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Abstract 25 

The reconstruction of past ice sheet extents and dynamics in polar regions is essential for 26 

understanding the global climate system and obtaining more reliable predictions of future climate 27 

change. Here, we present a multi-proxy dataset integrating the Nd isotopic compositions (εNd) of 28 

paired detrital and authigenic iron oxide fractions, grain size distributions, organic geochemistry, and 29 

mineral assemblages in a glacimarine sediment core (core HH17-1085-GC) retrieved from the 30 

continental shelf off northern Svalbard. Our results indicate variability in sediment provenance and 31 

chemical weathering patterns since the last deglaciation, allowing us to distinguish a succession of 32 

distinct paleoclimate events: 1) a general retreat of the Svalbard-Barents Sea Ice Sheet (SBIS) from 33 

the continental shelf before ca. 16.3 ka BP; 2) an intense episode of meltwater discharge related to 34 

massive glacier loss between ca. 12.1 – 9.9 ka BP; and 3) a period of reduced meltwater input 35 

between ca. 9.9 and ca. 2.7 ka BP followed by 4) a phase of glacier re-advance over the last two 36 

millennia. Evidence for the prolonged supply of radiogenic detrital εNd and dolomite at the site of core 37 

HH17-1085-GC indicates that the onset of deglaciation offshore northeastern Svalbard may have 38 

occurred at least 1 ka later than that at the northwestern shelf, which can be further evaluated by 39 

obtaining a more precise end-member determination for the northeastern source with a quantitative 40 

εNd dataset from Nordaustrandet. In the context where both polar sea-ice and oceanic circulation are 41 

expected to have played minor roles in determining the εNd composition of sedimentary Fe 42 

oxyhydroxide phases, the evidence for pronounced Nd isotopic decoupling between paired authigenic 43 

and detrital signatures (∆εNd) at ca. 15.2 and 14.1 ka BP is interpreted as reflecting chemical 44 

weathering changes following the retreat of the SBIS on northern Svalbard, probably corresponding to 45 

punctual episodes of glacial re-advances. Our findings provide a better understanding of the deglacial 46 

history of northern Svalbard during and after the last deglaciation and highlight the utility of Nd 47 

isotopes as a proxy for reconstructing paleo-cryosphere changes. 48 

 49 

Keywords: Neodymium isotopes, Svalbard-Barents Sea Ice Sheet, Hinlopen Strait, Svalbard, glacial 50 

activity  51 
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1. Introduction 52 

The Arctic Ocean has repeatedly undergone dramatic changes in the extent of ice coverage 53 

over glacial-interglacial cycles (review in Darby et al., 2006; Jakobsson et al., 2014; Stein, 2019). 54 

Since any change in the ice budget of polar regions exerts a strong influence on the global climate 55 

system through its impacts on ice albedo, freshwater removal/input to the ocean, and ocean circulation 56 

(e.g., Curry et al., 1995; Jang et al., 2013; Tarasov and Peltier, 2005), reconstructing the history of ice 57 

coverage within and around the Arctic Ocean can provide critical insights into our understanding of 58 

past, present, and future climate change. Svalbard is a key location for investigating past climate 59 

changes in the Arctic because this archipelago has been affected by various ice types during multiple 60 

glacial-interglacial cycles, including ice sheets, glaciers, and sea-ice. The general contour and extent 61 

of the Svalbard-Barents Sea Ice Sheet (SBIS) and glaciers on Svalbard during and after the Late 62 

Weichselian have been discussed for several decades (for the glaciers from Fjeldskaar et al., 2018 and 63 

references therein; for the ice sheet from Hughes et al., 2016 and references therein). However, most 64 

of these earlier studies focused predominantly on western Svalbard (e.g., Ebbesen et al., 2007; 65 

Elverhøi et al., 1995; Svendsen et al., 1996). 66 

Previous inferences of the glacial activity on the continental shelf off northern Svalbard have 67 

been based primarily on the occurrence of ice-rafted debris (IRD) and microfossils (e.g., core NP94-68 

51 from Jernas et al., 2013; Koç et al., 2002; Ślubowska et al., 2005). Additionally, the ratio of 69 

neodymium (Nd) isotopes (143Nd/144Nd), expressed using the epsilon notation εNd = 70 

[(143Nd/144Nd)sample/(143Nd/144Nd)CHUR-1] × 104, where (143Nd/144Nd)CHUR is 0.512638 (Jacobsen and 71 

Wasserburg, 1980), is a powerful proxy in paleoclimate studies (Goldstein and Hemming, 2003; Jang 72 

et al., 2020). However, this tracer has yet to be applied for the reconstruction of past glacial activity 73 

offshore northern Svalbard. The εNd signatures of the detrital fractions of marine sediments are 74 

inherited from their source rocks on continents, and hence their variation in sedimentary records can 75 

be used to track past changes in sediment provenance (e.g., Grousset et al., 1988; Horikawa et al., 76 

2015; Jang et al., 2017; Revel et al., 1996). In glacimarine environments around Svalbard, sediment 77 

delivery is primarily related to the advance and retreat of ice sheets and/or glaciers in nearby drainage 78 
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systems such that inferred provenance changes based on detrital εNd can offer key information on the 79 

history of ice coverage patterns (e.g., Horikawa et al., 2015; Pereira et al., 2020). Recently, Jang et al. 80 

(2020) showed that the εNd difference between the detrital and leached iron oxide fractions from fjord 81 

sediments (△εNd) could also provide information on past glacier fluctuations. This new approach is 82 

based on the evidence that intense incongruent weathering of freshly exposed silicate rock substrates 83 

occurs during periods of glacier advance, resulting in enhanced Nd isotopic decoupling (i.e. higher 84 

△εNd differences) (Jang et al., 2020). The use of Nd isotopes in both detrital and leached iron oxide 85 

fractions of fjord sediments can thus provide useful information about the extent of ice sheets and 86 

glaciers in Arctic regions. 87 

This paper presents Nd isotope ratios measured from the detrital and authigenic iron oxide 88 

fractions of glacimarine sediments retrieved from the continental shelf off northern Svalbard to 89 

reconstruct the glacial history of the northern parts of the archipelago over the last 16.3 ka. 90 

Furthermore, detrital εNd records are supplemented and integrated with information about sediment 91 

structure, grain size, mineral assemblage, and organic geochemistry to reconstruct past changes in 92 

sediment provenance. Additionally, the εNd difference between paired authigenic Fe oxide and detrital 93 

fractions (△εNd) is used as a proxy for glacial weathering to identify past periods of ice sheet 94 

instability and/or glacier fluctuation.  95 

  96 

2. Physiographic setting 97 

The Svalbard archipelago is located between 74 and 81°N and 10 and 35°E (Fig. 1A). It 98 

includes nine main islands, with Spitsbergen being the largest. Two different water masses bathe 99 

northern Svalbard: 1) the warm Atlantic Water (AW) carried by the Svalbard branch of the West 100 

Spitsbergen Current (WSC) and 2) the cold Arctic Water (ArW) carried by the East Spitsbergen 101 

Current (ESC) (Fig. 1B). Glacial troughs (~400 m deep) and shallower banks (Ottesen et al., 2007) 102 

characterize the continental shelf offshore northern Svalbard. This study focuses on the area offshore 103 

northern Spitsbergen where the trough continuing from Wijdefjorden and Hinlopen Trough merge. 104 
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There were several ice types on the archipelago during the Late Quaternary, including ice sheets, 105 

glaciers, and sea-ice in various configurations and extents. For example, during glacial periods this 106 

area was affected by glaciers/ice streams draining the SBIS (Ottesen et al., 2007). Sea-ice formation 107 

also occurs locally on Svalbard (Allaart et al., 2020; Bartels et al., 2017; Berben et al., 2017), and it 108 

can be transported to the area from the Arctic shelves via the Siberian Branch of the Transpolar Drift 109 

(TPD) (Tütken et al., 2002; Werner et al., 2014) (Fig. 1A). The Hinlopen Trough currently represents 110 

the main passage for the two main water masses in the area: 1) the southward inflow of the WSC and 111 

Figure 1. (A) Map of the Arctic. The location of Svalbard is marked with the yellow rectangle, and 
water circulation patterns including the Beaufort Gyre (BG), Transpolar Drift (TPD) and Siberian 
Branch (SB) are indicated by yellow arrows. (B) Map of the Svalbard archipelago and surrounding 
waters. The West Spitsbergen Current (WSC) and the East Spitsbergen Current (ESC) are marked 
with red and blue arrows, respectively. (C) Map of northern Svalbard. The sampling site of core 
HH17-1085-GC and comparative sites of HH12-964, HH16-1202, NP94-51 and GeoB10831-3 are 
indicated. The Nd isotopic compositions (εNd) of detrital or bulk fractions in bedrock (rectangles) and 
surface sediments (ellipses) near sampling site of core HH17-1085 (yellow star) are shown (data from 
Jang et al., 2020; Johansson et al., 1995, 2000, 2002; Johansson and Gee, 1999). Various bedrock ages 
are indicated by different colors. The proposed pathways of ice streams and sediment delivery in 
northern Svalbard are indicated by green dashed arrows (Batchelor et al., 2011; Dowdeswell et al., 
2010), and present areas of glacier coverage are colored sky blue. 
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2) the northward outflow of the ESC (Menze et al., 2019). However, during the Late Weichselian, it 112 

also acted as a major pathway for ice flow and sediment delivery (Batchelor et al., 2011) (Fig. 1C).  113 

Based on the geological setting and regional ocean circulation patterns, the main source areas 114 

of terrigenous sediments deposited at the core site include Wijdefjorden and Woodfjorden on 115 

Spitsbergen and Nordaustlandet. Wijdefjorden is the longest fjord system on Svalbard. It separates 116 

Andrée Land to the west, where the outcrops comprise sedimentary rocks, including Devonian Old 117 

Red Sandstones, and Ny-Friesland to the east, where the outcrops comprise mainly Proterozoic 118 

metamorphic basement rocks (Dallmann, 2015; Hjelle, 1993) (Fig. 1C). In Woodfjorden, the bedrock 119 

geology is dominated by the Devonian Old Red Sandstone, with a minor contribution of Quaternary 120 

volcanic and Proterozoic rocks (Dallmann, 2015; Hjelle, 1993). In Nordaustlandet, Neoproterozoic 121 

and Permian to Carboniferous rocks are the main source rocks (Fig. 1C). The sediments deposited at 122 

the Arctic shelves can be further redistributed by sea-ice drifting as observed in the Fram Strait 123 

(Maccali et al., 2013; Tütken et al., 2002; Werner et al., 2014). Potential source regions include all 124 

areas surrounding the Arctic Ocean (i.e., the western and eastern Arctic) (Maccali et al., 2013). 125 

However, in the eastern Fram Strait, sediment sources are mostly restricted to the Eurasian shelf 126 

sediments (Tütken et al., 2002; Werner et al., 2014), in particular, the Kara Sea shelf (Pfirman et al., 127 

1997; Werner et al., 2014), which presumably reflect the Siberian Branch-dominated water circulation 128 

pattern in the east. Given the position of our core site, located further eastward of eastern Fram Strait 129 

(Fig. 1), we consider exclusively the Kara Sea shelf sediments as a potential end-member of sea-ice-130 

derived sediments from within the Arctic Ocean. 131 

 132 

3. Glacial history 133 

According to the time-slice reconstruction of past Eurasian ice sheets (Hughes et al., 2016; 134 

Patton et al., 2017; Patton et al., 2016; Svendsen et al., 2004), Svalbard, apart from some nunataks 135 

(e.g., Landvik et al., 1998) was entirely covered by the SBIS extending to the continental shelf edges 136 

north and west of the archipelago during the Late Weichselian. The deglaciation from the shelf edges 137 

started ca. 19 ka BP (Jessen et al., 2010). A period of comparatively slow retreat between 17-16 ka BP 138 
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was followed by a more rapid ice sheet retreat towards the western and northern coasts of Svalbard at 139 

ca. 15 ka BP (Elverhøi et al., 1995; Landvik et al., 1998; Svendsen et al., 1992). The ice front reached 140 

the mouth of Wijdefjorden before ca. 14.5 ka BP (Allaart et al., 2020). The outer fjords of Svalbard 141 

were mostly ice-free after ca. 12 ka BP (Farnsworth et al., 2020; Hughes et al., 2016). In the inner 142 

fjords, the timing of the deglaciation varied depending on the location. For example, the deglaciation 143 

terminated in Isfjorden at approximately 11.2 ka BP (Baeten et al., 2010; Elverhøi et al., 1995; 144 

Forwick and Vorren, 2009) and in Wijdefjorden at approximately 7.2 ka BP (Allaart et al., 2020; 145 

Braun, 2019). 146 

The glacial coverage on Svalbard at ca. 10 ka BP remains controversial, with some models 147 

suggesting fully deglaciated conditions (e.g., the minimum and most-credible glacial scenario of 148 

Hughes et al., 2016) and others suggesting present-day glacier limits (e.g., the maximum glacial 149 

scenario of Hughes et al., 2016). While a recent modeling study supports the latter scenario based on 150 

sea-level observations (Fjeldskaar et al., 2018), a recently published data compilation suggests an 151 

intermediate glacial coverage between the aforementioned scenarios (Farnsworth et al., 2020).  152 

During the early Holocene, the glacial coverage decreased, reaching a minimum extent at the 153 

beginning of the middle Holocene (ca. 8.0-6.0 ka BP; Farnsworth et al., 2020; Fjeldskaar et al., 2018). 154 

Massive glaciers on Svalbard, such as the ice caps on Nordaustlandet and in eastern Spitsbergen, 155 

survived the Holocene Thermal Optimum (ca. 11.2-5.2 ka BP; Fjeldskaar et al., 2018), whereas 156 

smaller glaciers had mostly vanished by ca. 7.5-5.5 ka BP (Fjeldskaar et al., 2018). Subsequently, the 157 

glaciers began to grow or reform, as recorded in glacimarine and lake sediments (Baeten et al., 2010; 158 

Forwick et al., 2010; Røthe et al., 2015; Svendsen and Mangerud, 1997; van der Bilt et al., 2015), and 159 

reached their maximum post-glacial extents at various times during the late Holocene (Dowdeswell et 160 

al., 2020; Kempf et al., 2013; Martín-Moreno et al., 2017).  161 

 162 

4. Materials and methods 163 

4.1. Sample collection 164 

Sediment gravity core HH17-1085-GC (hereafter referred to as 1085-GC) (80.274°N, 165 
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16.211°E, ~322 m water depth; 462 cm long) provides the basis for this study. It was retrieved from 166 

the continental shelf off northern Spitsbergen during the 2nd Korea-Norway joint cruise of RV Helmer 167 

Hanssen (UiT The Arctic University of Norway) in 2017 (Fig. 1). The core site is located at the 168 

merger of a trough continuing as an extension of Wijdefjorden and the Hinlopen Trough. The 169 

temperature (T ~1.6 ºC) and salinity (S ~34.77 psu) of the bottom water at the site of 1085-GC differ 170 

slightly from those of the AW, characterized by T > 3.0 ºC and S > 34.65 psu (Cottier et al., 2005), 171 

probably due to the mixing of the AW with the ArW transported by the ESC (-1.5 < T < -1.0 and 34.30 172 

< S < 34.80) (Cottier et al., 2005). 173 

Braun (2019) performed laboratory work at UiT to determine the physical properties of the 174 

core and to acquire line-scan images and x-radiographs of the core (Table 1 and Fig. 2). Briefly, the 175 

wet bulk density and magnetic susceptibility of the whole core were determined at 1 cm intervals 176 

using a GEOTEK Multi-Sensor Core Logger (MSCL). The x-radiographs and line-scan images of the 177 

split cores were acquired using the GEOTEK MSCL-XCT X-ray imaging machine and the Avaatech 178 

XRF core scanner, respectively. The darker intervals on the x-radiographs indicate denser materials. 179 

 180 

Table 1. Summary of sedimentary facies in core HH17-1085-GC. 181 

Unit Facies /  
core depth 

X-radiograph Description Depositional process 

B2 Bioturbated 
sandy mud 
(Bsm) 
30-0 cm 

 

Dark grayish brown; sandy mud with 
some IRD (> 1 mm); poorly sorted; 
intensely bioturbated 

Hemipelagic settling 
affected by drifting 
ice (sea-ice)  

B1 
 
 

Massive mud 
(Mm) 
228-30 cm 

 

Dark grayish brown; silt-rich massive 
mud, upward coarsening, IRD rare; 
poorly sorted; no primary structure, 
homogenous; a pale brown clay-rich 
layer at the base of this unit 

Suspension plumes 
from meltwater 
plumes in ice-distal 
environment 

A2 Weakly 
laminated 
mud 
(WLm) 
385-228 cm 

 

Mostly dark grayish brown; relatively 
silt-rich; poorly sorted; lamination 
blurred and more poorly defined 
upward in the core; an IRD-rich 
coarse layer between 360 and 370 cm 
(right part of figure) 

Suspension settling 
from meltwater 
plumes in transitional 
environments from 
ice-proximal to ice-
distal  

A1 
 

Laminated 
mud (Lm) 
462-385 cm 

 

Alteration between dark reddish gray 
and dark grayish brown; silt-rich and 
clay-rich muds without IRD; very 
poorly sorted; distinct and well 
laminated with good lateral 
continuity, lamination subparallel to 
slightly wavy  

Suspension settling 
from meltwater 
plumes in ice-
proximal 
environment. 
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 182 

4.2. Grain size analysis 183 

The grain size distributions were measured at 5 cm intervals using a laser diffraction 184 

instrument (Mastersizer 3000, Malvern) at the Korea Polar Research Institute (KOPRI). Before 185 

measurement, each sample was freeze-dried and then treated with 35 % hydrogen peroxide to remove 186 

organic matter. Coarse grains larger than 1 mm (hereafter referred to as IRD) were counted at 1 cm 187 

intervals from x-radiograph images by Braun (2019). The mean sizes were calculated with 188 

GRADISTAT v 8.0 (Blott and Pye, 2001) using the method of Folk and Ward (1957).  189 

 190 

Figure 2. Lithostratigraphic units and facies of core HH17-1085-GC based on line scan images and x-
radiographs and grain size distribution, mean grain size, wet bulk density (WBD) and magnetic 
susceptibility (MS). BSM: bioturbated sandy mud; Mm: massive mud; pb-layer: pale-brown layer; 
WLm: weakly laminated mud; Dml: diamicton with lamination; Lm: laminated mud. The calibrated 
14C ages are indicated. For details, see Table 1.  
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4.3. AMS 14C age dating 191 

The age model for core 1085-GC is based on the integration of results from Braun (2019) 192 

and additional AMS 14C analyses using the MICADAS system at the Alfred Wegner Institute – 193 

Helmholtz Centre for Polar and Marine Research (Table 2 and Fig. 3). The AMS 14C ages were 194 

converted into calendar ages by applying the Marine13 dataset of the Calib Rev 7.0.4 program 195 

(Stuiver and Reimer, 1993) with △R = 105 ± 24 yr for all samples (Mangerud et al., 2006). After 196 

rejecting four 14C ages (Table 2; for details, see section 5.2), the age-depth model was determined with 197 

Bayesian age-depth modeling in BACON (v. 2.2; Blaauw and Christen, 2011) using R (v. 4.0.0; R 198 

Development Core Team 2020). We employed the default settings except for Student’s t-distribution 199 

parameters t.a and t.b. The adjustments of those parameters (from t.a = 3 and t.b = 4 to t.a = 33 and t.b 200 

=34) allowed the most recent age control point to be included in the age-depth model with a less 201 

smoothed age-depth relationship. 202 

Table 2. AMS 14C ages and converted calendar ages of core HH17-1085-GC 203 

Lab ID 
 

Unit Core 
depth 
(cm) 

AMS 14C age  
(yr BP) 

Cal. age  
(yr BP) 

Material  
dated 

References 

Beta-529788 B2 25.5 2110 ± 30 1569 ± 63 Mollusk This study 
AWI 5473.1.1 B1 44.5 7694 ± 82 8053 ± 182 Mixed foram. This study 
AWI 5474.1.1 B1 79.5 9386 ± 92 10082 ± 315 Mixed foram. This study 
Beta-529789 B1 122.5 9780 ± 30 10573 ± 62 Mollusk This study 

AWI 5475.1.1 B1 159.5 10168 ± 97 11046 ± 279 Mixed foram. This study 
AWI 5476.1.1 B1 214.5 10738 ± 103# 11957 ± 520 Mixed foram. This study 
Beta-546258 B1 219.5 10570 ± 30 11606 ± 132 Mollusk This study 

AWI 2740.1.1 B1 221.5 10829 ± 39# 12143 ± 141 Mollusk Braun (2019) 
AWI 5103.1.1 B1 224.5 9827 ± 100 10627 ± 216 Mixed foram. This study 
AWI 5104.1.1 A2 229.5* 16492 ± 158# 19282 ± 269 Mixed foram. This study 
AWI 5477.1.1 A2 249.5 11885 ± 107 13253 ± 241 Mixed foram. This study 
AWI 5478.1.1 A2 249.5** 12794 ± 155# 14344 ± 484 Mollusk This study 
AWI 2742.1.1 A2 326 12696 ± 40 14076 ± 80 Mollusk Braun (2019) 
Beta-509927 A2 365* >43500# >50000 Mollusk This study 

AWI 5105.1.1 A2 374.5* 15745±147# 18491 ± 204 Mixed foram. This study 
AWI 5106.1.1 A1 434.5 13479±125 15513 ± 263 Mollusk This study 

#age inversion compared to below sampling depth 204 
*discarded due to significant age inversion compared to below sampling depth 205 
**discarded due to significant age inversion compared to the measurement from different material at the same 206 
sampling depth 207 
 208 
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4.4. Bulk mineral assemblage analysis 209 

X-ray diffraction pattern analyses were conducted at the University of Bremen. Dried bulk 210 

samples were grounded to a fine powder (<20 µm particle size) and prepared with the Philips 211 

backloading system. The X-ray diffractograms were measured on a Philips X’Pert Pro multipurpose 212 

diffractometer equipped with a Cu-tube (kα 1.541, 45 kV, and 40 mA), a fixed divergence slit of ¼°, a 213 

16-sample changer, a secondary Ni filter, and the X’Celerator detector system. The measurements 214 

were performed as a continuous scan from 3-85° 2θ, with a calculated step size of 0.016° 2θ (the 215 

calculated time per step was 50 s). Mineral identification was achieved using the Philips software 216 

X’Pert HighScore™, and the identification of sheet silicates was performed with the software 217 

MacDiff 4.25 (Petschick et al., 1996). This was followed by a full quantification of the main mineral 218 

assemblages of the bulk fraction via the QUAX full pattern method (c.f., Vogt et al., 2002). A 219 

Figure 3. Age model for core HH17-1085. Twelve 14C ages were included (red diamonds) in the 
BACON model to determine the age-depth relationship (white line, weighted mean age). Four 
inverted ages were discarded (open diamonds). 
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thorough preparation commonly increases the reproducibility of the results; however, the standard 220 

deviation given by Moore and Reynolds Jr (1989) of ± 5 % can be considered a general guideline for 221 

mineral groups with >20% clay fraction. The determination of major none clay minerals can be 222 

achieved with better standard deviations (± 1-3 %; Vogt et al., 2002). 223 

 224 

4.5. TOC, Norg, and δ13Corg measurements 225 

The contents of total organic carbon (TOC) and nitrogen (Norg) and the isotopic ratios of 226 

organic carbon (δ13Corg) were determined using an elemental analyzer (Flash 2000, Thermo Scientific) 227 

connected to an isotope ratio mass spectrometer (Delta V, Thermo Scientific) using continuous flow at 228 

KOPRI. For the determination of TOC and δ13Corg, the bulk sediments were powdered and then 229 

treated with 2 M hydrochloric acid for 24 h to eliminate inorganic carbonate. After sufficient rinsing 230 

with Milli-Q water (Millipore, >18.2 MΩ cm) and freeze-drying, the TOC contents and δ13Corg were 231 

measured. The δ13Corg of each sample is reported in per mil notation relative to the Vienna Pee Dee 232 

Belemnite international standard. For the determination of Norg, we applied a KOBr-KOH solution to 233 

the powdered bulk sediments to eliminate inorganic nitrogen, and the residues were used for the 234 

analysis (Silva and Bremner, 1966). The analytical precision is within 0.2 ‰. 235 

 236 

4.6. Neodymium isotopes analysis 237 

Neodymium isotopic compositions of the authigenic (Fe-oxide rich) and detrital fractions of 238 

sediments were determined using a thermal ionization mass spectrometer (TIMS, Triton, Thermo 239 

Scientific) at KOPRI. The definitions of authigenic and detrital fractions follow those used by Jang et 240 

al. (2020). The authigenic fraction was obtained by leaching the bulk sediment using 0.02 M 241 

hydroxylamine hydrochloride in 25 % acetic acid (hereafter, HH solution) at a 1:1 ratio of reagent and 242 

sediments for less than 1 h. Following the complete removal of any carbonate and authigenic fractions 243 

via exposure to the HH solution for more than 24 h (with a 10:1 ratio of reagent and sediment), the 244 

residual detrital fraction, mostly corresponding to the silicate-rich terrigenous material, was isolated. 245 

Detrital fractions were then digested using the alkaline fusion method described in Bayon et al. 246 



13 

  

(2009), which ensured the complete dissolution of the silicate minerals. 247 

Each fraction was purified by column chromatography using the combination of both TRU 248 

(100 μm, Eichrom) and Ln resins (100 μm, Eichrom) following a procedure modified from Pin and 249 

Zalduegui (1997). The neodymium isotope ratios were measured using TIMS and then normalized to 250 

the 144Nd/146Nd value of 0.7219 to correct for mass fractionation. Long-term replicate analyses of the 251 

JNdi-1 reference solution (0.512110 ± 0.000014, n = 12) agreed well within uncertainty with the 252 

reference value of Tanaka et al. (2000), yielding an inferred external reproducibility of 0.3 εNd units on 253 

measured Nd isotopic compositions. Note that the latter value was systematically taken for estimating 254 

the analytical uncertainty associated with studied samples unless the internal error during analysis was 255 

larger. The measurements of the BHVO-1 certified reference material (0.512972 ± 0.000011, n = 3) 256 

were also identical to the literature values within error (e.g., Raczek et al., 2003), confirming the 257 

accuracy of the Nd isotopic measurements performed in this study. 258 

 259 

5. Results 260 

5.1. Lithostratigraphy 261 

Based on the sediment color, texture, and structure, as well as its physical properties (wet 262 

bulk density and magnetic susceptibility), Braun (2019) defined two main lithostratigraphic units in 263 

core 1085-GC: a laminated unit from the core base to 228 cm and a massive unit above 228 cm. We 264 

name these units as unit A (lower) and unit B (upper) and further sub-divide them depending on their 265 

degree of lamination in unit A and bioturbation in unit B (Table 1 and Fig. 2). Lithostratigraphic unit 266 

A1, occurring from the bottom of the core to 385 cm, primarily consists of silt-rich and clay-rich mud 267 

(mean size: 2.3 to 8.3 μm; Supplementary Table S1). It has distinct laminations with cyclic alternation 268 

of dark reddish-gray (5YR 4/2) and dark-grayish brown layers (10YR 4/2). In this unit, the maximum 269 

IRD flux (> 1 mm) is 5 grains/cm2⋅ka (Fig. 4), and biogenic detritus is sparse. The overlying unit A2, 270 

from 385 to 228 cm, is generally similar to unit A1 but comprises darker (2.5YR 4/2) and coarser 271 

sediments (4.7 to 9.3 μm; Supplementary Table S1). The lamination of this unit is blurred and more 272 
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poorly defined upwards in the core. A very poorly sorted IRD-rich layer is intercalated in the lower 273 

part of unit A2 (360-370 cm) (Table 1 and Fig. 2), and a distinct pale-brown layer (7.5YR 4/2) is 274 

identified at the top of this unit (228-238 cm). In the IRD-rich layer, IRD flux (> 1mm) exceeds 24 275 

grains/cm2⋅ka. Stratigraphic unit B1 is defined as the depth interval between 228 and 30 cm and is 276 

composed of massive (dark grayish brown 10YR 4/2 to weak red 2.5YR 4/2) silt-rich mud (7.3 to 277 

15.8 μm; Supplementary Table S1). There is a coarsening upward trend (Fig. 2), and bioturbation is 278 

generally absent. The top-most unit, B2, is above 30 cm depth and is composed of IRD-rich (Fig. 4), 279 

dark grayish-brown (2.5YR 4/2) sandy mud sediments (13.7 to 16.8 μm; Supplementary Table S1). 280 

The interval is intensely bioturbated. 281 

 282 

5.2. Chronostratigraphy and sediment accumulation rate 283 

The AMS 14C ages and converted calendar ages are listed in Table 2. The youngest age was 284 

detected at the shallowest depth of 25.5 cm (ca. 1.6 ka BP), while the oldest age was determined at a 285 

depth of 365 cm (> 50 ka BP), where massive clasts up to ~2 cm occur (Fig. 3). The dating results 286 

revealed six ages that were inverted relative to the ages of the corresponding sampled depths below 287 

throughout the core; three represented significant age inversions and were therefore excluded from the 288 

Figure 4. Geochemical proxies, including detrital and authigenic εNd, △εNd, grain size distribution, 
mean grain size, δ13Corg, TOC/Norg, the contents of dolomite and glauconite, calculated IRD (> 1mm) 
flux and sediment accumulation rate (SAR) in core HH17-1085-GC. Error bars for εNd represent ±2σ 
uncertainties. 
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determination of the age-depth model (Table 2). Different materials were used for dating at ~249.5 289 

cm. They revealed a relatively older age for mollusk shell fragments (ca. 14.3 ka BP) than for 290 

corresponding assemblages of mixed benthic foraminifera (ca. 13.2 ka BP); thus, the older age was 291 

discarded. 292 

The weighted mean values extracted by BACON indicate that the bottom age of core 1085-293 

GC is ca. 16.3 ka BP, and the average sediment accumulation rate was ~28.3 cm/ka (Figs. 3 and 4). 294 

This rate is lower than that of core NP94-51, from a nearby site (~42.0 cm/ka; Ślubowska et al., 295 

2005). According to the age model, units A1 and A2 were deposited from ca. 16.3 and 12.1 ka BP, 296 

whereas units B1 and B2 were deposited from ca. 12.1 ka BP to the present. The sediment 297 

accumulation rate was generally higher between ca. 15.8 and 10.5 ka BP, with a marked decrease 298 

observed between ca. 13.0– 12.1 ka BP. There was a stepwise decrease in the sediment accumulation 299 

rate after ca. 9.8 ka BP until ca. 5.3 ka BP, when an overall minimum was reached (Fig. 4)(Allaart et 300 

al., 2020). 301 

 302 

5.3. Dolomite and glauconite contents 303 

The dolomite content ranges from 0.7 to 14.5 %, with an average value of 4.2 % (1σ, n = 99) 304 

(Supplementary Table S1 and Fig. 4). The abundance of dolomite is generally lower within unit A1 305 

(average of 2.3 ± 1.2 %, 1σ, n = 22) than in the other units, whereas its variability is largest within 306 

unit A2 (average of 4.5 ± 2.6 %, 1σ, n = 31) (Fig. 5). A prominent dolomite peak up to 14.5 % occurs 307 

in the pale brown layer in the uppermost part of unit A2. This peak corresponds to an abrupt increase 308 

in glauconite content to 12.4 %, which is almost 15 times higher than the average glauconite content 309 

across the entire core (0.8 ± 1.9 %, 1σ, n = 31) (Fig. 4). 310 

 311 

5.4. TOC, Norg and δ13Corg 312 

The overall ranges of TOC and Norg are 0.2-1.5 % and 0.02-0.16 %, respectively 313 

(Supplementary Table S1). These two parameters strongly correlate with each other (r = 0.93, n = 46) 314 

and generally have largely uniform values within units A1 and A2, gradually increasing towards the 315 
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core-top within units B1 and B2. The TOC/Norg ratios are much lower within units B1 and B2 (7.5 ± 316 

1.0, 1σ, n = 23) than within unit A1 (14.4 ± 2.3, 1σ, n = 8) (Fig. 4). The δ13Corg values show a 317 

decreasing trend from the bottom (-24.2 ‰) to the middle of stratigraphic unit B1 (down to -25.8 ‰) 318 

and then a gradually increasing trend upward (up to -22.0 ‰) (Fig. 4). 319 

 320 

5.5. Detrital and authigenic εNd 321 

The detrital and authigenic εNd values of core 1085-GC range from -14.5 to -12.3 (-13.6 ± 322 

0.5, 1σ, n = 29) and -13.6 to -10.4 (-11.7 ± 0.7, 1σ, n = 29), respectively, throughout the core 323 

(Supplementary Table S3 and Fig. 4). Both εNd values are generally well correlated (r = 0.87, n = 29). 324 

Less radiogenic εNd values characterize unit A1, with a minimum of -14.5 (-13.6) for the detrital 325 

(authigenic) components and a generally upward increasing trend (Fig. 5). In unit A2, the background 326 

εNd values for detrital and authigenic components are ~-13.8 and -12.0, respectively, but radiogenic εNd 327 

peaks of -12.8 and -11.0, respectively, occur in this sediment interval in association with the presence 328 

Figure 5. Box and whisker plots of dolomite contents, detrital and authigenic εNd, and the εNd 
differences (△εNd) within each lithological unit. Note that the exceptional outlier of dolomite within 
the pale-brown sediments in unit A2 was discarded for the calculation. 
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of episodic IRD. In unit B1, the εNd values of both components are relatively uniform without any 329 

particular fluctuation, showing mean values of -13.4 ± 0.1 for detrital (1σ, n = 9) and -11.6 ± 0.2 for 330 

authigenic (1σ, n = 9) components. In unit B2, the detrital and authigenic εNd values are relatively 331 

high, up to -13.1 and -10.8, respectively, with larger variability in authigenic εNd. 332 

 333 

6. Discussion 334 

6.1. Sediment provenance interpretation 335 

Detrital εNd values provide a powerful means for identifying any downcore variation in 336 

sediment provenance in our study areas, including Woodfjorden, Wijdefjorden, Nordaustlandet and 337 

the Kara Sea shelf. The εNd values from the literature for outcrops in Woodfjorden, Wijdefjorden and 338 

Nordaustlandet and sea-ice rafted sediments on the Kara Sea shelf can be divided into four groups: 1) 339 

unradiogenic (low) εNd values from eastern Wijdefjorden (-25.4 < εNd < -18.6; Johansson et al., 1995; 340 

Johansson and Gee, 1999), 2) intermediate εNd values from Woodfjorden and western Wijdefjorden 341 

(εNd ~ -13.6 for the so-called Devonian Old Red Sandstone from Jang et al., 2020), 3) the most 342 

radiogenic (high) εNd compositions from Nordaustlandet (-13.2 < εNd < -7.4; Johansson et al., 2000; 343 

Johansson et al., 2002) and 4) the Kara Sea shelf (εNd ~ -8.9; Tütken et al., 2002) (Fig. 1C). Note that 344 

the catchment area of Lomfjorden on northeastern Ny-Friesland is primarily dominated by Permian 345 

rocks (Blomeier et al., 2011), implying different εNd values from those of eastern Wijdefjorden where 346 

Proterozoic to lower Silurian metamorphic rocks predominate (Dallmann, 2015) (Fig. 1C). We 347 

assume that this provenance is characterized by a relatively radiogenic εNd based on the recent 348 

measurements of detrital εNd from Permian rocks collected near Isfjorden and Kongsfjorden in 349 

Svalbard ranging from -11.6 to -8.5 (Jang et al., 2020) (Fig. 1C).  350 

The sediment mineral assemblages represent an additional proxy for identifying sediment 351 

provenance, which complements the use of Nd isotopes. In this study, the presence of dolomite in the 352 

sediments can be unambiguously attributed to detrital inputs from dolostones outcropping in the 353 

Neoproterozoic basement on southwestern Nordaustlandet (Kunzmann et al., 2015) and/or from the 354 

Permian sedimentary sequence in northeastern Ny-Friesland (Blomeier et al., 2011). Detrital input 355 
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from both sources would be likely to be accompanied by an increase in εNd, although differing from 356 

other radiogenic but dolomite-poor sediment sources derived from, for instance, the Kara Sea shelf. 357 

On the basis that rises in detrital εNd are generally associated with increases in dolomite (Figs. 4 and 358 

5), we infer that the Kara Sea shelf does not represent a dominant source of sediment in the studied 359 

area. Considering the location of the two potential sources considered in this study (Nordaustlandet 360 

and northeastern Ny-Friesland), together with water circulation patterns and past ice-flow directions 361 

(e.g., Batchelor et al., 2011; Dowdeswell et al., 2010; Hormes et al., 2011), the Hinlopen Strait 362 

represents the most plausible pathway for dolomite delivery to the core site. Therefore, we hereafter 363 

refer to both sources as ‘the Hinlopen-source’. The supply of detrital sediments from the Hinlopen-364 

source is supported by an increase in the detrital εNd value of the surface sediments of up to 2.7 365 

compared with those in inner Wijdefjorden (Jang et al., 2020) (Fig. 1). 366 

Likewise, the presence of glauconite can be traced back to the terrestrial input from the 367 

Carboniferous and Permian sedimentary rocks in the Wahlenbergfjorden catchment area in 368 

southwestern Nordaustlandet where glauconite-rich beds are common (e.g., Bond et al., 2018; 369 

Lauritzen, 1981). Glauconite is also present in small amounts as streaks and patches within the 370 

dolomite sequence in northeastern Ny-Friesland (Fortey and Bruton, 1973), and thus this area could 371 

be a minor source. 372 

  373 

6.2. Glacimarine sedimentary and environmental changes in northern Svalbard 374 

6.2.1. Late Weichselian – early deglaciation (unit A1, 16.3–15.0 ka BP) 375 

The lowermost unit, A1, characterized by fine-grained laminations, is suggested to have been 376 

deposited in an ice-proximal setting that prevailed between ca. 16.3 and 15.0 ka BP (hereafter referred 377 

to as the early deglaciation period) (Table 1 and Fig. 2). Fine-grained laminated glacimarine 378 

sediments in Svalbard fjords typically correspond to depositional environments associated with the 379 

settling of meltwater plume-derived suspended particles in ice-proximal environments (e.g., Elverhøi 380 

et al., 1995; Forwick and Vorren, 2009; Forwick et al., 2010). During the retreat of the ice margin 381 

(e.g., tidewater glaciers and/or ice sheets), the mixing of meltwater with ambient seawater initiates a 382 
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buoyant plume from which the settling of suspended particles is size-dependent, generating laminated 383 

structures (review in Ó Cofaigh and Dowdeswell, 2001). In full agreement with this interpretation, we 384 

suggest that the sediment deposited during the early deglaciation period derived primarily from 385 

meltwater plumes emanating from the retreating marine-terminating margin of the ice sheet that 386 

existed on the continental shelf off northern Svalbard. Our data indicate that the ice extent at 387 

approximately 16 ka BP was slightly smaller than that proposed by Hughes et al. (2016), who showed 388 

that the SBIS nearly covered Svalbard, including our core site, at ca. 16 ka BP (Fig. 6A) before 389 

retreating towards the mouth of Wijdefjorden and Woodfjorden during the early deglaciation. Light 390 

δ13Corg values and high TOC/Norg ratios indicate organic matter of predominantly terrestrial origins in 391 

Svalbard fjord sediments (Knies and Martinez, 2009; Winkelmann and Knies, 2005) (Fig. 4) most 392 

likely delivered via subglacial conduits at the base of the SBIS. Such subglacial pathways could have 393 

transported land-derived material and re-mobilized glacimarine sediments to the adjacent ice margin. 394 

In this study, our suite of provenance proxies suggests that the sediment deposited at the core 395 

location during the early deglaciation period was mostly derived from the Devonian Old Red 396 

Sandstone, which is dominant in the catchment areas of Woodfjorden and Andrée Land to the west of 397 

Wijdefjorden. The detrital εNd values of the sediments (-14.3 ± 0.3, 1σ, n = 7) are slightly less 398 

radiogenic than those of the Old Red sandstone (-13.6 ± 0.3 from Jang et al., 2020) but very similar to 399 

those for core-top sediments at the mouth of Wijdefjorden (-14.2 ± 0.2 from Jang et al., 2020) and 400 

central Woodfjorden (-14.1 ± 0.2 from Jang et al., 2020) (Fig. 1C). This origin is further supported by 401 

the overall reddish color of the sediment, which is consistent with the Devonian Old Red Sandstone 402 

(Blomeier et al., 2003a; Blomeier et al., 2003b; Rasmussen and Thomsen, 2013). The mixing of 403 

detrital sediment sources from east Wijdefjorden and Nordaustlandet, characterized by less and more 404 

radiogenic εNd signatures, respectively, could possibly account for the observed εNd sediment 405 

signatures. However, the generally low dolomite contents in core 1085-GC sediments suggest that 406 

these sources only acted as minor sediment contributions during this period. Accordingly, we propose 407 

that the sediment supply was dominated by input from the western sources, probably reflecting 408 

enhanced deglaciation on northwestern Svalbard (Fig. 6A). 409 
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  410 

6.2.2. Late Weichselian – late deglaciation (unit A2, 15.0–12.1 ka BP) 411 

The seesaw fluctuations in detrital εNd values in the deposits between ca. 15.0 and 12.1 ka BP 412 

(hereafter referred to as the late deglaciation period) probably reflect the interplay between various 413 

sediment sources from Woodfjorden, Wijdefjorden, and Nordaustlandet (Fig. 4). In this context, less 414 

radiogenic εNd values would reflect enhanced detrital contributions from Woodfjorden and 415 

Wijdefjorden, whereas more radiogenic εNd values would presumably correspond to inputs from 416 

Nordaustlandet (Fig. 6B).  417 

Figure 6. Schematic illustrations of the potential pathways of sediments with estimated ice extents 
during (A) the early deglaciation, (B) the late deglaciation, (C) the early Holocene, and (D) the middle 
to late Holocene. The assumed pathways for sediment delivery are marked with green dashed arrows. 
The estimated extents of the Svalbard-Barents Sea Ice Sheet (SBIS) and land glaciers are generally 
consistent with previous reconstructions from the most credible DATED-1 timeslices (16 and 15 ka 
BP; Hughes et al., 2016), the SVALHOLA database (11.7 and 11.0 ka BP; Farnsworth et al., 2020), 
best-fit model (7.5 ka BP; Fjeldskaar et al., 2018) and satellite images (present; Nuth et al., 2013). 
However, our data indicate that the ice extent around 16 ka BP terminated further south  (red dotted 
line in Fig. 6A) than suggested by Hughes et al. (2016).  
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The most notable feature of unit A2 is the overall increase in sedimentary εNd values (Fig. 4). 418 

Given the Nd isotopic compositions of the potential sources, the observed εNd shift towards more 419 

radiogenic values can be attributed to enhanced terrestrial inputs from the Hinlopen-source, 420 

presumably via northward glacier drainage through the Hinlopen Strait (e.g., Batchelor et al., 2011; 421 

Dowdeswell et al., 2010) (Fig. 1). An accompanying increase in dolomite (Fig. 4) supports 422 

Nordaustlandet and northeastern Ny-Friesland as potential source regions (compare with Kunzmann 423 

et al., 2015). Enhanced sediment supply from the Hinlopen-source was accompanied by the episodic 424 

occurrence of IRD (Figs. 2 and 4), suggesting partial break-up of the SBIS on the northeastern margin 425 

of Svalbard at ca. 15.0 ka BP (Fig. 6B). Alternatively, the IRD-rich sediments overlying the laminated 426 

mud could be interpreted as reflecting the disappearance of sea-ice, which impacts iceberg drift 427 

(Kleiber et al., 2000; Ó Cofaigh and Dowdeswell, 2001). However, the observed lack of diatom 428 

species at the neighboring site represented by core NP94-51 suggests that sea-ice coverage was 429 

extensive at that time (Koç et al., 2002), which rules out this latter hypothesis. Therefore, the 430 

transition of the primary provenance from northwestern to northeastern Svalbard implies that the 431 

retreat of the SBIS on the northeastern margin of Svalbard started later than that at the northwestern 432 

margin. The delayed retreat of the SBIS at the northeastern margin of Svalbard may have been related 433 

to the strong subsurface intrusion of warm AW to northern Svalbard during that time (Ślubowska et 434 

al., 2005). However, this suggestion remains speculative for the time being and cannot be evaluated 435 

until additional quantitative εNd data from Nordaustlandet become available. 436 

The progressive disappearance of laminated sediment at the studied site after the partial 437 

break-up of the SBIS along the northeastern margin of Svalbard indicates a gradual transition from 438 

ice-proximal to ice-distal glacimarine environments (Ó Cofaigh and Dowdeswell, 2001). Upward 439 

decreases in the sand/mud and silt/clay ratios support a progressive increase in the distance between 440 

the retreating ice margin and the core location (e.g., Mackiewicz et al., 1984). This finding is 441 

consistent with previous studies that documented the ongoing retreat of the SBIS from the northern 442 

Svalbard coast into mid-Wijdefjorden, Woodfjorden, and the Hinlopen Strait during the late 443 

deglaciation period (Allaart et al., 2020; Bartels et al., 2017; Hughes et al., 2016 and references 444 
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therein) (compare Fig. 6A with Fig. 6B). 445 

The final phase of the deglaciation is marked by the deposition of a pale-brown sediment 446 

layer at ca. 12.1 ka, which corresponds to an abrupt increase in dolomite (~14.5 %) and glauconite 447 

(~12.4 %) contents at the top of A2 (Fig. 4). These changes in the sediment mineral assemblage 448 

indicate sediment input predominantly from the catchment area of Wahlenbergfjorden on 449 

southwestern Nordaustlandet with a minor contribution from northeastern Ny-Friesland (see section 450 

6.1). Bartels et al. (2018) reported the occurrence of similar pale-brown sediment in the bottommost 451 

part of a core GeoB10831-3 retrieved from inner Wahlenbergfjorden (before ca. 11.3 ka BP) (Fig. 452 

1C). Nevertheless, the detrital εNd values at core 1085-GC (Fig. 4) are less radiogenic than the 453 

representative εNd values of bedrock in western and central Nordaustlandet (-13.2 < εNd < -7.4; 454 

Johansson et al., 2000; Johansson et al., 2002) and northeastern Ny-Friesland (-11.6 < εNd < -8.5; Jang 455 

et al., 2020) (Fig. 1), which could be at least partly attributable to less radiogenic Nd inputs from 456 

northwestern detrital sources. 457 

The deposition of such a homogenous layer of sediments delivered mainly from SW 458 

Nordaustlandet to the continental shelf off northern Svalbard could reflect either rapid retreat/collapse 459 

of glaciers, or increased meltwater release. The rapid retreat or collapse of glaciers can lead to the 460 

deposition of coarse-grained materials. However, the increase in clay content and absence of IRD in 461 

this layer suggest that this layer was caused by a meltwater pulse accompanied by considerable 462 

sediment transport rather than by deposition from ice rafting. This pulse could be attributed to a rapid 463 

transition from cold conditions during the Younger Dryas, 12.9–11.7 ka BP, to warm conditions 464 

(Farnsworth et al., 2020 and references therein). Considering the potential age uncertainty inferred 465 

from the younger 14C ages above this layer (10.6 ka BP; Fig. 3), this distinct sediment layer might 466 

correspond to the second-largest meltwater pulse MWP-1B reconstructed in Storfjorden at 11.3–11.0 467 

ka BP (e.g., Tian et al., 2020), implying ubiquitous glacier melting across Svalbard after the Younger 468 

Drays. However, there are several dates providing older ages from shallower core depths (12.1–11.6 469 

ka BP; ~15 cm above; Fig. 3); thus, this meltwater pulse more likely reflects a local event. 470 

 471 
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6.2.3. Latest Weichselian – Holocene (units B1 & B2, 12.1 ka BP to the present) 472 

Unit B1, characterized by the massive fine-grained mud, was deposited in a more distal 473 

glacimarine environment between ca. 12.1 and 2.7 ka BP (Allaart et al., 2020; Ó Cofaigh and 474 

Dowdeswell, 2001). In the lower part of unit B1, deposited between ca. 12.1 and 9.9 ka BP, the 475 

sediment accumulation rate remained considerably high (Fig. 3), suggesting high meltwater discharge 476 

during the early Holocene (Farnsworth et al., 2020) (Fig. 6C). Indeed, proxy records show that 477 

glaciers on Svalbard experienced massive losses during the early Holocene (Farnsworth et al., 2020, 478 

and references therein). This is in accordance with a recent modeling study based on relative sea-level 479 

showing the disappearance of all glaciers except for the largest glaciers in Nordaustlandet and eastern 480 

Spitsbergen before 7.5 ka BP (Fjeldskaar et al., 2018). This extensive melting of glaciers probably 481 

produced large meltwater runoff, resulting in relatively high sediment flux throughout the early 482 

Holocene, as recorded in Svalbard fjord sediment cores (Allaart et al., 2020; Bartels et al., 2018; 483 

Bartels et al., 2017; Flink et al., 2017; Hald et al., 2004) and at our core site off northern Svalbard. 484 

The sediment accumulation rate decreased as the deglaciation proceeded through the middle 485 

Holocene (Fig. 4), when glaciers on Svalbard reached their Holocene minimum extent (Farnsworth et 486 

al., 2020) (Fig. 6D). In particular, the upper part of unit B1 deposited between ca. 8.0 and 2.7 ka BP is 487 

characterized by the lowest sediment accumulation rates in our record, suggesting sediment 488 

deficiency, as has been ubiquitously documented for the middle Holocene in other Svalbard cores 489 

(e.g., Allaart et al., 2020; Bartels et al., 2017; Flink et al., 2017; Rasmussen and Thomsen, 2014). The 490 

reduced sediment accumulation rate at that time likely reflects the gradual reduction/disappearance of 491 

glaciers and, as a consequence, the reduced supply of terrestrial material, including fine-grained 492 

materials (Fig. 4). The possibility of reduced terrestrial input is indirectly supported by the increased 493 

contribution of marine organic matter to the total organic carbon budget at site 1085-GC, as inferred 494 

from the high δ13Corg and low TOC/Norg values (Fig. 4). On the other hand, the glaciers that re-495 

advanced and/or survived during those times (Farnsworth et al., 2020; Fjeldskaar et al., 2018) could 496 

have contributed to an increase in sand content (Fig. 4). Such a sand increase would have been 497 

enhanced by the winnowing of bottom currents due to a shallowing of the water depth in response to 498 
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post-glacial isostatic uplift (Forman et al., 2004). 499 

The mean grain size and sand contents are highest in unit B2 deposited after ca. 2.7 ka BP, 500 

and the IRD flux in this unit is high (Fig. 4). These characteristics reflect glacier advances (e.g., 501 

Allaart et al., 2020) corresponding to the general cooling in Svalbard during this period (Dowdeswell 502 

et al., 2020; Forwick and Vorren, 2009; Hald et al., 2004; Svendsen and Mangerud, 1997). The high 503 

sand content during this interval is likely associated with ice-rafting processes. The advances of 504 

glaciers on northern Svalbard during the late Holocene would have led to intensified iceberg 505 

production (Allaart et al., 2020; Bartels et al., 2017; Ślubowska et al., 2005), delivering coarse-506 

grained sediments to the continental shelf. Sea-ice rafting could have also contributed to the transport 507 

of coarse-grained sediments from the shore to the continental shelf. This interpretation is supported by 508 

the gradual increase in sea-ice cover at the mouth of Wijdefjorden during the last few millennia 509 

(Allaart et al., 2020) and the temporarily enhanced sea-ice cover at NP94-51 during the Little Ice Age 510 

(Jernas et al., 2013).  511 

During the Holocene, the sediment provenance remained more constant than during the 512 

deglaciation, as evidenced by the near-constant detrital εNd signatures. The detrital εNd values are 513 

generally comparable to those encountered during the final phase of deglaciation, which suggests 514 

sediment supply from similar source regions. However, the occurrence of low-to-moderate dolomite 515 

and glauconite contents could indicate that reduced sedimentary inputs from southwestern 516 

Nordaustlandet contributed to the Hinlopen-source (Fig. 4); this reduced input was probably due to 517 

the increase in distance between the glacial source of the sediments and the core site as glaciers 518 

retreated.  519 

 520 

6.3. Application of △εNd as a proxy for reconstructing glacial activity in northern Svalbard 521 

The Nd isotopic composition of authigenic iron oxide fractions has been widely used as a 522 

proxy for water masses in paleoceanographic studies. The Nd isotopic variations in the leached Fe-523 

oxide fractions of marine sediment records can provide information on past hydrological changes, 524 

such as the strength of the Atlantic Meridional Overturning Circulation (e.g., Böhm et al., 2015; 525 
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Jonkers et al., 2015; Piotrowski et al., 2005; Rutberg et al., 2000), dense water formation (e.g., Jang et 526 

al., 2017) and meltwater discharge events (e.g., Jang et al., 2013). The erosive behavior of ice sheets 527 

and glaciers on continental masses can also release substantial amounts of dissolved Fe, leading to 528 

subsequent co-precipitation of nanoparticulate Fe oxides (review in Wadham et al., 2019). Recent 529 

studies have shown that weathering processes in catchments hosting sedimentary rocks (such as in 530 

Svalbard) could be accompanied by the release of dissolved Nd isotopic signatures (and associated Fe 531 

oxide phases) being significantly more radiogenic than the corresponding detrital sediment fraction 532 

(Bayon et al., 2020; Hindshaw et al., 2018; Jang et al., 2020). The application of this new εNd 533 

approach to Svalbard fjord sediments showed that the analysis of paired detrital and authigenic 534 

fractions could provide useful information on the degree of incongruent chemical weathering and 535 

associated glacial evolution (e.g., Jang et al., 2020).  536 

At the site of core 1085-GC, authigenic εNd values are strongly correlated with corresponding 537 

detrital εNd values (r = 0.87, n = 29) (Fig. 4), suggesting that the dissolved terrestrial input exerts a 538 

strong influence on the εNd composition of leached Fe oxide phases. As proposed by Jang et al. (2020), 539 

this correlation in Svalbard fjord sediments suggests that meltwater releases are accompanied by 540 

substantial delivery of dissolved Fe and rare earth elements derived from the chemical weathering of 541 

rocks hosted in glaciated catchments, thereby leading to subsequent co-precipitation of abundant Fe-542 

oxyhydroxide phases in the water column. Alternatively, the presence of ancient preformed Fe-oxides 543 

delivered by meltwater discharge and sea-ice entrainment could also dominate the leached εNd signal 544 

extracted from the studied fjord sediments (Bayon et al., 2004; Bayon et al., 2020; Werner et al., 545 

2014). However, the authigenic εNd values (from -13.6 to -11.4) obtained for the early deglaciation 546 

period are considerably less radiogenic than the εNd value of leached (preformed) phases from the 547 

Devonian Old Red Sandstones (-10.8 from Jang et al., 2020), and those retrieved from Kara Sea shelf 548 

sediments (-4.2 from Chen et al., 2012; -5.9 from Haley and Polyak, 2013), suggesting that these 549 

latter sediment sources were not important sources of ‘terrestrial’ preformed Fe oxides in Svalbard 550 

fjords.  551 

Since the strong correlation between authigenic and detrital εNd values may be a coincidence, 552 
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we evaluated the possibility that both εNd signatures originate from separate sources. In the Fram 553 

Strait, the εNd variability in sedimentary authigenic fractions has been interpreted as reflecting changes 554 

in the relative influence of AW (-13.2 to -13.0 from Teschner et al., 2016) and comparatively more 555 

radiogenic ArW (-9.9 from Laukert et al., 2017) (Maccali et al., 2013; Rahaman et al., 2020; Werner 556 

et al., 2014). On this basis, the radiogenic excursion for authigenic εNd identified at the site of core 557 

1085-GC during the late deglaciation period (ca. 15–14 ka BP) could possibly be explained by a 558 

stronger influence of the ArW offshore northern Svalbard. However, the increase in C. neoteretis at 559 

the neighboring site represented by core NP94-51 indicates a stronger inflow of relatively warm AW 560 

(Ślubowska et al., 2005), suggesting that the observed authigenic εNd excursion towards radiogenic 561 

values cannot be interpreted as a re-organization of ocean circulation patterns. Furthermore, while the 562 

increase in authigenic εNd observed at the studied site corresponding to the early stage of the late 563 

Holocene could be attributed partly to reduced inflow of the AW (Ślubowska-Woldengen et al., 2007; 564 

Ślubowska et al., 2005; Werner et al., 2014), this hypothesis disagrees with paleoceanographic 565 

reconstructions indicating the increased inflow of AW during the latter stage of the late Holocene 566 

(Rasmussen et al., 2007; Ślubowska-Woldengen et al., 2007; Ślubowska et al., 2005). Collectively, the 567 

measured authigenic εNd signatures in leached Fe-oxide fractions suggest a terrestrial origin sourced 568 

from subglacial to deglacial meltwater. 569 

On this basis, we infer that the radiogenic authigenic εNd peak of -10.8 (and the associated 570 

high △εNd value) that occurred at ca. 1.4 ka BP (Fig. 4) reflects an increase in the glacier extent on 571 

Svalbard during the late Holocene (Dowdeswell et al., 2020; Kempf et al., 2013; Martín-Moreno et 572 

al., 2017) (Fig. 7B). At that time, the increased glacial abrasion induced by the growth of glaciers 573 

would have provided freshly exposed rock substrates and would have been followed by the 574 

preferential dissolution of easily dissolvable rock minerals during chemical weathering, resulting in an 575 

enhanced isotopic decoupling of Nd between solutes and source rocks, i.e., a higher △εNd (Jang et al., 576 

2020) (Fig. 7A). Similar increases in △εNd during the late Holocene have been found in sediment 577 

cores retrieved from Woodfjorden (HH12-964) and Dicksonfjorden (HH16-1202) (Jang et al., 2020) 578 

(for locations, see Fig. 1). While the △εNd values of core 1085-GC are slightly lower than those for 579 
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two other nearby sites investigated by Jang et al. (2020), all records display a similar temporal 580 

evolution during the late Holocene, suggesting very similar glacial histories at that time.   581 

Aside from the high △εNd values during the late Holocene, an outstanding feature of our 582 

results is the seesaw fluctuations displayed by authigenic εNd during the early deglaciation (-12.5 ± 583 

0.8, 1σ, n = 7) (Fig. 4). Detrital εNd values were almost constant (-14.3 ± 0.3, 1σ, n = 7) during this 584 

period; thus, these fluctuations most likely indicate variations in the degree of Nd isotopic decoupling 585 

in response to abruptly changing glacial activity and associated chemical weathering patterns. The 586 

Figure 7. (A) Differences between the authigenic and detrital εNd values (△εNd) at the site of core 
HH17-1085-GC, (B) the modeled extent of Svalbard glaciers (Fjeldskaar et al., 2018), and the 
reconstructed extents of (C) the Svalbard-Barents Sea Ice Sheet (SBIS) in western Svalbard (Ebbesen 
et al., 2007; Elverhøi et al., 1995; Svendsen et al., 1996) and (D) the Fennoscandian Ice Sheet (FIS) in 
the Andfjord-Vågsfjord area in northern Norway (Vorren and Plassen, 2002). Three △εNd peaks 
beyond the general uncertainty (~0.5 units) calculated by Monte-Carlo simulation (2σ, n = 10,000) 
(dashed red arrows) are marked by light orange bars and correlate with the glacial instability. Light 
green bars indicate minor △εNd peaks, which may reflect glacier re-advances during the early 
Holocene. Five major glacial events for FIS are marked within the gray shaded area in (D). 
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maximum △εNd values observed at ca. 15.2 ka BP could reflect pronounced ice sheet instability at that 587 

time associated with the incipient stage of ice sheet recession as recorded in the cores from offshore 588 

western Svalbard (Ebbesen et al., 2007; Elverhøi et al., 1995; Jessen et al., 2010; Svendsen et al., 589 

1996) (Fig. 7C) and from sites offshore northern Norway (Vorren and Plassen, 2002) (Fig. 7D). The 590 

major recession of ice sheets (e.g., Hogan et al., 2017) or re-advances (e.g., the D-event in the 591 

European Arctic; Vorren and Plassen, 2002) probably supplied substantial fresh rock substrates 592 

available for intensifying the weathering of rock-forming minerals and the release of radiogenic 593 

isotopic signatures. Following an early stage characterized by intense incongruent weathering 594 

processes under unstable ice sheet conditions, the △εNd signal would have returned smaller values as 595 

chemical weathering becomes more congruent (e.g., Jang et al., 2020; Süfke et al., 2019). Likewise, 596 

the subsequent increase in △εNd observed during the late deglaciation (ca. 14.1 ka BP; Fig. 7A) would 597 

be related to significant ice sheet instability, perhaps in response to the increase in the Atlantic inflow 598 

(Ślubowska et al., 2005). This event could have occurred slightly after the Older Dryas period when 599 

the glacial re-advance was short-lived, as documented in western Svalbard (Ebbesen et al., 2007; 600 

Elverhøi et al., 1995; Svendsen et al., 1996) (Fig. 7C) and the European Arctic regions (the Skarpnes-601 

event; Vorren and Plassen, 2002) (Fig. 7D). 602 

The results of our application of Nd isotopes in leached authigenic fractions suggest that the 603 

recession of glaciers on Svalbard progressed through a series of abrupt episodes of glacial 604 

retreat/advance rather than occurring gradually throughout the deglaciation period. The deglaciation 605 

of northern Svalbard was interrupted at least twice by short-term periods of glacial advances, similar 606 

to what has occurred in western Svalbard (Ebbesen et al., 2007; Elverhøi et al., 1995; Svendsen et al., 607 

1996) and the European Arctic (Vorren and Plassen, 2002). The moderate increases in △εNd (Fig. 7A) 608 

may be synchronous with glacier re-advances during the early Holocene (Farnsworth et al., 2020 and 609 

references therein); however, we found no △εNd peak during the middle Holocene when glacier re-610 

advances occurred (Baeten et al., 2010; Forwick et al., 2010; Jang et al., 2020; Svendsen and 611 

Mangerud, 1997; van der Bilt et al., 2015) (Fig. 8), probably due to sediment starvation at the site of 612 

core 1085-GC (Fig. 4).   613 
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  614 

7. Conclusion 615 

Multi-proxy analyses of sediment core 1085-GC from the continental margin offshore 616 

northern Svalbard, including the novel use of Nd isotopes in both detrital and authigenic fractions as 617 

Figure 8. Suggested timeline for the glacial history of northern Svalbard since the last deglaciation. 
Our results were compared with previous observations from the Franz Victoria Trough (FVT), 
Hinlopen Strait (H.S.), Wahlenbergfjorden (Wf), Wijdefjorden, Woodfjorden, and Isfjorden in 
Svalbard and Andfjord and Vågsfjord in Norway. References: 1)Knies et al. (2001), 2)Kleiber et al. 
(2000), 3)Koç et al. (2002), 4)Flink et al. (2017), 5)Bartels et al. (2018), 6)Allaart et al. (2020), 7)Bartels 
et al. (2017), 8)Jang et al. (2020), 9)Svendsen et al. (1996), 10)Elverhøi et al. (1995), 11)Forwick and 
Vorren (2009), 12)Baeten et al. (2010), 13)Jessen et al. (2010), 14)Svendsen and Mangerud (1997), 
15)Forwick et al. (2010), 16)Forwick and Vorren (2007), 17)Hald et al. (2004), 18)Hald et al. (2001), 
19)Kempf et al. (2013), 20)Vorren and Plassen (2002) 
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tracers of glacial weathering, provide new constraints on the dynamics of the last SBIS and glaciers 618 

during and after the last deglaciation. Changing sediment provenance and chemical weathering signals 619 

indicate that the SBIS probably persisted longer on the northeastern margin of Svalbard than on the 620 

northwestern margin and that the deglaciation period in northern Svalbard was punctuated by at least 621 

two glacier re-advances at ca. 15.2 and 14.1 ka BP (Fig. 8). This stepwise deglaciation correlates with 622 

reconstructions from western Svalbard and northern Norway (Fig. 8), implying that the pronounced 623 

large-scale ice sheet dynamics in Svalbard and Fennoscandia were synchronous during the last 624 

deglaciation. Glaciers on northern Svalbard underwent changes in extent during the Holocene, 625 

including major retreats during the early Holocene and re-advances during the late Holocene. Our 626 

study underlines the potential of employing Nd isotopes in both authigenic and detrital fractions for 627 

reconstructing the evolution of past ice sheets and glacier activity.  628 
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