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Abstract

Although the spatiotemporal oscillations of the Greenland Ice Sheet (GrIS) 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 Kilgft 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 1°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 (GrlS) have
played a prominent role in global environmental changes since the last
glacial cycle. At present, the GrlIS 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 GrIS 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; Kjar 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).

(LIA, 0.6, and 0.3 ka). The larger piedmont glacier (Copeland Glacier) occupied the val-
ley floor during these major advances, damming the river and allowing the formation
of a proglacial glacial lake upvalley, as confirmed by the OSL date of lacustrine sedi-
ments that yielded an age of 0.53 + 0.06 ka. In short, our study provides new evi-
dence of the relative stability of GrlS and the regional ice caps in the area, in which

glacial fronts have been rather stable since their advances during the Neoglacial and

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 (Kjar 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. 10.5ka (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:

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

2 | REGIONAL SETTING

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).

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

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

85U017 SUOWIWIOD BAITeR1D 3ealdde au Aq peusenab ae Ss[p i VO ‘8SN Jo Se|Nnl 10} Akeiq1 78Ul UQ AS|IA UO (SUORIPUCD-PUB-SWBI/W00" A3 1M ARe.d Ul |UO//SANY) SUONIPUOD pue sWie | 8L 88S *[202/TT//2] uo Arigiauljuo A8 |IM ‘soueld sueya0D Aq ££9t°IP1/200T OT/I0p/L0d A3 | 1M AReiq iUl |uo//SAnY WOl papeo|umod ‘6 ‘€202 ‘XSrT660T


http://wileyonlinelibrary.com

22 | WILEY

GARCIA-OTEYZA CIRIA ET AL.

Tyroler Fjord

TYR-10
TYR-08
TYR-11 % TYR-07
TR o TYR09 ]

e

TYR-06
.

FIGURE 2
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 1°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).

Polished surfaces

o —

TYR-15
10.0 0.8 ka

Location of all CRE samples and examples of the different types of glacial features sampled in this study. [Colour figure can be

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 (HCIl), hexafluorosilicic (H,SiFs) 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 yielded 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 Topographic shielding factor Thickness

ID Landform (dd) (dd) (m asl) (dimensionless) (cm)

Upper valley roche moutonnée

TYR-01 Polished 74.6415 —22.1791 280 0.9938 2
surface

TYR-02 Polished surface 74.6372 —22.1815 241 - 4

Kieft Glacier external moraine

TYR-03 Lateral moraine 74.6336 —22.2080 136 -

TYR-04 Lateral moraine ~ 74.6335 —22.2080 134 0.9807

TYR-05 Lateral moraine  74.6329 —22.2088 134 0.9807

Middle valley polished surface

TYR-06 Polished surface 74.6298 —22.2123 135 - 3.8

TYR-07 Polished 74.6254 —22.2018 153 0.9872 25
surface

Copeland Glacier

External moraine

TYR-08 Lateral moraine  74.6232 —22.1987 164 0.9873 3

TYR-09 Lateral moraine  74.6231 —22.1987 164 0.9873 3.2

Middle moraine

TYR-10 Lateral moraine  74.6234 —22.1913 172 0.9871 34

TYR-11 Lateral moraine ~ 74.6233 —22.1914 170 0.9871 35

Internal moraine

TYR-12 Lateral moraine  74.6264 —22.1815 129 0.9699 3.5

TYR-13 Lateral moraine  74.6264 —22.1813 131 0.9699 2.7

Frontal Copeland polished surface

TYR-14 Polished 74.6294 —22.14685 45 0.9754 2.0
surface

Fjord entrance_upper roche moutonée

TYR-15 Polished 74.6053 —22.1043 150 0.9890 5.0
surface

Fjord entrance moraine

TYR-16 Lateral moraine ~ 74.6059 —22.1068 120 0.9813 5

TYR-17 Lateral moraine  74.6059 —22.1070 120 0.9813 3.5

Fjord entrance_lower roche moutonée

TYR-18 Polished 74.6066 —22.1060 100 0.9779 5
surface

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 *°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

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
Luminescence

measurements to estimate the burial dose.
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FIGURE 3

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

Location and picture of the OSL sample site. [Colour figure can be viewed at wileyonlinelibrary.com]

(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

4.1 | 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 1°Be/’Be  correction [*°Be] (10* atoms g~ %) age uncertainty uncertainty
name weight (g) (°Be mg) (10714 (%) + 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 1.3 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 04 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 5.9 0.2 0.3
+0.117

Fjord entrance_upper roche moutonée

TYR-15 14,9181 0.44915 2.728 8.38 5.029 + 0.398 10.0 0.8 0.9
+0.195

Fjord entrance moraine

TYR-16 227161 0.45045 3.156 6.23 3.921 £ 0.164 8.3 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) 1%Be/%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.

310Be ages assuming a density of 2.7 g cm 2 and a zero-erosion scenario.

®In 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
(processed with samples TYR-02, TYR-04, TYR-08, TYR-09, TYR-12, TYR-13, TYR, 13, TYR-14, TYR-15, and TYR-17), and BK3 (processed with samples
TYR-07, TYR-16, and TYR-18).
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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

40K (Bq/kg™Y)
613+ 25
519 + 23

232Th (Ba/kg ™)
274+11
335+13

238U (Bq/kg—l)
12.3+05
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+£01 0.53 + 0.06
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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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FIGURE 5 Geomorphological map including the main landforms together with the CRE and OSL results. [Colour figure can be viewed at
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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 (iii) 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

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 1°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

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 GrlIS 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
from the same areas. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 (a) 580 record of the NGRIP ice core smoothed with 15 interval moving average (GICCO5modelext, 5-point running mean;

Rasmussen et al. (2006). (b) 680 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 -*Ar), 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.

[Colour figure can be viewed at wileyonlinelibrary.com]

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

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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