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ABSTRACT

The response of glaciers and ice caps to past climate change provides important insight into how they
will react to ongoing and future global warming. In Svalbard, the Holocene glacial history has been
studied for many cirque and valley glaciers. However, little is known about how the larger ice caps in
Svalbard responded to Late Glacial and Holocene climate changes. Here we use lake sediment cores and
geophysical data from Femmilsjgen, one of Svalbard’s largest lakes, to reconstruct the glacial history of
the Asgardfonna Ice Cap since the last deglaciation. We find that Femmilsjeen potentially deglaciated
prior to 16.1 + 0.3 cal ka BP and became isolated from the marine environment between 11.7 + 0.3 to
11.3 + 0.2 cal ka BP. Glacial meltwater runoff was absent between 10.1 + 0.4 and 3.2 + 0.2 cal ka BP,
indicating that Asgardfonna was greatly reduced or disappeared in the Early and Middle Holocene.
Deposition of glacial-meltwater sediments re-commenced in Femmilsjgen at c. 3.2 + 0.2 cal ka BP,
indicating glacier re-growth in the Femmilsjgen catchment and the onset of the Neoglacial. The glacier(s)
in the Femmilsjgen catchment area reached sizes no smaller than their modern extents already at c.
2.1 + 0.7 cal ka BP. Our results suggest that larger Svalbard ice caps such as Asgardfonna are very sensitive
to climate changes and probably melted completely during the Holocene Thermal Maximum. Such in-
formation can be used as important constraints in future ice-cap simulations.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

summer insolation in the northern hemisphere between c. 12.0 and
11.0 cal ka BP providing warm climate boundary conditions, how-

Understanding how the glaciers and ice caps in Svalbard
responded to climate variability during the Late Glacial and Holo-
cene may provide important information about how they will react
to ongoing and future global warming (Forwick and Vorren, 2009;
Miller et al., 2017; Bakke et al., 2018). Through the Holocene, the
major driver of climate change has been insolation (Briner et al.,
2016). The orbital forcing in the Early Holocene led to peak
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ever, still with strong seasonal variability (Berger, 1978; Bradley
et al.,, 2003; Laskar et al., 2004). The glacial response to the warm
Early Holocene climate could be regarded an analogue for how
glaciers and ice caps might act in a warmer climate in the future.
Svalbard is an ideal location for studying the impact and interaction
of orbital, atmospheric and oceanic forcings on glaciers and climate.
The climate of the archipelago is strongly coupled to the heat
advection from the West Spitsbergen Current (Fig. 1), and it is very
sensitive to even small changes in the configuration of the water
and air masses surrounding Svalbard (Aagaard et al., 1987;
Rasmussen et al., 2013; Bakke et al., 2018; Hanssen-Bauer et al.,
2019).

0277-3791/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (a) Overview map of Svalbard. All place names mentioned in text are marked with a black dot and a name label. The study area of Femmilsjeen is marked with a red dot. Map
based on Digital Elevation Model (DEM) of Svalbard and TopoSvalbard shapefiles, © Norwegian Polar Institute, 2019. (b) Inset map showing the location of Svalbard in the Arctic
region, warm currents in red (NAC = North Atlantic Current, NCC = North Cape Current and WSC = West Spitsbergen Current) and cold currents in blue (ESC = East Spitsbergen
Current, EGC = East Greenland Current). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

To improve regional climate reconstructions and forecast sce-
narios in Svalbard, local climate archives should be included in the
numerical models. The Svalbard ice-core records only cover the
past c. 1.0 ka (Isaksson et al., 2005; Kekonen et al., 2005; Divine
et al., 2011) and therefore, there is a need for data series from
high-resolution marine and lacustrine sedimentary records. Such
records extend further back in time than the ice cores, and when
integrated in regional climate models, they may improve the un-
derstanding of how glaciers in the high Arctic respond to present
and future warming (Bakke et al., 2018; Fischer et al., 2018; van der
Bilt et al., 2019).

Marine, terrestrial, and lacustrine geological records sometimes
lag each other, challenging detailed reconstructions of the Holo-
cene climatic and glacial events (e.g., Forwick and Vorren, 2009;
Farnsworth et al., 2017; Bakke et al., 2018). However, the last

deglaciation across the Svalbard archipelago and the approximate
onset of the HTM are relatively well constrained (e.g., Svendsen
et al,, 1992; Landvik et al., 2003; Hald et al., 2004; Hormes et al.,
2013; Rasmussen et al., 2013; Hogan et al., 2017). Lake sediment
records have been used widely to reconstruct the Holocene ice and
climate history of Svalbard (e.g., Svendsen et al., 1987; Birks, 1991;
Snyder et al., 1994; Svendsen and Mangerud, 1997; Mausbacher
et al., 2002; Rothe et al.,, 2018; Bakke et al., 2018). All of these
studies focus on lakes that record changes in cirque glaciers or on
reconstructing past temperatures. However, there is still a need for
investigations of continuous climate archives that record changes
of the larger ice caps on Svalbard in order to decipher whether the
ice caps survived the HTM, to identify the timing of the Holocene
glacier minima, and to reconstruct the timing of the onset of the
Neoglacial (Schomacker et al., 2019).
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Fig. 2. (a) Overview map of Svalbard, location of the study area. The location of Wijdefjorden (WF) and Isfjorden (IF) are marked. (b) DEM of NE Spitsbergen showing the surface
catchment area of Femmilsjgen (black, dashed line, calculations based on the DEM from © Norwegian Polar Institute, 2019) and the current glacial extent. (c) Composite DEM of NE
Spitsbergen showing the subglacial terrain (white line, based on the SVIFT dataset, Fiirst et al., 2018). Subglacial catchment of Femmilsjgen (calculations based on the composite
DEM) (black dashed line) and bathymetry of Femmilsjoen are indicated. (d) Detail map of the bathymetry of Femmilsjgen, locations of the collected sub-bottom profiler data (white

lines) and coring site (white star).

In this study, we use lake sediment records and geophysical data
from Lake Femmilsjgen to reconstruct the glacial history of the NW
part of the Asgardfonna Ice Cap, NE Spitsbergen since the last
glaciation (Figs. 1 and 2). Furthermore, we compare the Fem-
milsjeen record to a marine record from northern Wijdefjorden
(Allaart et al., 2020) and discuss similarities and differences in the
climatic development archived in the marine and terrestrial re-
cords. Finally, we place our findings in a Circum-Arctic perspective.

2. Setting
2.1. Glacial history

Surface exposure (1°Be) ages from NW Spitsbergen suggest that
ice sheet thinning had commenced between 25 and 20 ka ago, and
that ice had retreated from Woodfjorden between 16 and 14 ka ago,
while Reinsdyrflya, a strand flat west of the mouth of Woodfjorden,
had become completely ice-free prior to the onset of the Holocene

(Gjermundsen et al., 2013; Fig. 1). Minimum limiting '*C dating of
marine sediment cores indicate that the mouths of Woodfjorden
and Wijdefjorden deglaciated prior to 15.2 + 0.5 and 12.0 + 0.3 cal
ka BP, respectively (Fig. 1; Bartels et al., 2017; Allaart et al., 2020),
supporting an early deglaciation of northern Spitsbergen. In com-
parison, the mouth of Isfjorden (in central Spitsbergen) deglaciated
¢. 141 cal ka BP (Fig. 1; Mangerud et al., 1992; Forwick and Vorren,
2009). The fjords subsequently experienced episodic glacial retreat
and the inner parts of all three fjords (Isfjorden, Woodfjorden and
Wijdefjorden) were deglaciated c. 11.0 cal ka BP (Baeten et al., 2010;
Bartels et al., 2017; Braun, 2019; Allaart et al., 2020). In some areas
of Svalbard, dynamic advances of smaller tributary glaciers
occurred right after retreat of the main valley glaciers (Lenne et al.,
2005; Larsen et al., 2018; Farnsworth et al., 2017, 2018). Sedimen-
tary ancient DNA (sedaDNA) from a lake record from Jodavannet (in
central Wijdefjorden, Fig. 1) reveals a rapid colonization after
glacial retreat, with establishment of half of the Holocene plant taxa
prior to 10.6 cal ka BP (Voldstad et al., 2020).
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The HTM is generally recognised earlier in the marine envi-
ronment (c. 11.2—7.7 cal ka BP) than in the terrestrial and lacustrine
(c. 10.5—7.8 cal ka BP) environments (e.g., Salvigsen et al., 1992;
Hald et al., 2004; van der Bilt et al., 2015; Bakke et al., 2018; Bartels
et al,, 2018; Mangerud and Svendsen, 2018). While marine sedi-
ment records (e.g., Hald et al., 2004; Forwick and Vorren, 2009;
Baeten et al.,, 2010; Rasmussen et al., 2013) and glacial isostatic
adjustment modelling (Fjeldskaar et al., 2018) indicate that some
large glaciers and ice caps persisted through the HTM, the timing
and ice configuration of the Holocene glacier minimum is not well
constrained (Bakke et al., 2018). Furthermore, it remains unknown
if the Holocene glacial minimum occurred time-transgressively
across the archipelago. Lacustrine archives from the west coast of
Spitsbergen indicate that smaller glaciers completely vanished
from their lake catchments during the Early and Middle Holocene
(Svendsen and Mangerud, 1997; Rethe et al., 2015; de Wet et al,,
2017). In contrast, marine records suggest that Spitsbergen’s in-
ner fjords never completely deglaciated and tidewater glaciers
persisted through the entire Holocene, and thus survived the HTM
(Hald et al., 2004; Forwick and Vorren, 2009; Rasmussen et al.,
2013; Farnsworth et al., 2020). In Woodfjorden, Wijdefjorden and
Wahlenbergfjorden in northern Svalbard (Fig. 1) low sedimentation
rates and coincident maximum water temperatures suggest limited
glacial activity during the HTM (Flink et al., 2017; Bartels et al., 2017,
2018; Allaart et al., 2020). However, coarse-grained debris attrib-
uted to ice rafting occur throughout the Wahlenbergfjorden record,
indicating the presence of sea ice or glacier ice (Flink et al., 2017;
Bartels et al., 2018). Modelling of the Holocene glacial isostatic
rebound supports that (smaller) glaciers in western and northern
Spitsbergen were absent during the HTM. Lower uplift rates in
Nordaustlandet and eastern Spitsbergen suggest that the ice caps in
these areas persisted through the HTM (Fjeldskaar et al., 2018).

In the Late Holocene, glaciers grew during the Neoglacial,
induced by decreasing Northern Hemisphere summer tempera-
tures (Svendsen and Mangerud, 1997; Hald et al., 2004; Laskar et al.,
2004; Forwick and Vorren, 2009; van der Bilt et al., 2015). The onset
of Neoglacial expansion is characterised by incremental steps of
glacier expansion between 4.5 and 0.5 cal ka BP (Bakke et al., 2018;
Bradley and Bakke, 2019). A key remaining question is whether the
Little Ice Age (LIA) was a separate cold spell, or if it represents the
ultimate Neoglacial glacier advances (Svendsen and Mangerud,
1997; Miller et al., 2017).

2.2. Femmilsjgen

Femmilsjeen (meaning ‘the five mile lake’ in Norwegian) is a
glacier-fed isolation basin located in NE Spitsbergen (Fig. 2). To our
knowledge, previous studies of the lake and its water mass struc-
ture do not exist; however, it is most likely oligotrophic and cold
monomictic (Smith and Ashley, 1985). The lake is ~7.6 km long, up
to ~1.3 km wide, has a surface area of 7.6 km? and water depths
exceed 100 m qualifying Femmilsjgen as one of the largest lakes in
Svalbard by both surface area and volume. A sill, 100 m wide and a
maximum of 5 m depth, separates a northern sub-basin (0.21 km?
and 15 m deep) from the main lake basin (Fig. 2). The outlet and
marine isolation threshold in the western end of the main lake
basin constitutes a ~50 m wide channel (Fig. 3). The current
elevation of the threshold is ~26 m a.s.l.

The subaerial and subglacial catchment areas are 173.5 km? and
304.4 km?, respectively (Fig. 2b and c). The border of the subglacial
catchment area denotes the threshold for the inflow of glacial
meltwater. From here we use ‘catchment area’ when referring to
the full subglacial catchment area. Femmilsjeen receives meltwater
from the NW part of the Asgardfonna Ice Cap (1230 km? in 1993;
Hagen et al,, 1993). Four rivers feed into the lake: two originate
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- Wijdefjorden

Fig. 3. (a) Oblique aerial image of Femmilsjgen and its surroundings, view approxi-
mately towards east (© Norwegian Polar Institute, 1936). The distance of the fore-
ground in this image equals ~4 km at the lower edge, and Femmilsjgen is ~7.6 km long.
(b) Cross profile of the outlet and marine isolation threshold of Femmilsjgen (in the
western end of the lake).

from lakes located north of, and at higher altitudes than Fem-
milsjeen and two (south of Femmilsjgen) supply meltwater from
Midtsundstadbreen (an outlet of Asgardfonna) to the lake (Fig. 1d).
Small deltas occur where the rivers enter the lake. In its eastern
end, Femmilsjeen receives direct runoff from Longstaffbreen (an
outlet of Asgardfonna) and icebergs calve into the lake. Long-
staffbreen is a surge-type glacier, with its latest documented active
phase in 1960 (Liestal, 1993; Hagen et al., 1993; Lonne, 2016). The
lake water is turbid from sediment in suspension during the ice-
free period (estimated to be July to September; Holm et al., 2012),
and the water surface across the entire lake is opaque. Most of the
surrounding terrain is steep (Fig. 3), except from the area around
the westernmost end of the lake, where the outlet towards Wij-
defjorden is located (Fig. 2). The postglacial marine limit in Mos-
selbukta (~10 km north of Femmilsjeen; Figs. 1 and 2b) is 65 m a.s.l.
(Salvigsen and Osterholm, 1982). Beach ridges and marine sedi-
ments observed up to similar elevations during fieldwork and on
aerial images indicate a similar marine limit in the Femmilsjeen
area.

The bedrock in the catchment area is Precambrian and consists
of mica schist, quartzite, amphibolite, granitic/granodioritic gneiss,
locally migmatitic, subordinate amphibolite, metadolerite, mica
gneiss, garnet-mica schist and phyllite (Dallmann, 2015). Subordi-
nate marble occurs in the Rittervatnet and Polheim units in the
central part of the catchment, and greywacke, dolostone and
limestone belonging to the Kingbreen Formation in the eastern-
most part (Dallmann, 2015).

3. Material and methods
3.1. Bathymetry and sub-bottom data

The acoustic survey of the lake was conducted in lines pre-
dominantly along and perpendicular to the long axis of the lake
with a small fiberglass vessel. Single beam bathymetric data were
collected with a Garmin Echomap Plus 73SV with a CV52HW-TM
transducer and a 5 Hz receiver, using the Quick Draw contour
function. The XYZ-points were exported from the instrument and
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imported to Petrel in UTM zone 33 N (datum: WGS84) and gridded
in a 5 x 5 m horizontal resolution using the convergent interpo-
lation method. Re-gridding to 10 x 10 m reduced noise in the
dataset and gave a smoother appearance. Hence, the 10 x 10 m grid
was used as basis for the maps.

Sub-bottom data were collected with a PINGER sub-bottom
profiler, with a signal frequency of 3.5 kHz, 1 ping per second and
a 3—7 kHz bandwidth. Sampling frequencies ranged between 10
and 18 kHz. The signal was recorded on a Mini Trace System. A total
number of 22 lines with a combined length of 43 km were recorded.
Bandpass filtering was carried out on all data with a low-cut filter at
1000 Hz and high-cut filter at 6000 Hz. Moreover, amplitude re-
covery was made in order to compensate for spherical divergence
and absorption. Finally, a constant scaling was applied on each trace
to achieve uniform trace amplitudes. The data were interpreted in
the Kingdom Suite ® 8.8 seismic. A sound velocity of 1500 ms~!
was used to calculate depth and thickness (Trottier et al., 2019).

3.2. Sediment cores

Three sediment cores (FMP1, FMP2 and FMP3) were retrieved
from the 15 m deep sub-basin in the northern part of Femmilsjeen
(79.805308 °N, 15.730763 °E; Fig. 2). Coring was conducted from a
small inflatable rubber boat using a hand-held light-weight piston
corer with 6 cm diameter coring tubes. Water depths of >100 m
prevented coring in the main basin with this type of equipment.
The rubber boat was anchored to a stable position and the cores
were retrieved through a hole in the floor of the boat. The three
sediment cores (98.5, 156.5 and 108 cm long, respectively) were
retrieved successively deeper in the sediments and a substantial
overlap between each core and the next was secured in order to
collect a continuous sediment record. Sediment-water mixing in
the lower parts of FMP2 was observed immediately after coring,
and therefore, the analyses focus on FMP1 and FMP3. The
sediment-water interface was preserved in FMP1.

3.3. Geophysical, geochemical and lithological properties

After splitting, X-radiographs of the sediment core halves were
acquired using a Geotek Standard X-ray CT system (XCT). Line-scan
images of the sediment surface were acquired with a Jai L-107CC 3
CCD RGB Line Scan Camera mounted on an Avaatech X-ray fluo-
rescence (XRF) core scanner.

The Avaatech XRF core scanner was also used to carry out
qualitative measurements of the element-geochemical composi-
tion of the sediment surfaces using a Rhodium X-ray source. Prior to
the measurements, the sediment surface was smoothened and
covered with a 4 pm ultralene foil. The measurements were carried
out in three runs at 2-mm steps with down-core and cross-core
slits of 2 and 5 mm, respectively, using the following settings: a)
10 kV, 1000 pA, 30 s counting time, no filter; b) 30 kV, 2000 uA, 30 s
counting time, Pd-filter; c) 50 kV, 2000 pA, 30 s counting time, Cu-
filter. Data processing was carried out with WinAxil version 4.5.6.
Element intensities of Al, Br, Si, S, K, Ca, Ti, Cr, Mn, Fe, Zn, Rb, Si, Y, Zr,
Nb, Mo, Cd, Sn, Te and Ba were included in the processing. Selected
elements are presented as log-ratios of two elements (In(Ca/Ti),
In(Si/Ti) and In(Ca/Fe)), in order to minimize closed-sum and ma-
trix effects (Weltje and Tjallingii, 2008; Dunlea et al., 2020). The
In(Si/Ti) ratio is used as proxy for biogenic silica production
(Martin-Puertas et al., 2017), and a decrease in In(Ca/Ti) is applied
as an indicator for a change from marine to lacustrine conditions
(Rothe et al.,, 2018). The In(Ca/Fe) ratio is used as an indicator of
changes in minerogenic input and a decrease in the ratio has been
suggested to indicate transition from marine to lacustrine condi-
tions (Kylander et al.,, 2011; Larsen et al., 2017).

Quaternary Science Reviews 251 (2021) 106717

After scanning, the lithology of the cores was described. The
lithofacies were established according to Eyles et al. (1983), Kriiger
and Kjer (1999) and Schnurrenberger et al. (2003) and colours
were determined based on the Munsell Soil Colour Chart (X-Rite,
2015). The organic matter content was determined based on the
loss on ignition (LOI) as described by Heiri et al. (2001). Sediment
samples of 1 cm® were collected every 2 cm. The samples were
dried at 110 °C for 24 h and the organic matter combusted in a
muffle furnace at 550 °C for 4 h. The LOI record reveals transitions
between organic and minerogenic input. Presence of minerogenic
sediments can be used to indicate glacier activity in the catchment
area (Karlén and Matthews, 1992; Larsen et al., 2017, 2019;
Schomacker et al., 2019).

3.4. Chronology

Eight lacustrine and one marine plant macrofossil samples, as
well as three bulk sediment samples were radiocarbon dated at the
Angstrom Laboratory at Uppsala University, Sweden. Samples from
the lowermost section of FMP1 and the middle section of FMP3
were searched for foraminifera, however none were found. All
radiocarbon ages were calibrated using CLAM (v. 2.3.5; Blaauw
et al., 2020). Age-depth models for cores FMP1 and FMP3 were
constructed with the Bayesian-based code BACON (v. 2.3.5; Blaauw,
2010; Blaauw and Christen, 2011) working within the open-source
statistical environment R (v. 4.0.2; R Core Team 2020). The IntCal20
and Marine20 calibration curves were used (Heaton et al., 2020;
Reimer et al., 2020). The Marine20 curve has a built-in reservoir
age, and we apply a local AR value of 70 + 30 years (Mangerud et al.,
2006; Mangerud and Svendsen, 2017; Heaton et al., 2020). The
reported ages are given in calibrated kiloyears before present (cal.
ka BP; BP = 1950), according to Reimer et al. (2020). The core top of
FMP1 is assumed to represent the year of sampling, i.e. 2018.

Deglacial and Holocene chronologies from the Woodfjorden and
Wijdefjorden region were extracted from the databases SVALHOLA
(Farnsworth et al, 2020) and DATED-1 (Hughes et al., 2016).
Additionally, we include deglaciation ages not within the databases

(Salvigsen and Osterholm, 1982; Furrer et al., 1991; Mausbacher
et al, 2002; Gjermundsen et al, 2013; Hormes et al., 2013;
Bartels et al., 2017; Braun, 2019; Kjellman et al., 2020). The radio-
carbon ages from the databases and the additional ages have been
re-calibrated in CLAM with the IntCal20 and Marine20 calibration
curves, following the SVALHOLA-standard (local AR = 70 + 30
years).

4. Results
4.1. Lake-floor geomorphology and seismostratigraphy

The large-scale morphology of the lake floor is characterised by
multiple ridges and basins (Figs. 4 and 5). Based on acoustic attri-
butes and appearance, three acoustic facies (AF1—3; Figs. 4 and 5)
have been identified. The facies were established at well-defined
sections and traced laterally in the dataset. Occasional local varia-
tions in acoustic appearance and attributes occur. All three facies
are identified in both the main basin and the northern sub-basin.

AF1 is the lowermost facies detected in the sub-bottom profiles.
It has an undulating upper boundary characterised by a semi-
continuous reflection of varying strength. The dominating acous-
tic appearance is non-transparent, with local semi-transparent
parts (Fig. 4). The facies occurs in all acoustic profiles, and the up-
per boundary is interpreted as the top of bedrock or top of sub-
glacial diamict comparable to similar acoustic facies in fjords and
other lakes in Svalbard (Svendsen et al., 1989; Mausbacher et al.,
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Fig. 4. Geophysical data from Femmilsjoen. (a) Bathymetry showing the main basin and the small northern sub-basin, separated by a sill. Locations of presented sub-bottom-
profiles are marked (white lines, c-f), depth in two-way travel time (TWT) and metres (m). (b) Representative sections of the three acoustic facies, AF1 (bedrock/subglacial till),
AF2 (glaciomarine sediments) and AF3 (stratified glaciolacustrine sediments), scale in metres. Red, dashed line marks the transition from AF1 to AF2, green line marks the transition
from AF2 to AF3, and the blue line marks the seafloor (top of AF3). (c) Profile (I-I') along the main basin of Femmilsjeen, showing the lake floor topography of the two sub-basins and
the sill dividing them. (d-e) Cross profiles of the eastern (III-IIlI') and central parts (II-II') of the lake, respectively, with the bounding reflections of the identified acoustic facies. (f)
Detailed long profile of the central part of the main basin with the thickest sediment package (IV-IV"). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)

2002; Forwick and Vorren, 2010, Figs. 4 and 5). AF1 reflects the

acoustic basement.

AF2 occurs as infill in the depressions of AF1. The facies is semi-
transparent, with a diffuse lower but strong upper bounding

reflection. AF2 tapers off towards the slopes of the lake. The facies is
up to ~8 m thick (in the deepest part of the main Femmilsjeen
basin; Fig. 4). The transparent character indicate massive compo-
sition, and it is interpreted as glaciomarine deposits, comparable to
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Fig. 5. (a) Detailed bathymetry of the northern sub-basin with the collected sub-
bottom profiles (white lines). Thick white line shows the location of the sub-bottom
profile shown in (b). Star marks the coring location. (b) Sub-bottom profile with
interpretation of seismostratigraphic units (for explanations and colour legend, see
Fig. 4). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

similar acoustic facies in fjords and other lakes in Spitsbergen
(Elverhgi et al., 1983; Svendsen et al., 1989; Mausbacher et al., 2002;
Forwick and Vorren, 2010).

AF3 has two to four acoustically stratified, subparallel re-
flections. The facies also occurs as a ponded infill in the depressions
of AF1 and superimposes AF2. Similarly, it tapers towards the lake
slopes. The facies is up to ~5 m thick (in the deepest part of the
Femmilsjeen basin; Fig. 4). The acoustic stratification reflects
changes in lithological composition, comparable to acoustic facies
interpreted as glaciolacustrine sediments in other Spitsbergen
lakes, and we interpret AF2 as deposited in a glaciolacustrine
environment (Svendsen et al., 1989; Mdusbacher et al., 2002).

4.2. Sediment cores — chronology and lithostratigraphy

Six lithofacies (LF1—6) are defined based on lithology, colour as
well as physical and chemical properties (Fig. 6). Correlation be-
tween the cores is based on lithology, LOI, tie-points in the XRF
element log-ratios and X-radiographs (Fig. 7). Correlation (Fig. 7)
showed that the upper parts of FMP2 and FMP3 were most likely
compressed during coring.

LF1 (108—79.5 cm in core FMP3; Fig. 6) consists of dark grey
massive, matrix-supported diamict with abundant outsized clasts
(9 < 6 cm). LOI ranges between 1 and 2% and the element log-ratios
show large excursions: In(Ca/Ti) ranges between -3—1.5, In(Si/Ti)
ranges between —0.7—1.6 and In(Ca/Fe) between -2—0.8. A gradual
transition towards weak stratification in the top is visible on the X-
radiographs. Datable material was absent, and the organic content
was too low for bulk dating. Based on its massive composition, large
abundance of clasts, low LOI values and the excursive pattern in the
element log-ratios, the facies is interpreted as deposited in a sub-
glacial environment (Svendsen et al., 1989; Larsen et al., 2017). The
weak stratification in the top of LF1 indicates a transition from
subglacial to marine conditions (Polyak and Solheim, 1994).

LF2 (79.5—25 cm in core FMP3; Fig. 6) consists of dark grey
laminated silty clay with occasional clasts (¢ < 0.8 cm). The basal
contact is gradational, and LOI is generally between 1 and 3%. The
element log-ratios are predominantly stable between 79.5 and
42 cm. Negative excursions in all log-ratios occur at ~72 cm, ~33 cm,
and ~27 cm. The ~27 cm excursions are associated with a peak LOI
value of ~8% at ~27 cm. Marine macroalgae (Phaeophyceae indet.)
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are abundant between 29 and 19 cm. The X-radiograph shows
gradually lower densities towards the top of LF2. Radiocarbon ages
from 44.5 cm (bulk) and 28.5 cm (marine macroalgae) yield
16.1 + 0.3 and 114 + 0.2 cal ka BP, respectively (Figs. 6 and 8;
Table 1). Based on its laminated structure, occurrence of clasts, low
LOI values and the occurrence of marine macrofossils, this facies is
interpreted as deposited in a glaciomarine, glacier proximal envi-
ronment (e.g., Svendsen et al., 1989; Larsen et al., 2017, 2019). Age-
depth modelling (Fig. 8b) indicates that LF2 was deposited prior to
11.5 + 0.5 cal ka BP.

LF3 (25—13.5 cm in FMP3 and 98.5—76.5 in FMP1; Fig. 6) consists
of grey, laminated silty clay. The basal contact is gradational and LOI
values vary between 4 and 9%. At the base of the facies in FMP3,
large negative excursions occur in all element log-ratios. There is an
overall slight decrease in element log-ratios throughout the facies
in FMP3, however, the decrease is less pronounced in FMP1. Aquatic
bryophytes are abundant and head capsules from adult chirono-
mids have been identified at 21.5 cm and 92.5 cm in FMP3 and
FMP1, respectively. A radiocarbon date on aquatic bryophytes from
21.5 cm in FMP3 yields an age of 11.4 + 0.2 cal ka. BP, whereas a bulk
date from FMP1 (92.5 cm) gives an age of 12.1 + 0.3 cal ka BP (Figs. 6
and 8; Table 1). The laminated structure, marked colour change,
slight increase in LOI (compared to LF2), occurrence of aquatic
bryophytes and chironomid head capsules, as well as the changes in
element log-ratios at the base of the interval together suggest that
the transition from LF2 to LF3 represents the isolation of Fem-
milsjeen from the fjord. We use the decreases in In(Ca/Fe) and
In(Ca/Ti) as particular indicators of a transition from marine to
lacustrine conditions (e.g., Larsen et al., 2017; Reathe et al., 2018).
From the LOI values (4—9%) we infer that the minerogenic input is
still high, but has decreased compared to LF2. The depositional
environment is interpreted as glaciolacustrine (Larsen et al., 2017,
2019; Schomacker et al., 2019). Age-depth modelling indicates that
deposition of LF3 commenced just prior to 12.0 + 0.3 and lasted
until ¢. 10.1 + 0.4 cal ka BP (Figs. 6 and 8; Table 1).

LF4 (13.5—-3.5 cm in FMP3 and 76.5—18 cm in FMP1; Fig. 6)
consists of dark brown, finely laminated clayey gyttja. The basal
contact is sharp and visible in the X-radiographs as a change from
higher (dark) to lower (light) densities (Fig. 6). LOI ranges between
4 and 19%. The element log-ratios increase slightly at the base of the
facies and again in the central part. A few outsized clasts
(# < 0.5 cm) occur in the lower part of the facies. Aquatic bryo-
phytes and head capsules from both adult and chironomid larvae
are abundant throughout the facies. Seven radiocarbon ages (from
both cores) on the abundant aquatic bryophytes and one bulk date
from FMP1 reveal ages from 10.4 + 0.2 to 3.4 + 0.1 cal ka BP (Figs. 6
and 8; Table 1). Based on the laminated structure, high LOI values,
and abundance of aquatic bryophytes, this facies is interpreted as
deposited in a lacustrine environment (Larsen et al., 2017, 2019;
Schomacker et al., 2019). The high LOI indicates increased organic
productivity and we interpret the low minerogenic input to reflect
limited glacial runoff, and hence limited to no glacial activity in the
Femmilsjeen catchment area. The outsized clasts in the lower part
of the facies can be explained by seasonal lake ice still forming and
rafting material from the lake shores in the early part of the
depositional phase of LF4. The clasts disappear after c. 9.3 + 0.4 cal
ka BP, ~68 cm in FMP1. Age-depth modelling indicates that LF4 was
deposited from 10.1 + 0.4 to 3.2 + 0.2 cal ka BP (Figs. 6 and 8;
Table 1).

LF5 (exclusively between 18 and 13 cm in FMP1; Fig. 6) consists
of light grey laminated silty clay. The basal contact is sharp and seen
as changes from lower to higher densities on the X-radiographs, as
well as a colour change from dark brown to light grey. The laminae
are slightly thicker than in LF4. LOI decreases from 12% at the lower
boundary to 4% in the top of the unit. The In(Ca/Ti) and In(Ca/Fe)
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ratios decrease, whereas the In(Si/Ti) ratio remains stable
throughout the facies. Datable material was absent in this facies.
Based on the colour change, decreasing LOI and element log-ratios,
LF5 is interpreted as deposited in a lacustrine environment with
increasing minerogenic input due to glacier growth in the Fem-
milsjgen catchment area (Larsen et al., 2017, 2019; Schomacker
et al., 2019). Age-depth modelling suggests that deposition of L5
took place from 3.2 + 0.2 to 2.1 + 0.7 cal ka BP (Figs. 6 and 8;
Table 1).

LF6 (13—0 cm in FMP1 and 3.5—0 cm in FMP3; Fig. 6) consists of
light yellow brown laminated clay-silt. The basal contact is sharp
and seen in the X-radiograph as a change to higher densities
(darker) than in LF5. An orange layer concurrent with positive
In(Ca/Ti) and negative In(Ca/Fe) excursions marks the base of the
facies. The LOI is ~4% throughout LF6 and datable material was
absent in this facies. However, the sediment-water interface was
preserved in FMP1 during coring, and therefore, we assume that
the top sediments in LF6 in FMP1 are of modern age. Based on the
lithology, colour and low LOI, this facies is interpreted as deposited
in a glaciolacustrine environment with high minerogenic input
(e.g., Larsen et al., 2017; 2019; Schomacker et al., 2019). We inter-
pret the enhanced minerogenic input as indicative of further glacier
growth in the catchment. Age-depth modelling indicates that
deposition of LF6 took place from 2.1 + 0.7 cal ka BP until present
(Figs. 6 and 8; Table 1).

4.3. Correlation between acoustic facies and lithofacies
AF1 is interpreted as top of bedrock or top of subglacial diamict

(Figs. 4 and 5). Based on the occurrence of the diamict (LF1) in the
lowermost part of FMP3 (Fig. 6) it is likely that the uppermost part
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of AF1 partly constitutes subglacial diamict (Svendsen et al., 1989;
Mausbacher et al., 2002). We interpret AF2 to correlate with LF2
(laminated glaciomarine deposits). Despite being correlated to the
laminated lithostratigraphic unit, AF2 appears predominantly
transparent, explained by the fact that laminae thicknesses are
below the vertical resolution of the acoustic signal of the sub-
bottom profiler (Svendsen et al., 1989; Mausbacher et al., 2002).
AF3 correlates with LF3—6 (glaciolacustrine, lacustrine and glacio-
lacustrine facies; comparable to facies in other Spitsbergen lakes;
Svendsen et al., 1989; Mausbacher et al., 2002). In the bathymetric
lows (Figs. 4 and 5), AF3 has up to four subparallel reflections and
we interpret each sub-reflection to correspond to one lithofacies
each.

5. Discussion
5.1. Late Weichselian — from full glacial conditions to deglaciation

From the presence of LF1 (subglacial diamict; and potentially
the upper part of AF1) we infer that the Femmilsjeen area was
covered by grounded ice during the Late Weichselian (Fig. 9a), in
agreement with observations from the northern part of Wijdef-
jorden (Allaart et al., 2020). The lowermost bulk age from Fem-
milsjeen indicates deglaciation prior to 16.1 + 0.3 cal ka BP (Figs. 6
and 8; Table 1), and based on our interpretation of the time of
isolation, this facies (LF2) is of marine origin. Bulk ages of marine
sediments should be treated cautiously, as reworked carbon can
cause apparently older ages (Licht et al., 1998; Howe et al., 2008;
Hogan et al., 2010). Considering the low LOI (~2%) at the depth of
the bulk date, even small amounts of inert carbon in the bulk
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Fig. 6 and Table 1 for details about the radiocarbon ages.

sample, could introduce significant errors in the radiocarbon age
(Walker, 2005). However, the amount of limestone in the Fem-
milsjgen catchment is very limited, and the age largely agrees with
the regional deglaciation ages (Fig. 10).

The continental shelf north of Wijdefjorden is narrow, and the
(last) deglaciation is likely to have happened fast (Hogan et al.,
2017). The mouths of Woodfjorden and Wijdefjorden deglaciated
prior to 15.2 + 0.3 and 12.0 + 0.3 cal ka BP, respectively (Bartels
et al., 2017; Allaart et al., 2020; Farnsworth et al., 2020, Fig. 10).
The extrapolation by Allaart et al. (2020) suggests that the mouth of

10

Wijdefjorden deglaciated at least prior to 14.5 + 0.3 cal ka BP.
Exposure ages reveal glacier free mountain plateaus (400 m a.s.l.)
on the eastern side of Wijdefjorden already between 17.7 + 1.2 and
18.3 + 1.2 ka ago, indicating that thinning commenced prior to this
(Hormes et al., 2013, Fig. 10). Lake sedimentary records from Var-
fluesjeen and Vogtvatnet, located on the peninsula west of Wij-
defjorden, suggest deglaciation prior to 13.1 + 0.3 and 13.7 + 0.3 cal
ka BP, respectively (Mausbacher et al.,, 2002; Rethe et al.,, 2018,
Fig. 10) and an age from raised marine sediments in inner Liefdef-
jorden (tributary to Woodfjorden, Fig. 10) indicate deglaciation
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Table 1
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Radiocarbon ages from Femmilsjgen, Svalbard. Laboratory IDs for samples of marine origin are written in bold. The IntCal20 and Marine20 calibration curves (Heaton et al.,
2020; Reimer et al., 2020) are used for calibration. The Marine20 curve has a built-in reservoir age, and we apply a local AR value of 70 + 30 years (Mangerud et al., 2006;
Mangerud and Svendsen, 2017). The measured '“C age, the calibrated 2c age range, the calibrated median age, as well as the BACON modelled median age are given.

Lab ID Core Lithofacies Depth(cm) Dated material 3' C%0 VPDB '“C age(a BP) Calibrated 20 age Calibrated median BACON modelled
range(cal. a BP) age (cal. a. BP) median age (cal. a BP)
Ua-66429 FMP1 LF4 18.5 bulk —34.8 3132 + 27 3252-3297 3360 3359
3325—-3404
3427-3443
Ua-64439 FMP1 LF4 25.5 aquatic bryophyte -26.6 4192 + 35 4585—4597 4727 4707
4616—4766
4785—4841
Ua-64440 FMP1 LF4 39 aquatic bryophyte, whole -26.9 5309 + 39 5947—-5962 6087 6115
5992—-6199
6252—-6261
Ua-64441 FMP1 LF4 45.5 aquatic bryophyte —28.5 6164 + 40 6949—-7163 7063 7044
Ua-64442 FMP1 LF4 72.5 aquatic bryophyte —29.2 8705 + 43 9543-9781 9649 9672
9848—-9887
Ua-64443 FMP1 LF3 925 bulk —243 10311 +39  11,889-11,895 12,089 12,088
11,934-12,196
12,226—-12,270
12,299-12,329
12,349-12,460
Ua-66430 FMP3 LF4 55 aquatic bryophyte —-26.4 5069 + 43 5665—5671 5815 5829
5716—5916
Ua-64449 FMP3 LF4 7.5 aquatic bryophyte -26.3 6505 + 42 7321-7502 7390 7382
Ua-66431 FMP3 LF4 115 aquatic bryophyte — 9225 + 101 10,221-10,604 10,406 10,332
10,616—10,657
Ua-64450 FMP3 LF3 215 aquatic bryophyte -274 9953 + 42 11,246—-11,412 11,371 11,336
11,419-11,505
11,526—11,612
Ua-64451 FMP3 LF2 285 Phaeophyceae indet. -274 10,469 +42  11,203—-11,650 11,409 11,767
Ua-64438 FMP3 LF2 445 bulk —24.5 14,108 + 108 15,775—-16,491 16,123 16,073

prior to 13.0.+0.2 cal ka BP (Furrer et al., 1991). As such, we infer
that Femmilsjgen was deglaciated early, potentially prior to
16.1 + 0.3 cal ka BP, which implies that it deglaciated prior to
Vogtvatnet, Virfluesjgen and Linnévatnet (Svendsen and
Mangerud, 1997; Mausbacher et al., 2002; Rethe et al., 2018,
Figs. 1 and 10). LF2 and AF2 were deposited during the deglaciation
phase in a marine glacier-proximal setting (Fig. 9b), where
seawater temperatures and the amount of sea ice fluctuated
repeatedly (Allaart et al., 2020).

5.2. Early Holocene - isolation from the marine environment

Femmilsjeen was inundated by the sea after deglaciation and
subsequently became isolated due to glacioisostatic rebound; LF3
and the lowermost part of AF3 were deposited during the isolation
phase (Figs. 9c, 10 and 11). In core FMP3, close to the upper
boundary of LF2, we identified a layer with marine macroalgae
(Phaeophyceae indet; 28.5 cm) that dated to 11.4 + 0.2 cal ka BP. In
LF3 aquatic bryophytes at 21.5 cm dated to 11.4 + 0.2 cal ka BP, and
head capsules from adult chironomids, indicative of lacustrine
conditions, occur (Fig. 6; Table 1). In FMP1, the lowermost bulk age
from LF3 provides an age of 12.1 + 0.3 cal ka BP. The macrofossils
suggest that the interval between 27.5 and 20.5 c¢cm in FMP3
(11.7 + 0.3 to 11.3 + 0.2 cal ka BP) reflects the isolation (Fig. 6;
Table 1). However, the outlet and marine isolation threshold of
Femmilsjeen constitutes a ~50 m wide channel, incised ~12 m into
the surrounding bedrock (Fig. 3b). Compared to fluvial incision
rates of 0.15 m ka—! in similarly resistant bedrock (Schildgen et al.,
2002), it is unlikely that the outlet channel has been incised only
during the course of the Holocene. Therefore, we assume that the
majority of the incision is of pre-Holocene age, and the lake isola-
tion threshold, constituted by the bottom of the outlet channel, a
valid sea-level index point. The ridge surrounding the 50-m-wide
channel most likely restricted the water exchange between

1

Wijdefjorden and Femmilsjgen a while prior to the final isolation.
The decreasing In(Ca/Ti) ratio in FMP3 from ~35 cm (c. 13.4 + 1.1 cal
ka BP) towards the top of LF2 and throughout LF3 (Fig. 6) indicates a
gradual transition from marine to lacustrine conditions, similar to
observations in Varfluesjeen (Rothe et al., 2018). We interpret the
presence of marine macroalgae as indicators for saline water
dominating the Femmilsjgen basin until the top of LF2.

We suggest that the isolation phase of Femmilsjgen occurred
gradually and that a period with brackish water conditions in the
basin prevailed from c.13.4 cal ka BP (Fig. 11). The final isolation
most likely occurred between 11.7 + 0.3 (27.5 cm in FMP3) and
11.3 + 0.2 cal ka BP (20.5 cm in FMP3). Isolation between 11.7 + 0.3
to 11.3 + 0.2 cal ka BP is comparable to the regional postglacial
uplift rate and agrees with the relative sea level curve from

Salvigsen and Osterholm (1982; Fig. 11). After the isolation, min-
erogenic sedimentation dominated until 10.1 + 0.4 cal ka BP (during
deposition of LF3). Thus, we infer that glaciers existed in the
Femmilsjeen catchment area at this time, with a more distal glacier
compared to during deposition of LF2.

On the peninsula west of Wijdefjorden, radiocarbon ages of
reworked mollusc shells in moraines range from 11.6 + 0.3 to
10.9 + 0.3 (Fig. 10; Farnsworth et al., 2020). The moraines are
interpreted as formed by re-advances of tributary glaciers during
the Early Holocene, after retreat of the main glacier occupying
Woodfjorden. The moraines are comparable to Early Holocene
glacier advances seen elsewhere in Svalbard (Lenne 2005; Larsen
et al., 2018; Farnsworth et al., 2017, 2018, Fig. 10) and the ages are
comparable with the age of LF2 indicating that glaciers were still
active during the overall deglaciation.

5.3. Early to Middle Holocene - the Holocene Thermal Maximum

LF4 contains relatively little minerogenic material, which can be
interpreted in two ways, both indicating that the Asgardfonna Ice
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Fig. 10. (a) Inset map with blue square indicating the location of (b-d). (b-d) Maps with all previously published deglacial to Holocene chronologies from the Wijdefjorden and
Woodfjorden areas (marine, terrestrial and lacustrine archives). The DATED-1 and SVALHOLA databases (Hughes et al., 2016; Farnsworth et al., 2020) form the basis for the map;
separate references for chronologies not included in the databases, are marked/noted. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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legend, the reader is referred to the Web version of this article.)

Cap was significantly smaller than today during deposition of this
facies (10.1 + 0.4 to 3.2 + 0.2 cal ka BP; Fig. 9d). One interpretation is
that the Asgardfonna Ice Cap was a considerably smaller ice cap,
and that limited to no glacial runoff reached Femmilsjgen (Fig. 2).
The other interpretation is that the lake level lowered as a result of
decreased runoff, and thus caused reduced sediment supply to the
northern sub-basin. We assume that the main transport mecha-
nism of sediment from the fluvial and glacial input sources (in the
eastern end of the main basin and from there into the northern sub-
basin) is by suspension in inter- and overflows and/or ice rafting
(Smith and Ashley, 1985). Relative emergence of the present day
5 m deep threshold separating the two basins, could limit the
supply of interflow-suspended sediment to the sub-basin or lead to
complete isolation of the northern sub-basin from the main basin.
However, based on leaf wax hydrogen isotope analyses on lake
sediments from Austre Nevlingen (Figs. 1—3); Kjellman et al. (2020)
suggested increased winter precipitation during the Early Holo-
cene/HTM. They inferred this increase to be a result of regional
warming, reduced sea-ice cover in surrounding waters and greater
winter ocean evaporation. Higher winter precipitation amounts
would result in greater runoff to Femmilsjgen during spring
snowmelt. Hence, we find it highly unlikely that the water level in
Femmilsjeen would drop 5 m, to either isolate the northern sub-
basin, or restrict the water flow from the main lake basin during
the entire period from 10.1 + 0.4 to 3.2 + 0.2 cal ka BP. Furthermore,
the same acoustic facies (even though of various thickness; Figs. 4
and 5) appear in both the main and the northern sub-basin, indi-
cating similar sediment supply across the entire lake during the
course of the deglaciation and Holocene. Therefore, we favour the
first interpretation: the organic-rich facies LF4 (deposited from
10.1 + 0.4 to 3.2 + 0.2 cal ka BP; Fig. 6) represents a period with very
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limited to no glacial runoff in the Femmilsjeen catchment and a
greatly reduced to absent Asgardfonna (Fig. 9d). Furthermore, we
suggest that the northern sub-basin was connected to the main
Femmilsjeen basin throughout the Holocene.

Voldstad et al. (2020) suggested an early HTM in the Wijdef-
jorden area, evident by distinctly thermophilous plant species in
Jodavannet (Ringhorndalen, central Wijdefjorden; Fig. 1) by
11.2—10.9 cal ka BP. Spring sea-ice minimum and coinciding water
temperature maximum between c. 10—7 cal ka BP at the mouth of
Wijdefjorden point towards warm waters during the HTM (Allaart
et al., 2020). This is supported by high subsurface temperatures
and reduced sea-ice cover in eastern Fram Strait during the same
period (Werner et al., 2016). Thermophilous molluscs (ages ranging
from 10.5 + 0.3 to 5.9 + 0.2 cal ka BP) occur in Woodfjorden and
Wijdefjorden simultaneously with the onset of deposition of LF4
(Mangerud and Svendsen, 2018, Fig. 10). The oldest of these mollusc
shells was found in the outer part of Wijdefjorden, close to Vogt-
vatnet (Mangerud and Svendsen, 2018; Farnsworth et al., 2020,
Fig. 10). Peat layers in geological sections in Liefdefjorden (a trib-
utary to Woodfjorden; Fig. 10) yield ages from 5.6 + 0.3 to
8.2 + 0.2 cal ka BP and indicate warm conditions. The increase in
the In(Si/Ti) ratio (at ~56 cm in FMP1, corresponding to a median
age of 8.1 + 0.7 cal ka BP) could indicate an increase in biogenic
silica production (Martin-Puertas et al., 2017), reflecting beneficial
living conditions for silica producing diatoms in Femmilsjeen dur-
ing the HTM. Relatively low sedimentation rates in Wijdefjorden
and the neighbouring fjords during HTM are interpreted as indic-
ative of very little glacial activity during the HTM (Flink et al., 2017;
Bartels et al., 2017, 2018; Allaart et al., 2020).

Early Holocene glaciers retreated from the Femmilsjgen catch-
ment, suggesting that the enhanced winter precipitation (Ijellman
et al., 2020) was out-balanced by the combination of high summer
insolation as well as warm terrestrial and marine conditions.
Hence, we infer that the Early Holocene glacier mass balance pri-
marily was controlled by summer ablation (similar to today and
comparable to Early Holocene glaciers in southwest Greenland;
Larsen et al., 2017; Hanssen-Bauer et al., 2019).

We infer that the HTM and associated glacier minimum of the
Asgardfonna Ice Cap occurred between 10.1 + 0.4 and 3.2 + 0.2 cal
ka BP. The NW part of the Asgardfonna Ice Cap was most likely very
small or absent (Fig. 9d). The glacier-free conditions recorded in the
Femmilsjeen catchment during the HTM is comparable to catch-
ments of smaller glaciers and ice caps spread along the western and
northern coasts of Svalbard (Fig. 12; Svendsen et al., 1987; Svendsen
and Mangerud 1997; Snyder et al., 2000; Mausbacher et al., 2002;
Rethe et al.,, 2015, 2018; van der Bilt et al., 2015; de Wet et al., 2018;
Schomacker et al., 2019). It is also in agreement with modelling
results suggesting that glacier ice in Svalbard only survived the
HTM in the north-eastern and eastern parts of Svalbard (Fjeldskaar
et al,, 2018). However, the glacier minimum commenced 4.0 to 0.5
ka earlier in the Femmilsjgen catchment than elsewhere in Sval-
bard (Figs. 2 and 12), maybe related to the proximity of northern
Wijdefjorden and Femmilsjgen to the shelf break. Atlantic Water
was present in Hinlopen Trough already by c. 15.0 cal ka BP
(Slubowska et al., 2005). The narrow shelf and lack of a sill at the
mouth of Wijdefjorden most likely allowed for early intrusion of
Atlantic Water through Hinlopen Trough into Wijdefjorden and
evoked rapid glacial retreat (Koc et al., 2002; Slubowska et al.,
2005; Batchelor et al., 2011; Allaart et al., 2020). The presence of
warm Atlantic Water in Wijdefjorden, together with peak insola-
tion could provide warm enough boundary conditions to initiate an
early regional onset of the HTM in the already deglaciated area
around Femmilsjgen.

It seems that the NW part of Asgardfonna behaved differently
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(blue boxes), as well as bulk sediment ages (white boxes) are used to constrain core chronologies. Values to the left of the chronologies indicate the number of dates and the
composite core length (in meters) of each sediment core. Inset map shows the location of the core sites: F = Femmilsjeen (this study), G = Gjeavatnet (de Wet et al., 2018), VF =
Varfluesjeen (Mdusbacher et al., 2002; Rothe et al., 2018), H = Hajeren (van der Bilt et al., 2015) only the Late Glacial and Holocene part of this core is included here, K = Klgsa (Rathe
et al., 2015), KB = Klgverbladvatna (Schomacker et al., 2019), L = Linnévatnet (Svendsen et al.,, 1987; Svendsen and Mangerud, 1997; Snyder et al., 2000). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

than larger tidewater glaciers and ice caps in central Spitsbergen,
that survived the HTM, based on the sustained occurrence of IRD
throughout the Holocene (Hald et al., 2004; Forwick and Vorren,
2009; Baeten et al., 2010; Rasmussen et al., 2013). However, a
new study from Dicksonfjorden (inner Isfjorden; Joo et al., 2019)
argue that most of the IRD occurring in Dicksonfjorden is sea-ice
and not glacier ice rafted, and could challenge the paradigm that
tidewater glaciers in central Spitsbergen survived the HTM.

5.4. Late Holocene - the Neoglacial

In Femmilsjeen, glaciolacustrine sediments reoccur in LF5,
presumably representing glacier growth in the catchment area
fromc. 3.2 + 0.2 cal ka BP (Fig. 9e). This age is comparable to ages (c.
3.5 cal ka BP) from Varfluesjgen and Klgsa (Figs. 10 and 12;
Mausbacher et al., 2002; Rothe et al.,, 2015, 2018). In Jodavannet, a
distinct shift in lithology and sedaDNA data at c. 4.4 + 0.1 cal kaBP is
attributed to Neoglacial cooling and enhanced nivation processes
within the catchment (Fig. 1; Voldstad et al., 2020). The lag in the
onset of the Neoglacial between Femmilsjgen and Jodavannet
might be a function of Jodavannet having a more continental
climate; however, we believe the lithological changes at both sites
reflect Neoglacial cooling. The onset of the glacier re-growth of
Asgardfonna corresponds well with the high sediment accumula-
tion rate observed for the similar time interval in a marine core in
northern Wijdefjorden off the outlet from Femmilsjeen (Allaart
et al, 2020). Furthermore, the marine record shows increased
spring sea-ice extent and decreasing seawater temperatures from c.
3.1 cal ka BP (Allaart et al., 2020) and similar cooling occurs in other
fjords in northern Svalbard (Bartels et al., 2017, 2018; Flink et al.,
2017). In Liefdefjorden, vegetation Kkill ages from entombed in-
situ peat layers yield ages from 3.8 + 0.2 to 0.4 + 0.1 cal ka BP,
indicating that Neoglacial glacier expansion commenced after
3.8 + 0.2 cal ka BP (Fig. 10; Furrer et al., 1991; Farnsworth et al.,
2020).

The glacier growth in the Femmilsjeen catchment, the buried
and glacially overridden peat in Liefdefjorden, as well as the cooling
in the northern part of Wijdefjorden mark the onset of the Neo-
glacial in northern Spitsbergen. The glaciers in northern Spitsber-
gen were likely responding to decreasing summer temperatures
and less ablation (Laskar et al., 2004). This is comparable to the
modern mass-balance observations on Svalbard showing that the
glaciers mainly respond to changes in summer temperature (Hagen
et al., 2002; Marlin et al., 2017; Hanssen-Bauer et al., 2019) and
comparable to Late Holocene glaciers in SW Greenland (Larsen
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et al., 2017).

Due to the continuous dominance of minerogenic sediments in
LF6, we infer that the Asgardfonna Ice Cap reached a size as large as,
or even larger than the modern glacier configuration around the
onset of LF6 (2.1 + 0.7 cal ka BP). This implies that the glaciers in the
Femmilsjeen catchment grew to their full Neoglacial extent within
c. 1.1 ka (from 3.2 + 0.2 to 2.1 + 0.7 cal ka BP; Fig. 9e).

The sediment-water interface was preserved in FMP1 during
coring, and we assume that the top sediments are modern. LF6 thus
represents the modern depositional environment. Today, the surge-
type glacier Longstaffbreen has a calving margin terminating into
the eastern end of the lake. We assume that Longstaffbreen has
dominated the sediment supply into the lake during the last c.
2.1 cal ka BP, and that its margin, like today, terminated in the lake
or in the near vicinity onshore.

5.5. Asgardfonna in a Circum-Arctic perspective

Femmilsjeen holds a continuous, deglacial to Holocene lacus-
trine sedimentary record of the Asgardfonna Ice Cap, which is rare
in the Arctic (Briner et al., 2016). To place our findings in a Circum-
Arctic perspective, we compare them to climate records covering
the same time interval from smaller glaciers and ice caps from the
Canadian Arctic, Greenland, and the Russian Arctic. In the Fem-
milsjeen area the glacier minimum and HTM seem to occur
simultaneously, however, it may differ across the Circum-Arctic
region.

The marine-based Svalbard-Barents Sea Ice Sheet disintegrated
rapidly, attributed to early (from c. 15.0 cal ka BP) advection of
Atlantic Water to Svalbard from the West Spitsbergen Current. This
led to debuttressing of ice shelves, as a result of oceanic absorption
of the orbitally forced atmospheric warming at the transition to the

Holocene (Slubowska et al., 2005; Hormes et al., 2013; Hogan et al.,
2017). By comparison, there was still residual ice from the last
Laurentide Ice Sheet on the North American continent until c.
8.0 cal ka BP, and freshwater releases from this ice caused regional
cooling and influenced the glaciers and ice caps in the Canadian
Arctic (Kaufman et al., 2004; Briner et al., 2016). The same applies to
northern and western Greenland, where the ice sheet still today
affects the regional climate (Briner et al., 2016).

In the Canadian Arctic and Greenland, maximum warmth and
glacier minima generally occurred between c. 9.0 and 5.0 cal ka BP
(Briner et al., 2016; Larsen et al., 2019). In the Russian Arctic
archipelagos Franz Josef Land and Severnaya Zemlya (Fig. 1), the
glaciers were already smaller than present between c. 12.5 and
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10.6 cal ka BP, and the climate was warmer than today from c. 11.5
to 9.5 cal ka BP (Solomina et al., 2015). The glacial input in Fem-
milsjeen disappeared by c. 10.1 + 0.4 cal ka BP indicating an early
onset of the glacier minimum in northern Svalbard. This is at least c.
1.0 ka earlier compared to most lake sediment records from the
Canadian Arctic and Greenland, but c. 1.0 to 2.0 ka later than in the
Russian archipelagos.

The response of the Asgardfonna Ice Cap to the HTM is similar to
the response of smaller glaciers and ice caps in southern Greenland
that all disappeared during the HTM (Larsen et al., 2019). However,
the northern Greenland ice caps and glaciers most likely persisted
throughout the HTM, attributed to an Early Holocene increase in
winter precipitation (due to the lack of sea ice in the Arctic Ocean)
that out-balanced summer ablation (Funder et al., 2011; Larsen
et al.,, 2019).

Compared to the unsynchronised onset of the HTM across the
Circum-Arctic, the onset of the Neoglacial re-growth seemingly
occurred more simultaneously. Glacial meltwater sediments reoc-
curred in Femmilsjgen at 3.2 + 0.2 cal ka BP. There is some evidence
that glacier re-growth and the onset of the Neoglacial in the Ca-
nadian Arctic and Greenland commenced as early as c. 5.0 cal ka BP,
but most glaciers advanced between c. 3.5 to 2.5 cal ka BP (Briner
et al., 2016; Larsen et al., 2019). Glaciers on Severnaya Zemlya
and Franz Josef Land remained small until c¢. 5.0 and 2.4 cal ka BP,
respectively (Solomina et al., 2015). This more synchronous pan-
Arctic onset of the Neoglacial (compared to the onset of the HTM)
might be related to the absence of large residual ice bodies and
their regional influence on climate on the North American
continent.

6. Conclusions

In this study we used lake records from Femmilsjeen to
constrain the glacial history of NW Asgardsfonna. We found that:

e The western end of Femmilsjgen was potentially deglaciated
prior to 16.1 + 0.3 cal ka BP, however glaciers (Asgardfonna)
persisted in the catchment area until c¢. 10.1 + 0.4 cal ka BP.

e The lake was isolated from the marine environment due to
glacioisostatic rebound between 11.7 + 0.3 to 11.3 + 0.2 cal ka BP.
The isolation was gradual and brackish conditions possibly
prevailed from c. 13.4 cal ka BP until the final isolation.

e Glacial meltwater supply to Femmilsjgen was absent between
10.1 + 0.4 and 3.2 + 0.2 cal ka BP. This period includes the Ho-
locene Thermal Maximum. The lack of glacial meltwater runoff
implies that the glaciers had effectively retreated out of the
catchment, suggesting that Asgardfonna was significantly
smaller or absent from 10.1 + 0.4 to 3.2 + 0.2 cal ka BP.

e Minerogenic sediments reoccur in the Femmilsjgen sedimen-
tary record from c. 3.2 + 0.2 cal ka BP, implying re-growth of the
glaciers in the catchment area due to Neoglacial cooling. At c.
2.1 + 0.7 cal ka BP, the glaciers reached a size no smaller than
their present extent.

e The Femmilsjgen catchment records Holocene variations of a
larger Svalbard ice cap in a confined sedimentary basin. The
record confirms Holocene glacier fluctuations observed in
northern Wijdefjorden and improves the time constraints on
the Holocene glacial events in the area. It serves as an important
link between Svalbard data series from lacustrine archives of
smaller glaciers and cirques and the larger and less confined
marine fjord archives of the larger ice caps.

e Variations in the extent of Asgardfonna during the deglaciation
and the Holocene are strongly coupled to atmospheric and
ocean forcings. In a Circum-Arctic perspective, this is
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comparable to the behaviour of glaciers and ice caps in southern
Greenland and Franz Josef Land and Severnaya Zemlya.
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