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structed using new and previously published swath bathymetry and high-resolution seismic data, sup-
plemented with multi-proxy analysis of sediment cores. The investigated area extends more than
190 km, including Fosters Bugt, Kejser Franz Josef Fjord, Nordfjord and Moskusoksefjord, the drainage
routes for Waltershausen Gletscher, one of the largest outlet glaciers in the NE sector of the Greenland Ice

Handling Editor: Dr C. O'Cofaigh Sheet. A complex of moraine ridges identified in Fosters Bugt show former stillstand positions during this

period, and, alongside radiocarbon ages, supports the theory of a maximum ice front position in the outer

Keywords: coastal areas during the Younger Dryas-Preboreal period. The retreat moraines distributed within the

Greenland Ice sheet Kejser Franz Josef Fjord system provide evidence of a stepwise retreat during the last deglaciation,

NE Greenland whereby rapid retreat was interrupted by episodes of stillstands and/or readvances of the grounding line.

l':[atle weichselian The fjord system was mostly deglaciated prior to 7.8 Kka cal BP, with an estimated average retreat rate
olocene

ranging between 33 and 96 m a~! since the Younger Dryas. Following this, only minor ice advances in the
inner fjords have been identified. The sediment supply from Waltershausen Gletscher dominated the
Kejser Franz Josef Fjord, Nordfjord and outer Moskusoksefjord throughout the Holocene period, whereas
in the middle and inner Moskusoksefjord the sediment deposits reflect a more local catchment area. The
estimated average retreat rate is in the same order of magnitude as the rates from fjords of northern
Fennoscandia, indicating the same overall control for the deglaciation, ice melting from increased

Northern Hemisphere summer insolation that peaked in Early Holocene.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction around 280 outlet glaciers presently terminate in fjords, discharg-
ing a total of ~500 Gt of ice annually (Catania et al., 2019; Mankoff

Marine-terminating outlet glaciers play an important role in et al,, 2019). Many marine-terminating glaciers are now acceler-
controlling the mass balance of the Greenland Ice Sheet (GrlS), and ating, thus, potentially contributing to a substantial sea-level rise
(Pritchard et al., 2009). This increase in mass loss from the GrIS has

resulted in a negative mass balance, contributing 2.7 mm sea level

rise per year over the two last decades (Muntjewerf et al., 2020).
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environmental changes (Howe et al., 2010).

Multiple studies on the glaciation history have been performed
in fjords on NW Greenland (e.g. Batchelor et al., 2018; Jakobsson
et al.,, 2018; Hogan et al.,, 2020) and SE Greenland (e.g. Andrews
et al, 1994; Jennings and Weiner, 1996; Dyke et al., 2014;
Batchelor et al., 2019; Vermassen et al., 2020). Comparable studies
from NE Greenland fjords are sparse, and limited to Scoresby Sund
(e.g. Marienfeld, 1992; Dowdeswell et al., 1994; O Cofaigh et al,,
2001), Kejser Franz Josef Fjord (Evans et al., 2002), Young Sund-
Tyrolerfjord (e.g. Kroon et al, 2017; Ribeiro et al, 2017;
Luostarinen et al., 2020) and offshore 79° N Glacier (e.g. Lindeman
etal, 2020; An et al,, 2021). Evans et al. (2002) presented the, thus
far, most extensive geophysical/geological study of a fjord system
on NE Greenland north of Scoresby Sund. Analysis of sub-bottom
profiler data and sediment cores in Kejser Franz Josef Fjord
(Fig. 1) showed that the fjord was filled with a grounded ice stream
during the Last Glacial Maximum (LGM), while the reconstructions
of the deglacial dynamics and timing of the glacier retreat in the
region also include analyses of marine and terrestrial landforms as
well as lake (e.g. Hjort, 1979; Wagner et al., 2000, 2010; Evans et al.,
2002; Wagner and Melles, 2002; Arndt, 2018).

We here integrate new swath bathymetry, high-resolution
seismic data and multi-proxy analysis of sediment cores in a
190 km long transect extending from the NE Greenland outer
coastline to inner Moskusoksefjord. This area is within the drainage
route for Waltershausen Gletscher, one of the largest outlet glaciers
in the NE sector of the GrlS, and includes Fosters Bugt, Kejser Franz
Josef Fjord, Nordfjord and Moskusoksefjord (Fig. 1). The results
include submarine landform assemblages, sedimentary facies,
sedimentation rates, seismic facies and observations of onshore
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landforms. From this we reconstruct sedimentary processes and
the paleoenvironmental development of the area, including also an
updated (recalibrated) deglacial chronology, all of which improve
the understanding of the Late Weichselian and Holocene behavior
of this part of the GrlS.

2. Background
2.1. Physiographic setting

Kejser Franz Josef Fjord is a branched fjord system located on the
northeastern coast of Greenland between ~73°00’ and 74°00’ N
that opens towards Fosters Bugt and the Greenland Sea (Fig. 1). The
fjord system is ~220 km long, covers an area of 2200 km? (Evans
et al., 2002) and includes the trunk fjord Kejser Franz Josef Fjord,
as well as the tributary fjords Isfjord, Geologifjord, Nordfjord and
Moskusoksefjord. The GrIS presently drains into the Kejser Franz
Josef Fjord system via the marine terminating glaciers Walter-
shausen-, Adolf Hoel-, Jette-, Gerrard de Geer- and Nordenskjgld
Gletschers (Fig. 1b).

The inner and outer parts of the Kejser Franz Josef Fjord system
(the actual Kejser Franz Josef Fjord) are NW-SE oriented, 10—20 km
wide and up to 550 m deep. The transition to Nordfjord is defined
by a marked sill (Fig. 1¢), see also Evans et al. (2002). Nordfjord and
Moskusoksefjord constitute the northern elongation of the Kejser
Franz Josef Fjord system; they are separated by Gauss Halve
peninsula (Fig. 1b). Nordfjord is 35 km long and 13 km wide, and its
orientation changes from SE-NW to S—N towards the terminus of
Waltershausen Gletscher. Moskusoksefjord is ~65 km long and
0.6—5 km wide. Moskusoksefjord continues on land as a valley,

Water depth (m)

250 500

Water depth (m)

-250

-500

Fig. 1. (a) Overview map of NE Greenland, showing the large-scale bathymetry of the fjords and continental shelf (from IBCAO v. 4.0; Jakobsson et al. (2020)). The location of the
study area (b) and geographical place names are indicated. Yellow line show the location of a mapped mid-shelf grounding zone wedge off the coast of Kejser Franz Josef Fjord
(Evans et al.,, 2002; Arndt, 2018). (b) Overview map of the study area. Glaciers and major river systems are indicated. WG = Waltershausen Gletscher, AHG = Adolf Hoel Gletscher,
GdGG = Gerrard de Geer Gletscher, JG = Jette Gletscher, NG = Nordenskjgld Gletscher. (c) Large-scale bathymetry of the study area (from IBCAO v. 4.0; Jakobsson et al. (2020)),
including the locations of the sediment cores and swath bathymetry analyzed in this study. Background topography image from Copernicus Sentinel Data (2020). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Badlanddal, which can be followed to the sea in a bay ~30 km north
of the Kejser Franz Josef Fjord entrance. The orientation of the fjord
axis varies, but the overall orientation is E-W.

The width of the calving front of the tidewater glacier Walter-
shausen Gletscher is 10.5 km, and it is located north of the transi-
tion from Nordfjord to Moskusoksefjord. The calving front of
Wialtershausen Gletscher was relatively stable between 2000 and
2009, with 0.13 km ice front retreat from 2001 to 2005 and a total
advance of 0.15 km between 2005 and 2008 (Seale et al., 2011).
Wialtershausen Gletscher and the river systems dissecting the
coastal plains are the major sediment sources in Nordfjord and
Moskusoksefjord. These rivers originate from local plateau ice
fields and cirques glaciers that cover the mountains. The lower
parts of the valleys surrounding Kejser Franz Josef Fjord, Nordfjord
and Moskusoksefjord are presently ice-free (Fig. 1c).

The bedrock geology of the study area is mainly composed of
Devonian sedimentary rocks (Fig. 2), known as Old Red Sandstones
(Larsen et al., 2008). To the west, Neoproterozoic to Ordovician
Caledonian fold- and thrust belts comprise the bedrock geology of
Strindberg Land and Andrée Land, crossed by Waltershausen
Gletscher. Archean to early Neoproterozoic crystalline complexes
and metasediments are also exposed in the catchment area of
Waltershausen and Adolf Hoel Gletschers. To the east, Carbonif-
erous — Cretaceous sedimentary rocks and Paleogene basalts are
found south and north of Fosters Bugt, respectively (Higgins et al.,
2004; Andresen et al., 2007).

The hydrographic conditions in East Greenland fjords are
influenced by the East Greenland Current flowing southwards
along the continental margin, transporting cold, fresh polar water
and sea-ice from the Arctic Ocean. As it flows southwards, sea-ice
and icebergs are added by tidewater outlet glaciers along the
coast, except for between October and June when shorefast sea-ice
prevents drift (Jennings and Weiner, 1996; Evans et al., 2002). Three
water masses were distinguished in outer Moskusoksefjord in
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August 2013 (Forwick et al., 2013; Gjelstrup, 2021); i) a warm, low
saline upper surface water layer (0—15 m), ii) very cold, moderate
high salinity intermediate water (~15—140 m) and iii) moderately
warm, high salinity bottom water (>140 m).

2.2. Glacial history and Holocene paleoclimate

Glacial landforms mapped using bathymetric data show that
several ice streams drained the GrlS via fjord systems and cross-
shelf troughs during the last glacial, with the NE sector of the
GrIS extending all the way to the shelf edge (Evans et al., 2002,
2009; O Cofaigh et al., 2004; Winkelmann et al., 2010; Funder et al.,
2011; Arndt et al., 2015, 2017; Laberg et al., 2017; Arndt, 2018; Olsen
et al., 2020). The timing of the onset of the deglaciation is not well
established, but tentatively suggested to be indicated by a marked
isotope minima on the upper continental slope around 18.4 ka cal
BP (Stein et al., 1996; Evans et al., 2002) (re-calibrated in this study;
for age calibration see Material and Methods chapter). Marine
geophysical and geological studies of the shelf landforms suggests
that the style of ice stream retreat between the NE Greenland cross-
shelf troughs varied; the ice stream draining through Norske
Trough (76-79° N) is inferred to have undergone a relatively
continuous retreat (Arndt et al., 2017), while multiple halts/still-
stands interrupted the deglaciation in Store Koldewey Trough (~76°
N) (Olsen et al., 2020) and Westwind Trough (~80° N) (Arndt et al.,
2017). The retreat rate in Store Koldewey Trough is proposed to
have locally varied between 80 and 400 m a~! (Olsen et al., 2020).

Mega-scale glacial lineations on the seafloor east of a mid-shelf
grounding-zone wedge off the coast of Kejser Franz Josef Fjord
(Evans et al., 2002; Arndt, 2018) provide evidence of a fast-flowing
ice stream draining through the fjord during full-glacial conditions.
This mid-shelf grounding-zone wedge has been suggested to mark
both the Younger Dryas position, and the maximum LGM position
(Evans et al., 2002; Arndt, 2018) (Fig. 1a). The retreat of the ice front
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Fig. 2. Bedrock geology of the Kejser Franz Josef Fjord region (based on Higgins et al., 2004). MF = Moskusoksefjord, N= Nordfjord, GF = Geologifjord, IF = Isfjord, WG = Wal-
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is debated, with recent reviews showing that the grounding line
was located in the outermost part of Kejser Franz Josef Fjord during
the Younger Dryas (12.9—11.7 ka BP) (Funder et al., 2021; based on
Hjort, 1979). Other studies suggests that the ice stream retreated to
the fjord mouth during the Bglling/Allered (~14.7—12.9 ka BP)
warming, and that this was followed by a readvance and stabili-
zation at a mid-shelf position during the Younger Dryas cold period
(Arndt, 2018), often referred to as the Milne Land Stage moraines in
NE Greenland (Funder, 1970). Further retreat in-fjord took place
prior to 11.2 ka cal BP (Andrews et al., 2016).

Minimum ages reveal that the land areas surrounding Kejser
Franz Josef Fjord was deglaciated in the period between 10.9 and
9.2 ka cal BP, with the outer islands (9.8 ka cal BP) becoming ice-
free several hundred years later than western Ymer @ (10.5 ka
cal. BP). The occurrence of the marine shell Mytilus edulis, dated to
~9.5 ka cal BP, indicates an early Holocene Thermal Maximum
(HTM) warming on eastern Geographical Society @ (Wagner et al.,
2010). However, lacustrine data from the same area show a
delayed onset of the Holocene Thermal Maximum, around 9.0 ka
BP, followed by a regional climatic cooling (the Neoglaciation) from
6.5 ka BP (Wagner et al., 2000). Recent ice-sheet models indicate
that the glaciers around the Kejser Franz Josef Fjord system
retreated close to its current position during the Holocene Thermal
maximum (Vasskog et al., 2015). This support the results of Evans
et al. (2002) who documented the presence of IRD (ice-rafted
debris) throughout the middle Kejser Franz Josef Fjord sediment
core, interpreted to be from iceberg calving from nearby marine-
terminating glaciers, including the Waltershausen Gletscher,
reaching at or near its present position during the Holocene Ther-
mal Maximum.

The onset of the Neoglaciation coincides with an increase in IRD
along the East Greenland margin, suggesting that some glaciers
expanded and changed from land-terminating glaciers to tidewater
glaciers (Andrews et al., 1997). Seasonable sea ice concentrations
beyond the mouth of Kejser Franz Josef Fjord remained rather
stable over the past 5.2 ka BP, interrupted by reduced concentra-
tions between 2.2 and 1.3 ka BP (Kolling et al., 2017). A weak Me-
dieval Warm Period occurred from 1 ka to 0.8 ka BP (Johnsen et al.,
1992; Wagner et al., 2000). The climate thereafter cooled, reaching
a culmination during the Little Ice Age (~800-100 years BP) (Levy
et al., 2014), after which temperatures on Greenland increased
and reached a maximum in the 1930s, followed by a new cooling
period. The air temperatures have increased since the 1980s, and
warming of 1.1 °C was observed at the ice sheet summit from 1991
to 2000 (Box, 2002).

3. Material and methods
3.1. Swath bathymetry data

For this study, bathymetric data have been available from two
sources: 1) the IBCAO 4.0 (Jakobsson et al., 2020) providing an
overview of the bathymetry of the studied fjords (Fig. 1a, ), and 2)
swath bathymetry data collected during a cruise arranged within
the TUNU program (Christiansen, 2012) in 2013 using R/V Helmer
Hanssen. The swath bathymetry provides more detailed mapping in
areas of low resolution of the IBCAO data, i.e., Moskusoksefjord and
the inner, NE part of Nordfjord (Figs. 1c—4).

The swath-bathymetry survey was conducted using a hull-
mounted Kongsberg Maritime Simrad EM 300 multibeam echo
sounder, with a nominal operational frequency of approximately
30 kHz. Sound velocity profiles of the water column were recorded
from CTD (conductivity-temperature-depth) measurements prior
to the mapping surveys. Visualization and interpretation of the
swath bathymetry data were performed using the Fledermaus

Quaternary Science Reviews 284 (2022) 107504

v7.8.1 3D Visualization software with a 10 x 10 m grid-cell size,
whilst Global Mapper 19 was used for the IBCAO data, with a
200 x 200 m grid-cell size. The source identifier grid for the IBCAO
4.0 was examined to avoid mapping of artefacts in the data set, in
particular areas with either too low or too high depth values due to
poor sound profiles were omitted. From this grid and our own data,
it follows that the data coverage for this study is mainly restricted
to the central (deepest) part of the fjords, little or no data is
covering the fjord sides except for Moskusoksefjord (Fig. 1c).

3.2. Sub-bottom profiles

High-resolution seismic CHIRP (compressed high-intensity ra-
dar pulse) profiles from Moskusoksefjord and Nordfjord were ac-
quired using an EdgeTech 3300-HM sub-bottom profiler with a
pulse frequency of 1.5—9.0 kHz and a 40 ms (ms) pulse length (for
location, see Fig. 4a). The data was supplemented with sub-bottom
profiles acquired using the Krupp-Atlas Parasound system (Grant
and Schreiber, 1990) during the 1994 R/V Polarstern expedition to
Kejser Franz Josef Fjord (Hubberten, 1995) (for location, see Fig. 1c).
The Parasound system generated two primary frequencies of
18—23.5 kHz, generating a parametric frequency set to 4 kHz
(Hubberten, 1995).

SeiSee 2.22.2 and Kingdom 2018 software were used for visu-
alization and interpretation of the CHIRP and Parasound data,
respectively. The landforms and deposits of Moskusoksefjord and
Nordfjord are described from CHIRP sub-bottom profiles, whilst
Kejser Franz Josef Fjord and Fosters Bugt are described by using
both CHIRP and Parasound records. When calculated to sediment
thickness in meters, a sediment sound velocity of 1500 ms~! is used
based on the measured p-wave velocity of the collected sediment
cores. Maximum penetration depth through the sediment package
was ~80 m for the CHIRP and ~90—100 m for the Parasound profiles.

3.3. Sedimentological data

Five sediment gravity cores, HH13-008, HH13-009, HH13-010,
HH13-011 and HH13-012, were retrieved with R/V Helmer Hans-
sen in 2013. These were complemented with three sediment gravity
cores, PS2631, PS2632 and PS2633, retrieved with R/V Polarstern in
1994 (Hubberten, 1995; Evans et al., 2002) (Fig. 1c; Table 1).

Laboratory work on the sediment cores retrieved with R/V
Helmer Hanssen was performed at the Department of Geosciences,
UiT The Arctic University of Norway. Prior to opening, the physical
properties of the sediments were measured in one-cm steps with a
GEOTEK Multi Sensor Core Logger (MSCL). X-radiographs of half-
core sections were acquired with a GEOTEK MSCL-XCT X-ray core
imaging system. Lithological descriptions were performed from the
sediment core surface, X-radiographs and line-scan color images,
the latter acquired with a Jai L-107 CC 3 CCD RGB line scan camera
installed on an Avaatech XRF core scanner. Sediment color was
determined using the Munsell Soil Color Chart (Munsell, 2000).
Qualitative element-geochemical analysis on core surfaces were
performed using an Avaatech XRF Core Scanner at UiT The Arctic
University of Norway. The cores were adjusted to room tempera-
ture and the cores surfaces were covered with a 4 pm ultralene film
prior to scanning to avoid contamination. Instrumental settings
used were 10 kV and 30 kV with a measurement distance of 10 mm.
The data acquisition was carried out in two runs with a 12 and
10 mm cross-core and down-core slit sizes, respectively, using the
following settings; 1) 10 kV, 1000 pA, 10 s counting time and no
filter; 2) 30 kV, 2000 , 10 s counting time and Pd-thick filter. XRF
return values for Ca, K and Fe divided over the sum of the most
abundant elements (Al Si, K, Ca, Ti, Fe and Rh) were chosen for
further interpretation, reflecting the relative variations in sediment
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Table 1
Locations, water depths and recoveries for the sediment gravity cores.

Quaternary Science Reviews 284 (2022) 107504

Core ID Location Latitude (°N) Longitude (°W) Water depth (m) Recovery (cm)
HH13-008 Moskusoksefjord 73°37.23’ 23°05.10/ 256 226
HH13-009 Moskusoksefjord 73°41.83’ 23°27.35 233 283
HH13-010 Moskusoksefjord 73°43.59 23°52.08 227 486
HH13-011 Nordfjord 73°42.51 24°10.17 209 597
HH13-012 Nordfjord 73°40.51 24°10.93 210 459
PS2631 Kejser Franz Josef Fjord 73°1041' 22°10.59' 430 725
PS2632 Kejser Franz Josef Fjord 73°24.23' 23°38.42' 504 258
PS2633 Kejser Franz Josef Fjord 73°28.48 24°36.36/ 283 585

provenance and composition. Granulometric analysis of material
finer than 2 mm were performed with a Beckman Coulter LS 13,320
Laser Diffraction Particle Size Analyzer following the preparation
method described by Dijkstra et al. (2017). Sampling was pre-
dominantly performed in intervals of 10 cm. However, the sampling
distance was occasionally reduced, e.g. related to visual variations
in grain-size. Particles larger than 2 mm are presented as clasts in
the lithological logs.

The physical properties and granulometric analysis of the three
sediment cores retrieved with R/V Polarstern were measured and
performed by Evans et al. (2002) and Andrews et al. (2016).

New lithological descriptions and qualitative element-
geochemical analysis on core surfaces (XRF; for details, see
above) of the cores were performed as part of this study.

Samples of carbonate shells used for radiocarbon dating were
collected and handpicked at UiT for cores HH13-008, HH13-009,
HH13-011 and HH13-012, while the samples obtained in this study
from cores PS2631, PS2632 and PS2633 were collected and hand-
picked at the Alfred Wegener Institute (AWI) in Bremerhaven,
Germany. Accelerator mass spectroscopy (AMS) C dating was

Table 2

carried out at the Laboratory for lon Beam Physics, ETH Zurich,
Switzerland, and the Mini Carbon Dating System (MICADAS) facility
at AWI (Table 2a). Previously published ages are from Andrews et al.
(2016) and Evans et al. (2002). Age calibration was performed using
the CALIB 8.2 software (Stuiver et al., 2020), applying the Marine20
calibration curve (Heaton et al., 2020) with AR = 0 + 50, as rec-
ommended by Andrews et al. (2016).

All dates are presented in calibrated years before present (ka cal
BP), where zero year BP is 1950 CE. Two of the radiocarbon ages
represent age reversals (in cores HH13-008 and PS2633, see
Table 2). They are interpreted to result from re-sedimentation and
are, therefore, not considered in the further discussion. In core
PS2633 the same level was dated twice using benthic foraminiferal
species. One dating was performed on the species Cassidulina
neoteretis giving an age of 7635 C years where the other one was
performed on Cibicides lobatulus and showing an age of 8116 4C
years (Table 2). C. lobatulus is epifaunal and often lives attached to
plants or hard sediment grains, hence when it is found in muddy
sediment as in core PS2633, it is often reworked which may explain
the older age (cf. Saher et al., 2012). Linear sedimentation rates (cm/

(a) Radiocarbon dates and calibrated ages from the gravity cores in Moskusoksefjord, Nordfjord and Kejser Franz Josef Fjord. *Age reversal. (b) Other published and recalibrated
dates from the region, ** Mya truncata and Hiatella arctica, *** Hiatella arctica, **** Mya truncata and Hiatella arctica..

(a) Core Depth (cm)  Dated material Laboratory reference  '“C age BP Cal yr BP Cal yr BP  Reference
1 o range
HH13-008 114 Mixed benthic foram. 60276.1.1 1620 + 65 913-1114 1013* This study (ETH)
202 Buccinum hydrophanum 60277.1.1 1205 + 60 524—682 611 This study (ETH)
HH13-009 117 Ostracoda 60278.1.1 1790 + 300  869—1518 1197 This study (ETH)
HH13-011 592 Mixed benthic foram. 60280.1.1 1750 + 130  983-1287 1141 This study (ETH)
HH13-012 195 Mixed benthic foram. 60281.1.1 1295 + 70 589—-787 693 This study (ETH)
454 Mixed benthic foram. 60282.1.1 7470 = 130 7607—7902 7752 This study (ETH)
PS2631 929 Buccinum hydrophanum 1695 + 55 977—-1181 1090 Evans et al. (2002)
390 Thyasira gouldi 7990 + 210  8024—8524 8295 Evans et al. (2002)
573 Cassidulina neoteretis 449411 9968 + 92 10,679—-11,031 10,838 This study (AWI)
707 Mixed benthic foram. 10,210 +30 11,074—11,247 11,166 Andrews et al. (2016)
PS2632 8 Cassidulina neoteretis 4493.1.1 1087 + 59 447-613 520 This study (AWI)
97 Cassidulina neoteretis + Islandiella helenae =~ 4495.1.1 1692 + 55 975-1178 1087 This study (AWI)
PS2633 64 Cassidulina neoteretis 4496.1.1 7635 + 75 7792—-8017 7911 This study (AWI)
Cibicides lobatulus 4496.2.1 8116 + 77 8307—-8543 8422 This study (AWI)
142 Cassidulina neoteretis + Islandiella helenae =~ 4492.1.1 8634 + 78 8974-9250 9097* This study (AWI)
206 Cassidulina neoteretis + Cibicides lobatulus ~ 4491.1.1 8376 + 84 8590—-8900 8746 This study (AWI)
(b) Latitude Longitude Dated material Laboratory reference  'C age BP Cal yr BP Calyr BP  Reference
1 o range
73°40 22°00' Mya truncata Lu-883 9220 + 90 9608—9960 9804 Hakansson (1975)
+ Hiatella arctica
73°04.26' 23°19.48 Mixed benthic foram. 7495 + 260 7502—8037 7787 Andrews et al. (2016)
73°05.34' 19°17.20' Portlandia fraterna AAR-2692 9560 + 120 10,109—10,481 10,272 Evans et al. (2002)
73°05.42 18°02.27 Neogloboquadrina pachyderma sin ~ AAR-2423 13,560 + 130  15,287—-15,709 15,506 Evans et al. (2002)
72°43.23 22°27.54' Leaves, twigs UtC-8454 8960 + 160 9884—10,246 10,031 Wagner et al. (2000)
73°19.35 25°12.23’ Bivalve UtC-7465 9730 + 130 10,263—-10,672 10,493 Wagner and Melles (2002)
72°53.58' 21°57.60 Hiatella arctica AAR-8850 10,010 + 70 10,754—-11,056 10,895 Wagner et al. (2010)
73°10.00/ 21°37.59 Marine shells** (in situ) K-2376 9210 + 110 9578—-9958 9794 Weidick (1976)
73°72' 24°62' Marine shells*** (in situ) K-2418 8690 + 130 8988—-9353 9156 Weidick (1976)
73°45.00 22°18.00/ Marine shells/fragments**** 1-9102 9205 + 250 9486—10,132 9804 Weidick (1977)
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Seismic facies identified from CHIRP and Parasound data in Moskusoksefjord, Nordfjord, Kejser Franz Josef Fjord and Fosters Bugt.

Seismic facies

Seismic facies example

Description

Interpretation

Sla

S1b

S2

S3

S4

S5

10m

Acoustically stratified facies with high amplitude,
parallel reflections. Fills in fjord basins or drapes
underlying topography.

Acoustically stratified facies with parallel, moderate to
low amplitude reflections. Fills in fjord basins or drapes
underlying topography.

Acoustically transparent facies with lens-shaped
geometry. Truncates underlying facies.

Acoustically contorted to chaotic facies with an
irregular upper surface. Overlies the acoustic basement
on topographic highs or occurs along the fjord side
slopes.

Acoustically transparent to stratified facies with
occasional low amplitude, parallel continuous to semi-
continuous reflections. Drapes the seafloor in Kejser
Franz Josef Fjord and Fosters Bugt.

Acoustically impenetrable to massive facies. The upper
reflection amplitude varies spatially, whilst there is no

Ice-proximal glacimarine sedimentation from
suspension settling and occasional ice rafting/
hemipelagic sedimentation. Episodes of gravity-flow
activity and resedimentation.

Ice-proximal glacimarine sedimentation from
suspension settling and occasional ice rafting/
hemipelagic sedimentation. Episodes of gravity-flow
activity and resedimentation.

Mass-transport deposits

Reworked and homogenized sediments caused by
mass-transports, gullies and iceberg scouring.

Ice-distal glacimarine sedimentation from suspension
settling and occasional ice rafting.

Acoustic basement, either comprising bedrock or till.
Ridges are interpreted as large moraines.

lower reflection.

ka) were calculated assuming a constant accumulation of sedi-
ments between the dated intervals (Table 3). The previously pub-
lished radiocarbon ages presented in this study (Table 2) were
recalibrated using the updated and extended radiocarbon calibra-
tion curves, Marine20 (Heaton et al., 2020) and IntCal20 (Reimer
et al., 2020) (Table 2b).

4. Results
4.1. Seafloor geomorphology

4.1.1. Basins and ridges

Fosters Bugt, deepest north of Bontekoe @ (up to 425 m)
(Figs.1c—3a), represent an offshore continuation of the Kejser Franz
Josef Fjord system, and it can be defined as the inner part of a cross-
shelf trough. The trough-fjord system narrows from 70 km in outer
Fosters Bugt to 12 km in Kejser Franz Josef Fjord (between Gauss
Halve and Ymer @) (Fig. 1¢). Several transverse ridges are located in

Fosters Bugt, and these are 32—100 m high, ~1—3.8 km wide, and
are 0.7—18 km apart, and possibly extends across Fosters Bugt
(Fig. 3a). Three of the ridges occur in a cluster north of Bontekoe @.
As shown in this study, some of the ridges have an asymmetrical
profile, with a steeper inner (ice-proximal) slope and a gentler
outer (ice-distal) slope (Fig. 1, see also “Seismostratigraphy” below).

The bathymetry of Kejser Franz Josef Fjord progressively
deepens inward from ~330 m at the fjord mouth to 550 m close to
the transition to Nordfjord (Figs. 1c—3a). The fjord contains two
main basins that are separated by an area of shallower seafloor
containing several ridges. The ridges are 0.38—2.8 km wide, have
reliefs of 35—84 m and are spaced 2—12 km apart. They are possibly
fjord-transverse ridges, although this cannot be confirmed from the
present data. Fjord-transverse ridges are identified at the transition
from Kejser Franz Josef Fjord to Nordfjord, Geologifjord and Eleo-
nores Bugt (Fig. 3a), ranging between 2.3 and 4 km width and
32—320 m reliefs.

The water depths in Nordfjord shallows from ~380 m to ~100 m
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Fig. 3. Bathymetry of the Kejser Franz Josef Fjord system. (a) IBCAO v. 4.0 (Jakobsson et al., 2020) with mapped transverse ridges. White line shows the location of the bathymetric
profile shown in (b). The smaller cross-lines along the profile corresponds to the dotted vertical lines in b). Transverse ridges are marked with yellow lines and numbered. (b)
Bathymetric profile of the study area. M-I = Inner basin of Moskusoksefjord, M-M = Middle basin of Moskusoksefjord, M-O = Outer basin of Moskusoksefjord, KFJF-I = Inner basin
of Kejser Franz Josef Fjord, KFJF-O = Outer basin of Kejser Franz Josef Fjord. The profile was produced using a combination of IBCAO v. 4.0, swath bathymetry and sub-bottom profiles
(CHIRP and Parasound). The dotted vertical lines along the profile show where the profile orientation changes in a). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

towards the terminus of Waltershausen Gletscher. The inner ridge,
located closest to the present-day glacier front of Waltershausen
Gletscher, has a ~70 m relief and ~2.6 km width.

Three basins are identified in Moskusoksefjord (Figs. 3b—4a).
The maximum depths of the basins progressively increases from
the outer (closest to Waltershausen Gletscher, 237 m) to the inner
basin (260 m). Relatively large deltas prograde into the fjord from
both sides, as detailed below. Deltas form thresholds at 216 m and
210 m water depth, separating the outer- and middle basins and
middle- and inner basins, respectively.

Two transverse ridges are identified in the outer basin of Mos-
kusoksefjord (Ridge 18 and 19; Figs. 3—4a). Ridge 19 stretches
1.3 km in a general S—N direction, sloping gently towards north. Its
width narrows from 800 m in the south to 400 m in the north,
whilst its height decreases from 15 m to 3 m. A cross-profile shows
that this ridge is symmetric (Fig. 5a). Ridge 18 is > 770 m long and
NNE to SSW oriented. The width of the ridge varies between 210 m
in the upper part, to almost 300 m in the lower part. Whereas the
gradient of the in-fjord facing slope exceed 30°, the out-fjord slope

gradient is ~20°. Both ridges are partly buried in the central parts of
the fjord.

The internal structure of the ridges in all three fjords is acous-
tically transparent to massive (Fig. 6; Table 4). Based on their overall
form, steeper in-fjord and slightly more gently dipping out-fjord for
some of them, and their internal acoustic signature (Ridges 1, 2, 4, 9,
12,14, 18 and 19), the ridges are interpreted to represent moraines,
marking the positions of stillstands of the grounding-line, either
formed during a stepwise deglaciation or a Holocene ice re-
advance, as will be further discussed below. For some of the other
ridges a bedrock sill origin cannot be excluded although we find
this less likely as the bedrock in this area is Devonian sandstone,
less resistant to erosion compared to the crystalline bedrock to the
west. Based on this, it is less likely to find bedrock sills in this area. A
notable exception is Fosters Bugt where intrusion of basalt has been
identified to the north, possibly extending into the fjord-mouth
trough, for instance in the area of Ridge 3 (Fig. 3 and 6).
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4.1.2. Deltas

Fan shaped protuberances of different sizes are observed along
the fjord sides, mainly as continuations of rivers draining from
plateau ice fields and cirques (Figs. 4 and 5). Some of them also
include raised shorelines, and up to five levels have been identified
on land (Fig. 7a). Most of the protuberances (15) are located along
the S-SW fjord sidewall, while four are located on the N-NE side.
The features have maximum widths ranging from 350 m to 2.3 km.

Their slope gradients exceed 20° in the upper, coast-proximal parts,
decreasing to a gradient <10° in the distal fan areas, producing
generally concave profiles. Gullies (for details see below) dissect the
lower parts of the features (Fig. 5c).

Based on their geometries, the protuberances are interpreted to
be deltas, and based on their relatively steep slopes and proximity
to sediment sources on land, they likely consist of coarse-grained
sediments (Figs. 4 and 5). These are therefore typical Gilbert



LL. Olsen, J.S. Laberg, M. Forwick et al. Quaternary Science Reviews 284 (2022) 107504

B
b\ S}de scar
Ridge 18

Ridge 19 Outer basin
N

Delta a—— .

Water depth (m)

100 140 180 220 | | 23°47°W 23°45'W

T T
23°35'W 23°30°'W
Gullies

-73°43" 5N )
Outer basin Deltas

~73°42°.5N
0 2km| Possible slide scars
[ N .
b b’ _
Water depth (m) Sediment
o | b
100 140 180 220 500 m

Middle basin . d Gilliei and levees d
73:40.5'N . 2m L aY o

100 m'

~73°40.1'N ; A Gullies -
d e
0
C e .

Water depth (m)

PNZT R . Smooth surface
&

120 160 200 240

23°2l

Fig. 5. Grayscale and color shaded bathymetry images with examples of seafloor geomorphology and profiles in Moskusoksefjord (see Fig. 4 for location). (a) Delta and two ridge
segments at the fjord mouth. Profile a-a’ shows ridge 19. (b) Bathymetry of the outer/middle basin area, including possible slide scars, sediment lobes, deltas and gullies. D2 = Delta
separating middle- and outer basins in Moskusoksefjord. Profile b-b’ shows three superimposed sediment lobes. (c) Two river deltas off the southwestern shore separating the
middle and inner basins with accompanying gullies. D1 = Deltas separating inner- and middle basins of Moskusoksefjord. Profile d-d’ crosses two gullies (indicated by arrows) with
adjoining levees (L), whilst profile e-e’ spans across a splay. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)



LL. Olsen, J.S. Laberg, M. Forwick et al.

Quaternary Science Reviews 284 (2022) 107504

alw  Outer Moskusoksefjord
Waltershausen B
Gletscher HH13-010 ) S
Ridge 18 Ridge 19 =
2
- I
E)
N
S
&
2 km 2
m B Nordfjord Waltershausen N el
HH13-011 Gletscher ; ‘S3 Lz
HH13-012 ) | ©
L
........ w3
........ S
s
Multiple =
&
3 km =
_CJ NNW  Middle Kejser Franz Josef Fjord SSE
Ridges 9-12
S
g
=
7
3
e
8
(4,
3
5 km B
dlw < }
Outer Kejser Fosters Bugt S
Franz Josef Fjord Sg
3
| g5
; 12! S5
Approximate position -~
_of PS2631 s
=N 4 A o
L \s3 l S
/ &
\8\4,-’ <]
\S‘ib/ 5 km &
i ; FE 1 : -3
e] Ridges 11-9
: ‘f"\ P / ¥ —§ —E
o z Lhu & =¥ . s & ol o
- - Ridge 12" 255 b 2 &% g g
] F 2 4 b V = & 013 —85
\:, & i T 33 °3
1 km 3 ;- Eoe 8

Fig. 6. Selected CHIRP and Parasound sub-bottom profiles along (a) outer Moskusoksefjord, (b) Nordfjord, (c) middle Kejser Franz Josef Fjord and (d) outer Kejser Franz Josef Fjord —
Fosters Bugt. Fig. (a), (b) and (d) are CHIRP profiles, (c) is Parasound. The interpreted seismic facies are indicated. For locations, see Figs. 1c—4a. (e) Part of the Parasound sub-bottom
profile in Middle Kejser Franz Josef Fjord showing interpreted moraine ridges. (f) Part of the CHIRP sub-bottom profile in Fosters Bugt showing interpreted moraine ridges.

10



I

Table 4

Overview of the lithofacies physical and compositional characteristics. Sedimentary processes and environment are inferred.

Lithofacies

1 Laminated mud with
dispersed clasts

2 Laminated mud

3 Bioturbated mud with
dispersed clasts

4 Massive mud with
lenses of sand and
dispersed clasts

5 Sandy mud with
clasts

6 Laminated mud with
lenses of sand and
dispersed clasts

7 Sandy mud

X-Radiograph

Color (Munsell Soil
Color Chart)

Upper boundary

Lower boundary

Bioturbation

Clast amounts

Magnetic susceptibility
(1073 1)

Wet bulk density (g/
cm?)

Ca/Sum

K/Sum

Fe/Sum

Sedimentary processes
and environment

Gray (5Y 5/1)

Erosional
/Gradational

N/A

Very low

Low to moderate
50—60

1.7-2.0

0.07-0.3

0.10-0.16

0.27—0.46
Ice-proximal
glacimarine
sedimentation;
suspension settling
from glacial meltwater
plumes, episodic
calving events

Olive gray (5Y 4/2)

Sharp

Erosional
Absent
Absent
60—90

~2.0

0.12-0.17

0.11-0.15

0.27—-0.39
Ice-proximal
glacimarine
sedimentation;
suspension settling
from glacial meltwater
plumes

Dark grayish brown
(2.5Y 4/2)

Seafloor

Gradational
Intense
Low
50-170

1.36—-1.70

0.05-0.15

0.12-0.15

0.39-0.51

Ice-distal glacimarine
sedimentation
dominated by
suspension settling and
episodic ice rafting

3cm

Dark gray (5Y 4/1)/
Reddish brown (5 YR 4/
3)

Erosional/Sharp

Gradational
Low
Moderate
15-65

1.6-1.8

0.05—0.14

0.10-0.16

~0.42

Ice-distal glacimarine
sedimentation
dominated by
suspension settling and
episodic ice rafting,
together with gravity-
flow activity

Dark grayish brown
(2.5Y 4/2)

Seafloor

Erosional
Absent
High
60—100

1.8-2.15

0.07-0.17
~0.14
0.35-0.45
Mass-transport

5cm

Reddish brown (5 YR 4/3)/
Pinkish gray (5 YR 6/2)/
Gray (5Y 5/1) to olive gray
(5Y 4/2)

Erosional

Sharp

Low to moderate
Low to moderate
20-85

1.7-18

~0.11

~0.13

~0.43

Ice-proximal glacimarine
sedimentation; suspension
settling from glacial
meltwater plumes, episodic
calving events, together
with gravity-flow activity

Dark reddish brown
(5 YR 3/2)/Dark grayish
brown (2.5Y 4/2)

Sharp

Erosional
Absent
Absent
10-55

1.65-2.1

0.10—-0.18/~0.2
0.13—-0.18/~0.08
0.35-0.44/0.18—35
Mass-transport
/Density currents in an
ice-proximal
environment

0 32 yorntog ‘W ‘S1aqpT ‘ST Uas|o “T1

$0S201 (220Z) ¥8T smalndy ualds Avuajpng
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deltas, which often form in steep-sided fjords where a river enters
the fjord over a longer period of time (Bogen, 1983; Gales et al.,
2019). Raised parts including shorelines implies that the delta
progradation was influenced by a stepwise relative sea-level fall
over a longer period (c.f. Corner, 2006). If correct, this would most
likely have initiated immediately after the Early Holocene degla-
ciation of this area, implying that the deltas have developed from
the deglaciation to the present.

4.1.3. Submarine gullies

Numerous downslope oriented, straight to curvilinear incisions
have been observed along the fjord sides of Moskusoksefjord. Two
main types have been identified, the first in association with deltas,
the other represents a continuation from subaerial gullies origi-
nating from mountain incisions or slide scars dominated by coarse-
grained sediments (Figs. 4, 5 and 7). Both types of incisions are up
to 170 m wide, <8 m deep and can be followed for up to 2.2 km.
Most of the features have flanking levees and typically appear as
single incisions. However, in some cases, two incisions merge
downhill into one feature, and in other cases, single incisions splits
into two individual features. Some of the incisions end downslope
with thin splays that are usually less than 3 m thick (Fig. 5c¢).

The incisions are interpreted to be submarine gullies (Figs. 4 and
5). The gullies associated with deltas are characteristic features of
Gilbert-type deltas, formed by turbidity currents generated by
coarse bedload avalanches or slope failures (Gales et al., 2019). The
second type of gullies, representing the marine part of subaerial
gullies on land, are interpreted to be produced by annual snow-fed
meltwater flow. In cases where the downslope flow of sediment
masses exceeds the width of the gullies, levees are formed by
overbank flood sedimentation.

4.1.4. Slide scars and sediment lobes

Amphitheater-shaped incisions that are 0.5—1.3 km wide are
found in the outer basin of Moskusoksefjord (Figs. 4—5a), whilst
smaller features (50—200 m wide) are located on the E-NE slope in
the middle and inner basins (Figs. 4—5b), i.e. wider incisions occur
where the fjord wall gradient is lower. The depths of the incisions
range from 3 to 30 m, and headwall gradients vary from 14° to 30°.
Some of the incisions are more distinct than others, i.e. some
appear to be partly buried by sediments. Similar incisions are seen
some tens of meters above present sea level (Fig. 7). One incision is
also identified in Nordfjord (Fig. 4).

Several of the incisions have associated sediment lobes on the
fjord floor. These vary in both size and character and are often
found as sets of several superimposed lobes (Fig. 5b). Individual
lobes have lengths of 100—550 m, maximum widths from 80 to
850 m and they are up to 8 m thick. In the CHIRP sub-bottom data
the lobed shaped deposits has an acoustically semi-transparent
facies with a few chaotic internal reflections, and the base of the
deposits truncate underlying reflections (facies S2). (Fig. 6; Table 4).
Only the incisions in the inner basin of Moskusoksefjord have
visible lobe shaped deposits directly downslope of the features,
indicating that the potentially associated lobes in the outer basin of
Moskusoksefjord and in Nordfjord must have been buried.

The incisions are interpreted to be slide scars formed by failure
of deposits along fjord sidewalls (Figs. 4 and 5a, b and 7), a
frequently observed phenomenon in fjords elsewhere (e.g. Boe
et al., 2000; Forwick and Vorren, 2012; Bellwald et al., 2019). The
lobe shaped deposits are interpreted to be their associated mass-
transport deposits based on their geometries and internal seismic
signatures, as well as their locations at the bottom of steep slopes,
often downslope from the slide scars (Figs. 4 and 5a, b). The mass-
transport deposits are thickest in the outer basin of Mosku-
soksefjord, implying a higher sedimentation rate here, likely
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Slide scar

Fig. 7. Pictures from Moskusoksefjord taken in August 2013, showing various sedi-
mentary systems. a) Gilbert-type delta. Five levels of raised shorelines are indicated
with white arrows. The delta is marked as D1 in Fig. 4a). The mountain in the back-
ground is 1260 m high. b) Subaerial alluvial fans and gullies. c) Slide scar and subaerial
gully. See Fig. 4a for locations.

related to the proximity to the Waltershausen Gletscher.

4.2. Seismostratigraphy

Five seismostratigraphic facies (S1-S5) are identified from
CHIRP and Parasound data in Moskusoksefjord, Nordfjord and
Kejser Franz Josef Fjord. The acoustic characteristics and in-
terpretations are presented in Table 4 and follows the terminology
of Mitchum et al. (1977) and others as detailed below.

4.2.1. Seismic facies S1a and S1b (acoustically stratified)
Seismic facies S1a and S1b consist of parallel to sub-parallel
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internal reflections with high continuity (Fig. 6; Table 4), and we
term this as “acoustically stratified”, in accordance with
Dowdeswell et al. (1994), Evans et al. (2002) and Plassen et al.
(2004). The facies is present in all three fjords, either as a ponded
basin infill with onlapping reflections at the basin sides or draping
underlying topography in the central parts of the fjords (Fig. 11).
Whereas the facies generally occurs as the uppermost facies in
Moskusoksefjord and Nordfjord, it is overlain by facies S4 in Kejser
Franz Josef Fjord. Seismic facies S1 was sampled by all sediment
cores from Moskusoksefjord and Nordfjord, in addition to cores
PS2631 and PS2633 from Kejser Franz Josef Fjord (Fig. 11). Facies
thickness varies with between 7 and 22 m when overlying topo-
graphic highs, whereas it exceeds the penetration depth in the
basins. Lens- or lobate-shaped acoustic transparent sediment
bodies (facies S2) occur occasionally within facies S1. The facies is
divided into two sub-facies based on a distinct change in the
acoustic signature going from high amplitude reflections in sub-
facies S1a to moderate to low amplitude reflections in sub-facies
S1b (Table 4). Sub-facies S1a lies conformable above S1b. Facies
S1 corresponds to acoustic facies 1a in Evans et al. (2002).

4.2.2. Seismic facies S2 (acoustically transparent)

S2 is an acoustically transparent facies (“reflection free”, sensu
Mitchum et al., 1977). It has a discontinuous and undulating upper
boundary and a lower boundary typically truncating underlying
reflections (Table 4). The facies occur as lensoidal bodies within
facies S1 that are up to 55 m thick, and pinches out laterally (Figs. 6
and 11). The facies corresponds to acoustic facies 2 in Evans et al.
(2002).

4.2.3. Seismic facies S3 (acoustically chaotic)

An acoustically contorted to chaotic signature with low internal
reflection continuity characterizes facies S3 (Figs. 6 and 11; Table 4).
The facies has a highly irregular, high amplitude surface reflection
with diffraction hyperbolas on steep slopes and a locally diffuse,
low amplitude basal reflection. Its thickness varies, with a
maximum thickness of 17 m. It lies unconformable above facies S5.
Facies S3 is located along the fjord side slopes and on topographic
highs (Fig. 11). This facies corresponds to acoustic facies 3 in Evans
et al. (2002).

4.2.4. Seismic facies S4 (acoustically transparent to stratified)
Facies S4 is acoustically transparent to stratified (Table 4). The
facies drapes the seafloor in large parts of Kejser Franz Josef Fjord
and Fosters Bugt, conformably overlying facies S1 or S2 (Figs. 6 and
11). The facies has a high amplitude surface reflection and occa-
sional internal parallel, continuous to semi-continuous reflections
of low amplitude. The sediment drape is generally 1.5—2 m thick
and up to 5 m thick in topographic lows. Sediment cores PS2631,
PS2632 and PS2633 penetrated the facies (Fig. 6b and c and 11).
This facies corresponds to acoustic facies 4 in Evans et al. (2002).

4.2.5. Seismic facies S5 (acoustically impenetrable to transparent)

Facies S5 represents an acoustically impenetrable to transparent
facies (Table 4). Its upper reflection has a spatially varying ampli-
tude, and there is little to no penetration of the acoustic signal
below. The facies occurs at various depths in all three fjords (Figs. 6
and 11). It is generally overlain by facies S1 or S3, but locally forms
ridges that crop out on the seafloor. The ridges are up to 80 m high,
less than 2 km wide and occur in clusters near the fjord mouth, as
well as in middle of Kejser Franz Josef Fjord, i.e. where the fjord is at
its narrowest.
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4.3. Lithological facies

A transect of eight sediment cores were analyzed; three in
Kejser Franz Josef Fjord, two in Nordfjord and three in Mosku-
soksefjord (Fig. 1; Table 1). The cores were divided into seven
lithofacies (Figs. 8—10; Table 5) based on lithology, observed
structures, element geochemistry and physical properties, and are
found to be dominated by bioturbated, massive, laminated and
sandy mud with dispersed clasts. Below, we describe the facies in
their order of appearance, starting with the bottom facies in the
outermost core in Kejser Franz Josef Fjord.

4.3.1. Lithofacies 1 (laminated mud with dispersed clasts)

Lithofacies 1 is present in the outer part of the study area, in the
lower parts of cores PS2631 and PS2633 (Fig. 8). The sediment cores
penetrated seismic facies S1 (Fig. 11), consisting of stratified sedi-
ments. The lithofacies consists of >155 cm thick gray (5Y 5/1)
laminated mud with dispersed clasts (Table 5). In core PS2631 the
lithofacies has an erosional upper boundary underlying lithofacies
2, whereas in core PS2633 the boundary with the overlying lith-
ofacies 4 is gradational. The laminated sediment has a generally low
magnetic susceptibility (50—60 x 10° SI). The Ca/sum and Fe/sum
ratios show opposite trends, with the highest Ca/sum and lowest
Fe/sum in core PS2631. Bioturbation is low and the clast content is
low to moderate. The wet bulk density is uniform.

4.3.2. Lithofacies 2 (laminated mud)

Lithofacies 2 is found exclusively in core PS2631 from outer
Kejser Franz Josef Fjord (Fig. 8). It consists of olive gray (5Y 4/2)
laminated mud absent of clasts and bioturbation (Table 5), with a
thickness of 14 cm. The boundary with the underlying lithofacies 1
is erosional, whereas the upper boundary to lithofacies 3 is sharp.
The wet bulk density is high. The lithofacies is characterized by a
sudden change in the magnetic susceptibility, wet bulk density and
Ca/sum and Fe/sum ratios relative to the underlying gray laminated
mud with dispersed clasts (lithofacies 1).

4.3.3. Lithofacies 3 (bioturbated mud with dispersed clasts)
Lithofacies 3 contains dark grayish brown (2.5Y 4/2) massive
mud with dispersed clasts, and is characteristic of the upper 520 cm
of core PS2631 and the entire core PS2632 (Fig. 8) (i.e. the trans-
parent to stratified sediments draping the outer and middle Kejser
Franz Josef Fjord (facies S4)) (Fig. 11). The lithofacies is intensely
bioturbated and has low clast amounts (Table 5). The lithofacies is
further characterized by uniform geochemical elements and vari-
able magnetic susceptibility (55—160 x 10° SI) and wet bulk den-
sity. The magnetic susceptibility is mainly higher in this facies than
for facies 1—2, with a decreasing normal consolidation trend in core
PS2631 and an increasing trend, possibly due to higher clast con-
tent towards the top, in core PS2632. The lowest wet bulk density
occurs towards the top of core PS2631 (down to 1.36 g/cm?).

4.3.4. Lithofacies 4 (massive mud with lenses of sand and dispersed
clasts)

Lithofacies 4, consisting of massive mud with lenses of sand and
dispersed clasts, is found in cores PS2633 and HH13-008 from inner
Kejser Franz Josef Fjord and innermost Moskusoksefjord (Figs. 8
and 10). In core PS2633, the lithofacies is 150 cm thick and dark
gray (5Y 4/1) in color (Table 5). It lies directly above lithofacies 1
and under lithofacies 3, with gradational and erosional boundaries,
respectively. In core HH13-008, the lithofacies is > 85 cm thick,
reddish brown (5 YR 4/3), and found at the base of the core
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Fig. 8. Composite logs of core PS2631, PS2632 and PS2633 retrieved from Kejser Franz Josef Fjord, showing lithofacies, line-scan images, grain-size distribution, physical properties
and XRF core-scanning geochemistry. The latter presents the ratio of selected elements over the eight most abundant elements. Calibrated radiocarbon ages, presented in calibrated

years before present, are indicated with arrows. Core locations are shown on Fig. 1.

(Table 5). It has a sharp boundary to the overlying lithofacies 6.
Magnetic susceptibility is low in both cores (15—65 x 10° SI),
whereas the wet bulk density and geochemical elements show
little variation. The lithofacies has little bioturbation and a mod-
erate number of clasts.

4.3.5. Lithofacies 5 (sandy mud with clasts)

Lithofacies 5 is found exclusively at the top of core PS2633 in
inner Kejser Franz Josef Fjord (Fig. 8, Table 5), recovered from an
acoustically transparent sediment body (facies S2) (Fig. 11). The
lithofacies is 60 cm thick and consists of a dark grayish brown (2.5Y
4/2) sandy mud with a high number of clasts. Bioturbation is

14

absent. It has an erosional lower boundary, overlying lithofacies 7.
The lithofacies has a relatively high wet bulk density (1.8—2.15 g/
cm?), corresponding with a peak in magnetic susceptibility. The Ca/
sum and Fe/sum ratios have similar values as the laminated mud
with dispersed clasts (lithofacies 1) further downcore.

4.3.6. Lithofacies 6 (laminated mud with lenses of sand and
dispersed clasts)

Lithofacies 6, consisting of laminated mud with lenses of sand
and dispersed clasts, is present in the cores retrieved from stratified
sediments in Moskusoksefjord and Nordfjord (facies S1a) (Figs. 6, 9
and 11). The laminated mud is characterized by frequent color
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changes, alternating between reddish brown (5 YR 4/3) and pinkish
gray (5 YR 6/2) in inner Moskusoksefjord, gray (5Y 5/1) and pinkish
gray (5 YR 6/2) in middle Moskusoksefjord and gray (5Y 5/1) to
olive gray (5Y 4/2) in outer Moskusoksefjord and Nordfjord
(Table 5). The lithofacies is interbedded by layers of lithofacies 7.
Bioturbation and clast content is low to moderate, with a higher
clast number in the cores located furthest away from the modern
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Fig. 9. Composite logs of core HH13-011 and HH13-012 retrieved from Nordfjord,
showing lithofacies, line-scan images, grain-size distribution, physical properties and
XRF core-scanning geochemistry. The latter presents the ratio of selected elements
over the eight most abundant elements. See Fig. 8 for legend to the lithofacies. Cali-
brated radiocarbon ages, presented in calibrated years before present, are indicated
with arrows. Core locations are shown on Fig. 1.
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glacier front of Waltershausen Gletscher. The wet bulk density and
magnetic susceptibility values are uniform, with a slight increase in
the density from normal sediment compaction. The geochemical
elements show little variation, with small peaks following the
lithology.

4.3.7. Lithofacies 7 (sandy mud)

Lithofacies 7 is present in the core from inner Nordfjord (Fig. 9)
and all three cores from Moskusoksefjord (Fig. 10). The lithofacies
consists of fining upwards sandy mud, absent of clasts and bio-
turbation. It occurs as layers within lithofacies 6, with an erosional
lower boundary and a sharp upper boundary. Individual layers are
up to 95 cm thick. In inner and middle Moskusoksefjord, these
layers are dark reddish brown (5 YR 3/2) in color, whereas they are
dark grayish brown (2.5Y 4/2) in outer Moskusoksefjord and
Nordfjord, respectively. High and slightly increasing wet bulk
density from normal sediment compaction and low and uniform
magnetic susceptibility and iron values characterize the lithofacies,
with the lowest iron values in all three fjords occurring within the
layers containing dark grayish brown sandy mud.

4.4. Correlation of seismostratigraphy and lithological facies

The infilling and draping seismic facies S1, comprising lami-
nated mud with dispersed clasts and layers of sand (lithofacies 1, 2
and 6), is interpreted to represent ice-proximal sedimentation. The
sedimentation includes suspension settling from glacier-margin
derived turbid meltwater plumes (overflows) and episodes of
rafting by icebergs and/or sea-ice, together with turbidity current
activity (underflows). In comparison, seismic facies S4 has a
transparent character, a draping geometry in Kejser Franz Josef
Fjord system some distance from the present-day glacier front, and
it consists of sandy mud. Altogether, this indicates a more ice-distal
environment with more stable conditions than in facies S1 (cf.
Hogan et al., 2016; Prothro et al., 2018).

The sediment cores retrieved in Kejser Franz Josef Fjord are
therefore interpreted to mark the transition from an ice-proximal
to an ice-distal environment, in conformity with Evans et al.
(2002). The high amount of suspension settling from glacial melt-
water probably dominates the iceberg-dropped component within
the fjords, leading to an apparent dilution of ice-rafted debris out-
fjord (Boulton, 1990).

Seismic facies S3, with an irregular upper surface and location
on topographic highs and fjord side slopes, is interpreted to be
seabed irregularities generated by mass-transports and turbidity
channels within Moskusoksefjord and Nordfjord, whilst in the
central parts of Kejser Franz Josef Fjord the irregularities are
inferred to be a product of intense iceberg scouring (cf. Evans et al.,
2002). Scouring of the sea floor by iceberg keels leads to reworking
and homogenization of the sediments (O Cofaigh and Dowdeswell,
2001), thus causing a chaotic seismic signature.

The acoustic transparent signature and lensoidal geometry of
facies S2, together with the erosive base of the facies are charac-
teristic of mass-transport deposits (c.f. Hjelstuen et al., 2009). The
facies locations in the proximity to active river deltas, steep fjord
slopes and Waltershausen Gletscher indicate a high sediment input
and subsequent mass failing, thus, supporting that these deposits
are related to mass-transport activity and/or density-currents
(lithofacies 5 and 7). The impenetrable to massive facies S5, char-
acteristic of moraines ridges in the study area, is suggested to
represents the acoustic basement, comprising bedrock and/or
subglacial till (cf. Forwick and Vorren, 2010).
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Fig. 10. Composite logs of core HH13-008, HH13-009 and HH13-010 retrieved from Moskusoksefjord, showing lithofacies, line-scan images, grain-size distribution, physical
properties and XRF core-scanning geochemistry. The latter presents the ratio of selected elements over the eight most abundant elements. See Fig. 8 for legend to the lithofacies.
Calibrated radiocarbon ages, presented in calibrated years before present, are indicated with arrows. Core locations are shown on Fig. 1.

Table 5

Linear sedimentation rates for the sampled glacimarine intervals. (*from Evans et al.

(2002)).
Core Depth (cm) Age interval (ka cal BP) Sedimentation rate (cm/ka)
HH13-008 0-202 0-0.6 331
HH13-009 0-117 0-1.2 98
HH13-011 0-592 0-1.1 519
HH13-012 0-195 0-0.7 281
195—-454 0.7-7.8 37
PS2633 64—206 7.9-8.75 170
PS2632 0-8 0-0.52 15
8-97 0.52—-1.1 157
PS2631 0—-99 0-1.1 91*
99-390 1.1-8.3 40*
390-573 8.3-10.8 72
573-707 10.8—11.2 408

Two radiocarbon ages of 1.1 ka cal BP and 0.52 ka cal BP from the upper half of core
PS2632 give an estimated linear sedimentation rate in middle Kejser Franz Josef
Fjord of 157 cm/ka for this time interval (Table 3), almost twice the rate in the
outermost fjord (PS2631) in the same interval (for core locations, see Fig. 1c). In
inner Kejser Franz Josef Fjord (PS2633), the lithofacies containing laminated mud
was deposited prior to 8.75 ka cal BP, whilst the overlying massive mud was
deposited between 8.75 and 7.9 ka cal BP. The estimated linear sedimentation rate
for the inner fjord is 170 cm/ka between 8.75 and 7.9 ka cal BP.

4.5. Chronology and sediment rates

A total of 14 new radiocarbon ages were retrieved in this study;
nine from Kejser Franz Josef Fjord, three from Nordfjord and two
from Moskusoksefjord (Figs. 8—10; Table 2). The two radiocarbon
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ages in the laminated lithofacies at the base of core PS2631 give a
minimum age range of 11.2—10.8 ka cal BP. The overlying massive
mud with dispersed clasts yielded ages of 8.3 and 1.1 ka cal BP. Thus,
the estimated linear sedimentation rate can be further constrained;
in outer Kejser Franz Josef Fjord it was very high between 11.2 and
10.8 ka cal BP (408 cm/ka). Then it dropped markedly to 72 cm/ka
between 10.8 and 8.3 ka cal BP, reduced further to 40 cm/ka from
8.3—1.2 ka cal BP before doubling to 91 cm/ka from 1.2 ka cal BP to
present (Table 3).

In Nordfjord, radiocarbon dates from the bases of HH13-011 and
HH13-012 yielded ages of 1.1 ka cal BP and 7.8 ka cal BP, respectively
(Fig. 9; Table 2). An additional sample from core HH13-012 at
195 cm depth provided an age of 0.7 ka cal BP. Assuming a linear
sedimentation rate, the minimum average sedimentation rate for
core HH13-011 is 519 cm/ka. At the site of core HH13-012, it is
estimated to be 37 cm/ka between 7.8 and 0.7 cal yrs BP and 281
cm/ka between 0.7 ka cal BP and the present (Table 3).

A sample collected within the massive mud in core HH13-008
from Moskusoksefjord provided an age of 0.6 ka cal BP, while a
sample within the laminations in core HH13-009 provided an age
of 1.2 ka cal BP (Fig. 10). Sedimentation rates of minimum 331 cm/
ka and 98 cm/ka have been estimated for inner and middle Mos-
kusoksefjord, respectively (Table 3).

In summary, the sedimentation rates between ~11.2—8.3 ka cal
BP in Kejser Franz Josef Fjord dramatically dropped from 408 cm/ka
to 72 cm/ka. The period between ~8.3—1.0 ka cal BP is characterized
by low sedimentation rates in both Nordfjord and Kejser Franz Josef
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Fjord (~40 cm/ka), whereas the last ~1.0 ka cal BP is characterized
by low to medium rates (15—157 cm/ka) in Kejser Franz Josef Fjord,
and high rates in Nordfjord and Moskusoksefjord (98—519 cm/ka).

5. Discussion
5.1. Deglacial events in the Kejser Franz Josef Fjord system

The assemblage of ridges within our study area is interpreted to
reflect the position of the grounding line as the ice stream retreated
through the Kejser Franz Josef Fjord system during the deglaciation
following the Last Glacial Maximum (Fig. 6¢, d, e, f and 11). The
dynamics and drivers of this stepwise ice retreat can be explained
from the dimensions, positions, and age estimates of these moraine
ridges.

The moraines within Fosters Bugt indicate that overall ice front
retreat was punctuated by up to five readvances or stillstands
(Fig. 6d and f). A generally thin sediment drape (seismic facies S3
and S4), interpreted to be deposited by meltwater, overlies the
acoustic impenetrable facies 5 interpreted as subglacial till and/or
bedrock (Fig. 11). The thin drape may indicate a low meltwater
production and hence low sediment production during the early
deglaciation. A rapid global sea-level rise of ~20 m in 1500 years has
been identified in the period from ~14 to 12.5 ka BP (Lambeck et al.,
2014), which could explain the ice retreat in this period.

The morphology of Kejser Franz Josef Fjord is dominated by
moraines and local sedimentary depocenters of glacimarine sedi-
ments (Figs. 6¢c and 11). The locations of moraines close to the fjord
mouth and in connection to fjord narrowing and shallowing indi-
cate that local changes in fjord geometry provided pinning points
(Figs. 3 and 11) for the retreating ice front, causing it to stabilize and
possibly readvance. This suggests that the fjord geometry had a
locally varying impact on the deglaciation dynamics of Kejser Franz
Josef Fjord. The accumulations of glacimarine sediments (facies
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S1b) are largely concentrated in front of moraines. We attribute this
to underflows, implying melting of the glacier as the front stabi-
lized at pinning points.

As the ice margin reached the retrograde slope in Kejser Franz
Josef Fjord (Fig. 3), the ice mass transport from the catchment area
within the GrlS continued to deliver enough ice to keep the glacier
grounded. An additional explanation for the repeated stabilization
on a retrograde slope may be ice-shelf buttressing, contributing to
grounding line stabilization (cf. Gudmundsson, 2013). Prominent
moraine ridges at the fjord mouths of Nordfjord, Geologifjord and
the innermost Kejser Franz Josef Fjord (Eleonores Bugt) indicate
longer stillstands of the ice margin. This was likely facilitated by the
change in fjord morphology in these areas, which acted as bottle-
necks with increased ice flux, promoting ice front stabilization (cf.
Akesson et al., 2018).

Glacial landforms are absent on the seafloor in Mosku-
soksefjord, apart from two partly buried transverse ridges in the
outer basin of Moskusoksefjord (Figs. 3, 4 and 11). These ridges are
surrounded by basins overlain by a draping unit of glacimarine
sediments (facies S1) that can be followed throughout Nordfjord
and Moskusoksefjord. The preservation of onshore landforms as
raised delta terraces indicate that Moskusoksefjord was deglaciated
after the formation of the ridges. As such, these ridges may be
moraines formed during the deglaciation of Moskusoksefjord.

Two levels of up to 40 m thick lobe-shaped deposits (seismic
facies S2) consisting of sandy mud are identified on the sub-bottom
profiles from outer Moskusoksefjord and inner Nordfjord (Figs. 6
and 11). The lobe-shaped deposits, located beyond the moraine
mapped closest to the present-day front of Waltershausen
Gletscher, indicate at least two readvances of the glacier front fol-
lowed by redistribution of sediments from moraine ridges. Similar
lobe shaped sediment deposits are also identified in other parts of
the Kejser Franz Josef Fjord system (Fig. 11), as well as in Arctic
fjords (c.f. Plassen et al. (2004) and references therein).
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5.2. Deglaciation chronology

The integration of our new marine data with existing results
provides the opportunity to establish an improved deglaciation
history of Fosters Bugt, Kejser Franz Josef Fjord, Nordfjord and
Moskusoksefjord (Fig. 12). This reconstruction includes re-
calibration of previously published radiocarbon dates (Table 2).

Recalibrated radiocarbon ages from the mid-shelf (core PS2630;
Evans et al., 2002) and outer Kejser Franz Josef Fjord (core PS2631;
Andrews et al., 2016) show that the mid-shelf grounding zone
wedge and outer fjord moraines were formed between ~15.5 and
11.2 ka cal BP (Fig. 12b and c) as the onset of glacimarine sedi-
mentation occurred at this time on mid-shelf and in Fosters Bugt,
respectively, indicating that they are Bglling/Allerad and Younger
Dryas-Preboreal in age (Fig. 12b and c).

The position of the outermost moraine in Fosters Bugt com-
plements the moraine belt mapped by Hjort (1979) on eastern Hold
With Hope and Geographical Society @, supporting a postulated
maximum position of the ice margin during the Younger Dryas-
early Preboreal here (Fig. 12¢), as also suggested by Evans et al.
(2002). An alternative maximum ice extent was proposed by
Arndt (2018), inferring that the ice stream readvanced from the
fjord entrance to a mid-shelf position during the Younger Dryas. If
correct, the ice stream readvanced more than 100 km to a the mid-
shelf position. Also, further south in East Greenland, two events of
glacial advance during Younger Dryas-Preboreal time are located
onshore: the eastern Jameson Land moraines and Milne Land

B 'j Younger Dryas-Preboreal
- i 12.9-11.2 ka BP)

 (

| Early-Middle Holocene
|(8.75-7.8 ka BP)
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moraine belt in the Scoresby Sund area (e.g. Funder, 1978;
Alexanderson and Hdkansson, 2014). We therefore find it less likely
that the ice front re-advanced to a mid-shelf position within our
study area, and, based on our data and previously published
onshore data, we favor the interpretation of a maximum ice front
position in Fosters Bugt during the Younger Dryas-Preboreal period.
The minimum deglaciation age of 11.2 ka cal BP in outer Kejser
Franz Josef Fjord is in line with the onshore deglaciation of both
western Gauss Halvg and Geographical Society @, with minimum
deglaciation ages of 9.8 and 10.9 ka cal BP, respectively (Weidick,
1977; Wagner et al., 2010) (Fig. 12a). The radiocarbon ages ob-
tained within the ice-proximal sediment facies imply that the
glacier margin was located nearby for minimum 400 years before
retreating further in-fjord after 10.8 ka cal BP. If synchronous, the
stillstands at the fjord mouth of Nordfjord, Geologifjord and Eleo-
nores Bugt are interpreted to have lasted until ~8.75 ka cal BP,
marked by a change in facies from laminated mud to massive mud
in core PS2633, suggesting a transition from an ice-proximal to an
ice-distal setting. Thus, the minimum age for the formation of the
recessional moraines in Kejser Franz Josef Fjord are between 11.2
and 8.75 ka cal BP, i.e. during the Early Holocene (the Greenlandian
Stage), the HTM period characterized by climate oscillations and a
generally rising temperature to higher air temperatures than today
(Rasmussen et al.,, 2007; Walker et al.,, 2018), marginal sea-ice
coverage and enhanced inflow of warm Atlantic waters on the
East Greenland shelf (Koc et al., 1993; Miiller et al., 2012).
Whereas the deglaciation of inner Kejser Franz Josef Fjord and

Bolling-Allerad
1(15.5-12.9 ka BP)

Early Holocene
1(11.2-8.75 ka BP)

Fig. 12. Reconstruction of the ice sheet extent and dynamics in the Kejser Franz Josef Fjord system from the Bglling-Allerad to present. Solid white arrows indicate ice flow di-
rections. The location of mapped grounding-zone wedges and recessional moraines are indicated with yellow lines. The first panel includes green circles showing our new minimum
deglaciation ages, while orange circles show the locations of existing deglaciation radiocarbon ages. All ages are presented in calibrated years before present (ka cal BP). 1:
Hakansson (1975); 2: Andrews et al. (2016); 3: Wagner and Melles (2002); 4: Wagner et al. (2000); 5: Wagner et al. (2010); 6: Evans et al. (2002); 7: Weidick (1976); 8: Weidick
(1977). For details about the radiocarbon ages, see Table 2. (Bathymetry and topography from IBCAO v.4.0; Jakobsson et al., 2020). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

18



LL. Olsen, ].S. Laberg, M. Forwick et al.

Nordfjord occurred prior to 8.75 ka cal BP and 7.8 ka cal BP,
respectively (Fig. 12d and e), lake records on Ymer @ in inner Kejser
Franz Josef Fjord imply that the deglaciation of the island
commenced earlier, prior to 10.5 ka cal BP (Wagner and Melles,
2002), whereas eastern Strindberg Land west of Nordfjord was
deglaciated prior to 9.2 ka cal BP (Weidick, 1976). A possible
explanation for this apparent offset in the deglaciation of the fjords
relative to the surrounding land area is that ice retreat was
accompanied with ice sheet thinning, confining the ice margin
fluctuations to the fjord basin while the surrounding land areas
were more or less ice-free.

The sediment cores located closest to the present-day glacier
front of Waltershausen Gletscher (10—14 km (HH13-010, HH13-011
and HH13-012); Fig. 1c) show no changing trends in sediment
grain-size, geochemistry or physical properties (Figs. 9 and 10).
Based on this, we find no signs of any major glacier front re-
advances over the core sites during the last 7.8 ka cal BP. Never-
theless, the increase in sedimentation rate from 700 years BP and
present (281 cm/ka), relative to from 7.8 to 0.7 ka cal BP (37 cm/ka),
indicates that the meltwater supply in Nordfjord increased towards
the Late Holocene. A possible explanation for this is that an early
Holocene Thermal Maximum warming (Wagner et al., 2000, 2010;
Wagner and Melles, 2002) led Waltershausen Gletscher to retreat
further inland, followed by a subsequent cooling and readvance
during the Little Ice Age. However, the presence of IRD throughout
core 012 in outer Nordfjord (Fig. 9; see also Evans et al. (2002)) is
interpreted to show that the Waltershausen Gletscher remained
marine-terminating during the last 7.8 ka cal BP. This continuous
delivery of iceberg debris to the core site suggest that the glacier
was relatively stable, even when subjected to the Holocene Thermal
Maximum warming. An alternative interpretation involves
increased input from nearby icecaps (Fig. 1b) which may have
grown during the Little Ice Age. Further studies are needed to better
clarify this.

5.3. Ice margin retreat rates

We calculate a minimum average retreat rate of 96 m a~! be-
tween the outermost moraine in Fosters Bugt and the fjord mouth
of Kejser Franz Josef Fjord, given that the ice stream remained
stationary at its maximum position until the end of the Younger
Dryas. This rate is within the range of ice margin retreat across Store
Koldewey Trough, offshore NE Greenland (80—400 m a~'; Olsen
et al,, 2020) and offshore NW Greenland (22—275 m a~'; Newton
et al, 2017; O Cofaigh et al., 2013). However, the minimum
retreat rate does not account for the five stillstand events across
Fosters Bugt. Thus, improved chronologies remain required to
provide more precise estimates of the retreat across Fosters Bugt
during the last deglaciation.

Assuming that the ice front retreated at a steady rate through
Kejser Franz Josef Fjord and Nordfjord during the Early and Middle
Holocene (Fig. 12), the minimum average retreat rate in this period
were 35 m a~! and 33 m a~, respectively. These rates are within
estimates of ice-front retreat of 10—80 m a~! in southeast
Greenland fjords, e.g. Kangerdlugssuaq Fjord, Sermilik Fjord and
Bernstorffs Fjord (Andrews et al., 1994; Hughes et al., 2012; Dyke
et al., 2014). Whereas the southeast GrIS is inferred to have un-
dergone relatively rapid and continuous retreat through the fjord
systems, Kejser Franz Josef Fjord encompasses geomorphological
evidence of an episodic retreat. The sets of recessional moraines
imply that the ice stream occupying the Kejser Franz Josef Fjord
system underwent a stepwise retreat characterized by several
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stillstands and/or readvances of the grounding line during the last
deglaciation.

For the Fennoscandian Ice Sheet, average retreat rates from the
Andfjorden — Vagsfjorden system (excluding the shelf trough part)
in northern Norway has been estimated to 31-67 m a~! (Vorren
and Plassen, 2002), i.e. relatively similar to the rates reported
here. This leads us to suggest the same overall control for the
deglaciation of the part of both these ice sheets overlying an alpine
coastal landscape, ice melting from increased Northern Hemi-
sphere summer insolation that peaked in Early Holocene.

5.4. Deglacial infilling of a NE Greenland fjord: sediment sources
and sedimentation rates

Sampling of the upper part of the stratigraphy reveal a litho-
logical sequence starting with laminated mud (lithofacies 1; facies
S1b) and a relatively high sedimentation rate, overlain by bio-
turbated mud (lithofacies 3; facies S4) (Fig. 11) with a marked drop
in sedimentation rate (Table 3). Together with the sediment dis-
tribution, with increased accumulations of glacimarine sediments
in front of moraines, we interpret the sediments to include the
transition from an ice-proximal to an ice-distal environment as the
ice front retreated through the Kejser Franz Josef Fjord system.

The dominance of glacimarine laminated mud (Figs. 8—10),
together with sedimentary basin infill (Fig. 6a and b and 11) in the
Kejser Franz Josef Fjord system, demonstrate that suspension
settling of fine-grained sediments from sediment-laden glacial
meltwater plumes acted as the primary depositional process
(Fig. 13). Other studies of glacimarine processes in Greenland fjords
show that suspension settling act as the key sedimentary process,
emphasizing the importance of meltwater-related processes in ice-
proximal areas of GrIS outlet glaciers (e.g. Smith and Andrews,
2000; O Cofaigh et al., 2001; Streuff et al., 2017). This dominant
role of meltwater from Waltershausen Gletscher to the sedimen-
tary environment may be explained by i) increased melting of the
ice margin due to ice-ocean interactions and/or ii) increased ice
sheet surface melt, as seen on the present surface of the GrIS (Noél
et al., 2019). Dispersed clasts and lenses of sand are observed
sporadically, with generally increasing amounts with increasing
distance from glacier margins, and this is related to density currents
(Figs. 11 and 13). Whereas the layers of sandy mud in outer Mos-
kusoksefjord and inner Nordfjord are attributed to density currents
from Waltershausen Gletscher, the sandy mud in inner and middle
Moskusoksefjord are interpreted to be related to fluvial processes
from the nearby deltas creating local depocenters (topographic
highs) influencing sediment distribution within the fjord.

The repeatedly changing sediment color within the laminated
mud in Moskusoksefjord (Fig. 10) demonstrates input from multi-
ple source areas (cf. Forwick and Vorren, 2009): the red sediments
are delivered from the Old Red Sandstone surrounding Mosku-
soksefjord (Figs. 2 and 10), while the gray sediments dominate in
the proximity to Waltershausen Gletscher (Figs. 8 and 9). The
pinkish gray sediments probably represent a mixture of the two.
Thus, based on the reddish sediment color in the middle- and inner
basins of Moskusoksefjord, we interpret the stratified acoustic
signature in Moskusoksefjord to be highly influenced by local
hemipelagic sedimentation and resedimentation along the steep
fjord slopes (Fig. 13).

Despite of reflecting similar sedimentary processes, the deposits
in the study area reveal differences in physical properties and
geochemical compositions. The magnetic susceptibility and Ca/sum
ratios generally decrease in Nordfjord and Moskusoksefjord with
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Fig. 13. Conceptual sketch of the different sedimentary processes in Moskusoksefjord.

increasing distance to Waltershausen Gletscher (Figs. 9 and 10).
This suggests that the highest susceptibility values and calcium
concentrations are derived from the glacially eroded Neo-
proterozoic to Ordovician Caledonian fold belts in the glacier
catchment area, compared to the Devonian continental siliciclastic
sediments surrounding Moskusoksefjord (Fig. 2). In outer Kejser
Franz Josef Fjord, larger variations in the geochemistry and mag-
netic susceptibility values indicate that sediment deposition was
influenced by a larger drainage area (Fig. 8), including local sedi-
ment sources as well as by sediments transported within the East
Greenland Current.

The estimated average sedimentation rates in outer Kejser Franz
Josef Fjord and inner Nordfjord ranged from 91 to 519 cm/ka during
the last ~1 ka and 47—58 cm/ka during the last ~8 ka (Table 3). They
are comparable to the estimated sedimentation rates of 110—340
cm/ka during the last ~1 ka in southeastern Greenland fjords
(Nansen Fjord, Mikis Fjord and Kangerdlugssuaq Fjord; Andrews
et al., 1994). Variations in sediment thickness on the sub-bottom
profiles reveal that the sediment distribution in the study area
depends on multiple factors including the distance to large sedi-
ment sources, e.g. Waltershausen Gletscher and the river at the
fjord head of Moskusoksefjord, as well as the topography with a
typically thicker sediment package in basins (Figs. 6 and 11) (cf.
Syvitski, 2003). In Nordfjord, we attribute the drop in sedimenta-
tion rates from approximately 519 cm/ka during the last 1.1 ka cal
BP to approximately 281 cm/ka during the last 0.69 ka cal BP, to an
elevation separating the two sub-basins creating an obstacle for
sediment transport along the seafloor (Fig. 6b). The apparent low
average sedimentation rate during the last 7.9 ka cal BP in inner
Kejser Franz Josef Fjord, together with the lower erosional bound-
ary and abrupt increase in wet bulk density (Fig. 8), is speculated to
be a result of mass-wasting and erosion of the sediments.

6. Conclusions

Investigations of new and previously published marine acoustic
data (swath bathymetry and high-resolution seismic profiles),

supplemented with multi-proxy analyses of sediment cores, pro-
vide new information on the Late Weichselian and Holocene glacial
history and the paleoenvironmental development in a 190 km long
shelf-fjord transect in the Fosters Bugt-Kejser Franz Josef Fjord
system, NE Greenland.

- A complex of moraines located in Fosters Bugt, together with
radiocarbon ages, supports the theory of a maximum ice front
position near the fjord entrance during the Younger Dryas-
Preboreal period.

- The outer and inner Kejser Franz Josef Fjord was deglaciated
prior to 11.2 and 8.75 ka cal BP. Nordfjord was deglaciated by 7.8
ka cal. BP.

- The apparent delay in the deglaciation of the fjord basins rela-
tive to the surrounding land areas suggest that the local ice
retreat in the study area was accompanied with thinning of this
part of the GrlS, confining the ice margin fluctuations to the
fjords.

- The retreat moraines within the fjord system provide evidence
of a stepwise retreat during the deglaciation, interrupted by
episodes of stillstands and/or readvances of the grounding line.
Paleo-ice stream retreat rates are estimated to have ranged
between 33 and 96 m a~ .

- The sediment supply from Waltershausen Gletscher dominated
Kejser Franz Josef Fjord, Nordfjord and outer Moskusoksefjord
throughout the Holocene period, whereas in the middle and
inner Moskusoksefjord the sediment deposits reflect the local
catchment area. The estimated average sedimentation rates
ranged from 91 to 519 cm/ka during the last ~1 ka and 47—58
cm/ka during the last ~8 ka.
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