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Abstract

The Arctic, particularly the Barents Sea region including Svalbard, has undergone ex-
ceptional warming and environmental change throughout the Holocene. This study inves-
tigates Holocene relative sea level (RSL) changes in Petuniabukta, northern Billefjorden
(Svalbard), using radiocarbon dated whale bones found on uplifted marine terraces as in-
dicators of past shoreline positions. Five new samples from the western side of the bay
were integrated with previously published data from the eastern side to reconstruct
palaeoshorelines and quantify land emergence driven by glacioisostatic rebound. The two
oldest samples, located at 58.1 m a.s.l. and 34.7 m a.s.l., date at 10.3 and 9.1 cal. ka BP
respectively, indicate rapid Early Holocene uplift averaging 3 cm/year. Spatial analysis
based on ArcticDEM and high-resolution UAV-derived models reveals a 33% reduction
in the marine area since the Early Holocene, with significant changes occurring in broad
glaciated valley regions. Discrepancies in RSL trends may be attributed to local tectonic
activity along the Billefjorden Fault Zone. While Early Holocene changes are well con-
strained, Late Holocene and Neoglacial sea-level dynamics remain ambiguous due to a
lack of preserved indicators and minimal RSL variation. These findings highlight the po-
tential of stranded whale bones as precise RSL markers and contribute to understanding
the long-term cryospheric and geomorphic evolution of coastal areas in a rapidly warm-
ing Arctic.
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Abbreviations: BP — before present, DEM — digital elevation model, GCP — ground
control points, GPS — global position system, LIA — little ice age, m a.s.l. — metres above
sea level, RSL —relative sea level, UAV — unmanned aerial vehicle

Introduction

In last few decades, the Arctic is one of
the most dynamic geosystems on Earth in
its response to global climate change. It
has been warming four times faster than
the global average in recent decades. This
rapid warming is driven by a set of posi-
tive feedbacks, often referred to as Arctic
amplification (Rantanen et al. 2022). More-
over, the Barents Sea region, including
Svalbard, has been warming twice as fast
as the Arctic average (Isaksen et al. 2022,
Nordli et al. 2020). However, present-day
dynamics are comparable to abrupt envi-
ronmental changes observed throughout
the Holocene (van der Bilt et al. 2019).
The landscape visible today is therefore
the result of complex geosystem develop-
ment over the past 10-12 thousand years.

Environmental reconstructions suggest
exceptional regional warmth in Svalbard
during the Pleistocene—Holocene transition
(12.0-10.5 ka BP), which led to rapid fjord
system deglaciation (Mangerud and Svend-
sen 2018, Farnsworth et al. 2020). The
actual sea level at the beginning of the
Holocene may have been up to 70 m high-
er than today’s in some areas around Sval-
bard (e.g. Nordaustlandet; Salvigsen 1977).
However, relative sea level (RSL) change
is highly spatially variable around Sval-
bard due to uneven glacioisostatic uplift
following deglaciation. As a result, report-
ed RSL changes since 10.5 ka BP range
from 50 m in NE Svalbard (Schomacker
et al. 2019) to 70 m in N Svalbard
(Farnsworth et al. 2024), 20 m in W Sval-
bard (Farnsworth et al. 2017) and less than
10 m in the south (Stachowska et al. 2024).
Forman et al. (2004) reported 27 RSL
change records from sites around Sval-
bard corresponding to c. 9.0 ka BP, with
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an average of 27.9 + 21.1 metres above sea
level (m a.s.l.).

The Holocene glacial minimum in Sval-
bard culminated in the Mid-Holocene
(~8.0-6.0 ka BP), and no glacial landforms
corresponding to glacier readvances or still-
stands have been identified between 9.0
and 4.5 ka BP (Farnsworth et al. 2020).
Late Holocene glacier readvances, linked
to episodic Neoglacial cooling terminating
in the Little Ice Age (LIA), have been
dated to 4.0-0.5 ka BP, with the greatest
advances occurring between 1.0 and 0.5 ka
BP (Farnsworth et al. 2020). Since the end
of the LIA (~1900 CE; Szczucinski et al.
2009), Svalbard glaciers have experienced
widespread negative mass balance and
retreat with up to 19.1% reduction in their
extent since LIA in western and central
Spitsbergen (Martin-Moreno et al. 2017).
Small valley-type glaciers adjacent to our
study site have lost more than 90% of
their volume since 1930s (Kavan 2020a;
McCerery et al., in review). Such rapid ice
mass loss may lead to further acceleration
of glacioisostatic uplift in the near future.

Climate dynamics, consequent glacier
ice mass loss and resulting glacioisostatic
uplift have created a unique setting for the
preservation of various accumulation coast-
al landforms. Typical sentinels of past cli-
mate and geosystem dynamics include ma-
rine terraces (e.g. Sessford et al. 2015) and
deltas (Yoshikawa and Nakamura 1996).
Uplifted marine terraces are widespread
along Arctic coastlines, including central
Canadian Arctic (e.g. Dyke et al. 1991),
Russian Arctic coast and archipelagos (e.g.
Baranskaya et al. 2018), as well as all
around the coast of Greenland (e.g. Wei-
dick 1972) and their sediments serve as
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key sources of information on glacioiso-
static rebound, RSL changes, and past ice
volume estimates in Svalbard (e.g. Boul-
ton 1979, Mangerud and Salvigsen 1984,
Mangerud and Svendsen 1992, Long et al.
2012, Sessford et al. 2015). Marine shells,
driftwood and whale bones are commonly
used to date these terraces. Driftwood and
whale bones are often preferred, as marine
shells may be reworked if not found in
living position (Dyke et al. 1991, Bonde-
vik et al. 1995, Forman et al. 2004).

Most marine mammals, including
whales, die at sea, and their bones typi-
cally sink to the sea floor. However, some
species such as the Greenland whale
(Balaena mysticetus) are extremely fat
(Dyke et al. 1991, 1996), and their car-
casses can float for weeks or even months
before washing ashore (Bennike and Wag-
ner 2021), where they may be stranded on
beaches and then uplifted by glacioiso-
static rebound. Alternatively, beaching of
live whales may occur due to illness, in-
jury, bad weather, old age or navigation
errors (Barr 1971). In both cases, the car-
cass becomes lodged in the coastal zone,
which essentially has a null height rela-
tive to mean sea level. This makes whale
bones, especially if large parts of the skel-
eton are preserved, excellent indicators of
former sea level position.

Material and Methods
Study site

Petuniabukta (Fig. 1) and its marine ter-
races were previously studied by Long et
al. (2012) and Sessford et al. (2015).
However, their findings are limited to
the Ebba Valley on the eastern side of
Petuniabukta. Their RSL data indicate the
highest terrace at 28 m a.s.l., with an age
of 9.7 £ 0.2 cal. ka BP, and the lowest
terrace at approximately 1 m a.s.l., with an
age of 3.1 £ 0.2 cal. ka BP (Long et al.
2012; both "C ages calibrated by the au-

Such phenomena have also been ob-
served at the present study site. In 2012, an
individual of the sperm whale (Physeter
macrocephalus) stranded in the littoral
zone of the eastern part of Petuniabukta
(Figs. 1C and 2F). Between summer 2012
and summer 2015, the carcass disintegrat-
ed, and its bones became buried in sedi-
ment close to the shore.

The well-preserved sequence of marine
terraces on the western side of Petuniabuk-
ta, including its uppermost part, creates a
favourable setting for whale bone deposi-
tion and the study of RSL changes. The
main questions addressed in this study are
as follows:

1) How did glacioisostatic rebound op-
erate in Petuniabukta during the Early
Holocene?;

2) How did the shoreline evolve from
the Holocene to the present day?;

3) How much of Petuniabukta’s current
land area was below sea level during the
Holocene?;

4) How did glacier advances during the
Neoglacial and, in particular, the LIA trans-
form previously submerged zones in north-
ern Billefjorden?

The aim of this paper is to contribute to
reconstructing Holocene changes in rela-
tive sea level. We hypothesised that it
would be possible to answer the above-
specified questions by whale bone dating.

thors). The RSL during the Holocene there-
fore reached a level within a metre of the
present sea level by c. 3.1 cal. ka BP,
which suggests that the late Holocene RSL
fell below the present level and rose again
in the last millennium (Long et al. 2012).
These findings were used to supplement
data from the western side of Petuniabuk-
ta, particularly from 20 m a.s.l. (~8.3 cal.
ka BP) to the present level.
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Fig. 1. (A) Billefjorden area with locations of samples used for the analyses of RSL change and
sea extent; whale bone samples on the western side of Petuniabukta with orange highlighted
samples used in sea extent analyses; green shell samples from Long et al. (2012), red dashed line
indicates southern limit of studied coastal zone; (B) Svalbard with highlighted terrain
configuration and glacier coverage (in light blue tones), red rectangle limits the extent of panel A;
(C) boulder with carcass of the sperm whale stranded in Petuniabukta (on the shore of Ebba
valley) in 2012 in the foreground, sequence of beach terraces with location of the highest
positioned whale bone sample highlighted with a yellow tag; photo taken during low tide.
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Sampling and radiocarbon dating

Five whale bone samples were collected
from five different localities on the west-
ern side of Petuniabukta (Figs. 1 and 2).
The altitudes and locations of all whale
bones were measured using a standard
GPS calibrated to the present mean sea
level altitude on the day of sampling.
All altitudes were also cross-checked with
ArcticDEM (Porter et al. 2023) and adjust-
ed to fit the digital elevation model (DEM)
if necessary. The altitudes of the samples
from Long et al. (2012) were determined
by them via onsite optical levelling. The
largest discrepancy between the handheld
GPS and DEM values was observed for
the Elsa-2 sample (2.35 m), while the three
samples used for palacoshoreline recon-
struction showed negligible differences
(095 m, 0. m and 0.2 m for Elsa-1,
AWSI and F-2, respectively).

The ages of all five whale bones from
western Petuniabukta were determined via
the Accelerator Mass Spectrometry '*C
method at the Poznan Radiocarbon Labo-
ratory, Poland. For the eastern part of
Petuniabukta (Ebba Valley), two previous-
ly published ages (samples LH3 and MH2;
Long et al. 2012) were used. All radio-
carbon ages were calibrated using the
Marine20 dataset (Heaton et al. 2020) and
expressed relative to the year 1950 CE,
that is, as cal. BP (Stuiver and Polach
1977), applying a local marine radiocarbon
reservoir correction AR of —56 + 33 a BP.
This value is based on six points located
around Svalbard (Mangerud 1972, Man-
gerud and Gulliksen 1975, Olsson 1980)
from the Marine20 Database. All "*C re-
sults with their corresponding altitudes are
listed in Table 1.

. m asl | m asl “c cal. age | cal. min. | cal. max.
locality GPS (GPS) |(DEM) [P 10 200 | 26) | age20) | age 2 0)
N78°41'50.3"; Poz- |7980 | 8337 £ 179
Elsa-1 E016°27'00.1" | 19 | 19995 112883050 BP | cal. BP 8158 8516
N78°42'07 8"; Poz- |8180 %8570 £211
Elsa2 1 |Eo1622713.9" | 14 | 11:65 1128831/ 50 BP | cal. BP 8359 8780
2 [N78%4240.3" Poz- |8570 | 9086 £ 219
AWSL Y 2 1 Eo1622704.7" | 22 | 219 1128832| 50 BP| cal. BP 8867 9305
S [N78°4252.6"; Poz- |8770 | 9308 + 188
F-1 E016°2625.5" | 35 | 347 112883350 BP | cal. BP 9120 9496
N78°43'00.1"; Poz- 9510 £|10294 + 206
F-2 E016°2546.8" | 58 | 581 112905150 BP | cal. BP 10088 | 10500
SUER
LH3 | = wa wa | so1 | c [BEHA22 01 4 | g
3 35209 cal.
an ©
=S SUER
MH2 |3 na wa | 1626 | C- |7298E|TO3TEI6L) 4 0 7797
35212 39 BP cal. BP

Table 1. Overview of the samples used in the study. Orange highlighted samples used in sea
extent analyses; green shell samples from Long et al. (2012). The altitudes of the LH3 and MH2
samples were determined via onsite optical levelling.

Spatial analysis

A 2 m resolution ArcticDEM mosaic
(tile ID: 35 51 2 1) was used to derive

actual contour lines for the samples includ-
ed in the analysis: LH3, MH2 (from Long
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et al. 2012), and Elsa-1, AWSI1, and F-2
(from the present study) at 0, 5, 16, 20, 22
and 58 m a.s.l. This was complemented by
two subglacial bedrock topography models
to assess whether areas currently occupied
by glaciers may have been submerged in
the past. The datasets used were from Fiirst
etal. (2018) and van Pelt and Frank (2025).
The ArcticDEM was corrected with a sin-
gle offset value to account for the differ-

ence between ellipsoid and geoid data,
aligning with the actual zero seawater
level. The procedure is described in detail
by Kavan et al. (2022). Marine terrace
cross-sections were obtained using the
terrain “profile tool” plugin applied to the
unmanned aerial vehicle (UAV)-based
DEM (see below). All spatial analyses
were performed in QGIS 3.34.

High-resolution DEM and orthophoto construction

A UAV, DIJI Mavic 3 Pro, was used
to map the marine terraces in front of
the Ferdinand (N 78°42°30°’, E 16°20°)
and Elsa glaciers (N 78°41°, E 16°22°).
The survey was conducted on 22 July
2024 around noon to minimise shadowing.
A total of 3,283 photographs were taken
from a fixed altitude of 120 m above the
starting point, with frontal and side image
overlaps set to 80% and 70%, respectively.
The flight mission was planned directly
within the DJI application using available
satellite imagery and prior field reconnais-
sance.

The photographs were processed in
Pix4Dmapper (Pro version 3.0.18) to pro-

Results and Discussion

The most complete whale remains, in-
cluding a series of vertebrae and ribs, were
localised at Petuniabukta locations F-2
(58 m a.s.l.; Fig. 2E) and AWSI (22 m
a.s.l.; Fig. 2C). In other localities, only a
few bones were found (partially buried in
the sediment), and their altitude was con-
sidered less relevant or precise. All sam-
ples were collected from bones located on
the surface of marine terraces. The cali-
brated ages and altitudes (in m a.s.l.) are
listed in Table 1.

Samples Elsa-1 and Elsa-2 were sta-
tistically the same age (8.3 + 0.2 cal. ka
BP and 8.6 + 0.2 cal. ka BP, respectively),
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duce the final orthophoto and DEM, with a
spatial resolution of 5 cm per pixel. A net-
work of six ground control points (GCPs)
was used for georeferencing. Large standa-
lone rocks or other distinctive objects (e.g.
driftwood, stranded litter) identifiable in
the images were selected as GCPs. GCPs
were evenly distributed across the study
area to ensure accurate positioning of the
orthophoto and DEM. The position of each
GCP was recorded using a Trimble Geo7x
differential GPS for at least 90 seconds
to ensure high precision. The measured
dGPS data were corrected using Trimble
Pathfinder Office software (ver. 5.81; Re-
lease Notes for TRIMBLE, 2015).

even though their altitudes above sea level
differ. It is assumed that the lower bone
(Elsa-2) was resedimented over time to its
current altitude. A similar situation applies
to samples F-1 and AWS1 (9.3 + 0.2 cal.
ka BP and 9.1 + 0.2 cal. ka BP, respec-
tively). Considering the difference in con-
dition between these two samples (AWSI1
features a much more complete skeleton),
it is suspected that the single bone was
transported higher, for example, by scav-
engers. In both cases, it cannot be ruled
out that the paired samples belong to the
same individuals.
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Fig. 2. Sampled whale bones from the western shoreline in Petuniabukta. A — Elsa-1; B — Elsa-2;
C — AWSI; D - F-1; E — F-2; F — Example of a beached carcass of a sperm whale (Physeter
macrocephalus) on the eastern shore of the same area (shoreline of Ebba valley, Petuniabukta)

in2012.

Palaeoshorelines

The positions of potential palacoshore-
lines are illustrated in Fig. 3. The potential
shoreline at 58 m a.s.l., representing the
10.3 cal. ka BP shoreline, delimits a sig-
nificantly larger areal extent of the sea.
The sea occupied 130 km? whereas it
currently occupies only 87.5 km?, which
represents an almost 33% decrease in the
marine environment in northern Billefjor-

den during the Holocene (Fig. 4). The
most notable differences from the present-
day shoreline are found in the flat areas of
large glacial valleys — namely, the Herbye,
Ragnar, Ebba and Mimer valleys. Signifi-
cant differences also appear in the locali-
ty of Kapp Napier, where a sequence of
Holocene raised beach ridges is located.
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Fig. 3. Submerged area in Petuniabukta, Adolfbukta and Mimerbukta by age.

The submerged area declined rapidly
during the Early Holocene, specifically
between 10.3 and 9.1 cal. ka BP. This cor-
responds to the highest reported RSL
change, resulting from massive ice cap
decay and land unloading. Average RSL
change between our two samples (AWSI,
9.1 cal. ka BP and F-2, 10.3 cal. ka BP) is
ca 3 cm/year. This is in good correspon-
dence with other studies from the Svalbard
region — 1 to 3.1 cm/year in Early Holo-
cene according to e.g. Salvigsen (1981),
Salvigsen and Osterholm (1982), Forman
et al. (2004) or Moller (2024). The 9.1 cal.
ka BP sample appears slightly outside the
smoothed curve. This may be due to the
local topographic configuration of marine
terraces predisposed by bedrock outcrops,
which results in an irregular relationship
between sea level fall and corresponding
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areal extent. The response of glaciers to
Holocene warming has also been nonlinear
(Jang et al. 2023). Another possible expla-
nation for this deviation may lie in the
position of Billefjorden within the major
tectonic fault zone — the Billefjorden Fault
Zone (Koehl and Allaart 2021). Vertical
movements along the fault may have
been discontinuous, causing discrepancies
in the RSL changes. The Early Holocene
land emergence and rapid glacier ice mass
loss may have triggered local earthquakes
(Auer et al. 2025), significantly affecting
uplift rate dynamics. A major earthquake
dated to c. 9.5 cal. ka BP was identified in
the lake sediment record north of the
Billefjorden area (Auer et al. 2025). A sim-
ilar event in the fault zone was also re-
corded as recently as 2008 (Ottemdller et
al. 2021).
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In contrast, the development of coastal
zones during the Neoglacial remains un-
clear, as no preserved physical samples are
available. This may be due to a short-lived
transgression since ¢. 3 ka BP as a result of
regional cooling (Farnsworth et al. 2020).
Similar findings have been reported from
NW Svalbard (Forman 1990, Fjeldskaar
et al. 2018). Subsequent loading of ice in
ice caps and glaciers may have reversed
the direction of glacioisostatic movement
(Long et al. 2012, Farnsworth et al. 2020),
which had been the major driver of RSL
change for most of the Holocene. This in-
terpretation is supported by the dating of
shells in the Ebba Valley, where samples
dated to c. 3 ka BP have altitudes very sim-
ilar to modern samples dated to the end of
the LIA (Long et al. 2012). Signs of sea-
water intrusion were also identified in
shallow sediment cores from ponds in the
coastal zone of Kapp Napier (unpublished
data of the authors). Temporary seawater
intrusion into the flat coastal zone may
have serious consequences for the physico-
chemical properties of initial soils exposed

after glaciers retreat from their maximum
LIA extent. The characteristics of the ini-
tial substrate were found to be crucial for
the further development of soils in front of
the Nordenskiold Glacier (Lulakova et al.
2023, Tejnecky et al. 2025).

The potentially submerged area at the
beginning of the Holocene (corresponding
to the F-2 sample at 58 m a.s.l.) was likely
larger than the area derived from a sim-
ple DEM analysis, as shown in Fig. 4. The
freshly exposed landscape, following the
rapid retreat of ice streams and glaciers,
was eroded and lacked the accumulative
landforms left by the glacier advance dur-
ing the LIA (e.g. push moraines and till
plains). Slope deformation leading to the
formation of large talus cones and alluvial
fans limited the areal extent of valley bot-
toms during the Holocene and particularly
during the Neoglacial and LIA (Tomczyk
2021). As a result, the freshly deglaciated
valleys at the beginning of the Holocene
were probably wider, and the submerged
area correspondingly larger.
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Fig. 4. Submerged area by age.
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A similar effect was likely produced by
the Neoglacial and LIA advance of indi-
vidual glaciers, which led to the formation
of massive frontal moraines that restricted
the valleys transversely (Rachlewicz et al.
2007, Martin-Moreno et al. 2017). This sit-
uation is clearly demonstrated in the case
of the Ebba glacier, where at 10.3 cal. ka
BP, the extent of the submerged area is
limited precisely to the foot of the LIA
frontal moraine. The sea likely expanded
well beyond the present moraine. The same
applies to the Ragnar glacier, which cur-

16°30" 16°35" 16°40"

.D N\

rently hosts a vast proglacial lake dammed
by a frontal moraine (see, e¢.g. Ewertowski
and Tomczyk 2020). The SVIFT subglacial
topography model indicates bedrock below
the 58 m a.s.l. threshold at the glacier ter-
minus. This is supported by lake bathyme-
try data, which also indicate that the lake
bottom at maximum depth corresponds to
approximately 55-60 m a.s.l. (unpublished
data of the authors). Thus, it can be as-
sumed that the submerged area extended
towards the present glacier terminus, as il-
lustrated in Fig. 5.

3 actual shoreline

> submerged area
2 by 10.3 cal. ka BP
| potential submerged
area under glaciers

U svift

T T T
16°30" 16°35" 16°40"

T - T
16°45' 16°50"

Fig. 5. Potentially submerged area under Ragnar glacier; ArcticDEM shaded relief as a back-
ground to highlight the terrain features (DEM data from Porter et al. 2023); SVIFT subglacial

topography model (Fiirst et al. 2018).

A similar effect can be observed in the
case of the Harbye glacier (Fig. 6), which
has deposited large amounts of (sub)gla-
cial till along with lateral and frontal mo-
raines (Evans et al. 2012). The present-day
landscape probably originated from a surge-
type behaviour of the glacier (Malecki et
al. 2013). As indicated by both the SVIFT
and van Pelt and Frank subglacial topog-
raphy models, the submerged area extend-
ed further into the valley, most likely lim-
iting the sea extent at the foot of the pres-
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ent-day roche moutonée. In reality, the sub-
merged area was therefore significantly
larger than the DEM analysis revealed.
The submerged area in front of the
Sven glacier has extended towards the
roche moutonée, with the present-day ba-
sal moraine area submerged. The Ferdi-
nand glacier probably also extended close
to the shoreline at the beginning of the
Holocene. This is supported by the forma-
tion of alluvial fans or deltas directly at the
foot of the current LIA frontal moraine
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(Strzelecki et al. 2018), which corresponds
to the potential sea level at the 10.3 cal. ka
BP sample (58 m a.s.1.).

Similarly, one would expect a large sub-
merged area beneath the Nordenskidld gla-
cier, which is presently terminating direct-
ly into Adolfbukta. However, the glacier is
currently undergoing a transition from ma-
rine- to land-terminating, that is, losing its
ice calving front. Recently, only the south-
ern basin shows signs of calving (summer
2025 observation by authors), whereas the

16°20’

16°25’
1

78°45'

16°20’ 16°25’

northern basin is completely land-terminat-
ing since 2017 (Kavan et al. 2024). The
bedrock topography is also not favourable
for extensive submersion due to large and
relatively high bedrock outcrops near the
present-day terminus. Some of these out-
crops have already been exposed, support-
ing the validity of the SVIFT model out-
comes. The bedrock topography model by
van Pelt and Frank (2025) indicates a po-
tentially large area available for submer-
sion in the southern margin region (Fig. 7).

16°30’

78°45’

[ actual shoreline

[] submerged area
by 10.3 cal. ka BP

potential submerged
area under glaciers

- svift

—— van pelt

16°30”

Fig. 6. Potentially submerged area under Herbye glacier; ArcticDEM shaded relief as a back-
ground to highlight the terrain features (DEM data from Porter et al. 2023); SVIFT subglacial
topography model (Fiirst et al. 2018) and “van pelt” subglacial topography model (van Pelt and

Frank 2025).

131



M. LULAK et al.

16°55’

78°40"

16°55’

16°50’

17°0"

17°5’

78°40’

[ actual shoreline

[ submerged area
by 10.3 cal. ka BP

potential submerged
area under glaciers

< svift
—— van pelt

17°5'

Fig. 7. Potentially submerged area under the Nordenskiold glacier; ArcticDEM shaded relief as a
background to highlight the terrain features (DEM data from Porter et al. 2023); SVIFT subglacial
topography model (Fiirst et al. 2018) and “van pelt” subglacial topography model (van Pelt and

Frank 2025).

However, this does not match the phys-
ical evidence from the site. The model’s
reported uncertainties are highest near the
calving fronts, which further supports the
field observations. In this case, the SVIFT
model seems to represent reality more ac-
curately.

Although the Nordenskiold glacier is
unlikely to expose large new coastal areas,
significant fluctuations were reported dur-

132

ing the Holocene across Svalbard (Forman
et al. 2004), and more specifically in cer-
tain locations (Osika et al. 2022). Fluctu-
ations, mainly retreats, have occurred a-
round Svalbard since the LIA (Kavan and
Strzelecki 2023), resulting in the exposure
of fresh coastlines (e.g. Strzelecki et al.
2020). The advance and retreat of tidewa-
ter glaciers continue to influence the extent
of exposed coastal zones across the Arctic
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in recent decades as well (Kavan et al.
2025), likely reflecting conditions similar
to abrupt Early Holocene warming.

For Svalbard, the best example of con-
tinuous coastal landscape transformation
throughout the Holocene can be found
at Kapp Napier. The raised beach ridges
illustrate the development of a sediment-
rich supply system and the reworking of
older marine terraces in recent decades

16°24" 16°26"

16°28" 16°30"

Petuniabukta

16°26"

80

(Kavan 2020b). Rapid progradation of the
beach ridges led to the formation of sev-
eral cut-off lakes. The most recent process,
which began around 2010-2020 (Kavan
and Hanacek 2025; this issue), is a close
analogue of the earlier processes responsi-
ble for the formation of the old, stabilised
lakes at altitudes of 5-6 m a.s.l. (ie.
c. 5 cal. ka BP) in the present-day settle-
ment of Brucebyen.
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Fig. 8. Cross sections through the marine terraces at the three sites used for palaeoshoreline
reconstruction; (A) western side of Petuniabukta with the locations of all three sites and cross
sections (NPI aerial image as a background); (B) close-up view of the F-2 site with high-resolution
UAYV image as a background; (C) cross profiles overlaid in one scheme.
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Marine terraces cross-sections

The three whale bone samples used for
constructing the RSL curve (F-2, AWSI,
Elsa-1) are positioned on a sequence of
Holocene marine terraces. These areas are,
however, influenced by bedrock outcrops
and do not form a smooth sequence of
raised marine beach ridges, as seen in the
Ebba Valley (Long et al. 2012) or Kapp
Napier (Kavan and Hanacek 2025; this is-
sue), for example. The bedrock topography
and resulting discontinuous formation of
the terraces may be a controlling factor con-

Conclusions

This study demonstrates the value of
whale bone dating in reconstructing Holo-
cene RSL changes. Notably, the sample
from an altitude of 58 m a.s.l. (dated to
10.3 cal. ka BP) adds to the existing sea
level curve established by earlier research
in northern Billefjorden. When combined
with detailed spatial analysis of the current
terrain, the curve illustrates the evolution
of shoreline positions throughout much of
the Holocene and highlights the substantial
land gain resulting from glacioisostatic re-
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