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ABSTRACT

Svalbard is at the forefront of sea ice, marine, and terrestrial environmental change in the Arctic and
so can be viewed as an example of what may be expected in other high latitude regions influenced
by the North Atlantic Current. However, there are few highly resolved (subdecadal) paleoclimate
records from this area that provide a long-term perspective on recent climatic changes. Here, we
investigate a new composite sedimentary sequence from Linnévatnet, western Spitsbergen, span-
ning the last ~2,000 years. The chronology of this new composite laminated sequence is supported
by four radiometric dates. Prior to conducting paleoclimate investigations on these lake sediments,
we investigated the sediment sources entering Linnévatnet. Sediment samples collected around
the lake’s watershed indicate that the main sediment sources come from the eastern carbonate
valley wall as well as Linnéelva, the main river system. Micro-X-ray fluorescence (u-XRF) results
indicate that calcium is the largest component of sediment delivered to the delta-proximal basin,
where the sedimentary record was collected. Percentage organics deduced from loss-on-ignition
measurements reveal an antiphased relationship with calcium and magnetic susceptibility, imply-
ing that the sediment loading at the core site is largely modulated by the alternation of calcium
derived from carbonates of the eastern flanks of the valley and by coal-bearing sandstone from
Linnéelva, derived from the main river inflow that drains the central valley. Linnéelva is mainly fed
by snow and glacier meltwaters from Linnébreen, the small valley glacier now located 7 km south of
Linnévatnet. Because Linnébreen is underlain by coal-bearing sandstone, organic content in
Linnévatnet lake sediments can be used as an indicator of glacier activity. Annually resolved
parameters—that is, calcium and grain size—were found to be strongly correlated to temperature
inferred from nearby Lomonosovfonna §'20 ice record as well as the wider reconstructed Northern
Hemisphere winter temperature. The coarsest grain size, highest calcium values, and lowest
concentration of organics occurred just in recent years, suggesting that glacier influence on the
sedimentary input to Linnévatnet is now at an all-time low in the context of the past millennia.
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Introduction of Atlantic waters in the region (Hald et al. 2007;
Slubowska-Woldengen et al. 2007; Nilsen et al. 2008;

Svalbard is located at the northern extent of the North Skirbekk et al. 2010: Werner et al. 2011; Rasmussen,

Atlantic Current, making its climate mild compared
with other areas at the same latitude (Eckerstorfer and
Christiansen 2011). Proxy records from this region are
therefore ideal to track changes in northward heat trans-
port associated with sea-ice variability (Balascio et al.
2018; Kjellman et al. 2020; Hole et al. 2021). In this
regard, multiple marine sediment proxy data (including
fjord) have been employed to document past advection

Forwick, and Mackensen 2012; Peral, Austin, and
Noormets 2022). However, these records are often char-
acterized by low temporal resolution, which makes it
difficult to investigate past abrupt change in the Arctic
climate system (Bakke et al. 2018). Except for ice core
studies (Isaksson et al. 2005; Divine et al. 2011), annually
resolved climate records in Svalbard are currently very
short, spanning barely two centuries (Vihtakari et al.
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2017; Hetzinger et al. 2019), which poses challenges for
putting the recent changes into a longer term context as
well as documenting past abrupt changes. Since around
2010, precipitation in the form of rain has become more
frequent in Svalbard, which raises the question whether
a shift in hydroclimate is underway or whether this is
part of the natural climate variability (Nowak and
Hodson 2013; Wickstrom et al. 2020). In addition,
shrinking of Svalbard glaciers is predicted to increase
dramatically over the next decades as warming con-
tinues (Geyman et al. 2022). At present, it is unknown
whether the current glacial loss is unprecedented before
the instrumental era, highlighting the need to find highly
resolved proxies that track glacier activity. The proglacial
lake Linnévatnet, located at the mouth of Isfjorden in west-
central Spitsbergen, has been investigated for more than
three decades because of the high quality of the sedimen-
tary record (Svendsen and Mangerud 1997; Snyder,
Werner, and Miller 2000; Schiefer et al. 2018), which also
reveals that multiple sediment sources are present (Van
Exem et al. 2019). Notably, the presence of coal-bearing
sandstone on the valley floor as well as underlying the
valley glacier Linnébreen provides the means to recon-
struct past glacial variations (Svendsen and Mangerud
1997). Here, we describe a new 5-m composite sediment
sequence from mooring C (Figure 1) for which we present
highly resolved multiproxy data combined with chronolo-
gical constraints. We combine micro-X-ray fluorescence
(u-XRF), magnetic susceptibility, grain size, density, and
loss-on-ignition measurements to identify the dominant
sedimentary sources that provide insights into the long-
term evolution of Linnébreen.

Study site

Linnévatnet is a proglacial lake, ~4.7 km long (north-
south) and ~1.3 km wide, at 12 m.a.s.l. (Figure 1). A small
valley glacier, Linnébreen, though still present in
Linnévatnet’s watershed, has retreated steadily since 1936
from its Little Ice Age moraine, when the Norwegian Polar
Institute took oblique air photos across the region
(Figure 2). The main inflow to Linnévatnet is Linnéelva,
a river that flows about 5.5 km from the Little Ice
Age moraine to the lake. Two subbasins separated by
a submerged ridge define the east and west sections in the
southern half of the lake (Snyder, Werner, and Miller 2000).
The coring location at mooring C in the eastern basin was
chosen for the composite sequence because it is character-
ized by higher sediment accumulation compared to any
other areas of the lake (Svendsen and Mangerud 1997).
The principal inflow, Linnéelva, drains the central
valley, which is underlain by the coal-bearing plant fos-
sil-rich quartz sandstone of the Lower Carboniferous
Orustdalen Formation (Dallmann 2015). The total

organic content of Linnévatnet sediments is believed to
be largely controlled by Linnéelva carrying ancient frag-
mental coal, the quantities of which are linked to
Linnébreen erosional activity (Svendsen and Mangerud
1997). The second major source is from the eastern flanks
of the watershed and consists of carbonates of Upper
Carboniferous to Permian age, composed of limestone,
dolostone, gypsum, and anhydrite with only a minor
amount of coal (Ohta et al. 1992). A third contributing
source is from an unnamed ice-free cirque southwest of
the lake where a degrading Little Ice Age moraine
(Figures 1c and 1d) overlies low-grade metamorphic
phyllosilicate  minerals from phyllites of the
Precambrian Hecla Hoek Formation (Ohta et al. 1992),
with negligible other sources of carbonates or coal
(Snyder, Werner, and Miller 2000). This bedrock distri-
bution makes Linnévatnet an ideal lake to map these three
different sources using high-resolution p-XRF data.

Methods
Sediment cores and computed tomography scan

Two sediment cores were collected in April 2019 at
mooring C (Figure 1; green circle). They consist of
one gravity core (UWITEC core: 41.8 cm) and one 498-
cm-long core collected with a piston corer (Nesje
1992). The uppermost sediment from the gravity core
was stabilized using floral foam to minimize distur-
bance of the surface sediment. The long core was
a single drive that was sectioned into four parts and
labeled as follows: LVT19-P2-A (120.8 cm), LVT19-P2
B (120.4 cm), LVT19-P2-C (124 cm), and LVT-P2-D
(133 cm; Figure 3). All of the percussion cores were
scanned using computed tomography (CT) at 145 kV,
800 mA for 500 milliseconds with 53 um voxel size
using a ProCon X-ray CT-ALPHA scanner available
at the EARTHLAB, University of Bergen. The X-ray
beam was filtered through a 0.5-mm Cu filter to reduce
beam hardening effects, and data were binned to pro-
duce 200-pm resolution 16-bit X-ray imagery. The
UWITEC surface core was scanned using CT at 140
kV with 250 mA current at the University of Quebec,
Institut National de la Recherche
Tomograms of 512 x 512 pixels were acquired continu-

Scientifique.

ously at every 0.4 mm along a 0.6-mm-thick slice,
allowing for a 0.2-mm overlap between each tomo-
gram. The composite sedimentary record was con-
structed using the first 41.8 cm of the gravity where
a turbidite is stratigraphically matched with LVT19-P2
-A at 18-cm depth.
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Figure 1. (a) Map of the Northern Hemisphere showing Svalbard location (red rectangle). (b) Map of Svalbard. (c) Zoom of the red
rectangle in (b). Stars indicate the location where sediment samples were collected around Linnévatnet. Blue, red, and orange stars are
from the western section, Carboniferous quartzites (including main river Linnédalen and the cirque glacier), and the Carboniferous
carbonates (eastern portion of the watershed), respectively. The green and the yellow circles are the locations of the 5-m composite
sequence at mooring C (this study) and site 06 (Snyder et al. 1994; Svendsen and Mangerud 1997). (a), (b) Maps created with the
PlotSvalbard R package (Vihtakari 2019). (c) Satellite high-resolution optical image from Copernicus Sentinel-2 L2A acquired
22 August 2022. The red line is the moraine limit from the LIA. The bedrock geology map (modified from Ohta et al. 1991) contour
delimits Linnevatnet’s watershed. The blue lines are the inlets flowing into Linnévatnet. (d) Same as (c) but showing the contour
heights of 50 m extracted from G100 Geology shapefiles Svalbard.
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31 August 2018

Figure 2. (a) Linnébreen ice margin positions since 1936. The positions in 1936 and 1995 are from air photographs and super-
imposed on georeferenced image from 1995. Positions from 2004 to 2019 are Global Positioning Satellite tracks on georeferenced
image. Modified from Retelle et al. (2019). The red line position from 2022 was drawn using the Sentinel-2 L2A image of the ice
margin position as observed on 28 August 2022. (b) Aerial photo taken in 1936 showing Linnédalen, courtesy of the Norsk-
Polarinstitutt. (c) and (d) Two photos taken in front of Linnébreen at the same position but with ten-year difference.

Thin sections, varve counting

The undisturbed sediments were subsampled using alumi-
num slabs measuring 7 x 1.5 x 0.7 cm. These samples were
then subjected to freeze drying and embedded in epoxy
resin (Lamoureux 1994; Francus and Asikainen 2001).
Ninety-four overlapping thin sections were made to
cover the 5.03-m composite sequence. A homemade soft-
ware package Analyze Image (Francus and Nobert 2007)
was used to store the digitalized thin sections, and regions
of interest were then selected and acquired at the scanning
electron microscope. About 5,000 backscattered electron
(BSE) images were extracted to cover the upper 370 cm
of the composite core. These 8-bit grayscale scanning
electron microscopy (SEM) images (1,024 x 768 pixels)
were obtained with an accelerating voltage of 20 kV and an
8.5 mm working distance with a pixel size of 1 um. Careful
visualization of these BSE images enabled manual defini-
tion of varve boundaries (Lapointe et al. 2012).

These BSE images were then transformed into black
and white images to measure particle size data at ~1-mm
resolution. Each minerogenic particle (with an average
of 2,285 per image) was measured for the position of the
center of gravity, area, and length of the long and short

axes of the best fitting ellipse. Several grain size indices
were measured including the median (D5, with D being
the apparent disk diameter) and the weight percentage
of the following fractions: <16 pm, 16 to 31 pm, 31 to
63 pum, and >63 um. Weight was calculated using the
formula {(4/3) * n* [(D/2)*]} * 2.65 (Figure S1; Francus
et al. 2002; Lapointe et al. 2019).

Chronological constraints

Radionuclide '’Cs was measured on a sediment core
collected in 2016 at mooring C (Williams 2017). Thin
sections from this core were visually matched with those
collected in our study. Thin sections from cores collected
in 2005, 2016, and 2018 were also used to validate the
recent chronology. For longer timescales, three radiocar-
bon dates derived from terrestrial plants in proximal site
06 (Figure 1), a coring site with twice the sedimentation
rate compared to mooring C (Snyder et al. 1994), were
used to anchor the chronology of the past ~1,500 years.
This was done by chemo-stratigraphy between CaCO;
(percent) from Svendsen and Mangerud (1997) and
u-XRF Ca variations (this study) to locate the '*C ages
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Figure 3. CT scans from the four percussion cores with over-
lapping thin sections along with the major units found in
Linnévatnet sediments at mooring C: Unit A (blue), Unit
B (green), and Unit C (orange). Horizontal arrows indicate the
presence of distinct black (monosulfidic) laminae. (Bottom)
Blowup of a thin section showing black laminae indicative of
meromixis conditions.

from macrofossils at the proximal site and transfer them
within the composite depth from our new cores. The
uncalibrated '“C ages were then calibrated using OxCal
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software with the IntCal20 calibration curve (Ramsey
2008; Reimer et al. 2020). The age model is based on the
average varve counts.

Itrax p-XRF and magnetic susceptibility

An Itrax core scanner with a molybdenum X-ray tube
operating at 30kV and 55 mA was used to collect geo-
chemical variations with 200-pm resolution (p-XREF;
Croudace, Rindby, and Rothwell 2006) throughout the
~5-m composite core. These measurements were made
with 15 seconds for each step and the counts per second
ranged from 18,000 to 24,000. Magnetic susceptibility
(MS) was measured with the Itrax-equipped Bartington
MS3 magnetic susceptibility meter at 4-mm intervals
throughout the 5-m composite sequence.

Fourteen of the twenty-seven surface samples col-
lected around Linnévatnet were also analyzed on the
Itrax by constructing an artificial core (Figure 1, colored
stars, and Figure S2) using the same settings described
above to give insights into sediment provenance varia-
bility in the 5-m composite sequence. The u-XRF data
from each site were added into the same data frame and
each element was normalized relative to the overall
average and standard deviation of each element from
all sites combined. Then, the u-XRF distribution of each
individual site was computed. This approach to normal-
ize each individual site to the whole data set provided
a better comparison of the relative p-XRF elemental
contributions at the different sampling sites that can be
linked to the composite u-XRF. Note that box plots with
original log-u-XREF values from individual sites (without
normalizing using all sites) are provided in Figures S7
to S9.

Density and loss on ignition

A total of 384 discrete surface samples were collected for
wet and dry density measurements. Three hundred
seventy-seven samples were extracted at a continuous sam-
pling resolution of 1 cm from the composite sequence and
seven other samples were collected below 377 cm at 10 cm
reaching the 5-m composite. Because of the poor quality of
the laminae along with thick turbidites below 370 cm, we
decided to focus on the first 370 cm for our study. Prior to
weighing the samples, the 384 crucibles were weighed
individually and then weighed with the wet sediment. We
calculated the wet weight by subtracting the wet sample
(inside of the crucible) from the crucible mass. Following
drying of sediment at 60°C for two days, the same proce-
dure was applied to measure dry density (sample dry mass
minus crucible mass). Afterward, the percentage organics
were determined on these samples through loss on ignition
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(LOI) using a combustion temperature of 550°C for at least
four hours (Dean 1974). All of the samples were stored in
a desiccator with Drierite to prevent accumulation of
moisture. The measurements were made using the same
calculation as for the wet and dry density but the percen-
tage organics was calculated by subtracting the sample dry
mass from the sample LOI mass. The result was divided by
the sample dry mass and then multiplied by 100 to obtain
the percentage.

Principal component analysis

Principal component analysis was performed using the
FactoMineR and factoextra R packages (Husson et al.
2016; Kassambara and Mundt 2017). The squared cosine
(cos®) indicates the importance of each of the p-XRF
elements regarding the principal components; that is,
the contribution of an element to the squared distance
of the observation to the origin. Cos® was calculated as
the contribution of a variable (var) to a given principal
component in percentage as (var.cos® * 100)/(total cos’
of the principal component). For more information, see
Abdi and Williams (2010).

The red dashed line in Figure 8B shows the expected
average contribution (percent) of the various elements in
principal components (PCs) 1 to 3. If the contributions of
each element were uniform, the expected value would be
1/20 (5 percent) for all elements. The contributions of
the variable on PCl and PC2 were calculated as
contribution = [(C1 * Eigl) + (C2 * Eig2)]/(Eigl + Eig2),
where C1 and C2 denote the contributions of the u-XRF
on PC1 and PC2, respectively. Eigl and Eig2 are the
eigenvalues of PC1 and PC2, respectively. The expected
average contribution of the p-XRF for PC1 and PC2 is
then [(10 * Eigl) + (10 * Eig2)]/(Eigl + Eig2).

Results
Main sediment units and recent chronology

CT images reveal that the recent sedimentary record
contains well-defined laminated sediments (Figure 3).
Within the 5 m composite record, three main units can
be identified. From the surface to about 170 cm depth,
well-defined varves were observed (Unit A: well-
developed varves; Figure 3). From ~170 to ~370 cm,
laminae were present but less well developed (Unit B:
well-laminated and diffuse laminae), and from 370 to
503 cm the facies were characterized by massive sedi-
ments sometimes intercalated by diffuse and sporadic
laminae (Unit C: diffuse and sporadic laminae). Black
laminae were observed in the lowermost part of the
composite record, which may reflect anoxic conditions

when the lake became isolated from the sea and was
density stratified (meromictic conditions; Svendsen
and Mangerud 1997). These black laminae decreased
in frequency upward to completely disappear at
a depth of ~370 cm (Figure 3, arrows). We note that
there was no isolation contact defining the transition
from sea to lacustrine waters that is visible in the lower
part of the composite record.

To investigate whether the recent laminae were
annually deposited, a sediment core collected in 2016
at mooring C containing a distinctive peak in '*’Cs was
compared to our new 2019 composite record. Stratigraphic
matching between laminae from these thin sections
(Williams 2017) and those from the gravity core in this
study allowed us to interpolate the maximum "*’Cs peak
value to our composite sequence at ~25 cm (Figure 4A;
maximum values at ~19 cm for the 2016 core; Figure 4B).
This depth is in excellent agreement with the date of 1963
CE obtained with the varve chronology (Figure 4C). Other
thin sections from mooring C of sediment cores collected
in previous years (2005, 2012, 2016) also enabled us to
confirm that the layers were deposited annually (Figure 5).

Clastic facies

Varve couplets were identified based on the textural
properties of the sedimentary layers at Linnévatnet.
For the first ~170 cm, couplets were generally easy
to distinguish and were characterized by light (coar-
ser) and dark layers (finer) interpreted to represent
the melt and winter seasons, respectively (Figures 6
and S3). Stratigraphic comparison between this
study’s composite sedimentary record with other
thin sections processed from previous samples col-
lected at mooring C revealed a good match. Figure 6
shows an example of two overlapping thin sections
made in an earlier study (LVT-2006; Leon 2009)
compared with this study (LVT-P2A-2019). Images
acquired on the SEM (1 to 6) are examples of layers
encountered essentially throughout the first
~170 cm and in most of the first ~370 cm, facies
typically found in predominantly clastic Arctic lake
settings (Zolitschka et al. 2015). Photograph 1 shows
the base of a turbidite composed of coarse sedi-
ments that may be the result of intensive snowmelt
and/or a large rainfall event, whereas photograph 4
is a typical facies associated with classical snowmelt-
dominated years. Photographs 2, 3, and 5 depict
varve boundaries that are not easy to delineate with-
out the high-resolution SEM images, as we also
found in another annually laminated Arctic lake
sediment record (from Sawtooth Lake, Ellesmere
Island; Lapointe et al. 2019). These images provide
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Figure 4. (a) Thin sections from a core collected in 2016 at mooring C (Williams 2017) compared to the gravity core from this study. (b)
137Cs from core collected in 2016 (Williams 2017). (c) Varve chronology from the uppermost 33 cm with the corresponding section
where the 1963 (blue) '*’Cs peak was detected in the core from 2016 as well as the 1952 onset of nuclear testing (red).

a superior contrast relative to optical images and
allow for better delineation of annual couplets.
Photograph 6 is typical of thick and successive
layers occurring during the same year, which may
be the result of several snowmelt and/or rainfall
events.

Chronology of the last 2,000 years

Using the SEM images of thin sections, we counted
around 2,000 couplets on the first ~370 cm of the
composite sequence. Three counts were made, which
yielded strong consistency between them, especially
for the first 170 cm, which contains well-laminated
sediments (Figures 7 and S4). From ~170 cm (Unit
B: well-laminated and diffuse laminae) and below,
the difference in the counts is slightly more pro-
nounced than Unit A (well laminated). Overall, the
varve sequence showed that sedimentation rates
were quite constant throughout the past ~2,000
years CE, except for higher values between 0 and

~30 CE as well as after the 1980s. The lowest sedi-
mentation rate was found between ~1600 to 1900
CE. For the uppermost ~170 cm or Unit A, around
867 couplets were counted (back to ~1150 CE).

To support the longer timescale chronology, we
investigated how the '*C ages from a previous study
compared with our record. This was done by com-
paring our u-XRF Ca to the CaCOj variations at site
06 (Svendsen and Mangerud 1997), which showed
excellent agreement. Based on echosounding, prox-
imal site 06 receives around twice the amount of
sediment as mooring C (Svendsen and Mangerud
1997), which is in line with the depth of the strati-
graphical matching inferred by the co-variability
between CaCO; and our p-XRF Ca. Hence, this
allowed us to match the '*C ages from terrestrial
macrofossils (Snyder et al. 1994) to our composite
depth. We note that the first two radiocarbon dates
appeared too old compared to our chronology. The
fact that the third '*C age was similar to the one at
~1 m above it (the second date) suggests that those
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Figure 5. Stratigraphical matching between Linnévatnet thin sections from cores collected in 2019 (this study) and previous years (2018, 2016,
and 2005). CT scan of 2019 gravity core with overlapping thin sections. The blue star denotes the location of the *’Cs peak (Figure 4). The
dense layer located at ~1902 CE was used as a marker for the composite sequence (overlap with percussion core LVT-P2-A-2019).

two upper dates are indeed unreliable, and these
were also discounted in a more recent study focus-
ing on Arctic glacier variability in the context of the
Holocene (Paasche and Bakke 2015). The varve

counts correlated closely with the youngest side of
the '*C age distribution as seen in Figure 7B, which
shows the location of three of these calibrated
"C ages. Two of three lower ages are within the
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LVT-2006

LVT-2019-P2A

Tmm

Figure 6. Top: Stratigraphic matching between thin sections from 2006 at mooring C and this study (LVT-P2A; 77.6 to 88.7 cm). Red
lines show varve boundaries. Bottom: Scanning electron images of the different lamination/varve found in Linnévatnet. Red lines in the
top right image indicate varve boundaries; the blue cyan dashed line in the bottom right image shows an example of a successive layer
within one varve year.

black laminae zone, suggesting that the lake was  intrusions (Svendsen and Mangerud 1997). The one
recently isolated from the sea with possible seawater  date at median age 839 BC (95 percent probability:
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Figure 7. (a) Comparison between p-XRF Ca (filtered by a 100-point running mean; red) and the carbonates percentage (CaCOs
percent) from Svendsen and Mangerud (1997). The median calibrated radiocarbon dates are shown and the varve ages corresponding
to the depth of radiocarbon ages are in red (mean age of the three varve counts). (b) Age model based on the three counts using SEM
images. The blue star indicates the '*’Cs peak found in our record based on stratigraphical matching with a recent core from
Linnévatnet (Figure 4). Also shown are the three calibrated 4c ages from Snyder et al. (1994) with the ~90 percent probability (green;

Figure S4).

1008-751 BC) is also very close to the disappearance
of black laminae and appears too old compared to
our chronology (~341 CE).

U-XRF principal component analysis

The short surface core and the four sediment sections of
the longer percussion core are shown in Figure 8c along
with variability in calcium (Ca) from the Itrax. As seen in
Figures 5 and 8c, the turbidite observed close to the bottom

of the gravity core served as a marker to overlap with the
first percussion core LVT19-P2-A. Hence, the composite
sequence was composed of the gravity core that overlapped
with LVT19-P2-A (at 18 cm depth) and the lower sequence
was constituted by LVT19-P2-B, -C, and -D. Principal
component analysis made on the 5 m composite sequence
indicated that Ca contributed the most to the sediment
composition at mooring C (Figure 8a).

Nine u-XRF elements were retained as being sig-
nificant contributors to the three principal
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Figure 9. u-XRF variations for the composite sequence at mooring (Figures 1¢, 1d; green circle) for the first 5 m. Results are expressed in
thousand counts per second (kcps) for silicon (Si), potassium (K), calcium (Ca), titanium (Ti), manganese (Mn), iron (Fe), rubidium (Rb),

zirconium (Zr), and the incoherence/coherence ratio (inc/coh).

Table 1. Correlation matrix of the nine p-XRF data for the composite sequence (5.03 m) at 0.2 mm for a total of 25,268 data points.

Si K Ca Ti Mn Fe Rb Zr inc/coh
Si 1
K 0.64 1
Ca -0.44 -0.64 1
Ti 0.67 0.83 -0.79 1
Mn —-0.01 —-0.03 0.31 -0.12 1
Fe 0.37 0.78 -0.60 0.55 -0.03 1
Rb 0.45 0.74 -0.75 0.79 -0.17 0.61 1
Zr 0.63 0.45 -0.61 0.76 -0.11 0.11 0.52 1
inc/coh -0.40 -0.12 —-0.08 -0.27 -0.21 0.22 -0.03 -0.50 1

Note. Bold values indicate significance at p < .001.

components (Ca, Ti, Zr, Fe, Si, Rb, incoherence/
coherence ratio [inc/coh], Mn; Figure 8b). PCl
explained 53 percent of the variability, whereas
PC2 accounted for ~19 percent (Figure S5). PCl
was associated with Ca, Ti, Rb, Fe, and K, whereas
PC2 was linked to Si, inc/coh (associated with water
content), and K. Ti and Rb were strongly anticorre-
lated to Ca variability (Figure 9, Table 1). Fe and
K were strongly correlated to Ti; hence, these ele-
ments co-varied and appeared to be the main

component (53 percent) of sediment delivered to
mooring C.

LOI, grain size, and elemental variations

Ca s inversely correlated to organic content (Figure 10a)
and positively correlated to the MS measurements
(Figure S6). Organic content and MS were strongly
and negatively correlated throughout the uppermost
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calcium of the first 370 cm of the composite sequence. Correlations in gray are for the first 170 cm.

370 cm (Figure 10b; r = —0.55, p < .001: resampled at
1 cm). Higher MS was observed in the deeper part of the
record, followed by a sharp decrease around 460 cm,
coinciding with some of the lowest MS values of the
whole ~5-m composite between ~460 and 370 cm
depth (Figure S6). Thin sections also revealed that
below ~370 cm the sediment was more compact and
intercalated with diffuse and thick laminae (Figure 3:
Unit C) with random increases in Ca as well as the
presence of black laminae (Figure 3). This is a feature
also shown in the CaCOs;, implying a sharp increase in
sedimentation rate during this interval. For this reason,
grain size as well as absolute density measurements and
LOI were only continuously collected for the upper
~370 cm.

A positive correlation was also found between grain
size (Dsg) and Ca (Figure 10¢; ¥ = 0.18, p < .001), and this
relationship increased sharply in the upper ~170 cm of
the composite sequence (r = 0.47, p < .001). This was also
the case with the Ca and organics (r = -0.72, p < .001;
Figure 10a).

Sediment samples collected in the watershed and
their potential source inferred from u-XRF

To link sediment provenance to the composite p-XRF,
samples collected in areas with different lithologies were
analyzed for their u-XRF content: (1) the eastern carbo-
nate valley wall, (2) Linnéelva river delta, (3) the cirque
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Figure 11. Box plots of the samples shown in Figures 1c and 1d with their p-XRF anomalies. (a) The Eastern valley wall (AA2, AA7, and
AA3). (b) The outlet of the main river Linnéelva (B12), as well as B11 and B10 (the outlet of the cirque glacier). (c) Location of the

samples for the West valley (AA8, AA14, and AA15).

glacier fan delta, and (4) the wider eastern valley area.
Nine sediment samples were processed on the Itrax (see
methods; Figure 1, colored stars).

Samples from the eastern valley (composed of carbo-
nates) were the most enriched in Ca (Figure 1la),
whereas all other sites showed negative Ca values.
Greater Zr and Ti values as well as positive Si anomalies
at the Linnéelva delta (Figure 11b: B12) are indicative of

quartzitic sandstone. In the watershed, the sandstone
was most prevalent in sediment underlying Linnébreen
glacier and Linnéelva (Potter 2017). Positive Ti values
were mainly found in the samples collected at the
Linnéelva delta and the meltwater fan from the cirque
glacier (Figure 11: B10, B12).

Samples B11l and B10 and, to a lesser extent, AA2
were characterized by positive K anomalies compared to



all other samples. Sediment from the cirque alluvial fan
had lesser amounts of carbonate, and only trace
amounts of coal were present (Snyder, Werner, and
Miller 2000). The sample collected at the cirque moraine
(Figure 1) yielded results similar to B10. Hence, the
presence of Precambrian phyllites in this area (Ohta
et al. 1991) is consistent with positive K values
(Figure 11b; B10). Because of the scarcity of the two
principal sources of sediment types in Linnévatnet in
the western valley—that is, carbonates and coal (Snyder,
Werner, and Miller 2000)—p-XRF K has great potential
to track changes in glacial activity inferred from the
cirque glacier through time. We note that p-XRF data
should be taken cautiously because they are sensitive to
grain size and water content changes (Croudace,
Rindby, and Rothwell 2006), making these data some-
what qualitative; however, positive Ca anomalies were
only found in the eastern valley, and thus we assume that
its increase in the u-XRF composite was principally from
that area. Ds is highly correlated with the coarse silt
fraction (Figure S1: percentage 31-63 pm) and so an
increase in Ca from the eastern valley is generally asso-
ciated with coarser grain size deposits at the coring site.

Discussion

Previous studies have suggested that the contribution of
coal exhibits a first-order control on the sedimentation
in Linnévatnet (Svendsen and Mangerud 1997; Van
Exem et al. 2019). This is because Linnébreen is under-
lain by coal-bearing sandstones, and it is thought that
the growth of the glacier would result in increased sub-
glacial erosion of the Carboniferous coal and subsequent
transport by Linnéelva to the lake. As a result, total
organic carbon deposited in Linnévatnet has been used
as a proxy to monitor periods of higher glacial activity.
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Results shown here suggest that Ca and organics (per-
cent, from coal) are intrinsically linked; that is, when one
increases the other decreases and vice versa. These find-
ings are in line with previous analysis of Linnévatnet
sedimentary records using a much coarser sampling
resolution (Svendsen and Mangerud 1997).

The strong negative correlation between Ca and organic
content (percent) suggests that the overall sediment load
consisted of an alternation of the coal-rich sandstone
found in the central portion of Linnédalen and the eastern
valley carbonates. These observations indicate that the
main sediment supply to mooring C and the eastern
proximal basin comes from either the main river
(Linnéelva) and the cirque glacier or the carbonate alluvial
fans from the eastern valley (Figures 8 and 9). More
recently, Ca (and grain size values) has increased steadily
from 50 cm to the top of the sedimentary record, whereas
Si, Zr, and K values all declined (Figure 9). This is a strong
indication that the sediment input from the carbonate
alluvial fans has become the dominant source of sediment
delivery at mooring C in recent history. As precipitation in
the form of rain is rising (whereas snowfall is decreasing)
in much of Svalbard (Nowak et al. 2021), the sediment flux
is more pronounced in the eastern flanks of the valley
because the slopes are much steeper compared to the
central flat valley (Figure 1c), resulting in a steady increase
in Ca and grain size over recent decades.

The ongoing retreat and thinning of Linnébreen
(Figure 2) since the end of the Little Ice Age has caused
a decrease in sediment derived from glacial abrasion and
a relative increase in sediment from paraglacial and peri-
glacial sources (Church and Ryder 1972; Leonard 1997;
Ballantyne 2002). Percentage organics was also at the
lowest concentrations in the uppermost 20 cm
(Figure 12), which is also diagnostic of the decreasing
influence of Linnébreen’s abrasion of coal-bearing

= Smaller Linnébreen size
S 4 >4000BP
S
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c 6 Black laminae
o 7 Sea water o |
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Figure 12. Loss on ignition (organics percent) throughout the first 5 m of the composite sequence. Increased (decreased) organics
(percent) reflects greater (lower) influence of Linnébreen erosion on the sedimentary record. CWP and LIA peak denote the current

warm period and Little Ice Age peak.
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Table 2. (A) Annual coarse grain size at Linnévatnet correlated to
seasonal temperature at Longyearbyen 1898 to 2017 (@. Nordli
et al. 2014). (B) Grain size at Linnévatnet correlated to seasonal
precipitation at Longyearbyen from 1912 to 2017 (@. Nordli,
Hanssen-Bauer, and Fgrland 1996).

Dso DJF MAM LA SON
(A)

Dso 1

DJF 0.4 1

MAM 0.33 0.53 1

LA 0.42 0.58 0.48 1

SON 0.5 0.65 0.48 0.56 1
(B)

DJF 0.21 1

MAM -0.04 0.01 1

1A 0.22 0.07 -0.017 1

SON 0.39 0.18 0.05 0.27 1

Note. Bold numbers indicate significant correlation (p < .01).

sandstone and subsequent transport into the lake. The
presence of black laminae, likely associated with the iso-
lation of the lake from the sea, along with massive sedi-
ment and sporadic laminae in the lowermost part of the
composite record indicates that the age of the lower
record is likely to be older than ~4,000 years BP
(Svendsen and Mangerud 1997). Based on the varve
chronology, our results thus suggest that the
Linnébreen’s influence on the lake sediment influx is at
an all-time low in the context of the past several millennia
(Figure 12).

Correlation with instrumental data

Because the varve chronology was robust (Figure 7), this
allowed us to compare our annually resolved grain size
(Dsp) to seasonal temperature and precipitation from
Longyearbyen covering the last ~100 years (@. Nordli
et al. 2014). Seasonal temperatures (DJF, MAM, JJA,
SON) were all significantly correlated to Dso, whereas
seasonal precipitation was only significantly correlated
during summer and fall. We note that temperature and
precipitation were more strongly correlated with Dsg
during summer and fall than other seasons.

These findings suggest that temperature and precipita-
tion interact to amplify the grain size signal in the sedi-
mentary record. This was supported by multiple linear
regression between annual Ds, and the two independent
variables (temperature and precipitation) showing
a stronger correlation (r = 0.61, p < .001) than taken
individually (Table 2). Significant correlations are also
found with Ca (Ca and JJASON temperature and precipi-
tation: = 0.37 and 0.40, respectively). To give a sense of
this relationship, we used the time series based on the
multiple regression equation and compared it to D5, at
Linnévatnet from 2017 to 1912 (Figure 13a). The

significant correlation implies that the D5, record can be
used as a hydroclimate proxy for the past several centuries.

Comparison with other regional and hemispherical
records

There are few subdecadal records in Svalbard to com-
pare with our record; however, Lomonovsfonna §'°0,
an ice core record (located ~114 km northeast from
Linnévatnet), revealed a strong co-variability with the
Linnévatnet Dsq record (r = 032, p < .001; annual) as well
as Ca (Figure S10). This ice core record tracks winter
temperature variability (Divine et al. 2011), and
although Ds, was better correlated to summer and fall
temperature, each season was significantly correlated to
each other, so a significant correlation of D5, with
Lomonovsfonna §'®0 can be expected (Figure 13b).

Our annually resolved grain size also bears striking
co-variability with the Northern Hemisphere winter
temperature from the Echo-G model simulation (r =
0.43, p < .001; annual) that combines solar, volcanic,
and greenhouse gas variations; that is, external forcing
(Osborn, Raper, and Briffa 2006). Spatial correlations
between Echo-G temperature and sea surface tempera-
ture (SST: Huang et al. 2017) as well as D5, and SST
depicted a similar pattern of warmer SSTs centered
around Svalbard and in other regions (Figure S11).
A warmer ocean leads to more moisture availability,
which creates favorable conditions for summer and fall
rain events to occur, consistent with multiple linear
regression and the observed increasing trend in the last
~100 years (Figure 13a). A notable feature of the recon-
structions is the relatively warm period around 1100 to
1200 CE seen in the Svalbard proxies (Linnévatnet and
Lomonosovfonna) as well as the Northern Hemisphere
temperature simulation. Remarkably, the late 1140s
(peaking at 1147 CE) appeared as the warmest period
during the Medieval Climate Anomaly, which was high-
lighted by Divine et al. (2011) as being one of the
warmest periods, up to and including the 1990s. In this
regard, our more recent sedimentary record suggests
that the temperature of the past few years now exceeds
that of the warmest interval in Medieval times, which is
also consistent with the unprecedented shrinking of
Linnébreen glacier (Figures 2, 12, and 14c).

It is likely that the strong declining trend in the grain
size data is related to the millennial cooling trend in
temperature. Of note is the abrupt transition toward
cooler conditions that occurred in the 1570s, as seen in
the sedimentary record (Ca, LOI, and Ds), with lowest
values in the 1600s that persisted until the early 1800s.
These observations are in line with reconstructed sea-ice
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Figure 13. (a) Normalized Linnévatnet Ds, (um) compared with the sum of Z-score temperature and precipitation during June to
November (JJASON); a three-year running mean was applied on the Dsy time series. (b) Dsq (um) is compared with 5'%0 from
Lomonosovsfonna (DJF temperature) in Svalbard. Same as upper panel, but Linnévatnet Ds, (um) is compared to normalized
December to February temperature from climate model Echo-G. Ds is filtered by an eleven-year running mean in (b).

extent of the Western Nordic Seas showing highest
values occurring at the turn of the seventeenth century
that persisted until the nineteenth century (Macias
Fauria et al. 2010). Climate simulations and historical
evidence suggest a strong cooling of the northern North
Atlantic following the Huaynaputina eruption in 1600
CE, triggering persistent sea ice year-round (White et al.
2022). This period coincided with the coolest Atlantic
SSTs (Lapointe et al. 2020) as well as a weaker subpolar
gyre shortly after 1600 CE (Moreno-Chamarro et al.
2017; Lapointe and Bradley 2021). As summers became
cooler, it is plausible that Linnébreen increased in size as

aresult of less ablation and increased precipitation in the
form of snow. The sharp increase in organics at this time
(and concomitant decrease in Ca and Ds,) supports the
hypothesis of a regrowth of Linnébreen in the early
1600s that resulted in finer particle size deposition in
Linnévatnet (Figure 14). Meanwhile, the depleted Ca
input to the lake is indicative of inactive eastern carbo-
nate alluvial fans. In West Greenland and Baffin Island,
glacial advances around ~1570 CE were also documen-
ted (Young et al. 2015; Jomelli et al. 2016). There was
also an increase in organics between 1200 and 1300 CE,
which was similarly documented at Linnévatnet by
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eruption of an unknown volcano (536 CE), as well as the eruption of the Samalas volcano (1257 CE). The chronology being analyzed

encompasses a period of ~2,000 years.

Svendsen and Mangerud (1997). Ca values decreased
after ~1257 CE (and organics increased further), which
may be related to a significant climatic effect of the
largest volcanic eruption of the past millennium (the
1257 CE Samalas eruption in Indonesia). In summary,
our paleoclimatological investigation suggests that
Svalbard is sensitive to external forcing and tracks large-
scale climatic variability over the past thousand years.
Prior to the last millennium, a decreasing trend in
the organics suggests ice retreat of Linnébreen start-
ing at ~300 CE and culminating at ~500 CE, although
independent dating is needed to confirm this chron-
ology. Nevertheless, our results agree well with '°Be

exposure ages on moraine boulders from Linnébreen
and other glaciers from Spitsbergen’s west coast
(Reusche et al. 2014; Philipps et al. 2017; Farnsworth
et al. 2020). During that time, an increased presence
of warm Atlantic waters was recorded around
Svalbard, coinciding with the “Roman Warm period”
(Reusche et al. 2014; Lapointe et al. 2020). Linnébreen
ice growth increased in the late 530s, as reflected by
increasing organic input (Figure 14). This was also
reflected by lower calcium values and, to a lesser
extent, in the grain size data. The timing matches
with the well-known (and unnamed) large eruption
dated 536 CE (Sigl et al. 2015; Biintgen et al. 2016),



suggesting that, overall, the varve record seems to be
quite sensitive to volcanic forcing. The ongoing warming
and hydroclimatic change in Svalbard of the past few years
is outside the natural range of variability during the past
millennium (Figures 13 and 14). Based on meteorological
inferences (Table 2), this recent hydrological shift is
characterized by an increase in rain during summer
and fall as inferred from the abrupt increase in grain
size and Ca. Finally, the lowest organic content
occurred in recent years, highlighting that the current
warming appears unmatched during the past millennia.

Conclusions

Sediment samples collected around Linnévatnet
enabled the identification of three sources of sediment
delivery to mooring C: the carbonate-rich alluvial fan
on the eastern basin, the coal-bearing sandstones
from the central valley, and the phyllite sediments
from the cirque glacier area. The principal source
for sediment delivery at mooring C is Ca, and the
fact that Ca, MS, and organics (percent) are all inter-
related support previous interpretations that Ca and
organic content are inversely correlated and may
serve as proxies for warmer and wetter (higher Ca)
versus cooler (higher organics) conditions. As pre-
viously shown (Svendsen and Mangerud 1997),
organics (percent) can thus be used to reconstruct
the relative influence of Linnnébreen on the lake
sedimentation. The results reveal an ongoing retreat
of Linnébreen glacier since the end of the Little Ice
Age coinciding with increasing grain size and Ca.
Importantly, Linnébreen’s deterioration over the past
decade is unprecedented in the context of the past
several millennia, and the warming in Svalbard has
now exceeded that in Medieval times, consistent with
the recent reappearance of blue mussels (Mytilus edu-
lis) in Svalbard after an ~1,000-year absence (Berge
et al. 2005). Finally, precipitation in the form of rain
has risen considerably in Svalbard in recent years
(Nowak et al. 2021), and this hydrological shift will
likely become prevalent with the ongoing warming
trend.
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