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A B S T R A C T

Reconstructing past ice extent and climate at the margins of the Greenland Ice Sheet (GrIS) offers important 
insights into the sensitivity of the ice sheet and its peripheral regions to climate forcing. Wandel Dal is a valley in 
northern Greenland that drains the northern margin of the GrIS as well as several ice caps. The valley was also an 
important landscape corridor for Inuit cultures beginning in the mid-Holocene. Here we examine the Holocene 
deglaciation and climate history of Wandel Dal based on analysis of sediment cores from Lake Midsommer 
(Midsommersø). We analyzed physical sediment properties, carbon and nitrogen content, grain size, diatom 
assemblages, and scanning X-ray fluorescence profiles to reconstruct physical and biological changes in the lake 
that were influenced by variations in glacier meltwater input, snowpack melt, precipitation, and lake primary 
productivity over the last c. 8.2 kyr. We find evidence that meltwater input to the lake was highest from at least c. 
8.2 to c. 6.5 cal ka BP, delivering highly minerogenic sediments characterized by dense clay with frequent coarse 
layers. At c. 6.5 cal ka BP, there was an abrupt transition to sediment that is less dense, more organic rich, and 
where diatoms first appear. We interpret these changes to represent a significant reduction of meltwater input 
due to reduced ice extent within the catchment. These conditions lasted until c. 3.9 cal ka BP when we infer a 
shift to colder and drier conditions based on diatom and grain size data, which suggest longer periods of ice cover 
and reduced runoff to the lake. These conditions persisted until c. 50 years ago when diatom diversity 
dramatically increased due to recent climate warming. Our results add new constraints to the climate and 
deglaciation history of Inutoqqat Nunaat (Peary Land) and provide context for the Paleo-Inuit settlement history 
of Wandel Dal.

1. Introduction

The Arctic has experienced rapid warming in recent decades with 
broad implications for high-latitude ecosystems and global climate (Post 
et al., 2009; Taylor et al., 2022). Recent warming in Greenland is of 
particular concern due to the impact on Greenland Ice Sheet (GrIS) melt 
rates, connections to regional ocean-atmosphere dynamics, and poten
tial threshold responses (Bintanja, 2018; Ribeiro et al., 2021; Hörhold 

et al., 2023; Mattingly et al., 2023; Otosaka et al., 2023). In addition to 
the GrIS's response to ongoing warming, peripheral glaciers and ice caps 
have also experienced accelerated melt in recent years, with ice loss 
rates from 2018 to 2021 CE of 42 ± 6 Gt/yr and with the greatest mass 
losses in northernmost Greenland (Khan et al., 2022). Reconstructing 
past ice extent and climate at the margins of the GrIS allows us to assess 
how present conditions compare to natural variations and provides 
important perspectives on the sensitivity of the GrIS and peripheral 
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glaciers to change (Briner et al., 2020; Carrivick et al., 2019, 2023).
The Holocene climate history of Greenland was influenced by 

northern latitude summer insolation, the waning of northern hemi
sphere ice sheets, as well as their impact on North Atlantic oceanic and 
atmospheric circulation (Funder et al., 2011; Briner et al., 2016; Kjær 
et al., 2022; Leger et al., 2024). Precession-driven insolation trends show 
a maximum in summer insolation in the Northern Hemisphere during 
the early Holocene that resulted in warmer and longer summers. This 
enhanced seasonality particularly affected the High Arctic. Over the 
course of the Holocene, a gradual decline in summer insolation led to 
cooler summers and a reduction in seasonality, contributing to the 
expansion of ice and the onset of Neoglaciation. The early Holocene was 
marked by the overall retreat of the GrIS following the Last Glacial 
Maximum in response to insolation, changing oceanographic conditions, 
and eustatic sea-level rise (Funder et al., 2011; Briner et al., 2016). The 
Holocene thermal maximum (HTM) around Greenland generally lagged 
the early Holocene peak in summer insolation due to the large thermal 
inertia imposed by the deteriorating ice sheets and glaciers, with many 
proxy-based records of past temperature indicating maximum warmth 
during the mid-Holocene, c. 9-5 cal ka BP (Briner et al., 2016). The GrIS 
retreated to its minimum Holocene extent sometime between c. 6.5 and 
4 cal ka BP; however, at regional scales the rate and magnitude of ice 
margin retreat was heterogeneous, due in part to the vast area and 

latitudinal range spanned by the ice sheet (Leger et al., 2024). Neo
glacial cooling driven by lower summer insolation during the late Ho
locene led to the expansion of GrIS outlet glaciers and peripheral glaciers 
after c. 4 cal ka BP, with some evidence for significant advances starting 
at c. 2.5–1.7 cal ka BP (Kjær et al., 2022).

Despite this general understanding of the Holocene glacial and 
climate history at the margins of the GrIS, there remain spatial and 
temporal data gaps. New glacial and environmental reconstructions can 
improve constraints on the evolution of the GrIS, peripheral glaciers, 
and aspects of Arctic climate history. In this study, we use sediment 
records from Lake Midsommer (Midsommersø) to investigate the Ho
locene deglaciation and climate history of Wandel Dal, a valley in Inu
toqqat Nunaat (Peary Land), northern Greenland (Fig. 1). Midsommerø 
receives meltwater from the northern margin of the GrIS, as well as from 
the Hans Tausen, Bure, and Storm ice caps. Former ice limits have been 
identified in Wandel Dal in recent reconstructions, but remain undated 
(Leger et al., 2024) and no existing continuous paleoclimate records 
document past environmental changes of this High Arctic environment.

Lakes in remote polar regions offer exceptional potential for recon
structing past climate and environmental change. Their sediments 
accumulate continuously and are often undisturbed, preserving layered 
archives of physical, chemical, and biological signals that reflect both 
local and regional climate dynamics (e.g., Bakke et al., 2018; Adamson 

Fig. 1. (A.) Location of the study area in the High Arctic of northern Greenland. (B.) Midsommersø in the center of Wandel Dal showing the catchment area (pink 
line) and mapped early Holocene ice limits from Leger et al. (2024). Note that ice limits are mapped with low and very low confidence and not based on direct dating 
in Wandel Dal. (C.) Bathymetric map for Nedre Midsommersø showing the locations of our coring sites, including Site A cores which are the primary focus of this 
study (Table 1). The location of the Independence I sites of Aasivitoqarsuaq (“Pearylandville”) is also indicated. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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et al., 2022). In areas where direct evidence of past glacial extent or 
atmospheric conditions is limited, lake sediments serve as natural re
positories of information, capturing the impacts of temperature shifts, 
hydrological changes, and fluctuations in ice margins. Advances in 
analytical techniques — such as high-resolution geochemical scanning, 
sedimentological modelling, and microfossil analysis — have greatly 
enhanced our ability to extract detailed climate records from these ar
chives. As such, lakes represent a powerful and increasingly accessible 
tool for understanding long-term environmental variability in some of 
the most sensitive and least studied parts of the planet.

Here we present sediment core data from Nedre (Lower) Mid
sommersø. We characterize the physical and biological response of the 
basin to paleoenvironmental conditions. Our interpretations are based 
on the analysis of bulk density, mass accumulation rates, carbon and 
nitrogen content, grain size, diatom assemblages, and scanning X-ray 
fluorescence (XRF) profiles. We use these data to infer changes in GrIS 
and local glacier meltwater input, surface runoff from snowmelt and 
precipitation, and duration of summertime lake ice cover over the last c. 
8.2 kyr, and to place these changes in the context of the climate history 
of northern Greenland.

2. Study area

Wandel Dal is located in the southern region of Inutoqqat Nunaat 
(Land of the Ancient People), in the High Arctic of northern Greenland 
(Fig. 1A). The region is a polar desert with low annual average precip
itation and temperatures. The nearest weather station is at Station Nord 
(81◦35′57”N, 16◦38′12”W), located 280 km to the east on the northeast 
coast of Greenland. Observations at Station Nord since 1961 CE indicate 
mean annual temperatures of − 16 ◦C and mean annual precipitation of 
258 mm, however Wandel Dal experiences colder and dryer conditions 
due to its continentality. Station Nord data also show a ~3 ◦C increase in 
mean annual temperatures since 1961 and a ~200 mm increase in mean 
annual precipitation, which reflects the sensitivity of this region to 
recent global warming.

Wandel Dal is a west-east trending U-shaped valley that connects J.P. 
Koch Fjord to the west with Jørgen Brønlund Fjord, a tributary of In
dependence Fjord, to the east. The valley separates the GrIS and Storm 
Ice Cap to the south from the Hans Tausen and Bure Ice Cap to the north 
(Fig. 1B). During the early Holocene, the GrIS merged with the local ice 
caps and occupied the valley. Former ice positions and a regional 
compilation of ages extrapolated from nearby regions have been used to 
estimate that ice retreated out of Midsommersø c. 10-9.5 cal ka BP and 
that the GrIS margin and local ice caps may have been near their present 
margins by c. 7.5-7.0 cal ka BP (Fig. 1B; Leger et al., 2024). However, 
there are no directly dated moraines in Wandel Dal, and ice positions are 
mapped with “low” and “very low confidence” (Leger et al., 2024).

Midsommersø (82◦ 15′ N, 34◦ 15′ W; 180 m a.s.l.) is positioned in the 
center of Wandel Dal and consists of two basins: Øvre (upper) Mid
sommersø and Nedre (lower) Midsommersø (Fig. 1B). The lake is above 
the local marine limit, which is mapped at 65 m a.s.l. based on data 50 
km to the east in the Jørgen Brønlund Fjord area (Bennike, 1987; 
Landvik et al., 2001). Øvre Midsommersø has a surface area of ~58 km2 

and Nedre Midsommersø has a surface area of ~26 km2 and a maximum 
water depth of 45 m. The two lakes are separated by a large fan delta 
built out from the valley draining the north and are connected by a 1-km 
long and 0.07-km wide, shallow channel (<3 m depth). The bathymetry 
of Nedre Midsommersø shows that the lake consists of four distinct 
40-45 m deep basins (Fig. 1C). The lakes have a combined catchment 
area of 5400 km2 and receive meltwater from sectors of the Greenland 
Ice Sheet, and the Hans Tausen, Bure, and Storm Ice Caps (Fig. 1). The 
valley walls around the lake reach elevations of ~700-800 m immedi
ately north and south of the lakes.

Bedrock around Midsommersø is primarily Mesoproterozoic to 
Cambrian sedimentary rocks (Pedersen et al., 2013). The Inuiteq Sø, 
Portfjeld and Buen Formations underlie the southern and western 

portions of the catchment. The Mesoproterozoic Inuiteq Sø Formation is 
a feldspathic to quartzitic, medium to coarse-grained sandstone. 
Dolerite intrusions are found throughout this formation, including areas 
around the margins of Midsømmersø. The Portfjeld Formation is Neo
proterozoic dolomite and stromatolitic dolomite with some sandstone 
intervals. The Cambrian Buen Formation consists of sequences of 
quartzitic sandstone that grade into shale, interbedded with greywacke. 
The northern portion of the catchment also drains areas underlain by 
Cambrian and Ordovician dolomites of the Brønlund Fjord Formation, 
the Wandel Valley Formation, and the Børglum River Formation.

Wandel Dal has been an important corridor for human migration and 
occupation since c. 4.5 cal ka BP (Knuth, 1967a, 1967b; Grønnow and 
Jensen, 2003; Jensen et al., 2017; Jensen and Gotfredsen, 2022). 
Numerous archaeological sites have been identified in Wandel Dal and 
along the shores of Midsommerø associated with the Independence I (c. 
4.5-3.9 cal ka BP), Greenlandic Dorset (c. 2.8-2.4 cal ka BP), and Thule 
(c. 1400 CE) cultures (Grønnow and Jensen, 2003). These sites include 
Aasivitoqarsuaq (The Gathering Place) formerly called “Pearylandville” 
(Knuth, 1967a, 1967b) (Fig. 1C). Aasivitoqarsuaq is the largest known 
summer settlement, and perhaps even a gathering site, of the Indepen
dence I people located along the southern shore of Nedre Midsommersø.

3. Methods

3.1. Sediment core collection and analysis

Sediment cores were recovered from a floating platform at four sites 
(A, B, C, D) within the main basins of Nedre Midsommersø in August 
2022 (Fig. 1C). Two cores were collected at each site – a short gravity 
core (NMD) to recover an intact sediment-water interface and a longer 
piston core (NMP) (Table 1). Scanning XRF profiles and visual strati
graphic changes were used to align NMD and NMP cores to create 
composite stratigraphies for each site, which range in length from 504.9 
to 577.2 cm. We focused on developing an age-depth model and sedi
mentological reconstruction based on analysis of the sediment cores 
from site A (NMD-22-01, NMP-22-02), which is closest to the main In
dependence I archaeological site at Aasivitoqarsuaq (Fig. 1C). However, 
visual lithostratigraphy, bulk density data (calculated as the mass of 1 
cm3 samples after freeze drying), and select scanning XRF profiles from 
all four composite records were used to assess basin-wide sediment 
characteristics.

3.2. Age-depth modeling

An age-depth model for the composite record from Site A was 
established based on radiocarbon measurements and analysis of 
anthropogenic cesium (137Cs). Radiocarbon dating was performed on 
thirteen plant material samples isolated from NMD-22-01 and NMP-22- 
02 (Table 2). Plant material was isolated by washing samples in deion
ized water over a 125 μm sieve and isolating plant fragments using a 
binocular microscope. The plant material recovered was too small for 
identification. Samples were analyzed at the University of California, 
Irvine Keck Carbon Cycle AMS Laboratory. Radiocarbon dates were 
calibrated using the IntCal20 calibration dataset (Reimer et al., 2020).

The activity of 137Cs in the upper 3 cm of the gravity core (NMD-22- 
01) was measured to confirm the recovery of an intact sediment-water 
interface. Radioactive cesium is present in lake sediment from atmo
spheric nuclear weapons testing fallout that became significant in 1952 
CE and peaked from 1963 to 1964 CE (Ritchie and McHenry, 1990; Beck 
and Bennett, 2002). 137Cs activity was measured by ultra-low back
ground gamma spectrometry in the Department of Geology at the Col
lege of William & Mary. Samples were taken every 0.5 cm and 
freeze-dried, ground, and packed into 2-cm diameter containers. They 
were then analyzed on a heavily shielded Canberra Broad Energy 
(BE5030) intrinsic germanium detector for 2-6 days. An age-depth 
model was generated based on all of the chronologic information 
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using the Bacon age-modelling software in R (Blaauw and Christen, 
2011). Unless otherwise indicated, all ages are reported in calibrated 
thousand year before present (cal ka BP), with present fixed at 1950 CE 
by convention.

3.3. Thin-section analysis

Sediment thin sections were made from select locations within NMP- 
22-02 to characterize sediment texture and structure. A total of 21 metal 
trays, each 19 cm in length and filled with sediment extracted from the 
cores (Francus and Asikainen, 2001), were flash frozen through gradual 
immersion in liquid nitrogen and subsequently freeze-dried (Lapointe 
et al., 2019). Following drying, the sediment within the trays was 
embedded in epoxy resin using the method described by Lamoureux 
(1994). Sixty-three overlapping thin sections were prepared, each 
exposing approximately 5 cm × 2 cm of sediment, to cover the upper 
laminated sequences of the record. These thin sections were then digi
tized using a high-resolution flatbed scanner at 2400 dpi, yielding an 
image resolution of 10.6 μm per pixel. We present a selection of results 
from this analysis to highlight characteristics of the lithostratigraphy 
observed in thin section.

3.4. Scanning X-ray fluorescence (XRF)

Sedimentary elemental abundances were characterized at high res
olution using an Itrax™ X-ray fluorescence (XRF) core scanner 
(Croudace et al., 2006). The Itrax nondestructively scans the sediment 
surface and outputs elemental compositions as peak areas from disper
sive energy spectrum, which reflect their relative concentrations. 
Elemental changes can be related to the source and composition of 
lithogenic sediments, as well as post-depositional geochemical 
reactions.

Measurements were made in EARTHLAB at the Department of Earth 
Science at the University of Bergen. Split core surfaces were scanned at 
200 or 500 μm intervals with an exposure time of 10 s. Elemental data 

are presented relative to the total counts per second. Overall count rates 
are low for most elements with the exception of silicon (Si), potassium 
(K), calcium (Ca), titanium (Ti), and iron (Fe). We attribute the overall 
low count rates to the sedimentary bedrock within the catchment. We 
focused our analysis on Si, K, Ca, Ti, and Fe, and examined trends among 
them using correlations and principal component analysis.

3.5. Bulk organic matter

Total carbon and nitrogen content of samples was measured to 
identify the amount and composition of organic matter throughout 
NMP-22-02 and NMD-22-01. Inorganic carbon was not present in sig
nificant concentrations, as determined by acid fumigation testing. 
Changes in organic carbon concentration can be attributed to the flux of 
minerogenic material entering the lake, the flux of terrestrial organic 
matter entering the lake, changes in aquatic primary productivity (e.g. 
driven by nutrient availability, lake water temperature, and/or ice cover 
conditions), and changes in the preservation of organic matter (Meyers, 
2003). The ratio of organic carbon to total nitrogen (C/N) can reflect the 
relative proportion of allochthonous versus autochthonous organic 
matter (Meyers, 2003). C/N values between 4 and 10 are typical of 
algae, while values greater than 10 suggest contributions from terrestrial 
plants (Meyers, 2003).

An Elementar vario MICRO cube elemental analyzer was used to 
measure the total carbon and total nitrogen concentration on selected 
samples. Samples were freeze-dried, ground, and approximately 8-15 
mg were weighed into tin capsules. Calibration curves were generated 
for each run using six sulfanilamide standards with a range of masses. 
Uncertainties in weight percent nitrogen and carbon values are 0.03% 
and 0.4%, respectively, based on the average standard deviation of 
triplicate analyses. C/N values were calculated as the molar ratio of total 
organic carbon to total nitrogen. Additional measurements from each 
core section were made on select samples (n = 20) from each core sec
tion that were acid fumigated (Harris et al., 2001) prior to analysis to 
test for the presence of inorganic carbon. These samples were weighed 

Table 1 
Nedre Midsommerø sediment core sites and core information (Fig. 1C).

Coring Site Latitude (◦N) Longitude (◦W) Core Name Coring Method Sediment length (cm) Composite Length (cm)

A 82.225369 33.423935 NMD-22-01 gravity 172 558.6
​ ​ ​ NMP-22-02 piston 514.5 ​
B 82.210516 33.410184 NMD-22-02 gravity 109 545
​ ​ ​ NMP-22-03 piston 539 ​
C 82.238842 33.448944 NMD-22-03 gravity 132.5 504.9
​ ​ ​ NMP-22-04 piston 500.5 ​
D 82.222612 33.270697 NMD-22-04 gravity 130 577.2
​ ​ ​ NMP-22-05 piston 554.5 ​

Table 2 
Radiocarbon sample information for Nedre Midsommersø cores NMD-22-01 and NMP-22-02.

Laboratory Composite Sample Name Material Dated Radiocarbon Age Calibrated Age Range Median Age

IDa Depth (cm) (yr BP, ±) (yr BP, 2σ) (cal yr BP)

UCIAMS-282424 33 NMD-22-01 Plant material 1785 20 1613-1722 1656
UCIAMS-282426 67 NMD-22-01 Plant material 2660 20 2744-2842 2763
UCIAMS-278327 71.4 NMP-22-02 1/4 Plant material 3340 90 3385-3828 3576
UCIAMS-282425 96 NMD-22-01 Plant material 3920 20 4256-4419 4359
UCIAMS-278328 101.4 NMP-22-02 1/4 Plant material 3645 15 3898-4075 3954
UCIAMS-278322 136.9 NMP-22-02 1/4 Plant material 7880 25 8592-8853 8667
UCIAMS-278329 166.4 NMP-22-02 1/4 Plant material 4505 20 5050-5295 5156
UCIAMS-278324 191.4 NMP-22-02 2/4 Plant material 4595 25 5141-5445 5317
UCIAMS-278323 218.4 NMP-22-02 2/4 Plant material 5025 25 5660-5895 5814
UCIAMS-278326 252.4 NMP-22-02 2/4 Plant material 5270 90 5769-6283 6064
UCIAMS-278321 276.4 NMP-22-02 2/4 Plant material 8550 35 9484-9547 9528
UCIAMS-278325 302.4 NMP-22-02 2/4 Plant material 6090 70 6786-7161 6959
UCIAMS-278330 514.9 NMP-22-02 4/4 Plant material 6880 15 7667-7777 7701

aUCIAMS - University of California Irvine Keck-CCAMS Facility.
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into silver capsules, wetted with deionized water, and placed in a 
desiccator with a beaker of concentrated hydrochloric acid. After 8 h, 
the samples were removed from the desiccator, dried at 50 ◦C, and then 
folded into tin capsules for analysis. In all instances, the difference be
tween carbon values for unacidified and acidified samples was smaller 
than the analytical uncertainty for weight percent carbon (0.4%), with a 
mean difference of 0.08%.

3.6. Diatom analysis

Diatom assemblages were identified in select samples from cores 
NMP-22-02 and NMD-22-01 to assess aquatic water column conditions 
and aquatic productivity throughout the record. Diatoms were isolated 
from wet sediment (0.3 g) following standard oxidative procedures for 
large sample numbers (modified from Renberg, 1990). Diatom slurries 
were mounted on plain glass coverslips using Naphrax mounting me
dium and identified at 1000x using light microscopy. At least 400 valves 
were identified per slide. Taxonomy followed reference literature, 
principally Antoniades et al. (2008), as well as other regional references 
(e.g. for Inutoqqat Nunaat: Foged, 1955). Additionally, chrysophyte 
cysts were enumerated but not identified. Given the limited species di
versity and overturn, compositional changes were evaluated using 
Principal Component Analysis (PCA) on diatom relative species abun
dances. PC axes 1 and 2 describe 58% and 23% of the diatom compo
sitional change respectively. Effective species diversity was calculated as 
Hill's N2.

3.7. Grain size analysis

Grain size data were collected to understand changes in the delivery 
of lithogenic sediment to the lake. Grain size analysis was performed on 
99 samples taken from throughout NMP-22-02 and NMD-22-01. Sam
ples were pretreated with 10 ml of 10% hydrogen peroxide for 48 h to 
remove organic matter, and for 24 h with 20 ml of sodium hexameta
phosphate to disaggregate particles before analysis on a Beckman 
Coulter LS13320 laser diffraction particle size analyzer with an Aqueous 
Liquid Module. Samples were sonicated prior to and during analysis to 
prevent particle flocculation and were run in triplicate. Volume per
centages of 92 size classes (0.375-2000 μm) were measured, results from 
the triplicate runs were averaged, and the percent composition of sand 
(2000-63 μm), silt (63-4 μm), and clay (<4 μm), and the mean grain size 
were determined for each sample.

End-member modeling was applied to further evaluate the grain size 
data. End-member mixing analysis (EMMA) assumes datasets represent 
a mixture of signals that reflect different proportional contributions of a 
number of subpopulations (Weltje, 1997). EMMA has been applied to 
decompose grain size distribution data to quantify subpopulations 
related to different sediment sources or transport processes within a 
sedimentary environment (e.g. Dietze et al., 2012; Paterson and Heslop, 
2015; Macumber et al., 2018). End-member modeling was performed on 
our grain size dataset using the R package EMMAgeo (version 0.9.7), 
which is an algorithm based on principal component analysis, eigen
vector rotation, and nonnegative least-square estimation (Dietze et al., 
2012; Dietze and Dietze, 2019). The number of end members was 
determined by evaluating the cumulative variance of the potential 
end-members (eigenvalues). End-members are described based on their 
loadings and scores. Loadings quantify the relative contribution of a 
grain size class to each end-member (i.e. the grain size distribution 
represented by an end-member). Scores quantify the relative contribu
tion of an end-member to each sample (i.e. the dominant grain size 
distribution within the time interval represented by the sample).

4. Results

4.1. Lithostratigraphy

The 559-cm composite record from Nedre Midsommersø Site A 
contains three primary lithostratigraphic units (Fig. 2). Unit I (559-311 
cm) consists of a finely laminated, reddish-brown clay with numerous, 
thin (<2 mm) coarser layers that are darker in color. Some of these very 
fine sand layers contain bright particles observable in thin-section 
(Fig. 3i). The lowermost 20 cm contains several lenses of coarse sand, 
including one that is 4 cm thick. A 0.5-cm-thick moss layer at 515 cm is 
also present in this unit and provided the lowermost radiocarbon sample 
(Table 2). Unit I is dense throughout, with an average dry bulk density of 
0.78 g/cm3. The transition to Unit II (311-95 cm) is marked by an abrupt 
change to sediment that is less dense (average = 0.47 g cm− 3), finer, and 
darker in color (Fig. 2). Thick successive layers (interpreted as debris 
flows) totaling ~4 cm occur at ~280 cm (Fig. 3h), but in general, thin 
(<1-4 mm) laminations are present throughout and range in color from 
light reddish-brown to dark brown and black (Fig. 3c-g). In Unit III (95- 
0 cm) there is a sharp transition to sediment that is light brown in color, 
less dense (average = 0.27 g cm− 3), and with faint laminations (Fig. 2) as 
observed in the thin section (Fig. 3a,b). Coarse grains are sparsely 
distributed throughout this unit and can be visually identified (Fig. 3b).

4.2. Age-depth model

The age-depth model for the Site A sediment record is based on 
radiocarbon ages and Cs data (Table 2; Fig. 2). Radiocarbon results from 
11 of the 13 samples exhibit a coherent pattern of increasing age with 
depth, with the lowermost sample at 515.5 cm having an age of 7.7 cal 
ka BP (Fig. 2). The samples at 136.9 cm and 276.4 cm are significantly 
older (2.6-3.5 cal ka BP) than adjacent samples. These anomalously old 
ages likely indicate reworking of old plant material, but we cannot rule 
out the potential influence of a hardwater effect due to the presence of 
dolomitic bedrock in the catchment if the samples contained some 
aquatic plant material that we were unable to identify. Cesium data 
show a value of 21.8 Bq/kg at the top of the record, with a sharp peak of 
66.7 Bq/kg at 1.75 cm, declining to 2.8 Bq/kg at 3 cm. We correlated the 
peak in 137Cs activity at 1.75 cm to the peak in atmospheric nuclear 
weapons testing fallout in 1963 CE, and the top of the record was 
assigned an age based on the year of core collection (2022 CE). All of the 
chronological data, excluding the old radiocarbon ages at 136.9 cm and 
276.4 cm, were input into the Bacon age-modelling software in R to 
generate an age-depth model (Blauuw and Christen, 2011) (Fig. 2). 
Sedimentation rates (cm yr− 1) are derived from the Bacon age model 
and are presented as 10-cm running means (Fig. 2). The certainty of 
sedimentation rates below ~300 cm is much lower due to the presence 
of only two radiocarbon ages; consequently, we only rely on the average 
across this entire interval (Unit I) for interpreting depositional 
conditions.

The age-depth model defines the age ranges of lithostratigraphic Unit 
I (8.2-6.5 cal ka BP), Unit II (6.5-3.9 cal ka BP), and Unit III (3.9 cal ka 
BP-present). The age-depth model indicates that changes in sedimen
tation rate and mass accumulation rate further define lithostratigraphic 
units (Fig. 2). Average sedimentation rate is 0.15 cm yr− 1 in Unit I and 
average mass accumulation rate is the highest of the record (0.12 g cm− 1 

yr− 1). The linear sedimentation rate starts to decline in Unit II and de
creases from ~0.15 to 0.05 cm yr− 1 across Unit II. Average mass accu
mulation rate in Unit II is 0.04 g cm− 1 yr− 1. The transition to Unit III is 
marked by a sharp decrease in linear sedimentation rate to 0.03 cm yr− 1, 
which is also the average across this unit. Average mass accumulation 
rate is in Unit III is also the lowest of the record (0.01 g cm− 1 yr− 1).

4.3. Scanning XRF analysis

XRF elemental profiles of Si, K, Ti, Ca, and Fe display variations that 
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correspond to the three main lithostratigraphic units (Fig. 4). Pearson 
correlations show the most significant relationships among Si, K, and Ti 
(R > 0.8). Ca and Fe are less strongly correlated to the other elements. 
PCA of the scanning XRF data show the first two principal components 
(PC1, PC2) represent 88% of the variability (Fig. 5). PC1 accounts for 
67% of the variance and is primarily explained by Si, K, and Ti, which 
have similar loadings of 0.52, 0.52, and 0.48, respectively (Fig. 5). Fe 
and Ca are poorly correlated (R = − 0.01), but explain most of the 
variance of PC2 with loadings of − 0.68 and 0.70, respectively (Fig. 5). 
Ca values show the most distinct changes in variability across the three 
lithostratigraphic units.

Profiles of K, Fe, and Ca reflect these primary trends in the record 
from Nedre Midsommersø (Fig. 4). Fe and Ca profiles have their highest 
values and have the greatest variability in Unit I. K exhibits a decreasing 
trend across Unit I. Across Unit II, K values continue to decline, Ca values 
show an abrupt shift toward lower average values, and Fe shows a slight 
declining trend. The transition to Unit III is marked by a shift toward 
lower values and less variability in all element profiles, however the 
transition in Ca values is the most pronounced. Profiles of PC1 closely 
follow the trends in K, and PC2 most closely follows trends in Ca.

4.4. Grain size data

The average grain size composition of the record is 9% sand, 47% 
silt, and 44% clay. Unit I has the coarsest average grain size and exhibits 
the most variable grain size (Fig. 6). The mean grain size of Unit I is 27 
μm, with a range of 2 μm to 170 μm. There is an abrupt change to finer 
sediment that marks the transition to Unit II. Across Units II and III, 
there is little change in average grain size, although the percentage of silt 
and clay shows a marked shift from average values of 59% and 37%, 
respectively, in Unit II to 44% and 47%, respectively, in Unit III.

Results of the EMMA show that a model with three end-members best 
represents our dataset and explains 95% of the variance (Fig. 7). The 
first end-member (EM1) has a mode of 0.7 μm with a distribution 
dominated by clay and very fine silt, which represent 80% of the 
composition. The second end-member (EM2) has a mode of 7.4 μm with 
66% of the distribution within the silt size range. The third end-member 
(EM3) has a mode of 92 μm with 65% of the distribution within the 

Fig. 2. Stratigraphic data for cores NMD-22-01 and NMP-22-02, including core photographs, chronologic data, sedimentation rates (10-cm running mean), bulk 
density, and mass accumulation rates. The positions of the three stratigraphic units (I, II, III) and the timing of the transitions is indicated with horizontal 
dashed lines.

Fig. 3. Images of select thin sections from core NMP-22-02 showing charac
teristic sediment texture and structures.
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coarse silt to sand size range.
The EMMA defines grain size distributions associated with each 

lithostratigraphic unit as discrete end members (Fig. 7). We assess how 
much of the variability an end-member represents within each Unit 

Fig. 4. Scanning XRF data for cores NMD-22-01 and NMP-22-02 showing profiles for Si, Ti, K, Fe, and Ca. All elements are presented relative to total counts per 
second. Principal component analysis of the entire dataset was conducted and profiles are shown of the first two principal components (PC1, PC2) (Fig. 4). Gray line 
represent individual measurements and black lines are 100-point running means.

Fig. 5. Results of the principal component analysis of the scanning XRF elemental dataset for cores NMD-22-01 and NMP-22-02, including PC1 and PC2 scores and 
eigenvectors (A.), eigenvalue percentages for each component (B.), loadings for PC1 (C.), and loadings for PC2 (D.).
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based on their average scores. In Unit I, grain size distributions are 
bimodal and represented primarily by EM1 and EM3, which represent 
45% and 32% of the variability of grain size distributions within this 
interval. The transition into Unit II is marked by an abrupt shift to grain 
size that is distinctly unimodal and is represented by EM2, which rep
resents 78% of the variability. Grain size distributions similar to EM1 
and EM3 within Unit II are minor at only 15% and 1%, respectively. Unit 
III is marked by a change to slightly finer sediment that is best repre
sented by EM2, which represents 61% of the variability. EM3's contri
bution is less than 1% to the distributions in Unit III, however EM2 does 
contribute 38%.

4.5. Organic matter

Organic matter properties show minor variations that correspond to 
unit boundaries (Fig. 8). Average percent carbon values for the entire 
record are 2.4%. Values are generally lowest in Unit I, averaging 1.4%, 
and show a slight shift to higher average values in Unit II (2.4%). Values 
increase across Unit III and reach 6% near the top of the record, at 0.05 
cal ka BP (1900 CE). C/N values average 6 across the entire record 
indicating that organic matter is dominated by algal sources. They are 
highly variable in Unit I, with a range from 1.6 to 14. C/N values are 
more stable across Units II and I with an average of 5.8 and only slight 
changes across the unit boundary.

4.6. Diatoms

Diatoms are absent from the sediments until 6.5 cal ka BP, where
upon pioneering taxa become established (Fig. 8). These consist of small, 
benthic Fragilariaceae (e.g. Staurosirella spp., Pseudostaurosira spp., 
Staurosira spp.) as well as large, deep-dwelling Campylodiscus sp. which 
are common to postglacial sequences at lower latitudes as well as large, 
deep, ice-covered lakes in the High Arctic (e.g. Sawtooth Lake, Perren 
et al., 2003; Lower Murray Lake, Besonen et al., 2008). Their persistence 
over the last 6500 years suggests a low-light, ice-dominated lake until 
the last ~50 years when greater species diversity of non-Fragilarioid 
taxa (e.g. Naviculoid and Cyclotelloid species) and habitats (e.g. 
epiphytic, planktonic, etc.) became established. Changes since 1980 CE 
are consistent with the dramatic response of circumarctic diatom com
munities to recent climate warming and the increase in ice-free summer 

days over the last several decades (Smol et al., 2005). They echo the 
timing of shifts in diatom communities seen in other locations in 
northernmost Greenland (Perren et al., 2012).

4.7. Basin-wide lithostratigraphy

Basin-wide sedimentation was characterized by comparing visual 
lithostratigraphy and scanning XRF Ca profiles among all four composite 
records from Sites A, B, C, and D (Fig. 9). The lowermost sediment unit 
recovered from all of the sedimentary basins in Nedre Midsommersø is 
dense, organic poor and clay-rich, and transitions to a darker, less dense 
sedimentary unit with distinct laminations. This change in properties is 
also reflected in Ca profiles that show higher values in the lower sedi
ments, and the transition is defined by a distinct drop in values (Fig. 9). 
This transition corresponds to the change from Unit I to Unit II, char
acterized in detail for Site A (Figs. 2–8). However, the sediment thick
nesses of the units, and the depth and thickness of the transitions vary 
among the sites. The transition spans approximately 5-20 cm in records 
from Site A, B, and C, and spans almost 50 cm as Site D. The depth of this 
transition is similar in records from Site A and B (c. 310 cm), and 
shallower at Site C (c. 110 cm) and Site D (c. 205) reflecting different 
sedimentation rates at each location within the basin.

5. Discussion

Characteristics of sedimentation in Midsommersø reveal three 
distinct phases that reflect the deglaciation and aspects of the Holocene 
climate history of Wandel Dal. We interpret physical and biological 
changes in the lake as indicators of variations in glacier meltwater input, 
snowpack melt, and precipitation, and lake primary productivity. We 
infer that these conditions were in response to early Holocene ice 
retreat, reduced ice extent during the mid-Holocene, and late Holocene 
Neoglacial conditions. Midsommersø sediments appear to document 
these local climate intervals, characterized by abrupt sedimentological 
transitions in response to changes in environmental conditions.

Our sediment record from Midsommersø extends into the early Ho
locene, c. 8.2 cal ka BP, which is generally a period marked by GrIS 
retreat, aside from a few short-lived intervals where the ice sheet 
deposited moraines (Briner et al., 2016). Climate of the early Holocene is 
defined by higher summer insolation values, average summer 

Fig. 6. Grain size data for cores NMD-22-01 and NMP-22-02, including profiles of mean grain size, %sand, %silt, and %clay.
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temperatures around Greenland of at least 3-4 ◦C above present, and 
warmer ocean conditions in nearby Fram Strait (Laskar et al., 2004; 
Müller et al., 2012; Werner et al., 2013; Werner et al., 2016; Buizert 
et al., 2018) (Fig. 10). Characteristics of sedimentation in Nedre Mid
sommersø provide additional context for the deglaciation of Wandel Dal 
and ice retreat in northern Greenland. Deglaciation of Independence 
Fjord and areas to the east have been assessed based on cosmogenic 
surface exposure ages and compiled radiocarbon dates from the region 
(Larsen et al., 2020). These data indicate ice retreat from the outer 
coastal areas by c. 11 cal ka BP or earlier, followed by rapid retreat up 
fjord systems c. 11-10 cal ka BP. Land-based ice retreated more slowly, 
with some ice margins not reaching their present extent until c. 6.7 cal 
ka BP (Larsen et al., 2020). The head of Jørgen Brønlund Fjord is esti
mated to have deglaciated c. 10.2 cal ka BP, after which ice retreated up 
into Wandel Dal and adjacent valleys (Bennike and Björk, 2002; Larsen 
et al., 2020). The absolute ages of former ice margin positions have not 
been directly constrained at sites in Wandel Dal; however, regional 
mapping of ice limits that have been extrapolated through Wandel Dal 
provide some estimates (Leger et al., 2024). These mapped limits indi
cate ice may have coalesced at a position immediately above Øvre 
Midsommersø c. 10-9.5 cal ka BP followed by the separation of the Hans 
Tausen Ice Cap from the GrIS c. 9-8.5 cal ka BP, and with ice margins 
near their present extent c. 7.5-7.0 cal ka BP (Fig. 1.).

5.1. Deglaciation of the western portion of Wandel Dal: c. 8.2 – 6.5 cal ka 
BP

Early Holocene sedimentation in Nedre Midsommersø (Unit I; c. 8.2- 
6.5 cal ka BP) is characterized by dense, minerogenic sediment with 
relatively high sedimentation rate and an absence of diatoms (Figs. 2 
and 8). Elemental abundances determined by scanning XRF display their 
highest values within this interval, with Ca counts being most distinctly 
elevated relative to subsequent intervals (Fig. 4). The large Ca signal and 
high amplitude variability in Unit I likely reflects the presence of Ca in 
the local bedrock and coarser sediment layers within this unit. Unit I is 
defined by a bimodal grain size distribution ranging from clay to fine 
sand characterized by EM1 and EM3 (Figs. 6 and 7). The grain size data 
indicate an environment dominated by fine-grained deposition with 
periodic higher energy events capable of delivering coarser material. 
Our analysis of lithology and XRF profiles from cores throughout the 
lake reveals that this unit can be traced across all four Nedre Mid
sommersø basins (Fig. 9). We interpret this lithologic unit as reflecting a 
period when turbid meltwater, characterized by periodic high flow 
rates, was delivered to Midsommersø. Turbid waters also explain the 
high sedimentation rates and the low organic carbon concentrations and 
prevented diatoms from colonizing the lake throughout this interval. 
From at least 8.2 cal ka BP, and likely earlier, meltwater would have 
been delivered to Midsommersø from the GrIS, Hans Tausen Ice Cap, 

Fig. 7. Results from end-member modeling analysis of the grain size dataset compared with trends in mean grain size (Left). Down core trends in scores for the first 
end-member (EM1), second end-member (EM2), and third end-member (EM3) are shown with an area plot (Middle). For each lithostratigraphic unit, we also show 
the primary end-member loading(s) (colored lines), the average percentage score for the end-member, and the individual grain size distributions measured (gray 
lines) (Right).
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Bure Ice Cap, and Storm Ice Cap as they retreated into the upper reaches 
of the watershed. These depositional conditions abruptly ended c. 6.5 
cal ka BP when sediment became less dense, more organic rich, and 

diatom-bearing, all of which we interpret to represent a reduction in 
glacial meltwater input to Midsommersø. The rapid nature of this 
transition could indicate: (i) a significant change in GrIS meltwater 

Fig. 8. Total carbon, total carbon to nitrogen ratio (C/N), and diatom assemblage data for core NMD-22-01 and NMP-22-02.

Fig. 9. Core images and scanning XRF Ca profiles for sediment cores recovered from Nedre Midsommersø (Table 1; Fig. 1). The transition in sediment characteristics 
and Ca values found in each core is highlighted with gray bars.
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routing as ice retreated up valley, (ii) that the Hans Tausen Ice Cap was a 
dominant contributor of meltwater and completely melted at c. 6.5 cal 
ka BP, or (iii) a rapid stabilization of the catchment reducing the sus
pended sediment load.

Mapping by Leger et al. (2024) generally supports our 

interpretations of the timing of deglaciation of Nedre Midsommersø. 
However, they show ice margins up-valley of Midsommersø may have 
reached their present extent c. 7.5-7.0 cal ka BP, while sedimentation in 
Nedre Midsommersø shows that intense meltwater input lasted until 6.5 
cal ka BP, providing evidence for continued ice retreat. This meltwater 

Fig. 10. Comparison of regional records to trends in data from Nedre Misommersø (NM) highlighting changes associated with transitions from deglacial, reduced ice 
extent during the mid-Holocene, and Neoglacial intervals. (A.) Insolation values at 82◦N (Laskar et al., 2004). (B.) Summer (JJA) temperature anomalies at 79◦N 
(Buizert et al., 2018). (C.) Subsurface water temperatures from Fram Strait (Werner et al., 2016). (D.) Diatom data from NM including the PC1 axis and diatom 
species diversity. (E.) NM mass accumulation rates. (F.) NM grain size trends based on the third end-member 3 (EM3) scores (Fig. 7). (G.) NM scanning XRF Ca 
profile. Also shown are the approximate intervals of early human settlement of Wandel Dal (Grønnow and Jensen, 2003).
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may have derived from continued melt of the southern sector of the Hans 
Tausen Ice Cap, which modeling suggests did not become ice-free until c. 
6.5 cal ka BP (Zekollari et al., 2017), and/or it may have been from 
continued melting of the sector of the GrIS in the Midsommersø water
shed inland from its current position that resulted in rerouting of 
meltwater. There is evidence from around the GrIS, including data from 
northwest Greenland (Funder, 1982; Bennike and Weidick, 2001) that in 
places the margin had retreated within its present-day extent (Briner 
et al., 2016).

5.2. Reduced ice extent in Wandel Dal: c. 6.5 – 3.9 cal ka BP

At c. 6.5 cal ka BP in Nedre Midsommersø, there was an abrupt 
change in sedimentation representing a shift to different environmental 
conditions that persisted until 3.9 cal ka BP (Unit II). This transition is 
characterized by a sharp decrease in sediment accumulation rate and dry 
bulk density, accompanied by an increase in organic carbon concen
tration and the emergence of diatoms (Figs. 2 and 8). Ca values decrease 
and only display discrete peaks throughout this unit corresponding to 
coarser sediment layers (Fig. 4). Lithogenic sediment is dominated by 
silt-sized particles with only periodic fine sand layers occurring 
throughout this interval as defined by EM3 (Fig. 7). We interpret these 
characteristics to represent a cessation of meltwater input and reduced 
ice extent in the catchment from c. 6.5 until 3.9 cal ka BP. These con
ditions would have decreased overall sedimentation rates and allowed 
for an increase in lake water clarity that promoted primary productivity 
and the colonization of the lake by diatoms, which are dominated by 
benthic taxa typical of large seasonally ice-covered lakes. The periodic 
input of coarser sediment with high Ca values represents occasional 
runoff events into the basin, likely associated with spring melt.

Records from around Greenland indicate maximum warmth in the 
early to middle Holocene (c. 10-5 cal ka BP; Briner et al., 2016; Axford 
et al., 2021). This timing is similar to trends in Greenland-wide tem
perature reconstructions (c. 10-6 cal ka BP; Buizert et al., 2018) and the 
timing of warmer subsurface ocean temperatures in Fram Strait (c. 
10.6-5 cal ka BP; Werner et al., 2016), all of which generally lag the peak 
in local summer insolation (c. 12-10 cal ka BP; Laskar et al., 2004) 
(Fig. 10). Evidence of warmer early to mid-Holocene conditions is found 
throughout northern Greenland. In Jørgen Brønlund Fjord, warmer 
conditions are supported by dates on driftwood, which suggest that the 
fjords were seasonally ice-free c. 6.7-2.5 cal ka BP (Bennike, 1987; 
Landvik et al., 2001). The eastern margin of Flade Isblink, 350 km east of 
Wandel Dal, was smaller than present c. 9.4-4.1 cal ka BP (Hjort, 1997) 
and mass loss of the ice cap's outlet glaciers began c. 9.4 cal ka BP 
(Larsen et al., 2019). Southeast of our study area, chironomid assem
blage date from two lakes in Store Koldewey, an island off northeast 
Greenland, indicate greatest temperatures and nutrient availability c. 
8-5 cal ka BP (Schmidt et al., 2011) and paleoecological data from a lake 
in the Skallingen area indicate maximum warmth c. 7.7-4.4 cal ka BP 
(Wagner and Bennike, 2015). Despite significant regional variations in 
the timing of the Holocene Thermal Maximum, which is due to local 
climate and ice conditions, the peak in temperatures generally precedes 
the interval of reduced ice extent that we interpret in Wandel Dal from c. 
6.5-3.9 cal ka BP.

Our interpretation of reduced ice extent relative to modern condi
tions in Wandel Dal c. 6.5-3.9 cal ka BP, is consistent with evidence for 
changes in the size of the Hans Tausen Ice Cap during the mid-Holocene. 
Zekollari et al. (2017) show in their model that the southern margin of 
the ice cap was ice-free c. 6.5 cal ka BP and that the buildup of ice in this 
sector did not commence until c. 4.0 cal ka BP. This timing of ice growth 
is supported by age estimates of 4.0-3.5 cal ka BP on the oldest ice from a 
core taken at the present-day central dome of the ice cap (Hammer et al., 
2001; Madsen and Thorsteinsson, 2001). The absence of ice in southern 
sector of the Hans Tausen Ice Cap c. 6.5-3.5 cal ka BP suggests that the 
smaller Bure and Storm Ice Caps were also likely ice free during this 
interval, and others have shown that the GrIS was at a minimum extent 

c. 7-4.5 cal ka BP (Larsen et al., 2015; Briner et al., 2016). Taken 
together, this evidence indicates that the deterioration of the GrIS, 
which began sometime in the early Holocene, reached its culmination 
with retreat within its current extent in Wandel Dal and the disappear
ance of the local ice caps during the interval 6.5-3.9 cal ka BP.

5.3. Neoglacial: c. 3.9 cal ka BP – present

The termination of mid-Holocene conditions in Nedre Midsommersø 
is marked by an abrupt decrease in sedimentation rate and sediment 
density, as well as a slight increase in organic carbon content and shift in 
diatom species (Figs. 2 and 8). This interval is also characterized by finer 
lithogenic sediment input and a complete absence of coarse sediment, as 
reflected in the grain size data and persistently low Ca values (Figs. 4 
and 7). We interpret these results to indicate a shift to colder and drier 
conditions, which would have been associated with more extended pe
riods of lake ice cover, enhancing organic matter preservation and 
reducing snowmelt runoff, thereby restricting the delivery of coarser 
sediment to the lake.

Climate cooling of the late Neoglacial period is associated with the 
advance of the GrIS as well as mountain glaciers and ice caps after c. 5-4 
cal ka BP in response to declining insolation and regional temperatures 
(Briner et al., 2016; Kjær et al., 2022). The late Holocene in Wandel Dal 
is associated with the buildup of the southern sector of the Hans Tausen 
Ice Cap beginning c. 4-3.5 cal ka BP (Madsen and Thorsteinsson, 2001; 
Zekollari et al., 2017), and likely the GrIS and Bure and Storm Ice Caps. 
Despite this ice growth in the Midsommersø catchment, we see 
decreased sedimentation rates and only a minor shift in grain size 
characteristics. This evidence reflects the growth of mostly cold-based 
ice and the limited precipitation in the region, which accumulated on 
the uplands, resulting in limited runoff.

Distinct glacial advances during the Neoglacial have been recorded 
in other parts of Greenland (e.g. Balascio et al., 2015; Kjær et al., 2022). 
The analysis by Kjær et al. (2022) of records from around Greenland 
found early Neoglacial advances c. 2.5-1.7 cal ka BP and 1.25-0.95 cal ka 
BP, culminating in advances during the Little Ice Age (LIA), 700-50 yrs. 
In Midsommersø, we observe no significant changes in sedimentation 
over the last 3.9 cal ka BP, possibly because the overall cold and dry 
conditions throughout the late Holocene, combined with the presence of 
cold-based ice in the catchment, which did not yield a sedimentary 
signature in this proglacial lake setting. Diatom data also indicate a 
persistent ice-dominated lake across this interval and up until the last c. 
50 years when greater species diversity and habitats became established 
(Fig. 8). Diatom changes since 1980 CE in Nedre Midsommersø are 
consistent with the dramatic response of circumarctic diatom commu
nities to recent climate warming and the increase in ice-free summer 
days over the last several decades (Smol et al., 2005), a trend also 
observed in northernmost Greenland (Perren et al., 2012).

5.4. Paleoclimate context for past Inuit settlement of Wandel Dal

The Holocene climate and deglacial history of Wandel Dal provides 
additional perspectives on the context for the early human migration 
and settlement history of the area (Grønnow and Jensen, 2003; Jensen 
et al., 2017). The west-east corridor from J.P. Koch Fjord to Indepen
dence Fjord, via Wandel Dal, formed the eastern gateway to the Musk Ox 
Way, a term coined by the region's pioneering archaeologist Eigil Knuth 
(1967a,b, 1984). This region has been envisaged as a critical landscape 
corridor for animal and human migration from Arctic Canada into 
Greenland (Jensen et al., 2017; Jensen and Gotfredsen, 2022). However, 
the archaeology suggests that Wandel Dal was not only a gateway, but 
that it also served as an important inland hunting area for past pop
ulations of the region that were otherwise reliant on marine resources. 
During the late Holocene there were three separate phases of human 
settlement of Wandel Dal. Archaeological sites within the valley and 
around Midsommersø are associated with the Independence I (c. 4.5-3.9 
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cal ka BP), Greenlandic Dorset (c. 2.8-2.4 cal ka BP), and Thule (c. 1400 
CE) cultures (Grønnow and Jensen, 2003) (Fig. 10).

The reconstruction from Nedre Midsommersø provides the first local 
paleoenvironmental record to provide new context for the migration and 
settlement history of the Independence I people into Wandel Dal. Our 
data show reduced ice extent in Wandel Dal just prior to significant 
climate cooling c. 3.9 cal ka BP characterize the environmental condi
tions during the first in-migration of humans to the region. Generally 
warmer climate conditions and reduced ice extent would have been 
advantageous to both animal and human populations in the valley. The 
abrupt termination of this interval and onset of colder and drier envi
ronmental conditions c. 3.9 cal ka BP corresponds with some of the 
youngest Independence I dates in Wandel Dal. Such environmental 
conditions would have been both disadvantageous to migration and 
hunting, and may have eventually pushed settlement out of the region 
altogether. Following this interval there is a lack of sensitivity in our 
record to more subtle changes in paleoenvironmental conditions until 
1980 CE, when evidence for warming is observed. Additional sediment 
and archaeological analysis will be required to provide the environ
mental context for the later arrival of the Greenlandic Dorset and Thule 
people, aside from the fact that they occurred within the colder and drier 
Neoglacial period.

6. Conclusions

Our analysis of sediment properties from Nedre Midsommersø 
demonstrates that the record characterizes the Holocene deglaciation 
and climate history of Wandel Dal. Sedimentological data extend back 
into the early Holocene, c. 8.2 cal ka BP, and contain three distinct 
phases defined by physical and biological changes reflected in bulk 
density, mass accumulation rates, carbon and nitrogen content, grain 
size, diatom assemblages, and scanning XRF profiles. We interpret these 
as indicators of variations in glacier meltwater input, snowpack melt, 
and precipitation, and lake primary productivity. The oldest phase of 
sedimentation (c. 8.2 – 6.5 cal ka BP) reflects a period when turbid 
meltwater, characterized by periodic high flow rates, was delivered to 
Midsommersø from the retreating GrIS, Hans Tausen Ice Cap, Bure Ice 
Cap, and Storm Ice Cap. At c. 6.5 cal ka BP, there was a significant 
reduction of meltwater input. We interpret the interval from c. 6.5-3.9 
cal ka BP to mark a period when ice extent within the catchment was at a 
minimum. Another transition at c. 3.9 cal ka BP, marks the onset of 
Neoglacial conditions and a colder and drier climate that was associated 
with more extended periods of lake ice cover. An absence of any sig
nificant changes in sedimentation over the last 3.9 kyr shows that the 
lake was likely extensively ice covered and insensitive to any signature 
of Neoglacial ice advances, including the LIA, likely reflecting the 
growth of mostly cold-based ice and the limited precipitation in the 
region. However, a marked change in diatom species diversity and 
habitats beginning in the last c. 50 years shows the impact of recent 
climate warming due to an increase in the length of the summer ice-free 
conditions. Overall, we show the sensitivity of this sector of the GrIS and 
peripheral glaciers in Wandel Dal to Holocene climate conditions. The 
paleoclimate intervals defined by the Nedre Midsommersø also provide 
context for the settlement history of Wandel Dal by past Inuit cultures. 
Specifically, the record shows that the migration of Independence I 
people into Wandel Dal occurred near the end of the local HTM when ice 
extent in the valley was at minimum and just prior to the abrupt onset of 
Neoglacial conditions.
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Ólafsdóttir, S., Røthe, R., De Wet, G., 2018. The island of amsterdamøya: a key site 
for studying past climate in the arctic archipelago of Svalbard. Quat. Sci. Rev. 183, 
157–163.

Balascio, N.L., D'Andrea, W.J., Bradley, R.S., 2015. Glacier response to north Atlantic 
climate variability during the Holocene. Clim. Past 11, 1587–1598.

Beck, H.L., Bennett, B.G., 2002. Historical overview of atmospheric nuclear weapons 
testing and estimates of fallout in the continental United States. Health Phys. 82, 
591–608.

Bennike, O., 1987. Quaternary geology and biology of the Jørgen Brønlund fjord area, 
north Greenland. Meddelelser om Grønland. Geoscience 18, 24.

Bennike, O., Björk, S., 2002. Chronology of the last recession of the Greenland Ice sheet. 
J. Quat. Sci. 17, 211–219.

Bennike, O., Weidick, A., 2001. Late Quaternary history around Nioghalvfjerdsfjorden 
and Jøkelbugten, north-east Greenland. Boreas 30, 205–227.

Besonen, M.B., Patridge, W., Bradley, R.S., Francus, P., Stoner, J.S., Abbott, M.B., 2008. 
A record of climate over the last millennium based on varved Lake sediments from 
the Canadian high arctic. Holocene 18, 169–180.

Bintanja, R., 2018. The impact of arctic warming on increased rainfall. Sci. Rep. 8, 
16001.

Blaauw, M., Christen, J.A., 2011. Flexible paleoclimate age-depth models using an 
autoregressive gamma process. Bayesian Analysis 6, 457–474.

Briner, J.P., McKay, N.P., Axford, Y., Bennike, O., Bradley, R.S., de Vernal, A., Fisher, D., 
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