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Hydroclimate intensification likely aided
glacier survival on Svalbard in the Early
Holocene
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Eivind W. N. Støren3, Joseph M. Buckby 4, Jan Magne Cederstrøm 1 & Sander van der Plas5

Accelerated Arctic warming and wetting has global impacts, as the region’s glaciers and ice caps
respond to variations in temperature and precipitation, impacting global sea-level change. But as the
observations needed to calibrate models are scarce, predictions cannot confirm if increases in
snowfall can help offset melt. Here, we analyze two 14,000-year-long glacier-fed lake sediment
records from the Svalbard archipelago to examine the response of a resilient ice cap (Åsgardfonna) to
warmer-than-present Holocene Thermal Maximum conditions. End-Member Modelling allowed us to
unmix the diluted grain size signal of rock flour – a widely used proxy for past glacier change, and
surface runoff – an indicator of hydrological intensification. Our findings reveal that Åsgardfonna
survived and may have advanced despite warmer conditions, possibly due to enhanced snowfall
driven by sea-ice loss. This suggests that future increases in precipitation could moderate glacier
retreat in similar settings.

Arctic climate change rates outpace the global average1, as observations
reveal that the region warms and wets more than twice as fast as the global
average2–4. The ongoing loss of Arctic sea ice plays an important role in this
amplified response, as far more heat and moisture are transferred to the
atmosphere from a seasonally ice-free surface ocean2,5–7.

The regions’ numerous glaciers and ice caps (GICs) are already
dominant drivers of on-going sea-level rise8,9, and respond to changes in
both temperature and precipitation10. Therefore, the counteracting impacts
of warmer (melt) as well as wetter (accumulation) conditions on the future
evolution of Arctic glaciers can have global societal consequences11.

Despite these ramifications, predictions of Arctic glacier mass balance
and the associated sea-level contributions remain uncertain, as projections
of the amount and phase of future precipitation change remain poorly
constrained, in part because of a lack of robust observations. Arctic
meteorological station data are scarce, and snowfall is often mismeasured
because ofwind-drivenundercatch12. As a result, simulations underestimate
observed precipitation increases, while disagreeing on the seasonal dis-
tribution of future change4,6,13,14.

Reconstructions of glacier-climate change frompast warmperiods can
help answerhow theuncertain interplay betweenwarmingandhydrological
intensification may affect the future evolution of Arctic GICs. In this con-
text, the EarlyHolocene (11.7 - 8.2 kaBP) is highly relevant as there is ample

evidence that conditions were warmer and wetter than today15–18. Also,
unlike geological archives from prior interglacials eroded by subsequent ice
advances19, Early Holocene deposits have a high preservation potential.
Critically, recent evidence suggests that some Arctic glaciers (temporarily)
survived these conditions20, and references therein.

By continuously tracking variations through time, sediment archives
from proglacial lakes are particularly well-suited to reconstruct Early
Holocene glacier-climate change21. Fundamentally, this approach builds on
the proportional relation between the dimensions of warm-based or poly-
thermal glaciers, erosion rates, and the production of glacial flour – the
minerogenic product of glacial abrasion22,23. Following evacuation in melt-
water streams, this material is effectively trapped in distal glacier-fed lakes,
continuously recording glacier changes through time24,25. Recent method
developments now provide us with multiple independent fingerprints of
this glacier-climate signal on human-relevant (decades to centuries)
timescales26.

Here, we present a lake sediment-based reconstruction that resolves
glacier variations throughout the culmination of Early Holocene warming
on Svalbard. This archipelago is exceptionally sensitive to drivers of
amplified Arctic glacier-climate change as reflected by record-breaking
warming27, the largest regional sea-ice loss28, and high projected precipita-
tion changes6. To warrant a continuous and representative Early Holocene
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glacier signal, we target 1) two lakes – validating and upscaling site-specific
findings using two ~14 ka long sediment records that are 2) both fed by
Åsgardfonna - an ice cap that can survive warmer-than-present conditions
based on observational, modelling, and isostatic evidence29–31. To rigorously
resolve past changes on human-relevant (decades to centuries) timescales,
we employ a multi-proxy toolbox that 1) visualizes disturbances like event
horizons in 3-D using X-ray Computed Tomography (CT), 2) unmixes the
grain size signal of glacier flour from other (overprinting) sediment sources
usingEnd-MemberModellingAnalysis (EMMA), and3)utilizes sub-glacial
elevation models andmodel output to link sediment transitions to past ice-
marginal positions.

Results and Discussion
Setting
Our study sites, lakes Berglivatnet and Lakssjøen (79°42’N, 15°53’E), are
both located on the eastern shore of Wijdefjorden in northeast Spits-
bergen, Svalbard (Fig. 1). Lake Berglivatnet, the main focus of this study,
measures 1.2 km2, while our secondary site, Lake Lakssjøen, covers
3.6 km2. The latter is separated from lake Røyesjøen by a shallow
( ~ 0.5m deep) sill: Historical photographs reveal that this threshold has
been subaerially exposed at times32. Situated at 46 and 74 meters above
sea level (m a.s.l.), respectively, both basins lie above the postglacial
marine limit in contrast to previously investigated lakes in the area33,34.
An index point at Gråhuken places the local marine limit at 42m a.s.l.35,
while more recent work identifies a maximum of 65m a.s.l near
Vassfarbukta34 and 39m a.s.l in Flatøyrdalen36. However, these studies

also highlight inordinate uncertainties and a need for further investiga-
tions of the local sea-level history.

Meltwater from one of the largest ice caps on Spitsbergen, 1230 km2

Åsgardfonna37, drains into both lakes. Lake Berglivatnet is fed by the Ber-
glibreen valley glacier, while Lake Lakssjøen receives input from an
unnamed lobe of the NW sector of Åsgardfonna (Fig. 2a). In contrast to
glacial lakes previously investigated to constrain the past behavior of the ice
cap34, the glaciers that feed both lakes are classified as non-surge-type38, and
thus more likely to respond primarily to climate fluctuations26. Satellite
imagery reveals that Berglibreen has retreated ~0.23 km since 193639 - mere
decades after the local culmination of the Little Ice Age (LIA)40. In contrast,
the unnamed glacier that feeds Lake Lakssjøen has remained stationary
since32 (Fig. 2).

Beyond instrumental observations, marine sediment core data suggest
that the adjacent Wijdefjorden deglaciated prior to the Younger Dryas
period41 (YD: 12.9 - 11.7 cal. ka BP - calibrated kiloannum before present),
while high sedimentation rates suggest particularly rapid glacier loss
between 12.1 and 9.9 cal. ka BP42. Complementing this evidence, lake
sediment data from nearby Lake Femmilsjøen34 indicate the Åsgardfonna
ice cap had retreated behind its present-day extent by 10.1 cal. ka BP. Iron
fluxes intoWijdefjorden reveal limited glacial activity during the subsequent
Middle Holocene43, and basal ice-core ages suggest Åsgardfonna melted
completely prior to 6 ka BP44, although it should be noted that this chron-
ology has been challenged45. Therefore, evidence of the Early Holocene
survival of Åsgardfonna remains ambiguous. However, glacier models and
space-for-time substitution do suggest that the ice cap can survive

Fig. 1 | Regional maps of the study area. a Svalbard in a North Atlantic Arctic
climate context. Warm Atlantic Ocean sourced currents are shown in red (NAC -
North Atlantic Current, WSC –West Spitsbergen Current), and cold Artic Ocean
sourced currents are shown in blue (ESC - East Spitsbergen Current, EGC – East
Greenland Current). Observed minimum (2017) and maximum (1979) March sea
ice extents are marked with white lines130. Localities of key proxy records used to
contextualize our data are marked with colored circles corresponding to Fig. 7 -
green: UK

37-based preindustrial temperature anomaly composite record from lake
Hakluytvatnet (core AMP112 between 0-5 ka BP and 7.5 – 9.5 cal. ka BP) and lake
Gjøavatnet (core GJP0114 between 5 – 7.5 cal. ka BP)18, grey/brown: Ice-rafted
debris (IRD) record (core MSM05/5-723-2)84 and PBIP25-derived sea ice cover

record (spliced data from core MSM5/5-712-252 between 0-8.7 cal. ka BP and core
MSM05/5-723-284 between 8.7-9.5 cal. ka BP) from the Fram Strait, purple:
UK

37-based sea surface temperature record from the Barents Sea131. b Close-up of the
archipelago, showing modern ice cover (white) and water depth after Jakobsson
(2016)132. The location of our study area and Fig. 2 is highlighted with a red rectangle
and the closest meteorological station, Ny-Ålesund, is highlighted with a yellow
location marker. The locations of key glacier reconstructions are marked with blue
dots and follow abbreviations as in Fig. 7 (F: Femmilsjøen, WF -Wijdefjorden, VF -
Vårflusjøen, G - Gjøavatnet, K –Kløsa, H –Hajeren). Themain fault zones adjacent
to our study area aremarkedwith stippled black lines (BFZ –Billefjorden Fault Zone,
LFZ – Lomfjorden Fault Zone).
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Representative Concentration Pathway (RCP) 8.5 21st century warming of
~8 °C30,31. This is comparable to reconstructed peak Early Holocene tem-
peratures around 9.5 ka BP18,46. This helped guide site selection and provides
context for understanding the resilience of Åsgardfonna.

In both investigated catchments, the landscape is characterized by
U-shaped valleys with a steep southern aspect (40-60°), and gentler slopes
towards the north (10-30°). While the mountains are bare, high-Arctic
tundra vegetation appears at lower elevations47: field observations indicate
the presence ofmossmats around both lakes, with higher coverage ( ~ 30%)
on the south-facing slopes.The investigatedcatchments are underlainby the
metamorphic rocks of theAtomfjella antiform47,which encompasses a stack
of mineralogically distinct thrust sheets that are oriented perpendicular to
the main direction of ice flow48 (Fig. 2a). Changes in lake sediment geo-
chemistry may thus be linked to past fluctuations of the ice margin
position49.

Regional climate is influenced by the dynamic confluence between
warm Atlantic waters, transported North by the West Spitsbergen cur-
rent (WSC), and polar waters exported from the Arctic by the East
Spitsbergen current (ESC)50 (Fig. 1a). The interplay between these water
masses plays a critical role in local sea ice extent51, and therefore the

moisture (accumulation) and heat (melt) fluxes that drive regional glacier
change52 – also see our introduction. Modern climate is characterized by
maritime polar conditions, as the nearest weather station in Ny-Ålesund
indicates a mean annual air temperature of -4.1 °C and mean annual
precipitation of ~470mm between 1991-202053,54. Notwithstanding the
~120 km distance from our study area (Fig. 1b), a comparison of these
values with down-scaled re-analysis data shows similar local climate
conditions55.

The two lake sediment records investigated reveal a near-identical
lithostratigraphy (Fig. 3d, Suppl. Figure 1a).Within the covered timespan of
the last ~14 ka, we observe similar transitions (Fig. 4, Suppl. Figure 2), which
suggests that the records are representative of paleo-environmental changes
in this sector of the Åsgardfonna ice cap. Combining evidence from visual
inspection, cluster analysis and Principal Component Analysis (PCA)
performed on selected sediment proxies (see Methods), we identify four
main units (numbered 1 to 4 from top to bottom: see Fig. 5 and Suppl.
Figure 3). Based on smaller-scale lithological changes, units 1 and 3 were
further subdivided into subunits 1a to c and 3a and b, respectively. Each
(sub)unit is interpreted to represent a different phase in the postglacial
evolution of Åsgardfonna: deglaciation (unit 4), a seismic event (unit 3),

Fig. 2 | Study area overview and glacier catchments. a Surface and sub-glacial
topography map of the study area generated using data from Farinotti et al.90, Fürst
et al.105 and Porter et al.106. Sub-glacial catchments of lakes Berglivatnet and
Lakssjøen are marked with green and purple outlines, respectively. The present-day
ice margin is marked with a white line after Pfeffer et al.129, while the extended ice
margin from 1936 CE is marked with a white dashed line after Luncke32 and the
predicted ice margin for 2100 CE for Representative Concentration Pathway (RCP)
8.5 after Rounce et al.31 is marked with a red dashed line. Major bedrock boundaries

are marked with black and dashed lines after Dallman 47. Other lakes present in the
wider study area are labelled with light blue (F1 – Fiskedammane 1, F3 – Fiske-
dammane 3). Lake outlines from © Norwegian Polar Institute b Unmanned Aerial
Vehicle (UAV) photo of Lake Berglivatnet, taken during an August 2021 field
campaign with a DJI Mavic 3, facing Berglibreen (photo by W.G.M. van der Bilt).
c UAV photo, taken during the same field campaign, of the northern basin of Lake
Lakssjøen and the shallow sill that separates it from Lake Røyesjøen towards the
upper left (photo by W.G.M. van der Bilt).
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followed by glacier retreat when icemoves behindmodernmargins (unit 2),
and finally glacier re-growth (unit 1).

Core chronology
All extracted radiocarbon (14C) samples taken from the analyzed cores from
lakes Berglivatnet and Lakssjøen are terrestrial macrofossil-derived (see
Methods) and were calibrated using the IntCal20 northern hemisphere
calibration curve56. Age-depth models were subsequently produced using
default settings in version 3 of the rbacon package in Rstudio57.

All dates were included in both age models, with the exception of one
deriving from the event deposit of unit 3 (see our Late glacial-Holocene lake
evolution paragraph in Results & Discussion and Suppl. Table 1: sample
Poz-157339). Here, we followed the recommendations of Sabatier et al.
(2022)58, and 1) assumed instantaneous deposition by excising the
216–224.5 cm and 56–75.5 cm unit 3 depth intervals from the Berglivatnet
and Lakssjøen chronologies, respectively, before 2) determining upper and
lower age limits by running separate agemodels for the deposits that adjoin
unit 3 (see Fig. 4 and Suppl. Figure 2). Based on CT evidence of basal
disturbance and erosion (see Late glacial- Holocene lake evolution para-
graph in Results & Discussion and Suppl. Fig. 5f and 8), we use the coevally
dated samples near the top of unit 3 in both deposits to constrain its age to
~9.5 cal. kaBP. InBerglivatnet, the excluded10.6 cal. kaBPagewas sampled

from a section with re-worked unit 2 sediments (see Late glacial- Holocene
lake evolution paragraph in Results & Discussion) and marks the possible
onset of organic sedimentation. The two chronologies date the onset of lake
sedimentation to ~14 cal. ka BP in each basin (see Fig. 4 and Suppl. Fig. 2).

While both age models yield consistent ages for unit transitions, we
observe marked differences in accumulation rates. As can be seen in Fig. 4
and Suppl. Fig. 2, Holocene sedimentation rates are more than an order of
magnitude higher in Berglivatnet (0.33 cm/yr) compared to Lakssjøen
(0.01 cm/yr). We attribute this difference to 1) accommodation space –
Lakssjøen is three times larger (Suppl. Figs. 1b), 2) the presence of a small
ice-contact lake along the path of one of the main inlets into Lakssjøen
(Figs. 2a) and 3) glacial regime–minimal changes since 1936 suggest a cold-
based regime for the unnamed outlet feeding Lakssjøen30, with its front
remaining stationary59. As this study primarily seeks to resolve Early
Holocene glacier-climate change on human-relevant (decades to centuries)
resolution (see the introduction), we focus our discussion mainly on the
Berglivatnet record.

Late glacial- Holocene Lake evolution
Basal unit 4, covering 14.5 cal. ka BP to 10.6 cal. ka BP in Berglivatnet
(223.5–261 cm core depth) and ~13.2–10.2 cal. ka BP in Lakssjøen
(75–225 cmcore depth), consists of pebbles and small cobbles embedded in

Fig. 3 | Bathymetric and seismic surveys of Lake Berglivatnet. a bathymetric map
of Lake Berglivatnet, showing our coring locations (green dots) and seismic (CHIRP)
profile (black line). b composite NW-SE-trending bathymetric-seismic profile that
crosses both coring locations (green dots). Black arrows indicate the location of

multiple mounds observed on top of the acoustic basement and identified as mor-
aines. c close-up, delineated by the black rectangle in panel b, highlighting the
seismic stratigraphy of our coring locations (green dots). dMagnetic susceptibility
(MS)-based alignment (see Methods) of the Berglivatnet composite record.
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a silty matrix (Fig. 5 and Suppl. Figure 3). Detailed investigation of our CT
imagery reveals that these clasts are sub-angular and often underlain by
deformed sediments. Based on these characteristics, we identify them as
dropstones after e.g., Carrivick & Tweed60. The CT imagery for
Berglivatnet also shows that the largest of these (⌀ 10 cm) appears to have
been dragged down, presumably during coring. Because of this disturbance,
we primarily rely on the unit 4 deposit in Lakssjøen for stratigraphic
interpretation (see Suppl. Fig. 3). High Total Scatter Normalized (TSN)
Titanium(Ti) ratios—awidelyused indicator of clastic input61, aswell as low
Loss on Ignition (LOI) values (2-3 %) and Inc./Coh. scattering ratios—both
measures of organic content62, reflect a minerogenic character. Composi-
tionally, unit 4 sediments are furthermore characterized by a high Calcium
(Ca) content (Fig. 5).WhileCa is often usedas amarine indicator61,we favor
a clastic minerogenic source because 1) our sites are sitting above the local
postglacial marine limit (see Setting section), and 2) Ca co-varies with Ti
(Suppl. Table 2). Unit 4 sediments are furthermore dense, as shown by high

average dry bulk density (DBD) values of 1.5 g/cm3 and CT grayscale values
of ~5500 (Fig. 5b). Based on the observed diagnostic association of
minerogenic sediments with dropstones63, we argue that unit 4 was
deposited in an ice-contact lake63. In keeping with this interpretation, we
identify the mounds observed on top of the acoustic basement in Bergli-
vatnet (see Fig. 3b), perpendicular to the direction of ice flow, as moraines
after Trottier et al.64.

Unit 3, identified as an event deposit focused around 9.5 cal. ka BP
(Berglivatnet: 217–223.5 cmcore depth, Lakssjøen: 57–75 cmcore depth), is
characterized by two abrupt shifts across all plotted proxies (Berglivatnet—
Fig. 5: 220 cm & 223.5 cm, Lakssjøen—Suppl. Figure 3: 60 cm & 75 cm).
Based on our cluster analysis output (Suppl. Figure 4), these changes war-
rant further division into subunits 3a and b.

Lowermost subunit 3b is ~3.5 cm thick (15 cm in Lakssjøen) and
characterized by a higher organic content than underlying unit 4, asmarked
by steep decreases in Ti and Ca counts, and an increase in Inc./Coh. ratios
and LOI from 2 to 6% as can be seen in Fig. 5b. In contrast, super-imposed
subunit 3a (3 cm thick in both lakes) has a denser, more minerogenic
composition as shown by higher Ti counts ( ~ 3%TSN) and increasedDBD
values (Fig. 5b), as well as a Ca content that is similar to that of unit 4 (max
2.5 % of TSN). These different characteristics are also reflected by our PCA
output as subunit 3b shows a strong association with unit 2, while the
composition of subunit 3a is similar to that of unit 4 (Fig. 6, Suppl. table 2).

Closer examination of our CT imagery allows for more detailed stra-
tigraphic investigation (Fig. 5 and Suppl. Figure 5f and 8). The base of
subunit 3b bears evidence of soft sediment deformation structures (SSDS),
notably intraclast breccias that consist of a mix between lower-density mud
clasts that appear darker on CT imagery, embedded in a denser matrix of
unit 4 sediments,whichappear lighter on theCT imagery.An erosional base
separates this boundary interface from the remainder of subunit 3b, which
consists of a sequence of low density (dark on the CT imagery) sediments
that appears to have slumped based on the presence of tilted (vertical)
laminae (Suppl. Fig. 8). Based on this evidence of slope failure, we interpret
this subunit as a mass-transport deposit (MTD). Moreover, based on the
aforementioned sedimentological characteristics and our PCA output
(Fig. 6), we argue that this material consists of reworked unit 2 sediments.

Finally, subunit 3a sediments are normally graded (fining upwards) as
seen in Fig. 5 and therefore interpreted as a turbidite. PCA output suggests
that subunit 3a has a similar composition to unit 4 (Fig. 6). Based on this
distinct association between soft-sediment deformation structures (SSDS), a
mass-transport deposit (MTD) and a capping turbidite - that all suggest an
in-lake composition based on the presented geochemical proxy evidence
(see Fig. 6)—we interpret unit 3 as an earthquake-triggered deposit fol-
lowing the classification of Sabatier et al. (2022)58. Earthquakes could have
been caused by rapid glacio-isostatic rebound during and after
deglaciation65. In contrast, in Lakssjøen, we note the absence of an erosional
surface at the base of unit 3, the absence of slumped deposits and the
presence of a thicker mud clast conglomerate (subunit 3b 58.5–75 cm)
(Suppl. Figure 3 and 8).We attribute these variations to a difference in slope
steepness: the coring location in Berglivatnet is closer to steep ( ~ 50°) basin
slopes, while Lakssjøen is more gentle ( ~ 25°).

Unit 2 extends from 9.5 cal. ka BP to 1.3 cal. ka BP in Berglivatnet
(108.5–217 cm core depth) and ~ 9.3 to 1.2 cal. ka BP in Lakssjøen
(4.1–57 cm core depth). Its comparatively organic character is reflected by
steadily increasing LOI (6 to 15%) and Inc./Coh. values (Fig. 5b). Simulta-
neously, consistently low Ti, Ca and DBD values suggest little minerogenic
input (Fig. 5b). However, grain size analysis reveals that the particle size
distribution of this reduced clastic component is highly variable. As can be
seen in Fig. 5d, we observe multi-modal distributions with peaks in the silt
(12–63 µm) fractions. EMMAoutput reveals three significantEndMembers
(EMs) that together explain 99% of all data variance (Fig. 5e). Differentiated
by mean grain size (values in µm), EM1 consists of fine silt (6 µm), EM 2 is
dominated by medium silt (14 µm) and EM 3 by coarse silt (55 µm). We
note that while EM 1 remains present throughout unit 2, EM 2 and EM 3
dominate the unit. Catchment samples collected near the spring flood limit

Fig. 4 | Berglivatnet chronology. The black line shows the weighted mean of our
model, while grey shading delimits its 95% confidence limits. On the far left, we show
optical and Computed Tomography (CT) imagery, as well as a log with unit
divisions. 14C sample age distributions are color-coded according to the units.
Dashed lines mark the extent of the unit 3 event deposit (see the Postglacial neo-
tectonic seismicity paragraph in Results & Discussion). Modelled accumulation
rates are plotted on the right.
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of themain inlet ofBerglivatnet (Fig. 5f) have similar bi-modal distributions.
The finer mean matches that of EM 2 and that of unit 4 samples, while the
coarser mean overlaps with EM 3. Based on these observations, we argue
that EM 2 reflects the input of fluvially-eroded ice-proximal glacial deposits
from the catchment and attribute the coarser grain size of EM 3 to sorting
during runoff peaks.

Finally, unit 1 covers the last 1.3 cal. ka BP (top 108.5 cm) in Bergli-
vatnet or the last ~1.2 cal. ka BP (uppermost 4.1 cm) in Lakssjøen, and
consists of light brown to orange silty clay with well-preserved mm-scale
laminations (Fig. 5a). The increase in Ti counts and DBD values compared
to unit 2 shows a gradual transition to more minerogenic sedimentation.
This is further supportedbyvery lowLOIvalues (3-4%) andco-varying Inc./
Coh. scattering ratios. A muted increase in Ca input suggests that the
provenance of clastic input in unit 1 is different than in unit 4. Composi-
tionally, we also note a sharp increase in redox-sensitive elements Iron (Fe)
andManganese (Mn)61. As highlighted by the ordination diagram of Fig. 6,
unit 1 samples cluster around Mn and Fe with progressively stronger
loadings on PC1 from the base (subunit 1c) towards the top (subunit 1a).
Grain size analysis shows a shift from the poorly sorted medium silts that
dominate unit 2 to veryfine silts that are dominated (70%)byEM1 (Fig. 5c).
As field observations suggest thatmodern-day sediment input is dominated

by glacigenic sediment input, we argue that EM1 reflects glacial flour input.
This notion is further supported by suspended sediment samples fromother
contemporaneously glaciated catchments24,66,67, which reveal a near-
identical fine silt-dominated grain size. Accordingly, we argue that varia-
tions infine-grainedminerogenic sedimentfluxes inunit 1 reflect changes in
glacier activity.

Ice margin oscillations and Younger Dryas retreat during
deglaciation
The presented CT imagery, our granulometric data, measures of organic
content (LOI, Inc./Coh.), as well as minerogenic proxies (MS, Ti, Ca), all
indicate highly variable depositional conditions in the undisturbed ice-
contact lake sediments of unit 4 in Lake Lakssjøen (see Suppl. Figure 3 and
the Late glacial- Holocene lake evolution in Results & Discussion). We
specifically observe alternations between 1) comparatively course (EM 3-
dominated) sediments with chaotic beds that are indicative of deposition
from ice-proximal sub-aqueous fans in similar settings63, and 2) silty (EM1-
dominated) laminated sequences that are associated with more ice-distal
conditions60.

Following from the above, we argue that the ~14-10 cal. ka BP period
wasmarkedby regular icemarginoscillations inour study area, although the

Fig. 5 | Berglivatnet stratigraphy. a From left to right - optical and Computed
Tomography (CT) imagery of the sedimentary record, (sub)units classification and
position of 14C samples. b organic content—reflected by Loss on Ignition (LOI) %
and XRF incoherent/coherent scattering (Inc./Coh.) ratios, minerogenic indicators
–MS and Titanium (Ti) counts, density - reflected by Dry Bulk Density (DBD)
values (bottom) and CT greyscale values (top), and provenance indicator Calcium
(Ca). c End-Member Modelling Analysis (EMMA) results for Berglivatnet. d Grain
size distributions of samples from each unit, color-coded accordingly, with

individual samples shown in the background and an average per unit shown bolded
in the foreground. The grain size means of each meaningful EM are also marked.
e Cumulative coefficients of determination (R2: goodness-of-fit) for the ten EM
model that we ran, highlighting the three significant EMs. fGrain size distribution of
catchment samples shown in grey and grain size means of each meaningful EM
displayed above. See Suppl. Figure 5 for a more detailed overview of the EMMA
results. Unit divisions are marked with black stippled lines, while subunits are
separated with grey dotted lines.
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comparatively poor chronological control on unit 4 does not allow us to
ascertain on what timescales (Fig. 4 and Suppl. Figure 2). The unique Ca-
rich provenance of minerogenic input in unit 4 (see Fig. 6), which is not a
major constituent of the metamorphic bedrock that underlies the investi-
gated catchments, suggests a non-local source of glacigenic input. Based on
theubiquitouspresenceofCarboniferous carbonates of theCampbellryggen
subgroup in inner Wijdefjorden47, which contain very high Ca concentra-
tions of up to 21%68, we argue that there was regional ice terminating in
Berglivatnet and Lakssjøen during deposition of unit 4, sourced from the
south. In support of this interpretation, provenance studies of erratic
boulders in our study area also indicate that ice drained north at the time69.
Contemporaneously, the moraines observed in Berglivatnet (see Late gla-
cial- Holocene lake evolution paragraph in Results & Discussion and
Fig. 3b), were deposited by local ice flow from the east.

While we cannot attribute the aforementioned ice margin oscillations
between ~14-10 cal. ka BP to either (internal) ice dynamics or (external)
climate forcing, it is worth noting that the undisturbed unit 4 stratigraphy of
Lakssjøen reveals a shift towards more ice-distal (laminated) conditions
during the Younger Dryas (12.9 – 11.7 cal. ka BP) stadial (see Suppl.
Figure 3). Indeed, organic content peaks at 10% LOI values also observed
during the (Early) Holocene, while the terrestrial origin of the plant mac-
rofossil dated ~12.5 cal. ka BP in this deposit also suggests climatic ameli-
oration (see Suppl. Table 1). These findings contribute to a decades-long
debate about the behavior of the GICs of Svalbard during the Younger
Dryas70, and support recent evidence from glacially-derived (Fe)-oxide
fluxes that show this stadial was marked by rapid ice retreat in
Wijdefjorden43. Froma paleoclimate perspective, the presented evidence for
land vegetation (terrestrial plant fossils) and high productivity (LOI) helps
explain why thermophilous species were already present at the onset of the

Holocene in nearby Ringhorndalen71. Beyond our study area, the above
(growing season)data complement a growingbodyof evidence that suggests
that the Younger Dryas stadial was characterized by mild summers and
severe winters72,73, rather than year-round cooling.

Postglacial neotectonic seismicity
The identification of the diagnostic SSDS andMTDs of lacustrine seismites
relies on the CT image-based approach applied here and pioneered by
Oswald et al. (2021)74. Based on this analysis unit 3 provides evidence of an
earthquake-triggered deposit on Svalbard. While this sequence is directly
underlain by the deglacial ice-contact lake deposit of unit 4 (see the Ice
margin oscillations and Younger Dryas retreat during deglaciation section
in Results &Discussion), we do not think seismicity was related to a Glacial
Lake Outburst Flood (GLOF). Notably, because our XRF-PCA analysis in
Fig. 6 shows that basal subunit 3b is compositionally similar to the com-
paratively organic overlying unit 2 sediments. Therefore, the seismic event
that deposited unit 3 must have been triggered when both sites were no
longer ice-contact lakes.Weargue that seismic activitywas likely causedby a
combination of 1) rapid emergence of the study area75 – local uplift rates
peaked at 2m/century when unit 3 was deposited ~9.5 cal. ka BP35, and 2)
ensuing fault activation – our study area is adjoined by two fault zones: the
Billefjorden fault zone (BFZ) to the West76, and the Lomfjorden fault zone
(LFZ) to the East (see Fig. 1b)77. In this regard, we should note that move-
ment along an extension of the LFZ triggered a strong (Mw 6.1) earthquake
in 200878, which attests to its activity. While future uplift rates will
undoubtedly be lower than during the Early Holocene, our findings suggest
that isostatic adjustments can trigger seismic activity in the region.

Glacier survival during the Holocene Thermal Maximum
Based on our observation-validated interpretation that EM 1 captures the
influx of glacierflour and therefore records changes in glacier variability (see
our Late glacial- Holocene lake evolution section in Results & Discussion),
Fig. 7 shows that Åsgardfonna likely survived 1) the culmination of the
Holocene Thermal Maximum (HTM) on Svalbard ~9.5 ka BP18,46,79,80, and
2) the subsequent local Holocene glacier minimum ~7 cal. ka BP29,81

(Fig. 7b).Andwhile Fig. 7d shows that EM1 concentrations are negligible in
8 out of 260 samples, we stress that this only indicates that Berglibreen
retreated out of the sub-glacial catchment shown in Fig. 2a, rather than
complete disappearance. At this threshold, ~4 km from the present-day
glacier margin (see Fig. 2a), a sizeable (~ 50%) ice cap would still sit on the
highest (most resilient) part of the plateau. Importantly, given a response
time of at least 880 years for a GIC the size of Åsgardfonna82, the observed
centennial-scale EM 1 minima which vary between 70 – 280 years, are too
brief for completemelt (Fig. 7d), even under on-going and predicted rates of
change30. In support of this evidence, themodelled response ofÅsgardfonna
to RCP 8.5 forcing – which predicts summer temperatures that are ~8 °C
higher than today and on-par withHTMestimates on Svalbard18,31 – reveals
that ice remains in the sub-glacial catchments of Berglibreen as well as
Lakssjøen by 2100 CE (Fig. 2 and Suppl. Fig. 9). Analytically, we should also
highlight the uncertainties of replicate EMmeasurements (see Fig. 7d), and
stress that log transformation reveals that the observed variations do not
stem from the impacts of closed-sum effects on our compositional EMdata
(see Suppl. Figure 6)83. In further support of our claim that Åsgardfonna
survived the HTM, we also note broad similarities between Early Holocene
advances (EM1 increases) and IceRaftedDebris (IRD)fluxes fromsimilarly
sized marine-terminating glaciers on western Spitsbergen with a compar-
able response time as Åsgardfonna82 (see Fig. 7f). Even more so, the most
prominent of these advances around 8 and 9 cal. ka BP are also captured by
changes in glacially derived (Fe)-oxide input in Wijdefjorden43. In conclu-
sion, we argue that these findings provide terrestrial evidence of continuous
GIC survival throughout the warmest part of the HTM on Svalbard
(Fig. 7a, b)81.

Following from the above, the variations in EM1-derived glacier input
to Berglivatnet allow us to investigate the drivers of glacier-climate change
on Svalbard between the culmination of the Holocene Thermal Maximum

Fig. 6 | Berglivatnet ordination diagram. Down-core samples and 95% prediction
ellipses are coded in colors matching those of the (sub)unit classification shown in
Figs. 4 and 5. The vectors (arrows) reflect the scores of selected variables on the first
(PC 1) and second (PC 2) principal components (PCs) with the greatest explanatory
power (listed on both axes).
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Fig. 7 | Selected regional paleoclimate records. a Timeline of Holocene glacier
activity from near-by studies (WF - Wijdefjorden42, V - Vårflusjøen87, F -
Femmilsjøen34, K - Kløsa96, H - Hajeren93, G - Gjøavatnet94). b estimated percentage
of glacier cover on Svalbard (modified after Fjeldskaar et al.29 and Farnsworth
et al.81). c XRF-based PC1 glacier activity reconstruction - light gray, and 100-year
averages - black (this study), d Grain Size (GS) End-Member Modelling Analysis
(EMMA)-based glacier activity reconstruction (this study: EM 1) - blue shading
highlights the analytical uncertainty (2σ) of measurements. e Summer insolation at
80°N124 f Ice-rafted debris (IRD) records from core MSM05/5-723-284 in the Fram
Strait, showing 5-point smoothed averages (brown), a mean (horizontal line), and
curve-filling values exceeding the calculated mean. g PBIP25-derived sea ice extent
from the Fram Strait. The composite record shows spliced data from core MSM5/5-
712-252 between 0 - 8.7 cal. ka BP and core MSM05/5-723-284 between 8.7 – 9.5 cal.
ka BP. Gray shadings are in accordance with estimates of sea ice conditions

(PBIP25 > 0.1 variable, >0.5 marginal, >0.75 extended ice cover) after Müller et al.133

hUK
37-based summer sea surface temperature (SST) reconstruction from the Barents

Sea margin131. i compilation of UK
37-based preindustrial surface summer tempera-

tures from a compilation of non-glacial Svalbard lakes (Hakluytvatnet: core
AMP112 between 0-5 ka BP and 7.5 – 9.5 cal. ka BP, Gjøavatnet: core GJP0114
between 5– 7.5 cal. ka BP)18,134. jGSEMMA-based runoff intensity (this study: EM3)
– orange shading highlights the analytical uncertainty (2σ) ofmeasurements. k units
classification of the Berglivatnet record (color coding corresponds with that of
Fig. 5). The light blue vertical rectangle in the background highlights the extent of
Early Holocene Berglibreen advances. Vertical black stippled lines mark identified
phases of glacier (re-)growth based on Change Point Detection (CPD: seeMethods).
The green horizontal bar marks the average calibrated 2σ age uncertainty range for
the Early Holocene interval of unit 2 based on the presented age-depth model
(see Fig. 4).
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(HTM) and onset of Neoglaciation (Fig. 7b). As outlined in the introduc-
tion, the former period is of particular relevance by providing a glimpse into
the future, as summer surface temperatures were up to 9 °C higher than
today (Fig. 7i)18. As such pronounced warming greatly enhances melt rates,
we here investigate whether an increase in accumulation – the other major
climatic driver of glacier change10– helped offsetmass loss. To do so, we first
cross-correlate glacigenic EM 1 and our EM 3-based runoff indicators, to
account for offsets due to the afore-mentioned multi-centennial response
time of Åsgardfonna82. In contrast, hydroclimate proxies like EM 3 have a
near-instant response to changes in precipitation and/or runoff. As can be
seen in Suppl. Fig. 10, we find a robust correlation (ρ = 0.72, p < 0.0001),
with a mean lag of 1.6 ka for EM1. This offset corresponds to the expected
response times for GICs the size of Berglibreen ( ~ 5 km2) to NW Åsgard-
fonna ( ~ 50 km2)82, as shown by the inset of Suppl. Fig. 10. Beyond these
site-specific findings, we also compare our EM data to biomarker-based
(PBIP25) summer sea ice data from the adjacent Fram Strait52,84 (Fig. 1a).
While direct proxies of Arctic hydroclimate change remain ambiguous85,86,
observations identify sea-ice cover as the primary control on regional
moisture fluxes2,7. As can be seen in Fig. 7 and Suppl. Fig. 12, EM 3 indeed
increases during phases of less extensive sea-ice conditions (and vice versa)
between 9.5-7 ka BP, further suggesting that hydrological intensification
aided HTM glacier survival.

We cannot directly attribute EM 3-derived runoff changes to either
increases in precipitation and/or melt rates, although other local lake proxy
data provide useful insight. Notably, an excursion towards more negative
leaf wax hydrogen isotope ratios in nearby Austre Nevlingen33, as well as an
increase in snowmelt layer thickness in Vårflusjøen on adjacent Andrée
Land87 (Fig. 1b). Therefore, both records indicate that winter precipitation
increased between 9.5 and 7 cal. ka BP, in tandemwithmore variable sea ice
conditions (Fig. 7g). To help explain why this relation decouples after 7 ka
BP, we invoke changes in runoff seasonality, linked to insolation changes.
Specifically, a gradual lengthening of the snow (winter) season, as summer
insolation decreased from the Mid-Holocene onwards (Fig. 7e). We argue
that, as a result, EM 3-derived runoff progressively captures a runoff signal
reflective of melt rather than precipitation towards the Late Holocene. To
support this argument, we calculate the inflection points of spring, summer
and autumn insolation changes at 80° N, to derive a weighted average. As
shown in Suppl. Fig. 11, this analysis reveals a shift in seasonality occurred
around 7 ka BP.Considering the above, we hypothesize that EarlyHolocene
changes of Åsgardfonna were driven by increases in snowfall.

To further investigate the role of hydrological intensification on the
inferred HTM survival of Berglibreen and Åsgardfonna, and place these
findings in a modern context, we compare our results with simulations of
the Equilibrium Line Altitude (ELA) or snowline. Unlike modelled glacier
dimensions, ELAs respond directly to a change in climate forcing (no
response time)88. Available RCP 8.5 scenario simulations for 2071-2100 CE
suggest the snowline of Åsgardfonna will rise above the modern
topography89, ensuing disappearance of the ice cap. This contrasts with the
presented EM 1-derived proxy evidence, which suggests glacier survival
under similar ( ~ 8 °C) levels of summer (melt season) warming. Therefore,
our results leave the possibility open that recent (CMIP5 and 6) generations
of climate models still under-estimate changes in the phase and magnitude
of Arctic precipitation change as previously suggested by i.e McCrystall
et al.4, Bintanja & Selten6.

In conclusion, End-Member Modelling Analysis (EMMA) enabled us
to isolate the (diluted) sedimentological imprint of HTM glacial input (EM
1) and surface runoff (EM 3). By unmixing these processes, our evidence
suggests that Åsgardfonna not only survived warmer-than-present condi-
tions during the culmination of the HTM, but also experienced brief
advances following periods of hydrological intensification (see Fig. 7).
Comparison to other climate reconstructions from Svalbard suggests that
phasesof glacier growthoccurred in tandemwith sea ice loss– thedominant
control on surfacemoisture fluxes2,7, and an increase in winter precipitation
– a key constraint on ice accumulation10. As both of these processes will

determine the poorly constrainedmagnitude and phase of amplified future
Arctic hydroclimate change, ourfindings raise the possibility that, in regions
close to the sea-ice margin, snowfall increases might slow the retreat of
glaciers and ice caps. Such areas include the periphery of Greenland, the
NorthernCanadianArctic, theRussianArctic, andSvalbard,which together
hold around half of the sea-level potential locked in glaciers when con-
sidering the Northern Hemisphere ( ~ 16 cm)90.

Step-wise Neoglacial re-growth and pre-Little Ice Age glacier
maximum
As can be seen in Fig. 7, our EM 1-derived glacier indicator suggests Neo-
glacial regrowth of Berglibreen commenced sometime during the Late
Holocene. While broadly consistent with other regional GICs20, and
tracking themillennial-scale decrease of summer insolation as is common in
the higher latitudes of the Northern Hemisphere91, we observe step-wise
changes superimposed on this gradual trend. To help attribute these tipping
points, we identified them objectively using Change Point Detection (CPD)
after Reeves et al.92.

Before discussing our Neoglacial CPD results (Fig. 7), we should ela-
borate on the sensitivity difference between our granulometric (EMMA)
and geochemical (XRF-PCA) glacier indicators. As can be seen in Fig. 7c, d,
the former suggests a gradual advance after 3.9 cal. ka BP, whereas the latter
identifies rapid re-growth around 1.5 cal. ka BP. While similar offsets
between these approaches have been observed in previous studies49, XRF
core scanning has been favoured in thefield over the past decade. Indeed, all
Holocene-length lacustrine sediment-based glacier reconstructions pub-
lished on Svalbard since 2015 includeXRFdata in the interpretation34,87,93–96.
Methodologically, the analytical convenience and high resolution of XRF
core scans are advantageous over laborious and comparatively coarse grain
size sampling protocols61. And sedimentologically, it is oft-argued that
glacial flour overprints the granulometric signature of other sediment
sources, and renders glacier-fed lakes insensitive to variations in grain size97.
Although thismight be true for some systems, or when assessing composite
particle size distributions, our application of EMMA on glacier-fed lake
sediments calls for caution. As can be seen in Fig. 7c, d, agreement between
EM 1 and XRF-PCA input is restricted to unit 1 (ρ = 0.5, p = 0.04) where
sedimentation is dominated by glacial flour input (see our Late glacial-
Holocene lake evolution section in Results &Discussion). Finally, while it is
beyond the purview of this study to attribute the observed difference in
proxy sensitivity, we can preclude two likely candidates: 1) dilution – our
XRF data has been scatter-normalized after Saunders et al.98, and 2) matrix
effects – centered log-ratios of includedXRF element counts reveal identical
trends (see Methods and Suppl. Figure 7)99. Following from the above, we
encourage futureworkers to combine establishedXRF scanning approaches
with grain size EMMA to better detect diluted glacial flour signals.

As shown in Fig. 7d, CPD analysis shows that Berglibreen experi-
enced three phases of glacier growth around 3.2, 1.5, and 0.8 cal. ka BP,
following the onset of Neoglaciation around 3.9 cal. ka BP. This timing of
regrowth is consistent with an observation-constrained isostatic model
for the entire archipelago (Fig. 7b)29,81, and other large GICs on Svalbard
with a similar response time: notably large marine-terminating glaciers
on the west coast (Fig. 7f)84, and in northern Wijdefjorden43. The timing
of growth at ~3.2 cal. ka BP agrees well with the findings of Allaart et al.34,
who report that Longstaffbreen – a lower-lying ( ~ 500-700m a.s.l.)
northern outlet of Åsgardfonna – advanced into the Femmilsjøen
catchment at this time (Fig. 1b). Across the fjord, Røthe et al.87 report that
Lake Vårfluesjøen started receiving flour from glaciers with a similar
altitude distribution ~3.5 cal. ka BP. Because glacial flour started to
dominate sedimentation in Berglivatnet as Berglibreen expanded, sub-
sequent advances around 1.5 and 0.8 cal. ka BP are captured by both
XRF-PCA and grain size-EMMA glacier indicators (see Fig. 7c-d) – as
outlined in the previous paragraph. Dated moraines, vegetation kill dates,
as well as lacustrine sediment evidence show that the first step marked
the advance of lower-altitude valley glaciers on the west coast (see
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Fig. 7a)96,100–103. As shown in the same panel, the final CPD-inferred
advance around 0.8 cal. ka BP coincides with the reformation of coastal
cirque glaciers on Svalbard93,94. Following from the above, the identified
growth phases mark a progressive lowering of the snowline that first
triggered the expansion of high-altitude GICs and ended in the refor-
mation of low-lying cirque glaciers. Glacier expansion might also help
explain the observed increases in redox-sensitive Iron (Fe) and Manga-
nese (Mn) input throughout unit 1 (see the Late glacial- Holocene lake
evolution section in Results & Discussion and Fig. 6). As described by i.e.
Ashley (1995)63, Carrivick & Tweed60 and Sabatier et al.58, the increased
inflow of heavy (cold and sediment-laden) meltwater perturbs thermal
stratification in distal glacier-fed lakes by oxygenating bottom waters – a
prerequisite for the precipitation of Fe andMn. Finally, we note that both
Principal Component Analysis (PCA) and End-Member Modelling
Analysis (EMMA) evidence suggests that around 0.8 cal. ka BP, Ber-
glibreen experienced the most prominent period of growth observed
during the late Holocene (see Fig. 7c, d). In doing so, our findings support
a growing body of regional evidence that suggests the classical Little Ice
age (LIA: 0.7-0.1 cal. ka BP) did not mark the culmination of Arctic
North Atlantic Neoglaciation20 and references therein95,104.

Methods
Mapping
To map the bathymetry of the investigated basins and identify flat coring
sites to minimize the risk of sediment disturbance, we surveyed Lakes
Berglivatnet and Lakssjøenwith a Lowrance Elite Ti2echo sounding system.
The point data were exported and gridded at a 10×10m resolution using
Petrel v. 2020.6 in UTM zone 33 N (datum: WGS84). Prior to coring, the
sedimentary infill of Lake Berglivatnet was investigated using a sub-bottom
profiler to locate areas with the thickest package of undisturbed sediments
for. For this purpose, we used an Edge Tech 3100-P CHIRP equipped with
an SB-424 Tow Vehicle. A 4-16 kHz source sweep was transmitted at 10
pulses a second. This frequency range ensures a vertical resolution of ~8 cm.
A sound velocity of 1500m/s was used for depth conversion.

To identify topographic thresholds that restrict the inflowofmeltwater
to our lakes when ice retreats behindmodernmargins, wemapped the sub-
glacial landscape of our study area (Fig. 2a). To do so, we relied on the
globally modeled ice thickness distribution by Farinotti et al.90, which was
validated against the measurement-corrected local results by Fürst et al.105.
Using ESRI ArcGIS Pro version 2.9.5, we subtracted these independent ice
thickness estimates from the high-resolution (2m) Arctic digital elevation
model (ArcticDEM) data for our study area106, to obtain a sub-glacial
topography model (Fig. 2a). We then applied the hydrology toolset in
ArcGIS Pro to delineate sub-glacial catchments.

Coring
Relying on bathymetric and seismic surveys, six cores were collected from
the two lakes during a field campaign in August 2021. To ensure retrieval of
surface sediments that overlap with instrumental observations, we paired
piston cores—extractedwith aNesje corer107,with surface cores—takenwith
a UWITEC gravity coring system. In Berglivatnet, gravity core 602-21-10
(132.2 cm) and 175.3 cm long piston core 602-21-11 (Fig. 3d), were
extracted from the western part of the basin at 56mwater depth (Fig. 3a–c).
InLakssjøen, the following four coreswere retrieved fromthe south-western
basin at 70m water depth (Suppl. Figure 1b-c): gravity cores 602-21-1
(95.4 cm) and602-21-3 (97.7 cm), aswell as piston cores 602-21-2 (68.5 cm)
and 602-21-4 (224.7 cm) (Suppl. Figure 1c).

Sedimentological analyses
Prior to analysis, all extracted cores were split lengthwise – identifying
reference andworkinghalves– and storedat 4 °C in theEARTHLAB facility
at the University of Bergen. For the sake of sediment preservation, non-
destructive (scanning) analyses were carried out first. To correlate the
overlapping sections of gravity and piston cores, and pinpoint intervals
dominated by allochthonous minerogenic input108, we measured magnetic

susceptibility (MS) at 2mm intervals with a Bartington MS2E sensor
mountedon aGEOTEKmulti-sensor core logger (MSC-L). To identify sub-
millimeter scale changes in (glacigenic) minerogenic input, the elemental
composition of the cores was mapped with an ITRAX XRF scanner from
Cox Analytics109. Scanning was performed at 200 μm intervals, using a
molybdenum (Mo) tube with a voltage of 30 kV and a current of 30 μA, at
10 s dwell-time.Our choice for aMo tube ensured the highest sensitivity for
the detection of heavier lithogenic elements that characterize glacigenic
input93. We furthermore characterized sediment structure in 3-D using a
ProCon-X-Ray CT-Alpha computed tomography (CT) scanner, set at
135 kV and 950 μA to generate 16-bit scans with a 53.1 μm resolution for
lake Berglivatnet and 47.4 μm resolution for lake Lakssjøen. Processing,
visualization, and analysis of the X-ray CT scans was performed with ver-
sion 9.1.1 of the Thermo Scientific Avizo software. Scans were visualized in
3-D using the Volume Renderingmodule, the SplineProbe was used to map
down-core variations in grayscale values at 200 µm intervals110, and we also
relied on threshold-based segmentation with the Colormap editor to high-
light particles or structures111.

Composite recordswere generated for each lakeusing one set of gravity
and piston cores. In Lakssjøen, wheremore than one set was retrieved, cores
602-21-3 and 602-21-4 were selected as they capture the full sedimentary
sequence (Suppl. Figure 1a). To obtain a common depth scale, signal
matching was performed using the QAnalySeries software version
1.5.1112,113. Next, we measured physical parameters sequentially at 0.5-2 cm
intervals on both composite records (n = 247 for 602-21-10/11, n = 154 for
602-21-3/4). Visibly laminated sediments were more closely sampled than
more homogenous sections. First, we extracted 0.5 cm3 samples using a
2mL syringe. Sediment was subsequently transferred, weighed, and dried
overnight at 105 °C tomeasureDry BulkDensity (DBD) andwater content.
The dried samples were then combusted at 550 °C for 4 h and cooled in a
desiccator to determine organic content by measuring Loss on Ignition
(LOI)114. Finally, we performed grain size analysis on the minerogenic
residue using a Malvern Mastersizer 3000 with an LV Hydro dispersion
unit115. For this purpose, each sample was measured in triplicate to warrant
reproducibility.

Geochronology
Followingwet sieving through a 250 and 125 µmmesh, 16 plantmacrofossil
samples were identified and submitted for Accelerator Mass Spectrometer
(AMS) radiocarbondating (Suppl.Table 1) eitherat theTandemLaboratory
at Uppsala University (Ua: 11 samples) or the Poznan Radiocarbon
Laboratory (Poz: 5 samples). To avoid freshwater reservoir effects116, we
picked terrestrial plant material where possible, and paired these with
aquatic plants at one core depth to assess offsets (Suppl. Table 1, samples:
Poz-157383, Poz-157384). To rigorously determine (changes in) sediment
accumulation rates, our sampling strategy primarily focused on unit
transitions.

Statistical analyses
We performed a range of statistical analyses to cluster, unmix, as well as
transform data, and capture shared gradients of change or detect change
points. To allow multivariate statistics, measured physical and scanning
parameters were resampled to their highest (0.5 cm) common resolution
using a moving average followed by regular interpolation in Past version
4.04117. To objectively divide our records into distinct units, visual assess-
ment was supported by hierarchical clustering using the Rioja package
version 1.0-5 in Rstudio 2023.03118. For this purpose, dissimilarity was
calculated as Euclidean distance and expressed in total mean square values.
To identify gradients of change shared between parameters, we performed a
Principal Component Analysis (PCA) with the help of R Stats Package
version 4.2.2. To avoid spurious correlations, all data were centered and
standardized prior to analysis119. Following Blott & Pye (2011)120, we relied
on the GRADISTAT package to calculate grain size statistics using metric
Folk andWardmeasures. Furthermore, particle size distribution (PSD) data
were unmixed using End-Member Modelling Analysis (EMMA), to help
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disentangle the imprint of different depositional processes121. For this pur-
pose, we followed the recommendations of van Hateren et al. (2017)122,
using the non-parametric HALS-NMF algorithm in version 12 of the
AnalySize software123, which was run in Matlab R2021a. To account for
closed-sum effects and dilution, compositional EMMA output was log-
transformed following the recommendations of Bertrand et al.99. To assess
the offsets between different end-members, cross-correlation was per-
formed using Qanalyseries software, version 1.5.1112,113. To identify key
inflection points in Holocene seasonal insolation data124, we calculated the
first derivative of insolation for spring (MAM), summer (JJA), and autumn
(SON) using the dplyr package125 in RStudio 2023.03. Finally, to objectively
identify phases of glacier growth (see the Step-wise Neoglacial re-growth
section in Results & Discussion), we applied two Change Point Detection
(CPD) algorithms92. First, the binsegmethod of the changepoint package in
Rstudio 2023.03, specifying a maximum of 10 change points, and following
the recommendations of van Hateren et al.122,126. And secondly, the python
(3.11.3) roufCPpackage, using a rough-fuzzy algorithmthat is optimized for
the detection of more gradual transitions after Bhaduri et al.127. Change
points were detected using the Kolmogorov-Smirnov test (kstest), after
applying a 500-year moving average on the data, in light of chronological
uncertainties.

Modelling input
To incorporate the modeled response of Åsgardfonna under RCP 8.5 for-
cing, the predicted glacier area for 2100CEwas extracted from the netCDF-
4 dataset outputs provided by Rounce et al.31, using the ncdf4 package128 in
Rstudio 2023.03. To obtain spatially explicit results, this data was processed
in ESRI ArcGIS Pro version 2.9.5, in conjunction with glacier outlines from
version 7 of the Randolph Glacier Inventory129, to calculate and plot the
projected ice margin for 2100 CE under the RCP 8.5 scenario.

Data availability
The authors declare that all data produced for this study and shown in the
manuscript figures, is provided in Supplementary Data and has been
uploaded to the DataverseNO repository where the files can be accessed
using the following DOI - https://doi.org/10.18710/VDCUJE.
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