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ARTICLE INFO ABSTRACT

Article history: The recent acceleration of ice-sheet loss with its direct impact on sea-level rise and coastal ecosystems
Received 23 August 2022 is of major environmental and societal concern. However, the effect of atmospheric temperature
Received in revised form 9 February 2023 increases on long-term glacier retreat remains poorly defined due to limited historical observations and
:‘C]Zﬁzﬁg (])ﬁlil:::rlui/rgil?z;OB uncertainties in numerical ice-sheet models, which challenges climate change adaptation planning. Here,
Editor: A. Jacobson we present a novel approach for investigating the time-transgressive response of Arctic glaciers since

the last deglaciation, using glacially-derived Fe-(oxyhydr)oxide layers preserved in glacimarine sediments

Keywords: from a large fjord system in Svalbard. Glacial weathering releases large amounts of Fe, resulting in
iron (oxyhydr)oxides the deposition of Fe-(oxyhydr)oxide particulates in nearby marine sediments, which can serve as fossil
high Arctic environments indicators of past glacial melting events. Our results indicate that Svalbard glaciers retreated at a rate
glacier retreat of 18 to 41 m/yr between 16.3 and 10.8 kyr BP, synchronously with the progressive rise in atmospheric
tipping point and oceanic temperatures. From 10.8 kyr BP, glacier retreat markedly accelerated (up to ~116 m/yr)

accelerated glacier melting

UE when regional atmospheric temperatures exceeded modern values. Coupled with field observations, this
neodymium isotopes

finding directly supports a non-linear response of glacial melting to summer air temperature increases.
In addition to suggesting that ice-sheet loss and sea-level rise may further accelerate in the near future,
this study paves the way for the use of sedimentary Fe-(oxyhydr)oxide layers in subarctic environments

for reconstructing past glacial dynamics.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction ing (Flanner et al.,, 2011), as well as to massive freshwater runoff
into the oceans, affecting sea-level rise (Rye et al., 2014), physi-
Global warming significantly impacts the cryosphere in mod- cal oceanography (Williams et al., 2016) and marine ecosystems
ern Earth surface environments, resulting in the cumulative vol- (Fuentes et al., 2016).
ume loss of ice sheets, glaciers, and sea ice (Howat and Eddy, Future climate projections based on general circulation mod-
2011; Kochtitzky et al,, 2022; Lindsay and Schweiger, 2015; Shep-  e|s and various greenhouse gas emission scenarios (referred to as
herd et al., 2018; Zemp et al., 2019). For instance, in Greenland, representative concentration pathways; RCPs) predict that ongoing
the average retreat rate of marine-terminating glaciers acceler- ice melting will cause a global sea-level rise between 0.12-0.22 m

ated from 22 mfyr between 1985 and 2000 to 103 m/yr be-  (rcp26; ie., a low emission pathway yielding a radiative forcing
tween 2000 and 2010 (Howat and Eddy, 2011). The mass loss o 55 w/m2 by 2100), and 0.15-0.26 m (RCP8.5; high emission
of m.::lrme—termmatmg glaciers in the Northern Hemisphere fur- pathway) by 2050, relative to the 1986-2005 period with a con-
Ehe; ]lr;%reiazengrgir/l :1?)'4;;: i'2230 1GOt/ y; db;tov;ge?l(zolggt;?d ZtOllO tribution by thermal expansion (Church et al., 2013; Oppenheimer
0 2796 L % yr betwee d o¢ v et a, et al., 2019). Such predictions on short timescales are associated
2022). This current global trend towards accelerating glacier mass . . . .

with relatively small uncertainties, meaning that they can serve as

loss leads to positive albedo feedback amplifying global warm- an effective basis for establishing climate change adaptation strate-
gies (Oppenheimer et al., 2019). However, over the long term, the

* Corresponding author. projected sea-level rise varies substantially depending on RCPs, for
E-mail address: sinam@kopri.re.kr (S.-I. Nam). instance, 0.30-0.65 m (RCP 2.6) and 0.63-1.32 m (RCP 8.5) by 2100
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Fig. 1. Overview map of (A) the Arctic Ocean and (B) Svalbard archipelago. Sampling locations for sediment and bedrock samples analysed in this study are marked with sky
blue circles and yellow diamonds, respectively, in (B). The comparative sites and oceanic currents mentioned in the text are shown. Seafloor morphology was constructed
based on the IBCAO 4.0 bathymetric grid (Jakobsson et al., 2020), with additional bathymetric information in Wijdefjorden (Allaart et al., 2020).

and 0.54-2.15 m and 1.67-5.61 m by 2300 (Horton et al., 2020).
Such large uncertainties mostly reflect our limited understanding
of the dynamics of polar glaciers and ice sheets, requiring quan-
titative constraints on the future evolution of the cryosphere and
associated sea-level rise based on palaeo-analogues.

In this study, we present a novel approach for quantifying the
rate of glacier mass loss in response to past global warming based
on the identification of iron (Fe) (oxyhydr)oxide (defined as the
sum of Fe-oxide and Fe-oxyhydroxide; hereafter FeOx) layers in
glacimarine sediment records. Bedrock geology and/or hydrological
conditions below glaciers are known to influence the distribution
of FeOx in high-latitude fjord sediments (Wehrmann et al., 2014).
However, glacial meltwaters deliver massive amounts of iron re-
leased from erosional and biogeochemical weathering processes at
the base of ice sheets and other glacial masses (Hawkings et al.,
2020, 2014), which settles mostly down in ice-proximal environ-
ments through the estuarine process (Boyle et al., 1977; Raiswell
et al., 2018; Schroth et al., 2014; Zhang et al., 2015). Therefore,
distinctive enrichments of FeOx in well-dated sediment records
surrounding glaciated catchments potentially serve as novel di-
agnostic features for past glacial melting events from adjacent
glaciers, hence providing insights into the dynamics of glacier re-
treat in response to climate change. Here, we apply this concept
to glacimarine sediment records collected along a latitudinal N-S
transect in northern Svalbard, a glaciated archipelago in the Arc-
tic Ocean (Fig. 1). Our main objective is to characterize the spatial
and temporal evolution of Svalbard ice masses during and after
the last deglaciation. We will provide evidence below that glacier
melting during the early Holocene responded non-linearly to cli-
mate warming.

2. Study area

The Svalbard archipelago is composed of multiple fjord sys-
tems formed as a result of repeated glacier activity in the past
(Fig. 1). Because of the northward intrusion of warm Atlantic Water
(AW) carried by the West Spitsbergen Current, Svalbard is rela-
tively warmer than other high-latitude regions and is thus more
directly impacted by the current global warming (Isaksen et al.,
2007 and references therein). Three main water masses dominate
the hydrographic setting in Svalbard fjords, which include AW, cold
Arctic water and terrestrial meltwater flow (Cottier et al., 2010).

The bedrock geology of Svalbard is very diverse, displaying
markedly differing lithological compositions from one fjord to an-
other (Dallmann and Elvevold, 2015). Hornsund bedrock ranges
from west to east from Proterozoic metamorphic rocks to Palaeo-
gene sedimentary rocks, while Dicksonfjorden and Woodfjorden
are both dominated by the Devonian Old Red Sandstone. Wijde-
fjorden displays contrasted bedrock geology in western and eastern
catchment areas, which are dominated by the Devonian Old Red
Sandstone and Proterozoic to lower Silurian metamorphic rocks,
respectively.

Svalbard has undergone repeated phases of glacier advances
and retreats during and after the last glacial period (Hughes et
al., 2016). During the last glacial maximum, the archipelago was
almost entirely covered by the Svalbard-Barents Sea Ice Sheet
(SBIS), which began to retreat from the continental shelf edges
in northern and western Svalbard ca. 19 kyr BP (Hughes et al.,
2016 and references therein). In northern Svalbard, the continental
shelf off Wijdefjorden and the fjord mouth of Wijdefjorden were
deglaciated prior to ca. 16.3 kyr BP (Jang et al., 2021) and 14.5
kyr BP (Allaart et al., 2020), respectively. The deglaciation on the
outer part of Wijdefjorden occurred after ca. 12 kyr BP (Hughes et
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al,, 2016), and most land-based glaciers had vanished by 7.6 kyr
BP (Allaart et al., 2020). The glacial coverage reached its minimum
extent during the Holocene Thermal Optimum (ca. 11.2-5.2 kyr BP)
(Farnsworth et al., 2020). Svalbard glaciers readvanced throughout
the Late Holocene in response to regional cooling, many of them
reaching their maximum post-glacial extents during the Little Ice
Age (Svendsen and Mangerud, 1997; Werner, 1993).

3. Materials and methods
3.1. Sample collection

In this study, we used various bedrock (n = 18), fjord sur-
face sediment (n = 62) and core sediment (four cores; n = 334)
samples from Svalbard. Bedrock samples include two metamor-
phic rocks and sixteen sedimentary rocks collected from repre-
sentative bedrock units of Svalbard (for details, see Jang et al,
2020). A series of fjord surface sediments were collected from var-
ious Svalbard fjord systems during RV Helmer Hanssen expeditions
(UIiT The Arctic University of Norway) between 2012 and 2019
(Fig. 1). Four gravity cores were retrieved along a 150 km long
N-S transect from the continental shelf off northern Svalbard to
the innermost Wijdefjorden: core HH17-1085-GC (hereafter 1085;
80.27°N, 16.21°E, 322 m water depth; continental shelf), HH17-
1094-GC (hereafter 1094; 79.74°N, 15.42°E, 148 m water depth;
fjord mouth), HH17-1100-GC (hereafter 1100; 79.30°N, 15.78°E,
112 m water depth; central fjord), and HH17-1106-GC (hereafter
1106; 79.00°N, 16.21°E, 160 m water depth; inner fjord) (for loca-
tions, see Fig. 1 & Supplementary Table S1).

3.2. AMS C age dating

The age model for core 1085 was previously constructed us-
ing various AMS radiocarbon data (n = 12; Jang et al, 2021).
In this study, new AMS 14C data were obtained for marine mol-
lusc shells from cores 1094 (n = 8), 1100 (n = 1), and 1106 (n
= 4), analysed at the BETA Analytic Laboratory (Miami, USA) and
the Alfred Wegener Institute, Helmholtz Centre for Polar and Ma-
rine Research (Bremerhaven, Germany) (Supplementary Table S2).
In addition to previous radiocarbon data (n = 4) for core 1100
(Braun, 2019), all measured '4C ages were converted to calendar
ages based on the Marinel3 dataset of the Calib Rev 7.0.4 pro-
gram (Stuiver and Reimer, 1993) with a marine reservoir offset AR
= 105 £ 24 yr (Mangerud et al., 2006). For consistency with the
previously published age model for core 1085 (Jang et al., 2021),
a Bayesian age-depth model (BACON, v.2.2) (Blaauw and Christen,
2011) was used to determine the age-depth relationship in cores
1094, 1100 and 1106 with the default setting, except for the Stu-
dent’s t-distribution parameters t.a and t.b, which were switched
from 3 and 4 to 33 and 34, respectively, in order to include all
measured radiocarbon ages (Jang et al.,, 2021).

3.3. Mineralogical analyses

X-ray diffractograms were measured on all powdered bedrock
(n = 18), fjord surface sediment (n = 62) and core sediment (n
= 334) samples (<20 pm particle size) using a Philips X'Pert Pro
multipurpose diffractometer equipped with a Cu-tube (ko 1.541,
45 kV, 40 mA), a fixed divergence slit of 1/4°, a 16 samples changer,
a secondary Ni filter and the X'Celerator detector system at the
University of Bremen, Germany. A continuous scan was conducted
from 3-85° 20 with a calculated step size of 0.016° 26 (calcu-
lated time per step was 50 seconds). The main mineral assem-
blages were generally identified with the Philips software X'Pert
HighScore™, but for sheet silicates with the freely available Ap-
ple Maclntosh X-ray diffraction interpretation software MacDiff
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4.25 (Petschick et al., 1996). The quantification of mineral phases
was achieved through the QUAX full-pattern method using a ref-
erence material database (Vogt et al., 2002). The mineralogical
composition of studied samples is dominated by carbonate, quartz,
feldspar, clay minerals and various accessory minerals. Crystalline
FeOx including haematite, goethite, lepidocrocite and magnetite
were identified and quantified based on an extensive pure min-
eral database. Note that FeOx (mostly Fe-oxyhydroxide) also occurs
as amorphous phases in Svalbard sediment cores that cannot be
recognized with X-ray diffractograms. In most samples, a single
crystalline FeOx mineral phase is dominant with the other near the
determination limits. As a consequence, FeOx abundances in this
study are reported as the sum of recognized FeOx except for mag-
netite. According to the internal analytical quality test using the
prepared mixtures including the Reynolds Cup samples at the XRD
laboratory (e.g., Raven and Self, 2017), the relative error (1 SD) on
measured FeOx contents was better than 10% (for example, 1041
wt%). Well-crystallized minerals such as quartz, calcite, aragonite,
pyrite and some FeOx including haematite and magnetite were de-
termined with uncertainties less than 1-3% when testing on simple
artificial mixtures (Vogt et al., 2002). Values for FeOx are reported
in Supplementary Tables S3-S8, and full report of the mineralogical
abundances can be accessed from the PANGAEA databank (http://
www.pangaea.de).

3.4. Geochemical analyses

Total organic carbon (TOC) contents and 813C0rg compositions
were determined in bulk sediments at cores 1094, 1100 and 1106
using an isotope ratio mass spectrometer (Delta V, Thermo Sci-
entific) connected to an elemental analyser (Flash 2000, Thermo
Scientific) at the Korea Polar Research Institute. Prior to analyses,
bulk sediments were powdered to <20 pm and then acidified with
2 M HClI on a funnel shaker for ~24 hours to remove inorganic car-
bon. The 813C0rg values are expressed relative to the Vienna Peedee
Belemnite (VPDB) reference value. Duplicate analyses of §'3Cqg on
the randomly selected samples represent an average standard de-
viation of less than 0.2%.

4. Results
4.1. Age models

The AMS '4C ages and converted calendar ages in cores 1094,
1100 and 1106 are reported in Supplementary Table S2. Note that
the AMS dates for core 1094 record two minor (< 1 kyr) age in-
versions at 24.5-30 cm and 55-65 cm sediment depths (Fig. 2).
Nevertheless, all AMS dates were used for the determination of
the age-depth relationship by Bayesian analysis (Blaauw and Chris-
ten, 2011), consistent with the previous age model determined for
core 1085 (Jang et al., 2021). The consequent weighted mean val-
ues were used to determine the age-depth relationship (Fig. 2).
Sedimentation at cores 1094, 1100, and 1106 covers the last 15.0,
14.1, and 4.5 kyr BP, corresponding to average sediment accumu-
lation rates of 28.0, 26.7 and 89.5 cm/kyr, respectively. The basal
ages of all cores are extrapolated. It should be noted that the basal
ages of cores 1094 and 1100 should be treated with caution due
to the absence of dating material in the lowermost parts of both
cores (Fig. 2). However, this uncertainty does not affect the glacier
retreat rates discussed below because they fall within the depths
where dating material was available.

4.2. FeOx contents

Most Svalbard bedrock samples analysed in this study con-
tain negligible amounts of FeOx minerals (Supplementary Table
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Fig. 2. Age models for cores HH17-1094-GC, HH17-1100-GC and HH17-1106-GC
compared with that for HH17-1085-GC. Calibrated 'C ages were used to determine
the age-depth relationship based on Bayesian statistics in BACON (v. 2.2) (Blaauw
and Christen, 2011).

S3). Exceptions are a Triassic black mudstone (0.4 wt%; sample
ID 080111), the Devonian Old Red Sandstone (0.5 wt%; sam-
ple ID 080302), a Carboniferous sandstone (1.0 wt%; sample ID
13071005), and an Upper Proterozoic phyllite (1.3 wt%; sample
ID 13071105). In most cases, haematite is the predominant FeOx
species and the other FeOx minerals are rarely present as below
the determination limits.

The FeOx contents of surface sediments in Svalbard fjords ex-
hibit large spatial variability, ranging from 0 to 17.3 wt% (Fig. 3A).
In Hornsund, where bedrock geology is highly diverse, the distribu-
tion of FeOx contents in surface sediments is most variable (Fig. 3B
& Supplementary Fig. S1), and haematite and/or goethite represent
the dominant FeOx phases (Supplementary Table S4). The maxi-
mum FeOx content (~17.3 wt%) is observed in the inner part of
Wijdefjorden (Fig. 3C). Comparable FeOx values are also encoun-
tered in Dicksonfjorden and the inner part of Woodfjorden. The
FeOx contents in these three different fjords exceed those of asso-
ciated source rocks (Jang et al., 2020, 2021), such as the Devonian
Old Red Sandstone (0.5 wt%). In these fjords, haematite represents
the dominant FeOx species in surficial sediments (Supplementary
Table S4). In general, FeOx contents in surface sediments tend
to decrease away from sediment sources near glacier fronts. This
trend can be observed in Wijdefjorden, where a pronounced sea-
ward decrease in FeOx contents, from 17.3 to 0 wt%, occurred from
the inner to the outer part of the fjord (Fig. 3C).

Core sediments in Wijdefjorden display significant downcore
FeOx variability (Figs. 4 and 5). At site 1085, FeOx concentrations
remained high (maximum 12.4 wt%) between 16.3 and 12.3 kyr BP
and then dropped significantly and remained below 1.4 wt% since
then (Fig. 4). Likewise, the FeOx contents at the other studied sites
generally showed higher values before the Holocene but became
nearly absent after 10.8 (site 1094) and 10.4 kyr BP (site 1100)
(Fig. 5). The FeOx reappeared at the southernmost sites 1100 and
1106, approximately 4000 years ago. Haematite is generally the
dominant FeOx species in all sediment cores, but goethite together
with haematite are also predominant in the upper part of cores
1085 and 1094 where FeOx contents are relatively small (Supple-
mentary Tables S5-S8).

Earth and Planetary Science Letters 607 (2023) 118054

4.3. TOC contents and 813Corg values

The TOC contents and 813C0rg values of bulk sediments in cores
1094, 1100 and 1106 are reported in Supplementary Table S9.
Compared to the average TOC content in core 1085 (0.5 + 0.2 wt%,
1 SD, n = 99; Jang et al., 2021), cores 1094 and 1106 show slightly
lower values of 0.4 + 0.2 wt% (1 SD, n = 77) and 0.3 £+ 0.1 wt%
(1 SD, n = 80), respectively, while core 1100 represents a com-
paratively higher TOC average of 1.0 + 0.4 wt% (1 SD, n = 75).
Similar to core 1085, there is an overall upward increasing trend in
core 1094 (Supplementary Fig. S2). On the other hand, core 1100
shows an upward decrease in TOC contents, while TOC values re-
main largely constant in core 1106 (Fig. 6). The average 8'3Corg
values for cores 1094, 1100 and 1106 are —24.2 & 1.0%0 (1 SD, n
= 77), —22.94+0.3%0 (1 SD, n = 75) and —22.0 & 0.4%. (1 SD,
n = 80), respectively, which are relatively higher than those for
core 1085 (—24.2 +1.0%o, 1 SD, n = 99; Jang et al., 2021) (Fig. 6).
In general, sediments deposited during the Holocene tend to have
relatively higher 613C0rg signatures compared to other late Pleis-
tocene sediments (Fig. 6).

5. Discussion
5.1. Factors controlling the distribution of FeOx contents

As mentioned earlier, hydrological conditions and/or bedrock
geology are generally considered the two main factors control-
ling the distribution of FeOx in high-latitude fjord sediments
(Wehrmann et al., 2014). In this study, the most pronounced FeOx
enrichments in surface sediments are observed in Dicksonfjorden
and the inner parts of Woodfjorden and Wijdefjorden (Fig. 3A). At
present, glacio-fluvial rivers are dominant in Dicksonfjorden, while
tidewater glaciers also exert a strong influence on Woodfjorden
and Wijdefjorden. These highly contrasted hydrological settings
suggest that the FeOx enrichments do not appear to be controlled
by local hydrological or hydrodynamic conditions (e.g., land vs.
marine-terminating glacier systems).

In these three fjord systems, bedrock geology is dominated by
the Devonian Old Red Sandstone (Dallmann and Elvevold, 2015)
(Fig. 3A). Evidence for the presence of reddish sediments and
haematite-dominated FeOx in these fjords also points towards the
Devonian Old Red Sandstone as a dominant sediment source. This
assumption is further supported by the fact that detrital surface
sediments in Dicksonfjorden, Woodfjorden and Wijdefjorden all
display similar Nd isotopic compositions (hereafter detrital &ygq),
i.e.,, hence indicating similar provenance (Jang et al., 2020). Like-
wise, the larger FeOx variability observed in Hornsund surface
sediments reflects the more diverse bedrock geology in this lat-
ter fjord (Fig. 3B).

All the above consideration suggests that FeOx distribution in
Svalbard surface sediments is mostly governed by corresponding
source rocks (Wehrmann et al, 2014). However, the degree of
FeOx enrichment in surface fjord sediments far exceeds that of sur-
rounding source rocks in the catchment areas (i.e.,, ~ 0.5 wt% for
the Devonian Old Red Sandstone). Given that we only used a single
bedrock sample to represent the bedrock geology near Dickson-
fjorden, Woodfjorden and Wijdefjorden, the potential input from
FeOx-enriched deposits cannot be excluded.

The proximity to glacier fronts most likely represents an ad-
ditional important factor that governs sedimentary FeOx contents
(Fig. 6). This is illustrated in Hornsund, where the proportion
of sedimentary FeOx generally decreases with increasing distance
from glacier termini (Fig. 3B & Supplementary Fig. S1). The same
observation can be made in Wijdefjorden, where sedimentary FeOx
contents progressively decrease from the inner to the central part
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Fig. 3. Spatial distribution of Fe-(oxyhydr)oxide minerals (FeOx; weight percentage) in (A) Svalbard, (B) Hornsund and (C) Wijdefjorden. The FeOx contents are shown by
coloured circles. The coverage area of the Devonian Old Red Sandstone in Svalbard (red) is shown for comparison (Dallmann and Elvevold, 2015).

of the fjord (Fig. 3C), without any concomitant change in sedi-
ment provenance, as inferred from similar detrital eng (Jang et al.,
2020). These observations are consistent with the evidence that
glacial meltwaters deliver substantial amounts of iron to proximal
marine environments in Svalbard and other polar regions (Hawk-
ings et al.,, 2020, 2014; Kanna et al., 2020). The glacially-derived
iron contained in meltwater plumes is mostly removed in the low-
salinity region through particle settling (Schroth et al.,, 2014) as
well as colloidal flocculation and FeOx precipitation (Boyle et al.,
1977; Kanna et al., 2020; Meslard et al., 2018; Zhang et al., 2015).
In Svalbard, this process likely leads to the accumulation of FeOx
layers in fjord sediments.

5.2. Sedimentary FeOx as archives of past meltwater discharges

The potential of sedimentary FeOx to reconstruct past ice
sheet/glacier retreat can be tested on core 1085 from the continen-
tal shelf off northern Svalbard (for location, see Fig. 1). This core
provides a continuous record of the palaeoenvironmental condi-
tions offshore northern Svalbard over the past ~16.3 kyrs (Jang et
al,, 2021), including the occurrence of proximal glacimarine sed-
iments deposited during the retreat of the Svalbard-Barents Ice

Sheet (SBIS) that entirely covered Svalbard during the last glacial
maximum (Hughes et al., 2016). At site 1085, FeOx concentrations
were generally higher, reaching a maximum of 12.4 wt% between
16.3 and 12.3 kyr BP, but underwent a significant decline to nearly
undetectable levels since then. (Fig. 4). The observed FeOx decrease
after 12.3 kyr BP coincides with the disappearance of sedimen-
tary lamination (Fig. 4), i.e., a characteristic diagnostic feature of
glacimarine sedimentation induced by suspension settling from
meltwater plumes emanating from glacier fronts (O Cofaigh and
Dowdeswell, 2001). Taken together, the combined evidence for a
decrease in FeOx contents and the disappearance of laminae in
core 1085 after 12.3 kyr BP indicates a change from ice-proximal
to ice-distal depositional environments at that time (Jang et al.,
2021). This interpretation is consistent with the lack of evidence
for glacier readvance on northern Svalbard during the Younger
Dryas (Allaart et al., 2020; Bartels et al.,, 2017; Jang et al., 2020).
Importantly, the observed change in FeOx contents is unlikely to
be explained by a switch in sediment provenance after 12.3 kyr BP
because corresponding detrital engq values indicate no major com-
positional changes at this site throughout this transitional period
(Fig. 4).
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Fig. 5. Glacier positions reconstructed by temporal and spatial variability of FeOx in core sediments collected along a latitudinal transect on northern Svalbard. The transition
from abundant to near-absent FeOx deposition in each core indicates a significant drop in glacially-derived iron related to the retreat of glacier fronts. The dotted horizontal
blue lines in the left panel indicate the periods when glacier re-advance occurred (Jang et al., 2021). Note that glacier positions during the postglacial period are subject to
some uncertainty that relates to the effective distance for iron delivery and deposition in fjord sediments (see text for details).

Therefore, we interpret the pronounced FeOx decrease after
12.3 kyr BP to reflect the major retreat of the nearby glacier front
(compare with Allaart et al., 2020), resulting in significantly re-
duced deposition of glacially-derived Fe-bearing particulates onto
the continental shelf offshore northern Svalbard (Fig. 6). Following
glacier retreat, it is likely that the deposition of glacially-derived
sedimentary FeOx migrated to more proximal inner fjord areas,
thereby explaining their absence on the distant outer shelf. This
interpretation is fully consistent with other lithological and geo-

chemical evidence from sediment records in northern Svalbard (Al-
laart et al., 2020; Jang et al., 2021), which also suggests an overall
retreat of the SBIS from the continental shelf into the inner fjords
during the last deglaciation.

It is worth noting that FeOx displays up and down variability
at site 1085 during the early stage of deglaciation, despite again
exhibiting relatively unchanged detrital eng compositions (Fig. 4).
While this observation could be possibly interpreted as reflecting
the alternation of short-lived events of glacier advances and re-
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Fig. 6. Conceptual model for the fate of glacially-derived particulate (FeOx; blue) and dissolved (Fe?t; red) iron upon mixing with seawater. The deposition of glacially-
derived iron is primarily governed by the position of the glacier margin, resulting in FeOx-enriched sediments in ice-proximal environments. The initial iron flux from
glaciers depends on the underlying bedrock geology, and the diagenetic iron flux depends on the amount of labile marine organic matter. The sediment structure changes

from laminated to massive with increasing distance from the glacier front.

treats, an alternative explanation would be that it relates to the
cyclic formation of a couplet composed of a coarse-grained layer
(i.e., Fe-poor) overlain by a finer-grained layer (i.e., Fe-rich) (Fig. 6),
reflecting size-dependent settling of suspended particulates during
each major meltwater discharge, i.e., a characteristic diagnostic fea-
ture of laminated glacimarine sedimentation (Cowan and Powell,
1990; Jang et al., 2021; O Cofaigh and Dowdeswell, 2001) (Fig. 4).
Additionally, complex interactions between meltwater vs. seawater
masses and their mixing could also possibly account for such FeOx
variability in fjord deglacial sediments (for details, see section 5.3).
On the other hand, the absence of any significant FeOx deposition
during the ~15.0-14.3 kyr BP time interval could reflect a change
in sediment source areas from the Fe-rich northwestern Svalbard
to the Fe-poor northeastern Svalbard, as inferred from a prominent
rise in detrital eng signatures (Jang et al., 2021) (Fig. 4).

5.3. Evaluating additional hydrological and diagenetic controls on FeOx
distribution

Glaciers and ice sheets supply abundant material via surface
runoff, resulting in the export of sediment-laden subglacial wa-
ter plumes acting as a primary Fe source to the nearby ma-
rine environment (Hawkings et al., 2014, 2020; Wadham et al,,
2019) (Fig. 6). Glacially-derived iron is mainly present as particu-
late FeOx (Schroth et al., 2014), together with a minor component
of ‘dissolved’ iron (mostly in colloidal and nanoparticulate forms;
Raiswell et al., 2018). The vast majority of glacially-derived iron
is deposited under ice-proximal environments, following removal
in the low-salinity region through estuarine flocculation, i.e., at
the interface between seawater and freshwater (Boyle et al., 1977;
Raiswell et al., 2018; Schroth et al., 2014; Zhang et al., 2015).
Particulate FeOx can be further transported along with meltwater
plumes, but also mostly settles in brackish environments (Schroth
et al., 2014). The physical mixing between seawater and glacial
meltwater typically results in complex hydrodynamics in fjords,
which can strongly influence the location of particulate FeOx de-
position in the marine environment (Raiswell et al., 2018) (Fig. 6).
For instance, such complex hydrodynamics in Svalbard fjords could
possibly account for the relatively large Nd isotope variability in

the leached hydrogenous FeOx fractions (hereafter authigenic enq)
at Site 1085 before ca. 14 kyr BP, i.e., a tracer of water mass mixing
(Jang et al., 2021) (Fig. 4). Considering that terrestrial meltwater
and ambient seawater at the continental shelf off northern Sval-
bard display distinctive Nd isotope compositions (Jang et al., 2021),
the observed authigenic eyq variability during that time interval
could reflect short-term variations in the mixing between those
water sources, thereby possibly explaining the observed FeOx evo-
lution downcore. Nevertheless, the fact that authigenic eng signa-
tures remain nearly constant after 14 kyr BP (Jang et al., 2021)
(Fig. 4), hence being completely decoupled from the evolution of
FeOx contents, suggests that local hydrodynamic changes are un-
likely to have driven the downcore evolution of sedimentary FeOx
contents at Site 1085 on the continental shelf off Wijdefjorden.

FeOx enrichment along the core could also reflect the influ-
ence of diagenetic Fe reduction (Fig. 6), which occurs in suboxic
marine sediments, resulting in substantial benthic fluxes of Fe to
overlying water masses (Laufer-Meiser et al., 2021; Tessin et al.,
2020; Wehrmann et al., 2014). In marine sediments, the upward-
migrating flux of diagenetic Fe is oxidized at the suboxic-oxic
boundary near the seawater-sediment interface, leading to the pre-
cipitation of authigenic FeOx minerals (Laufer-Meiser et al., 2021;
Wehrmann et al,, 2014) (Fig. 6). Such process could possibly ex-
plain the observed FeOx enrichment at site 1085. However, at site
1085, the general upward increase in both TOC contents and 13C0rg
values points towards the enhanced contribution of fresh marine
organic matter (e.g., Jang et al., 2021; Knies and Martinez, 2009)
(Fig. 4), indicating that diagenetic Fe cycle may have progressively
intensified through time at this particular site (Laufer-Meiser et
al,, 2021; Wehrmann et al., 2014). This is in marked contrast with
the observation that FeOx contents at site 1085 are much smaller
in the upper, organic-rich, sediment layers (Fig. 4), hence suggest-
ing minor diagenetic controls on sedimentary FeOx downcore. Note
also that the abundance of sedimentary FeOx and TOC contents
does not display any particular relationship in all studied cores
(0.00 < 12 < 0.18) (Supplementary Fig. S2), providing further evi-
dence for the minor diagenetic control on the downcore variability
of FeOx in this study.
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Fig. 7. Tentative ice extents at 12.3 and 10.8 kyr BP recorded by the spatio-temporal variability of FeOx in cores HH17-1085-GC, HH17-1094-GC, HH17-1100-GC and HH17-
1106-GC. (A) The estimated ice extent at 12.3 kyr BP is well-matched with the previous reconstruction of the most-incredible DATED-1 timeslices at ~13 and 12 kyr
BP (Hughes et al., 2016). (B) The ice reconstruction at 10.8 kyr BP shows slightly more expanded coverage than the recent reconstructions at 11.0 kyr BP based on the
SVALHOLA database (Farnsworth et al., 2020) but much larger extent than the most-incredible DATED-1 timeslices at 11 kyr BP, which showed complete deglaciation in inner
Wijdefjorden (Hughes et al., 2016). Note that the ice at 10.4 kyr BP is suggested to have retreated landward, which is consistent with the previous reconstructions.

To summarize, despite the potential influences of both early di-
agenetic processes and hydrodynamic changes on the cycling of
particulate FeOx in Svalbard fjords, that these processes proba-
bly played a minor role in controlling the observed distribution of
FeOx layers along the studied cores. This provides reassuring evi-
dence that FeOx can serve as a useful proxy for tracking meltwater
discharges and the proximity of past glacier fronts to Svalbard
fjords.

5.4. Reconstruction of the glacier retreat pattern during the last
deglaciation

The novel FeOx proxy was applied to four well-dated sediment
records along an ~150 km long N-S transect in Wijdefjorden, the
longest fjord system in northern Svalbard: cores 1085, 1094, 1100,
and 1106 (for location, see Fig. 1). This novel spatio-temporal ap-
proach allows a detailed reconstruction of the dynamics of the
SBIS during the last deglaciation, as well as the evolution of local
glaciers during post-glacial times. All studied sediment records dis-
play significant down-core FeOx variability (Fig. 5), including the
timing of the FeOx maximum at each study site, which we inter-
pret here as marking the time-transgressive termination of local
peak meltwater discharges during the last deglaciation. The re-
spective maxima occurred at 15.5 (site 1085), 13.2 (site 1094), and
11.7 kyr BP (site 1100), reflecting the progressive landward retreat
of the SBIS during deglaciation (Farnsworth et al., 2020; Hughes
et al., 2016). An additional important feature of our results is the
near absence of sedimentary FeOx at all sites across Wijdefjorden
during the early and middle Holocene (Fig. 5), possibly resulting
from very limited glacial activity during that period in agreement
with significantly reduced sediment accumulation rates at that
time (Fig. 2) (Allaart et al., 2020; Farnsworth et al., 2020; Jang et
al., 2021). Later, the re-appearance of FeOx at the southernmost
sites 1100 and 1106 reflects the regional increase in glacial activ-
ity from approximately 4 kyr BP (Farnsworth et al., 2020; Jang et
al.,, 2020), culminating in maximum glacier extents during the last
two millennia in many places on Svalbard (Jang et al., 2020, 2021).

Importantly, the time-transgressive disappearance of FeOx sedi-
mentary layers across Wijdefjorden can be used to calculate the re-
treat rate of the SBIS on northern Svalbard during the last deglacia-
tion using the following equation:

defr — (defr — dp—a)
Tp—Tyx

Glacier retreat rate (m/yr) =

where defs is the effective distance for iron delivery and dp_4 is
the distance between sites B and A. T4 and Tp correspond to the
timing of the disappearance of FeOx layers at sites A and B, re-
spectively. In the case that only a single sediment core is available
(such as 1085), the equation can be modified as follows:

. defy
Glacier retreat rate (m/yr) < ————
Tp—T;

where Ty and T; correspond to the timing of the disappearance
and appearance of FeOx layers in a single sediment core. When T;
is consistent with the bottom age of the sediment core, the calcu-
lated retreat rate could be the maximum estimation. Nevertheless,
the bottom age of 1085 (16.3 kyr BP) corresponds to the timing
of the beginning of the SBIS retreat from the site (Hughes et al.,
2016), and thus, the uncertainty for the retreat rate between 16.3
and 12.3 kyr BP based on the abundance of FeOx exclusively in
core 1085 primarily relies on the assumed d.sr. In general, the
effective distance for iron delivery, defy, is inevitably variable on
the order of 10-100 km along the advective pathway (Hopwood
et al., 2018). Here, we tentatively assumed defs to be 70 km dur-
ing the last deglaciation based on a previous reconstruction of the
SBIS extent (Farnsworth et al., 2020; Hughes et al., 2016). The as-
sumed d.sr allows us to roughly estimate the SBIS extent during
that time, which is generally consistent with previous reconstruc-
tions from both the DATED-1 (Hughes et al., 2016) and SVALHOLA
(Farnsworth et al., 2020) (Fig. 7). On the other hand, defs dur-
ing post-glacial times could have been smaller than before due
to relatively reduced meltwater inputs during the late Holocene
(Dowdeswell et al., 2015), as inferred from the low sediment ac-
cumulation rate (Fig. 2). For this reason, our calculation for the
glacier advance rate during the late Holocene represents a maxi-
mum estimate.

The general uncertainty in calculated glacier retreat rates de-
pends on the uncertainty in the timing of FeOx disappearance be-
tween each studied site (i.e.,, Tg — T4; hereafter referred to as AT).
To estimate the uncertainty in AT, we first collected all iterative
Markov chain Monte Carlo-derived ages for a given depth dur-
ing BACON simulations (n = 6587, 7969 and 6484 for cores 1085,
1094 and 1100, respectively). We randomly resampled age data
from these databases by applying a bootstrap method (Efron and
Tibshirani, 1985). The resampled ages were used for the Monte-
Carlo calculation of AT (n = 100,000), and 2-sigma variability was
reported for the uncertainty of AT in the 95% confidence interval
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Fig. 8. Comparison of the Arctic glacier advance/retreat rates with the evolution of Greenland summer air temperatures. The overall increasing trend of the glacier retreat
rate generally mimics the summer air temperature (Box et al., 2009; Buizert et al., 2018). Both past reconstructions (A) and recent observations (B) show that glacier melting
rapidly increases beyond a threshold summer temperature value of approximately +1.8 °C above pre-industrial value, suggesting accelerated glacier retreat in the future (C)

(Pattyn et al., 2018).

(Supplementary Table S10). Because of the limited age difference
between the last occurrence of FeOx at Sites 1094 and 1100 (426
yr), the relative uncertainty in AT is significantly higher (24~825
yr). This larger uncertainty leads to high uncertainty in the calcu-
lated glacier retreat rate during the early Holocene (10.8 and 10.4
kyr BP), ranging from —60 to —2060 m/yr (Supplementary Table
S10). Note, however, that this does not affect the following con-
clusion regarding the timing and inferred rate of glacier melting at
that time.

To summarize, our results indicate that the overall deglacia-
tion from the continental shelf to the inner fjord occurred within
~5900 years between 16.3 and 10.4 kyr BP, yielding an average
rate of 31 m/yr (Supplementary Table S10). In detail, however,
our calculations reveal that glacier retreat rates abruptly increased
from 41 to 116 m/yr at about 10.8 kyr BP (Fig. 8). The episode
of accelerating glacier retreat after 10.8 kyr BP could be alterna-
tively interpreted as possibly reflecting sustained inputs of FeOx
derived from a remaining glacier within the tributary fjord (i.e.,
Mosselbukta; Fig. 3) to core 1094, while the main glacier draining
Wijdefjorden had already retreated far into the fjord before 10.8
kyr BP. However, the catchment geology of Mosselbukta is dom-
inated by metamorphic rocks, which do not represent a primary
source of FeOx as indicated by the observed spatial variability of
FeOx in Svalbard surface sediments (see Fig. 3 and also section 5.1)
and hence is unlikely to have significantly influenced the evolution
of sedimentary FeOx at core 1094. Therefore, the calculated accel-
eration of glacier retreat after 10.8 kyr BP most likely resulted from
climate and environmental changes.

5.5. Non-linear response of glacier melting to global warming

Accelerating glacier retreat rates in polar regions typically re-
sult from enhanced calving and sliding associated with bathymet-
ric deepening (Briner et al., 2009), but also with warmer ambi-

ent seawater (Holland et al., 2008) and/or the rise of atmospheric
temperature (Rasmussen and Thomsen, 2021). In Wijdefjorden,
bathymetry is unlikely to have played a role in the acceleration
of glacier retreat during the early Holocene, because site 1085
is located at relatively deep water depth (322 m; Fig. 1) and
because regional sea-level further decreased in response to iso-
static rebound in northern Svalbard at that time (Forman et al.,
2004). Conversely, the global increase in atmospheric and sea sur-
face temperatures from the late Pleistocene to the early Holocene
played a major role in the evolution of glacier melting (Supple-
mentary Fig. S3). The enhanced surface and basal melting caused
by atmospheric and oceanic warming possibly led to break-up of
the floating tongue, resulting in the rapid disintegration of glaciers
(Wood et al., 2021). In Wijdefjorden, a hydroxylated isoprenoid
GDGTs sea-surface temperature (SST) record indicates a warmer
seawater trend toward the early Holocene with a maximum at
11.0-9.9 and 8.3-8.1 kyr BP (Allaart et al., 2020) (Supplementary
Fig. S3B). A similar SST trend has also been reconstructed using the
alkenone unsaturation index in Woodfjorden (Bartels et al., 2017)
(Supplementary Fig. S3C). Similarly, all temperature records recon-
structed from marine and lake sediments in northwestern Svalbard
uniformly indicate a general warming across the transition from
the late Pleistocene to the early Holocene (van der Bilt et al., 2018;
Werner et al., 2016) (Supplementary Fig. S3D & S3E). Likewise, it is
well documented that Arctic air temperatures, inferred from §'80
investigations of Greenland ice cores, also increased steadily during
the last deglaciation (Buizert et al., 2018) (Supplementary Fig. S3F
& S3G). Therefore, the rise in regional seawater and atmospheric
temperatures during the last deglaciation most likely represents
the main cause of the overall increase in the glacier melting rate
on northern Svalbard.

The inferred temperature dependency of glacier retreat rates
throughout the last deglaciation may suggest that the abrupt accel-
eration of glacier retreat after 10.8 kyr BP was related to an abrupt
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shift towards increasing oceanic and atmospheric temperatures.
However, all reconstructed temperature proxy records indicate in-
stead a gradual deglacial warming (Supplementary Fig. S3), hence
ruling out a linear response of glacier melting to increasing tem-
peratures. A similar case comes from modern Greenland, where
the retreat of hundreds of marine-terminating glaciers markedly
accelerated from mean rates of 22 m/yr between 1985 and 2000 to
103 m/yr for the 2000-2010 period (Howat and Eddy, 2011), with
no evidence for any dramatic temperature increase (Fig. 8). Col-
lectively, our FeOx proxy record for early Holocene glacier retreat
in Svalbard and recent decadal observations imply a non-linear
relationship between glacier melting and temperature increases
(Trusel et al., 2018).

5.6. Accelerated glacier melting beyond a temperature tipping point?

A striking feature of our results is that the early Holocene
event of rapid deglaciation at 10.8 kyr BP occurred when summer
air temperatures at the location of the North Greenland Ice Core
Project (NGRIP) were comparable to AD 2000 (~1.8°C above pre-
industrial values; Buizert et al., 2018) (Fig. 8). Since the melting
of the Greenland ice sheet largely occurs during the summer sea-
son (Van den Broeke et al., 2009), summer air temperature records
in polar regions, rather than global temperature records such as
the global mean surface temperature (e.g., Osman et al., 2021), ap-
pear to be best suited for evaluating the impact of global warming
on Arctic glacier melting. One could possibly argue that the sum-
mer air temperature record from central Greenland (i.e., NGRIP;
Supplementary Fig. S3F) cannot be representative of the evolution
of atmospheric temperature in the maritime environment of Sval-
bard. Given the absence of any air temperature record for Svalbard
over the last 16 kyr, other records from coastal Eastern Greenland
(e.g., Zachariae Isstrom; Supplementary Fig. S3G) could be more
appropriate for comparison with our proxy records. However, the
hydrological setting along Eastern Greenland is strongly affected
by the cold southward-flowing East Greenland Current (Fig. 1A),
which results in a spatial SST distribution pattern that is decou-
pled from that of the West Spitsbergen Current-dominated region
around Svalbard (Romanovsky et al.,, 2010) (Fig. 1A). Because the
temperature records inferred from Eastern Greenland ice cores are
likely to have been influenced by variations in the relative strength
of the East Greenland Current over time (Bonnet et al., 2010), these
records are probably less appropriate than the NGRIP record for
comparison with Svalbard.

Based on the above, our results provide direct support that Arc-
tic glacier melting increased markedly during the early Holocene,
when summer temperatures in central Greenland reached the AD
2000 value, i.e., approximately +1.8°C above pre-industrial val-
ues. This particular atmospheric temperature coincides with the
threshold value over which irreversible mass loss of the Green-
land ice sheet has been suggested to occur at present (Pattyn et
al,, 2018). Such a non-linear response of glacier melting beyond a
specific temperature tipping point could potentially relate to the
larger exposure of ice-sheet surfaces as a result of reduced ice-
sheet height led by warmer temperatures, i.e., the so-called posi-
tive melt-elevation feedback (Boers and Rypdal, 2021; Pattyn et al.,
2018). Since regional summer temperatures in Greenland have al-
ready crossed that postulated tipping point and are projected to
rise in the near future (Rantanen et al., 2022), our findings hence
re-emphasize the prediction that global warming could cause a
massive loss of glaciers and other ice masses in the Northern
Hemisphere during the coming decades or centuries (Pattyn et al.,
2018).
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6. Conclusion

In this study, we showed that sedimentary iron (oxyhydr)oxide
layers (FeOx) preserved in coastal glacimarine sediments can serve
as diagnostic features of past glacial melting events. When glacial
meltwater discharges into seawater, the export of glacially-derived
iron fed by subglacial weathering appears to result in massive FeOx
deposition in ice-proximal marine environments. The application
of this new proxy to four sediment cores recovered along an ~150
km long transect in the longest fjords system on northern Svalbard
enabled us to reconstruct the evolution of glaciers during the past
16 kyr. Our results indicate an overall increase in glacier melting
rates from 18 to 41 m/yr between 16.3 and 10.8 kyr BP, attributed
to the gradual rise of temperature recorded in marine sediments
and ice cores. A pronounced acceleration of glacier melting rate
(up to 116 m/yr) occurred in northern Svalbard after 10.8 kyr BP,
which did not coincide with any change in temperature gradients.
This finding implies a non-linear response of glacier melting to re-
gional warming, which echoes what has been recently observed in
Greenland, when the average retreat rates of marine-terminating
glaciers abruptly increased after AD 2000. Given that both past and
recent cases of accelerated glacier melting in both Svalbard and
Greenland occurred when the summer air temperature in central
Greenland reached +1.8°C above pre-industrial values, this value
could represent a temperature tipping point above which glacier
melting accelerates. Considering that the Arctic near-surface air
temperatures currently stand at ~3°C above pre-industrial values
(Rantanen et al., 2022), the future projections for massive loss of
Arctic ice masses would be re-emphasized.
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