO MgO Ca0 Na,O K,O SUM
Leirufjéréur 6233 1.27 15.77 9.48 032 2.01 4.62 427 1.63 101.70
61.14 1.08 15.21 8.96 0.28 1.77 5.06 38l 1.64 98.95
60.92 1.15 15.13 8.8l 0.20 1.85 4.95 4.12 1.86 98.99
60.57 1.22 15.28 9.05 0.25 1.84 5.00 3.89 1.76 98.87
60.19 1.28 1533 9.91 0.26 2.01 535 3.90 1.50 99.73
60.11 1.21 1479 9.46 0.28 1.92 5.20 4.55 1.45 98.97
60.02 1.19 15.25 9.21 0.20 1.95 499 4.01 1.61 98.44
59.92 1.22 15.10 9.01 0.16 2.08 5.24 4.02 1.66 98.41
59.90 1.24 15.24 9.55 0.15 1.86 5.07 374 1.62 98.37
59.87 119 15.42 9.75 0.11 1.82 5.27 392 1.64 98.99
59.87 1.22 15.40 9.74 0.28 1.97 5.05 384 1.62 98.99
59.87 1.27 15.18 9.35 0.28 2.03 5.13 384 1.63 98.58
59.78 1.23 15.48 10.04 0.38 1.91 5.37 3.82 1.59 99.60
59.75 128 14.86 9.43 0.11 1.79 537 432 1.73 98.64
59.68 1.22 14.92 9.87 0.32 1.96 5.10 3.65 1.63 98.35
59.63 1.31 15.27 9.33 0.16 1.86 5.36 397 1.72 98.61
59.61 126 15.28 9.47 0.25 1.90 4.85 387 1.70 98.19
59.60 1.21 15.51 9.22 0.26 1.85 5.42 428 1.40 98.75
59.57 127 15.15 9.63 0.29 2.07 5.17 3.96 1.55 98.67
59.57 .19 15.00 9.59 0.26 1.98 5.12 383 1.53 98.08
59.47 1.34 1523 9.86 0.25 2.00 522 3.80 1.65 98.82
59.43 115 14.78 9.99 0.16 1.92 5.27 3.87 1.64 98.21
59.37 1.27 15.19 9.37 0.26 1.95 5.04 4.11 1.75 9831
59.36 1.24 14.94 10.47 0.35 2.10 5.35 3.67 1.52 99.00
59.34 119 14.88 9.57 0.29 1.93 521 3.93 1.78 98.12
59.24 127 15.05 9.85 022 2.06 5.42 3.78 1.47 98.36
59.22 L1l I15.11 10.27 0.36 1.98 524 4.07 1.63 98.99
59.19 115 15.32 10.34 0.29 329 6.14 3.89 1.43 101.03
59.12 115 15.18 9.94 0.24 1.99 5.17 3.87 1.52 98.17
58.83 1.30 15.10 10.42 0.19 2.00 497 3.76 1.48 98.05
5831 1.22 1433 9.45 0.26 1.84 4.96 3.36 1.53 95.27
5821 1.25 15.25 10.31 027 222 533 4.38 1.54 98.76
57.95 1.20 14.86 9.79 0.19 1.85 5.04 3.58 1.55 96.01
55.25 1.22 14.80 9.39 0.18 2.04 5.6l 4.69 1.41 94.59
Mean 59.54 1.22 15.14 9.64 0.24 1.99 5.20 3.95 1.60 98.52
Stdv L1 0.06 027 0.43 0.07 0.25 0.26 027 0.11 1.28
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Highlights
e 24 new *°Cl exposure ages constrain the glacial history of northwest Iceland.
e A strongly topographically confined ice cap covered northwest Iceland during
LGM.
e Warm-based erosive ice occupied valleys, while cold-based ice covered uplands.
e (Glaciers advanced 9.3 ka BP as a response to climate deterioration.
e Extensive glaciation persisted longer in NW Iceland than elsewhere in Iceland.

Abstract

We present 24 new cosmogenic isotope (*°Cl) surface exposure ages from erratic boulders,
moraine boulders and glacially eroded bedrock that constrain the late Weichselian to
Holocene glacial history of northwest Iceland. The results suggest a topographically
controlled ice sheet over the Vestfirdir (Westfjords) peninsula during the last glaciation.
Cold based non-erosive sectors of the ice sheet covered most of the mountains while fjords
and valleys were occupied with erosive, warm-based ice.

High *°Cl exposure ages from uplands and mountain plateaux (L8; 76.5 ka and HI; 41.6
ka) in combination with younger erratic boulders (L7, 26.2 and KI-K4; 15.0-13.8 ka)
superimposed on such surfaces suggest the presence of non-erosive ice over uplands and
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plateaux in the Vestfirdir peninsula during the last glaciation. Glacially scoured terrain
and erratic boulders yielding younger exposure ages (L1-L6; 11.3-9.1 ka and RI, R6-R7;
10.6-9.4 ka) in the lowland areas indicate that the valleys and fjords of the Vestfirdir
peninsula were occupied by warm-based, dynamic ice during the last glaciation.

The 26.2 ka deglaciation time of mountain Leirufjall indicate ice thinning and deglaciation
of some mountains and plateaux that preceded any considerable lateral retreat of the ice
sheet. Subsequently this initial ice thinning was followed by break-up of the shelf based ice
sheet off Vestfiroir about 15 ka BP. Hence, the new exposure ages suggest a stepwise
asynchronous deglaciation on land, following the shelf break-up with some valleys and
most of the uplands, deglaciated about 14-15 ka BP.

The outermost moraine at the mouth of Leirufjorour was dated to 9.3 ka BP, and we
suggest the moraine to be formed by a glacier re-advance in response to a cooler climate
forced by the reduced Atlantic Meridional Overturning Circulation at around 9.3 ka BP. A
system of moraines proximal to the 9.3 ka moraine in Leirufjorour and a 9.4 ka
deglaciation age in the coastal area of Reykjarfjorour suggest that an extensive ice cap was
preserved over the eastern Vestfirdir peninsula at least until c. 9 ka BP.

Keywords: Drangajokull ice cap, 9.3 ka event, deglaciation, moraine, erratic boulder,
blockfield, cosmogenic exposure age

1. Introduction

Identifying temporal and spatial changes of the last Icelandic ice sheet (IIS) is essential to
improve our understanding of its interactions with ocean-atmospheric systems in the North
Atlantic during the late Pleistocene and early Holocene (Ingodlfsson, 1991; Eiriksson et al.,
2000; Hubbard et al., 2006; Norddahl et al., 2008; Geirsdottir et al., 2009; Ingolfsson et al.,
2010). The location of Iceland at the boundary of relative warm Atlantic water of the
Irminger Current and cold polar water in the East Greenland Current makes past and
present Icelandic glaciers very sensitive to changes in oceanic and atmospheric circulation
(Bergporsson, 1969; Eiriksson et al., 2000; Flowers et al., 2007, 2008; Geirsdottir et al.,
2009). The Atlantic Meridional Overturning Circulation (AMOC) supplies the higher
latitudes of the Atlantic with warmer surface ocean water which makes the North Atlantic
climate relatively mild, considering its high latitude. However, large pulses of freshwater
into the surface of the North Atlantic have been considered to reduce or temporarily shut
down the northward heat transport by the AMOC, and therefore cause climatic
deteriorations (Alley and Agustsdottir, 2005; Lewis et al., 2012). Climatic cooling events
about 9.2-9.3 ka and 8.2 ka BP were probably caused by meltwater pulses from Lake
Agassiz to the Atlantic Ocean, related to the deglaciation of the Laurentide ice sheet (Alley
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et al., 1997; Clarke et al., 2004; Teller et al., 2005; Kleiven et al., 2008; Murton et al.,
2010). The signature of these events can be identified in various palaco-archives (Alley et
al., 1997; Kaufman et al., 2004; Alley and Agﬁstsd(')ttir, 2005; Fleitman et al., 2008;
Solomina et al., 2015). Proxies for climatic deterioration during these periods in Iceland
have been identified in marine and lacustrine sediment cores (Eiriksson et al., 2000;
Geirsdottir et al., 2009; Larsen et al., 2012). However, there are no observations of
moraines or other landforms directly related to glacier advances in Iceland related to these
events.

Our understanding of the Late Weichselian and Holocene environmental history of Iceland
has improved significantly during the last two to three decades. Perhaps the most important
progress is new models of a dynamic and rapidly changing ice sheet, compared to a slowly
responding ice sheet in early reconstructions of the IIS (Norddahl et al., 2008; Ingolfsson et
al., 2010). Configuration and thermal conditions of the IIS during the Last Glacial
Maximum (LGM) and the deglaciation history still suffer from a considerable lack of
chronological data, especially direct dating of terrestrial landforms and sediments
(Andresen et al., 2005; Caseldine et al., 2006; Hubbard et al., 2006; Norddahl et al., 2008
Geirsdottir et al., 2009, 2013).

Two main theories have been proposed for the LGM in NW Iceland; an independent,
restricted ice cap that partly occupied the Vestfirdir peninsula without merging with the
main IIS, i.e. leaving nunataks, coastal areas and mountains ice free in between ice-streams
which drained the ice sheet through the main fjords and valleys (Thoroddsen, 1911;
borarinsson, 1937; Sigurvinsson, 1983; Hjort et al., 1985; Ingodlfsson, 1991; Norddahl,
1991; Rundgren and Ingo6lfsson, 1999; Andrews et al., 2002; Principato et al., 2006). More
recently it was suggested that the Vestfirdir ice cap and the main IIS coalesced into one
large ice sheet probably covering most of the country except some coastal mountains
(Syvitski et al., 1999; Norddahl and Pétursson 2005; Hubbard et al., 2006; Norddahl et al.,
2008; Geirsdottir et al., 2009). The latter case requires a single domed, up to 2000 m thick,
ice sheet that occupied the whole island and extended far out on the Icelandic shelf
(Norddahl and Pétursson, 2005; Hubbard et al. 2006). Thus, the extent of glaciation in
Vestfirdir is still not known in detail, and it remains to firmly establish whether ice free
refugia and nunataks existed during the Weichselian (Rundgren and Ingoélfsson, 1999;
Norddahl et al., 2008; Ingolfsson et al., 2010).

At the LGM, the outlet glacier occupying the main fjord on the Vestfirdir peninsula,
[safjardardjup, is considered to have reached either of two potential moraine banks located
10 km and 30 km off the mouth of Isafjardardjip, respectively (Fig. 1; Andrews et al.,
2002; Geirsdottir et al., 2002). Hjort et al. (1985) considered the LGM ice sheet to have
extended about 6 km on to the shelf north of the Vestfirdir peninsula.
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Marine sediment cores, geophysical data, and correlation of '*C dated shorelines, indicate a
sudden retreat of the IIS from the shelf area due to rapidly rising sea level about 15 ka BP
(Syvitski et al., 1999; Andrews et al., 2000, 2002; Eiriksson et al., 2000; Ing6lfsson and
Norddahl, 2001; Geirsdottir et al., 2002; Norddahl and Pétursson, 2005). Absence of ice
rafted debris (IRD) by 15 ka BP in sediment cores from the shelf off Vestfirdir was
interpreted as rapid deglaciation of the Vestfirdir shelf (Andrews et al., 2002; Geirsdottir et
al., 2002). IRD was commonly observed between 12 and 10 ka BP in sediment cores from
the Jokulfirdir fjord system, indicating valleys and fjords occupied with calving glaciers in
the eastern Vestfirdir peninsula at that time (Fig. 1; Geirsdottir et al., 2002, 2009).

IRD in the Jokulfirdir and Hunafléi sediment cores ceases after 10.2 ka BP, suggesting
rapid ice retreat on shore and only minor ice caps covering highland areas (Geirsdottir et al.
2002; Castafieda et al., 2004). Furthemore, presence of the Saksunarvatn tephra in a few
terrestrial localities around Drangajokull confirms that eastern Vestfirdir were at least
partly deglaciated about 10.2 ka BP (Hjort et al., 1985; Principato et al., 2006; Hole, 2015).
However, due to the lack of directly dated glacial landforms and sediments, the history of
the Vestfirdir ice cap and Drangajokull is poorly known after glaciers retreated on shore c.
10.2 ka BP (Geirsdottir et al., 2009).

Simultaneously, the IIS was retreating rapidly to the central highlands of Iceland
(Kjartansson, 1955, 1964; Kaldal and Vikingsson, 1990; Témasson, 1993; Caseldine et al.,
2003; Geirsdottir et al., 2009; Striberger et al., 2012). Valleys and cirques in the Trollaskagi
peninsula in central north Iceland were deglaciated or hosted glaciers of similar size as at
present (Stotter et al., 1999; Caseldine et al., 2003, 2006; Wastl et al., 2005) about 10 ka
BP. Furthermore, studies of lacustrine sediments indicate absence of glacial meltwater from
the Langjokull ice cap into the proglacial lake Hvitarvatn in central Iceland and a smaller
Langjokull ice cap than at present by 9.5 ka BP (Geirsdottir et al., 2009; Larsen et al.,
2012).

Cosmogenic exposure dating is widely applied to glacial landforms where other sources for
chronological control and reconstruction of glacier fluctuations are restricted (Gosse and
Phillips, 2001; Briner et al., 2005; Dunai, 2010; Balco, 2011; Young et al., 2011, 2013).
Principato et al. (2003, 2006) applied the *°Cl exposure dating method to reconstruct the
deglaciation of NW Iceland. They demonstrated the potential to obtain absolute ages of
glacial landforms that cannot be dated by other techniques. However, the age calculation
suffered from uncertainty of the *°Cl production rates (Principato et al., 2006). The
exposure age of erratic boulders and bedrock indicated at least some ice free coastal
mountains about 20 ka BP, and deglaciation of valleys already about 11.7 ka and 14.6 ka
BP (Principato, 2003; Principato, et al., 2006).

Here, we present twenty-four *°Cl exposure ages of rock samples from erratic boulders,
moraine boulders, and glacially sculpted bedrock. They are used along with the exposure
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ages from Principato et al. (2006) to reconstruct the glacial history of the Vestfirdir area.
Additionally, we investigated six river-cut sediment profiles in the Reykjarfjérdur valley,
the aim is to reconstruct the environmental conditions there during the final deglaciation.
The aim of this study is to reconstruct the Late Weichselian to Holocene glacial history,
obtain chronological control of the last deglaciation and constrain the terrestrial glacial
conditions of the Drangajokull ice cap and Vestfirdir peninsula from LGM until the early
Holocene.
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Fig. 1. The study area at Drangajokull ice cap and its surroundings in northwest Iceland.
The topographical maps are based on a digital elevation model with 20 m resolution. a)
Overview map of Vestfirdir, northwest Iceland. The dashed line represents the ice divide
over the Vestfirdir peninsula during LGM (Norddahl, 1991; Ing6lfsson and Norddahl,
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2001). b) The Drangajokull area, the present extent is measured, the LIA extent is adapted
from Brynjolfsson et al. (2015) and the potential extent 9.3 ka BP is reconstructed from
geomorphology and exposure ages.

2. Setting

The Vestfirdir peninsula (Fig. 1), located approximately at 66°N and 23°W, consists mainly
of Miocene sub-aerial tholeiitic and porphyritic basalts, interbedded with thin sediment
layers, and some outcrops of olivine basalts and volcanoclastic sedimentary horizons
(Seemundsson, 1979; Einarsson, 1991; Kristjansson and Johannesson, 1994; Gudmundsson
et al., 1996; Hardarson et al., 1997). The landscape is characterized by steep glacially
eroded fjords and valleys, often confined by 500-700 m high basaltic plateaux. However,
the eastern part of Vestfirdir is a relatively large, 350-600 m high upland hosting the
Drangajokull ice cap (Fig. la). Surfaces of the basaltic plateaux are commonly
characterized by block fields with 2-4 m wide surface polygons or sorted stripes. Glacial
sediments are mostly absent in the block fields, except for scattered, relatively fresh-
looking erratic boulders. The erratic boulders are very common in lowland locations, but
are rare on the uplands and plateaux 400-600 m a.s.l. on the eastern Vestfirdir peninsula
(Brynjolfsson et al., 2014). However, a diamict, either locally weathered bedrock or till,
was occasionally observed on the uplands.

An alpine landscape with cirques cut into the plateau basalts dominates the Hornstrandir
area, about 25 km north of the Drangajokull ice cap (Fig. 1), indicating glaciation by valley
or cirque glaciers. This topography suggests that mountain plateaux and coastal capes could
have been ice free during the last glaciation (Sugden and John, 1976; Simonarson, 1979;
Hjort et al., 1985; Principato et al., 2006).

The dome shaped Drangajokull ice cap, situated 100-915 m a.s.l., has a very low mean
equilibrium line altitude, at about 550-600 m a.s.l., compared to 1000-1300 m a.s.l. on
other ice caps in Iceland (Eyporsson, 1935; Bjornsson, 1979; Bjornsson and Palsson, 2008).
Drangajokull extended over about 190-215 km? during the Little Ice Age (LIA) maximum
(Sigurdsson et al., 2013; Brynjolfsson et al., 2014, 2015) and now covers 142 km’
(Johannesson et al., 2013). Moraines formed during the LIA have been mapped all around
the northern perimeter of the ice cap. Undated moraines located beyond the LIA moraines
in valleys and cirques around the northern perimeter indicate advanced glacial positions in
the period between the last deglaciation and the LIA maximum (Principato, 2008;
Brynjolfsson et al., 2014). Three surge-type glaciers, Reykjarfjardarjokull,
Leirufjardarjokull, and Kaldalénsjokull are the main outlets of the Drangajokull ice cap at
present (Fig. 1b; Porarinsson, 1969; Sigurdsson 1998; Bjornsson et al., 2003; Brynjolfsson
et al., 2015).
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Geological sections in Quaternary sediments for stratigraphical and sedimentological
studies are limited in the area. About 1-3 m high river-cut sections occur in the valleys
Reykjarfjordur, Leirufjordur and Kaldalon. Sediments are often thin and protruded by ice
sculpted bedrock except in the valleys, which are the main depocenters (Brynjolfsson et al.,
2014, 2015). Raised beaches are located 5-48 m a.s.l. on the eastern Vestfirdir. They reach
up to 30 m a.s.l. in the mouth of Kaldalon, 14 m a.s.l. in the mouth of Jokulfirdir and not
higher than 5 m a.s.l. in Reykjarfjordur and Leirufjordur (Principato, 2008).
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Fig. 2. Photographs showing the three main outlet glaciers of Drangajokull at present, and
some of the rock sample localities. a) View into Reykjarfjordur towards Drangajokull in the
southwest (Photograph: Oddur Sigurdsson, 2001). b) View towards Drangajokull and the
east side of Leirufjordur, July 2012. c¢) The inner part of Kaldalon viewed towards
Drangajokull in the east, July 2013. d) View towards Jokulhorn and Fannalagarfjall on
Hornstrandir. July 2014.
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This study focuses on the three valleys hosting the main outlet glaciers that drain
Drangajokull the ice cap at present (Fig. 2). Ice sculpted bedrock and erratic boulders are
common in the 7 km long NA-SW orientated valley Reykjarfjordur (Fig. 2a). The 10 km
long NW-SA oriented Leirufjordur valley (Fig. 2b), hosts a group of about 10 undated
moraines in the valley mouth (Brynjolfsson et al., 2014). The surface of the plateau
mountain, Leirufjall, on the east side of the valley is characterized by a block field with
only few erratic boulders. Distinct lateral and terminal moraines are also located in the
tributary valley, Dynjandisdalur, on the west side of Leirufjordur (Brynjolfsson et al.,
2014).

Kaldalon (Fig. 2c) is c. about 10 km long SW-NA orientated valley confined by plateau
mountains on each side. Infrequent erratic boulders superimposed on the block fields
covering the plateaux above 450-500 m a.s.l. are often degraded and difficult to sample
(Fig. 3). Principato et al. (2006) mapped and dated a moraine ridge to 11.7 ka BP about 500
meters distal to the LIA maximum moraine.

3. Methods

Fieldwork with focus on documenting glacial sediments and landforms was carried out in
the Drangajokull area during the summers 2011-2013. Initially, detailed geomorphological
maps were produced of the Drangajokull forefields to identify moraines, ice-sculpted
bedrock or other landforms that could be sampled for exposure dating (Brynjo6lfsson et al.,
2014). All sample details and locations are indicated in Figs 4 and 5, Table 1 and the
supplementary data.
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Fig. 3. Overview of selected sampling localities for cosmogenic exposure dating. a)
Sampling the outermost lateral moraine on the west side at the mouth of Leirufjordur
(sample number L3), b) sampling an erratic boulder resting on bedrock in Reykjarfjordur
(sample number R6), c¢) an erratic boulder resting on bedrock, surrounded by block field, on
the plateau mountain north of Kaldalon (sample number K3), d) sampling from ice-sculpted
bedrock in Reykjarfjordur (sample number RS5).

3.1 Samples and sampling procedure

About 35 samples were chipped off erratic boulders, moraine boulders and bedrock in the
recently mapped forefield of Drangajokull ice cap (Fig. 3; Brynjolfsson et al., 2014).
Twenty-four samples with a good spatial coverage were selected for dating, six of them
from moraine boulders, twelve from erratic boulders and six from ice sculpted bedrock
(Table 1; Fig. 4, supplementary figure). The samples were collected from four sub-areas;
three around Drangajokull (Reykjarfjorour, Leirufjordur, Kaldalon) and finally a set of
boulders were sampled further north from the Hornstrandir peninsula (Figs 1 and 2d). In
Reykjarfjordur, seven samples were sampled on a transect from the coast towards the
glacier. Ten samples in three groups were sampled from the Leirufjérdur area. Four paired
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samples were sampled from plateaux around Kaldalon and three from mountain summits in
the Hornstrandir area.

Winter expeditions in the area confirmed that snow is generally blown off topographic
highs, but icing and rime is common on the higher mountains. Fresh-looking rocks were
sampled, preferably from topographic highs. Topographic shielding is well known error
source for cosmogenic dating in mountainous areas (Ivy-Ochs and Kober, 2008; Stroeven
et al.,, 2011). The topographic shielding was measured by compass and clinometer in the
field and corrected for (Table 1). Potential weathering of sampled surfaces was estimated in
the field for each sample, e.g. by looking for striations, pitting and other original or
erosional surface textures.

Typical erosion rate for crystalline rock in most alpine environments is considered 0.5-2.5
mm/ka (Balco, 2011). Because this can be difficult to estimate, uncertainty of the erosion
rate can contribute significantly to the exposure age of samples since the LGM or before
(Balco, 2011). Problems with potential past burial (exhumation) or tilting of erratic
boulders were minimized by choosing erratics sitting on bedrock or relatively stable block
field, and large moraine boulders not showing evidence of any post-depositional
movements (Ivy-Ochs and Kober, 2008; Balco, 2011). The positions of all samples were
recorded with a handheld Garmin GPSmap 62sc, and the ISN93/WGS84 reference system
was used for all data handling.

The boulders selected for comogenic age dating are all sub-alkaline basalts with 5-9 wt. %
MgO (Supplementary Table) and are predominately aphyric, fine-grained vesicular lavas
but porphyritic varieties, however, also occur. The phenocryst assemblage in the latter type
is mainly plagioclase +/- clinopyroxene and olivine. Some of the lavas show flow banding
and contain patches or small pockets of segregation veins. Generally, the analyzed samples,
analytical methods described below, are fresh and unaltered as also evidenced by their
relative low content of loss on ignition having an average value of 1.2 wt. %
(Supplementary Table).

3.2 Sample preparation and exposure calculations

Because of chemical characteristics and lack of phenocrysts in the Icelandic basalt we used
the cosmogenic *°Cl nuclide to date whole-rock samples. A prerequisite for calculation of
the exposure ages by the *°Cl method is that the geochemistry and specific gravity of the
sample is known. The uppermost 3-5 cm were cut of the samples, specific gravity was
measured, each sample was crushed, and the 147-250 um fraction was sieved at the lab at
the Norwegian University of Science and Technology (NTNU) and the Activation
Laboratories (ACTLABS), in Ancaster, Canada. Whole-rock major and trace elements
concentration of the samples, data given in Supplementary Table, were analyzed by
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ACTLABS by a combination of lithium metaborate/tetraborate fusion inductively coupled
plasma mass spectrometry (ICPMS) for major elements and by traditional solution ICPMS
for trace element analysis using a Perkin Elmer Sciex ELAN 6000 ICPMS. Chlorine
concentrations were determined by instrumental neutron activation analysis (INAA). Loss
on ignition (LOI) was determined by measuring weight loss upon heating to 1100° C over a
three hour period. Several certified reference materials were used for data control. Totals of
major elements are 100 + 1.5 wt. %, with an analytical precision of 1-2 % for most major
elements (Supplementary Table). The analytical precision for trace elements is better than
10 %.

Further work and sample preparation was carried out by the PRIME lab, Purdue University,
Indiana, USA, and is briefly outlined below. During preparation and chemical processing of
the samples, the procedure of Zreda et al. (1999) and Philips (2003) was followed. First the
samples were chemically treated to remove any secondary materials. After cleaning, the
crushed samples were dissolved in a mixture of hydrofluoric and nitric acids. To ensure
there was sufficient concentration of CIl to be determined during the accelerator mass
spectrometry (AMS), a spike of Cl was added during the step of dissolution. Following the
dissolution, Cl was precipitated as AgCl. The ratio of %C1/Cl and *’C1/*°Cl was determined
by AMS analysis on AgCl targets.

The age of the samples was calculated using an Excel spreadsheet calculator developed for
calculating *°Cl ages by Schimmelpfennig et al. (2009). We used a production rate for
Iceland of 57 +5 atoms *°Cl (g Ca)' yr' (normalized to sea level with the standard
atmosphere; Licciardi et al., 2008). However, for comparison, the ages were also calculated
according to earlier production rates (Stone et al., 1996; Phillips et al., 2001; Table 1).
Scaling and shielding factors were calculated and corrected for each sample, i.e. latitude,
elevation, and estimated shielding by snow cover, topography and erosion. Snow cover was
assumed to be similar throughout the Holocene as at present. The scaling effect of latitude
and elevation was calculated by CosmoCalc (Vermeesch, 2007) using the scaling model of
Dunai (2001) and Desilets et al. (2006), which both yielded similar scaling factors and are
considered more sophisticated than older scaling models by Lal (1991). CosmoCalc was
also used to correct for potential snow cover. Uncertain weathering rates of bedrock in
alpine landscapes and rapid weathering rates of Icelandic basalt can contribute to
significant errors in the exposure age (Gislason et al., 1996; Balco, 2011). For comparison,
we corrected each sample for several scenarios of erosion and evaluated the results
according to our field observations (Table 1).

3.3 Sedimentological studies

Six river-cut geological sections along the main river in Reykjarfjorour (Fig. 1) were
cleaned in order to investigate the stratigraphy and sedimentology. Sediment structures and
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lithologies were logged using the data chart of Kriiger and Kjer (1999). The
sedimentological results along with the geomorphological maps of Brynjolfsson et al.
(2014) enabled us to reconstruct the environmental setting during the final phase of
deglaciation in Reykjarfjordur.

4. Results

The 24 *°Cl exposure ages range from 76.5 ka to 7.2 ka (Table 1). The samples are located
from valley floors about 10 m a.s.l. up to mountain plateaux and passes reaching 650 m
a.s.l. (Fig. 4). All dated samples, except some in Reykjarfjordur and two at Skorarheidi, are
in good agreement with their topographical position.
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Drangajokull ice cap are shown.
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4.1°°Cl exposure ages

4.1.1 Reykjarfjorour — northeast of Drangajokull

Seven samples were dated from the Reykjarfjordur area northeast of the ice cap. R1-R6
were sampled on a transect from the coast towards the LIA maximum end moraine which is
located centrally in the valley about 3.5 km from the coast (Fig. 4). The individual ages are
scattered and challenging to interpret (Fig. 5). The youngest sample, R1, yielding 9.4 + 0.4
ka is from an ice sculpted bedrock hill 10 m a.s.l. located centrally in the valley about 500
m from the present beach. Another bedrock sample R2, 15.4 + 0.6 ka old, situated about
500 m further into the valley. Next were two samples, R3 giving 16.9 + 0.8 ka and R4
giving 25.3 + 2.6 ka, both from ice-sculpted bedrock with striations located on a 140 m
a.s.l. at the ridge between Reykjarfjordur and the neighbouring valley, Paralatursfjérdur
(Fig.1). The fifth sample, RS, giving 23.5 + 1.5 ka is from an about 30 m high glacially
sculpted bedrock hill at the valley floor about 2.6 km from the coast. All these bedrock
samples come from moderately weathered surfaces where striations can be recognized.
Sample R6, giving 10.6 + 0.5 ka, is from an erratic boulder located 130 m a.s.1. on the ridge
between Reykjarfjorour and Paralatursfjordur, about 3.3 km from the coast and
approximately 200-300 m distal to the LIA maximum end moraine. Finally, an erratic
boulder, sample R7, was dated to 10.5 = 0.5 ka, on the 440 m high mountain pass,
Svartaskard, about 3 km to the northeast from the present glacier margin, between the
valleys Furufjordur and Paralatursfjordur (Fig. 4).

4.1.2 Leirufjorour — north of Drangajokull

Ten samples were dated from the Leirufjordur area; six moraine boulders from the lowland
of the Leirufjordur valley, two erratic boulders from the plateau mountain Leirufjall, and
finally two erratic boulders from the mountain pass Skorarheidi approximately 3.5 km
north of the present glacier margin (Fig. 4). A system of 10-12 moraine ridges were
recently mapped at the mouth of the fjord (Principato, 2008; Brynjolfsson et al., 2014).
Two samples L1 and L2, giving 9.6 + 1.6 ka and 9.0 = 0.6 ka, were obtained from boulders
on the outermost moraines on the east side of the fjord. Two samples L3 and L4, giving 9.4
+ 0.6 ka and 9.1 £+ 0.5 ka were obtained from boulders on the moraines on the west side of
the fjord. These four samples from the outermost moraine system yield an average age of
9.3 £ 0.8 ka. The moraines located proximal to the outermost moraine are younger and
remain undated. These four dates from the moraine ridges suggest formation during a
glacier advance or standstill at around 9.3 ka BP. The moraines inside the 9.3 ka moraine
formed during subsequent advances or standstill of the glaciers.
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Two samples L5 and L6, 10.7 = 0.7 ka old and 11.25 &+ 0.4 ka old, were obtained from a
lateral moraine located about 130 m a.sl. in the mouth of the tributary valley
Dynjandisdalur (Fig. 4). This age correlates well with a more extensive and calving
Leirufjordur outlet glacier before 10.2 ka BP (Andrews et al., 2002; Geirsdottir et al.,
2002).

Two erratic boulders, samples L7 and L8, were dated to 26.2 + 1.5 ka and 76.5 + 1.99 ka,
respectively. They are located about 560 m a.s.l., approximately 5 km beyond the present
ice cap on the plateau mountain Leirufjall (Fig. 4; Table 1). They suggest ice free
conditions at Leirufjall by 26 ka BP, i.e. during the LGM. To the contrary, we obtained
surprisingly young ages, 7.2 = 0.6 ka and 7.9 + 0.7 ka, from the two erratic boulders,
sample L9 and L10, located about 330 m a.s.l. in the mountain pass Skorarheidi. Despite
the consistency of those two samples, they are not considered to represent the deglaciation
age of that locality. Because they do not agree with other samples in this study and their
topographical and spatial setting would demand very large extensional anomaly of the
glacier at this locality compared to the glacier extent suggested by the other exposure ages.
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4.1.3 Kaldalon — southwest of Drangajokull
Four erratic boulders located 6-8 km to the west of the present glacier margin on the

plateaux on the north and south side of Kaldalon were dated (Fig. 4). Erratic boulders rarely
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occur above 400 m a.s.l. on the north side of the valley. The sample K1 located 650 m a.s.l.
yielded 13.8 + 0.4 ka, and sample K2 located 530 m a.s.l. yielded 14.4 + 0.4 ka. On the
south side, the erratic boulders were also rare and not observed at all above 500 m a.s.l. The
sample K3 located 450 m a.s.l. was dated to 14.0 + 0.5 ka and the sample K4 from about
400 m a.s.l. yielded 15.0 = 0.5 ka (Fig. 5). The results suggest exposure age of the
mountains on each side of Kaldalon about 14-15 ka BP. This is in good agreement with the
collapse of the shelf based parts of the IIS about 15 ka BP and subsequent glacier calving in
the fjords of Isafjardardjiip (Andrews et al. 2000, 2002; Geirsdottir et al., 2002).

4.1.4 Hornstrandir

Two erratic boulders and one bedrock sample were dated from the Hornstrandir area (Figs
4 and 5). The bedrock sample H1 yielded 41.6 = 1.1 ka BP and is located 675 m a.s.l. near
the summit of the mountain Jokulhorn above Hl6duvik (Figs 2d and 4). The bedrock is
affected by local weathering, and scattered tors are located near the summit. The sample
H2, 17.9 £ 0.5 ka is located 630 m a.s.l. on a small plateau near the summit of Jokulhorn
along with several other erratic boulders. The sample H3 is a 14 & 0.4 ka old erratic boulder
located 585 m a.s.l. on the plateau mountain Fannaldgarfjall (Fig. 4). Only very few erratic
boulders were observed at Fannalagarfjall. All of them were almost without any fractures
and very hard to sample by hammer and chisel.

The summit areas and the plateaux are characterised by local weathering and periglacial
features, such as blockfields, polygons, sorted stripes and frost shattered bedrock. In these
areas, we found no indications of recent glaciation except the few erratic boulders
superimposed on the blockfield and the bedrock.

Table 1. Analytical data and input data for the Excel spread sheet age calculation
(Schimmelpfenning et al., 2009). Bold, underscored numbers indicate the final age obtained
after evaluation of all affecting factors, i.e. topographic shielding, snow shielding, scaling
factors due to elevation and latitude, and surface erosion/weathering of the samples.
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4.2 Sedimentological logs from Reykjarfjérour

Six 1-5 m high river cut sections, section 1-6, were logged and described along the main
river in Reykjarfjordur (Figs 6-8). The sedimentary facies are described and interpreted in
Table 2. The sections are located centrally in the valley about 2-3 km from the coast (Fig.
9). Over a 4 km distance along the river, from the coast to the LIA maximum moraine, the
valley floor is a completely flat and mostly vegetated outwash plain. An about 5-10 m high
rock ledge, which the river has cut through, interrupts the flat valley floor approximately 2
km from the coast. To each side of the ledge, rock hillocks and ice-sculpted bedrock occur.
Their surfaces are partly covered with till and vegetation stretching to the mountain slopes
on each side of the valley (Brynjolfsson et al. 2014). Proximal to the rock ledge, the flat
outwash plain becomes narrower and less vegetated as it continues further up-valley.
Section 1 (Fig. 6) cuts through an un-dated end-moraine about 1 km inside the rock ledge
(Fig. 9; Brynjolfsson et al. 2014) whereas sections 2-6 (Figs 6, 7 and 9) are located along
the river 50-300 m inside the rock ledge. Six different sedimentary facies were identified in
the sections (Table 2). Unfortunately, no datable material was observed.

Table 2. Description and interpretation of sedimentary facies in Reykjarfjorour. The given
references apply to interpretation of similar sediments.

Facies | Location and description Interpretation Reference
Sections 1,2, 3,4, 5, and 6
1 Up to 2 m thick. However, the lower contact | Low energy environment.
was nowhere observec_l. 0'2"2 em brown and | porizontal laminae represent | Benn and
grey coloured clay to silt laminae. lacustrine or lagoonal conditions. Evans,
Horizontally laminated in section 2, 3, and 4. Dropstones suggest glacier calving, 2010;
The laminae in section 3 dip 6-9° towards | occasional loading structure indicate Evans
65°N. temporarily high sedimentation rate. and Benn,
2004.
Occasionally interrupted by fine to medium | Ripples formed by bottom currents in
grained sand layers and lenses. shallower parts.
Heavily deformed and thrusted in section 1. Most deformation is furthest up-
Ripples and soft sediment deformation occur valley, caused by a glacier advancing
in the lower part of section 4 and 5. into the lagoon. The intact horizontal
.| laminae furthest down-valley has not
Dropstones and load structures occur in
: ] been affected.
sections 5 and 6. Cohesive, often hard to
excavate.
Fluvi Evans
Sections 1,2, 4, 5, and 6 uvial sand. Low to moderate iB
) ) ) discharge or bottom currents allows and benn,
Typically massive fine to medium sand. 2004.
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Deformed in section 1 and ripple cross
laminated in section 2, and partly horizontally
laminated in section 6.

Sections 1, 2,4, and 5

Medium to coarse, massive gravel, except in
section 5 where fine gravel.

Section 4

Layer of sub-angular to sub-rounded boulders,
up to 1.2 m in diameter.

Sections 3 and 6

20-40 cm thick reddish-brownish soil, plenty
of roots, vegetation on top. Silt to sand in grain
size.

Section 1

1-2 m thick diamict. Rich in boulders in the
upper part. Matrix-supported, medium grained
sandy matrix. Sub-angular to sub-rounded
clasts.

Thinning down-valley.

formation of ripple cross laminae and
horizontal laminae. Deformed in
section 1 by an advancing glacier into
the lagoon.

Fluvially deposited gravel, the
massive and  relatively  coarse
appearance indicates high water
discharge.

In section 1, unit 3 indicate that the
lagoon gradually became an outwash
delta before the glacier advance.

In section 2 and 4 unit 3 is part of a
delta built into the lagoon

Fluvial  deposited under  high
discharge conditions, perhaps flood

event.

Aeolian, fine fluvial sediments and
organic material built up to soil layer.

Subglacial till deposited near the
margin of a glacier advancing over a
proglacial fluvial plain. The contact
between the till and the gravel below
(unit 3) is gradual.

Benn and
Evans,
2010.

Maizels,
1997,
Benn and
Evans,
2010.

Evans
and Benn,
2004,
Benn and
Evans,
2010.
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Fig. 6.  Sedimentological logs of sections 1-3 in  Reykjarfjordur.
The section number is indicated in a box at the top of each section, and facies numbers,
described in Table 2, are in brackets to left of the log. The logs follow the data chart of
Kriiger and Kjaer (1999).
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During deglaciation, the glacier retreated inside the rock ledge and left a depression which
filled up with meltwater. The water level was controlled by the elevation of the rock ledge,
which gradually lowered as the river eroded its way through it.

According to the evidence from the lacustrine sediments in the sections 1-6, a glacial
lagoon formed in a topographic depression within the rock ledge. Till, gravel, laminated
and deformed fine sediments with dropstones were observed in the six river-cut sections.
The fine sediments, their structures and the dropstones indicate deposition in a
glaciolacustrine environment. We consider that a fjord-setting can be excluded because
raised beaches have only been observed approximately 5 m above present sea level in
Reykjarfjordur, which is a few meters below the rock ledge (Fig. 8; Principato, 2008;
Brynjoélfsson et al., 2014). Furthermore erratic boulders and till cover the rock ledge and
parts of the valley floor (10-30 m a.s.l) adjacent to the reconstructed lagoon (Fig. 9).

We consider that the strong deformation of facies 1 below the till (facies 6) in section 1
demonstrates an outlet glacier advancing into the lagoon after 9.4 ka BP. The dropstones
and more gentle deformation of facies 1 in sections 5 and 6 confirm the proximity of a
calving outlet glacier further up-valley. Layers and lenses of silt and sand in facies 1 could
represent a higher energy sedimentary environment related to pulses of meltwater or floods
coming into the lagoon, perhaps related to a glacier advance. On the other hand, the well-
preserved horizontal laminae near the rock ledge are considered to exclude any glacier
advance further down-valley after the deposition of the horizontally laminated sediments.
The depth and size of the lagoon is unknown and the base of facies 1 was not observed
anywhere. Assuming calving ice-bergs floating around, it was at least a few meters deep.
The reconstructed up-valley extent (Fig. 9) is limited by the observation of faciesl in
section 1. There, about 1 m thick fluvial gravel (facies 3) occurs between the till (facies 6)
and the fines (facies 1). This indicates that at this location the lagoon had already filled up
with fine and fluvial sediments and gradually became an proglacial outwash plain before
the glacier advanced and formed an undated moraine about 500 m beyond the LIA
maximum moraine.
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s

Fig. 8. Examples of the sedimentary facies identified in the sections.
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Glacier

Section 1

Reykjarfjérour

-------- Raised beach 5 m a.s.l.
Undated moraine
Ice sculpted bedrock

==
|| <Glacier9.3ka BP
|

Till

Lagoon

Outwash plain
T 1 T 1
0 0.5 1 km

the valley, based on the sediment studies.

5. Discussion and interpretation

5.1°°Cl exposure ages of the study areas

5.1.1 Reykjarfjorour — northeast of Drangajékull

The scattered ages of the Reykjarfjordur samples are challenging to interpret and

demonstrate the importance of collecting a group of samples from specific landforms or
localities (Balco et al., 2011; Stroeven et al., 2011). The three youngest samples, R1 9.4 +
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0.4 ka, R6 10.6 £ 0.5 ka and R7 10.5 £ 0.5 ka correlate with ages obtained in Leirufjordur
(sample number L1-L6). Those three samples are considered to represent the deglaciation
age. They suggest deglaciation of Reykjarfjorour between 10.6 ka and 9.4 ka BP (Fig. 4).
Snow shielding, sediment and vegetation cover could contribute to younger exposure ages
than the actual deglaciation age of a locality (Balco, 2011; Stroeven et al., 2011). However,
shielding factors are considered negligible for the Reykjarfjordur localities, except potential
snow cover for sample R7 in the 440 m high mountain pass, Svartaskard, which we
corrected for in our calculations.

The 15-25 ka old bedrock samples, R2, R3, R4 and RS from Reykjarfjérdur are best
explained by *°Cl inheritance. Bedrock exposure ages occasionally suffer from nuclide
inheritance. Striated and ice sculpted bedrock do not necessarily confirm a sufficient
erosion to reset the pre-glaciation nuclide inheritance within the bedrock, although it clearly
indicates sub-glacial erosion (Stroeven et al., 2002; Briner et al., 2005, 2006; Phillips et al.,
2006). To remove any inheritance, the bedrock has to be eroded by >2 m (Ivy-Ochs and
Kober, 2008; Balco, 2011). Therefore, our old bedrock samples might indicate less than 2
m subglacial erosion of the bedrock during the last glaciation. That agrees with
observations of a generally thin and non-coherent cover of glacial sediments around the
Drangajokull ice cap, probably indicating limited sub-glacial erosion and sediment
production (Brynjolfsson et al., 2014).

Samples for exposure dating have been noticed to commonly contain inherited nuclides and
indicate limited sub-glacial erosion proximal to the ice sheet margins of the northwest
Svalbard-Barents Sea ice sheet and the Laurentide ice sheet in eastern Arctic Canada.
Young erratic boulders superimposed on older bedrock and un-scoured terrain, indicate
transportation from thicker, warm based inland ice and deposition by lateral flow yielded
from internal ice deformation of slow cold-based ice in marginal and coastal areas (Briner
et al., 2005; Hormes et al., 2011; Gjermundsen et al., 2013). Considering that the eastern
Vestfirdir peninsula was a marginal area of the last IIS, thin and slow, partly cold based, ice
could explain a relatively little subglacial erosion in the area during the last glaciation.

5.1.2 Leirufjorour — northwest of Drangajokull

The group of moraines at the mouth of Leirufjordur indicate a fluctuating ice margin during
the deglaciation of the fjords and valleys in the Vestfirdir peninsula. The samples L1-L4
from the outermost moraine yielded an average age of about 9.3 + (.8 ka (Table 1). A few
of the outermost moraines in Leirufjordur extend into the fjord indicating glacier calving at
that time (Fig. 4). Relatively sea level that was at least few meters lower than at present
(Norddahl and Pétursson, 2005) could have prevented the glacier from calving.

The high ages of 26.2 + 1.5 ka and 76.5 + 1.99 ka, of the two erratic samples L7 and L8
superimposed on the blockfield, argues for cold based ice conditions on the plateau
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mountain Leirufjall. The 26 ka exposure age of the sample L7 can be considered as
minimum deglaciation age of Leirufjall. That could suggest a glaciation maximum about 5-
6 ka earlier than previously considered (Ingdlfsson, 1991; Norddahl, 1991). However, if
actual erosion and snow cover was more extensive than we corrected for, the calculated
exposure age is too low and the deglaciation time would be earlier. The 76.5 ka age of
sample L8 must be explained by nuclide inheritance from earlier exposure.

We obtained surprisingly low ages of 7.2 + 0.6 and 7.9 + 0.7 ka (samples number L9 and
L10) from two erratic boulders located in the 330 m high mountain pass, Skorarheidi, north
of the ice cap (Fig. 1). The results do not correlate with earlier deglaciation reconstructions
for Drangajokull nor the IIS in general (Principato et al., 2006; Norddahl et al., 2008;
Geirsdottir et al., 2009). Furthermore, they do not agree with other samples in this study
(Figs 4 and 5, Table 1). Thus, despite consistent age of this pair of boulders, we do not
consider them to represent the deglaciation time of this locality.

5.1.3. Kaldalon — southwest of Drangajékull

The samples K1-K4 located 400 — 650 m a.s.l. on the mountains around Kaldalon yielded a
14.3 ka average exposure age. These ages corroborate with a 11.3 ka old erratic located 352
m a.s.] on the outermost part of the southern mountain in Kaldalon (Fig. 5; Principato et al.,
2006). The ages demonstrate ice thinning and initial deglaciation over the higher areas
around Kaldalén and subsequent deglaciation of lower areas. However, two bedrock
samples also provided by Principato et al. (2006) located about 350 m a.s.l. at the outermost
part of the mountain yielded 19.9 ka and 20.9 ka (Fig. 5). Similar to the Reykjarfjordur
bedrock samples, we consider they most likely indicate insufficient erosion of the bedrock,
rather than the exposure age. The samples from Principato et al. (2006) were processed in
the early 2000s, before the *°Cl cosmogenic production rate for Iceland by Licciardi et al.
(2008) became available. A re-calculation of the ages with the local production rate and the
age calculator of Schimmelpfenning et al. (2009) used in this study would most likely yield
somewhat different results. Unfortunately, we have not been able to obtain all the raw *°Cl
AMS and lab data needed to re-calculate ages of Principato et al. (2006).

5.1.4. Hornstrandir

The high age of the bedrock sample H1 (41.6 £ 1.1 ka) is most likely due to nuclide
inheritance, preserved from earlier exposure under non-erosive ice during the last
glaciation, rather than representing the actual exposure age of the mountain. This
interpretation is supported by the younger erratic samples H2 (17.9 ka) and H3 (14.0 ka),
which indicate ice cover over plateaux and mountains in Hornstrandir prior to or until the
collapse of the shelf based part of the IIS about 15 ka BP (Andrews et al., 2002; Geirsdottir
et al., 2002; Ingolfsson et al., 2010). However, the peak on which H1 was sampled is 45-90
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m higher than samples H2-H3, and therefore we cannot exclude that the peak protruded
through the ice at LGM. No glacial sediments were observed at these high-altitude
localities. Considerable local weathering and no indications of recent glaciation except the
occasional erratic boulders together with the 41.6 ka old bedrock sample H1 suggest cold-
based ice conditions over the Hornstrandir mountains.

5.1.5. Were the end moraines in Leirufjorour formed during a 9.3 ka climatic event?

A 9.3 ka average age of the outermost moraine at the mouth of Leirufjérdur, correspond
with formation of moraines in Greenland and Baffin Island (Briner et al., 2009; Young et
al., 2011, 2013), and glacier advances in Scandinavia at a similar time (Nesje, 2009). These
advances have been correlated with the 9.3 ka meltwater pulse to the North Atlantic from
Lake Agassiz (Briner et al., 2009; Nesje, 2009; Murton et al., 2010; Young et al., 2013).
Furthermore, series of other meltwater pulses from Lake Agassiz and perhaps Siberian
lakes occurred approximately from 9.5 ka to 8.2 ka ago (Fleitmann et al., 2008). Glacier
advances in North America and Europe have been correlated to cold reversals associated
with these meltwater pulses (Kleiven et al., 2008; Solomina et al., 2015) A set of high-
resolution palaeoclimate records from across the Northern Hemisphere indicates a
widespread and significant climatic anomaly during the 9.3 ka and 8.2 ka events (Fleitmann
et al., 2008; Nesje, 2009; Solomina et al., 2015).

Therefore, the 9.3 ka exposure age of the moraine in Leirufjordur suggest a formation by a
re-advancing glacier as response to climatic cooling during the 9.3 ka event. To our
knowledge, this is the first observation from Iceland to suggest glacier response related to
the climatic deteriorations in the period 9.5-8.2 ka BP (Fleitmann et al., 2008).
Furthermore, we consider that the formation of other recently mapped, but still undated
moraines, located beyond the LIA maximum moraines in the eastern Vestfirdir peninsula
could have formed during similar glacier re-advances in the period 9.5-8.2 ka BP
(Brynjolfsson et al., 2014; Hole, 2015).

Simultaneously, a rapid deglaciation and ice caps of similar size as at present has been
suggested in the central highlands of Iceland as early as 10 ka BP (Geirsdéttir et al., 2009;
Larsen et al., 2012). Potentially, the 9.3 ka glacier re-advance was confined to the Vestfirdir
peninsula. This could have been favoured by the geographical conditions of the Vestfirdir
peninsula, which extends towards cooler surface waters near Greenland and is exposed to
the open sea towards the east, north and west. Sea ice cover is expected to increase and
regional temperature to drop during enhanced advection of cooler surface waters around the
peninsula, potentially favouring glacier advances (Bergporsson, 1969; Ogilvie, 1984;
Eiriksson et al., 2000).

Climatic deterioration in Iceland related to the 8.2 ka event, and over a period about 8.5-8
ka BP, has been interpreted from marine and lacustrine proxies (Alley et al., 1997,
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Eiriksson et al., 2000; Geirsdottir et al., 2009; Larsen et al., 2012). Sediment cores from
Lake Hvitarvatn, which receives meltwater from the Langjokull ice cap in central Iceland,
indicate an environmental perturbation between 8.7 and 7.9 BP. Two approximately 200
year long periods, about 8.5 and 8.2 ka BP, were the coldest in this period. Signs of
landscape destabilization and possible glacier activity in the catchment are seen in the
sediment cores (Larsen et al., 2012). However, the absence of varved sediments in the cores
suggests a smaller Langjokull than at present (Larsen et al., 2012). Geirsdottir et al., (2009)
pointed out the absence of any direct glaciological and geological record related to the 8.5
and 8.2 ka events in Iceland, and discussed that potential geological evidence had perhaps
been overridden by subsequent glacier advances during the late Holocene. We suggest that
the group of moraines in Leirufjérdur demonstrate advances of the Drangajokull ice cap
due to the meltwater forced climatic cooling events during the period 9.5-8.2 ka (Fleitmann
et al., 2008; Nesje, 2009).

5.1.6. LGM to Early Holocene glacial history of NW Iceland

Our upland erratic boulders suggest that the ice sheet started thinning at least ~ 26 ka BP.
Ice-free conditions on mountain Leirufjall by that time indicate that the LGM ice sheet over
the Vestfirdir peninsula started thinning 5-6 ka earlier than previously suggested (Norddahl,
1991; Ingolfsson, 1991; Ingdlfsson and Norddahl, 2001).

The erratic boulders at Leirufjall, in Hornstrandir and on the Kaldalon mountains, except
L8 which was probably deposited during an earlier ice advance, were deposited during the
Late Weichselian by an ice sheet with relatively thin and cold based sectors over the
uplands (Fig. 10). The erratic boulders were transported laterally by internal ice
deformation while the ice remained mostly inactive and frozen at its substratum, leaving the
blockfield undisturbed over the plateaux and the high uplands in the eastern Vestfirdir
peninsula (Sugden, 1977; Hjort et al., 1985; Briner et al., 2005; Davis et al., 2006; Landvik
et al., 2012; Brynjolfsson et al., 2014). The erratic boulders are neither angular nor of the
local blockfield lithology, therefore they must have been transported and deposited on the
blockfields by glaciers. Their ages, except sample L8, suggest deposition during the Late
Weichselian. Similar observations of young erratic boulders sitting on top of intact block
fields surfaces have been interpreted as evidence of transport by non-erosive cold based
branches of ice sheets in Arctic Canada, Scandinavia, and Svalbard (Briner et al., 2003,
2005, 2014; Fjellanger et al., 2006; Hormes et al., 2011; Landvik et al., 2012).
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Fig. 10. A schematic cross-section of the Vestfirdir peninsula during the LGM. The
glaciation was characterised by topographically confined fjord/valley-type ice streams or
glaciers which flowed faster than the grounded ice domes over the mountains on either
side. A thin, non-erosive and cold based ice, covered plateaux and some uplands in the
eastern Vestfirdir peninsula, while warm-based ice filled valleys and fjords during the
LGM.

It is not possible to exclude nuclide inheritance in the upland erratic boulders, and in case
of inheritance, the exposure ages would be higher than the actual deglaciation time
(Stroeven et al., 2011), which is demonstrated in the 76.5 ka old sample LS. If the
mountains in eastern Vestfirdir remained ice free during the last glaciation, the erratic
boulders would be suspected to include considerable amounts of *°Cl nuclides. Thus, one
would expect most of the erratic boulders to be of much higher ages than we obtained.
Therefore, the upland erratic samples, L7, H2, H3 and K1-K4 are considered to represent
the exposure age of their localities. On the other hand, ice sculpted and striated bedrock
indicates warm-based ice, sliding over its substratum at lower altitudes in the fjords and
valleys (Fig. 10). Such overall pattern of warm based, dynamic ice occupying lowland
fjords and wvalleys, and thin cold based ice over plateaux and uplands suggests
topographically confined fjord/valley-type glaciers which flowed faster than the grounded
ice on either side (Fig. 10; Paterson, 1994; Briner et al., 2006) during the last glaciation of
the Vestfirdir peninsula.

Applying *°Cl exposure dating on the block field surfaces could provide important new data
to the reconstruction of the last glaciation in Vestfirdir and Iceland in general. Blockfield
boulders from Norway, Svalbard, and Arctic Canada have remained intact since before the
last glaciation and yielded much higher exposure ages than the superimposed erratic
boulders (Briner et al., 2003, 2014; Fjellanger et al., 2006; Hormes et al., 2011; Landvik et
al., 2012).
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We consider the 10.5 ka old erratic sample from the mountain pass Svartaskard, and the c.
11 ka old moraine in valley Dynjandisdalur as indications of thick outlet glaciers occupying
the fjords and valleys at that time. This agrees with the distinct IRD signal interpreted as
evidence of calving glaciers in the fjords until 10.2 ka ago, and with sea level curves
indicating substantial ice cover over the Vestfirdir peninsula at Younger Dryas time
(Andrews et al., 2002; Geirsdottir et al., 2002; Castaneda et al., 2004; Andresen et al.,
2005; Norddahl and Pétursson, 2005). It remains unresolved if the glacier was confined to
the valley between 10.2 ka BP and 9.3 ka BP, or if it retreated considerably, as have been
suggested by Castaneda et al. (2004) and Geirsdottir et al. (2009).

Six undated moraines in Furufjordur beyond the LIA maximum extent (Fig. 4) indicate
stepwise final deglaciation possibly at the same time as in Leirufjérdur and Reykjarfjordur.
Central Iceland and the larger peninsulas Trollaskagi, Eastern Iceland and Sneaefellsnes
peninsula have been considered completely deglaciated, or hosting glaciers of similar size
as at present when Leirufjordur and Reykjarfjordur were still occupied with outlet glaciers
about 9.3 ka BP (Kaldal and Vikingsson, 1990; Stotter et al., 1999; Caseldine et al., 2003;
Norddahl and Pétursson, 2005; Larsen et al., 2012). Furthermore, new cosmogenic ages of
moraines in the central Trollaskagi peninsula suggest that some valley and cirque glaciers
had already retreated to a similar size as at present about 15 ka BP (Palacios et al., 2015).
Hence, a much more extensive late glacial ice cap was preserved over the eastern Vestfirdir
peninsula than elsewhere in Iceland.
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Fig. 11. Glacier changes of the north-western Drangajokull and later the Leirufjordur outlet
glacier. Note that the axes (age horizontal, distance vertical) are truncated. The evolution
15-10 ka BP is based on exposure ages, marine sediment data and sea level curves
(Andrews et al., 2002; Geirsdottir et al. 2002; Norddahl and Pétursson, 2005; Norddahl et
al., 2008). The frequent fluctuations around 9 ka BP are based on exposure dating of
terrestrial moraines in Leirufjordur. The Neoglacial fluctuations are based on lacustrine
sediment data from central Iceland (Geirsdottir et al 2009; Larsen et al., 2012), and do not
necessarily represent fluctuations of Drangajokull ice cap. The LIA fluctuations are from
the recently reconstructed surge history of Leirufjardarjokull (Brynjolfsson et al., 2015).

5.1.7. Deglaciation

The exposure age of sample L7 at Leirufjall indicates that the ice sheet deterioration started
at least 26 ka BP. That precedes typically suggested LGM timing for Iceland by 5-6 ka
(Ingolfsson, 1991; Norddahl and Ingdlfsson, et al., 1991; Ingodlfsson et al., 2010), but
correlates better with a general timing c. 26-20 ka BP of the LGM in the North Atlantic
(Clark et al., 2009). Our exposure samples, L7, H2-H3 and K1-K4, from the plateaux and
uplands indicate a deglaciation pattern where ice thinning preceded areal reduction of the
Vestfirdir ice sheet. Shelf areas and fjords were stepwise deglaciated 15-10 ka BP,
following the ice sheet break up about 15 ka BP (Fig. 11; Eiriksson et al., 2000; Andrews et
al., 2000, 2002; Ing6lfsson and Norddahl, 2001; Geirsdottir et al., 2002).

Glacier retreat was not synchronous between different inlets, valleys and fjords (Figs 4 and
5). This is well demonstrated by the contrasting exposure dates from the eastern Vestfirdir
peninsula, 9.3 ka and 11 ka old moraines in Leirufjordur, c. 10 ka average exposure age in
Reykjarfjordur, 11.7 ka old moraine in Kaldaléon and a 14.6 ka old moraine in Laugardalur
(Principato et al., 2006). Furthermore, a deglaciation age of 12 ka BP of central Vestfirdir
was suggested from lacustrine sediments (Geirsdottir et al., 2002). The 10.2 ka old
Saksunarvatn tephra observed in several geological sections along the coasts of
Hornstrandir also indicate ice-free conditions (Hjort et al, 1985; Principato et al., 2006;
Hole, 2015).

After the last glaciers retreated on land by 10.2 ka BP (Andrews et al., 2000, 2002;
Geirsdottir et al., 2002), a stepwise deglaciation of the valleys that still hosted the major
outlet glaciers of Drangajokull was going on about 9 ka BP (Fig. 11). However, the older
moraines, 14.6 ka in Laugardalur and 11.7 ka in Kaldalon, demonstrate that some valleys in
the area were already partly ice free or completely deglaciated 2-5 ka earlier (Figs 4 and 5;
Principato et al., 2006).
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6. Conclusions

We dated 24 bedrock, moraine and erratic boulder samples from the Vestfirdir peninsula
with *°Cl exposure dating. The new exposure ages combined with data from
sedimentological logs, provide insight into the Weichselian to early Holocene glaciation
history of eastern Vestfirdir. We conclude that:

e Bedrock and boulder samples from high altitudes yielding ages of 76.5 ka and 41.6
ka together with 14-26 ka old erratic boulders superimposed on blockfield
characterised plateaux and uplands, indicate transport and deposition of the erratics
by internal deformation of an ice sheet with relatively thin cold based, non-erosive
ice sectors over plateaux and uplands in the eastern Vestfirdir peninsula during the
last glaciation.

e Ice-sculpted bedrock and striations together with 9.3-11.5 ka old exposure dated
samples indicate warm based glacier conditions in the lowland areas of fjords and
valleys. However, the higher ages of bedrock samples in valley Reykjarfjordur,
interpreted as nuclide inheritance, demonstrate subglacial erosion rates <2-3 m
during the last deglaciation. The limited subglacial erosion corresponds with
observations of a thin and patchy till cover around the ice cap.

e The 14-26 ka exposure samples, L7, H2-H3 and K1-K4, from the plateaux and
uplands indicate a deglaciation pattern characterised by ice thinning before areal
reduction of the Vestfirdir ice sheet, which subsequently was followed by
deglaciation of shelf areas and fjords 14-15 ka BP.

e QGlacier retreat was not synchronous between different valleys and fjords. While
some valleys were partly deglaciated 11.7 and 14.0 ka BP (Principato et al., 2006).
Leirufjordur and Reykjarfjordur were still occupied by glaciers extending to the sea
at least until c. 9 ka BP.

o We suggest that the 9.3 ka old moraine in Leirufjérdur formed by a glacier re-
advance in response to a cooler climate forced by reduction in the Atlantic
Meridional Overturning Circulation.

e Series of concentric moraines in Leirufjordur indicate stepwise deglaciation
following formation of the 9.3 ka moraine. The moraines formed by glacier
advances in response to the climatic deterioration events about 9.5-8.2 ka BP.

e A proglacial lagoon formed inside a rock ledge centrally in the Reykjarfjordur
valley following the deglaciation about 9.4 ka BP. Dropstones and deformed
lacustrine sediments in river cut sections demonstrate an outlet glacier calving and
advancing into the lagoon.
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e An extensive ice cap was preserved over the eastern Vestfirdir peninsula at least
until ¢. 9 ka BP. It is very possible that the Drangajokull ice cap has been present
throughout the Holocene.
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Abstract

Surface elevation and volume changes of the Drangajokull surge-type glaciers,
Reykjarfjardarjokull and Leirufjardarjokull, were studied by differencing digital elevation
models that pre-date and post-date their most recent surges. Average ice velocities were
also estimated on the basis of annual glacier-frontal measurements during their last surge.
The observations show a distinct ice discharge, most from the upper reservoir areas, down
to the receiving areas during the surges. The surface draw-down in the reservoir areas was
usually 10-30 m during the surges, while the thickening of the receiving areas was
significantly more variable, in order of 10-120 m. Despite a negative geodetic net mass
balance derived from the digital elevation models, the reservoir areas have been gaining
mass since the surge terminations. This surface thickening along with a considerable
ablation of the receiving areas will most likely return the glacier surface profiles to the pre-
surge stage. According to the surface evolution since the surge termination, this process
could take about 45-65 years assuming a constant climate. Our results indicate that (a)
greatest surface thinning in the upper reservoir areas and (b) development of Drangajokull
surges that resembles Svalbard surge-type glaciers rather than Vatnajokull surge-type
glaciers, could be explained by differences in glacier geometry, topography and substratum
of the Drangajokull and Vatnajokull surge-type glaciers.

Keywords: Digital Elevation Models, surge-type glaciers, quiescent phase, active phase,
reservoir area, receiving area
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1. Introduction

Differencing of Digital Elevation Models (DEMs) is a well-established methodology to
quantify volume changes of glaciers (Magnusson et al., 2005; Schomacker et al., 2012;
Schomacker and Kjar, 2007, 2008; Sund et al., 2009, 2014, Abermann et al., 2010; Kjar et
al., 2012; Toémasson et al., 2013). Time series of DEMs and other remotely sensed data are
also commonly used to identify glacier surges and quantify their velocity, surface, volume
and areal changes during the surges (Fischer et al., 2003; Magntsson et al., 2005; Frappé
and Clarke, 2007; Sund et al., 2009, 2014; Quincey et al., 2011, 2014).

All Icelandic glaciers are considered to be warm-based and therefore any surge mechanism
related to a thermal transition has been ruled out (Bjornsson et al., 2003). However, an
almost total lack of any glacial geomorphological imprints in areas that have been
deglaciated since the Little Ice Age (LIA) about 500-650 m a.s.l. around the southern
perimeter of Drangajokull might indicate polythermal conditions there during the LIA and
perhaps at present (Brynjolfsson et al, 2014).

Notably, while the two recent most surges of the Drangajokull surge-type outlet glaciers
lasted 5-7 years (Sigurdsson, 1998: Bjornsson et al., 2003; Brynjolfsson et al., 2015), the
active phase of the large Icelandic surge-type glaciers usually last for only a few months or
1-2 years (Sigurdsson, 1998; Bjornsson et al., 2003). This relatively long surge phase of
Drangajokull resembles a 3-10 years long active phase of Svalbard surge-type glaciers
(Dowdeswell et al., 1991: Hamilton and Dowdeswell, 1996; Murray et al., 2003) and surge-
type cirque glaciers in Iceland (Brynjolfsson et al., 2012).

Recent studies of Drangajokull have focused on geomorphology, glacial history since the
Last Glacial Maximum (LGM), surge dynamics and recent areal changes of the ice cap
(Principato, 2003, 2008; Principato et al., 2006; Prastarson, 2006; Brynj6lfsson et al., 2014,
2015, under review). Shuman et al. (2009) compared a GPS derived Digital Elevation
Model (DEM) with series of repeated satellite profiles across Drangajokull, indicating up to
1.5 m a™' surface lowering at the location of the satellite profile in the years 2003-2007.
However, ablation stake measurements indicate positive mass balance of the whole ice cap
in 2005-2007, indicating that the satellite profile is not representative for the whole ice cap
(Shuman et al., 2009).

Comparison of a DEM since c¢. 1990 and from 2011, indicate about 8 m average surface
lowering of the ice cap in the period 1990-2011. Obvious ice discharges during the recent
most surges of the three outlet glaciers are reflected as much more thinning of their
reservoirs and distinct thickening of the receiving areas of each outlet glacier as earlier
described by Johannesson et al. (2013).

Surge-type glaciers can be warm-based or polythermal, and they cluster in certain areas,
most commonly where climatic conditions are bounded with mean annual temperature of 0-
10 °C and annual precipitation of 200-2000 mm (Sevestre and Benn, 2014), indicating that
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climate alone does not control their location (Meier and Post, 1969; Raymond, 1987;
Hamilton and Dowdeswell, 1996; Jiskoot et al., 2000; Murray et al., 2003; Sevestre and
Benn, 2014).

One surge cycle consists of an active phase and a quiescent phase. During the active phase,
the glacier undergoes a dramatic change in geometry and morphology (Pérarinsson, 1964,
1969; Meier and Post, 1969; Sharp, 1988; Harrison and Post, 2003). The ice velocity during
surge is commonly in the order of 2-3 magnitudes higher than during the quiescent phase.
Ice from the reservoir area of the glacier is discharged down-glacier to the receiving area
during the active phase (Dowdeswell et al., 1995; Bjornsson et al., 2003; Adalgeirsdottir et
al., 2005; Quiencey and Luckman, 2014). During the quiescent phase, the ice is stagnant or
flowing at a velocity lower than required to maintain the glacier size. This gradually
contributes to a steeper surface profile which is considered fundamental to return the
glacier surface to the pre-surge state and subsequently enable a new surge (Raymond, 1987;
Sharp, 1988; Dowdeswell et al., 1995; Eisen et al., 2001, 2005; Harrison and Post, 2003).
Considerable volumes of ice can be transported down-glacier during a surge, which often
contributes to surface lowering in the order of 20-100 m in the reservoir areas and surface
thickening of similar amounts in the receiving areas (Bjornsson et al., 2003; Adalgeirsdottir
et al., 2005; Sund et al. 2014). Such surges usually contribute to marginal advances of
several hundreds of meters or even kilometres (Meier and Post, 1969; Raymond, 1987;
Bjornsson et al., 2003; Murray et al, 2003; Sund et al., 2009).

The aim of this study is to quantify the ice elevation and volume changes related to the
most recent surges of the three major outlet glaciers of Drangajokull ice cap. We use DEMs
that capture the recent most surges of the Drangajokull outlets.

2. Setting

The Drangajokull ice cap is located c. 100-915 m above sea level (a.s.l.) on the eastern
Vestfirdir (Westfjords) peninsula in northwest Iceland (Fig. 1). Since the LIA, the glaciated
area has decreased from about 190-216 km” (Sigurdsson et al, 2013; Brynjolfsson et al.,
2015) to 142 km?” in 2011 (Johannesson et al., 2013). The mean equilibrium line altitude
(ELA) is 550-650 m a.s.l. which is about half the ELA at the major ice caps in south and
central Iceland (Bjornsson and Pélsson, 2008). In contrast to most glaciers in Iceland,
ablation stake measurements show positive mass balance of Drangajokull from 2004-2007
(Bjornsson and Palsson, 2008; Shuman et al., 2009; Palsson et al., 2012). However,
geodetic mass balance measurements indicate negative net mass balance, about -0.35 m
w.e. a”, of Drangajokull over a longer period, 1990-2011 (Jéhannesson et al., 2013).
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Figure 1. Overview of the Drangajokull ice cap in northwest Iceland. The catchments of the
three surge-type outlet glaciers are marked with dashed lines, and the area affected by their
last surge is shaded with blue colour. The grey lines at each glacier indicate positions of the
surface profiles in Figure 5.

Located at the eastern Vestfirdir peninsula, proximal to the cold East Greenland Current
and the warmer Atlantic Ocean, it has an open ocean from west to east favouring abundant
precipitation in combination with a relatively cold, sub-polar climate (Eyporsson, 1935;
Bergporsson, 1969; Eiriksson et al., 2000; Brynjolfsson et al., 2015). The regional lowland
climate around Drangajokull is characterised by a mean summer temperature of 6-8 °C
(June-September) and a mean annual temperature about 2.5-4 °C (Einarsson, 1976; Hanna
et al., 2004). Average annual precipitation over the ice cap has been modelled to 2000-3000
mm/year (Crochet et al., 2007). The nearest weather stations are located 40-45 km from
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Drangajokull, with a mean annual precipitation about 850 mm in the study period 1994-
2011 (The Icelandic Met Office, 2014).

The three main outlets of Drangajokull; Reykjarfjardarjokull, Leirufjardarjokull, and
Kaldalonsjokull are all surge-type glaciers (Fig. 1; Porarinsson, 1969; Sigurdsson, 1998;
Bjornsson et al., 2003). Two nunataks, Reydarbunga and Hljodabunga, occur in the
reservoir area of Reykjarfjardarjokull (Fig. 1). Recent correlation of historical data and
geomorphological data revealed at least 5-7 surges of each of the surge-type outlets, and a
surge periodicity from c. 10 years to at least 60 years, and perhaps 140 years (Brynjolfsson
et al., 2015).

Spatial and temporal details of the last surges of the Drangajokull outlets were recorded
with measurements of annual marginal fluctuations that started in the year 1931
(Eyporsson, 1935, 1963; Sigurdsson, 2011). The outlet glacier in Leirufjordur surged in
1995-2001, the glacier in Kaldalon surged in 1995-1999, and the outlet glacier in
Reykjarfjordur surged in 2002-2006. The marginal advances lasted 5-7 years during those
surges. This is several years longer than the few months or 1-2 years long active phases of
the large surging outlet glaciers in central and south Iceland (Sigurdsson, 1998; Sigurdsson
and Johannesson, 1998; Bjornsson et al., 2003; Brynjolfsson et al., 2015).
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Figure 2. Photographs showing the three surging outlets of Drangajokull ice cap during
their last surges. a) Reykjarfjardarjokull 3™ of September 2004, photograph by Prostur
Johannesson. The Hlj60abunga nunatak is seen in the background. b) Leirufjardarjokull in
carly August 1996, photograph by Hulda Bjérg Sigurdardottir. ¢) Kaldalénsjokull, 5™
September 1998, photograph by Oddur Sigurdsson. Note person in blue jacket for scale just
left to the middle of the image.
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3. Data and methods

3.1 Aerial photographs and Digital Elevation Models

Two sets of aerial stereo-photographs and derived DEMs from 1994 and 2005 in addition
to an airborne Light Detection and Ranging (LiDAR) derived DEM from 2011, were used
in this study (Table 1). The 1994 aerial photographs were supplied by the National Land
Survey of Iceland. Unfortunately they do not cover the southernmost part of the ice cap
including parts of the Kaldalon outlet glacier which is, therefore, partly missing on the 1994
DEM. Orthorectified aerial photographs and a DEM with 5 m ground resolution were
produced by stereophotogrammetry. A digital photogrammetric workstation, using BAE
Systems SocetSet 5.6 and BINGO 6.4 was used for the image processing. Coordinates for
the ground control of the 1994 adjustment was obtained from repeat 1994 DEM co-
registration to the 2011 LiDAR DEM of an 800x800 m window around each Ground
Control Point, which are time-homologous points outside the ice cap measured in the 2011
LiDAR DEM. After final coordinates were determined, we adjusted and produced the 5 m
1994 DEM, which is thus coherent with the 2011 LiDAR DEM.

The aerial orthophotographs from 2005 and the derived DEM were provided by Loftmyndir
ehf. The 2005 orthophotographs have ground resolution of 0.5 m and the derived DEM was
delivered with 20 m ground resolution. A digital photogrammetric workstation, using
Trimble Inpho software, was used to produce the 2005 DEM which has Route Mean Square
error about 2-3 m.

The Drangajokull ice cap and its nearest surroundings were measured with airborne LiDAR
on the 20™ of July 2011. The LiDAR derived DEM, provided by the Icelandic Met Office,
has a vertical and horizontal accuracy <0.5 m, and a ground resolution of 5 m (Johannesson
et al., 2013). No aerial photographs were recorded during the LiDAR measurement.
Because the LiIDAR data were collected in the middle of the summer, several snow fields
still existed in the forefields of the ice cap.
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Table 1. Overview of the aerial photographs and DEMs used in this study. The Root Mean
Square (RMS) error for the 1994 DEM is 1.2 m, for the 2005 DEM is estimated to less than
3 m (Loftmyndir, pers. comm., 2015). The accuracy of the 2011 LiDAR DEM is estimated
to be better than 0.5 m both in position and elevation (Johannesson et al., 2013).

Date Recorded by Flying DEM Product DEM RMS
altitude cell size error
(ma.s.l.) (m) (X,y,z in m)
29.08.1994 Landmalingar 5486 5 Orthophoto 1.2
fslands +DEM
2005 Loftmyndir ehf c¢. 3000 20 Orthophoto ~ 3
+ DEM
20.07.2011 Icelandic Met c. 2500 5 LiDAR 0.5
Office DEM

3.2 Analysis of aerial photos and DEMs

The three DEMs were analysed and handled in the geographical information system ESRI
ArcGIS 10.2. The comparison of the DEMs was carried out with a 3D extension of ArcGIS
which enabled quantification of surface changes in order of metres, i.e. it provided DEMs
of difference (DoDs). In order to quantify the discharge and volume changes during surges,
ice thinning/thickening was calculated for the periods 1994-2011 and 1994-2005.
Investigating the same parameters for the period 2005-2011 enabled us to estimate the
surface changes of the glaciers during the current quiescent phase. Following the definition
of Sorge’s law, the volume mass balance (ice thickness changes) was converted to change
of mass by multiplying the volume mass balance by constant ice density (Bader, 1954;
Paterson, 1994). Density of ice varies from 830-917 kg m™ depending on how much air it
contains (Paterson, 1994). For the calculations we use a density of 917 kg m™. The volume
changes represented in Table 2 were calculated by multiplying the mean thickness changes
(m) and the size (km?®) of each study area. It should be noted that the DEMs are based on
data recorded in different time of the summer, this has not been corrected for in the mass
balance measurements presented in table 2.

4. Results

4.1 Ice surface and volume changes 1994-2011

The three individual DEMs (Table 1) enable calculations of ice surface and volume
changes for the period 1994-2011, 1994-2005 and 2005-2011 (Table 2). Because the DEM
from 1994 does not completely cover Kaldalonsjokull, nor its forefield (Fig. 3),
Kaldalonsjokull was mostly excluded from this study. However, according to the 1994-
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2011 DoD (Fig. 3) it was only the western and northwest part of Kaldalonsjokull that
contributed to its last surge in 1995-1999. The 1994-2011 DoD covers 102 km® of the
Drangajokull ice cap, excluding the southern perimeter (Fig. 3). The average surface
elevation change for this area in 1994-2011 was -9.8 m which contributes to a loss of 1 km®
and negative mass balance of -0.53 m w.e. a” (Table 2; Fig. 3). The 2005-2011 DoD covers
the whole ice cap, 142.5 km” in 2011. The average surface elevation change was -1 m
during this period. The volume change was -0.143 km® and the mass balance -0.15 m w.e.
a’' (Table 2; Fig. 3). Despite average total surface thinning and negative mass balance the
reservoir areas of the three surging glaciers are gaining mass and increasing their thickness
in the period 2005-2011 (Fig. 3).

a) lIce surface elevation change (m) 2005-2011 b) Ice surface elevation change (m) 1994-2011
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Figure 3. Surface elevation changes and evolution of Drangajokull and the surging outlet
glaciers in the period 2005-2011 and 1994-2011.
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Table 2. Overview of ice changes, Reyk = Reykjarfjardarjokull, Leir = Leirufjardarjokull,
Dran-N = Drangajokull northern part, Dran-W = Drangaj6kull whole ice cap. The mean
thinning/thickening are average values of the areas that showed thinning/thickening during
each study period. The mean change is the average surface elevation change of the whole
surging glacier. The volume changes are the corresponding changes given in km®, and the
average annual net balance is represented by B,,.
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Glacier Mean Vol Mean Vol Mean Vol B,
1994-2011 area thinning loss  thickening gain change  diff. w.e. a’
km’)  -(m) (')  (m)  (km) (m) (km’) (m)
Reyk 1994 14.5
2011 14.9 -13.1  -0.176 14.8 0.023 -10.2 -0.152 -0.54
Leir 1994 26.6
2011 28.4 -153  -0.365 20.5 0.095 -95 -0.269 -0.51
Dran-N 2011 99.8 -12.1 16.0 9.8 -0.978 -0.53
1994-2005
Reyk 1994 14.5
2005 14.9 -147  -0.175 18.7 0.054 -8.1 -0.121 -0.68
Leir 1994
2005 28,7 -17.2  -0.384 25.0 0.152 -8.2 -0.235 -0.69
Dran-N 2005 100.2 -12.2 19.2 -8.4 -0.842 -0.7
2005-2011
Reyk 2011 14,9 -7.1 2.8 -1.4 -0.021 -0.22
Leir 2011 28.4 -6.6 4.0 -1.1 -0.031 -0.18
Dran-W 2005 142.5
2011 142.0 -4.3 2.8 -1.0 -0.142  -0.15

4.1.1 Reykjarfjardarjokull

The margin of Reykjarfjardarjokull advanced 227 m during the surge in 2002-2006
(Sigurdsson, 2011; Brynjolfsson et al., 2015). Though the 1994-2011 DoD spans several
years before and after the surge, the ice surface changes related to the surge are clear (Fig.
4a-c). Ice structures and crevasses on the 2005 aerial photos and the elevation changes
yielded from the DoD show that only the northern part of the glacier contributed to the
surge in 2002-2006, while the part south of the nunatak Hljodabunga was not affected (Fig.
1).

The area affected during the surge of Reykjarfjardarjokull increased from 14.5 km? in 1994
to 14.9 km? in 2005 and 2011 was also 14.9 km* (Table 2). The 1994-2005 DoD indicates
ice thinning up to 39 m, but most commonly in the order of 10-30 m in the reservoir area.
The average surface elevation change of the glacier was -8.1 m, yielding a -0.121 km® net
volume loss in the period or a net mass balance of -0.68 m w.e. a”. At least 0.054 km® of
ice were discharged from the reservoir area down to the receiving area which is about 31%
of the 0.175 km® volume loss of the reservoir area in the period 1994-2005 (Table 2).

The 1994-2011 DoD indicates a 10.2 m average surface lowering of the glacier, yielding a
0.152 km® volume loss which is equal to a net mass balance of -0.54 m w.e. a” in this
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period (Table 2). The ice discharge from the reservoir area down to the receiving area is
well demonstrated in both DoDs (Fig. 4a-c). The main surface thinning in the order of 10-
30 m occurs above the ELA in the upper reservoir area. According to the negligible surface
lowering detected near the ice divide in the northern and westernmost parts of the reservoir
area (Fig. 4b), those areas were almost unaffected by the surge.

An average marginal advance rate of 0.12 m d” during the surge 2002-2006 was obtained
from the ice-frontal measurements (Table 3; Sigurdsson, 1998, 2011). The fastest marginal
advance of Reykjarfjardarjokull during the surge was 0.2 m d' in the period 2003-2004.
The accelerating and particularly the decelerating phase of the two recent most surges of
Reykjarfjardarjokull surges take several years (Table 3).

In the period 2005-2011, after the surge termination, an opposite pattern with distinct
accumulation in the reservoir area and ablation in the receiving area of the surging glaciers
and the whole ice cap was detected (Figs 3, 4c). The total average thickening in the
reservoir area was 2.8 m, which is ¢. 0.5 m a”'. According to this, it could take the reservoir
area 55-65 years to reach the pre-surge stage assuming constant climate. At same time, the
receiving area thinned by c. 1.2 m a™ on average. This yields a negative net mass balance of
0.21 m w.e.a” of Reykjarfjardarjokull in the period 2005-2011 (Table 2). However, this is a
pattern that gradually returns the surface profile towards the pre-surge stage and most likely
contributes to a new surge.
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Figure 4. Ice surface elevation changes (m) related to the most recent surges of
Reykjarfjardarjokull (a-c) and Leirufjardarjokull (d-f). The dashed lines in a) and d)
indicate the zero surface elevation change line in the 1994-2005 DoD. Contour lines and
numbers on the figures indicate the surface elevation change during each period.
Coordinates in ISN93 WGS84 format.
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4.1.2 Leirufjardarjokull

During the recent most surge of Leirufjardarjokull in 1995-2001, the margin advanced
about 1150 m (Bjornsson et al., 2003; Brynjolfsson et al., 2015). The total area of
Leirufjardarjokull was 26.6 in 1994, 28.7 in 2005 and 28.4 km® in 2011 (Table 2). The
1994-2005 DoD shows a small area along the southwest and south margin that had not been
affected by the surge by the year 2005 (Fig. 4d and 4e). The surge bulge was located about
500 m up-glacier of the southwest margin at this time. The area proximal to the southwest
margin thinned about 10 m and more in the period 1994-2005, while the marginal area
thickened by 10-120 m elsewhere (Fig. 4d-e). The annual glacier-front measurements
indicate that the surge and the marginal advance terminated in 2001. However, the
increased surface elevation along the southwest margin of Leirufjardarjokull that was
observed on the 2005-2011 DoD (Fig. 4f) shows that the surge was still going on in this
area of the glacier at least until 2005 and the surge lasted at least for 10 years.

Ice discharge from the reservoir area down to the receiving area is well demonstrated with
thinning of up to 38 m, most commonly 10-30 m in the upper reservoir area and up to 123
m thickening in the receiving area (Fig. 4d-e). The 1994-2005 DoD suggests a -8.2 m
average surface change of Leirufjardarjokull, yielding volume change of -0.235 km® which
corresponds to a net mass balance of -0.68 m w.e. a”. For the period 1994-2011, the mean
surface change of Leirufjardarjokull was -9.5 m and the volume change was -0.269 km’
corresponding to a net mass balance of -0.51 m w.e. a” (Table 2). Less thickening of the
receiving area was observed for the whole study period 1994-2011 compared to the period
1994-2005. This demonstrates ablation of stagnant ice in the receiving area since the surge
termination in 2001. The ice thinning in the reservoir area of the northern part of the glacier
is less in the period 1994-2011 compared to 1994-2005, demonstrating that snow has been
accumulating in the reservoir area since the surge. These results are supported by the 2005-
2011 DoD which suggests a mean snow accumulation of ¢. 0.7 m a™ in the receiving area
over this six-year period (Table 2; Fig. 4f).
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Table 3. Overview of annual marginal fluctuations (in m) of the Drangajokull outlets during
their last two surges (data from the database of the Icelandic Glaciological Society
(www.spordakost.jorfi.is); Sigurdsson, 1998, 2011).

Year | 1934 1935 1936 1937 1938 1939 1940 1941 1942

Reyk | 82 149 495 27 57 2

Leir 539 150 272 37 0

Kald 39 107 41 2 2

Year | 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
Reyk 17 70 72 36 32 -1 4

Leir | 39 737 169 75 94 36 10 0 3
Kald | 12 38 669 150 146 O

Leirufjardarjokull advanced 737 m from 1995-1996, yielding the highest average marginal
advance rate of about 2 m d”'. However, the average marginal advance rate during the
whole active phase was 0.46 m d”'. The acceleration of Leirufjardarjokull surges can be
quite abrupt, while the decelerating phase, as for Reykjarfjardarjokull, can take several
years (Table 3).

Similar to Reykjarfjardarjokull, an opposite pattern was observed after the surge
termination, during the period 2005-2011 (Fig. 4c and 4f). Net snow accumulation in the
order of 0.7 m a™ in the reservoir area and an average thinning by c. -1.2 m a™' in the
receiving area yields a slightly negative net mass balance (-0.18 m w.e. a') of
Leirufjardarjokull in the period 2005-2011 (Table 2). However, according to this pattern,
the surface profile gradually returns towards its pre-surge stage during this six-year period.
Assuming an average net snow accumulation of ¢. 0.7 m a”', it might take 35-45 years to
return the surface of the reservoir area to the pre-surge stage assuming a constant climate.

5. Discussion

5.1 Reykjarfjardarjokull

The nunatak, Hlj6dabunga (Fig. 1), seems to have acted as a barrier for ice flow during the
surge of Reykjarfjardarjokull 2002-2006. Longitudinal fractures and folded sediment bands
within the ice can be traced from Hlj60abunga downglacier to the margin. Thus, the surge
did not affect the glacier south of Hljodabunga during the recent most surge in 2002-2006
(Fig. 1). Figure 3 indicates that most of the ice-volume discharge was from above the ELA
in the upper-central area of Reykjarfjardarjokull, north and northwest of Hljodabunga,
whereas the north-western part of the reservoir area was less affected by the surge.
According to the 1994-2005 DoD, at least 0.054 km’ of ice were discharged from the
reservoir area down to the receiving area of Reykjarfjardarjokull, which is about 31% of the
0.175 km® volume loss of the reservoir area in this period. The 0.054 km® discharge is
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considered a minimum volume because the surge did not terminate until 2006. Therefore,
an unknown volume of ice was discharged in this final year of the surge. For comparison,
the ice discharge during Vatnajokull surges has been estimated to about 75% of the
reservoir area volume loss (Adalgeirsdottir et al., 2005). The net mass balance of
Reykjarfjardarjokull was -0.68 m w.e. a” and contributed to a 0.121 km’® total volume loss
of the glacier in the period 1994-2005 (Table 2).

5.2 Leirufjaroarjokull

The ice volume loss of Leirufjardarjokull was more evenly spread over the reservoir area
than at Reykjarfjardarjokull, except the southernmost part which seems to have been little
or unaffected by the surge in 1994-2001 (Fig. 4d-e). The annual glacier-front measurements
from the westernmost tip of the margin indicate surge termination in 2001 (Sigurdsson,
2003). However a minor advance was measured in 2003 and therefore the total surge
duration could be seven years (Sigurdsson, 2004). The 2005-2011 DoD revealed a small
area of surface thickening along the southwest margin in this period (Fig. 4f). We consider
it to indicate that the area proximal to the southwest margin of the glacier was still surging
in 2005. This suggests at least 10 years surge duration since the first marginal advances
were observed in 1995. According to this observation, a small area proximal to the
southwest margin continued surging while the surge seems to have terminated in other
areas of the glacier in 2001 or at latest in 2003.

Similar to Reykjarfjardarjokull, the surface thinning was largest in the upper reservoir area
and most commonly in the order of 10-30 m. The ice discharge down to the receiving area
during the surge of Leirufjardarjokull was at least 0.152 km® which is about 40% of the
0.384 km® volume loss of the reservoir area from 1994-2005. The actual volume discharge
was more than 0.152 km®, an unknown amount of the ice mass was ablated in the receiving
area in the four years that elapsed from the surge termination until the 2005 DEM was
measured. The net mass balance of Leirufjardarjokull was -0.68 m w.e. a” which resulted
in a 0.235 km® total volume loss of the glacier in the period 1994-2005.

5.3 Surge dynamics of Drangajokull

Because the DEMs pre- and post-date the active phase of the surges, we are not able to
make any direct observations of the surface velocity or how a potential surge bulge spread
across the glaciers. However, according to the annual glacier-front measurements, the
marginal advance rate can be roughly estimated. The highest annual average advance rate
of the Leirufjardarjokull margin was 2 m d” when the advance was measured to 737 m
from 1995-1996. Reykjarfjardarjokull advanced 75 m during the year 2003-2004 yielding
about 0.2 m d' as the highest average advance rate. The 2 m d”' average frontal advance of
Leirufjardarjokull in 1995-1996 is comparable to the lower average surface flow rates of
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Vatnajokull and Svalbard surging glaciers. Flow rates in the order of 0.1-7 m d” during
surges of some Svalbard surging glaciers have been observed (Dowdeswell et al., 1991;
Murray et al., 2003; Kristensen and Benn, 2012), while the average surface flow rate of
Vatnajokull surges vary from 2-22 m d! (Porarinsson, 1969; Fischer et al., 2003;
Adalgeirsdottir et al., 2005). The maximum frontal advance rate during the 1963-1964
surge of Bruarjokull was up to 125 m d” (Porarinsson, 1969; Kjer et al., 2006). The
average marginal advance during the whole active phase is significantly lower, 0.46 m d
for Leirufjardarjokull and 0.12 m d' for Reykjarfjardarjokull. According to the glacier-
frontal measurements, the Drangajokull surges often reach a maximum flow rate and ice
discharge over about one year (Table 3). On the other hand the accelerating and
decelerating phases of the Drangajokull surges tend to takes several years (Table 3). This
resembles surges of Svalbard glaciers (Dowdeswell et al., 1991; Murray et al., 2003; Sund
et al 2009), rather than the Vatnajokull surges which most often switch on and off over
short periods (Sigurdsson, 1998; Bjornsson et al., 2003; Adalgeirsdottir et al., 2005).
Observations of surging outlets of the Vatnajokull ice cap in southeast Iceland have shown
that a surge initiation is typically marked by an abrupt increase in ice velocity in the upper
ablation area of the glacier. The velocity peak is confined to the ablation area and the main
surface lowering occurs in the area of the high velocity. Subsequently, the high-velocity
area spreads downglacier, leading to thickening of the glacier downstream of the velocity
peak and crevasse formation and a slight surface lowering upstream of the high-velocity
area due to extension (Bjornsson et al., 2003; Fischer et al., 2003; Adalgeirsdottir et al,
2005).

Our observations from Drangajokull reveal that the maximum surface lowering occurs in
the accumulation areas of the glaciers, at 600-780 m a.s.l. The maximum surface drawdown
seems to correlate with the area of high accumulation during the quiescent phase (Fig. 4).
The average ELA of Drangajokull is 550-650 m a.s.l. (Eyporsson, 1935; Bjornsson and
Pélsson, 2008), whereas the mean ELA after the surge termination of the outlet glaciers,
indicated by the transition zone of accumulation and ablation (Fig. 4c and 4f), is about 650
m a.s.l. in the years 2005-2011. This pattern of maximum surface lowering, and perhaps
maximum surface velocity, at Drangajokull surging glaciers coincides with observations of
Svalbard surging glaciers. There, the surge initiation, maximum surface lowering, and a
high surface velocity have been observed in the uppermost accumulation areas of some
Svalbard surging glaciers (Sund et al., 2009; 2014). These areas coincide with the areas of
maximum accumulation during the quiescent phase (Sund et al., 2014).

The surface thinning of the surging glaciers reservoir areas at Drangajokull is usually in the
order of 10-30 m, while the reservoir areas of Vatnajokull surge-type glaciers typically
thins by 25-100 m during a surge (Bjornsson et al., 2003). Therefore, Reykjarfjardarjokull
and Leirufjardarjokull seem to show a different surface expression and perhaps pattern of
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ice flow velocity compared to the Vatnajokull surging outlet glaciers (Bjornsson et al.,
2003; Fischer et al., 2003; Adalgeirsdottir et al., 2005). This different surface expression,
surge propagation and perhaps velocity patterns of Drangajokull surging glaciers and
Vatnajokull surging glaciers could be related to the contrasting valley/mountain settings of
northern Drangajokull compared with less broken and less constraining topography of the
Vatnajokull surging glaciers. The Neogene plateau basalt substratum at Drangajokull,
compared with the Pleistocene palagonite-dominated substratum at Vatnajokull, could also
contribute to the different surge dynamics. Thermal regimes of the polythermal Svalbard
surging glaciers, different geometry and type of substratum bedrock are also considered to
affect dynamics of surge-type Glaciers (Dowdeswell et al., 1991; Hamilton and
Dowdeswell, 1996; Jiskoot et al., 1998, 2000; Murray et al., 2003; Sund et al., 2009;
Flowers et al., 2011). An almost complete lack of evidence for glacial erosion or deposition
might indicate that the Drangajokull margins at 500-700 m a.s.l. were recently polythermal
(Brynjolfsson et al., 2014).
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Figure 5. Terrain surface profiles of each surging outlet glacier of the Drangajokull ice cap.
The red lines are profiles from 1994, at the beginning or prior to the surges, and the black
profiles are from 2005, at the end or several years subsequent to the surges. For reference,
profiles from 2011 are also shown. The location of the profiles is shown in Fig. 1.

Most of the reservoir areas of both Reykjarfjardarjokull and Leirufjardarjokull thinned in
the order of 10-35 m in the study period (Figs 3 and 4). At the same time, the thickening of
the receiving area was much more variable, c. 10-120 m. The variation in the thickening of
the receiving areas is interpreted to reflect the high-relief topography that the surges have
overridden. The ice surface thinning contributes to a volume loss of 0.117 km”® from 1994-
2005 and 0.145 km® from 1994-2011 for Reykjarfjardarjokull, and 0.218 km® from 1994-
2005 and 0.253 km® from 1994-2011 for Leirufjardarjokull (Fig. 4; Table 2).
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The ice discharge from the reservoir areas down to the receiving areas is well demonstrated
on the surface profiles in Figure 5. The minimum ice volume transported to the receiving
area is 31-40% of the reservoir area ice loss, while ice discharge during surge contributes to
about 75% of the reservoir ice loss for some Vatnajokull surging glaciers (Adalgeirsdottir
et al., 2005). Notably, this observation of Adalgeirsdottir et al. (2005) captured almost
exactly the surge duration, while our observation captures several years before or after the
surges.

We suggest that the larger part of the volume loss of the reservoir areas of
Reykjarfjardarjokull and Leirufjardarjokull in 1994-2005, can be explained by negative
mass balance or increased melting of the ice, enhanced by the surges. Thus, the ice
discharge from the reservoir area to the receiving area during the surges explains c. 30-40%
of the total volume loss of the reservoir areas in the period 1994-2005. However, because
the 1994 DEM pre-date the surge of Reykjarfjardarjokull and the 2005 DEM post-date the
surge of Leirufjardarjokull, some additional melting has been going on either prior to or
subsequently to the surges covered by the 1994-2005 DoD. Therefore, we consider the ice
discharge during the surges to be slightly underestimated in our observations.

The surface area increases and becomes much more crevassed during glacier surges (Fig.
2). This, along with transportation of ice from higher to lower altitudes, increases surface
melting from turbulent heat exchange and solar radiation, both during and after surge
(Bjornsson et al., 2003; Adalgeirsdottir et al., 2005). Furthermore, additional melt occurs
due to friction at the glacier bed during the surge (Adalgeirsdottir et al., 2005). These
components that contribute to increased ice melting are considered to explain the 25%
negative volume difference of the ice deposition in the receiving area and the volume loss
in the reservoir area of the larger surging outlet glaciers of the Vatnajokull ice cap
(Bjornsson et al., 2003; Adalgeirsdottir et al., 2005).

5.5 Post-surge changes and surge periodicity

Comparison of the 2005 and the 2011 DEMs allow us to assess the present and potential
future surface evolution of the surging glaciers. By dividing the average thickening of the
reservoir areas by the six years covered by the 2005-2011 DoD, an average annual
thickening of the reservoir areas can be calculated. Based on that, a potential time needed
for the glaciers to reach pre-surge surface conditions in the reservoir area can be estimated.
We have not accounted for snow compaction and firnification in this period, and therefore
the potential time needed to reach the pre-surge stage should be regarded as minimum
values.

The 2.8 m average total thickening in the reservoir area of Reykjarfjardarjokull from 2005-
2011 corresponds to 0.47 m of annual thickening. Given that the ice flow from the reservoir
area to the receiving area is negligible or less than the balance velocity of the glacier during
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the quiescent phase, which is typical for surge type glaciers (Raymond, 1987; Bjornsson et
al., 2003; Harrison and Post, 2003; Murray et al., 2003), and the future pattern of
accumulation in the reservoir area will be similar to the period 2005-2011, the glacier can
be expected to need 55-65 years to reach the pre-surge stage. For comparison, the quiescent
phase between the two recent most surges, 1933-1939 and 2001-2006, of
Reykjarfjardarjokull was 62 years (Brynjolfsson et al., 2015).

For Leirufjardarjokull, the average total thickening of the reservoir area was 4 m, and the
average annual thickening 0.67 m during the period 2005-2011. Given the same conditions
as for Reykjarfjardarjokull, it will take about 40-50 years for Leirufjardarjokull to reach the
pre-surge stage surface elevation. The quiescent period between the last two surges of the
Leirufjardarjokull was 52 years (Sigurdsson, 1998; Brynjoélfsson et al., 2015).

The surge periodicity has been considered to be linked to climatically forced mass balance,
and become shorter with more positive mass balance during colder periods and longer
during warmer and less favourable mass balance conditions (Dowdeswell et al., 1995;
Eisen et al., 2001; Striberger et al., 2011). Despite the slightly negative net mass balance of
Drangajokull and the surging outlets, in the period 2005-2011 (Table 2), Leirufjardarjokull
and Reykjarfjardarjokull seem to be recovering after their latest surges (Figs. 3 and 4).
Mass accumulation in the reservoir area and melting of the stagnant ice in the receiving
area contribute to the development of a steeper surface profile which gradually brings the
glacier surfaces to the pre-surge stage (Fig. 5). Direct mass balance measurements of the
Drangajokull ice cap revealed a positive mass balance of the ice cap in the years 2005-2007
(Shuman et al., 2009). However, the long-term geodetic mass balance of the ice cap is
negative with 0.35 m w.e. a”! from 1990-2011 (Johannesson et al, 2013) and about -0.5 m
w.e. a” in the period 1994-2011 (Table 2). The applied density is a source of uncertainty,
and therefore the mass change calculations have to be considered as estimations because we
don’t know how much of the volume changes constitute snow or ice gain/loss. Despite that,
we expect the surging outlet glaciers of Drangajokull to reach pre-surge surface elevation in
about 45-65 years if the accumulation and mass balance conditions observed in the period
2005-2011 remain similar in the coming decades (Table 2; Fig. 5).

Conclusions

By DEMs from 1994, 2005 and 2011 we have quantified ice surface elevation and volume
changes that relate to the recent most surges of the surging outlet glaciers,
Reykjarfjardarjokull and Leirufjardarjokull.
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e The surface thinning of the reservoir areas of the glaciers is most generally in the
order of 10-30 m. The largest surface thinning occurs in the upper reservoir areas,
mainly above the ELA, between 600-780 m a.s.l. The maximum surface draw-down
correlates with the areas of maximum accumulation during the quiescent phase.

e The thickening of the receiving areas is in the order of 10-120 m. The ice discharge,
0.054 km® for Reykjarfjardarjokull and 0.152 km® for Leirufjardarjokull, to the
receiving areas contributes to 30-40 % of the volume loss in the reservoir areas in
the period 1994-2005. As the DEMs pre- and post-date the surges, the ice discharge
is minimum estimates.

e According to glacier-frontal measurements, the highest annual average marginal
advance during the last surges was 2 m d"' during the surge of Leirufjardarjokull.
The average marginal advance of the total surge duration is much lower, 0.46 m d’
at Leirufjardarjokull and 0.12 m d’ at Reykjarfjardarjokull.

e Despite the negative mass balance, the surging outlet glaciers accumulated mass and
thickened in the reservoir areas since the last surges terminated until 2011. This and
distinct thinning in the receiving areas will bring the surface elevation of the
glaciers to a pre-surge stage in about 45-65 years.

e The DoDs reveal that the upper reservoir areas experienced most surface thinning,
in order of 10-30 m, during the last surges.

e The DoDs reveal surface thinning in the order of 10-30 m, that occurred mainly
above the ELA in the upper reservoir areas, and that the surge of Leirufjardarjokull
went on for at least 10 years.
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Abstract

Surging glaciers are thought to be modern analogues in understanding terrestrial ice
streams, which have been shown to have a determining role in ice-sheet behaviour, and a
highly dynamic response to climate change. The temperate surging glaciers of Iceland
probably provide the best modern analogue we have to terrestrial ice streams in the
geological record. The geomorphic signatures left by the Icelandic surging glaciers vary
and range from glaciotectonic end moraines formed by folding and thrusting, hill-hole
pairs, crevasse-fill ridges, concertina eskers, drumlins, and fluted forefields to extensive
dead-ice fields and even drift sheets where fast ice-flow indicators are largely missing. We
outline some outstanding research questions and review case studies from the surge-type
outlets of Bruarjokull, Eyjabakkajokull and Tungnaarjokull (Vatnajokull ice cap),
Mulajokull and Satujokull  (Hofsjokull ice cap), Hagafellsjokull and Sudurjokull
(Langjokull ice cap), Kaldlonsjokull, Leirufjardarjokull and Reykjafjaroarjokull
(Drangajokull ice cap), as well as surging cirque glaciers in northern Iceland. We review
the current understanding of the factors that trigger surging and discuss how rapid ice flow
is sustained through the surge, the processes that control the development of the surging
glacier landsystem and the geological evidence of surges found in sediments and
landforms. We also examine if it is possible to reconstruct past surge flow rates from
glacial landforms and sediments and scale-up present-day surging glaciers
processes/landforms/landsystems for applying to past ice streams. Finally, we also examine
if there is a climate/mass-balance control on surge initiation, duration and frequency.

Keywords: Surge-type glacier, Iceland, glaciotectonism, landsystem models, surge history
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1. Introduction

A basic definition of a surge-type glacier identifies it as an outlet glacier that periodically
has major fluctuations in velocity over timescales that range from a few years to several
decades or centuries (Benn and Evans, 2010). Surging glaciers experience distinctive
changes in morphology and activity over a surge cycle, where the phase of rapid motion
over a few months to several years is described as the surge or active phase, and the period
of slow flow or stagnation for tens to hundreds of years between surges is described as the
quiescent phase (Harrison and Post, 2003b; Kamb et al., 1985; Raymond, 1987). It has been
estimated that less than 1% of Earth’s glaciers surge (Jiskoot et al., 1998), and they have
been shown to be unevenly distributed around the world’s glaciated regions and cluster in
certain areas, notably Alaska (Kamb et al., 1985), Arctic Canada (Copland et al., 2003),
Greenland (Murray et al., 2002), Iceland (Bjornsson et al., 2003), Svalbard (Dowdeswell et
al., 1991; Hagen et al., 1993), Novaya Zemlya (Grant et al., 2009), as well as in the
Caucasus, Karakoram, Pamir and Tien Shan mountain ranges (Benn and Evans, 2010;
Hewitt, 2007; Quincey et al., 2011). This clustering implies that certain environmental
factors control the location of surge-type glaciers, but despite a number of studies that have
investigated the possible constraints at a regional scale the reasons for this remain poorly
understood (Clarke, 1991; Clarke et al., 1986; Hamilton and Dowdeswell, 1996; Jiskoot et
al., 1998; Jiskoot et al., 2000; Meier and Post, 1969; Murray et al., 2003) and as yet there
exists no unifying theory for explaining the surge mechanism (Rea and Evans, 2011).
While both temperate and polythermal glaciers exhibit surging behaviour, it has been
suggested the highest densities of surge-type glaciers occur in a relatively narrow climatic
band bounded by mean annual temperatures of ca. 0 to -10°C and mean annual
precipitation of ca. 200-2000 mm (Sevestre and Benn, in press). With its maritime cold-
temperate to low-arctic climate and numerous temperate glaciers, Iceland largely lies within
this climatic band.

All major ice caps in Iceland have surge-type outlet glaciers, and glaciological studies and
historical records have revealed at least 26 surging outlet glaciers in Iceland that occur
almost exclusively as outlets of the major ice caps (Figs. 1 and 2) (Bjornsson, 1998;
Bjornsson and Palsson, 2008; Bjornsson et al., 2003; Thorarinsson, 1964b, 1969). Glacial
geological studies have confirmed at least 2 additional surge-type glaciers (Evans, 2011;
Larsen et al., 2015). Over 80 surge advances have been recorded, ranging from tens of
metres up to 10 km, and systematic observations over the last several decades have allowed
for a detailed description of several surges (Bjornsson, 1998, 2009; Bjornsson et al., 2003).
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Fig. 1. Surge-type glaciers in Iceland. Glaciers marked with * are discussed in the text, and poorly
constrained surges are indicated by grey arrows. Modified after Bjornsson et al. (2003) and
Bjornsson and Palsson (2008), and updated according to literature discussed in the text.
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Fig. 2. Examples of Icelandic glaciers in surge: A) Skeidararjokull ice front during the 1991 surge;
B) Sioujokull very steep ice front during its surge in 1994; C) Glacier surface behind the front of
Sidujokull 1994 surge broken up into seracs formed by intersecting crevasses; D) Steep and
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crevassed front of Leirufjardarjokull during its 1995 surge; E) Kaldalonsjokull ice front during its
1995 surge; F) Tungnaarjokull ice front and crevassed surface during the 1994 surge; G)
Eyjabakkajokull surging in 1973. Photos A-F courtesy of Oddur Sigurdsson; photo G by Richard S.
Williams jr.

Combining the historical records of ice-front variations and glaciological field research,
Bjornsson et al. (2003) and Bjornsson and Palsson (2008) summarized the geographic
distribution of surging glaciers, their subglacial topography, the frequency and duration of
surges, changes in glacier surface geometry during the surge cycle, and measured velocity
changes compared to calculated balance velocities. Bjornsson et al. (2003) pointed out that
all major outlets of the Vatnajokull ice cap are surge-type glaciers, and that surge-affected
areas of Vatnajokull occupy approximately 75% of the ice cap (Fig. 1). They also recorded
the indicators of surge onset and described changes in ice, meltwater and suspended
sediment fluxes during a surge. They show that surge-type glaciers in Iceland are
characterized by gently sloping surfaces and that they move too slowly to remain in balance
given their accumulation rate, and that surge frequency was neither regular nor clearly
related to glacier size or mass balance. Adalgeirsdottir et al. (2005) found that the mass
transport during surges of Vatnajokull outlets could be up to 25% of the total ice flux of
individual glaciers, and that this could affect the whole ice cap, the location of the ice
divides, the flow field and the size and shape of the ice cap. Fischer et al. (2003) suggested
that a surge cycle on Sylgjujokull and Dyngjujokull, outlets of the Vatnajokull ice cap (Fig.
1), spans several years, with slowly increasing motion over an extended area in the
beginning, and more pronounced velocity changes during the active surge phase lasting 1-2
years. They further suggested that the most active surge phase lasted for about 1 year for
these glaciers.

Surging glaciers are of great interest in glaciology because they can shed light on dynamic
instabilities and threshold behaviour in glacier systems. Glaciological research in Iceland in
general has focused on glacier distribution as an effect of climatic and topographical
conditions, glacio-meteorology, glacier geometry (including extensive mapping of
subglacial topography), as well as glacier mass balance, glaciohydrology, jokulhlaups and
modelling glacier responses to climate change, whereas research on surging glaciers has
specially focused on dynamic behaviour of the glacier during their most active surge phase,
surge periodicity and meltwater production associated with surges (Adalgeirsdottir et al.,
2005; Adalgeirsdottir et al., 2011; Adalgeirsdottir et al., 2006; Bjornsson, 1982, 1998,
2009; Bjornsson and Pélsson, 2008; Bjornsson et al., 2003; Flowers et al.,, 2003;
Gudmundsson et al., 2011; Magnusson et al., 2005; Marshall et al., 2005; Palsson et al.,
2012; Palsson et al., 1991).
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Glacial geological studies of surging glaciers in Iceland have had a different focus from the
glaciological research (Benediktsson et al., 2009; Bennett et al., 2004a; Croot, 1987; Evans,
2011; Evans et al., 1999; Evans and Rea, 1999; Kjar et al., 2006; Sharp, 1985a; Sharp,
1985b). The motivation has been that ice streams and surging glaciers are dynamic
constituents of the glacial system that influence and control form, flow, discharge and
stability of present and former ice sheets and ice caps, and a better understanding of basal
processes is particularly important for fast-flowing ice streams because of their crucial role
in ice sheet dynamics (Boulton, 2010; Cofaigh and Stokes, 2008; Dowdeswell et al., 2004;
Evans and Rea, 2003; King et al., 2009; Nelson et al., 2005). Research on surging glaciers
is important for understanding the causal mechanisms of modern and past ice sheet
instabilities and their contribution to sea level rise, particularly in changing climatic
conditions, and studying the geomorphological and sedimentological products of surge-
type can allow glacial geologists to better interpret evidence for past glacier activity and its
climatic implications (Domack et al., 2005; Dowdeswell et al., 1995; Evans and Rea, 2003;
Ottesen et al., 2008). Surge-type glaciers provide an opportunity to address important
questions about the basal boundary conditions of fast flowing ice, in particular the
significance of sediment deformation and sliding/subglacial decoupling (Clarke, 2005;
Kjer et al., 2006; Murray, 1997). Icelandic surge-type glaciers have been intensely studied
for better understanding glacier-induced stresses and ice-flow mechanism, basal
temperature and hydrology, as well as the processes at work in the sub-marginal and ice-
marginal zones (Andrzejewski, 2002; Benediktsson, 2012; Benediktsson et al., 2009;
Benediktsson et al., 2008; Benediktsson et al., 2010; Bennett, 2001; Bennett et al., 2004a;
Bennett et al., 2004b; Croot, 1988b; Fuller and Murray, 2000; Fuller and Murray, 2002a;
Nelson et al., 2005; Russell et al., 2001; Schomacker and Kjer, 2007). Outstanding
research questions include if there is a mass balance or climatic control on surges (Benn
and Evans, 2010; Copland et al., 2011; Dowdeswell et al., 1995; Striberger et al., 2011),
and how rapid ice flow can be sustained through a surge (Alley et al., 1987; Benediktsson
et al., 2008; Engelhardt and Kamb, 1998; Kjer et al., 2006)? Between surge events, the
glaciers retreat and landform associations and sediment successions re-emerge, imprinted
with information on sub-glacial and ice-marginal driving processes (Benediktsson et al.,
2008; Bennett et al., 2000a; Kjar et al., 2008; Kjer et al., 2006; Schomacker et al., 2014;
Schomacker et al., 2006; Sharp, 1985b; Sharp and Dugmore, 1985; Waller et al., 2008).
Outstanding research questions thus also concern the actual geological fingerprinting of
surges, if different types of surging glaciers produce different sediment-landform
assemblages, and what is the impact of surges on sediment distribution (Benn and Evans,
2010; Brynjolfsson et al., 2012; Evans and Rea, 2003; Schomacker et al., 2014)? A
question raised by Bennett (2001) is what palaeoglaciological and environmental
inferences, if any, can be made from the occurrence of large, often multi-crested push
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moraines in the geological record, and if they are a characteristic landform in front of
surge-type glaciers (Croot, 1988a)? Studies of surge-type glacier landsystems (Evans and
Rea, 1999) have highlighted research questions related to the genesis of e.g. crevasse fill
ridges, concertina eskers and streamlined landforms, such as drumlins (Johnson et al., 2010;
Jonsson et al., 2014), and if they might be indicative of fast flow? This review aims to give
an overview of advances in our understanding of the surging glacier landsystem, processes
and products that have emerged from the research in Iceland, as well as outlining future
research challenges.

2. Case studies
2.1 Vatnajokull — All major outlet glaciers surge

Vatnajokull is the largest ice cap in Iceland, covering about 8000 km?® and containing
approximately 3100 km® of ice (Bjornsson and Palsson, 2008). All of Vatnajokull’ s major
outlets are surge-type glaciers (Fig. 1), and approximately 75% of the ice cap has been
affected by surges (Bjornsson et al., 2003). The magnitude of the surge impact is illustrated
by Bjérnsson and Pélsson (2008) as they report that during the 1990’s alone, ~3000 km? of
Vatnajokull (38% of the icecap area) was affected by surges, which transported about 40
km® of ice from accumulation zones to ablation areas. This amounted to approximately
25% of the total ice flux to ablation areas during this period. The Vatnajokull case studies
below include primarily recent glacial geological studies on surges and their sediment and
landscape impacts.

2.2 Bruarjokull — extreme surge velocities, processes and landforms

Bruarjokull, a northern outlet of the Vatnajokull ice cap in eastern Iceland (Fig, 1) has
experienced some of the largest and fastest surges known to have occurred, with major
velocity fluctuations switching between active surging of a few months’ duration and
quiescent phases lasting from 70 to 90 years (Raymond, 1987; Thorarinsson, 1969;
Todtmann, 1960). Historical surges of Bruarjokull occurred in 1625, ca. 1730, ca. 1775,
1810, 1890 and 1963—-1964 (Bjornsson et al., 2003; Thorarinsson, 1964a, 1969). During the
two most recent surges, initiated in 1890 and 1963, the glacier advanced 8-10 and 9 km,
respectively, affecting an area of more than 1400 km? (Gudmundsson et al., 1996;
Thorarinsson, 1969). The peak velocity of ice front advance was above 120 m day” over a
period of three months, which exceeds the fastest ice streams in Antarctica and Greenland
(Echelmeyer and Harrison, 1990; Joughin et al., 2002; Scheuchl et al., 2012) and is three
times the highest measured flow rate of Jakobshavns Isbre in Greenland (Scheuchl et al.,
2012). Presently, Bruarjokull is in its quiescent phase with the ice margin retreating up to
250 m yr' (Kjar et al., 2006) and down-wasting generating thin cover of sediments from
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emerging and disintegrating crevasse-squeeze ridges and debris bands in the ice (Kjer et
al., 2006; Schomacker and Kjer, 2007).

It has long been reasoned that deformation of subglacial sediment is an important
contributor to the flow of ice streams and warm-based outlet glaciers (Boulton and
Hindmarsh, 1987; Evans et al., 2006; Piotrowski et al., 2001; van der Meer et al., 2003) and
that it may impact the periodicity of surge-type glaciers (Boulton and Hindmarsh, 1987;
Evans and Rea, 1999; Murray et al., 2003). The favoured explanations of how rapid ice
flow velocities were reached by ice streams or surging glaciers have been through modes of
basal motion where (Fig 3A) decoupling of a glacier from its bed enables fast ice flow
through enhanced basal sliding across the ice/bed interface or very shallow subglacial
deformation (Engelhardt and Kamb, 1998), or (Fig. 3B) where fast ice flow is sustained by
deformation of water-saturated subglacial sediment that is strongly coupled to the glacier
(Alley et al., 1989; Bennett, 2003).

Glacier SUrface

stribution

®locity q;

r
ey

Basal sliding model Deforming bed model Coupled-decoupled model

I Zone of high water pressure and de-coupling
WES: Water escape structure

Fig. 3. Basal motion models associated with ice streams and surging glaciers. (A) Decoupling is
sustained by enhanced basal sliding across the glacier—till interface with limited or no subglacial
deformation. (B) The glacier is coupled to its bed and fast ice flow is sustained through subglacial
deformation of water-saturated sediment with a low effective pressure. A horizon with fast
deforming sediment and high strain rates (HA1) overlies a horizon with more slowly deforming
sediment and low strain rates (HA2) that is superimposed on stable horizon without deformation
(HB) (C) The new model of Kjer et al. (2006) from Bruaarjokull where the glacier is coupled to its
bed as expressed in slow subglacial deformation and densely fluted till plane, while the substrate is
decoupled from the bedrock leading to fast ice flow and a substantial dislocation of subglacial
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sediments. Water escape structures indicate that water and sediment were forced along a near-
impermeable bedrock surface leading to substrate separation due to over-pressurized water. Slightly
modified from Kjer et al. (2006)

2.2.1 Mechanisms of rapid basal flow and sediment dislocation during Bruarjokull surges

Kjer et al. (2006) suggested a third mechanism to explain motion of surging glaciers where
subglacial deformation was one primary mechanism for sustaining rapid ice flow and high
sediment discharge during Braarjokull surges. They presented data that support a model
where the extremely rapid ice flow observed during the 1963-1964 surge (>120 m day)
was sustained by over-pressurized water causing decoupling at the bedrock beneath a thick
sediment sequence that was coupled to the glacier (Fig. 3C). In the model of Kjar et al.
(2006) the glacier is coupled to its bed as expressed in slow subglacial deformation, while
the substrate is decoupled from the bedrock leading to fast ice flow and a substantial
dislocation of sediments. Water escape structures indicate that over-pressurized water and
sediment were forced along a near-impermeable bedrock surface leading to substrate
separation. The decoupling between the bedrock and a sediment sequence that is strongly
coupled to the ice is a mechanism that is dependent upon a range of factors: (i) the
subglacial bed and the foreland must be comprised of low-permeable fine-grained
sediments that can support very high porewater pressures, (ii) the rate of water input to the
sediments from basal melting or upstream sources must be in excess of the permeability of
the sediments in order to raise porewater pressures, and (iii) the presence of a weak horizon
or stratigraphic discontinuity at depth is essential for the decoupling and associated
hydrofracturing. The physics and mechanisms of subglacial sediment deformation and
detachment of sediments are debated, and the deformation mode remains one of the most
controversial elements of glacier dynamics (Benn and Evans, 2010; Boulton and
Hindmarsh, 1987; Clarke, 2005; Cuffey and Paterson, 2010; Damsgaard et al., 2013). The
model of Kjear et al. (2006) that attributes detachment of sediments to elevated pore-water
pressures at the base of the deforming layer has caught considerable attention. However,
there is no single unifying theory that explains large-scale dislocation/rafting of subglacial
sediments. Rafts may e.g. be dislocated as a result of being frozen to the base of cold-based
glaciers; or be the result of detachment associated with elevated pore-water pressures along
a basal décollement; or along water-rich décollement surfaces within the subglacially
deforming layer; or as a consequence of subglacial hydrofracturing by forceful upward
dewatering (Aber, 1985; Benn and Evans, 2010; Hart, 1995b; Moran et al., 1980; Phillips et
al., 2008; Ruszczynska-Szenajch, 1987; Vaughan-Hirsch et al., 2013).
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2.2.2 — Surge sediments and landforms
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Fig. 4. The Bruarjokull forefield. A) Location of Bruarjokull (white square) draining Vatnajokull
ice cap towards north; B) Bruarjokull setting and end moraine systems. Black square indicates study
area; C) Terrain-Shaded Relief draped over a digital elevation model based on a 3m grid generated
from orthorectified 1:15,000 aerial photographs recorded in 2003. Modified from Benediktsson et
al. (2008).

As a result of repeated surges, the forefield of Braarjokull consists of a 6-7m thick
sediment sequence overlying basaltic bedrock. Despite its relatively remote and
inaccessible location, the geomorphology of the Bruarjokull forefield is comparatively well
known. A detailed pre-1963-1964 surge survey of the forefield was provided by
(Todtmann, 1960). A broad geomorphological map from the central part of Briarjokull was
delivered by Evans and Rea (1999) and Evans et al. (2007) mapped the entire margin of
Bruarjokull at the scale of 1:30.000. In connection with a major research effort over three
field seasons in 2003-2005 about 64 km” of the Braarjokull central forefield was carefully
mapped at a scale 1:16.000 by Kjer et al. (2008), including more than 20,000 landforms.
The forefield is glacially streamlined with end-moraine ridges, ice-cored landforms and ice-
free hummocky moraines, crevasse fill ridges, eskers and flutings located in shallow basins
between widely spaced elongated bedrock hills (Kjar et al., 2006, 2008; Schomacker et al.,
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2006). Three distinct end moraines, originating from the three last surges, are present in the
glacier forefield (Fig. 4). Evans et al. (2007) and Kjer et al. (2008) suggested that the
distribution of landforms on the Bruarjokull forefield has close resemblance to landform
assemblages of paleo-ice streams, and that the present terrain surface at Braarjokull is the
cumulative result of multiple landform generations because each surge has superimposed a
new association of landforms on older surfaces (Fig. 5). The simplest landscape
architecture occurs outside the 1810 ice margin, where the 1890 surge advanced over
hitherto un-deformed sediments. Proximal to the 1810 ice margin, the landscape have been
transgressed by two overriding glaciers (in 1890 and 1964). The most complex landscape
architecture is found proximal to the 1964 ice margin, where the impact of four surges is
evident. Kjer et al. (2008) found no obvious pattern in the distribution between drumlins
and flutes, but suggested the formation of drumlins to be tied to re-moulding of pre-existing
landforms.

%’i;,:,: Occurrence of landforms
- and sediments

Fig. 5. The present terrain surface of Bruarjokull is the cumulated result of at least four surge
events: pre-1810, 1810, 1890 and 1963-64. Illustration from Kjer et al. (2008).
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The Braarjokull 1890 and 1963-64 surges left major terminal moraines that can be followed
across the forefield (Fig. 4). It was demonstrated by e.g. Croot (1988b) and Bennett et al.
(2004a) that large end-moraine ridges formed by surging glaciers in Iceland chiefly
originated from glaciotectonism, primarily as a result of ice pushing into a pre-existing
foreland wedge. The landsystem model for surging glaciers (Evans et al., 1999; Evans and
Rea, 1999; Evans and Rea, 2003; Evans et al., 2007), where large thrusted and stacked
terminal moraines are recognized as a distinguishing component of the geomorphological
fingerprinting of surge-type glaciers, is fundamentally based on observations from
Bruiarjokull and other Icelandic surging glaciers. Glaciotectonic end moraines have for long
been understood to be the result of thrusting associated with an imbricate thrust stack
formed in front of an advancing glacier (Bennett, 2001; Boulton et al., 1999; Kriiger, 1985;
Moran et al., 1980; Ruszczynskaszenajch, 1987), but it has neither been fully understood
what controls the morphological and structural characteristics of surging-glacier
glaciotectonic end moraines, nor how their properties are related to the glacier dynamics
(Fig. 6). A study by Benediktsson et al. (2008) investigated the morphology, sedimentology
and tectonic architecture of the large 1890 Braarjokull surge moraine. The work resulted in
a sequential model that illustrates the stepwise formation of a surging-glacier end moraine

(Fig. 7).

Benediktsson et al. (2008) and Benediktsson (2012) showed that as a result of substrate/-
bedrock decoupling during the 1890 surge, subglacial sediment was dislocated across the
bedrock surface, conforming with the model of Kjer et al. (2006), and deformed
compressively (Fig. 7). This led to gradual substrate thickening and the formation of a
sediment wedge in the marginal zone. A drop in subglacial porewater pressure at the very
end of the surge led to substrate/bedrock coupling and a stress transfer up into the sediment
sequence causing brittle deformation of the substrate. Simultaneously, the glacier toe
ploughed into the topmost part of the marginal sediment wedge initiating the moraine-ridge
construction. Fine-grained and incompetent sediment deformed in ductile manner, resulting
in a narrow moraine dominated by rooted folds, while coarse-grained and competent
sediment deformed in brittle fashion, resulting in a wider moraine dominated by thrust
blocks. Thus the ice-marginal position of the 1890 surge is marked by a twofold end-
product: a sedimentary wedge in the marginal ca. 500m and the end-moraine ridge as a
surface expression of this wedge. By comparing this to observed ice-flow velocities during
the 1963-64 surge, Benediktsson et al. (2008) concluded that the sedimentary wedge is
thought to have formed within approximately 5 days and the moraine ridge in about 1 day.
Therefore, they termed this an “instantaneous end moraine”.
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[+]

lce flow

Fig. 6. A) Large ridges in the central part of the 1890 end moraine at Eyjabakkajokull, consisting of
multiple closely spaced, asymmetric narrow crests. A number of semi-circular blow-out depressions
and associated channels dissect the foreslope. The ridge is ¢. 280 m wide. B) The eastern part of the
Eyjabakkajokull 1890 moraine with multiple regularly spaced symmetric crests. Ice flow was from
upper left to lower right. C) A section through the most proximal part of the ridge shown in B. Note
person for scale. D) 3D aerial view of the Bruarjokull 1890 end moraine in Kringilsarrani (central
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forefield). The moraine is about 40-80 m wide and up to 20 m high (upper left). Semi-circular blow-
out depressions at the abrupt head of channels are arrowed. E) Ground-view of the moraine visible
in the upper-left corner of photograph D. Ice flow was from left to right. F) A low relief end
moraine eroded by the glacial river in Leirufjérdur, formed c. 1885. About 1-4 m high and 10-15 m
wide constituting of coarse-grained till and boulders. G) Bouldery part of the 1846 terminal moraine
at Reykjafjardarjokull, reflects restricted sediments supply at its location. H) The 1846 terminal
moraine at Reykjafjardarjokull, approximately 10-15 m high and 15-25 m wide, constituted of
gravel pushed up from the outwash plain.
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Fig. 7. Sequential model of the Bruarjokull 1890 surge sediment-wedge and terminal moraine
formation. A) View along the 1890 end moraine. B) Conceptual model illustrating the formation of
the ~500m long sediment in the marginal zone. Note the velocity distribution indicating the greatest
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displacement at the substrate-bedrock interface. The displacement at this stratigraphic boundary
results in net sediment flux into the marginal zone and the formation of the sediment wegdge. C)
Model showing the structural evolution of the actual end moraine that formed on top of the wedge
at the last day of the 1890 surge. The inset photographs show sections through the moraine at
different stages of the end-moraine continuum. The section by stage ii cuts across the whole
moraine ridge while the section at stage v only covers the distal slope. Modified from Benediktsson
et al. (2008) and Benediktsson 2012.

D
\

Fig. 8. A model explaining the formation of the 1964 submarginal end moraines at Braarjokull. Due
to high hydraulic conductivity (larger blue arrows) and shear strength of the gravel, it mainly
deformed through thrusting while high porewater pressure in the till resulted in higher strain rates.
The principal velocity (greatest displacement) was thus located within the till (see velocity profiles
in Figs 2 and 5 for comparison), which allowed the glacier to override the gravel thrust sheets that
constitute the end moraine at the very end of the surge. Modified from Benediktsson et al. (2009).

Benediktsson et al. (2009) studied the morphology, sedimentology and architecture of an
end moraine formed by the ca. 9 km surge of Bruarjokull in 1963—-64 (Figs. 4 and 5) and
related to ice-marginal conditions at the surge termination. They found that different
mechanisms had operated along different parts of the glacier margin during the 1963-64
surge, resulting in the formation of either proglacial or sub-marginal end moraines. In the
eastern part of the study area, the 1964 moraine resembles the 1890 moraine in geometry,
morphology and sedimentary composition. They suggested that the model of Benediktsson
et al. (2008) of a marginal sediment wedge, forming as a result of substrate/bedrock
decoupling and associated sediment influx to the marginal zone, and an end moraine
forming on top of the wedge in response to a sudden drop in subglacial pore water pressure
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at the very end of the surge (Fig. 7), was applicable for the eastern part of the 1964 end
moraine. The western part of the end moraine contrasts the eastern part in terms of
morphology, sedimentary composition and position relative to the ice margin and thus
required a different genetic explanation. There, the sedimentological and structural data
suggest the end moraines formed in areas of a relatively high hydraulic conductivity, where
subglacial traction till overlies glaciofluvial gravel. They suggested a model for sub-
marginal end moraine formation (Fig. 8) where high strain rate in the till, favoured by high
porewater pressure, facilitated the glacier advance through shear deformation. In contrast to
the till, porewater pressure was low in the underlying gravel, resulting in higher shear
strength and lower strain rates. Thus, the principal velocity component was located within
the till, allowing the glacier to override the gravel thrust sheets that constitute the end
moraine. Submarginal end moraines thus formed as a consequence of changes in the
subglacial hydrology and ice-flow mechanism at the very end of the surge. It is known from
the surge monitoring and aerial photos that the 1963-1964 surge terminal moraines formed
at the closing stage of the surge (Thorarinsson, 1969), and this is also supported by the
local origin of the sediment within the end moraine and the high ice flow velocities (100—
120 m/day) of the surge. Benediktsson et al. (2009) suggested that submarginal end
moraines only occur in the marginal zones of rapidly flowing glaciers.

2.2.3 Quantifying spatial distribution and volumes of sediment transport during the
Bruarjékull 1963-1964 surge

Korsgaard et al. (in review) used time-series of Digital Elevation Models (DEMs) of the
forefield of the Bruarjokull to quantify the volumes of material that was mobilized by the
1963-64 surge. The motivation for the study is that the mode and range of sediment
mobility beneath ice-sheets has direct bearing on their stability and sensitivity to external
forcing (Bougamont et al., 2014; Parizek et al., 2013; Smith et al., 2007). Because surge-
type glaciers advance rapidly, stagnate and retreat within a few decades, remotely sensed
data recorded before and after a glacier surge provide an opportunity to map the spatial
pattern of erosion and deposition of glacial landforms for better understanding how fast ice
flow impacts on glacial sediments and landforms. The DEMs were produced by stereo-
photogrammetry on aerial photographs taken in 1961, before the 1963-64 surge, and aerial
photographs taken after the surge, in 1988 and 2003. The analysis was performed on two
DEMs of Difference (DoDs), i.e. a 1961-2003 DoD documenting the impact of the surge
and a 1988-2003 DoD documenting the post-surge modification of the young surging
glacier landsystem. Combined with a digital geomorphological map, the DoDs make it
possible to quantify the impact of the surge on a landsystem scale down to individual
landform scale. A total of 34.2 x10° m® of material was mobilized in the study area as an
impact of the last Briarjokull surge. Of these, 17.4 x10° m® of material were eroded and
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16.8 x10° m® were deposited (Fig. 9). More than half of the deposited volume was ice-
cored. Interestingly, this study demonstrates that although the total mobilized mass volume
is high, the net volume gain of material in the forefield as a result of the surge is low.
Furthermore, deposition of new dead-ice from the 1963-64 surge constitutes as much as
64% of the volume gain in the forefield. The 1988-2003 DoD is used to quantify the melt-
out of this dead-ice and other paraglacial modification of the recently deglaciated
Bruarjokull forefield: at least 51-64%, of the volume deposited by the 1963-46 surge
consists of dead-ice that is still melting out in the forefield. Since 1988, ~45% of the
volume loss has been due to dead-ice meltout.
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Fig. 9. Elevation change in the Braarjokull forefield from (A) 1961 to 2003 and (B) 1988 to 2003
demonstrating the elevation gain (deposition, blue colours) and loss (erosion and dead-ice melting,
red colours). For reference, the end moraines from 1890 and 1964 are indicated on the map, as are
the Braarjokull glacier margin positions for 1988 and 2003.From Korsgaard et al. (in review).
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Fig. 10. A) Crevasse fill ridge melting out of Bruarjokull ice front. B) Large crevasse fill ridge in
the Bruarjokull forefield.C) Crevasse fill in ice at Bruarjokull. D) A flute in front of the Briarjokull
margin, with a crevasse fill ridge on top in the distance. E) Large concertina esker formed during in
connection with the 1963-64 Bruarjokull surge. F) Concertina esker melting out of the ice at
Bruarjokull. Zig-zag form of the esker ridge outlined with dashed lines. Photos A, B, C and E by
1.0.Benediksson, D and F by O. Ingélfsson.

2.2.4 Genesis of crevasse fill ridges

Crevasse fill ridges (Sharp, 1985a) - also called crevasse squeeze ridges (Benn and Evans,
2010) - have been identified as a landform characteristic of surging glaciers, ever since
Sharp (1985a) presented comprehensive analyses of the ridges from the foreland and ice
margin of Eyjabakkajokull. The ridges are typically 1-2 m high and usually occur in fluted
parts of the forefield. Eyjabakkajokull and Braarjokull are classic localities for studying
crevasse fill ridges, as both are retreating after surges in 1973 and 1964, respectively,
exposing in their forefields and ice margins extensive fields of crevasse fill ridges (Fig.
10A-D) (Evans et al., 1999; Evans and Rea, 1999; Evans et al., 2007; Kjer et al., 2008;
Schomacker et al., 2014). They have also been described from the forefields of other
Icelandic surging glaciers, like Skeidararjokull after its 1991 surge (Waller et al., 2008),
Tungnaarjokull after its 1994 surge (Evans et al., 2009), Hagafellsjokull Eystri (Bennett et
al., 2003), Sioujokull (Kozarski and Szupryczinski, 1973), Mulajokull (Jonsson et al.,
2014) and Satujokull (Evans, 2011). There is a general consensus that crevasse fill ridges
form as a consequence of sediment infilling basal surge crevasses from the bed upwards
and subsequently melting out during quiescence. The mechanics of this process are,
however, not entirely clear, mainly because of the lack of detailed sedimentological and
geomorphological investigations. Rea and Evans (2011) assessed the potential for the
formation of crevasses and their infilling with sediments, using linear elastic fracture
mechanics approach and empirical data derived from the literature, for seven surging
glaciers from Svalbard, Iceland, Greenland and Alaska. They concluded that crevasse
squeeze ridges most likely resulted from the infilling of basal crevasses, driven for the most
part, bottom-up, by high basal water pressures. Crevasse-fill ridges commonly occur with
flutes, and they relate to each morphologically in three ways: a strike/slip displacement of
the flute along the line of the ridge, undisturbed passage of the flute through the ridge, and
a rise in the crest line of the flute to the ridge where they intersect (Sharp, 1985a).
Bjarnadéttir (2007) found that crevasse squeeze ridges crossing flutes in the forefield of
Bruarjokull had not been injected through the flutes as the flutes were undisturbed by the
formation of the crevasse squeeze ridges. She proposed a model whereby sediment is
injected into basal crevasses formed as the compressive surge-bulge passes, extended
glacier flow sets in and the glacier thins. Till that previously was subject to high effective
stress under the surge bulge was suddenly subject to lower pressure and injected up into
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basal crevasses, driven by pressure differences. Subsequently, the sediment is detached and
transported englacially for some distance and deposited, forming a ridge on top of the
fluted surface as it melts out of the dead ice during the quiescent phase (Fig. 10C,D). The
crevasse fill ridge-fluted moraine relationships (Sharp, 1985a) suggest there might be more
than one mode of crevasse fill ridge formation.
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Fig. 11. The forefield of the surge-type glacier Eyjabakkajokull, eastern Iceland (modified from
Benediktsson et al., 2010).

2.3 Eyjabakkajokull — surge history, geomorphic impact and an end moraine continuum

Eyjabakkajokull is a surge-type outlet glacier of the Vatnajokull ice cap (Figs. 1 and 11),
composed of three distinct outlets from the main ice cap that descend from 1200-1500 m
a.s.l. and combine to form a glacier tongue which is about 10 km long and 4 km wide

where it terminates at around 700 m a.s.l. The recent surge history of Eyjabakkajokull
documents surges in 1890, 1931, 1938 and 1972-1973 (Bjo6rnsson et al., 2003; Kaldal and
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Vikingsson, 2000; Thorarinsson, 1938, 1943; Thoroddsen, 1914; Todtmann, 1953;
Todtmann, 1960), with the most extensive advance (3—4 km) in 1890. The 1890 surge
terminal position is marked by a conspicuous ridge complex (Figs. 11 and 12). The surges
in 1931 and 1938 terminated ca. 250 and 750 m up-glacier from the 1890 moraines,
respectively (Fig. 11) (Kaldal and Vikingsson, 2000), producing conspicuous glaciotectonic
end moraines (Croot, 1987; Croot, 1988b). During the 1972—1973 surge, the debris-rich ice
front advanced ca. 2 km, with maximum flow rates of 30 m day' (Bjornsson, 1982;
Clapperton, 1975; Sharp, 1985b; Sharp and Dugmore, 1985; Williams Jr., 1976).
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Fig. 12. A section through the western and largest part of the 1890 surge end moraine at
Eyjabakkajokull. This part of the moraine complex is up to 500 m wide and 40 m high, and contains
multiple widely spaced and broad symmetric crests in the central and distal zones of the ridge, but
lower asymmetric crests on the proximal slope (not visible). The section on the photograph and in
the scale diagram is 112 m wide and 25 m high covering the central and distal crest zones of the
ridge. The architecture reveals both ductile and brittle deformation but is characterized by large-
scale folding with intensive shearing in high strain areas. Section balancing revealed a total
horizontal shortening of 39% and a décollement depth of 27 m. Note persons for scale in the section
and a pile of backpacks in the center. Modified from Benediktsson et al. (2010).

2.3.1 The surge moraines

The Eyjabakkajokull surge moraines were described by Croot (1987, 1988) as ridges of two
distinct elements: a subglacial extension zone with low-angle normal faults that are linked
by a floor thrust to a proglacial compression zone signified by imbricate thrust sheets. The
Eyjabakkajokull moraines have since been referred to as a classic example of the
architecture of push moraines by e.g. Benn and Evans (2010), Aber et al. (1989), Bennett
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(2001), and Aber and Ber (2007). Benediktsson et al. (2010) re-investigated the
Eyjabakkajokull glaciotectonic moraines, focusing on what could explain the morphology,
architecture and formation of the moraines and their relation to glacier dynamics (Fig. 12).
Based on morphological, geological and geophysical data from terrain cross-profiles, cross-
sections and ground penetrating radar profiles Benediktsson et al. (2010) demonstrated that
three different qualitative and conceptual models were required to explain the genesis of the
Eyjabakkajokull moraines. Firstly, a narrow, single crested moraine ridge formed at the
distal end of a marginal sediment wedge that developed in response to decoupling of
subglacial sediment from the bedrock and associated down-glacier sediment transport,
following Benediktsson et al. (2008). Secondly, large lobate end-moraine ridges with
multiple, closely spaced, narrow asymmetric crests formed by proglacial piggy-back
thrusting. Thirdly, a new conceptual model (Fig. 13) shows that moraine ridges with
different morphologies may reflect different members of an end-moraine continuum. This
is true for the eastern and western parts of the Eyjabakkajokull moraines as they show
similar morphological and structural styles that developed to different degrees. The former
represents an intermediate member with décollement at 4-5 m depth and 27-33% shortening
through multiple open anticlines that are reflected as moderately spaced symmetric crests
on the surface. The latter represents an end member with décollement at about 27 m depth
and 39% horizontal shortening through multiple high amplitude, overturned and
overthrusted anticlines, appearing as broadly spaced symmetric crests. It is proposed that
the opposite end member would be a moraine of multiple symmetric, wide open anticlinal
crests of low amplitude. The data suggest that the glacier coupled to the foreland to initiate
the end-moraine formation when it had surged to within 70-190 m of its terminal position.
This indicates a time frame of 2-6 days for the formation of the end moraines, given an ice-
flow velocity of ~30 m/day.
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Fig. 13. A conceptual model summarizing the end moraine formation at Braarjokull and
Eyjabakkajokull. A) Where the glacier advances across glaciofluvial sediments, wedges of
gravel and sand are thrusted and stacked beneath and in front of the ice margin to form a
single- but broad crested end moraine. B) A single-crested moraine with multiple rooted
folds in fine-grained sediments (loess-peat-tephra; LPT) forms on the distal end of a
marginal sediment wedge. WES: water-escape structure. C) A wide moraine ridge with
multiple asymmetric crests that represent thrust sheets in fine-grained material overlying
gravel. D) A wide, multi-crested moraine with symmetric crests in the central and distal
zones, reflecting large-scale folding of sand, fines and gravel, but asymmetric crests on the
proximal slope, denoting submarginal thrusting. The horizontal shortening is greatest in
moraine B ( ~60-80%), intermediate in moraines D and C (~40%) and smallest in moraine
A (~20%). Modified from Benediktsson (2009).

2.3.2 Eyjabakkajokull landsystem model

Schomacker et al. (2014) concluded that the geomorphology of the Eyjabakkajokull
forefield reflects the impact of multiple glacier surges and that the terrain resulted from
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several landform generations, in line with similar pattern identified at Briarjokull by Evans
et al. (2007) and Kjer et al. (2008). They identified individual landforms forming the
landform assemblage that are typical of surging to include glaciotectonic end moraines,

hummocky moraine, pitted outwash, flutes, crevasse-fill ridges, and concertina eskers, and
published a modified landsystem model for Eyjabakkajokull (Fig. 14). They suggested that
the landform distribution at Eyjabakkajokull agrees well with terrestrial paleo-ice streams
and surge-type ice sheet lobes, and that Eyjabakkajokull provided a modern analogue with
a high level of detail due to the well-preserved young landforms.
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Fig. 14. Surging glacier landsystem model of Eyjabakkajokull. (A) Outer zone of glaciotectonic end
moraines consisting of deformed pre-surge sediments. Hummocky moraine occurs on the backslope
of the end moraine. (B) Intermediate zone of active, channeled outwash as well as inactive, pitted
outwash deposited on top of stagnant ice. (C) Inner zone of subglacial till, flutes, drumlins,
crevasse-fill ridges, and concertina eskers. Modified from Schomacker et al. (2014), partly based on
Evans and Rea (1999, 2003).

2.3.3 Eyjabakkajokull concertina eskers

Olafsdottir (2011) and Schomacker et al. (2014) described and discussed the concertina
eskers at Eyjabakkajokull. The concertina ridge elements are sharp-crested with slopes
standing at the angle of repose, 30-650 m long, up to 12 m high, and 15-85 m wide, with
ridges arranged in an en echelon pattern (Fig. 10E,F). The concertina eskers most proximal
to the retreating glacier are ice-cored, whereas dead-ice was not observed in the distal-most
ridge segments. The concertina eskers drape subglacial landforms like flutes and crevasse-
fill ridges, suggesting a supraglacial origin. Concertina eskers, also referred to as ‘zigzag,
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eskers by Benn and Evans (2010), have been have been regarded as a unique landform left
by surging glaciers since they were first described from Bruarjokull by Knudsen (1995) and
included in the surging glacier landsystem model of Evans and Rea (1999). However, they
are not common features in the foreland of surging glaciers, and have hitherto only been
described from Eyjabakkajokull and Bruarjokull (Evans et al., 1999; Evans and Rea, 1999;
Kjer et al., 2008; Knudsen, 1995), from two surging glaciers on Svalbard (Hansen, 2003)
and Novaya Zemlya (Grant et al., 2009), as well as from a deglaciation setting at a
presently submarine setting in the Baltic Sea (Feldens et al., 2013). Knudsen (1995)
originally proposed that concertina eskers were formed by shortening of pre-surge sinuous
eskers by compression in the glacier snout during surging. Evans et al. (1999) likewise
suggested they were deposited in englacial meltwater conduits and were crumpled during
the passage of a wave-like bulge, whereas Evans and Rea (2003) suggested they were
deposited in crevasse systems inherited from the surge. The Eyjabakkajokull studies of
Olafsdottir (2011) and Schomacker et al. (2014) also point out that the pattern and zigzag
shape of concertina eskers (Fig. 10F) is similar to the crevasse pattern of the glacier, and
suggests they form en- and supraglacially by sediment accumulation and reworking by
water in large, linked crevasses at the termination and after surges. Similar glaciofluvial
landforms were described from the forefield of Skeidararjokull by Bennett et al. (2000b).
They thought these landforms to result from supraglacial infills of crevasses and conduits
by surface drainage during the 1991 Skeidararjokull surge. The reason why concertina
eskers are rarely identified at the margins of contemporary surging glaciers, or from
Pleistocene glacial landscapes, could be that supraglacial deposition in crevasses and
subsequent dead ice melting makes their preservation potential very poor (c.f. Evans and
Rea, 1999).

2.3.4 Lake Logurinn — mass-balance control on surge frequency and reconstruction of the
surge history of Eyjabakkajokull beyond historical records

Lake Logurinn (65°15°N, 14°25°W, 53 km?) is situated centrally in the Fljotsdalur valley,
eastern Iceland (Fig. 13), 55 km northeast of Eyjabakkajokull. The lake occupies a deep
glacially eroded basin, with lake surface elevation at 20 m a.s.l., but with maximum water
depths of 112, 72 and 42 m in its three sub-basins and up to about 100 m thick postglacial
sediment sequence in its deepest basin (Hallgrimsson, 2005). The glacial river Jokulsa i
Fljotsdal drains Eyjabakkajokull into Lake Logurinn.

Striberger et al. (2011, 2012) examined a 17.8-m-long sediment sequence retrieved by
coring in the northern sub-basin of Logurinn, to understand Holocene meltwater variability
of Eyjabakkajokull. Their studied revealed a stratigraphic sequence characterized by nearly
continuous sedimentation that was deposited over the past 10400 years (Striberger et al.,
2012) (Fig. 15). Their data show that Eyjabakkajokull receded rapidly during the final
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phase of the last deglaciation, and ceased to deliver glacial meltwater to Lake Logurinn by
9000 years BP. The return of glacial meltwater transport to Lake Ldogurinn, and thus a
return of Eyjabakkajokull, is dated to ca 4400 years BP, suggesting an almost 5000 years
long period during early and mid-Holocene when the Vatnajokull ice cap did not have an
Eyjabakkajokull outlet. Eyjabakkajokull reformed, probably as result of the mid-Holocene
general cooling and glacier expansion recorded in Iceland (Geirsdottir et al., 2009;
Gudmundsson, 1997), and started delivering glacial meltwater to Lake Logurinn ca 4400
years BP.

A oS D Sediment Age vs depth model Eyjabakkajékull meltwater and
log (calibrated years BP) surge history
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5 sedimentation rates since 2800 BP.
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o First observed surge fingerprinting at ca. 2200 BP
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& increased sedimentation rates.
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sediments. High sedimentation rates.

/ Deglaciation and recession of Eyjabakkajokull

Fig. 15.The location of Lake Logurinn in Eastern Iceland (A and B). (C) Eyjabakkajokull, with the
surge terminal moraines of 1890, 1931/1938 and 1973 outlined. Jokulsa i Fljotsdal drains
Eyjabakkajokull into Lake Logurinn. (D) Sediment log and age vs depth model for the 17,8 m long
core retrieved from Lake Lgurinn. Age determinations by tephrochronology (red squares) and '*C
(red stars). Modified from Striberger et al. (2001, 2012).

One specific aim of the study was to explore if if Eyjabakkajokull’s surge history could be
identified in the lake sediment record (Striberger et al., 2011). It is known that in lakes and
fjords that are fed by meltwater from surge-type glaciers, sediment deposition rates increase
dramatically during and immediately after surges due to increased erosion during surges
and melting of excess ice in the ablation area after surges (Gilbert et al., 2002; Humphrey
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and Raymond, 1994; Sharp, 1988). As outlined above, the recent surge history of
Eyjabakkajokull documents surges in 1890, 1931, 1938 and 1972-1973. The 1972-1973
surge of Eyjabakkajokull was accompanied by the highest recorded amount of suspended
matter in Jokulsa 1 Fljotsdal during the period 1966-1995 (Palsson and Vigfusson, 1996),
and formed the thickest capping clay lamina recognized in the historical varved clay record
in the sediment core. Following the 1972-1973 lamina, the clay lamina thicknesses
gradually decreased until reaching normal thickness after about 3—5 years. Similar features
were observed in the sediments following the 1890 and the 1930’s surges. These sudden
increases in glacial rock flour are reflected in the sediment sequence as recurring light-
coloured intervals which Striberger et al. (2011) interpret as records of Eyjabakkajokull
surges. The record suggests that Eyjabakkajokull began surging about 2200 BP, and
approximately 1700 BP, the glacier started to surge at a uniform 34- to 38-year periodicity.
This periodicity prevailed until the coldest part of the Little Ice Age (LIA) when it almost
halved to 21-23 years. Since the late 1800’s the surge periodicity of Eyjabakkajokull
returned to a longer period of 35-40 years.

Striberger et al. (2011) suggested that the finding of evidence for “surge switch-on” of
Eyjabakkajokull about 2200 BP, as well as LIA changes in periodicity of surges, suggest
strongly that surge behaviour is linked to climatically driven mass balance changes and the
ability of the glacier to transfer excess mass from the upper reservoir area to the lower
ablation area. Their findings confirm with the notion of e.g. Eisen et al. (2001), Dolgushin
and Osipova (1978) and Harrison and Post (2003a) that in some cases there is a clear
connection between the interval between surges and the time needed to fill the reservoir
area, associated with an increase in a glacier’s net balance. Striberger et al. (2011) further
suggested that surges of Eyjabakkajokull could become less frequent in a warming climate
due to reduced rates of net mass input and lengthening of the quiescent phase. Ultimately,
Eyjabakkajokull might even fail to re-enter its active phase and switch back to a non-
surging mode, in line with the prediction of Dowdeswell et al. (1995) for Svalbard surging
glaciers.

2.4 Surging glacier landsystem of Tungnaaarjokull, Iceland

Andrzejewski (2002) and Evans et al. (2009) studied proglacial sediments and landforms of
Tungnaarjokull, a 17 km wide glacier lobe of the western margin of Vatnajokull (Fig. 1).
Their mapping and interpretations were assisted by aerial photography from 1995, taken
closely after the termination of the Tungnaarjokull 1994 surge (Fig. 2F). During this 10-
month surge, the ice margin advanced up to 1200 m, with a maximum speed of 10 m/day
(Sigurdsson, 1994). Their geomorphological maps (Andrzejewski, 2002; Evans et al., 2009)
are at very different scales, approximately 1:60.000 and 1:30.000, respectively, which
allows for pronounced differences in details. Yet, both studies identify zonation in the
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landsystem that confirms very well with the surging glacier landsystem of Evans and Rea
(1999, 2003) and Evans et al. (2007). Diagnostic surge landforms identified on the foreland
include thrust block and push moraines, overridden ice-cored thrust block moraines, hill-
hole pairs, crevasse squeeze ridges, long flutings, hummocky moraine and ice-cored, pitted
outwash. Andrzejewski (2002) studied the architecture and sedimentological and structural
properties of glaciotectonically disturbed proglacial fan deposits and the end moraines that
resulted from the 1994 surge. He concluded that spatial variations in the layout of glacial
and glaciofluvial forms on the Tungnaarjokull forefield as well as in their geological
structure were the result of a highly dynamic glacier margin during surge.

2.5 Langjokull surging outlets — studies highlight landscape impacts of surges and surge
histories

Langjokull, a ~900 km® ice cap in the western highlands of Iceland, has at least three
surging outlets, Hagafellsjokull (which splits into an eastern branch called Eystri-
Hagafellsjokull Eystri, and a western branch called Vestari-Hagafellsjokull), Sudurjokull
and possibly Pristapajokull (Fig. 1) (Bennett et al., 2004b; Bjornsson and Palsson, 2008;
Bjornsson et al., 2003; Hart, 1995a; Larsen et al., 2015; Palmer et al., 2009; Sigbjarnarson,
1977; Theodorsson, 1980).

2.5.1 Surge sediments and landforms at Eystri-Hagafellsjokull Eystri

Bennett et al. (2000a) described the landform assemblage associated with the Neoglacial
fluctuation of Eystri-Hagafellsjokull and an advance into the pro-glacial Lake Hagavatn
(Fig. 16A). They provided a detailed landform/sediment assemblage model, where they
found the landsystem to be dominated by three components: Firstly, a series of moraines
formed both by thrusting at the glacier margin and by proglacial/subglacial deformation.
The second component they identified is a morainal bank and associated ice-contact delta,
and the third component is a series of lake-bed kame terraces formed by rapid
sedimentation in a canal-like lake, formed as the ice retreated away from the push
moraines. They concluded that this detailed case study provided an analogue for the
interpretation of Pleistocene glaciolacustrine and glaciomarine landform/sediment
assemblages and illustrated a range of styles of glaciolacustrine sedimentation and
glaciotectonic deformation.
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Fig. 16. A) Eystri-Hagafellsjokull surges in avatn in 1999; B) Heavily
crevassed surface of Vestari-Hagafellsjokull during its 1980 surge. Photos courtesy of Oddur
Sigurdsson.
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Bennett et al. (2004a) focused on the sedimentary and tectonic architecture of a large push
moraine formed by a re-advance (perhaps surge) of Eystri-Hagafellsjokull between 1890
and 1929. They found that different tectonic architectures existed in two adjacent parts of
the same push moraine complex. In one location, the ice advance pushed an ice-contact
delta to form a prominent single-crested push moraine. In an adjacent location, the ice-
margin advanced over the ice-contact delta to create a push moraine at the limit of the
advance by subglacial gravity spreading. They discussed the causes of these two

190



Appendix V

contrasting styles of deformation, and identified a range of possible controls. These
included variation along the former ice margin and foreland in: (1) glacier—foreland
coupling; (2) foreland shear strength; and (3) the frictional characteristics of the
décollement. They suggested some combination of these variables the most likely cause.

Bennett et al. (2003) reported evidence of deformation at sub-freezing temperatures beneath
Eystri-Hagafellsjokull, as the bed of a piedmont lobe that advanced during the 1998/1999
winter-spring surge comprised deformed blocks of glacier ice set within frozen sediment.
This material had also been injected through overlying ice to form a network of crevasse-
squeeze ridges. They concluded that there was evidence for two phases of deformation
under contrasting rheological conditions: (1) deformation under relatively warm conditions,
when the blocks of glacier ice acted as competent clasts within an unfrozen deforming
matrix, and (2) subsequent deformation at sub-freezing temperatures when the ice blocks
were attenuated into the surrounding frozen matrix along fractures and planar shears
enriched with excess ice. This they took to suggest that the basal thermal regime of the
advancing ice margin had changed from warm-based to cold-based during the surge event.
In a separate study, Bennett et al. (2004b) described the internal architecture of the push
moraine formed by the 1998/99 surge. The sedimentary architecture of thei moraine
consisted of a folded multi-layered slab of glaciofluvial sediments that was displaced
laterally by the advancing ice margin, whereas the crest and ice-distal face of the moraine
consisted of sub-horizontal sediment sheets, and the ice-proximal face dipped steeply
towards the ice margin. The core of the moraine consisted of frozen sediment, and thin
slabs of glacier ice were embedded in its proximal face. The sediment slabs were
characterized by both brittle and ductile styles of deformation. They argue on the basis of
the observed variation in deformation style that a partially frozen glacial foreland was a key
feature of the 1998/99 surge advance, as frozen foreland sediments would behave in a
brittle fashion, while unfrozen sediments were likely to have deformed in a more ductile
manner. Consequently, they concluded that the thermal regime of the foreland, and the
timing of the ice advance, was of importance to the style of internal deformation found
within ice-marginal push moraines.

2.5.2 Surging glacier landform and sediment association at Vestari-Hagafellsjokull —
contrasting evidence on deforming bed or decoupling during surges

Vestari Hagafellsjokull (Figs. 1 and 16B) has two observed surges, in 1971 and 1980
(Bjornsson et al., 2003; Sigbjarnarson, 1977; Theodorsson, 1980). The geomorphology of
its forefield was studied by Hart (1995a), and she identified a diversity of streamlined
features that included drumlins, flutes and glacial lineations; landforms that are accounted
for in the surging glacier landsystem model of Evans and Rea (1999). She observed that the
smaller bed forms (lineations, flutes) were superimposed upon the larger bed forms
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(drumlins, flutes), and suggested that the bed forms observed had formed due to subglacial
deformation but in association with different thicknesses of the deforming layer. As the
thickness of the deforming layer changed during ice retreat, one style of subglacial bed
form superimposed upon another, resulting in a continuum of subglacial bed forms. Fuller
and Murray (2002b) did a sedimentological study in the forefield of Vestari Hagafellsjokull
to distinguish between pervasive sediment deformation and sliding as mechanisms of basal
motion in surge. They found that ice retreat following the 1980 surge had exposed a two-
layered discontinuous till cover and a suite of streamlined bed forms, including flutes and
drumlins, and that the lower till layer had remained relatively undisturbed during the surge
advance in both drumlinised and non-drumlinised areas. They suggested that decoupling
between ice and substrate was important during the surge phase, and that the till did not
weaken sufficiently for pervasive deformation to occur at depth. Thus they stated that
although Vestari Hagafellsjokull overlies a soft bed, the 1980 surge advance did not occur
by pervasive sediment deformation at depth, as suggested by Hart (1995a).

2.5.3 Surge history of Sudurjokull reconstructed on basis of proglacial lake sediments

Larsen et al. (2015) constructed a 300-year, high-resolution record of surges and terminus
fluctuations of Sudurjokull and Nordurjokull, draining the Langjokull ice cap (Fig. 1). They
used an innovative combination of varve counting, multibeam bathymetry, seismic
imagery, and multiple sediment cores from the large proglacial lake Hvitarvatn. Langjokull
achieved its maximum Neoglacial/LIA position, when two outlet glaciers, Nordurjokull and
Sudurjokull, advanced into the lake and maintained active calving margins (Flowers et al.,
2007; Larsen et al., 2011). Nordurjokull advanced into the basin ca. 1720, and remained at
or near its maximum extension for most of the 19th century, whereas Sudurjokull
underwent a quasi-periodic series of 8 surges. These are recorded in lake sediments as eight
brief thick clay and increased IRD cycles, at AD 1828, 1838, 1855, 1866, 1885, 1905,
1917, and 1929, with a recurrence interval of 14 + 4 yr. Each surge event resulted in
fragmentation of the glacier terminus during advances of up tol.6 km that occurred in less
than 2 years. Collapse of the expanded ice, iceberg melting, and re-establishment of the ice
front at a near-shore grounding line occurred within 1-3 years of the surge. During the two
largest surges (in 1855 and 1885) the glacier terminus advanced ~1600 m, amounting to
minimum advance rates of 800-1600 m yr'. Larsen et al. (2015) could not establish any
correlation between climate parameters and surge periods, although they acknowledge that
the surge recurrence interval must be considered indirectly related to climate through
changes in glacier mass balance where shorter quiescent periods are associated with an
increase in a glacier’s net balance (cf. Harrison and Post, 2003; Eisen et al., 2001,
Striberger et al., 2011).
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Fig. 17. A) The surge-type cirque glaciers Teigarjokull (left) and Burfellsjokull (right).
Burfellsjokull was in surge in 1995 when this photo was taken. Photo: Oddur Sigurdsson 1995; B)
The heavily crevassed Teigarjokull during the 1971 surge. The glacier length increased from about
1100 m to 1500 m during the surge. Photo: Helgi Hallgrimsson, July 1971.

2.6 Surge-type cirque glaciers in northern Iceland: unique surge fingerprinting and a new
landsystem model
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Brynjo6lfsson et al. (2012) described the geomorphology of the surge-type Burfellsjokull
and Teigarjokull cirque glaciers in the Trollaskagi Peninsula, northern Iceland (Fig. 17A).
The glacially sculptured landscape of Trollaskagi Peninsula ranges in altitude from sea
level to more than 1500 m a.s.l., with more than 150 small glaciers located in cirques and
hanging valleys at altitudes between 700 and 1400 m a.s.l. (Sigurdsson and Williams,
2008). Although it is well known that surge-type glaciers vary greatly in size, shape and
topographical and climate settings (Meier and Post, 1969), little is known about surging
cirque glaciers and the landscape imprints their surges leave behind. The purpose of the
Brynjolfsson et al. (2012) study was to explore the recent surge history of two small surge-
type cirque glaciers and define a new landsystem model for surge-type cirque glaciers in
alpine environments.

Four surges have been recorded in historic times on surge-type cirque glaciers,
Burfellsjokull, Teigarjokull (Fig. 17B) and Baegisarjokull (Bjornsson, 1971; Bjornsson et
al., 2003; Hallgrimsson, 1972). Burfellsjokull (1.45 km?) and Teigarjokull (0.7 km?),
studied by Brynjolfsson et al. (2012), descend from about 1200 m a.s.l. to about 800 m
a.s.l., with mean slopes of 11-14°. A statistical analysis of an inventory of Icelandic
glaciers shows that the median surface slope was about 7° for non-surging glaciers and
about 2° for surge-type glaciers (Hayes, 2001). Thus, the high surface slope of
Burfellsjokull and Teigarjokull makes them the steepest surge-type glaciers in Iceland. The
active phase of the last surge of Burfellsjokull took four years, 2001-2004. This indicates
that that the surging phase of these highland cirque glaciers has a longer duration compared
to the surging outlets of Langjokull, Hofsjokull and Vatnajokull ice caps. Brynjolfsson et
al. (2012) highlighted that surge-type cirque glaciers leave distinct impressions different
from both non-surging cirque glaciers and large surge-type glaciers that drain out as broad
lowland lobes from ice caps. The unique fingerprinting of the surge-type cirque glaciers in
Iceland is that (a) the sediments are generally coarse, and at surface often characterized by
angular supraglacial and englacial material considered to originate mainly from rock walls
that surround the accumulation areas of glaciers; (b) the surging cirque glaciers also deposit
subglacial till, but it is covered by englacially and supraglacially transported debris left by
the down-wasting of dead-ice subsequent to the surge; (¢) hummocky moraine is prominent
inside the end moraines, and dead-ice is indicated by sinkholes, cracks, backslumping and
collapse; (d) the surge end moraines are usually small and irregular, and constitute a low
ridge at the front of a debris sheet; (e) annual (retreat) moraines do not occur in the
forefield of these surging cirque glaciers, but (f) small crevasse-fill ridges can be
recognized in the forefield as well as occasional poorly developed flutes. Brynjolfsson et
al. (2012) defined a landsystem model for the surging cirque glaciers in northern Iceland
(Fig. 18), that supplements the surge-type glacier landsystem model by Evans and Rea
(1999, 2003) and Schomacker et al. (2014). Additionally, geomorphological mapping of the
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Burfellsjokull and Teigarjokull forfields recorded five end moraines that could not be
related to known surges. Their geomorphology is similar to the end moraines formed by the
recorded/observed surges and they were interpreted to indicate five additional surge events
previously unrecognized (Brynjolfsson et al., 2012).
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Fig. 18. Landsystem model for small surge-type cirque glaciers in Iceland. The distal zone, terminal
moraine is formed of pre-surge sediment and dump of sediment of the surge front. The end
moraines are small, and hummocky moraine often continues from their proximal slope. The
proximal zone extends from the terminal moraine on to the glacier margin. Dead-ice and
hummocky moraine are prevalent with rare occurrence of landforms such as crevasse-fill ridges,
medial moraine remnants, and flutes. Modified from Brynjolfsson et al. (2012).

2.7 Hofsjokull — recent studies contribute to better understanding of the surging landsystem
and surge histories

Hofsjokull (Fig. 1) is the third largest ice cap in Iceland, after Vatnajokull and Langjokull,
situated in the central highlands and covering about 890 km” where it rests on the largest
central volcano in Iceland (Bjornsson, 2009; Bjornsson et al., 2003; Sigurdsson and
Williams, 2008). Hofsjokull carries seven surge-type outlets (Bjornsson and Palsson, 2008;
Evans, 2011).

2.7.1 Mulajokull — splayed crevasses and repeated surges key to drumlin field occurrence
Mulajokull (Fig. 19) is a surge-type outlet glacier of Hofsjokull that drains through a 2-km
narrow valley between Mt. Hjartafell to the west and Mt. Kerfjall to the east and forms a 4-
km-wide piedmont lobe. Its present ice margin is about 620 m above sea level, ~2 km
behind the LIA terminal moraine. The topography of the glacier bed, estimated from radio
echo soundings from 1983, reveals an over-deepening beneath the 2-km wide outlet and the
centre of the piedmont lobe, with its lowermost base being approximately 100 m lower than
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the present forefield (Bjornsson, 1988a; 1988b). Johnson et al. (2010) published a pioneer
study on the Mulajokull forefield, where they found that recent marginal retreat had
revealed a drumlin field consisting of more than 50 drumlins. They described the drumlins
as being composed of multiple beds of till deposited by lodgement and bed deformation.
Further, they found that the youngest till layer truncates the older units with an erosion
surface that parallels the drumlin form, and concluded that the drumlins were built up and
shaped by a combination of subglacial depositional and erosional processes. Field evidence
suggests each till bed to be associated with individual recent surges. They considered the
drumlin field to be active in the sense that the drumlins were being shaped by the current
glacial regime, and thus suggested the Mulajokull field is the only known active drumlin
field on Earth, and therefore a unique analogue to Pleistocene drumlin fields. Drumlins are
a geomorphological signature of ice-bed coupling, and studying them can give valuable
information on processes controlling the flow of past and present ice sheets (Clark et al.,
2009), which has motivated further studies of the Mulajokull drumlin field.
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Fig. 19. A) Location of Mulajokull (red square) at the southern margin of the Hofsjokull ice cap; B)
Ice margin and surge history of Mulajokull, modified from Johnson et al. (2010). C) Overview
photo of the Hofsjokull ice cap, Mt. Hjartafell, Mt. Kerfjall, and the Mlajokull piedmont lobe. The
vegetated wetlands of bjorsarver in the foreground. Modified from Jonsson et al. (2014).
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Fig. 20. Geomorphological map of the Mulajokull forefield. Map base is aerial photographs
recorded in 1995 and LiDAR data from 2008. Scale 1:9000. From Jonsson et al. (2014).
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2.7.2 The Mulajokull drumlin field

Jonsson et al. (2014) presented a geomorphological map of the active drumlin field and the
forefield of Mulajokull, based on field investigations, aerial photographs taken in 1995 and
LiDAR data recorded in 2008. They mapped subglacial, supraglacial, ice-marginal,
periglacial, and glaciofluvial landforms, and concluded that the geomorphology of the
Mulajokull forefield is similar to that of the forefields of other surge-type glaciers in
Iceland: with a highly streamlined forefield, crevasse-fill ridges, and series of
glaciotectonic end moraines. However, their mapping (Figs. 19 and 20) also revealed that
an active drumlin field containing at least 110 drumlins, that have an average spacing of 94
m and an average areal density of around 10 drumlins/km” on the till plain, which is
comparable to Pleistocene drumlin fields (Clark et al., 2009; Francek, 1991; Hess and
Briner, 2009; Spagnolo et al., 2010). Drumlin orientation varies by nearly 180° as they
occur in a splayed fan distribution in the forefield, so that the stoss end of drumlins in the
north-eastern part of the forefield points toward NE whilst the stoss end points toward SW
in the south-western part of the drumlin field (Fig. 20). The drumlins range from 70 to 380
m in length, 20 to 180 m in width, and 2 to 10 m in height and tend to be asymmetric in the
sense that they are higher and wider up-glacier and taper down-glacier. The observation
that the drumlins are wider and shorter in the distal part of the drumlin field and narrower
and longer in the proximal part could suggest that the drumlins developed towards a more
streamlined shape of the proximal landforms that had experienced more surges.

2.7.3 A conceptual model for the initiation and formation of the Mulajokull drumlins

It has been suggested by Clark et al. (2009) and Patterson and Hooke (1995) that ideas
about drumlin formation needed to be developed into physically-based models. As a step
towards this, Benediktsson et al. (in review-a) highlighted three questions regarding the
Mulajokull drumlins that were raised by Johnson et al. (2010) and Jonsson et al. (2014): (1)
are drumlins formed by a combination of erosion and deposition of till?; (2) does
elongation ratio of drumlins increase with the number of surges they have experienced?,
and (3) does the initial ice-front crevasse pattern control the location and nucleation of
proto-drumlins?

They found that the drumlins at Mulajokull are composed of multiple till units, and
suggested each till to represent one surge advance. The most recent till commonly truncates
lower tills on the flanks and the proximal side of the drumlin. This implies that net
deposition occurs on the drumlin crest and net erosion on the sides in every surge. They
confirmed the observation of Jonsson et al. (2014) that drumlins proximal to the 1992 surge
moraine are relatively long and narrow whilst drumlins distal to the moraine are wider and
slightly shorter, and presented sedimentological and geomorphological observations that
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show that drumlins develop from broad and low ‘proto-drumlins’ to higher and narrower
drumlins, resulting in increased drumlin relief and elongation ratio with time (number of
surges or longer duration of ice flow). They show that there is a clear connection between
drumlin location and the crevasse pattern of the ice front. They presented a model (Fig. 21)
where radial crevasses formed in the glacier when it initially spilled onto the flat foreland.
These crevasses led to spatial differences in normal pressure at the base of the glacier so
that deposition was favoured beneath the crevasses and erosion between them.
Consequently, the original crevasse pattern of the glacier controlled the location of proto-
drumlins. Once the proto-drumlins were formed, a feedback mechanism was established
leading to continued crevassing and increased sedimentation at the location of the proto-
drumlins. The drumlins are then maintained and their relief and elongation ratio increases
as the glacier erodes the sides and drapes a new till layer over the landform. Benediktsson
et al. (in review-a) suggested that the drumlin mode of formation proposed above could
explain the observations from the Mulajokull active drumlin field but the model needed to
be tested in other areas.

1 28 486 7 Time 7 6B 43 2 1

Fig. 21. Formation of drumlins at Mulajokull. A) (a) During a surge, longitudinal crevasses are
formed due to lateral extension in the ice. This generates differences in basal stresses so that
deposition is favoured beneath crevassed areas where ‘proto-drumlins’ will be formed. (b) During a
following surge, a positive feedback mechanism is established that causes crevasses to form above
the drumlins (because they are bumps on the bed). (c-d) Deposition is preferred on the drumlin
crest, causing the drumlin to accrete, but while erosion is favoured on the drumlin sides and in the
inter- drumlin areas. Thus, the drumlins get narrower and higher with time. B) The model explains
the development of drumlin stratigraphy and morphology, and why there is an unconformity only
below the uppermost (most recent) till but not below any of the lower ones, at any given time. The
reason is that the lateral erosion that occurs with every surge simply removes older unconformities.
An unconformity would always occur along the sides of a drumlin, but as a new surge arrives, it
erodes the sides and thus removes the unconformity. Simultaneously, a new till layer is added on
top — conformably in the centre but unconformably on the sides. Thus, theoretically, only the most
recent unconformity exists at any time. From Benediktsson et al. (in review-a).
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2.7.4 Early LIA terminal moraine

Benediktsson et al. (in review-b) studied the outermost end moraine ridge in the Mulajokull
forefield (Fig. 22). The moraine is generally 4-7 m high and 50-100 m wide and composed
of a sequence of loess, peat and tephra that is draped by till up to the crest. Steep, high-
amplitude overturned folds and thrusts characterize the internal architecture in the crest
zone while the distal slope is dominated by open, low-amplitude folds. Based on section
balancing, Benediktsson et al. (in review-b) calculated that the total horizontal shortening
of strata within the moraine was around 59% and that a basal detachment (décollement)
occurred at a depth of 1.4 m. This implies that the glacier coupled to the foreland about 70
m short of its terminal position to initiate the formation of the moraine, most likely because
of hydrological changes in the sub-marginal zone. The formation of the moraine
commenced with low-amplitude open folding of the foreland that was followed by
overfolding and piggyback thrusting. With radiocarbon dating and analysis of tephra
layers, along with historical references, (Benediktsson et al., in review-b) bracket the
formation of the moraine between AD 1717 and 1760, which suggests that Mulajokull had
its LIA maximum and most extensive surge earlier than many other surge-type glaciers in
Iceland.

= - s
Loess-peat-tephra (LPT) ~=~ Tephra |===_| Fault plane and sense of shear
[ Diamict Bedding [~ = Projected fault plane and sense of shear

|:| Sand [~ | Rusty peat
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.......

Fig. 22. A section through the outermost early Little Ice Age end moraine at Mulajokull. The
photograph (upper) shows a 2x1 m grid that was used for accurate structural mapping. Note the
spades for scale. The scale diagram (lower) shows the sediment facies architecture of the end
moraine. Note the steep, overturned folds and thrusts in the crest zone (0-23 m) and open, low-
amplitude folds in the distal part (23-48 m). Numbers in red indicate the interpreted relative age of
thrusts. Modified from Benediktsson et al. (in review-b).

2.7.5 Satujokull — surge deposits overprinting older polythermal landforms

Satujokull drains the Hofsjokull ice cap towards north (Fig. 1). There are no historical or
recent observations of surges in Satujokull (Bjornsson et al., 2003). Evans et al. (2010) and
Evans (2011) mapped the Satujokull forefield and found the surficial geology and
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geomorphology to suggest glacial landsystem overprinting as a result of complex glacier
behaviour during the historical period. They defined two broad landsystems: Landsystem 1
comprises a wide arc of ice-cored moraine and controlled moraine ridges lying outside
fluted and drumlinized terrain. This, they suggested, was strongly indicative of polythermal
conditions, and recorded climatically driven glacier advance. These features are
characteristic of LIA maximum limits on a number of glacier forelands in the arid interior
uplands of Iceland, where environmental factors created polythermal conditions in glacier
snouts during the LIA (Evans, 2010), and records a climatically driven glacier advance.
Landsystem 2 contains most of the diagnostic criteria for the surging glacier landsystem
and records two separate surges by the western margin of Satujokull in the period since the
attainment of the LIA maximum advance. The occurrence of Landsystem 2 is significant
because Satujokull has not been previously regarded as a surging glacier. Evans (2011)
pointed out that landsystem overprinting, especially in response to changing thermal
regimes and/or glacier dynamics, and particularly by different flow units in the same
glacier, is rarely reported but is crucial to the critical application of modern landsystem
analogues to Quaternary palaeoglaciological reconstructions.

2.8 Drangajokull — different surge fingerprinting

Drangajokull (Figs. 1 and 23) is in the class of small Icelandic ice caps, covering only about
143 km® (Johannesson et al., 2013). It reaches 915 m a.s.l. and its equilibrium line altitude
at 550-600 m a.s.l. is about half the altitude of ELA on the other ice caps in Iceland,
reflecting low summer temperature, short melting season, and high precipitation over the
eastern Vestfirdir peninsula (Bjornsson and Palsson, 2008).
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Fig. 23. An overview map of the geomorphology and sediments around Drangajokull. Map base:
Aerial orthophotos from 2005-2006 by Loftmyndir ehf. Modified from Brynjolfsson et al. (2014).

Drangajokull” s three main outlets, Reykjarfjardarjokull, Leirufjardarjokull and
Kaldalonsjokull, are all surge-type glaciers (Bjornsson et al., 2003; Sigurdsson, 2005;
Sigurdsson and Williams, 2008; Thorarinsson, 1969). A number of surges are known since
the LIA (Eythorsson, 1935; Thorarinsson, 1943) (Fig. 24): Leirufjardarjokull and
Kaldalonsjokull surged around AD 1700 and 1740, and all three glaciers surged in the mid-
nineteenth century and again in the 1940s. More recently, Leirufjardarjokull and
Kaldalonsjokull surged between 1995 and 2000 (Fig. 2D and 2E), and Reykjarfjardarjokull
between 2002 and 2006 (Sigurdsson, 1998; Sigurdsson, 2003; Sigurdsson and Johannesson,
1998). It is interesting to note that while the active phase of Icelandic surge-type glaciers
usually lasts for few months to a year (Bjornsson et al., 2003; Fischer et al., 2003), the last
two surges of the Drangajokull outlets lasted about five years. This makes the surge activity
of Drangajokull outlet glaciers unique for Icelandic ice caps, and resembles the surging of
Icelandic cirque glaciers (Brynjolfsson et al., 2012) and Svalbard glaciers where the active
phase typically lasts 3—10 years (Dowdeswell et al., 1991; Jiskoot et al., 1998; Lonne,
2014; Lonne, 2014; Murray et al., 2003).
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2.8.1 Surge fingerprinting of Drangajokull outlet glaciers

Brynjolfsson et al. (2014) mapped landforms in front of the three surge-type outlets
draining the Drangajokull ice cap (Fig. 22) and presented the first detailed
geomorphological maps over the forefields of the surging outlets. The geomorphology is
dominated by extensive sandur fields that cover the valley floors and end moraines.
Landforms less common but present include fluted till plains, eskers, kame terraces, pitted
sandur, and hummocky moraine. The till is generally coarse grained and rich in boulders.
The terminal moraines of the three surging outlets are 1015 m high and consist mainly of
gravel pushed up from the outwash plain but also include some peat, fines and diamict.
Other moraines are present but are lower in relief and somewhat indistinct. None of the
landforms mapped are unique for surging glaciers nor is this suite diagnostic for the surging
glacier landsystem as described by the models of Evans and Rea (1999, 2003) and
Schomacker et al. (2014). The surging glacier landsystem models of Evans and Rea (1999,
2003) and Schomacker et al. (2014) recognize hummocky moraine, pitted sandur, crevasse
fill ridges, and concertina eskers as important components of the surging glacier
landsystem. These are minor or largely absent in front of the Drangajokull outlets. This
could be owing to the thin basal till, generally coarse-grained till matrix, subglacial
thermal- or hydrological conditions during the surges, or extensive fluvial erosion on the
valley bottoms. The impermeable Neogene plateau basalt substratum at Drangajokull might
also control subglacial hydrology and till composition to some degree.
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Fig. 24. LIA and recent ice marginal fluctuations of (A) Reykjafjardarjokull, (B) Leirufjardarjokull,
and (C) Kaldalonsjokull. Years in italics denote surges, and bracketed years are known ice marginal
positions. Modified from Brynjolfsson et al. (2015).

2.8.2 Surge history of Drangajokull outlets

Brynjo6lfsson et al. (2015) reconstructed a 300 year surge history of the Drangajokull ice
cap, based on geomorphological mapping, sedimentological studies and a review of
historical records (Fig. 24). There is valuable historical information available on the surge
frequencies over the past 300 years, because of the proximity of the surging outlets,
Reykjarfjardarjokull, Leirufjardarjokull and Kaldalonsjokull to farms and pastures, as well
as close monitoring of the glaciers since 1931. According to the historical data, each of the
three surge-type outlet glaciers was recognized to have surged 2-4 times, but the
geomorphological mapping of the glacier forefields revealed twice as many end-moraines
as previously recognized surges. Accordingly, Brynjolfsson et al. (2015) reconstructed five
surges by Reykjarfjardarjokull, seven by Leirufjardarjokull and six by Kaldalonsjokull. The
surge interval varies between and within the outlets. About 50-60 years are between the last
two surges of each outlet. The interval is generally shorter in the 19" century and in the
beginning of 20" century. Surges of Leirufjardarjokull occurred with about 10 year
intervals during the period ~1840-~1898 AD. About 140 years elapsed with no surges
recorded from Leirufjardarjokull from ~1700-~1840 AD, possibly reflecting a lack of
information rather than a long quiescent phase of the glacier. Individual outlets of
Drangajokull reached their LIA maximum extent asynchronously during surges in the
period ~ 1700 — 1846 AD. Leirufjardarjokull reached its maximum extent about 1700 AD
and again about 1840 AD. Reykjarfjardarjokull reached its LIA maximum extent about
1846 AD, whereas Kaldalonsjokull reached its maximum around 1700 AD. Any clear
relationship between the surge interval of the Drangajokull surge-type glaciers and climate
has not been established. Surges were more frequent during the 19™ century and the earliest
20™ century compared to the relative cool 18" century and the warmer late 20" century,
possibly reflecting a lack of information rather than a long quiescent phase of the glaciers.

Brynjolfsson et al. (2015) also estimated the areal and volumetric changes of these glaciers
since the LIA maximum by making a digital elevation model (DEM) of the reconstructed
glacier that could be compared with a modern DEM. As reference points for the digital
elevation modelling they used the recently mapped lateral moraines and historical
information on the exposure timing of nunataks in Drangajokull. During the LIA maximum
surge events, the surging outlet glaciers extended 3-4 km further down-valley than at
present, their ice volumes were at least 2-2.5 km® greater than in the beginning of the 21
century, and their size has diminished by 22-34% since the maximum extent in the LIA.
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The Drangajokull ice cap decreased in area from ~216 km® during the LIA maximum

extent (Brynjolfsson et al., 2015) to 143 km” in 2011 (Johannesson et al., 2013) .
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Fig. 25. Summary of controls and processes (inner circle) and products (outer circle) of surging
glaciers as observed in Iceland. Most landforms (arrowed) are time-transgressive within the
respective phase of the surge cycle, except marginal sediment wedges, blow-out structures and
glacitectonic end moraines that are formed at surge termination. The timing of the formation of
concertina eskers within the surge cycle is not clear, although they become exposed during the
quiescent phase. Note the difference in duration of the quiescent and active phases of the surge

cycle, and the contrasting number of active processes and products within the two phases.
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Summary and discussion

Over the past decade, in depth studies of surge fingerprinting of a number of surge-type

outlets draining the Icelandic ice caps have been undertaken, using state of the art methods
in remote sensing and geomorphological, sedimentological and structural field mapping.
This has allowed for unprecedented quantification of surge impacts on the subglacial and
proglacial environment as well as advancing our understanding of the dynamics of surging
glaciers and the processes operating during and after the surges (Fig. 25):

The Bruarjokull studies resulted a new model (Fig. 3) for controls on rapid ice flow
during surges (Kjer et al. 2006). Jiskoot et al. (2000) suggested that the most
common property of surge-type glaciers is their setting on soft sediments and tills,
rather than bedrock, and earlier models explained fast ice flow by two modes of
basal motion largely dependent on ice/bed coupling (Cofaigh and Stokes, 2008;
Fischer and Clarke, 2001). The basal sliding model proposes that decoupling of a
glacier from its bed enables fast ice flow through increased basal sliding across the
ice/bed interface or very shallow subglacial deformation (Engelhardt and Kamb,
1998), and the deformable bed model suggests that fast ice flow is sustained by
deformation of water-saturated subglacial sediment that is coupled to the glacier
(Alley et al., 1986; Alley et al., 1987; Boulton and Hindmarsh, 1987; Nelson et al.,
2005). Both models associate the driving process with subglacial hydrological
changes (Harrison and Post, 2003a). The new model of Kjer et al. (2006), involving
a decoupling beneath a thick sediment sequence that was coupled to the glacier,
provides a solution to the enigmatic observation that landforms and sub-surface
sediments related to rapid ice flow often display depositional and deformational
features that suggest strong ice/bed coupling, which is incompatible with enhanced
basal sliding across the ice/bed interface. Subglacial sediment deformation is
confirmed by a large body of evidence from studies of Pleistocene and recent tills
(Benn and Evans, 1996; Boulton et al., 2001; Clarke, 2005; Cofaigh and Evans,
2001; Denis et al., 2010; Evans et al., 2006, Hart, 1995b; Nelson et al., 2005; van
der Meer et al., 2003). The thickness of the deforming layer, however, and if spatial
continuity of subglacial deformation is able to sustain fast flow, are still
controversial (Larsen et al., 2004; Piotrowski et al., 2001), while arguments for a
thinner and discontinuous deformable bed are provided from observations at
modern glaciers and laboratory experiments (Fuller and Murray, 2000; Piotrowski
et al., 2004).The model of Kjar et al. (2006) does not claim to account for all
instances of observed fast flow, which likely reflects a suite of processes resulting
from complex interplay between subglacial thermal and hydrological conditions as
well as the nature of the substrate and the subglacial topography. However, it adds
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to the ongoing discussion on the role of subglacial sediment deformation as a
mechanism for the rapid flow of ice streams that are responsible for the bulk of ice
discharged from large ice sheets. Ice streams, in turn, impact on global sea level,
ocean circulation and climate, and therefore the importance of understanding
subglacial bed conditions and processes extends beyond the confines of the ice sheet
bed itself (Cofaigh and Stokes, 2008).The presence of subglacial till and the
limitations of subglacial drainage during the surge as outlined above provide
mechanisms for the surge velocities to be sustained throughout the period of
surging.

Ice marginal landforms and sediments provide information on processes operating
at the margins of both advancing and retreating glaciers (Benn and Evans, 2010;
Bennett, 2001; Kristensen et al., 2009; Kriiger et al., 2010). Recent glacial
geological research developments in Iceland have emphasized the importance of
integrating morphological, structural and sedimentological data for obtaining a
holistic view of sub-marginal and ice-marginal processes at work during glacier
surging, as well as of end-moraine architecture and formation (Benediktsson et al.,
2009; Benediktsson et al., 2008; Benediktsson et al., 2010; Bennett et al., 2004a;
Bennett et al., 2004b). Bennett et al. (2004a, 2004b) attributed lateral variability in
ice-marginal deformation and tectonic architecture of two surge moraine complexes
at Hagafellsjokull-Eystri to pre-deformation geometry, thermal regime, and
rheology of the foreland. Similarly, Benediktsson et al. (2008, 2009, 2010)
explained lateral variability in morphology and architecture of the 1890 and 1963-
64 moraines at Braarjokull and 1890 moraines at Eyjabakkajokull with spatial
variation in subglacial ice-flow mechanism and hydrology, and thickness and
rheology of the foreland wedge. These studies, along with more recent ones
(Benediktsson, 2012; Benediktsson et al., in review-b), have provided new
information on sub-marginal and ice-marginal processes during glacier surging and
demonstrated the importance of glaciotectonic end moraines for the understanding
of the dynamics of fast-flowing glaciers. According to the model by Benediktsson et
al. (2008) the sediment wedge discovered in the marginal zone of the 1890
Bruarjokull surge formed in response to substrate/bedrock decoupling (Kjar et al.,
2006) and concomitant down-glacier transport and deformation of subglacial
sediment. Thus, Benediktsson et al. (2008) ventured if the sedimentary wedge could
stand as an analogue for the formation of ice stream grounding line wedges
described from e.g. the Barents Sea, Greenland and Antarctica (Andreassen et al.,
2014; Cofaigh et al., 2008; Dowdeswell and Fugelli, 2012; Jakobsson et al., 2012;
Ottesen et al., 2008) where fast flow could potentially be facilitated by high
porewater pressure in the substrate and associated decoupling at a stratigraphic
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discontinuity at depth. Similar asymmetric, till-wedge end moraines are common
along the former margins of southern Laurentide lobes and their formation has been
attributed to bed deformation advecting till towards the ice margin (Eyles et al.,
2011; Johnson and Hansel, 1999). Additionally, many of these southern Laurentide
ice lobes are thought to be the outlets of rapid, streaming glaciers (Jennings, 2005).
The balancing of moraine cross-sections at Bruarjokull, Eyjabakkajokull and
Mulajokull has shown that the total horizontal shortening of the foreland strata
during moraine formation ranges typically from ~27% in moraines with multiple
low-amplitude folds to ~39% in moraines with overturned folds and thrusts and
~76% where multiple overfolding and refolding occurs. By comparing the
shortening distances to known ice-flow velocities during surges, a time-frame of
only about 1 day was established for the formation of 5-20 m high, single-crested,
fold-dominated moraines and 2-6 days for up to 40 m high, multi-crested, fold and
thrust moraines. This new information demonstrates the dynamic nature of ice-
marginal landform development during glacier surges and may aid future efforts of
reconstructing ice-flow rates from the landform record.

The different structural style of the end moraines at Braarjokull implies spatial
variations in subglacial ice-flow mechanism (Benediktsson et al., 2009). Single- and
sharp-crested moraines occur in areas of overall fine-grained sediments; they are
dominated by ductile deformation and were formed as part of a marginal sediment
wedge. Thus, they indicate high porewater pressure in the substrate during a surge
and substrate/bedrock decoupling as the principal mechanism of ice flow
(Benediktsson et al., 2008; Kjer et al., 2006). On the contrary, broad-crested
moraines are dominated by stacked thrust sheets of generally coarser sediments,
which could not support high porewater pressure in the substrate during a surge.
Therefore, it is unlikely that substrate/bedrock decoupling was the principal
component of ice-flow in these areas, but rather deformation of the bed. This may
explain why Bruarjokull advances a few kilometres further where fine-grained
sediments dominate (substrate/bedrock decoupling) than in overall coarse-grained
areas (bed deformation) (Benediktsson et al., 2009; Gudmundsson et al., 1996).
Thrusted and stacked end moraines (thrust-block moraines) have been primarily
linked with surge-type glacier advances (Croot, 1988a; Croot, 1988b; Evans and
Rea, 1999; Sharp, 1985b). The studies by Benediktsson et al. (2008, 2009, 2010)
definitely support the notion that complex thrust moraines can be regarded as an
indication of the dynamic state of the advancing glacier, both modern and ancient.
Most known surges around the world are recent or historical, as expanding LIA
glaciers frequently obliterated signs of earlier Holocene or Neoglacial surges.
Striberger et al. (2011, 2012) give a unique insight into the Eyjabakkajokull surge
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history way beyond historical records by studying lake sediment cores. They
suggested that the switching on of surge behaviour around 2200 BP, about 2100
years subsequent to the Neoglacial reforming of Eyjabakkajokull, as well as the
increased frequency of surges during the LIA, strongly indicated climate/mass
balance control on surge initiation and frequency. There are several previous studies
on how glacier mass balance controls surge frequency (Harrison and Post, 2003a),
and how a more positive mass balance can result in a shorter period between
subsequent surges (Eisen et al., 2001). Dowdeswell et al. (1995) suggested for
Svalbard surging glaciers that a distinct reduction in surges between 1936 and 1990
was related to a clear decrease in glacier mass balance over the same period. Shift in
mass balance could also prevent glaciers which surged in the past from
accumulating sufficient mass to initiate future surge activity and thus removing
them from the surge cycle, as has been proposed for Scott Turnerbreen and Midtre
Lovénbreen in Svalbard (Hansen, 2003; Hodgkins et al., 1999). Reversely, Hewitt
(2007) and Copland et al. (2011) reported a sharp increase in the number of new
surges in the Karakoram Mountains since 1990, that was coincident with a period of
increased temperatures and precipitation causing positive glacier mass balance in
that region. This agrees with the suggestion of Dolgushin and Osipova (1978) and
Harrison et al. (2008) that in some cases there appeared to be a simple connection
between the interval between surges and the time needed to fill the reservoir area.
Bjornsson et al. (2003), Larsen et al. (2015) and Brynj6lfsson et al. (2015) found
little connection between mass balance and surge periodicity for Icelandic surge-
type glaciers. This makes particularly interesting the prediction of Striberger et al.
(2011) that surges of Eyjabakkajokull, and possibly similar surge-type outlet
glaciers in comparable settings, will become less frequent in a warming climate due
to reduced rates of net mass input and lengthening of the quiescent phase, and
ultimately, Eyjabakkajokull may even fail to re-enter its active phase and switch
back to a non-surging mode. Evans et al. (2010) and Evans (2011) presented
evidence that Satujokull, an outlet glacier draining the northern Hofsjokull ice cap
in central Iceland, had switched from non-surging mode to surge-type behaviour
since the LIA. This, Evans (2011) regarded as an example of changing thermal
regimes and/or glacier dynamics in different flow units of the same glacier, thereby
providing a modern analogue for similar spatial and temporal switches in glacier
behaviour in Pleistocene landform-sediment assemblages.

Landsystem models help identifying former surging glaciers with the ultimate aim
of better understanding past ice sheet dynamics, and detailed interpretations of
ancient glaciated terrains rely heavily on understanding of process—form
relationships in contemporary glacierized basins (Clayton and Moran, 1974; Evans
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and Rea, 1999; Evans and Rea, 2003; Evans and Twigg, 2002; Evans et al., 2007;
Stokes and Clark, 1999; Stokes and Clark, 2001). The studies at Bruarjokull and
Eyjabakkajokull resulted in a refined landsystem model for warm-based surging
glaciers (Fig. 14) (Schomacker et al., 2014) and the work of Brynjolfsson et al.
(2012) produced the first landsystem model for small surge-type cirque glaciers
(Fig. 18). Evans and Rea’s (1999, 2003) landsystem model for surging glaciers was
partly based on a geomorphological map of the Eyjabakkajokull forefield. Their
model includes three zones (A, B, and C), each of which contains a characteristic
assemblage of sediments and landforms. The refined landsystem model of
Schomacker et al. (2014) largely agrees with the model by Evans and Rea (1999,
2003); however, with some modifications as to the forefield zonation and location
of landforms. Nevertheless, boxing-in the sedimentological and morphological
fingerprinting of surging glaciers is not the ultimate aim of these studies; they
primarily provide means to identify tracks of fast-flowing ice and obtain
information about basal processes, ice flow and ice disintegration on local, regional
and temporal scales. Moreover, the landsystem models reflect landform
assemblages that in most cases result from the impact of multiple surges (Fig. 5). As
a result, the landsystem models may serve as analogues when identifying and
separating different fast flow events or, alternatively, the switching-on and -off of
fast flow in the geological record. Long-term projects at modern surge-type glaciers
also provide opportunities to track landform development through time and improve
conceptual models of their formation. For instance, Schomacker et al. (2006)
described how ice-cored drumlins at Braarjokull develop into areas of hummocky
moraine as the ice-cores melt out in the quiescent phase. Ice-cored drumlins are
transitional state landforms from the surging glacier landsystem that have a low
preservation potential but contain important information about the surge process.
Similarly, Olafsdottir (2011) used field observations and time-series of aerial
photographs to propose a step-by-step depositional model for concertina ridges at
Eyjabakkajokull. Such studies highlight the value of repeated field campaigns and
the use of historical aerial photographs that reveal snapshots of the forefields during
earlier times. Hence, they provide information about the processes and stages of
formation of surge-related landforms and sediments and not only the end-product
left in the geological record. Finally, using the landsystem approach in mapping
glacier forefields, surge-fingerprinting/overprinting has allowed for identifying
some Icelandic outlet glaciers as surge-type glaciers despite lack of historical or
observational records (Evans, 2011; Evans et al., 2010) as well as revealing a
number of surge episodes previously unknown at known surge-type glaciers
(Brynjolfsson et al., 2012; Brynjélfsson et al., 2015).
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e Drumlins and drumlin fields are prominent features in the landscapes of Pleistocene
ice sheets, and they have been intensely studied for decades as indicators of
palaeoglaciological conditions and glacier dynamics (Benn and Evans, 2010; Clark
et al., 2009; Menzies, 1979; Patterson and Hooke, 1995). Despite this, there is
currently no unifying theory on drumlin formation (Benn and Evans, 2006; Boulton,
1987; Clark et al., 2009; Johnson et al., 2010; Shaw, 2002; Spagnolo et al., 2014;
Stokes et al., 2013) and modern analogues to the Pleistocene drumlin fields were
unknown until Johnson et al. (2010) described the Mulajokull drumlin field. The
results of Johnson et al. (2010), Jonsson et al. (2014) and Benediktsson et al. (in
review-a) suggest that (a) initial formation and location of proto-drumlins are
controlled by the splayed crevasse pattern of the ice front; (b) a positive feedback
mechanism causes crevasses to form above the drumlins and the drumlins to accrete
through till deposition; (c) drumlins form as a result of a combination of erosion on
the sides and deposition on top; (d) there is a connection between the relief and
elongation ratio of drumlins and rate and/or duration of ice flow, where their relief
and elongation ratio increases as the glacier erodes the sides and drapes a new till
layer over the landform. Kjer et al. (2008), on the other hand, suggested that the
formation of drumlins in the Bruarjokull forefield was tied to re-moulding of pre-
existing landforms.

3. Future research challenges

Future research challenges on surging glaciers and their geological signatures that can be
outlined based on the status of the glacial geological research in Iceland include the
following outstanding research questions and challenges:

- Understanding better the relation between climate parameters and surges

Surge-type behaviour has largely been thought to be controlled by internal glaciological
mechanisms rather than external forcing, and therefore surging glaciers have not been
thought be a reliable indicator of glacier response to climatic perturbations (Meier and Post,
1969). Striberger et al. (2011, 2012) showed that Eyjabakkajokull switched from being a
non-surging glacier to a surge-type glacier about 2000 years ago, and suggested that the
frequency of surges could be related to climate controlled mass balance changes. Sevestre
and Benn (in press) suggest the existence of climatic envelopes conducive to surging
implies that glaciers may change from ‘normal’ to surge-type and vice versa under cooling
or warming climates. Are surge frequencies in Iceland generally going to decrease with
increasingly more negative mass balance of glaciers and ice caps? Conversely, could an
increase in winter precipitation and changes in the ability of the glacier to transfer excess
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mass from the upper reservoir area to the lower ablation area cause some of the outlet
glaciers draining the Myrdalsjokull ice cap or the high domes of Vatnajokull to switch to
surge-type behaviour, as has happened in the Karakoram Mountains (Copland et al., 2011)?
Likewise, will increased subglacial meltwater as a consequence of amplified surface
melting in a warming climate facilitate basal deformation and/or sliding so ice flow
becomes more efficient and switches off surging behaviour?

- Can we scale up landsystem models for surging glaciers for better understanding ice-
stream behaviour?

Recent understanding of ice-stream dynamics highlight differences between terrestrial
based ice streams and those entering the marine realm and feeding coastal ice shelves, but it
is becoming increasingly clear that during deglaciation of the Pleistocene ice sheets there
occurred major changes in ice-stream activity where ice streams oscillated or turned on and
shut down (Andreassen et al., 2014; Bjarnadottir et al., 2014; Cofaigh et al., 2010; De
Angelis and Kleman, 2005; Evans et al., 1999; Evans et al., 2014; Kleman and Applegate,
2014; Stokes et al., 2009). One motivation for studying the geological effects of surging
glaciers in Iceland and landsystem modelling has been to better understand processes and
patterns of fast flowing ice. Surging ice lobes/ice streams during the deglaciation of the
Laurentide Ice-Sheet (LIS) have been identified by e.g. Clark (1994), Clayton et al. (1985),
Colgan et al. (2003) and Evans et al. (2014). Although Evans et al. (1999) suggested it was
possible to use modern surge-type glaciers in Iceland as analogues for fast flowing ice/ice
streams during the deglaciation of the LIS, recent studies by e.g. Colgan et al. (2003) and
Evans et al. (2014) indicate that during deglaciation alternate cold, polythermal, and
temperate marginal conditions sequentially gave way to more dynamic and surging activity
during ice-sheet recession. It is, therefore, still a challenge if we can scale-up present-day
surging processes and landsystem models for applying to Pleistocene ice streams, and if so,
if they are restricted to depicting sediment and landform patterns developed during
decaying stages of ice streams? Yet, individual landforms and landform assemblages within
surging glacier landsystems may hold the key to the up-scaling from surge-type glaciers to
ice streams. Sediment wedges formed in the marginal zones of surging glaciers may be
important analogues to ice stream grounding line wedges, and could suggest that studies,
which aim at understanding the ice-flow mechanism of ice streams and the processes
responsible for the formation and stability of grounding line wedges (Alley et al., 2007;
Anandakrishnan et al., 2007), should be directed towards their internal architecture and
boundary to underlying sediment or bedrock. Similarly, the increased elongation ratio of
drumlins with the number of surges at Mulajokull may aid our understanding of bedform
assemblages beneath fast flowing ice and could be regarded as analogous to the
development of megaflutes or mega-scale glacial lineations beneath ice streams (Briner,
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2007; Stokes and Clark, 2002). The question still remains, though, whether highly elongate
subglacial bedforms are indicative of fast flow over relatively short time or slow flow over
longer time (Stokes and Clark, 2002), and also if subglacial bedforms with low elongation
ratio represent short-lived periods of fast flow? Due to poor accessibility of modern ice
stream beds, further studies and monitoring of surge-type glaciers are the most likely means
to provided answers to these questions.

- Extending and complementing historical and observed surge history by studying sediment
cores from proglacial lakes

Coring proglacial lakes that preserve signatures of surge activity in their sedimentological
record has been very successfully carried out by Striberger et al. (2011) for Eyjabakkajokull
and Larsen et al. (2015) for Sudurjokull. This has proven very valuable for identifying
surge episodes in the past and extending the surge history of the respective glaciers. As
proglacial lakes are fairly common at surge-type glaciers in Iceland (and elsewhere) this is
a novel archive that needs to be further explored.

- Can we reconstruct past surge flow rates from glacial landforms and sediments?

Although highly elongate bedforms have been suggested to indicate fast ice flow (Stokes
and Clark, 2002; Briner, 2007), past flow rates have, to our knowledge, not been
successfully reconstructed from the sediment and landform record. Benediktsson et al.
(2008) found a clear connection between dynamics of sediment wedge development, end
moraine formation, and rate of ice flow/marginal advance (~120 m/day) during the
Bruarjokull surges. However, glaciotectonic end moraines at other surge-type glaciers in
Iceland (Eyjabakkajokull, Mulajokull, Leirufjardarjokull) show similar architectural and
morphological characteristics although the surge advances of those glaciers were one or
two orders of magnitude slower than at Braarjokull (Benediktsson et al., 2010, in review-b;
Brynjolfsson et al., 2015). The architectural and morphological characteristics indicate that
these landforms originate from fast advances and may thus be useful analogues in the
identification of surging glacier or ice stream landsystems. They cannot, however, be used
to infer actual flow rates and the models for their formation need to be tested by carrying
out more case studies. Likewise, high elongation ratios of drumlins or MSGLs may be a
strong indicator of fast flow but as yet, not sufficient proxies for reconstructing rates of ice
flow. Hence, techniques have surely been developed for identifying landscapes of fast
flowing ice but need yet to be developed for the reconstruction of actual flow rates and
must be regarded as a future challenge in the studies of fast flowing glaciers.

- Are drumlin fields indicative of fast flowing ice?

It is quite clear from the results of Johnson et al. (2010), Jonsson et al. (2014) and
Benediktsson et al. (in review-a) that drumlins in the recent Mulajokull drumlin field form
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by a combination of erosion and deposition and there exists a connection between duration
of ice flow/number of surges and drumlin relief and elongation ratio. Individual drumlins
observed at Bruarjokull and Eyjabakkajokull are similar in dimensions to drumlins within
the Mulajokull drumlin field but are of different composition being ice-cored or rock-cored,
respectively. They originate from the streamlining of dead-ice and bedrock, which likely
involves both erosion of the core and deposition of a till carapace (Schomacker et al., 2006,
2014). Although these drumlins are formed by surging glaciers, drumlins have also been
described from non-surging glaciers (Kriiger, 1987; van der Meer, 1983), so drumlins as
individual landforms cannot be attributed to fast ice flow alone. Drumlin fields, however,
have widely been used to identify the tracks of past ice streams (e.g. Stokes and Clark,
2002; Briner, 2007; Maclachlan and Eyles, 2013 ) and the recent discovery of the active
drumlin field at Mulajékull may suggest that fast flow is required for the formation of large
fields of drumlins (Johnson et al., 2010; Jonsson et al., 2014). The challenge here is to test
if the model of Benediktsson et al. (in review-a) can be used to generate quantitative
predictions of drumlin length, width and relief, as well as of landform evolution and
history, and test predictions against statistically valid observations of real drumlin fields (cf.
Clark et al. 2009).

- How do concertina eskers and crevasse fill ridges form?

Although crevasse fill ridges and concertina eskers are uniquely associated with surging
glaciers their formation is not fully understood. Cross cutting relationships between flutes
and crevasse fill ridges have not been entirely explained and the processes operating
between infilling of basal fractures by till and crevasse fill ridges becoming exposed on the
foreland during the quiescent phase melting out of dead ice are not clear. Thorough
sedimentological studies, linked to detailed observations of processes operating during
surges (Kristensen and Benn, 2012) could highlight the chain of processes explaining the
flute-crevasse fill ridge relationships. There are also still some aspects as to the formation
of concertina eskers that are not well understood. The original explanation of Knudsen
(1995) of concertina eskers being formed by compression and deformation of pre-surge
englacial eskers has largely been abandoned in favour of them being the result of
supraglacial or englacial meltwater deposition in linked cavities or crevasses during or
immediately after the surge (Benn and Evans, 2010; Evans and Rea, 2003; Olafsdottir,
2011). Further sedimentological and structural studies of concertina eskers could clarify the
processes of their formation in the course of a surge as well as better explaining their spatial
pattern.
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- Modelling challenges

Modelling ice stream and surge-type glacier behaviour has proved to be a challenge, as 3-D
higher-order ice sheet models need to be coupled to physically based subglacial processes
models (Bougamont et al., 2011; Kirchner et al., 2011; Van Pelt and Oerlemans, 2012),
where mechanical properties of subglacial till bed evolve in response to dynamical,
hydrological and thermal changes. A recent study by Gladstone et al. (2014) highlighted the
importance of incorporating basal processes in ice flow models and stated that models of
surge-type glaciers should be able to simulate subglacial hydrology and its impact on bed
yield strength. They suggested that modelling the interaction between sediment properties
and water pressure evolution was essential. Schoof and Hewitt (2013) point out numerous
poorly understood thermomechanical feedbacks in ice flow and describe the current, often
poorly constrained, state of models for ice-sheet sliding and subglacial drainage, as well as
their role in ice-stream dynamics. They underscore the need for the models to accurately
describe the coupling between ice dynamics, basal conditions and subglacial hydrology.
Glacial geological research on surge-type glaciers in Iceland, emphasizing subglacial and
ice marginal processes and products, can provide boundary conditions for improved ice
stream and surge-type glacier models. Recent data highlight how mechanical and
hydrological conditions of a deformable substrate have affected surging of Braarjokull and
Eyjabakkajokull and the resulting landforms and patterns of sediment distribution. One
research challenge is to better understand ice dynamics and subglacial conditions during the
last phase of the surge when sediment wedge and surge moraines develop, as well as the
development of ice marginal crevasses and how they affect subglacial stresses and thereby
drumlin formation (Benediktsson et al., in review-a).
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Glacial geomorphological map of the forefield of
Reykjarfjardarjokull, north west Iceland
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Glacial geomorphological map of the forefield of
Leirufjardarjokull, north west Iceland
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Glacial geomorphological map of the forefield of Kaldalonsjokull,
north west, Iceland

Skafti 123", Anders T, Olafur
")Department of Geology, Norwegian University of Science and Technology
2institute of Earth Science, University of Iceland
Ilcelandic Institute of Natural History
“)The University Centre in Svalbard

Email:

Map based on field studies during the summer 2013
aerial photos recorded in August 2005-2006
and LiDAR data recorded in July 2011
Map projection and datum, ISN93 WGS84

Extra-marginal sediments
Subglacial surface
Periglacial surface
Perennial snow

Lake

Recent moraine
Moraine older than LIA
Flute

Ice sculpted bedrock
Pitted sandur

Esker

Sandur

River

233



