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The Arctic is warming faster than anywhere else on Earth. Holocene proxy time-series are increasingly
used to put this amplified response in perspective by understanding Arctic climate processes beyond the
instrumental period. However, available datasets are scarce, unevenly distributed and often of coarse
resolution. Glaciers are sensitive recorders of climate shifts and variations in rock-flour production
transfer this signal to the lacustrine sediment archives of downstream lakes. Here, we present the first
full Holocene record of continuous glacier variability on Svalbard from glacier-fed Lake Hajeren. This
reconstruction is based on an undisturbed lake sediment core that covers the entire Holocene and re-
solves variability on centennial scales owing to 26 dating points. A toolbox of physical, geochemical (XRF)
and magnetic proxies in combination with multivariate statistics has allowed us to fingerprint glacier
activity in addition to other processes affecting the sediment record. Evidence from variations in sedi-
ment density, validated by changes in Ti concentrations, reveal glaciers remained present in the catch-
ment following deglaciation prior to 11,300 cal BP, culminating in a Holocene maximum between 9.6 and
9.5 ka cal BP. Correspondence with freshwater pulses from Hudson Strait suggests that Early Holocene
glacier advances were driven by the melting Laurentide Ice Sheet (LIS). We find that glaciers disappeared
from the catchment between 7.4 and 6.7 ka cal BP, following a late Hypsithermal. Glacier reformation
around 4250 cal BP marks the onset of the Neoglacial, supporting previous findings. Between 3380 and
3230 cal BP, we find evidence for a previously unreported centennial-scale glacier advance. Both events
are concurrent with well-documented episodes of North Atlantic cooling. We argue that this brief forcing
created suitable conditions for glaciers to reform in the catchment against a background of gradual
orbital cooling. These findings highlight the climate-sensitivity of the small glaciers studied, which
rapidly responded to climate shifts. The start of prolonged Neoglacial glacier activity commenced during
the Little Ice Age (LIA) around 700 cal BP, in agreement with reported advances from other glaciers on
Svalbard. In conclusion, this study proposes a three-stage Holocene climate history of Svalbard, suc-

cessively driven by LIS meltwater pulses, episodic Atlantic cooling and declining summer insolation.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

changing faster than any other region on the Northern hemisphere
over the past decades (Serreze and Barry, 2011). This amplified

Instrumental observations suggest that the Arctic has been response has consistently been simulated by climate models for a
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future with increased atmospheric greenhouse gas concentrations
(Pithan and Mauritsen, 2014). But though albedo and temperature
feedbacks have been suggested (Screen and Simmonds, 2010), the
drivers of Arctic climate variability have yet to be fully constrained
(Miller et al., 2010). It is important to improve our understanding of
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forcing mechanisms, as the Arctic has a disproportionately large
influence on global climate (McGuire et al., 2006; Solomon, 2007).
As the paradigm of a stable Holocene climate has shifted (Bond
et al, 2001; Overpeck et al., 1997), Holocene proxy time-series
are increasingly considered as potential analogues for future
climate, and may help assess the range of natural Arctic climate
variability (McKay and Kaufman, 2014; Wanner et al., 2011).

However, Arctic climate proxy datasets are scarce and unevenly
distributed (Wanner et al., 2011). Moreover, records often cover
only parts of the Holocene and lack robust chronological control
(Sundqvist et al., 2014). Continuous, well-dated and high-
resolution archives are required to resolve the temporal and
spatial signature of Holocene Arctic climate variability. Glaciers are
ubiquitous in the Arctic and rapidly respond to shifts in summer
temperature and winter precipitation (Oerlemans, 2005; @strem
and Liestgl, 1964). This sensitive response to climate change is
captured by variations in minerogenic rock-flour production and
may be recorded in lacustrine sediment archives of downstream
glacier-fed lakes (Karlén, 1976, 1981). Monitoring data demonstrate
that variations in the flux of minerogenic sediments into glacier-fed
lakes provide a robust high-resolution record of glacier activity and
size (Leemann and Niessen, 1994a; Liermann et al., 2012; Roland
and Haakensen, 1985). The signature of rock-flour in lacustrine
sediments therefore serves as a climate proxy that has been widely
applied (Bakke et al., 2010; McKay and Kaufman, 2009; Rosqvist
and Schuber, 2003; Simonneau et al., 2014). Indeed, sediment re-
cords from glacier-fed lakes are rated among the best continuous
high-resolution terrestrial proxy archives available (Ashley, 1995;
Carrivick and Tweed, 2013). Here, the conceptual model
described above has been further developed into a multi-proxy
approach that integrates physical (Bakke et al., 2005), magnetic
(Paasche et al., 2007) and geochemical tools (Bakke et al., 2009), in
combination with numerical techniques (Bakke et al, 2013;
Vasskog et al., 2012).

We present a sediment record from glacier-fed Lake Hajeren in
northwest Spitsbergen that encompasses the entire Holocene. This
region sits at the crossroads of Arctic and Atlantic water masses and
is therefore sensitive to climate shifts (Rasmussen et al., 2014;
Werner et al., 2013). Nonetheless, the coverage of high-resolution
terrestrial climate proxy records in the area is sparse. The main
goal of this study is to provide a reconstruction of Holocene glacier
activity that will improve our understanding of centennial-scale
Arctic climate variability. To this end, we apply a multi-proxy
toolbox to ensure rigor in our interpretations. The methods also
enable us to detect other catchment and lake processes that leave
an imprint in the lake sediment record. Accurate detection of
sediments reflecting glacier activity requires a full understanding of
these processes, which include, but are not limited to, paraglacial
redeposition (Ballantyne, 2002), mass wasting (Vasskog et al.,
2011), lake stratification (Leemann and Niessen, 1994a; Richards
et al., 2012) and redox processes (Lamoureux and Gilbert, 2004).
Moreover, to ensure the chronological robustness required to
resolve centennial climate variability (Sundqvist et al., 2014), we
have used a combination of radiocarbon dating and Paleomagnetic
Secular Variations (PSV). Finally, we integrate this study into a
regional paleoclimatic context by comparing our site-specific
findings to other high-resolution proxy records from the Arctic
sector of the North-Atlantic.

2. Setting

Hajeren, the distal glacier-fed lake investigated in this study,
measures 0.23 km? and is located on the Mitrahalveya Peninsula in
Northwest Spitsbergen (79°15'33.47’N 11°31’4.25"E) (Fig. 1).
Bathymetric profiling reveals two basins with a maximum depth of

19.5 m (Fig. 2). The lake's surface elevation is 35 m a.s.l,, placing
Hajeren slightly above the local marine limit reported by Landvik
et al. (2013) (32 m a.s.l.).

The catchment of Lake Hajeren covers 2.96 km? of which
0.25 km? is presently glacier-covered. Two northwest-facing cirque
glaciers drain into the lake (Fig. 1), which will henceforth be
referred to as North and South glaciers. Based on field observations
(Van der Bilt et al., 2015), the North Glacier (0.8 km?) is believed to
be polythermal, while the South Glacier (0.17 km?) may have
turned cold-based due to recent thinning. Based on documented
past glacier front positions (NPI, 2015) and a lack of geomorphic
evidence (e.g. tectonised sediments and looped moraines), we
argue that both glaciers are not surging. Also, using a historical
aerial photographs (NPI, 1936), both have been retreating for at
least 78 years and likely since the Little Ice Age (LIA). This period of
favorable conditions for glacier growth commenced after
1.3 ka cal BP and culminated on Svalbard during the 19th century
(Salvigsen and Hegvard, 2006). Lake Hajeren is drained by an
ephemeral spillway, enhancing its capacity to retain glacigenic
suspended load (Dahl et al., 2003).

The glacial geomorphology of the catchment is characterized by
two sets of terminal moraine deposits that are indicated as stages 1
and 2 in Fig. 1. Based on aerial photographs from 1936 (NPI, 1936),
Stage 2 moraines were deposited during the culmination of the
Little Ice Age (LIA). The more distal Stage 1 moraines are exclusively
found in front of the more erosive polythermal North glacier and
comprise a complex of mounds (Van der Bilt et al., 2015). Their
weathered appearance and position outside Stage 2 moraine de-
posits suggests that they were possibly deposited during a pre-LIA
glacier maximum, in agreement with findings from nearby catch-
ments (Reusche et al.,, 2014; Rogthe et al., 2015).

Bedrock geology comprises Proterozoic protoliths of the
Krossfjorden group that were metamorphosed during the Gren-
villian orogeny (Dallmann, 2015). Local bedrock predominantly
consists of NNW—SSE trending Signehamna formation schists that
are horizontally overlain by marble belonging to the Generalfjellet
formation in southern Mitrahalveya (Krasilscikov, 1975).

Climate in Spitsbergen is influenced by the West and East
Spitsbergen currents (Rasmussen et al., 2014). The former trans-
ports warm and saline Atlantic waters northwards (Aagaard-
Serensen et al., 2014), while the latter brings in cold water from
the Arctic Ocean (Loeng, 1991). The interplay between these
distinctly different water masses create a climate that is highly
sensitive to shifting oceanic and atmospheric conditions
(Rasmussen et al., 2014) as well as changes in sea ice extent
(Benestad et al., 2002; Miiller et al., 2012). At present, Northwest
Spitsbergen has a maritime polar climate with an average annual
temperature of —5 °C and 427 mm of annual precipitation
measured at nearby Ny Alesund for the 1980—2010 period (Forland
et al, 2012). Temperatures have been recorded since 1898 and
reveal highly variable, but generally warming conditions during the
20th century (Nordli et al., 2014). Moreover, the last 30 years are
characterized by continuous warming with the warmest years on
record occurring during the past decade (Nordli, 2010).

3. Material & methods
3.1. Coring and mapping

In August 2012, a seismic survey was carried out on Lake
Hajeren, using a Mald Ground Penetrating Radar (GPR) system
fitted with a 50 Mhz antenna. Post-processing of these data using
the RadExplorer software package revealed a fairly homogeneous
distribution of soft sediments over two sub-basins henceforth
referred to as North and South basins, with water depths of 13 and
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Fig.1. A: A simplified 25 m contour geomorphological map of the Hajeren catchment, outlined by a red line. Both North and South glaciers, their outlet streams and lake Hajeren are
displayed. B: Close-up of the Svalbard archipelago, marking the Hajeren catchment with a red rectangle. C: North Pole view map of Svalbard (blue) and the Arctic (delimited by the
red dashed line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

19.5 m, respectively (Figs. 2 and 3). Following the seismic survey,
sediment cores were extracted close to the deepest spots in each
basin (Fig. 3). Fig. 2 demonstrates that the lake bottom surrounding
both coring sites is flat, reducing the risk of post-depositional
sediment disturbance like slumping (Dahl et al., 2003). Two
cores, HAPO112 and HAP0212, were extracted from a coring plat-
form, using a modified Nesje piston corer (Nesje, 1992) fitted with
110 mm diameter tubing (Fig. 3). Coring was followed by geomor-
phological mapping during the summer of 2014. Landform-
sediment assemblages in the catchment have subsequently been
mapped at in detail (Van der Bilt et al., 2015), complimenting evi-
dence from aerial photographs (NPI, 1936, 2009).

3.2. Analyses

We reconstructed glacier activity in the Hajeren catchment us-
ing a combination of geomorphological mapping, lake coring, and
laboratory analyses of the lake sediments. The latter encompass a
toolbox of physical, geochemical and magnetic proxies, developed
to detect a glacier signal in distal glacier-fed lakes (Bakke et al.,
2013; Rethe et al., 2015; Wittmeier et al., 2015). A robust chronol-
ogy was established using Accelerator Mass Spectrometry (AMS)
radiocarbon dating of terrestrial macrofossils and Paleomagnetic
Secular Variations (PSV).

3.2.1. Lithostratigraphy

Before describing their lithological characteristics, the extracted
piston cores were split. Sediments from core HAP0112, extracted
adjacent to a steep slope in the South basin, were found to be
disturbed between 35 and 125 cm core depth (Fig. 3). As such, the
332 cm long undisturbed core HAP0212 from the North basin of
Lake Hajeren was selected as master core (Figs. 3 and 4). Moderate
correspondence with the undisturbed upper 35 cm of HAPO112,
using Zr counts, suggests that the sedimentary signal from
HAPO0212 is representative (Fig. 3). To measure sediment Dry Bulk
Density (DBD), indicative for the influx of suspended rock-flour
(Karlén, 1976) and a proxy for glacier activity (Bakke et al.,
2005),0.5 cm? of sediment was extracted every 0.5 cm (n = 618).
The bottom 20 cm of HAP0212 comprises a pebbly diamict and
could therefore not be sampled. Samples were subsequently dried
overnight at 105 °C and weighted for DBD and Water Content (WC)
following Menounos (1997). To measure organic content, the same
samples were subsequently transferred to crucibles and ignited at
550 °C for Loss-On-Ignition (LOI) in a muffle furnace (Heiri et al.,
2001).

3.2.2. Magnetic properties
Mineral magnetic properties are commonly used as indicators of
glacially-derived minerogenic matter in the sedimentary record of
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Fig. 2. Bathymetry of Lake Hajeren with 1 m contour lines, showing two sub-basins.
Coring locations of cores HAPO112 and HAP0212 are indicated.

glacier-fed lakes (Matthews and Karlén, 1992; Snowball and
Sandgren, 1996). For this study, we measured surface Magnetic
Susceptibility (MS) and (bulk) Anhysteric Remanent Magnetization
((X)ARM) on HAP0212. Surface MS was measured continuously at
1 cm resolution with a Bartington MS3 meter equipped with a
MS2E surface sensor. ARM was first measured on extracted u-
channels at 1 cm intervals in a 2G superconducting rock magne-
tometer at Oregon State University by applying a 0.1 mT Direct
Current (DC) field followed by a 10 mT Alternating Current (AC)
field. To allow for a more detailed investigation of the variable
upper core half, we also measured bulk ARM (YARM) on 6 cm’
discrete samples extracted at 0.5 cm intervals (n = 327). To this end,
we imposed identical DC and AC field strengths in a 2G Alternating
Field (AF) degausser.

3.2.3. Geochemistry

X-Ray Fluorescence (XRF) count rates detect changes in litho-
genic influx and have been used to infer changes in glacier mass
turnover (Bakke et al.,, 2009). Accordingly, the geochemistry of
HAP0212 was semi-quantitatively mapped using an XRF core
scanner (Croudace et al., 2006). Elemental profiles were obtained at
200 pm resolution from the split cores by a Cox Analytical Systems
ITRAX scanner at the department of Earth Science in Bergen. To
acquire the highest sensitivity for heavier lithogenic elements,
scans were performed using a Molybdenum (Mo) tube (Boés et al.,
2011). The cores were covered with foil to prevent sediments from
drying out and protect the detector of the instrument after Tjallingii
et al. (2007). To prevent interannual variability from obscuring the
centennial-scale climate signal studied here (Birks, 1998),

measurements were smoothed using a 25-point moving average
and subsequently resampled at 0.5 cm resolution.

3.2.4. Chronology

We used two independent chronological methods to construct
an age-depth model for core HAP0212: radiocarbon dating and
Paleomagnetic Secular Variation (PSV) correlation. 24 terrestrial
plant macrofossil samples were extracted at frequent intervals by
wet-sieving sediments using a 125 um mesh, transferred to sterile
vials and submitted for AMS radiocarbon dating (Table 1). Samples
with a dry weight equal or less than 2 mg (n = 13) were sent to the
Lund University Radiocarbon Dating Laboratory (LuS). Larger
samples (n = 11) were processed by the Poznan Radiocarbon Lab-
oratory (Poz). PSV describe the directional and intensity changes of
Earth's magnetic field and enables chronological synchronization
between records (Thompson and Turner, 1979). To improve chro-
nological accuracy, we used a PSV-derived chronology for core
sections below 231.5 cm depth, characterized by the infrequent and
scarce occurrence of datable macrofossils (Table 1). We could not
extract material for basal dating from both units 4 and 5 in the
absence of macrofossils. Declination, inclination and intensity
component records were measured on core HAP0212 at 1 cm res-
olution, using a 2G superconducting rock magnetometer at Oregon
State University (Olafsdottir et al., in prep.). Tie-points were then
generated by synchronizing HAP0212 inclination and declination
features to those of the well-dated MD99-2269 marine core from
the Icelandic shelf (Olafsdéttir et al., 2013; Stoner et al., 2007).

3.2.5. Grain size

As glacial meltwater is characterized by an abundance of sus-
pended silt and clay grains (1-63 pm) (Leemann and Niessen,
1994a), we analyzed the grain-size distribution of selected min-
erogenic intervals. 8—12 gr of sediment were extracted every 1 cm
for the intervals between 39.5 and 47.5 (1), 110.5—115.5 (2) and
137.5—144.5 (3) cm core depth (n = 36). The same was done be-
tween 30.5 and 34.5 cm (n = 5), the onset of a period of sustained
minerogenic sedimentation and documented LIA glacier activity
(paragraph 2) To dissolve organic matter, sediment samples were
stirred for 2 days in a 5% H,0; aqueous solution before being sieved
through a 63 um mesh. The dried residue was then disaggregated in
a 0.005% Calgon solution (Jones et al.,, 1988) and analyzed in a
Micromeritics Sedigraph 5100 equipped with a Mastertech 5.1
automatic sampler. We employed the GRADISTAT grain size sta-
tistics package by Blott and Pye (2001) to process Sedigraph mea-
surements using the geometric Folk and Ward method (Folk and
Ward, 1957).

3.2.6. Statistics

Statistical analyses are increasingly applied on lake sediment
records to improve our understanding of multi-proxy datasets
(Birks, 1998; Koinig et al., 2003). Here, we applied cluster analysis
on the HAP0212 dataset to objectively categorize the record into
different units, while normalization against LOI was used to ac-
count for dilution effects in the geochemical data. Finally, ordina-
tion was performed using Principal Component Analysis (PCA) in
order to investigate variability shared between proxies.

3.2.6.1. Cluster analysis. Lake sediment records are commonly
categorized into stratigraphical units using subjective methods
such as visual inspection. Here, cluster analysis was applied to
objectively categorize the HAP0212 record into different units.
Following Bakke et al. (2013), we used the constrained incremental
sum of squares clustering (CONISS) algorithm (Grimm, 1987) in the
Tilia software package (Grimm, 2011). The independently
measured parameters ARM, DBD and MS were selected for cluster
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Fig. 3. Transect through both South and North basins of Lake Hajeren. Coring locations of HAP0112 and HAP0212 are indicated. The upper 40 cm of both cores have been correlated

using Zr count rates.

analysis. Dissimilarity was then calculated using Euclidean distance
and expressed using total mean square values. We took a total sum
of squares cut-off value of 1.25 to subdivide the record.

3.2.6.2. Normalization. Elemental profiles measured by XRF core
scanner are affected by physical sediment properties (Croudace
et al,, 2006) and should therefore be cautiously interpreted. For
this study, we used normalization to address impacts of the
commonly described closed-sum effect (Rollison, 1993), which
concerns dilution of the XRF signal by organic matter. This may
obscure relative changes in elemental abundances and could
therefore overprint sources of environmental variability in our data
that are unrelated to changing organic content.

We first applied multiple criteria for the selection of XRF
elemental profiles in our analysis. Only elements with high sensi-
tivity to the Mo tubing fitted during measurement were included
according to Cox Analytical Systems specifications. This selection
excludes lighter elements that are known to be sensitive to scat-
tering and absorption of X-rays by water, such as Al and Si (Tjallingii
et al., 2007). Moreover, elements with low count rates, here defined
as having a mean < 100 kilocounts per second (kcps), were omitted
following Striberger et al. (2011). Finally, we excluded elements
with a low signal-to-noise ratio (SNR), defined as the ratio of mean
u over standard deviation o after Montgomery (2008), equal or less
than 2.

Different approaches that aim to resolve the closed-sum effect

on scanning XRF data through normalization have been proposed.
For example, Thomson et al. (2006) and Lowemark et al. (2011)
suggest normalizing against conservative Al Kylander et al.
(2011), on the other hand, normalize their data against the ratio
of incoming plus coherent scattering, which responds to shifts in
organic content. Here we adopted a variation of the latter
approach, normalizing conservative elements against our sepa-
rately measured LOI record. Normalizing against LOI enables us to
isolate environmental variability not related to changes in organic
content of the sediments. This step is expected to amplify the
subtle shifts in minerogenic input characteristic for changes in the
mass turnover rate of small glaciers like those in the study area
(Leonard, 1985).

3.2.6.3. Ordination. Ordination techniques have been increasingly
employed to understand gradients of environmental variation in
lake sediment core data since the 1980s (Sergeeva, 1983). Following
Vasskog et al. (2012), we carried out Principal Component Analysis
(PCA) (Hotelling, 1933) on our multi-proxy dataset to assess
whether variables show a shared response to glacigenic sedimen-
tation. To this end, we used version 5 of the CANOCO software by
Ter Braak (1988). Assessed variables were transformed prior to PCA
to reduce the asymmetry of their distribution and increase linearity
(Legendre and Birks, 2012), following CANOCO suggestions. Non-
linearity between variables reduces the common variability
detected by PCA and renders the ordination axes dependent
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(Smilauer and Leps, 2014). To emphasize correlations in the ordi-
nation diagram, variables were respectively centered and stan-
dardized before analysis, following the recommendations of

Table 1

Overview of radiocarbon samples from core HAP0212.

o

Ti/LOI
1200

104

MS (SI)

1.5x10%

1600 2000

388

1417

2210
2563

3609

4595
4895
5217

5965
7034
8185
9626

* 11118
11553

Smilauer and Leps (2014). Based on the previously described
criteria, 9 variables were included in the PCA on a shared 1-cm
sampling resolution (n = 250): elemental count rates of K, Ti, Fe,

Core Lab nr. Material mg C Depth (cm) 14C age (BP) Min. age (cal BP) Max. age (cal BP) Mean (cal BP)
HAP0212 1-2 Poz-57711 Plant macrofossil 0.5 8.5 175 + 25 137 223 171
HAP0212 1-2 Poz-57712 Plant macrofossil 0.4 16.5 350 + 40 313 493 388
HAP0212 1-2 LuS 10735 Plant macrofossil 0.19 35 800 + 60 658 802 738
HAP0212 1-2 LuS 10736 Plant macrofossil 03 53.5 1470 + 50 1293 1418 1417
HAP0212 1-2 LuS 10737 Plant macrofossil 0.22 60 1935 + 60 1722 2000 1798
HAP0212 1-2 Poz-57713 Plant macrofossil 0.3 73.5 2200 + 50 2109 2339 2210
HAP0212 1-2 Poz-57714 Plant macrofossil 0.5 81.5 2305 + 35 2301 2360 2337
HAP0212 1-2 LuS 10738 Plant macrofossil 0.42 89.5 2500 + 50 2426 2743 2563
HAP0212 1-2 LuS 10739 Plant macrofossil 0.44 116 3175 + 50 3322 3484 3393
HAP0212 1-2 LuS 10740 Plant macrofossil 0.36 123 3355 + 50 3461 3699 3609
HAP0212 1-2 LuS 10741 Plant macrofossil 0.36 127 3480 + 50 3633 3879 3737
HAP0212 1-2 Poz-57715 Plant macrofossil 0.4 155 4070 + 40 4436 4649 4595
HAP0212 1-2 LuS 10742 Plant macrofossil 0.48 160 4230 + 50 4611 4767 4782
HAP0212 1-2 Poz-57716 Plant macrofossil 0.8 163 4370 + 35 4856 4984 4895
HAP0212 2-2 Poz-60452 Plant macrofossil 0.6 167 4425 + 35 4872 5069 5030
HAP0212 2-2 Poz-60453 Plant macrofossil 0.7 172.5 4480 + 35 5035 5291 5217
HAP0212 2-2 Poz-60454 Plant macrofossil 0.6 177.5 4720 + 40 5324 5416 5411
HAP0212 2-2 Poz-60455 Plant macrofossil 191.5 5200 + 35 5903 6004 5965
HAP0212 2-2 Poz-60456 Plant macrofossil 0.4 201.5 5770 + 50 6446 6672 6591
HAP0212 2-2 LuS 10866 Plant macrofossil 0.4 2315 7305 + 50 8004 8200 8185
HAP0212 2-2 LuS 10867 Plant macrofossil 0.3 248.5 9565 + 55 10,715 11,109° 10,912
HAP0212 2-2 LuS 10868 Plant macrofossil 0.2 265.5 16,580 + 180 ) )
HAP0212 2-2 LuS 10869 Plant macrofossil 0.4 269.5 9750 + 55 11,082 11,254 11,118
HAP0212 2-2 LuS 10870 Plant macrofossil 0.3 317 25,100 + 300 ) )

*Indicate samples that were not calibrated due to an improbable age (LuS 10868) and extracted from the disturbed lower core section (LuS 10870).

@ Indicate designated outliers.

(d9 1e2) eby
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Rb and Zr in addition to the physical parameters DBD and LOI as
well as magnetic properties ARM and MS.

4. Results
4.1. Lithostratigraphy

The lithostratigraphy of core HAP0212 is shown in Figs. 4 and 5.
By means of cluster analysis, the upper 320 cm of the record
were objectively categorized into four units (1—4). The bottom
20 cm of HAP0212 (unit 5) was too coarse-grained and uneven for
sampling or scanning and is therefore also excluded from cluster
analysis.

4.1.1. Unit 5 (332 — 320 cm)

Unit 5 encompasses the bottom 12 cm of core HAP0212 and
comprises two sub-units, 5a and 5b. 5a (332—323.5 cm) is a diamict
that consists of sub-angular pebble-sized clasts with no apparent
orientation, embedded in a matrix of grey silty clay with a 2.5Y 6/2
Munsell chart value (Munsell and Color, 2000). The embedded
clasts all consist of mica schist, similar to the Signehamna forma-
tion bedrock found in the Hajeren watershed (Ohta et al., 2002).
The angular open work fine gravels of sub-unit 5b (320—323.5 cm)
are poorly sorted and fine upwards. The transition into unit 4 is
abrupt along a truncated surface.

0 5¢10°

207

4.1.2. Unit 4 (320 — 272 cm)

Unit 4 consists of massive grey (2.5Y 7/2) sandy silts with high
DBD values that average 1.55 g/cm® (Fig. 4). We measured un-
drained shear strength of 126 kPa in duplicate at 300 cm core depth
using a fall cone test after Tanaka et al. (2012), suggesting
compaction. Dewatering structures are also visible at selected in-
tervals. In its entirety, unit 4 is faintly stratified, as the silty fining-
upwards sediments are regularly interspersed with sandier
intervals.

4.1.3. Unit 3 (272 — 203 cm)

Fig. 4 shows that the physical characteristics of units 3 and 4
differ significantly. The faint laminations in the upper part of unit 4
become more apparent in unit 3 due to more distinct variations in
minerogenic content reflected by LOI and DBD curves (Figs. 4 and
5). The lower 10 cm of unit 3 consist of dark brown (7.5YR 4/3)
organic-rich sediments and show a marked prolonged spike in LOI
with maximum values of 10.5% (Fig. 5). In general, unit 3 is char-
acterized by gradual but distinct alternations between grey (10YR
8/1) minerogenic (LOI = 1.5—5%) and relatively organic-rich dark
brown (7.5YR 6/3) intervals (LOI = 5—11%). DBD values peak
around 251 cm depth (Fig. 4). Towards the upper boundary, unit 3
grades into dark brown gyttja with a consistently higher organic
content.
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Fig. 5. LOI and ARM, scanned ARM (brown), XARM (grey), and Fe/Ti (orange) from core HAP0212, plotted on depth-scale at 0.5 cm resolution on depth-scale. The 4 main units,
determined by cluster analysis (paragraph 3.2.6.1) are delimited with dashed lines. Intervals I, 2 and 3 are emphasized by shaded bars. Optical (RGB) and radiograph grayscale
images are displayed on the left, while core depths (red bullets) and calibrated ages of dated radiocarbon samples (blue) as well as PSV tie-points (red) are shown on the right. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4.14. Unit 2 (203—30.5 cm)

Unit 2 is characterized by a prolonged increase in LOI values as
shown in Fig. 5. This rise in organic content is asymmetrically
shaped with a slow build-up from =5% towards =28% peak at
69 cm depth followed by a rapid decline towards unit 1. Low DBD
values suggest minimal minerogenic and/or high organic sedi-
mentation throughout most of unit 2. This trend is interrupted by
intervals 1, 2 and 3, as shown in Fig. 5.

The organic-rich sections (LOI > 10%) are colored dark brown
(7.5YR 2.5/1), whereas intervals 1, 2 and 3 are yellowish grey (10YR
7/3). The sediments of unit 2 are laminated throughout, but layer
properties differ substantially between organic-rich and minero-
genic intervals. The former comprise millimeter-scale couplets,
while laminae in the latter are substantially wider. Fig. 4 demon-
strates that DBD values change rapidly towards the boundary with
unit 1, marking a shift towards increasingly minerogenic lacustrine
sedimentation.

4.1.5. Unit 1 (30.5-0 cm)

The upper unit of core HAP0212 covers the first period of pro-
longed minerogenic sedimentation since unit 3. Sediments com-
prises grey (10 YR 7/1-2) silty clays, comparable to those found in
unit 3. Moreover, the grayscale image shows that unit 1 also ex-
hibits the centimeter-scale laminations found in unit 3 and in-
tervals 1, 2 and 3 in unit 2. After spiking at the onset of unit 1, DBD
values gradually increase towards the top and peak around 4 cm
depth at 1.27 g/cm3. This value is similar to those observed in unit 3
as well as intervals 1, 2 and 3 as shown by Fig. 4.

4.2. Age-depth model

The HAP0212 age-depth model was generated using the Clam
2.2 package (Blaauw, 2010), ran in the open-source R environment
version 3.0.1 (RCoreTeam, 2014). Included radiocarbon ages
(n = 21) were calibrated using the IntCal13 terrestrial calibration
curve for the Northern Hemisphere (Reimer et al., 2013). Based on
outlined signs of reworking and a dynamic sedimentology (para-
graph 4.12.), sections unit 4 that are older than 11,480 cal BP were
excluded from our age-depth model. This basal age was generated
through synchronization of the Hajeren PSV record with that of the
well-dated master curve from core MD99-2269 (Olafsdéttir et al.,
2013; Stoner et al., 2007). Due to the outlined scarcity of macro-
fossils and conflicting ages (Table 1), PSV ties were used to
constrain our model below 231.5 cm core depth. In total, we
admitted 5 points with ages of 7019, 8115, 9639, 10,718 and
11,480 cal BP (Fig. 6). To account for uncertainties, we applied a
+100 years uncertainty envelope after Larsen et al. (2012). Based on
the PSV chronology, radiocarbon dates LuS 10867 and LuS868
(Table 1) were designated as an outlier. The final age-depth model
was generated using default smooth spline interpolation, produc-
ing the highest goodness-of-fit (11.44) (Fig. 6). Ages were interpo-
lated at the common 0.5 cm resolution of our proxy data using
10,000 iterations, as recommended by Blaauw (2010). The resulting
age-depth model has an average down-core sample resolution R of
21.91 years, with an average dating sample frequency f of 421.56
years (Sundqvist et al., 2014).

4.3. Grain size

Clay and silt (1—63 um) fractions from the previously described
minerogenic intervals 1, 2 and 3 were analyzed to help identify
their depositional signature (Fig. 7). Additionally, grain size analysis
was performed on reference sediments, deposited during the onset
of a period of documented glacier activity (paragraph 2). As can be
seen in Fig. 7, minerogenic intervals 1, 2 and 3 are dominated by the

fine silt and clay fractions. A similar development can be observed
for the onset of prolonged late Holocene minerogenic sedimenta-
tion in Hajeren at the top of unit 2. Coarser fractions, which often
characterize mass-wasting events (Rubensdotter and Rosqvist,
2009; Vasskog et al., 2011), are under-represented in intervals 1,
2 and 3. The grain size distribution profiles also indicate weak
bimodality for the discussed intervals with peaks in the (very) fine
silt fractions. Finally, Fig. 7 shows that distribution patterns from
the latter intervals correspond to those seen for the minerogenic
reference sediments of LIA age that border unit 1.

4.4. Magnetic properties

MS and ARM were measured on HAP0212 to track glacier-
derived minerogenic sedimentation in Hajeren following
Snowball and Sandgren (1996) and Matthews and Karlén (1992).
Figs. 4 and 5 show down-core variations in (X)ARM and MS. MS
values are highest in the coarse sediments of unit 4 (Fig. 4). Average
MS values of unit 4 are 56% higher than those of unit 1, which has
the second-highest MS values of HAP0212. Based on the MS mea-
surements, unit 4 appears distinctly different from the other units.
It is also apparent that MS and DBD visually correlate in the min-
erogenic units 1 and 4. This relationship is less visible in unit 3 and
poor in unit 2 as demonstrated by a Spearman's rho (g) of 0.316
(n = 130). MS values show a similar asymmetric increase towards
the top of unit 2 as observed in the LOI record. Fig. 5 demonstrates
this pattern is more pronounced in the ARM record of unit 2. A g of
0.67 (n = 256) between LOI and discrete ARM measurements on
unit 2 (XARM) affirms the strength of this correlation. However, as
with the previously described LOI record, the build-up of ARM
through unit 2 is disrupted by intervals 1, 2 and 3. Following
Paasche et al. (2004), XARM was plotted against LOI to investigate
the relationship between the two variables through unit 2 in closer
detail (Fig. 8). Units 1 and 2 form distinct populations, characterized
by different relationships between LOI and ARM as underlined by
disparate regression coefficients. Though R? values attest to a fairly
scattered sample distribution, the trends show that LOI and XARM
exhibit a positive relationship with an inflection around 5—10% LOI.
XARM and LOI increase congruously throughout unit 2 and high
values of both parameters co-occur. However, this relation is
markedly different for the low LOI values of minerogenic unit 1.
Here, XARM values are an order of magnitude lower. Fig. 8 shows
that LOI and XARM combinations from intervals 1, 2 and 3 notably
group with those of unit 1.

4.5. Geochemistry

Following the previously described selection criteria (paragraph
3.2.6.2), we included elemental count rates of K, Ti, Fe, Rb and Zr in
our study to detect changes in lithogenic influx and glacier mass
turnover (Bakke et al., 2010; Guyard et al., 2013; Kylander et al.,
2011; Vasskog et al., 2012). We used the frequently applied Fe/Ti
ratio (Croudace et al., 2006; Cuven et al., 2010; Thomson et al.,
2006) to assess the impact of redox diagenesis on the Hajeren re-
cord. Fig. 5 demonstrates that Fe/Ti ratios are low and vary little
throughout unit 4 and, to a lesser extent, units 1 and 3. Unit 2, on
the other hand, displays a notably higher degree of variability while
average Fe/Ti ratios are an order of magnitude larger. Fe/Ti mimics
LOI throughout units 1, 2 and 3 as attested by a ¢ of 0.81 (n = 533).
ARM values also capture Fe/Ti variability, as expected based on the
relation between organic content and XARM show in Fig. 8. This
correlation is strongest for the 0.5 cm XARM record (¢ = 0.55,
n = 324). As with LOI and ARM, the higher and more variable Fe/Ti
ratios of unit 2 also display a similar asymmetrical increase towards
maximum values between 50 and 60 cm core depth. This build-up
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is also interrupted in the Fe/Ti record during intervals 1, 2 and 3
where values are lowest.
We used conservative Titanium (Ti) to detect changes in
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Fig. 7. Grain size distribution data (0—63 pm) plotted on a semi logarithmic scale for
minerogenic intervals 1, 2 and 3, compared to LIA sediments (red) as well as common
mass-wasting events density currents and floods (dashed) from Vasskog et al. (2011).
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

lithogenic influx and glacier mass turnover following Bakke et al.
(2009). Ti elemental count rates were normalized against LOI
(paragraph 3.2.6.2) to address the closed-sum effect (Rollison,
1993) and isolate variability not related to changes in sediment
organic content. Fig. 4 indicates that down-core Ti/LOI variability
bears great resemblance to the previously described DBD record as
demonstrated by a Spearman's rho (g) of 0.944 (n = 616). Values
peak in the course-grained sandy silts of unit 4 and are generally
high in the minerogenic silty clays of units 1 and 3. Ti/LOI ratios
gradually decrease from the latter unit towards low background
values of organic-rich unit 2. As can be seen in Fig. 4, the minero-
genic intervals 1, 2 and 3 also show up as marked features in the Ti/
LOI record. As with DBD, intervals 2 and 3 are particularly pro-
nounced with values similar to the minerogenic sediments of unit
1. Like DBD, Ti/LOI values are highly variably throughout unit 1.
After levelling off after the onset of minerogenic sedimentation,
average values decline while displaying a high degree of variability
before peaking again around 4 cm depth.

4.6. Ordination

To detect common environmental variability in our dataset and
help assess whether proxies show a shared response to glacier
activity, we carried out PCA following Vasskog et al. (2012) and
Bakke et al. (2013). Fig. 9 shows the ensuing ordination diagram
with the 9 selected geochemical, physical and magnetic variables.
Post-analysis transformation included scaling sample scores using
a 0.4 factor, suggested by CANOCO, to further highlight inter-
variable correlations. Here, we plotted sample scores along the
first two ordination axes (PC1 and PC2) which together capture
84.5% of variation in core HAP0212. PC1 is most significant and
explains 70.5% of all variation, signifying strong shared variability
between the measured proxies in Hajeren. As demonstrated by
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Fig. 9, ordination underlines the robustness of the performed
cluster analysis as samples from individual units group together.
Samples from the silty clay of units 1 and 3 plot close to PC1 in the
lower left quarter of the ordination diagram and are associated with
detrital indicators Rb, Zr, Ti and K as well as DBD. Scores for the
minerogenic intervals 1, 2 and 3 group near those from units 1 and
3. Samples from the coarse-grained and compacted unit 4 also plot
near the DBD vector. Moreover, the distinctness of unit 4 is reflected
by the PCA by a relatively strong loading on PC2 and grouping of
samples close to the MS vector. Unit 2 samples plot on a gradient
along PC1 between the groups of units 1 and 3 towards the
correlated variables ARM, LOI and Fe. In general, PC1 covers a
gradient of variability between minerogenic indicators (DBD, Rb, Zr,
Ti and K) and variables that co-vary with LOI (Fe and ARM).

5. Discussion
5.1. Detection of glacier activity

5.1.1. Sources of error

Understanding catchment processes is imperative for an accu-
rate reconstruction of glacier activity using multi proxy analyses of
sediments deposited in distal glacier-fed lakes (Rubensdotter and
Rosqvist, 2009; Wittmeier et al., 2015). This is particularly perti-
nent for processes that may leave a similar physical imprint in
lacustrine sediments (Ballantyne, 2002; Leonard, 1997,
Rubensdotter and Rosqvist, 2009). Based on the laminated sedi-
ments of core HAP0212 and the grain size signature of selected
sediments (paragraph 4.3), we suggest that mass wasting events
had a limited influence on the Hajeren record. Moreover, a scarcity
of mapped fine-grained glacigenic deposits in the catchment in-
dicates that the impact of paraglacial modification is limited (Van
der Bilt et al., 2015). This is supported by minimal minerogenic
input in unit 2, also suggesting a high sensitivity of the record to the

signature of glacial flour.

A site-specific source of error may stem from the presence of
two glaciers in the Hajeren catchment (Fig. 1), potentially
responding differently to the same climate forcing. However, based
on their mapped extent (NPI, 2015), both glaciers show a uniform
post-LIA retreat pattern as anticipated based on a corresponding
aspect and elevation range. To further assess their individual
climate sensitivity, we applied the Hypsometric Index (HI) pro-
posed by Jiskoot et al. (2009) using aerials, a Digital Elevation
Model (DEM) and mapped glacier extent (NPI, 2015). Near-identical
HI values of 2.13 for the North- and 2.14 for the South Glacier
support the notion that both glaciers respond similarly to climate
variability.

5.1.2. Multi-proxy approach

Organic content, approximated by LOI, is often used as an in-
verse indicator of minerogenic sedimentation in glacier-fed lakes to
reconstruct glacier activity (Dahl et al., 2003; Karlén, 1976). How-
ever, as will be discussed in paragraph 5.2, LOI values in Lake
Hajeren do not appear to be governed by minerogenic sedimenta-
tion alone, as suggested by a high correlation with redox sensitive
Fe/Ti ratios as well as ARM (Fig. 5). Moreover, low (<5%) values
during intervals of generally dense minerogenic sedimentation
extinguish the amplitude of variation recorded by the LOI record
(Bakke et al., 2005; McKay and Kaufman, 2009).

To overcome these limitations, we use DBD to track variations in
minerogenic lacustrine input and relate these to past variations in
glacier activity. Apart from the influx of minerogenic matter, DBD is
affected by variations in grain size. Highest values are found in fine-
grained, poorly sorted sediments of low porosity (Menounos, 1997).
Glacigenic suspended load is typically dominated by the fine clay
and silt fractions (Leemann and Niessen, 1994b). Therefore, lacus-
trine sediments with a glacial imprint are characterized by a high
density as demonstrated by Bakke et al. (2005).
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of selected environmental variables.

Following Vasskog et al. (2012) and Wittmeier et al. (2015), we
also use PCA to help fingerprint glacigenic sediments. Based on
strong loading of DBD and minerogenic indicators Ti, K, Zr and Rb,
we argue that PC1 captures the signal of glacier variability in the
catchment (Fig. 9). With a loading of —0.945, Ti kcps demonstrate
the highest PC1 scores. As such, we validate the physical evidence
from DBD variability using concurrent changes in, LOI-normalized
(paragraph 3.2.6.2), Ti to detect changes in glacier mass turnover
(Bakke et al., 2009) (Fig. 10). Also, samples from unit 1, a period of
sustained minerogenic sedimentation and historical glacier activ-
ity, group in the same sector of the ordination diagram as DBD and
Ti/LOI (Fig. 9).

Finally, the applied multi-proxy toolbox includes grain size
analysis on previously described selected minerogenic intervals
(Figs. 4 and 7). Quantification of the fine-grained fractions allows
additional testing and identification of a glacial signature
(Leemann and Niessen, 1994a; Matthews and Karlén, 1992; Peach
and Perrie, 1975).

5.2. Non-glacial environmental variability

Minimal minerogenic input is prevalent during the Middle to
Late Holocene sediments of unit 2 (Fig. 4). Sediments are mostly

organic-rich (Fig. 5) and high LOI correlates strongly with redox-
sensitive Fe[Ti ratio (¢ = 0.68, n = 338), as well as XARM
(@ =0.67, n = 256). We argue that, apart from the inferred advances
around 4100, 3300 and 1100 cal BP (paragraphs 5.3.3 and 5.3.4)
glaciers disappeared from the catchment after = 7.4—6.7 ka cal BP.
Instead, it seems plausible that shifting redox conditions in the lake
catchment or within the lake itself governed the sedimentation
throughout most of unit 2, particularly between =4000 and
1400 cal BP. The transition from minerogenic Early Holocene sed-
iments towards core samples that group with LOI and correlated Fe/
Ti and ARM values is expressed in the ordination diagram of Fig. 9.
Evidently, ARM variability does not co-vary with shifts in
minerogenic-derived magnetic grain size in Hajeren as in other
glacier-fed lakes (Matthews and Karlén, 1992; Snowball and
Sandgren, 1996). Based on the congruous positive relationship
seen in Fig. 8, ARM variability in unit 2 appears to be biologically
controlled. Though we lack data to detect biogenic magnetite using
a Moskowitz diagram (Moskowitz et al., 1993), we tentatively
attribute this biological control to Magnetotactic Bacteria (MTB's),
following Paasche et al. (2004). These synthesize Magnetite near
the Oxic—Anoxic Transition Zone (OATZ) and also occur in adjacent
lake Klgsa (Rothe et al., 2015). Coeval high and correlated Fe/Ti
ratios, an indicator of redox diagenesis (Croudace et al., 2006;
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Cuven et al., 2010), support the prevalence of anoxic conditions.
5.3. Holocene glacier variability

5.3.1. Deglaciation

Distinctly disparate sediment characteristics suggest a different
source of the sediments from units 4 and 5 as compared to the rest
of the core. This dissimilarity is particularly well expressed by high
MS values and captured by the ordination diagram displayed in
Fig. 9. In general, high DBD and Ti/LOI values indicate high litho-
genic influx in a dynamic setting as demonstrated by the course-
grained lithology (Fig. 4). The association of the sandy silts of unit
4 with the underlying diamict and gravel of unit 5 is diagnostic for
the transition from ice-contact to distal glacier-fed lake during ice
retreat (Ballantyne, 2002). In keeping with this interpretation, we
suggest that the diamict of unit 5 is a till, deposited when ice
occupied the lake basin. The overlying open-work gravel facies is
indicative of sub-aqueous outwash as suggested by Ashley (1995).
In summary, following ice retreat, the depositional environment of
Hajeren progressively evolved from an ice-contact delta to a more
ice-distal setting. The latter gravels progressively fine up into the
silty sands of unit 4, suggesting a gradual transition towards a more
ice-distal setting (Ballantyne, 2003). The bulk of unit 4 comprises
stratified sediments where alternations between silty and sandy
beds are recorded by shifts in Ti/LOI (Fig. 4). Such facies are asso-
ciated with rapid deposition of reworked glacigenic material during
deglaciation (Eyles et al., 1990; Miiller, 1999). High sedimentation
rates are furthermore supported by the presence of dewatering
structures. Based on the observed compacted nature of unit 4 de-
posits, these may also reflect deformation by stranded ice,
following Fulton (1965) and Eyles et al. (1991). Overall, we suggest
that the sediments of unit 4 and 5 were rapidly deposited during
regional deglaciation. Based on the presented age-depth model
(Fig. 6), we argue that the Hajeren watershed deglaciated prior to
11,300 cal BP. These findings agree with Landvik et al. (2013), who
propose deglaciation of Mitrahalveya peninsula around 12.2 ka BP.

5.3.2. 11,270—6700 cal BP: Early Holocene glacier activity

All proxy records in Fig. 4 show a steep drop after the transition
from unit 4 to 3, indicative of the previously discussed shift in ice
proximity and general depositional environment after deglaciation.
However, the indicators used to reconstruct glacier activity, DBD
and Ti/LOI, show that minerogenic input remains high but variable,
with a gradual decrease towards unit 2 (=6700 cal BP). Moreover,
samples from unit 3 have similar ordination scores as those from
unit 1 (Fig. 9), deposited during a period of documented glacier
activity in the catchment (paragraph 2). Notwithstanding frequent
high-amplitude variability, visual inspection of unit 3 reveals a
continuous sequence of regularly laminated sediments, suggesting
of a low-energy depositional environment.

We therefore argue that glaciers were active in the Hajeren
catchment during the Early Holocene. Modification of older glaci-
genic sediments cannot be excluded (Rubensdotter and Rosqvist,
2009). However, the small catchment size (Fig. 1) (Harbor and
Warburton, 1993) and rapid exhaustion of fine-grained deposits
(Van der Bilt et al., 2015) argue against prolonged paraglacial
activity.

Both indicators of glacier activity as well as sea ice concentration
variations in the Fram Strait by de Vernal et al. (2013) indicate a
dynamic Early Holocene towards = 9000 cal BP (Fig. 10d and g).
This period was characterized by a series of well-expressed high

amplitude peaks in glacier activity at 10,130, between 9500 and
9700 and around 9050 cal BP. Timing of these events fall within the
uncertainty margin of a °Be dated moraine at nearby Kongsfjord-
hallet (Henriksen et al., 2014). Moreover, the most pronounced
peak between 9500 and 9700 cal BP coincides with an established
Scandinavian glacier advance, known as the Erdalen event (Nesje,
2009). Based on its amplitude and a gradual build-up, we argue
this event reflects a Holocene glacier maximum. The mentioned
Stage 1 moraines provide geomorphological evidence for a pre-LIA
maximum in the Hajeren catchment (Van der Bilt et al., 2015).
Strong visual correspondence between the inferred peaks in Early
Holocene glacier activity and Labrador shelf Ice Rafted Debris (IRD)
spikes (Fig. 10f) (Jennings et al., 2015) hints at forcing by meltwater
pulses from the retreating Laurentide Ice Sheet (LIS). This is sup-
ported by a maximum cross correlation of 0.42 at a 20 year time lag
for the discussed interval. It has been argued that such discharge
cooled the North Atlantic by inhibiting meridional overturning
circulation (Kaplan and Wolfe, 2006; Thornalley et al., 2009).
Fig. 10f illustrates that two of these IRD peaks coincide with the
inferred 9500—9700 cal BP glacier maximum in the Hajeren record.
Correlation with IRD peaks found at North Atlantic sites more distal
to the LIS further underlines the regional climatic significance of
this event (Bond et al., 2001).

Following the inferred 9500—9700 cal BP Holocene glacier
maximum, the amplitude of inferred events decreased markedly
(Fig. 10g). This shift marks the arrival of Atlantic surface waters in
the adjacent Kongsfjorden (Rasmussen et al., 2014; Slubowska-
Woldengen et al., 2007), which ameliorated local climate. Subse-
quent periods of increased glacier activity are less pronounced and
minerogenic lacustrine input gradually declines towards unit 2
(Fig. 10g). However, this pattern is notably interrupted by three
successive spikes in minerogenic input between +7900 and
8300 cal BP, simultaneous with an increase in sedimentation rates
(Fig. 6). These events fall within the time frame of the well-known
8.2 ka BP event, another climatic perturbation driven by cata-
strophic meltwater pulses from the melting LIS (Alley and
Agistsdéttir, 2005; Daley et al., 2011; Kleiven et al, 2008). In
contrast to other regional records (Wanner et al, 2011), the
8.2 ka BP event does not stand out as a prominent early Holocene
climate event in the Hajeren record (Fig. 10g), as previously shown
by (Hormes et al., 2009). However, it is argued that the 8.2 ka BP
event was characterized by both cold and dry conditions (Rohling
and Palike, 2005; Spurk et al., 2002), and glacier mass balance
depends on both temperature and precipitation (Oerlemans, 2005).
We argue that arid conditions during the 8.2 ka BP event may have
restricted glacier growth in the Hajeren catchment. We theorize
that the concurrent reconstructed sea ice maximum (Fig. 10d) may
have cut-off marine moisture sources, in keeping with (Miiller
et al., 2012). Additionally, Greenland ice-core data revealed signif-
icant decadal-scale variability during the 8.2 ka BP, with a main
event lasting less than 70 years (Thomas et al., 2007), restricting ice
accumulation in the Hajeren catchment.

After spiking around 7400 cal BP, minerogenic input steadily
decreases towards the transition to unit 2 (Fig. 10g). We therefore
argue that glaciers disappeared from the catchment between
~7400 and 6700 cal BP. This decline is concurrent with a sharp
increase in modelled July temperatures towards mid-Holocene
peak values (Fig. 10a) by Renssen et al. (2009). This simulation
takes the cooling effect of melting LIS remnants into account, which
may have helped sustain glacier activity in the Hajeren catchment
by delaying and retarding the response to the Holocene summer

reconstruction for adjacent Karlbreen by Rathe et al. (2015) (c), scaled sea-ice concentration from (de Vernal et al., 2013) (d), the sum of reconstructed glacier advances from Wanner
et al. (2008) (e) and Labrador shelf Detrital Carbonate Peaks (DCPs) from Jennings et al. (2015) (f). Neoglacial glacier advances 1, 2 and 3 are emphasized using grey bars.
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insolation maximum (Fig. 10a and b). Our claim is supported by the
onset of undisturbed sedimentation alongside an ice-cored
moraine in adjacent Lake Klgsa after 6700 cal BP (Rothe et al.,
2015). Moreover, this minimum age estimate of the termination
of Early Holocene glacier activity concurs with the transition to-
wards the organic-rich sediments of unit 2 in our record (Fig. 5).

5.3.3. 4250—4050 and 3380—3230 cal BP: Early Neoglacial
advances

Mid-Holocene (unit 2) sediments are mostly organic-rich and
appear to be governed by non-glacial redox processes (Figs. 5 and
8) (paragraph 5.2). Generally, minerogenic input is minimal as re-
flected by low DBD and Ti/LOI values (Fig. 4). This pattern is
interrupted by the previously discussed minerogenic intervals 3
and 2 (Figs. 4 and 5). Based on multiple lines of proxy evidence, we
here argue these represent centennial-scale glacier advances be-
tween 4250—4050 and 3380—3230 cal BP, respectively.

During these events, henceforth referred to as advances 3 and 2
(Fig. 10g), the main indicators of glacier activity, Ti/LOI and DBD,
peak at values similar to those seen in the Early Holocene (Fig. 10g).
This analogy is supported by the grouping of advances 1 and 2
samples with those from units 3 and 1 in the ordination diagram of
Fig. 8. Concurrently, declining LOI, (X )ARM and Fe/Ti values (Fig. 5)
suggest a waning influence of biological (redox) processes on lake
conditions during the discussed intervals (paragraph 5.2). This is
also demonstrated by the deviation of LOI/XARM combinations
from the inferred biologically driven trend for other Mid-Holocene
samples (Fig. 8). Instead, samples from the discussed intervals plot
near those from minerogenic unit 1, which comprises sediments
from a period of documented historical glacier activity. Though the
onset of these advances appears abrupt (Fig. 10g), both lithos-
tratigraphy and radiograph grayscale imagery suggest gradual
change, as indicated by the laminated nature of the sediments
(Figs. 4 and 5). Also, underrepresentation of coarser fractions sug-
gests these intervals were not deposited by rapid mass-wasting
events (Karlén, 1981; Rubensdotter and Rosqvist, 2009) (Fig. 7).
Instead, the observed bimodal grain size distribution, with modes
in the fine and medium silt fractions, is diagnostic for glacigenic
suspended load (Leemann and Niessen, 1994a; Steren et al., 2008;
Vasskog et al., 2012).

The proposed centennial-scale cycles of glacier growth and
decay are rapid, though not unprecedented. J6hannesson et al.
(1989) infer a response time of decades for small glaciers like
those of the Hajeren catchment. Moreover, reconstructed glacier
activity at the comparably-sized Krakenes cirque system shows a
similarly fast sequence of formation and disappearance during the
Younger Dryas (Bakke et al., 2009; Paasche, 2011). Also, evidence
from modelling studies suggests that small and steep glaciers, like
those in the Hajeren catchment, generally show a sensitive
response to climate shifts (Jiskoot, 2011). Finally, short response
time is also supported by photographic evidence of a rapid histor-
ical post-LIA retreat of both glaciers in the catchment (NPI, 2015).

Based on marine proxy evidence from the Fram Strait and
adjacent Kongsfjorden (Rasmussen et al., 2014; Werner et al., 2013),
declining sea-surface temperatures and increased ice-rafting mark
the end of the Holocene Hypsithermal on Svalbard after
5000 cal BP. This is corroborated by terrestrial evidence from
macrofossil analysis (Birks, 1991), suggesting cooler summers after
4000 cal BP. First evidence of glacier reformation comes from
Linnébreen on southwest Spitsbergen, which reformed after
4600 + 0.2 cal BP (Reusche et al., 2014; Svendsen and Mangerud,
1997). Rethe et al. (2015) suggest that neighboring Karlbreen
reformed around 3800 cal BP. As such, the discussed glacier ad-
vances in the Hajeren catchment occurred after the onset of Neo-
glaciation on Svalbard. Moreover, reviews of Holocene glacier

variability in the (sub)-Arctic shows that timing of both events is
consistent with established advances in Scandinavia (Nesje, 2009),
Iceland (Geirsdottir et al., 2009) as well as Alaska (Barclay et al.,
2009) and Canada (Menounos et al., 2009). This is also reflected
by a correlation with maxima in reconstructed glacier advances
from mostly mid-high latitude sites on the Northern Hemisphere
by Wanner et al. (2011), shown in Fig. 10e.

We propose that the interplay between long- and short-term
regional forcings created suitable conditions for the discussed
centennial-scale glacier advances. The onset of Neoglacial cooling
occurred against a background of gradual orbital forced summer
cooling as shown in Fig. 10b (Huybers, 2006). Stronger advection of
Arctic water, linked to increased sea-ice export through the Fram
Strait (Funder et al., 2011; Werner et al., 2013), led to a further
deterioration of climate conditions after 5000 cal BP. We argue that
this cooling trend progressively lowered the glaciation threshold in
the Hajeren catchment, enabling super-imposed shorter-term
forcings to create suitable conditions for the discussed advances.
Based on their duration and correspondence with regional records
of glacier variability (Wanner et al., 2011) (Fig. 10e), we infer a
short-term forcing with a North Atlantic signature. This claim is
also supported by correlation of the discussed events with peaks in
North Atlantic iceberg-derived debris (Bond et al., 1997). Though
initially solely attributed to low solar activity (Bond et al., 2001),
recent studies highlight the contribution of internal dynamics of
the North Atlantic in driving these quasi-cyclic peaks (Debret et al.,
2007, 2009; Renssen et al., 2007; Solomina et al., 2015; Wanner
et al., 2011).

5.3.4. 3230700 cal BP: unfavorable conditions for glacier growth

Following the previously discussed short-lived Early Neoglacial
glacier advances, minerogenic input drops to a Holocene minimum
(Fig. 10g). Based on this evidence, we suggest that glaciers were
absent from the catchment between =3230 and 1100 cal BP.
Though Humlum et al. (2005) also infer ice-free conditions for
Longyearbreen glacier before 1100 cal BP, our record differs from
other glacier reconstructions from western Svalbard (Reusche et al.,
2014; Rathe et al., 2015). These studies propose a glacier maximum
around 1700 cal BP. We argue that glacier growth at that time was
driven by increased winter precipitation and suppressed in the
lower-lying Hajeren catchment cirques by concurrent warm
summers.

After 3000 cal BP, marine records from the Fram strait suggest a
generally stronger influence of cold Arctic surface waters and
increased sea-ice cover (de Vernal et al.,, 2013; Rasmussen et al.,
2014; Werner et al., 2013) (Fig. 10d). Forwick and Vorren (2009)
infer shore-fast ice conditions in Isfjorden, South Spitsbergen.
Such conditions would have cut off the main moisture source from
the maritime glaciers of West Spitsbergen, creating unfavorable
conditions for ice growth (Miiller et al., 2012). Apart from a short-
lived lowering around 2300 cal BP, this is also reflected by a fairly
constant reconstructed Equilibrium Line Altitude (ELA) of adjacent
Karlbreen (Fig. 10c). However, particularly after 2000 cal BP
(Rasmussen et al., 2014), unstable conditions drove episodic, rapid
sea-ice fluctuations that increased moisture availability (de Vernal
et al,, 2013; Liu et al., 2012; Miiller et al., 2012) (Fig. 10d). Werner
et al. (2013) attribute this shift to episodic strengthening of
warmer Atlantic water inflow, ameliorating climate. This is sup-
ported by Sarnthein et al. (2003), who infer SST peaks concurrent
with the mentioned 2200 cal BP ELA lowering and 1700 cal BP
glacier maximum at adjacent Karlbreen. Moreover, D'Andrea et al.
(2012) and Kaufman (2009) show relatively high coeval summer
air temperatures. Based on the outlined evidence, we concur with
Rathe et al. (2015) that increased winter precipitation drove glacier
growth at the time. We argue that warm summers offset any gains
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in accumulation through increased ablation in the low-lying
Hajeren catchment cirques. In short, we suggest that between
~3230 and 1100 cal BP, conditions in the Hajeren catchment were
either too dry or too warm to sustain glacier growth.

Around 1100 cal BP, a sustained peak in Ti/LOI and DBD values
during interval 1 marks a shift towards predominantly minerogenic
lacustrine sedimentation (Fig. 10g). Though peak values of this in-
terval are subdued compared to the discussed minerogenic in-
tervals, ordination and grain size data suggest a similar signature
(Figs. 7 and 9). We therefore argue that interval 1 reflects a period of
glacier activity, henceforth referred to as advance 1 (Fig. 10). Timing
corresponds to the re-growth of Longyearbreen glacier on southern
Svalbard documented by Humlum et al. (2005). Also, Fig. 10c shows
a synchronous 100 m lowering of the reconstructed ELA at adjacent
Karlbreen. The temperature record of D'Andrea et al. (2012) indi-
cate that the period around 1100 cal BP was characterized by the
coolest summers of the past 1800 years. This signals that the dis-
cussed advance was temperature-driven as previously suggested by
Humlum et al. (2005).

Shortly after 1000 cal BP, minerogenic input drops to back-
ground levels (Fig. 10g). This decline coincides with a period
marked by high summer temperatures (D'Andrea et al., 2012). We
propose that this warming ended the previously discussed advance,
represented by interval 1. Subsequently, organic-rich sediments
become prevalent (Fig. 5). We argue that this epoch, which lasted
until =750 cal BP (Fig. 10g), marks the Medieval Climate Anomaly
(MCA) (Bradley et al., 2003). These findings agree with Spielhagen
et al. (2011) and Grinsted et al. (2006), who reconstruct concurrent
summer warming of sub-surface waters and increased ice core
melt, respectively.

5.3.5. 700 cal BP-present: Little Ice Age

Unit 1 marks the first prolonged episode of minerogenic sedi-
mentation in Lake Hajeren since =7400—6700 cal BP as shown in
Figs. 4 and 10g. We propose that the transition into unit 1 marks the
onset of the Little Ice Age (LIA) in the Hajeren catchment. Based on
sustained high minerogenic input, we argue that glaciers were
continuously present after =700 cal BP. Coincident minimum ELA's
at Karlbreen suggest this time interval was characterized by the
most favorable local conditions for glacier growth in at least 3800
years (Fig. 10e and c). Also, Dylmer et al. (2013) demonstrate that
this transition is concurrent with a sudden reduction in Atlantic
water flow off Svalbard. Timing of LIA glacier growth around
700 cal BP also agrees with the findings of Svendsen and Mangerud
(1997) for Linnébreen glacier and Furrer (1991) for Adolfbreen
glacier on northwest Spitsbergen. Following with Werner (1993)
and Rgthe et al. (2015), we observe a two-step LIA in our record
with glacier activity peaking around 650 cal BP and again at the
close of the 19th century (Fig. 10c and g).

While available records all present evidence for widespread
glacier growth on Svalbard during the LIA, its signature remains
ambiguous. Miiller et al. (2012) infer extensive sea-ice cover for the
past 600 years, based on high IP,5 flux rates. Additionally, Fauria
et al. (2010) suggest maximum winter sea-ice extent between the
17th and 19th centuries using ice-core d'0 data from Lomono-
sovfonna. This evidence is supported by low concentrations of
marine-derived salt ions from the same site (Grinsted et al., 2006).
Furthermore, Spielhagen et al. (2011) reconstructed increasing
summer SST's in the Eastern Fram Strait during this period. In line
with these findings, D'Andrea et al. (2012) demonstrate a concur-
rent increase in summer air temperatures. The outlined combina-
tion of extensive sea-ice and warm summers would starve glaciers
from moisture in winter (Liu et al., 2012; Miiller et al., 2012) whilst
increasing summer ablation, creating conditions unfavorable for
glacier growth (Oerlemans, 2005). Hence, the climatic driver of LIA

glacier growth on Svalbard remains elusive and deserves future
investigation.

6. Conclusions

This study presents a continuous reconstruction of Holocene
glacier variability on Svalbard at centennial timescales, combining
physical, geochemical and magnetic proxies with multivariate
statistics. Integrating our findings from Lake Hajeren in a regional
paleoclimatic context, we observe a three-staged Holocene climate
history. Following deglaciation around 11,300 cal BP, glaciers
remained present in the catchment throughout the Early Holocene,
culminating in a glacier maximum around 9.5 cal BP. During this
period, glacier activity appears to be affected by meltwater pulses
from the melting LIS (Jennings et al., 2015). Following a late onset of
the HTM around 6.7 ka cal BP, in line with modeled cooling effects
from the melting LIS (Renssen et al., 2009), glaciers disappear from
the catchment. Instead, changing redox conditions driven by
stratification of the water column governed lacustrine sedimenta-
tion during most of the Middle and Late Holocene. Two advances
between 4205—4050 and 3380—3220 cal BP mark the onset of the
Neoglacial and coincide with brief episodes of North Atlantic
cooling (Bond et al., 2001; Debret et al., 2007; Renssen et al., 2007).
A gradual decline in summer insolation progressively lowered the
glaciation threshold towards the Late Holocene, resulting in pro-
longed glacier activity around 700 cal BP. This local onset of the LIA
is in line with advances reported at nearby sites (Furrer, 1991; Rothe
et al,, 2015; Svendsen and Mangerud, 1997; Werner, 1993). The
rapid response of the small Hajeren glaciers improves our under-
standing of climate variability on Svalbard, suggesting that the
Holocene was punctuated by major centennial-scale perturbations.
As such, this study underlines the value of glacier-fed lake sedi-
ments in contextualizing Arctic climate dynamics.
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