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The main study area is the northern part of the county of Halland, where the nuclear
power plant Ringhals is located (Fig. 1). Our focus is on the geological record
(sediments and landforms), and though we will also make use of historical
documents and instrumental data, it is not possible within this study to make a
detailed inventory and analysis of them.
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Fig. 1. Location map showing the study sites in the counties of Halland and Scania and key
regional features. Copenhagen and smaller regional cities occur along the Kattegat and
southwestern Baltic Sea coastlines.



2 Setting

The Halland coast forms much of the western shore of the fetch-limited Kattegat, a
30 000 km? body of water that connects the Baltic and North Seas. The Halland
coast is microtidal, displaying a tidal range in the 10s of cm (SMHI, 2025g). At
Ringhals (Fig. 1), sea level has risen by 18 cm since 1968, but sea level rise along
the Halland coast is mostly compensated for by residual postglacial uplift, which
presently varies from 1.5 mm/year in the south to 3 mm/year in the north (Vestel et
al., 2019). Median sea level for Varberg municipality in northern Halland is
projected to be 30 — 69 cm higher than today by 2100 for scenarios SSP1-1.9 to
SSP5-8.5, respectively (SMHI, 2025a). For Falkenberg municipality, to the south,
the respective range is slightly higher, at 32 — 73 cm by 2100 (SMHI, 2025a).

Geologically, Halland is characterised by E-W trending bedrock ridges enclosing flat
stretches of coastline. Postglacial sand and gravel deposited during relative sea-level
fall dominate the surface, with patches of underlying till, glacifluvial deposits and
glacial and postglacial clay visible mainly in the east (Fig. 2A). In places, small
areas of peat and fluvial sediments occur.
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Fig. 2. Quaternary deposits maps of A. northern Halland and B. south-eastern Scania. Data ©
SGU (2024a).

In addition to the three sites selected in Halland for the study of paleostorms, a
further site was selected at Loderups Strandbad in Scania (Fig. 1), the southernmost
county of Sweden, as a modern analogue. This part of Scania is low-lying and
dominated by sandy deposits along the coast, but also a few large glacifluvial
deposits (Fig. 2B). Further inland, the terrain rises and is mainly covered by till.



This stretch of coast faces the Baltic Sea proper, a large brackish, microtidal water
body (Fig. 1). The post-glacial uplift in the area is 0.8 mm/yr (SMHI, 2025a; Vestol
et al., 2019), which is lower than current sea-level rise. The median sea level for
Ystad municipality is projected to be 58 — 100 cm higher than today by 2100 for
scenarios SSP1-1.9 to SSP5-8.5, respectively (SMHI, 2025a).

For both Halland and Scania, dominant wind directions are from the west or
southwest and the strongest winds are westerly (Fig. 3A). On the west coast, storm
surges are mainly associated with such westerly winds and the passage of low
pressures (Hallin et al., 2022; Wern & Bérring, 2009). Additional factors such as
seiches and wind effects play a role for the Baltic coasts (Hallin et al., 2022). Storm
surges are most common during wintertime (Olsson, 2002; Ostman, 1926) and
according to a wave model (Adell et al., 2021; SGI, 2025) wave heights in Halland
reach their maxima under storms during October-January.
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Fig. 3. A. Wind rose for winds >20 m/s for the period 1991-2020 for Nidingen. Data from SMHI
(2025h). B. The sea level record during three recent storms from Varberg SjéV. Data from SMHI
(2025¢).

The frequency of storms on the Swedish west coast during the period of
observational records has been analysed by several authors (e.g. Franzén, 1991;
Holmer, 1978; Olsson, 2002; Ostman, 1926). Sea-level variability has also been
studied, mainly with the aim to identify and predict future extreme levels (e.g.
Hieronymus, 2024; Klinga, 2013; Schold et al., 2017; 2018). The results show that
the number of storms in south-western Sweden was highest in the 1870s, 1920s and
1980-1990s (Alexandersson et al., 1998; Franzén, 1991), and the sea-level record
from Varberg, which covers nearly hundred years (1886-1982), shows a similar
pattern for storm surges (Fig. 4).

The most detailed study of a historic storm surge in Sweden so far is of the 1872
storm and associated storm surge in Scania, which was studied by Hallin and
colleagues (Fredriksson et al., 2017; 2018; Hallin et al., 2021). For further
references to studies of other events in the larger region, see the reviews by Hallin et
al. (2022) and Leszczynska et al. (2025). Short descriptions of some of the largest or
for other reasons most noteworthy storms in the 20" and 21* centuries, including
wind patterns, sea levels, waves and impacts, are also available from SMHI (2025f).
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Fig. 4. High sea-level events (here defined as sea level >1m above zero level in RH2000)
recorded at Varberg (1886-1981; SMHI, 2025d) and Ringhals (1982-2024; SMHI, 2025c).
During this period there were 180 days (132 events) when the maximum daily sea level reached
>1m and 50 days (35 events) when it reached >1.2 m relative to the zero level in RH2000. Most
of these events took place in autumn-winter (October-January). Note that these data have not
been corrected for land uplift.






3.3 Fieldwork

Fieldwork was carried out between January and September 2025. Sediment
exposures in beach scarps were targeted, and where no natural exposures were
available, sediments were accessed by digging, augering or coring. The exposed
sediments were documented by logging (cf Table 2) and photography and
subsequently sampled for laboratory analyses (Fig. 5). In addition to samples from
individual beds for dating and sedimentological analyses, monoliths of more or less
the complete stratigraphy were extracted in tin boxes (Fig. 5D).

We also surveyed the nearby area to get an understanding of the context and setting
of each site. This included observations of vegetation, land use and any evidence of
recent flooding events such as overwash deposits on the surface, washed-up seaweed
or erosion. Transects inland were made with augers to determine the lateral extent of
prominent sediment beds. Samples of sediments from modern or recent deposits
(e.g. overwash, beach, shoreface) were taken for comparison with the older
sediments from the sections.

Fig. 5. Field work. A. Bradley Goodfellow samples sediments at Rosendal. B. Karolina
Leszczynska documents sediments at Sallebacka. C. Augered sediments at Traslév 1. D. Tin-
box hammered into the section at Traslév 2 for sampling of a monolith. Photos by H.
Alexanderson.
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Table 2. Lithofacies codes and classification, modified from Eyles et al. (1983), and fossil
symbols.

Grain size, composition Structure and texture Fossils

G gravel m massive & roots

GS gravelly sand cm clast-supported, massive Y shell fragment
SG sandy gravel | laminated ~ shell

S sand r ripple-laminated ey paired shell
Sis silty sand (ng) normal grading P polymer

Si silt

(0] organic material

(o5} organic rich sand

3.4 Laboratory analyses

3.4.1 Sediment description

The monoliths and cores brought to Lund were described in detail and subsampled
for various analyses (Fig. 6A). Fossils were separated and identified (Fig. 6C).

3.4.2 Grain size

The grain size distribution of a sediment is a key property that reflects the
depositional process and sedimentary environment. It is therefore very useful for
sediment interpretation, including identifying high-energy events such as storm
surges, and as complementary information to geochemical data since grain size may
influence composition and the concentration of some elements.

Grain size analysis was carried out by sieving selected samples from all sites. The
samples were dried at 105°C for 24 hours, then dry sieved and the fractions on each
sieve weighed. Most samples (n=41) were small (~15 g) and a simplified procedure
was used where only four fractions were separated with small sieves and manual
shaking: silt (<63 pm), fine sand (63 — 250 pm), medium-coarse sand (250 — 2000
pm) and gravel (>2 mm). This procedure aimed to identify samples with significant
proportions of coarse- or fine-grained material, indicative of higher or lower energy,
respectively, than the dominating sand fraction. For three of the samples, additional
sand fractions (63 — 90, 90 — 125, 125 — 180, 180 — 250 um) were also isolated. A
full set of 18 standard sieves (63 pm — 22.4 mm) and mechanical shaking was used
for 14 large (150 — 300 g) samples from Tréslov, Rosendal and Loderup (Fig. 6B).
All these analyses were carried out at the Department of Geology, Lund University,
Sweden.

In addition, the size of >1 mm grains throughout the sections at Rosendal and
Traslov 2 was determined by analysing CT data, see ‘CT scanning’ below.

3.4.3 CT scanning

High-resolution 3D imaging, such as X-ray computed tomography (CT) scanning,
may reveal sedimentary structures and other properties not visible to the naked eye.
By taking X-ray radiographs from different angles around an object, a 3D
representation of its internal structures can be reconstructed using dedicated
algorithms. Such details are very useful to determine sediment processes and thereby
identify layers deposited by extreme events such as storm surges.

‘Cores’ extracted from monoliths from all sites were scanned with a voxel resolution
of 41.47 pm using a Geotek RXCT core scanner. The scan was performed with the
voltage and current set to 110 kV and 350 pA, with a frame rate of 12 fps, and using
a 0.125 mm Cu filter. The source and detector positions were 1284 and 265 mm
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respectively. After scanning, cross-sectional slices (tomograms) through the cores
were reconstructed from the raw CT data in Geotek Reconstruction Engine, with
spot and ring filter set to 5 and reconstruction filtering set to 90. From the
tomograms, cross-sectional down-core images were exported to visually
characterize core stratigraphy.

The CT imagery was also used to calculate down-core relative density variations.
Using the Line probe module in the Thermo Fisher Scientific Avizo 3D software,
relative density was measured by averaging the image intensity in a circle with 5
mm radius every 41.47 um (same as voxel resolution) in the cores. For cores from
Rosendal and Tréslov, the position and size of individual sand- and gravel grains
>1000 pm was also quantified using a simple image analysis workflow based
around binary threshold segmentation, connected component labelling and feature
extraction (Cederstrom et al., 2021).

The CT scanning was carried out at the Department of Geological Sciences,
Stockholm University, Sweden.

Fig. 6. Laboratory work. A. Describing sediments and subsampling for i.a. grain-size analysis
and lead dating. B. Grain-size analysis (sieving). C. Shell identification. D. XRF-scanning at
Stockholm University. E. Portable luminescence reader. Photos H. Alexanderson

3.4.4 X-ray fluorescence

Geochemical analyses show the composition of the sediment, including the
concentration of different elements, and can be used to trace sediment sources or
identify different depositional events (Bertrand et al., 2024; Goslin & Clemmensen,
2017).

We used an ITRAX X-ray fluorescence (XRF) core scanner to analyse ’cores’
extracted from the monoliths from all sites (Fig. 6C). The scanner was run at 1 mm
resolution with a Mo tube set at 30 kV and 50 mA with a dwell time of 20 s. The
XRF data were exported as element intensities (counts or cps) and then normalized
dividing each element by the sum of all well-measured elements (Bertrand et al.,
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2024). Moreover, centred log-ratio (clr) transformations were done to correct for
matrix effects and to allow comparative statistical analysis, overall providing more
robust interpretations (Bertrand et al., 2024; Weltje & Tjallingii, 2008).

The XRF measurements were carried out at the Department of Geological Sciences,
Stockholm University, Sweden. This dataset is part of the master thesis project of
Ellison Meret, and full details of procedure, data and interpretation will be presented
in the thesis.

3.4.5 Loss-On-Ignition

Loss-On-Ignition (LOI) estimates the organic and carbonate content of sediments
(Bengtsson & Enell, 1986; Dean, 1974), which is useful for interpreting depositional
setting and is complementary to other geochemical data.

LOlIss0 and LOIosp were determined on 51 samples from all sites by following the
procedure recommended by Heiri et al. (2001): following drying at 105°C for 24 h,
the samples were heated to 550°C for 4 h and 950°C for 2 h. The samples, with an
initial dry weight of 4.00+0.05 g, were weighed before and after each step.

The LOI analyses were carried out at the Department of Geology, Lund University,
Sweden. This dataset is part of the master thesis project of Ellison Meret, and full
details of procedure, data and interpretation will be presented in the thesis.

3.4.6 Lead-210 and caesium-137 dating

The radioactive isotopes lead-210 (>'°Pb) and caesium-137 (**’Cs) can be used to
determine the age of young (<~150 yr) sediments (Corbett & Walsh, 2015). This will
give us the timeframe for any storm surge events we identify.

Subsamples with known volume were extracted every 1-1.5 cm from the monoliths
from Rosendal and Sallebacka. The subsamples were dried at 105°C for 24 h, before
being shipped to the Institute of Geology, Adam Mickiewicz University in Poznan,
Poland, where further preparation and measurement took place. This included
homogenising each sample before measurement in a germanium gamma detector.
Full details on the analyses and age modelling cannot be given yet since they are not
completed.

3.4.7 Luminescence profiling and dating

Luminescence dating provides a chronological framework for sandy sediments; this
is needed to determine the age of any storm surge events we identify. Luminescence
profiling, or portable OSL (optically stimulated luminescence), is a way of rapidly
assessing relative age and partly also material characteristics in sediments
(Munyikwa et al., 2021). Such information can be used to differentiate between
rapid and gradual deposition and in some cases also between different sediment
sources.

Samples for luminescence profiling were dried at 30°C and 4.00+0.01 g was placed
in petri dishes. The samples were analysed with the CW PROXIES protocol in a
SUERC portable TL/OSL reader (Sanderson & Murphy, 2010). The net signal and
depletion ratio from blue and infrared stimulation (POSL and PIRSL, respectively)
were calculated, as was the infrared/blue ratio. The calculations were done according
to Goodship et al. (in press). The proxies were also normalised to their respective
mean values to better show relative change.
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Samples for luminescence dating were wet sieved to extract either the 90 — 180 or
180 — 250 pum fraction, depending on sediment composition. The selected fraction
was treated with 10% HCI to remove carbonates and 10% H»O to remove any
organic material before being density separated with a heavy liquid (LST Fastfloat at
2.62 g/cm?®). The heavier fraction, dominated by quartz, was treated with 40% HF to
etch the grains and a repeated HCI bath to remove any fluorides. When dry, the
material was re-sieved at 90 or 180 um and a magnet was used to remove any
magnetic grains.

The equivalent dose was determined from large (8-mm) aliquots of quartz grains
that were analysed with Single Aliquot Regeneration (SAR) protocols in Risg
TL/OSL readers model DA-20 or DA-22. Post-IR blue stimulation with 200°C
preheat and 160°C cutheat was determined to be most suitable for these samples
based on IR-tests, preheat plateau tests and dose recovery tests. Aliquots were
accepted if the recycling ratio was within 10% of unity, test dose error <10% and
relative standard error of the dose <30%. Outliers within each sample’s dose
distribution were identified according to the 1.5IQR (interquartile range) rule and
rejected (Medialdea et al., 2014). Age models were applied in RStudio (Burow,
2025a, 2025b) according to the decision protocol of Arnold et al. (2007).

The sediment dose rate was determined from 3 g of crushed bulk sample with a
pnDose system (Tudyka et al., 2023; Tudyka et al., 2018). Average water content was
estimated based on each site’s and sample’s setting and properties and with guidance
from field water content at the time of sampling and maximum (saturated) water
content as determined in the laboratory. A subsample was weighed in its natural
state, after being below water for 24 h and after drying at 105°C for 24 h. The total
environmental dose rate and age were calculated in the online DRAC calculator
(Durcan et al., 2015).

All luminescence procedures were carried out at the Lund Luminescence Laboratory
at the Department of Geology, Lund University, Sweden.
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4 Results
4.1 Site identification

During the initial remote sensing survey, we identified 21 sites that seemed
promising to investigate (Table 3, Fig. 7). We visited most of these during field
reconnaissance and assessed their potential. Some were interesting sites but were
expected to be problematic or less useful for the current research questions due to
e.g. too coarse sediments. too thin sediment thickness, unsuitable setting, or
limitations in physical or legal accessibility. We ended up with three main sites in
Halland and one site in Scania (Fig. 7, Fig. 8); these are described further below.

B Interest A
oBllldal @ 1 (high)
Malevik © 2 (promising)
Sard N O 3 (low) na
Sard, 6 cka
Q)Sando Kungsba O no
Vastra Hagen SN FINLAND
o a4
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Sources: Esri, TomTom,
Gamin, FAO, NOAA,
Oset USGS, @
Ostravalla strand BO OpenstreetMap
Halevik contributors,"and the
Sallebacka Ekestadsbukten GIS User Commulnity;
Bétafjorden Esri, USGS
O [es] e
Klosterfjorden
o rfj
Karrastrand
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Varberg =)
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129
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0 510 20km Falkenbef@pensStreethMap contributors, and the GIS User Community; Esri,
i CGIAR, Geodatastyrelsen, N Robinson, NCEAS, USGS

Fig. 7. Potential and selected sites in northern Halland (cf Table 3).
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Table 3. Potential and selected sites identified in this study, listed in order from north to south,
and with a prioritisation in terms of interest and relevance for our aims (1 most interesting, 3
least interesting). Coordinates are in SWEREF 99.

Site Northing Easting Interest Status
Billdal 6385779 316960 2 Visited
Malevik 6380431 316717 3 Visited
Saré N 6378372 317203 2 Visited
Saro 6375876 316028 no Visited
Sandd 6375268 316780 no Visited
Vastra Hagen 6368487 315498 no Visited

Oset 6357753 328774 2 Visited
Stravalla strand 6355490 329110 no Visited
Halevik 6353795 329195 3 Visited
Ekestadsbukten 6352826 329100 1 Visited
Sallebacka 6352451 328608 1 Investigated
Batafjorden 6349187 326489 no Visited
Klosterfjorden 6344823 332064 3 Visited
Karrastrand 6341090 331597 no Visited
Fyrstrandsfjorden 6338966 332326 3 Visited
Sodra Nas 6328917 334014 no Not visited
Tréaslévs tangallménning 6328044 334989 1 Investigated
Bjorkang S 6320192 339274 3 Visited
Lisered udde 6318600 339304 no Not visited
Rosendals havsbad 6315872 339087 1 Investigated
Léderups strandbad 6137822 443487 1 Investigated
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Fig. 8. Site overview maps. A. Rosendal. B. Sallebacka. C. Trasloév. D Léderup. Background
images ©Lantmateriet.

4.2 Rosendal

421 Setting

Close to Rosendal havsbad there is a mixed sediment beach, oriented NNW-SSE
and comprising sand, cobbles and boulders (Fig. 8A, Fig. 9, Fig. 10). Boulders are
visible above the waterline to about 30 m offshore and also frequently protrude from
the ground surface inland; a short distance to the north the surface has been mapped
as till (SGU, 2025). Otherwise, the surface is sand covered, and patches of sand on
the nearshore seabed are also visible from aerial photography. The vegetation is
dominated by short (<10 cm) grass with scattered Armeria maritima, Honckenya
peploides, Leymus arenarius and Taraxacum, and the site can be described as a
beach meadow.

The land surface rises gently inland and 20-30 m from the present water line and
parallel to it, there is a low ridge, mainly consisting of cobbles and covered by
bushes (Fig. 9A). Additional low ridges with similar orientation occur further inland
on the western side of a larger ridge (Fig. 9A). The smaller, lower ridges are
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interpreted as beach ridges, while the larger one is mapped as a moraine (SGU,
2025).

The overall outline of this stretch of coast appears to have been relatively stable
since at least the mid-17" century (Claeson Felterus, 1652; Schallin & Ulmgren,
1817; Soderling, 1717), though locally changes have occurred. In the early 1800s,
the Rosendal site was covered by aeolian sand with some grass (Brandberg, 1819)
and was deemed unsuitable for cultivation (Apelstam, 1845). According to historical
aerial photography (Lantmateriet, 2025¢), any changes to shoreline position since
1960 are within a +/- 2 m resolution of aerial photograph interpretation (Fig. 9B-D).

At the seaward edge of the meadow, several small creeks and scarps have developed
through wave erosion during storms (Fig. 11A). The top of the scarp is at 1.1 m a.s.1.
and it has been overtopped by waves during storms, as evidenced by a line of dry
sea grass 10s of m landward of the scarp during field work as well as by sandy
overwash deposits visible in the field and on aerial photos from April 14, 2014 and
April 4, 2022 (Fig. 9D, Fig. 10) (Google Earth, 2025).

Rosendal

m asl
P 13.22 e Site
I House
. 1 Other building

Fig. 9. Rosendal. A. Hillshade of the coastal area with key landforms marked. The box shows
the position of B-D. ©Lantmateriet (2025a, 2025d). B. Aerial photo from 1963. ©Lantmateriet
(2025c) C. Aerial photo from 1976, which shows extension of the small docks to a groyne.
©Lantmateriet (2025e) D. Aerial photo from 2022, showing washover fans likely deposited
during a storm 29-30 January 2022 (‘Malik’), when sea level reached just above 1 m (Fig. 3B).
©Google Earth (2025).

The fetch length perpendicular to the beach at Rosendal is 120 km (Fig. 1). During
the storm season (winter), Rosendal experiences a median significant wave height
(Hy) 0of 0.45 — 0.55 m, but waves can rarely exceed 2 m, according to the wave
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model node located 600 m offshore (SGI, 2025). Incident waves are primarily from
the W and WSW.

Fig. 10. Dried seaweed and patches of sand are evidence of recent overwash at Rosendal. The
line of seaweed can be followed for at least 80 m laterally and up to 60 m inland from the
present waterline. The sand may be a remnant of the overwash fans visible in Fig. 9D (from
2022) or traces of a more recent event. The sand was sampled and analysed for grain size.
Photo: H Alexanderson.

o
&
&
2
o
s
-
=
-
S

5

Fig. 11. Rosendal. A. Overview with the low beach scarp and the cobbles (unit 1) that underlie
the sandy sediments. B. Sediment section with units 2 and 3. C. Close-up of the top of the
section, with the boundary between units 2 and 3. Photos: H Alexanderson. For a 3D scan of
the site, see https:/skfb.ly/pEU9W
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4.2.2 Sediments

A scarp exposes 65 cm of sandy sediments on top of cobbles (Fig. 11A, Fig. 12).
Three sediment units are identified. The lowest unit 1 consists of rounded cobbles
that also form the surface of the nearby beach (Fig. 11A). Unit 2 makes up the bulk
of the sediments and consists of two alternating lithofacies: laminated fine sand and
massive medium-coarse sand. The laminae in the fine sand are mainly distinguished
by colour (white and grey-brown, respectively; Fig. 11B) and vary in thickness from
1 to 8 mm. The lamination seems to at least partly be ripple-lamination. The massive
sand (the second lithofacies) is yellow and becomes more dominant (more frequent
and thicker) towards the top (Fig. 12). Nine such beds were identified and can be
followed laterally for a few metres though they vary somewhat in thickness,
particularly the upper beds (Fig. 12). Small pieces of plastic, including plastic
pellets, were found in the grey beds in unit 2. Massive gravelly sand makes up unit
3, which has an erosional boundary to the underlying unit 2 (Fig. 11C, Fig. 12).

Rosendal
Facies
Depth  Unit  54e Grain size and structures  Si/Zr ratio PIRSL net signal OSL age Interpretation
{cm) 2
0
E 3 [ ] overwash
03 gsml - &
] XXEXX @
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20+
] e 85
N Q
] . 2 $
i 3 &
n [
307 ® |
- ~ 3
] [- low-tide terrace?
1 2 A XX A with episodic
B — . storm deposits
40+ P @ 81+6a
] — B
E [T g [ ]
] - Es
. Sm '___:3 [ ] 5%
50+ 9 %,
] 3 @ %,
: si p: [ ] %,
] 3 o
] Y
60 b=
1 <] 4
] . = .
Clay \ Silt | Sand | Gravel [ T ‘
0 5000 10000 15000

Net signal (counts)

Fig. 12. Rosendal lithostratigraphic log, selected data and interpretation. The red curve shows
an example of XRF data: the strontium/zirconium ratio where peaks seem to represent the
yellow layers, tentatively interpreted as storm deposits. Luminescence profiling is represented
by the PIRSL net signal, which reflects relative age. Circles with black lines indicate samples
from ‘yellow’ sandy beds. Error margins for the PIRSL net signal are within the size of the
symbol. OSL samples marked with xx+xx a are not yet finalised. See Table 2 for legend for
lithofacies codes.

The cobbles (unit 1) are interpreted as beach cobbles, most likely a residual after
wave-washing of till during postglacial relative sea-level changes. Unit 2 is
interpreted to represent gradual accumulation in a foreshore or low-tide terrace
(laminated fine sand) interrupted by episodic higher-energy events depositing
coarser, yellow massive sand. This sand has a similar grain size distribution as the
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recent overwashed sand shown in Fig. 10. The gravelly sand of Unit 3 was likely
deposited during storm events.

4.3 Sallebacka
4.3.1 Setting

The sampling site at Sallebacka is located on the southern shore of a west-facing
embayment (Ekestadsbukten), which also contains seven islands located ~500-3500
m offshore (Fig. 8B, Fig. 13). A low-tide terrace comprised of gravel to boulder-
sized clasts extends to about 250 m offshore. The beach at Sallebacka is comprised
largely of cobbles and boulders and the narrow, sloping backshore is mapped as
gravel (SGU, 2025) into which a low scarp exposing sandy sediments and organic-
rich beds has been eroded (Fig. 14A). Inland, there is a till-covered hill on which
several raised beaches are seen (Fig. 13A).

According to historical aerial photography (Fig. 13B-D) (Lantméteriet, 2025¢), the
shoreline has been stable at least since the 1960s. The surface landwards of the
sampled scarp forms a beach meadow and is vegetated by short (<10 cm) grass
along with Trifolium, Juncus maritimus, Plantago lanceolata and Argentina
anserina. The meadow is grazed by cattle.

The fetch length from the embayment on which Sallebacka is located is 60 km to the
Danish island of Leaese and 115 km to the east coast of Jutland (Fig. 1). However, the
gap between the islands in the bay and the mainland, which enables a more open
fetch to the SW into the Kattegat, is only ~500 m wide. Because of these features,
Sallebacka is the most fetch-limited and therefore exposed to the lowest wave
energies, including during storms, of the three sample sites. The coarse material at
the site therefore does not reflect the wave energy but is mainly wave-reworked
glacial sediment. The nearest wave model node, located almost 3 km west if the
island of Ustd (Fig. 1), shows that the median H; during the storm period is 0.70 m,
but waves can exceed 3 m. Incident waves are from the SW quadrant, with
maximum wave heights occurring from the west.
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Fig. 13. Sallebacka. A. Hillshade of the coastal area with prominent landforms. The black box
shows the position of B-C. ©Lantmateriet (2025a, 2025d) B. Aerial photo from 1963.
©Lantmateriet (2025¢) C. Aerial photo from 2011. The square shows the position of D.
©Lantmateriet (2019) D. Aerial photo from 2021. ©Google Earth (2025)
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4.3.2 Sediments

A 45-cm-high scarp exposes two sediment units: cobbles and boulders (unit 1)
overlain by sandy sediments (unit 2) (Fig. 14, Fig. 15). Unit 1 is clast-supported with
open framework and the cobbles and boulders are mainly subrounded. Unit 2 is
stratified and consists of alternating beds of massive, dark brown fine-medium sand
and massive, yellow to white medium-coarse sand with gravel (up to 5 cm). There is
no or very little (<1%) silt and the dark brown colour of the finer laminae is due to
the presence of organic material. A piece of juniper root was found in one of them
(identified by H. Linderson, 2025). Thin, modern roots penetrate most of the
sediments and are very dense in the upper decimetre. In the same unit but some
metres away, we found polymer fibres, including a large (>30 cm) piece of decayed
rope embedded in the sediment (Fig. 16).

Fig. 14. Sallebacka. A. Overview of beach scarp and surrounding beach meadow and till-
covered slope to the left in the photo. B. Sediments exposed in the beach scarp. C. An image
from CT scanning of the upper 25 cm of the sediments (unit 2), where the coarse particles are
seen clearly. Photos A-B: H Alexanderson, image C: Y Palmgren. For a 3D scan of the site, see
https://skfb.ly/pEUuL
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Fig. 15. Sallebacka lithostratigraphic log and OSL ages. See Table 2 for legend for lithofacies
codes and symbols.

The large clasts in unit 1 are residual from till that has been washed by waves and
now form the present-day beach. Unit 2 is interpreted to represent two alternating
depositional settings and processes: the finer, organic-rich beds in unit 2 represent a
beach meadow, similar to the present setting into which the sampled scarp was
eroded, while the coarser beds were likely deposited during storms by overwash.
There is little evidence of aeolian reworking today and the gravels are too large to
have been transported by wind.
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Fig. 16. Polymer rope embedded in Unit 2 at Sallebacka. See also scan at https://skfb.ly/pEUUL.
Photo H Alexanderson.

4.4 Traslov

441 Setting

Traslovs tangallménning is located in a SW-facing sandy embayment (Fig. 8C, Fig.
17). There is abundant sand offshore, on the beach, and in the backshore (SGU,
2025). At least eight sand bars are located up to 500 m offshore, subparallel to the
shoreline (Fig. 8C); these are typical of fetch-limited, low wave-energy
environments (Goodfellow & Stephenson, 2005; 2008). The backshore is near-flat,
low lying, and marshy in places, with high (<1 m) vegetation including Phragmites
australis, Tanacetum vulgare and Rosa bushes (Fig. 18). It is drained by three
channelized streams, two of which are only up to 120 m-long. The third stream
extends further inland but is unlikely under present conditions to supply much sand
to the embayment.

The beach has accreted by up to 70 m since 1960 and backshore lagoons have been
isolated from the sea by sand that has accumulated in a shore-parallel berm.
However, at the location of the sample sites, there has been limited change in
shoreline position according to aerial photography (Fig. 17B-D). In the southern part
of the embayment, sand has been transported by wind to form dunes < 1 m high and
~ 50 m broad along a 350 m long stretch of beach.
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Fig. 17. Traslovs tangallmanning. A. Hillshade of the bay area at Traslovslage with key
landforms marked. ©Lantmateriet (2025a, 2025d) B-D. Aerial photos of the southern part of
Traslovs tangallmanning in 1963, 1976 and 2017. ©Lantmateriet (2019, 2025c, 2025¢e)

The fetch length perpendicular to the beach at Trislovs tdngallménning is 115 km
(Fig. 1). The incident wave direction is primarily WSW and SW, the median H; is
0.50-0.55 m during the storm period but can again occasionally exceed 2 m,
according to the wave model node located at the entrance to the embayment (SGI,
2025).

442 Sediments

Trdslov 1 is situated at the lowest point in a depression, ~1.2 m a.s.l., immediately
landwards of a sloping berm and north of the low dune system (Fig. 17, Fig. 18A).
Coring, augering and digging revealed four sandy units, two of which were rich in
organics (Fig. 18, Fig. 19). The lowest unit 1 consists of massive fine sand or silty
sand and is at least 70 cm thick. It is overlain by a thin (c. 2 cm) unit of massive
sand rich in organic material (Unit 2) and laminated fine sand (Unit 3). Unit 4 makes
up the top 10-15 c¢cm and is massive and dark in colour, rich in organic material
including coarse detritus. Its lower boundary is sharp and irregular (Fig. 19B-C).
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Fig. 18. A. The coring site at Traslov 1. Photo B Goodfellow. B-C. The upper units 2-4 in a short
core and a shallow hole, respectively. Photos H Alexanderson.

The lack of preserved sedimentary structures in the augered part of Unit 1 prevents a
secure interpretation, but the homogeneous and well-sorted sand suggests similar
conditions throughout the unit. This was likely in the foreshore or backshore (as
overwash). The organic-rich Units 2 and 4 are interpreted to have formed under
conditions like that of the present-day surface, i.e. a wetland that is periodically
flooded (from the sea, from a nearby stream/ditch or by heavy rains). From aerial
photos (Fig. 17B-D), this seems to have existed since the 1970s. The laminated Unit
3 was likely deposited as overwash.
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Fig. 19. Traslov 1 lithostratigraphic log, OSL ages and environmental interpretation. Note
contracted depth scale. See Table 2 for legend for lithofacies codes and symbols.
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Trdslov 2 was dug into a 20-30-cm high sediment exposure in a beach scarp (Fig.
20A). The sediments display a coarsening-upward trend from ripple-laminated fine
sand (unit 1) through alternatingly laminated and massive fine-medium sand (unit 2)
and massive, slightly darker medium sand (unit 3) to massive clast-supported sandy
gravel (unit 4) with a thin massive sand bed on top (unit 5) (Fig. 20B, Fig. 21). The
units are 0.06-0.15 m in thickness, though the lower boundary of unit 1 was not
observed. The observed boundaries are sharp, and at least the lower boundary of unit
4 is erosional. The laminations in units 1 and 2 are highlighted by the occurrence of
heavy minerals. Small pieces of polymer fibres (Fig. 22B, C) were found in unit 3.

The gravel in unit 4 is almost exclusively bioclasts, mainly Cerastoderma edule and
Macoma balthica shells (Table 4, Fig. 22A), which make up more than 50% of the
total mass. Some of the shells were paired, many were whole but there was also a
large portion of fragments (Table 4). Most of the C. edule shells were from juveniles
(<1 cm shell size, no visible year rings). Only few shells were observed in the lower
units; they were mainly whole or paired C. edule, though single M. balthica (whole)
and M. edulis (fragment) were seen. The shell-rich layer extended 7-11 m behind the
scarp (Fig. 20C).
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Fig. 20. Traslov 2. A. Overview with the low beach scarp. B. Sediments. Hatched lines denote
unit boundaries (see Fig. 21). For 3D scan, see https://skfb.ly/pEUug C. Mapped landwards
boundary of the shell-rich unit 4 (hatched line). Background image from Google Earth (2025).
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Table 4. Shells identified in the >2 mm fraction from unit 4 at Traslv 2, see also Fig. 22A. The
number of paired shells is likely underestimated due to the shells falling apart during sampling
and later handling.

Broken shell or
fragment

Cerastoderma edule >2 276 280

Macoma balthica 149 21

Tritia nitida

Littorina littorea

Mya arenaria 1

Mytilus edulis

Macoma calcarea

Balanus sp. 8

Unknown 250

Species Paired shell Whole shell
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Fig. 21. Traslov 2 lithostratigraphic log, selected data and interpretation. Error margins for the
PIRSL net signal are within the size of the symbol. The two high PIRSL signal values at ~25 cm
depth may represent a sediment pulse bringing in poorly bleached sediment, e.g. during a storm
surge. See Table 2 for legend for lithofacies codes and fossil symbols.

At Traslov 2 the sediments record a transition from upper shoreface to backshore.
Unit 1 represents low ripples formed by waves with a dominantly onshore direction
or by currents, while the lamination in unit 2 could have formed through swash and
backwash on the foreshore, alternatively as overwash. The massive beds in units 3-4
indicate rapid deposition, likely on the beach as overwash. Overwash would also be
consistent with the landward-sloping berm (built from successive washover fans)
into which the scarp is cut. Likewise, the erosional boundary to unit 3 and the large
amounts of shells in unit 4 indicate a high-energy event, such as a storm (Aigner,
1985; Chaumillon et al., 2017). The fauna in unit 4 is typical for shallow soft
bottoms in the area (Karlsson et al., 2000) and indicates that sediments, including
the larger but lighter shells, were eroded from <10 m water depth (SLU
Artdatabanken, 2025) and dumped on land during the storm by waves. The large
proportion of juveniles, particularly C. edule, may indicate that the storm took place
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during winter season, prior to the second year start of growth (cf. Jelesias &
Navarro, 1990; Seed & Brown, 1978). The sandy top unit 5 could have formed by
sandy overwash or acolian reworking during the same or a later event than the one
that deposited unit 4.

The presence of plastic fibres shows that units 3 and 4 are young, deposited at the
earliest during the mid-20" century (Waters et al., 2016). Aerial photos show that the
site appears to have been eroded between 1960 and 1975 and at the latter date the
site is situated in an open sand area (Fig. 17).

M. edulis

M. balthica M. calcarea
s o
=
$ @ s
M. arenaria Balanus sp.
L. littorea T. nitida lcm

Fig. 22. A. Shells from unit 4 at Traslév 2. B. Polymer fibres from unit 3 at Traslév 2. C. The
same two polymer fibres (marked by white arrows) in situ in unit 3.

4.5 Loderup
451 Setting

Loderups strandbad is located on a coastal plain south of the large Kaseberga esker
(Fig. 2D, Fig. 23A). The plain is dominated by postglacial sand, which has been
reworked by wind to form an aeolian cover including some dunes. The adjacent
seafloor is also sandy (SGU, 2024b).

Léderups Strandbad has experienced chronic coastal erosion over the past century,
largely attributable to a west-to-east longshore transport of sand (SGI, 2025). The
shoreline has retreated by 20 m since 1960 and by 50 m since 1940 (Skanestrand,
2016). Construction of groynes and riprap revetments over the past 20 years has
limited further erosion and the beach fronting the sample site accreted 7 m from
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2007 to 2018 (Fig. 23B-C) (Skénestrand, 2016). The sampled site is located on a
vacant block in amongst houses (Fig. 23) with a patchy cover of Leymus arenarius
and Rosa bushes. It experienced deposition of overwashed sand during the storm,
Babet, in October 2023 (Fig. 24A).
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Fig. 23. The Léderup strandbad site. A. Hillshade of the coastal plain south of the Kaseberga
esker. The box shows the position of B and C. ©Lantmateriet (2025a, 2025d) B. Aerial photo
from 1957. ©Lantmateriet (2025c) C. Aerial photo from 2018. ©Lantmateriet (2019)
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According to the wave model node located 500 m offshore (SGI, 2025), incident
waves span the SE to SW sector, but occur most commonly, and are largest, from the
SW. The largest waves occur during October to February. The median H; is 0.65-0.7
m during the winter period but waves exceeding 2 m can occur. The maximum fetch
to the SE is 240 km, whereas the fetch towards the south is 140 km. Loderups
strandbad is exposed to higher energy hydrodynamic conditions than the Halland
coast and under natural conditions is therefore a more dynamic coastline.

A. 24 Oct. 2023 B. 10 June 2025

Fig. 24. A. The Loderup strandbad site on Oct. 24, 2023, just after the storm Babet. B. The
same site about one and a half years after the storm (June 10, 2025). Photos: B Goodfellow.

452 Sediments

A hand-dug hole exposed 65 cm sand on top of gravel. The gravel (unit 1) was only
reached at the bottom of the hole and was not observed in detail. The overlying unit
2 consists of 40 cm of alternating massive or stratified coarse and medium sand with
a slight fining-upwards trend (Fig. 25). At the top of the unit, there is a thin (~1 cm)
dark band with roots and other organic material in mainly coarse sand (Fig. 26). A
similar, but more prominent band is found at the top of the overlying, thin unit 3.
Massive and laminated medium and coarse sand make up the topmost unit 4 (Fig.
25). A 1-cm clast was observed (Fig. 26B) and a couple of distinct coarse-sand
laminae are partly open-framework and have sharp, irregular lower boundaries but
grade upwards into medium sand (Fig. 26C).

Unit 3 was observed as recently deposited just a few days after the storm Babet and
is interpreted as overwash deposited by a storm surge during the event. The dark
band(s) at 25 cm depth represents the former ground surface, which was covered by
the overwash. The other dark band at the top of Unit 2 is interpreted similarly and it
is likely that the bulk of Unit 2 was deposited by overwash, building up an overwash
fan at the site (Fig. 23). The coarser Unit 1 could be an older beach deposit, but the
limited observations preclude a definite interpretation.
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Fig. 25. Lithostratigraphic log from Léderup with normalised signals from luminescence profiling
that shows relative signal intensity in the upper part of the stratigraphy, OSL age and
interpretation. See Table 2 for legend for lithofacies codes.

Fig. 26. Sediment photos from Léderup. A. The stratigraphy in the hole. B. Close-up of former
surface at top of unit 3 and small pebble (at arrow) in unit 4. C. Two normally graded beds in the
upper part of unit 4 as shown by CT scanning. Heavy mineral grains (white colour = high
density) are visible at the base of the lower bed. Photos A-B: H Alexanderson, image C: Y
Palmgren. For a 3D scan of the hole, see https://skfb.ly/pEUuy
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4.6 Grain size

Well sorted sand dominates the sediments at all sites, and it is only few samples that
show significant proportions of finer or coarser fractions (Fig. 27, Fig. 28). More
than 5% silt (<63pm) is only present in the modern low-tide terrace at Tréslov and in
the section at Rosendal, while samples with >5% gravel (>2 mm) come from the top
units at Rosendal, Tréslov and Sallebacka. Few large particles are also present at
lower layers at Rosendal and Traslov (Fig. 29). At the Halland sites, the older
sediments in the sections are generally somewhat coarser than the nearby modern
(surficial) sediments (Fig. 27, Fig. 28).
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Fig. 27. Main grain size fractions of samples from the sites in Halland, based on a simplified
grain-size analysis. The depth scale on the right indicates the range of sampling depth at each
site (cf. Fig. 12, Fig. 15, Fig. 19, Fig. 21).
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Fig. 28. Grain-size distributions of sediments from all four sites, based on large samples
analysed with a full set of sieves. The hatched and dotted lines represent modern (surface)
depositional environments while the full lines are from deposits exposed in scarps or dug holes
(cf. Fig. 10, Fig. 12, Fig. 15, Fig. 21, Fig. 25).
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Fig. 29. A. CT scan of a ‘core’ from Rosendal. B. Size of particles with diameters >1 mm,
extracted from CT data. Image in A: Y Palmgren.
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4.7 Geochemistry

During the interpretation of the XRF results, a limited number of elements and
elemental ratios were checked across the different sites. Si, Zr and Ti were the most
robust indicators of high-energy events, often displaying peaks at coarse-grained
beds. Al and Rb were also used to confirm the presence of fine-grained beds,
associated with low-energy phases. Specifically, at Sallebacka it was possible to
observe the alternation of such geochemical signals which confirmed the presence of
alternating coarse- and fine-grained beds (Fig. 30A). In the near-shore Tréslov 2, Zr
showed peaks that coincided with unit boundaries (Fig. 30B), indicating sensitivity
to hydrodynamic changes. In the same core, Ca displayed spikes at a shell-rich bed
likely indicating a storm event, while it became undiagnostic in other locations.
Elemental ratios such as Si/Zr highlighted further grain-size sorting in sandy coastal
settings as seen in Rosendal but appeared less meaningful in the inland, wetland
deposits such as Traslov 1.
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Fig. 30. Examples of XRF data, with CT scan images as background. A. Ti variation at
Sallebacka highlights grain size variability. B. Peaks in Zr at Traslov 2 appear to be associated
with unit boundaries and changes in energy level during deposition. Background (CT) images: Y
Palmgren.

The LOI analyses showed that the sediments generally contain low amounts of
organic material; more than 95% of the samples had LOIsso values <5% and LOloso
<1%, Only two samples from Sallebacka had higher LOIsso values, 5.7 and 24.3%,
respectively.

4.8 Dating

Some of the dating results are still pending and therefore we cannot present final
ages for all samples in this report but based on the existing data we can estimate
approximate ages of all sites.
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At both Sallebacka and Rosendal, all samples down to a depth of 25 cm show the
presence of excess 2'°Pb and '*’Cs (Fig. 31), suggesting that the deposits are
relatively recent (<70 years). Some of the signal is likely linked to lithological
changes and normalisation may therefore be necessary. This is still to be done as is
the measurement and analyses of the deeper samples. Once we have all data, age
modelling to calculate accumulation rates can be carried out.
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Fig. 31. Preliminary results of A. '¥’Cs analysis and B. 2'°Pb analysis of the upper 25 cm at
Rosendal. The results show that at least unit 3 and the upper part of unit 2 are young (cf. Fig.
12).

The luminescence dating yields ages ranging from 322467 years to 17+6 years, with
most ages 50-110 years (Table 5). The luminescence signal from the quartz is quite
low, and for some samples largely indistinguishable from background noise, which
leads to relatively large uncertainties. Some samples are still being measured, and
therefore we cannot provide final ages yet. Nonetheless, the data indicate that most
of the sampled sediment at all sites was deposited during the later part of the 20®
century.

Table 5. Luminescence ages. Ages are years before the year of sampling (2025). Note that
some dose rate data are still pending and therefore we cannot calculate ages for all samples.
MAM = Minimum Age Model, CAM = Central Age Model, n = number of accepted and measured
aliquots, wc = water content.

Lab ID Depth Age Age Mean dose Dose rate wc
Lund- Site Unit (m) (yr) model (Gy) (mGylyr) n (%)

25064 Traslov 1 0.90 104 +13 MAM 0.20+0.01 1.73+0.08 27/54 35

-

25065 Traslov 1 3 0.15 55+ 10 MAM  0.31+0.05 1.98+0.10 28/48 30
25066 Traslov 2 1 0.50 106+16 CAM 0.29+0.03 217 £0.11 20/48 20
25067 Traslov 2 2 0.38 52+10 MAM  0.16+£0.03 2.13+0.10 14/60 20
25068 Traslov 2 2 0.30 54+5 MAM  0.14+0.01 2.24+0.10 22/48 15
25069 Traslov 2 3 0.17 57+6 CAM  0.14£0.01 2.09+£0.12 24/48 15
25070 Traslov 2 4 0.12 78+ 15 CAM  0.18£0.04 1.93+0.10 16/60 15
25128 Sallebacka 2 0.23 322+67 CAM 1.23+0.26 246 0.1 24/45 15
25129 Sallebacka 2 0.10 56 £ 5 MAM  0.890.21 2.67+0.13 24/48 15
25130 Rosendal 2 0.40 816 CAM  0.25%0.02 297 +£0.14 27/36 20
25131 Rosendal 2 0.37 n/a MAM  0.50 +0.05 n/a 26/36 20
25132 Rosendal 2 0.12 n/a MAM  0.86+0.19 n/a 21/48 15
25133 Rosendal 3 0.05 n/a MAM  0.36 +£0.06 n/a 24/48 15
25134 Léderup 1 0.30 176 MAM  0.07 £0.01 1.78 £ 0.09 30/45 15
25135 Léderup 3 0.10 n/a MAM  0.42+0.09 n/a 31/48 15
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The luminescence ages retrieved so far are in stratigraphic order. At face value, the
topmost age from Tréaslov 2 (78 + 15 a; Fig. 21) is an exception, being older than the
underlying ages. However, its large uncertainty means it is not statistically different
from those ages (52 — 57 a). The oldest luminescence age (322+67 a, at Sallebacka;
Fig. 15) is in stratigraphic order, but older than expected given the presence of
excess 21°Pb and '3’Cs in the sediment. A potential cause is incomplete bleaching due
to rapid deposition, but we will wait for the final 2!°Pb-!*’Cs results before preferring
one or the other age of this bed.

The luminescence profiling does not provide ages in years but complements the
luminescence ages with more data points and additional information on material
characteristics. The net signals generally show a decreasing trend towards the top,
which is taken to reflect a successively younger age upwards, assuming that the
material has similar luminescence properties throughout the site. The slope indicated
by the datapoints could then be interpreted as an estimate of the rate of accumulation
(Fig. 12). However, at both Tréslov 2 and Loderup there are deviations from such a
trend (Fig. 21, Fig. 25). Possible causes for this are discussed below.
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5 Discussion

5.1 Identifying storm surge deposits

Two of the sites, Traslov and Loderup, are in sandy bays with strandplains of berms
and raised beaches (Fig. 17, Fig. 23). The surface is covered by high vegetation and
sediments are quite homogeneous and dominated by thick beds of massive or
weakly laminated sand representing shoreface, foreshore and backshore
environments in a strandplain-barrier system (Miall, 2022; Reading, 1996).

At Loderup, we know that sediments were deposited by a storm surge in 2023 (Fig.
24) and we can use the site as a modern analogue for palacostorms. At this site, ~25
cm sand (Unit 4) was deposited during the storm (Fig. 25). This is not one massive
bed, but instead several 3-7 cm thick beds of massive or laminated sand, showing
that one bed does not necessarily equal one storm. The different beds, the
sedimentary structures and grain-size variations (including normal grading) instead
indicate changing hydraulic conditions or several pulses of deposition during one
event (Sedgwick & Davis, 2003).

Likewise, the luminescence signal variability in Unit 4 (POSL and PIRSL; Fig. 25)
could be due to pulses in deposition (waves leading to overwash) or opportunity for
light exposure during deposition (transport distance, water depth, duration, timing),
hence reflecting sedimentary processes. To determine possible connections, the
sedimentological and luminescence data will be investigated in more detail and
compared to observational and modelled data of sea level and waves during the
event.

At Traslov, we also documented massive and weakly laminated sediments (Fig. 19,
Fig. 21). Units 2 and 3 at Traslov 2 (Fig. 21) are similar to the Babet deposits at
Loderup and were likely deposited by one or more events as overwash. The
luminescence profiling at Traslov 2 show shifting signal intensity (Fig. 21) and may
— like at Loderup — reflect sedimentary process rather than age. Two PIRSL net
signal values at ~25 cm depth are higher than those just below (Fig. 21). These
apparent outliers could be due to that the material in that bed has a different
composition (different source), or to the sediment having been deposited without
being completely reset (i.e. incompletely bleached). Either explanation could be
compatible with deposition during a storm surge, when material is eroded — perhaps
from other sources than under normal conditions — and then rapidly deposited.

Additionally, XRF data exhibit Zr spikes that are suspected to have a relation with
energy shifts during deposition (Fig. 30). CT scanning shows enrichment of heavy
minerals at some level in these units. Such enrichment may occur e.g. in the
proximal to mid-fan parts of overwash deposits (Sedgwick & Davis, 2003) and
supports a storm-surge origin.

Unit 4 is much coarser than the Loderup sediments and so cannot be compared
directly to our modern analogue. However, its large content of shells and shell
fragments indicate higher energy and different sediment sources than normal, which
is a strong storm signature (Sedgwick & Davis, 2003). Also, its lobate extent
suggests a fan-shaped deposition typical of overwash (Fig. 20C) (Goslin &
Clemmensen, 2017).

For strandplain sites, like Loderup and Tréslov, the predominance of clean sand and
lack of intercalated organic-rich or muddy beds from non-storm deposition, leads to
that storm-surge deposits are not that easily identifiable. There are beds with clear
sedimentological or geomorphological storm signatures (large amounts of shells,
occurrence of gravel, fan-shaped deposit) but mainly indicators are more subtle. This
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could be small variations in sediment structure or composition that reflect changing
energy levels during deposition, and which need to be combined and placed in the
local context to be used to infer storm-surge deposition. However, even when beds
deposited by storm surges have been identified, it may not always be possible to say
whether they represent one or more events.

The two other sites, Rosendal and Sallebacka, represent a different setting: beach
meadows with low vegetation (Fig. 11, Fig. 14). The coastal sediments here form a
thin cover on top of wave-washed till and are more heterogeneous with a larger
variation in grain size and in organic content than at the strandplain sites.

The textural variation at these sites means that grain size is a useful indicator of
high-energy (storm) events. At both sites we found beds with a significant
proportion of gravel (Fig. 12, Fig. 15, Fig. 27, Fig. 29), and those clasts could not
have been transported by wind and must have been deposited by waves. That these
very young sediments occur above present-day sea level shows that they were
deposited when sea level (including wave height) was temporarily high, during a
storm surge. It cannot be excluded that some large grains or clasts from the coarse
basal units have moved upwards into the lower, overlying sediments through frost
action (Anderson, 1988) but the general coarsening-upward trend (discussed below)
suggests that this has played a minor role, if any.

At Rosendal, there are also layers of medium-coarse sand that are interpreted as
storm deposits (Fig. 12). They are coarser than the surrounding silty sand and similar
to recent overwash deposits (Fig. 27, Fig. 28). Identification of the layers can also be
aided by geochemical proxies, such as Si, Zr and Ti (Fig. 30B). For these beds it is
more likely than at the strandplain sites that one bed equals one event, and it should
be possible by detailed fieldwork to map their lateral extent and hence infer the
minimum limit of overwash during their deposition (Goslin & Clemmensen, 2017).

The beach meadow sites contain information on more events than the strandplain
sites, and individual events may be more easily distinguished. The addition of
sediment during storms is likely also an important contributing factor to the growth
or maintenance of the beach meadows, similar to micro-tidal and sand-dominated
salt marshes (French, 2019).

5.2 Estimating storm surge frequency

We have applied three dating methods to the sediments: 2!°Pb, '3’Cs and
luminescence dating. In addition, we have used luminescence profiling for relative
age information and the occurrence of certain fossils (plastics and other polymers)
for maximum age estimates. We do not have all data yet, nor have all analyses been
completed, but the preliminary results from all methods point in the same direction:
most of the sediments are young, from the 20" or 21 centuries.

The resolution of the ages is low, at least so far, and the uncertainties are in the order
of one or more decades. This prevents a secure assignment of a specific layer to a
specific, documented event, but could still allow reconstruction of the number of
recorded events during an approximated period of time (roughly a century). For
example, at Rosendal there are nine beds of coarse sand in Unit 2, eight of which are
younger than 81+6 years according to luminescence dating, plus the top Unit 3,
which represents one or more events (Fig. 12). If the interpretation of these beds as
storm surge deposits is correct, that would suggest at least 9 events during the last
~70-90 years.
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This can be compared to the number of high sea-level events recorded at nearby
hydrological stations during this time (Fig. 4). If just looking at the highest levels
(>1.2 m), there have been 16 events since 1940, which is of the same order as the
number of beds. However, it can be noted that the overwash visible at Rosendal on
airphotos from 2022 (Fig. 9D) was likely deposited during the storm ‘Malik’, during
which sea level only reached just above 1 m (Fig. 3B). It would therefore be
erroneous to simply assign the storm layers at Rosendal to the events with the
highest sea levels. Rather, it is expected that the storm record is discontinuous and
incomplete and that which event is recorded depends on the specific conditions
during the storm (wind direction, wave height, etc) relative to the site (Leszczynska
et al., 2025; Myrow, 2020).

At a more general level, we see a coarsening upward trend in the exposed
stratigraphies at the sites, from fine sand to sandy gravel, indicating increased
energy. Increased energy at a coastal site could be due to several factors. One is
regression, either forced due to e.g. to isostatic uplift (Alexanderson et al., 2018) or
normal due to increased sedimentation (Miall, 2022; Reading, 1996). However,
given the young age of the sediments the relative sea level in our study area has not
changed much during their deposition, and shoreline position seems also to have
been fairly stable, with the exception of Traslov (Fig. 17). Another possible cause is
an increase in the frequency or intensity of extreme events such as storms that
deposit the coarsest sediments (Rutgersson et al., 2022). The more frequent and
thicker beds of coarse sand at Rosendal (Fig. 12) could be taken to support this.

A third possibility is coastal retreat. In tidal salt marshes coarsening upward
sediments have been interpreted to reflect coastal retreat whereby the sampled site
gets closer and closer to the waterline (highest energy) due to cliff retreat (Allen,
1996). This could be the case for Rosendal and Sallebacka, where scarps are
evidence of ongoing erosion of the beach meadows (Fig. 11, Fig. 14), though
historical air photos show limited change in shoreline position (Fig. 9, Fig. 13).

We find the two latter causes, separately or in combination, the most probable
explanation for the coarsening-upward successions at Rosendal and Sallebacka. At
Traslov 2, changes in shoreline position have likely also played a role. Further
analyses of the data and sites are required to confirm the interpretation.

Before we have all data, we are hesitant to draw further conclusions about the storm
frequency as estimated from the geological record. Instead, we will discuss some
more general issues and present recommendations for future studies.

5.3 Reflections and recommendations

5.3.1 Time span and site selection

We did not get as far back in time as we had expected or hoped. The oldest age is
~300 years (at Sallebacka; Fig. 15), but the bulk of sediments is around 100 years or
less. Several of the other sites we visited (Table 3) have similar types of sediment as
those we have investigated and could be expected to be of similar age, likely a few
hundred years at most.

The brief time span covered by the sediments may have several reasons. One is
postglacial uplift, which in combination with eustatic sea-level changes has led to
that since the last deglaciation our sites have varyingly been below, at and above sea
level (Fig. 32A) (Nilsson, 2021; Pésse, 1990). The uplift is still ongoing in Halland
(Vestal et al., 2019), leading to successively less accommodation space at the current
coastline, and hence low preservation potential. However, the present rate of global
sea-level rise (Meier et al., 2022; von Schuckmann et al., 2025) means that in recent
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decades the relative sea level has been fairly stable or even rising (Fig. 32B) (SMHI,
2025b). This would favour net deposition at coastal sites.

Another possible reason is a change in wind and wave patterns, related to climate
change. There were more storms from the east during the Little Ice Age and a
change to more south-westerly storms occurred during the 20% century (Larson et
al., 2016). This may have led to changes in sedimentation patterns, such that
sediment started accumulating at our sites. If this is the case, sites at locations
favoured by deposition during easterly winds could potentially hold an older record.
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Fig. 32. A. Shore displacement curve for Varberg. Modified from Passe (1990). B. Average
annual sea level (in cm RH 2000) adjusted for land uplift at Ringhals, Halland. The grey line
shows a moving average for about 10 years. The hatched part of the line indicates that the
average is based on fewer years. Modified from SMHI (2025b).

The young age of the sediments means that we do not really go beyond the
instrumental record as we had aimed for. However, it does raise the possibility of
comparing and correlating events between the instrumental and the geological
records, e.g. by using modelling to assess storm surge impact and processes. This
would require more detailed mapping of the lateral extent of individual event layers
and preferably a more constrained chronology. We judge that to be possible at some
sites, e.g. Rosendal with its more distinct lithologies, but likely not at Sallebacka
with its narrow beach meadow and coarse sediments.

The sedimentary record of interest is vertically physically limited by the cobbles and
boulders that underlie the finer sediments. However, we did not reach such coarse
sediment at Trdslov 1 and Loderup so potentially the records at those sites could
stretch further back in time. Getting that record, if existing, would necessitate taking
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undisturbed cores to be able to see sedimentary structures and small grain-size
differences in the sand to identify event layers.

Longer records with more distinct event layers could possibly be found in other
types of setting that we have not investigated in this study: backshore lagoons and
coastal wetlands (Leszczynska et al., 2022; Moskalewicz et al., 2020). Backshore
lagoons are shallow water bodies — or wetlands — sheltered behind coastal barriers
and, if stable, could serve as a local depositional centre where storm surge sediments
could be preserved (Sabatier et al., 2008). An area with several such lagoons is the
Falsterbo peninsula in SW Scania (Fig. 33). This area is known to have been hit by
several storm surges, including the so called “Backafloden” in 1872 (Fredriksson et
al., 2017; 2018; 2016), but storm-surge sediments have not been systematically
looked for in the area.

Wetlands such as bogs have been successfully used to reconstructs storms and
storminess, based on windblown sand found in the peat (e.g. Bjorck & Clemmensen,
2004; de Jong et al., 2006; Kylander et al., 2023). However, for wetlands to be able
to record storm surges (i.e. wave-deposited material) they must be situated close to
the shoreline (Leszczynska et al., 2022). We encountered one such site, a very small
wetland at Ekestadsbukten, but were unfortunately not allowed to sample it. Further
surveying may reveal additional sites that could be tested in the future.
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Fig. 33. The Falsterbo peninsula in south-westernmost Scania. Here are several backshore

lagoons, both facing south and west, that are potential sites of interest for future investigations.
Elevation data ©Lantmateriet (2015).

5.3.2 Methodology

Since we do not have all data yet, we have not been able to fully analyse which
methods and data are most useful or applicable for the purpose of identifying and
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dating storm surges in the geological record. However, the first results allow us to at
least make a preliminary assessment.

Remote sensing based on digital elevation models, geological maps and air photos is
very useful to identify potential sites. However, field visits are required to fully
evaluate the sites, ideally including surveying by coring, augering or digging to be
able to determine the sediment lithology and to estimate sediment thickness and
lateral extent.

Monoliths or cores, which could be used for multiple analyses of the same material,
have proved advantageous as they provide a relatively large volume of sediment and
make comparison of results between methods easier. Even so, different ways of
measuring in different instruments leads to some uncertainty in exact level,
especially for thinly laminated sediments with variable lithology. Sampling should
be done in a way to minimize disturbance of sediments as far as possible, important
not least for the best use of CT scanning.

Much sedimentological information can be gained just from visual inspection of the
sediments in the field, in monoliths or cores. However, the CT scanning provided
valuable additional detail, some of which was not visible to the naked eye, and that
helped with sediment interpretation. This included, for example, the nature of bed
boundaries, internal structure and texture, and the presence of heavy minerals or
large grains. The 3D-imaging is also excellent for visualisation of sediments and
stratigraphies. We see CT scanning as a very useful tool in future studies and with
potential for other types of analyses.

We have collected a large dataset on sediment geochemistry (XRF, LOI), which we
so far have only started to explore, mainly as part of an associated master thesis
project that will finish in the spring of 2026 (E. Meret). Preliminary interpretation
suggests that the elements Si, Zr and Ti, or ratios including these elements, are
useful to identify high-energy events. However, while investigating the elemental
variability of the different cores (XRF data), defining the threshold values to
separate storm signals from background sedimentation proved to be a major
challenge. For this reason, arbitrary threshold values were selected from
observations of relative geochemical changes within the individual cores rather than
from absolute limits that can always be applied. Moreover, the comparison of
different cores showed how the same geochemical proxy may suggest storm activity
in one setting but can become inconclusive in another. This emphasizes how the
XRF data alone do not provide universally reliable results but are site-specific and
therefore must be interpreted across multiple cores and paired with sedimentological
observations and further analyses.

Luminescence dating is at its limit, given the characteristics of the analysed material
(quartz). Nevertheless, the data we have so far gives stratigraphically consistent
results that agree with results from lead and caesium dating as well as with
observations of modern material in the sediments. The luminescence profiling has so
far contributed more information on sedimentological processes than age, but further
analyses will be done to explore those data further. Dim quartz (i.e. low signal
intensity) is not unexpected for Halland (Alexanderson et al., 2024; Davids, 2005),
while sediments from Scania have shown stronger signals and thus should be easier
to date, also for young ages (Alexanderson, 2024; Kalinska-Nartisa et al., 2017).

The coarse and heterogeneous sediments limit the resolution of the lead and caesium
dating, but pending data from deeper samples combined with age modelling may
yield more precise results. At sites with finer-grained sediments, e.g. in wetlands or
lagoons, the method is expected to provide more straight-forward results.
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We chose not to use radiocarbon dating due to expected low resolution and large
uncertainties due to the reservoir effect for the marine organic material, e.g. shells,
and to post-bomb uncertainties for young materials (Lougheed et al., 2013).
However, in case terrestrial organic material is found, and especially if longer
sediment records are recovered, radiocarbon dating should be applied.

Additional methods that could be applied, but which we have not used in this study,
include analysis of quartz microstructures (Kalinska-Nartisa et al., 2018; Mahaney,
2002), automated grain-size and shape analyses (Leszczynska et al., 2024; Zhang et
al., 2017) and micropalaecontology (Moskalewicz et al., 2020; Piotrowski et al.,
2017).

It would be very interesting to carry out hydrodynamic modelling to understand why
storm overwash deposits occur in particular locations and the conditions required for
overwash to occur. For example, why did overwash occur at the Loderup site during
the storm Babet, when much of the nearby coastline was subject to erosion during
the same event (Irminger et al., 2024; Tremasova, 2024)? A hypothesis is that wave
overtopping at the study site may have been exaggerated by groynes funnelling
waves into the 50 m-broad embayment fronting the study site during the easterly
winds of Babet. Modelling could be used to test this hypothesis.

As mentioned above, if we can follow up the lateral extent of event layers, similar to
our mapping of the shell-rich Unit 4 at Tréslov 2 (Fig. 20C), or as could be done at
Rosendal, hydrodynamical modelling could also be used to reconstruct conditions
during the event and compare with the observational record. With such information
it might be possible to tell more about which storms could have deposited sediments
at a site (cf. above).

6 Conclusions

In this study we have evaluated geological archives and a suite of proxy methods to
identify and date past storm surge events along the Halland coast, SW Sweden, and
at a modern analogue site in Loderup, Scania. The goals were to test which sites and
methods best record traces of storm surges, extend the storm surge record beyond
instrumental observations where possible, and provide guidance for building a
regional palacostorm chronology.

Our results show that storm surge deposits can be identified at our sites, mainly in
the form of overwash deposits. They include coarse sand, gravel, and shell-rich beds
that can be followed laterally for some metres and tend to thin out landwards. Field
investigation and detailed sedimentological documentation and analyses, e.g.
through logging, CT scanning and grain-size analysis, are key in identifying the
storm-surge deposits. XRF-scanning and luminescence profiling provide additional,
useful information to interpret sedimentological process. CT- and XRF-scanning and
luminescence profiling have the benefit of being techniques that can be used to
quickly scan and evaluate material from many sites. The subsequent detailed
analyses may still be time-consuming but can then be targeted towards the most
promising sites.

The most favourable locations for preservation of storm-surge deposits are in flat
low-lying backshore landscapes where there is some supply of sand and where
grasses can grow. Too much sand leads to a dune landscape, which is less
favourable. In this study, two different settings were investigated: strandplains and
beach meadows.
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In sandy strandplain settings, such as at Traslov and Loderup, storm surges may
deposit one or more cm-to-dm thick beds that are mainly distinguished through
subtle textural and structural characteristics. It may be difficult to separate single
events in the palacorecord, but detailed sedimentological analyses of the relatively
thick deposits could potentially allow reconstruction of variable hydraulic conditions
during the event(s).

In beach meadow settings, such as Rosendal and Sallebacka, coarse sand and gravel
beds make up the event layers. Individual events may be more easily distinguished,
and the sites record more events than the strandplain sites.

Dating is complex but shows promise. Luminescence, !°Pb and '*’Cs dating provide
consistent results and show that the deposits are only up to about 70-100 years old.
This is supported by the observation of polymer fibres and plastic pellets in the
sediments. The resolution of the ages is so far relatively low, and we cannot (yet)
assign an individual event layer to a particular observed storm. However, the
coarsening-upward trend at all sites may indicate more frequent deposition by storm
overwash during the last century, and/or increased coastal erosion.

The young age of the sediments means that the geological record at the sites did not
extend beyond the instrumental record as we had expected. A comparison between
the number of events recorded at Rosendal (at least nine) with the instrumental
record shows that many storms are not recorded at the site, and that it is not only the
events with the highest sea-level that are recorded. Instead, preservation is strongly
controlled by local morphology, sediment supply, and the meteorological and
hydrological conditions of a specific storm.

The geological record is therefore patchy, and regional reconstruction requires
multiple sites and proxies. To go further back in time, we should also test other
settings such as coastal wetlands and backshore lagoons, and sites that favour
deposition during periods with easterly winds.
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