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Abstract

The Arctic is warming faster than any other region on Earth. As sea-ice diminishes, surface
boundary conditions (roughness and air-sea coupling) change and open-water fetch increases,
potentially strengthening the effective wind forcing on Arctic coasts. These changes can be
recorded in lake sediments through the deposition of wind-blown grains and elements, offering
insights into past wind and climate dynamics. We reconstruct ca. 8,200 yrs of wind-climate
variability using laminated sediments from a closed-basin lake in the Central part of the High
Arctic Svalbard archipelago. By integrating geochemical, visual, and granulometric
fingerprints within a multiproxy geostatistical framework, we link wind-blown minerogenic
input to specific catchment sources and show that iron (Fe)- and titanium (T1)- enriched clasts
originate from distinct dolerite outcrops West of the lake, upwind of the dominant summer
Westerlies. These results reveal a locally filtered Westerly input, consistent with valley-fjord
channelling. We identify four Mid- and Late Holocene phases of enhanced eolian activity that
occurred during intervals when local boundary conditions favoured the entrainment and
transport of sediment into the basin. Unit-scale sedimentation shifts can be placed at the end of
the Holocene optimum and at the stepwise onset of the Neoglacial. However, the reconstructed
wind signal shows comparatively stable long-term behaviour and no direct correspondence with

paleoclimate records.

Keywords: Westerly winds, Lake sediments, Spitsbergen, Holocene, Sediment provenance, End

Member Modelling
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1. Introduction

The Arctic is warming at nearly four times the global average — a phenomenon known as Arctic
amplification (Rantanen et al., 2022). This rapid warming leads to cryosphere degradation,
which enhances the supply of unconsolidated material available for eolian transport. Yet the
geomorphic response to a warmer Arctic is unlikely to be monotonic, because sea-ice not only
limits fetch and coastal exposure, but also mediates momentum transfer and effective surface
forcing (Muilwijk et al., 2024). While wind is a primary driver of Arctic geomorphic change,
instrumental observations provide only a brief baseline for High Arctic wind variability
(Rasmussen et al., 2023; Rymer et al., 2022; St. Louis et al., 2024). Paleoenvironmental
archives are therefore essential for extending these time series and testing how eolian erosion
thresholds and depositional filtering of eolian input vary across different climate states
(Kylander et al., 2023; Stachowska et al., 2024). Lacustrine sediments are particularly valuable,
as they trap wind-blown mineral particles preserved as changes in minerogenic flux, density,
and grain size (Hess et al., 2023; Saunders et al., 2018; Stachowska et al., 2024). In settings
with contrasting catchment sources, this signal can be isolated by combining high-resolution
core scanning with granulometric unmixing and source validation (Stachowska et al., 2024).
Here, we apply that workflow to identify provenance-specific eolian input in a topographically

complex Arctic setting.

We investigate Dunsappietjorna, a lake in Gipsdalen, a valley in Central Spitsbergen
(Svalbard). This study area lies within the climatic boundary between the North Atlantic and
the Arctic Ocean (Farnsworth et al., 2020), and the archipelago is recognised as an Arctic
climate-change hotspot, having warmed by ~4°C over the past century (Ferland et al., 2011;

Nordli et al., 2020). Postglacial isostatic uplift here generally exceeds global sea-level rise,
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resulting in continuous Holocene sedimentary archives (Salvigsen, 1984; Stachowska et al.,
2024; Strzelecki et al., 2026). We target a lake in this inner fjord-valley system to test how local
topography, sea-ice-modulated exposure, and sediment availability shape the translation of
atmospheric variability into a depositional signal. Modern observations from Isfjorden show
pronounced spatial heterogeneity in near-surface wind direction and speed, driven by valley-
fjord geometry, land-sea contrasts, and air-sea-ice interactions, making this setting suitable for
evaluating local filtering of a broader wind signal (Frank et al., 2023a, 2025). Our study area
also contains seasonally reworked sediments derived from contrasting sedimentary and igneous
lithologies (Dallmann, 2015; NPI Geological maps, 2026), offering a foundation for examining

how atmospheric regimes manifest in sheltered, topographically complex locations.

This study presents a ca. 8,200-year-long archive of summer Westerly winds reconstructed from
Dunsappietjorna sediments (Fig. 1B). By applying a multiproxy approach, we link downcore
changes in eolian clastic input to Fe-Ti-rich grains derived from local dolerite outcrops West of
the lake (Dallmann, 2015; NPI Geological maps, 2026; Senger et al., 2014), providing a
diagnostic provenance target for wind-blown minerogenic input. We distinguish the eolian
component from other parallel depositional processes and test whether the record expresses
broader atmospheric forcings or a locally filtered signal imposed by inner-fjord-valley
geometry, sea-ice-modulated exposure (Frank et al., 2025), and changes in sediment availability
(Strzelecki et al., 2026). We then compare major transitions in the Dunsappietjorna record with
selected local and regional records of Holocene glacial activity (Farnsworth et al., 2020;
Forwick et al., 2010), sea-ice, ice rafting, and temperature (Kong et al., 2025; Miiller et al.,
2012a, b; Rasmussen et al., 2012), and try to evaluate how these boundary conditions influence
sediment entrainment and depositional filtering in inner-fjord settings — an issue of increasing

importance as Arctic warming alters wind patterns and coastal exposure.
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2. Study area

Gipsdalen, situated in Biinsow Land, on Central Spitsbergen, is ~25 km long and ~3 km wide
U-shaped valley (Fig. 1C). Several outlet glaciers head into the valley (e.g., Florabreen,
Margaretbreen, Methuenbreen, Boltonbreen, and Stenhousebreen), all located on the
surrounding plateau and in proximity to the Filchnerfonna (East) and Lomonosovfonna (North)
ice caps (Fig. 1C; Brekke and Hansson, 1990; Dallmann, 2015; Forwick et al., 2010). The
bedrock comprises Late Carboniferous to Early Permian sedimentary rocks from the
Billefjorden, Gipsdalen, and Tempelfjorden Groups (limestone, dolomite, gypsum, marl,
sandstone and coal-bearing shale; Brekke and Hansson, 1990; Dallmann, 2015). In contrast, the
Early Cretaceous dolerites of the Diabasodden Suite (Nejbert et al., 2011; NPI Geological maps,
2026; Senger et al., 2014), typically medium- to fine-grained and containing Fe and Ti oxides,
such as ilmenite and titanomagnetite (Nejbert et al., 2011; Senger et al., 2014), outcrop at
several localities in Eastern and Southeastern Isfjorden. Out of these, the largest, located closest
to the catchment, lie at Gisphukodden, a coastal promontory Northwest of the valley, as well as
on Gésgyane, and at Kapp Thordsen, Northwest of Gipsvika (Fig. 1C), West of the catchment
(Brekke and Hansson, 1990; Nejbert et al., 2011; NPI Geological maps, 2026; Senger et al.,

2014).

Our study site, Dunsappietjorna (78°27°N, 16°41’E, ~65 m a.s.l.), is a small, shallow basin (0.06
km? ~3.3 m deep) located in Southeastern Gipsdalen, within a sparsely vegetated raised
shoreline complex on the coast of Gipsvika (Fig. 1C-E). Local relative sea-level (RSL) records
from inner Isfjorden document rapid Early Holocene postglacial emergence and continued RSL

fall. While the available curves do not permit a precise isolation age for a basin at ~65 m a.s.1.,
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they do indicate that it occurred in the Early Holocene (Forman et al., 2004; Salvigsen, 1984;
Strzelecki et al., 2026). An independent emergence constraint from Petuniabukta (Billefjorden),
where a whale bone was found at 58.1 m a.s.l., and dated back to 10,300 cal. yrs B.P., suggests
that 65 m a.s.l. could correspond to ca. 10,700 cal. yrs B.P. (Lulak et al., 2026). Geomorphic
constraints for inner Isfjorden indicate a postglacial marine limit of at least ~72 m a.s.l. (Forman
et al., 2004; Salvigsen, 1984; Strzelecki et al., 2026). Following emergence, the lake’s basin
likely formed within a shallow fjord embayment. As shown in Figs. 1D-E and S1A, it is
dammed by sandy-to-gravelly beach-ridges with inter-ridge marsh complexes containing
occasional silty layers. Clayey-silty marine deposits occur landward of the ridges, and
gelifluction material covers the valley sides. The Gipsdalselva system includes active alluvial
reaches and floodplains, including Leirflata — a floodplain located Northwest of the lake. A
sandy-gravelly alluvial fan borders the beach-ridge system to the Southwest. Numerous sand-
dominated eolian deposits are also present in this part of the valley, particularly North of the
Gipsdalselva mouth, around Leirflata, and farther into Gipsdalen (Figs. 1D-E and S1A; Brekke

and Hansson, 1990).

Data from 1991-2020 C.E. show that the mean annual air temperature at the Svalbard Lufthavn
weather station (~33 km Southwest) remained below freezing (around -4°C), with an average
annual precipitation of ~200 mm (MET Norway, 2026), which is consistent with the broader
climatic characterisation of Central Svalbard (Ferland et al., 2011). The long-term observational
record (1981-2010) by Ferland et al. (2011) further indicates an overall rise in al temperature
during recent decades. Sentinel-2 satellite imagery confirms that the lake and the area are
typically ice-free from July to September (Fig. S2; ESA, EC, 2023). During fieldwork in March
2024, the lake ice surface was not exposed, and the snow cover showed no obvious

accumulation of wind-blown sediment. No evidence of water-level drawdown or shoreline
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displacement was noted during the field campaigns. However, our field observations and
remotely sensed data suggest that the Eastern side of the catchment may be affected by summer
meltwater discharge from Dalkallen and Aitkenfjellet, as evidenced by ephemeral streams
(Figs. 1D-E, and S1A-B). Wind observations from the Gasgyane lighthouse station show that
the area is influenced by both Westerlies and Easterlies, revealing distinct seasonal patterns
(Fig. 1B and ‘Supplementary Note 1’). During winter (December-February; DJF), Northerly
and Northeasterly winds dominate, with weaker Easterly contributions, while Westerlies are
less frequent but have the highest mean speed, averaging 12.3 m/s (a strong breeze). In contrast,
summer (June-August; JJA) winds mainly come from the Southwest and Northwest directions
and average 5.3 m/s (a gentle breeze), while the Northerly and Northeasterly flow is less
frequent but stronger, averaging 7.0 m/s (a moderate breeze; Fig. 1B and ‘Supplementary Note
1’). However, Frank et al. (2023b) report that local topographic effects near the weather station

amplify measurements for these winds.

3. Material and methods

3.1. Fieldwork

A bathymetric survey of the lake was conducted during the field campaign in September 2023
using a Lowrance Elite-9 Ti? fish finder echosounder. We targeted a coring site in a flat central
section of Dunsappietjorna’s Northwest part, at a water depth of ~3.3 m (see Fig. 1D). Next,
we retrieved a ~121 cm-long sediment core DST-2023 GC, using a UWITEC gravity coring
system fitted with 9 cm diameter liners. Additionally, during a separate field campaign in July
2024, four catchment samples (CSs) were collected to aid source-to-sink analysis (Figs. 1E and
S1): one from an Easterly inlet to the lake (CS 1), two from a fluvial floodplain Northwest of

the lake (CS 2 and 4), and one from an alluvial fan Southwest of the lake (CS 3).
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3.2. Stratigraphy and geochemistry

Following fieldwork, the core was split lengthwise at the EARTHLAB facility at the University
of Bergen (UiB) and stored at 4°C in between analyses. The core was then visually logged and
photographed using an optical (RGB) line camera. Next, we performed non-destructive
scanning analyses. To map minerogenic element input to Dunsappietjorna, we used an ITRAX
X-Ray Fluorescence (XRF) scanner at the EARTHLAB (UiB), equipped with a Chromium (Cr)
tube (Cox Analytical System, 2008), set to 40 kV and 10 mA, to detect lighter lithogenic
elements that characterise the carbonate-bearing catchment bedrock (Rothwell and Croudace,
2015). A total of 25 elements were analysed downcore at 200-um intervals. Computed
Tomography (CT) scanning was subsequently performed to capture downcore variations in
density and visualise sediment structure in 3-D, using CT grayscale values (van der Bilt et al.,
2018b). Scanning was performed using a ProCon X-ray CT-ALPHA scanner at the
EARTHLAB facility (UiB), operated at 120 kV and 800 pA with a 267 ms exposure time, and
acquiring 2,400 images per rotation. To minimise the impact of beam hardening (Brooks and
Di Chiro, 1976), we applied a 1-mm copper (Cu) filter. Downcore CT grayscale variations were
mapped at 500 um resolution using the SplineProbe tool in Thermo Fisher Avizo version 9.
Following non-destructive scanning, we extracted 121 samples for physical analyses at
contiguous 1 cm intervals using a 0.3 cm-wide syringe. Samples were dried for 12 hours at
105°C to determine Dry Bulk Density (DBD; g/cm?), and combusted for four hours at 550°C
in a muffle furnace to determine organic content by means of Loss on Ignition (LOI, %; Dean,
1974; Heiri et al., 2001). Finally, the remaining sample residues, along with four catchment

samples (CSs), were analysed for grain-size distribution. For this purpose, we relied on a
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Malvern Mastersizer 3000 equipped with a Hydro SV dispersion unit. To ensure

reproducibility, each sample was analysed five times (Malvern Panalytical, 2015).

3.3. Chronology

Age control for the core DST-2023 GC was established using radiocarbon (*C) dating, with
samples taken near distinct (unit) transitions, as identified by visual logging and core imagery
(see the previous section). The extracted material was then wet-sieved using 250 pm and 125
um meshes, examined, and picked under a Leica MZ6 light microscope at magnifications of
6.3-40x, then dried overnight at 50°C. To reduce freshwater reservoir effects (Philippsen,
2013), we prioritised terrestrial plant macrofossils. Their selection was based solely on
preserved morphological features (vascular plant fragments, such as leaves and stems, and
seeds). However, because we could collect only three samples of terrestrial plant material, we
also collected four samples of aquatic moss. We paired them with terrestrial material in two
same-depth intervals and one adjacent interval because the dry weights of the terrestrial
fragments were low (Table 1), and to also screen for potential hardwater effects. The material
was submitted for Accelerator Mass Spectrometer (AMS) dating, with six samples sent to the
Poznan Radiocarbon Laboratory in Poland (Poz) in December 2023 (Goslar et al., 2004), and

one to the Tandem Laboratory at Uppsala University in Sweden (Ua; Table 1) in October 2024.

We established chronological control for the ~120.5 cm-long DST-2023-GC record by
generating an age-depth model, based on seven AMS '“C dates (Fig. 2B; Table 1). We used the
Bayesian Bacon R package v.3.3.1 (Blaauw et al., 2022), calibrated '*C ages using the IntCal20

Northern Hemisphere calibration curve (Reimer et al., 2020), and reported a 20 (95%)
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confidence range (cal. yrs B.P.; Fig. 2A, Table 1). The core top was assigned a zero age (2023

C.E. — the year of core extraction).

3.4. Statistics

Since the core compressed by ~5 cm during CT scanning in an upright position, we linearly
tuned the CT grayscale to previously measured DBD values, as both parameters reflect
sediment density (Fig. 3B; van der Bilt et al., 2018b), and the latter retained the original depth
scale. We standardised the data to z-scores before defining tie-points at major corresponding
trends and applied linear interpolation between tie-points using QAnalySeries software (Kotov
and Pilike, 2018). Next, we resampled the corrected CT grayscale values at a 500 um in PAST

v. 4 (Hammer et al., 2001), consistent with the input resolution.

We only considered XRF elements with medium to high sensitivity to the fitted Cr tube and a
Signal-to-Noise ratio (SNR; @/o) >1 (Montgomery, 2017). We applied a centred-log ratio (clr)
transformation to remove closed-sum effects and minimise matrix-related artefacts (e.g.,
variability in water content, grain-size, porosity, and organic matter), allowing statistical
comparison of inter-element relationships and robust identification of sediment sources
(Bertrand et al., 2024). The transformation was performed in the CoDaPack software (Thio-

Henestrosa and Comas, 2011).

Grain-size statistics, expressed as metric (um) Folk and Ward values, were calculated using the
GRADISTAT software (Blott and Pye, 2001). We then applied End Member Modelling

Analysis (EMMA) to unmix particle size distributions and disentangle eolian sediment sources
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(Paterson and Heslop, 2015; Prins and Weltje, 1999), using AnalySize v. 1.2.2 in MATLAB
(Paterson and Heslop, 2015). We employed the non-parametric HALS-NMF algorithm because
it i1s well-suited for grain-size unmixing and disentangling depositional processes, and
reproduces the physically meaningful and plausible End Members (EMs; Paterson and Heslop,
2015). To ground-truth our EMs, we measured grain-size in catchment samples (CS 1-4) and

tested whether their distributions matched the EM modes.

To enable statistical analyses on a shared 0.5 cm resolution with physical measurements, XRF
and CT grayscale data were smoothed (using 25- and 10-point moving averages, respectively),
then resampled in PAST v. 4 (Hammer et al., 2001). Using the same software, we first
calculated Spearman’s rank correlation coefficients (p), then applied cross-correlations (r) to
address potential offsets between physical measurements and scanning data. Previously,
EMMA-derived EMs were transformed to the logarithm (log), following the recommendations
of Bertrand et al. (2024). We then examined the shared gradients of change among selected
proxy parameters in the DST-2023 GC using Principal Component Analysis (PCA). The
analysis was performed on the following variables: CT grayscale, DBD, LOI, clr Fe, Ti, and
Ca, and log EM 1-3 abundances, with the input data standardised beforehand, following the

PAST v. 4 manual (Hammer et al., 2001).

3.5. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

We used Scanning Electron Microscopy (SEM) to obtain high-resolution images of the
sediment matrix, authigenic phases and individual clastic grains, including their surface features

(Itamiya et al., 2019; Marshall et al., 2012; Vos et al., 2014). We also used Energy-Dispersive
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X-ray Spectroscopy (SEM-EDS) to map and quantify elemental and oxide compositions at the

grain level (Newbury and Ritchie, 2015).

Overall, we examined 12 downcore samples and two catchment samples (CSs) representing the
Eastern inlet (CS 1), and the Western alluvial plain (CS 2; see also ‘Study area’ and Figs. 1D;
S1A-C). Initially, to identify the main lithological variability and obtain SEM imagery, we
collected five bulk sediment samples (10.5, 36.5, 80.5, 104.5, and 113.5 cm; 1 ml each) from
each key lithological unit (see our ‘Stratigraphy and geochemistry’ section). Next, to test the
EMMA- and XRF-based provenance interpretation at the grain-size scale, we also targeted six
samples containing leftover material from grain-size measurements (8.5, 79.5, 81.5, 82.5,
116.5, and 117.5 cm) and one from the vegetation mat at a depth of 1.5 cm, along with CSs 1-
2. These samples were separated into two size fractions prior to analysis, to characterise grain-
size compositional and morphological properties relevant to potential provenance: the <20 pm
material was used to assess the elemental composition and morphology of clastic carbonates,
while the >20 um material was targeted to map oxide compositions and morphology of Fe-Ti-

rich clasts. In both cases, SEM-EDS spectra were collected from individual grains.

All samples were prepared at the EARTHLAB facility at UiB and analysed at the ELMILAB,
UiB. Before analysis, we dried bulk sediment samples for 12 hours at 50°C. Leftover material
from grain-size analysis was additionally sonicated in distilled water for 60 s, filtered through
20 um polycarbonate membranes mounted in 5 ml Eppendorf tubes, and then dried under the
same conditions as bulk sediment samples. All samples were mounted on aluminium stubs with

adhesive carbon (C) tape and coated using an Agar Turbo Carbon Coater.



291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

13

We used a ZEISS SUPRA 55VP SEM equipped with a Thermo Scientific Noran System 7 EDS
with Pathfinder X-ray Microanalysis software v. 2.11. SEM-EDS and SEM imagery of the <20
um fraction were conducted under high-vacuum conditions at 15 kV, a working distance of
~8.5 mm, and a dwell lifetime of 30 s for EDS analyses. For the imagery, we selected a
secondary electron (SE2) detector, and magnifications ranging from ~3,000 to ~21,000. To
improve surface resolution and reduce charging artefacts, the >20 um fraction and bulk samples
were imaged at an accelerating voltage of 5 kV and with a working distance of ~5.8-6.0 mm.
We also excluded C and oxygen (O) via manual deselection in Pathfinder v. 2.11 for all EDS

analyses, and converted the results to oxides (wWt%).

To compare our oxides with the dolerite oxide record from Kapp Thordsen (CS-23) and
Gasgyane (CS-24; Nejbert et al., 2011), we only targeted clasts in the >20 um fraction that fell
within the +2¢ grain-size window of EM 3 (the coarse-silt EM interpreted as eolian component
in this study — see section 4.3) to restrict the SEM-EDS comparison to grains most
representative of that EM, and therefore avoid biasing by different fractions. This retained 24%
of the initially mapped clasts and limited the focus to 59 spectra (typically 5-6 per clast). We
then normalised both wt% datasets to a common subset: Na,O, MgO, Al>O3, Si0., P>Os, K»0,
CaO, TiO2, MnO, and Fe;0s. Because the reference dataset reports total Fe only as Fe;Os
(Nejbert et al., 2011) while we obtained only FeO, we calculated Fe>O3 values by multiplying

FeO concentrations by a stoichiometric factor of 1.111 (Element — Oxide Conversions, 2023).

3.6. Mapping
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All spatial analyses were performed in QGIS 3.34 (Nyall Dawson et al., 2026), including
bathymetry post-processing and generating isobaths. We used ArcticDEM at 2 m resolution
(Porter et al., 2023) after correcting the offset between ellipsoid and geoid heights for altitude-
related calculations. The same tool was used to quantify the hypsometry of mapped dolerite
outcrops (Fig. 1C), with the areal extent of 5 m altitude bins calculated separately for Gaseyane
and Gipshuksletta (3.5 km?), and for the combined area including Kapp Thordsen (13.4 km?).
A high-resolution orthophotography of Dunsappietjerna and its surroundings was processed
using a DJI Mavic 3E drone equipped with a Real Time Kinematic Global Navigation Satellite
System (RTK GNSS) module, following the workflow presented by Strzelecki et al. (2026).
The locations of the main geological units were obtained from the Norwegian Polar Institute
server (NPI Svalbardkartet, 2026), as were the background orthoimage and vector topography

shapefiles.

4. Results and discussion

4.1. Core chronology

Constrained by four accelerator mass spectrometry (AMS) “C dates, the Bayesian age-depth
model reveals that the recovered sequence spans the last ca. 8,200 cal. yrs B.P. (the Mid- and
Late Holocene). Three anomalously young ages relative to their stratigraphic positions are
identified as outliers (Fig. 2A, Table 1). We exclude the risk of offsets associated with the
freshwater reservoir effect (Philippsen, 2013). Instead, as field observations and drone imagery
document soft vegetation mats across much of the lake bottom, including the coring site (Fig.

1E), we infer contamination by modern aquatic plant material (observed as dense soft mats
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during the fieldwork in March 2024). During gravity coring, these mats were likely folded

against the liner walls and dragged upward as the barrel penetrated the sediments.

Based on core logging and Computed Tomography (CT) orthoslices, we did not observe marine
macrofossils, erosive contacts or rip-up clast or other macroscopic signs of marine influence in
the recovered sequence (Goslin and Clemmensen, 2017), consistent with the local sea-level
history and suggesting the timing of lake isolation to at least ca. 10,700 cal. yrs B.P. (see our
‘Study area’; Forman et al., 2004; Lulak et al., 2026; Salvigsen, 1984; Strzelecki et al., 2026).
With our modelled basal age at ca. 8,200 cal. yrs B.P., this indicates that at least 2,500 yrs of

the earliest postglacial sediments were not retrieved (Fig. 2C).

SAR peaks at ~0.27 mm/yr between ca. 8,200-7,000 cal. yrs B.P. (Fig. 2B), overlapping with
the early phase of the Mid- Holocene deceleration in relative sea-level (RSL) fall reconstructed
from the adjacent Bjonasletta beach-ridge plain (Fig. 1B), which documents three major phases
of Holocene RSL regression (Fig. 2C; Strzelecki et al., 2026). Our observations are consistent
with higher sediment supply during catchment adjustment following deglaciation. Around ca.
7,000 cal. yrs B.P., SAR drops sharply and remains lower thereafter, consistent with reduced
changes in basin-shoreline geometry and slower RSL fall (Forman et al., 2004; Salvigsen, 1984;

Strzelecki et al., 2026).

4.2. The Mid- and Late Holocene evolution of Dunsappietjerna

4.2.1. Core stratigraphy

The Dunsappietjorna core comprises dark-brown, homogeneous, fine-grained sediments with

light-beige, fine-grained laminae that range in thickness from ~1.5-2 mm to ~1-2 cm. We
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designate three main lithological units (1-3; Fig. 3), and use a change in laminae thickness and
resolution, shown in CT orthoslices and RGB imagery, to define the boundary between units 3
and 2, which coincides with a shift in lithogenic elemental values, expressed by centred-log
ratios (clr) of titanium (T1), iron (Fe), and calcium (Ca). We also observe a more subtle shift in
lamina thickness and resolution concurrent with changes in lithogenic elemental values between
units 2 and 1, accompanied by a marked change in organic content (Loss On Ignition, LOI, %;
Dean, 1974; Heiri et al., 2001). We further subdivide units 3 and 1 into subunits a-b (Fig. 3),
based on finer-scale variations in lamination and lamina thickness, shifts in the relationship
between clr Ti-Fe and clr Ca, as well as changes in organic content and sediment density.
Principal Component Analysis (PCA) supports this unit classification, with samples clustering
within the unit boundaries in the PCA ordination space (Fig. 4). Units are then contextualised
by the regional and local records of Mid- and Late Holocene climate variability. We also note
two distinct dark intervals at the depths of ~91.5-96.5 cm, and ~0-2.5 cm, both characterised
by high LOI and low density (Fig. 3B). Corresponding to vegetation mats on the lake bottom

(see the ‘Core chronology’), they are excluded from further interpretations.

While Mean Grain-Size (MGS, um) is dominated by medium-silt throughout the whole core,
End Member Modelling Analysis (EMMA) reveals three End Members (EMs; Dietze et al.,
2022; Paterson and Heslop, 2015; Prins and Weltje, 1999): medium-silt-sized EMs 1-2 («=9,
and 16 um, respectively), and coarse-silt EM 3 (u=27 pum; Figs. 3B-C and S4B). CIr Ti — a
robust proxy for terrigenous material — is closely tracked by clr Fe (Fig. 3B; Auer et al., 2025;
Stachowska et al., 2024). This is consistent with a shared minerogenic control and supported
by their strong positive correlation (p=0.89; p<0.05; n=2,278; Table 2 and Fig. S3). Both are
also moderately correlated with MGS (p=0.49, 0.44, respectively; p<0.05; n=112), and CT

grayscale (p=0.54, 0.30; p<0.05; n=2,260), and they also exhibit statistically significant but
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weak to moderate correlation with EM 3 (p=0.33, 0.40, respectively; p<0.05; n=109).
Additionally, EM 3 grain-size distribution resembles that of catchment sample (CS) 2, sourced
from the alluvial plain West of the lake (see Figs. 1E and 3C, as well as the ‘Study area’, and
‘Methods’). SEM imagery and SEM-EDS reveal Ti- and Fe-rich minerogenic phases >20 um
in size, selected to minimise influence from neighbouring EM 2 and coarser clasts. With sizes
of ~23-31 um, all grains fall within the +£2¢ grain-size window of EM 3, and likely include
rutile (Ti0.), augite (clinopyroxene), and chlorite (hydrous phyllosilicate; Fig. SE-H and Table
S3). However, because Fe is redox-sensitive (Bertrand et al., 2024; Davies et al., 2015;
Kylander et al., 2011), we cannot rule out a non-detrital component of its variability, reflected
in the log(Fe/Ti) ratio (Fig. S5; Bertrand et al., 2024). Meanwhile, clr Ca reflects mixed
carbonate deposition, as SEM imagery and SEM-EDS identify both authigenic (Fig. SA-B) and
clastic carbonates (Fig. 5C-D; Table S3). We associate the authigenic component with seasonal
in-lake precipitation that occurs during hardwater whiting conditions — a phenomenon most
pronounced in summer, when rising water temperatures reduce calcite solubility, promoting
precipitation (see also ‘Supplementary Note 2’; Kiichler-Krischun and Kleiner, 1990; Mazurek
et al., 2012; Ohlendorf and Sturm, 2001). Located on carbonate-rich bedrock, Tundra Lakes in
Petuniabukta (~30 km Northwest of Dunsappietjorna) exhibit peak summer water temperatures
exceeding 10°C (July-August), and pH conditions that favour calcite precipitation. As Tundra
Lakes provide a local analogue for conditions that can favour seasonal carbonate precipitation
in cold, hardwater lakes (Mazurek et al., 2012), we infer a similar mechanism in
Dunsappietjorna. We also observe that clr Ca is not linked to minerogenic control in the same
way as clr Ti-Fe, as indicated by their anticorrelation (p=-0.94 and -0.95, respectively; p<0.05;
n=2,278). It also anticorrelates with EM 3 (p=-0.42, p<0.05, n=109) but shows a weak positive
correlation with both EM 1 (p=0.21, p<0.05, n=111) and 2 (p=0.22, p<0.05, n=110). Given the

predominance of carbonate rocks in the local bedrock (Brekke and Hansson, 1990; Dallmann,
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2015), we test the presence of clastic carbonates in our core record. SEM imagery and SEM-
EDS reveal clastic dolomite and calcite crystals <20 um in size (Fig. 5C-D and Table S3),
corresponding to most of the +2¢ grain-size range of EM 2. We also note that EM 2 grain-size
distribution bears resemblance to that of CS 1 (Figs. 3C and S6), collected from the clayey-
silty, carbonate-rich Eastern inlet to the lake that is active during the melt season (see also
‘Study area’, and Figs. 1D-E and S1A-B). Meanwhile, we tie EM 1 abundance to SEM-
identified authigenic carbonate phases. Without microfacies characterisation or an independent
annual chronology and seasonal markers, we do not interpret laminations in our lake record as
varves, even though varved lake sediments form when depositional processes are strongly
seasonal, and laminae are preserved under sustained absence of sediment mixing, e.g., under
limited wave reworking and bioturbation (Zolitschka et al., 2015). Consistent with best
practices outlined by Zolitschka et al. (2015), an annual signal cannot be established from visual
lamination alone and requires independent verification with complementary evidence.
Accordingly, we interpret the co-occurrence of carbonate phases and light laminae in our lake
archive as most likely consistent with short-duration hardwater precipitation pulses during the
ice-free season. In contrast, the more minerogenic, higher-density background could also
accommodate detrital runoff carbonate input. However, the current dataset does not
discriminate whether individual laminae reflect recurring seasonal processes or event
deposition, and we therefore treat lamination frequency as an indicator of depositional
variability rather than a sign of annual lamination. Finally, the first two principal components
(PCs) summarize 71.47% of the total variance, with PC 1 and PC 2 explaining 37.94% and
33.53%, respectively. PC 1 is primarily defined by clr Ti, Fe, and Ca, whereas PC 2 is defined

by LOI, log EM 2, DBD and CT grayscale (Fig. 4; Table S1).

4.2.2. Climate controls on sedimentation
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Basal unit 3, divided into subunits 3b and 3a, covers 121.44-96.5 cm (Fig. 3). Spanning ca.
8,200-7,300 cal. yrs B.P., the unit covers the transition from the Early to the Mid- Holocene.
This is coeval with the highest SAR in Dunsappietjerna archive, which declines in step with
local RSL fall (Fig. 2B-C; Strzelecki et al., 2026). Light-beige sediments show high LOI and
clr Ca values but limited clastic and dense input. Along with the finest MGS and the highest
EM 1 abundance, this is consistent with enhanced authigenic carbonate and organic
sedimentation (Figs. 3B-C and S4B), supported by SEM imagery and SEM-EDS evidence for
flake-like, anhedral carbonates (Fig. 5B and Table S3). This proxy combination suggests that
unit 3 records a late phase of the Holocene Thermal Maximum (HTM), overlapping with the
regional glacier minimum ca. 8,000-6,000 cal. yrs. B.P. (Farnsworth et al., 2020), and warmer-
than-present conditions in alkenone-inferred lake records from Northern Svalbard shown in Fig.
7F (van der Bilt et al., 2019; Kong et al., 2025), while also being partly in-phase with the first
major Mid- Holocene cooling step between ca. 7,800-7,000 cal. yrs B.P. (van der Bilt et al.,
2018a). Regional hydroclimate reconstructions from Northern Svalbard further indicate winter-
dominated precipitation until ca. 6,000 cal. yrs B.P, under enhanced moisture supply and
reduced sea-ice influence (Kjellman et al., 2020), the latter documented in both local and
regional records, in Isfjorden and Fram Strait (Fig. 7D-E; Miiller et al., 2012a, b and Rasmussen
etal., 2012). Thus, we infer that ca. 8,200-7,300 cal. yrs B.P., due to these boundary conditions,
Dunsappietjorna repeatedly approached carbonate supersaturation during the open-water and
melt seasons, with runoff likely delivering hardwater enriched in ions from the local bedrock
(Brekke and Hansson, 1990; Dallmann, 2015). This mechanism is consistent with Ca and
bicarbonate (HCO3) enrichment reported in the hydrochemistry of Tundra Lakes and is
associated with solute delivery during seasonal runoff (Mazurek et al., 2012). It further meets

the expectation that increased precipitation (including winter snowfall) can amplify melt-season
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runoff and discharge signals in lacustrine archives (Auer et al., 2025). It also remains consistent
with leaf-wax hydrogen isotope (8°H) evidence for generally warm but unstable regional
hydroclimate between ca. 9,500-7,500 cal. yrs B.P. (Balascio et al., 2018), along with winter-

dominated precipitation persisting until ca. 6,000 cal. yrs B.P. (Kjellman et al., 2020).

Underlined by ~5 cm thick vegetation mat, unit 2 spans 91.5-54.5 cm and covers most of the
Mid- Holocene, from ca. 7,000 to 4,500 cal. yrs B.P (Figs. 2B and 3). SAR drops markedly
relative to unit 3 (Fig. 2B), and the sediments record a shift toward higher clastic delivery
superimposed on an authigenic carbonate component. We also report a drop in organic content,
suggesting a stepwise shortening of the open-water season. This shift is coeval with the end of
the first major Mid-Holocene cooling, terminating ca. 7,000 cal. yrs B.P. (van der Bilt et al.,
2018a), then the onset of progressive temperature decline from ca. 6,500 cal. yrs B.P. (Kong et
al., 2025). While other regional studies note prevailing ice-distal conditions in much of the Mid-
Holocene (Farnsworth et al., 2020), local multiproxy fjord evidence indicates renewed glacial
influence in Sassen- and Tempelfjorden, including the growth of Tunabreen between ca. 6,000
and 4,000 cal. yrs B.P. (Forwick et al., 2010). In parallel, progressive cooling is reflected by a
steady increase in ice rafting and seasonal sea-ice influence, both locally in Isfjorden and in
Fram Strait (Fig. 7D-E; Miiller et al., 2012a, b and Rasmussen et al., 2012), shortening the
open-water season and reducing the duration of in-lake carbonate precipitation. In DST-2023-
GC, the growing input of Ti- and Fe-rich phases in the EM 3 grain-size window matches CS 2
from the Western alluvial plain (Figs. 3B-C, SF-H and Tables S3-4). We also note that although
laminae are less frequent, they are thicker, and the authigenic clr Ca component remains within
a similar range to that in unit 3 (Fig. 3), as SEM imagery and SEM-EDS show flake-like,
anhedral authigenic carbonates in the unit’s samples (Fig. 5A), similar to those reported in

Mazurek et al. (2012). We infer that hardwater enrichment and seasonal in-lake carbonate
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precipitation likely persisted as in unit 3, sustained by continued solute delivery from carbonate
weathering during melt-season runoff, but became diluted by rising Fe-Ti-rich minerogenic
input from the West. This suggests that the shift from unit 3 to unit 2 reflects not the
disappearance of carbonate precipitation but rather a growing detrital overprint under cooler,
increasingly ice-affected conditions. We also note that the early part of unit 2, ca. 7,000-6,000
cal. yrs B.P. overlaps with winter-precipitation dominance inferred from §*H data (Kjellman et

al., 2020), after which the seasonality signal becomes less clear.

Unit 1 comprises the uppermost 54.5-2.5 cm of the record, is divided into two subunits: 1b and
la, and is overlain by a modern ~2.5 cm-thick vegetation mat (Fig. 3). Spanning the last ca.
4,500 yrs, it covers the end of the Mid- and the entirety of the Late Holocene (Fig. 2A).
Sedimentation in Dunsappietjorna becomes progressively more detrital, coinciding with the
second alkenone-inferred cooling step ca. 4,400-4,300 cal. yrs B.P. (van der Bilt et al., 2018a),
followed by regional Neoglacial cooling (from ca. 4,200 cal. yrs B.P. onwards; Fig. 7F; van der
Bilt et al., 2018a; Kong et al., 2025), and renewed glacier activity on Svalbard (Farnsworth et
al., 2020). Unit 1 sediments are the darkest and, following an initial drop in density and clr Ti
and Fe, show a sustained increase coupled with grain coarsening, contrasted by a steady LOI
decline and generally lower clr Ca for most of the sequence (Figs. 3B-C and S4B). However,
while initially dominated by EM 3 associated with clastic input from the West, EM 2
progressively increases and dominates the upper part of 1b and the entire 1a (Figs. 3B and S4B).
A similar increase is observed in clr Ca. Moreover, from ca. 1,200 cal. yrs B.P., it broadly
coincides with the onset of peak glacial activity in the region (Farnsworth et al., 2020), and is
coeval with a decrease in clr Ti-Fe, as expressed by dense, light-beige lamination and a low rise
in SAR (Figs. 2B and 3). Unlike in unit 3, this Ca peak is not accompanied by elevated LOI or

EM 1 (Figs. 3B and S4B), suggesting it does not reflect renewed dominance of in-lake
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hardwater precipitation. SEM imagery and SEM-EDS reveal slightly rounded, subhedral
dolomite and calcite crystals in both core material and CS 1 samples (Figs. 5C-D, S6A-B, and
Table S3), hinting at growing fluvial delivery of carbonate-bearing medium-silt from the
seasonal Eastern inlet draining the Aitkenfjellen and Dalkallen side of the catchment during
summer snowmelt and rainfall-driven runoff (Figs. 1D and S1C). The uppermost sequences of
the core also overlap with more icy conditions in Isfjorden and increased sea-ice influence in
Fram Strait (Fig. 7D-E; Miiller et al., 2012a, b and Rasmussen et al., 2012). Overall, the clastic
nature of unit 1 is consistent with Neoglacial boundary conditions that reduce authigenic in-
lake production due to a shorter open-water window, while enhancing the contribution of

minerogenic input from both Western and Eastern sources.

4.3. Mid- to Late Holocene Westerly wind input

The nearest largest mapped Fe- and Ti-rich lithologies are dolerite outcrops located West and
Northwest of the lake, in Gaseyane, Gipshuksletta, and Kapp Thordsen (see also Fig. 1C, and
‘Study area’; NPI Geological maps, 2026; Brekke and Hansson, 1990; Nejbert et al., 2011;
Senger et al., 2014; A. M. R. Sartell — personal communication). Out of the selected SEM-EDS
oxide compositions of Fe-Ti-rich clasts within the +2¢ grain-size window of EM 3, 69% (41
out of 59 spectra) yielded dolerite-indicative compositions, defined here as spectra that fall
within or closely overlap the published major-oxide compositions reported for dolerites from
Kapp Thordsen (CS-23) and Gaseyane (CS-24; Nejbert et al., 2011), supporting a local dolerite
source for the targeted clasts (see also our ‘Methods’). Additional dolerite-indicative spectra

not illustrated in Fig. 5 (and Table S3) are listed in Table S4.
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RSL reconstructions from inner Isfjorden show rapid postglacial emergence from the marine
limit, followed by a deceleration in the RSL fall after ca. 8,000-7,000 cal. yrs B.P. (Fig. 2C; see
also 4.1; Strzelecki et al., 2026). Combined with the local topography (Fig. 1C), these
reconstructions indicate that the dolerite outcrops around Gaseyane, Gipshuksletta and Kapp
Thordsen were at least partly emergent and therefore available as subaerial sources throughout
the deposition of our record (Fig. 6A-B). Using the data from Bjonasletta beach-ridge system
as a local analogue, RSL at ca. 8,000 cal. yrs B.P. was ~22 m a.s.l. (Fig. 2C; Strzelecki et al.,
2026). This implies that ~51.9% of the mapped dolerite outcrop area in Géseyane and
Gipshuksletta, and ~13.6% when including Kapp Thordsen, could be submerged at that time
(Fig. 6B and Table S5). Thus, the availability of dolerite-derived material likely increased as
RSL fell, particularly during the early part of the record (Figs. 2C and 6B). This time-varying
exposure possibly explains the strength of the Fe-Ti-rich signal and, apart from the factors
discussed in section 4.2.1, is a probable reason for the lower clr Ti-Fe values in older unit 3 (see

also ‘Supplementary Note 3°).

Local dolerite outcrops lie upwind of Dunsappietjorna under the dominant summer Westerlies
(Fig. 1B and Study area), consistent with reported valley-fjord wind channelling between the
study area and the Sassenfjorden sector (Frank et al., 2023a, b). Accordingly, we interpret
variability in EM 3 and its co-variation with clr Fe and Ti, captured by PC 1 (Fig. 4), as
reflecting changes in Westerly-driven eolian input from the local dolerite outcrops. In
periglacial settings, the expression of an eolian input is further controlled by seasonal
cryospheric barriers (snow, frozen ground, lake ice) that regulate the availability and mobility
of loose material for transport (Rasmussen et al., 2023; Rymer et al., 2022; Stachowska et al.,
2024). At our site, the ice-free season is ~3 months-long per year (see also ‘Study area’), but

reported dust mobilisation windows in Svalbard range from summer to late autumn-early winter
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(Kavan et al., 2020; Meinander et al., 2022; Rasmussen et al., 2023; Rymer et al., 2022).
Nevertheless, local observations of dust deposition in Petuniabukta (Central Svalbard) show
that the largest dust events are commonly associated with the warm season, when surface
sediments are both snow-free and dry (Kavan et al., 2020). For quartz-density particles
matching the EM 3 mode and the targeted Ti-Fe grains (see section 4.2.1), the initiation of
motion remains threshold-limited, and it cannot be readily assessed as a simple linear wind-
speed threshold. Coarse-silt often enters short-term suspension upon release, but this emission
is usually caused by saltation impacts and sandblasting rather than by direct aerodynamic lift,
as cohesion prevents the direct entrainment of fine particles (Kok et al., 2012). Moreover,
effective mobilisation also depends strongly on surface moisture and the availability of saltating
coarser grains that can release finer fractions by sandblasting (Fécan et al., 1999; Kok et al.,
2012). Consequently, while we treat the variability captured by clr Fe-Ti and EM 3 as mainly
an ice-free, summer Westerly signal, its intensity and timing probably reflect the past frequency
of events that exceeded average seasonal thresholds and were further influenced by surface
conditions (dryness, sediment cohesion, and supply). We also cannot entirely rule out

occasional transport outside the peak summer season.

In this study, clr Fe has the strongest loading on PC 1 (Fig. 4 and Table S1), and is a diagnostic
component of dolerite-derived input. Therefore, we selected it as the primary high-resolution
proxy for summer Westerlies. We standardised clr Fe values to z-scores per unit and subunit to
assess variability while accounting for sedimentological and geochemical differences across
units (Toonen et al., 2015), particularly the non-stationary strength of dolerite-derived clasts.
To identify phases of intensified eolian activity, we highlighted all values at or above the 90
percentile (p90) threshold (Hobday et al.,, 2016; Perkins-Kirkpatrick and Lewis, 2020),

calculated separately for each unit or subunit, accounting for unit- and subunit-specific
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backgrounds (Figs. 7C and S7). While this eliminates baseline offsets caused by lithology and
time-varying source exposure, we interpret the resulting maxima as relative phases of
intensified Westerly winds rather than discrete events. This is also because the record predates
instrumental wind observations, and long archives often exhibit centennial-level chronological
uncertainties (Kylander et al., 2023; Stachowska et al., 2024), as reflected here by a mean 2¢
uncertainty of ca. 733 years (Figs. 2A, 7C, and S7). Clustering neighbouring maxima separated
by <400 yrs (more than a half of the mean 2¢ uncertainty), we identify four Mid- and Late
Holocene phases of enhanced Westerly activity in the Dunsappietjorna archive between ca.
8,000-7,300 (phase 1), 6,900-5,700 (phase 1I), 4,900-3,600 (phase IIT) and 1,200-1,000 (phase

IV) cal. yrs B.P. (Figs. 7C and S7).

4.4. The Mid- and Late Holocene drivers of Westerly change

Although broadly overlapping with the progressive cooling, unlike major shifts in
sedimentation, the four (I-IV) phases of Westerly maxima identified in our record are generally
not monotonic with Svalbard climate transitions (Fig. 7B-F), and the wind signal remains
comparatively stable through the recorded ca. 8,200 yrs. To contextualise major wind phases in
terms of boundary conditions that control or modulate sediment entrainment and deposition, we
compare them to local (Isfjorden) and regional Holocene-long records that resolve multi-
centennial variability in temperature, ice rafting, sea-ice, and glacial history. We do not treat
these variables as direct controls on wind strength but rather as boundary conditions that
influence near-surface stress, open-water exposure (Frank et al., 2025), sediment availability,
and the efficiency with which winds translate into eolian transport (Stachowska et al., 2024).
Accordingly, phase I (ca. 8,000-7,300 cal. yrs B.P.; Fig. 7C) occurs under an optimal but

transitional early Mid- Holocene background (Fig. 7F; Kong et al., 2025 and van der Bilt et al.,
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2018a), aligning with the regional glacier minimum ca. 8,000-6,000 cal. yrs B.P. (Farnsworth
et al., 2020), yet also partly overlapping with the first major Mid- Holocene cooling step ca.
7,800-7,000 cal. yrs B.P. (van der Bilt et al., 2018a). This interval of enhanced wind activity in
the study area also falls within stepwise cooling in Isfjorden, ca. 8,200 and 7,400 cal. yrs B.P.,
linked to increased ice rafting, polar-water influence and seasonal sea-ice (Fig. 7D; Rasmussen
et al., 2012), as well as more persistent sea-ice conditions in the region, as shown by the Fram
Strait record (Fig. 7E; Miiller et al., 2012a, b). This local progressive reduction in open-water
conditions is also consistent with a slowing in beach-ridge formation (Strzelecki et al., 2026).
Phase II (ca. 6,900-5,700 cal. yrs B.P.) is coeval with the onset of the regional cooling trend
(van der Bilt et al., 2018a; Kong et al., 2025), particularly from ca. 6,500 cal. yrs B.P. (Kong et
al., 2025), although following the end of the glacier minimum cal. 8,000 cal. yrs B.P.,
Farnsworth et al. (2020) report uneven regional constraints on glacier conditions until ca. 4,500
cal. yrs B.P., contrasted by the growth of local Tunabreen between ca. 6,000-4,000 cal. yrs B.P.
(Forwick et al., 2010). Similar to phase I, our second phase of Westerly maxima is coeval with
the increasing ice rafting and sea-ice influence (Miiller et al., 2012a, b; Rasmussen et al., 2012),
and with a further drop in the Bjonasletta’s beach-ridge progradation (Strzelecki et al., 2026).
Both phases I-1I are therefore expressed despite an evolving polar-water regime, consistent with
the interpretation that the warm-season Westerly signal can peak under both relatively mild and
progressively cooler backgrounds. Phase I11 (ca. 4,900-3,600 cal. yrs B.P.) shows that enhanced
Westerly input overlaps the second major alkenone-inferred Mid- Holocene cooling step, ca.
4,400-4,300 cal. yrs B.P. (van der Bilt et al., 2018a), then spans the Neoglacial (from ca. 4,200
cal. yrs B.P.), and the onset of episodic glacier expansion after ca. 4,000 cal. yrs B.P.
(Farnsworth et al., 2020). It is also in phase with the stepwise cooling in Isfjorden that precedes
minimum bottom-water temperatures between ca. 4,000 and 2,000 cal. yrs B.P. under

strengthened polar water and sea-ice influence (Rasmussen et al., 2012), reducing wave
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exposure and further slowing the beach-ridge progradation (Strzelecki et al., 2026). Local fjord
studies further suggest glacier advances around Sassen- and Tempelfjorden coeval with phase
III (Forwick et al., 2010). Phase IV (ca. 1,200-1,000 cal. yrs B.P.) occurs within the cold Late
Holocene mean state marked by a further drop in spring and summer temperatures (van der Bilt
et al., 2018a; Kong et al., 2025), with enhanced wind activity shortly overlapping with the
regional peak glacier activity ca. 1,000-500 cal. yrs. B.P. (Farnsworth et al., 2020). However,
while regional records suggest increased sea-ice cover (Miiller et al., 2012a, b), the Isfjorden
shows progressively less stable bottom-water conditions following episodic warmer Atlantic
Water (AW) inflows after ca. 2,000 cal. yrs B.P. (Rasmussen et al., 2012). Forwick et al. (2010)
also document local heterogeneity through multiple glacier-front advances and retreats over the
past two millennia. Overall, our record does not show additional sustained clusters of Westerly
maxima through much of the Late Holocene, between ca. 3,600-1,200 and after ca. 1,000 cal.
yrs B.P. (Figs. 7C and S7). This suggests reduced clastic input under colder, generally more
ice-affected boundary conditions in which longer seasonal ice cover and stronger cryogenic
barriers shorten the effective depositional window, and more persistent sea-ice reduces near-
surface coupling and open-water exposure. At the same time, we again emphasise that our
Westerly maxima do not show a monotonic response to climate shifts, as none of the several
milder episodes associated with AW inflows into Isfjorden in the last two millennia is
accompanied by values exceeding the p90 threshold (Fig. 7C-D; Rasmussen et al., 2012). Taken
together, we infer that in the DST-2023 GC record, the depositional expression of Westerlies
depended on the interaction of atmospheric forcing with changing exposure, cryogenic barriers,

and sediment availability.

To place the Dunsappietjorna record into a broader Svalbard paleo wind context, we compare

it with the Steinbruvatnet record from Southern Svalbard (Fig. 7B-C; Stachowska et al., 2024).
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Both lacustrine archives isolate multi-centennial variability in warm-season clastic input
attributed to the Westerlies and are reconstructed using comparable high-resolution multiproxy
methods (Stachowska et al., 2024). However, the Southern Svalbard record resolves the wind
maxima between ca. 9,700 and 1,700 cal. yrs B.P. (Stachowska et al., 2024), whereas
Dunsappietjorna — although lacking the Early Holocene context — extends High Arctic Westerly
wind behaviour to the present. Beyond the difference in temporal coverage, there is a
fundamental contrast in setting: while Dunsappietjerna lies in an inner-fjord environment,
Steinbruvatnet is located in an exposed coastal sector, capturing a more direct expression of
ocean-atmosphere dynamics in the North Atlantic (Stachowska et al., 2024). We note that the
similarity between Westerly maxima in the Central and Southern Svalbard records is observable
only between ca. 8,200 and 5,700 cal. yrs B.P. (phases I-1I of our record, Fig. 7B-C), with little
overall correspondence thereafter. Chronological offsets are plausible because both archives
exhibit centennial-scale age uncertainties (Stachowska et al., 2024). Moreover, misalignments
are expected in multi-centennial storm reconstructions — with storminess here defined as wind
strength and wave height after Stachowska et al. (2024) — because proxy and site responses can
diverge even when shifts in storminess are broadly similar, including variability within a
sequence and across a wider (~100 km) transect (Kylander et al., 2023). Kylander et al. (2023)
further argue that lateral shifts in storm track position can result in strong spatial gradients, with

sites adjacent to the storm track responding differently from those at its margins.

Although paleo data are limited in the study area, modern wind observations reveal considerable
spatial heterogeneity in both surface wind direction and magnitude relative to the open coast,
as shown in Fig. S8 (Frank et al., 2023a, b, 2025; MET Norway, 2026). These patterns are
largely driven by valley-fjord orientation, headland speed-up zones, and land-sea thermal

contrast (Frank et al., 2023a, b, 2025). The closest available inner-fjord observations for our



686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

29

study area are from the Isfjorden-Gésgyane station, which began full operations only in 2025
(MET Norway, 2026). Such a short record cannot resolve longer-term trends and only hints at
a seasonal cycle in wind direction and strength. Nevertheless, in 2025, Westerly winds (SW,
WSW, W, WNW, NW) accounted for ~21% of annual observations, peaking at ~63% of all
measured winds in July and of maximum gale speed (<17.1 m/s). The JJA wind roses from
other Isfjorden stations further show that directional regimes and high-wind classes vary
strongly across the fjord system (Fig. S8; MET Norway, 2026), consistent with local
topographic steering, as highlighted by Frank et al. (2025). At Gdsgyane, Southwest-Northwest
winds account for ~39.4% of JJA observations, but winds of >10.7 m/s speed (fresh breeze or
stronger) are more frequent from North-Northeast and East-Southeast than from Western-
Northwestern directions. Further air-sea measurements by Frank et al. (2025) suggest that in
Isfjorden, sea-ice conditions play a first-order control on near-surface air-sea coupling and on
the efficiency with which winds are expressed over open-water, and show that even modest
sea-ice can reduce the air-sea temperature contrast and shorten open-water exposure, weakening
surface winds despite potentially strong flow aloft. This sensitivity is also consistent with
observations showing that surface drag can peak at intermediate sea-ice concentrations due to
form drag from floe edges, and is strongly dependent on ice morphology and floe size (Elvidge

et al., 2016; Liipkes and Birnbaum, 2005).

As previously mentioned in section 4.3, a further implication is that the delivery of EM 3-sized
(coarse-silt) eolian fraction could likely be disproportionately influenced by episodic high-wind
events associated with cyclones passing over the archipelago, rather than by average
background wind flow. In the modern Arctic, summer cyclones can be linked to brief periods
of extreme near-surface winds and increased surface wind stress, including that over sea-ice

(Croad et al., 2023; Tanaka et al., 2012). Preferred cyclone track corridors and cyclone types
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can also impose spatial gradients in cyclone occurrence and intensity, as well as in associated
wind extremes (Croad et al., 2023). Because Arctic cyclone behaviour is linked to the
distribution of lower-tropospheric temperature gradients and sea-ice extent (Simmonds and
Rudeva, 2014), Holocene changes in insolation and boundary conditions at the ocean-ice
margin can plausibly modulate storm track positions and pathways in the North Atlantic (Orme
et al., 2017). Case observations from Fram Strait show that cyclones generated at the marginal
ice zone can propagate NNE along the ice edge and produce short-lived (several-hour) winds
exceeding 20 m/s (Briimmer et al., 2003). On the other hand, even when winds >20 m/s are
treated as a practical indicator of Arctic cyclone-strength winds, following Fram Strait
observations by Briimmer et al. (2003), wind rose data provide little direct support for such a
regime within Isfjorden (Fig. S8). This is also consistent with other modern observations from
Western Spitsbergen showing that wind-speed extremes depend strongly on circulation, with
the largest positive wind-speed anomalies occurring during Southwestern-Southern air-mass
advection (Arazny et al., 2022). At the same time, summertime (JJA) winds of >10.7 m/s occur
at several Isfjorden stations, including Géseyane, suggesting that threshold-exceeding winds
may be a realistic modern analogue for coarse-silt mobilisation even in the absence of a clear
cyclone-strength signal. In that framework, we cannot dismiss the possibility that small shifts
in past cyclone or storm track positions may still have altered the frequency of winds exceeding
entrainment thresholds that can mobilise coarse-silt, thereby influencing the variability of the
Fe-Ti-rich dolerite-derived input. At the same time, we want to emphasise that the data do not

justify directly identifying the observed JJA high-wind regimes in the study area with cyclones.

Overall, we use modern observations to evaluate the plausibility of wind steering and exposure
contrasts, and interpret the transfer of regional circulation variability to eolian sediment delivery

as nonlinear and highly site-dependent in inner-fjord settings. This approach aligns with the
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limited correlation with Steinbruvatnet outside phases I-II (Stachowska et al., 2024), the
plausibility of centennial-scale chronological offsets (Kylander et al., 2023), and the
expectation that coarse-silt delivery responds disproportionately to wind events exceeding the
grain entrainment threshold. We also acknowledge that the expression of these patterns likely
varied throughout the Mid- and Late Holocene. Accordingly, the Dunsappietjorna archive is
most likely locally filtered due to valley-fjord wind steering, a sea-ice-limited fetch and
exposure, and time-varying sediment availability and deposition. If true, this may explain why
our inner-valley-fjord setting does not directly reflect the open-coastal patterns of increased
wind activity during regional cooling phases (Stachowska et al., 2024), and why major regional
transitions might either not be shown or are highly muted or phase-shifted. However, our record
also does not support the view that a warmer, less icy Arctic will be stormier due to stronger
surface winds, longer fetch, and enhanced wave activity (Casas-Prat and Wang, 2020; Li et al.,
2019; Mioduszewski et al., 2018). Instead, Dunsappietjerna provides a high-resolution inner-
fjord perspective on High Arctic eolian variability over the last ca. 8,200 yrs and reinforces the
need for spatial transects and multi-site comparisons when synthesising storm reconstructions

across Svalbard.

5. Conclusions

This study shows that inner-fjord lake sediments can preserve a high-resolution eolian record
over centennial timescales, provided that local topographic filtering and complex boundary
conditions are systematically accounted for. Our results suggest that isolating eolian signals in
such settings is most effective when employing an integrated multiproxy toolbox that couples

high-resolution core scanning with grain-specific provenance validation.
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The primary contribution of this work is the application of a workflow that bridges macro-scale
stratigraphy and micro-scale mineralogy. By integrating XRF and CT scanning with End
Member Modelling Analysis (EMMA), we identify a coarse-silt component indicative of wind-
driven transport. Critically, we validate this eolian signal using Scanning Electron Microscopy
and Energy Dispersive X-ray Spectroscopy (SEM-EDS) to map and geochemically fingerprint
Fe-Ti-rich minerogenic phases. This allows us to link the sediment to specific dolerite outcrops
located West of the basin, providing a diagnostic provenance target that distinguishes eolian

clastic input from other parallel depositional processes.

Applying this toolbox to Dunsappietjorna, we resolve four multi-centennial phases of enhanced
eolian activity over the past ca. 8,200 yrs, and show how inner-fjord-valley geometry and time-
varying sediment availability modulate the regional atmospheric signal. Our findings indicate
that while Dunsappietjorna likely captures broader Holocene wind trends, the magnitude of the
depositional response in this sheltered inner-fjord setting is heavily filtered by local boundary
conditions and sediment supply. Accordingly, the record does not support a simple monotonic

relationship between either colder or warmer conditions and stronger winds at this site.

On a regional scale, the scarcity and varied sensitivity of Arctic wind archives make direct
comparisons challenging. To improve the comparability of these records, we advocate for the
wider adoption of this provenance-validated workflow. Future research should apply this
multiproxy approach along spatial transects — from exposed coastal sites to sheltered inner-fjord
valleys — to better constrain how complex topography filters atmospheric forcing, as we believe
that such high-resolution, validated archives are essential for understanding how Arctic
warming will continue to reshape wind patterns, sea-ice extent, and post-glacial sediment

dynamics.
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Tables with captions

Lab code | Depth (cm) Material Dry weight (mg) | '#C age (yrs B.P.) | Error (**Cyrs) | Cal. yrsB.P.
Poz-173765 16.25 Aquatic moss 17 -602 25 -52 to -55
Poz-173976 16.25 Terrestrial plants 1.7 1,265 30 1,283 t0 1,176
Poz-173973 53.75 Aquatic moss 53 4,010 30 4,529 t0 4,415

Ua-85772 94 Terrestrial plants 1.6 6,352 49 7,339 to 7,165
Poz-173975 95 Aquatic moss 1.3 1,575 30 1,526 to 1,391
Poz-173974 117 Aquatic moss 12.3 -123 24 -66 to -69
Poz-173977 117 Terrestrial plants 1.1 7,150 40 8,020 to 7,930

Table 1. Radiocarbon sample overview. All dating samples were extracted from the analysed

DST-2023 GC core. Calibrated ages, errors, and ranges (20) are based on the Intcal20 curve

(Reimer et al., 2020), and the calibration was performed using the Bayesian Bacon R package

v.3.3.1 (Blaauw et al., 2022). Gray text marks outliers.

CT clr Ca clr Ti clr Fe DBD LOI MGS |logEM1 |log EM2
clr Ca -0.33
clr Ti 0.54 -0.94
clr Fe 0.30 -0.95 0.89
DBD
LOI -0.89
MGS 0.22 -0.22
log EM 1 -0.40 0.46 -0.83
log EM 2 0.52 -0.61 0.16 -0.57
log EM 3 -0.18 0.26 0.66 -0.27 -0.53
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Table 2. Proxy correlations. Black values reflect Spearman’s correlation coefficients (p),
while gray values show cross-correlation between physical analyses and the resampled

scanning data (7). Values shown in italics reflect results with p>0.05.

Figures with captions
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Figure 1. Study area and site location. A. Location of the Svalbard archipelago in a North
Atlantic-Arctic climate context. The light blue star marks the location of the PgIP2s-derived sea-
ice coverage data in Eastern Fram Strait (Miiller et al., 2012a, b). B. Close-up of Svalbard,
showing the location of Gipsdalen (purple dot), Westerly wind reconstruction from
Steinbruvatnet (dark blue star; Stachowska et al., 2024); temperature anomalies from

Fiskedammane 3 — a closed lake in Northern Spitsbergen (green star; Kong et al., 2025), relative
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sea-level (RSL) curve from Bjonasletta beach-ridge plain in Central Spitsbergen (red star;
Strzelecki et al., 2026), ice-rafted debris (IRD) data from core JM98-845-PC collected in
Central Isfjorden (gray star with white outline; Rasmussen et al., 2012). C. ArcticDEM-derived
topography illustrating valley-fjord meridional orientation (Porter et al., 2023), major fjords
(gray labels), glaciers and ice caps (white), and key locations: the study site (red dot), as well
as dolerite outcrops in Gipshuksletta, Gaseyane, and Kapp Thordsen (outlined in purple;
GeoSvalbard: NPI Geological maps, 2026; Brekke and Hansson, 1990; Nejbert et al., 2011;
Senger et al., 2014). The wind rose represents July-September wind direction data from the
Gasgyane lighthouse station (2023-2024; Frank et al., 2023b). D. Satellite imagery of the
Dunsappietjorna catchment (NPI Map Data and Services, 2025), showing the locations of
catchment samples (CSs 1-4), Leirflata floodplain, two mountains — Dalkallen and
Aitkenfjellet, and Gipsdalselva (white dashed line). E. Drone imagery of Dunsappietjorna with
bathymetry presented with 0.5 m contour isobaths (white lines). The location of the studied

sediment core DST-2023 GC is highlighted in red.
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Figure 2. Chronology and sedimentation. From the left: CT and optical imagery, and units-
subunits classification of the sedimentary record (see ‘The Mid- and Late Holocene evolution
of Dunsappietjorna’). A. Our age-depth model: the black line represents the weighted mean
best fit, while the gray lines depict the 95% confidence interval. Calibrated *C age distributions
are marked in blue (included), while red indicates anomalously young ages (outliers). B.
Sediment Accumulation Rate values (SAR; in mm/yr). C. Local RSL curve from Bjonasletta
beach-ridge plain in Central Spitsbergen (see also Fig. 1B; Strzelecki et al., 2026). We only

present the available timing coeval with our record.
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Figure 3. Key proxies and grain-size statistics measured on Dunsappietjerna sediments.
From the left: CT and optical imagery, and unit-subunit classification of the sedimentary record.
A. Position of samples selected for Scanning Electron Microscopy (SEM) imagery and Energy
Dispersive X-ray Spectroscopy (SEM-EDS; left), and position of *C samples with *C ages +
errors (yrs; right). B. Organic content — shown by Loss on Ignition (LOI, %; Dean, 1974; Heiri
et al., 2001), the grain-size variability — reflected by mean grain-size (MGS) values in pm, and
logarithmic (log) ratios for the grain-size End Member Modelling (EMMA) output, reflected
by End Members (EMs) 2 and 3 (Dietze et al., 2022; Prins and Weltje, 1999), density — captured
by CT grayscale values shown on top (Cnudde and Boone, 2013), and Dry Bulk Density (DBD)
shown on the bottom, minerogenic input — reflected by centred log-ratios (clr) of titanium (Ti;
Auer et al., 2025; Stachowska et al., 2024), and iron (Fe; Bertrand et al., 2024; Davies et al.,
2015), carbonate deposition — measured by clr calcium (Ca; Davies et al., 2015). C. The grain-

size distributions of samples from each unit (n=121), and colour-coded accordingly, with the

Fractional abundance (%)
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unit mean curves highlighted in bold and the grain-size means of three EMs marked above

(top); CSs 1-4 (bottom; see also Figs. 1D and S1) — presented on a um scale.

6.0
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PC 2 (33.53 %)

-3.0
A unit 1
M unit 2
| ® unit 3
'60 T T T
-6.0 -3.0 0 3.0 6.0

PC 1 (37.94 %)

Figure 4. Ordination diagram. The vectors (arrows) represent the confidence scores of
selected variables on principal components (PCs) 1 and 2, which together account for most of
the explanatory power. Samples were colour-coded according to the unit classification shown
in Figs. 2-3, while proxies were colour-coded as in Fig. 3B-C. Factor loadings for PCs 1 and 2

are presented in Table S1.
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Figure 5. SEM images and SEM-EDS spectra of authigenic carbonates, and
representative clastic carbonate and Fe-Ti-rich material. A-B. Authigenic Ca carbonates
from subunits 2a and 3a (80 and 104.5 cm, respectively). C-D. Detrital <20 um carbonate clasts
(calcite and dolomite) from subunit 1a (8.5 cm) within the EM 2 modal range. E-H. Detrital
>20 pwm Fe-Ti-rich clasts (presumably chlorite and rutile) from subunit 1a (8.5 cm) and unit 2
(79.5 and 81.5 cm) within EM 3 modal grain-size range. Crosshairs indicate EDS analysis spots,
while adjacent spectra correspond to the marked locations. SEM-EDS elemental or oxide
compositions and the interpreted mineralogy are listed in Tables S2-S3. Colour-coding follows

the proxy colouring presented in Figs. 3B and 4.
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Figure 6. ArcticDEM 2 m mosaic-derived altitude and cumulative hypsometry of mapped
dolerite outcrop areas (NPI Geological maps, 2026; Porter et al., 2023). A. Map of the studied
dolerite outcrops in Kapp Thordsen, Géseyane and Gipshuksletta, coloured by altitude classes
(m a.s.l.; Porter et al., 2023). B. Cumulative submerged area expressed as % of dolerite outcrop
area at or below a given altitude. The curves show the % of area that would be submerged if
RSL reached that altitude (see also Fig. 2C), with the purple curve showing Gasgyane and
Gipshuksletta, and the magenta curve showing the combined area including Kapp Thordsen

(see also Table S5; Porter et al., 2023).



1233

1234

1235

1236

1237

1238

1239

57

Age (cal. yrs B.P.)

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
A 1a 1b 2 3a  3b
20
B 76°N, 16°E - Steinbruvatnet
& o0 e ¢ @G e oy ommdw
~ 3
(6]
)
-3 Dunsappietjorna
C - 45
e
0 =
o
D E -45
3 6.2
8 78°N, 15°E - Isfjorden
0
2
& 3.1
X
=
=
o] 0
x
E 1
78°N, 6°E - Fram Strait
05 &
[+1]
o
F

79°N, 15°E - Fiskedammane 3

. [ ‘ | ‘ | | [ | | ‘ I | [ ‘ | ‘ |

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

Temperature anomaly (°C)

Age (cal. yrs B.P.)
Figure 7. Comparison of our clr Fe-derived Mid- and Late Holocene Westerly wind
reconstruction from Dunsappietjorna with relevant paleorecords from Svalbard and
Fram Strait. Colour coding matches that presented in Fig. 1A-B, where we also map site
locations. A. Lithostratigraphic unit-subunit classification of the Dunsappietjorna record. The
purple horizontal bar marks the average calibrated 2o age uncertainty of the record based on

the age-depth model presented in Fig. 2a. B. PC 2-based Westerly wind reconstruction from
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Steinbruvatnet, Southern Svalbard, with 30-year averages in bold and PC-2 derived Storm
Magnitude Index (SMI) values calculated for maxima in Westerly winds, and shown as scaled
circles (Stachowska et al., 2024). C. ClIr Fe-based Westerly wind reconstruction from
Dunsappietjorna, Central Spitsbergen, Svalbard (purple), standardised per units or subunits
(Toonen et al., 2015), with 30-year averages in bold. Wind maxima are identified using a 90"
percentile (p90) threshold (Hobday et al., 2016; Perkins-Kirkpatrick and Lewis, 2020), applied
within each unit or subunit (see Fig. S8 for more details). Four major phases of the Mid- and
Late Holocene Westerly maxima are marked by purple rectangles above the clr Fe curve and
labelled with white Roman numerals. D. Central Isfjorden ice-rafted debris (IRD) record,
plotted as IRD flux in the 250-500 pum size fraction from core JIM98-845-PC (Rasmussen et al.,
2012). E. Sea-ice cover data from Fram Strait (light blue), based on PgIP>s (Miiller et al., 2012a,
b). F. Spring temperature reconstruction from the closed Fiskedammane 3 — a lake in Northern

Spitsbergen (green), based on UX, (Kong et al., 2025).
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Figure S1. Catchment geomorphology and sedimentology of the Southern Gipsdalen. A.
Aerial imagery of the study area, highlighting key geomorphic and sedimentary features (NPI
Map Data and Services, 2025). The locations of the studied sediment core DST-2023 GC (red
dot), the river — Gipsdalselva (dashed white line), and catchment samples (CSs) 1-2 (green and
light blue, respectively). B. Field photograph from the CS 1 location, showing ephemeral
streams flowing through the clayey-silty ground, Northeast of Dunsappietjorna. The lake basin,
Gipshuken and Usherfjellet are visible in the background. C. Field photograph from the CS 2
location, showing sedimentary deposits and tundra vegetation in the alluvial plain of the

Gipsdalselva, Northwest of the lake.
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Figure S2. Sentinel-2 satellite imagery (July 2023) showing peak dust accumulation in the

area (ESA, EC, 2023). The study site is marked with a red dot.

Supplementary Note 1: Wind data from the Gaseyane lighthouse station (2023-2024)

Winter (DJF) is characterised by valley-induced North and Northeasterly winds, which prevail
29% of the time with an average speed of 9.9 m/s (fresh breeze). While significant, the
Easterlies are weaker, occurring 22% of the time at an average speed of 8.5 m/s (approximately
a fresh breeze). Westerly winds are rare but occasionally the strongest, accounting for 8% of
winter observations, with a mean speed of 12.3 m/s (strong breeze). On the contrary, Westerlies
dominate in the summer (JJA), prevailing 45% of the time, though they are weaker, averaging
5.3 m/s (gentle breeze). Winds descending from the valley's North maintain their strength and
influence, occurring 21% of the time at an average speed of 7.0 m/s (moderate breeze), making
them the most powerful summer system. Additionally, Southeasterlies occur 23% of the time

at 5.8 m/s (moderate breeze; Frank et al., 2023).



31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

/
& olr Ti
-1 05 0 05 1 —
p>0.05
>< CT (grayscale)
XXX e
MGS
log EM 1
>< >< >< log EM 2
>< >< log EM 3
organic
>< >< >< LOI co%tent
™M ~ — [%) (=) ™ [} = [0}
V] L o = [¢]
Z = z = a g S S =
D D D >
o o o ©
N
—
L J L k\J L ]
granulometric density elemental
data data

Figure S3. Proxy correlations. We calculated Spearman’s rank correlation coefficients (p) for
all proxy pairs, except for comparisons between physical measurements and resampled
scanning data, for which we applied cross-correlation (r; see ‘Methods’ and Table 2 in the main
manuscript). Crossed-out boxes indicate results with p>0.05. The graph was prepared in ChiPlot

(ChiPlot, 2023).

Supplementary Note 2: Authigenic carbonates in Dunsappietjorna sediments

In-lake carbonate precipitation typically occurs during whiting events, most pronounced in
summer, when rising water temperatures reduce calcite solubility, thereby promoting
precipitation. The extent of this process is influenced by multiple factors, including seasonal
hydrology, water pH and hardness, phytoplankton blooms, and primary productivity (Boyall et
al., 2023; Kiichler-Krischun and Kleiner, 1990; Mazurek et al., 2012; Ohlendorf and Sturm,
2001; Vanderploeg et al., 1987). Unlike in spring, when medium- to coarse-grained calcite

precipitates, summer precipitation is dominated by smaller endogenic particles because the
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formation of larger crystals is primarily driven by longer growth durations (Boyall et al., 2023;

Kiichler-Krischun and Kleiner, 1990).

The presence of flake-like, anhedral authigenic carbonates (~10-50 pm; see Fig. SA-B in the
main manuscript) suggests that carbonate is preserved in a partially different form, compared
to the intact crystals or other forms described in (Boyall et al., 2023; Kiichler-Krischun and
Kleiner, 1990; Mazurek et al., 2012; Vanderploeg et al., 1987). However, unlike in other
hardwater cold lake studies by Ohlendorf and Sturm (2001), where prolonged exposure to
undersaturated bottom waters during the ice-cover season results in complete calcite
dissolution, conditions in Dunsappietjerna favour partial preservation. Although we lack
sediment-trap data and direct observations, the conservation of authigenic carbonates is likely
due to high precipitation rates, as shown by sections with the highest authigenic carbonate
content, which coincide with peak sediment accumulation rates (SARs; see also Fig. 2B in the
main manuscript). In lakes with high calcite fluxes (>60% sediment calcite content), rapid

burial prevents calcite from dissolving (Lotter et al., 1997).

Additionally, we want to emphasise that the possibility of biologically induced calcite
precipitation cannot be ruled out, as the ice-free period coincides with peak lake temperatures
and potential phytoplankton blooms. Algal activity can promote the formation of ~30 pum
calcite crystals at water temperatures as low as +4°C, likely due to photosynthetic CO> uptake
by plankton in late summer (Ohlendorf and Sturm, 2001). During March 2024 fieldwork, we
observed a dense algal mat on the sediment surface, likely a remnant of the last bloom (see also

the ‘4.1. Core chronology’ in the main manuscript).
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Variable PC1 PC2
DBD 0.11 0.47
LOI -0.12 -0.51

log EM 1 -0.28 -0.25

log EM 2 -0.02 0.40

log EM 3 0.23 -0.26

CT (grayscale) 0.35 0.37
clr Ca -0.48 0.21
clr Ti 0.51 -0.08
clr Fe 0.48 -0.21

Table S1. Principal Component Analysis factor loadings. Data shown for the two most
significant (71.47%) Principal Components (PCs) 1 and 2. For more details, see our ‘Methods’,

as well as ‘Results and Discussion’ sections in the main manuscript.

Fig. 5 Depth C (0} Mg Al Si S Ca
panel (cm)
A 80 10.64 45.16 0.00 0.00 0.26 0.00 43.66
B 104.5 9.99 42.13 0.29 0.34 0.54 0.61 46.09

Table S2. SEM-EDS elemental compositions (wt%) of authigenic carbonates. Each entry

corresponds to an SEM-EDS spectrum shown in Fig. SA-B (see the main manuscript).
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Figure Depth Na;O MgO AL O3 SiO: P,0s KO CaO TiO; MnO Fe:03 Interpreted
and (cm) or mineralogy

panel source
5C 8.5 0.10 1.23 0.85 1.32 0.00 0.00 95.40 0.47 0.24 0.35 calcite
5D 8.5 0.22 28.96 3.51 6.87 0.21 0.24 58.67 0.00 0.07 1.13 dolomite
SE 8.5 1.65 15.16 16.84 26.29 0.08 1.09 1.21 0.13 0.63 36.94 chlorite
SF 81.5 0.00 0.28 0.38 1.17 0.00 0.01 0.22 97.23 0.00 0.71 rutile
5G 81.5 0.00 0.50 1.24 3.59 0.03 0.42 0.95 92.93 0.00 0.33 rutile
SH 81.5 0.26 14.78 21.20 28.31 0.00 0.57 1.15 0.16 0.28 33.28 chlorite
S6A CS1 0.22 11.16 1.61 4.70 0.00 0.27 79.62 0.16 0.15 1.91 dolomite
Sé6B CS1 0.36 15.17 1.03 3.10 0.00 0.20 79.02 0.26 0.00 0.29 dolomite

Table S3. SEM-EDS oxide compositions (wt%) of detrital carbonate grains and Fe-Ti-rich, dolerite-derived clasts, together with

interpreted mineral phases. Oxide data were normalised to 100 wt% prior to mineral identification. Each row reports a representative spectrum

for the grains shown in Figs. 5C-H and S6A-B, as multiple spectra (typically n=5 or 6) were acquired per grain to assess its oxide composition.
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Depth Na;O MgO AL O3 SiO; P,0s K,O CaO TiO; MnO Fe;0; Interpreted
(cm) or mineralogy
source
79.5 1.03 15.92 24.92 33.25 0.22 1.82 0.46 0.22 0.00 22.16 Fe-rich mica or
chlorite
79.5 1.00 8.38 18.75 48.74 0.79 4.75 9.40 0.03 0.10 8.05 hornblende or Ca-
rich plagioclase
81.5 1.98 14.56 24.70 50.33 0.31 2.04 4.17 1.77 0.00 0.13 altered chlorite
81.5 0.28 6.62 16.98 37.58 0.13 8.57 0.83 3.41 0.95 24.64 biotite
CS2 0.82 13.18 19.28 43.31 0.19 3.79 1.11 0.30 0.08 17.94 biotite
CS2 1.00 15.21 14.80 38.57 0.41 343 6.53 0.37 0.13 19.55 biotite

Table S4. Additional SEM-EDS oxide compositions (wt%) of Fe-Ti-rich, dolerite-derived clasts, together with interpreted mineral phases,

provided for completeness and not illustrated in Fig. 5. Oxide data were normalised to 100 wt% prior to mineral identification. Each row reports

a representative spectrum, as multiple spectra (typically n=5 or 6) were acquired per grain to assess its oxide composition.
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Figure S4. End-Member Modelling Analysis (EMMA) results (Dietze et al., 2022; Prins
and Weltje, 1999). From the left: CT and optical imagery, and (sub)units classification of the
sedimentary record. A. Position of '*C samples with '*C ages + errors (yrs). B. Downcore
variability in EMs abundances (%; Prins and Weltje, 1999). Colour-coding for EMs follows the

proxy colouring shown in Figs. 3B-C and 4 of the main manuscript.
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Figure SS. Key proxies for detrital input and variations in the non-detrital Fe measured
in Dunsappietjerna sediments. From the left: CT orthoslice and RGB image with
lithostratigraphic units; centred log-ratios (clr) of Ti and Fe as proxies for minerogenic input
(Auer etal., 2025; Bertrand et al., 2024; Davies et al., 2015; Stachowska et al., 2024); log(Fe/T1)
ratio, isolating the non-detrital Fe component (Blanchet et al., 2009; Davies et al., 2015); and
clr calcium (Ca) as a proxy for carbonates (Davies et al., 2015). Elevated log(Fe/Ti) values
indicate intervals where Fe variability is likely influenced by processes other than clastic input,
e.g., redox-related processes (Blanchet et al., 2009; Davies et al., 2015; Kylander et al., 2011),
while negative or stable values suggest dominance of detrital Fe co-varying with Ti (see also
‘The Mid- to Late Holocene evolution of Dunsappietjerna’ in the main manuscript). Colour-
coding for clr Ti, Fe and Ca follows the proxy colouring shown in Figs. 3B, 4 and 5 of the main

manuscript.
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Figure S6. SEM images and SEM-EDS spectra of carbonate clasts identified in CS 1 (A-
B). Crosshairs indicate EDS analysis spots, while adjacent spectra correspond to the marked
locations. SEM-EDS elemental compositions and the interpreted mineralogy are listed in Table
S3. Colour-coding follows the proxy colouring presented in Figs. 3B and 4 of the main

manuscript.
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Altitude (m a.s.L.) G-G area (m?) G-G-K. T. area G-G total % G-G-K. T. total % | G-G cumulative % G-G-K. T.
(m?) cumulative %

0-5 650735 691274 18.59 5.17 18.59 5.17
5-10 458720 487525 13.1 3.65 31.69 8.82
10-15 389376 405382 11.12 3.03 42.81 11.85
15-20 260296 280568 7.43 2.1 50.24 13.95
20-25 200563 244306 5.73 1.83 55.97 15.78
25-30 231492 270969 6.61 2.03 62.58 17.81
30-35 205885 240029 5.88 1.8 68.46 19.6
35-40 194158 261379 5.55 1.96 74.01 21.56
40-45 174951 237904 5 1.78 79.01 23.34
45-50 114152 177105 3.26 1.33 82.27 24.66

Table S5. Hypsometric area distribution of mapped dolerite outcrops derived from the 2 m ArcticDEM mosaic (Porter et al., 2023). Outcrop

area (m?) is reported for 5 m altitude bins (m a.s.l.) for two spatial extents: G-G (Gasoyane and Gipshuksletta) and G-G-K. T. (Gasgyane and

Gipshuksletta combined with Kapp Thordsen; see Fig. 6A-B in the main manuscript). 'Total %' shows the proportion of the total outcrop area

falling within each altitude bin, while 'cumulative %' gives the proportion of outcrop area lying at or below each altitude bin upper limit,

corresponding to the fraction that would be submerged if relative sea-level (RSL) reached that altitude (see also Fig. 2C in the main manuscript).
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Supplementary Note 3: Mid- and Late Holocene evolution of dolerite source availability

under relative sea-level change and implications for signal stability

The gradual stabilisation of the Fe-Ti-rich dolerite-derived signal throughout the DST-2023-
GC record is unlikely to reflect wind variability alone, but also changes in source-area
availability linked to glacio-isostatic uplift and relative sea-level (RSL) fall, as discussed in
section 4.3 and illustrated in Figs. 3C and 6A-B of the main manuscript. Importantly, we do not
geochemically fingerprint the dolerite-derived fraction to a specific outcrop, and therefore treat

the mapped outcrops as a combined set of source areas.

Within that framework, the local RSL curve (Fig. 2C) implies that at the onset of the DST-
2023-GC record (Strzelecki et al., 2026), a substantial % of the nearest, low-lying dolerite
outcrop area on Gésgyane and Gipshuksletta would have been submerged (purple curve in Fig.
6B), reducing the subaerial area available for deflation and entrainment of dolerite-derived
material. This might help to contextualise the comparatively weaker Fe-Ti-rich input in unit 3
compared to the rest of the record (see 4.2.2 of the main manuscript), even under favourable
Westerly winds. As emergence progressed through the Mid- and Late Holocene, the % of
submerged outcrop area dropped, favouring more persistent dolerite-derived input. When the
higher-altitude Kapp Thordsen outcrops are included (Fig. 6A and magenta curve in 6B), the
cumulative submerged area remains much lower across the same altitude range, indicating that

a broader, mixed source domain would have been less sensitive to early RSL.

We also note that if low-lying outcrops dominated the dolerite signal, it should be most sensitive

to RSL-driven exposure changes. In contrast, a substantial contribution from higher-altitude

12



145  outcrops would likely dampen that sensitivity. These hypsometry-based constraints therefore
146  support interpreting the Mid- and Late Holocene signal enhancement as partly a source-

147  availability effect, without addressing site-specific provenance.
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150  Figure S7. CIr Fe-derived Mid- and Late Holocene Westerly wind reconstruction from
151  Dunsappietjerna sediments, Central Spitsbergen, Svalbard. A. Lithostratigraphic unit-
152  subunit classification of the record. The purple horizontal bar indicates the average calibrated
153 2o age uncertainty for the record, based on the age-depth model shown in Fig. 2A of the main
154  manuscript. B. Clr Fe-based Westerly wind reconstruction from the record, standardised per
155  wunits or subunits (Toonen et al., 2015), with 30-year averages in bold. Wind maxima are
156  identified using a 90" percentile (p90) threshold (Hobday et al., 2016; Perkins-Kirkpatrick and
157  Lewis, 2020), applied within each unit or subunit. Four major phases of the Mid- and Late
158  Holocene Westerly maxima are marked by purple rectangles above the clr Fe curve and labelled
159  with white Roman numerals. Colour-coding for clr Fe follows the proxy colouring shown in
160  Figs. 3B, 4, SE, H and 7C of the main manuscript.
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Figure S8. June-August (JJA) wind roses and wind speed data (m/s) from 13 weather
stations located in Isfjorden (in the centre). Data for recurring JJA periods between 2015 and
2025 (MET Norway, 2026). A. Daudmannsodden (2025). B. Isfjord Radio (2015-2025). C.
Barenstburg (2015-2016). D. Bohemanneset (2025). E. Svalbard Lufthavn (2015-2025). F.
Plataberget II1 (2018-2025). G. Longyeardalen — Central (2024-2025). H. Adventdalen (2017-
2025). I. Kapp Thordsen (2025). J. Narveneset (2025). K. Pyramiden (2015-2023). L. Isfjorden

— Gaspyane (2025). M. Nedre Sassendalen (2021-2025).
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