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Abstract

Grain-size end-member (EM) modelling is a robust statistical approach for identifying and
quantifying dominant grain-size distributions. This approach provides a novel perspective for
understanding the impact of interactions between depositional processes in complex
sedimentary environments. This study examines grain-size distributions of six glacimarine
sediment cores collected along an N—S transect from the continental shelf to the Wijdefjorden
system in northern Svalbard. In addition, we integrate grain-size EMs with lithologic and
acoustic facies, allowing us to identify three distinct groups of EMs (EM1-3), each closely
associated with specific depositional processes: turbid meltwater discharge (EM1), sediment
winnowing by bottom currents (EM2), and the deposition of ice-rafted debris in glacimarine
conditions and subglacial till (EM3). An analysis of the three EM groups reveals that the glacial
retreat during the last deglaciation and the Atlantic Water inflow significantly impacted
depositional changes within the Wijdefjorden system. In contrast, a decrease in the Atlantic
Water inflow during the late Holocene corresponds to glacial re-advance, resulting in shifts in
the depositional environment. This study demonstrates the utility of EM modelling in
deciphering complex grain-size distributions and reconstructing different climate-driven
depositional processes in glacimarine sediments in Svalbard fjords. This integrated approach
enhances our understanding of the intricate interplay among climate change, glacier dynamics,

and oceanic forcing in polar fjord environments.

Keywords: Svalbard, fjord, tidewater glacier, grain-size end-member modelling, depositional

process
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1 Introduction

High-latitude fjords are long, narrow, and deep, with steep-sided inlets formed by glacial
ice flows over geological time. Glacial advances and retreats repeatedly carve and erode fjords
in polar regions, resulting in V- or U-shaped formations (Bianchi et al., 2020 and references
therein). Sediments typically accumulate in polar fjords due to glacial activities, such as glacial
advances and retreats, associated meltwater runoffs and calving processes, as well as ocean
current inflows and sea ice fluctuations (Bartels et al., 2018; Flink et al., 2017; Forwick and
Vorren, 2010; Kempf et al., 2013; o) Cofaigh and Dowdeswell, 2001). Fjords in polar regions
are often important depocentres due to their high sediment accumulation rates (Flink et al.,
2015; Forwick et al., 2010; Kempf et al., 2013; Rodriguez-Cuicas et al., 2023; Stevenard et al.,
2022; Syvitski et al., 1987), and therefore, fjord sediments can be crucial archives for studying
glacial dynamics and providing high-resolution records of climate and environmental changes
(Cottier et al., 2010; Faust et al., 2016; Howe et al., 2010; Seager et al., 2002). Tidewater
glaciers in Arctic Svalbard fjords have experienced unprecedented mass loss due to recently
accelerated Arctic warming trends (Adakudlu et al., 2019). Therefore, reconstructing tidewater
glacier dynamics in the Svalbard fjords in the past is crucial for predicting the environmental
impacts of global warming and providing valuable insights into the influence of oceanic current
inflow and temperature trends on glacier behaviours and overall environmental conditions in
high-latitude fjords.

In Svalbard fjords, multiple factors, such as glacial activity, oceanic currents, and sea ice
interact, supplying sediments to fjord seafloors (Forwick et al., 2015). These interactions are
recorded in varying grain-size compositions (Dietze et al., 2012; Deschamps et al., 2018;
McCave and Andrews, 2019a,b; Orton and Reading, 1993; Vandenberghe et al., 1997). To
distinguish various depositional processes within mixed fjord sediments, grain-size end-

member modelling is a suitable tool, allowing to identify representative patterns of grain-size
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distribution (Van Hateren et al., 2018; Weltje, 1997; Weltje and Prins, 2003). This approach
can be used to study interactions between the depositional processes in detail and provide a
better understanding of complex depositional environments in Svalbard fjords.

The sediments from the Wijdefjorden system (northern Svalbard) preserve spatiotemporal
variations of depositional processes in response to climate and environmental changes.
Previous studies have used multi-proxy analysis of sediment records from Wijdefjorden and its
shelf to reveal the history of glacier behaviours and sea ice distributions (Allaart et al., 2020;
Jang et al., 2021, 2023). Nevertheless, the interactions between depositional processes in the
Wijdefjorden system are still poorly understood. This study analysed six glacimarine sediment
cores collected along an N-S transect from the continental shelf to the innermost (southern)
part of the Wijdefjorden system to reconstruct spatiotemporal depositional changes. To
understand complex depositional environments in detail, we applied grain-size EM modelling.
We compared extracted EMs to lithologic and acoustic facies defined in previous studies

(Allaart et al., 2020; Jang et al., 2021) to determine the represented depositional processes.

2 Regional setting

Svalbard is an archipelago located between 74—81°N and 10—35°E (at the gateway between
the North Atlantic and Arctic oceans; Fig. 1). This archipelago consists of Spitsbergen,
Nordautstlandet, Edgeoya, Barentseya, and several small islands (Fig. 1). Spitsbergen is the
largest island and features diverse fjords of varying shapes, sizes, and orientations. Glaciers
cover approximately 57% of the land area on Svalbard (Nuth et al., 2013), of which over 60%
are tidewater glaciers that terminate in fjords/bays or the ocean directly (Btaszczyk et al., 2009).
The annual average air temperature and precipitation at Svalbard airport are —4.6 °C and 191
mm, respectively (Forland et al., 2011).

The Wijdefjorden system is located in the northern region of Spitsbergen, comprising
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Wijdefjorden, Vestfjorden, Austfjorden, and other small tributaries (Allaart et al., 2020). It is
surrounded by the landmasses Andrée Land, Dickson Land, and Ny-Friesland to the northwest,
southwest, and east, respectively (Fig. 2A). Wijdefjorden, which is the longest fjord in the
Svalbard archipelago (approximately 108 km) and opens into the Arctic Ocean (Fig. 2B).
Vestfjorden flows into the Wijdefjorden system from the southwest, whereas Austfjorden is a
southern extension of Wijdefjorden located (Fig. 2B). The fjord system consists of three sub-
basins separated by two sills (<60 m): inner, middle, and outer fjords adjacent to the continental
shelf (Fig. 2E). The seafloor typically deepens towards the north and south from the two sills,
reaching a maximum water depth of >200 m (Fig. 2E). Four tidewater glaciers, Nordbreen,
Midtbreen, Stubendorftbreen, and Mittag-Lefflerbreen, terminate the Wijdefjorden system (Fig.
2C, D). Moreover, more than 30 glacier-fed rivers discharge into this fjord system, frequently
resulting in sediment-laden turbidity plumes (cf. Forwick et al., 2010). Northern Svalbard is
affected by seasonal sea ice, extending southward from the Arctic Ocean to ~80.5°N (Fig. 2A,
B) during winter (TopoSvalbard © Norwegian Polar Institute 2019), usually melting away
during summer. In the Wijdefjorden system, the sea ice extends from the inner fjord to the sill
between the middle and outer sub-basins (Fig. 2A, B) during winter (TopoSvalbard ©
Norwegian Polar Institute 2019). The bedrock of Wijdefjorden comprises Devonian
sedimentary rocks to the west, whereas Palaeco—Mesoproterozoic metamorphic rocks to the east
(Dallmann, 2015).

The oceanography of the Svalbard archipelago is influenced by two major current systems
(Fig. 1): the West Spitsbergen Current (WSC), a continuation of the North Atlantic Drift, and
the East Spitsbergen Current (ESC), which originates from east of Svalbard. The WSC flows
northward at intermediate depths along the western slope of Spitsbergen, transporting heat and
salt northward. This current plays a crucial role in the retreat of the tidewater glaciers in the

Svalbard fjords (Hald et al., 2004; Mangerud and Svendsen, 2018; Rassmussen et al., 2012;
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Slubowska-Woldengen et al., 2007). On the northwestern slope of Spitsbergen, the WSC
divides into the Svalbard Branch, Yermak Branch, and Return Atlantic Current (Fig. 1; Manley,
1995). The ESC flows along the coastal area of Svalbard (Fig. 1), gradually weakening as it
flows towards northern Svalbard due to the dilution effect caused by mixing with local
freshwater from the fjords on west Spitsbergen (Cottier et al., 2005).

The oceanographic setting of the study area reveals variations in temperature and salinity
based on conductivity-temperature-depth data collected during the Svalbard cruise with RV
Helmer Hanssen in July 2017 (Figs. 2B, S1, S2). Following the classification proposed by
Cottier et al. (2005), at least three water masses can be observed in the Wijdefjorden system
and its northern shelf. The uppermost part of the water column is characterised by a temperature
higher than 1.0 °C and a salinity lower than 34.00 psu (Figs. S1, S2), corresponding to the
Surface Water. The properties of the Surface Water reflect the influence of fresh meltwater from
the glacier front (Cottier et al., 2005; Svendsen et al., 2002). This water mass is observed
throughout the fjord system to the northern shelf (Fig. S2). In the continental shelf extending
to the outer fjord, the temperature and salinity increase by >3 °C and 34.65 psu at intermediate
depth (Fig. S2). These characteristics are typical of the Atlantic Water (AW) carried by the
WSC (Fig. S1; Cottier et al., 2005; Nilsen et al., 2008; Svendsen et al., 2002). The AW generally
thins towards the middle fjord. In the middle and inner fjords, the AW is absent, but instead, a
relatively cold (<0.5 °C) and saline (34.40<S<35.00 psu) water mass occupies the bottom (Fig.
S2). This water mass is generally formed by the sinking of the Surface Water affected by
surface cooling and brine formation during winter. Due to its origin, this water mass is referred
to as the Winter Cooled Water (Cottier et al., 2005; Nilsen et al., 2008; Rasmussen et al., 2012;
Svendsen et al., 2002). In the continental shelf and the Wijdefjorden system, the Arctic Water

transported by the ESC is undetected.
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3 Materials and methods
3.1 Sub-bottom profiling

The 2™ Korea—Norway joint marine geoscientific cruise was conducted on northern
Svalbard using RV Helmer Hanssen affiliated with UiT The Arctic University of Norway in
2017. A high-resolution chirp sub-bottom profiling (SBP) survey was conducted across the
continental shelf and the central axis of the Wijdefjorden system, covering a distance of
approximately 280 km (Fig. 2A, E), using an EdgeTech 3300-HM hull-mounted sub-bottom
profiler with fourxfour arrays. The chirp sonar system uses a computer-generated swept-
frequency pulse, remarkably improving the signal-to-noise ratio due to the amplitude- and
phase-compensated pulses (Quinn et al., 1998). The pulse frequency range and 20 ms shot rate
were 2—12 kHz and 1 Hz, respectively. The vessel moved at a speed of approximately 4.5-5

knots. The SBP data were converted into SEG-Y format for further processing and analysis.

3.2 Core sampling and logging

During the same cruise, six sediment cores were collected from various locations along
the SBP line (Fig. 2A, E), including the continental shelf (HH17-1085-GC, hereafter 1085-GC),
as well as the outer (HH17-1091-GC and HH17-1094-GC, hereafter 1091-GC and 1094-GC),
middle (HH17-1100-GC and HH17-1103-GC, hereafter 1100-GC and 1103-GC), and inner
fjords (HH17-1106-GC, hereafter 1106-GC), using a 6 m long gravity corer (Table 1). A
GEOTEK Multi-Sensor Core Logger (at UiT) was used to measure the wet bulk density (WBD)
determined from gamma-ray attenuation (Braun, 2019). Moreover, line-scanning images and
sediment elemental composition of each half-core section were obtained using an Avaatech
XRF core scanner at UiT (Braun, 2019). The elemental composition was obtained using two
settings: the first setting utilized 10 kV, 1000 pA, and a counting time of 10 s without a filter,

while the second setting employed 30 kV, 1000 pA, and a counting time of 10 s with a Pd-thick
7
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filter. In this study, we only use the Zr/Rb ratio to validate grain-size variations at a higher
resolution (Dypvik and Harris, 2001; Joe et al., 2022; Zuchuat et al., 2020). A GEOTEK X-ray
computed tomography (X-CT) system was used to obtain X-radiographs of each half-core
section at UiT (Braun, 2019). Based on these images, we counted coarse clasts >1 mm at 1 cm
intervals, following the method by Grobe (1987). Previous studies on glacimarine sediments
collected from the Svalbard fjords have preferably used coarse clasts larger than 1 mm as ice-

rafted debris (IRD; cf. Forwick and Vorren, 2009; Hald et al., 2004; Bartels et al., 2017).

3.3 Grain-size analysis

Subsamples of 1 cm thickness were taken from each core at 5 cm intervals. Additionally,
subsamples were collected at specific points, including six with distinct laminations and one
with a sandy layer from cores 1085-GC and 1106-GC, respectively. These subsamples were
freeze-dried and treated with 35% hydrogen peroxide at room temperature for 24 h, followed
by a constant temperature (60 °C) water bath for 24 h to remove organic matter. The procedures
for removing biogenic carbonates and silica were not employed, as the quantities present in the
sediments studied were relatively insignificant, as well as the presence of detrital carbonates
within the sediment samples (Vogt and Jang, 2023). Prior to grain-size analysis, the samples
were sufficiently treated with an ultrasonic vibrator to facilitate particle disaggregation. The
grain-size distributions and compositions of the sediments were measured at the Korea Polar
Research Institute using a Malvern Mastersizer 3000 laser particle size analyser. In the grain-
size composition, clay, silt, and sand fractions were calculated with 0—2 pm, 2—63 um, and 63—
2000 pum, respectively. The mean sortable silt (SS mean), a proxy for relative bottom current
strength (McCave et al., 1995), was calculated according to the approach proposed by McCave

and Andrews (2019a).
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3.4 Grain-size end-member modelling

Grain-size EM modelling was conducted using AnalySize with non-parametric analysis
(Paterson and Heslop, 2015), which is well-suited for geological samples (cf. Van Hateren et
al., 2018; Weltje and Prins, 2007). This approach generated several statistically derived
representative grain-size distribution curves for the number of EMs (Q). Therefore, it is crucial
to select the correct Q value. Previous studies determined the Q value by identifying the
inflection point in the Q versus the coefficient of determination (R?) plots (Prins and Weltje,
1999). However, this method may not accurately indicate the representative grain-size
distributions (Van Hateren et al., 2018). Alternatively, a systematic approach was used to
compare the extracted EMs with the analysed grain-size distribution curves (Jia et al., 2019; Li
and Li, 2018; Van der Lubbe et al., 2014; Van Hateren et al., 2018) to determine the appropriate
Q value for each sediment core as follows: initially, three candidate Q values with R? values
exceeding 0.6 were selected (Fig. S3; cf. Holz et al., 2007). The best Q value was determined
by comparing the extracted EMs of the candidates with the analysed grain-size distribution
curves (Fig. S4). For example, for core 1085-GC, the selected candidate Q values were 5, 6,
and 7 (see Fig. S3A). When the Q value was 5 (Qs), the extracted EMs adequately represented
most of the analysed grain-size distributions, except for the EM with coarse particles (100—
1000 um), which was not depicted (Fig. S4A). In contrast, when the Q value was 6 (Qg), the
coarse-grained EM was successfully extracted (as indicated by the purple line in Fig. S4A).
When the Q value was 7 (Q7), the two EMs were nearly identical (as indicated by the solid red
and dotted black lines in Fig. S4A). Therefore, we determined a final Q value of 6 for core
1085-GC. Similarly, we determined final Q values of 5 for cores 1091-GC, 1094-GC, and 1100-

GC, 2 for core 1103-GC, and 4 for core 1106-GC (Fig. S5).

3.5 AMS C age dating
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In addition to the published radiocarbon dates for cores 1085-GC, 1094-GC, 1100-GC, and
1106-GC (Braun, 2019; Jang et al., 2021, 2023), new radiocarbon ages for core 1103-GC were
obtained using accelerator mass spectrometry (AMS) radiocarbon (1*C) measurements of four
mollusc shells (fragments) and one mixed benthic foraminifera samples. The AMS *C
measurements were conducted at the Alfred Wegner Institute, Helmholtz Centre for Polar and
Marine Research (Bremerhaven, Germany), and the Beta Analytic Laboratory (Miami, USA),
respectively (Tables 2, S1). All radiocarbon dates from the five sediment cores were calibrated
to calendar years using the Marine20 calibration curve in the Calib Rev. 8.1.0 Program (Heaton
et al., 2020), with a regional reservoir age (AR) of —61+37 yrs (Pienkowski et al., 2022). To
constrain the age-depth model for all cores, we used the rbacon program (v. 2.5.7; Blaauw and
Christen, 2011) with default settings, except for t.a. and t.b., which were adjusted to 33 and 34,
respectively, based on previous studies (Jang et al., 2021, 2023), resulting in less smooth
connections between intervals with multiple dating points. Calibrated kiloyears before AD

1950 (ka BP) were provided for the reported radiocarbon ages.

4 Results
4.1 Acoustic facies

On the continental shelf and the Wijdefjorden system, the acoustic characteristics of the
subseafloor represented variable echoes, ranging from transparent to stratified (Fig. 3). The
stratified echoes were thicker in the inner and middle fjords than in the outer fjord and
continental shelf. Based on the acoustic characteristics, we define five acoustic facies (AF1-5;
Table 3), consistent with a previous classification in the outer Wijdefjorden (Allaart et al., 2020).
AF1 is characterised by acoustically transparent echoes with a discontinuous top reflection.
AF2 displays acoustically transparent characteristics with a flat to hummocky upper boundary

and varying amplitudes. AF3 is characterised by a transparent to stratified reflection pattern
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with a discontinuous and faint upper boundary. AF4 is acoustically transparent with a low
amplitude of top reflection. AF5 is stratified discontinuously and has a high amplitude of top
reflection (cf. Allaart et al., 2020).

All acoustic facies occur in the outer fjord and continental shelf (Fig. 3A, B), whereas only
three acoustic facies, AF1, AF2, and AF3, are observed in the middle and inner fjords (Fig. 3C,
D). However, the outermost fjord, especially near core site 1091-GC, does not exhibit
distinguishable acoustic layers because of its thin sediment cover (Fig. 3B). The reflection
pattern of AF3 varies depending on the locations. From the continental shelf to the outer fjord,
AF3 exhibits strong stratification that becomes transparent in the upper part (Fig. 3A, B). In
the middle fjord, AF3 is primarily transparent but is partially discontinuously and faintly
stratified towards the upper part (Fig. 3C). In the inner fjord, the bottom of AF3 is transparent

and overlain with a well-stratified unit (Fig. 3D).

4.2 Sediment physical properties

The overall WBD in the five cores, except for core 1106-GC, decreases from the bottom
to the top, with a few exceptions corresponding with numerous coarse clasts larger than 1 mm
(Fig. 4). Additionally, the WBD gradually increases from 230 and 200 cm before dropping
sharply at 25 and 20 cm in cores 1085-GC and 1094-GC, respectively. Core 1106-GC has a
relatively constant WBD with several small peaks. The number of clasts (>1 mm) demonstrates

trends similar to those of the WBD (Fig. 4).

4.3 Lithofacies
Building upon the four lithofacies identified by Jang et al. (2021) for core 1085-GC, this
study expands the classification to include the lithofacies observed in the additional sediment

cores from the study area. Two laminated lithofacies are defined by Jang et al. (2021): distinctly
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laminated lithofacies, i.e., laminated mud (Lm), and other lithofacies, i.e., weakly laminated
mud (WLm) (Fig. 4 and Table 4). In core 1085-GC, Lm (below 385 cm) exhibits a cyclic
alternation of dark reddish-gray and dark grayish-brown layers, whereas the overlying (385—
228 cm) WLm is darker than Lm. The colour of WLm gradually becomes lighter and reddish
towards the inner parts of Wijdefjorden. Lm has a higher clay content than WLm. The other
two lithofacies, massive mud (Mm) and bioturbated sandy mud (Bsm) lithofacies, have no
primary structure and are defined based on the degree of bioturbation by Jang et al. (2021)
(Table 4). Mm exhibits little bioturbation, whereas Bsm has numerous burrows. The sediments
of Mm are dark grayish-brown, whereas the sediments of Bsm are darker than those of Mm.
One of the additionally classified lithofacies in this study is a diamicton observed at the bottom
of cores 1091-GC and 1100-GC (Fig. 4). This massive diamicton facies (Dmm) comprises large
amounts of clasts (>1 mm) with high sand contents (>25 vol%) (Fig. 4 and Table 4). Another
additional lithofacies is a laminated diamicton (DmL) in this study, which is characterised by
large amounts of clasts (>1 mm) and sand fractions (Table 4). Compared to Dmm, DmL is
laminated or stratified. In the continental shelf and the outer fjord, the lithofacies are deposited
in ascending order, starting with Lm, WLm, Mm, and Bsm (Fig. 4). However, in core 1091-
GC, WLm is absent, and Dmm occurs at the lowermost part. WLm predominantly occurs in
the middle and inner fjord, and Dmm is observed in the lowermost part of 1100-GC. DmL is

present in all cores within Lm or WLm, except for core 1091-GC.

4.4 Grain-size characteristics

The grain-size results are closely related to the lithofacies defined in this study. The
dominant texture for six cores is the silt fraction (2—63 um) (Fig. 5). The proportion of the clay
fraction (0-2 pm) is relatively high in Lm and WLm (12-38 vol%). The sand fraction (63—

2000 um) usually shows a higher percentage than the clay fraction in Dmm, DmL, and Bsm.
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In Mm, the proportion of sand fraction increases upward, opposite to the clay fraction. The
vertical profiles of the Zr/Rb ratio are similar to that of D90 (Fig. 5). The grain-size
distributions provide more prominent grain-size characteristics of each lithofacies (Fig. 6). The
primary mode of grain-size in Lm ranges from 4 to6 pm (>60 vol%), with 18-32 vol% of the
clay fraction. Compared with other cores, the Lm of core 1100-GC comprises a higher
proportion (up to 6 vol%) of coarse particles (100—1000 um). The grain-size distribution
patterns of WLm are similar to those of Lm but demonstrate a shift towards coarser
compositions. WLm comprises a smaller proportion of clay fraction (10-21 vol%) than Lm
and exhibits a coarser primary mode ranging from 6 tol2 pm. The WLm in core 1106-GC
contains three distinct coarse-grained layers (50-100 um; >30 vol%). The primary mode of
Mm ranges from 9 to33 um, with a gradual increase in size from bottom to top. In Mm, clay
fraction comprises only 7—12 vol%. The primary mode of Bsm occurs within the 3348 um
range, with 5-7 vol% of clay fraction. The grain-size distributions of DmL and Dmm are
polymodal, with a considerable proportion of coarse particles (100-1000 um; up to 6 vol%).
The grain-size distribution patterns of DmL are not uniform in each core, exhibiting different
primary modes (4—105 um). Dmm is poorly sorted over a broad range (2—300 um). The results

of the grain-size analysis are presented in summary form at the Korea Polar Data Center

(https://dx.doi.org/doi:10.22663/KOPRI-KPDC-00002444.1).

4.5 Grain-size end-member groups (EM1-3)

According to grain-size distribution patterns, 27 end-members extracted from the six
sediment cores are classified into three primary EM groups (EM1-3; Fig. 7). EM1 primarily
exhibits a grain-size range of 0.05-100 um, having a bimodal distribution with dominant and
subordinate modes at 4-15 um and 0.3-0.6 um, respectively (Fig. 7A). EM1 is further

subdivided into EM1a and EM1b. EM1a has a finer-dominant mode and comprises more clay
13
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content than EM1b. EM2 exhibits a grain-size range of 0.4—150 um (Fig. 7B), indicating a
coarse-skewed distribution, with a smaller proportion (<20%) of fine particles (<10 pm) and a
dominant mode in the range of 2655 pm (Fig. 7B). EM3 exhibits a grain-size range of 0.1—

1000 pm, with irregular and polymodal grain-size distributions (Fig. 7C).

4.6 Age model and sedimentation rate

The oldest retrieved sediments date back to 16.6 ka BP, corresponding to the late
Weichselian deglaciation. Core 1085-GC from the continental shelf has an average
sedimentation rate (SR) of ~47.8 cm/ka during the last 16.6 ka BP (Fig. 8A). Similarly, core
1094-GC in the outer fjord has an age of 15 ka BP at its base, with an average SR of ~56.8
cm/ka (Fig. 8C). In the middle fjord, the age-depth model reveals that cores 1100-GC and 1103-
GC covered the last 14 and 7 ka BP, respectively (Fig. 8D, E). The average SRs of those cores
are ~48.6 cm/ka and ~56.3 cm/ka, respectively. The bottom age of core 1106-GC in the inner
fjord is dated to 5 ka BP, resulting in the highest average SRs of ~112.2 cm/ka (Fig. 8F). The
SRs in core 1106-GC were exceptionally high (~192-208 cm/ka) during 2—6 ka BP, whereas

relatively low SRs characterise the other cores during the same period.

5 Discussion
5.1 Correlation between acoustic facies and lithofacies

The continental shelf and Wijdefjorden system exhibited five acoustic facies (AF1-5) and
six lithofacies (Dmm, DmL, Lm, WLm, Mm, and Bsm). AF1, the lowermost facies, is
characterised by a discontinuous upper boundary and the lack of a lower boundary (Fig. 3 and
Table 3). This acoustic facies is defined as the acoustic basement because of the lack of a lower
boundary (cf. Forwick and Vorren, 2010). Allaart et al. (2020) interpreted the acoustic basement

as a bedrock in the outer fjord. However, the indistinct internal reflections without a lower
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boundary suggest that this unit also comprises massive subglacial till or stratified glacimarine
deposits (cf. Forwick and Vorren, 2010). None of the studied cores crossed the acoustic
basement (Fig. 3).

In the study area, acoustic facies AF2 is identified above the inferred acoustic basement,
with the exception of the continental shelf, where the acoustic basement is overlaid by acoustic
facies AF3 (Fig. 3). The acoustically transparent AF2 exhibits a hummocky geometry, which
is consistent with the massive Dmm facies observed in cores 1091-GC and 1100-GC (Fig. 4).
The Dmm facies exhibits poor sorting with a high content of sand and a very high WBD, which
suggests the presence of a subglacial till (Flink et al., 2017; Forwick and Vorren, 2009).

Acoustic facies AF3 is characterised by a transparent to stratified internal reflection pattern
with a geometry subparallel to the underlying acoustic facies (AF1 and AF2 in the continental
shelf and inner fjord, respectively; Fig. 3). AF3 corresponds to Lm, WLm, and DmL of the
studied cores (Fig. 4). In glacier-proximal environments, the deposition of laminated mud (Lm
and WLm) can be the result of selective settling of coarse and fine-grained sediments derived
from the suspended particles transported by meltwater plumes that were repeatedly discharged
from the glacier front during the glacier retreat phase (Forwick and Vorren, 2009; Jang et al.,
2021; O Cofaigh and Dowdeswell, 2001; Streuff et al., 2017). The DmL facies, referred to as
an IRD layer for core 1085-GC in Jang et al. (2021), indicates episodic IRD deposition (Flink
et al., 2017; Forwick and Vorren, 2009), which can be caused by increased iceberg calving due
to rapid and enhanced tidewater glacier activity (Blaszczyk et al., 2009; Farnsworth et al., 2020;
Flink et al., 2017; Forwick and Vorren, 2009). An acoustically stratified facies results from a
strong impedance contrast, which is associated with the occurrence of sand layers and layered
coarse clasts within generally fine-grained/muddy deposits (Lucchi et al., 2013; Pedrosa et al.,
2011). Strong amplitudes in the stratified acoustic facies are mainly associated with episodic

IRD layers. Laminated mud, mostly composed of silt and clay, appears as transparent acoustic
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intervals. However, the stratified reflections in the inner fjord (core 1106-GC) may reflect the
multiple sandy layers contained in the laminated mud deposited in a glacier-proximal
glacimarine environment (cf. Forwick and Vorren, 2009, and references therein).

AF4 is observed on the continental shelf and in the outer fjord (Fig. 3A, B). The internal
acoustic features of AF4 exhibit transparent echoes that are similar to those of AF2. However,
the top reflection of AF4 exhibits distinct acoustic characteristics that differ from those of
subglacial till. It was laterally discontinuous, plain, and undulating with moderate to weak
amplitudes compared to AF2 (Fig. 3A, B). AF4, which corresponds to the fine-grained Mm
facies (Fig. 4), is interpreted as hemipelagic sediments in glacier-distal environments (Flink et
al., 2017; Forwick and Vorren, 2010; Fransner et al., 2017).

On the continental shelf and in the outer fjord, the uppermost facies, AF5, is characterised
by a faintly stratified reflection pattern (Fig. 3A, B). This acoustic facies corresponds to the
Bsm facies (Fig. 4). The slightly fuzzy and discontinuous echoes of AF5 are caused by

pluricentimetric clasts.

5.2 Correlation between grain-size end-members and lithofacies

The distribution of EM groups (EM1-3) varied across the studied cores, reflecting changes
in lithofacies over time (Fig. 9). EM1 is predominant within the fine-grained lithofacies such
as Lm and WLm (79.5£14.5%). The laminated intervals within the Lm facies alternate between
EMIla and EM1b, whereas the weakly laminated intervals within the WLm facies primarily
comprise EM1b (77.9+£15.1%). These laminations result from the pelagic settling of suspended
particles transported by meltwater plumes (O Cofaigh and Dowdeswell, 2001). The Mm and
Bsm facies were dominated by EM2 (64.4+15.2%). The dominant mode of EM2 (2655 um)
closely corresponds to the grain-size range of mean sortable silt (SS mean; 10—63 um; McCave

et al., 1995), which is often used as a proxy to assess the strength of bottom currents along the
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western and northern continental margins of Svalbard (Chauhan et al., 2016; Hass, 2002; Jessen
and Rasmussen, 2015; Werner et al., 2011). The IRD layers, identified as the DmL facies, are
characterised by EM3 (71.2423.1%). However, the uppermost DmL facies in core 1100-GC
has a relatively low proportion of EM3 (4.0+6.0%). Clastic debris eroded and transported by
glaciers is generally poorly sorted and comprises variable-sized sediments ranging from fine-
grained mud to large stones (Gilbert, 1990; Jonkers et al., 2015; Prins et al., 2002). The irregular
grain-size distribution patterns in EM3 are consistent with the lithological characteristics of the
clastic debris, as observed in iceberg samples collected from Kongsfjorden in northwestern
Svalbard (Jonkers et al., 2012). The Dmm facies, interpreted as subglacial till, primarily

comprises EM3 (77.04£9.4%).

5.3 Spatiotemporal palaeoenvironmental changes in the Wijdefjorden system

During the Last Glacial Maximum (~26-21 ka BP; Hormes et al., 2013; Hughes et al.,
2016), Svalbard—Barents Sea Ice Sheet (SBIS) covered the entire Svalbard archipelago and
extended to the shelf breaks north and west of the archipelago (Hormes et al., 2013; Hughes et
al., 2016; Landvik et al., 1998; Ottesen et al., 2005). The northern continental shelf of Svalbard
experienced an SBIS retreat starting at ~19 ka BP (Chauhan et al., 2016; Hughes et al., 2016).
The SBIS retreated slowly until ~16 ka BP (Hughes et al., 2016; Landvik et al., 1998). In this
study, we reconstruct the environmental changes related to the glacial activities on the

Wijdefjorden system and its shelf over 16 ka BP using grain-size EM groups.

5.3.1 Late Weichselian deglaciation (16.6—11.7 ka BP)
The bottom of core 1085-GC (continental shelf) was characterised by a relatively high
abundance of EM1, corresponding to AF3 and facies Lm and WLm (Fig. 9). The dominant

EMI indicates a strong influence of glacial melting from the retreating SBIS. The alternation
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of EM1a and EM 1D at the bottom of core 1085-GC (Fig. 9) suggests that the glacier front was
positioned near the core site before ~15 ka BP. The mixing of meltwater and seawater has
caused the settling of fine particles smaller than 10 pm through flocculation (Bartels et al.,
2017; Chauhan et al., 2016; Elverhei et al., 1983; Szczucinski and Zajaczkowski, 2012).
Consequently, aggregation close to the glacier front has contributed to the deposition of EM1a,
which primarily comprises particles ranging from 0.1 to 10 um and alternates with EM1b,
comprising particles ranging from 0.3 to 30 um. EM3, which is associated with the DmL facies
containing high amounts of IRD, was deposited on both the continental shelf and outer fjord at
~15 ka BP (Fig. 9). This period coincides with the onset of the warm Bolling-Allered period
(Liu et al., 2012), during which the inflow of warm Atlantic Water (AW) into northern Svalbard
increased (Slubowska-Woldengen et al., 2007, 2008), causing enhanced calving of glaciers
with increasing of icebergs delivery in the fjord at ~15 ka BP (Fig. 10A). As the glacier
continued to retreat towards the northern Svalbard coastline after ~15 ka BP (Hughes et al.,
2016; Landvik et al., 1998), EM1b became dominant with the WLm facies in core 1085-GC
(Fig. 9). Between 16 and14 ka BP, co-varying trends of D90, SS mean, and EM2, which exhibit
an upward coarsening unit, followed by an upward fining unit, can be associated with rapidly
deposited layers caused by meltwater discharge (Rodriguez-Cuicas et al., 2023; Figs. 11, S6).
The mechanism behind the rapidly deposited layers can be attributed to changes in the strength
of the turbid meltwater discharge, which transitions from an enhanced to a reduced phase
(Mulder et al., 2003; Rodriguez-Cuicas et al., 2023). Consequently, the occurrence of these
episodic layers could be linked to the unstable glacial activities in Svalbard, which appears to
be responding to the gradual retreat of the SBIS. This is evidenced by the interruption of two
episodic glacial advances that occurred around ~15.2 and ~14.1 ka BP (Jang et al., 2021).
Before 13 ka BP, EM3 became predominant in core 1100-GC (Fig. 9), indicating that the glacier

front had retreated into the central part of the fjord (Fig. 10A).
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EMI1b was dominant in cores 1085-GC, 1094-GC, and 1100-GC (continental shelf to
middle fjord) at ~12 ka BP (Fig. 9). This period corresponds to the Younger Dryas cooling
observed in the North Greenland Ice Core Project (NGRIP) §'%0 record from 12.9 tol1.7 ka
BP (Fig. 11, NGRIP community members, 2004). In the western and southern regions of
Svalbard, glaciers re-advanced and/or remained stable during the Younger Dryas cooling
period (Forwick and Vorren, 2009, 2010; Nielsen and Rasmussen, 2018; Rasmussen and
Thomsen, 2021; Svendsen et al., 1996). However, the glacial dynamics in northern Svalbard
during this period are still unclear (Allaart et al., 2020; Bartels et al., 2017). If the Wijdefjorden
system experienced glaciation during the Younger Dryas, one could have expected to observe
evidence of iceberg rafting reflected in increased amounts of IRD, as observed in other
Svalbard fjords (Andersen et al., 1996; Jessen et al., 2010; Larsen et al., 2018). However, the
predominance of EM1b over EM3 at approximately 12 ka BP indicates that the ice fronts
remained relatively stable in the Wijdefjorden system during this period. Consequently, it is
plausible that the Wijdefjorden system was under the influence of either still-standing or slowly
retreating glacial conditions during the Younger Dryas. This finding is consistent with the
results of a previous study conducted in the outer fjord of the Wijdefjorden system, which
revealed a cooling trend and prolonged sea ice conditions until ~ 11.7 ka BP (Allaart et al.,
2020), which inhibited glacial activity.

Before the Holocene (>11.7 ka BP), the abundance of EM2 accounts for the largest portion
of the percentage following EM1 in cores 1085-GC, 1094-GC, and 1100-GC (Fig. 9). The
poleward flow of the AW, which transports heat and moisture to the Arctic, is closely linked to
the Atlantic Meridional Overturning Circulation (AMOC; Luoto et al., 2018). The observed
trends and variations in EM2 in cores 1085-GC, 1094-GC, and 1100-GC, except for a few
intervals, are generally consistent with the modelled AMOC anomaly proposed by Ritz et al.

(2013) (Fig. 11). Between 15 and13 ka BP, the modelled AMOC anomaly increased, consistent
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with increased AW inflow to northern Svalbard. This is supported by the increase in specific
benthic foraminifera such as Cassidulina neoteretis (an indicator of warm water mass inflow)
and Cibicides lobatulus (evidence of a strong bottom current) were recovered from sediments
north of the Wijdefjorden system (Slubowska et al., 2005). Nevertheless, core 1085-GC did not
exhibit a notable increase in the relative abundance of EM2 during this period (Fig. 11). The
discrepancy between the AMOC anomaly and the relative abundance of EM2 may indicate that
the ocean currents in northern Svalbard before the Holocene was significantly influenced by

meltwater discharge during a retreat phase of marine-based and/or tidewater glaciers.

5.3.2 Early to middle Holocene (11.7—4.2 ka BP)

An increase in dominance of EM2 compared to EM1 was observed at the core sites, 1085-
GC, 1094-GC, and 1100-GC, between 11 and9 ka BP (Fig. 9). This indicates that the
sedimentation process from the continental shelf to the middle fjord underwent a transition
from a prevailing meltwater regime to an enhanced bottom current, resulting in the selective
sorting (i.e., winnowing) of fine-grained sediments. These enhanced bottom currents can be
associated with an increased input of warm AW towards northern Svalbard during the early
Holocene, as proposed by Slubowska-Woldengen et al. (2007). On the other hand, the rapidly
deposited layers observed once in the cores from the continental shelf to the middle fjord imply
the episodic impact of meltwater discharge in northern Svalbard during the early Holocene
(Figs. 11, S6).

In core 1100-GC, the DmL facies was associated with EM2, whereas the Mm facies was
associated with EM2 in cores 1085-GC and 1094-GC (Fig. 9). Because the primary structures
(laminated and massive) are controlled by the interaction between the bottom current and
meltwater discharge, core site 1100-GC experienced a stronger influence of glacial meltwater

discharge in the glacier-proximal environment than core sites 1085-GC and 1094-GC (Fig.
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10B). Furthermore, the middle fjord was affected by strong glacial calving after ~11 ka BP, as
indicated by the DmL facies associated with EM2 in core 1100-GC. The DmL facies in core
1100-GC was associated with remarkably reduced SRs (Figs. 4, 8), suggesting that the
intensified bottom currents likely removed fine-grained sediments, resulting in increased
accumulation of coarser deposits.

The increased inflow of warm AW to northern Svalbard during the early Holocene
(Mangerud and Svendsen, 2018; Salvigsen et al., 1992; Salvigsen, 2002) exerted a pronounced
impact on the middle fjord. This effect is reflected in the high occurrence of EM2, which is
consistent with the upward coarsening of the SS mean (Fig. 11). During this period, glacier
melting and iceberg rafting decreased significantly, consistent with reduced sea ice extent and
warm sea surface temperature conditions in the outer fjord indicated by Allaart et al., (2020).
In particular, iceberg drifting may have been reduced by melting before reaching the middle
and outer fjords due to increased AW inflow, as indicated by the extremely low proportion of
EM3 (1-3%) in cores 1085-GC and 1094-GC (Fig. 9). The lowermost part of core 1103-GC
(middle fjord), dating back to ~7 ka BP, was characterised by EM1b and EM3 (Fig. 9).
According to Farnsworth et al. (2020), the termini of tidewater glaciers in northern Svalbard
retreated onshore during the early phase of the middle Holocene (~8—6 ka BP). However, these
results were primarily based on marine and lake sediment records from different areas of
Svalbard, except for the Wijdefjorden system (Farnsworth et al., 2020 and references therein).
The presence of EM1b and EM3 at the bottom of core 1103-GC indicates that the marine-
terminating glacier in the inner fjord persisted until ~6 ka BP. Although some tidewater glaciers
still existed in the Svalbard fjords during the early Holocene (Baeten et al., 2010; Forwick and
Vorren, 2009; Hald et al., 2004), it is unclear whether tidewater glaciers were present in the
Wijdefjoden system during the same period (Allaart et al., 2020; Jang et al., 2021). EM3 was

predominant at the bottom of core 1103-GC, suggesting a strong glacial influence, which is
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consistent with a glacier expansion in the innermost part of the Wijdefjorden system during the

early phase of the middle Holocene, as observed by Marks and Wysokinski (1986).

5.3.3 Late Holocene (4.2 ka BP—present)

The proportion of EM1b exhibited an increasing trend in all sediment cores after ~4 ka
BP, with a more pronounced increase from the continental shelf towards the inner fjord (Fig.
9). This suggests that meltwater plumes considerably influenced the sedimentary environment
in the Wijdefjorden system despite the general cooling trend and increasing sea ice extent in
Svalbard during the late Holocene (Fig. 10C; Allaart et al., 2020; Dowdeswell et al., 2020;
Forwick and Vorrren, 2009; Hald et al., 2004; Jang et al., 2020; Rasmussen et al., 2012;
Svendsen and Mangerud, 1997). SRs in the middle and inner fjords were markedly higher than
those on the continental shelf and outer fjord (Fig. 8), indicating strong sediment supply and
deposition near the glacier front in the southern part of the study area. Late Holocene sediments
in the middle and inner fjords were characterised by a predominance of EM1b (>50%)
associated with the WLm facies, reflecting increased glacial meltwater discharge (Fig. 9).
During this period, increased meltwater discharge induced multiple rapidly deposited layers in
the inner fjord (core 1106-GC; Figs. 11, S6). Cores 1100-GC and 1103-GC (middle fjord) also
exhibited repeated upward coarsening to the fining trend of D90 (Figs. 11, S6). However, this
trend in D90 differed from that observed in EM2, likely influenced by the presence of IRDs
(Fig. S6). On the other hand, sediments deposited on the continental shelf and in the outer fjord
comprised < 40% EMIb, corresponding to the Bsm facies (Fig. 9). The distinctive burrows in
the Bsm facies indicate intensive benthic activity in the glacier-distal environment (Jang et al.,
2021). During this period, the relative abundance of EM2 decreased at sites 1094-GC and 1100-
GC, which is consistent with the upward fining of the SS mean (Fig. 11). This indicates that

bottom currents exerted a slight impact on the seafloor between the continental shelf and the
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middle fjord (core sites 1085-GC, 1094-GC, and 1100-GC) due to a gradual reduction of the
AW inflow into northern Svalbard (Slubowska-Woldengen et al., 2007, 2008). The absence of
EM2 at core site 1103-GC (middle fjord) indicates that the AW inflow may have been restricted
to the outer part of the Wijdefjorden system (Figs. 2B, S2) because the plateau-like sill between
the outer and middle fjord (see Fig. 2E) resulted in a relatively weak (or even absent) influence
of AW inflow at core site 1100-GC during the late Holocene. In contrast, a strong correlation
between the SS mean and EM3 (Table S2) at core site 1103-GC indicates that the coarse
particles in the SS mean fractions were transported and deposited by iceberg rafting rather than
by bottom currents (associated with AW inflow) in the inner fjord. In core 1106-GC, there was
a strong correlation between the SS mean and EM2 variations, whereas the correlation with
EM3 was weaker (Fig. 11 and Table S2), indicating that sediment deposition in the inner fjord
was only weakly influenced by bottom currents that were restricted to the inner part of the fjord.
The grain-size distribution in the inner fjord was influenced by increased subglacial meltwater
(Meslard et al., 2018; Torsvik et al., 2019), as evidenced by the dominance of EMI in core
1106-GC (Fig. 9). Furthermore, outflowing bottom currents may have been influenced by the
formation of dense winter water associated with katabatic winds, as observed in Storfjorden in
southern Svalbard (Cottier et al., 2007, 2010; Rasmussen and Thomsen, 2014, 2015). The
presence of Winter Cooled Water in the inner fjords indicates the influence of brine formation
on the grain-size distributions (Fig. S2). The shallow sill between the middle and inner fjords
likely prevents the outflow of bottom water towards the middle fjord, resulting in the absence

of EM2 at core site 1103-GC (Fig. 2E, 10C).

6 Conclusions
This study investigates the complex transport mechanisms and depositional processes in

the Wijdefjorden system over the last 16.6 ka BP. We employ grain-size end-member (EM)
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modelling combined with lithologic and acoustic facies analysis. This approach allows us to
identify three major EM groups (EM1-3) that provide essential insights into glacial melting,
iceberg rafting, and bottom current activity, all of which have considerably influenced the
depositional environments in the Svalbard fjord systems since the last deglaciation. The
dominance of EMI indicates the influence of glacial melting, whereas EM2 indicates the
influence of bottom currents that transported glacimarine sediments and selectively winnowed
fine-grained sediments. The presence of EM3 is indicative of iceberg rafting and subglacial till.
The three major EM groups indicate glacial retreat in the Wijdefjorden system during the last
deglaciation, which was probably driven by increased AW inflow, while glacier re-advance
occurred during the late Holocene by decreased AW inflow. Furthermore, our study emphasizes
a critical finding: it is crucial to understand global and local environmental changes to assess
depositional processes using grain-size end-members because the end-members representing
each depositional environment affect each other. EM modelling represents a valuable tool for
improving the reconstruction of spatiotemporal sedimentary processes and depositional
environments in Svalbard fjords. Furthermore, applying EM modelling to grain-size analysis
enables identifying the primary drivers of sediment transport in Svalbard fjords, thereby
enhancing our comprehension of the complex depositional processes induced by climate

change since the last deglaciation.

7. Data Availability

The original data supporting this study can be available in the Korea Polar Data Center at

https://dx.doi.org/doi:10.22663/KOPRI-KPDC-00002444.1.
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Table 1. Information on core locations and sediment recoveries.

Core Latitude (°N) Longitude (°E) Water depth (m) Area Recovery (cm)
HH17-1085-GC 80°16.465° 16°12.648" 322 Continental shelf 465
HH17-1091-GC 79°51.934° 15°22.743° 164 Outer fjord 90
HH17-1094-GC 79°44.650° 15°25.319° 148 Outer fjord 378
HH17-1100-GC 79°18.265° 15°46.755° 112 Middle fjord 380
HH17-1103-GC 79°09.827° 15°57.703" 143 Middle fjord 215
HH17-1106-GC 79°00.197° 16°12.704" 160 Inner fjord 434
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Table 2. AMS '“C data for core HH17-1103-GC newly presented in this study.

Core Lo Amed L g Uneomesd 'C Resrvoirage Cabrtedage <20
(cm) (cm)

HH17-1103-GC  Beta-529787 Mollusc 14-15 14.5 790 + 30 -61 £37 143-468

HH17-1103-GC  Beta-516041 Mollusc 50 50 1230 £ 30 -61 £37 538-835

HHI17-1103-GC  Beta-516042 Mollusc 165 165 2840 £+ 30 -61 £37 2325-2686

HH17-1103-GC - Mixed foram.  208-209 208.5 6821 +50 -61 £37 6998-7386

HH17-1103-GC  Beta-516043 Mollusc 210 210 6250 £+ 30 -61 £37 6377-6738

“-*“ denotes not available.
*Pienkowski et al. (2022)
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924  Table 3. Description and interpretation of acoustic facies from the sub-bottom profiling data
925  of the Wijdefjorden system.

Acoustic Example Description Interpretation

facies P P P

AF1 Discontinuous top reflection, conform smooth line  Acoustic basement. The strong
where visible, little to no penetration of acoustic upper reflection is interpreted as the
signal into this facies. surface of the bedrock (Forwick and

Vorren, 2010).

AF2 Acoustically transparent with varying thickness. The transparent character and
Bounded by an upper plain to hummocky reflection  limited penetration indicate poor
with varying amplitude. sorting/diamict compositon

(Ottesen et al., 2005; Forwick and
Vorren, 2010; Kempf et al., 2013;
Flink et al., 2017).

AF3 Usually covers AF2. Acoustically transparent to  Stratified, glacier-proximal deposits
stratified with subparallel, discontinuous reflections.  (Forwick and Vorren, 2010; Kempf
The upper bounding reflection is strong. et al., 2013).

AF4 Acoustically transparent facies. Diffuse upper and  Fine-grained, massive mud
lower bounding reflections. deposited in a distal glaciomarine

environment (Forwick and Vorren,
2010; Kempf et al., 2013).

AFS5 Faintly stratified with a strong upper reflection The stronger reflections are
(representing the sea floor), diffuse lower bounding presumably caused by higher
reflection, 2-4 subparallel internal reflections. contents of IRD, transparent

intervals are interpreted as less
clast-rich mud (Forwick and Vorren,
2009).

926

927
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Table 4. Lithofacies and their interpretation for all studied cores.

Facies Image X-ray

)
. E
g

=

=
Mé

Weakly laminated mud
(WLm)*

I

Massive mud
(Mm)*

I

Bioturbated sandy mud

E:

v

g
*

5 4 4

=N -

Diamicton with laminae

(DmL)

= L
i

Description

Interpretation

Very dark gray; matrix-grain-supported sandy mud,
IRD (> 1 mm)-rich; very poorly sorted; absence of
primary structure; sharp and flat upper boundaries

Mostly dark grayish brown (1085-GC), light reddish
gray (1100, 1103-GCs), Alteration between dark
reddish gray and dark grayish brown (1094-GC);
matrix-supported sandy mud, IRD-rich; very poorly
sorted; partly laminated; sharp and flat facies
boundaries

Alteration between dark reddish gray and dark
grayish brown (1085, 1094-GCs), and between dark
reddish gray and very dark gray (1091, 1100, 1103-
GCs); silt-rich and clay-rich muds without IRD;
very poorly sorted; distinct and well laminated with
good lateral continuity, lamination subparallel to
slightly wavy; relatively sharp facies boundaries

Mostly dark grayish brown (1085, 1094-GCs), dark
reddish brown (1091-GC), light reddish gray (1103,
1106-GCs); relatively silt-rich, IRD rare; poorly
sorted; lamination blurred and more poorly defined
upward in the core; relatively sharp lower
boundaries and gradual upper boundaries

Dark grayish brown (1085, 1094-GCs); dark reddish
brown (1091-GC); upward coarsening, IRD rare;
poorly sorted; no primary structure, homogenous;
generally gradational facies boundaries

Dark grayish brown; sandy mud with some IRD;
poorly sorted; intensely bioturbated; sharp lower
boundary (1085-GC) or gradual lower boundaries
(1091, 1094-GCs)

Grounded ice
deposit
(subglacial
environment)

Iceberg-rafted
debris deposit
(glacier-
proximal
environment)

Meltwater
plume deposit
(glacier-
proximal
environment)

Meltwater
plume deposit
(glacier-
proximal
environment)

Hemipelagic
deposit
affected by
current
(glacier-distal
environment)

Hemipelagic
deposit
affected by
sea-ice
(glacier-distal
environment)

*Modified from Jang et al. (2021)
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Fig. 1. Overview map showing the Arctic (circle) and the Svalbard archipelago (rectangle). In

the Svalbard map, the warm (WSC: West Spitsbergen Current; RAC: Return Atlantic Current;
YB: Yermak Branch; SB: Svalbard Branch) and cold (ESC: East Spitsbergen Current) currents
are represented by red and blue arrows, respectively. The black rectangle on the Svalbard map

indicates the Wijdefjorden system investigated in this study (see Fig. 2 for details).
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Fig. 2. (A) Map showing the Wijdefjorden system with sediment core sites (see also Table 1)
and the CHIRP sub-bottom profile (SBP) line marked by a thick black line, (B) summer satellite
image (TopoSvalbard © Norwegian Polar Institute 2019) with CTD sites indicated by white
filled circles, (C-D) enlarged summer satellite images of the northeastern tributaries and the
southern tributaries, and (E) the SBP data with sediment core sites indicated by black circles.
Note that the white dotted lines in A and B indicate the extent of winter sea ice (TopoSvalbard

© Norwegian Polar Institute 2019).
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Fig. 5. Variation in grain-size composition (clay, silt, and sand in volume percent, vol%), Zr/Rb

ratio, and D90 with lithofacies for cores 1085-GC, 1091-GC, 1094-GC, 1100-GC, 1103-GC,
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Fig. 6. Grain-size distribution curves of each lithofacies for cores 1085-GC, 1091-GC, 1094-
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was found in core 1091-GC.
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984  Fig. 10. Conceptual model of the depositional environment on the continental shelf and the
985  Wijdefjorden system, northern Svalbard: (A) late Weichselian deglaciation, (B) early to middle
986  Holocene, and (C) late Holocene.
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Fig. 11. Variations in D90, EM2, EM3, and mean sortable silt (SS mean) for cores 1085-GC,

1094-GC, 1100-GC, 1103-GC, and 1106-GC compared with Greenland NGRIP §'*0 (NGRIP

community members, 2004) and the Atlantic Meridional Overturning Circulation anomaly

(Ritz et al., 2013). Rapidly deposit layers (RDLs) are presented with dotted purple lines. See

Table S2 for the relationship of SS to EM2 and EM3 for each sediment core and Fig. S6 for

grain-size information by zooming in on the RDLs.
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