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Abstract. Nioghalvfjerdsbrae, or 79◦ N Glacier, is the largest
marine-terminating glacier draining the Northeast Greenland
Ice Stream (NEGIS). In recent years, its ∼ 70 km long fring-
ing ice shelf (hereafter referred to as the 79◦ N ice shelf) has
thinned, and a number of small calving events highlight its5

sensitivity to climate warming. With the continued retreat
of the 79◦ N ice shelf and the potential for accelerated dis-
charge from NEGIS, which drains 16 % of the Greenland Ice
Sheet (GrIS), it has become increasingly important to under-
stand the long-term history of the ice shelf in order to put10

the recent changes into perspective and to judge their long-
term significance. Here, we reconstruct the Holocene dynam-
ics of the 79◦ N ice shelf by combining radiocarbon dating
of marine molluscs from isostatically uplifted glaciomarine
sediments with a multi-proxy investigation of two sediment15

cores recovered from Blåsø, a large epishelf lake 2–13 km
from the current grounding line of 79◦ N Glacier. Our re-
constructions suggest that the ice shelf retreated between 8.5
and 4.4 kacalBP, which is consistent with previous work
charting grounding line and ice shelf retreat to the coast as20

well as open marine conditions in Nioghalvfjerdsbrae. Ice
shelf retreat followed a period of enhanced atmospheric and

ocean warming in the Early Holocene. Based on our detailed
sedimentological, microfaunal, and biomarker evidence, the
ice shelf reformed at Blåsø after 4.4 kacalBP, reaching a 25

thickness similar to present by 4.0 kacalBP. Reformation
of the ice shelf coincides with decreasing atmospheric tem-
peratures, the increased dominance of Polar Water, a reduc-
tion in Atlantic Water, and (near-)perennial sea-ice cover on
the adjacent continental shelf. Along with available climate 30

archives, our data indicate that the 79◦ N ice shelf is suscepti-
ble to collapse at mean atmospheric and ocean temperatures
∼ 2 ◦C warmer than present, which could be achieved by the
middle of this century under some emission scenarios. Fi-
nally, the presence of “marine” markers in the uppermost 35

part of the Blåsø sediment cores could record modern ice
shelf thinning, although the significance and precise timing
of these changes requires further work.

1



2 J. A. Smith et al.: Holocene history of the 79◦ N ice shelf

1 Introduction

The Greenland Ice Sheet (GrIS) is losing mass at an accel-
erating rate and is currently the largest single contributor to
global sea-level rise (Oppenheimer et al., 2019). Model pro-
jections suggest that mass loss will continue to accelerate5

in a warming climate, with the potential for ∼ 7.4 m of sea-
level rise (Morlighem et al., 2017; Aschwanden et al., 2019).
Mass loss has been driven by increases in atmospheric tem-
perature (Fettweis et al., 2017; Hanna et al., 2021) and ocean
(Straneo and Heimbach, 2013; Wood et al., 2021) warming,10

which have resulted in enhanced melting of both the ice sheet
surface and the undersides of marine-terminating glaciers re-
spectively. Despite an improved understanding of the drivers
of recent mass loss, the short time span of the observational
record provides a limited time series with which to under-15

stand the complex, and often non-linear, response of the mar-
gins of the GrIS to climate forcing (Nick et al., 2010). This
restricts our ability to reliably forecast how ice sheets will
evolve in the future (Seroussi et al., 2013). In this context, re-
constructions of past ice sheet responses to atmospheric and20

ocean-driven forcing can be used to validate and test the sen-
sitivity of predictive models. In turn, this can lead to a better
understanding of the feedbacks that amplify or dampen mass
loss and whether tipping points exist, beyond which retreat is
irreversible (Aschwanden et al., 2019).25

The 79◦ N Glacier is the largest of three marine-
terminating glaciers of the Northeast Greenland Ice Stream
(NEGIS; Fig. 1) and contains enough ice to raise the
global sea level by 0.57 m (An et al., 2021). Until recently,
79◦ N Glacier was assumed to be relatively stable (Joughin30

et al., 2010), but recent observations indicate increasing sur-
face velocities and glacier thinning (Khan et al., 2014; Mayer
et al., 2018; An et al., 2021). Mass loss has occurred as sev-
eral small calving events at the ice shelf margin, equating to
a ∼ 4 % reduction in the total area of the ice shelf between35

1999 and 2013 (Blau et al., 2021). During approximately the
same period (1998–2016), the ice shelf has lost one-third
of its thickness in the region of the Midgårdsormen Ridge
(Mayer et al., 2018), ∼ 5 km downstream of the grounding
line (Fig. 1). These changes are thought to have been driven40

by both atmospheric and ocean warming. The circulation of
relatively warm Atlantic Water beneath the ice shelf (Schaf-
fer et al., 2020), which likely penetrates all the way to the
grounding line (Bentley et al., 2022), is driving basal melt
rates of ∼ 10 myr−1. Average air temperatures have also in-45

creased by ∼ 3 ◦C during the past 40 years (Turton et al.,
2021), with supraglacial melt lakes now a persistent feature
(Leeson et al., 2015; Hochreuther et al., 2021). Given that
further retreat is predicted following the break-up of Spalte
Glacier (a northern tributary of the 79◦ N ice shelf; Fig. 1) in50

2019 and 2020, which could activate further dynamical thin-
ning and acceleration of the NEGIS drainage basin (Khan
et al., 2014; Choi et al., 2017), it has become increasingly

important to understand the long-term dynamics of the ice
shelf in order to contextualise the recent changes. 55

Based on 10Be surface exposure ages, the deglaciation
of Nioghalvfjerdsfjorden occurred between 9.2 and 7.9 ka
(Larsen et al., 2018). This concurs with earlier work dat-
ing whale bones and other macrofossils along the margins
of the 79◦ N ice shelf, which indicated that it retreated in- 60

board of the current location during the Holocene Thermal
Maximum (HTM; ∼ 8.0–5.0 kacalBP) (Bennike and Wei-
dick, 2001), when atmospheric temperatures were elevated
above present. Ocean warming and reduced sea ice have also
been documented to the east of 79◦ N in the Early Holocene 65

(Werner et al., 2016; Syring et al., 2020; Pados-Dibattista
et al., 2022), suggesting that ice shelf retreat was driven by
both atmospheric and ocean forcing. In this paper, we utilise
chronologically constrained lacustrine sediment cores recov-
ered from the northern margin of the ice shelf and combine 70

these with new and existing (Bennike and Weidick, 2001;
Larsen et al., 2018) age control from uplifted glacioma-
rine deposits to provide a detailed Holocene history of the
79◦ N ice shelf. We discuss these results in the context of
both atmospheric and oceanic warming, which in the past 75

forced ice shelf retreat, and use this to contextualise changes
due to ongoing climate warming.

2 Study area and approach

Blåsø is a large epishelf lake located at sea level on the north-
ern margin of 79◦ N Glacier (Fig. 2). It is located within the 80

East Greenland Caledonides, a series of W-directed thrust
sheets displaced against the rocks of the Palaeoproterozoic–
Mesoproterozoic foreland (Higgins and Kalsbeek, 2004).
The crystalline basement, consisting of strongly deformed
Archaean and Palaeoproterozoic granitoid rocks, is overlain 85

by Mesoproterozoic–Neoproterozoic and lower-Palaeozoic
strata. To the east of Blåsø, outcrops of quartzite/sandstones
(Hovgaard Ø Formation), dolerites, and flood basalts (Mid-
sommersø Dolerite Formation) are exposed. Moving west-
wards, these are overlain by the Neoproterozoic Rivieradal 90

Group, consisting of conglomerate, sandstone turbidite, and
mudstone units (Smith et al., 2004a). In turn, these are over-
lain by the limestones, mudstones, and dolomites of the Odin
Fjord, Turesø, and Børglum River formations further west
(Smith et al., 2004b). The n-shaped lake abuts the ice shelf at 95

two locations, approximately 2 and 13 km from the ground-
ing line of 79◦ N Glacier. Blåsø has a well-resolved tidal sig-
nal and is stratified. At its eastern end, where the deepest wa-
ter has been documented (Bentley et al., 2022), a 145 m thick
layer of fresh to brackish water overlies a warm (< 0.7 ◦C) 100

marine layer, sourced from modified Atlantic Water which
flows beneath the ice shelf and into and out of the lake driven
by the local tides. The halocline at 145 m acts as a proxy for
the draught of the floating tongue of 79◦ N at the eastern mar-
gin, assuming the ice is in hydrostatic equilibrium (Bentley 105
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Figure 1. (a) Ice velocity map of the Greenland Ice Sheet (GrIS) (Mottram et al., 2019), showing the location of the Northeast Greenland
Ice Stream (NEGIS), the study area presented in panel (b), Trifna Sø (TS), and Store Koldewey/Duck Lake (SK). (b) Sentinel-2 L2A
imagery of 79◦ N Glacier and its floating ice shelf (contains modified Copernicus Sentinel data, August, 2020, processed by the Sentinel Hub
EO Browser; https://www.sentinel-hub.com/, last access: 14 November 2022). Blåsø is located 2–13 km from the grounding line (GL) of
79◦ N Glacier, delineated by black triangles. The remnants of Spalte Glacier, a northern tributary of 79◦ N Glacier which broke up in 2020,
is also shown.

et al., 2022). While marine water is only detected at the east-
ern margin, there is observational evidence (e.g. sub-ice-shelf
fish species observed in the lake) to suggest that the western
margin periodically connects to the sub-shelf cavity, allow-
ing small volumes of marine water to mix into the western5

part of the lake (Bentley et al., 2022). The present-day lim-
nology of Blåsø, and therefore its concomitant sedimentary
signature, is controlled by the 79◦ N ice shelf “dam”, with-
out which the lake would become a marine embayment (see
Fig. 10 in Smith et al., 2006). The sedimentary records de-10

posited within epishelf lakes can, therefore, provide continu-
ous archives of past ice shelf dynamics (Smith et al., 2006).
For example, epishelf lakes in Antarctica and the Canadian
Arctic have yielded detailed ice shelf histories, including in-
formation on the timing of ice shelf collapse and reforma-15

tion, as well as elucidating the drivers of change from biolog-
ical and geochemical proxies contained within the lake sed-
iments (Bentley et al., 2005; Smith et al., 2007; Antoniades
et al., 2011). Proximal to Blåsø, uplifted glaciomarine sedi-
ments around the lake can be found up to 40 ma.s.l (metres20

above sea level) (Bennike and Weidick, 2001). These sed-
iments were linked to a period of ice shelf absence during
the Early Holocene, but they have not been analysed in de-
tail nor related to the adjacent epishelf lake sediments. By

investigating the lacustrine and uplifted marine sediments in 25

combination, a detailed history of the 79◦ N ice shelf is re-
constructed.

3 Methods

3.1 Core recovery and sampling of uplifted
glaciomarine sediments 30

Fieldwork was carried out between 19 July and 11 August
2017 when, with the exception of the far eastern end of the
lake which abuts the 79◦ N ice shelf, Blåsø was largely ice-
free. Following a detailed bathymetric survey (Bentley et al.,
2022), coring was focused within a ∼ 90–100 m deep central 35

basin (Fig. 2) where sub-bottom profiler data showed strati-
fied sediments up to ∼ 20 m in thickness (Fig. 3). Core sites
LC7 (79.589◦ N, 22.494◦ E; 87 m water depth) and LC12
(79.594◦ N, 22.4423◦ E; 90 m water depth) targeted the thin-
ner drape at the edge of the basin infill (Fig. 3) to ensure 40

that the longest (temporal) record was recovered. An addi-
tional advantage of coring the central basin is that it is cur-
rently isolated from marine water, as the ice shelf draft – in
its current configuration – is sufficient to block marine wa-
ter from filling the entire basin (Bentley et al., 2022). Detec- 45

https://www.sentinel-hub.com/
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Figure 2. (a) Bathymetry of Blåsø, showing the locations of sediment cores LC7 and LC12 as well as the western, central, and eastern
basins. The bathymetry is overlain by ArcticDEM imagery (Porter et al., 2018). The central basin is currently isolated from marine water
by shallow sills (black triangles) at the margins of the western and eastern basins. Also shown are the locations of uplifted glaciomarine
sediments (SP1–SP2, DIV1–DIV2, and EV1–EV2) and the location of glacially fed rivers entering the basin. Dashed black lines delineate
the marine limit (ML). Panel (b) presents a photograph (taken by David H. Roberts) of Blåsø looking east. The 79◦ N Glacier is shown in
the foreground (right of frame) along with the approximate location of the central basin.

tion of marine markers in the sedimentary record at this site
would present clear evidence of a significantly thinner than
present or entirely absent ice shelf. Furthermore, the central
basin is sufficiently distal from the glacially fed rivers enter-
ing the northwestern side of the lake, thereby avoiding ex-5

cessive coarse-sediment inputs (observed during fieldwork)
which could overprint the palaeoenvironmental record.

Overlapping 2 m long sediment cores were recovered with
a UWITEC KOL “Kolbenlot” percussion piston corer to a
total sediment depth of 3.74 m (LC7) and 5.24 m (LC12).10

Coring was performed from a UWITEC raft, fitted with a
15-horsepower Yamaha outboard motor. Multi-proxy analy-
ses (detailed below) were performed on both cores, with a

particular focus on “marine” lithofacies (LF1) identified in
LC7 and LC12. Additional analyses (e.g. clay mineral and 15

biomarkers) were performed on LC12 because it recovered
the longer sequence and was, therefore, prioritised as the
“master core”.

Uplifted glaciomarine sediments were described follow-
ing standard sedimentological procedures (Evans and Benn, 20

2004). In situ mollusc (Hiatella arctica) and gastropod sam-
ples were recovered from the uplifted glaciomarine sediment
at various locations above the western shore of Blåsø, from
sea level up to 40 ma.s.l. (Fig. 2). Only articulated shells
were collected and dated. The altitude was measured using 25

handheld GPS units. Uplifted glaciomarine sediments and
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Figure 3. Sub-bottom profile across coring sites LC7 and LC12 in
the central basin of Blåsø. The prominent reflector ∼ 3–4 m below
the lake floor (black triangles) is likely related to the deposition of
lithofacies (LF) 1 during ice shelf retreat.

push ridges were also surveyed using a theodolite from base
(lake) level. Foraminifera are also present in the uplifted ma-
rine sediment but were only assessed qualitatively.

3.2 Sedimentological properties, physical properties,
and geochemical analyses5

Physical properties (e.g. magnetic susceptibility and wet bulk
density) and X-radiographs were measured on the whole
core using a Geotek multi-sensor core logger (MSCL) and
Geotek X-ray CT core imaging system (MSCL-XCT) re-
spectively (at the Department of Geography, Durham Uni-10

versity) to characterise lithological properties and infer the
depositional environment(s). Core sections were then split,
described, and subsampled. Next, 1 cm thick sediment slices
were taken every 10–20 cm. Grain-size analysis was per-
formed on core LC12 using a Beckman Coulter LS 13 32015

laser diffraction particle size analyser. Prior to analysis, sed-
iment samples were treated with 20 % hydrogen peroxide to
digest the organic material. Once the organic material had
been digested, the sample was centrifuged, and a solution of
20 mL of distilled water and 2 mL of 35 % sodium hexam-20

etaphosphate was added to disaggregate the sample. High-
resolution elemental abundances were measured on the split
core using a Geotek X-ray fluorescence (MSCL-XRF) instru-
ment at 1 mm resolution. We use elemental ratios of Ti/Ca
as a proxy for terrigenous source variations (i.e. siliciclas-25

tic vs. carbonate rocks), while Mn/Fe and Br concentrations
provide semi-quantitative information about lake oxygena-
tion (Naeher et al., 2013) and marine organic carbon con-
tent (Ziegler et al., 2008) respectively. Ti contents in marine
sediments are directly linked to the terrigenous (siliciclastic)30

sediment supply delivered by fluvial and/or aeolian trans-
port processes (Arz et al., 1999; Nace et al., 2014), while
Ca concentrations reflect changes in the production of cal-
cium carbonate (CaCO3) by marine plankton (Bahr et al.,

2005). High Ti/Ca ratios are indicative of increased terrige- 35

nous flux. The behaviour of Fe and Mn is strongly depen-
dent on the processes of oxidation and reduction. Reducing
conditions are the result of O2 consumption during organic
matter (OM) remineralisation, which releases Fe and Mn.
Because Fe oxidises faster than Mn, high Mn accumula- 40

tion and, thus, high (low) Mn/Fe ratios reflect oxic (anoxic)
conditions. Bromine (Br) is used as a proxy for marine or-
ganic carbon, as bromine is found at higher concentrations
in marine, compared with terrestrial, organic matter (Ziegler
et al., 2008; Seki et al., 2019). Finally, an aliquot of the 45

≤ 2 µm fraction was used to determine the relative concen-
trations of the clay minerals smectite, illite, chlorite, and
kaolinite in LC12 using an automated powder diffractome-
ter system (Rigaku MiniFlex) with CoKα radiation (30 kV,
15 mA) at the Institute for Geophysics and Geology (Uni- 50

versity of Leipzig, Germany). The clay mineral identifica-
tion and quantification followed standard X-ray diffraction
methods (Ehrmann et al., 2011), and this information is
used to reconstruct sediment provenance and pathways. Il-
lite and chlorite are detrital clay minerals which are typically 55

derived from the physical weathering of crystalline (grani-
toids and low-grade chlorite-bearing metamorphic rocks) and
basement rocks (basic rocks, dolerites), respectively. Smec-
tite normally reflects volcanic sources (i.e. basalts and vol-
canic glass), whilst kaolinite is a product of chemical weath- 60

ering, characteristic of moist, temperate to tropical regions.
Kaolinite generally indicates the presence of older sedimen-
tary strata (i.e. mudstones/shales).

3.3 Foraminiferal analysis

A total of 16 (LC12) and 6 (LC7) samples were processed 65

for foraminiferal analysis to reconstruct the environmental
conditions in Blåsø. The sample volume varied between 0.5
and 5 mL (cm3) depending on the average foraminiferal con-
centration (estimated based on the initial scanning of sam-
ples). The variation in sample size was designed to allow 70

∼ 300 to 500 specimens to be counted from all samples.
Once extracted, samples were soaked in deionised water for
several hours to help disaggregate the sediment. Samples
were then washed through a 500 and 63 µm mesh sieve to
concentrate the foraminifera. The material collected on the 75

63 µm mesh sieve was retained for foraminiferal analysis.
Foraminifera were identified and counted from the wet (non-
buffered) residue under a binocular microscope.

3.4 Lipid biomarker extraction and analyses

A total of 22 sediment samples from LC12 were prepared for 80

lipid biomarker analyses. Lipids were microwave-extracted
from 0.4 to 2 g of freeze-dried and homogenised sediment
using dichloromethane :methanol (3 : 1) at an oven temper-
ature of 70 ◦C for 2 min, following Kornilova and Rosell-
Mele (2003). Internal standards of known concentration 85
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Table 1. Summary of the lipid biomarker proxies analysed.

Fraction Equations Interpretation References

Ketone UK
37=

[C37:2]−[C37:4]
[C37:2]+[C37:3]+[C37:4]

Surface water temperature and salinity Prahl and Wakeham (1987)

Ketone %C37:4=
[C37:4]

[C37:2]+[C37:3]+[C37:4]
· 100 Surface water temperature and salinity Bendle and Rosell-Melé (2004)

Ketone K37/K38=
∑
[C37]∑
[C38]

Changes in Haptophyceae species produc-
ing alkenones

Prahl et al. (1988)

Ketone UK
37=

SWT−31.8
40.8 , r2

= 0.96, and n= 34 Freshwater surface water temperature cali-
bration

D’Andrea et al. (2011)

Ketone UK
37= 0.082SWT− 0.63 Marine surface water temperature calibra-

tion
Bendle and Rosell-Melé (2004)

Ketone APE= mass 2-nonadecanone
[2-nonadecanone] · [C37A] Haptophyceae productivity export Prahl et al. (1988); Rosell-Melé

and McClymont (2007)
n-Alkane Terrigenous OM= [C27] + [C29] + [C31] Terrigenous organic matter from higher

plants
Rieley et al. (1991)

n-Alkane Aquatic OM= [C15] + [C17] + [C19] Aquatic productivity export of bacteria and
phytoplankton

Cranwell (1973)

n-Alkane CPI=
[C25–33(odd)]
[C24–32(even)]+

[C25–33(odd)]
[C26–34(even)]

2 Sediment maturity Bray and Evans (1961)
n-Alkane Pristane/phytane= [pristane]

[phytane] Relative oxidative or reductive conditions,
sediment maturity

Ten Haven et al. (1988);
Bray and Evans (1961)

n-Alkane C31/C29=
[C31]
[C29]

Relative grassy or woody vegetation contri-
bution

Guillemot et al. (2017)

n-Alkane TAR= [C27]+[C29]+[C31]
[C15]+[C17]+[C19] Relative terrestrial and aquatic contribu-

tions
Cranwell (1973)

(5α-cholestane, heptatriacontane, and 2-nonadecanone) were
added to aid quantification. The extracted sediment was cen-
trifuged at 2500 rpm for 5 min. The solvent was decanted
and then taken to near dryness with a stream of N2. The
total lipid extract was separated into three fractions using5

glass Pasteur pipettes packed with extracted cotton wool
and a 4 cm silica column (high-purity grade, pore size 60 Å,
220–440 mesh particle size, 35–75 µm particle size; Sigma-
Aldrich) for flash chromatography. Sequential elution with
hexane, dichloromethane, and methanol (four columns each)10

yielded n-alkane, ketone, and polar fractions respectively.
Biomarkers were quantified and identified using gas chro-

matography with flame ionisation (GC-FID) and mass spec-
trometry (GC-MS), as outlined in detail in Sánchez-Montes
et al. (2020). The internal standards were used to calculate15

lipid mass, normalised to the original extracted dry weight
of sediment. We employ a range of n-alkanes and ketones
as environmental proxies, utilising a series of equations used
to determine the relative contribution of bacteria and phyto-
plankton to sediments, as well as indicators of water temper-20

ature and salinity (Table 1). The terrigenous and aquatic OM
equations in Table 1 were normalised to the weight of the
sediment extracted. Moreover, because Blåsø has experi-
enced both marine (LF1) and lacustrine (LF2–LF3) condi-
tions, the alkenone UK

37 index was converted into surface wa-25

ter temperature (SWT) using both the surface temperature
calibration equation of D’Andrea et al. (2011), which was
developed for lakes in West Greenland, and the marine tem-

perature calibration in Bendle and Rosell-Mele (2004), de-
veloped for the Nordic Seas (Table 1). 30

3.5 Core chronology

The chronology for LC7 and LC12 was established using ac-
celerator mass spectrometry (AMS) radiocarbon (14C) dat-
ing. Where possible, calcareous microfossils (mixed ben-
thic foraminifera) were dated, and bulk (acid-insoluble or- 35

ganic matter – AIOM) sediment was only dated in the ab-
sence of microfossils. Moreover, to assess the reliability of
the AIOM fraction, we performed “paired” foraminifera and
AIOM dating on two horizons (∼ 297 and 327 cm). Cores
were also inspected for other datable macrofossils (mosses, 40

algae, and shells) but were found to be barren. The 14C dat-
ing of samples from the lake cores and of macrofossils
(molluscs and gastropods) from the raised marine deposits
was undertaken at the NERC Radiocarbon Laboratory (En-
vironment) in East Kilbride, UK (denoted using the prefix 45

“SUERC-”); the Keck-CCAMS facility, University of Cal-
ifornia, Irvine, USA (denoted using the prefix “UCIAMS-
”); and Beta Analytic, Miami, USA (denoted using the pre-
fix “BETA-”). Radiocarbon ages were calibrated to calendar
years before present (calyrBP, where present is 1950 CE) 50

using the calibration software CALIB 8.1.0 (Stuiver and
Reimer, 1993), the Marine20 calibration curve (Heaton et al.,
2020), and a 1R of 0± 0 years, following Hansen et al.
(2022). Marine20 estimates an increase in the (globally aver-
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Figure 4. Multi-proxy data for core LC7, including simplified core lithology/structure, physical properties (magnetic susceptibility (MS) and
density), foraminiferal assemblage data (barren (b) and trace (t; < 20) foraminifera), and selected XRF-scanner data. Horizontal (dashed)
lines delineate the main lithofacies (LF) 1–3. Calibrated ages are shown on the right panel.

aged) marine reservoir age compared with Marine13, rang-
ing from ∼ 550–410 14Cyr for the pre-bomb period. This is
∼ 150 years older than the marine reservoir age in Marine13,
which was 405 14Cyears (Reimer et al., 2013). Thus, a1R of
0± 0 years, as advocated by Hansen et al. (2022), essentially5

replicates previously published work from the region using
Marine13, e.g. 1R 150± 0 years (Larsen et al., 2018), and
results in near-identical calibrated ages. A1R of 0± 0 years
is also very similar to the geographically nearest data point
to 79◦ N in the Marine20 marine reservoir database (map no.10

31 shows a 1R of 3± 60 years; Funder, 1982). However,
as outlined in O’Regan et al. (2021), the absence of a pri-
ori information regarding local marine reservoir corrections
for many areas of Greenland could result in a broad enve-
lope of uncertainty in calibrated ages. Unfortunately, with-15

out additional work, including the use of independent dating
techniques, i.e. relative palaeointensity, it remains difficult to
fully quantify this. For example, variations in sea-ice cover,
different water masses, or input of glacial meltwater all have
the potential to impact the local marine reservoir age (see20

O’Regan et al., 2021; Pados-Dibattista et al., 2022; Hansen
et al., 2022; and Heaton et al., 2022, for further discussion).

4 Results and interpretation

4.1 Blåsø

LC7 consists of two overlapping ∼ 2 m long cores with a25

composite core recovery of 3.74 m. LC12 consists of three
2 m cores, although we only have confidence that the upper
two drives overlap. The uncertain splice likely reflects move-
ment of the raft during coring operations, with the third drive

of the piston corer penetrating a different part of the sedi- 30

ment drape. For this reason, we only present data for the up-
per two sections of LC12. Multi-proxy analyses reveal three
main lithofacies (LF1–LF3) in LC12 and LC7 (Figs. 4, 5).

CE1 In LF1, the lowermost sediments in both cores are
generally brown, massive (LC12) to crudely stratified (LC7) 35

clay/silts with occasional gravel- and pebble-sized clasts
(Fig. 6). Magnetic susceptibility increases to a peak at
∼ 300 cm in LC12 before decreasing, and it decreases up-
core in LC7 (Figs. 4, 5). LC12 shows an interval of increased
coarse silt between 320 and 300 cm (Fig. 5). The clay min- 40

eral assemblage in LC12 is dominated by chlorite and illite
with lower smectite and kaolinite contents (Fig. 7). XRF-
scanning data show a high degree of variability throughout
both cores. LF1 is characterised by low Ti/Ca (0.01–0.05)
and Mn/Fe values between 0.01 and 0.05. Br values are typ- 45

ically high (∼ 20 cps, counts per second) but decrease be-
tween ∼ 320 and 305 cm in LC12.

Benthic foraminifera are present throughout LF1 (370.5–
282 cm) in LC12 (Fig. 5) with the exception of one hori-
zon at 314 cm, which was entirely barren. The assemblage 50

is dominated by Cassidulina reniforme (> 50 %). Elphidium
clavatum (10 %–20 %), Stainforthia feylingi (5 %–10 %), and
Stetsonia horvathi (variable but up to 15 % below 300 cm)
are also common. There is a significant shift in fauna in
the uppermost part of LF1 (290.5–282 cm): S. horvathi be- 55

comes dominant (30 to> 50 %) while C. reniforme decreases
but is still very common (20 %–30 %). The abundance of
E. clavatum decreases to below 10 %, whereas S. feylingi
abundance increases slightly to > 10 %. This section is also
characterised by a significant increase in the foraminiferal 60

concentration, with the uppermost sample (282 cm) having
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Figure 5. Multi-proxy data for core LC12, including simplified core lithology/structure, physical properties (magnetic susceptibility (MS)
and density), foraminiferal assemblage data (barren (b) and trace (t; < 20) foraminifera), and selected XRF-scanner and grain-size (coarse-
silt) data. Horizontal (dashed) lines delineate the main lithofacies (LF) 1–3. Calibrated ages are also shown. “∗” denotes age reversals.

Figure 6. X-radiographs of (a) LC7 and (b) LC12 along with the associated lithofacies (LF) 1–3.

the highest foraminifera concentration per millilitre due to
an increase in S. horvathi.

The faunal record from LC7 is very similar to LC12
(Fig. 4), although fewer samples were analysed. In to-
tal six samples were counted from 377 to 228 cm.5

Foraminifera disappear abruptly above 228 cm (LF1–LF2

boundary). The lower section (377–248 cm) is dominated by
C. reniforme (60 %–75 %), with E. clavatum (10 %–20 %),
S. feylingi (< 10 %), and S. horvathi (< 5 %) also common
in decreasing importance. In the uppermost sample contain- 10

ing foraminifera (228 cm), the abundance of S. horvathi in-
creases to > 50 %, S. feylingi remains common (approxi-
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Figure 7. Clay mineral data for LC12. Horizontal (dashed) lines delineate the main lithofacies (LF) 1–3.

mately 10 %), C. reniforme decreases to 27 %, and E. clava-
tum decreases to < 5 %.

The UK
37 typically displays high values (−0.1–0.1), with

a minor decrease (−0.2) at 320 cm before increasing again
(Fig. 8). The %C37:4 mirrors the UK

37, with low concen-5

trations (11 %–21 %) and a peak of 25 % at 320 cm. The
K37/K38 index is variable (0.6–1.1), with a prominent peak
(1.7–2.0) between 314 and 320 cm. The terrigenous (0.07–
0.1 µgg−1) and aquatic OM are typically low; the latter de-
creases up to 320 cm (from 0.5 to 0.2 µgg−1) and remains10

low for the rest of LF1. The terrestrial-to-aquatic ratio (TAR)
and C31/C29 are variable but show a general increasing trend.
The pristane/phytane and the carbon preference index (CPI)
ratios display low values (1.2–1.8 and 0.7–1.0 respectively).

With respect to the palaeoenvironmental interpretation of15

LF1, on the basis of abundant benthic foraminifera, high UK
37,

and low %C37:4, indicative of a relatively cool and saline wa-
ter column (Bendle and Rosell-Mele, 2004), this lithofacies
is interpreted to have been deposited in a seasonally open
marine setting. Specifically, the %C37:4 values (10 %–25 %)20

indicate the absence, or low concentrations (< 30 %), of sea
ice (Wang et al., 2021) and salinities similar to the North At-
lantic close to the winter sea-ice edge (Wang et al., 2021). A
corollary of this is that 79◦ N – the ice dam that currently
prevents marine water from reaching the central basin of25

Blåsø – must have been absent at the time of deposition. The
foraminiferal assemblage in the lowermost parts of LC12 and
LC7 is dominated by C. reniforme (> 50 %), which is indica-
tive of cold water, typical of distal glaciomarine conditions
(Hald and Korsun, 1997; Slubowska et al., 2005; Slubowska-30

Wodengen et al., 2007; Perner et al., 2011; Consolaro et al.,
2018). E. clavatum is also common (10 %–20 %) and has
been associated with proximal to distal glaciomarine condi-
tions (Slubowska-Wodengen et al., 2007; Perner et al., 2011;

Jennings et al., 2011). In contrast, the key Atlantic indicator 35

species Cassidulina neoteretis (Jennings et al., 2011, 2004;
Perner et al., 2015; Cage et al., 2021) occurs in low num-
bers with< 5 % abundance. Thus, the lowermost assemblage
in LF1 indicates cold glaciomarine conditions with mini-
mal evidence of Atlantic-sourced waters. Above ∼ 290 cm 40

in LC12 and above ∼ 228 cm in LC7, cold-water indica-
tors still dominate, but there is a significant increase in the
abundance of S. horvathi. This species is commonly found
in association with perennial sea-ice cover (Wollenburg and
Mackensen, 1998) and, in some instances, below ice shelves 45

(Jennings et al., 2020). Therefore, the dominance of S. hor-
vathi suggests an increase in ice cover. An abrupt shift
in alkenone producers between 300 and 314 cm (K37/K38)
and a decrease in aquatic productivity (aquatic OM) below
300 cm also suggest a change in surface water properties 50

(Fig. 8). Furthermore, peaks in the K37/K38 index occur with
higher %C37:4 more closely compared to fresher North Pa-
cific, rather than North Atlantic, waters suggesting increased
sea-ice concentration (Wang et al., 2021) and/or surface Po-
lar Water influence (Bendle and Rosell-Mele, 2004) while 55

still allowing aquatic algae productivity. CE2The upper and
lower foraminiferal assemblages in LC12 are separated by
an increase in coarse silt, with corresponding peaks in mag-
netic susceptibility, chlorite, and K37/K38 (Figs. 5, 7, 8). This
coarse-silt interval reflects either a period of enhanced de- 60

position of ice-rafted debris (IRD) within an ice-free ma-
rine embayment or the first sign of glacial advance associ-
ated with ice shelf reformation. Generally, IRD-sized ma-
terial (> 125 µm) is relatively rare throughout both cores;
this is probably related to the bathymetry of Blåsø – specif- 65

ically the ridges at both sides of the central basin (Fig. 2)
which act to block large bergs from reaching the core sites.
Nevertheless, coincident with the increase in coarser detri-
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Figure 8. Biomarker (n-alkanes and ketone indices) data for LC12. Horizontal (dashed) lines delineate the main lithofacies (LF) 1–3. Surface
water temperature (SWT) was calculated using data from both D’Andrea et al. (2011) (LF3 – solid line) and Bendle and Rosell-Mele (2004)
(LF1 and LF2 – dashed line) for the “lake” and “marine” phases respectively.

tus in LC12, we see a minor shift to colder/less-saline water
(<UK

37; >%C37:4) (Prahl and Wakeham, 1987; Bendle and
Rosell-Mele, 2004). We envisage that, as the ice shelf started
to ground at the eastern and western mouths of Blåsø, ma-
rine water was periodically restricted as fresher (lacustrine)5

conditions became more prevalent. Clay mineral data reveal
information about sediment pathways linked to catchment
geology. The Blåsø area comprises the northern part of the
East Greenland Caledonides, and the bedrock is primarily
composed of crystalline basement except for a few places10

on Lambert Land and north of Nioghalvfjerdsfjorden where
Palaeoproterozoic–Mesoproterozoic sediments and basalts
are present (Smith et al., 2004a). While high concentrations
of illite likely reflect local input from the Rivieradal Group
(Neoproterozoic sandstones/siliciclastic sediments primarily15

composed of quartz and feldspar grains as well as small
amounts of mica) and the limestone-bearing Odins Fjord For-
mation, the elevated chlorite content could reflect one of two
sources, both of which require the absence of the 79◦ N ice
shelf: (1) input from the basaltic rocks of Lambert Land20

(Fig. 1) to the south of Blåsø and (2) input from the crys-
talline basement which crops out at the mouth of Nioghalvf-
jerdsfjorden on Hovgaard Ø (Fig. 1) (Smith et al., 2004a).
Under both scenarios, the absence of the 79◦ N ice shelf
would enable delivery of “exotic” lithologies via iceberg raft-25

ing either across or down the length of Nioghalvfjerdsfjor-
den. Irrespective of the source, the overall clay mineral com-
position of LF1 (< smectite, > illite, and variable chlorite
and kaolinite) is considered to be a marine end-member.

Lithofacies 2 (LF2) is a black, stratified to laminated30

mud (Fig. 6). Both the grain size and magnetic suscepti-
bility decrease relative to LF1, whereas Ti/Ca ratios in-
crease markedly (Figs. 4, 5, 6). Br values remain low, and
Mn/Fe values decrease and remain low. Smectite and kaoli-
nite decrease with increases in illite and chlorite (Fig. 7).35

Foraminifera are absent in LF2, although low numbers

of chironomids (Heterotrissocladius oliveri-type) were ob-
served.

A distinctive feature of LF2 is the change in the alkenone
GC profiles, evident in the highly variable ketone indices 40

(Fig. 8). The UK
37 generally decreases compared with LF1 but

is variable. Values peak at 274 cm (0.2), decrease to −0.6 at
266 cm, and then increase to−0.1 at 258 cm (Fig. 8). %C37:4
is anticorrelated with UK

37, with low values at 274 cm (11 %),
peak values at 266 cm (67 %), and lower values at 258 cm 45

(24 %). %C37:4 is generally higher relative to LF1. The vari-
ability in the K37/K38 index decreases compared with LF1
and remains between 0.8 and 1.0. In addition to the dis-
tinctive ketone indices, the terrigenous OM progressively in-
creases up to a peak at 268 cm (0.27 µgg−1) before decreas- 50

ing to previous concentrations. The aquatic OM increases to
0.05 µgg−1 and then slowly decreases towards the top of LF2
(0.03 µgg−1). The TAR and C31/C29 remain variable, both
peaking around 270 cm. The CPI and pristane/phytane ratios
remain low (values close to 1). 55

With respect to the palaeoenvironmental interpretation of
LF2, the absence of foraminifera and the mix of alkenone
producers (e.g. K37/K38; McClymont et al., 2005) coupled
with an increase (decrease) in %C37:4 (UK

37) indicate a shift
to a cold, less-saline environment (Bendle and Rosell-Mele, 60

2004). We attribute these changes to the isolation of Blåsø as
the 79◦ N ice shelf reformed and grounded at the western and
eastern margins. The shift from an exclusively marine (LF1)
to a fresher, less-saline water column occurs in steps, with the
lowermost part of LF2 (280–274 cm) indicating that marine 65

water still reached the core site and that the water column
was well mixed. In contrast, above 274 cm, %C37:4 values
imply a shift to a fresher water column and higher sea-ice
concentrations.

Low Mn/Fe ratios, which also characterised the lower part 70

of LF1 (Figs. 4, 5), indicate limited ventilation, which we at-
tribute to increases in lake ice (as inferred from >%C37:4),
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greater water column stratification, or a combination of both.
Thicker lake ice would limit photosynthesis and exchange
with the atmosphere – conditions that would be conducive
to increased stratification and oxygen depletion. This is re-
flected in low Mn concentrations, indicative of Mn reduc-5

tion under anoxic bottom-water conditions. Anoxic condi-
tions would explain the black colour of LF2, and similar sed-
iment characteristics have been recognised in other epishelf
lake records, e.g. Disraeli Fiord (Antoniades et al., 2011),
as marking a reduction in marine influence and a switch10

to freshwater dominance during ice shelf reformation. The
suppression of biological activity expected from increasing
lake ice is also supported by the presence of Heterotrisso-
cladius oliveri-type chironomids, which are thought to live
in the profundal zone and indicate a cold stenothermic (nar-15

row temperature range) and possibly ultraoligotrophic envi-
ronment (Winnell and White, 1986; Axford et al., 2019).

The transition from a largely marine to a fresher lacus-
trine setting is also accompanied by a change in producers,
i.e. low K37/K38 and increases in aquatic OM. Terrigenous20

inputs (terrigenous OM) increase between 274 and 250 cm,
peaking during the freshest conditions at 268 cm (Fig. 8).
This could be related to glacier advance providing a higher
concentration of detritus or detritus from different sources,
as indicated by the mix of OM signatures from vegetation25

(CPI, pristane/phytane, and C31/C29). The clay mineral data
support variations in the sediment source. Both smectite and
kaolinite decrease to minima at 268.5 cm and increase there-
after. This pattern is mirrored by increases (and decreases) in
illite and chlorite. This variability likely reflects a transition30

from a marine clay mineral assemblage, whereby detritus is
derived from multiple source areas, to one that is dominated
by a local inputs (i.e. LF3). The input of terrigenous OM and
the increase in aquatic OM imply enhanced lake fertilisation,
and we envisage that the combination of increased nutrient35

flux and changes in water properties led to the change in pro-
ducers at Blåsø.

LF3 is a red/brown, laminated, clay/silt with occa-
sional > 2 mm clasts (Figs. 4, 5, 6). Some laminae are nor-
mally graded, with distinctive clay caps. Magnetic suscepti-40

bility gradually decreases up-core in LC12 (Fig. 5), whereas
magnetic susceptibility first increases to∼ 100 cm before de-
creasing in LC7 (Fig. 4). Minor increases in coarse silt occur
in LC12 above 60 cm (Fig. 5). Illite remains the dominant
clay mineral (> 50 %) but decreases relative to LF2 (Fig. 7).45

Smectite gradually decreases up-core from 11 % to 7 %,
whereas kaolinite increases up to 180–120 cm (∼ 15 %) be-
fore decreasing again. Chlorite varies in the upper ∼ 60 cm
but shows an overall increase in concentration up the core.

Foraminifera are generally absent, although rare tests oc-50

cur in the upper 30 cm and in surface samples that con-
tain calcareous and agglutinated species in very low abun-
dances (C. reniforme, E. excavatum, and Textularia earlandi;
Figs. 4, 5). Other microfauna include chironomids, Cyclor-
rhapha (flies), and copepods, although not in datable con-55

centrations. Ti/Ca ratios drop in this unit but exhibit distinct
variability between 0 and 0.05 (Figs. 4, 5).

The UK
37 decreases throughout LF3, ranging from be-

tween −0.4 and −0.7 in LF3a to between −0.6 and −0.7
in LF3b and LF3c. Conversely, %C37:4 increases from an 60

average of 58 % in LF3a to 66 % in LF3b and LF3a. The
uppermost sample, however, displays a higher UK

37 (−0.6)
and lower %C37:4 (60 %) values. Similar changes are ob-
served in the K37/K38 index, which shows lower variability
(values between 1.0 and 1.4) compared with LF1 and LF2, 65

with one exception at 200 cm (where the index drops to 0.7),
and a slow decreasing trend from an average of 1.2 in LF3a
to 1.1 in LF3b and LF3c. Terrigenous and aquatic OM shows
a gradual increasing trend throughout LF3a and greater
variability in LF3b and LF3c. The CPI first increases in 70

LF3a (from ∼ 1–1.3 up to 218 cm), reaches a broad maxi-
mum (1–1.2) between 218 and 128 cm, and then decreases
through LF3b to low and stable values (0.7–0.8) in LF3c.
The pristane/phytane ratio increases from below 1 to 3.7 at
218 cm and then shows an up-core decreasing trend, reach- 75

ing values below 1 in LF3c. The C31/C29 index is vari-
able throughout LF3a (0.5–0.7) and progressively increases
in LF3c and LF3c (0.6–1.0). The TAR displays low values
(1.1–2.7) throughout LF3a and LF3b with a shift to increas-
ing variability and higher values (2.5–5.5) in LF3c. 80

With respect to the palaeoenvironmental interpretation of
LF3, the absence of foraminifera, except for rare occurrences
in the upper ∼ 30 cm, and persistently high (low) %C37:4
(UK

37) values imply that Blåsø remained largely isolated from
marine water due to the persistence of an ice shelf. Recent 85

analysis of Arctic surface sediments indicates that %C37:4
concentrations between 60 % and 70 % are typically associ-
ated with a∼ 75 % sea-ice concentration (Wang et al., 2021).
Thus, it seems likely that perennial lake ice existed in Blåsø
which retarded, but did not completely stop, productivity in 90

the surface water. The UK
37 values indicate warmer SWTs

throughout much of LF3a, with a shift to cooler conditions in
LF3b–LF3c (Fig. 8). A minor increase in temperature is ob-
served in the upper ∼ 20 cm. The overall increase in aquatic
and terrestrial OM in LF3a, indicative of higher woody veg- 95

etation (decreases in C31/C29), could imply a wetter cli-
mate (Bush and McInerney, 2013) that fertilised the surface
waters in the summer melt season. An overall decrease in
aquatic OM in LF3c, despite constant terrestrial OM input
from higher grassy vegetation (increases in C31/C29), sug- 100

gests less productivity in the lake, perhaps under drier condi-
tions. The lower CPI and pristane / phytane ratios in LF3c
likely reflect an increase in catchment erosion (Walinsky
et al., 2009; Sánchez-Montes et al., 2020), although an in-
crease in graminoids (Bush and McInerney, 2013) and more 105

reductive conditions in the lake (Ten Haven et al., 1988)
could also explain the low values. The higher TAR reflects
increases in terrigenous OM and decreases in aquatic OM
inputs across LF3. More generally, the laminated and graded
nature of LF3 (potential varves; see Palmer et al., 2019) im- 110
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plies seasonal variations in sediment input and/or different
sediment sources (fluvial/fluviodeltaic vs. glacial).

As noted above, the clay mineral assemblage of
LF3a–LF3b differs markedly from that deposited in
a marine setting (LF1): LF3a–LF3b is characterised5

by > smectite, < illite, < chlorite, and > kaolinite. This re-
flects the lacustrine end-member, which was potentially iso-
lated from exotic (marine) lithologies because of the ice shelf
dam which would limit detritus delivered via IRD and/or
sourced from a wider area. In this context, increases in smec-10

tite likely derive from the Neoproterozoic Rivieradal Group
siliciclastic succession that contains conglomerates rich in
quartzite and dolerite clasts (Higgins et al., 2004), with the
latter likely to be smectite-rich. The higher kaolinite could
derive from shales or limestones, which are also present in15

the Rivieradal Group and Odins Fjord Formation respec-
tively.

One intriguing aspect of the upper ∼ 60 cm of LC12
(LC3c) is that it displays some of the characteristics of LF1
(e.g. increases in coarse silt, chlorite, illite, Br, and TAR as20

well as reduced CPI and aquatic OM), albeit with much lower
numbers of foraminifera and %C37:4 indicative of a “fresh”
water column. Indeed, a minor increase in %C37:4 from 58 %
to 66 % and a decrease in UK

37 values at ∼ 100 cm imply de-
creasing SWTs and salinities. Taken at face value, this indi-25

cates that Blåsø became fresher, colder, and even more iso-
lated from marine inputs above 100 cm. However, an alter-
native explanation is that the minor increase in foraminifera
and the increases in clay minerals indicative of a marine end-
member (Fig. 7) imply incursions of marine water to the cen-30

tral basin. While the %C37:4 values preclude a fully mixed
(marine) water column, the minor increase in foraminifera
and other marine markers could reflect modern ice shelf thin-
ning or thinning in the recent past, enabling a greater propor-
tion of marine water into the central basin. This interpretation35

could explain the decrease in aquatic OM despite the con-
tinuous terrigenous inputs (increase in TAR and lower CPI).
However, because we have not been able to date this part of
the core (LF3a–LF3c), due to insufficient foraminifera/dat-
able material, we cannot completely rule out that the marine40

signature reflects the reworking of uplifted glaciomarine sed-
iments within the Blåsø catchment, possibly delivered to the
lake by increased catchment erosion due to climate or glacier
advance and/or aeolian transport.

4.2 Uplifted glaciomarine and deltaic sediments45

Along the western and northern edge of Blåsø, uplifted
glaciomarine (BUG) and deltaic sediments occur, some of
which have previously been described by Bennike and Wei-
dick (2001) (Figs. 2, 9, 10). Our field observations constrain
the marine limit to ∼ 33 ma.s.l. (Figs. 9; 10a, b), although50

lake-ice push ridges were observed above this point up to
∼ 47 ma.s.l. To the west of Blåsø the marine limit is marked
by an extensive coarse-gravel delta at ∼ 33 ma.s.l., and this

can be traced around the lake (Fig. 2). However, as the rel-
ative sea level fell through the Holocene, intermediate delta 55

surfaces overprint the coastline at ∼ 25 and 15 ma.s.l. We
identified two main lithofacies: BUG/LF1 and BUG/LF2.

BUG/LF1 comprises red/brown massive to weakly strati-
fied clays and silts containing in situ macrofauna (articulated
bivalves) dominated by Hiatella arctica (Figs. 9; 10c, d). 60

In most exposures, this lithofacies occupies an elevational
range of 0–22 ma.s.l. The predominance of silt and clay
suggests that this is a deeper-water lithofacies which is dis-
tal to any ice-stream grounding line or local fluvial input.
There are occasional dropstones indicative of ice-rafted input 65

(Fig. 10e). Benthic foraminiferal assemblages, although not
assessed quantitatively, are dominated by E. clavatum (Jen-
nings et al., 2020) but also include several other glaciomarine
and cold-water species (C. reniforme, Islandiella islandica,
Haynesina orbiculare, Astrononion gallowayi, Nonion spp., 70

Triloculina tricarinata, S. feylingi, Spiroplectammina bi-
formis, and Quinqueloculina spp.). Therefore, BUG/LF1 is
interpreted to reflect full glaciomarine conditions within the
basin, with its fine-grained nature reflecting deeper-water
conditions. 75

With respect to BUG/LF2, BUG/LF1 is overlain by pla-
nar bedded, well-sorted silty sand and fine gravel, as seen
in Fig. 10f. These sediments become coarser in the upward
direction and are characterised by planar cross-bedded and
trough cross-bedded structures that we interpret as incised 80

channels. These sediments form distinctive flat-topped sur-
faces at varying altitudes adjacent to the lake shore. These
sediments contain both reworked and in situ molluscan fauna
dominated by Hiatella arctica but with minor occurrences of
Astarte borealis and Mya truncata. In several places around 85

the lake, the upper sediment sequences are reworked into
indistinct linear ridges. BUG/LF2 is interpreted as partially
channelised, delta topsets which formed at the margins of
the lake and overlying BUG/LF1. We envisage that the delta
staircase formed at the periphery of the lake basin as rel- 90

ative sea level dropped from the marine limit at ∼ 33 to
∼ 25 ma.s.l. (SP2) and then to ∼ 15 ma.s.l. (SP1) (Fig. 9).
The distinctive ridges are most likely lake-ice push ridges
(Hendy et al., 2000). Similar landforms were seen forming
along the contemporary lake edge during fieldwork in 2017. 95

4.3 Chronology

LF1 yielded foraminiferal (mixed benthic) ages of 4170–
5670 14CyrBP (4056–5858 calyrBP) for core LC7 and of
4345–5910 14CyrBP (4274–6127 calyrBP) for core LC12
(Table 2). With the exception of one sample at 307 cm in 100

core LC12, dated to 5910 14CyrBP, all ages occur in strati-
graphic order within error. This age is omitted from our
stratigraphy. Radiocarbon dating of the bulk organic frac-
tion of LF1 and LF2 (LC12) yielded anomalously old ages
(11 156–22 367 14CyrBP), likely reflecting the input of fossil 105

carbon from the limestone-dominated catchment. Age–depth
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Figure 9. Altitudinal profile of the Blåsø uplifted glaciomarine and deltaic sediments (BUG). The abbreviations used in the figure are as
follows: Gm – massive/crudely bedded gravel; Grh – horizontally bedded gravel; Gr – gravel, ripple cross-laminated; Sh – sheared/laminated
sand; Fu – upward-fining mud; Fl – laminated mud/sand; and Sl – cross-bedded sand. Radiocarbon ages (calyrBP) are shown to the right of
section logs.

modelling of the 14C age data (LF1) was undertaken with
CLAM v2.40 using linear interpolation between neighbour-
ing levels (Blaauw, 2010).

Shell samples (Hiatella arctica and gastropods) from the
uplifted glaciomarine and deltaic sediments yielded ages5

of 5794–8205 14C yrBP (6022–8519 calyrBP). BUG/LF1 is
dated to 7227–7936 calyrBP. It is older than LF1 recovered
from the lake cores and, therefore, helps to constrain the ini-
tial phase of glaciomarine sedimentation in Blåsø. The sedi-
ments from BUG/LF2 record two separate phases of deltaic10

sedimentation at the periphery of the lake. The earliest deltaic
phase is recorded at site SP2 at ∼ 25.11 ma.s.l. and is dated
to 7629–8519 calyr BP (Fig. 9). This is close to the marine
limit and helps to constrain deglaciation, the early formation
of Blåsø, and the onset of relative sea-level fall. A lower-15

elevation deltaic site (SP1∼ 15.93 ma.s.l.; Fig. 9) marks fur-
ther sea-level fall constrained to 6022–6114 calyrBP, and
this also predates the deposition of LF1 in cores LC12 and
LC7.

5 Discussion20

The analysis of two sediment cores (LC7 and LC12)
recovered from the central basin of Blåsø displays
near-identical sedimentological, faunal, and geochemi-
cal/biomarker changes, thereby confirming a consistent his-
tory of deposition within the lake basin. Together with en-25

vironmental and chorologicalCE3 information from uplifted
glaciomarine sediments, they provide a detailed record of the
Early to Middle Holocene retreat of the 79◦ N ice shelf and
its subsequent reformation. The discussion below mainly fo-
cuses on the results of LC12 because this core was analysed 30

in most detail.

5.1 Ice shelf retreat phase (∼ 8.5 to 4.4 kacalBP)

Raised glaciomarine deposits around Blåsø provide clear
evidence of a complete deglaciation of the ∼ 70 km long
Nioghalvfjerdsfjorden from a more advanced Late Glacial 35

configuration (Fig. 11a; Winkelmann et al., 2010; Rasmussen
et al., 2022). The onset of deglaciation – and the earliest
evidence of the absence of the 79◦ N ice shelf – is con-
strained by the deposition of mollusc-bearing glaciomarine
sediments (BUG/LF1). These sediments formed close to the 40

marine limit (∼ 33 ma.s.l.) on the western side of Blåsø and
have subsequently been uplifted due to isostatic rebound
(Fig. 11b). Radiocarbon dating of in situ Hiatella arctica
within BUG/LF1 indicates that marine conditions were es-
tablished as early as ∼ 8.5 kacalBP (Table 2). Hiatella arc- 45

tica inhabits a relatively broad water depth range (0–800 m;
Harbo, 1997), although the predominantly fine-grained na-
ture of BUG/LF1 implies deposition in deeper water, dis-
tal to a grounding line. We envisage that BUG/LF1 formed
as the relative sea level dropped from the marine limit at 50

∼ 33 ma.s.l. to ∼ 15 ma.s.l. (Fig. 11b). While the timing of



14 J. A. Smith et al.: Holocene history of the 79◦ N ice shelf

Figure 10. Photos of Blåsø uplifted glaciomarine (BUG) and deltaic sediments. Image (a) shows the uplifted glaciomarine sediments periph-
eral to Blåsø at site EV1. The marine limit at∼ 33 ma.s.l. can be seen in the background. Below this, lithofacies BUG/LF1 is exposed due to
local stream incision. Image (b) shows the marine limit at ∼ 33 ma.s.l. close to site EV1. Image (c) shows lithofacies BUG/LF1 sediments
exposed at site DIV 1. These are predominantly massive to partially stratified red clay/silts with an assemblage of paired molluscs. They are
capped by a thin layer of gravel. Image (d) presents a paired Hiatella arctica valve within lithofacies BUG/LF1 at site DIV1. Image (e) shows
a striated dropstone in lithofacies BUG/LF1, indicating an ice-rafted component within this lithofacies. Image (f) shows lithofacies BUG/LF2
exposed at site DIV2 at 28 ma.s.l. This lithofacies varies in elevation but is characterised by planar and trough cross-bedded sand and gravels
that often form distinctive flat surfaces peripheral to the Blåsø shoreline. Photographs were taken by David H. Roberts.

the sea-level drop is poorly constrained by our data, radio-
carbon dating of gastropods within uppermost delta topsets
records postglacial sea-level fall until ∼ 6.0 kacalBP. The
evidence of ice shelf absence between 8.5 and 4.0 kacalBP
is consistent with previously published 14C dates from mol-5

luscs and whale bones which indicated that the ice shelf
was smaller than present at∼ 7.8–4.6 kacalBP (Bennike and
Weidick, 2001). The ages presented here extend the ice-free
period by over a millennium. The chronology is also con-
sistent with 10Be ages which indicate that the deglaciation10

of Nioghalvfjerdsfjorden occurred between 9.2 and 7.9 ka
(Larsen et al., 2018).

The lowermost sediments in LC12 and LC7 (LF1) are
characterised by an exclusively open marine microfossil
assemblage and alkenone profiles consistent with a fully 15

mixed (saline) water column. This confirms that the ice
shelf retreated and also provides additional insights into
the environmental conditions close to the grounding line of
79◦ N Glacier. The 14C data from LC7 and LC12 indicate
that the Blåsø catchment was inundated by marine waters 20

between 5.9 and 4.0 kacalBP (Table 2). The foraminiferal
fauna in both cores is characteristic of relatively “cold”
Arctic water conditions, likely influenced by the input of
glacial meltwater from nearby tidewater glacial margins as
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Table 2. Compilation of radiocarbon (14C) ages for cores LC7 and LC12 and uplifted glaciomarine sediments. “bf” refers to benthic and
“AIOM” denotes acid-insoluble organic matter. All 14C ages were corrected using a marine reservoir effect (MRE) of ∼ 550 years (1R of
0± 0 years), following Hansen et al. (2022). Corrected 14C ages were calibrated with the CALIB Radiocarbon Calibration program (version
8.1.0; http://calib.org/calib/, last access: 16 January 2023) using the Marine20 calibration curve (Heaton et al., 2020). Calibrated ages are
given as a 2σ range (min, max, and mean).

Publication code Sample ID Depth Material Lithofacies δ13CVPDB‰ 14C age ± 1R ± Calibrated age (cal yrBP)
(cm) ± 0.1 (14CyrBP) Min Max Mean

SUERC-90493 SC9 0 AIOM LF3 −28.926 17 259 75 0 0 – – –
UCIAMS-211060 LC7 229 Mixed bf LF1 4170 30 0 0 3881 4230 4056
BETA-499519 LC7 378.5 Mixed bf LF1 5670 30 0 0 5690 6025 5858
SUERC-90494 LC7 202.5 AIOM LF1 −29.902 15 211 63 0 0 – – –

UCIAMS-216429 LC12 279 Mixed bf LF1 4345 30 0 0 4100 4447 4274
UCIAMS-216430 LC12 371 Mixed bf LF1 4970 25 0 0 4858 5293 5076
SUERC-90482 LC12 11 AIOM LF3c −28.459 11 593 45 0 0 – – –
SUERC-90483 LC12 94.5 AIOM LF3b −28.174 18 388 85 0 0 – – –
SUERC-90484 LC12 183 AIOM LF3a −28.046 22 367 133 0 0 – – –
SUERC-90489 LC12 246 AIOM LF3a −28.554 15 864 65 0 0 – – –
SUERC-90490 LC12 263 AIOM LF2 −27.864 11 156 45 0 0 – – –
SUERC-90491 LC12 297 AIOM LF1 −27.005 12 074 47 0 0 – – –
SUERC-90492 LC12 326.5 AIOM LF1 −28.047 14 011 55 0 0 – – –
UCIAMS-223836 LC12 307 Mixed bf LF1 5910 30 0 0 5919 6302 6111
UCIAMS-223837 LC12 337 Mixed bf LF1 4895 40 0 0 4789 5260 5025
UCIAMS-223840 LC12 347 Mixed bf LF1 5035 35 0 0 4911 5399 5155
UCIAMS-225387 LC12 297 Mixed bf LF1 4465 25 0 0 4209 4696 4453
UCIAMS-225388 LC12 327 Mixed bf LF1 4705 25 0 0 4514 4961 4738
UCIAMS-225389 LC12 357 Mixed bf LF1 5025 25 0 0 4892 5362 5127

SUERC-86006 Neg_Blaso_DIV_Sh01 – Hiatella arctica BUG/LF1 1.573 7168 38 0 0 7282 7634 7458
SUERC-86007 Neg_Blaso_DIV_Sh02 – Hiatella arctica BUG/LF1 0.695 7117 35 0 0 7241 7584 7413
SUERC-86008 Neg_Blaso_DIV_Sh03 – Hiatella arctica BUG/LF1 1.555 6958 36 0 0 7068 7452 7260
SUERC-86009 Neg_Blaso_DIV_Sh05 – Hiatella arctica BUG/LF1 0.621 7019 35 0 0 7147 7505 7326
SUERC-86013 Neg_Blaso_DIV_Sh013 – Hiatella arctica BUG/LF1 1.463 7012 35 0 0 7142 7502 7322
SUERC-86014 Neg_Blaso_DIV_Sh015 – Hiatella arctica BUG/LF1 1.395 6845 37 0 0 6937 7351 7144
UCIAMS-216453 Neg_Blaso_Delta_SP2A – Gastropod/bivalve BUG/LF2 7420 50 0 0 7511 7904 7708
UCIAMS-216454 Neg_Blaso_Delta_SP2B – Gastropod/bivalve BUG/LF2 7345 40 0 0 7442 7814 7628
SUERC-86015 Neg_Blaso_Delta_SP2C – Gastropod/bivalve BUG/LF2 −0.538 8205 35 0 0 8320 8758 8539
SUERC-86016 Neg_Blaso_Delta_SP1A – Gastropod/bivalve BUG/LF2 −0.272 5858 36 0 0 5885 6273 6079
SUERC-86017 Neg_Blaso_Delta_SP1B – Gastropod/bivalve BUG/LF2 0.53 5794 37 0 0 5782 6214 5998
SUERC-86018 Neg_Blaso_Delta_SP1C – Gastropod/bivalve BUG/LF2 −0.394 5900 38 0 0 5908 6298 6103

79◦ N Glacier readvanced and the ice shelf started to reform
(Fig. 11c).

Multiple lines of evidence indicate that retreat of the
79◦ N ice shelf occurred at a time of atmospheric and
ocean warming (Fig. 12). A compilation of ice core records5

and model simulations indicate that the most pronounced
summer warming occurred from ∼ 10 to 6 ka, i.e. dur-
ing the HTM, and was roughly in phase but with lagging
maximum summer insolation (Buizert et al., 2018). Max-
imum atmospheric warmth across Greenland is supported10

by chironomid-based temperature maxima at∼ 8–5 kacalBP
from a lake on nearby Store Koldewey (Klug et al., 2009).
Similarly, marine records from the eastern Fram Strait as well
as from directly in front of the 79◦ N ice shelf reveal a con-
sistent picture of warm sea surface, subsurface, and bottom-15

water temperatures during the HTM. Foraminifera-based
transfer functions indicate sea surface to subsurface tempera-
tures of up to 6 ◦C until∼ 5 kacalBP in the Fram Strait, with
maximum seawater temperatures occurring from ∼ 10 to
8 kacalBP (Fig. 12; Werner et al., 2016). Assemblage data20

from the same core also indicate that Atlantic Water persisted
in the Fram Strait between 10.6 and 8.5 kacalBP, related

to maximum July insolation (Werner et al., 2016). Multi-
proxy data from core PS100/270, 16 km from the calving
front of the 79◦ N ice shelf (Fig. 11), indicate the strong 25

inflow of warm recirculating Atlantic Water between ∼ 10
and 7.5 kacalBP (Syring et al., 2020), and this is consis-
tent with foraminifera assemblage data from a core in the
inner Norsk Trough that indicate a shift towards warmer con-
ditions, an increase in nutrient supply, and higher produc- 30

tivity between 9.6 and 7.9 kacalBP (Davies et al., 2022).
The relative abundance of the Atlantic indicator C. neoteretis
remains relatively high until approximately 6.5 kacalBP in
core PS100/270 but then decreases as the relatively cold-
water indicator C. reniforme increases to over 40 % of the 35

assemblage after ∼ 6.0 kacalBP (Syring et al., 2020).
Comparable environmental changes are also recorded in

cores from the mid-shelf, where cold, sea-ice-covered sur-
face waters and a strong subsurface influx of warm Atlantic
water have been documented between∼ 9.4 and 8.2 kacalBP 40

(Pados-Dibattista et al., 2022). The authors also note a peak
in IRD at ∼ 8.4 kacalBP that they attribute to the influx of
terrestrially derived detritus associated with break-up of the
79◦ N ice shelf. These data are consistent with our obser-

http://calib.org/calib/
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Figure 11. Reconstruction of the 79◦ N ice shelf from 10 kacalBP to present, showing the location of Blåsø, Lambert Land (LL), and
Hovgaard Ø (HØ). Constraints on sea-ice (blue-hatched polygons) formation and ocean circulation on the adjacent continental shelf (left
column) are derived from core PS100/270 (closed black circle; Syring et al., 2020). Relative proportions of Atlantic Water (AW) and Polar
Water (PW) are shown as thick/thin arrows. Conditions in Blåsø catchment (right column) prior to 8.5 kacalBP (youngest shell age) are
inferred. Relative proportions (> denotes high, < denotes low, and ± denotes variable) of the inferred pathways of smectite (s), illite (i),
chlorite (c), and kaolinite (k) are indicated as well as the key attributes of lithofacies (LF) 1–3 in lake cores and Blåsø uplifted (BUG)
lithofacies. Paler blue shading indicates more brackish/fresh water in Blåsø. ML stands for marine limit and GIA represents glacial isostatic
adjustment. The yellow circle in Blåsø (left column) shows the relative positions of cores LC7 and LC12.
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Figure 12. Marine conditions in Blåsø vs. atmospheric and ocean
temperature. Ice shelf retreat (red shading) and reformation (blue
shading) are constrained by 14C ages (kacalBP) of shell sam-
ples from uplifted glaciomarine sediments (brown triangles) and
foraminiferal samples from LC12 and LC7 (light-blue triangles)
in Blåsø. Subsurface ocean temperatures derived from planktic
foraminiferal fauna assemblages (SST100) from core MSM5/5-
723-2 are shown using the blue curve (Werner et al., 2016). Summer
temperature (JJA) at 79◦ N based on data-model outputs is shown
using the red curve (Buizert et al., 2018). Also shown are the Repre-
sentative Concentration Pathway (RCP) 2.6 (dotted light-blue line)
and 8.5 (dashed dark-blue line) scenarios (Hofer et al., 2020). Ver-
tical dashed lines denote mean ocean (blue) and atmospheric (red)
temperatures for the Early Holocene (∼ 10–8 ka). Under RCP8.5
(red shading), comparable Early Holocene atmospheric and ocean
temperatures could occur by 2060.

vations of open marine conditions in Blåsø by 8.5 kacalBP
and, when viewed together with other proxy data, confirm
that 79◦ N had retreated inboard of its present location after
almost 2 millennia of elevated atmospheric and ocean tem-
peratures.5

While the exact retreat configuration of 79◦ N Glacier and
the 79◦ N ice shelf is unclear from our data, we suspect that
grounding line retreat of the glacier was accompanied by
ice shelf thinning, driven from above and below, leading to
eventual loss of the ice shelf in the Early Holocene and the10

formation of a tidewater calving margin, similar to the fate
of Zachariæ Isstrøm after 2010 (Khan et al., 2014; Moug-
inot et al., 2015; An et al., 2021). Complete disintegration
of the ice shelf is supported by the presence of driftwood

and whale and seal bones along Nioghalvfjerdsfjorden and 15

around the shore of Blåsø, dated to 7.7 and 4.5 kacalBP
(Bennike and Weidick, 2001). Thus, this trajectory of Early
Holocene ice shelf loss seems similar to the present day, with
enhanced basal and surface melting leading to ice shelf thin-
ning and grounding line retreat. It is also possible that, af- 20

ter several centuries during which the mean annual temper-
atures exceeded current levels, extensive melt pools formed
on the ice shelf surface (e.g. Turton et al., 2021) and eventu-
ally resulted in hydrofracture and catastrophic collapse of the
ice shelf. Indeed, the glacial reconstruction of Syring et al. 25

(2020) indicates the retreat of an expanded 79◦ N ice shelf
to a position similar to present after 9.6 kacalBP, meaning
that the ice shelf must have lost its entire area between ∼ 9.6
and 8.5 kacalBP. It is likely that the collapse of the ice shelf
during the Early to Middle Holocene was accompanied by a 30

retreat of 79◦ N Glacier, although the inland extent of this is
unconstrained by our data and should be explored with an ice
sheet model.

5.2 Ice shelf reformation phase and re-establishment of
the epishelf lake at Blåsø (∼ 4.4 to 4.0 kacalBP) 35

Our multi-proxy data set indicates a clear shift from an
open (glaci)marine setting to one characterised by the in-
creasing isolation of Blåsø from the marine water circulat-
ing in Nioghalvfjerdsfjorden. This started as a build-up of
sea/lake ice after∼ 4.4 kacalBP, with increasing numbers of 40

S. horvathi, culminating in the complete isolation of Blåsø
by 4.0 kacalBP as the ice shelf thickened and re-grounded
at the western and eastern ends of Blåsø (Fig. 11c). The
combination of thick sea ice and the closure of Blåsø after
∼ 4.0 kacalBP acted to limit photosynthesis and exchange 45

with the atmosphere and ocean; over the course of decades,
this resulted in oxygen depletion and a period of anoxic
conditions in the lake as well as lower aquatic productivity
(Fig. 11d). Based on the interpolation of 14C ages, the anoxic
event lasted∼ 500 years, i.e. until 3.5 kacalBP, although this 50

is highly uncertain.
Grounding line advance is assumed to be accompanied

by the reformation of the ice shelf, and this occurred
at a time when proxy records indicate climate cooling
(Fig. 12). In the Fram Strait, a weakened Atlantic Wa- 55

ter contribution occurs after ∼ 5.0 kacalBP, when subsur-
face temperatures decrease rapidly (with minimum values
observed between ∼ 4.0 and 3.0 kacalBP) (Werner et al.,
2016). On the continental shelf, Syring et al. (2020) docu-
ment near-perennial sea-ice conditions with only short sum- 60

mers from ∼ 7.5 to ∼ 0.8 kacalBP directly adjacent to the
79◦ N ice shelf, while Pados-Dibattista et al. (2022) sug-
gested (near-)perennial sea-ice cover after ∼ 4.2 kacalBP,
associated with increased Polar Water at the surface of
the East Greenland Current, and a reduction in the Re- 65

turn Atlantic Water at subsurface levels. Both ice core and
chironomid-inferred records of atmospheric temperature in-
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dicate that ocean cooling was accompanied by decreasing air
temperatures (Buizert et al., 2018; Klug et al., 2009). Sum-
mer (June–July–August) temperatures at 79◦ N fall steadily
from ∼ 7.9 kacalBP, reaching ∼ 2.0 ◦C by 4.5 kacalBP
(Fig. 12) (Buizert et al., 2018). Similarly, the Procladius and5

C. oliveri-type chironomids decline in abundance in Duck
Lake (Store Koldewey; Fig. 1a), which is likely related to
deteriorating living conditions associated with the long-term
decrease in summer air temperatures (Klug et al., 2009). In
the absence of warm Atlantic Water circulating in the fiord10

and in the presence of declining air temperatures, it is likely
that the grounding line advanced and the ice shelf reformed,
probably as a composite ice shelf. The build-up of sea ice,
potentially from as early as ∼ 7.5 kacalBP (Syring et al.,
2020), would have combined with increased snow accumula-15

tion (Rasmussen et al., 2013) to thicken and form multi-year
sea/fast ice. This would have buttressed the ice shelf, allow-
ing it to thicken and advance in tandem with the grounding
line (Higgins, 1991; Robel, 2017). After ∼ 4.4 kacalBP, the
ice shelf had thickened and advanced sufficiently to begin20

impeding the circulation of marine waters in Blåsø, thus initi-
ating the formation of the epishelf lake. The up-fiord advance
of the ice shelf is poorly constrained by our data, but the
absence of ages younger than ∼ 4.5 kacalBP at “Midgård-
sormen base camp” (Fig. 1) (Bennike and Weidick, 2001)25

suggests the ice shelf had advanced to at least this posi-
tion. Given that the Midgårdsormen base camp is ∼ 15 km
east of Blåsø’s eastern mouth, the concurrent grounding of
the ice shelf at both sites indicates that the ice shelf had
started to reform and advance across the fiord well before30

∼ 4.5 kacalBP.

5.3 Epishelf lake phase (∼ 4.0 kacalBP to present)

An epishelf lake was established by ∼ 4.0 kacalBP, follow-
ing continued (neoglacial) cooling (Fig. 11e). There is no in-
dication of a return to marine-dominated conditions in Blåsø35

since then, suggesting that 79◦ N Glacier remained grounded
at the western mouth of the lake and the rest of the fiord
was continuously covered by an ice shelf from the Mid-
dle/Late Holocene to the present day. Throughout this pe-
riod, Blåsø was likely covered by perennial lake ice, which40

appears to have been more dominant in the latter part of the
record (upper 100 cm in LC12, LF3b, and LF3c; Fig. 5).
Although uncertain, linear interpolation of the 14C data in-
dicates that LF3b and LF3c span the past ∼ 2 kyr. Despite
the lack of a robust dating control, our multi-proxy data in-45

dicate variable sediment input into the lake, likely associ-
ated with catchment dynamics driven by climate variabil-
ity. Wetter catchment conditions are inferred for LF3a/LF3b
(increased aquatic and terrestrial OM, indicative of higher
woody vegetation, and decreases in C31/C29; Meyers, 2003),50

while an overall decrease in aquatic OM and increases in
C31/C39 in LF3c (uppermost ∼ 60 cm) suggest less produc-
tivity in the lake, possibly during a drier climate. In the

nearby Trifna Sø catchment (Fig. 1a), 50 km north of Blåsø,
soil erosion peaked at∼ 3.4–3.0 kacalBP, and the vegetation 55

assemblage became more variable thereafter (Kusch et al.,
2019). To the south, Duck Lake on Store Koldewey records
a prolonged phase of lake-ice cover from 2.0 kacalBP (Klug
et al., 2009). In addition, high total inorganic carbon (TIC)
values in Duck Lake between 1.3 and 0.8 kacalBP, punc- 60

tuated by a decrease at 1.0 kacalBP, have been interpreted
to represent phases of high productivity during periods of
warmer summers. A similar pattern of high productivity sep-
arated by a drop in productivity has also been observed in
other lake records from northeastern and East Greenland 65

(Wagner and Melles, 2001; Wagner et al., 2000). On the ad-
jacent mid-shelf, foraminiferal data imply cold and unstable
oceanic conditions, with minimum surface water productiv-
ity and possible sea-ice cover from ∼ 3.2 until 0.3 kacalBP
(Pados-Dibattista et al., 2022). Pados-Dibattista et al. (2022) 70

attributed this to a strengthened East Greenland Current re-
sulting in a thick, cold, and fresh layer of Polar Water on the
surface and strong recirculated Arctic Atlantic Water inflow
at subsurface levels. Syring et al. (2020) pointed to a min-
imum solar insolation during the Middle to Late Holocene 75

to explain the strengthened East Greenland Current and the
influence of colder polar waters towards the inner shelf. It
seems likely that some of the changes observed in Blåsø re-
late to regional climate variability, likely driven by changes
in the atmospheric moisture content. While additional dat- 80

ing constraints are required in order to enable comparisons
with other records, we suggest that generally wetter condi-
tions persisted from∼ 4 kacalBP to∼ 2 kacalBP, with more
variability and possibly a move to drier conditions recorded
thereafter. 85

A final possibility – and one discussed above – is that the
variability in proxies in the uppermost ∼ 60–50 cm of LC12
relates to the recent (past ∼ 100 years) thinning of 79◦ N al-
lowing greater ingress of marine water (Fig. 11f). However,
while the clay mineral assemblage shares similar attributes 90

to the marine facies (LF1) and the presence of small num-
bers of calcareous microfossils could suggest renewed influ-
ence of marine water, the %C37:4 ratios do not support in-
creased salinity in the central basin. In this context, Bennike
and Weidick (2001) have suggested that the 79◦ N ice shelf 95

reached its maximum extent during the Little Ice Age (LIA)
in response to neoglacial cooling. Thus, it is possible that
some of the changes that we see in the upper ∼ 60 cm might
relate to a reconfiguration of the ice shelf following LIA
advance. In theory, this could introduce reworked uplifted 100

glaciomarine sediments containing (Early/Middle Holocene
age) foraminifera and a distinctive clay mineral signature.
However, further work, with particular focus on dating the
uppermost part of LC12, is required to decipher the signifi-
cance of these changes. 105
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5.4 Sensitivity of the 79◦ N ice shelf to post-LIA
warming

Over the past decade, thinning and retreat of the floating por-
tion of 79◦ N Glacier has raised concerns that its collapse
is an inevitable consequence of continued climate warming.5

We show that past retreat of 79◦ N Glacier and collapse of
its floating tongue occurred during the HTM, when atmo-
spheric and ocean temperatures were similar to today, or
within the projected scenarios of the Coupled Model Inter-
comparison Project, Phase 6, for the middle or end of this10

century (Fig. 12; Hofer et al., 2020). Specifically, the data-
model reconstruction of Buizert et al. (2018) suggested that
the HTM summer temperatures were ∼ 3.3 ◦C above mod-
ern, although the mean annual temperatures were closer to
∼ 2.0 ◦C above modern. While there is a lack of compara-15

ble ocean data, particularly proximal to 79◦ N, proxy-based
reconstructions from the Fram Strait indicate that ocean tem-
peratures during the HTM were ∼ 2 ◦C warmer than histori-
cal data (1955–2012) (Werner et al., 2016). Currently, warm
Atlantic Water from the Fram Strait is driven towards the20

glaciers in northeastern Greenland via Ekman pumping over
the shelf break (Munchow et al., 2020), and it seems reason-
able to assume similar processes operated in the past. In ad-
dition to being warmer, “peak” ocean and atmospheric tem-
peratures during the HTM persisted for at least 1.7 and 1.4 ka25

respectively prior to the retreat of the 79◦ N ice shelf inboard
of Blåsø (Fig. 12). The corollary of this is that the ice shelf
was resilient under centuries to millennia of thermal forcing.
However, it is worth noting that the HTM occurred while the
ice sheet was retreating from a more advanced state, mean-30

ing that it was likely thicker and potentially more resilient
to this past warm interval. Given the demise of neighbour-
ing Zachariæ Isstrøm in 2015 (Mouginot et al., 2015) under
intensified thermal forcing as well as the more recent col-
lapse of Spalte Glacier in 2020, it seems reasonable to as-35

sume that the 79◦ N ice shelf will suffer the same fate. Taking
the HTM ocean and atmospheric temperatures as a threshold
for the loss of the 79◦ N ice shelf (acknowledging that this
is likely an upper limit for this scenario), ∼ 2.0 ◦C warming
of the atmosphere may occur as early as 2060 (under high-40

emission scenarios, RCP8.5) (Fig. 12; Hofer et al., 2020),
while ocean temperatures are also expected to reach 2.0 ◦C
warmer than present by the end of the century (Yin et al.,
2011). In this context, there is an urgent requirement for nu-
merical modelling, utilising the timing of changes presented45

in this study as well as information on ocean and atmospheric
forcing, to investigate the response of NEGIS to the retreat
or loss of the ice shelf. Previous modelling work with fixed,
present-day (atmospheric) seasonality could not produce a
clear HTM minimum in the ice sheet extent (Lecavalier et al.,50

2014; Buizert et al., 2018). The inability of the latter models
to drive significant GrIS retreat likely relates to the lack of
ocean forcing (Buizert et al., 2018). Indeed, most ice sheet
numerical models used to project sea-level rise from the GrIS

do not include realistic ocean thermal forcing (Goelzer et al., 55

2020); thus, this needs to be included in future model simu-
lations.

6 Conclusions

High-resolution, multi-proxy sediment records from an
epishelf lake in northeast Greenland and dating of marine 60

molluscs from uplifted glaciomarine sediments show that the
79◦ N ice shelf was ∼ 70 km inboard of the present ice shelf
margin during the Early to Middle Holocene (between ∼ 8.5
and 4.4 kacalBP). Ice shelf collapse was also likely to have
been accompanied by retreat of 79◦ N Glacier, although the 65

inland extent of this is unconstrained by our data.
The timing of ice shelf retreat through Nioghalvfjerdsfjor-

den followed a period of thermal forcing when atmospheric
and ocean temperatures were > 2 ◦C warmer than present
and were sustained for at least a millennium prior to ice shelf 70

collapse/retreat. While this implies some resilience to ther-
mal forcing, the ice sheet/shelf was retreating from an ad-
vanced position following the Last Glacial Maximum, mean-
ing that it was likely thicker and potentially more resistant to
climate change during the Early Holocene. 75

The ice shelf reformed from∼ 4.4 to 4.0 kacalBP during a
phase of climatic cooling, although the precise spatial pattern
of reformation is not known. We speculate that the ice shelf
reformed via the thickening of sea ice, which helped buttress
and thicken an advancing ice tongue. 80

Our reconstruction suggests that the 79◦ N ice shelf is
vulnerable to collapse when atmospheric and ocean tem-
peratures are > 2 ◦C warmer than present, which could be
achieved by the middle of this century under some climate
model scenarios. 85

Finally, the uppermost ∼ 60 cm of the epishelf lake core
record displays characteristics similar to those observed dur-
ing the Early Holocene collapse. This could suggest that re-
cent thinning of the 79◦ N ice shelf is now detected in Blåsø,
although further work – particularly focusing on generating 90

new age constraints – is required to test this hypothesis.
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