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SUMMARY
ENGLISH

The remote coastal ice-free areas of Northeast Greenland National Park are considered a
unique laboratory to examine the chronology of past cold-climate geomorphological
processes and associated climatic conditions. This dissertation endeavors to employ a
multidisciplinary approach, leveraging various natural archives and employing
complementary techniques. The overarching goal is to enhance our understanding of the
glacial history and climate variability within the specified region. Four valley environmental
reconstructions are presented here, combining geomorphological mapping and a
geochronological dataset of 84 “Be cosmogenic radionuclide exposure (CRE) dating
samples (in some cases complemented with OSL dating and historical data) to reconstruct
glacial oscillations. In addition, a multiproxy characterization of lake sediment records is
provided, using seven different but complementary paleolimnological methods together
with 13 ™C dating, to unravel climate variability of the last millennia, with a focus on local
temperature and precipitation regimes. The highest CRE-dated samples indicate that these
valleys were fully glaciated before the global Last Glacial Maximum (LGM) at ~80-50 ka.
After the LGM, a rapid deglaciation process with massive ice thinning occurred, and most
of the currently ice-free areas of the region were deglaciated at the end of Termination-1.
The complete sequence of moraine ridges distributed across the slopes surrounding the
Zackenberg Valley floor revealed ice thinning between ~13.7 and 11.2 ka, followed by
accelerated glacier retreat at ~10-11 ka, when the valley glaciers disconnected from the
main ice tongues. Deglaciation of the fjord entrance valleys and terminal valleys occurred
during the Early Holocene at ~10-8.5 ka, due to the long-term decrease of precipitation.
This long-term recession was interrupted by periods of glacial stillstand/ advance of the
valley glaciers that favored the formation of the moraine ridges on the slopes and valley
bottoms of the different valleys (as during short periods of cooling, such as the ~11.5 and
9.2 ka events). The prolonged recession exposed the rock slopes and the moraine ridges,
favoring rapid paraglacial slope readjustment. The disappearance of the ice has led to the
formation of the present landscape through a variety of postglacial processes, mainly
periglacial dynamics, glacial-isostatic uplift and redefinition of the coastlines, permafrost
aggradation, and nivation processes. As in most areas of NE Greenland, there are no
glacial records from the mid-Holocene to the beginning of the Late Holocene (~8.2- 4.2 ka),
and therefore no glacial oscillation data were obtained from any of the four valleys. his
phase was parallel to low precipitation regimes from ~5.2 to ~3 cal. ka BP in the area. At
this time, from ~3 ka BP forward, as conditions became wetter and warmer, new evidence
of glacial advances are detected in some valleys (as at ~1.3, ~0.6 and ~0.3 ka BP). The
Little Ice Age (LIA) (1300-1850 CE) constitutes the last phase of glacier expansion in
Greenland driven by solar minima that favored lower global temperatures. Paleolimnological
reconstructions show that the beginning of the LIA was characterized by a marked decrease
in air temperatures, followed by a decrease in precipitation, which was lowest at the end of
the period. Since the last major LIA advance, the glacier fronts have experienced minor
oscillations, as shown by historical images of the 1930s, with glaciers close to LIA moraines.
The last 50 years of the Aucella Lake and ZAC1906 Lake records are characterized by
abrupt temperature increases, with the highest peaks of the last ~11 cal. ka BP that are
associated with anthropogenic global warming. In conclusion, the main findings of this PhD
thesis constitute new relevant contributions to understanding climate variability and glacial
response in NE Greenland from the last glacial cycle to the present, considering the
limitations of using CRE dating in areas where paraglacial dynamics are very active.
However, they have also raised new questions and uncertainties that need to be investigated
in the future.
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PETIT RESUM EN CATALA

Les remotes zones costaneres sense gel del Parc Nacional del Nord-est de Groenlandia
es consideren un laboratori Unic per a examinar la cronologia dels processos geomorfologics
del passat en climes freds i les seves condicions climatiques associades. Aquesta tesi
pretén emprar un enfocament multidisciplinari, aprofitant diversos arxius naturals i emprant
técniques complementaries. L'objectiu global és millorar la nostra comprensié de la historia
glacial i la variabilitat climatica en aquesta regi6. Aqui es presenten quatre reconstruccions
ambientals de valls, combinant cartografia geomorfologica i un conjunt de dades
geocronologics de 84 mostres de datacioé per exposicié a radionuclids cosmogenics (en
alguns casos complementats amb datacié OSL i dades historiques) per a reconstruir les
oscil-lacions glacials. A més, s'ofereix una caracteritzaci®é multiproxy dels registres de
sediments lacustres, utilitzant set métodes paleolimnologics diferents perd complementaris
juntament amb 13 datacions “C, per a desentranyar la variabilitat climatica dels Gltims
mil-lennis, amb especial atencio als regims locals de temperatura i precipitacio.

PEQUENO RESUMEN CASTELLANO

Las remotas zonas costeras sin hielo del Parque Nacional del Noreste de Groenlandia se
consideran un laboratorio Unico para examinar la cronologia de los procesos
geomorfolégicos del pasado en climas frios y sus condiciones climéaticas asociadas. Esta
tesis pretende emplear un enfoque multidisciplinar, aprovechando diversos archivos
naturales y empleando técnicas complementarias. El objetivo global es mejorar nuestra
comprension de la historia glaciar y la variabilidad climatica en esta region. Aqui se
presentan cuatro reconstrucciones ambientales de valles, combinando cartografia
geomorfolégica y un conjunto de datos geocronoldgicos de 84 muestras de datacién por
exposicidn a radionucleidos cosmogénicos (en algunos casos complementados con
datacion OSL y datos historicos) para reconstruir las oscilaciones glaciares. Ademas, se
ofrece una caracterizacion multiproxy de los registros de sedimentos lacustres, utilizando
siete métodos paleolimnolégicos diferentes pero complementarios junto con 13 dataciones
14C, para desentrafiar la variabilidad climatica de los ultimos milenios, con especial atencion
a los regimenes locales de temperatura y precipitacion.
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The significance of the polar regions, the Arctic, the Greenland Ice "inelignosioansciousnoss. (he

Sheet (GrIS) and peripheral glaciers is pivotal in the Earth's climate B

manifest in each and every

system, as they play a critical role in the environmental and climatic  jeison. isgrates snd comects

INTRUDUCTIUN dynamics of our planet. Understanding the events that transpired in  esewintheyoms of e
these areas beyond the historical instrumental record is essential for e
gaining deeper insights and comprehending their mechanisms.

- Nuttall,1992

OUTLINE In this context, this doctoral thesis puts four environmental reconstructions
designed to unveil glacial oscillations and climate variability in Northeast Greenland over
the past millennia.

The renowned paleoclimate scientist W. Broecker vividly characterized the climate system

as an "angry beast," drawing attention to our precarious engagement, akin to poking it with
sticks. This striking metaphor encapsulates the looming prospect of unforeseen challenges
that the evolving climate may unveil.

Earth's climate system comprises multiple complex physical, geological, chemical, and
biological subsystems interconnected on a wide range of time and spatial scales. In order
to grasp the Earth system in its entirety, we need to gain a comprehensive understanding
of the intricate subsystems (atmosphere, the hydrosphere, the cryosphere, the lithosphere
and the biosphere) that comprise it as how these systems interact and identify linkages
between them, both in the present time and in the

past (Bradley, 2015).

Inside the linked, complex Earth's intricate
climate system puzzle, polar regions
(Arctic and Antarctica) are crucial pieces
and play a pivotal role in shaping both
terrestrial (e.g., glaciers) and marine
ecosystems (e.g., sea ice). Changes in
these regions do not stay restricted in
high latitudes, but have profound effects
throughout the planet far beyond the .y
high latitudes, sparked by an intricate *
cascade of effects globally through
complex atmospheric and oceanographic
teleconnections (Goosse et al., 2018). The
polar regions exhibit local forcings and feedback
mechanisms that lead to a warming i
trend surpassing the global average, a Figure 1. Azi_muthal project!on from the Geographic

North Pole with the Arctic Circle marked by the black
phenomenon known as polar line, encompassing all land areas north of latitude
amplification (Cohen et al., 2014). This  66° N. Source: QGreenland QGIS data package.
amplification is evident in historical

6,000 km
1
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periods, but it is also a contemporary reality, currently driving accelerated geoecological
transformations.

The Arctic region (above the Arctic Circle (©66° 34' N; Figure 1) is an essential Earth’s
climate system component, and its ecosystems stand out as some of the most vulnerable
areas on our planet, being highly sensitive to environmental disturbances (Anderson et al.,
2017; Post et al., 2009; Saros et al., 2019). Both instrumental observations and climate
models reveal that the region is undergoing rapid warming - almost four times higher than
the global average for the period 1979 to 2021 (Rantanen et al., 2022), and it is expected
to experience some of the most intense changes in response to climate warming by the
end of the 21st century (Preusser et al., 2008; Saros et al., 2019). According to > 40 years
of climatic data, for West Greenland mean June air temperaturesfrom 1994 to 2015 CE
increased by 2.2 °C and mean winter precipitation from 1976 to 2012 CE doubled from 21
to 40 mm, while from 2006 to 2015 CE, mean July air temperatures have increased by 1.1
°C (Saros et al., 2019). However, much remains to be understood about the drivers of Arctic
amplification, climate variability and the feedback processes between the different
environmental and climate components (Lund et al., 2017; Pithan and Mauritsen, 2014;
Serreze and Barry, 2011). Arctic climate change shows different spatial and temporal
patterns, among which the Arctic Oscillation/North Atlantic Oscillation (AO/NAO) and the
Greenland Blocking Index (GBI) are the most prominent (Miller et al., 2010). However,
there is a poor undertanding of their long-term evolution and fluctuations prior the
instrumental records in this key area (H6rhold et al., 2023); therefore, to project climate
scenarios accurately it is decisive to contextualize present-day warming within a long-term
perspective and thus decipher natural climatic fluctuations from anthropogenic influences.

Within all the interconnected environments or subsystems that exist in the Arctic, one of
them can provide an important key to our knowledge of past, present and future global
environmental conditions: past and modern glacial landscapes (Nesje and Dahl, 2000).
This encompasses the GrlIS, ice caps, glacier outlets as well as the deglaciated areas they
have left behind its retreat, with a mosaic of landforms and ecosystems.

The GrIS and the still heavily glaciated terrain of the eastern Canadian Arctic comprise the
majority of glacier ice in the Northern Hemisphere (Gardner et al., 2013). The GrIS is a
mostly land-based ice sheet, the second largest body of ice globally, and the only one in the
Northern Hemisphere. It extends over 1.4 x 106 km?, with a maximum depth of 3.2 km, and
a potential sea water equivalent rise of ~7.4 m (Bamber et al., 2013).

The GrlS is considered a tipping element in Earth's climate (Lenton et al., 2008). This
extensive ice sheet has played a major role in the stability of the climate system since the
last glacial maximum (LGM; 26—19 ka; (Cohen and Gibbard, 2019)) and is responding fast
to present-day climate warming, with major retreats over most of its edges (Vasskog et al.,
2015). Similarly, peripheral glaciers in Greenland are also recording an accelerated
recession in response to unfavourable climate conditions for glacier stability. Greenland is
currently the main source of contribution to sea level rise (10.8 + 0.9 mm between 1992 and
2018; (IMBIE Team, 2020)) and this contribution may even increase in the forthcoming
decades, as the GrlIS is currently imbalanced with the present-day climate (King et al.,
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2020). The loss of glacial ice is having major implications for Greenlandic ecosystems, and
enhancing Arctic amplification effects, ocean currents, surface radiative balance, etc.,
affecting, thus, the stability of the Earth’s climate system (Meredith et al., 2019). Some
simulations show that, under CO, levels four times higher than preindustrial ones, the GrIS
might disapear completely within three thousand years, (Vasskog et al., 2015), rising global
mean sea-level (MSL) between 5 and 33 cm by 2100 CE (Aschwanden et al., 2019).
Considering these models, the behaviour of the ice-sheets are a primary affair.

Nowadays, despite available instrumental meteorological records can offera comprehensive
understanding of the climate framework for over the last few decades (to one or two
centuries, at maximum), it provides a relatively short-term perspective on Earth's climatic
history. Furthermore, it encompasses only a limited set of climate variables related to
environment processes, resulting in a restricted array of information (Axford et al., 2009;
Bradley, 2014; Catalan et al., 2013). The historical data provides a statistical framework for
understanding climate over a specific period (at best, a few decades), which is shorter than
the time response of ecosystem processes. Consequently, there is a need for long time
series observations, which are typically not readily available. Knowledge on the past spatial
and temporal patterns of glacial oscillations is needed to frame current GrlS trends, and
important for assessing the outputs from numerical ice sheet models, reconstructing the
processes that conditioned the deglaciation on timescales beyond the current instrumental
records (Smol, 2019) and unveiling the potential contribution of former glaciers to sea-level
rise.

Furthermore, a detailed understanding of the short- and long-term temporal and spatial
evolution of Greenland climate, mainly related to Greenland blocking (persistent high-
pressure system), might help to provide insights describing the North Atlantic Oscillation
(NAO) evolution. This major regional pattern of wintertime variability in the Northern
Hemisphere has major implications for the weather patterns in many European regions,
including the Mediterranean basin (Davini et al., 2012; Hanna et al., 2016). According to
some studies, an increasing trend of Greenland blocking in summer and a more variable
blocking in winter may led to enhanced early winter NAO variability, mainly at the southern
node of this climate mode (Hanna et al., 2015). Therefore, it is of paramount importance to
understand the polar climate evolution in order to forecast which could be the potential
short- and long-term climate impacts in the Mediterranean and other sensitive areas.

The examination of climate before the instrumental meteorological period relies on
climatological reconstructions. Exploring climate-driven natural archives offers a more
temporally extended and geographically wide perspectives on climatic variability, providing
insights into patterns and factors driving past climate changes as well their impacts, tipping
points of the ecosystems, and cascade effects over time and space (Klose et al., 2020); this
is needed to augment our understanding of today's shifting climate and the future changes
forecasted by climate models. Indirect indicators of past climate and environmental
conditions, known as proxies, can be inferred from natural archives through geochemical,
physical, geological, and biological measurements. In this sense, modern and former
glacial environments, such as NE Greenland, are key areas to improve our knowledge of
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past, present, and future global conditions, as they are generally located in remote-sensitive
areas far from population centres, where direct human impact can be considered negligible
for studying any of the processes implied in global change (Battarbee et al., 2002.; Nesje
and Dahl, 2000).

However, not all paleoclimatic records serve as sensitive indicators of abrupt climate
changes, and not all offer a temporal continuous record (Bradley 2015). In this sense, the
climate reconstructions presented in this PhD thesis primarily focus on two geological,
terrestrial sources of proxy data: the geomorphological record, consisting of glacial deposits
and features of glacial erosion, and the lake sedimentary records, encompassing the
geochemical and biological information preserved in their sediments.

The glacial geomorphological record constitutes a discontinuous and incomplete source of

data, representing discrete events in time resulting from the integration of climatic conditions
prior to the ice changes. Therefore, the examination of climatic information extracted from
lake sediments has helped in contextualizing such episodic information. Hence, these two
sources of data complement each other, providing a more comprehensive understanding
of the climatic shifts and glacial oscillations under investigation.

1.1.1 GEOMORPHOLOGICAL RECORDS AND GLACIAL OSCILLATIONS

The analysis of the geomorphological record left by retreating glaciers can provide a
comprehensive understanding of the landscape evolution and associate climate variability.
Besides, these studies also provide insights about the forcings and processes responsible
of the development of glacial landforms, as well as subsequent postglacial (periglacial)
processes affecting their stability (paraglacial dynamics).

The geological record, especially along the Quaternary period, preserves more or less
abundant geomorphic evidence of glacial advances and retreats associated with changes
in ice volume, thickness, and length in response to changes in temperature and precipitation
(Oerlemans, 2005). Consequently, the distribution of these landforms is indicative of past
changes in climate regimes. Dating these glacial remnants will thus supply the chronological
framework of glacial histories associated with past climate variability.

The temporal constrains of these past changes will come from direct dating of these glacial
records by means of cosmic-ray exposure (CRE) dating. With the introduction of cosmogenic
nuclide exposure dating, it is possible to directly constrain the timing of glacial fluctuations
by dating polished bedrock, moraines, or erratic boulders left by glaciers (Dunai, 2010).
This methodological advancement has reinvigorated the exploration of the glaciation
history of the GrlS.

Geomorphologists struggled to establish absolute chronologies on the glacier record until
CRE dating was developed (JC and FM, 2001). Until then, the timing of glacial oscillations
was relative and approximate, based on local radiocarbon-dated records or on regional/
hemispheric records, such as marine sediments and ice cores, losing valuable information
on the sensitivity of glaciers to climate changes. The direct dating of glacial sediments with
cosmogenic nuclides is a unique and one of the most powerful tools for reconstructing the
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timing of past glacier volume changes (Gosse and Klein, 2014). Despite this dating
technique has been only available for geomorphologists roughly over the last 35 years, it
has become widespread and broadly used in paleoenvironmental studies all across the
world, from the poles to the mountain regions, to understand glacial oscillations as well as
periglacial dynamics in cold-climate regions of the Earth.

1.1.2 LAKE SEDIMENTARY RECORDS AND CLIMATE VARIABILITY

Proxies generated from lake sediment archives can provide a detailed and holistic view of
past climate and enviromental changes (Axford et al., 2009). Therefore, lakes serve as
essential natural repositories of Earth’s history, offering valuable insights into the past
environmental and climate evolution through the accumulation of sediment layers. Over
time, lakes collect a large array of particles and organisms both from their own internal
dynamics and from their surroundings, transforming the extracted sediment cores into rich
sources of historical environmental data. Paleolimnology, the multiproxy and high-resolution
temporal study of preserved geological records in lakes, primarily relies on sediment coring
to unearth this valuable information. Additionally, lake sediments exhibit diverse responses
depending on the studied proxy to shifting climates, allowing to characterize with great
detail how climate and other forcings have shaped Earth’s surface.

To delve into the past and comprehend past dynamics in these aquatic ecosystems, this
PhD thesis approach hinges on analyzing changes in sediment characteristics and studying
fossil organisms. These proxies aid in reconstructing how lake systems responded to
climate shifts (Birks et al., 2012). Given the intricate web of interactions within the ecosystem,
a comprehensive understanding of lake behavior and past environmental variations
benefits from examining a wide array of proxies (Smol, 2002). In contrast to single-proxy
studies, the combination of multiple proxies uncovers more nuanced information and
improves paleoenvironmental reconstructions (Bradley, 2015). This PhD thesis adopted a
multidisciplinary approach that is accurately explained in the Methods section.

1.1.3 LATE QUATERNARY CLIMATIC AND ENVIRONMENTAL CHANGES IN GREENLAND

To frame the studies on the past changes affecting the GrlS, peripheral ice sheets and
glaciers contained in this PhD thesis, it is essential to have a broad understanding of the
current state of knowledge.

Over the last decades, ice cores collected from several sites across the GrIS have
produced a wealth of information about Late Quaternary climatic and environmental
changes (Cook et al., 2022; Rasmussen et al., 2023). However, there are still gaps and
limited knowledge on the ice sheet response to climate variability and its sensitivity to
temperature/moisture shifts. Here, | present a brief summary about the current knowledge
of the GrlS dynamics since the onset of the last deglaciation (Figure 2):
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LAST GLACIAL CYCLE

The GrlS, alongside Antarctica, is one of the only ice sheets that survived the last
deglaciation during Termination-1 (T-1) (~19-11 ka BP). It persisted through the Last
Interglacial period (~130-116 ka BP) despite significantly higher global temperatures,
although its Northeast sector was notably reduced (Vasskog et al., 2015). The GrIS
expanded considerably during the last glacial cycle (115 — 11.7 ka BP), reaching its peak
volume during the LGM (~26.5 — 19 ka BP) (Clark et al., 2009; Vasskog et al., 2015).
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Figure 2. Temperature evolution since the last glacial cycle in the interior of Greenland based on the
0180 record of the NGRIP ice core, 5-point running mean. Periods are labelled according to
(Rasmussen et al., 2014). Source: own elaboration.

TERMINATION-1 (T-1; ~19-11 KA BP)

Around 20-19 ka BP (Clark et al., 2009), temperatures rose at the onset of T-1 as a result
of a gradually increasing of both atmospheric CO, concentration (Shakun et al., 2012) and
summer insolation in the Northern Hemisphere high latitudes (Clark et al., 2009). The
reorganization of the ocean currents, atmospheric pattern changes and climate shifts
provoked an enhancement of the temperature rise around 17 ka BP (Kobashi et al., 2017).
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This led to a substantial reduction in GrIS volume, causing its margins to retreat, primarily
becoming land-based (Funder et al., 2011; Vasskog et al., 2015).

A variety of terrestrial and marine records from Greenland and the North Atlantic region
demonstrate the occurrence of abrupt temperature shifts ranging between 5 and 15 °C
during T-1 with a marked seasonality (Buizert et al., 2014; Vasskog et al., 2015). These
temperature shifts influenced the reorganization of thermohaline circulation in the Southern
Ocean, enhancing the ventilation of deep oceanic waters of this hemisphere, and leading
to a rapid global CO2 rise and substantial deglacial environmental and biotic changes in
the polar regions (Denton et al., 2010). Palaeoglaciological studies have modeled these
oscillations of the GrlIS and other peripheral glaciers during T-1 revealing significant spatial
changes in response to warm (shrinking) and cold phases (expanding) (Funder et al., 2011;
Vasskog et al., 2015). A widely-employed nomenclature for climatic change during T-1 is
the sequence of Oldest Dryas, Bglling, Older Dryas, Allergd, and Younger Dryas. T-1
deglaciation was punctuated by two major cooling events affecting the Northern Hemisphere:
the Oldest Dryas (OD; ~18.0—-14.7 ka BP) and the Younger Dryas (YD; ~12.8-11.5 ka BP),
with the Bolling-Allerad warm event (B-A; ~ 14.5 ka BP) in between.

The B-A event is divided into sub-events ‘a’ through ‘e’ named from Bjérck et al., 1998. To
the prominent, very rapid onset of warmth ~14.7 ka BP of the Bglling interstadial followed
more than 1/3 of the total deglacial warming (Alley et al., 2010). Bglling warmth was
interrupted by the short-lived but prominent Inter-Allerad cold periods otherwise known as
Older Dryas (Seierstad et al., 2005).

GrlS began to retreat from the continental shelf by ~16 to 14 ka BP, thus responding in part

to the B-Awarm event (Vasskog et al., 2015). Oxygen stable isotope data show that climatic
conditions generally change from a rather warm climate at the beginning of the Bglling to a
much cooler climate at the end of the Allergd, but also that the temperature changes
abruptly toward both cooler and warmer conditions several times during this period
(Rasmussen et al., 2006). Subsequently the YD cold climate oscillation began with a
200-year-long period of cooling and culminated with a 60-year-long period of abrupt
warming, as recorded in Greenland ice cores (Steffensen et al., 2008). Over the GrlS,
annual mean temperatures dropped between 5 and 9 °C during the YD, when both summer
insolation (65° N) and atmospheric CO2 were increasing (Buizert et al., 2014). Although
temperatures dropped during this cold event, it is noteworthy that there is a particularly
pronounced asymmetry in the behaviour of the ice margin during the YD and in some of the
GrlIS areas there is no evidence for marked ice margin response to the initial cooling. In
fact, the GrIS retreat during the YD has been corroborated from the W shelf (Hogan et al.,
2016; Oksman et al., 2017) where the ice extending to the outer shelf (Vasskog et al., 2015)
and from eastern and southern Greenland (Andrews et al., 2018; Levy et al., 2016) where
the ice was situated well inside the fjords mouth (Vasskog et al., 2015). Only on the north
coast of Greenland did glaciers apparently advance and retreat at the beginning and end
of the YD (Larsen et al., 2016).
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HOLOCENE (11.7 KA BP T0 PRESENT)

While sediment sequences reconstructing local and regional Holocene climate have been
published for various ice-free regions of Greenland, the spatial coverage is still rather poor,
and temporal resolution remains coarse, in the realm of the millennia, for many sites.

EARLY HOLOCENE (11.7 T0 8.2 KA BP)

Warmer temperatures during the Early Holocene accelerated deglaciation (Clark et al.,
2012; Buizert et al., 2014). GrlS retreat within the modern coastline occurred around 11 to
10 ka BP based on radiocarbon ages (Bennike and Bjérck, 2002; Vasskog et al., 2015).
Following T-1, the Northern Hemisphere experienced the maximum Holocene summer
insolation, with temperatures about 2.5°C warmer than present during the Holocene
Thermal Maximum (HTM; ~ 10-6 ka BP) (Axford et al., 2021; Kaufman et al., 2004; Renssen
et al., 2009). Indeed, it is estimated that from the late stages of T-1 until the HTM, the GrIS
loosed about one third of its areal extent (0.89 million km2; (Leger et al., 2023).

The HTM has been widely documented in Greenland's paleoenvironmental records, with
different timing and intensity that is indicative of notable regional variability (Briner et al.,
2016a; Buizert et al., 2018; Kjeer et al., 2022; Lusas et al., 2017a; Vinther et al., 2008)
During the HTM, there was a widespread trend of glacial retreat of the GrlS, mountain
glaciers and ice caps, interrupted only by short periods of glacial stabilization in some
regions (Young et al., 2020). Glacial response in S and W Greenland during the HTM was
more diffuse than in the N and E sectors, where prevailing warmer temperatures led to a
strong glacier retreat during the Early Holocene (Briner et al., 2016b). It is estimated that
the GrIS receded 65 km inland from 12.7 to 9.8 ka BP in the NE Greenland, corresponding
to an average retreat rate of ~22 m yr—1 (Skov et al., 2020).

Across the GrlS, the long-term deglaciation trend was generally interrupted by two cold
events: the Preboreal Oscillation (PBO) around 11.5-11.4 ka BP and the 9.2 ka BP event
(9.5-9.2 ka BP interval). These abrupt cooling events are well-defined in Greenland ice-
core isotope records and appear prominently and synchronously in most of them (Kobashi
et al., 2017; Rasmussen et al., 2007; Thomas et al., 2007). Both events likely involved the
alteration of the Atlantic Meridional Overturning Circulation (AMOC) driven by freshwater
input into the North Atlantic Ocean via rapidly melting ice sheets (Renssen et al., 2009;
Thornalley et al., 2018).

MIDDLE HOLOCENE (8.2 T0 4.3 KA BP)

By the mid-Holocene, the GrlS was situated behind its present-day ice limits, while many
peripheral glaciers were smaller or completely absent (Solomina et al., 2015). Reduced
summer insolation in the Northern Hemisphere, influenced by Earth orbital changes,
initiated a gradual cooling trend in Greenland from 8.2 ka BP onwards (Carlson et al., 2014;
Larsen et al., 2016; McKay et al., 2018; Reusche et al., 2018; Skov et al., 2020). Over
Greenland annual temperatures are estimated to have cooled 3.3 + 1.1 °C during the 8.2
ka BP event (Kobashi et al., 2007). This century-long event seems to have much in common
to the 9.2 ka BP event both in the originating anomalies and their magnitute (Fleitmann et
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al., 2008). Although this event is detected in the Greenland ice cores (Thomas et al. 2007)
and in some paleorecords around Greenland (Carlson et al., 2021; Young et al. 2013), it
lasted less than 150 years (Kobashi et al., 2007). This brevity could have caused to be
undetectadle by low-temporal resolution records (Fleitmann et al., 2008) and not favor a
significant glacier expansion.

Summer temperatures dropped, reaching 1—1.5 °C below present-day temperatures by
the end of the mid-Holocene at ~4 ka BP, exhibiting high variability across Greenland
(Lasher and Axford, 2019). As a result, glaciers started to re-advance in what is termed the
neoglaciation (Porter, 2000). However, due to the time-transgressive nature of the end of
the HTM across the island, the onset of glacial advances showed significant regional and
local variability. Although the spatial and temporal patterns of the Holocene glacier advances
and retreats are still uncertain, this is particularly true for the neoglacial time span starting
after ca. 6 ka BP (McKay et al., 2018; Palacios et al., 2020; Porter and Denton, 1967).

The GrIS globally reached its minimum Holocene extent at 7 ka BP, but the retreat of some

fronts was delayed until ~4—3 ka BP or even later (Larocca et al., 2020b, 2020a; Larsen et
al., 2018; Schweinsberg et al., 2019). Local mountain glaciers and ice caps exhibited a
similar response pattern to changing Holocene climate trends. In S Greenland, most
glaciers disappeared between ~7.1 and 5.5 ka BP and began recovering from ~3.1 ka BP
to 1.3 ka BP onwards (Jomelli et al., 2022; Larocca et al., 2020b). In SW Greenland, some
glaciers survived throughout the HTM and started recovering from 4.3 ka BP onwards
(Larocca et al., 2020b). In E Greenland, the Renland Ice Cap was smaller than present by
9.5 ka BP and began regrowing at ~4 ka BP (Medford et al., 2021). In NE Greenland, in the
area were this thesis focuses, it was only suspected by previous studies that glaciers were
smaller than present during the Middle Holocene than during their Late Holocene extension
that occurred at ~3 ka BP (Biette et al., 2020b).

LATE HOLOCENE (4.3 KA BP TO PRESENT BP)

Late Holocene climate it is characterized by a general cooling trend (Wanner et al., 2011),

with an alternation of warm and cold intervals identified in the Northern Hemisphere; two
phases of warmth; the Roman Warm Period (RWP, 1-300 CE, (Ljungqvist, 2010))and the
Medieval Climate Anomaly (MCA, 800—1200 CE; (Lamb, 1965; Stine, 1994)) as well as two
cooling episodes, the Dark Ages Cold Period (DACP, 800— 300 CE; Ljungqvist, 2010) and
the Little Ice Age (LIA, 1300-1850 CE; (Ljungqvist, 2010; Mann and Jones, 2003; Oliva and
Ruiz-Fernandez, 2018)). The transition from these cold to warm phases has been
associated with changes in the mode of the NAO (Darby et al., 2012; Faust et al., 2016;
Funder et al., 2011; Jackson et al., 2017; Nesje and Dahl, 2001; Olsen et al., 2012), which
describes the main mode of climate variability in the North Atlantic region during winter
(Hernandez et al., 2020; Wanner et al., 2011). A positive (negative) NAO is broadly
associated with increased (reduced) northward advection of Atlantic water by the AMOC
and a decrease (increase) in sea ice in the Arctic (Dickson et al., 1996; Thompson and
Wallace, 1998)

Despite all this whole picture of GrlS changes related to climate periods and events,
important knowledge gaps still exist as to how the GrlIS and peripheral glaciers respond to
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climate switches, their sensitivity to climate, and spatio-temporal patterns of past glacial
oscillations (e.g. Kelly and Lowell, 2009; Vasskog et al., 2015; Larocca et al., 2020a,
2020b), namely:

« What was the glacier response during the YD cold phase?
* Where were the glaciers during the HTM?

« How did the environment readjust to ice-free conditions?

1.2 STUDY AREA

The study areas lie at the ice-free areas around Zackenberg Research Station (74°28’ N,
20°34’ W), situated in the Wollaston Foreland Peninsula in the SE corner of the Northeast
Greenland National Park (Figure 3 and 4).
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Figure 3: (A) Location of the study area within Greenland. (B) Location of the study area within the
region, inside NE Greenland. (C) Regional setting of the study area. Source: own elaboration and
Greenland Mineral Resources Portal from GEUS base map.
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Figure 4. Image of the study area in September 2019, picture took on the Zackenberg Valley oriented
facing W. To the left of the picture, Zackenberg Research Station and The Young Sund fjord beyond;
on the middle Zackenberg Mountain (and the Zackenberg peak at 1389 m); To the right, Zackenberg
Valley and Store Sodal valley.
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It is a very appropriate area for undertaking this PhD research as:

e ltis aremote area: defined as those occurring in high latitudes or high-altitude regions,
have the advantage of not being heavily overprinted by local anthropogenic processes.

» Itis located within the world largest National Park. Contributing to it remoteness and
being more isolated from possible anthropogenic intrusions.

* ltis affected by the polar amplification and allows to examine the magnitude of glacial
and climate oscillations in the High Arctic with regards to other areas.

The coastal ice-free areas around Greenland island are considered as one of the most
sensitive ones and much more stable than glaciers and ice sheets. These areas provide
excellent proxy data for land-based geological paleoclimatic reconstructions, making
possible the study of past GrIS oscillations, since Greenland's local glaciers can respond
and record climate changes at sub-millennial timescales (Briner et al., 2016a), faster than
inland ice margins (Levy et al., 2014a). Moreover, the NE Greenland region is one of the
only of few locations where the margins of the GrIS and local glaciers were located on land
(at least partially) by late glacial time (Levy et al., 2016).

Climate and environmental characteristics (permafrost, geomorphology, fauna, flora, etc.)
are well known in the area thanks to the existence of long-lasting monitoring programs (e.g.
BIOBASIS, GEOBASIS).

Logistically, Zackenberg research station provides excellent support to develop research,
being one of the two areas in NE Greenland where research infrastructure is available. This
is a key issue in the polar regions and this PhD thesis benefited from the existing facilities.

For all these reasons, the area is considered a unique laboratory where to study the type
and chronology of cold-climate geomorphological processes and associate climate
conditions in NE Greenland.

THE PHYSICAL ENVIRONMENT

The flat-topped highest summits surrounding the study area rise between 1000 and 1400
meters above sea level. These plateaus are connected to steep hillsides that descend
towards the valley floor. The ice-free regions of the valley floor mainly correspond to an
outwash plain, with sediments deposited by a fluvial braided system fed by glacial meltwater
and other proglacial streams. Some of these areas are periodically affected by glacial lake
outburst floods (GLOFs). Rivers drain the broad U-shaped valleys for several kilometers
and form large deltas as they reach the fjords.

Exposed bedrock is primarily found at the mountain tops and upper slopes of both valley
sides, while the lower parts and valley floors are covered by Late Quaternary sediments
(Cable et al., 2018; Gilbert et al., 2017). The studied valleys around the study area contain
two distinct bedrock types: metasediments, gneiss, and granite formations of Caledonian
Crystalline complexes from the Early Proterozoic with abundant orthogneiss, and Jurassic
and Cretaceous mudstones, sandstones, and carbonates sedimentary rocks (Grennow et
al., 2009; Henriksen et al., 2009). Consequently, substantial deposits of Quaternary
sediments affected by active hillside processes cover the middle and lower sections of the
slopes. The bedrock geology determines the prevailing geomorphological processes in the
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ice-free Zackenberg Valley, resulting in distinct landforms and processes on each underlying
type of lithology. Erosive and sedimentary glacial landforms are widespread across the
valley and have been significantly altered by paraglacial and periglacial dynamics. The
whole area is underlain by continuous permafrost (200 to 400 m thick) and a spatially
variable active layer (45 to 80 cm thick) (Christiansen et al., 2010, 2008).

The study area exhibits a typical High Arctic polar tundra climate (Kottek et al., 2006).
From 1996 to 2015, the mean annual air temperature at Zackenberg Research Station
averaged -9.0 °C (Figure 5), and the mean annual precipitation was 367 mm (Hgjlund
Pedersen, 2017), primarily falling as snow, although occasional rain events may occur in
the summer months (Hasholt et al., 2008). The brief summer season plays a pivotal role in
the development of the valley's sparse vegetation cover. The extensive lowland areas
consist of a moist to dry tundra dominated by shrubs less than 15 cm tall, along with
grasslands, fens, and scattered snow patches. The diversity and size of the plants decrease
at higher elevations (CAVM Team, 2003). Below 200 meters above sea level, small shrubs,
fell fields, and grasses predominate (CAVM Team in 2003), while above 600 meters a.s.l.,
vegetation becomes exceedingly scarce (Buus-Hinkler et al., 2006; Elberling et al., 2008).

THE HUMAN BACKGROUND

This region has consistently captured significant attention and boasts a rich historical
background due to special geographical characteristics. One of the most prominent
polynyas defined as recurring opening in the sea ice in an otherwise ice-covered ocean in
Northeast Greenland is located between 74°-75°N latitude and is named’ Sirius Water
Polynya’ (Pedersen et al., 2010). These areas of open waters are known for bringing an
increase in biological productivity. Consequently, the coastal sector in NE Greenland where
this polynya is located, stands out as an
area with abundant wildlife that was Zackenberg Valley 1996-2021 10
historically used for hunters and fishers.
Ice-free waters were rare gateway for sea-
going vessels to access the coastal regions ]
(Pedersen et al., 2010), resulting thus in
rich prehistoric and historic information.
The region has historically been a
settlement area for the Inuit for the past
4500 vyears, pre-dating the arrival of
European whalers and explorers to the
entire region (Kroon, 2009). Various waves
of Inuit populations, including the
Independence people |, Greenlandic
Dorset, and the Thule Culture, inhabited
the favorable northeast coastal
environments. According t0 SOMe  rigyre 5. Climatogram for the period between
authors, the last remnants of this 1996 and 2021 based on temperature and
population north of 69°N latitude may precipitation data from the Zackenberg Research
have been along the southern shoreline Station  (Greenland ~ Ecosystem  Monitoring
of Clavering @ (74°15°N; (Kroon et al., database). Source: own elaboration.

n
oS
n

= Precipitation (mm)

o

-20

-25

o0l
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

24

STUDY AREA

2009; Rule et al., 2005)). In 1923 CE, European explorers encountered a native population
in this coastal area for the first and last time (Clavering, 1830). The Greenland whale fishery
commenced around 1612 CE (Rule et al.,, 2005). Consequently, the only available
information on the region north of latitude 69° N was derived from whalers’ sightings until
the comprehensive charting of East Greenland by William Scoresby Jr. in 1822 CE. This
marked a pivotal moment, as it not only represented the first scientific observations of the
area but also provided the first semblance of accurate information regarding the fjord region
of East Greenland (Rule et al., 2005). The NE Greenland region gradually became a site of
extensive scientific and non-scientific exploration. In the following years, Norwegian and
Danish fishing and hunting endeavors overlapped with the increasingly numerous scientific
expeditions from different countries that mapped the area in detail and collected various
types of data such as meteorological and glacial conditions, flora and fauna among others
(Rule et al., 2005).

1.2.1 THE GEOMORPHOLOGICAL RECORD AND GLACIAL OSCILLATIONS IN NE GREENLAND

Northeast Greenland is the place where the GrIS experienced the largest areal changes
since the Last Glacial Maximum. However, the age constraints of the last deglaciation are
in some areas sparse (Figure 6). So far, CRE dating has only been used in relatively few
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Figure 6. Map assembling cosmogenic-nuclide data from Greenland research works. Red circle
marking the study area location of this PhD thesis. Source: ICE-D database project. Published results
of this PhD thesis are already displayed in this open repository.
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sites in the vast North and Northeast Greenland (Biette et al., 2020b; Hakanson, 2008;
Hakansson et al., 2007a; Larsen et al., 2020, 2018; Skov et al., 2020) (Figure 6).

In the Northeast Greenland coastal region, the understanding of the chronology of glacial
fluctuations and landscape changes during T-1 and throughout the Holocene remains
limited. There is a paucity of studies addressing the timing and the extension of the glacial
oscillations in this area (Figure 7). Most of them are at the north and at the south of our
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Figure 7. Map of NE Greenland region including the location of exposure ages studies from published
glacial CRE chronologies including the results of this PhD thesis divided into the periods from which
they have obtained dates (Biette et al., 2020b, 2020a; Hakansson et al., 2009b, 2009a, 2007b, 20074a;
Kelly and Lowell, 2008; Larsen et al., 2018; Levy et al., 2016, 2014b; Lowell et al., 2013; Skov et al.,
2020). The geographical division (North-East vs. Central-East Greenland) follows that of the Geological
Survey of Denmark and Greenland (Dawes and Glendal, 2007). Source: own elaboration and
Greenland Mineral Resources Portal from GEUS base map.

Zoom in into our study area within the NE Greenland region, the only previously studied
valley of our area, Zackenberg Valley: On the other valleys, the only geo-glacio data
available data comes from historical expeditions. Glacial evidence in the Zackenberg area
is distributed from mountain plateaus to valley floors and has been described in detail in
previous studies (Cable et al., 2018; Christiansen and Humlum, 1993). However, despite
the widespread, highly detailed geomorphological mapping of glacial features (moraines,
erratic boulders and glacial polished surfaces) from Cable et al., 2018, the chronology of
the different glacial phases is not yet constrained. The likely oldest glacial evidence in the
area are glacio-lacustrine deposits distributed on the lower slopes, dated by optically
stimulated luminescence (OSL) between 84 + 8 and 114 + 11 ka, suggesting that during
that time part of the Zackenberg Valley was ice-free and probably filled with an ice-dammed
lake (Christiansen et al., 2002). Ice-free conditions were also reported from a pronival
basin at 600 m in Zackenberg Mountain, where a thermoluminescence date yielded an age
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of 66.2 + 7 ka, thus confirming the absence of glaciers in the upper part of the valley during
part of the last glacial cycle (Christiansen, 1994). OSL-dated glaciofluvial deposits indicate
that the deglaciation of the lower Zackenberg Valley occurred after 22 + 3 ka (Christiansen
et al., 2002). Based on the distribution of glacial and periglacial landforms, Christiansen
and Humlum (1993) proposed a tentative deglaciation chronology and more recently,
based on the fjord valley fill, including sedimentary deltaic sequences and OSL ages,
Gilbert et al. (2017) suggested that the Zackenberg lowlands may have been ice free as
early as 13—11 ka (Christiansen et al. 2002).

1.2.2 THE LAKE SEDIMENTARY RECORD AND CLIMATE VARIABILITY IN NE GREENLAND

The knowledge gap about the local and regional Holocene climate evolution of Northeast
Greenland is evident owing to the absence of multy-proxy climate reconstructions. The
spatial coverage remains incomplete, and the temporal resolution is usually at millennial-
scale, although certain studies have made progress in advancing our understanding in this
field (Figure 8)

There have been several studies from the region that have examined paleo-records from
lacustrine and continental shelf sediments (Figure 8). The closest lake sediment pollen
work is located at the northwestern part of Zackenberg Valley and extends to 9 calibrated
(henceforth cal.) ka BP (Bennike et al., 2008). But, the closest work about high-resolution
proglacial lake is located ~20 km to the W from Zackenberg Valley (Adamson et al., 2019).
However, as happen with geomorphic/chronological records, research has focused on
areas to the north (Christiansen, 1998) and the south of our study area (Davies et al., 2022;
Klug, 2009; Pados-Dibattista et al., 2022; Schmidt et al., 2011; Wagner et al., 2008).
Records from these two regions broadly show a climate evolution with a cold Early
Holocene, a warmer Mid-Holocene with a Holocene Thermal Maximum ending at ~5.5 cal.
ka BP, and a relatively cold Late Holocene (Axford et al., 2017; H. Cremer et al., 2001;
Holger Cremer et al., 2001; Klug and Wagner, 2008; Kolling et al., 2017; Levy et al., 2014b;
Lowell et al., 2013; Lusas et al., 2017b; Medford et al., 2021; Wagner et al., 2005, 2000;
Wagner and Melles, 2002). According to Klug (2009), coastal lakes show that around 6.2
cal. ka BP, subsurface waters on the Central Northeast Greenland shelf began to cool. After
approximately 5.5 cal. ka BP, a distinct cooling phase commenced, accompanied by an
increase in sea ice extents (Pados Dibattista et al., 2022), indicating a Neoglacial average
cooling of 0.6-0.8°C per thousand years from around 5.5 to 0.5 cal. ka BP. This cooling
trend was more pronounced between approximately 4 to 3.5 cal. ka BP and progressively
intensified throughout the late Holocene (4.2 cal. ka BP to the present) (Klug, 2009; Klug
and Wagner, 2008).

In some cases, paleoceanographic records also indicate greater productivity in the early
and middle Holocene compared to the late Holocene (Axford et al., 2017; Pados Dibattista
et al., 2022). However, across the entire set of terrestrial and marine records, there is no
strong consensus on the timing of the Neoglacial or other events such as the Little Ice Age
(LIA). The closest event to our study area was reported as the onset of the Neoglaciation
at approximately 3.2-3.5 cal. ka BP, marked by glacial advances (Lusas et al., 2017), a
constructed negative temperature anomaly (Medford et al.,, 2021), and a cooling of
subsurface water on the central Northeast Greenland shelf at 3.2 cal. ka BP (Axford et al.,
2017). A shift towards more arid conditions was recorded around 2.7 cal. ka BP when the
atmospheric circulation over the North Atlantic significantly changed (Pados Dibattista et
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al., 2022). The first signs of glacial regrowth appeared initially in high-elevation interior
locations around 2.6 cal. ka BP (Wagner et al., 2008a). Diatom analyses suggested that
some areas of NE Greenland were seasonally ice-free during much of the Holocene, with
perennial ice cover developing only after 1.8 cal. ka BP (Cremer et al., 2001a, 2001b). A
gradual change towards colder temperature conditions began after 1.8 cal. ka BP, as
observed in other regions (Levy et al., 2014b).

There is no consensus about the timing of the LIA, although most records indicate cold
events or glacial advances prior to or around approximately 0.7 cal. ka BP, including at 1.3
cal. ka BP (Lusas et al., 2017) and 1.0-0.8 cal. ka BP (Adamson et al., 2019; Medford et
al., 2021), with a subsequent period of ice-marginal retreat around 0.5 cal. ka BP (Adamson
et al., 2019; Lusas et al., 2017; Medford et al., 2021).
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Figure 8. Map of the NE Greenland region including the locations of the previous to this PhD thesis
sediment core studies discussed in the text (both marine and lacustrine): (Axford et al., 2017; Holger
Cremer et al., 2001; Davies et al., 2022; Klug, 2009; Klug and Wagner, 2008; Kolling et al., 2017; Levy
et al., 2014b; Lowell et al., 2013; Lusas et al., 2017b; Medford et al., 2021; Schmidt et al., 2011;
Wagner et al., 2008, 2005, 2000; Wagner and Melles, 2002). The geographical division (North-East
vs. Central-East Greenland) follows that of the Geological Survey of Denmark and Greenland (Dawes
and Glendal, 2007). Source: own elaboration and Greenland Mineral Resources Portal from GEUS
base map.

1.3 STRUCTURE OF THE THESIS AND OBJECTIVES

This PhD thesis includes a general introduction and a summarize methodology applied to
obtain the main findings that are presented in four research articles that compose the
results section, finishing with the general conclusions.
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STRUCTURE OF THE THESIS AND OBJECTIVES

In order to avoid repetition between this PhD thesis and the research articles, the
Introduction and Methods sections are a general compilation, and more specific details are
accurately described in each of the published articles.

1.3.1 FRAMING THE RESEARCH ARTICLES

As mentioned above, the findings of this PhD thesis are contained inside the four research
papers conducted within the designated study area (Figure 9). Three of these papers focus
on the reconstruction the glacial oscillations in four valleys with distinct geographical
characteristics (Paper |, Paper Il, and Paper Ill). The fourth paper (Paper IV) explores the
past climate variability of the area through a multiproxy characterization of lake sediments.
In alignment with the content of this fourth paper, additional information from the same area
has beenincorporated into the study of climate variability, with non-published supplementary
results in section 3.2.2 (other data).

Paper Il Paper Il Paper | Paper IV
Tyroler \a'alleg,r_-l Olsen Valley Dolomit Valley Zackenberg Valley Aucella Lake

’ Other data Y/
| (ZAC1906 Lake)
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Figure 9. Location of the different valleys and lakes studied, and results included in the published
research articles within the study area. Source: own elaboration and Greenland Mineral Resources
Portal from Geological Survey of Denmark and Greenland (GEUS) base map.
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1.3.2 OBJECTIVES AND RESEARCH QUESTIONS

This PhD thesis gives answer to the following major research questions (RQ):

RQ 1: Which have been the past spatio-temporal patterns of glacial advances /retreats
since T-1 and throughout the Holocene in this area? (Paper I, Il and Il

Which landforms have been generated by glacial oscillations in the area?
When did the GrIS margin start shrinking during the last glacial cycle?
What were the phases of major glacial advances/stillstands and retreats?

Can we quantify the magnitude of glacial response during past warm and cold periods
and events?

RQ 2: To what extent is CRE dating successfully applied in this area, where post-glacial
environmental dynamics are very active? (Paper |, and Ill)

What does the chronology inferred from glacial geomorphic features say about the
deglaciating process and environmental history of the area?

Are these geomorphic features representative of the glacial chronology across NE
Greenland or have they been intensely reworked by paraglacial processes?

RQ 3: What is the natural climate variability, and which are the climate conditions driving
glacial oscillations in this area during the last several millennia? (Paper VI)

Do lake sediments record a well-preserved climate signal, or do we see other
environmental signals in these natural sediment archives?

The different sensitivity of the proxies employed to reconstruct the lake processes is
reflected in their response?

Are these remote lakes indeed highly sensitive and therefore sentinels of environmental
change?

RQ 4: Are the climate and glacial trends detected in the Zackenberg area synchronous
with those recorded in other NE Greenland regions and around GrIS? (Paper |, II, 111, 1V)
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Do climate changes reconstructed from lake sediment records explain glacial
responses inferred from the geomorphic record?

Does the need of multiproxy studies become clear in terms of difference in temporal
resolution to understand lake system and glacial oscillations linkages to environment
and climate?

Have remarkable climatic changes occurred during the Holocene which led to important
ecosystem changes in terrestrial and aquatic systems?

What are the relationships between deglaciation chronologies and local/regional and
interregional climate variability?

STRUCTURE OF THE THESIS AND OBJECTIVES

Table 1. Research articles (Papers) that conform this PhD thesis related with the main research
guestions they answer and the aims of each one.

Article

Paper | : 'Late Glacial
deglaciation of the Zackenberg
area, NE Greenland.
Geomorphology.'

2{e]

RQ1, RQZ, RQ4

Aims of the study

0 Examine the limits of CRE dating for establishing time constraints in highly dynamic
glacial-paraglacial-periglacial environments.

O Create ageneral framework of how the GrlS and peripheral glaciers respond to
climate switches, their itivity to climate, and spatio-temporal patterns of past glacial
oscillations at the entrance of the fjord area.

0 Compare with different paleodata at local, regional and Greenland level.

Paper Il : Holocene glacial
oscillations in the Tyroler
Valley (NE Greenland).'

RQ1, RQ4

0O Identify the main phases of glacial expansion and associated environmental
implications during the Late Hol creating a deglaciation history of the glacial
oscillations , at the end of the fjord area (close to the present-day glacier fronts).
O Identify and differentiate landforms generated by glacial oscillations and by paraglacial
processes with the creation of new cartography of the glacial landforms in areas where
there are no previous studies.

0 Identify the main phases of glacial expansion and retreat , as well as the major
postglacial processes reshaping the landscape.

0 Compare spatio-temporal patterns of neoglacial fluctuations in the Tyroler Valley with
those inferred from other regions across Greenland.

Paper lll : ‘A Late Glacial and
Holocene chronology of
climate-linked landscape
evolution in NE Greenland
from CRE dating of landforms.'

RQ1, RQ2, RQ4

O Identify the main phases of glacial expansion and associated environmental
implications during the Late Holocene creating a deglaciation history of the glacial
oscilations , in different valleys of the area (near to the present-day glacier
fronts).

O Identify and differentiate landforms generated by glacial oscillations and by paraglacial
processes with the creation of new cartography of the glacial landforms in areas where
there are no previous studies.

O Identify the main phases of glacial expansion and retreat , as well as the major
postglacial processes reshaping the landscape.

O Identify the value of CRE dating in an environment of cold-based glaciers and intense
paraglacial and periglacial processes accompanying deglaciation and rapid temperature
increases.

0 Compare spatio-temporal patterns of landscape evolution in these valleys with those
detected in other regions across NE Greenland.

Paper IV :'A ~5000-year
multiproxy record of summer
climate in NE Greenland.'
and Other data

RQ3, RQ4

0O Refine our understanding of the timing and patterns of regional environmental and
climate variability in NE Greenland.

0 Reconstruct climate conditions driving glacial advances/retreats.

O Produce a high-resolution geochemical, biological, and physical reconstruction from a
remote lakes.
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While different methodologies employed in the four original papers

of this thesis, a consistent approach was followed in all of them. et e
This involved the preparation of the field campaign through a e

preliminary survey, the collection of samples and data during the e

fieldwork, the generation of preliminary results via the analysis and

M ETHUDS treatment of the samples, and ultimately, the presentation of results and
their interpretation. Each of the original publications constituted a
multiproxy study detailed in Table 1.

OUTLINE
Table 1. Research articles (Papers) that conform this PhD thesis related with the main research
questions they answer and the aims of each one.
Record Method / approach Paper | Paper lI 4l Paper IV || Other data
Geomorphological mapping X X X
Glacialperiglacial ~ |CRE dating X X X
landforms OSL dating X
Historical data X
Non-destructive analysis (CT-scan, X X
XRF, hyperspectral imaging)
Lake sediments =
Destructive analysis (C dating, X X
organic matter, XRD, diatoms)

Papers|, I, and Il used the same type of terrestrial records as source of paleoenvironmental
information and, despite some differences, a common approach (Figure 1): a combination
of mapping glacial and periglacial landforms with CRE dating. On one hand, the landforms
shaped and left by the glaciers provided insights into their spatial extent and type of glacial
oscillations, while the CRE dating of glacial landforms contributed to the establishment of
the glacial chronology.

The strategy of the research commenced with the selection and identification of key
valleys for the application of this methodology. Before the fieldwork, the area underwent
characterization through existing literature and satellite images, providing preliminary ideas
and a sampling strategy for the fieldwork.

Once in the field, we validated the preliminary map based on in-situ observations and
collected samples for dating purposes. The samples were sealed, packed, and transported
back to Barcelona, where they were processed at the laboratory. Following standard
analytical procedures, age calculations, and statistical tests, the final ages datasets were
generated. With these two outcomes (geomorphological maps and ages datesets), the
chronological framework of the landscape evolution in each studied valley was created.

Additionally, two other dating approaches were used in Paper Il: OSL dating of buried
sediments and historical data derived from past expeditions in NE Greenland.

Paper IV uses another natural archive, lake sediments, to reconstruct the climatic
framework of glacial oscillations in the area. The initial phase of this research involved the

33



METHODS

preparation of logistics for fieldwork (Figure 1). Subsequently, during the field campaign,
samples and other relevant information are collected. To extract the maximum information
from the lake sediment core, we employed both non-destructive and destructive analyses
to acquire diverse biologial and geological proxies, constrained by time with accelerator
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2.1.1 SPACE: GEOMORPHOLOGICAL MAPPING

An accurate mapping of geomorphological features is essential, therefore the published
geomorphological maps over the deglaciated valleys of the NE Greenland gathered the
spatial distribution of major glacial and periglacial landforms to understand the coupling of
glacial, periglacial and paraglacial processes in newly exposed terrain. These maps
supported the formulation hypotheses about the environmental evolution in the different
valleys, including glacial extent during different timescales and periglacial activity as well as
landform changes associated with subsequent paraglacial adjustment.

On the one hand, the most common valleys’ landforms that offer more information about
glacial history are moraine boulders, erratic boulders, and polished surfaces. These are the
landforms that have been sampled for CRE dating. Each of these landforms provides
different a type of environmental information: Moraine boulders are commonly indicative of
periods of the maximum glacier advance or ice stillstands, when the ice-built moraines, with
the subsequent moraine stabilization (Davies et al., 2022). Erratic boulders and polished
surfaces reveal horizontal and vertical ice retreat changes (Corbett et al., 2011; Fernandez-
Fernandez et al., 2021), and are mostly indicative of the timing of their exposure after a
period of glacial shrinking or retreat. All these landforms are widely distributed in all the
study areas, although they present different characteristics from one area to another
(Figure 2).

On the other hand, periglacial landforms as well as those derived from alluvial and fluvial
processes inform about the post-glacial landscape evolution.

Figure 2: Examples of landforms mapped and sampled for CRE dating (yellow dots) in the different
working areas. (A) Upper Dolomit valley near Dolomit glacier ice front with the moraines sampled in
this part of the valley. (B) Picture of Aucellabjerg mountain slope with the moraines sampled in the
Zackenberg valley area. (C) Panoramic picture of the Tyroler valley with the marked position of all
samples collected in this area. Source: own elaboration.
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All geomorphological maps included in Papers I, Il and Il were drawn by outlining the
landforms in the ARCMAP 10.8 work environment over precise orthorectified panchromatic
satellite images purchased for each study area (detailed in Table 3). The final maps were
also supported by the Digital Elevation Model ArcticDEM (2 m spatial resolution) provided
by (Porter et al., 2018).

Table 3. Summary details about the geomorphological areas mapped in each study area. Source: own
elaboration.

Study area mapped Fieldwork Satellite image

Paper| Zackenberg Valley ~195 August 2018 2019 WorldView-3 (0.3 m resolution)

Paper Il Tyroler Valley September 2019 2017 SPOT-6/7 (1.5 m resolution)

OlsenValley  September 2019 2018 WorldView-2 (0.5 m resolution)
|September 2019 2019 WorldView-3 (0.3 m resolution)

2.1.2 TIME: GEOCHRONOLOGY
2.1.2.1COSMIC-RAY EXPOSURE (CRE) DATING
FROM ROCKS TO DATES

The basic concept of CRE dating is on the fact that the studied isotopes could not exist in
minerals before exposure to cosmic radiation or before meteoric nuclides accumulate on
the surface. So, the question arises as to how they have been formed and come to appear
on the surface of the Earth?

There are two types of cosmogenic isotopes depending on how they were formed:
cosmogenic nuclides produced in the Earth’s atmosphere; and terrestrial in situ-produced
cosmogenic nuclides. Atmospheric (or meteoric) cosmogenic nuclides like "Be, '°Be, '*C,
and %¢Cl are produced when primary cosmic rays (i.e., high-energy cosmic particle originated
outside the solar system) hit a given target atom present in the uppermost part of the
Earth’s atmosphere (Dunai, 2010). Upon entering this layer, these primary cosmic rays
initiate a cascade of collisions producing nuclear reactions with the emergence of a
multitude of secondary cosmic rays. Such secondary cosmic rays reach the Earth’s surface
and can even penetrate a few meters of ground rock. They produce in situ cosmogenic
nuclides such as rare noble-gas isotopes and radionuclides like *He, '°Be, '*C, #Al, %Cl,
#1Ca and %Mn (Dunai, 2010). When interacting these secondary cosmic rays with atoms at
the Earth’s surface, they induce nuclear reactions within minerals exposed at the rock’s
surfaces (Dunai and Lifton, 2014) wich remain inside the rock minerals and soils particles
until they decay. Because cosmogenic nuclides build up predictably with time (Figure 3),
measuring their concentrations allows the determination of how long a rock surface or
sediment has been exposed at or near the surface of the Earth (JC and FM, 2001). In other
words, when the rocks of the Earth’s surface are bombarded by such cosmic radiation, the
nuclide clock begins to tick (Figure 3), thus providing dates and rates of Earth-surface
processes. The longer a given surface has been exposed to cosmic radiation, the greater
is the concentration of cosmogenic radionuclides in the minerals within the rock, so the
clock ticks through accumulation.
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A Exposure age —-» B
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Figure 3. (A) Simplified representation of how nucleide concentration of ®Be accumulates on the
surface of the material as time passes and therefore, the exposure of this material to cosmic rays. (B)
Simplified principle of how CRE dating works. The nuclide concentration starts to accumulate when
the material is no longer protected and is exposed to cosmic rays. This accumulation stops when the
material is blocked from the cosmic rays (e.g. when covered or when a sample of that surface is
taken). Source: own elaboration.

With the knowledge of these basic principles of cosmogenic in situ radionuclides formation,

there are few things to keep in mind when it comes to locate and sample a given rock
(Dunai, 2010): (i) The production of cosmogenic nuclides varies depending on the place on
Earth where we are and the material we want to date. On the way to Earth, the trajectories
of primary cosmic rays’ particles are bent by forces exerted by the Sun’s magnetic field,
and their paths depend upon their angle of entry along the Earth’s magnetic field lines. The
intensity of this particle flux is greatest at the poles, where the subparallel particle trajectories
and Earth’s magnetic field lines allow essentially all the charged particles that constitute the
cosmic radiation arrive at the Earth’s surface (Dunai, 2010). Furthermore, the in situ
production of cosmogenic radionuclides at the Earth’s surface depends on the total mass
of atmosphere in the overlying air column (Stone, 2000), and hence depends on altitude.
All these parameters must be considered later when calculating exposure ages (see section
subsection 3 for a detailed explanation) and their associated uncertainties. (ii) The choice
of the most suitable cosmogenic radionuclide for dating each area depends on the lithology
of the materials that will be dated. This is because the production of different isotopes is
influenced by the target elements affected by in cosmic rays (Dunai, 2010).

Taking into account all these issues and based on the characteristics of the study area,
°Be was the radionuclide used for dating in this PhD thesis. °Be forms from O and Si (in a
lesser extent) atoms (the main targets for this radionuclide), constituents of quartz (SiO,)
(Dunai,2010). Quartz is one of the most widespread and common minerals on Earth’s
surface: it is indeed resistant to weathering, ubiquitous with a simple stoichiometry and has
a trigonal structure (Figure 4) that allows confining elements within it (Davies, 2022; Gosse
and Phillips, 2001). Quartz-rich lithologies like felsic phaneritic rocks (granites) or high-
grade metamorphic rocks (gneiss) are the perfect targets for “Be expose dating. These
lithologies are resistant to weathering and durable, being possible to transport them long
distances.

°Be is most widely used to date glacial landforms because its production rate has been
well studied and calibrated (Balco et al., 2009; Borchers et al., 2016; Kaplan et al., 2011;
Putnam et al., 2010; Small and Fabel, 2015). Also, °Be has a long half-life (~1.4 My)
making it useful for dating samples from covering the entire Quaternary, including historic

38

RECONSTRUCTION OF GLACIAL OSCILLATIONS

time (Schaefer et al. 2009). Added to all this, "°Be has routinely good precision in AMS
measurements, a standardized chemistry procedure (Nishiizumi et al., 2007), and the
isotope 9Be is rare in quartz, making it simpler to measure (Granger et al., 2013).

One of the obstacles when dating with '°Be is the presence of atmospheric '°Be in the
structure of quartz otherwise called in situ °Be (Figure 4). The production of atmospheric
°Be is 10° times faster than the average in rocks (Gosse and Phillips 2001). This
atmospheric beryllium will precipitate and may be absorbed by surface materials. Therefore,
a considerable effort in the chemical preparation of these samples should be necessary
with sequential chemical dissolutions in order to remove the meteoric °Be component from
the quartz structure (Khol and Nishiizumi 1992).

A total of 84 samples for CRE 10Be dating were sampled from the different study valleys

(within Papers 1, 1l and 1lI) from 4 different types of landforms: 56 from moraine boulders,

18 from polished surfaces, 6 from erratic

SIO boulders and 2 from slide boulders

4 (Figure 5 and 6). The results of all

these samples (Table 4) will be

used to constrain the time of

the events of the landscape
evolution.

Single tetrahedron

Figure 4. Image of purified quartz grains from one of
our samples with the design of an isolated single
tetrahedron SiO, and the formations of the 3D network
of tetrahedrons that form the quartz mineral SiO,.
Source: own elaboration.

Figure 5. Number and type of
samples from the different study
areas. Source: own elaboration.

@

Total = 84 samples

= Zackenberg Valley (39 samples)

B Tyrolar Valley (18 samples)

= Olsen Valley (15 samples)
Dolomit Valley (12 samples)

Number of samples

Type of sample
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Erratic boulders. Zackenberg Valley

Polished surface. Zackenberg Valley

Polished surface. Tyroler Valley

Polished surface. Olsen Valley

Figure 6. Examples of the main types of samples (Erratic boulders/moraine boulders/polished
surfaces) taken in the field at the different study areas (Zackenberg/Tyroler/Olsen/ Dolomit valleys).
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METHODS

All technicalities on sampling and the subsequent
treatment of samples are detailed in each of the original
publications, together with the physico-chemical
treatment protocols followed in the laboratory to measure
exposure in situ '°Be concentrations by AMS.

However, for the sake of facilitating the reading of this
PhD thesis, a summary of the general process that all
CRE dating samples have followed is presented here:

1. FIELDWORK AND SAMPLING

It consists on the documentation of key field details
such as the landform description, precise geographic
coordinates, elevation, and measurements, that should
be obtained prior the rock sampling. For the CRE
samples, approximately 1 kg of the uppermost rock layer
(with a thickness of = 5 cm) using hammer and chisel
was collected (Figure 7).

2. LABORATORY PROCEDURES

EXTRACTION AND PURIFICATION
OF QUARTZ

As impurities at the
sample may contain
interfering elements
and/or meteoric com-
- ponents that disturb
Sample ready to transport fige or invalidate the later
Figure 7. Different moments of measurements, the

fieldwork sampling for CRE dating in  first steps of the lab-
the study areas. Source: own oratory procedures

elaboration. focus on obtaining
pure quartz.

This step can be divided into physical and chemical

separations that aim to separate quartz from the other

minerals that compose the rock sample.

According to the expected exposure age recorded by s A
the sample, around 20 g of purified quartz, weighted Magmc,mn_m;g,',c,,monsmmsample

Figure 8. Pictures of the laboratory
physical separations.
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after physical preparation and chemical leaching, are necessary to continue with this
preparation process.

TOTAL DISSOLUTION OF QUARTZ AND RECOVERY OF TARGETS

The chemical procedure of this phase aims at chemically enrich the '°Be cosmogenic
isotope and separate it from interfering isotopes of other elements. Once we have our
target mineral (quartz) separated from the rest of the components of the original sampled
rock, the work into an atomic level begins. A°Be carrier is added before the total dissolution
to ensure further detection of the °Be/°Be ratio by the AMS measurements (Dunai, 2010).
In this regard, once the purification is completed, ~150 yml of spike spike of an in-house
manufactured 9Be carrier solution was added to the samples (Merchel et al., 2008). At the
end of this process, Be is separated from other elements such as Fe, Mn, Ti and B using
anion and cation exchange resin columns and the result will be beryllium oxide (BeO)
target.

CATHODAGE AND MEASUREMENTS ON THE AMS ATER

Finally, the BeO target is mixed with niobium powder at similar proportions into copper
cathodes (Figure 9). The measurement of °Be/°Be ratios on the BeO targets were
conducted at the French 5 MV ‘Accélérateur pour les Sciences de la Terre, Environnement
et Risques’ (ASTER) facility at European Centre Research And Teaching In Geosciences
De Lenvi (CEREGE), France, utilizing the identical calibrations and standards in all of
them.

3. EXPOSURE AGE CALCULATIONS AND UNCERTAINTIES

Once the AMS measurements have been performed on the samples, several calculations
must be made in order to obtain the surface exposure ages. In this sense, there are two
major sets of online calculators are available to calculate exposure ages, namely the
CRONUS-Earth (Balco et al., 2008; Marrero et al., 2016) and CREp (Martin et al., 2017).
The exercise of calculating our ages with one and the other was carried out and returned
identical results except for the oldest samples in which different values came out by just
0.3%.

With the main objective of compare our results with other published CRE ages from NE
Greenland, after a review of the bibliography of the area, we used the CRONUS-Earth
online calculator, version 3.0 (Balco et al., 2008; hitps://hess.ess.washington.edu/) with the
following parameters: the calculation incorporated the Arctic-wide sea-level/high-latitude
10Be production rate (3.96 + 0.15 atoms g a') (Young et al., 2013) and the “Lm” (Lal/
Stone) time-dependent scaling model (Lal, 1991; Stone, 2000). Throughout the calculations,
a density of 2.7 g cm™ was assumed for all samples, with no adjustments made for erosion
or snow shielding. The partial shielding effects of the surrounding topography were factored
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Be oxidalionl

Evaporation

Figure 9.Pictures of the different steps in the chemical separation process. Source: own elaboration.
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in using the “Topographic Shielding Calculator v.2” (http://stoneage.ice-d.org/math/skyline/
skyline_in.html) for all sampling locations.

UNCERTAINTIES:

It is essential to take uncertainties into account when evaluating the accuracy of
interpretations derived from CRE measurements. Within CRE dating, these uncertainties
arise from three different sources (Dunai, 2010), namely:

Analytical/observational: also known as internal uncertainties. This uncertainty results
from the observed and estimated quantities describing a sample and the sampling site,
also including all the steps in sample treatment, counting from the sample collection until
the AMS measurement. This uncertainty can lead to a 2-6% of error, is mostly random and
it affects the precision of the measurement (Gosse and Klein, 2014). This uncertainty is
used when comparing samples from a single study area or boulders from the same moraine
(Balco, 2008).

Methodological: also named external uncertainties. This source of error is related to
methodological parameters as production rates or scaling factors, resulting in a 5-15%
error (Dunai, 2010). This source of error is mostly systematic, affecting the accuracy of the
calculated ages and all samples equally. In samples from the same area, the concentration
of the 10Be will be affected to the same extent by methodological uncertainties. So, when
comparing results within one study area, these uncertainties will not be used. The external
uncertainty when comparing exposure ages from widely separated locations, or for
comparing exposure ages to ages generated by other dating techniques (Balco, 2008).

Geological/natural variations: This error result from the intrinsic geomorphological history
of the sample as post-glacial burial, inheritance or shielding history, and can determine the
validity of the age, with an error range of 5-15% (Dunai, 2010). Even with a thoughtful
sampling strategy to reduce this uncertainty, the limited a priori knowledge of the exposure
history of the samples can lead to ages younger than the rest of the dataset (due to possible
burial) or ages too old to fit within the dataset owing to inheritance or preexposure.

4. STATISTICAL ANALYSIS, OUTLIERS AND DATASET CONSISTENCY

The interpretation of glacial advance and retreat events temporarily situated thanks to
CRE dating and their correlation with other climate proxies relies on the dispersion of the
age dataset, which should be evaluated before assigning an age to a rock surface or
landform. Consequently, once the ages are computed, the endeavor is to identify outliers
using various available tools (Balco, 2011). There is no universally accepted procedure
within the cosmogenic community to eliminate outliers. However, once the chemical outliers
are discarded from the dataset, and the landform possesses enough samples, the most
commonly employed method to identify outliers is based on the statistical chi-squared test,
which determines whether scattering is merely a source of uncertainty or if there is another
geomorphological process influencing that age (WARD and WILSON, 1978). If the
uncertainties are uniformly distributed within the dataset, the mean age provides a more
precise estimate of the landform age compared to a single age alone. Conversely, if the
scattering is attributed to other processes, it is necessary to exclude outliers to appropriately
apply the mean age (Davies, 2022). If the sampled landform lacks enough samples to
conduct the statistical analysis. In that case, an interpretive analysis of the possible
geomorphological outliers based on the glacial and post-glacial dynamics of the study area
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is carried out. These possible outliers have been discussed in the original publications
(Paper 1, 1l, and IlI).

Providing an age to a moraine based on a CRE dataset can involve choosing either the
youngest or oldest age. For instance, in regions influenced by cold-based glaciers, age
datasets often face issues related to inheritance, leading to skewed older ages. In such
situations, opting for the youngest age in the dataset aligns more closely with the real
history (Davies, 2022). Conversely, in areas affected by temperate-based glaciers, post-
glacial dynamics introduce challenges such as incomplete exposure history due to surface
erosion, exhumation, and moraine degradation. This particularly affects ages prior the last
glacial cycle, resulting in scattered ages (Davies, 2022). In these cases, resolving the bias
toward younger ages involves selecting the oldest age and considering it as the minimum
age for the deglaciation (Heyman et al., 2011).

In this sense, Papers |, Il and Il of this PhD thesis included a detailed interpretation of the
validity of the samples, their geomorphological context and the potential surface processes
that may have affected their age significance.

5. FINAL CRE AGES DATASET

Once the ages dataset is spruce, with the chemical outliers discarded and the possible
geomorphological outliers discussed, the final CRE ages dataset is obtained and ready to
be interpreted, compared, and correlated with other climate proxies.

2.1.2.2 OPTICALLY STIMULATED LUMI- Exposure to
NESCENCE (0SL) DATING RIRTI Ty
On Paper Il, CRE dating was =t g

combined with OSL dates, which is . " ’ " ;
a dating technique used to date the 'Time starts’ == L. T T X T';gﬁpﬁgps
ast fime a mineral grain was Geciloerestionsl W ¥ oot
posited and buried; In other Eyposure to cosmic *anns? cosmic rays cease.
words, it quantifies the time since rays begins.
mineral grains were last exposed
to sunlight (Small et al., 2017).The Figure 10. Simplified principle of OSL dating. Source: own
technique relies upon the ability of €laporation.
the mineral grains (mostly quartz or K-feldspar) to store energy within the crystal structure
and release it when stimulated using light. The technique relies upon the ability of the
mineral grains (mostly quartz or K-feldspar) to store energy within the crystal structure and
release it when stimulated using light. As sediment is transported, it is exposed to sunlight
and resettled of any previous luminescence signal. Once the sediment is deposited and
subsequently buried, it is removed from sunlight and exposed to low levels of natural
radiation from chemical elements such as U, Th, K, and Rb presents in the surrounding
sediment (Davies, 2022). Over time, the mineral grains accumulate a luminescence signal
as ionizing radiation excites the electrons, which then become trapped within crystal
imperfections (electron traps). When stimulated, the minerals will exhibit luminescence,
representing a release of the storage energy. The rate at which electrons are accumulated
is termed the “environmental dose rate.”
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The total dose to which & .
the grains were exposed =

during burial (the
“equivalent dose”) can =
be determined in the |
laboratory, and divided °
by the environmental !",
dose rate, to determine

the time since deposition B ¥ R A
(Lian, 2013; Small et al Figure 11. Left: Picture of sampling site for OSL dating on the Tyroler
201 73 ’ " valley field campaign Detail of sample for OSL dating.

This methodology was a complementary dating method used in Paper Il (see original
publication for more details) to date perched an alluvial fan associated with a Tyroler Valley
ice-dammed palaeolake.

2.1.2.3 HISTORICAL DATA

In the study of the glacial oscillations of the area, two historical scientific expeditions have
provided relevant data (used in Paper Il) thanks to their great-detail descriptions of the
glacial landforms and their graphic documentation:

e 1869-70: The second German North Pole expeditionin led by Karl Koldewey (Payer,
1876)

e 1937: Louise A. Boyd Artic expedition (Boyd, 1948) (Figure 12)

A

|

Figure 12. (A) Picture of the Louise A. Boyd books used to extract historical conatained on Paper II.
(B) Luise A. Boyd in front of skin-covered hut at the head of the Tyroler Fiord (August 1937), the same
hut that serve as refuge in our fieldwork campaign in 2019. (C) Kloft Glacier seen from the southeast,
Tyroler Valley. July 30, 1937. Picture from Louise A. Boyd.
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2.2 RECONSTRUCTION OF CLIMATE VARIABILITY: PALEOLIMNOLOGY

The reconstruction of climate variability as presented in paper IV as in the other
paleolimnology results in this PhD thesis has been carried out using seven different but
complementary paleolimnological methodologies in conjunction with C dating. All of these
methodologies were applied to lake sediment cores records.

FROM LAKE SEDIMENTS T0 DATA

The multidisciplinary approach encompassed chronological, granulometric, biogeochemical,
and ecological methods. These methods fall into two categories: non-destructive, where the
analysis of recovered material preserves the sediment, and destructive, where information
is extracted at the cost of sedimentary material destruction (Figure 13). In multi-proxy
investigations, the establishment of a reliable chronology is of paramount importance. AMS
4C dating is employed to provide this essential chronological context for our sediment
records.

In this PhD thesis can be found information from two
lakes and their respective sediment cores:

¢ Aucella Lake (Paper IV) at 911 m a.s.l; 74° @&
31'28.80"" N, 20° 26'12.47"" W.

e ZAC1906 Lake (results at section 3.2.2 of this |
thesis) at 280 m a.s.l; 74° 28' 54.54" N, 21° 29' |
14.70" W).

Although the same analyzes have not been carried out
in each of these records, they shared same general
methodology, which is shown below:

1. FIELDWORK AND SAMPLING

Fieldwork was carried out in July 2018 for AUC02 and |
in summer 2019 for ZAC1906 (Figure 13). In shallow §
lakes, cores were obtained from the deepest part of the
lake by pushing very gentle a 6 cm in diamater
transparent liner into the lake bottom sediments until
the tube was stopped by the friction of the surrounding
sediments. In deep lakes, an UWITEC gravity corer
was employed. The corer descended to around 1 m
above the lake bottom and was allowed to fall freely.
Once the first centimeters of the liner were within the
lake sediments, a 5 kg weight was employed as a
hammer to push the liner further into the lake sediments.
The sediments were retrieved by gently recovering the
liner to the lake water surface and immediately sealing

both ends with plastic cups. Then, the - . -

liner was identified and kept in cold Flgure 13. (A) Picture of fieldwork sediment core
ditions at +4 °C until its studv. In sampling in the study area (Pl_cture by: S{:lntlago Giralt).

con : . y (B) Picture of Non-destructive analysis (XRF). (C)

the following step, various laboratory picture of sampling the sediment core for further

analyses were conducted employing a destructive analysis.separations.

Destructive analysis
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range of analytical techniques and methodologies to yield a diverse set of proxies for the
comprehensive analysis of sediment properties. Basic information for all the methodologies
used was summarized in Table 4.

2. LABORATORY PROCEDURES

As previously mentioned, the laboratory analysis conducted on sediment cores can be
classified into two distinct types based on their impact on the sediment material. The first
category, termed "destructive," involves procedures that render the sediment material
unusable for subsequent analyses. In contrast, the

second category, known as "non-destructive," Destructive Non-destructive
encompasses analyses that preserve the material,
enabling future investigations. Furthermore, the

applied methodologies can be further subdivided .

based on the type of proxy they measure. This can [ arenectal

i i H 1 H (grain size)

mclud_e organic  proxies, _derlved from_ organic L Inorganic
material preserved in the sediment layer, or inorganic Diatoms | Hyperspectral Organic

proxies, involving elements or substances of non- Sraspiomatteg|Chiorehvl)
living origin (Figure 14).

Destructive analisys:

» Organic proxies: diatoms; organic matter.

+ Inorganic proxies: Mineral sediment Figure 14: Clasification of analisys based

composition by means of X-Ray Diffraction. type of proxy they measured and on on
their impact on the sediment material.

Non-destructive analisys: Source: own elaboration.

e Organic proxies: Chrorophyll by hyperspectral
imaging.

* Inorganic proxies: X-ray computed tomography (CT-Scan); Elemental chemical
sediment composition by X-ray Fluorescence; grain size by hyperspectral imaging.

All of these methodologies are gathered and summarized below (Table 5), indicating the
basic principles on which they are based and the information they can provide. As well as
the resolution at which they were made and in which laboratory.

All of these methodologies were applied to the Aucella Lake sediment core (AUCO02), as
outlined in Paper IV (section 3.2.1). In contrast, the ZAC06 sediment core (ZAC1906)
underwent only XRF and XRD analyses, in addition to establishing its chronology (section
3.2.2) as Table 6 summarizes.

CHRONOLOGY
For the sediment cores, the chronological framework relied on AMS radiocarbon dates.

On the Aucella Lake sediment core the chronology is based on nine AMS radiocarbon
dates. All samples from the chronology were exclusively obtained from moss fragments,
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Table 6: Types of analisys, proxies and methods  of the environmental history recorded in
applied to each of the sediment cores gathered in  the core. This is crucial for reconstructing
this PhD thesis. Source: own elaboration. past environmental changes and events.

Table 5: Summary of the different types of analisys and methodologies conducted on the sediment
core samples. Source: own elaboration.

‘ Type of analisys Method | Principles Provided information nﬂ(zlnulthn Laboratory .
: Lake sediment| Typeof | Typeof | Method applied (numer of The chronology on the AUCO02 sediment
H nformation I ) T, core analisys proxy samples treated) . H
| e soimont core nda o soton. Lays icknss, it conpretansto oo Paimnoogy Lavorarya core was constructed using nine AMS
i description :;:tlﬁt;m color, texture and any  ;visual description. ‘GEO3BCN (Barcelona, Spain). radiocarbon dateS The ﬁ nal age_depth
! Computerizod 30 %ra CT-Scan (image) model was constructed Bayesian age-depth
| y o graphy Siemens m . . ¢ y
i x-;:!n :‘;::'::;d gﬂﬁ:&;ﬁg?gﬁ:«ﬂbm Idantify and better racognize sedimentary 008 ;:i::;:ﬁl:::\:\:;;m et mOdelllng inthe R paCka'ge rbacon (SlaaUW
(CTscan) dependenton densiy used to siructures present on the sediment, Sclontiue, Contre Eau Torrs Non- & Chnsteny, 2011 )’ with ages calibrated
I aasiemeni=. of bule danslly. Environnement (INRS-ETE) in ‘g i XRF (1674) . . . .
i Quebes Cry (Canada). jomatructive using the IntCal20 calibration curve (Reimer
ot | ST L | i ! e etal., 2020).
| X-Ray Fl‘t(asmmnm Characteristic secondary x-rays rom the i«tv\tﬂ’y sa:)lmr\thc:l&nmdenhgcmtosn?n, 005 Scientiique, Contre Eau Terre | Grain size-Hyperspectral i
| (XRF) alemants presant on the sedimant core. ecing gt a Wy elements [E)nmngrgym;\(tzllN:z;ETE) in i irnaging (4503) The Ch ronology On the ZACO6 Sedlment
LM ANA( H .
! } Hyperspecial scaner a he ! core was based on seven AMS radiocarbon
i ypt.arspeclralcamras that provide Aquatic Palececology i H H H
contouous cectromagnets specta oy ot v ! | XRD (80) dates and in this case, all of them obtained
| ranging from visiie oer Near-iffared 1o | .. 1.y, racouiion profise of mean grain University (Quebec City, | .
Hyperspecizal  ishortwaveinfrared speciral bands, szedt?trhuﬁonandz)wcnbr h ||g ~003  iCanada), equipped H from the sediment.
! imaging allowing to distinguish between materials ophy wm]mb‘;qmr infrared (VNIR) !
with different characteristics of spectral x .
5 e . ot s R — : s s ) The fmal age-depth model was co_nstructed
Fiane). i Bayesian age-depth modeling in the R
T T . D e k 7 ” H
| U P —— Fonin O /ohs oot : | el package “clam” (Blaauw 2021) with ages
. | N ’ hi ) e Total Ni [TN : amc La‘sN‘, CIN ania (Zer-continuous 1sotof | | rspec‘! . . . .
! Organic matter ;;‘;:nzanmeﬂrm::\zimg;:w r;‘:. Pnrm mn:rmamnm interpretations ~1.0 :;t;: mafsripcsclr‘nm?r[fﬁ-cf- Organic 1 imaging (4508) Callbrated USIng the IntCaIzO Ca“bratlon
! {organisms that have ived in and around  {of both natural and human-induced lake mns;ggmor:"mfi‘m:;i";z curve (Reimer et al., 2020)
i jine lake. changes. Barcelona (CGITUB) (Spain).
! i Diatoms (40) 3. STATISTICAL DATASETS TREATMENT AND MULTIVARIATE
i X-ray generator that bombard the sample H
| with a beam of X-ray. As the atomic ANAI.YSIS
! X-ray diffractoretry f:ﬁrﬂ;t:g‘:;:‘:]':;;s:miﬁ? Provide specmc information a?buut Brukar-AXS D5005 X-ray . . .
Destractive : Otk fy o ok e gl BRI ity bt The sgbsequent step mvolv_ed the stgtlsncal
i sl s Aprsces ! Bhronsiogy i kNS sadiooarienaged) analysis of the datasets, as interpreting and
; ! extracting the environmental and climate
i Taxonomicaly dagnostic of popuisions ! information from the extensive data
i :;:m:f;:m ;:s"c ::t:t?chg::bmts) Counted at 1000x magnification ! t d b th It t d t
D e that are sensitive to variations in their """“‘:‘B “”"":‘"‘ﬁ“‘“'r;“"‘lf“?“‘ ‘"";Bd 20 gn'"‘ oy ::'9“::""“""5::"’“‘:@ " T generatea by the multli-proxy stuay presents
I Pom® outomalonvionment. This sensiiy can -2 Seosystems andcinate o o e oo gaciin i significant challenges. All to end up with the
1 be racorded as proportional changes in P Fur:;gﬁalasycxrc elona, Spain) H R R
; fossh atnancs, ovolionary charge, e das::l:-tlve XRF (1575) lake sediment stratigraphy constructed and
. the sediments characteristics defined.
i Radiochronology laboratory of the
| Radioactive decay of the e isom that m:ﬁg:;?:ﬁr;mﬁmml Sﬁ;‘:s?tymrg::b?«:‘?h:ﬁ:::i) Iuo[gauig -! - Stratlgraphlca”y ConStraIned CIUSter
i e T e — r analysis for each separate data group:
' e i Destructive XAD (152) Independent  zonation of  different
1
stratigraphical proxies (e.g., sediment
including dating the core’s surface to determine the presence or absence of a carbon geochemistry, diatoms) was achieved
reservoir effect in the lake. : _ through  non-hierarchical  partitioning.
H Chronology (7 AMS radiocarbon ages) . .
. . . . . ] Subsequent comparisons of these various
Dating moss fragments in sediment cores helps avoid the reservoir effect, a phenomenon

partitionings with the broken-stick model
aim to detect the minimal number of
potentially ‘significant’ zones. Zonation schemes based on different proxies can then be
visually compared. Constrained cluster analysis were performed on the data of both lakes

that can affect the accuracy of radiocarbon dating. The reservoir effect occurs when an
organism incorporates carbon from a source that is not in equilibrium with atmospheric
14C. In the case of moss and other aquatic plants, they can take up carbon from the water,
which may have a different 14C content than the atmosphere.

In aquatic environments, carbon can be influenced by various factors, such as the input of
carbon from older, carbon-depleted sources. This can lead to an inaccurate estimation of
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to determine assemblage zones, utilizing squared—chord distance as a measure of
dissimilarity.

- Multivariate ordination methods to reduce complexity of the large multi- proxy data
set in order to identify underlying system dynamics.

Ordination techniques (e.g., principal components analysis, correspondence analysis)
offer valuable summaries of major stratigraphical patterns in a particular paleolimnological
variable (e.g., diatoms), especially when the sample scores on significant ordination axes
are plotted stratigraphically. This statistical analysis highlights the major patterns of variation
and illustrates and summarizes the nature of temporal changes (Bialik et al., 2021).

Principal Component Analysis (PCA) is a multivariate statistical method employed in
unconstrained ordination. It utilizes matrix factorization to project high-dimensional data
onto a lower-dimensional subspace defined by principal components (Legendre and Birks,
2012). These components capture the maximum variability inherent in the original variables.
The interpretation of PCA axes involves synthesizing the local limnological and
paleoenvironmental responses to climate-related processes.

For the data from AUCO02 sediment core two PCA’s were carried out: (i) on the diatom’s
taxa data. (ii) on the XRF/organic matter data.

For the ZACO06 sediment core data, a PCA was carried out on the XRF dataset.

Redundancy Analysis (RDA) or constrained ordination: statistical technique used in
multivariate data analysis. RDA analysis might be employed to examine relationships
between environmental variables and biological data in ecological studies. It helps identify
patterns and associations in complex datasets, especially when dealing with multiple
variables (Van den Wollenberg, 1977).

Both for AUC02 and ZACO06 sediment cores a redundancy analysis was carried out with
the XRF dataset (response) and the XRD mineralogical composition (environmental
constrain) of the sediments as the constraining matrix (Giralt et al., 2008).

For the data from AUCO02 another RDA was carried out: an RDA of the diatom distribution
(response) to the geochemistry and organic components (environmental constrain dataset).

4. FINAL DATASETS AND LOCAL / SUPRA-REGIONAL / GREENLAND PROXY CORRELATIONS

Last step is the interpretation of all of the results, linking the different datasets, unveiling
limnological processes and reconstructing the paleoenvironmental history. Finally, local to
supra regional inferences proxy correlations can be carried out along with the comparation
with other independent climate proxies as North Hemisphere (NH) summer insolation or
isotope ice core proxies to see which ‘predictors’ best explained the observed changes in
different types of limnological variables.
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standing of the spatio-temporal oscillations and landscape transformation of the GrIS margins since the last gla-
cial cycle is still incomplete. The objective of this work is to study the deglaciation of the Zackenberg Valley (74°N,
20°E), NE Greenland, and the origin of the derived landforms. Based on extensive fieldwork and high-detail geo-
morphological mapping we identified the different types of landforms, from which those of glacial and
paraglacial origin were used to understand the processes driving regional environmental evolution. We applied

ﬁiygf;:;iand cosmic-ray exposure (CRE) dating to 32 samples taken from erosive and depositional glacial landforms distrib-
Zackenberg uted across the valley. Geomorphological evidence shows that >800-m-thick Late Quaternary glacier filled the
Deglaciation valleys and fjords and covered mountain summits. In subsequent phases, as ice thickness decreased, the glacier
Geomorphology was limited to the interior of the valley, leaving several lateral moraines. The deglaciation of the Zackenberg
Pafﬂg!ﬂdﬂl dynamics Valley that started by ~13.7-12.5 ka also accelerated slope paraglacial processes. Many blocks from lateral moraines
Cosmic-ray exposure were remobilized and fell, reaching the valley floor where they covered the thinning glacier tongue; transforming it
into a debris-covered glacier that subsequently melted gradually. By ca. 10.5 ka, the last remnants of glacial ice dis-
appeared from the Zackenberg Valley floor, a chronology of deglaciation that is similar to that observed in other sites
across NE Greenland. The results of this work must be considered in similar studies, reinforcing the need to support

CRE ages of the different geomorphological phases with paleoclimatic data from other sedimentary records.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction Greenland Ice Sheet (GrIS) is considered a tipping element in Earth's

Polar regions are crucial components of the complex global cli-
mate system. Changes in these regions are not confined to the high
latitudes, but have effects throughout the planet triggered by an in-
tricate set of feedback processes between the atmosphere, ocean,
sea ice, ice sheets, and land surfaces (Goosse et al., 2018). The
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Montalegre 6-8, 3r floor, 08001 Barcelona, Spain.
E-mail address: juliagarciadeoteyza@ub.edu (]. Garcia-Oteyza).
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climate (Lenton et al., 2008) because it has played a major role in
the stability of the climate system since the last glacial maximum
(LGM; 26-19 ka; Cohen and Gibbard, 2019). This mostly land-
based ice sheet is the second largest body of ice globally, and the
only ice sheet in the Northern Hemisphere, storing an ice mass
with a sea level equivalents of ~7.4 m (Bamber et al., 2013). To
predict future sea level rise and other consequences of accelerated
GrIS melting, an accurate monitoring of modern ice sheet mass
balance as well as a better comprehension of GrIS past dynamics
are essential.

0169-555X/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Over the last several decades, ice cores obtained from the interior of
the GrIS, terrestrial climate records from ice-free areas, and marine sed-
iment records collected from the adjacent sea floor have generated an
accurate picture of the Late Quaternary climatic evolution and associ-
ated environmental changes (Briner et al., 2016). Together with
Antarctica, the GrIS is one of the only ice sheets that survived the last de-
glaciation during Termination-1 (T-1; ~19-11 ka).The GrIS persisted
during the Last Interglacial period (~130-116 ka) when global temper-
atures were significantly higher than present, although it was particu-
larly reduced in its NE sector (Vasskog et al., 2015). The GrIS
significantly expanded during the last glacial cycle (115-11.7 ka),
reaching its maximum volume during the LGM (~26.5-19 ka) (Clark
et al., 2009; Vasskog et al., 2015). Subsequently, as temperatures in-
creased following the LGM, the GrIS shrank and became mostly land
based. However, paleoclimate records reveal abrupt temperature shifts
during T-1 (5-15 °C), with strong seasonality (Buizert et al., 2014;
Vasskog et al., 2015) that must have driven changes in GrlS volume.
Changes in the ice volume stored in Greenland influence freshwater de-
livery to source areas of North Atlantic deep water formation, and rapid
changes may thus affect the stability of the climate system (Broecker,
2018). During T-1, these temperature shifts favoured the reorganisation
of the thermohaline circulation in the Southern Ocean that led to rapid
global CO, rise along with massive deglacial environmental and biotic
changes in the polar regions (Denton et al., 2010). A better understand-
ing of GrlS fluctuations within the last glacial cycle and during T-1 can
thus provide insights about GrlS response to rapidly changing climate
conditions at the present day. However, important knowledge gaps
still exist as to how the GrlS and peripheral glaciers respond to climate
switches, their sensitivity to climate, and spatio-temporal patterns of
past glacial oscillations (e.g. Kelly and Lowell, 2009; Vasskog et al.,
2015; Larocca et al., 2020a, 2020b). This is particularly true for areas in-
cluding the NE Greenland coastal region (in which this research fo-
cuses), where the chronology of glacial fluctuations and landscape
changes during T-1 are still poorly understood.

The modern ice-free land areas beyond the margin of the GrIS in-
clude sources of paleoenvironmental information (glacial records, lake
sediments, fens, deltas, etc.) that can be used to reconstruct the evolu-
tion of the GrlS and the glaciers at its periphery since deglaciation.
This is the case of the Zackenberg Valley, NE Greenland, where the gla-
cial and periglacial geomorphology is well-known (Christiansen and
Humlum, 1993; Christiansen, 1994, 1998; Bennike et al., 2008; Cable
et al,, 2018), but the chronology of glacial fluctuations and associated
paraglacial dynamics is yet to be determined. Here, the reconstruction
of glacial history and landscape dynamics is hampered by (i) very active
slope processes on the hillsides surrounding the main valley floor (soli-
fluction, debris flows, nivation, etc.); (ii) the intensity of paraglacial pro-
cesses following deglaciation; (iii) the transformation of the debris-free
glacier into a debris-covered glacier during the last stages of glacial re-
treat and the intense paraglacial readjustment; and (iv), the timing of
wastage of debris-covered ice, and how it affected the development of
the present-day hummocky terrain (Christiansen and Humlum, 1993;
Cable et al., 2018). These processes have all affected the stability of gla-
cial landforms since their deposition and thus represent a challenge to
the successful application of cosmic-ray exposure (CRE) dating, which
has rarely been applied to glacial landforms in steep valleys and
debris-covered glaciers in the (sub)polar regions (e.g. Tanarro et al.,
2019; Fernandez-Fernandez et al., 2020; Charton et al., 2020).

In this study, we combined a detailed geomorphological survey with
CRE dating of erosive and depositional landforms left by outlet glaciers
in the Zackenberg Valley that calved into Young Sund fjord during the
last glacial cycle (Christiansen and Humlum, 1993). Our goals were:
(i) to examine the limits of CRE dating for establishing time constraints
in highly dynamic glacial-paraglacial-periglacial environments; (ii) to
reconstruct the spatio-temporal patterns of glacial culminations and re-
treats in such a geomorphologically active area; and (iii) to interpret the
glacial chronology considering the complex geomorphological
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evolution of the valley. To achieve these goals, we specifically addressed
the following questions:

- To what extent can CRE dating be successfully applied in this area,
where post-glacial erosive and depositional processes are wide-
spread?

- What information do the ages of glacial geomorphic features give
about the environmental history of the Zackenberg area? Are they
representative of the glacial chronology or have they been intensely
reworked by paraglacial processes?

- When did the GrIS margin start shrinking during the last glacial
cycle?

- What were the phases of major glacial advances/stillstands and re-
treats?

- Is there a synchronous pattern of glacial advances/stillstands and re-
treats during T-1 in NE Greenland and other regions of Greenland?

2. Regional setting
2.1. Study area

This study focuses on the ice-free Zackenberg Valley, situated in the
Wollaston Foreland peninsula in the SE corner of the Northeast
Greenland National Park, the world largest national park. Our study
area encompasses the Zackenberg Valley floor from Young Sund fjord
(south) to the mouth of the Store Sedal valley, the Dombjerg mountain
(1492 m above sea level, hereafter referred to as as.l.) and
Lindemansdal valley (north), as well as the surrounding peaks and
slopes descending from Aucellabjerg (985 m a.s.], east) and Zackenberg
(1338 m a.s.l, west) mountains (Fig. 1).

The highest summits surrounding the Zackenberg Valley form rela-
tively horizontal surfaces that are affected by intense periglacial pro-
cesses. From these high plateaus, steep hillsides descend towards the
valley floor on the northern and eastern slope of the Zackenberg moun-
tain and the south-eastern slope of the Dombjerg mountain, with more
gentle slopes to the west of the Aucellabjerg mountain. The Zackenberg
River drains the 2-3 km wide U-shaped Zackenberg valley fed by snow
and glacier meltwater, and forms a large delta where it reaches Young
Sund. This flat area has also been affected by glacio-isostatic processes,
which have given rise to a sequence of marine terraces largely covered
by periglacial slope sediments. The Quaternary marine limit was estab-
lished at ~40 m, with an intense postglacial crustal rebound during the
Early Holocene, and a stabilization of the relative sea level ~3 ka
(Christiansen et al., 2002; Pedersen et al., 2011).

The region has a polar tundra climate (Kottek et al,, 2006). Between
1996 and 2015, the mean annual air temperature at Zackenberg
Research Station was —9.0 °C and average annual precipitation of
367 mm (Hgjlund Pedersen, 2017), of which only 10% falls as rain dur-
ing the summer months from June to September (Hasholt et al., 2008).
The short summer season is crucial for the development of the valley's
scarce vegetation cover. The large lowland areas include a moist to dry
tundra dominated by shrubs <15 cm tall with grasslands, fens and in-
terspersed snow patches, while the variety and size of the plants de-
crease at higher elevations (CAVM Team, 2003). The whole area is
underlain by continuous permafrost (200 to 400 m thick) and a spatially
variable active layer (45 to 80 cm thick) (Christiansen et al., 2008,
2010).

The area contains two different bedrock types separated by the
Zackenberg and Lindermansdal valleys that extend along a large N-S
fault zone (Escher and Watt, 1976). The western side consists of
Caledonian crystalline complexes (Early Proterozoic) with abundant
orthogneiss resistant to weathering processes, which provides higher
and steeper slopes and rather coarse-grained deposits in the valley bot-
tom. By contrast, the eastern fringe across the slopes of Aucellabjerg is
composed of Cretaceous to Jurassic sedimentary rocks (mudstones,
sandstones and conglomerates) (Henriksen et al., 2009), which results
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Fig. 1. (A) Location of the study area within Greenland; and (B) detail of the study region.

in a gentler relief with less inclined, long hillslopes with a sediment
cover. Exposed bedrock is mostly found at the top of the mountains
and upper slopes of both valley sides, whereas the lower parts and the
valley floors are covered by Late Quaternary sediments (Gilbert et al.,
2017; Cable et al., 2018).

The bedrock geology conditions the geomorphological processes
prevailing today in the ice-free Zackenberg Valley, with very different
landforms and processes on each side of the valley. Erosive and sedi-
mentary glacial landforms are widespread across the valley and have
been intensely transformed by paraglacial and periglacial dynamics.
The eastern slopes descending from Zackenberg include a wide range
of coarse debris landforms, such as talus cones, protalus lobes, stone-
banked solifluction lobes and blockfields (Cable et al., 2018). The degree
of preservation of these landforms is lower on the Aucellabjerg slopes
along the eastern flank of the valley, where periglacial dynamics re-
shape the landscape more intensely through mass-wasting processes,
such as solifluction or mudflows. Snow patches here are more abundant
due to the local snow drifting, which results in copious meltwater avail-
ability during the summer season. The combination of high moisture
supply, thin active layer and abundant fine-grained sediments favours
widespread downslope mass movements (Cable et al., 2018). In some
cases, debris flows and nivation activity also mobilize large amounts
of sediment downslope and generate large alluvial fans extending
down to the main valley floor.

2.2. The glacial geomorphology and previous chronological knowledge in
the Zackenberg area

Glacial evidence in the Zackenberg area is distributed from moun-
tain plateaus to valley floors and has been described in detail in previous
studies (Christiansen and Humlum, 1993; Cable et al., 2018). However,
despite the widespread, highly detailed geomorphological mapping of
glacial features (moraines, erratic boulders and glacial polished sur-
faces) (Cable et al., 2018), the chronology of the different glacial phases
is not yet constrained.
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The existence of erratic boulders on the highest parts of Aucellabjerg
and the Zackenberg mountains is indicative of a larger GrlS extent in the
past, and of the minimum ice thickness during Quaternary glacial pe-
riods, when ice extended far onto the shelf (Bennike et al., 2008). In ad-
dition, the Zackenberg Valley includes unsorted glacial sediments (till)
and several discrete landforms in the form of moraine complexes on
the mountain slopes, and in the valley bottom. These landforms indicate
phases with larger glaciers than today and other periods of glacial stabi-
lization within the long-term deglaciation trend (Christiansen and
Humlum, 1993). In addition, ice-moulded bedrock surfaces between
the moraine ridges on the valley bottom also show clear traces of glacial
abrasion, including striae in some cases, thus indicating warm/wet-
based ice at some point in the past.

The likely oldest glacial evidence in the area are glacio-lacustrine de-
posits distributed on the lower western slope of Aucellabjerg (Fig. 3),
dated by optically stimulated luminescence (OSL) between 84 + 8
and 114 + 11 ka, suggesting that during that time part of the
Zackenberg Valley was ice-free and probably filled with an ice-
dammed lake (Christiansen et al., 2002). Ice-free conditions were also
reported from a pronival basin at 600 m in the Favorit Valley at
Zackenberg Mountain, where a thermoluminescence date yielded an
age of 66.2 £ 7 ka, thus confirming the absence of glaciers in the
upper part of the valley during part of the last glacial cycle
(Christiansen, 1994). OSL-dated glaciofluvial deposits indicate that the
deglaciation of the lower Zackenberg Valley occurred after 22 + 3 ka
(Christiansen et al., 2002). Based on the distribution of glacial and
periglacial landforms, Christiansen and Humlum (1993) proposed a
tentative deglaciation chronology in several stages: (i) large outlet val-
ley glaciers from the GrlS covering the Zackenberg area until 10-9.5 ka;
(ii) inland retreat of glaciers and formation of a terminal moraine at ca. 9
ka; (iii) a period of readvance at ca. 8 ka as indicated by moraine ridges
1.5 km north of this moraine system. More recently, based on the fjord-
valley fill, including sedimentary deltaic sequences and OSL ages, Gilbert
etal. (2017) suggested that the Zackenberg lowlands may have been ice
free as early as 13-11 ka, with the initial formation of the Zackenberg
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Delta in the lowest part of the valley taking place at ~10 ka after the
major deglaciation of the valley. Christiansen et al. (2002) also reported
14C dates suggesting that the development of the delta continued ac-
tively through the Early-Mid Holocene until 6.3 ka. These dates result
from radiocarbon dating of organic fragments reflecting a minimum
age after first establishment of soils or vegetation (including an un-
known lag time behind ice-margin retreat) or fluvioglacial deposits lo-
cated downstream from the glacier fronts, which must therefore be
younger than the OSL dates.

3. Methodology

We assembled a geomorphological and geochronological approach
in order to reconstruct the chronology of glacial oscillations of
Zackenberg Valley and their interaction with paraglacial activity during
the last stages of the valley's deglaciation. Fieldwork was carried out
during late July and early August 2018, when the snow-free landscape
allowed the identification of geomorphological features.

3.1. Geomorphological survey and mapping

Before fieldwork, we created a preliminary geomorphological map
based on studies of satellite imagery, and adapting the existing cartogra-
phy conducted by Cable et al. (2018) that identified the main glacial,
periglacial, fluvial, and alluvial landforms in the Zackenberg area. Our
main target in the geomorphological mapping was the spatial distribu-
tion of major glacial and paraglacial landforms, to understand the cou-
pling of glacial, periglacial and paraglacial processes in newly exposed
terrain and to optimize the sampling strategy for CRE dating. Consider-
ing this, we adapted the previous work with the focus on those

Polished surfaces
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landforms, mapping more precisely the location of the moraine ridges
(hummocky and lateral), polished surfaces, and main erratic boulders
(Fig. 3). Other landforms (as alluvial fans and fluvial deposits), which
had less significance for our study, were simplified and broadly repre-
sented. Once in the field, we validated this map based on in situ obser-
vations that also allowed us to trace an overall picture of the
deglaciation and the importance of paraglacial dynamics shaping the
current landscape of the Zackenberg area. The final geomorphological
map was drawn by digitizing landforms in the ArcMap 10.4.1 work
environment over orthorectified panchromatic satellite WorldView-3
(0.3 m resolution) imagery from 2019. Our observations were also
supported on the visual inspection of the shaded relief derived from
the Digital Elevation Model (8 m resolution) provided by the GEUS
(Geological Survey of Denmark and Greenland) and applied with trans-
parency in our final map (Fig. 3).

3.2. CRE dating and field strategy

Based on the geomorphological map and field evidence, we collected
39 samples for CRE dating using '°Be from sites judge to hold the best
potential for glacial and paraglacial reconstruction, considering the
complex coupling between deglaciation and paraglacial dynamics. Sam-
ples were obtained from depositional and erosional glacial landforms
across the Zackenberg area (Fig. 2). They were acquired from three
types of glacial surfaces: boulders from well-defined moraine ridges
on mountain slopes and the valley floor (29 samples), scattered erratic
boulders distributed across the landscape and well-inserted in the
ground (6 samples), and exposed bedrock surfaces polished by glacial
ice (4 samples) (Fig. 2). Field data and sample characteristics are listed
in Table 1.

Fig. 2. Different types of glacial landforms sampled in this study: exposed polished bedrock surfaces, erratic boulders and moraine boulders.
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Table 1
Sample locations, topographic shielding factor and sample thickness.
Sample ID Landform Latitude
(DD)

Longitude Elevation (m a.s. Topographic shielding Thickness
(DD) L) factor (cm)
(dimensionless)

Valley bottom_Upstream hummocky terrain

ZAC-01 Polished surface 74.5113
ZAC-03 Erratic boulder 745103
Slopes_Zakenberg/Lindemansdal valley divide

ZAC-05 Erratic boulder 74.5403
ZAC-06 Erratic boulder 74.5405
ZAC-07 Polished surface 74.5404

Slopes_W slope Aucellabjerg
Upper slope (first moraine ridge)

ZAC-11 Lateral moraine 74.4991

ZAC-12 Lateral moraine 74.4991

ZAC-13 Lateral moraine 74.4991
Middle slope (fifth moraine ridge)

ZAC-14 Lateral moraine 74.4834

ZAC-15 Lateral moraine 74.4834
Lower slope

ZAC-16 Lateral moraine 74.4828

ZAC-17 Lateral moraine 74.4828
Slopes_E slope Zackenberg
ZAC-18 Lateral moraine 74.4755
ZAC-19 Lateral moraine 74.4783
ZAC-20 Lateral moraine 74.4781

Slopes_SE slope Dombjerg
Upper slope (second moraine ridge)

ZAC-21 Lateral moraine 74.5281
ZAC-22 Lateral moraine 74.5315
ZAC-23 Lateral moraine 74.5282
Middle slope (fifth moraine ridge)
ZAC-24 Lateral moraine 74.5262
ZAC-25 Lateral moraine 74.5263
ZAC-26 Lateral moraine 74.5263
Lower slope (seventh moraine
ridge)
ZAC-27 Lateral moraine 74.5236
ZAC-28 Lateral moraine 74.5236
ZAC-29 Lateral moraine 74.5236
Valley bottom_Intermediate moraine ridge
ZAC-30 Hummocky moraine 74.4991
ZAC-31 Hummocky moraine 74.4992
ZAC-32 Hummocky moraine 74.5002
ZAC-33 Hummocky moraine 74.5001
Valley bottom_Foot rock slope
ZAC-36 Polished surface 74.4942
ZAC-37 Erratic boulder 74.4919
ZAC-38 Erratic boulder 74.4918
Valley bottom_Outermost moraine ridge
ZAC-39 Terminal hummocky 74.4867
moraine
ZAC-40 Terminal hummocky 74.4863
moraine
B1 Terminal hummocky 74.4848
moraine
B2 Terminal hummocky 74.4860
moraine
ZAC-01b Terminal hummocky 74.4869
moraine
ZAC-04 Terminal hummocky 74.4842
moraine

Mountain plateaus. Aucellabjerg.
ZAC-A Erratic boulder 74.5158
ZAC-C Erratic boulder 74.5139

—20.6816 132 0.9911 3
—20.6803 137 0.9921 2
—20.6710 201 0.9935 45
—20.6711 201 0.9928 2.5
—20.6712 202 0.9942 4
—20.4379 401 0.9994 35
—20.4379 401 0.9994 3
—20.4335 403 0.9994 4
—20.4963 105 0.9991 2.8
—20.4990 104 0.9991 15
—20.5163 64 0.9985 4
—20.5145 64 0.9928 2.5
—20.6414 117 0.9918 25
—20.6298 92 0.9937 23
—20.6234 80 0.9919 25
—20.6862 328 0.9964 4
—20.6861 328 0.9938 3
—20.6864 331 0.9945 3
—20.6929 315 0.9920 2
—20.6928 315 0.9959 25
—20.6931 317 0.9958 35
—20.6965 262 0.8828 4
—20.6955 261 0.9959 3
—20.6955 262 0.9959 25
—20.6282 96 0.9958 2.5
—20.6281 96 0.9950 3
—20.6266 100 0.9970 3
—20.6264 102 0.9969 3.5
—20.6325 105 0.9985 2
—20.6255 93 0.9950 3
—20.6256 92 0.9950 35
—20.5998 74 0.9989 2.5
—20.5998 76 0.9986 3
—20.5849 48 0.9841 3
—20.5967 62 0.9734 3
—20.5797 71 0.9963 3
—20.5944 60 0.9703 3
—20.4325 851 1.0000 2.5
—20.4309 879 0.9996 3

Approximately 1 kg of bulk rock was extracted from each sample
surface using a hammer and chisel. Samples were taken from a shallow
section of the uppermost rock surface (<4 cm), which was mostly flat-
topped. We avoided sampling corners, edges, and steep faces (>20°) to
ensure optimal reception of the cosmic ray flux. Moraine boulders were
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selected for sampling only if they were deeply anchored in the ground
to ensure stability and minimize the risk of boulder collapse. Boulders
were situated on the moraine crests and protruding such that they
were unlikely to have been covered by sediments since their deposition
or subject to unusually thick snow cover during the winter season, to
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minimize any related effects on nuclide production. The position
(latitude, longitude) and elevation of samples were determined using
a hand-held GPS (vertical accuracy 10 m). Topographic shielding
from the surrounding horizon was measured in situ with compass and
clinometer.

3.3. Laboratory analytical procedures and exposure age calculation

Sample crushing and sieving were carried out in the “Laboratory of
Physical Geography” at the Universidad Complutense de Madrid, Spain,
to isolate the 0.25-1 mm fraction. Further physical and chemical sample
preparation was carried out at the “Laboratoire National des Nucleides
Cosmogéniques” (LN,C) of the Centre Européen de Recherche et
d'Enseignement des Géosciences de I'Environnement (CEREGE, Aix-en-
Provence, France). First, magnetic grains were discarded using a Frantz
LB-2 magnetic separator. Quartz was concentrated in the non-magnetic
fraction through repeated acid leaching with a 1:2 mixture of
concentrated hydrochloric (HCl) and hexafluorosilicic (H,SiFg)
acids. Potential contamination by atmospheric '°Be was removed
from the separated quartz by performing 4 rounds of partial
dissolution with concentrated hydrofluoric acid (HF). This process
also removed the remaining impurities not dissolved in the
previous steps.

After adding ~150 pL of a °Be carrier solution to each sample
(“spike”, concentration: 3025 + 9 pg g~ '; Merchel et al., 2008), the
quartz samples were completely dissolved in 48% HF solution (3.6 mL
¢~ ! quartz + 30 mL in excess). The solution was evaporated until
dryness on hot plates, and the dry residues were recovered with hydro-
chloric acid. Following that, beryllium was precipitated to beryllium hy-
droxide (Be(OH),) with ammonia (NH3) until the supernatant solution
pH was 8. Afterward, samples underwent successive separations
through anion and cation exchange resin columns to remove first iron
and other metals and then boron (Dowex 1 x 8 and 50WXS8,
respectively) (Merchel and Herpers, 1999). The resulting eluted Be
was precipitated to Be(OH), by adding several drops of ammonia, and
after being washed and dissolved again in concentrated HNOs;, the
solution was evaporated in a quartz crucible, and the residue was
oxidized to BeO at 700 °C. Finally, the Be targets were prepared as a
1:1 mixture of niobium (Nb) powder and BeO for Accelerator Mass
Spectrometer (AMS) measurements.

The measurements of the '°Be/°Be ratios on the BeO targets were
performed at the French 5 MV “Accélérateur pour les Sciences de la
Terre, Environnement et Risques” (ASTER) national facility at
CEREGE using ion source 2, and '°Be concentration in the samples
was inferred from them. The '°Be measurements were calibrated
against the in-house standard “STD-11", with an assigned '°Be/’Be
ratio of (1.191 & 0.013) x 10~ !! (Braucher et al., 2015). A 1°Be
half-life of (1.387 4 0.0012) x 10° years was used (Chmeleff et al.,
2010; Korschinek et al., 2010). The analytical 10 uncertainties in
the '°Be/°Be ratios include those in AMS counting statistics, the
standard '°Be/°Be ratio and an external AMS error of 0.5% (Arnold
et al., 2010). The analytical 10 uncertainties in the inferred '°Be
concentrations include the propagation of the chemical blank
correction. Some samples yielded limited '°Be counting statistics
and thus low precisions (~6-8% or more) due to unstable and/or
low °Be currents (<1 pA), which can arise either from impurities
in the BeO targets or small sizes of the BeO targets. Most samples
with low-current AMS '°Be/°Be measurements yielded relatively
high uncertainties, and were therefore considered chemical outliers
(i.e., ZAC-01, ZAC-16, ZAC-17, ZAC-18, ZAC-22, ZAC-39, and ZAC-
40). Such samples were discarded for further exposure age calcula-
tions and discussion. For ZAC-C, while bad current values were
recorded during the AMS measurement, the sample still provided
a good accuracy measurement, and it was therefore retained for
the geochronological discussion. All analytical data is shown in
Table 2.
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Exposure ages were calculated with version 3.0 of the CRONUS-
Earth online calculator (Balco et al,, 2008; https://hess.ess.washington.
edu/). After a bibliographic review of °Be-based glacial chronologies
in the nearby areas, we applied the same production rates and parame-
ters used in recent publications in order to unify criteria and make our
exposure age calculations comparable. Therefore, we used the Arctic-
wide sea-level/high-latitude '°Be production rate (3.96 + 0.15 atoms
g~' a~") (Young et al, 2013) and the “Lm” (Lal/Stone) time-
dependent scaling model (Lal, 1991; Stone, 2000) (Table 2). For all sam-
ples,a 2.7 gcm > density was assumed, and no corrections of erosion or
snow shielding were applied, and thus, exposure ages are reported for
zero-erosion and snow-free scenarios. The partial shielding effect of
the surrounding topography was corrected for all sampling sites using
the “Topographic Shielding Calculator v.2” (http://stoneage.ice-d.org/
math/skyline/skyline_in.html). Post-glacial glacio-isostatic rebound
(40 min the last 9.5 kyr; (Christiansen et al., 2002)) was not considered
in exposure age calculations, as the resulting age offset represents only
~7% (older) in Greenland (Jones et al., 2019), which does not affect our
conclusions.

Exposure ages are given in Table 2 with their internal (only analyti-
cal) and external 10 uncertainties (including production rate uncer-
tainty). In the text and figures, ages are given with their internal
uncertainties unless otherwise stated. A chi-squared test (following
Ward and Wilson, 1978) considering the analytical uncertainties was
applied to different sample populations (e.g. within single moraine
ridges, debris-covered glacier deposits, etc.) to identify potential out-
liers based on statistical criteria. Age outliers (i.e. too old and too
young ages; Heyman et al,, 2011) may arise from nuclide concentrations
inherited from previous exposure periods or post-depositional pro-
cesses (erosion, exhumation, rock falls etc.). When age outliers were de-
tected, such ages were excluded from the mean age calculations for the
corresponding geomorphological units (e.g., moraine ridges). Although
these outliers cannot be used for paleoclimate or paleoglacial infer-
ences, they are indicative of the complexity of using CRE dating in
these highly dynamic glacial-paraglacial-periglacial environments. The
mean ages were calculated arithmetically, and their uncertainties in-
clude the standard deviations of the single ages (not excluded) and
the squared production rate uncertainties.

4. Results

The distribution of geomorphological landforms across the land-
scape is indicative of the different phases that occurred during the de-
glaciation in the Zackenberg Valley (Fig. 3), which are chronologically
constrained by '°Be CRE ages inferred from the glacial record (Table 2).

4.1. Geomorphological setting and sampling strategy

Based on the spatial distribution of glacial, paraglacial and periglacial
landforms, we identified three main sectors in the study area:

1. Mountain plateaus

The bedrock is mostly exposed above 400-600 m a.s.l. on the moun-
tain plateaus. Glacio-nival cirques, nivation hollows and perennial snow
patches are also found near the mountain tops and upper slopes. The
summit surfaces (e.g., Aucellabjerg and Zackenberg mountain plateaus)
include geomorphic evidence of past glaciations in the form of large er-
ratic granite boulders distributed across the currently ice-free
periglacial landscape. Two of these, well-anchored in the relatively flat
area composed of sedimentary rocks of the highest slopes of
Aucellabjerg, were sampled for CRE dating (ZAC-A and ZAC-C) in
order to infer the onset of glacial thinning. The relatively rounded
edges of these boulders (Fig. 4) provide evidence that they were
transported for long distances, which diminish the potential of nuclide
inheritance.
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Table 2 Chemistry blank details”

AMS analytical data and calculated exposure ages. '°Be/’Be ratios were inferred from measurements at the ASTER AMS facility. No correction of erosion and snow cover have been made. Blank name mass of carrier (°Be mg) 10Be/%Be (10~ 1) [9Be] (10* atoms)
1°Be samples analytical AMS data BK1 0.44410 13341.7 & 0.032 3.96 + 0935
Sample name Quartz Mass of 1°Be/*Be (10~'%) Blank [°Be] (10*atoms g~') '°Beage  External Internal BK2 0.46201 10,012.5 4 0.021 3.09 + 0.662

weight carrier (°Be correction 410 (atoms g’]) (ka)? uncertainty  uncertainty BK3 0.4648 45,9384 + 0 0.013 £ 10.775

) mg) ) (ka) (ka) BK4 0.31932 50,940.4 + 0 0.001 + 45.679
Valley bottom_Upstream hummocky terrain The outliers are highlighted in italics: samples rejected by the Chi? test or geochronological inconsistent*, and those with low precision AMS measurements**. See methods and results text
Polished surfaces for more explanation.

ZAC-01"* 13.2823 046334 332 + 0398 3.85 7.441 + 0931 @ 10Be ages assuming a density of 2.7 g cm > and a zero-erosion scenario.

Erratic boulder b In parallel to the sample treatment, four blanks were prepared: BK1 (processed with samples: ZAC-A, ZAC-C, ZA0-01, ZAC-03, ZAC-12, ZAC-31, ZAC-38, ZAC-14 to ZAC-18 and from

ZAC-03 67743 046373 133 4 0.101 960 5501 + 0.483 17 11 10 ZAC-21 to ZAC-29), BK2 (processed with samples ZAC-05, ZAC-06, ZAC-07, ZAC-11, ZAC-13, ZAC-19, ZAC-20, ZAC-30, ZAC-32, ZAC-33, ZAC-36, ZAC-37, ZAC-39, ZAC-40), BK3 (processed
Slopes_Zakenberg/Lindemansdal valley divide with samples B1 and B2) and BK4 (processed with samples ZACO1 and ZAC04).

Polished surfaces - arithmetic mean age: 10.3

+13ka(n=2)-

ZAC-05 21,0677  0.46037 3.835 + 0.162 2,62 5.454 + 0239 1.1 0.6 05 2. Mountain slopes 3. Valley floor

ZAC-06 204927 045100 3.297 + 0.164 311 4,698 4 0.244 94 0.6 05
Erractic boulder . . . .

ZAC-07 201072 045227 3478+ 0168  2.94 5073 + 0254 102 06 05 Discontinuous lateral moraine ridges were found on the slopes The base of Zackenberg Valley contains two very different geomor-
Slopes. W slope Aucellabjers surrounding the Zackenberg Valley at varying elevations, recording phic settings according to the glacial evidence. The upper part of the val-
Upper slope (first moraine ridge) - arithmetic the thickness and geometry of the glacier during past glacial phases ey includes widespread glacial landforms including a well-defined

mean age: 125 + 1.5 ka (n = 2) - (Fig. 3). The limit of the highest remnants of moraine deposits  frontal moraine system with internal hummocky terrain derived from

ZAC-11° 202778 045950 10695 +0.344 094 16,042 £ 0522 262 13 09 ranges ~200 and 550 m a.s.I. on the western slope of Aucellabjerg  thermokarst processes and is the site of several lakes. We collected six

ZAC-12 203521 045771 4.859 + 0.187 2.66 7.108 + 0.284 115 0.6 0.5 (Christiansen and Humlum, 1993), ~200 and 800 m a.s.l on the samples from the frontal moraine (ZAC-39, ZAC-40, B1, B2, ZAC-01b,
Mizd/r\jf:s?t)pe (ith moraine ridge) - arithmetic 208217 046119 S651+£0212 177 8.215+ 0316 134 07 05 southeast slope of Dombjerg, and between ~400 and 200 m a.s.l.  and ZAC-04) (Fig. 3) and four more from an internal moraine ridge

mean age: 141 + 17 ka (n = 2) - on ‘the eastern slope of Zackenberg on the western side of the (ZAC-30 to ZAC-33) that dams two of these lakes. The hummocky ter-

ZAC-14* 201386 044912 4725 +0318 279 6.844 + 0476 15.1 12 10 main valley. rain only defines a clear frontal ridge occupying the valley floor, but

ZAC-15° 21.0148  0.44900 445 +£0.175 297 6.165 + 0.254 131 0.7 0.6 Nine roughly preserved lateral moraines were identified on there are no clear recessional moraines composed of transverse moraine
L"Z";ec’ ;'gﬁe ri9r 045983 8554 £ 0535 st 15,122 4 0961 the western slopes of Aucellabjerg, counting up to twelve discon-  ridges, as observed in the field. This area is composed of randomly dis-

ZAC17 219894 045868 3959 % 1,024 39 5938 4 1.427 tinuous ridges distributed at elevations between ca. 60 and tributed hummocks, mounds with lakes in between, and is dissected

400 m a.s.l. Very active periglacial slope processes have dismantled  py jnactive river channels. On the surface of the hummocky terrain,

Slopes_E slope Zackenberg - arithmetic mean age: 123 & 0.8 ka (n =2) - most of the moraine ridges on this slope through widespread  there are abundant angular to subangular boulders, with the presence
?:%-11% %"‘Zfég gjg(’é i;‘f i gﬁ(’;gs ;gi ?;1093 i %,3;7 121 07 06 nivation activity with debris flows, mudflows and solifluction pro-  of few slightly rounded blocks. Some exposed polished bedrock surfaces
ZAC-20 21.1584 046388 3.814 + 0.191 261 5442 + 0282 124 08 06 cesses (Cable et al., 2018); remnants of these moraines are found  are Jocated between the discontinuous lateral moraine remnants in the
) only on mid-low slopes in the form of discontinuous crests.  estern side of the valley that have been removed by rock falls from the
fjlgpp::—jf;elogzcl)oigﬂzgine ridge) - Whereas the moraines at higher elevations are mostly made of  steep rock walls. These polished surfaces were sampled (ZAC-01 and
arithmetic mean age: 13.7 & 1.1 ka (n = 2) - fine sediments, the lower, more recent ridges have a greater abun-  7AC-36), as were several erratic boulders distributed on them (ZAC-
7AC-21 200893 045018 5495 + 033 240 8.032 & 0.496 142 10 09 dance of large conglomerate and sandstone boulders of these mate- 3, ZAC-37 and ZAC-38) (Fig. 3). The lowest section of the valley ex-

ZAC-22* 118193 045423 3.852 4 0.309 339 9.558 + 0.796 rials. We collected seven samples from orthogneiss moraine tends ca. 3 km inland from the present-day coastline and comprises rel-
Mizdl:‘:l(]:ézs?ope (6th moraine rdge) - aithmetic 12,0595 045762 3.109 + 0.141 4.16 7.555 + 0.366 132 08 04 boulders distributed across the prevailing sandstone bedrock,  atively f]at' ground'moraine areas §haped by glacio-isostatic processes,

mean age: 116 08 ka (n = 3) - from the upper (403 m a.s.1.) to the lowest sector (64 ma.s.l) of  delta sedimentation and nivation activity (Cable et al, 2018;

ZAC-24 193469 045777 4303 + 0.194 3.01 6.599 + 0.311 1.6 0.7 0.6 the Aucellabjerg slope (ZAC-11, ZAC-12, ZAC-13, ZAC-14, ZAC-15, Christiansen, 1998). Here, several metre-size erratic boulders are

ZAC-25 216432 045732 4728 + 0358 274 6.492 + 0508 115 1.0 09 ZAC-16, and ZAC-17) to reconstruct past phases representative of  scattered across the landscape, partially covered by aeolian, delta and

ZAC-26 o 163057  0.45284 3.685 + 0.14 3.55 6.596 + 0.267 1.7 0.6 05 stillstand positions of the glacier within its long-term thinning  glaciomarine sediments.
bt meamager 13 5 11k (= 2) and retreat.

ZAC2T* e 1l : 54472 044912 1326 4 0097 095 6583 4 0.562 140 13 12 On the eastern s!ope of.Zackenberg, intense frost shattering has 4.2. Exposure ages

ZAC-28 122737 0.45299 2.60 + 0.147 486 6313 + 0371 118 08 07 favoured rockfall activity, with the development of protalus lobes and

ZAC-29 206231  0.45003 4.081 + 0.191 323 5.759 + 0.282 10.7 0.7 0.5 talus cones that have dismantled the moraines located at the foot of The samples collected from the three principal geomorphological
Valley bottom_Intermediate moraine ridge - arithmetic mean age: 12.6 + 2.2 ka (n = 3) - the rock wall and partially covered th? exposed glada,lly pqliShe,d bed- settings yielded ages ranging from 78.8 + 2.8 (ZAC-A) to 9.4 + 0.5 ka
ZAC-30" 20321 044685 537 4 0207 1.94 7675 + 0.306 172 09 07 rock surfaces. Up to four lateral moraines were identified in this area, (ZAC-06). Here we present the results ordered from the mountain pla-
ZAC-31 219112 046113 47 4+ 0192 273 6.429 + 0273 144 0.8 0.6 which descend gradually towards the bottom of Zackenberg Valley teaus down to the valley bottoms:

ZAC-32 215385 046162 4246 + 0236 2.36 5937 4+ 0.34 13.2 09 0.8 (Fig. 3). Three samples were taken from intermediate moraine ridges

AC33 201907 046025 313+0.155 32 4615+ 0238 103 06 05 in this unit, distributed between 80 and 120 m a.s.l. (ZAC-18, ZAC-19, 1. Mountain plateaus

Valley bottom_Foot rock slope and ZAC-20) (Fig. 3).

Polished surface In the northern part of the Zackenberg Valley, several orthogneiss Two large erratic boulders of granite found on the highest surfaces of

ZAC-36 ) ) 205615 045717 3396 +0.148 2.98 4.895 + 0222 107 06 05 boulders are distributed on a heavily weathered rocky sandstone  Aucellabjerg (above 800 m a.s.l.) yielded °Be exposure ages of 78.8 +
Er{)a;'i{:‘zﬁlfg)_f"thmenc mean age: 104 & threshold that also constitutes the watershed divide between the 2.8 (ZAC-A) and 50.3 =+ 2.6 ka (ZAC-C), respectively (Fig. 4, Table 2).

ZAC-37 212378 045378 3283 + 0.163 311 4541 + 0235 102 06 05 Zackenberg and Lindemansdal valleys. Two of these erratic boulders

ZAC-38 219112 0.44673 2.902 + 0.137 457 4.675 + 0237 10.6 0.7 0.5 (ZAC-05 and ZAC-06) and the bedrock surface (ZAC-07) were sampled 2. Mountain slopes

—_— . . . _ (Fig. 3).

\z/:]c]_egglz?mmfomermm moraine ridge - amhm;g_f;;zean a%e4513152, =i kzl(gr;gi ;();,;” 2 236 6.256 + 0.612 Moraines are specially well-preserved in the northern part of the Two boulders sampled from the upper slope (first moraine ridge) (at
ZAC-40** 20233 045242 3.907 + 0.535 262 5.684 + 0.799 Zackenberg Valley on the southeast slope of Dombjerg mountain, ~400 m a.s.l.) on the western flank of Aucellabjerg were consistent with
B1 18746 04592 3.05 + 0.145 477 424 £ 202.1 102 0.6 0.5 where eleven fragments of moraine ridges ranging from ~150 to each other, with ages of 11.5 & 0.5 (ZAC-12) and 13.4 + 0.5 ka (ZAC-
gic-mb ??Zg‘g 3‘43“11343144 gg?g; i g‘g?g 3'?? 2'333 i 8';’;: H'g g'g g‘g 400 m a.s.l. gradually curve and slope towards the east, particularly 13), giving a mean age of 12.5 + 1.5 ka (n = 2). A third yielding
ZAC-04 8396 0313046 329:095 10558 1695 2948 + 028 119 08 07 the middle and highest ridges (Fig. 3). The intermediate and lower mo- (26.2 4 0.9 ka; ZAC-11) (Fig. 5A), was identified as a potential outlier

raine ridges are discontinuous and highly eroded by alluvial processes, according to the chi-squared test and excluded. Two large boulders
Mountain plateaus. Aucellabjerg. with dispersed till across the valley bottom. We collected nine samples from the middle slope (fifth moraine ridge) (at ~100 m a.s.l.) returned
éﬁg:’g ;?;gg; giﬁ;ig ggggz i %ég g:ﬁ? Zi?g; i ;;;3 ;gg ;; 52 from the upper (330 m a.s.l.) to the intermediate moraines (260 m a.s.l.) ages of 15.1 4 1.0 ka (ZAC-14) and 13.1 + 0.6 ka (ZAC-15), with an
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(ZAC-21 to ZAC-29) (Fig. 3).

average age of 14.1 4 1.7 ka (n = 2). (Fig. 5B).
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Fig. 3. Geomorphological map (modified from Cable et al., 2018), including the main glacial and periglacial landforms relevant to our study together with the CRE results shown in Tables 1
and 2 as well the relevant ages from previous works. In the purple areas termed ‘moraine’, the solid line indicates the crest of individual moraine ridges; the solifluction symbol indicates
that this area consists of till affected by postglacial solifluction.

Fig. 4. Glacial erratic boulders deposited during MIS-5a on the Aucellabjerg plateau: samples (A) ZAC-A (length = 2.2 m; height = 1 m); and (B) ZAC-C (length = 3.1 m, height = 1.1m). Fig. 5. Dated boulders from different moraine systems surrounding the Zackenberg Valley floor. See Fig. 3 for the location of the samples shown in the photographs.
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Samples from two boulders located on the lowest moraine ridge
(between 80 and 120 m a.s.l.) of the eastern slope of Zackenberg show
consistent ages of 12.1 & 0.6 (ZAC-19) and 12.4 + 0.6 ka (ZAC-20),
with a mean age of 12.3 + 0.8 ka (n = 2) (Fig. 5C).

On the northern fringe of Zackenberg Valley, in the pass dividing the
northern and southern sides of the Wollaston Foreland peninsula, the
three samples (Fig. 6C), all around 200 m a.s.], include two erratic boul-
ders that yielded ages of 11.1 4 0.5 (ZAC-05) and 9.4 + 0.5 ka (ZAC-06)
with a mean age of 10.3 4 1.3 ka (n = 2), and another from polished
bedrock that was dated at 10.2 + 0.5 ka (ZAC-07).

On the south-eastern slope of Dombjerg, three boulders from the
upper slope (second moraine ridge) (at ~330 m a.s.l) that constitutes
the largest moraine returned exposure ages of 14.2 + 0.9 (ZAC-21) and
13.2 + 04 (ZAC-23) with a mean age of 13.7 + 1.1 ka (n =
2) (Fig. 5G). Three samples (ZAC-24, 25, and 26) from the middle slope
(fifth moraine ridge) (at ~315 m a.s.l.) were collected in a relatively hori-
zontal area yielded ages of 11.6 & 0.6 (ZAC-24), 11.5 £ 0.9 (ZAC-25) and
11.7 4 0.5 ka (ZAC-26) with a mean age of 11.6 4 0.8 ka (n = 3). Finally,
on the lower slope (seventh moraine ridge) (at ~260 m a.s.l.), three sam-
ples from the most stable area yielded exposure ages of 14.0 & 1.2 (ZAC-
27),11.8 + 0.7 ka (ZAC-28) and 10.7 4 0.5 ka (ZAC-29) with a mean age
of 11.3 + 1.1 ka (n = 2). ZAC-27 is statistically inconsistent with the other
samples likely due to nuclide inheritance, and therefore considered as a
potential outlier and excluded for mean age calculation.

3. Valley bottom

- From the outermost moraine ridge in the central part of the valley
(Fig. 3), four samples ranging from 48 to 71 m a.s.l, returned
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exposure ages of 10.2 & 0.5 (B1), 11.8 & 0.5 (B2), 11.0 & 0.8

(ZAC-01b), and 11.9 =+ 0.7 ka (ZAC-04) with a mean age of 11.2 £

1.1ka(n=4).
- From the intermediate ridges of the lake-damming hummocky mo-
raine system (at ~100 m a.s..), the four samples gave ages of 17.2 +
0.7 (ZAC-30), 14.4 + 0.6 (ZAC-31), 13.2 4 0.8 (ZAC-32) and 10.3 +
0.5 ka (ZAC-33) with a mean age of 12.6 & 2.2 ka (n = 3), following
exclusion of ZAC-30 as as a potential outlier according to the chi-
squared test. ZAC-30 was located on the westernmost fringe of the
deposit, close to the rock wall (~370 m a.s.l.), and may be a fallen
block, explaining its significantly older age. It was thus excluded
from mean age calculations.
From a polished bedrock surface at the foot of the rock slope, we ob-
tained one age of 10.7 4 0.5 ka (ZAC-36) (Fig. 6A) (at 105 m a.s.l.),
while two boulders located on the same surface gave exposure
ages of 10.2 & 0.5 ka (ZAC-37) and 10.6 + 0.5 ka (ZAC-38), with a
mean age of 104 & 0.7 ka (n = 2) (at ~90 m a.s.l.).

Upstream from the hummocky terrain, an erratic boulder yielded an
exposure age of 11.7 4 1.0 ka (ZAC-03) (at 137 m ass.l.) (Fig. 6B).

5. Discussion

We complemented the previous detailed mapping of the glacial and
periglacial landforms distributed across the Zackenberg Valley (Cable
et al,, 2018) with '°Be CRE ages of samples collected from glacial fea-
tures of the slopes and valley floor. This approach enabled us to generate
a detailed space-time reconstruction of deglaciation in the Zackenberg
region.

Fig. 6. Dated polished bedrock surfaces indicative of subaerial exposure following glacial retreat. See Fig. 3 for the location of the samples shown in the photographs.
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5.1. General considerations on the chronological process of deglaciation

The 32 °Be CRE ages from moraines, erratic boulders and exposed
polished bedrock surfaces provide a record of glacial oscillations from
ca. 80 ka to the Early Holocene (11.7-8.2 ka). Analysis of the exposure
ages and their geomorphological setting also reveals that some of
them do not apparently follow a logical sequence.

The western slopes of Aucellabjerg (include abundant fine-grained
sediments (mostly silts and sands) with frequent gravels), which en-
hances the remobilization of surface sediments by solifluction dynam-
ics, affecting the stability of boulders and potentially causing them to
roll or move (Balco, 2020). Despite sampling boulders that were well-
anchored in the ground and formed part of clearly distinguishable mo-
raine ridges (Fig. 5), it is possible that the very active post-depositional
slope processes on Aucellabjerg, or even incomplete exposure due to
exhumation, may have resulted in underestimated ages in some cases
(Figs. 3 and 9). By contrast, older exposure ages than expected may re-
sult from nuclide inheritance or downslope mobilization from (previ-
ously exposed) upper parts of a slope. This is the case of samples ZAC-
14 and ZAC-15, obtained from a moraine ridge in the middle slope of
Aucellabjerg, that do not follow a consistent geochronological pattern,
as they are much older than the rest of the highest moraines of the val-
ley, and were thus discarded as outliers. However, once these obvious
outliers were removed, there is a consistent geochronological sequence
that logically matches the geomorphological observations, and from
which the overall deglaciation history of this valley can be recon-
structed.

5.2. Coupling CRE ages and geomorphological evidence

The highest samples, collected from the summit plateaus, returned
the oldest ages. Granitic erratic boulders situated near the summit pla-
teaus demonstrate that the minimum ice thickness in the Zackenberg
Valley during their deposition was >800 m. As local plateaus are not
composed of granites, we infer that the ice must have flowed from an-
other source, the nearest of which is adjacent to the current margins
of the GrlS, ca. 60 km west of the Zackenberg Valley. According to the
ages of the highest samples ZAC-A and ZAC-C, this phase may have oc-
curred sometime between ca. 80-50 ka (MIS 4-3). The occurrence of
nuclide inheritance is a well-known issue in deglaciated areas through-
out the Arctic (ie. Greenland: Goehring et al.,, 2010; Sendergaard et al.,
2019; Ceperley et al., 2020; the Canadian Arctic: Bierman et al., 1999;
Davis et al., 1999; Briner et al., 2003; Kaplan and Miller, 2003), and
should not be ruled out, especially in regions of high relief with gentle
topography such as those of the study area, which in turn may deter-
mine low ice mobility, low erosion rates and consequently the preserva-
tion of an inventory of '°Be accumulated in previous ice-free periods
(see Fernandez-Fernandez et al., 2021). Future studies should combine
multiple nuclides (e.g. 2°Al, in-situ *C) to explore complex exposure
histories and shed light on processes such as exhumation and prior ex-
posures.

However, in NE Greenland, erratic boulders transported tens of km
from their source - such as the granitic boulders distributed across
Aucellabjerg and the Zackenberg mountains - are not generally affected
by nuclide inheritance and have provided CRE ages associated with gla-
cial retreat following the last glacial cycle (Hakansson et al., 2007a;
Larsen et al., 2018). This is also valid for moraine boulders that do not
usually retain an inheritance signal from past deglacial periods (Levy
et al., 2016; Biette et al., 2020a, 2020b), with few exceptions
(Hakansson et al., 2009). A thermoluminescence measurement from a
pronival basin at 600 m a.s.l. on the western slope of Aucellabjerg re-
turned an age of 66.2 + 7 ka, which may also indicate that the areas
at higher elevations were already ice-free by that time (Christiansen,
1994). It is therefore reasonable to consider a scenario of pre-LGM gla-
ciation in the valley, with most of the Zackenberg Valley ice-filled and
only some nunataks protruding above the ice field.
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The rest of the CRE ages confirm that the deglaciation of the slopes
and valley floor occurred during T-1 (Fig. 7). The lateral moraines on
the western slopes of Aucellabjerg suggest an age of deglaciation of
12.5 + 1.5 ka, which is very similar to the exposure ages obtained
from the eastern slope of Zackenberg Mountain (12.3 + 0.8 ka). These
ages overlap with the slightly older average age reported from highest
ridges on the south-eastern slope of Dombjerg (13.7 + 1.1 ka; Fig. 7),
suggesting that the formation of the highest moraines in the Zackenberg
Valley occurred between 13.7 and 12.5 ka.

Slightly younger ages were found on the northern side of the study
area in the pass dividing the northern and southern sides of the Wollas-
ton Forland peninsula. The boulder from which we obtained the older
sample ZAC-05 (11.1 & 0.5 ka) was more weathered than ZAC-06 (9.4
4 0.5 ka). The average exposure age of both boulders (10.3 & 1.3 ka)
matched that of nearby polished bedrock (ZAC-07; 10.2 £ 0.5 ka).
This indicates the end of the glacial transfluence from Store Sedal to-
wards the north of the peninsula at that time, and thus the separation
of the Zackenberg and Lindemansdal as independent glaciers within
their respective valley floors, leaving an ice-free pass in between.

The moraine systems on the southeast slope of Dombjerg provided a
complete sequence of glacial thinning from 13.7 £ 1.1to 11.3 + 1.1 ka
(~330-~260 m a.s.l.). The higher and middle moraines sloping towards
the east suggest that the ice was flowing from Store Sgdal, whereas the
thinner glacier that generated the lowest moraines was still connected
with the Lindemansdal glacier until 10.2 ka. Indeed, the age of formation
of these lower ridges fits well with an erratic boulder collected on a bed-
rock surface located just above the hummocky terrain (11.7 4 1.0 ka) at
the west bank of the river, providing further evidence for glacial retreat
at the onset of the Holocene.

The frontal ridge revealed the culmination of the last glacial advance,
and included rocks deposited between 11.9 4 0.7 (ZAC-04) and 10.2 &
0.5 ka (B1). Average exposure ages indicated that the frontal moraine
system was deposited around 11.2 4 1.1 ka, similar to the lowest mo-
raine system on the southeast slope of Dombjerg (11.3 & 1.1 ka). This
suggests that units formed simultaneously, when the glacier generated
a well-defined frontal moraine system extending across the valley floor
and encircling the southeast slope of Dombjerg.

As the glacier thinned and retreated, the slopes surrounding the val-
ley floor became ice-free, triggering paraglacial processes (Ballantyne,
2008; Oliva et al., 2019). We hypothesise that the debuttressing of the
steep valley walls delivered large deposits, from lateral moraine boul-
ders in most cases, onto the glacier surface. The terminal section of the
glacier, already very thin, gradually transformed into a debris-covered
glacier (Fig. 8) following a pattern also observed in other mountain sys-
tems (Janke et al,, 2015; Anderson et al., 2018; Jones et al., 2019; Kenner,
2019; Mayr and Hagg, 2019). This transformation, from debris-free to
debris-covered glacier, reduces ablation and even accelerates glacier
flow (Hambrey et al, 2008; Deline et al., 2015; Anderson and
Anderson, 2016; Anderson et al., 2018; Mayr and Hagg, 2019). Once
the glacier stagnated and began to retreat, ice disintegration favoured
the existence of dead ice patches, which can persist for millennia partic-
ularly in permafrost environments (Fernandez-Fernandez et al., 2017).
This process can affect the stability of glacial sediments and trigger the
readjustment of some boulders, resulting in younger exposure ages
(Fernandez-Fernandez et al., 2020). Other boulders, which would
have remained stable for millennia on the glacial surface, were continu-
ously exposed to cosmogenic radiation that resulted in ages pre-dating
the stabilization of the deposit (Bibby et al., 2016; Mackay and
Marchant, 2016; Amschwand et al,, 2020). This may explain the average
age of the hummocky terrain samples (12.6 + 2.2 ka; Fig. 3).

The study of the uncertainties associated with CRE dating in debris-
covered glaciers is still incipient with no conclusive evidence, and these
uncertainties are highly dependent on local geomorphological settings,
as has been observed in mountain environments in the Himalaya
(Scherler and Egholm, 2020), central Alaska Range (Dortch et al.,
2010) and Iberian Range in Spain (Fernandez-Fernandez et al., 2017),
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as well as (sub)polar regions such as in the Kerguelen Archipelago
(Charton et al., 2020), Iceland (Tanarro et al,, 2021) or in the McMurdo
Dry Valleys in Antarctica (Mackay and Marchant, 2016). CRE ages ob-
tained from fossil debris-covered glaciers may not represent the exact
time of deglaciation at a specific site, but they may provide wide time-
scales ranging between the fall of boulders on the glacier surface and
the stabilization after complete melting of the buried ice (Fernandez-
Fernandez et al., 2017). Indeed, ice disapperance may take hundreds
or even thousands of years in (almost) static glaciers due to the insulat-
ing protection of a thick debris cover (Mackay and Marchant, 2016), and
does not necessarily follow a specific spatial pattern, which must be
taken into account when interpreting CRE ages from debris-covered
glaciers.

Our CRE dates cannot provide further chronological control for cli-
matic changes that led to the formation of the moraines, the withdrawal
of the glacier and the stabilization of the hummocky terrain, although
the overlapping of the CRE ages within uncertainty ranges suggests
that it must have been a rapid process. The application of CRE dating
to collapsed debris-covered glaciers must therefore take into account a
wide range of possibilities (Charton et al., 2020): (i) fallen boulders
from the lateral moraines that may have retained nuclide inheritance
(Ciner et al., 2017; Dede et al., 2017) (ii) boulders that overturned
during massive melting (Ferndndez-Ferndndez et al., 2017); and
(iii) boulders that have remained static on the glacier surface and
have been continuously exposed to cosmic radiation since their em-
placement (Bibby et al., 2016; Mackay and Marchant, 2016; Winkler
and Lambiel, 2018; Tanarro et al., 2019; Amschwand et al., 2020;
Charton et al., 2020; Fernandez-Fernandez et al., 2020). Given this di-
versity of possibilities, it is therefore difficult for a debris-covered glacier
to yield rather homogeneous CRE ages after the ice melts. The range of
boulder ages within the same geomorphological units must therefore
be interpreted in light of the competing processes that control the disin-
tegration of a debris-covered glacier, and its transformation into hum-
mocky terrain. The absence of continuous and clearly aligned ridge
crests within the hummocky terrain, together with numerous lakes oc-
cupying inter-hummock depressions, supports the interpretation that
this hilly terrain formed as a result of stagnation and passive melt-out
and not as a consequence of active ice margin retreat (Benn, 1992;
Palacios et al., 2021; Rodriguez-Mena et al., 2021; Rodriguez-Mena
etal, 2021).

Lastly, the three samples collected from two erratic boulders and a
polished surface above the hummocky terrain provided similar results
of 10.4 + 0.7 and 10.7 £ 0.5 ka, respectively. These ages suggest that
ice persisted at the foot of the northern slope of Zackenberg almost
two more millennia after the valley floor became ice-free (Fig. 3). The
most plausible hypothesis is that a slope glacier, fed by the snowdrift
and avalanches, persisted at the foot of Zackenberg's shaded northeast-
ern slope at the onset of the Holocene, capable of bedrock erosion on
this weathered bedrock. Boulders detached from the rock wall probably
slid above the ice mass and accumulated at the base of the slope on the
dated exposed polished bedrock when ice had shrunk upslope.

5.3. Deglaciation chronology of the Zackenberg area

Our results provide evidence that the deglaciation of the Zackenberg
Valley occurred during the Late Glacial, with the following phases in the
environmental evolution of the area:

- Phase 1: Maximum expansion of the glaciers, covering the summits.

Our highest samples indicate that Zackenberg Valley was almost
fully filled, likely prior to the LGM of the last glacial cycle at ca.
80-50 ka, and only the highest peaks may have been ice-free (as no er-
ratic boulders have been found across the plateaus) as nunataks that
were affected by intense periglacial conditions (Christiansen et al.,
2002; Fig. 8A). At that time, the Zackenberg glacier was one of the
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outlets of the GrlS, and merged with the Tyrolerfjord glacier, another
outlet of the GrlS, flowing east towards Young Sund (Christiansen and
Humlum, 1993). However, previous research has provided evidence
that the GrlS also advanced to the shelf edge during the LGM and prob-
ably covered some of the high plateaus in NE Greenland (Hakansson
et al.,, 2007b; Skov et al., 2020). We cannot fully discard that our dated
samples may retain some nuclide inheritance, masking a last glacial
cycle glacial advance covering most of the Zackenberg Valley.

- Phase 2: Onset of deglaciation of the debris-free glacier.

In NE Greenland, a rapid deglaciation process began after the degla-
ciation after the global LGM (Clark et al., 2009). The loss of glacier thick-
ness in the Zackenberg Valley occurred parallel to the retreat of the
Tyrolerfjord glacier (Fig. 1). As a result, a sequence of recessional mo-
raines formed at different elevations. No robust evidence of LGM or
early T-1 moraine deposition has been found, although it is possible
that the highest ridges that may have formed during the LGM advance,
and the remnants of some moraines were subsequently dismantled due
to the very intense slope processes. The long-term recession of the GrlS
and surrounding glaciers was interrupted by periods of glacial
stillstand/advance of the Zackenberg valley glacier that favoured the
formation of the moraine ridges on the slopes surrounding the main val-
ley floor. The highest moraine ridges, dated at 13.7-12.5 ka, may be as-
sociated with phases of glacial stabilization during the overall retreat
between the Bolling-Allered (B-A) Interstadial (14.6-12.9 ka; GI-1
Greenland ice cores; Rasmussen et al., 2014) and the early Younger
Dryas (YD) stadial (12.9-11.7 ka; GS-1; Rasmussen et al., 2014). The
lowest ridges (11.3 ka), deposited concurrently with the outer moraine
ridge enclosing the dated hummocky terrain (11.2 ka), formed at the
onset of the Holocene (Fig. 9).

- Phase 3: Transformation into a debris-covered glacier.

The glacier stagnated and thinned at this time, triggering the inten-
sification of paraglacial dynamics on the recently deglaciated slopes. The
abundant sediment delivery from lateral moraines and recently ice-free
rock walls onto the glacier surface favoured its transformation into a
debris-covered glacier during the Early Holocene at ca. 11-10 ka.

- Phase 4: Degradation and final collapse of the debris-covered glacier.

As temperatures continued to rise during the Early Holocene, the
debris-covered glacier underwent an irregular collapse, and its deposits
became a hummocky terrain. The glacier disappeared from the
Zackenberg Valley by 10.3 4 1.3 ka, exposing polished bedrock outcrops
and abandoning erratic boulders as the glacier terminus receded up the
Store Sedal valley. The valley has not had glacial ice during the last 10 ka
as no younger glacial landforms have been identified. As a result of the
deglaciation, glacio-isostatic processes exposed a sequence of marine
terraces and favoured the incision of the Zackenberg River. A rapid
delta progradation began ca. 13-11 ka and continued until 6.3 ka,
accompanied by permafrost aggradation (Gilbert et al., 2017;
Christiansen et al., 2002).

5.4. Glacial oscillations in NE Greenland since the last glacial cycle

To date, the available glacial reconstructions have focused mostly on
the Northeast Greenland Ice Stream (NEGIS), which drains ~12% of the
interior GrlS via three marine-terminating outlet glaciers (Larsen et al.,
2018), as well as coastal areas of central East Greenland surrounding
Scoresby Sund, ~400 km south of Zackenberg (Kelly et al., 2008;
Hakansson et al., 2009, 2011; Lowell et al., 2013; Levy et al., 2014,
2016) (Fig. 10). Our '°Be CRE age dataset, focusing on glacial landforms
in the Zackenberg area, expands and strengthens the previous glaciation
history based on radiocarbon and luminescence dates (Christiansen and
Humlum, 1993; Christiansen, 1994, 1998; Christiansen et al., 2002;
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Bennike et al., 2008; Gilbert et al., 2017), providing new evidence of
the major role that the Late Glacial deglaciation exerted in the environ-
mental evolution of NE Greenland.

Glacial evidence around Greenland shows asynchronous glacial fluc-
tuations of the GrlS and peripheral mountain glaciers during the last gla-
cial cycle and subsequent deglaciation (Kelly and Lowell, 2009; Vasskog
et al,, 2015). There is a gap of terrestrial empirical evidence of glacial
fluctuations prior to the LGM, although available offshore marine re-
cords indicate that all GrlS regions underwent significant growth and
retreat in millennial-scale phases (Funder and Hansen, 1996;
Lecavalier et al., 2014; Vasskog et al,, 2015).

To date, it is unclear whether the interfjord plateaus remained ice-
free throughout some periods within the last glacial cycle when the
fjords were occupied by outlet glaciers (Funder et al., 1994), or on the
contrary, were not ice-free at any time until the post-LGM ice thinning
(Hakansson et al., 2011). In West Greenland, while some CRE ages of er-
ratic boulders indicated that coastal mountain tops (above ca. 800 m a.s.
1.) have been ice free since ca. 130 ka, (and thus were not glaciated dur-
ing the last glacial cycle; (Roberts et al., 2009; Lane et al., 2014; Roberts
et al., 2013), more recent studies suggest that these high-elevation sur-
faces were ice-free almost ca. 90 ka before the LGM and ice-covered dur-
ing this period (Strunk et al., 2017). Assuming that the highest dated
erratic boulders in the Zackenberg Valley do not retain nuclide inheri-
tance, the maximum glacial expansion of the last glacial cycle would
have occurred at ca. 80-50 ka, when most of the valley was inundated
by ice but the mountain tops remained ice-free. At this time, the glacier
front was probably located ca. 30 km from Zackenberg on the outer shelf
(Christiansen and Humlum, 1993), as reported in several other areas
across North and central East Greenland (Funder et al., 2011;
Lecavalier et al,, 2014). An age of 79.1 + 3.1 ka was reported by
Hakansson et al. (2007b) from a moraine boulder in the Store Koldewey
island, 250 km north of Zackenberg, although the authors cautioned
that it might have been subject to nuclide inheritance. The longest gla-
cial chronology of the last glacial cycle in NE Greenland is from the
NEGIS, which was smaller than present between ~41-26 ka, with glacier
front at least 20-70 km behind the present ice margin (Larsen et al.,
2018).

However, if we assume that nuclide inheritance occurred in the gla-
cial erratic boulders from the Aucellabjerg plateau it is reasonable to
suggest that the glacial advance which occurred during the LGM cov-
ered most of the Zackenberg Valley. According to the GrlS reconstruc-
tions, the ice sheet occupied an area 65% larger than present during
the LGM, with margins generally reaching at least the continental
shelf (Kelly and Antony, 2009; Funder et al., 2011; Vasskog et al.,
2015). This is confirmed in the northeast sector, where NEGIS signifi-
cantly expanded by 26 ka (Larsen et al., 2018). Evidence for the LGM
glacial advance also exists further south near the Scoresby Sund
mouth, where '°Be ages of erratic boulders placed the ice margin into
the outer shelf until 17.3 ka, with a thickness of ca. 250 m (Hakansson
et al., 2007a). Despite the lack of geomorphic evidence of the LGM gla-
cial advance in Zackenberg Valley, geophysical modeling carried out in
the Wollaston Forland region suggested ice between 500 and 1000 m-
thick (Fleming and Lambeck, 2004), which was supported by glacial
trimlines on the mountain sides indicating that the Zackenberg area
was occupied by valley glaciers (Bennike et al., 2008). The highest mo-
raine remnants in the Zackenberg Valley, located at elevations between
500 and 800 m, may thus have formed during this glacial advance
(Fig. 10).

Following the LGM, temperatures increased at the onset of T-1 and a
more pronounced warming took place ca. 17 ka (Kobashi et al., 2017),
resulting in a significant reduction of GrIS volume and retreat of its mar-
gins as modelled by palaeoglaciological studies (Funder et al., 2011;
Vasskog et al., 2015). It is still unclear whether GrIS deglaciation
persisted without interruption well into the Holocene, or if this long-
term retreat was interspersed with periods of glacial advance/stabiliza-
tion that led to phases of moraine formation (Vasskog et al., 2015).
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debris-covered glacier, and thus samples retain cosmogenic inheritance, although the peak of the temperature curve may point to the age of its final stabilization at ~10 ka. (D) Ages
from the valley bottom confirm an accelerated glacial retreat by ~10 ka, which is also confirmed by the ages from the Lindemansdal valley, where glacial dynamics ended by ~10 ka (E).

Zackenberg data, however, show that the long-term GrlS recession was
interrupted by short periods of stillstand or glacial advance. Recent
studies have confirmed the occurrence of several glacial oscillations
within T-1 across Greenland that led to the development of moraines
(Young et al., 2020), confirming previous evidence inferred from marine
sediments (O Cofaigh et al., 2013). In NE Greenland, few studies have
provided CRE ages of deglaciation within T-1. Biette et al. (2020a,
2020b) dated a culmination of moraine formation at 16.2 ka in the

Clavering Island, ca. 30 km south from our study area. This age is signif-
icantly older than the sequence of Zackenberg-area moraine ridges that
was dated at 13.7-11.2 ka, suggesting a rapid ice thinning of >300 m
from the high moraine locations.

Our CRE results highlight the rapid rate of deglaciation during the
Late Glacial, although the strong age clustering around 13-11 ka and
the associated uncertainty ranges hinders the distinction of whether
the deposition of the lowest ridges, and the concurrent outer moraine
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Fig. 10. Map of NE Greenland including the locations discussed in the text, and exposure ages from published glacial '°Be CRE chronologies (Biette et al., 2020a, 2020b; Hakansson et al,, 2007a, 2007b, 2007¢, 2009, 2011; Kelly et al., 2008; Larsen et al.,
2018; Levy et al, 2014, 2016; Lowell et al., 2013; Skov et al,, 2020). The geographical division (North-East vs. Central-East Greenland) follows that of the Geological Survey of Denmark and Greenland (Dawes and Glendal, 2007).
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ridge of the valley floor, occurred during the B-A, YD or Early Holocene
(Fig. 9). Therefore, we cannot confirm if these moraines correspond to a
glacial readvance occurred during the YD, which has rarely been docu-
mented in Greenland (Funder et al., 2021). These results coincide with
the initial deposition of the Zackenberg Delta at 13-11 ka (Gilbert
et al,, 2017), confirming that glacial shrinking was parallel to glacio-
isostatic uplift and abundant proglacial sedimentation in the lower
Zackenberg Valley.

The series of glacial advances/stillstands and retreats that occurred
in the Zackenberg area between 13.7 and 11.2 ka is broadly synchro-
nous with glacial records from other sites across NE Greenland indicat-
ing that climate conditions favoured glacial shrinking with ephemeral
phases of minor glacial advance during the Late Glacial (Fig. 10). A
rapid glacial retreat of ~65 km was recorded in Dove Bugt (Fig. 10) be-
tween ~13 ka and ~10 ka at a rate of ~22 m yr~" (Skov et al., 2020).
Other '°Be moraine ages suggest periods of moraine formation during
late glacial time: on Store Koldewey island, Hakansson et al. (2007b) re-
ported a post-LGM advance of the GrlIS between 14.6 and 11.5 ka,
whereas Kelly et al. (2008) described two advances in the Scoresby
Sund region at 13.0-11.6 and 11.7-10.6 ka driven by the prevailing
cold conditions associated with the YD. On the other hand, Levy et al.
(2016) dated glacial advances of the GrlS and of the peripheral Milne
Land Ice Cap at 11.4 ka near Scoresby Sund (Fig. 10). Similarly, on
neighbouring Clavering Island, local mountain glaciers advanced during
the onset of the Holocene at 11.3 and 10.8 ka, respectively (Biette et al.,
2020a, 2020b). These heterogeneous ages provide evidence of very ac-
tive glacial dynamics at the T-1 to Early Holocene transition, with the
formation of moraine systems over different timescales.

Deglaciation was accelerated by warmer temperatures during the
Early Holocene (Clark et al., 2012; Buizert et al., 2014) . CRE dates con-
firm that the retreat of the NEGIS started at 11.7 ka and accelerated
until 9.3 ka (Larsen et al., 2018). In central East Greenland, the Bregne
Ice Cap shrunk within its Late Holocene extent by 10.7 ka (Levy et al.,
2014). Based on radiocarbon ages, GrlS retreat within the modern coast-
line occurred between ~11 and 10 ka (Bennike and Bjérck, 2002;
Vasskog et al., 2015), also including NE Greenland (Wagner et al.,
2010; Lecavalier et al., 2014). In the Zackenberg area, our data indicates
that the valley was mostly deglaciated by ~10.5 ka, although dead ice
patches may have survived for millennia under the debris cover, as al-
ready observed in mid-latitude mountains (Fernandez-Fernandez
et al, 2017) and subpolar environments (Charton et al., 2020;
Fernandez-Fernandez et al., 2020). Regional glacio-isostatic rebound
and rapid relative sea level fall (Christiansen et al., 2002) led to the for-
mation of the current Zackenberg landscape, bringing the rapid incision
of the Zackenberg River, high sedimentation rates, rapid delta
progradation and permafrost formation (Gilbert et al., 2017). The end
of the YD also favoured the readjustment of slopes to the new ice-free
setting, with active paraglacial processes that generated a debris-
covered glacier and finally resulted in an extensive hummocky terrain.
This process is similar to that observed in the Hédinsdalur valley in
the Trollaskagi Peninsula (north Iceland) where a collapsed debris-
covered glacier occupied the valley bottom, showing the typical ridge-
and-furrow landscape interspersed with thermokarst collapse depres-
sions of various typologies (Ferndndez-Fernandez et al, 2020;
Rodriguez-Mena et al., 2021; Palacios et al., 2021).

6. Conclusions

This study provides insights into past changes of the GrlS, intro-
ducing new geomorphological and chronological evidence of the de-
glaciation dynamics at the end of T-1 - when most of the currently
ice-free areas in the southern sector of NE Greenland became
deglaciated - including the progressive transformation of one of its
outlets from a debris-free to a debris-covered glacier during the
final stages of deglaciation. Greenland still retains 12% of the planet's
debris-covered glaciers, although scientific knowledge of their
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evolution is still limited. In fact, this is the first study focused on col-
lapsed debris-covered glaciers in Greenland that has shown the close
relationship of their origin with the paraglacial processes that ac-
company deglaciation.

With a dataset of 32 CRE dates from erratic and moraine boulders, as
well as from polished bedrock surfaces, we established the spatio-
temporal pattern of deglaciation in the Zackenberg Valley and the im-
pact that paraglacial activity had on the slopes and the valley floor. Gla-
ciers occupied the fjords and surrounding valleys during most part of
the last glacial cycle. Ice reached >800 m a.s.l. above the current valley
floor during the maximum advance of the last glacial cycle, when only
the highest peaks protruded the ice sheet as nunataks. This may have
occurred at ca. 80-50 ka, or later, depending on assumptions regarding
nuclide inheritance in the highest erratic boulders. In this study, no geo-
morphic evidence of glacial activity during the LGM was found, al-
though some of the highest, most heavily eroded remnants of
moraines existing in the area may correspond to that phase. The com-
plete sequence of moraine ridges distributed across the slopes sur-
rounding the Zackenberg Valley floor revealed ice thinning between
ca. 13.7 and 11.2 ka. By 11.3-11.2 ka, the glacier formed the lowest mo-
raines distributed on the slopes and pushed up the terminal moraines
crossing the central part of the Zackenberg Valley floor. Concurrently,
glacial thinning exposed the rock slopes and the moraine ridges,
favouring rapid paraglacial slope readjustment. High rates of debris sup-
ply onto the glacier still existing in the valley resulted in the formation
of a debris-covered glacier. However, as the glacier retreated and dis-
connected from the external moraine, a hummocky terrain formed as
a consequence of areal deglaciation and the subsequent melting of
dead ice masses. Overlapping CRE ages from the outermost moraine
ridges of the valley floor and the internal hummocky terrain (ca.
12-11 ka) indicate that this was a very rapid process. Since the Early Ho-
locene (ca. 10.5 ka), no glaciers have been present in the Zackenberg
Valley, although ice disappearance has brought the formation of the cur-
rent landscape due to a wide range of primarily periglacial postglacial
processes, in addition to glacio-isostatic uplift and marine terrace and
delta formation, permafrost aggradation, and nivation processes largely
forming the slopes and the lowland.

Our results demonstrate that CRE dating: (i) needs to be
complemented with highly detailed geomorphological mapping; (ii) is
avalid method for tracking deglaciation sequences, and; (iii) enables re-
construction of environmental transformations in very active geomor-
phological settings, including areas that have shifted from debris-free
to debris-covered glaciers. However, our results also show that (iv)
CRE dating in these areas requires the dating of a large number of sam-
ples and landforms; and (v) the uncertainties, considering the problems
typically associated with paraglacial processes, remain a challenge for
establishing accurate chronologies, as only approximate time ranges
can be established for the occurrence of certain events. As such, results
need to be supported by other local and regional paleoenvironmental
and paleoclimate proxies.

The main phases inferred from our CRE dataset agree with the few
existing glacial chronologies from other sites across NE Greenland.
However, our results also open new uncertainties that should be ad-
dressed in future studies, including the impact of LGM glacial advance
on coastal regions and the extent of Holocene glacial fluctuations. A bet-
ter understanding of the natural pattern of glacial oscillations in NE
Greenland during warm and cold phases over the last several millennia
would help to better frame the magnitude of current glacial shrinking
trends associated with the current warming scenario.
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Abstract

Although the spatiotemporal oscillations of the Greenland Ice Sheet (GrlS) during the
last millennia have played a prominent role in global environmental changes, its glacial
response to the natural variability still needs to be better constrained. Here, we
focused on the reconstruction of the glacial behavior and deglaciation process along
the Tyroler Valley (74° N, 22° E), within the Northeast Greenland National Park. This
NW-SE valley connects with the GrlS via the Pasterze Glacier and divides two ice
caps (A.P. Olsen Land and Payer Land), this last one feeding two piedmont glaciers
(Copeland and Klgft glaciers). For this study, we combined the interpretation of the
spatial pattern of geomorphological features and the chronological framework
defined by a new dataset of 15 °Be cosmic-ray exposure (CRE) ages from glacially
polished bedrock surfaces and moraine boulders together with one optically stimu-
lated luminescence (OSL) age of a glaciolacustrine deposit. CRE ages indicate that the
deglaciation of the lowest parts of the valley and the exposure of the highest slopes
took place during the Early Holocene, at ca. 10-8.5 ka (ka = thousand year [BP]). Fur-
thermore, this ice thinning also favored the disconnection of the valley tributary gla-
ciers. Samples from the moraines of the two tributary glaciers indicate that the
deglaciation was not continuous, but it was interrupted by at least three phases of

glacial advance during the Neoglacial cooling (before ca. 5.9 ka), and the Little Ice Age
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1 | INTRODUCTION

Spatio-temporal oscillations of the Greenland Ice Sheet (GrIS) have
played a prominent role in global environmental changes since the last
glacial cycle. At present, the GrlS is a mostly land-based ice mass that
stores water equivalent to a ca. 7.2-7.4 m sea level rise (Aschwanden
et al. 2019; Bamber et al. 2013), and it is the only Northern Hemi-
sphere ice sheet to have persisted during the last deglacial period.
Fluctuations of the ice stored in the GrlS, as well as in the surrounding
ice caps and mountain glaciers, promote a large-scale redistributions
of oceanic and atmospheric circulation patterns, sea-level changes,
redefinition of coastlines, shifts in land cover and ecosystems, and
variations in greenhouse gas concentrations (Oliva et al. 2021).

A wide range of terrestrial and marine records from Greenland
and the North Atlantic region have shown evidence of abrupt temper-
ature shifts during Termination-1 (T-1; ca. 19-11 ka) that ranged from
5 to 15°C and also featured strong seasonality (Buizert et al. 2014;
Vasskog et al. 2015). Such oscillations of the GrlS and other peripheral
glaciers during T-1 have been modeled in palaeoglaciological studies
(Funder et al. 2011; Vasskog et al. 2015) and have been largely docu-
mented based on geomorphological and geochronological data,
including the NE sector of Greenland (Biette et al. 2020; Hakansson
et al.,, 2007, 2009, 2011; Kelly et al., 2008; Larsen et al., 2018; Lowell
et al., 2013; Skov et al., 2020).

Following T-1, the Northern Hemisphere reached the maximum
Holocene insolation in summer (Ressen et al., 2009) and temperatures
ca. 2.5°C warmer than present (Axford et al., 2021; Kaufman
et al. 2004) were recorded during the Holocene Thermal Maximum
(HTM; ca. 10-6 ka; Renssen et al., 2009, 2012). The HTM has been
documented in a wide range of paleoenvironmental records in Green-
land (Briner et al., 2016; Buizert et al., 2018; Kjer et al., 2022; Vinther
et al, 2008; Lusas et al, 2017). Glacier fronts across the GrlS
responded to this warm event by receding tens of kilometres within
present-day margins during the Early and Mid-Holocene (Kelly et al.,
2008). For NE Greenland, most studies suggest an intense deglacia-
tion during late T-1 and the Early Holocene, and since then glaciers
have recorded minor advances or retreats depending on the prevailing
climate conditions (Adamson et al., 2019; Biette et al., 2020; Garcia-
Oteyza et al., 2022).

cosmic-ray exposure dating, glacial oscillations, Greenland, Holocene, little ice age, Tyroler

A cooling trend with relatively high climatic variability occurred in
the High Arctic region following the HTM. Although the spatial and
temporal patterns of the Holocene glacier advances and retreats are
still uncertain, this is particularly true for the Neoglacial time span
(starting after ca. 6 ka; Porter & Denton, 1967; McKay et al., 2018;
Palacios et al., 2020). The Little Ice Age (LIA; ca. 1300-1850 CE;
Grove, 2001) was the last period with documented widespread glacial
expansion in NE Greenland (Kjer et al. 2022), as demonstrated by the
direct dating of glacial records by means of cosmic-ray exposure (CRE)
dating (Biette et al. 2020; Garcia-Oteyza et al. 2022; Jomelli
et al. 2022) or even by historical pictures provided by early travellers
or hunters that show glaciers larger than those of the present during
the late 19th and early 20th centuries in this region (Boyd 1948;
Payer 1876).

The deglaciation process at the edges of the Payer Land and
A.P. Olsen Land ice caps (NE Greenland) where this research focuses
is still poorly understood. Previous research has demonstrated that
the major deglaciation took place at the end of T-1 (Garcia-Oteyza
et al. 2022). However, knowledge of glacial oscillations during the
Holocene is sparser, as studies only report the final deglaciation of
the lowest parts of the valleys at ca. 10.5 ka (i.e., Zackenberg;
Garcia-Oteyza et al., 2022) with two periods of moraine formation
at ca. 11.3 and 10.8 ka and minor Holocene glacial advances at
ca. 3.3, 1.2, and 0.4 ka (Clavering Island; Biette et al. 2020; Jomelli
et al. 2022).

The objective of this study was to chronologically constrain glacial
oscillations in the Tyroler Valley during the Holocene, with a particular
focus on the Neoglacial period, to shed light on the prevailing climate
regime and environmental response in the region, where this knowl-
edge is still lacking. To this end, we had the following specific
objectives:

To identify landforms generated by glacial oscillations in the Tyro-

ler Valley since the Early Holocene.

e To identify the main phases of glacial expansion and associated
environmental implications during the Late Holocene.

e To compare spatio-temporal patterns of neoglacial fluctuations in

the Tyroler Valley with those inferred from other regions across

Greenland.
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FIGURE 1 (a) Location of the study area within Greenland; (b) regional setting of the Tyroler Valley, with (c) a 3D representation of the

study area. [Colour figure can be viewed at wileyonlinelibrary.com]

2 | REGIONALSETTING

The Tyroler Valley (74° 39° N, 22° 15’ W), constitutes an ice-free area
forming the unsubmerged continuation of Tyroler Fjord, situated in
NE Greenland, within the Northeast Greenland National Park
(Figure 1a). The fjord encircles the NW fringe of Clavering Island and
extends inland to the NW between Payer Land and A.P. Olsen Land
ice caps. The only human infrastructure in the Tyroler Valley is a hunt-
ing hut at the entrance of the valley, which is located ca. 50 km north-
west of the Zackenberg Research Station (Figure 1b).

The study area encompasses ca. 10 km NW-SE long and an aver-
age width of 1 km, from the mouth of the Tyroler Fjord until the front
of the Pasterze Glacier, which drains from the GrIS. Two tributary
piedmont glaciers (Klgft and Copeland) descend along the NW slopes
of the valley from the Payer Land ice cap and spread across the Tyro-
ler Valley floor, occasionally interrupting the drainage of the river dur-
ing glacial advances (Figure 1c). The surrounding flat-topped summits
rise on either side to between 1000 and 1300 m above sea level
(hereafter referred as asl) and connect with steep hillsides descending
into the valley. The ice-free areas of the valley floor mainly corre-
spond to an outwash plain, with sediments deposited by a fluvial
braided system fed by the Pasterze Glacier meltwater as well as by
other proglacial streams. The high sediment load transported by the
river has created a delta in contact with the Tyroler Fjord (Figure 1c).

Quaternary sediments cover the valley floor and the lower parts of
the hillsides and metamorphic bedrock (Proterozoic orthogneiss and
migmatitic sedimentary rocks) is mostly exposed on the upper sections
of the slopes (Henriksen & Higgins, 2008). The deglaciated area in Tyro-
ler Valley is underlain by continuous permafrost, probably 200-400 m
thick, as observed in nearby Zackenberg Valley (Christiansen et al.,
2008; Christoffersen et al., 2008; Hansen et al., 2008).
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The study area is characterized by a typical High Arctic polar tun-
dra climate (Kottek et al., 2006). The mean annual air temperature
(MAAT) is —9.0 °C at the nearby Zackenberg Research Station, with
mean monthly values ranging between —19.8 °C in February and
6.3 °C in July (1996-2015 series; Pedersen, 2017). Mean annual pre-
cipitation is 367 mm (Pedersen, 2017) that mostly falls as snow,
although rain events may occur during the summer months (Hasholt
et al.,, 2008). The fjord remains covered by land-fast sea ice during
approximately 9 months per year (Boone et al. 2017). These cold-
climate conditions, highly influenced by the East Greenland Current,
determine the existence of a High Arctic tundra, with vegetation dom-
inated by dwarf shrub heaths (decreasing in variety and size with ele-
vation), and fell fields on the lower slopes (CAVM Team, 2003).

3 | METHODOLOGY

In this study, we combined geomorphological and geochronological
approaches - CRE °Be and optically stimulated luminescence (OSL)
dating, together with historical pictures - to unveil the spatial and
temporal patterns of glacial oscillations in the valley. Field work took
place in early September 2019, when the snow-free landscape
allowed clear identification of geomorphological features as well as

the subsequent collection of samples for dating.
3.1 | Geomorphological mapping
Prior to field work, to define the sampling strategy, we created a pre-

liminary geomorphological map based on satellite images with a focus

on the main glacial landforms as moraines and polished surfaces. This
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FIGURE 2 Location of all CRE samples and examples of the different types of glacial features sampled in this study. [Colour figure can be

viewed at wileyonlinelibrary.com]

map was validated based on in-situ observations and included newly
observed landforms. The final geomorphological map was drawn by
outlining the landforms in the ARCMAP 10.8 work environment over
an orthorectified panchromatic satellite SPOT-6/7 (1.5 m resolution)
image from 08-19-2017 and the digital surface model ArcticDEM
(2 m spatial resolution) provided by Porter et al. (2018).

3.2 | Sample collection

Considering the geomorphological map and field observations, we col-
lected 18 samples for °Be CRE dating from two types of glacial fea-
tures (Figure 2): moraine boulders (11 samples) and polished bedrock
surfaces (7 samples). For each sample, we took approximately 1 kg of
the rock's most surficial layer (<5 cm thick) using a hammer and chisel
and recorded the main field data: geomorphological unit, geographical
coordinates, elevation, and the measurements for the subsequent
geometric correction of the topographic shielding by the surrounding
relief. Field data and sample attributes are listed in Table 1.

In addition, we also collected two samples for OSL dating from an
alluvial fan deposit upstream of the Copeland Glacier front (Figure 3).
Samples were collected from the upper, middle, and lower parts of
this 20-m thick sedimentary deposit composed of fine gravels and
coarse sands. To avoid sunlight exposure when collecting the samples,
we used a light-proof (opaque) core tube of dark PVC (4 cm diameter).

3.3 | CRE laboratory analytical procedures and age
calculation

Sample crushing and sieving (0.25-1 mm fraction) were carried out at
the Laboratory of Physical Geography of the Universidad Complu-
tense de Madrid, Spain. Further physical and chemical procedures
were conducted at the Laboratoire National des Nucleides Cosmo-
géniques (LN,C) of the Centre Européen de Recherche et d'Enseigne-
ment des Géosciences de [I'Environnement (CEREGE, Aix-en
Provence, France).

Laboratory procedures followed the same protocol and guide-
lines of our previous work in the area as described in Garcia-Oteyza
et al. (2022). A small change in the procedure was made before per-
forming the magnetic separation, with a first leaching of a mixture of
hydrochloric (HCI), hexafluorosilicic (H,SiF¢) and hydrofluoric
(HF) acids, in order to facilitate the quartz isolation process and to
start the physical separation of quartz/non-quartz minerals with a
more concentrated sample. The measurement of the °Be/?Be ratios
on the BeO targets were performed at the French 5 MV ‘Accéléra-
teur pour les Sciences de la Terre, Environnement et Risques’
(ASTER) the facility at CEREGE, using the same calibrations and
standards previously described in Garcia-Oteyza et al. (2022). Some
samples vyielded relatively high uncertainties (TYR-02, TYR-06) due
to low current values, and one provided a non-valid measurement
(TYR-03) and were thus considered chemical outliers and discarded
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TABLE 1  Sample locations, topographic shielding factor, and sample thickness.

Sample Latitude Longitude Elevation

ID Landform (dd) (dd) (m asl)

Upper valley roche moutonnée

TYR-01 Polished 74.6415 —22.1791 280
surface

TYR-02 Polished surface 74.6372 —22.1815 241

Klaft Glacier external moraine

TYR-03 Lateral moraine 74.6336 —22.2080 136

TYR-04 Lateral moraine  74.6335 —22.2080 134

TYR-05 Lateral moraine ~ 74.6329 —22.2088 134

Middle valley polished surface

TYR-06 Polished surface ~ 74.6298 —22.2123 135

TYR-07 Polished 74.6254 —22.2018 153
surface

Copeland Glacier

External moraine

TYR-08 Lateral moraine 74.6232 —22.1987 164

TYR-09 Lateral moraine ~ 74.6231 —22.1987 164

Middle moraine

TYR-10 Lateral moraine ~ 74.6234 —22.1913 172

TYR-11 Lateral moraine 74.6233 —22.1914 170

Internal moraine

TYR-12 Lateral moraine ~ 74.6264 —22.1815 129

TYR-13 Lateral moraine ~ 74.6264 —22.1813 131

Frontal Copeland polished surface

TYR-14 Polished 74.6294 —22.14685 45
surface

Fjord entrance_upper roche moutonée

TYR-15 Polished 74.6053 —22.1043 150
surface

Fjord entrance moraine

TYR-16 Lateral moraine 74.6059 —22.1068 120

TYR-17 Lateral moraine ~ 74.6059 —22.1070 120

Fjord entrance_lower roche moutonée

TYR-18 Polished 74.6066 —22.1060 100
surface

Topographic shielding factor Thickness
(dimensionless) (cm)
0.9938 2

- 4

- 4
0.9807 4
0.9807 4

- 3.8
0.9872 25
0.9873 3
0.9873 3.2
0.9871 34
0.9871 3.5
0.9699 3.5
0.9699 27
0.9754 20
0.9890 5.0
0.9813 5
0.9813 35
0.9779 5

Note: Highlighted in italics: samples with a non-valid AMS measurement, considered chemical outliers and discarded for exposure age calculations and

discussion.

for further exposure age calculations and discussion. All analytical
data are shown in Table 2.

Exposure ages were calculated with the CRONUS-Earth online
calculator, version 3.0 (Balco et al, 2008; https://hess.ess.
washington.edu/), with the Arctic-wide sea-level/high-latitude 1%Be
production rate (3.96 + 0.15 atoms g~ * yr~?) (Young et al. 2013) and
the “Lm” (Lal/Stone) time-dependent scaling model (Lal 1991;
Stone 2000). For all samples, a 2.7 g cm~2 density was assumed, and
no corrections of erosion or snow shielding were applied and the
partial shielding effect of the surrounding topography was corrected

for all sampling sites using the Topographic Shielding Calculator

100

version 2 (http://stoneage.ice-d.org/math/skyline/skyline_in.html)
(Table 2).

3.4 | OSL laboratory analytical procedures

The two collected samples for OSL dating were treated at the lumi-
nescence laboratory of the National Research Centre on Human Evo-
lution (CENIEH, Burgos, Spain), under controlled light conditions to
extract quartz grains of 90-250 um size. These were used for OSL
measurements to estimate the burial dose. Luminescence
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FIGURE 3 Location and picture of the OSL sample site. [Colour figure can be viewed at wileyonlinelibrary.com]

measurements were carried out in a Risg OSL/TL reader (TL-DA 20)
equipped with a built-in beta source.

The radionuclide activities measured by high-resolution gamma
spectrometry (Table 3) at the Radioisotopes Unit of the University of
Sevilla were used to calculate the annual dose rate by applying con-
version factors from (Guérin et al., 2011). The contribution from cos-
mic rays was calculated according to Prescott and Hutton (1994) and
attenuation caused by water content was taken into account. Total
annual dose rates were determined using ‘DRAC’ (dose rate and age
calculator, Durcan et al., 2015) and are summarized in Table 4.

The luminescence signal from sample TYROSL —2 was dim and
the poor signal-to-noise ratio did not allow the estimation of an equiv-
alent dose. In contrast, quartz multi-grain aliquots of sample
TYROSL-3 showed a well-defined luminescence signal, and despite
showing a slow decay, the dose recovery test indicated that a given
dose could be recovered within 1-sigma. The dose distribution derived
from the measurement of 48 aliquots was normally distributed
(Figure 4). The population of the dose was reduced by excluding out-
liers (values outside 1.5-times the interquartile range) from the esti-
mation of the equivalent dose which was done applying the central
age model (CAM; Galbraith et al. 1999). The estimated burial dose and
derived age are summarized in Table 4.

3.5 | Historical data

The Tyroler Fjord area is the site of an extensive scientific and non-
scientific exploration history framed within the first European expedi-
tions in NE Greenland carried out during the 19th and first half of the
20th centuries (Rule et al. 2005). The texts and pictures provided in
those early surveys included descriptions of the landforms and pro-
cesses in the region. Two expeditions in particular described in detail
the features in the Tyroler Valley, particularly the glaciers: The Second
German North Pole expedition of 1869-70 led by Karl Koldewey
(Payer 1876) and the Louise A. Boyd's Arctic expedition of 1937

(Boyd 1948). The comparison of the data in these documents with the
present-day glacier fronts allowed us to establish the magnitude of ice
recession since the end of the LIA.

4 | RESULTS
41 | Geomorphological setting

The Tyroler Valley is a U-shaped glacial valley that is mostly deglaci-
ated, but is also occupied by one large piedmont glacier (Copeland
Glacier) that covers a large portion of the lower valley floor. The valley
is surrounded by several ice caps on its NE (A.P. Olsen Land) and SW
(Payer Land) fringes, and connects with the GrlS via the Pasterze Gla-
cier at the western end of the valley (Figure 5). Current glaciers dis-
play a clear asymmetry between the opposite slopes of the valley,
with well-developed ice tongues forming piedmont glaciers on NE
slopes fed by the ice sheet that caps the Payer Land, and much
shorter or almost non-existent tongues on the steep NW slopes des-
cending from the A.P. Olsen Land ice cap. The Copeland Glacier
(Figure 5) is currently the only glacier reaching the valley bottom,
where it has generated a complex moraine system with several ridges
surrounding the margins and with its front at present being ca. 100 m
away from the opposite hillside (left slope) of the valley. This tongue
descends from the Payer Land Ice Cap through a steep and narrow
valley for ca. 5km, and it is on average 700 m wide. Field work
allowed the identification of a wide range of Tyroler Valley geomor-
phological landforms.

The terminal lobe of the piedmont glacier (ca. 2 x 1.5 km and
3.5 km?) is surrounded on both sides by similarly shaped moraine
complexes with their outer flanks standing 30 to 50 m above the out-
wash plain and with a maximum slope of 35°. The lobe's front consists
of a 15 m (on average) high ice cliff with a calving base washed out by
the river. The Klgft Glacier (Figure 5) echoes its larger neighbor in
source and distance from it but does not reach the valley bottom at
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TABLE 2 AMS analytical data and calculated exposure ages.

Mass of Blank 10ge Internal External
Sample  Quartz carrier 10Be/?Be  correction [°Be] (10* atoms g %) age uncertainty uncertainty
name weight (g)  (°Be mg) (1014 (%) + 10 (atoms g~ %) (ka)? (ka) (ka)
Upper valley roche moutonée
TYR-01 43.6794 0.44135 7.805 291 5.116 £ 0.273 9.2 0.6 0.5
+0.402

Klaft Glacier external moraine—Arithmetic mean age: 0.3 + 0.2 ka (n = 2)

TYR-04  33.0422 0.44259 0.371 62.51 0.125 + 0.049 0.3 0.1 0.1
+0.044

TYR-05  32.0741 0.44307 0.375 60.30 0.138 +0.08 0.3 0.2 0.2
+0.077

Middle valley polished surface

TYR-07  37.1995 0.15035 5.553 3.51 4.537+0.178 9.3 0.4 0.5
+0.216

Copeland Glacier

External moraine

TYR-08  40.6263 0.45290 1.034 21.92 0.602 + 0.05 13 0.1 0.1
+0.06

TYR-09  38.4679 0.45284 8.537 2.66 6.537 £0.211 13.8 04 0.7
+0.266

Middle moraine—Arithmetic mean age: 0.6 + 0.2 ka (n = 2)

TYR-10  40.2721 0.44740 0.486 46.17 0.194 £ 0.052 0.4 0.1 0.1
+0.056

TYR-11  35.7175 0.44368 0.656 34.46 0.357 £ 0.062 0.7 0.1 0.1
+0.063

Internal moraine—Arithmetic mean age: 0.3 + 0.2 ka (n = 2)

TYR-12  35.7226 0.44861 0.366 62.58 0.115 £ 0.04 0.3 0.1 0.1
+0.035

TYR-13  36.1246 0.44927 0.318 71.97 0.074 £ 0.041 0.2 0.1 0.1
+0.038

Frontal Copeland polished surface

TYR-14  30.7325 0.44870 3.144 7.28 2.844 +£0.119 59 0.2 0.3
+0.117

Fjord entrance_upper roche moutonée

TYR-15  14.9181 0.44915 2728 8.38 5.029 +£0.398 10.0 0.8 0.9
+0.195

Fjord entrance moraine

TYR-16  22.7161 0.45045 3.156 6.23 3.921 £ 0.164 83 0.3 0.5
+0.12

TYR-17  40.5580 0.44973 49.44 0.46 36.464 +1.138 77.4 25 3.8
+1.535

Fjord entrance_lower roche moutonée

TYR-18  31.2899 0.45021 4.245 4.64 3.892 +0.152 8.4 0.3 0.5
+0.155

Chemistry blank details”

Blank name Mass of carrier ("Be mg) 10Be/?Be (10 14 [°Be] (10* atoms)
BK1 0.45088 0.222 + 0.04 6.703 £ 1.219
BK2 0.44576 0.23 £ 0.032 6.862 + 0.964
BK3 0.45242 0.196 + 0.028 5.921 +0.832

Note: 1°Be/*Be ratios were inferred from measurements at the ASTER AMS facility. No correction of erosion and snow cover have been made.
a10Be ages assuming a density of 2.7 g cm ™~ and a zero-erosion scenario.
b parallel to the sample treatment, four blanks were prepared: BK1 (processed with samples TYR-01, TYR-05, TYR-06, TYR-10, and TYR-11), BK2
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TABLE 3 Radionuclide activity concentration.

Sample Lab (US) code Depth (m) Moisture (%)
TYROSL-2 4198 0.4 20
TYROSL-3 4199 0.7 20

4K (Ba/kg 1) 232Th (Bq/kg %) 238y (Ba/kg )
613+ 25 274+ 1.1 123+05
519 + 23 335+1.3 223+13

Note: Also shows the depth used to calculate the contribution of cosmic rays to the total dose rate and the moisture. A 5% error have been added to the

moisture values.

TABLE 4 Summary of total dose rates for the two samples,
estimated burial dose and corresponding age of sample TYR-3 for
which OSL measurements were possible.

Sample Dose rate (Gy/ka) Burial dose (Gy) Age (ka)
TYROSL-2  244+0.11 X+X X+X
TYROSL-3 242 +0.11 1.3+£0.1 0.53 £ 0.06

TYR-3
QOutliers

1.0 4

Norm. OSL signal (angstrom units)

10 15 20 25
Dose (Gy)

FIGURE 4 Dose distribution derived from the OSL measurement

of sample TYR-3. Open icons indicate the identified outliers excluded

from the age estimation. The normalized natural OSL signal is plotted

as a function of the measured dose and corresponding uncertainty for
each individual aliquot.

present. It also descends from the plateau through a deep, narrow
gorge that is ca. 1 km long, and is 100 m wide on average. At present,
the glacier front remains hanging at the lower-middle part of the slope
at ca. 600 m from the external moraine system mapped and ca. 300 m
from the internal moraine system.

Finally, at the head of the valley, the Pasterze Glacier flows
between steep slopes and there is a frontal moraine 200 m
from the current glacier terminus. A large proglacial outwash
plain, reshaped by the braided fluvial system, extends from the
terminus of the Pasterze Glacier to the external moraines cre-
ated by the Copeland and Klgft glaciers (Figure 5). In some
places along the margins of this plain, glacio-lacustrine
sequences of fine-grained sediments have accumulated due to
the damming of the valley by the advance of glaciers descend-

ing from the slopes.

A wide range of glacial, periglacial, and alluvial landforms is also
found on the slopes surrounding the valley floor, with two main
domains. Slopes above ~400 m a.s.l. have exposed bedrock and are
affected by very intense periglacial conditions (i.e., with the presence
of permafrost and frost heave): This setting includes flat-topped sum-
mits (at ca. 1000 m asl), mostly covered by ice caps and their outlet
tongues. These plateaus connect with the Tyroler Valley through
steep slopes (30° on average), where hanging valleys and scarps can
be found. On slopes below ~400 m asl, erosive and depositional gla-
cial landforms are widespread, including glacially polished bedrock
surfaces, lateral moraine systems and erratic boulders. In some cases,
these glacial features are partially covered by debris slopes, talus
cones, and alluvial fans, particularly on the lower sections of the
slopes.

The existence of polished bedrock surfaces at between 40 and
300 m above the valley floor is indicative of the ice thickness reached
by the glacier in the past. In past glacial phases, the area must have
been occupied by a single glacial tongue formed by the coalescence of
the Pasterze Glacier and other tributaries descending from both the
Payer Land and A.P. Olsen Land ice caps. Next to the fjord, at the low-
est part of the valley, there is a roche moutonnée (ca. 150 m high) that
was sampled for CRE dating to establish the onset of deglaciation of
the Tyroler Valley. In this sector, we collected four samples: one from
the highest exposed bedrock surfaces ca. 150 m as.l. (TYR-15),
another from the lower part of the bedrock ca. 100 m a.s.l. (TYR-18),
and two from scattered moraine boulders in the middle part of the
slope ca. 120 m a.s.l. (TYR-16 and TYR-17). This moraine located at
the entrance of the valley from the fjord represents the most distal
remnants of a lateral moraine stretching along the valley's slopes, with
no signs of reworking on its right hillside (Figure 5).

We also took two samples from a roche moutonnée located on the
left valley side, upstream of the Copeland Glacier, to reconstruct the
glacier's past recession and thinning: one near the culmination of the
bedrock surface (TYR-1) and the other ca. 40 m lower (TYR-2). On the
other side of the valley, between Copeland and Klgft glaciers, two
polished and striated gneiss surfaces at the foot of the slope were tar-
geted (TYR-6 and TYR-7) to determine the time of individualization of
these two glaciers.

The valley also includes geomorphic evidence of potentially
recent glacial oscillations near the termini of the Copeland and Klgft
glaciers. The former created a complex moraine system, with two
main polygenic lateral moraines on the southern side and up to five
ridges on the northern margin of the glacier, where we focused the
sampling strategy: (i) Two samples were taken from the most external

ridge (TYR-8 and TYR-9), which shows stable slopes as suggested by
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the presence of mosses; (ii) Two more samples (TYR-10 and TYR-11)
were taken from the middle and more voluminous unvegetated ridge;
and (jii) two further samples (TYR-12 and TYR-13) were obtained from
an internal moraine crest. The two moraine ridges next to the glacier
were ice-cored features and were thus not sampled to avoid unex-
pected ages associated with ongoing stabilization as the inner ice core
melts. These lateral moraines do not extend over the frontal part of
the glacier, which is very close to the opposite slope. The existence of
polished and striated bedrock devoid of unconsolidated sediments on
the lower part of the slope (from the riverbed level to 50 m above it)
in front of the Copeland Glacier terminus reveals the occurrence of
past periods of glacial expansion. One sample (TYR-14) was obtained
from this polished surface. Past phases of glacier expansion favored
the formation and evolution of glacier-dammed lakes. River drainage
must have been blocked in the past due to the expansion of the Cope-
land Glacier across to the opposite valley slope, causing the formation
of a proglacial lake extending over much of the present-day outwash
plain fed by the meltwater stream from the Pasterze Glacier and other
tributaries. This lake's level would have fluctuated depending on the
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glacier volume blocking the valley. Its last maximum advance favored
the development of its maximum paleo-shoreline level of ca. 151 m
above the present-day valley bottom. This paleo-shoreline is widely
continuous along the valley and is defined by horizontal layers of fine-
grained silt and clay-sized sediments, although in some areas it has
been eroded or disturbed by streams and mass wasting processes.
Indeed, lateral streams formed alluvial fans upon contact with the
hypothesized paleolake that must have been frozen several months
per year. This is the case of the alluvial fan formed by the stream
draining the Olsen Land ice cap on the NW edge of the Copeland Gla-
cier (Figure 3) that is composed of two terraces of fine-grained sedi-
ments (mostly sands and small gravels). Two samples were taken for
OSL dating of the middle (TYROSL —02) and lower (TYROSL —03)
parts of the deposit.

The two moraine systems of the Klgft Glacier extend across the
valley floor, with the external moraines being of greater size than the
inner ones and showing evidence of the piedmont character of the
glacier when they were formed. We collected three samples from the
external frontal moraine arch to establish the phase of its maximum
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expansion (TYR-3, TYR-4, and TYR-5). The inner arched moraine com-
plex is located at the foot of the slope, with a 5-m high frontal
moraine arch; inside, the area is filled with fine-grained sediments
deposited by an active alluvial fan from the meltwater stream of the
Klgft Glacier.

4.2 | Geochronological data

The location and the chronological data of the samples are presented
in Figure 5. CRE results show evidence of the occurrence of past
periods during the Holocene with larger glacial systems than today.
The lower area of the Tyroler Valley was deglaciated during the Early
Holocene, as indicated by samples from the highest surfaces of the
roche moutonnée aged 10.0 + 0.8 ka (TYR-15) and the lower surface
at 8.4+ 0.3 ka (TYR-18). Two boulders of the moraine constrained
between these surfaces yielded exposure ages of 8.3 + 0.3 ka (TYR-
16) and 77.4 + 2.5 ka (TYR-17) respectively. The sample collected
from the roche moutonnée located in the middle part of the valley
yielded an exposure age of 9.2 + 0.6 ka (TYR-01), and of the two sam-
ples taken from polished surfaces between the Klgft and Copeland
glaciers, only one returned a valid age of 9.3 + 0.4 ka (TYR-07).

The sample obtained from the polished surface on the slope
opposite the Copeland Glacier returned an exposure age of 5.9
+ 0.2 ka (TYR- 14). In general, more recent ages were obtained from
boulders of the Copeland Glacier moraine system: (i) two boulders
from the external moraine ridge returned ages of 1.3 + 0.1 ka (TYR-
08) and 13.8 £ 0.4 ka (TYR-09); (ii) two boulders from the middle
moraine ridge yielded ages of 0.4 + 0.1 ka (TYR-10) and 0.7 + 0.1 ka
(TYR-11) with a mean age of 0.6 + 0.2 ka; and (iii) two moraine boul-
ders of the inner ridge reported ages of 0.3 + 0.1 ka (TYR-12) and 0.2
+ 0.1 ka (TYR-13), with a mean age of 0.3 + 0.2 ka (Figure 5).

The samples collected from the external moraines of the Klgft
Glacier were aged 0.3 +0.1 ka (TYR-04) and 0.3 £ 0.2 ka (TYR-05),
with a mean of 0.3 + 0.2 ka. Finally, the only available OSL age esti-
mated from the samples taken from the glacio-lacustrine deposit on
the left side of the valley gave an age of 0.53 +0.06 ka
(TYROSL —03).

5 | DISCUSSION

The combined interpretation of the spatial pattern of geomorphologi-
cal features and the chronological framework defined by CRE and
OSL ages enabled the reconstruction of the spatio-temporal glacial
oscillations in the Tyroler Valley.

5.1 | Considerations on the geochronology dataset
prior to interpretation

Some CRE ages must be interpreted with caution as, apparently, they
do not follow the expected chronostratigraphical sequence. TYR-09

(13.8 + 0.4 ka), collected from the external lateral moraine ridge of the
Copeland Glacier, had a much older exposure age than the other boul-
der of the same moraine system (TYR-10). Although this moraine
ridge seemed geomorphologically stable, the CRE age may indicate
nuclide inheritance in this boulder, probably associated with insuffi-
cient reworking given the proximity of the moraine to the upper sec-
tions of exposed bedrock that supply debris to the glacier. TYR-17
(77.4 £ 2.5 ka), from a moraine boulder at the valley entrance, also
returned a much older exposure age than expected relative to the
ages obtained in the valley. The moraine's age as constrained by two
samples of the exposed bedrock surface from the upper and lower
parts of the roche moutonnée (TYR-15, 10.0 + 0.8 ka; TYR-18, 8.4
+ 0.3 ka) fits reasonably well with the other sample collected from this
landform (TYR-16; 8.3 + 0.3 ka). The moraine ridge was defined by
dispersed boulders forming a line on a relatively horizontal step of the
exposed bedrock; while the subrounded morphology of the TYR-17
boulder suggests that it was efficiently reworked during englacial
transport, its CRE age indicated that the boulder retained an inheri-
tance signal from past deglacial phases. The horizontal plateau sur-
faces of the ice caps must favor the existence of cold-based glaciers
with reduced erosion capacity, which may also help explain the occur-
rence of nuclide concentrations inherited from previous exposure
phases. As such, these two samples were not considered when estab-
lishing the geomorphological evolution in this valley, which thus
includes 13 °Be CRE samples of Holocene age ranging from 10.0
+ 0.8 (TYR-15) to 0.2 + 0.1 ka (TYR-13) (Figure 6).

5.2 | Deglaciation chronology

The oldest moraine (TYR-16) as well as the glacially polished surfaces
distributed across the valley were of Early-Middle Holocene age. The
remaining ages, from moraine boulder samples, were of Late Holocene
age (Figure 7). Based on the geomorphological and geochronological
evidence, we identify three major glacial phases in Tyroler Valley dur-

ing the Holocene:
1. Glacial occupation of the valley

The presence of glacially polished surfaces from ca. 300 m above
the valley floor demonstrates that the area was heavily glaciated dur-
ing the last glacial cycle (Figure 7). The entire valley was probably
filled by ice to the mountain tops, similar to what occurred in neigh-
bouring valleys tens of km beyond the current glacier fronts where ice
thicknesses reached ca. 800 m asl (Garcia-Oteyza et al., 2022). The
expansion of the GrlS as well as of the surrounding ice caps during
the last glacial cycle has been already documented in several regions
of NE Greenland. Prior to the Last Glacial Maximum (LGM), between
115-75 ka glacier fronts reached the inner shelf (Funder et al., 2011;
Lecavalier et al. 2014). The Tyroler Valley must therefore have been
occupied by one large glacial system fed by several tributaries des-
cending from the GrlS, as well as from the Payer Land and A.P. Olsen
Land ice caps, which were connected at that time.
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2. Glacial recession and individualization of ice masses

As temperatures rose more than 20°C in central Greenland during
T-1 (Buizert et al. 2018), the glaciers present in Tyroler Valley receded
and thinned significantly. As a result, some tributaries disconnected
from the main ice stream extending over much of the Tyroler Fjord, as
occurred in Zackenberg Valley at 11-10 ka (Garcia-Oteyza
et al, 2022) and on the Theodolit plateau (Clavering Island) after
ca. 10 ka (Biette et al., 2020). The lowlands of the Tyroler Valley also
became ice-free at ca. 10-8.5 ka as suggested by the polished sur-
faces at the entrance of the valley (10.0 + 0.8-8.4 + 0.3 ka) as well as
upstream from the Copeland Glacier (9.2 + 0.5 ka). Indeed, sample
TYR-07 indicates that ice thinning favored the disconnection of the
Copeland and Klgft glaciers, which occurred at 9.3 + 0.4 ka. The Early
Holocene deglaciation was not continuous, and long-term glacial
shrinking was interrupted by at least one period of minor glacier
advance or standstill as indicated by the formation of valley side
moraines, and by the remnants of moraines of the same phase identi-
fied at the upper part of the roche moutonnée (8.3 +0.3 ka)
(Figure 7). The thinning glaciers progressively exposed the upper
slopes of the valley, where paraglacial dynamics started to operate,
and shrinking glaciers were supplied with sediments that accumulated
on the lower mountain slopes, forming alluvial fans, talus cones, and
debris slopes. Since ca. 9-8.5 ka, only two (piedmont) glaciers per-
sisted on the NE side of the valley (Klgft and Copeland), expanding or

retreating in response to prevailing climate conditions.
3. Neoglacial and LIA advances

No geomorphic evidence of glacial activity is preserved from the
Middle Holocene, between ca. 8 and 6 ka. The only CRE age obtained
from the polished bedrock located on the opposite slope of the Cope-
land Glacier front indicated that a Holocene glacial advance was fol-

lowed by a retreat at 5.9 + 0.2 ka. Further CRE ages are needed to

106

confirm that this glacial advance corresponded to the onset of the
neoglacial in the region. Any glacial advances during the last mil-
lennia must have been of reduced scope, as suggested by the
moraine systems generated by the Copeland and Klgft glaciers that
extend between ca. 700 and 100 m from present-day fronts.
Whereas the most external moraine of the Copeland Glacier sug-
gests a phase of glacial expansion during the Dark Ages Cold
Period (DACP; ca. AD 400-765; Helama et al., 2017) at ca. 1.3 ka
- as also reported by Biette et al. (2020) in the neighboring Claver-
ing Island -, the rest of the multiple moraine ridges of these pied-
mont glaciers reported ages spanning different phases of the LIA,
with two major glacial advances at ca. 0.6 ka and 0.3 ka. During
these major advances Copeland Glacier occupied the valley floor,
damming the river and causing the formation of a proglacial glacial
lake, as confirmed by the accumulation of the fine-grained sedi-
ments of the alluvial fan aged 0.53 + 0.06 ka (Figure 7). Glacial
retreat after the last LIA advance at ca. 0.3 ka must have favored
the drainage of the paleolake. Since that time, glacier fronts fluctu-
ated within limits defined by the dated internal moraines. This pat-
tern of pulses of retreat and advance resulting from post-LIA
climatic shifts also been reported in other (sub)Arctic small debris-
free glaciers (Fernandez-Fernandez et al. 2017).

The comparison of the current situation in the valley with pic-
tures from historical expeditions (Figure 8) shows evidence of the
glacier retreat in the valley since 1869 CE, when glaciers were
much more extensive (Payer 1876). Descriptions and sketches of
the valley entrance show an ice barrier close to the fjord and five
glacier tributaries descending from the plateaus and feeding the
main valley glacier (two glacial tributaries from the A.P Olsen Land,
Klgft, Copeland and Pasterze glacial tongues). Pictures taken in
1937 CE during the expedition led by Louise A. Boyd (Boyd 1948)
show the position of the Copeland Glacier front, tens of metres
beyond its current front. Moreover, the river has washed away the
frontal moraine that existed in these pictures (Figure 8). However,
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FIGURE 7 Idealized reconstruction model for the glacial
evolution of Tyroler Valley and the proposed glacial phases. Base map
obtained from the current Digital Elevation Model (Porter et al. 2018).
[Colour figure can be viewed at wileyonlinelibrary.com]

the most considerable change is found in the Klgft Glacier, which
reached the bottom of the valley in 1937 CE, forming a terminal
lobe surrounded by the outermost moraine (Figure 8). Indeed,
Google Earth Pro satellite images ranging from 1984 until 2015
(Google Earth Pro 7.3.4.8642 (1984-2015), 74°37'31.99"N, 22°
10'03.48", elevation 70 m, LANDSAT/COPERNICUS, [Online].
Available at https://www.google.com/earth/) show that the front
of the Klgft Glacier still formed a lobe in the valley floor inside
the inner moraines until ca. 2010, when it began to recede

upslope.

5.3 | Glacial oscillations in NE Greenland since
termination 1

Holocene climate variability and glacial evolution of Greenland shows
complex and diverse spatio-temporal patterns (Briner et al., 2016;
Young et al. 2020). Following the temperature evolution recon-
structed from the NGRIP 1 and 2 ice cores (Walker et al., 2018), we
identify the following phases regarding the glacial evolution in the
Tyroler Valley:

5.3.1 | Early Holocene (11.7 to 8.2 ka;
Greenlandian)

The maximum Holocene summer insolation in the Northern Hemi-
sphere during the Early Holocene led to the highest summer tempera-
tures (Buizert et al., 2018), initiating the HTM (Renssen et al., 2009).
The timing and intensity of the HTM in Greenland show high regional
variability, promoting a widespread trend of glacial retreat of both the
GrlS and mountain glaciers and ice caps (Axford et al. 2021), only
interrupted by short periods of glacial stabilization in some regions
(Young et al., 2020). Glacial response in S and W Greenland during the
HTM was more diffuse than in the N and E sectors of the island,
where the prevailing warmer temperatures promoted a strong glacier
retreat during the Early Holocene (Briner et al. 2016).

In summary, broadly across Greenland, the GrlS had already
retreated behind present-day boundaries by 10-9 ka and the retreat
continued, except during the 8.2 ka cold event (Carlson et al., 2014;
Larsen et al., 2015; Reusche et al., 2018; Skov et al. 2020). The valley
lowlands of our study area became ice-free and the different tribu-
taries disconnected from the main glacier at ca. 10-8.5 ka, which cor-
related with the GrlS long-term glacial shrinking during the HTM. One
of our samples also shows the interruption of this trend, reporting a
minor glacial advance or stillstand with moraine formation at
ca. 8.3 ka, which might be associated with the cold peak that occurred
at 8.2 ka (Figure 9).

5.3.2 | Middle Holocene (8.2 to 4.3 ka;
Northgrippian)

Orbital-induced reduced summer insolation in the Northern Hemi-
sphere promoted a gradual cooling trend in Greenland from 8.2 ka
onwards (McKay et al. 2018). Superimposed on this long-term trend,
changes in the strength of the Atlantic Meridional Overturning Circu-
lation and other regional forcing mechanisms affected glacial dynam-
ics: ice masses of the North Atlantic region generally retreated
significantly during the mid-Holocene and re-advanced in the late
Holocene (Jomelli et al. 2022). Summer temperatures fell until 1-
1.5 °C below present-day temperatures by the end of the mid-Holo-
cene, albeit with a high degree of variability across Greenland (Lasher
and Axford 2019). Consequently, glaciers began to re-advance in what
has been called the neoglaciation (Porter 2000). However, as the end
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FIGURE 8  Sketch and photographs from historical expeditions (Boyd 1948; Payer 1876) that visited the area compared with modern pictures
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FIGURE 9 (a) 5*80 record of the NGRIP ice core smoothed with 15 interval moving average (GICCO5modelext, 5-point running mean;
Rasmussen et al. (2006). (b) 8*80 record of the ice core from Renland Ice Cap in eastern Greenland with 10 interval moving average (GICCO5
timescale) (Vinther et al. 2008).(c) NGRIP ice core reconstructed temperature from argon and nitrogen isotopes (*> N -CAr), with 20 error bands
(gray shading)and 150 interval moving average (Kobashi et al. 2017). (d) Probability distribution functions of our final dataset of exposure ages.
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of the HTM was time-transgressive across the island, the beginnings
of glacial advances show great regional, even local, variability.

The GrlS reached its global minimum Holocene extent at 7 ka, but
the retreat of some of its fronts was delayed until 4-3 ka, or even
later (Larocca et al., 2020a,b; Larsen et al., 2018; Schweinsberg et al.,
2019). Local mountain glaciers and ice caps recorded a similar

response pattern to the GrlIS to changing Holocene climate trends. In

S Greenland most of the glaciers disappeared between 7.1 and 5.5 ka
and began to recover from 3.1 ka to 1.3 ka onwards (Larocca et al.,
2020a; Jomelli et al. 2022). In SW Greenland, some glaciers survived
throughout the HTM and began to recover from 4.3 ka onwards
(Larocca et al., 2020b). In E Greenland, the Renland Ice Cap was smal-
ler than present by 9.5 ka and began to recover at 4 ka (Medford
etal, 2021).
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In NE Greenland, the Tyroler Valley lacks extensive geomorphic
evidence of glacial activity for the Middle Holocene, as was also
reported in other studies in the region (Biette et al. 2022). We only
detected a phase of glacial advance prior to ca. 5.9 ka that may be
associated with the onset of neoglaciation in the area (Figure 9). Since
that time, and until ca. 1.3 ka, climate conditions must not have been
conducive to periods of major glacial expansion in the valley. It should
be noted, however, that the proximity of the glacier front to the oppo-
site hillside hinders the preservation of glacial landforms that may
have been deposited during that phase.

5.3.3 | Late Holocene (4.3 ka to present;
Meghalayan)

The most widespread neoglacial advances in Greenland can be grouped
into three main periods: at 2.5-1.7 ka, 1.2-0.9 ka, and 1250-1900 CE
(Kjeer et al., 2022), albeit with a significant regional variability. In W Green-
land, glaciers advanced and exceeded their present-day limits at 3.7, 2.8,
1.5 ka, and during the LIA at 1400 and 1700 CE (Schweinsberg et al.,
2019). In Inglefield Land, NW Greenland, glaciers remained behind cur-
rent boundaries from 5.8 ka until the beginning of the LIA at 1450 CE
(Sendergaard et al., 2020). The northern GrlS margin also showed a rela-
tive stability during the Late Holocene, with only two neoglacial advances
of similar magnitude detected at 2.8 ka and 1650 CE (Reusche et al,
2018). In E Greenland, the Renland Ice Cap exceeded the present limits
by 3.3 ka, 1.3 ka, and 1 ka, advancing similarly during the LIA (Medford
et al,, 2021), and the Bregne Ice Cap in Scoresby Sund recorded the maxi-
mum glacial expansion during the LIA at ca. 0.74 ka (Levy et al., 2014).

In NE Greenland, glacial advances were dated in Clavering Island
at ca. 3ka, 1.2 ka, and 0.5 ka based on CRE on moraine boulders
(Biette et al. 2020). The analysis of proglacial lake sediments near the
Zackenberg Valley (Figure 1) revealed the occurrence of three neogla-
cial advances over the last two millennia (Adamson et al., 2019): one
occurred at 1.3-1.2 ka during the Dark Ages Cold Period, a second
advance took place at ca. 0.8 ka during the Medieval Climate Anom-
aly, and the last one was associated with the onset of the LIA that
showed a smaller advance than the previous ones and peaked at
1250-1400 CE (Adamson et al., 2019). Our records from the Tyroler
Valley also showed three main glacial advances for the Late Holocene
at ca. 1.3, 0.6 and 0.3 ka, broadly synchronous with previous glacial
chronologies as well as with ice core temperature reconstructions in
Greenland (Figure 9).

6 | CONCLUSIONS

This study introduces new geomorphological and geochronological
data of glacial oscillations in Tyroler Valley, NE Greenland, during the
Holocene. Scientific knowledge about the response of glaciers to
changing temperature and moisture regimes in Greenland during the
present-day interglacial is still incipient. As in other areas in NE Green-
land, CRE ages indicate that the deglaciation of the lowest parts of
the valley, as well as the exposure of the highest slopes, took place
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during the Early Holocene, at ca. 10-8.5 ka. Our data reveal that the
GrlS and surrounding ice caps in the area only expanded during neo-
glacial advances and the LIA. Prior to this historical phase, the Cope-
land Glacier recorded two periods of glacial growth before ca. 5.9 ka
and at ca. 1.3 ka. Subsequently, both the Copeland and Klgft glaciers
expanded during the LIA forming moraines ca. 100-700 m from
present-day glacier fronts. Two periods of moraine formation were
detected in Copeland Glacier at ca. 0.6 and 0.3 ka, while only one at
ca. 0.3 ka was detected for the Klgft Glacier. The expansion of the
Copeland Glacier during the LIA dammed Tyroler Valley and caused
the formation of a large proglacial lake, as confirmed by glacio-
lacustrine sediments OSL dated ca. 0.53 ka. Since the last major LIA
advance, glacial fronts have oscillated as demonstrated by historical
images but have remained relatively close to the LIA moraines.

In summary, our data expands and strengthens the chronology of
Holocene glacial oscillations in Greenland, in particular its NE sector
where no previous studies have precisely constrained neoglacial oscil-
lations. Future studies should elucidate whether the chronology of
glacial culminations and retreats in the Tyroler Valley over the Mid-
Late Holocene represents a local response to prevailing climate condi-
tions or formed part of a more general pattern that occurred across
the High Arctic region.
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ABSTRACT

The Greenland Ice Sheet is highly sensitive to climate change, leading to significant
retreats along its edges, including peripheral mountain glaciers. This rapid ice loss
contributes to rising sea levels and impacts the Earth's climate stability. Understanding the
extent of recent glacier retreat is crucial in order to determine if it is unprecedented or within
ranges of natural variability. Paleoenvironmental studies aim to identify past glacial phases
and landscape changes using advanced dating methods such as cosmic ray exposure
(CRE) dating. In Northeast Greenland, CRE dating has helped establish the timing of
glacial oscillations, yet a comprehensive understanding of glacial fluctuations during
specific periods still needs to be developed. This study aims to chronologically constrain
the landscape evolution of two NE Greenland valleys from the Young Sund - Tyrolerfjord
area (74°N, 20-25°E) from the onset of deglaciation and throughout the Holocene to better
understand glacial and post-glacial changes. The chronological framework relies on 27
10Be cosmic-ray exposure ages that constrain our interpretation of the geomorphological
features from both valleys. Inconsistencies were observed in age sequences, highlighting
potential bias associated with nuclide inheritance and post-glacial dynamics. Despite
limitations, CRE results confirm the general pattern observed in NE Greenland: (i) massive
deglaciation and disconnection of glaciers from the main glacial systems during the Late
Glacial and Early Holocene with a rapid but not homogeneous deglaciation within the range
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from ~14.3 to 11.9 ka; (ii) no evidence of glacial activity during the mid-Holocene, probably
associated with the withdrawn position of the ice masses fronts; and (iii) glacier expansion
during the Late Holocene, with a Little Ice Age advance as the last significant period of
glacial regrowth.

Key words: CRE dating, Glacial landforms, landscape evolution, paraglacial dynamics.

1. INTRODUCTION

The Greenland Ice Sheet (GrIS), a tipping component of Earth’s climate system (Lenton et
al., 2008), is responding rapidly to present-day climate warming, with major retreats along
most of its margins (Vasskog et al., 2015). Similarly, peripheral glaciers in Greenland are
recording accelerated recession in response to unfavorable climate conditions for glacier
stability. Greenland melting is currently the main contributor to sea level rise (10.8 +- 0.9
mm between 1992 and 2018; IMBIE Team 2020); this contribution may further increase in
the coming decades as the GrlIS is in imbalance with the current climate (King et al., 2020).
The loss of glacial ice has major implications for Arctic amplification, including ocean
currents, surface radiative balance, etc, that affect the stability of Earth’s climate system
(Meredith et al., 2019).

Paleoenvironmental studies focus on identifying different phases of glacial retreat and
advances, together with landscape evolution and the environmental implications of glacial
oscillations. To that end, recent advances in absolute dating have refined the chronologies
of past glacial dynamics, with particular success in the use of cosmic ray exposure (CRE)
dating of glacial landforms (Balco, 2019; Gosse and Klein, 2014). In NE Greenland, the
focus of this study, CRE dating has been increasingly used over the last several years to
frame the timing of glacial oscillations through its application to erosive and accumulation
glacial records (Biette et al. 2020; Garcia-Oteyza et al. 2022; Garcia-Oteyza et al. 2023a;
Hakansson et al. 2007a, 2009, 2011; Kelly and Lowell 2008; Larsen et al. 2018; Levy et al.
2014, 2016; Lowell et al. 2013; Skov et al. 2020). Despite this, the chronology of glacial
fluctuations and landscape evolution across NE Greenland is still poorly understood and
few studies have provided CRE ages for temporal and spatial deglaciation patterns during
Termination-1 (T-1; ~19-20 to 11.7 ka) and the Early Holocene ( ~11.7 to 8.2 ka), when
most of the currently ice-free areas became deglaciated (Hakansson et al. 2007b, 2009,
2011; Kelly et al. 2008; Larsen et al. 2018; Skov et al. 2020; Garcia-Oteyza et al. 2022).
Since that time, glaciers have recorded only minor advances and retreats depending on the
prevailing climate conditions, with the Little Ice Age (LIA; ~0.6-0.2 ka BP) being the last
period with a documented widespread glacial expansion in NE Greenland (Biette, et al.
2020; Garcia-Oteyza et al. 2023a; Jomelli et al. 2022).

The application of CRE dating in NE Greenland is strongly constrained by the occurrence
of nuclide inheritance and postglacial environmental dynamics. The existence of cold-
based glaciers in many parts of Greenland lead to the preservation and co-existence of the
glacial record from several glaciations and deglaciations. Hence, this often impedes robust
dating of the glacial record from the last glacial cycle and subsequent deglaciation (Skov et
al,, 2020). In addition, some studies have also highlighted the impact of postglacial
dynamics on the conservation of the glacial signal and the interpretation of the
geomorphological significance of the dated samples (Garcia-Oteyza et al., 2022). Therefore,
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special care needs to be taken when taking CRE dating samples and interpreting landscape
evolution based on their results.

The objective of this study is to chronologically constrain the landscape evolution of two
valleys from the Young Sund - Tyrolerfjord area, from the Late Glacial and throughout the
Holocene, to shed light on glacial responses to climate variability in the region and to
assess the environmental transformation following deglaciation. To this end, we had the
following specific objectives:

- To identify and differentiate landforms generated by glacial oscillations and by
paraglacial processes.

- To identify the millennium main phases of glacial expansion and retreat, as well as
the major postglacial environmental processes reshaping the glacial landscape.

- To compare spatio-temporal patterns of landscape evolution in these valleys with
those detected in other regions across NE Greenland.

- To identify the value of CRE dating in an environment of cold-based glaciers and
intense paraglacial and periglacial processes accompanying deglaciation and rapid
temperature increases.

2. REGIONAL SETTING

This study focuses on two deglaciated U-shaped valleys located in the Northeast Greenland
National Park: Olsen Valley, in the interior of the Wollaston Forland Peninsula, and Dolomit
Valley, on the northern coast of Clavering Island (Figure 1).
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Figure 1. (A) Location of the study area within Greenland; and (B) detail of the study region with the
study areas.

The Olsen Valley extends over ~10 km NW-SE from the shoreline of the Store Sodal Lake
to the front of the Southeast Outlet Glacier (SEOG) of the A. P. Olsen Land Ice Cap. This is
a predominantly cold-based ice cap (Behm et al., 2020), with its front located ~35 km inland
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from the Zackenberg Research Station (Figure 1). Two deglaciated tributary valleys
descending from the NE and SW sides merge with the main valley floor at the middle part
of the Olsen Valley. The surrounding flat-topped summits around the Olsen Valley rise on
either side to elevations between 800 and 1200 m above sea level (hereafter referred to as
a.s.l.) and connect with steep hillsides (up to 20-35°) descending into the valley. Quaternary
sediments cover the valley floor and the slopes, while metamorphic rocks (relatively
homogeneous Paleoproterozoic orthogneiss) are exposed on the upper slope sections
(Koch & Haller, 1971). A braided river system fed by SEOG meltwater and other streams
descending from the surrounding mountains occupies the valley floor and flows into the
Store Sgdal Lake. The Olsen Valley and the river that flows 38 km to the Zackenberg delta
is repeatedly affected by glacial lake outburst floods (GLOFs). These extreme events
originate at the ice-dammed lake impounded by the SEOG that dams an adjacent ice-free
side valley; here, water accumulates and forms a lake, which is regularly drained over a
quasi-annual cycle monitored since the first known GLOF in 2005 (Behm et al., 2020).
These events have a strong influence on environmental dynamics at the catchment scale
(Kroon et al., 2017), with occasional megaflood characteristics (Behm et al., 2020).

The Dolomit Valley stretches ~5 km NE-SW between the coast at the Young Sound fjord
and the Dolomit Glacier front. The valley includes only one tributary in its upper part that is
still partially occupied by a small alpine glacier descending from the mountain plateaus
distributed at elevations of 1000-1200 m a.s.l. The hillsides descending from these flat-
topped summits are moderately sloped (15-25°). A braided river with a high sediment load
flows along the valley floor, and has created a delta in contact with the Young Sound fjord
(Kroon et al., 2017). Dolomit Valley is crossed by a normal fault as this valley constitutes
the boundary between the central and eastern geological sections of Clavering Island
(Koch & Haller, 1971). The western slopes consist of metasediments, gneiss, and granite
formations of Caledonian Crystalline complexes, whereas the eastern slopes are formed
by Jurassic and Cretaceous sedimentary rocks (mudstones, sandstones, and carbonates;
Grgnnow et al. 2009). As a result, thick deposits of Quaternary sediments affected by
active hillside processes cover the middle and lower sections of the slopes.

The regional climate regime is defined as a High Arctic polar tundra climate (Kottek et al.,
2006). The nearby Zackenberg Research Station records an average annual air temperature
(MAAT) of -9.0°C (1996-2015), with monthly mean temperatures ranging from -19.8°C in
February to 6.3°C in July (Hgjlund Pedersen, 2017). The mean annual precipitation is 367
mm, mainly falling as snow (Hansen et al., 2008). The area is snow-covered most of the
year, generally from September to the end of May, although with a large interannual
variability (Hinkler et al., 2008; Lépez-Blanco et al., 2020). Permafrost controls
geomorphological processes in the region; it is continuous and shows thicknesses up to
200-400 m, as observed in the nearby Zackenberg Valley (Christiansen et al., 2008;
Christoffersen et al., 2008; Hansen et al., 2008). The vegetation in this area is predominantly
composed of dwarf shrub heaths, with diversity and size diminishing as elevation increases.
Below 200 m a.s.l. small shrubs, fell fields and grasses prevail (CAVM Team in 2003),
whereas above 600 m a.s.l. vegetation becomes very scarce (Buus-Hinkler et al., 2006;
Elberling et al., 2008).
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3. METHODOLOGY

In this study, we integrated geomorphological and geochronological (CRE 10Be dating)
approaches. The fieldwork was conducted in early September 2019, when the snow-free
environment enabled a precise identification of geomorphological features and the
collection of samples for CRE dating.

3.1 GEOMORPHOLOGICAL MAPPING

Prior to fieldwork, we prepared a geomorphological map based on satellite imagery,
focusing on key glacial features such as moraines and polished surfaces. This preliminary
map underwent validation through in-situ observations and also incorporated newly
identified landforms. The final geomorphological maps were delineated within the ArcMap
10.8 work environment, based on WorldView-2 orthorectified panchromatic satellite images
with imagery (0.5 m resolution) from 2018 for Olsen Valley and WorldView-3 imagery (0.3
m resolution) from 2019 for Dolomit Valley in conjunction with the shaded relief elevation
raster derived from the Arctic DEM digital elevation model (2 m spatial resolution) (Porter
et al. 2018).

3.2 SAMPLE COLLECTION STRATEGY

We collected 15 samples from the Olsen Valley and 12 more from the Dolomit Valley for
°Be CRE dating. Each sample consisted of ~1 kg of the uppermost rock layer (with a
thickness of = 5 cm) using a hammer and chisel. We refrain from sampling at corners,
edges, and steep faces (>20°) to optimize the reception of cosmic ray flux. The selection of
moraine boulders for sampling is contingent upon their deep anchoring in the ground to
ensure stability and minimize the risk of boulder collapse. These boulders are positioned
on moraine crests, protruding in a manner that makes it unlikely for them to have been
covered by sediments since their deposition. Concurrently, we meticulously documented
key details such as the geomorphological setting, geographic coordinates, elevation, and
measurements necessary for subsequent geometric adjustments to account for topographic
shielding effects from the surrounding relief. A comprehensive compilation of field data and
sample attributes is presented in Table 1.

3.3 CRE LABORATORY PROCEDURES AND AGE CALCULATION

Sample crushing and sieving (0.25-1 mm fraction) was carried out at the Laboratory of
Physical Geog-raphy in the Universidad Complutense de Madrid, Spain. Subsequent
physical and chemical procedures were conducted at the Laboratoire National des
Nucleides Cosmogéniques (LN2C) of the Centre Euro-péen de Recherche et
d’Enseignement des Géosciences de I'Environnement (CEREGE, Aix-en Provence,
France). Laboratory procedures followed the same protocols outlined in Garcia-Oteyza et
al. (2022).

10Be/9Be ratio measurements were performed on the BeO targets at the French 5 MV
Accélérateur pour les Sciences de la Terre, Environnement et Risques (ASTER) national
facility at CEREGE, with identical calibrations and standards to those described in Garcia-
Oteyza et al. (2022). Due to problems in the separation of quartz and the impossibility of
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mcontinuing with the treatment, one sample (DOL-05) was discarded. Two samples
exhibited invalid AMS measurements (DOL-03 and DOL-06) and three others showed low
current values (DOL-02, DOL-09 and OLS-03). Consequently, these samples were identi-
fied as chemical outliers and were thus excluded from subsequent calculations and
discussion. A com-prehensive record with all analytical data is provided in Table 2.

Table 1. Geographic location of samples, topographic shielding factors, and sample thicknesses.

Latitude  Longitude Elevation Topographic shielding Thickness

Sample ID Landform (DD) (D)  (masl) factor (dimensionless)  (cm)
OLSEN VALLEY

OLS-01 Polished surface 7453515 -21.196561 389 0.9932 25
OLS -02 Polished surface ~ 74.534466  -21.192555 334 0.9894 25
OLS - 03 Lateral moraine 74.530252  -21.190141 251 0.9971 0.5
OLS -04 Lateral moraine 74.526673  -21.18916 242 0.9972 1.5
OLS -05 Lateral moraine 74.526646  -21.174735 231 0.9974 1.5
OLS -06 Lateral moraine 74.526578  -21.174642 231 0.9981 1.5
OLS -07 Polished surface ~ 74.592999  -21.302957 263 0.9937 15
OLS -08 Polished surface ~ 74.592188  -21.301233 263 0.9937 15
OLS -09 Polished surface 7458642 -21.290792 231 0.9934 25
OLS -10 Polished surface ~ 74.585605  -21.289947 228 0.9934 25
OLS-11 Polished surface ~ 74.575724  -21.28058 293 0.9925 25
OLS -12 Lateral moraine 74.566978  -21,261636 183 0.9903 1.5
OLS-13 Lateral moraine 74.566978  -21.261823 183 0.9903 15
ZAC-15 Frontal moraine 74.56523 -21.53018 516 0.9788 2.6
ZAC-16 Frontal moraine 745645  -21.52769 556 0.9692 38
DOLOMIT VALLEY

DOL-01 Slide boulder 74.380382 ~20.615017 336 0.9942 15
DOL -02 Slide boulder 74.380576 -20.614789 335 0.9937 2.3
DOL - 03 Lateral moraine 74.382262 -20.658827 500 0.9873 0.5
DOL -04 Lateral moraine 74.382227 -20.65788 502 0.9873 0.5
DOL -05 Lateral moraine 74.377432 -20.638129 417 0.9927 1.5
DOL -06 Lateral moraine 74.377492 -20.638035 418 0.9927 0.5
DOL -07 Lateral moraine 74.377384 -20.640582 424 0.9924 0.5
DOL -08 Lateral moraine 7437714 -20.634161 395 0.9855 25
DOL -09 Lateral moraine 74.377078 -20.634958 405 0.9855 2.5

Exposure ages were determined through the CRONUS-Earth online calculator, version
3.0 (Balco et al., 2008; https://hess.ess.washington.edu/), chosing the the Arctic-wide sea-
level/high-latitude 10Be produc-tion rate (3.96 + 0.15 atoms g a) (Young et al., 2013) and
the “Lm” (Lal/Stone) time-dependent scal-ing model (Lal, 1991; Stone, 2000). A2.7 g cm?®
density was assumed for all samples. No corrections for erosion or snow shielding were
considered in accordance with earlier studies on the area (Garcia-Oteyza et al, 2022;
Garcia-Oteyza et al., 2023a). The partial shielding effect of the surrounding topogra-phy
was accounted for with the “Topographic Shielding Calculator v.2” (http://stoneage.ice-d.
org/math/skyline/skyline_in.htmlhttp://stoneage.ice-d.org/math/skyline/skyline_in.html) for
all sam-pling sites (see Table 2 for details). Exposure ages are given in Table 2 with their
internal (only analyti-cal) and external uncertainties (including production rate uncertainty).
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In the text and the figures, ages are given with their internal uncertainties unless otherwise
stated. The mean ages shown were calculated arithmetically, and their uncertainties include
the standard deviations of the single ages and the squared production rate uncertainties.

Table 2. AMS analytical data and calculated exposure ages.

. 19Be] (10* External
Sample name Srlagl:tz ® i\;[;css‘:;)carner 19Be/’Be (10°'4) Blank correction (%) !\tom]s (g“) ::(l:; aage :,[:,t:;l:::“ty uncertainty
+1o (atoms g') (ka) (ka)
OLSEN VALLEY
OLS-01 33.9929 0.44667 11.154£0.372 2.06 5.129+£0.327 13.8 0.5 0.7
OLS-02 8.0601 0.44259 2.223+0.098 8.88 7.537+0.378 113 0.6 0.7
OLS-03 23.3613 0.44812 16.144 +6.105 1.42 20.399+7.825  30.8 11.9 12.0
OLS-04 19.1958 0.44649 5.129 + 0.160 4.48 7.615+0.253 122 0.4 0.6
- arithmetic mean age: 9.7 + 1.2 ka (n=2) -
OLS-05 12.5166 0.46718 2.721+0.134 6.97 6.314+0.341 10.4 0.6 0.7
OLS-06 16.5553 0.45248 3.154+0.146 6.21 5.403 +£0.272 8.9 0.4 0.6
OLS-07 24.3783 0.36370 8.217+0.289 3.44 7.91+0.291 10.4 0.4 0.5
OLS-08 13.3286 0.44685 3.441+0.141 6.68 7.195+0.323 9.4 0.4 0.5
OLS-09 38.9868 0.44428 15.261 +0.478 1.48 11.449 £ 0.366 15.0 0.5 0.7
OLS-10 7.2783 0.40868 2.344+0.110 9.25 7.98 +0.427 10.6 0.6 0.7
OLS-11 18.9395 0.43772 5.858 +0.191 4.00 8.684 +0.299 11.6 0.4 0.6
- arithmetic mean age: 9.4 £ 0.7 ka (n=2) -
OLS-12 35.5021 0.44740 8.285+0.267 2.77 6.784 +0.226 9.7 0.3 0.5
OLS-13 8.6230 0.45505 2.004 +0.107 9.72 6.38 +0.389 9.1 0.6 0.7
- arithmetic mean age: 1.5 + 0.4 ka (n=2) -
ZAC-15 15.996 0.95051 1.114 £0.269 28.09 1.05 +0.358 1.5 0.5 0.5
ZAC-16 21.591 0.94236 1.352 +0.223 23.35 1.00 +0.220 1.4 0.3 0.3
DOLOMIT VALLEY
DOL-01 16.3260 0.43814 0.991+0.103 20.40 1.795+0.191 2.5 0.3 0.3
DOL-02 7.4488 0.44655 1.839+0.241 10.79 6.571+0.972 114 17 1.7
DOL-03
DOL-04 36.3018 0.44710 1.795 £ 0.166 12.80 1.288 +0.139 19 0.2 0.2
DOL-05
DOL-06
DOL-07 30.8826 0.44788 0.755 + 0.087 29.66 0.515+0.093 0.8 0.1 0.2
DOL-08 16.4179 0.45605 2.45+0.105 7.93 4.187£0.201 7.0 0.3 0.4
DOL-09 51.8427 0.44903 5.593+£0.493 3.53 3.123+0.286 5.1 0.5 0.5
- arithmetic mean age: 10.0 £ 1.4 ka (n=3) -
DOL-10 28.4067 0.44821 5.763+0.193 343 5.868 +0.205 115 0.4 0.6
DOL-11 38.2503 0.44658 6.288 +0.224 3.57 4.731£0.177 9.1 0.3 0.5
DOL-12 31.3997 0.44734 5.302+0.196 4.33 4.829+0.189 9.3 0.4 0.5

Chemistry blank details !

mass of carrier 10Be/”

Blank name Be (10'%) ['°Be] (10 atoms)

(°Be mg)
BK1 0.45088 0.222 +0.04 6.703 +1.219
BK2 0.44576 0.23 £0.032 6.862 + 0.964
BK3 0.45242 0.196 + 0.028 5.921 £0.832
BK4 0.96595 0.3804 0.0066 6.57 £ 0.994

 19Be ages assuming a density of 2.7 g cm™ and a zero-erosion scenario.
'In parallel to the sample treatment, three blanks were prepared: BK1 (processed with samples OSL-09, DOL-07 and DOL-11), BK2 (processed with samples OSL-01, OS

03, OSL-04, OSL-07, OSL-08, OSL-11, OSL-12, DOL-04 and DOL-12), BK-03 (processed with samples OSL-02, OSL-05, OSL-06, OSL-10, OSL-13, DOL-01, DOL-02,
DOL-08 and DOL-09) and BK4 (processed with samples ZAC-15 and ZAC-16).
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4. RESULTS

The spatial distribution and typology of geomorphological features distributed in both
valleys provide insights into the landscape evolution of the area over the last several
millennia (Figure 2 and 3). The chronological framework of the environmental evolution in
these two valleys is constrained by the 27 "°Be CRE ages obtained from glacial and slope
records (Table 2).

4.1 GEOMORPHOLOGICAL SETTING AND EXPOSURE AGES

Both valleys have U-shaped, largely deglaciated glacial morphologies that preserve
geomorphic evidence of past periods with larger ice masses. Some glacial landforms have
been affected by paraglacial slope processes and special caution must therefore be taken
when reconstructing the geomorphological evolution in the area. Based on the distribution
of the major glacial landforms, we can track the past environmental dynamics occurring in
the region since the onset of the deglaciation of the valleys. Chronological data and
geographical characteristics of the samples are presented in Figures 2 and 3 together with
photographs of the study area showing the different geomorphological units (Figure 4).
Here, we present the CRE dating results in the two valleys from the lower sections up to
the ice fronts.

Olsen Valley

The Olsen Valley is largely deglaciated and only includes one major ice tongue descending

6.5 km from the A.P. Olsen Ice Cap (SEOG glacier) froming two well-defined frontal moraine
ridges. Towards the middle of the valley, two ice-free tributary valleys merge with the Olsen
Valley from its NE and SW edges. Above ~550 m a.s.l. the metamorphic bedrock of this
area remains exposed on relatively flat and mostly deglaciated mountain plateaus.
Discontinuous till deposits with some minor moraine ridges cover the steep mountain
slopes, with small and frequent exposures of polished bedrock surfaces across the lowest
parts. This dynamic geomorphological setting favored the occurrence of very active
periglacial processes on the slopes that triggered the development of protalus lobes, talus
cones, debris flows, alluvial fans, etc., which, in turn, impeded the preservation of well-
preserved datable glacial records as most were largely covered or eroded by postglacial
slope processes. An outwash plain fed by glacial meltwater extends over much of the valley
floor, and narrows downslope where it is gradually occupied by a braided river system with
traces of erosion in river the banks triggered by GLOF events that also disrupted glacial
sedimentary records existing on the valley floor (Figure 2). The CRE dating results (a total
of 15 samples) of the Olsen Valley show ages between the last stages of T-1 and the Early
Holocene and can be explained within the three different sectors of this valley that were
observed:

+ Lower valley — The moraines at the confluence with the Store Sgdal valley is indicative
that the area must have been occupied by a single glacial tongue formed by the coalescence
of the SEOG glacier and the Store Sgdal valley glacier descending from the ice sheet. In
this large flat area, a lobate piedmont glacier generated multiple moraine ridges with
abundant till dispersed across the valley bottom. Recurrent high-energy GLOFs cut the
lowest part of this moraine complex and eroded the flanks of the valley floor up to the
glacial front. In the highest part of this moraine complex, at the entrance of the valley, there
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is a polished surface partially covered by till. Considering the limited availability of well-
preserved glacial records and the intensity of alluvial and slope processes in the area, we
collected six samples from this area distributed at different elevations: two from polished
and striated bedrock surfaces at ~390 and ~330 m a.s.l., respectively (OLS-01, OLS-02)
yielding exposure ages of 13.8 + 0.5 ka (OLS-01) and 11.6 + 0.6 ka (OLS-02); two from a
moraine ridge on the internal sector at v250 m a.s.l. extending laterally from the foot of the
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Figure 2. Olsen Valley geomorphological map including the main landforms together with the CRE
results shown in Tables 1 and 2.
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wall to the head of the lake where it has been dismantled by a large alluvial fan (OLS-03,
OLS-04) and returned an age of 12.2 + 0.4 ka (OLS-04) (Figure 4G); and two from the
external moraine ridge at ~230 m a.s.l. (OLS-05, OLS-06) yielded ages of 10.4 + 0.4 ka
(OLS-05) and 8.9 + 0.4 ka (OLS-6), respectively.

+ Middle valley — Towards the middle of the valley, the second frontal moraine complex is
composed of three minor moraine ridges indicative of the occurrence of glacial standstills
or advances within the long-term retreat. Two samples were taken on the intermediate
ridge of the complex at ~180 m a.s.l. (OLS-12, OLS-13), which was the best-preserved unit
and that least affected by postglacial processes.

These samples returned exposure ages of 9.7 + 0.3 ka (OLS-12) and 9.1 + 0.6 ka (OLS-
13), with a mean age of 9.4 £ 0.7 ka (n=2).

+ Upper valley — Upstream, the valley is entirely covered by till up to the glacier front. There
are only a few exposed sectors of polished and striated bedrock that have not been covered
by postglacial sedimentary processes or affected by erosion associated with GLOF events.
From this area, we col-lected seven samples at increasing distances from the present-day
glacier front: two polished surface samples at the confluence with the two tributary valleys
~2.5 km from the glacier at ~260 m a.s.l. (OLS-07, OLS-08); two more ~3.5 km from the
front at v230 m a.s.l. (OLS-09, OLS-10), and the last v5 km from the ice limit at ~290 m
a.s.l. (OLS-11). No clear datable surfaces were found closer to the glacier front. This
sequence of samples from an exposed polished surface along the upper valley towards the
glacial front returned exposure ages of 11.6 + 0.4 ka (OLS-11), 15.0 +£ 0.4 ka (OLS-09) and
10.6 + 0.6 ka (OLS-10) (Figure 4D), whereas the two samples collected next to the current
ice margin yielded exposure ages of 10.4 + 0.6 ka (OLS-07) and 9.4 + 0.4 ka (OLS-08).
Two samples were taken from moraine boulders from the frontal moraine ridge at ~200 m
from the present glacier front at ~500 m a.s.l., returning ages of 1.5 + 0.5 ka (ZAC-15) and
1.4 + 0.3 ka (ZAC-16).

Dolomit Valley

The Dolomit Valley is mostly deglaciated, with a small mountain glacier (~3 km2) at its
head whose front is currently located ~4.5 km from the coastline. In the upper part of the
valley, a single N-S deglaciated tributary merges with the valley, providing abundant
sediment supply to the main river. Above ~450 m a.s.l. on the mountain plateaus, the
bedrock is largely exposed, intensely weathered and affected by very active periglacial
processes. The highly weatherable sedimentary rocks supplying fine loose sediments and
the abundant till deposits determine the high sediment load transported by the Dolomit
River to the coastal zone, forming a delta. The preservation of glacial landforms in the
Dolomit Valley is largely affected by periglacial slope processes, which have altered local
slope stabilities and reshaped the hillsides forming talus slopes and cones, solifluction,
alluvial fans, landslides, etc. Three different sections were identified in this valley and
(Figure 3) and the age dataset (seven samples) for the Dolomit Valley is distributed as
follows:

 Lower valley — Above the delta, there is a ~30-40 m-thick moraine ridge (NE), from where
we col-lected three boulder samples ~245 m a.s.l. (DOL-10, DOL-11 and DOL-12). These
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samples yielded ages of 11.5 + 0.4 ka (DOL-10), 9.1 + 0.3 ka (DOL-11) and 9.3 + 0.4 ka
(DOL-12) (Figure 4B) with a mean age of 10.0 + 1.4 ka (n=3).

+ Middle valley — On the NW side of the valley, a large landslide occurred following
deglaciation. The landslide includes minor landforms, with the presence of several debris
flows and very active soli-fluction dynamics that are indicative of intense reworking of the
major slope deposit. The boulder samples DOL-1 and DOL-2 were taken ~335 m a.s.l. in
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Figure 3. Dolomit Valley geomorphological map including the main landforms together with the CRE
results shown in Tables 1 and 2.
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the most horizontal distal and stable part of the slide. The only valid sample returned an
age of 2.5 + 0.3 ka (DOL-01).

» Upper valley — The main ice tongue built a voluminous moraine complex integrated by
three frontal ridges ~0.7 km from the current glacier front (Figure 4A). Two lichenized
moraine boulders of the outermost ridge were sampled (DOL-08, DOL-09; at ~400 m a.s.l.),

Olsen Glacier

‘Young Sound
3 Olsen Glacier

Dolomit Valley

DOL-12 R e
9.3 + 0.4 ka == OLS-10
: ; 10. +0.6 ka

Figure 4. Examples of the different types of sampled and dated glacial landforms. See Figures 2 and
3 for the locations of the samples shown in the photographs. (A) and (B) general views of the Dolomit
Valley; (C) and (D) examples of sampled boulders in Dolomit Valley; (E) and (F) general views of the
Olsen Valley; (G) and (H) examples of sampled boulders in Olsen Valley.
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and only one valid sample that yielded an age of 7.1 + 0.3 (DOL-08). Three moraine
boulders from the next well-preserved moraine (DOL-05, DOL-06, DOL-07; at ~420 m
a.s.l.; Figure 3) were sampled and returned the only exposure age of 0.8 +0.1 ka (DOL-07).
The closest samples to the ice margin were obtained from two boulders of the (sub)recent
moraine ridge ~200 m from the present-day glacier front (DOL-03, DOL-04; at ~500 m
a.s.l.), with one exposure age of 1.9 +0.2 ka (DOL-04) (Figure 4C). A well-preserved medial
moraine (2-4 m-high) extended for ~160 m between the two most recent moraine complexes
which were not sampled due to suspicion that they were ice-cored.

5. DISCUSSION

The chronological framework provided by our age dataset serves to reconstruct general
spatial and temporal patterns with regards to glacial oscillations and climate variability in
the region since the onset of the deglaciation. However, some interpretations must be
taken with caution as paleoenvironmental studies reconstructing the timing of glacial
oscillations in Greenland have reported problems associated with nuclide inheritance and
postglacial dynamics affecting the interpretation of the sample results (Biette et al., 2020;
Corbett et al., 2013; Farnsworth et al., 2018; Garcia-Oteyza et al., 2022; Goehring et al.,
2010; Kelly et al., 2008; Larsen et al., 2021; Skov et al., 2020; Young et al., 2021).

5.1 CONSIDERATIONS ON THE GEOCHRONOLOGICAL DATASET

The CRE dates from the Olsen and Dolomit valleys show several chronological
inconsistencies with the geomorphological sequences that need to be examined
independently in detail in order to assess the validity of the results and their geochronological
meaning for the correct interpretation of landscape evolution.

Some of the ice caps in the region have been defined as cold-based (Behm et al. 2020),

which has major implications for past surface erosion. This type of glaciers can preserve
the signal of past glacial periods and leave behind undisturbed relict landscapes (Briner et
al. 2006; Davis et al. 2006; Fabel et al. 2002; Sugden et al. 2005; Corbett et al. 2011, 2013;
Davis et al. 2006; Stroeven et al. 2002), which are a potential source of nuclide inheritance
and uncertainties associated with CRE dating as 10Be atoms accumulated from past
deglacial periods is often incompletely eliminated as rock surfaces are not eroded deeply
enough (Atkins et al. 2002). Our dataset for both valleys must be interpreted considering
the different erosive capacities of each glacial advance - either because it is a cold-based
glacier (insufficient reworking) or because of the brevity of Holocene advances — together
with the potential effect of postglacial paraglacial processes in the area. Indeed, this has
been identified in the neighboring Zackenberg Valley where samples provided younger
ages than the real deglaciation age due to postglacial boulder remobilization by rock falls,
debris flows, solifluction, etc. (Garcia-Oteyza et al., 2022).

Olsen Valley

Along the valley, the dated landforms showed some inconsistencies that are worth
highlighting. At the lower Olsen Valley, the moraine ridges returned inverted ages: the
external one yielded an age of 9.7 = 1.2 ka (OLS-05 and OLS-06) and the internal one
returned an age of 12.2 + 0.4 ka (OLS-04). Further-more, the polished surface sample at
this part of the valley also showed an age inversion, with an expo-sure age of 13.8 + 0.5 ka
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(OLS-01). In the middle and upper part of the valley, closer to the ice front, the ages of
samples did not follow a stratigraphical order, although they yielded close ages. One pol-
ished surface sample from the upper part of the valley yielded an age of 15.0 + 0.5 ka
(OLS-09), which is stratigraphically inconsistent within the surrounding dated bedrock
samples that reported ages ranging from 13.8 to 9.4 ka (OLS-01, OLS-07, OLS-08, OLS-
10, and OLS-11). This time range is interpreted to be associated with ice thinning and the
gradual exposure of the landscape to cosmic-ray flux. However, the polished surface
sample OLS-09 is significantly out of range and is therefore interpreted to have nuclide
inheritance, considered a geomorphological outlier and excluded from the age dataset.

These inconsistencies may reflect different sources of error that will be debated further in
the following sections of the discussion: i) the distortion of moraine ages by GLOFs
(dragging of blocks from slopes, removal of blocks, etc.), although the significance of the
erosive capacity of GLOFs remains to be de-fined; ii) possible ice core moraines that
produce a different evolution of the boulders; and iii) due to inheritance problems, the
polished surface samples tend to return older ages than expected.

Paleoclimatically, the abundance of ages between 11 and 9 ka along the valley could
suggest a rapid Early Holocene deglaciation with possible advances at cold events including
the Preboreal oscillation (PBO) (11.4-11.5 ka) and the 9.2 ka event.

Dolomit Valley

The only landform with a consistent age dataset is the lower valley frontal moraine (10.0 +
1.4 ka (DOL-10, DOL-11 and DOL-12)), where samples were obtained from an area less
affected by slope processes than the rest of the valley slopes (as observed in the field).
These ages confirmed that the glacier was already disconnected from Young Sound in the
Early Holocene.

The age (2.5 + 0.3 ka; DOL-01) of the landslide boulder in the middle valley marks the age
of one of the multiple landslide events that probably occurred throughout the deglaciation.

The upper part of the valley showed a moraine boulder age of 7.0 ka (DOL-08), which may
have been moved but which is globally consistent with the stratigraphy despite being just
one sample, and it might mark the retreat of the glacier during the Middle Holocene.

Near the glacier front, we found inverted CRE ages: the sample closer to the ice front
moraine yielded an age of 1.9 + 0.2 ka (DOL-04), older than the sample from the lower
moraine of the system that returned an age of 0.8 = 0.1 ka (DOL-07). These CRE ages
could indicate either that the more distal boulder was moved from its original position, thus
resulting in a younger age than might be expected, or that the sample nearest to the ice
front boulder may have been affected by inheritance probably associated with insufficient
(en)glacial reworking. Other factors could also have produced this age inversion, including
the occurrence of postglacial stabilization of moraine boulders associated with ice-cored
moraines or slope readjustment to the new ice-free conditions. As the two samples were
taken close to the glacial front (< 1 km), it is likely that both are associated with Neoglacial
advances that occurred prior to the LIA, although neither was considered to be a
geomorphological outlier.

The comparison of datasets from the two valleys reveals (i) more clustered ages dataset
in the Olsen Valley, and more scattered ages in the Dolomit Valley (Figure 5); and (ii) more

129



RESULTS AND DISCUSSION

outliers (5 samples) within the
Dolomit Valley age dataset than
the Olsen Valley (2).

One of the main factors
explaining these differences
might be the lithology of the
study areas, which plays a key
role in the intensity of
(postglacial) periglacial
processes affecting the valley
slopes. The more weatherable
the underlying lithologies (e.g.,
sedimentary rocks), the more
E intensely paraglacial processes

I affect the slopes and their
‘ stability. Periglacial processes
/\:‘x following glacial retreat have a
significant impact on slope
mass wasting, which is even
Figure 5. (A) Probability distribution functions of 10Be ages with More enhanced in permafrost
(with internal uncertainties) for all the samples of our final terrain where its effects on
dataset of accepted ages; (B) Olsen Valley probability distribution  different lithologies are highly
function; (C) Dolomit probability distribution functions. variable because of pore
structure dependence (Gruber

and Haeberli, 2007) and rock mechanical properties that may control slope destabilization
(Krautblatter et al. 2013). Soft rocks or porous bedrock (such as sedimentary rocks) are
generally more susceptible to frost shattering due to high porosity and low strength than
massive / hard jointed rocks (e.g., metamorphic bedrock) (Murton, 2008). All the samples
from the Dolomit Valley were obtained in sedimentary bedrock settings that enhance more
intense paraglacial dynamics (e.g., solifluction, alluvial fans, landslides) that destabilized
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Figure 6. (A) Probability distribution functions of 10Be ages from SE Domjerg slope (Zackenberg
Valley) that have metamorphic bedrock. (B) Probability distribution functions of 10Be ages from W
Aucellabjerg slope (Zackenberg Valley) that have sedimentary bedrock (Modified from Garcia-Oteyza
et al. 2022, see this originalpublication for the exact location of the samples).
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the slopes and favored the reworking of the samples, thus altering the real deglaciation
ages. By contrast, all samples from the Olsen Valley were taken from metamorphic
substrates and reflected the lower intensity of mobilization processes on the slopes and,
therefore, the greater stability of the landforms and dated boulders. The effect of underlying
lithology for CRE dating was also seen in the neighboring Zackenberg Valley, which showed
differences between samples taken on sedimentary (Figure 6B) and metamorphic (Figure
6A) slope substrates (Garcia-Oteyza et al., 2022). In Zackenberg Valley, the slopes with
sedimentary lithology returned more outliers (both chemical and geomorphological) and
more scattered ages, while samples on metamorphic substrates returned fewer outliers
and more clustered ages (Figure 6A; Garcia-Oteyza et al. 2022). This may indicate that the
differences between the age datasets of our two valleys are due, at least in part, to the
substrates on which the landforms lied.

9.2 INFERENCE OF GLACIAL OSCILLATIONS AND CLIMATIC CONDITIONS

The geomorphological and geochronological evidence enables the reconstruction of a
general chronological history of the deglaciation of these two valleys that can be compared
with the paleoenvironmental evolution detected across Greenland during T-1and the Early
Holocene.

The abundance and variety of glacial landforms existing in both valleys down to sea level
demonstrates that the area was heavily glaciated during the last glacial cycle. Both valleys
were probably filled by ice to the mountain plateaus, similar to what occurred in other
valleys of the Young Sound-Tyrolerfjord area (Garcia-Oteyza et al., 2022, 2023). The
expansion of the GrlS and the surrounding ice caps during the last glacial cycle is well-
documented in several areas in NE Greenland despite limited chronological control of the
sequence of glacial advances and retreats. Prior to the Last Glacial Maximum (LGM),
between 115-75 ka, glacier fronts in this region extended to reach the inner continental
shelf (Funder et al., 2011; Lecavalier et al., 2014). The Olsen and Dolomit valleys must
therefore have been occupied by an extensive glacial system interconnected with their
tributary valleys feeding the major Young Sound glacier. Direct evidence shows rapid
deglaciation following the LGM in NE Greenland (Vasskog, 2015) confirming the process
also suggested by modelling studies (Lecavalier et al., 2014; Simpson et al., 2009; Vasskog
et al., 2015).

A number of paleoclimate records reveal abrupt temperature changes during T-1 (5-15
°C), with a strongly seasonal regime that must have driven changes in GrlS volume (Buizert
et al., 2014; Vasskog et al., 2015). Most of the currently ice-free areas in the southern
sector of NE Greenland became deglaciated during this period and, broadly across
Greenland, the GrlS had already retreated behind present-day boundaries by 10-9 ka
(Carlson et al., 2014; Larsen et al., 2015; Reusche et al., 2018; Skov et al., 2020). During
T-1 through the Early Holocene transition, glacial advances and retreats favored the
formation of multiple moraine ridges at different elevations on slopes and valley bottoms,
indicative of rapid climate variability. The long-term retreat and glacial shrinking during T-1
in Greenland was not a continuous process; it included by several cold events that favored
readvances or glacial stabilization phases, with periods of moraine formation during the
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Figure 7. (A) 6180 record of the NGRIP ice core smoothed with a 15 interval moving average
(GICCO5modelext, 5-point running mean; Rasmussen et al. (2006). (B) Sum probability distribution
functions of all 10Be ages (Olsen and Dolomit valleys). Sum probability distribution functions of
Zackenberg Valley (Garcia-Oteyza et al. 2023) and Tyroler Valley (Garcia-Oteyza et al. 2023) 10Be
ages.

Late Glacial (Carlson et al., 2014; Larsen et al., 2015; Reusche et al., 2018; Skovet al.,
2020).

Our age dataset reports the oldest deglaciation ages from samples located in the lowest
parts of the valleys, suggesting a rapid deglaciation within the range from ~14.3 to 11.9 ka,
when the glacier valleys became disconnected from the main ice tongues. This general
retreat trend was not homogeneous, and it may have included interspersed glacial
advances. Close age differences on the Olsen upper valley polished surface samples
reinforce the idea of a rapid ice retreat during the Early Holocene with a variable ice cover
thickness.

Most of the age results from moraine boulders are within the range of 11.5 t0 9.1 ka (Figure
7). Comparing with the climate periods and events visible on the NGRIP ice core 5180
record (Rasmussen et al., 2006) (Figure 7), our results may be related to the interruption of
the long-term deglaciation trend by two cold events: the Preboreal oscillation (PBO) (11.5-
11.4 ka) and the 9.2 ka event (9.5-9.2 ka interval) (Figure 7). These abrupt cooling events
are well-defined in Greenland ice-core isotope records and appear prominently and
synchronously in most of them (Kobashi et al., 2007; Rasmussen et al., 2007; Thomas et
al., 2007). Both events likely involved the alteration of Atlantic Meridional Overturning
Circulation (AMOC) driven by freshwater input into the North Atlantic Ocean via rapidly
melting ice sheets (Jomelli et al., 2022; Renssen et al., 2009; Thornalley et al., 2018). The
best-known of these events is that at 9.2 ka, for which evidence of a notable climatic
anomaly around the Northern Hemisphere is sparse but detectable in multiple paleorecords
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(Fleitmann et al., 2008), including 10Be moraine chronologies on Baffin Bay region and
western Greenland (Crump et al., 2020; Young et al., 2021). Multiple 10Be CRE studies
show that, while brief, this event was of sufficient duration to elicit a significant response by
(at least) the western GrIS (Young et al., 2020, 2013). Based on gas-phase temperatures
from Greenland ice (Kobashi et al., 2007, 2017), the 9.2 ka event is characterized by 2-3
°C mean-annual cooling over ~100 years. The PBO event is less well defined, but this
stillstand may reflect an interruption of the overall warming near the YD termination in
response to a brief episode of freshwater-forced cooling that weakened the AMOC. Similar
studies based on 10Be CRE dating detected this event at the GrIS margins in Baffin Bay
(Young et al., 2020), dating stillstands at ~11.6 ka and ~9.1 ka, and in NE Greenland with
moraines dated at ~11.4 ka (Levy et al., 2016).

Temperatures continued to rise through the Early Holocene (as well marked on the NGRIP
record (Figure 7)) and accelerated the deglaciation pattern observed across Greenland
and most Northern Hemisphere glaciers at that time (Buizert et al., 2014; Clark et al.,
2012). The glacial shrinking recorded in our study occurred parallel to increased glacio-
isostatic uplift, delta progradation (~13-11 to 6.3 ka) and permafrost aggradation
(Christiansen et al., 2002; Gilbert et al., 2017). Our age assemblages at the end of the
Early Holocene denote a rapid glacial retreat in the Dolomit and Olsen valleys, with the
deglaciation of the lowest sectors by 11-10 ka. This is consistent with the paleoclimate
reconstructions as well as with previous 10Be CRE chronologies from the neighboring
valleys of the area that show the tributaries disconnection from the main ice stream at ~11-
10 ka in the Zackenberg Valley (Garcia-Oteyza et al., 2022) (Figure 7), at ~10-8.5 ka in the
Tyroler Valley (Garcia-Oteyza et al., 2023a)(Figure 7), and after ~10 ka in the northern
sector of Clavering Island (Biette et. at, 2020).

The Holocene Thermal Maximum (HTM) was a relatively warm phase between 11 and 5
ka commonly associated with the orbitally-forced summer insolation maximum, but its
timing and magnitude varied between regions and was pronounced at high latitudes where
it was amplified by polar amplification (Renssen et al., 2012, 2009). Ice masses across the
North Atlantic region, including Greenland, retreated during the mid-Holocene and re-
advanced during the Late Holocene mainly due to changes in the intensity of the AMOC
(Jomelli et al., 2022). In Greenland, the GrIS was behind its present-day ice limits at the
end of the HTM and during the mid-Holocene, while most peripheral glaciers were smaller
than at present or even disappeared completely at that time (Solomina et al., 2015). As in
most areas in NE Greenland, glacial records from the mid-Holocene to the onset of the
Late Holocene are absent in Olsen and Dolomit valleys, as glacial fronts were likely situated
behind their present positions. This is also confirmed by other studies in the region, such
as on Clavering Island (Biette et al. 2022) and in Tyroler Valley (Garcia-Oteyza et al.,
2023a), where the lack of geomorphic evidence suggests that glaciers were smaller during
most of the Holocene than at present.

Paleoclimatic data suggests that the region experienced relatively warm conditions from 8
to 6 ka BP (Figure 7), followed by a general overall decline in temperatures after ~5 ka that
was interrupted by a series of multi-decadal to century-scale fluctuations (Bradley and
Bakke, 2019). CRE dating results from SW Greenland indicate that the minimum Holocene
extent of the GrlS likely occurred after ~5 ka, and at some GrlS edges occurred at 4-3 ka
(Larocca et al., 2020; Larsen et al., 2018; Schweinsberg et al., 2019); subsequently, glacier
expansion occurred in some areas in SW and E Greenland (Larocca et al 2020; Medford

133




RESULTS AND DISCUSSION

et al. 2021) and the GrIS margin may have approached its eventual historical maximum
extent as early as ~2 ka (Young et al. 2021).

The geomorphology and ages of the Dolomit Valley samples give information about events

through the Late Holocene. The landslide sample at ~2.5 ka indicates that part of the
Middle valley was already deglaciated at that time. Rapid deglaciation, reaching the Upper
Valley, is indicated by the presence of a well-preserved medial moraine, although the
moraine samples in the upper part of the valley also imply that this deglaciation was
interrupted by minor advances. In both valleys, the closest to the ice margins moraine
samples registered glacial advances at ~1.9 and ~1.5 ka.

Late Holocene glacial advances have also been CRE dated from the Theodolit Plateau, on
W Clavering Island (Biette et al., 2020; Jomelli et al., 2022), at ~3 ka, 1 ka and the LIA.
Around the area, lake sediments also documented glacier advances including from Madsen
Lake (~20 km W of Zackenberg), which suggested that three glacier advances occurred
over the last 2000 years (Adamson et al., 2019), the first two at 1.3 and 0.8 ka , and the
third at 0.7 ka. At Aucella Lake in the Zackenberg Valley area, lake sediments documented
cold climate conditions at ~3.8- 3.4 ka, at ~2.4- 2.0 ka with a minimum at ~1.2- 0.8 ka and
colder more humid climate at LIA with the maximum glacial extent in the area before ~0.5
ka (Garcia-Oteyza et al. 2023b). In Kulusuk (~1000 km south of Zackenberg), sediment
cores document glacier advances during Late Holocene, with the most extensive advances
occurred at the end of the LIA (Balascio et al. 2015).

The most recent CRE sample in Dolomit Valley (0.8 + 0.1) was from a moraine boulder
located ~1 km from the ice front. Although no other results are available to validate this age,
it is very similar to that reported ~1000 km S along the NE Greenland coast (Biette et al.
2022). These authors reported an early LIA advance at ~0.66-0.70 ka that formed a
moraine located at ~500 m from the current ice front. Other studies at Scoresby Sund
assumed that the ice caps reached the maximum extent during the LIA at ~0.7-0.3 ka
(Kelly et al., 2008; Levy et al., 2014).

6.3 LIMITS OF COSMOGENIC DATING IN GREENLAND

The problems detected in the Olsen and Dolomit valleys samples are common to the
application of CRE methods in Greenland and other Arctic sectors, where cold-based
glaciers dominate, the level of continuous or discontinuous permafrost is close to sea level,
or where samples are taken at the bottom of valleys under steep slope walls, where they
could be subjected to frequent avalanches and flooding.

Cosmogenic nuclide inheritance, which increases progressively with altitude, rising to over
600 ka on plateaus, is an considerable problem in Greenland. Inheritance may be present
but is generally much more limited in the valley bottoms at low altitude (Roberts et al.,
2013; Skov et al., 2020), and comparative studies have shown that cosmogenic inheritance
may or may not be present in neoglacial moraines at the bottom of the valleys. The level of
inheritance largely depends on the entirety of Holocene advances, as in many cases the
erosion caused by these advances is unable to completely erase the heritage accumulated
from previous glacial erosional activity (Larsen et al., 2021). This type of lower erosional
capacity of these re-advances is more frequent for local mountain glaciers in Greenland,
where boulders with ages older than those of the same moraine frequently occur because
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these re-advance moraines can mix strongly inherited boulders with intensely eroded
boulders with no inheritance (Larsen et al., 2021, 2020). Although studies about inheritance
on bedrock polished surfaces in valley floors are very limited (Bierman et al., 2018;
Ewertowski and Tomczyk, 2015; Levy et al., 2020), the erosive capacity of Holocene
reworking on these rock surfaces appears to be decisive in erasing previous inheritance
and may largely depend on the degree of weakness of the rock itself (Levy et al., 2020).
For these reasons, polished bedrock with significant inheritance can be found at the bottom
of the valleys where rock strength has prevented the erosion by new glacial advances, and
this bedrock surfaces can be located near other outcrops that have been eroded and do not
present inheritance. As such, bedrock outcrops located very close to each other may give
ages that differ by 1-3 ka in an illogical geomorphological order (Levy et al., 2020; Garcia-
Oteyza et al. 2022). Another common problem in Greenland and throughout the Arctic is
related to the stabilization phases of the Holocene ice-core moraines that are common in
these regions. After formation, due to the uneven insulation capacity of the till, the ice melts
under the moraines in an irregular way, which causes an irregular stabilization period of the
boulders, and therefore that their exposure to cosmogenic radiation is highly variable. As a
result of this slow moraine degradation, different CRE ages may be found in the same
moraine (Briner et al., 2005; Zech et al., 2005). In these cases, the oldest ages unaffected
by inheritance are likely to reflect the age of moraine formation (Crump et al., 2017).

The other important process that can alter CRE ages is strong post-glacial erosion due to
the importance of steep slope processes, permafrost degradation (Christiansen et al.,
2008; Rasmussen et al., 2018) and intense nival action (Christiansen, 1998). These
processes can both reset the clock that records 10Be accumulation since glacial
sedimentation of boulders, or introduce boulders onto the valley floor from higher altitude
sectors, where cosmogenic inheritance is more pronounced (Levy et al., 2020; Garcia-
Oteyza et al. 2022). Another important post-glacial process are the GLOFs. Their frequency
in the Olsen Valley is well known thanks to the location of the Zackenberg Research Station,
but they may also be common in many other Greenland valleys due to the abundance of
proglacial lakes and retreating glacial fronts (Demgaard et al., 2023). In the case of Olsen
Valley, significant GLOFs have been detected with high erosive velocity and power, and
that have caused significant alterations of the glacial geomorphology of the valley floor
(Behm et al., 2020; Degmgaard et al., 2023). As shown by recent events, GLOFs not only
erode and alter the valley floor and sides, but also favor subsequent gravitational processes,
destabilizing the slopes (Dgmgaard et al., 2023).

6. CONCLUSIONS

Therefore, despite the limited number of valid CRE ages, CRE results from Olsen and
Dolomit valleys confirm the general pattern observed in NE Greenland: (i) massive
deglaciation and disconnection of glaciers from the main glacial systems during the Early
Holocene; (ii) no evidence of glacial activity during the mid-Holocene, probably due to the
existence of smaller ice masses than at present; and (iii) glacier expansion during the Late
Holocene, with a LIA advance representing the last major period of glacial regrowth. Future
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studies must complement the chronological framework of these glacial oscillations and the
climatic background of these environmental changes.

From this study, we draw the following conclusions:

- This study provides new geomorphological and geochronological data to better understand
the complex spatial and temporal patterns with regards to glacial oscillations and climate
variability in the region since the onset of the deglaciation.

- The interpretation of our ages must consider the limitations related to the application of
CRE methods in areas with very active paraglacial dynamics and cold-based glaciers.

- To successfully apply CRE dating techniques, the lithology of samples and of the study
area, as well as the intensity of paraglacial processes, must be taken into account.
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ABSTRACT

The High Arctic plays a vital role in Earth’s climate system, and its ecosystems are highly sensitive to global
climate change. High Arctic lakes are valuable sentinels of climate change, as their sediments integrate long-term
natural climatic fluctuations and anthropogenic influences. Here, we present a high-resolution ~5000 year-
reconstruction of NE Greenland climate variability from Aucella Lake (74°N, 20°E) based on physical, chemical,
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diatom analyses to show that changing air temperatures were controlled by a mix of regional climatic changes
and local landscape feedbacks. The latest Mid-Holocene (~5.0-3.8 cal. ka BP) was characterized by relatively
warmer conditions, while the onset of the Late-Holocene was marked by abrupt temperature decreases that
coincided with the beginning of glacial advances elsewhere (~3.8-3.4 cal. ka BP). From ~3.4-2.4 cal. ka BP, the
sedimentary record indicated progressive warming, with temperature peaking during the Medieval Climate
Anomaly, although temperature rises were punctuated by abrupt, short-lived cold periods. From ~1.1-0.05 cal.
ka BP, the influence of landscape factors over the system diminished. Sedimentary indicators suggested a
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characterized by a marked decrease in air temperature that reached minimum values at the end of this period.
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The last 50 years at Aucella Lake were marked by abrupt temperature rises, consistent with recently observed
anthropogenic global warming. Our results illustrate the importance of high-resolution multiproxy studies for
accurately characterizing lake linkages to their environment and climate.

1. Introduction

The High Arctic region is a crucial component of Earth’s climate
system, and its ecosystems are highly sensitive to global climate change
(Anderson et al., 2017; Post et al., 2009; Saros et al., 2019). Both
instrumental observations and future climate models reveal that the
region is undergoing rapid warming, and it is expected to experience
some of the most intense changes in response to climate warming by the
end of the century (Preusser et al., 2008; Saros et al., 2019). According
to >40 years of weather data, after 1994 CE mean June air temperatures
increased by 2.2 °C in West Greenland and mean winter precipitation
doubled from 21 to 40 mm, while since 2006 CE mean July air tem-
peratures have increased by 1.1 °C (Saros et al., 2019). However, much
remains to be understood about the drivers of Arctic amplification,
climate variability and feedbacks (Lund et al., 2017; Pithan and Maur-
itsen, 2014; Serreze and Barry, 2011). Arctic climate change is non-
uniform both spatially and temporally (Miller et al., 2010); to project
future climate scenarios accurately it is therefore essential to contextu-
alize present-day warming within a long-term perspective and thus
decipher natural climatic fluctuations from anthropogenic influences.
This is of paramount importance since the Greenland Ice Sheet may
contribute between 5 and 33 cm to sea level rise by 2100 CE (Asch-
wanden et al., 2019). Furthermore, a detailed understanding of the
short- and long-term temporal and spatial evolution of Greenland
climate, mainly related to Greenland blocking, might help to provide
insights describing the spatial and temporal evolution of the North
Atlantic Oscillation (NAO), the major regional pattern of wintertime
variability in the Northern Hemisphere (Davini et al., 2012; Hanna et al.,
2016). According to some studies, an increasing trend of Greenland
blocking in summer and a more variable blocking in winter may led to
enhanced early winter NAO variability, mainly at the southern node of
this climate mode (Hanna et al., 2015).

Lakes are considered to be sentinels of environmental changes as
their physical, chemical, and biological properties respond rapidly to
climate-related changes (Adrian et al., 2009; Catalan et al., 2013; Saros
et al., 2019; Williamson et al., 2009). Lakes sensitively capture climate
signals and environmental changes in the surrounding landscape and
atmosphere (Goosse et al., 2018). Remote lakes, which are not directly
influenced by anthropogenic factors (e.g. point sources of pollution,
land-use changes and resource exploitation in their catchments), are
often found at higher elevation and latitude and are among the most
sensitive of such ecosystems (Carpenter et al., 2007; Pham et al., 2008;
Williamson et al., 2008). Lake sediment properties offer continuous
terrestrial paleoenvironmental archives that may be interpreted in the
context of long-term climatic changes (Rosenzweig, 2007).

Although sediment sequences reconstructing local and regional Ho-
locene climate have been published from several ice-free regions of
Greenland, the spatial coverage is still incomplete, and temporal reso-
lution is still coarse for many sites. Previous studies have shown spatial
variation in Holocene temperature changes, and the timing of some
critical events needs to be better constrained (Briner et al., 2016;
Gajewski, 2015 and references therein). Moreover, most high Arctic
Holocene climate reconstructions deal with temperature changes, and
hydroclimate records should be a priority in order to reconcile ice sheet
extension inferred from cosmic-ray exposure ages and geomorphological
features with models of ice sheet evolution (McFarlin et al., 2018).

We sought to fill several of these knowledge gaps in a study of the
remote Aucella Lake at 74° N, with the following objectives: (i) to refine
our understanding of the timing and patterns of regional environmental
and climate variability in NE Greenland; (ii) to produce a high-

resolution geochemical, biological, and physical reconstruction from a
remote lake on continuous permafrost terrain; and (iii) determine the
climatic context driving glacial oscillations in the area. To achieve these
goals, our specific objectives were to address the following questions:

- What was the natural climate variability in this area during the
last several millennia?

- Were any observed climate oscillations synchronous with those
recorded in other NE Greenland regions?

2. Study area

Aucella Lake (911 m a.s.l;; 74° 31.5044' N, 20° 26.5231' W), is a
~3.4 ha lake located near the top of the Aucellabjerg Mountain plateau
(911 m), within the Wollaston Foreland peninsula in the SE corner of
Northeast Greenland National Park (Fig. 1).

The lake’s steeply sloped, glacial inherited catchment depression has
an approximate area of 16.9 ha, and the lake has no defined inflowing
streams. An NW outlet drains the lake, fed by a perennial snow patch of
0.06 km? area (Docherty et al., 2018) (on the north-facing slope), and
descends through the Aucellabjerg slope forming the Aucellaelv stream,
building an alluvial fan at the Zackenberg Valley bottom, and ultimately
joining the main flow of the Zackenberg River. Geologically, while the
Aucellabjerg Mountain slopes are composed of Cretaceous to Jurassic
sedimentary rock units (mudstones, sandstones, and conglomerates)
(Henriksen et al., 2009), the mountain plateau and the Aucella Lake
catchment area expose Paleogene reddish-brown basalts (dominantly
silica-oversaturated tholeiites) (Henriksen et al., 2009). The climate in
this area is a polar tundra (Bonow and Japsen, 2021), with a mean
annual air temperature (MAAT) recorded between 1996 CE and 2015 CE
at Zackenberg Research Station weather station (situated at the valley
bottom, at 700 m lower elevation) of —9.0 °C, and an average annual
precipitation of 367 mm (Kottek et al., 2006) of which only 10 % falls as
rain during the summer months (June to September) (Hgjlund Pedersen,
2017). Whereas the large lowland valley areas include moist to dry
tundra dominated by shrubs with grasslands and fens (Hasholt et al.,
2008), the variety and size of the plants decreases at higher elevations,
with vegetation practically non-existent in the Aucella Lake catchment.
The whole area is underlain by continuous permafrost with a thickness
measured in the valley bottom ranging from 200 to 400 m and a spatially
variable active layer that fluctuates between 45 and 80 cm thick (CAVM
Team, 2003). The latest deglaciation studies in the area show that no
glaciers have been present on the Zackenberg Valley bottom since the
Early Holocene (ca. 10.5 ka; Garcia-Oteyza et al., 2022). However,
cosmogenic surface exposure dating indicated that ice reached the
landscape surrounding the lake during most of the last glacial cycle,
arriving >800 m above the current valley floor during the maximum
advance (ca. 80-50 ka) and probably also during the Last Glacial
Maximum (Christiansen et al., 2010, 2008).

3. Methodology
3.1. Sediment coring

Fieldwork was carried out on July 26th, 2018. Sediment coring was
carried out at the deepest known point (74° 31.3047'N, 20°26.1528 W)
in the lake (~15 m) after using satellite images to establish target re-
gions from catchment topography. One gravity core, AUC02 (83.6 cm)
was recovered from the deepest part of the central basin (Fig. 1C), to
avoid potential reworked sediment or sediment gravity flows from the
margins, using a UWITEC gravity corer with a core diameter of 60 mm.
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The water-sediment interface of both cores was immediately fixed using
sodium polyacrylate (Tomkins et al., 2008); tubes were completely
sealed at both ends and transported vertically in order to prevent
disturbance and were then stored at +4 °C until they were opened for
sampling in the laboratory.

3.2. Chronology

The chronological framework of the sedimentary sequence of
Aucella Lake was constructed based on nine AMS radiocarbon dates
exclusively measured on moss fragments, including a date of the core’s
surface in order to establish the presence/absence of a carbon reservoir
effect in the lake. AMS radiocarbon samples were prepared at the
Radiochronology laboratory of the Centre d’études nordiques, Laval
University (Quebec City, Canada) and analyzed at the W. M. Keck Car-
bon Cycle Accelerator Mass Spectrometer Facility (Irvine, United
States). The final age-depth model (see Section 4.1) was constructed
Bayesian age-depth modeling in the R package rbacon (Blaauw and
Andreés Christeny, 2011), with ages calibrated using the IntCal20 cali-
bration curve (Reimer et al., 2020). In this study, our O cal. ka BP (or
‘present’) corresponds to 2018 CE.

3.3. Data and laboratory analysis

The sediment core (AUC02) was split lengthwise, with one half
stored as an archive (in the cold room of the Geosciences Institute of
Barcelona (GEO3BCN - CSIC) at +4 °C); the other half was used for non-
destructive high-resolution analysis and subsampled at 1 cm resolution
and stored in the same cold room until subsampling for destructive

Science of the Total Environment 906 (2024) 167713
analysis.

3.3.1. Non-destructive analysis (CT-scan, XRF, hyperspectral imaging)

Before opening, all cores were scanned using a computerized 3D X-
ray computed tomography Siemens Somatom 64 scanner (CT-scan) at
the Institut National de la Recheche Scientifique, Centre Eau Terre
Environnement (INRS-ETE) in Quebec City (Canada), to identify sedi-
mentary structures (St-Onge et al., 2007). The sediment elemental
composition (by X-Ray Fluorescence, XRF analysis) was then deter-
mined (Supplementary Fig. 1) using the ITRAX XRF Core Scanner at
INRS-ETE with a resolution of 0.5 mm, a voltage of 1100 pA and a
counting time of 10 s for eleven light elements (Al Si, S, CL, K, Ca, Ti, V,
Cr, Mn, Fe) and seventeen heavy elements (Ni, Cu, Zn, Ga, Br, Rb, Sr, Y,
Zr, Nd, Ba, Ce, Nd, Ta, Pb, Ra). The rest of the following analysis were
performed only on the longest sediment core (AUCO02). The cores were
scanned using a hyperspectral scanner at the Aquatic Paleoecology
Laboratory (LPA) in Laval University (Quebec City, Canada), equipped
with visible-near infrared (VNIR) and shortwave infrared (SWIR) cam-
eras (SPECIM, Oulu, Finland) covering the spectral ranges between 400
and 1000 nm and 1000-2500 nm, and having spatial resolutions of ~70
pm and ~180 pm, respectively. Hyperspectral images were used to infer
high-resolution profiles of mean grain size distribution and total chlo-
rophyll a (including degradation products) following the methodology
established in Ghanbari and Antoniades (2022).

3.3.2. Destructive analyses (organic matter, XRD, diatoms)

Sediment samples were taken every centimetre for analysis of
organic geochemical variables, including sediment organic matter (total
organic carbon (TOC), total nitrogen (TN) and their stable isotopes 15y

Fig. 1. Map of (A) study area within NE Greenland (B) Aucella Lake location in the Zackenberg area. (C) Picture of Aucella Lake with the location of AUC02

coring location.
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and 13C) as well as for mineralogical determinations. In both cases,
samples were dried at 60 °C for 48 h and ground by hand using an agate
mill. TOC, TN, §'°C and §'°N were determined using a Finnigan DEL-
TAplus elemental analyzer-continuous flow-isotope ratio mass spec-
trometer (EA-CF-IRMS) at the Centres Cientifics i Tecnologics of the
Universitat de Barcelona (CCiTUB). Mineralogy was determined by X-
ray diffraction using a Bruker-AXS D5005 X-ray diffractometer in the
following conditions: wavelength of 1.5405 A and ultrafast PSD detector
between the angles of 4° and 60° 2theta, at GEO3BCN (Barcelona,
Spain). Identification and quantification of the different mineralogical
species present in the crystalline fraction were carried out following a
standard procedure (Chung, 1974). 40 subsamples for diatom analysis
were taken at ~2 cm intervals throughout the core. Diatom subsamples
were processed with 33 % hydrogen peroxide (H202) and HCI (1 M)
following the method described in Battarbee et al. (2001). At least 300
valves were counted at 1000x magnification with a light microscope
and species are expressed as relative abundances (%) for each taxon.
Taxonomic identifications mainly followed Krammer and Lange-
Bertalot (1986, 1988, 1991a, 1991b), although basionyms were upda-
ted to follow current accepted nomenclature (https://www.algaebase.
org/).

3.4. Data treatment

Statistical treatment of the datasets was performed in the R software
environment v2022.12.0 + 353 (R Core Team, 2022), together with the
packages ‘rioja’ (Juggins, 2022), ‘vegan’ (Oksanen et al., 2020) and
‘factoextra’ (Kassambara and Mundt, 2020). Only elements that had
average values >300 cps in the XRF analyses were included, in order to
ensure that the signal-to-noise ratio was high enough to characterize
short- and long-term chemical variations with confidence (i.e., K, Ca, Ti,
Mn, Fe, Cu and Sr). All variables were standardized and transformed
prior to statistical analysis. Only diatom taxa representing >1 % of the
total diatom sum were used in statistical analyses, and those with >4 %
of the total diatom sum in at least one sample were plotted strati-
graphically. Simpson’s Index of diversity and principal component
analysis of the Hellinger-transformed diatom relative abundance data
were used to summarize the main trends in diatom assemblages (Leg-
endre and Birks, 2012; Legendre and Gallagher, 2001). We also per-
formed a stratigraphically constrained cluster analysis for each separate
data group (XRF, XRD, mean grain size, organic geochemistry, chloro-
phyll, and diatoms) using constrained incremental sums of squares
(CONISS; Grimm, 1987) (Supplementary Fig. 2).

We applied multivariate ordination methods to reduce the
complexity of the large multi-proxy data set in order to identify under-
lying system dynamics, which required data pre-treatment. First, we
averaged XRF data to the TOC resolution and carried out a PCA to reveal
the relationships between the organic and inorganic sediment fractions.
Second, we performed two redundancy analyses (RDA): one between the
mineralogical composition of the sediments (explanatory variable) and
the geochemical elements (response variable) to identify the possible
provenances of the chemical elements; the second used the diatom
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assemblages as a response variable with the geochemical parameters as
the environmental matrix (Supplementary Fig. 1A). To support (visual)
identification of the main lithostratigraphic core units, we also con-
ducted a constrained cluster analysis with measured datasets down-
sampled to 2-cm resolution and ran a broken stick model to identify the
number of significant units.

4. Results
4.1. Age-depth model

Nine radiocarbon dates were determined from Aucella Lake sedi-
ments (Table 1).

Moss fragments in the surface layer of the sediment core returned an
age of 1265 + 20 cal a BP. The water-sediment interface was clear and
sharp, with no indication of sediment loss or mixing, therefore, a deltaR
value equal to the age of the core surface was applied to the rest of our
radiocarbon ages. A slump between 42 and 45 cm core depth was
identified from visual inspection and confirmed by two anomalously old
radiocarbon ages that were excluded from model construction; this
section of the core was also assumed to have been deposited concur-
rently for the purposes of the age-depth model. The sample at 44.5 cm
was rejected as it represented a stratigraphic inversion. The age-depth
model (Fig. 2) was thus constructed using a final dataset of six l4¢
reservoir corrected ages using the Bacon R script and showed that the
AUCO02 core represents ~5000 years of sediment deposition, with
limited variation in sedimentation rates throughout the core.

4.2. Lake stratigraphy and sediment characteristics

The core was divided into three main different lithological units (A,
B, C). Zones inside unit B (BL, BII, BIII and BIV) and C (CI and CII) were
established by visual identification (Figs. 3 and 4).

4.2.1. Unit A (83.6-68 cm depth) — age ~5.0-3.8 cal. ka BP

The sediments were mainly composed of centimetre-thick laminated
light and dark brownish clays with macrofossils. Geochemically, there
were peaks in several elements including K, Ca, and Ti in lowest part of
the record, followed by a decrease and subsequent rise. Mn/Fe values
remained high throughout the unit. Low values for grain size, and the
dominance of clay minerals such as kaolinite, biotite/muscovite and,
punctually, montmorillonite, highlighted the clay-rich nature of these
sediments. In agreement with the visually evident macrofossils (mosses),
organic indicators, including TOC, TN, and chlorophyll, had high values
in this section (Fig. 4). Diatom assemblages were defined by the presence
of Staurosira venter, followed by Pseudostaurosira pseudoconstruens, and

Tanh 1

other common taxa included Staurosirella pil aphora

Collanh, 1 Dccithidi

iphora  rec is, lineare (although decreasing
through the unit), and Achnanthidium minutissimum (Fig. 3). The tran-
sition to Unit B was clear both visually and in the CT-scan image, which
had a sediment density boundary change from clay-rich to more sandy
sediment.

Table 1

¢ dates of samples from the sediment core AUC02. Samples in italics were not included during the construction of the final age-depth model.
Sample ID Midpoint Dated Lab Number s'3c ¢ age + Reservoir

(for age model, cm) Material (%) (BP) corrected '*C yr BP

AUC 1802-0-1 0.5 Moss UCIAMS-247345 —26.8 1265 20
AUC 1802-11-12 11.5 Moss UCIAMS-240752 -27.9 2425 15 1160 + 25
AUC 1802-29-31 30.0 Moss UCIAMS-240751 n/d 3255 15 1990 + 29
AUC 1802-56-57 56.5 Moss 'UCIAMS-240750 —26.4 4390 15 3125 + 38
AUC 1802-70-71 70.5 Moss UCIAMS-240744 -25.3 4820 20 3555 + 38
AUC 1802-78 78.0 Moss UCIAMS-221357 —25.2 5430 20 4165 + 43
AUC 1802-42-43 42.5 Moss UCIAMS-240753 -28.1 120 15
AUC 1802-43-44 43.5 Moss UCIAMS-261723 -28.1 Modern 21
AUC 1802-44-45 44.5 Moss UCIAMS-261724 —24.8 4460 15
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Fig. 2. Age-depth model for AUC02 based on bacon (Blaauw and Andrés Christeny, 2011). Right plot: shows the distribution of the radiocarbon dates in blue,
assuming slump at 42-45 cm depth (grey rectangle). The age-depht model is shown in grey-scale, where darker hues indicate more certain areas. The red dashed
curve shows the mean model and the dashed grey curves the 95 % confidence intervals. Left upper plot shows the MCMC (Markov Chain Monte Carlo) iterations of
the run showing a stationary distribution with little structure among iterations. Left middle plot shows prior (green curve) and posterior (grey filled curve) dis-
tribution accumulation rates. The mean accumulation rate was 50 yr/cm. Left lower plot: shows the prior (green) and posterior (grey) probability distributions for the

memory (i.e. autocorrelation strength).

4.2.2. Unit B (68-13 cm depth) — age ~3.8-1.1 cal. ka BP

Unit B’s limits were marked by clusters in all proxy datasets,
although the precise depths varied slightly. Overall, this unit was made
up mainly of silty clays and sands in which four zones were
distinguished:

4.2.2.1. Zone BI (68-59 cm depth) - age ~3.8-3.4 cal. ka BP. This zone’s
base started with sediment composed of well-laminated green/Gy silt.
Geochemically, visible peaks were present in almost every element
except for Sr, while Mn/Fe showed a slight decrease overall and less
variability. The silty nature of the sediments was highlighted by a grain
size increase, although with lower variability than in the previous unit,
as well as by an abrupt change in the CT-scan. The organic parameters
TN, TOC, and chlorophyll decreased markedly (Fig. 4). A peak of diatom
diversity and richness appeared, and diatom assemblages in this zone
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were formed by increases in Encyonema silesiacum with the appearance
of Encyonema procerum, Adlafia sp. B, Amphora copulata and Navicula-
dicta sp. A (Fig. 3).

4.2.2.2. Zone BII (59-39 cm depth) - age ~3.4-2.4 cal. ka BP. This zone
was generally characterized by a massive brown silt sediment structure
with macrofossils, although several centimetre-thick laminations were
present at ~47 cm and ~41 cm core depth. A mass movement between
42 and 45 cm depth was identified based on visual evidence of perturbed
sediment within a laminated unit, as well as by three anomalous
radiocarbon ages within the zone (Table 1). As such, these 3 cm were
removed from the record for the construction of the chronology as well
as for paleoecological interpretations. All biogeochemical proxies
showed trends in zone BII similar to those in BI. Mineralogically, zone
BII was characterized by the presence of a montmorillonite peak and the
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Ice Age (LIA), after Kolling et al. (2017).

highest values of kaolinite and plagioclase (Fig. 4). Diatom assemblages
were strongly dominated by Staurosirella lapponica, S. pinnata, Pseudos-
taurosira pseudoconstruens and Staurosira venter (Fig. 3).

4.2.2.3. Zone BIII (39-31 cm depth) - age ~2.4-2.0 cal. ka BP. Sedi-
ments were millimetre-thick orange/greenish laminations. All elements
showed a decreasing trend except K, which displayed values higher than

the zone below. There was an abrupt increase in grain size upwards
beginning at ca. 37 cm depth, followed by a gradual upwards decline.
Organic matter indicators did not change significantly with respect to
the zone below (Fig. 4). Diatom assemblages were diverse, with no
clearly dominant taxa, a marked decline in the relative abundance of
Staurosira venter, and a peak in the abundance of Adlafia sp. B (Vig. 3)
and in Simpson’s index.
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4.2.2.4. Zone BIV (31 - 13 cm depth). - age ~2.0-1.1 cal. ka BP. This
zone was composed of light and dark brown millimetre-thick silty clay
laminations. Light element trend values decreased, with K doing so more
markedly. In contrast, for Mn/Fe there is a slight increase on trend
values and no major changes for the rest of heavy elements. Grain size
increased gradually upwards in this section to ~15 cm depth and
declined thereafter, although this trend was superimposed on significant
variability, highlighting the unit’s silty clay nature. Plagioclase, quartz,
kaolinite, and biotite/muscovite displayed overall decreasing trends,
while organic matter indicators and chlorophyll showed increased their
values and variability with respect to unit BIII below (Fig. 4). Zone BIV
was marked by the return to dominance of Staurosira venter and Sell-
aphora seminulum, as well as by the decrease of Pseudostaurosira pseu-
doconstruens and the disappearance of Staurosirella lapponica (Fig. 3).

4.2.3. Unit C (13-0 cm depth) - age ~1.1 cal. ka BP - present

4.2.3.1. Zone CI (13-3 cm depth) - age ~1.1-0.3 cal. ka BP. CT-scan
results indicated that this zone was mainly composed of millimetre-thick
laminae, although they were not visually evident and could be observed
as brown clay sediment with macrofossils. Geochemical indicators did
not display significant trends, apart from Mn/Fe values that increased
upwards and had increased variability. Grain size decreased upwards in
terms of both values and variability. The most significant peaks of
montmorillonite appeared in this zone, along with the disappearance of
nontronite and kaolinite and increases in the percentages of quartz and
plagioclase. There was an increasing upward trend observed in TN, TOC,
815N and chlorophyll, and a decreasing trend for 53¢ (Fig. 4). Diatom
assemblages were strongly dominated by Sellaphora seminulum, with
declines in most other taxa except Adlafia sp. B and Pseudostaurosira
pseudoconstruens (Fig. 3).

4.2.3.2. Zone CII (3-0 cm depth) - age ~0.3 cal. ka BP - present. This
zone contained abrupt changes, with a visually notable decline in the
quantity of macrofossils, and an orange hue in the upper centimetre.
Elements including K, Ca, Ti, Cu, and Sr peaked in this zone, while Mn/
Fe abruptly decreased. Mean grain size increased slightly, reflecting the
silty clay nature of the sediments, and kaolinite reappeared along with a
corresponding decrease in quartz. 8'°N, TN, and TOC decreased, chlo-
rophyll decreased abruptly, and 5'3C increased upwards to the sediment
surface (Fig. 4). No large changes in the diatoms assemblages were
recorded, only small increases in Naviculadicta sp. A, Pseudostaurosira
pseudoconstruens and Staurosirella lapponica.

4.3. Multivariate analysis

4.3.1. Diatom assemblages

In terms of abundance, three diatom species dominated throughout
the core and the main diatom zones were defined according to their
shifts: Staurosira venter and Sellaphora inulum and Pseud osira
pseudoconstruens (Fig. 3). The first two axes of the diatom PCA were
significant according to the broken stick; the first explained 47.2 % and
the second explained 18.2 % of the total variance. The three taxa with
the strongest influence on the first axis were Sellaphora seminulum,
Staurosira venter and Adlafia sp. B, while for the second axis they were
Pseudostaurosira pseudoconstruens, Staurosira venter and Sellaphora sem-
inulum (Fig. 5A). We focused our interpretations on PCA1 since it
independently explained almost half the variance in the dataset.

4.3.2. Biogeochemical composition of the sediments

The first axis of the PCA of the XRF/organic matter data explained
73.6 % of the total variance (Fig. 5B) and was negatively associated with
the lighter elements (i.e., Fe, Ti). The RDA of the XRF data with the
mineralogical composition of the sediments as the constraining matrix
showed the possible provenance of light and heavy elements obtained by
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the XRF. This RDA (Supplementary Fig. 1A) had one significant first axis
that explained 87.8 % of the total variance. Ca, Ti, Fe, Mn, Sr, Cu, and K
were mainly grouped with clays composed of moscovite/biotite, high
5'3C and kaolinite.

The first axis of the RDA constraining the diatom variance to the
environmental dataset (Supplementary Fig. 1B) explained 34.8 % of the
total variance and indicated that the three lower diatom clusters were
associated with terrigenous inputs into the system and with an assem-
blage dominated by Staurosirella taxa. In contrast, the genus Sellaphora
increased greatly in the three upper clusters of the record, where its
interplay with Staurosira venter determined diatom zonation, and high
abundance values of Sellaphora taxa were more strongly associated with
high values of the internal ecosystem parameters such as 5'°N.

J. Garcia-Oteyza et al.
5. Discussion

Interpretations of the PCA axes synthesize the local limnological and
paleoenvironmental response to climate-related processes in Aucella
Lake and its catchment. After understanding the baseline behavior of our
ecosystem, we then compare our interpretations with other proxy data,
both local and regional, and with globally known cold and warm pe-
riods, to compare local NE Greenland environmental change with that
observed at larger scales.

5.1. Linking datasets: limnological processes

The first axis of the diatom PCA reflected climate-related processes
(Fig. 5). Taxa associated with strongly ice-dominated polar lakes,
including Staurosira venter, Staurosirella pinnata, Staurosirella lapponica,
and Pseudostaurosira pseudoconstruens (Bouchard et al., 2004; Finkelstein
and Gajewski, 2008; Kuhn et al., 1981), were strongly associated with
the positive end of the axis. Conversely, the negative end was influenced
by more diverse assemblages and epiphytic taxa such as Sellaphora
seminulum (Emson et al., 2018), Encyonema minutum and Amphora cop-
ulata (Antoniades et al., 2008). The richness curve, which paralleled
trends in PCA axis 1, further reinforced the dependence of this axis on
climate, as longer ice-free seasons increase microhabitat diversity and
therefore diatom diversity in high Arctic lakes (Smol, 1983). As such, the
positive scores on the first diatom PCA axis represented cold water
conditions with thicker and longer-lasting ice cover, while the negative
scores were linked to longer ice-free summers that implied melting of the
surrounding ice caps during wetter and/or warmer periods. The lack of
planktonic diatoms in our sediments, similar to that observed in other
Arctic lakes, may result from ice-free conditions that are too brief for
their development, and/or from the high relief of the catchment pre-
venting the wind-induced mixing of the lake required for diatom
resuspension in the photic zone (Bouchard et al., 2004; Finkelstein and
Gajewski, 2008; Paull et al., 2008).

The first diatom PCA axis divided the record into two clear sections
(Fig. 2): the first (~5.0-2.4 cal. ka BP) showed positive values reflective
of greater lake ice thickness and duration, and the second (~2.4 cal. ka
BP - present) had predominantly negative values that indicated less
severe ice conditions, albeit interspersed with some excursions towards
more positive values. Richness and Simpson’s index reinforced the
linkages between diatom diversity and climatic changes, showing rises
during periods of shorter ice cover duration shown by the first axis and
the rise in water temperature of the Roman Warm Period (RWP) period.
The sampling resolution of the diatom analyses (2-cm) implied an
average interval of ~125 years, and these inferences therefore better
capture long-term climate trends than high-frequency variations.

Sediment geochemistry was closely linked to catchment system dy-
namics, such as surface run-off during the ice-free season and ice cap
melting periods, as confirmed by the RDA between the mineral species
and the XRF, TOC and TN datasets (Supplementary Fig. 1A). Ca, Ti, Fe,
Mn, and Sr were grouped mainly with clays derived from the catch-
ment’s primarily volcanic rocks, whereas the negative end of this axis
was mainly triggered by changes in sediment biomass indicators TOC
and TN. The absence of well-developed soils and vegetation around the
lake and, therefore, of terrestrial organic matter in the basin, indicates
that the majority of sediment organic matter was related to algal pro-
cesses, a hypothesis also supported by the coincidence with low C/N
ratios and 8'°C values. The association of montmorillonite with this
negative end provides further evidence that lake primary productivity
was associated with relatively warm conditions, since this clay is formed
by the pedogenic alteration of pre-existent catchment rocks by hydro-
lysis under relatively warmer conditions (Fagel and Boés, 2008). The
almost opposing trends of inorganic elements and lacustrine organic
matter along the first RDA axis can be interpreted in terms of surface
run-off. During relatively cold conditions, Aucella Lake may have
remained partially ice-covered in summer, allowing the input of fine and
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non-chemically altered terrigenous particles from the catchment,
whereas in relatively warm periods the lake was ice-free, permitting the
input of previously formed soil clays into the lake as well as enhancing
algal organic matter production. The thickness and duration of lake ice
cover, as well as the amount of surface run-off in summer, are influenced
by changes in air temperature (Sanchez-Lopez et al., 2015). As such,
variations along this first RDA axis reflect temperature changes. As the
geochemical distribution in the RDA is almost the same in the PCA
(almost opposing trends of inorganic elements and TOC) and the XRF
data has better resolution than the RDA axis, the first axis of this is
interpreted in terms of air temperature fluctuations.

The first XRF PCA axis (Fig. 4) shows a relatively warm period be-
tween ~5.0 and 3.8 cal. ka BP, during which ice cover was relatively
thinner and/or less persistent and algal diversity was high, as shown by
diatom diversity measures and PCA scores (Fig. 4). At 3.8 cal. ka BP,
temperatures decreased abruptly, which coincided with the first
decrease in algal diversity (Fig. 6A). Air and water temperatures
remained relatively cold until ~3 cal. ka BP when air temperature
started to gradually increase in consonance with the water temperature.
Water temperature peaked at the onset of the RWP at ~2 cal. ka BP,
while the air temperature peak occurred during the Medieval Climate
Anomaly (MCA). The Little Ice Age (LIA) was marked by an abrupt air
temperature decrease that reached minimum values at the end of this
period. The Industrial Period was marked by a steep air temperature
increase, thin ice lake covers and/or longer ice-free seasons, and a sig-
nificant increase in diatom diversity.

The relationship between environmental factors in the RDA (Sup-
plementary Fig. 2B) and the genus Staurosirella (a cold-tolerant and post-
glacial pioneering taxon; (Smol, 1983) suggests its association with
more turbulent environments, and with more movement or entry of
material into the system. We hypothesize that the lower part of the core
represented by the first three diatom clusters reflects a more turbulent or
unstable environment dominated by more rapid changes, likely related
to the dynamics of proximal factors such as the snow patch in the
catchment area.

5.2. Local limnological and pal ir 1 history

Other sediment core studies from the same area have documented
changing conditions that were generally controlled by a mix of regional
climatic changes and local landscape feedbacks (Bennike et al., 2008).
Climate variability is regional (seasonal, inter-annual, and inter-
decadal), while landscape factors, such as the behavior of the peren-
nial snow patch inside the catchment area can be considered to be local
(Hernandez et al., 2015). Previous local studies suggested that this snow
patch existed consistently in the uplands on Aucellabjerg Mountain from
the early to mid-Holocene (Cable et al., 2018), which includes the early
part of our sedimentary record, and that the winter snow patch size is an
important driver of stream physico-chemical habitat in an Arctic region
with low glacial cover (Docherty et al., 2018). Given that the sensitivity
of the snow patch to changes in snowline elevation is primarily influ-
enced by summertime temperatures (Oerlemans, 2001), the direct
relationship between our temperature variation axis and the July inso-
lation curve (Fig. 4) indicates that the evolution of Aucella Lake
observed in our sediment core reflects summertime climate (Fig. 6).

Our air temperature record indicates that generally warm conditions
prevailed during the mid-Holocene at Aucella Lake (~5.0-3.8 cal. ka
BP) (Fig. 6, zone A). There were low, but present, inputs of terrigenous
material to the system, showing that the lake became seasonally ice free
during this period. Oxic conditions were present during the first thou-
sand years of our record, with chlorophyll indicating high biomass, with
at least the lake littoral zone thawing which allowed some nutrients to
enter the system. Chlorophyll values suggest a lower snow accumulation
above the lake ice cover and therefore dry conditions in the mid-
Holocene. The input of newly formed clays, combined with high
biomass variables, are related to higher rates of organic matter
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Fig. 6. Conceptual model of the of Aucella Lake evolution for each core zone.

productivity due to short periods of ice cover duration relative to other
NE Greenland lakes (Smol, 1983). The rapid transition at ~3.8-3.4 cal.
ka BP was the most abrupt in our record and was recorded by every
proxies, although to a lesser extent by diatom assemblages. The abrupt
change visible in terrigenous elements indicates enhanced delivery to
lake sediments, and thus a more humid and colder climate that increased
the transport of primary and non-chemically altered rock fragments
from the catchment to the lake. Moreover, this increased input of
terrigenous particles from around the lake increased turbidity and hin-
dered light penetration, with a resulting decrease in diatom diversity
and a longer ice-cover duration. During the next millennium (~3.4-2.4
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cal. ka BP) (Fig. 6, zone BII), the sedimentary record was indicative of
progressively warming conditions with high inputs of weathered
terrigenous material, sustained by the continued domination of the snow
patch as a landscape factor. Limited lake ice allowed high-continuous
entry of material, as reflected by the fine grain size, and the continuity
of low chlorophyll values suggests the presence of significant snow cover
on the lake, in addition to high turbidity. Throughout the period
~2.4-2.0 cal. ka BP (Fig. 6, zone BIII), with the onset of the RWP, the
diatom index and axis curves show (Fig. 2), on the one hand, a decrease
of species diversity together with a significant change in the trend of
PCA axis, on which more negative values show a shift to colder condi-
tions with thicker and/or more persistent ice cover on the lake. This shift
reflects a regime change that occurred in the system, when it ceased to
be dominated by landscape factors (with large inputs of weathered
terrigenous due to the activity of the snow patch) and began to record
signals more dominated by regional climate variability. This is rein-
forced by an abrupt air temperature oscillation.

The sedimentary record then indicates a progressive transition to a
warmer and drier climate at ~2.0-1.1 cal. ka BP (Fig. 6, zone BIV)
peaking at the MCA. The highest temperatures coincided with a drop in
grain size and terrigenous inputs, as well as an increase in chlorophyll
values and the highest values of diatom diversity, suggesting longer ice-
free periods during summer. Over the next several centuries, from
~1.1-0.3 cal. ka BP (Fig. 6, zone CI), the influence of landscape factors
over the system diminished, and sedimentary indicators suggested a
transition towards a colder, more humid climate that coincided with the
LIA; air temperatures reached their minimum values at the end of this
period. Diatom assemblages also had low diversities during this period,
most likely linked to an increase in the duration and/or thickness of ice
cover. An abrupt change was recorded during the last 50 years of the
record (Fig. 6, zone CII), with increased diatom diversity and warmer
conditions marked by thin ice covers and/or long seasonally ice-free
periods, and an abrupt air temperature increase which almost reached
the MCA peaks/relative trends. A parallel shift towards increasing mean
grain size and high chlorophyll values imply rising temperatures and a
potentially more turbulent environment that reflect recent warming as
observed at high latitudes.

5.3. Local to supra-regional inferences proxy correlations

The closest multiproxy lake study to our site is located at the bottom
of the Zackenberg Valley (at ca.8 km distance), and extends to 9.0 cal. ka
BP (Bennike et al., 2008). The authors inferred an overall trend of
declining summer temperatures and longer-lasting snow cover from 5.5
cal. ka BP to the present, unlike the trends we observed in Aucella Lake
for the last 5.0 cal. ka BP. The Aucella Lake abrupt change recorded
~3.8 cal. ka BP was not observed in the Renland Ice Core oxygen isotope
record (ca. 400 km south from Zackenberg), which may indicate that
this abrupt shift was associated with landscape factors. The importance
of local influences (size, depth, morphology and chemistry of the
catchment) for the sedimentary record and lake biology has already
been noted from NE Greenland sites (Bennike et al., 2008). A high-
resolution record of proglacial Madsen Lake, ~20 km to the W,
showed three phases of enhanced glacial activity during the last two
millennia, with two phases between ~1.3-0.8 cal. ka BP and a third
phase at ~0.7 cal. ka BP (Adamson et al., 2019). The Aucella Lake core
records the onset of Late Holocene climatic deterioration at ~2.5 cal. ka
BP, early for NE Greenland and preceding the Madsen Lake record, and
also shows temperature minima coincident with the first two phases of
glacial advance (~1.2 and ~0.8 cal. ka BP) recorded in this nearby study
(Adamson et al., 2019). This suggests that remote (high latitude and
altitude) Aucella Lake is highly sensitive and therefore a sentinel of
climate change. The third phase recorded at Madsen Lake differs from
the previous ones, representing more a reflection of regional climatic
changes associated with the LIA onset (Catalan et al., 2013). The
maximum glacial extent in the area occurred before ~0.5 cal. ka BP,
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effectively during the beginning of the LIA, when an increase of nivation
processes in Zackenberg Valley was recorded (Adamson et al., 2019),
after which temperatures increased.

There have been several studies from the Aucella Lake region that
have examined paleo-records from lacustrine and continental shelf
sediments. Research has focused on areas to the north (Christiansen,
1998) and the south of our study area (Davies et al., 2022; Klug, 2009;
Pados-Dibattista et al., 2022; Schmidt et al., 2011; Wagner et al.,
2008b). Records from these two regions broadly agree with the structure
of a cold Early Holocene, a warmer Mid-Holocene with a Holocene
Thermal Maximum ending at ~5.5 cal. ka BP, and a relatively cold Late
Holocene (Axford et al., 2017; Cremer et al., 2001a, 2001b; Klug and
Wagner, 2008; Kolling et al., 2017; Levy et al., 2014a; Lowell et al.,
2013; Lusas et al., 2017; Medford et al., 2021; Wagner et al., 2000, 2005;
Wagner and Melles, 2002). Around 6.2 cal. ka BP, sub-surface waters on
the Central Northeast Greenland shelf started to cool (Klug, 2009). After
~5.5 cal. ka BP a distinct cooling commenced with an increase in sea ice-
extents (Pados-Dibattista et al., 2022) showing a Neoglacial average
cooling of 0.6-0.8 °C per thousand years from ~5.5 to ~0.5 cal. ka BP
that was more intense between ~4 to ~3.5 cal. ka BP and became
progressively colder throughout the late Holocene (4.2 cal. ka BP-
present) (Klug, 2009; Klug and Wagner, 2008). In some cases, the re-
cords also show greater productivity in the early and middle Holocene
than in the late Holocene (Axford et al., 2017; Pados-Dibattista et al.,
2022). Across the entire set of records, there is no strong consensus on
the timing of the Neoglacial or other events such as the LIA. The closest
to our study area was reported as the onset of the Neoglaciation at
~3.2-3.5 cal. ka BP glacial advance was reported as the onset of the
Neoglaciation (Lusas et al., 2017) accompanied by a reconstructed
negative temperature anomaly (Medford et al., 2021) and a cooling of
the sub-surface water on the central Northeast Greenland shelf at 3.2 cal.
ka BP (Axford et al., 2017). A shift towards more arid conditions at was
recorded ~2.7 cal. ka BP, when the atmospheric circulation over North
Atlantic significantly changed (Pados-Dibattista et al., 2022), with the
first signs of glacial regrowth at ~2.6 cal. ka BP (Wagner et al., 2008a)
appearing initially in high-elevation interior locations. Diatom analyses
suggested that some areas of NE Greenland were seasonally ice-free
during much of the Holocene, with perennial ice cover developing
only after 1.8 cal. ka BP (Cremer et al., 2001a, 2001b). A gradual change
towards colder temperature conditions began after 1.8 cal. ka BP, as
registered in other regions (Levy et al., 2014b). There is no consensus
about the timing of the LIA, although most records have indicated cold
events or glacial advances prior to or around ~700 cal. ka BP, including
at ~1.3 cal. ka BP (Lusas et al., 2017) and ~1.0-0.8 cal. ka BP (Adamson
et al., 2019; Medford et al., 2021), with a subsequent period of ice-
marginal retreat at ~0.5 cal. ka BP (Adamson et al., 2019; Lusas et al.,
2017; Medford et al., 2021).

5.3.1. Greenland correlations

We compared our XRF-inferred temperature first vector and the first
diatom PCA axis with Greenland temperature records: the temperature
reconstructions from the nearest coastal ice core, from Renland Ice Cap
(Medford et al., 2021), and the high-resolution XRF-inferred tempera-
ture reconstruction from a SE Greenland lake (Vinther et al., 2008).
Moreover, we compared our temperature change record to regional
changes in summer and winter solar insolation at 65°N (Balascio et al.,
2015).

There was spatial and temporal thermal heterogeneity between the
different records. The Renland ice-core temperature record showed a
general cooling trend for the 5000 years of data, which differed from the
response of our diatom assemblages, possibly due to the different
sensitivity of the proxies employed to reconstruct this lake process.
Although Aucella Lake does not directly receive glacial meltwater and
our data do not preserve a direct sedimentary record of glacier activity
(advances and retreats), the climate variability inferred from its record
mirrors local glacial oscillations. Six major Neoglacial advances (4.1,
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3.9, 3.2, 2.8, 2.1, and 1.3 cal. ka BP) of the Kulusuk glaciers were
inferred from the Kulusuk Lake sediment record study (Balascio et al.,
2015); these were broadly consistent with those detected in Aucella
Lake. The first Neoglacial advance coincided with the abrupt air tem-
perature drop recorded in Aucella Lake, indicating that this event was
not due to local factors but rather to regional forcing. This ice advance
may have been caused by the progressively declining NH summer
insolation and the timing of cooling episodes in the North Atlantic Ocean
attributed to the increased strength of the East Greenland Current
(Balascio et al., 2015). These advances are also reflected as cooling
peaks in our temperature reconstruction from XRF PC1 and likely record
local glacier advances during these periods.

The Aucella Lake data presents linkages with changes in winter
(before ~0.8 cal. ka BP) and summer (after ~0.8 cal. ka BP) insolation
(Fig. 4), with a shift during the Late Holocene into warmer conditions
beginning shortly after the summer and winter insolation curves inter-
sect (~1.2 cal. ka BP) (Berger and Loutre, 1991). When comparing our
results with the general East Greenland Mean July temperature obtained
from the average of several records using a compilation of pollen data
from different sediment cores (Gajewski, 2015), the difference in tem-
poral resolution becomes clear, as does the need for multiproxy studies
in order to better understand lake system linkages to the environment
and climate.

6. Conclusions

This study presents the first multi-proxy-high-resolution approach
for the climate variability in this region for the last ~5000 years and
shows that high altitude lakes act as sentinels and amplifiers of rapid
high arctic changes, and that local, seasonally specific temperature re-
constructions with high resolution multiproxy studies are needed for
accurately characterizing climates of the past. Aucella Lake limnological
conditions were determined by a mixture of local and regional factors,
including the presence of a snow patch in the lake catchment and
regional climate evolution. Water turbidity due to the input of fine
terrigenous particles, as well as the duration and thickness of lake ice
cover, play important roles in determining these limnological condi-
tions. Our paleolimnological reconstruction reflected changes in sum-
mer climate. It highlighted the relatively warmer conditions of the mid-
Holocene, and abrupt temperature decreases at the onset of the Late
Holocene which coincided with the beginning of glacial advances else-
where, and occurred when winter and summer insolation temperatures
had a minimum difference in values. The temperature recovery started
at ca. 2.8 cal. ka BP and peaked during the Medieval Climate Anomaly.
However, this progressive temperature raise was punctuated by abrupt
and short-lived cold periods such as that which marked the onset of the
Roman Warm Period at ca. 2 cal. ka BP. The beginning of the Little Ice
Age was characterized by marked decreases in air temperatures,
reaching minimum values at the end of this period. The last 50 years of
the Aucella Lake record were marked by abrupt temperature rises, the
highest peaks of the last 5000 years and are reflective of current
anthropogenic global warming.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.167713.
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3.2.2 OTHER DATA

The results and conclusions of the study of ZAC1906 Lake are presented here. These
results come from the Bachelor thesis of Ada Rodriguez Martinez (2022, Universitat de
Barcelona) and, since they have not been published, a summary of this study is reproduced

here to complement the conclusions of this PhD thesis.

The ZAC1906 Lake (~250 m a.s.l.; 74° 28' 54.54" N, 21° 29' 14.70" W), is a ~67 ha lake
(~1250 m long; ~ 600 m wide, ~14 m deep) located at the western end of the Store Sgdal
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Figure 1. (A) General location of the study area within Greenland.
(B) Zoom on the location of the ZAC1906 Lake within the area. (C)
Zoom on the location of ZAC1906 Lake on the satellite image. (D)
Image of the ZAC1906 Lake with the location of the ZAC1906

coring site.

valley, within the Wollaston
Foreland peninsula in the
SE corner of Northeast
Greenland National Park
(Figure 1). The lake is a
glacial depression  with
infows mainly from the
steep southern slopes and
from a small NE lake a few
metres above. A SE outlet
drains the lake, which flows
into another neighbouring
lake. The geology of
ZAC1906 Lake is based on
Precambrian gneisses with
a mineralogy consisting
mainly of chlorite, illite,
quartz, riebeckite,
plagioclase @ and  pyrite
(Henriksen et al., 2009).

AGE-DEPTH MODEL
Seven radiocarbon dates
were obtained from

ZAC1906 Lake sediments
from the bulk organic matter
present in the selected
samples (Table 1) . No
inversion ages were
obtained. The first age-depth
model suggested that the
top of the core had an
apparent age of ~ 500 cal

yrs BP. However, the water-sediment interface was clear and sharp, with no evidence of
sediment loss or mixing, therefore, so a deltaR value equal to the core surface age was
applied to the rest of the radiocarbon ages as a reservoir effect of 500 cal yrs BP. The final
age-depth model (Figure 1) was thus constructed from a final dataset of seven reservoir-
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corrected 14C ages running classical modelling techniques with the clam2.4 R package
"clam" (Blaauw, 2010). This age-depth model showed that the ZAC1906 core represents
~11 cal. ka BP of sediment deposition, with limited variation in its sedimentation rates.
There are no visible signs of hiatuses or re-deposition, although there appear to be two
well-differentiated periods associated with low sedimentation rates from bottom of the core
to ~8.0 cal ka BP and from ~4.0 to ~ 2.0 cal.ka BP.

Table 1. "C dates of samples from the sediment core ZAC1906.

(chnini)d(?cin:h Dated 1C age Reserole
Sample ID P Lab Number g +  corrected
for Age Material B13C (%o) (BP) 1C yr BP
model) ¥
UCIAMS-261759 2.25 Bulk organic matter ZAC-06-02 (2-2.5 cm sediment) =212 650 15 150
UCIAMS-261760 12.25 Bulk organic matter ~ ZAC-06-02 (12-12.5 cm sediment) -28.1 1315 15 815
UCIAMS-261761 22,25 Bulk organic matter ~ ZAC-06-02 (22-22.5 cm sediment) -26.8 2505 15 2005
UCIAMS-261762 3225 Bulk organic matter ~ ZAC-06-02 (32-32.5 em sediment) -27.8 4495 20 3995
UCIAMS-261758 42.25 Bulk organic matter ~ ZAC-06-02 (42-42.5 cm sediment) -26 5685 20 5185
UCIAMS-261763 52.25 Bulk organic matter ~ ZAC-06-02 (52-52.5 cm sediment) -24.7 6445 20 5945
UCIAMS-234344 74.0 Bulk organic matter ZAC19-06-01 (70 cm sediment) - 9690 25 9190
2 [ Lake stratigraphy and main sediment
characteristics
g From the bottom to the top, the core was
divided into four main distinct lithological units
g (A, B, C, D) (Figure. 3).
£3
8 UNIT A (77.5-71.5 CM DEPTH) - ~11.0- 10 CAL. KA BP
- The sediments consisted mainly of compacted
light grey clay. Biological remains are scarce
and amorphous organic matter constitutes the
s main component of this unit. Geochemically,
12000 10000 8000 E;n;ng 000 2000 0 most of the chemical element values show an
upward decrease in their intensities. From a
Figure 2. Age-depth model for ZAC1906. mineralogical point of view, these sediments are

characterized by a fairly homogeneous
composition, highlighting the clay-rich nature of these sediments, with a dominance of clay
minerals as chlorite compared to riebeckite, and with high values of pyrite.

UNIT B (71.5-39 CM DEPTH) - 10.0-5.8 CAL. KA BP

This unit consists of millimetre to decimetre thick layers ofbrown silt. The thickness of the
layers decreases upwards and ranges from 1.5 cm to less than 5 mm. There is a general
decreasing upward trend in all chemical element values except Cl, which remains broadly
constant. There are abrupt peaks in Al, Si, K, Ca, Ti and Zr between ~ 65-62 cm core depth.
Amorphous organic matter content is high, with few visible plant remains. Mineralogically,
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Unit B is characterized by the presence of high values of quartz and riebeckite. The coarsest
grain size of the core was recorded in the 52.5- 53 cm interval.

UNIT C (39-5 CM DEPTH) - ~5.8-0.8 CAL. KA BP

This unit begins with a homogeneous grey clay section ~2.5 cm thick, while between ~36
and ~28 cm of core depth there are indistinct millimetre thickbrown laminations which
become more prominent and thicker towards the top of this unit. From a geochemical point
of view, the beginning of this unit shows a peak in all chemical elements except Cl and Mn,
with a posterior upward increase is observed in all elements. At the end of this unit there is
also a drastic decrease in Al, Si, K, and Ti. Plagioclase, quartz, and riebeckite displayed an
overall decreasing trend, while illite and chlorite showed an increasing pattern.

UNIT D (5-0 CM DEPTH) - AGE ~0.8 CAL. KA BP- PRESENT

This zone is characterized by laminated silt with alternating very dark brown, organic-rich
millimeter-thick (0.5-0.8 cm) bands and centimeter-thick (1-2.5 cm) brown bands. An
orange hue is visible in the top ~2 cm. Chemical elements such as Si, Mn, and Fe peak in
this zone, while Rb, Sr, and Zr decrease abruptly. The mineral content is very low, with
chlorite, quartz and plagioclase decreasing in abundance and illite and riebeckite increasing.
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Figure 3. Data from ZAC1906 sediment core. From left to right: depth axis scale; ZAC1906 core
image; units delimited through visual identification; XRF elements; clusters formed from XRF and
XRD data.

RDA/PCA INTERPRETATIONS

The first RDA axis (Figure 4A), accounting for 63% of the total data variance, revealed a
strong association between chlorite and elements such as Ca, Si, K, Ti, and Al on the
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positive side of this axis. Conversely, riebeckite and Zr were present on the negative end of
this axis.

The second RDA axis, representing 30% of the total variance, showed illite and Mn, and
Fe at the positive end of this axis while quartz, plagioclase, pyrite, Cl, Sr and Rb were
present at the negative end.

The PCA (Figure 4B) was performed on the chemical element data in order to summarize
the main forcings triggering the development of the lake and to interpret its changes over
time. The first PCA component (Ax1) explains almost 57% of the total variance and it is
related to Al, Sr, Si, Zr, K, Ca, and Ti in the positive values while Cl is found at the negative
end. The second PCA component explains 14.2% of the total variance and it is defined by
Mn and Fe at the positive end, while Zr and Rb define the negative end of this axis.
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Figure 4. Graphs (left) XRD and XRF data RDA (right) XRF data PCA.

INTERPRETATION:

Sediment geochemistry is closely linked to catchment system dynamics as confirmed by
the RDA between the mineral species (XRD) and the XRF data. Two independent but
complementary processes have been attributed to the RDA, with one being represented on
the abscissa axis and the other on the ordinate one. On the abscissa axis (Ax 1), the first
component is defined by a contribution of riebeckite (primary mineral of the catchment
rocks), which shows an opposite behavior with respect to chlorite, corresponding to a
secondary mineral generated by the chemical alteration of ambipholes and piroxenes
through the chloritization process (Schott et al., 1981). Examining their respective densities,
chlorite has a density range of 2.6-2.8 g/cm3, while riebeckite has a higher density of 3.3 g/
cm3. This suggests that more energy is required in the system to mobilise riebeckite from
the altered rocks present in the catchment and to incorporate this mineral into the lake
sediments. In our context, this corresponds to periods of high precipitation values, either
snow or rain. Conversely, chlorite, which has a lower density, can be mpre easily mobilized
from the catchment to the lake, for exampleduring periods where wind is the dominant
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mobilizing agent. Consequently, we can infer that periods with abundant riebeckite indicate
a higher energy state in the system compared to periods dominated by chlorite.

The ordinate axis (Ax2) illustrates the association between plagioclase and illite. The
distinction between plagioclase as a primary mineral of the catchment rocks and illite as a
secondary mineral derived from the chemical alteration of plagioclases suggests that the
plausible process associated with Ax2 involves the transformation of the former into the
latter. This transformation is controlled by temperature, inducing seritization in plagioclase
and resulting in the production of illite. Seritization, a hydrolysis process, requires the
presence of liquid water. Consequently, temperatures above 0°C are essential. Put simply,
the positive detection of illite formation in the system indicates that the temperature was
above freezing when this alteration occurred.

Therefore, Ax1 can be interpreted in terms of run-off changes, while Ax2 can be linked to
air temperature variations.

In terms of PCA, the first component is influenced by chemical elements associated with

the influx of detrital material into the basin (Si, Ca, Al), which then remains relatively
immobile afterward. Therefore, the first component can be correlated with increased
rainfall and runoff. Conversely, the second component is driven by Mn and Fe, chemical
elements sensitive to oxidation/reduction processes. In general, lake water temperature
and stratification strongly influence the redox conditions at the lake water-sediment interface
(Naeher et al., 2013; Vyse et al., 2020). At low temperatures, where the ice cover persists
for long periods, reducing environments are generated due to oxygen depletion by organic
matter during mineralization. This leads to significant iron precipitation. In contrast, during
short-lived ice cover periods, the constant movement of the lake,, driven by wind and
shallowness, maintains a fully oxygenated water column, resulting in oxidizing conditions
at the water-sediment interface. Consequently, manganese precipitation is favored over
iron during these periods.

As such, and following the interpretation of the RDA axes, variations along this first PCA
axis reflects changes in runoff, while the second PCA axis air represents temperature
fluctuations (Figure 3).

LOCAL HOLOCENE CLIMATE HISTORY

During the first 600 years (~11.0 - 10.4 cal. ka BP), the record shows high discharge
(represented by the first axis of the PCA) and cold temperatures (represented by the
second axis of the PCA) (Figure 5). An increase in these two parameters occurs during a
short period (~10.4 - 10.2 cal. ka BP) and gradually decreases during the remainder of Unit
A (~10.0 cal. ka BP). The period following Unit B (~10.0 - 5.5 cal. ka BP) exhibits significant
variability, with abrupt fluctuations in runoff and less pronounced temperature variations.
Two significant changes occurred during this period, marked by geochemical and
mineralogical differences in the clusters (Figure 5). The first change occurred between ~9.
and 8.7 cal ka BP, and the second between ~ 7.2 and 6.8 cal ka BP. The first is characterized
by an increase in both axes, indicating a wet and warm phase, and the second is the
opposite, suggesting drier and colder conditions. From this point (~ 6.8 cal ka BP) until the
end of the unit at ~ 5.5 cal ka BP, the system moves towards increasingly humid and
warmer conditions, although with considerable variability. The system enters Unit C with
high values of both climate parameters, indicating wetter and warmer conditions. During

163



RESULTS AND DISCUSSION

this unit, while the values of temperature increase and are maintained with low variability,
the runoff experienced some changes, with a decrease and maintenance of low values with
low variability, indicating dry conditions for the period comprised between ~ 5 and 3 cal ka
BP. The last three millennia are characterized by an abrupt change in climate conditions
towards wetter and warmer conditions. They are maintained until ~ 1.8 cal ka BP when an
abrupt change indicates a decrease in precipitation and temperature. Until the end of Unit
C, ZAC1906 shows predominantly dry conditions with warmer but variable temperatures.
In contrast, during the Dark Ages Cold Period (DACP) and the onset of the Medieval
Climate Anomaly (MCA), this area generally experienced wetter and warmer conditions
than during the last part of RWP (Figure 5). During the MCA, climate conditions culminated
in dry and cold conditions that marked the beginning of the Little Ice Age (LIA). During the
last few hundreds years (up to Unit D), runoff and temperature showed a general upward
trend, with significant temperature variability. At the end of the LIA, there was an abrupt
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Figure 5. Results from the interpretation of the PCA from ZAC1906 dataset. From left to right: depth
axis; ZAC1906 core image; units delimited through visual identification; change limits from the XRF
data clusters; change limits from XRD data clusters; smothered XRF PC1 axis curve and its
interpretation; smothered XRF PC2 axis curve and its interpretation; age axis. Source: own elaboration.

drop both in temperature and precipitation. he largest and most significant increase in
temperature occurred in the last 50 years of the record. From ~1950 CE, extreme values of
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both runoff and temperature are shown, with the highest values in the record accompanied
by one of the lowest values of precipitation (Figure 5).

In order to better understand the climate variability within our study area, we have compared
the results of the climate history of ZAC1906 Lake with that of Aucella Lake, which is part
of this PhD thesis (Paper 1V); this lake is located at a distance of ~32 km along a straight
line, with an elevation difference of ~700 m between the two lakes. . The two sedimentary
records have two fundamental and related differences, the first being the reservoir effect
that each one has, with that of Aucella Lake (~1200 years) being more than double that of
e ZAC1906 Lake (~500 years). The second is the average sedimentation rate, which is
more than twice as high in ZAC1906 (~139 years/cm) as in Aucella (~60 years/cm). The
83.6 cm of the Aucella Lake climate record is found within the last 35 cm of the ZAC1906
Lake record (Figure 5). These differences are due to the contrast that exists in the local
environmental factors that influence each of the ecosystems. Among them, the most likely
important one is related to the altitude, which directly affects the availability of liquid water
and the sensitivity of lake temperature to climate variations.

The working hypothesis is that because the two sedimentary records are so close together,
they should record the same climate variations and trends, albeit with different intensities
due to their own particular geomorphological and limnological characteristics. Indeed, the
comparison of the two records suggests that they detect the same climate history, but with
a different time scale. Contrary to expectation, the first abrupt change recorded in the
curves of both records, and indicated by the grey arrow (Figure 5), is observed at ~ 3,800
cal years BP in the Aucella record, while it is present at ~3200 cal years BP in the ZAC1906
record, although the latter is at aa lower altitude the latter with respect to the former. A
possible explanation for this 600 year discrepancy, completely outside the uncertainties of

Table 2. 14C dates of samples from the sediment core AUCO02 (grey columns) with the corrected new
ages after applying non-linear reservoir effect (black columns) along the core for the construction of
the new age-depth model. To see the complete information about the original dates refer to the table
on Paper IV.

Non-linear Corrected

Midpaint Dated UC age Reservoir reservoir HC age

Sample 1D (for age model, ey = : b corrected “C yr (BP) +
Material (BP) corrected "C yr BP
cm) ' BP

Maoss 1265 20 1265 20
1 1 Moss 2425 15 1160 2425 15
\LUIC 1802-29-3] 30.0 Moss 1255 9o 1835 3100 15
AUC 1802-56-57 5,5 Moss 1390 3129 2625 3890 15
| 70,3 Moss 0 1555 3055 4320 20
Moss 5430 0 3665 4930 20

either age-depth model,, is that the Aucella Lake record may have a higher reservoir effect
than originally calculated, and/or that this effect is not constant throughout the core, as
assumed in the initial analysis of this record. Consequently, a revision of the existing age-
depth model is recommended.

The main key point for this age revision is the major moisture change that took place at
~3,000 cal. years BP. This moisture change has been extensively described for Greenland
(Seondergaard et al., 2019). Taking this into account, the age revision has consisted of
adding a progressive offset to the original radiocarbon dates, from ~100 years for the
uppermost radiocarbon date to ~500 years for the lowest ones (see Table 2). Therefore, the
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oldest radiocarbon dates would be affected by a reservoir effect of ~ 1,700 years. Such
large reservoir effects are common in high latitude lakes and are mostly related to the input
of old carbon, primarily from subsurface thawing of permafrost and melting of adjacent
glaciers, and large water residence times (Hendy and Hall, 2006; Vyse et al., 2020).

In addition to the review of the Aucella Lake age model after comparison with the ZAC1906
record, a review of its interpretation, in particular the discussion of the PC1 curve (Paper
IV), is also recommended.

In a general overview, comparing the climatic history shown by the sediment core from
Lake ZAC1906 with that from Aucella Lake (Figure 6), they show significantly similar
climatic variability over most of the record, both in major trends and in decadal fluctuations.
Only between ~1.2 and 0.2 cal ka BP do the curves differ in that in Aucella Lake shows a
more continuous decrease in temperature with little variability, whereas ZAC1906 shows
much more variability and an abrupt decrease in discharge. This could be due to landscape
factors interacting and interfering with the climate signal. In order to improve our perspective,
it would be useful to be able to compare these records with others from lakes in the same
area and thus be able to distinguish the climatic signals from the landscape noise of each
lake.
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Figure 6. Comparison of the results of Lake ZAC1906 and Aucella Lake. Images of the cores studied
marked with the unit differentiated in each one, along with the curves of the PCA's axes with XRF data

obtained in each study.
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RESULTS AND DISCUSSION

3.3 LINKING CLIMATE VARIABILITY AND GLACIAL OSCILLATIONS

Once all the results of this PhD thesis were available, the integration of findings related to
glacial oscillations and climate variability at both local and regional levels was undertaken.
This section aims to provide a concise summary of the main insights derived from the
analysis of both sources (Figure 7):

- To compare the glacial evolution inferred from CRE samples surpassing ~11 ka
(particularly those derived from the Zackenberg Valley), we rely on other continuous proxy
records (e.g. ice core data) as lake sediments only encompass the Holocene.

- The number of moraine and erratic boulder samples from the valley bottom at the
entrance of the fjord (Zackenberg Valley) increases through the B-A to a maximum at the
very end of the YD cold period. This fact reflects different glacier stabilization phases at the
end of T-1 but a general ice thinning between ~13.7 and 11.2 ka.

- After the formation of moraine systems in response to the cold YD period, glaciers
retreated in response to a warming and drier climate, as revealed by PC1 axis of ZAC1906
Lake record. With the long and progressive decrease in precipitation after ~10.5 cal. ka BP
indicated by the same lacustrine record, glaciers retreated upvalleys. From the onset of the
Holocene and until the HTM, glaciers retreated in response to prevailing warm climate as
revealed by widespread polished surfaces and erratic boulders dated between 10.5 to 8
cal. ka BP in the lowest valley bottoms of several valleys (Olsen, Dolomit and Tyroler).

- The destabilization of the glacier masses is shown by the accumulation of different types

of samples (mainly from polished surfaces, but also from moraine boulders) from 10.5 to 8
cal. ka BP. During this period, the influence of the local climate on glacial fluctuations is
evident. The retreat is accompanied by a continuous decrease in precipitation although
with abrupt changes and large variability with mild warm temperatures. The greater activity
of glacial oscillations in the area (largest number of samples of different types accumulated
in the entire dataset) can be related to these changes in precipitation. Furthermore, if we
take into account the interpretation of each of the axes of ZAC1906, could lead to infer that
changes in precipitation may exert a more pronounced influence on glacial oscillations
compared to variations in temperature. During this period, when the main trend was
destabilization and retreat of large ice masses, small advances were recorded in some of
the valleys (Dolomit, Olsen and Tyroler) during short cooling periods, such as the 9.2 ka
and 8.2 ka events. These events are well correlated with temperature decreases in the
Greenland ice cores and coincide with a period of increased precipitation recorded in Lake
ZAC1906.

- During the middle Holocene (8.2- 4.2 ka), no robust information on glacial oscillations
was found in any of the four valleys. This would lead to the interpretation that the
documentation of glacial oscillations ceased because the ice fronts were behind the present
limits or in a stillstand state. Throughout this period, the ZAC1906 records show a high
variability in precipitation and a general trend of slightly increasing temperatures. Only two
CRE samples dated at ~7 ka (moraine boulder) and ~6 ka (polished surface) were found in
Tyroler and Dolomit valleys, but more samples are needed for that period. These glacial
movements could be related to the progressive trend in precipitation that marks ZAC1906
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Figure 7. Summary figure with all the data obtained in this PhD thesis. Probability distribution functions
of the 10Be CRE ages from each one of the valleys studied vs. temperature evolution since the last
glacial cycle in the interior of Greenland based on the 5180 record of the NGRIP ice core
(GICCO5modelext), 5-point running mean (Rasmussen et al. 2014) and the interpreted temperature
and precipitation curves obtained from the sediment cores studied.
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HESU I.TS AND DISCUSSIUN LINKING CLIMATE VARIABILITY AND GLACIAL OSCILLATIONS
I ——————V—————

record from the lowest point of the record at ~7.2 ka to ~5.2 ka where the peak of the
increase is shown.

- After ~5.2 cal. ka BP, ZAC1906 Lake record suggest an abrupt shift to lower precipitation
until ~3 ka cal BP, when another abrupt change to wetter and warmer conditions occurred,
which is also recorded at this time in the Aucella Lake record. This shift after ~3 ka cal BP
that brought continued high precipitation and a slight decrease in temperature, may have
led to new glacial advances with the appearance of moraine samples in the middle and
inner fjord valleys (Tyroler Olsen and Dolomit valleys). The probability distribution of these
glacial advances is centered between ~2.5 and 0.3 ka.

- A glacial advance is recorded to have occurred before the MWP as revealed by external
moraine ridges of the Coperland Glacier in Tyoler Valley. However, no clear signal is
detected in lake records for that time that could have explained the main factor driving this
glacier advance.

- The LIA is characterized by glacial advances between 1300-1850 CE, favored by high
precipitation and low temperatures observed in the lake records. Conditions changed
abruptly at the end of the LIA, when precipitation decreases and temperature begins to rise
(marked by ZAC1906 Lake and Lake Aucella Lake), and the glacial oscillations recorded
by CRE dating end. Since then, glacial fronts remained relatively close to the LIA positions.

- No clear correlation is detected between ZAC1906 PC2 axis and the glacial oscillations
dated during the ~11 cal ka BP record. The reason may be associated with the different
time response between the two systems (glaciers vs lakes). These two systems can
respond reflecting changes in both temperature and precipitation, but it is well known that
the Arctic freshwater systems reflect shifting climate rapidly, providing early warning signals
of change (Saros et al. 2023). This could also explain that during the last 50 years record,
this temperature curve (ZAC1906 PC2 axis) breaks out of its 'natural' variability and shows
a very abrupt rise in temperatures. This increase is also recorded (although with less
severity) at the Aucella Lake record but not on the ZAC1906 Lake PC1 axis that would
mark the precipitation. Temperature would therefore be taking the system out of its natural
variability at this point.
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2. New quantitative, high-resolution and multi-proxy data on past climate variability,
especially temperature and precipitation regimes, have been obtained from lake sediment
records. These high-resolution records have greatly improved the temporal resolution of
existing climate reconstructions and filled knowledge gaps and to disentangle the natural
and other environmental signals preserved in lake records.

The final results obtained during the PhD thesis development have fulfilled the initial
objectives to address a series of research questions (RQ) that have been answered through
the publication of four scientific articles led by the PhD candidate with the collaboration of
national and international co-authors.

New findings focusing on glacial oscillations in the Zackenberg region are reported in
Papers |, II, and Ill. They include a spatio-temporal reconstruction of patterns of glacial
advance and retreat since T-1 and throughout the Holocene (RQ1) that have been identified
in various valleys in the area, including the valley floor at the entrance to the fjord, further
away from the ice fronts (Paper I), and those closer to the present glacier fronts (Papers Il
and 1ll). These research articles include an accurate geomorphological mapping of the
region with a focus on the glacial and periglacial landforms followed by their dating them
using CRE dating. These papers also discuss the applicability of CRE dating in areas
where postglacial environmental dynamics are highly active (RQ2), examining the limitations
of this methodology (Papers | and lll). The results on glacial dynamics have been also
related to past local climate variability, as inferred from lake sediment records showing
continuous climate change during the Mid-Late Holocene (RQ3, Paper V). Finally, all these
results have been compared and discussed in relation to results from other regions in NE
Greenland and around the Greenland Ice Sheet (RQ4).

To summarize, we highlight the following results of this PhD thesis:

- The few samples, taken from the highest summit plateaus, yielded the oldest exposure
ages showing evidence that during a pre-LGM glaciation the valleys and fjords were filled
with ice, with only a few nunataks protruding above the ice field.

- The major deglaciation occurred during T-1 (~19-11 ka), when the fjords formed,
and the highest slopes became ice-free.

- At ~13-14 ka, a period of major glacier shrinkage was recorded, followed by accelerated
glacier retreat at ~10-11 ka, when the glacier valleys were separated from the main ice
tongues. Deglaciation of the fjord entrance valleys and terminal valleys took place during
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the Early Holocene at ~10-8.5 ka. In general, it could be stated that, glacier retreats (marked
by polished surfaces dated) are associated with mild and drier periods.

- This long-term deglaciation trend was not continuous, and it included intermittent glacial
advances. during the Preboreal Oscillation (PBO) (~11.5-11.4 ka) and the ~9.2 ka event
(~9.5-9.2 ka interval).

- As in most areas of NE Greenland, glacial records from the mid-Holocene to the onset of

the Late Holocene are lacking in the study areas, as glacial fronts were probably located
behind their present positions and the lack of geomorphologic evidence suggests that
glaciers were smaller during most of the Holocene than they are today.

- Glaciers have been rather stable during the last ~10 ka, with tundra expansion and
permafrost aggradation.

- While this thesis has shown that CRE dating is a very useful method for reconstructing
glacial history in NE Greenland, special care must be taken when interpreting CRE ages
and landscape evolution, as very active postglacial processes can influence them. It may
not reveal the true age of deglaciation (i.e. polished surfaces) or landform stabilization (i.e.
moraines and erratic boulders). The paleolimnological reconstructions presented in this
thesis cover the last ~11 ka, allowing us to establish the climatic framework for the Late
Holocene glacial oscillations. The results highlight the relatively warmer conditions of the
mid-Holocene and the abrupt decrease in precipitation during the Neoglacial.

- Our records on the Tyroler Valley showed a glacial advance during the Dark Ages Cold
Period, coinciding with trends of low temperatures and high precipitation as shown by our
lake’s records.

-The LIA (~0.6 and ~0.3 cal. ka BP) is the last phase in which larger glacier systems
occurred and advanced in synchrony with global climate anomalies driven by solar minima.
Paleolimnological reconstructions show that the beginning of the LIA was characterized by
a marked decrease in air temperature, followed by a decrease in precipitation, which
reached a minimum at the end of the period.

- Since this last major advance, the glacier fronts have experienced minor oscillations, as
shown by historical images, but have remained relatively close to the LIA moraines. The
last 50 years of the Aucella Lake and ZAC1906 Lake records are characterized by abrupt
temperature increases, the highest peaks in the last ~11 cal. ka BP, reflecting the current
anthropogenic global warming.

- In general, during several periods of the record, precipitation has been observed to play
a more critical role in glacial activity than temperature. However, in the most recent part of
the record, it is observed that temperature is leaving the natural climate variability of the
system.

These results have filled a gap in the understanding of climate variability and glacial
response in NE Greenland from the last glacial cycle to the present. However, they have
also raised new questions and uncertainties that need to be investigated in the future, such
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as the impact of LGM glacial advance on coastal regions or the improvement of spatio-
temporal patterns of Holocene glacial fluctuations.

- More samples for CRE dating will be beneficial to improve the precision of our results and

provide new data on the evolution of the landscape of this area. They will help to clarify
whether the chronology of Neoglacial peaks and retreats over the Mid-Late Holocene
represents a local response to prevailing climatic conditions or is part of a more general
pattern that occurred across the High Arctic region.

- The refinement of the chronological framework in the study area should combine multiple

nuclides (e.g. %Al in-situ '“C) to explore complex exposure histories and shed light on
processes such as exhumation and prior exposures. exposure. In addition, combination
with other dating methods (e.g. OSL) has proven to be very useful and should be further
explored in the future.

- Despite the empirical reconstruction of the glacial chronology combining geomorphological

and geochronological evidence and the reconstruction of the climate variability in the region
presented in this thesis, a calibrating numerical ice model over the entire timescale is
lacking. Modelling against the empirical data will serve, among other things, to better
quantify retreat rates or surface extent changes.

- Although it has not been included in this PhD thesis, further palaeolimnological records
have been obtained from other lakes around the area as this thesis is part of a large
project. These records are still being analyzed and their results will add to the knowledge
already gained.
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