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Reconstruction of the glacier dynamics and Holocene chronology
of retreat of Helagsglaciaren in Central Sweden
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Kurop, A., 2023: Reconstruction of the glacier dynamics and Holocene chronology of retreat of Helagsglaciéren in
Central Sweden. Dissertations in Geology at Lund University, No. 660, 34 pp. 45 hp (45 ECTS credits).

Abstract: Despite significant effort put into reconstructing Holocene glacial history in Scandinavia, evidence of
glacier fluctuations in Sweden is mostly limited to palacoclimatic proxies while dating of direct geological evidence
from glacier forelands is rare. This is in stark contrast to Norway where the latter is a well-developed practice. The
Southern Swedish Scandes in particular have limited research history when it comes to their glaciological and
geomorphological record. This study aims to start filling this gap. By using geomorphological mapping,
sedimentology, lichenometry and Equilibrium Line Altitude (ELA) reconstruction, I investigate the glacier
dynamics, Holocene chronology of fluctuations and palacoclimatic factors acting on Helagsglacidren, Sweden’s
southernmost glacier.

Helags valley is occupied by extensive glacial and associated sediments of different ages far beyond the current
extent of the glacier, indicating earlier prominent advances dated to 8.5-8.0 ka, around the 9™-10" century AD and
around 1789 AD, which was the Little Ice Age (LIA) maximum. Throughout the Holocene, the glacier switched
from a polythermal regime with frozen bed at the thinning ice margin and parts of the tongue to a fully temperate
one. Today, its southern part remains temperate and active, while the northern became cold-based and is largely
inactive. The climate during the 8.5-8.0 ka event was reconstructed to be very cold and wet; slightly warmer and
drier during the 9"-10™ century AD advance and coldest and driest during the LIA. This agrees well with other
paleoclimate and glacier fluctuation reconstructions from Scandinavia and especially Jamtland. It is concluded that
small cirque glaciers can uncover a wealth of information about their past dynamics and surrounding climate and
thus should be studied more extensively.
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Rekonstruktion av glaciarens dynamik och holocen kronologi av
Helagsglaciaren i Mellansverige
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Kurop, A., 2023: Rekonstruktion av glacidrens dynamik och holocen kronologi av Helagsglacidren i Mellansverige.
Examensarbeten i geologi vid Lunds universitet, Nr. 660, 34 sid. 45 hp.

Sammanfattning: Trots att betydande anstrédngningar lagts ned pa att rekonstruera holocen glacial historia i
Skandinavien, dr bevis pa glacidrfluktuationer i Sverige mestadels begransade till paleoklimatiska proxies medan
datering av direkta geologiska bevis fran glacidrens forland ar séllsynta. Detta star i skarp kontrast till Norge, dar
det senare &r en vil utvecklad praxis. De sodra Skandernas glaciologiska och geomorfologiska historik ar i Sverige
daligt studerad. Denna studie har som mal att fylla en del av denna lucka. Genom att anvinda geomorfologisk
kartering, sedimentologi, lichenometri och rekonstruktion av Equilibrium Line Altitude (ELA), undersoker jag
glacidrens dynamik, holocena kronologi av fluktuationer samt paleoklimatiska faktorer som verkar pa
Helagsglacidren, Sveriges sydligaste glacidr.

I Helagsdalen finns omfattande glaciala och tillhérande sediment av olika aldrar, dven ldngt bortom glacidrens
nuvarande utbredning. Detta indikerar framtriddande tidigare framryckningar daterade till 8,5-8,0 ka, runt 900-talet
e.Kr. samt runt 1789 e.Kr. vilket var den lilla istidens maximum. Under hela holocen vixlade glacidren fran en
polytermisk regim med fruset underlag vid den tunna iskanten och delar av tungan till en helt tempererad glaciér.
Idag ar dess sodra del fortfarande tempererad och aktiv, medan den norra delen blev kall och &r i stort sett inaktiv.
Klimatet under framryckningen 8,5-8,0 ka var enligt rekonstruktionen mycket kallt och blstt. Klimatet var négot
varmare och torrare under 900-talets frammarsch och kallast och torrast under lilla istiden. Detta stimmer vil
overens med andra paleoklimat- och glacidrfluktuationsrekonstruktioner frain Skandinavien och speciellt Jamtland.
Jag drar slutsatsen att sma nischglacidrer kan avslgja en mingd information om deras tidigare dynamik och
omgivande klimat och darfor bor studeras mer omfattande.
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1 Introduction

Glaciers are sensitive indicators of climate
change and many are reported to have retreated in
recent years in response to global warming (IPCC,
2023). Knowledge of the consequences of past glacier
retreat can provide us with analogues to the modern
situations and be used to predict their future behaviour
(Osmaston 2006; Bakke et al.,, 2010; Lukas and
Bradwell, 2010; Gjerde et al., 2016). Reconstructions
of the extent and behaviour of palaeoglaciers has thus
fuelled our understanding of the current consequences
of climate change. In Sweden, considerable effort has
been put into constraining the timing and style of
retreat of the Scandinavian Ice Sheet (SIS; Svendsen et
al., 2004; Krog-Larsen at al., 2009; Krog-Larsen et al.,
2012; Stroeven et al., 2016) or mass balance and
regime of valley glaciers in the northern provinces
such as Sarek and around Kebnekaise (e.g. Karlén,
1988; Kleman and Stroeven, 1997; Carrivick and
Brewer, 2004; Radi¢ and Hock, 2006). However, little
is known about the chronology and behaviour of
cirque glaciers such as Helagsglacidren in the southern
part of the Swedish Scandinavian Mountains, despite
intensive research on Norwegian glaciers at similar
latitudes (Wastegard, 2022). The following review
explores the current state of knowledge of the
Holocene glaciation history in Scandinavia and, in
particular, that area.

1.1 Background: overview of Holocene
glaciations in Scandinavia with focus
on Jamtland

During the Younger Dryas (12.9-11.7 ka,
Rasmussen et al., 2006), Jamtland (and thus Helags
valley) was under a thick ice sheet cover (see Figure 1
for the Holocene timeline). Subsequent melting of this
ice body uncovered areas surrounding Helagsfjéllet
around 10.4 ka (e.g. Stroeven et al., 2016), marking
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the start of the local postglacial time. A number of
early Holocene glaciations were suggested by Karlén
(1988) based on lake sediments in northern Sweden.
However, they were questioned by more recent multi-
proxy studies (Snowball and Sandgren 1996; Rosqvist
et al. 2004). Out of the proposed glaciations, in
Jamtland only the 8.5-8.0 ka cooling period appears to
be well-documented in lakes (Bergman et al. 2005;
Snowball et al., 2002, 2010), a cave deposit (Sundqvist
et al., 2007) and a tree-line lowering of 150 m (Oberg
and Kullman, 2011) and might correspond to the 8.2
ka ‘Finse event’ recorded across Norwegian glaciers
(Wastegérd, 2022). A 1-1.5°C cooling followed by 2-

3°C warming was suggested for this period in Jimtland
(Seppd et al., 2005; Antonson and Seppi, 2007).

The following Holocene Thermal Maximum
(HTM, c. 8-5 ka) was very warm in Jédmtland, as
inferred from maximum tree-line expansion of Alnus
(Bergman, 2005) around 7.5-7 ka. In northern Sweden,
summer temperatures were estimated to be 1.5-2°C
warmer than today (Barnekow 2000). Not much is
known about glaciers in Sweden at the time. It is
assumed that they were generally absent during the
HTM and started growing again only after 6-5 ka as
climate gradually cooled down and became wetter due
to orbital forcing (Nesje, 2009; Wastegérd, 2022).

Shifts to an increasingly wetter and colder
climate were reported around 5.8-4.8 ka in Jamtland
(Bergman et al., 2005), around 3.5 ka in the Swedish
mountains in general (Larsson et al., 2012; Bergman,
2005) and 2.9-2.6 ka in southern Sweden (Digerfeldt,
1988; Andersson and Schoning, 2010). Wide-spread
farm abandonment has been documented in Sweden
for the latest period (Wastegird 2022), but all three
could have contributed to glacier advances.

After a period of relatively dry conditions, a
widespread but asynchronous cooling and more humid
conditions in Scandinavia occurred between c. 1.7-1.3
ka (Wastegard, 2022). In Jamtland this was noted in
lake sediments about 1.8 ka (Andersson et al., 2010),
and glaciers in Northern Sweden have advanced
around 1.2-1.0 ka (Rosqvist et al., 2004). However, a
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Figure 1. Simplified overview of known climatic changes and glacial advances throughout Holocene in Scandinavia. The timing
of events is adjusted to Jimtland. Blue bands mark periods of cooling, orange bands mark periods of warming while rounded
’hills’ indicate glacial advances. The severity of each event is not depicted on this figure except for the larger Younger Dryas ice

sheet as opposed to subsequent smaller mountain glacerisation.
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well-defined Medieval Warm Period (MWP) was
inferred from dendrochronological data in Jamtland
between 1.1-1.0 ka in the overall trend of cooling over
the past 3.6 ky (Linderholm and Gunnarson, 2005).

Following the MWP, the profound cooling
known as the Little Ice Age (LIA) has caused glaciers
to expand between 1350-1850 AD and it is widely
believed that they reached their Holocene maximum
positions towards the end of that period (Denton and
Karlén, 1973; Karlén, 1988; Nesje et al., 2008).

In the light of the review above, it is clear that
evidence of glacier fluctuations in Sweden is mostly
limited to palaeoclimatic proxies while dating direct
geological evidence from glacier forelands is rare. This
is in stark contrast to other Scandinavian countries
such as Norway where the latter is common practice
(e.g. Matthews, 2005; Bakke et al., 2010; Gjerde et al.,
2016). In particular, little work has been done in the
southern Swedish Scandinavian Mountains, or the
Helags wvalley itself, compared to elsewhere (see
section 2.2 for more details).

1.2 Factors influencing glacier dynamics

Valley and cirque glaciers are topographically
constrained ice bodies. The elevation, aspect, and
shape of a depression occupied by such glaciers have a
profound influence on its behaviour at the ice margin
(Kuhn et al., 1985). Apart from the universal factors of
climate (in particular temperature and precipitation)
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that determine the advance/retreat mode of glaciers,
their dynamics are also shaped by snowdrift, ice
thickness and debris cover (Nesje, 2009). Taken
together, that can make topographically confined
glaciers rather complex to study.

How a glacier moves is primarily a function of
its thermal regime (Benn and Evans, 2010), which is a
direct result of the factors mentioned above. Where
temperatures reach the pressure-melting point (PMP)
at the ice-substrate contact, presence of meltwater
facilitates faster ice movement and substrate erosion.
On the contrary, temperatures below PMP mean that
the glacier sole is frozen to the substrate which limits
both ice velocity and its erosive power. Thermally,
glaciers can be classified as warm-based (temperature
> PMP), cold-based (temperature < PMP) or
polythermal and they can switch between these states
on seasonal or longer timescales. These changes have
a significant impact on the kind of sediments they
leave behind and any given glacier’s sensitivity to
climate change (Glasser and Hambrey, 2001).

In line with the paucity of studies on glaciers in
the Scandes, little is known about the thermal regime
of small glaciers such as Helagsglacidren (Holmlund
and Jansson, 2003).

1.3 Aims

This study aims to contribute to the
reconstructions of Holocene history of glaciers in

12°30" 1203"

]

62°57"

' , Helagsfjallet

62°54"

T il

L5029

Data source: Lantmateriet, 202:
il G )R S

178029

12°24"

|
|
12°30’ 12°36"

Figure 2. Location and topographical setting of Helagsglacidren. The glacier occupies a cirque cut in the eastern side of He-
lagsfjéllet, which is the highest peak of a mountain massif built from resistant paragneiss. The cirque and its extension Helags

valley drain to Handélan river valley that run to the north-east.



Scandinavia by looking at Helagsglacidren, Sweden’s
southernmost glacier. By combining geomorphological
mapping, sedimentology, lichenometry and
palaeoclimatic proxies, it seeks to establish the times
when the glacier advanced and retreated, its dynamics
and thermal regime at these times, as well as to assess
whether these conditions have changed through time.
This study also seeks to eclucidate the relationship
between the glacier’s behaviour and governing
climatic factors. In doing so, it would be able to
answer the broader question on the significance of
small cirque glaciers in reconstructing palaeoclimate.

2. Site description

2.1 Geological and climatic setting

Helagsglacidren is located in the southern
Swedish Scandinavian Mountains (Figure 2). It
occupies a 1.5 km wide cirque the floor of which lies
at 1420-1320 m above sea level (a.s.l.) and is cut into
the eastern side of Helagsfjéllet (1797 m a.s.l.). The
Helags valley drains into Handdlan river valley. The
mountain is built from resistant paragneiss with some
amphibolite, formed ca. 542-488 Myr (SGU, 2017). It
stands out among relatively wide and flat terrain from
which other individual flat-topped peaks emerge. The
area is situated well above the local tree line (around
850 m a.s.l.). Mean summer (Jun-Aug) and winter
(Dec-Feb) temperatures are about 8 and -6°C
respectively, and precipitation equals 1300 mm,
mostly as rain in the summer season (SMHI, 2013).
The moisture is mainly brought from the North
Atlantic by the westerlies. However, there is a
precipitation gradient across the Scandinavian
Mountains due to orographic effects and increasing
continentality. Despite closeness to the North Atlantic
coast, most of the moisture is scavenged by the
Norwegian part of mountains to the west.

2.2 Previous research on
Helagsglaciaren

To the author’s knowledge, to date only limited
research has been conducted on Helagsglacidren and
its deposits. The earliest known study is the general
descriptive work of Enqvist (1910) in which he
focused on the elevation of the glacier ice and its
margins, measurements of the firnline as well as basic
geomorphology of moraines on the glacier’s direct
foreland. The study was supplied with photographs of
Helagsglacidren and its surroundings and a couple of
general topographic maps. Enqvist (1910) speculated
about the former greater extent of the glacier based on
flat-topped, ‘wind-eroded’ ridges up to 2 km
downvalley of the ice margin at the time, but without
any definite statements. The first identification of the
lowermost moraine (1042 m a.s.l.) on the floor of
Handolan valley as the maximum extent of
Helagsglacidren was made by Bergstrom (1955). He
also attempted to assign age of deposition to landforms
in the Helags valley. The outermost moraine in the
valley was referred to as ‘lateglacial’. Additionally,
deposition around 500 and 1750 AD was suggested for
two upvalley endmoraine complexes in large distance
from each other, though the exact location is unclear.

Lundqvist (1969) mapped the Helags valley
using an aerial photograph taken on the 5™ Aug 1960.
This publication was a description to Jamtland’s
Quaternary sediment types map created by SGU, but it
also included and reviewed information on local
mountains and glaciers. From the photograph,
Lundqvist (1969) identified the main latero-frontal
moraine ridges from the cirque’s headwall to about
half the valley’s length. That study also noted a
considerable retreat of the ice margin since the report
by Enqvist (1910).

More recently, Helags valley was mapped as a
part of SGU Quaternary geomorphology maps at
general level of detail, with some landform
identification (Figure 3). Kullman and Kjallgren
(2000) report a radiocarbon date on a fossil pine stump
extracted from a little mire in the Helags valley to be

17 %)

Quaternary geomorphology

Figure 3. Geological Survey of Sweden’s (SGU) current maps depicting Helags valley and its sediments. A — Quaternary sedi-
ments (sw. Jordarter; SGU, 2021) and B — Quaternary geomorphology (sw. Kvartir geomorfologi; Blomdin et al., 2021). The
reader is referred to the original publications for explanation of the legend.
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(C) Satellite imagery ;

(c) Google Satellite, 2011

Figure 4. Remote digitising of geomorphological landforms using (A) a multidirectional hillshade, (B) a slope layer and a (C)
Google Satellite image from 2011, which was the most recent summer image of the area. The selection of the final map (D) is
the result of synthesising remotely-sensed and field data.

11 160 £ 80 yr BP (recalculated using IntCal 20
[Reimer et al., 2020] to 11 170 cal yr BP with 11 237
and 10 939 cal yr BP as upper and lower limit,
respectively). Lastly, Helagsglacidren was mentioned
by Ericsson Rehn (2019) as a glacier that ‘should not
exist” due to negative mass balance but survives
thanks to protective cirque topography, snowblow and
north-east orientation.

3. Methods

The methodology of this study falls into three
consecutive stages: remote, field and data post-
processing methods. However, for integrity each
method is described here as a self-contained process,
while the workflow during the mapping includes all
three stages.

3.1 Geomorphological mapping
The mapping followed guidelines by Chandler

et al. (2018), where remote assessment and
introductory mapping of the terrain is first carried out

10

before validation in the field. For this purpose,
LiDAR-based Digital Terrain Model (DTM) sheets
with 1.0 £ 0.3 m and 1.0 £ 0.1 m horizontal and
vertical resolution, respectively, were downloaded
from Lantmiteriet (2022) and examined using QGIS
3.28 software. The very high resolution was necessary
to catch small features produced by a single valley
glacier. The landform shapes (e.g. ridges, flat plains,
channels) were preliminarily outlined as polygons (if
more regular) or vector lines (if long and narrow) and
digitised in QGIS with a focus on detailed delineation
of terminal and lateral moraines. Due to large scale of
the final map, no size selection was necessary as it was
possible to include most mapped features. For clear
visualisation of the terrain, a multidirectional hillshade
function was used where illumination from four light
sources is combined (azimuths 225°, 260°, 315°, 360°;
angle 45°) to extract both high- and low-relief features.
This technique bypasses overlooking some parts of
relief due to excessive shading or overexposure to
light that is common in traditional single-directional
hillshade models, and it has been widely applied in
various forms to mapping glacial landforms (e.g.
Hughes et al., 2010; Norris et al., 2017). A slope
function was also used to aid feature recognition by
marking breaks of slope as outlines and crestlines of




moraines, and a satellite image provided by Google
(Figure 4).

Field work was carried out from 3-13™ August
2022, during which the preliminary geomorphological
mapping was validated and refined by field mapping.
Large-scale features were first observed from a high
vantage point before proceeding to systematically
walk the terrain in quasi-straight lines where possible
(Chandler et al., 2018). Particular effort was put into
outlining shapes and marking crests of moraine ridges
using the QField mobile application geolocation and
tracking functions (OPENGIS.ch, 2022). All newly
recorded information was drawn digitally in QField
and later exported to QGIS for the creation of the final
map. The map design is based on the Swedish
Geological Survey (SGU) cartographic standard
(SGU, 2021) with modifications to suit the context of
the study.

3.2 Sedimentology

The exposures were dug by hand and examined
using standard approaches. At the end of the
examination, they were refilled back with sediment.
Once the outcrop surface had been cleaned of debris,
the largest features were logged first and later filled in
with detail (Evans and Benn, 2021). Due to relatively
small sizes of the outcrops, a tape measure was used
to establish the true 2D proportions of each exposure.
Lithofacies analysis was carried out on-site and
included description of grain size, lithology, sorting,
roundness, colour, structural features and nature of
contacts of different lithofacies. Two-dimensional logs
were created on paper using Kriiger and Kjaer’s (1999)
recommendations for graphical key for displaying
different features.

The logs were then scanned and digitised in
Adobe Illustrator 2022, and Kriiger and Kjeer’s (1999)

key was modified to suit the context of the study.
3.3 Lichenometry

Lichenometry was first proposed as a relative
dating technique by Faegri (1934) and developed by
Beschel in the 1950s (eg. 1955, 1957, 1958). The
theory behind lichenometry is based on the fact that
lichen are long-lived pioneers that start to occupy rock
surfaces soon after they stabilise at the Earth’s surface.
If the growth rate of a lichen is known, the time of the
surface exposure can be calculated (see reviews by
Bradwell and Armstrong, 2007; Benedict, 2009; and
examples of case studies by Evans et al., 1999;
Winkler, 2004 and Leigh et al., 2020). However, the
growth rate depends on many local factors such as
temperature, humidity, slope aspect or rock type and
thus is unique to the site. It also varies by lichen
species. This facilitates the need to create a lichen
diameter-age calibration model by measuring lichen on
surfaces of known age before applying lichenometry to
a specific area.

Rhizocarpon geographicum in particular has
been utilised in most studies as it is widespread in
polar and alpine environments (Armstrong, 2016).
However, the Rhizocarpon genus comprises many
similar-looking species that make R. geographicum
particularly difficult to identify without years of
expertise. For this reason researchers tend to use the
name ‘R. geographicum’ as an umbrella term for this
plus all other lichen species that can be mistaken for it,
most notably R. alpicola (Innes, 1983; Evans et al.,
1999; Armstrong, 2016), and therefore admit the risk
of misidentification. Despite the uncertainty this
introduces (each species has a different growth rate),
the approach still yielded satisfactory results (O’Neal,
2006). This practise is also adopted here.

Out of many approaches to measure lichen
diameters, the one proposed by Evans et al. (1999) was

Figure 5. Measuring the longest lichen diameters using a calliper (left) and a plastic ruler (right). Photographs by O. Zheleznyy
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chosen for this study as it is quick, efficient and relies
on basic assumptions of lichenometry while
attempting to ecliminate some biases related to
anomalous lichen. It was also shown to be a reliable
and accurate method (Bradwell, 2009). In principle,
the mean of diameters of the five biggest thalli of R.
geographicum found on boulders building a moraine
ridge is used to infer its age. Any thallus >20% bigger
than the next in a dataset is removed as an outlier.

The selected boulders had uniform lithology
(gneiss) and were located on the distal slope of a ridge
to avoid the cooling effect of catabatic winds from
Helagsglacidren. That was also done to ensure that
boulders that once crowned the crest but toppled over
with time are also sampled as they were likely to host
the oldest lichen. A calliper with 0.1 mm precision was
used to measure the lichen, especially in the initial
stage when measuring specimens for the age-diameter
calibration curve. This was later changed to a simple
plastic ruler with precision of 1 mm when measuring
diameters larger than 10 cm as the calliper was simply
too short for this task (Figure 5).

A multitude of sources was used in order to
construct the calibration curve. The nearest cemetery
in Ljungdalen (62°51'17.3"N 12°46'27.3"E; 18 km
south-east from Helags valley) was investigated for
old graves erected using local stone (paragneiss or
granite), and 11 tombstones were sampled, the oldest
having been erected in 1949. Out of them only four
were used as it became apparent that the others had
been disturbed (e.g. cleaned) after preliminary age-
lichen diameter plotting (Figure 6). An older cemetery
in Storsjo (28 km from Helags) was also visited, but
without satisfying results as most graves were made of
concrete or metal.

The last source used for constructing the
calibration curve was the website Svenska glacidrer —
an inventory of Swedish glaciers lead by Per
Holmlund (Bolin Centre for Climate Research, 2017).
From there, photographs of Helagsglacidren taken in
1895, 1908, 1930 and a scanned map published in
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1969 were downloaded (Figure 7 and references in the
caption). From these, moraine ridges at which the ice
margin was located in the respective years were
identified and sampled for lichen diameters. This
resulted in a small dataset of independent age control
on those particular moraines. A similar approach of
using independent age control has recently been used
in the European Alps (Carturan et al., 2014).

3.4 Equilibrium Line Altitude calculation

Once the ice margins had been drawn at six
different time steps that were established based on the
lichen-derived chronology (1960, 1930, 1890, 1790,
~700 and ~100 AD), the approximate glacier surface
elevation contours were drawn in QGIS 3.28 at 10 m
interval for each time step, and then converted to a
Digital Elevation Model (DEM) with 1 m resolution
using SAGA GIS 7.8.2. The DEMs were then used to
calculate the Equilibrium Line Altitude (ELA) at each
time step using the Area-Altitude Balance Ratio
(AABR) method by Osmaston (2005), using a script
written in Python (see Appendix).

The balance ratio (BR) reflects the ratio of
slopes of net mass balance-altitude curves above and
below the ELA (Figure 8). There are three important
assumptions underlying the AABR method: the
gradients are linear, the ratio remains fixed in time and
the glacier is well constrained by topography. Rea
(2009) gives a good overview of reasons these
assumptions are feasible and hold true for many
glaciers. He also calculated the ‘typical’ BRs for
different kinds of glaciers across the world using the
World Glacier Monitoring Service (WGMS) mass
balance data. Out of this dataset, three AABRs are
suitable for Helagsglacidren and thus are used in this
study to calculate ELAs: the global AABR of 1.75 +
0.71, mid-latitude maritime AABR of 1.9 + 0.81 and
Western Norway AABR of 1.5 + 0.4 (Rea, 2009).

The transfer function to infer palacotemperature



Fig. 2. Die sidlichste Eiszange des Helagsfjiligletschers.
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Figure 7. Old photographs used to identify moraines of certain ages for calibration of the age-lichen diameter curve. References:

A, B — Enqvist (1910); C — Fries (1931) ; D — Lundqvist (1969).

and precipitation at an ELA was taken from Ohmura et
al. (1992) who used mass balance data from 70
glaciers distributed globally to derive it. As such, it is
not ideal as the relationship between the summer
temperature and annual precipitation depends on
continentality of climate (Carr et al., 2010). However,
there are no such relationships derived locally and thus
the global dataset is the best available option to avoid
circular reasoning (Benn and Ballantyne, 2005; Lukas
and Bradwell, 2010; Boston et al., 2015; Chandler and
Lukas, 2017). The equation

Pa =645+ 296T3 + 9T3

represents the annual precipitation (P,) at the ELA as a
function of mean summer temperature (T3 — June,
July, August).

The mean summer temperature was taken from
Zhang et al. (2016) who reconstructed temperature
using tree rings in Jimtland at altitude 650 m a.s.l.
Their record spans 1160 years. The earlier Holocene
temperature value was taken from Velle et al. (2005)
who derived it from chironomids in five different lakes
in Scandinavia, one of them being in Sylarna 20 km
north of Helags valley. The temperature and
precipitation values were adjusted to the ELA for the
calculation, and sea level for later comparison using
the mean air temperature lapse rate of 0.6°C/100 m
and 8%/100 m (after Haakensen, 1989).

altitude

slope = a

ELA

slope = b

BR = a/b

mass balance

Figure 8. Balance ratio (BR) as a ratio of slopes of mass balan-
ce curves against altitude of a glacier. An ELA is where mass
balance = 0.




4. Results and interpretation

4.1 Geomorphological mapping

The final geomorphological map is presented in
Figure 9. Helagsglaciéren occupies an asymmetrical,
~2 km long valley with an impressive 1.5 km wide
cirque accommodating two almost-separate ice mas-
ses: a southern one lying in a possibly overdeepened
niche and a northern one resting on a long, narrow
(~300 m) bedrock shelf. The southern ice unit extends
into the glacially moulded and occasionally streamli-
ned bedrock basin whose elevation descends from the
south to the north. The northern part is more overdee-
pened than the southern one. Some striae were noted
with bearing parallel to streamlining (Figure 10). The
bedrock basin is covered with a thin veneer of moraine
debris and boulders which becomes scarcer towards
the northern end. The outlet edge of the bedrock basin
is topped by an extensive system of multi-crested, par-
tly lobate moraine ridges built with subangular and
angular boulders, out of which two main sets can be
distinguished (R11 and R12-14, Figure 11 A and B).
The southernmost fragment of this system (R6) is flat-
tened, diffuse and appears to have flutes with an azi-
muth of about 045° on its surface in contrast to two
crescent ridges below it (R10 and below). The sou-
thern part of the basin is flanked by a prominent lateral
moraine (R9) whose crest elevation is descending
down-valley and also seems to consist of two parts, the
lower one bordered by a set of smaller ridges (Figure
11C). Below, a field of large angular boulders occu-
pies the area before one enters a basin infilled with
lacustrine and fluvial sediment. This is in turn borde-
red by a large, broad and weathered lobate-shaped
moraine (R15-17) that separates it from a long steep

step (with an average slope of 35°) that dissects the

Helags valley into two parts. Extensive talus debris
accumulates on the southern wall of the cirque.

The step between the upper and lower parts of
Helags valley descends about 140 m and comprises
heavily dissected and reworked diamictic sediment
with individual hummocks occasionally standing out
(Figure 11A). Numerous active and periodic meltwater
channels cut through this undulating surface. The step
terminates on a large but discontinuous asymmetric
moraine ridge in which the first sediment outcrop was
dug (R23, outcrop 1). The ridge has a long distal but
very short proximal slope adjacent to a waterlogged
flat basin.

The floor of the lower level of Helags valley,
below the threshold described above, is at 1230 m
a.s.l. and is mostly occupied by extensive lacustrine
sediments partially reworked by streams, a lake nested
within them and two sets of lateral moraines running
alongside it, parallel to the valley walls (Figure 12A).
The crestline of the outer lateral moraine (R24) fol-
lows the 1260 m contour while the inner one’s (R25)
runs subparallel around 1250 m a.s.l. The southern set
is much better preserved than the northern one, which
was either eroded or covered by talus. Solifluction
lobes are well developed on the sides of Helagsfjdllet
outside the range of the lateral moraines (Figure 12C).
A couple of channels run along the distal slopes of the
southern set of moraines, occasionally cutting through
them. The outer lateral moraine becomes progressively
more fragmented down-valley. The large lake plain is
enclosed on its downvalley side by a low quasi-arcuate
ridge with a gentle proximal slope and steep distal one
(R27). The ridge is cut by the stream draining the lake
plain and much of it is thus eroded. In the north-east
section of this level there is an area of seemingly unor-
dered low-amplitude hummocks and periodically wa-
ter-filled depressions, some linked with blindly-ending
small streams. The area is restrained by a larger, bran-

Figure 10. Striae on the surface of exposed bedrock in the Helags cirque.
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Figure 11.  Helagsgla-
cidren’s foreland. Crest-
lines of landforms marked
on Figure 8 and dated with
lichenometry are traced with
dashed lines. A — multi-
crested moraine at the edge
of the Helags cirque (R10-
20), reworked sediments be-
low it and a fragmented
ridge at the upvalley end of
the main lake plain (R23).
The smaller lake plain is |
behind R15/17. B — angular
boulders building most of
the sediments in the upper
part of the Helags valley. C |i#
— example of the surface of
a moraine ridge from the
upper reaches of the valley.
Photographs by 0.
Zheleznyy.




Figure 12. A -
lower part of the
Helags valley lar-
gely occupied by
the main lake plain
dammed by R27
and a set of two
lateral moraines
(R24-25). B - Han-
8] dolan valley. A set
of two arcuate ri-
dges (R28-29)
marking the outer-
most limit of sedi-
8l ments deposited by
Helagsglacidren. C
— solifluction lobes
outside the range of
glacial sediments in
the Helags valley.




ching elongated ridge (R26) that separates it from the
lake plain. Outcrop 2 was dug on R26’s northern side.
The area extends into a rocky shelf and is partly cove-
red by talus.

The area extending downvalley from the lake
plain is characterised by its steeper slope and common
reworking and fragmentation of moraines by multiple
streams. Most notably, the southern side of the main
stream channel is occupied by elongated ridges that
are subparallel to the main valley axis while the nor-
thern side accommodates mostly irregular, transverse
or rarely subparallel ones, with multiple dry de-
pressions between them. In the lower northern part of
this sector there are two semi-permanent snow pa-
tches. The upper one sits in a deep niche underneath a
rock cliff with waterlogged flat terrain in front of it
while the lower one rests on a debris-covered slope of
Helagsfjallet.

Following a rocky cliff that develops into a
gentler slope northwards, the sediments expand about
400 m beyond the Helags valley onto the floor of
Handoblan valley (Figure 12B). The sediments form
two sets of clear arcuate moraine ridges. The outer-
most moraine (R28) is of lower height (10 m) and dis-
sected into individual linear ridges and hummocks by
streams draining the Helags valley. It has an undula-
ting crestline and occasional little dry channels incised
into its outer slopes perpendicularly to the crestline.

NE

DIm | -diamict, laminated,

matrix-supported

n’| - sandy diamict, laminated,
matrix-supported

Figure 13.
text.
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Outcrop 3 was dug on the northern proximal slope of
R28. The inner arcuate ridge is of higher height (R29,
up to 20 m) and located at a 0-30 m distance from the
outer one, with channels running between them. The
inner set is characterised by multiple crestlines, some
of them bifurcating, dry/waterlogged depressions and
occasional fragmentation into hummocks by streams
draining the interior of the lobe. The interior of the
ridge itself comprises a series of semi-circular water-
logged basins with clear terrace edges on the upglacier
side, from which streams emerge. The entire interior
area is covered in scattered boulders that range from
0.5 to 2 m in their a-axes lengths.

4.2 Sedimentology

Three outcrops were dug and logged in three
different moraine ridges in the lower parts of the He-
lags valley (see Figure 8). The sediments in the upper

parts of the valley contained too many boulders to ena-
ble any logging.

4.2.1 Outcrop 1

This outcrop (Figure 13) was dug by excavating

- -fines (clay and silt), massive
:] - surrounding mixed debris

Sedimentological log of outcrop 1 dug in R23 (Fig. 9 for location). LF refers to different lithofacies, as in the main

. - boulders and cobbles



- diamict, massive,
matrix-supported

Dmm

14m &

. - boulders and cobbles

Figure 14. Sedimentological log of outcrop 2 dug in R26 (Fig. 9 for location).

a wall of a channel incision in landform R23. The re-
sulting exposure is small (1x1.2 m) and shows an irre-
gular arrangement of boulders in a finely laminated,
weakly consolidated and matrix-supported diamict
(LF1-1). The sense of lamination is given by long and
narrow streaks of sandy sediment in the upper, nor-
thern part of the outcrop gently dipping NE, which
gradually become more of poorly-sorted sandy poc-
kets in the lower parts of it. Nearly half of the exposu-
re is occupied by a large sub-angular boulder with a
protruding ‘horn’ on which a weathered clast is lod-
ged. The sandy streaks dip gently towards SW on its
southern side. On the northern side of the boulder the
diamict becomes much more sandy and extends ou-
twards, interfingering with the less sandy matrix (LF1-
2). A few clasts are draped in this zone. A notable
feature is a warped, elongated massive clay inclusion
(LF1-3) on which a cobble is resting. A lens consi-
sting of similar clay sediment is resting on a surface of
another large boulder in the lower part of the section.
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4.2.2 Outcrop 2

This outcrop (Figure 14) was dug in the north-
facing slope of landform R26 and has also a small size
(1x1.4 m). There are two distinctive lithofacies there
separated by a sharp undulating contact. The upper one
(LF2-1) is a poorly sorted and weakly consolidated
diamict of a rusty colour. In the upper part of it there is
a concentration of subangular boulders which are com-
pletely absent from the middle and only reappear again
near the contact, often as heavily weathered and easily
crumbling clasts. Numerous blackish flame-like wisps
are interspersed throughout this lithofacies. LF2-1 atta-
ins a more intense rusty colour in the ~5cm directly
above the contact.

The lower lithofacies (LF2-2) is a massive ma-
trix supported sandy clayey diamict that is much better
consolidated than the upper one. It has a light brow-
nish-grey colour and hosts subangular to subrounded
interlocking boulders that increase in numbers down-
wards so that it was impossible to dig further than 1.4
m.



4.2.3 Outcrop 3

This outcrop (Figure 15) consist of three parts
roughly at right angles to each other and was dug in
the proximal side of the northern fragment of ridge
R28. The transect was dug 1.4 m into the landform
until the crest was reached, and so Figure 14 presents
the frontal view (segment I) and two wings (segments
II and III) of the resulting blind trench. The end mora-
ine consists of three lithofacies resting on each other.
LF3-1 is up to 30 cm thick and made of darkening up,
rust-coloured sandy clayey silt that generally repre-
sents the soil and vegetation influence. LF3-2 is a we-
akly consolidated gravelly silty sand that in segment
IIT shows a faint lamination dipping downslope. There
is a more sandy pocket within it interfingering with
LF3-2 in segment II. A sharp undulating contact sepa-
rates LF3-2 and LF3-3. LF3-3 consists of interlocking
subangular and subrounded boulders with a sandy,
angular gravel matrix between them. The entire sedi-
ment is very weakly consolidated and readily disinte-
grates at the slightest touch. The arrangement of
boulders seems chaotic when viewed in segment I,
though the long axes of many of them point down-
wards. When viewed in a profile (segments II and III),
the boulders’ long axes are arranged sub-parallel to the
slope and give an impression of downslope alignment.
Such weak stratification is also visible in the gravels of
the matrix between the boulders that in some places
even form distinct pavements resting on the top surfa-
ce of a boulder (e.g. boulder D). Some boulders look
bullet-shaped (e.g. F, E and G).

4.3 Integrated interpretation of the pro-
cesses involved in the dynamics of
Helagsglaciaren

4.3.1 The Handélan valley

The outermost moraine (R28) is interpreted as
having been built by loose debris flows (LF3-3) dum-
ped from the ice margin during stable conditions, con-
sisting of supraglacial (the angular gravel fraction) and
subglacial (rounded boulders and bullet-shaped clasts)
material. This interpretation is based on the mixed,
unsorted clasts giving a chaotic impression but revea-
ling a semi-arranged pattern indicative of flow dow-
nslope. A notable absence of deformation structures
indicate that the material was deposited through pas-
sive release (dumping) and not disturbed by the ice
margin anymore (by e.g. pushing), similarly to the
process described by Kriiger et al. (2002). The round-
ness of boulders and especially their bullet shapes in-
dicate that active transport processes were present pro-
bably throughout the length of the glacier, which su-
ggests warm-based conditions at most of the glacier’s
sole (Kleman et al., 1997). LF3-2 represents better-
sorted and finer-grained sediment deposited on the
moraine irregularly along the ice margin (varying
thickness) by glaciofluvial processes. Occasional sand
lenses might be evidence of lower-velocity channels
on the surface of this dump moraine. The silty, dark
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soil layer capping the moraine (LF3-1) indicates that a
long time has passed since the deposition of R28. The
uneven, undulating crestline of R28 might point to the
existence former ice cores, suggesting a frozen ice
margin. The southern fragment of R28 displays a num-
ber of little dry channels incised into its slopes perpen-
dicular to the crestline which might be a trace of
meltwater runoff routes.

Several insights can be also gained from the
pattern of crestline bifurcation of moraine ridges. In
the Hand6lan valley, R29 upvalley from R28 is simply
a smaller version of R28, indicating an approximately
uniform decrease in volume of the glacier’s tongue
(both along its front and sides). However, this moraine
exhibits three crestline bifurcations which suggest an
active retreat and a snout sensitive to changes in mass
balance (Boston and Lukas, 2019). That would fur-
therly translate to a possibly wet-based glacier that
was closely coupled to climate during this phase of
overall retreat.

4.3.2 Lower part of the valley

Areas of frozen ground

The two sets of prominent lateral moraines
(R24-25) reach up to 40 m in height, suggesting a
thick ice body occupying the valley at the time of its
maximum extent. They are bordered by impressive
meltwater channels cut at their distal sides in the adja-
cent non-glacial sediments. According to Benn and
Evans (2010), such distinct incisions are characteristic
of a glacier margin frozen to the ground so that the
meltwater cannot penetrate below it. It is typical for
many cold-based glaciers where permafrost is com-
mon (Kleman et al, 1997; Greenwood et al, 2007),
though it has also been documented at temperate gla-
ciers (Syverson and Mickelson, 2009). The solifluction
lobes observed on the Helags valley slopes directly
adjacent to the lateral moraines, but never on them,
could also point to the fact that at the time of the mora-
ine deposition, Helagsglacidren was cold-based at least
at its margins. This is because presence of permafrost
enhances the solifluction processes and indicates a
much colder climate. However, the lobes may also
have formed before moraine formation and thus, rema-
in being unequivocal.

Reinardy et al. (2019) have shown that tempe-
rate glaciers can contain areas of frozen bed where ice
thickness is less than 10 m or where permanent snow
rests on the surface of a glacier. These circumstances
would result in englacial thrusting at the snout or deve-
lopment of hummocky controlled moraine at stagnant
ice zones. A similar process is suspected to have
happened in the area north-east of the large lake plain
where outcrop 2 was dug. The undulating contact be-
tween LF2-1 and LF2-2, diamictic chaotic sediment
with many boulders of LF2-2 and hummocky (in de-
scriptive terms) geomorphology with multiple small
circular basins and blind channels suggest that this is a
dead-ice meltout area. Similar structures have been
reported from known dead-ice landforms (e.g. Evans
and Benn, 2021: Fig. G.27). Comparable topography
inside the range of R28-29 moraines implies that some
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dead ice blocks might have detached there as well (cf.
Kjer and Kriiger, 2001; Lukas, 2011).

Areas of active retreat

The western end of the larger plain contains a
set of landforms suggestive of a single-front oscillato-
ry ice margin indicative of a temperate glacier. Most
notably, the bifurcating crestline of R23 and the ne-
ighbouring parts of lateral moraines (R21 and R25) as
well as a set of channels running parallel to them in-
dicate active retreat, similarly to the evidence discus-
sed by e.g. Boston and Lukas (2019). This is furtherly
supported by the laminated nature of LF1-1 in
outcrop 1, the draping of clasts and a warped stoss-lee
shaped clay inclusion which suggests that some de-
gree of deformation was involved in building R23.
Therefore, the boulder accumulation zone present at
the lake plain near R23 is interpreted as boulders
dumped off the ice margin, in line with observations
from modern ice margins (Wyshnytzky et al. 2021;
Rettig et al., 2023). The proglacial lake was probably
too shallow for the glacier to reach its floatation point
and thus to support a calving margin, but it cannot be
ruled out that individual dropstones might be scatte-
red throughout the plain.

The moraines in the lower part of Helags val-
ley contain fine matrix which indicates involvement
of subglacial transport before sediment deposition
during earlier glacier advances. However, most of the

sediments between the cirque and R23 have been he-
avily reworked by meltwaters from the retreating gla-
cier and gravitational processes so that little can be
deduced from them now. Helagsglacidren seems to
have been divide into two individual flow units around
that site. The southern flow unit of Helagsglacidren
produced a proglacial lake dammed by R17 that was
drained through breaching. That resulted in a deeply
incised channel running below it that flows into the
larger lake plain dammed by R27.

4.3.3 Upper part of the valley

The upper part of the valley exhibits plenty of
erosional forms (such as streamlined bedrock or striae)
typical for debris-rich basal ice that is also warm-based
because regelation (melting and freezing) must have
happened to incorporate boulders into it (Benn and
Evans, 2010). The streamlined bedrock forms indicate
the movement direction out of the valley. The different
bearing of these forms in the northern and southern part
of the cirque indicate that there are two rather indepen-
dent lobes of Helagsglacidren. Striae noted on the sur-
face of the bedrock point to basal sliding that would
only be possible if liquid water was present (Lipovsky
et al., 2019), suggesting that temperatures at the sole of
the glacier reached the PMP in the upper part of the
valley.

The sinuous moraine ridges at the rim of the

Figure 16. Current ice margin of the southern part of Helagsglacidren. A mixture of predominantly angular debris of different
sizes melts out from debris bands and is dumped on exposed bedrock. Boulders are also embedded in the lower parts of the
glacier. Pebbles frozen to the glacier sole were observed inside the cavity in the centre of the image.
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Figure 17. Lichen diameter-age calibration curve for Helagsglacidren's foreland. SLL stands for the mean of the five largest

lichens.

cirque (R12-13) reflect an unfocused and gradually
retreating ice front with several stillstands when con-
ditions changed. The cirque’s width is probably re-
sponsible for the very close spacing between indivi-
dual crestlines as the glacier’s response to mass ba-
lance changes was distributed across a wider ice front
compared to the more enclosed lower part of the val-
ley. The angular and subangular boulders building
this moraine suggest a predominant supraglacial de-
bris transport route.

Several crestline bifurcations are found along
the rim moraine R6-R20. They imply three distinct
ice bodies forming lobes or glaciologically distinct
flow units earlier in time (southern, middle and nor-
thern flow units marked by R10, R11 and R20 respec-
tively). All of them seem to have been active despite
a significant size reduction of Helagsglacidren com-
pared to its maximum limit. The three individual flow
units probably only start acting as one when they coa-
lesce as the ice gets funnelled towards the narrower
lower part of the valley during times of sustained po-
sitive mass balance.

Observations of subrounded pebbles frozen to
the sole of the southern part of the glacier suggest that
the glacier is still actively eroding the substrate despi-
te its significant size reduction in recent years. The
current ice margin contains a mixture of material
from large angular boulders embedded in ice or re-
sting on top of it, to finer angular debris melting out
from the ice surface in distinct bands (Figure 16). As
such, the currently deposited sediments probably re-
flect input from all three transport routes — supragla-
cial, englacial and subglacial.
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4.4 Lichenometry

The complete calibration curve is presented in
Figure 17. It is based on eight calibration points and
covers 127 years.

In order to extend the timeline even further, I
reviewed other lichenometric calibration curves from
research sites across Norway and Sweden, and found
the best fit with the Eastern Jotunheimen curve from
Matthews (2005). This dataset extends to about 250
years back in time and is based on historical measure-
ments, photographs, maps and assumed ages of certain
landforms due to several other lines of evidence poin-
ting to it. The formula of the curve was modified by
subtracting 20 from it to better fit calibration data in
this study. The final form of the equation is:

log(y + 130) = 2.1916594 + 0.00353252x

where y is surface age and x is lichen diameter in mm.
When tested on the calibration set, this equation resul-
ted in calculated ages only 1-3 years different from the
true independently-calibrated ages at Helags valley.
This modified equation was then used to calculate the
ages of all the sampled moraine ridges in the Helags
valley that were outside the calibration dataset obta-
ined locally.

The calculated ages and corresponding years for
different landforms in the Helags valley are presented
in Table 1. They range from 52 years for moraines clo-
sest to Helagsglacidren to over 2000 years for the sou-
thern lateral moraines. The general trend yields increa-



Table 1. Calculated ages of landforms in the Helags valley.
JotE refers to ages calculated using the modified Eastern
Jotunheimen curve of Matthews (2005). ‘True age’ is based
on the moraine identification in the photographs from
Figure 7.

Lichen Age Year True
ID diameter (yr) AD Error age
(5LL, mm)  JotE  (JotE)
R4 19.66 52 1970 20
RS 24.74 60 1962 20 1960
R6 45.4 a5 1927 20 1930
R6 441 93 1929 20 1930
R7 8.36 36 1986 20
RE 41.94 89 1933 20
R8 59.04 121 1901 20
(gully)
R9 71.72 149 1873 20
R9a 103.04 229 1793 20
R10 60.94 125 1897 20 1895
R11 104.26 233 1789 20
R11a 85.44 182 1840 20
R12 56.12 115 1907 20 1908
R13 85.74 182 1840 20
R14 72.56 151 1871 20
R15 224.4 835 1187 200
R17 268.2 1247 775 200
R20 84.32 179 1843 20
R21 253.4 1091 931 200
R23 201.8 673 1349 200
R24 330.2 2151 -129 200
R25 333.0 2203 -181 200
R26 221.0 808 1214 200
R28 315.8 1899 123 200

sing ages with distance from the glacier. However, a
few exceptions to this start to appear in the lower
level of the Helags valley and the Handdlan valley
(e.g. R23, R25, R26). The ages agree very well with
the moraines used for calibration (R5, R6, R10 and
R12), instilling confidence in the results from the
upper part of the Helags valley. The furthest and
oldest moraine ridge from that part (R11) yields an
age of 233 years, which corresponds to year 1789
(R11), about 100 years older than the oldest calibra-
tion point.

The credibility of the data decreases signifi-
cantly for the sediments in the lower part of the He-
lags valley due to the lack of calibration points, incre-
ased fragmentation and reworking of landforms, and
increased difficulty in finding suitable lichen to mea-
sure that have not demonstrably coalesced. This is
manifested in age reversals (e.g. the inner lateral mo-
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raine R25 yields an older age than the outer one R24;
R26 is younger than sediments upvalley) and age in-
consistency of data points from the same landform (e.g.
the outermost R28 and outer lateral moraine R24 both
mark the same limit but R28 is younger than R24 ac-
cording to the lichen data if taken at face value). The
lichen in the lower part of the valley were commonly
irregularly shaped or were found to have coalesced
with others. While such individuals were avoided, there
is a risk that the suture zone between two lichen was
unrecognisable and thus a pair (or group) of lichen was
sampled as one. This would give highly erroneous ages,
a risk that increases with age (Bradwell, 2010).

Another point of caution is the reworking of
sediments that would topple over and bury boulders
from the crest of a ridge and expose new boulder surfa-
ces for lichen colonisation. This is a common source of
error on latero-frontal moraines (Humlum, 1978; Lukas
et al., 2012). This process is suspected on R23 and R21
as the former lies at the foot of a steep slope with multi-
ple streams fragmenting it and thus the age of 673 years
(deposited in 1349) as at best an estimate of the boulder
exposure age but not deposition. The latter lies under a
steep cliff, is reworked and partly buried.

Due to the uncertainties tied to the measure-
ments in the lower part of the valley, the resultant nu-
merical ages from there are discarded and landforms
R21-28 are from now referred to as simply early Holo-
cene in age.

A special case is made for R15-17 which refer to
two parts of the same lobate structure delineating the
smaller lake plain at its north-eastern end. Due to their
different morphology they are likely to represent two
different events which is supported by resultant years
of deposition in around 1187 (R15) and 775 AD (R17)
and spatial arrangement (the older one is further from
the glacier snout). However, large uncertainty is placed
on them because of the age limit of the method and lack
of calibration points in the immediate vicinity.

4.5 Equilibrium Line Altitude calculation

The ELAs for respective time periods and gla-
cier types are presented in Table 2. Within the error
limit, they show a rising trend from about 1370 m a.s.1.
during the early Holocene advance to about 1510-1500
m a.s.l. in the 20" century. The ELA was only about 20
m lower during the local LIA maximum than at present.
The values differ by up to 17 m between the glacier
types (as in Rea, 2009), but the difference is more typi-
cally less than 10 m. The lowest ELAs are for marine
temperate type while the highest — for the Norwegian-
type glaciers. The 1930, 1960 and 2014 values were
calculated due to the availability of data about the ice
margin position at those times. However, Helagsgla-
cidren was then experiencing a rapid thinning and retre-
at and thus was not in equilibrium. Therefore, these
values should be treated with great caution as long-term
averages of the glacier’s mass balance conditions in the
20" and 21* century.

Table 3 shows the calculated temperature and
precipitation values for selected time periods corre-
sponding to maximum limits of glacial advances (early



Table 2. Calculated ELAs from Helags valley, using the AABR method of Osmaston (2005) and accumulation-ablation balance

ratios of three different glacier types after Rea (2009).

ELA (m a.s.l.)

early
year AD t 775 ¢ 1790 £ 1895 £ 1930 £ 1960 * 2014 £

Holocene
Glacier type:
global 1375 36 | 1468 19 | 1492 16 | 1501 14 | 1488 15| 1501 13 | 1511 11
marine

1369 39 | 1465 20 | 1490 16 | 1498 16 | 1486 16 | 1499 14 | 1509 12

temperate
Norwegian 1386 21 | 1474 11 | 1497 9 | 1505 11 | 1492 9 | 1505 8 | 1514 7

Holocene, c. 8-12% century, ¢. 1789 AD and c. 1900
AD) or glacier hypsometry data available from 20"
century (1930s and 1960s), adjusted to the sea level.
The temperature oscillated within a 1°C-difference.
The lowest values are for 1789 AD and the earlier
Holocene advance. The latter, however, has a precipi-
tation value at the ELA that is 250 mm higher than at
present while the period around year 1789 seems to
be the driest out of all. The 8"-12" centuries advance
was nearly equally cold but 120 mm wetter than the
1789 one. The last LIA advance — around 1900 AD —
was almost as cold as in the 8-12" centuries but
slightly wetter. The 20™ century experienced gradual-
ly warmer and wetter conditions.

5. Discussion

5.1 Changing dynamics of a small valley
glacier

Throughout the Holocene, Helagsglacidren
experienced a lot of changes in its mass balance due
to changing climate. As a result, its dynamics and
geomorphological imprint on the landscape also chan-
ged. However the glacier’s thermal regime appears to
have remained remarkably consistent for most of the
Holocene, likely because of its small size and location
at the lower latitude in the Scandes. During periods of
larger extents, the evidence suggests that Helagsgla-
cidren was a polythermal glacier with an active and
climatically-sensitive snout that was only frozen to
the ground near the margins where ice was thin, simi-
lar to the glaciers currently found in high Arctic areas
(Irvine-Fynn et al.,, 2011) or southern Norway
(Reinardy et al., 2019). Once the ice retreated to posi-
tion R23, the climate was warm enough to prevent
widespread permafrost formation and the funnelled
ice was likely thick enough for PMP to be reached
throughout. The glacier exhibited an entirely tempera-
te regime up until the 20™ century when it got gradu-
ally fragmented into first three, then two independent
flow units, one of which is currently stagnating and
probably cold-based and the other is actively flowing,
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Table 3. Temperature from Zhang et al. (2016) and Velle et al.

(2005) adjusted to the ELA using 0.6°C/100 m temperature
lapse rate (T at ELA); and calculated precipitation at the ELA
(global glacier type; P at ELA). Both are adjusted to the sea
level for comparison (last two columns) using the temperature
lapse rate mentioned above and precipitation lapse rate of
8%/100 m (after Haakensen, 1989).

fa 13t Pat ::: Zea:
Period (m) E,L: ELA level level
(C) (mm) Q) (mm)
:I‘::I':cene 1375 2.65 1493 1090 711
900s 1468 225 1356 11.05 623
1790s 1492 194 1252 1089 571
1900s 1501 2.09 1304 11.10 592
1930s 1488 2.98 1606 1191 733
1960s 1501 2.99 1610 11.99 732

but may soon follow this pattern due to rapid thinning.
A change in ice thickness has been identified as a ma-
jor factor determining a change in thermal regime in
many contemporary glaciers throughout the Arctic
(Mooers, 1990; Reinardy et al., 2013, 2019; Tonkin et
al., 2016; Mallinson et al., 2019).

A large influence on the dynamics of Helagsgla-
cidren is the glacier’s hypsometry and valley topogra-
phy. Funnelling of ice once it exits the cirque makes
the ice margin particularly sensitive to changes of the
mass balance when it reaches the narrower lower part
of the valley, resulting in widely spaced moraine rid-
ges. In the upper level the response to climatic changes
result in only a slight retreat/advance due to much wi-
der ice front. Similar conclusions were reached by
Kuhn et al. (1985) in the study of Alpine glaciers. The
factor of topography should be carefully taken into
account when interpreting a valley/cirque glacier’s
behaviour from its moraine sequences.
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Figure 18. Compilation of proxy temperature and precipitation reconstructions and inferred times of glacial advances. Blue bars
represent inferred times of expanded Helagsglacidren. An accompanying map (the next page) shows numbered location(s) of the
reviewed studies. In frame: a zoom-in onto the last 1150 years where more detailed records are available. The black line in
Zhang et al. (2016) and Glueck and Stockton (2001) is a 10-year running mean. The grey band in Olsen et al. (2012) is

uncertainty.

5.2 Chronology, its strengths and limits

The chronology for sediments in the Helags
valley derived from lichenometry is not complete due
to the dating limit of the method. However, several
important points can be deduced from it.

The Helags valley represents sediments from
glaciations far earlier than the LIA, which is in agree-
ment with Bergstrom (1955) and Lundqvist (1969) and
disagrees with the widely-held consensus that glaciers
in Scandinavia reached their Holocene maxima during
the LIA (Karlén, 1973; Nesje, 2009). For Helagsgla-
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Figure 18.
continued.

[*] 6reenland & Marocco

cidren, its LIA expansion was constrained only to the
upper part of the valley and the glacier reached its
maximum in about 1789, with other notable advances
in around 1840, 1870 and 1890 AD. From that point,
there was an overall retreat marked by extensive rid-
ges deposited in the 1900s and 1930s. By the 1960s,
Helagsglacidren had disintegrated into two units, only
one of which was still actively eroding and dumping
sediment on exposed overdeepened bedrock niche at
the time of the fieldwork. However, even this active
lobe has not produced a well-marked moraine ridge,
indicating that the entire system has been in negative
mass balance throughout the last decades, which is
consistent with mass balance data for Helagsglacidren
for 1999-2019 from World Glacier Monitoring Servi-
ce (WGMS, 2021).

The little terrace with the smaller of the two
proglacial lake plains is framed by a two-phased late-
ro-frontal moraine R15/17. The ages span the 8" to
12™ centuries AD which would be at the upper limit
of the dating method and therefore should be regarded
with caution. However, glaciers are known to have
expanded in Scandinavia around that time (e.g.
Rosqvist et al., 2004) and thus the ages of these land-
forms are regarded as at least broadly accurate. Simi-
lar results were observed at Austre Okstindbreen 300
km north of Helagsglacidren, where an advance aro-
und 1.3 ka was found to correspond to the Neoglacial
maximum, while the LIA extent was smaller (Bakke
et al., 2010).

The earlier Holocene sediments in the lower
Helags valley and in the Handdlan valley remain un-
constrained. A radiocarbon date (11,237 — 10,939 yr
cal. BP) produced by Kullman and Kjéllgren (2000)
is considered inaccurate as it would imply that pine
trees were growing at the Helags valley under the
waning Younger Dryas ice sheet (Stroeven et al.,
2016), the margin of which was several 100s km to
the south at that time, in a climate that would have
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required temperatures much warmer than found at si-
milar altitudes today. Given these circumstances, this
study attempts to narrow down the possible timing of
the outermost deposits by means of comparison with
other climatic and geomorphological records from
Scandinavia.

5.3 Palaeoclimate reconstruction

Reconstructing paleoclimate can be challenging
as, apart from historical sources, there are hardly any
direct records of temperature, precipitation or wind
strength and direction. Therefore one must resort to the
use of environmental proxies that have been shown to
be sensitive to the climatic parameters, bearing in mind
that the signal they record might also respond to other
factors or be dampened. Reconstruction of palaeocli-
mate from ELA is no different as rather than corre-
sponding directly to mass balance at a specific time, a
reconstructed ELA reflects longer-term averages of
any given glacier’s mass balance, provided it is in
equilibrium (Rea, 2009). Moreover, the climatic para-
meters calculated in this study hold true only while
assuming that the ELA-temperature-precipitation rela-
tionship described by Ohmura et al. (1992) does not
change through time. Nevertheless, some additional
insights about their validity can be gained from compa-
rison with other independently reconstructed climatic
proxies from Jamtland and Scandinavia.

Figure 18 presents a compilation of glacier fluc-
tuations, temperature and wetness reconstructions
through Holocene in Scandinavia to enable a compari-
son of reconstructed periods of Helagsglacidren’s ad-
vances. Numerous sources from Scandinavia point to a
severe climatic cooling and very wet conditions cen-
tred around the Finse event (8.2 ka). The scale of He-
lagsglacidren’s early Holocene advance, inferred very
cold and wet climate and considerable weathering of
moraines R28-29 are strongly suggestive of deposition
during the widespread in Jamtland 8.5-8 ka cooling
and so this age is proposed here for this set of mora-
ines.

The 8" to 12™ centuries were a period of vary-
ing climate. Pronounced cooling was inferred around
the 9/10™ century (Rosqvist et al., 2004; Zhang et al.,
2016) (Figure 18). This was followed by a well-
defined MWP in the 10" to 12" centuries (Linderholm
and Gunnarson, 2005; Zhang et al., 2016) during
which the glaciers probably retreated. The climate was
rather wet as inferred by Gunnarson et al. (2003) and
reconstructed by Olsen et al. (2012) and Bakke et al.
(2008), which all agree rather well with the climatic
parameters calculated from Helagsglacidren’s ELA
around that time. Therefore, the interpreted age of
R15/17 is narrowed here to span 9™-10" centuries AD.
It has been suggested that Scandinavia experienced a
very variable climate during the LIA (Nesje et al.,
2007; Rosqvist et al., 2013), with the coldest periods
around the years 1600, 1750, 1770, 1840, 1870 and
1900 AD. Some of these coldest time periods have
resulted in the production of distinct moraine sequen-
ces (e.g. Nesje et al., 2007; Bakke et al., 2010; Zhang
et al., 2016). The summer temperatures deviated by
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about -1°C from the 1960-1990 mean (Zhang et al.,
2016). This agrees very well with Helagsglacidren’s
periods of advance around 1790, 1840, 1870 and
1900 inferred from dated moraines R8, R10, R11,
R13, R14 and R20 (Table 1).

Reconstructing palacoprecipitation during the
LIA is more problematic because wetness of an envi-
ronment, apart from atmospheric factors, is heavily
dependent on its hydrological regime which might be
difficult to characterise in detail. This results in the
lack of agreement between authors using proxies with
different sensitivities to palacoprecipitation.

According to Gunnarson et al. (2003) who
derived his wetness reconstruction from Stomyren
peat bog in south-central Sweden and a dendrochro-
nological dataset, the time around 1790 AD experien-
ced very wet conditions, which is in disagreement
with the results in this study implying the period was
the driest of all. However, other authors found weaker
westerlies (Bakke et al., 2008) and a more negative
North Atlantic Oscillation (NAO) index during the
LIA (Olsen et al., 2012), both implying less humid
conditions in western Scandinavia at this time which
conforms to the climatic results from Helagsgla-
cidren.

Bakke et al. (2008) used sediments from pro-
glacial lakes fed by small glaciers with short response
times along the coast of Norway, and calculated the
said glaciers’ ELAs. This proxy has a higher resolu-
tion than Gunnarson’s et al. (2003) and is more simi-
lar to Helagsglacidren’s palaeoprecipitation recon-
struction methodology, so it is considered more re-
levant for comparison of precipitation. Olsen et al.
(2012) used a lake sediment core from Greenland to
reconstruct hypoxia and link it to lake water circula-
tion changes indicative of changes in precipitation.
Their reconstruction does not cover the 1790 AD,
however, it agrees very well with Bakke et al. (2008)
and shows a decrease in NAO strength at the begin-
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ning of the LIA.

Glueck and Stockton (2001) reconstructed NAO
for period 1429-1983 AD using tree-ring chronologies
from Morocco and Finland, and 80 and snow accu-
mulation records from GISP2 ice core. Helagsgla-
cidren’s periods of advances fit into periods of both
slightly negative and slightly positive NAO and thus
remain being unequivocal. However, as Glueck and
Stockton’s (2001) chronology does not cover older
periods reconstructed from Helagsglacidren, it is impo-
ssible to infer from it if the LIA was relatively drier or
wetter than the other time periods.

All reviewed studies agree that the period from
around the 8" to 12" centuries was wet or wetter than
the LIA (Nesje et al., 2000; Gunnarson et al., 2003;
Bakke et al., 2008; Andersson and Schoning, 2010;
Andersson et al., 2010; Olsen et al., 2012; Rosqvist et
al., 2013). Nesje et al. (2000) is the only study that ad-
dresses precipitation during the Finse event and also
reconstructs very wet conditions at that time, similarly
to the results from Helagsglacidren.

It is concluded that precipitation reconstruction
from Helagsglacidren matches other records rather
well, which is significant considering the glacier’s
small size and strong influence of topography on its
dynamics.

5.4 Significance of Helagsglaciaren for
Holocene palaeoglacial reconstruc-
tions

To the author’s knowledge, Helagsglacidren is
the first glacier in Sweden for which a complete Holo-
cene reconstruction has been attempted using both geo-
morphological mapping and ELA reconstruction, the
results of which are summarised on Figure 19. Previous
works on the topic either focused only on the LIA




(Regnéll and Hormes, 2015) or just the mapping
(Karlén, 1973; Denton and Karlén, 1976). There is a
limit to universal conclusions that can be derived
from studying a single cirque or valley glacier.
Nevertheless, several interesting points can be made
from the research presented here.

Firstly, some present small cirque glaciers
used to be more extensive, active glaciers in the past,
which makes them possible analogues for the present,
where glaciers are currently retreating rapidly due to
global warming (e.g. Zemp et al., 2019). Investigating
their dynamics and responses to climatic factors
would prove to be useful in predicting the outcomes
of current environmental change. Therefore, more
effort should be put into unveiling the sedimentologi-
cal and geomorphological record in the forelands of
such glaciers and already-empty cirques.

Secondly, the dynamics of a medium-sized to
small glacier can change through time due to combi-
ned effects of changes in climate and ice hypsometry,
so that it is less or more responsive to the same clima-
tic signal than those in the vicinity. A large influence
on the timing of such a switch is possibly exerted by
the overall size of the ice body (and especially
thickness) which determines absolute mass loss or
gain, but also response time at the snout (Bahr et al.,
1998). Moreover, the southern location of Helagsgla-
cidren probably determined its switch from polyther-
mal to temperate regime, unlike current polythermal
Arctic glaciers that are predicted to contain increasin-
gly larger areas of cold bed (Glasser and Hambrey,
2001).

Thirdly, an extremely important factor in the
dynamics of small valley/cirque glaciers is the local
topography that determines the sensitivity of the sno-
ut. When included in regional palacostudies, these
glaciers should probably be reviewed on a case-by-
case basis (cf. Kuhn et al., 1985).

Lastly, there is a wide-spread recognition that
the behaviour of small cirque or valley glaciers may
be heavily dependent on non-climatic factors like
topography or snowblow and thus not conform to, or
reflect general palaeoclimatic changes (Barr and
Lovell, 2014). However, palacoclimatic reconstruc-
tion at Helagsglacidren agrees well with other records
from Scandinavia, though only a larger investigation
involving a group of nearby glaciers would be able to
ultimately confirm how reliable this study is. This
warrants more attention to be paid to other similar
glaciers in future palaeoclimatic studies.

6. Conclusions

This study attempted to reconstruct the glacier
dynamics, chronology and palaeoclimate of He-
lagsglacidren throughout the Holocene by using geo-
morphological mapping, sedimentology, lichenome-
try and ELA calculation. A synthesis of conclusions
is presented below.

1. The Helags valley sediments were mapped
in detail and 21 moraines were dated by means of
lichenometry (R4-R15, R17, R20-26 and R28) using
a locally-derived calibration curve. Three sediment
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exposures were also dug in different moraines along
the valley’s length. The valley is occupied by extensive
sediments of different ages much beyond the current
extent of Helagsglacidren, indicating earlier prominent
advances.

2. Based on the geomorphological and sedimen-
tological evidence, Helagsglaciiren switched from
being a polythermal glacier in the past to the temperate
one it is today. It disintegrated into two parts, one of
which is still active despite its small size. That suggests
a considerable thickness of the active part.

3. Topography plays a large role in the survival
and behaviour of cirque and valley glaciers (including
Helagsglacidren) and should be carefully considered
when including them in palaeostudies.

4. Based on the comparison of palaeoclimatic
data from Helagsglacidren and other studies from
Scandinavia, it is suggested that Helagsglacidren rea-
ched a maximum probably around the Finse event (8.5-
8.0 ka) when summer temperatures were almost as
cold as during the LIA, but the climate was much
wetter.

5. Other prominent advances were around the
9th_10® century AD, around 1790 (the LIA maximum)
and 1900 AD, as inferred from lichenometry.

6. The LIA was the coldest and driest period out
of the established chronology. Helagsglacidren did not
reach its NeO%Iacial maximum at that time, but earlier
around 9™-10" century.

7. The reconstructed glacier fluctuation chrono-
logy and calculated climatic data agree well with the
local literature.
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Appendix
Python script to calculate Equilibrium Line Altitude from a DEM of a glacier’s surface using the AAR
and AABR methods:

## import necessary libraries
import rasterio as rio
import numpy as np

# Define the input parameters
interval= 10

br= 1.9

cellsize=2

#### in order to import your dem raster, you use rasterio.
# Define relative path to file
dem_pre_path = "C:/Users/jelon/Desktop/Master_ thesis/GIS data/Ice contours/iceDEMs/ice DEM123.tif"

# Open the file using a context manager ("with rio.open" statement)
with rio.open(dem pre path) as dem src:
dem = dem src.read(1) #now you should have a numpy array of your ice DEM

# Maximum and minimum value of DEM
maxalt=dem.max ()

print ("Maximum ice elevation: ",maxalt)

dem[dem==-99999.0]=np.nan #set nans to all zeros

dem=dem[~np.isnan (dem) ] #remove all nans, transform it to 1D array
minalt=dem.min ()

print ("Minimum ice elevation: ",minalt)

# create an empty list
# calculate ELA using AA method

for ela in np.arange (minalt,maxalt,1): #take every possible ELA of the glacier in 1lm steps
list=[]
for i in np.arange (minalt,maxalt,interval): #for each contour belt of interval set above,
area=dem[ (i<dem) & (dem<(i+interval))].size*cellsize**2 #take the number of pixels within it and
#multiply by pixel area to get contour belt area
ave alt diff=(i+(i+interval))/2-ela #compute the difference between the contour average
- - #altitude and the ELA. If above the ELA, it's (+,
#accumulation), below its's (-, ablation)
multiplication=area*ave alt diff #weight the contour belt areas by their distance to ELA
list.append (multiplication) ™ #pool your results for each contour belt in the empty list
suma=np.sum(list) #sum it all up
if (suma<0) : #the first sum that becomes negative (change of
#sign, around zero), is printed
print ("AA method ELA is:", ela) #the ELA is calculated with the resolution of 1 m
break

# create an empty list
# calculate ELA using AABR method

for ela in np.arange (minalt,maxalt,1l): #take every possible ELA of the glacier in 1lm steps
list=1[] #if the contour belt is below ELA...
for 1 in np.arange (minalt,maxalt,interval) :
area=dem|[ (i<dem) & (dem<(i+interval))].size*cellsize**2

ave alt diff=(i+ (i+interval))/2-ela
if ave alt diff<O0:
ave alt diff=ave alt diff*br #...you multiply it by Balance Ratio set above
multiplication=area*ave alt diff
list.append (multiplication) ™
suma=np.sum(list)
if (suma<0) :
print ("AABR method ELA is:", ela)
break
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