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ABSTRACT

The Shetland Islands (UK) are a seminal location for investigating palaeo-tsunami deposits. Onshore evidence
suggests three tsunami have occurred during the Holocene: the Storegga tsunami ca. 8150 cal yr BP, the Garth
tsunami ca. 5500 cal yr BP and the Dury Voe tsunami ca. 1500 cal yr BP. However, little research has been
published on the impact of tsunami on the subtidal shelf where a large amount of North Sea hydrocarbon
infrastructure is located. Here, we test the hypothesis that Holocene tsunami impacted shelf sediments, using
radiocarbon dating and sedimentological characterization of cores recovered from the Fetlar Basin, offshore east
Shetland. The cores contain distinct sand and shell lenses within a Holocene mud sequence, indicating a sudden
change in hydrodynamic conditions. Radiocarbon dates bracketing the sand lenses overlap with the published
dates for the Storegga event. Dates within the deposit are older (>9 cal. yr BP) which is consistent with
reworking and redeposition of earlier sediments. Particle size analysis, ITRAX and MSCL data evidence increases
in mean grain size, a reduction in sorting capacity, increased shell concentrations and peaks in associated ele-
ments (log(Ca/Fe), log(Ca/Ti) and Sr). These attributes indicate transport of allochthonous material from the
inner shelf, and are typical of tsunami backwash-generated submarine debris flows. No evidence was found
within the cores for any later Holocene tsunami, which may be due to either bioturbation, active currents, or lack
of an initial deposit. The disturbance of sediments, and generation of a submarine debris flow within the Fetlar
Basin by the Storegga event highlights the need to assess the potential impact of any future tsunami on planned
and existing infrastructure at seabed. Erosion and deposition of allochthonous older marine sediment by the
Storegga event also has consequence for interpretation of the coeval 8.2 ka cold event in marine sedimentary
records in the tsunami affected region.

1. Introduction

(Bondevik et al., 2003), the Garth tsunami ca. 5500 cal yr BP (Bondevik
et al., 2005) and the Dury Voe tsunami ca. 1500 cal yr BP (Bondevik

A key component of coastal hazard risk assessment is knowledge of
the frequency and magnitude of past events (Evelpidou et al., 2022;
Nott, 2003; Switzer et al., 2014). Whilst historical documents and
instrumental data are useful tools for identifying relatively recent
events, they cannot facilitate our understanding of hazards over greater
time intervals. In tsunami research, palaeo-sedimentary archives such as
onshore and offshore deposits can provide crucial insights into the age,
recurrence rates and size of these events over geological time scales
(Costa and Andrade, 2020; Dawson and Shi, 2000; De Martini et al.,
2021; Engel et al., 2020; Garrett et al., 2018; Goff et al., 2012).

The Shetland Islands, situated 170 km north of mainland Scotland,
have become an important location for identifying palaeo-tsunami in the
North Sea region (Fig. 1). Onshore deposits suggests three tsunami have
occurred during the Holocene: the Storegga tsunami ca. 8150 cal yr BP
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etal., 2005; Dawson et al., 2006; Engel et al., 2023). Deposits from these
events are found in exposures of peat, boreholes and lake sediments, and
are characterised as distinct layers of marine sand, wood fragments and
rip-up clasts which fine inland (Bondevik et al., 2005; Bondevik et al.,
2003; Bristow and Buck, 2021; Dawson et al., 2006; Engel et al., 2023).

The Storegga tsunami has been the primary focus for research on
Shetland, evidence for which has also been found at coastal locations in
Greenland (Wagner et al., 2007), the Faroe Islands (Grauert et al., 2001),
western Norway (Bondevik et al., 1997; Rasmussen et al., 2018;
Romundset and Bondevik, 2011) and mainland Scotland (Dawson et al.,
1988; Dawson and Smith, 2000). The tsunami, discussed and summar-
ised by Bondevik (2019), was triggered by a slip of 1300 to 2300 km®
(Karstens et al., 2023) of sediment from the North Sea Fan in the Nor-
wegian Sea called the Storegga Slide. Possible causes of the slide include
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earthquake activity, melting of gas hydrates resulting from Northern
Hemisphere deglaciation, or a combination of both (Bryn et al., 2005).
On Shetland, the minimum run-up heights for Storegga have been esti-
mated at 28.1-31.8 m (Dawson et al., 2020).

While onshore evidence is abundant, there is currently limited
published evidence of the tsunami in offshore marine sequences around
Shetland, or on the Northwest European continental shelf. During the
SEACHANGE research cruise DY150 in early 2022, sediment cores were
recovered offshore east Shetland from the Fetlar Basin. These cores
contained distinct sand and shell lag lenses within a Holocene mud
sequence, indicating increases in bed shear stress. Here, we test the
hypothesis that these lenses represent the subtidal expression of a North
Sea tsunami, based on radiocarbon dating, the defining sedimentary
characteristics and geophysical profiles. Such findings may be important
for understanding potential risks to extensive infrastructure at similar
water depths around the North Sea Basin. They may also have impli-
cations for previous and future interpretations of the 8.2 ka cold event
(Alley and Agﬁstsdéttir, 2005; Estrella-Martinez et al., 2019; Klitgaard-
Kristensen et al., 1998; Rohling and Palike, 2005) in marine sedimentary
archives.
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2. Regional setting

The Fetlar Basin is situated in the Northeast of the Shetland archi-
pelago between Mainland, Yell, Whalsay and Fetlar (Fig. 1). Pleistocene
deposits in this basin are some of the thickest in Shetland, consisting of
grey till overlain by post-glacial soft muds containing high concentra-
tions of hydrogen sulphide. In coastal locations, Holocene marine de-
posits consist of gravelly sands and shell-rich gravels, representing the
abundance of marine fauna at these locations (Cox, 2021). Hydrocarbon
(oil and gas) pipelines are present within the basin at 90 m water depth,
and shallower depths as they pass into Yell Sound (Marine Scotland,
2019).

3. Methods
3.1. Core collection

Sediment cores DY150 FB A PC012 (60.504782°N, —0.941149°W),
and DY150 FB A PC013 (60.504937°N, —0.941549°W) were collected in
the Fetlar Basin using a NIOZ piston corer (Scourse et al., 2022). Both
cores were collected from the same station (Fetlar Basin A), ~25 m
apart, at 116 m present day water depth.

Cores were cut into 1 m sections onboard, split using a Geotek core
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Fig. 1. (a,b) Fetlar Basin (Shetland) coring site. (c) BGS (250 k) seabed geology. Recorded onshore deposits from palaeo-tsunami (red dots) from Walker et al.,
(2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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splitter and photographed. Visual core logging was completed to iden-
tify preliminary lithostratigraphic units, including the aforementioned
lenses of shell rich sand.

3.2. Palaeo-water depth

Knowledge of the palaeo-water depth is crucial for understanding
setting of the core site at the time of the Storegga event. For this study, a
recently published interactive visualisation (PALTIDE), which integrates
glacial isostatic adjustment and palaeo-tidal models, and allows relative
sea level to be investigated at 1/12 degree resolution (Bradley et al.,
2011; Scourse et al., 2024; Ward et al., 2016), was used to estimate the
palaeo water-depth. Fig. 2 displays the palaeo-sea level curve for grid
square 60.52 N,-0.92E, the closest data point to the Fetlar Basin coring
site. These data suggest a RSL of —28.3 m at 8 ka, indicating a water
depth of 87.7 m at the core site during Storegga event.

3.3. Physical properties

Physical properties data were obtained at the British Ocean Sediment
Core Research Facility (BOSCORF) in Southampton. High resolution
images and radiographic images were obtained using the Geotek MSCL-
CIS (Multi Sensor Core Logging — Core Imaging System) and the Geotek
ScoutXcan X-Ray Imaging Scanner. P-wave amplitude, P-wave velocity,
Gamma Density and Electrical Resistivity were measured using the
Geotek MSCL-S, fitted with a P-wave velocity sensor, gamma ray density
meter and a non contact resistivity sensor. Magnetic susceptibility,
greyscale reflectance, and CIELAB colour (L*, a*, b*) data were obtained
using the Geotek MSCL-XYZ fitted with a Bartington magnetic suscep-
tibility point sensor and a Konica Minolta spectrophotometer. The Cox
Analytical Systems ITRAX X-ray Fluorescence (XRF), was used to pro-
duce elemental data. X-ray spectra were inspected and processed using
Q-Spec version R15 software at BOSCORF. XRF data were treated and
visualised using the open access R package itraxR (Bishop, 2022).
Quality controlled data were plotted, and logarithmic ratios of elements
computed. Data are displayed as counts per second. Further details on
physical properties scanner set up can be seen in Appendix A.

3.4. Particle size analysis

Particle size analysis (PSA) was carried out on the full core length of
PC012 at 16 cm resolution, and increased to 1 cm resolution 20 cm each
side of the hypothesised tsunami deposit. PSA was performed at 20 cm
each side the hypothesised tsunami deposit at 1 cm resolution in PC013.
Analysis was carried out using a Malvern Mastersizer 3000 laser
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granulometry device, which has a measuring range of 0.01-3500 pm
(Malvern Panalytical, 2024). Samples were oven dried at 40 °C, then
mixed with 0.1% sodium hexametaphosphate (Calgon) solution. Sam-
ples were added to the dispersion unit of the Mastersizer and ultrason-
ically disaggregated for 30 s before measurement. GRADISTAT V.8
(Blott and Pye, 2001) was used to calculate statistical parameters,
applying the programme’s size scale which is based on Udden (1914)
and Wentworth (1922). Skewness, sorting and kurtosis were calculated
(Folk and Ward, 1957), and data were visualised in RStudio.

3.5. Sub-bottom profile/hydroacoustic survey

A Kongsberg SBP 27 sub-bottom profiler was used to acquire acoustic
reflection data of the geological strata. Reflections occur where varia-
tions of acoustic impedance are present, which is the product of sound
speed and density (Yilmaz, 1987). This makes sub-bottom profilers
capable of detecting changes in physical properties that can be the result
of changing sediment type.

Two-way travel time was converted to approximate depth using a
sound velocity profile from CTD data for the water column and P-wave
velocity from the geophysical core-logging of the core. Below 7 m core-
logging data showed very low P-wave velocities of <500 m/s. We as-
sume that this is incorrect due to the suggested P-wave velocity of
continental shelf silty clays being 1519 m/s (Hamilton, 1971). This error
is often caused by substandard contact between the sample and the P-
wave sensors, and can occur in core sections where there is reduced
water content (Webster et al., 2011). To correct this error, data were
replaced with the average sound velocity value from 6 to 7 m for the
purposes of depth conversion.

3.6. Radiocarbon dating

Samples for radiocarbon dating were selected in and surrounding the
visually identified lenses of shelly sand rich material, in addition to
other depths on the core to provide a general age-depth model. Dated
carbonate consisted of mixed shell fragments, whole bivalve shells, or
mixed benthic foraminifera. Where possible macrofossil shell samples
were used, as these are suggested to be less affected by bioturbation
(Heier-Nielsen et al., 1995). Additionally, previous work in northern
Scotland indicates that there is no significant variation in the 1*C activity
of different mollusc species, suggesting that using a mixture of bivalve
species for dating is likely to have negligible impact on *C results
(Ascough et al., 2005). For shell samples, the outer edge of the structure
(representing the last growth of the organism) was used. The outer 20%
by weight of all carbonate samples was removed by controlled acid
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Fig. 2. Modelled (a) Relative Sea Level (RSL), (b) bed stress for grid square 60.52 N,-0.92E (the closest data point to the Fetlar Basin coring site) extracted from the
interactive sea level tool PALTIDE (Bradley et al., 2011; Scourse et al., 2024; Ward et al., 2016).
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hydrolysis to exclude surface contamination. The remaining sample
carbonate was then completely hydrolysed to CO5. The sample CO5 was
cryogenically purified before being reduced to graphite for measure-
ment (Ascough et al., 2024). Accelerator mass spectrometry (AMS)
radiocarbon (**C) measurement was carried out at the Scottish Uni-
versities Environmental Research Centre NEIF Environmental Radio-
carbon Laboratory (SUERC), and the Keck Carbon Cycle AMS Facility,
University of California (UCAMS).

CALIB rev. 8 was used to calibrate '*C measurements (Stuiver and
Reimer, 1993), using the MARINE20 calibration curve (Heaton et al.,
2020). A AR value of —109 + 39 was used for all 1“C measurements,
based on published values from Shetland (Cappelli and Austin, 2020;
Reimer and Reimer, 2001). Despite the AR in the present study being
derived from relatively modern material (1924), the AR is suggested to
be relatively stable from ~5450-500 cal BP in northern Scotland
(Russell et al., 2015), indicating that using a consistent AR is suitable for
all mid-late Holocene 1*C ages. However, to account for some variability
between published AR values in the region, a more cautious AR error of
20 of the arithmetic mean was selected. Additionally, the AR chosen for
this study closely aligns with values calculated in eastern Scotland for
the Storegga event at —136 + 44 (Rush et al., 2023). Differences be-
tween Rush et al.’s (2023) value and the value used here may be a result
of spatial variation in AR. Although there may be some significant
variability in AR values during the Younger Dryas (Austin et al., 2011),
published local values for this period are unavailable, and hence the AR
value used to calibrate these dates was the same as the Holocene ages in

Table 1
Radiocarbon results.
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this study. A similar approach, using a consistent AR for late deglacial
and Holocene marine sequences was used by Taylor et al. (2024) (AR of
—126 + 20) in north west Scotland.

3.7. Age models

Age models were generated using a Bayesian approach in rbacon
version 3.1.1 (Blaauw and Christen, 2011). Coarse grained layers were
classed as depositional events within the age model, due to the re-
suspension and deposition of sediments, as in Hess et al. (2023). The
model was computed using 4 cm thick sections and default prior dis-
tributions for shape and memory. The prior for the mean accumulation
of rate was chosen at 20 cm/year based-on Bacon ballpark estimates.
Default priors were used due to the absence of published accumulation
rates in the region.

4. Results
4.1. Radiocarbon dating and age models

Results from radiocarbon dating are presented in Table 1, and age
models in Fig. 3. In total five radiocarbon dates were omitted from the
age model, one in PC012 four in PC0O13, due to the proposed hypothesis
that older sediments and carbonate material were re-worked by the
Storegga tsunami (see further detail in discussion below).

Core Publication Sample depth Material Radiocarbon age (years ~ Radiocarbon age 1o Calibrated age range 95% (20)
Code (cm) BP) uncertainty (cal yr BP)

DY150 FB A UCIAMS- 0.5 Shell fragments 440 35 Modern
PCO012 281714

DY150 FB A SUERC-108546 25.1 Single valve - possibly A. 1548 37 896-1233
PC012 islandica

DY150 FB A UCIAMS- 159.5 Shell fragments 5568 32 5683 - 6078
PC012 286683

DY150 FB A UCIAMS- 221.5 Shell fragments 7817 35 8035 - 8369
PCO12 281715

DY150 FB A UCIAMS- 224.5 Shell fragments 7873 35 8094 - 8429
PCO12 281716

DY150 FB A UCIAMS- 227.5 Shell fragments 10,256* 37 11,172 - 11,613
PCO012 281717

DY150 FB A UCIAMS- 230.5 Shell fragments 8077 33 8329 - 8681
PC012 286684

DY150 FB A UCIAMS- 233.5 Shell fragments 8110 35 8357 - 8737
PC012 286685

DY150 FB A UCIAMS- 320.5 Shell fragments 9170 37 9655 - 10,133
PCO012 281718

DY150 FB A SUERC-108547  463.7 Shell fragments 9967 40 10,751 - 11,184
PCO12

DY150 FB A UCIAMS- 494.5 Shell fragments 10,120 40 10,989 - 11,400
PC012 286686

DY150 FB A UCIAMS- 580.5 Shell fragments 10,558 37 11,567 - 12,101
PC012 286687

DY150 FB A UCIAMS- 667.5 Mixed benthic 12,320 52 13,591 - 14,033
PCO12 286688 foraminifera

DY150 FB A SUERC-108548 85.25 Single value - Lucinoma 2885 35 2391 - 2759
PCO013 borealis

DY150 FB A UCIAMS- 249.5 Shell fragments 8032 35 8281 - 8619
PC013 286689

DY150 FB A UCIAMS- 256.5 Shell fragments 8995* 35 9467 - 9864
PCO013 286692

DY150 FB A UCIAMS- 259.5 Shell fragments 8656* 35 9055 - 9436
PCO13 281719

DY150 FB A UCIAMS- 262.5 Shell fragments 9533* 37 10,185 - 10,561
PC013 281720

DY150 FB A UCIAMS- 265.5 Shell fragments 7930 35 8169 - 8504
PCO13 281723

DY150 FB A SUERC-108549  480.5 Shell fragments 10,583 40 11,611 - 12,158
PC013

" Dates omitted from age model due to suspected reworking.
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Fig. 3. Bayesian age-depth models produced using rbacon for PC012 (top) and PC013 (bottom). Red dotted line represents median modelled age, grey dotted line
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this article.)

4.2. Sedimentary units

Results from physical properties and particle size analysis are pre-
sented in lithostratigraphic units. The unit boundaries are defined based
on core PC012 and shown in Fig. 4, due to the availability of quantitative
grain size data for the full core. XRF data and visual analysis indicated
sedimentary units are very similar in PC013, although occur at slightly
different depths due to local small-scale variation in sedimentation.
Detailed plots of the shelly sandy lenses in both PC012 and PC013 are
shown in Fig. 5 and Fig. 6.

4.2.1. UnitA

Unit A begins at the base of the core (767 cm), and comprises dark
grey, poorly sorted coarse silt with mainly symmetrical and mesokurtic
skewness. Some small white specks (assumed indistinguishable biogenic
fragments) can be seen within the sediments. The mean grain size does
not fluctuate significantly within this unit (average mean grain size 22.1
pm). This unit is differentiated from the unit above (B) due to the flecks
of dark reddish brown and very dark grey, and higher magnetic sus-
ceptibility values, which reach 56 x 10~° SI. X-radiographs reveal thick
laminations and some whole bivalves. Elemental data show high Si, Ti,
Fe and log(Si/Ca) values, and low log(Ca/Ti) and log(Ca/Fe) values.
Approximate depth conversions from sub-bottom profiles indicate this
unit is within a layer of homogenous material with few reflectors. There
was insufficient carbonate material within this layer to yield a radio-
carbon date.

4.2.2. Unit B

The base of Unit B (666 cm) is similar to Unit A in terms of grain size
(coarse silt, average mean grain size 21.87 pm), sorting (poorly sorted),
skewness (mainly symmetrical) and elemental properties. However, this
unit is marked by much lower magnetic susceptibility values (15-20 x
107> SI) than Unit A, and a distinctly greyer colour without dark
reddish-brown flecks. Radiocarbon dates the base of this unit to
13,591-14,033 cal BP (20).

4.2.3. Unit C

Unit C has a base at 580 cm, and is marked by a change in grain size
to largely olive grey, very coarse, poorly sorted silt (average mean grain
size 43.68 pm) sediments. The grain size distribution becomes more
skewed, and sand content increases (41%) compared to Unit B. At the
base of the section, the grain sizes are primarily trimodally distributed,
and small whole bivalves as well as fragmented shells are present. Above
this, the grain size distribution changes to include some poly- and
bimodal distributions, and is unimodal by the top of the section. This
unit has low magnetic susceptibility values. XRF data transition through
the unit; upwards through the unit Si and log(Si/Ca) fall, and Ca, Sr, log
(Ca/Ti) and log(Ca/Fe) increase. Ti and Fe fall slightly initially, though
remain relatively high, then rise again in the second half of the unit.
Wispy vertical lines in X-radiographs indicate bioturbation. Radio-
carbon dates the base of this unit to 11,567-12,101 cal BP (20).
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(MS) and P-wave Velocity). Exact depths of calibrated age range 95% (20) (cal yr BP) can be seen in Table 1.
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Fig. 5. a) Grain size distribution plot for PC013. Red lines represent depths within the deposit (260-264 cm). Black lines represent the distributions for all depths
surrounding the layer (243-260 cm, 264-284 cm). b) Sediment from PC013 263-364 cm showing mixture of large and small grains, and black gravels. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.2.4. Unit D

The base of Unit D is at 375 cm and marks the transition into a unit
which is mainly olive grey, poorly sorted coarse silt, with some very
coarse silt. From the cleaned core surface it is challenging to determine
the transitions between the coarse silt and very coarse silt, but X-ra-
diographs reveal regions of finely laminated silts which are graded into

coarser sediments. Wispy vertical lines in X-radiographs indicate bio-
turbation. Small shell fragments are sparsely distributed throughout.
Grain sizes are mainly unimodal, in particular from 272 cm to the top of
the unit. Elemental data show little fluctuation throughout this section,
and magnetic susceptibility remains between 20 x 10~> and 30 x 107>
SI. The modelled median age for the base of this unit is 10,159 cal BP.
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4.2.5. UnitE

The base of Unit E in PC012 is defined by a distinct facies between
228 and 222 cm, named sub-unit e12 (Fig. 6a). It is this sub-unit that was
visually identified and hypothesised to occur as a result of a North Sea
tsunami. At 228 cm, there is an increase in grain size to very coarse silt,
the presence of the gravel fraction for the first time within the core, and
a reduction in sorting capacity. Although lower than the preceding
sediment, the mud content within e12 is still relatively high (40-60%).
Between 225 and 226 cm, there is a small but defined peak in Sr, log(Ca/
Ti), log(Ca/Fe) and MS, and small drop in Fe, Ti, Si and log(Si/Ca). From
227 to 228 sediments are bimodally distributed, and 222-225 cm bi/tri-
modally distributed. In the middle of bed e12 (227-225 cm) sediments
are unimodally distributed. Shell fragments and coarse grains, some
black in colour (Fig. 6), can be seen visually in the split core from 227 to
222 cm (Fig. 6a). X-radiographs indicate a change in sedimentology
during this bed, but a clear base and top to unit is hard to define, likely
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due to bioturbation (Fig. 7).

From 220 cm to the top of Unit E (65 cm), sediments return to a
unimodal distribution. There is a slight transition in colour from olive-
grey to olive upward throughout the unit. The mean grain size in-
creases to the top, and shell fragments become more common near the
top. XRF shows increasing Ca, Sr, log(Ca/Ti), log(Ca/Fe) and decreasing
Fe, Ti, Si, log(Si/Ca). Active bioturbation traces in the X-radiographs are
somewhat reduced in comparison to Units D and C.

In core PC013, there is a unit showing similar but more pronounced
changes in sediment properties from 264 to 260 cm, named sub-unit e13
(Fig. 6b). This sub-unit begins with a sudden increase in mean grain size
at 263-264 cm (115 pm) to fine sand, a change in grain size distribution
from unimodal to bi, tri and polymodal from 264 to 261 cm and
reduction in sorting capacity. The increase in coarse grain size can be
seen visually and abruptly at the core surface at 264 cm, and within the
X-radiograph (Fig. 7). A concentration of shell fragments and black
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Fig. 7. MSCL-CIS and X-radiographs of core sections containing event deposits e12 and e13. (a) may represent an erosive base. (b) may represent reworked coarse

material deposited by submarine debris flow or turbidity current.
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grains is also visible at this depth. Grain size fines upwards throughout
the section back to coarse silt. A clear peak in MS and PW velocity can be
seen at 263 cm. XRF data show a peak in Ca, Sr, log(Ca/Ti), log(Ca/Fe)
and a fall in Fe, Ti, Si, log(Si/Ca) 262-263.5. Above this sub-unit, sed-
iments are unimodally distributed very coarse silts, largely similar to
PCO12.

4.2.6. Unit F

The base of Unit F is at 65 cm and is defined by a transition to olive
coloured poorly sorted fine sand containing whole bivalves and shell
fragments. Sediments are unimodally distributed, and show high Ca, log
(Ca/Ti), log(Ca/Fe) and Sr values, alongside low Si, TI and log(Si/Ca).
At the top of this section, MS values rise rapidly. The modelled median
age for the base of this unit is 2499 cal BP.

4.3. Sub-bottom profiler

The depth conversion used allowed identified sedimentary units to
be matched with the sub-bottom profiler data at the core location
(Fig. 8). At the base of the profile, below the depth of the core, there is a
soft and diffuse reflector with acoustic penetration beneath. Above the
reflector, but below Unit A, distinct laminations are present.

The basal depths of Units A-D do not show distinct acoustic re-
sponses. There is a distinct reflector within Unit C ~ 4.8 m below the
core surface. The sea floor reflection and the base of Unit F match the
very strong reflections at the top of the sub-bottom profile. Although not
prominent, a faint reflection is visible corresponding to €12 and e13 in
the sub-bottom profile. This faint reflector can be tracked laterally over
longer distances in the full sub-bottom profile (Fig. 8c).

5. Discussion
5.1. Interpretation of sedimentary units and event deposits

The sub-bottom profile data allow for some suggestions to be made
about the sediments beyond the maximum core depth. The morphology

and hydroacoustic characteristics of the soft and diffuse reflector near
the base of the sub-bottom profile suggests it may represent a buried
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moraine landform. Above this reflector, but below Unit A, distinct
laminations are present, which may represent glaci-proximal sediments.
It is important to note that additional sedimentological evidence is
required to confirm these hypotheses.

5.1.1. UnitA

Unit A displays textural laminations (visible in X-radiographs), high
MS and Fe values, and higher sedimentation rates. We suggest this unit
represents a low energy distal glacimarine sequence with tidewater
glaciers, or a period seasonal sea ice cover; the massive laminations may
be the result of sediment plumes from tidewater glaciers, or anoxic
conditions when sea ice prevails (Graham et al., 2010). This unit shows
similarity with Unit L3 described in glaci-distal North Sea sediments by
Graham et al. (2010). Bradwell et al. (2019) suggest that the final
deglaciation of Shetland was around 16.5 + 0.3-14.9 + 2.0 ka, and
tidewater glaciers had retreated beyond the marine limit by ~16 ka,
which favours the latter sea-ice interpretation. X-radiographs do not
suggest the unit contains large ice-rafted detritus (IRD) drop stones,
which are associated with glaci-marine sediments (Bradwell et al., 2019;
Graham et al., 2010), again suggesting sea-ice is a more feasible inter-
pretation. The present suite of analyses cannot confirm the presence or
absence of finer IRD, although high MS values are commonly associated
with glaci-marine sediments and IRD on the European margin due to the
input of terrigenous ferromagnetic material (Peters et al., 2008; Scourse
et al., 2009). Further analysis of sediments using IRD flux quantification
techniques could be used to strengthen the interpretation of this unit.

5.1.2. Unit B

Unit B may be considered a low energy, a fully marine postglacial
sequence. Reduced MS and lack of laminations in this unit may be
consistent with the absence of tidewater glaciers or seasonal sea ice,
leading to increased oxygenation of bottom water and more active
bioturbation. The reduction in magnetic susceptibility may be the result
of dilution by increased organic matter input, or a reduction in min-
erogenic input from heavy mineral rich metamorphic rocks. Radio-
carbon dates at the base and top of this unit (13,591-14,033 cal BP to
11,567-12,101 cal BP (20)) constrain it to the late deglacial. Thus, high
sedimentation rates may be explained by a lack of established land-
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stabilising vegetation in para-glacial settings, which leads to increased
erosion and subsequently high deposition, especially in inshore depo-
centers (Ballantyne, 2002) such as the Fetlar Basin. In addition, lower
sea levels during this period (Fig. 2a) would increase the proximity of
the core site to land, and as such result in higher sedimentation rates.

5.1.3. Unit C

Unit C is interpreted to represent a shallow (RSL 12 ka ~51 m,
Fig. 2a) but fully marine environment. The radiocarbon date of
11,567-12,101 cal BP (20) at the base of the unit suggests this sedi-
mentary change represents the start of the Holocene. The increase in Ca,
Sr and log(Ca/Ti) throughout this unit is concurrent with the increase in
visible shell material, and may represent an increase in productivity as
the basin becomes fully marine. Palaeo-sea surface temperature records
suggest an early Holocene Climate Optimum in the North Atlantic,
12,000-10,000 cal yr BP (Hald et al., 2007). These warmer temperatures
may have contributed to increased productivity. The very coarse poorly
sorted silts may indicate more active tidal currents; during periods of
higher tidal current activity finer grained materials remain in suspension
and transported, whereas coarser material remains on the seabed
(Soulsby, 1997).

The distinct reflector within Unit C ~ 4.8 m below the core surface
corresponds to a median modelled age of 11,171 cal BP, and may
represent a gas front (Naudts et al., 2009), or a section of whole intact
small bivalve shells. The occurrence of a bow-tie effect on this reflector,
an artifact of the acoustic data acquisition (Yilmaz, 1987), points to the
presence of a large obstacle with a high reflectivity. Due to a depth of >4
m, below the burial depth of sea cables in the area, this is likely a large
clast or boulder, or small pockmark.

5.1.4. Unit D

Age models indicate that Unit D represents the early Holocene.
Elemental ratios indicate a more stable environment, perhaps due to
increasing water depths (Fig. 2a). The general fining of sediment and
lower sedimentation rate in this unit could be indicative of reduced
terrigenous input as vegetation established onshore (Ngrgaard-Pedersen
et al., 2006). This suggestion is supported by pollen analyses, which
propose a transition from herbaceous vegetation to woodland in Shet-
land around 9.7 ka BP (Bennett et al., 1992; Hulme and Shirriffs, 1994),
thus stabilising terrestrial sediments. Laminations of finer grained
sediment may indicate quiescent or low energy conditions with no or
limited bioturbation, as suggested by low bed stress vectors. Coarser
laminations may represent sudden inputs of increased terrestrial or
riverine input, which is likely in this coastal setting.

5.1.5. Unit E

The sub-units at the base of Unit E are discussed in a subsequent
section. Radiocarbon dates suggest this unit contains mid- to late Ho-
locene sediments. The coarsening upward of mean grain size within this
unit align rising modelled bed stress vectors (Fig. 2b) during the mid-late
Holocene. The presence of shell fragments and rising log(Ca/Ti) and Sr
values suggest that the Fetlar Basin became increasingly productive
throughout this period.

5.1.6. UnitF

Elemental data in Unit F may represent a stabilisation of the marine
environment in the late Holocene. The high Ca, log(Ca/Ti), log(Ca/Fe)
and Sr values levels indicate high marine productivity. This unit displays
the coarsest grain size within the entire sequence, and closely follows
trends in modelled bed stress vectors, with highest values occurring after
3 ka (Fig. 2b). The coarsening of sediments may also indicate an increase
in tidal amplitude as relative sea level attained its peak in the late
Holocene.

5.1.7. Event deposits — Sub-units e12 and el13
Sub-units €12 and el3 show contrasting characteristics to the
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surrounding early Holocene sediments, indicating a possible abrupt
change in hydrodynamic conditions. }*C dating of the sub-units provides
evidence that these coarse lenses are coeval with the Storegga event
(8180-8080 cal yr BP (Bondevik et al. (2012), updated to IntCal20 by
Rush et al. (2023)). In addition to the timing of this deposit, evidence of
onshore deposits (Bondevik et al., 2003; Dawson et al., 1988; Dawson
and Smith, 2000), wave heights (A. Dawson et al., 2020; Hill et al., 2023;
Woodroffe et al., 2023) and offshore flow velocities (Bondevik et al.,
2024) of the Storegga tsunami on Shetland and Northern Scotland, leads
us to propose that this event generated the deposit observed in this
study. This proposal is supported further by the physical and
geochemical characteristics of sub-units el12 and e13.

Analysis of grain size profiles can be used to support interpretations
of tsunami deposits, with characteristics including increases in mean
grain size (Costa et al., 2021; Feist et al., 2023; Smedile et al., 2020),
upward fining of sediments (Feist et al., 2023; Ikehara et al., 2021a,
2021b; Yhasnara et al., 2023), and reductions in sorting capacity (Feist
et al., 2023; Feldens et al., 2012).

In this study, both e12 and e13 display a clear and sharp increase in
mean grain size identifiable in visual logging and PSA, as well as the
presence of gravel for the first time within the profile. This increase in
grain size and presence of gravel suggests a degree of transport of
coarser allochthonous material to the core site, in addition to possible
local suspended sediment. Modelling suggests that on the shallow shelf
around Shetland, maximum flow velocities caused by the Storegga
tsunami may have reached up to 5 m/s, which is well over the 1 m/s
velocity required to move grain sizes from 5 pm to 7 mm (fine silt to fine
pebbles) (Bondevik et al., 2024). As such, these velocities have the
capability to transport large grains from outcrops or shallower settings
to the core site. Additionally, such flow velocities would be capable of
creating the sharp basal erosional contact seen particularly in el3,
which are observed in other offshore tsunami deposits (e.g. Feist et al.,
2023; Feldens et al., 2012; Smedile et al., 2020). The gradual fining of
sediment through sub-unit el3 (Fig. 6), is generated as finer particles
settle from the suspension cloud on top of the coarse grains when cur-
rents have reduced (Costa et al., 2021).

Sub-units e12 and el3 also show a reduction in sorting capacity. In
particular, poor sorting capacity has been noted as a characteristic of
tsunami deposits resulting from debris flows (Feist et al., 2023), due to
the low sorting capacity of this process (Shanmugam, 1997). Addition-
ally, the high mud content within the deposits leads us to propose
generation of e12 and el3 by submarine debris flow; muddy sediments
increase the plasticity of debris flows, and differentiate them from
turbidity currents (Lowe, 1976).

Increased concentrations of shell material are also common in
offshore tsunami deposits and suggested to result from either resus-
pension and settling of local seabed material, or backwash of shallower
calcareous material (Costa et al., 2021; Quintela et al., 2016; Smedile
et al., 2020; Yhasnara et al., 2023). This can be seen in both e12 and e13,
although to a greater extent in el3, and is supported by XRF data via
peaks in log(Ca/Te) and Sr, which are commonly associated with
increased calcareous material (Chague-Goff et al., 2017). In the Fetlar
Basin deposits, high concentrations of shell material in comparison with
the preceding and overlying sediments may point towards the material
within the deposit being derived from a shallower marine setting with
higher shell content.

Anomalous radiocarbon dates within tsunami deposits have been
noted by Feist et al. (2023). In the Fetlar Basin, the anomalous radio-
carbon ages within the event deposits suggest a degree of backwash
induced material transport. This is because the radiocarbon ages from
the underlying early Holocene sediments in PCO12 are in ascending
chronostratigraphic order (Fig. 3), suggesting they are in situ. Therefore,
older carbonate which generated the anomalous radiocarbon dates
within the deposit must have been transported laterally from the inner
shelf to the core site. In the Fetlar Basin, nearshore steep slopes likely
saw reduced sedimentation rates during the early Holocene. This means
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that less material needs to be eroded by tsunami or debris flows to access
Late glacial and early Holocene sediments in these areas. It is therefore
hypothesised that these basin slopes are the source regions for
allochthonous material. In addition to this allochthonous material, it is
possible that some material within the deposit is re-suspended autoch-
thonous material, as there is a small hiatus between the date base of the
event deposit in PCO13 and the early Holocene sediments. This suggests
that some sediments in the Fetlar Basin were eroded by the incoming
tsunami wave, or the base of a submarine debris flow.

Increases in magnetic susceptibility (MS) noted here may also sup-
port the interpretation of the sub-units as tsunami deposits, as increases
in MS can indicate high concentrations of terrestrial material in marine
sediments. In this context, it could suggest the erosion and transport of
terrestrial material by the tsunami wave and backwash. Peaks in MS can
be seen within both deposits, and in e13 this corresponds with a peak in
terrigenous/clay associated elements. In contrast, in PC012 there is a
relative reduction in the magnetic elements (e.g. Fe, Ti), but it is possible
that the high concentration of Ca diluted the signal of terrestrial sedi-
ments within the deposit, and therefore there may still be terrigenous
material present. This has been observed in modelling studies, in which
a greater proportion of offshore deposit sediment is of marine rather
than of terrestrial origin (Yoshii et al., 2017). Detailed analysis of the
minerology and provenance of lithic grains within the offshore deposit is
beyond the scope of this study, but preliminary analysis indicates the
presence of angular granite fragments and angular mica and horn-
blende. The angularity of these fragments indicates that it is eroded
material that has not been present in the marine environment for a long
period, or was closer to its original source, and thus eroded by the
tsunami. The presence of hornblende aligns with the work of Cascalho
et al. (2016) who studied the heavy mineral assemblage of onshore
Storegga deposits on Shetland and suggested that hornblende (derived
from the Moine Formation on the mainland of Shetland) may have been
transported offshore by backwash, as it showed the lowest concentration
in onshore deposits. The concentration of these lithic grains may have
caused the increase in MS at this level. Additional analyses of the min-
erogenic content of the deposit may reveal further evidence of terrestrial
material, and reveal the origin of the tsunami backwash. However, in
coastal locations such as the Fetlar basin, terrestrial material is likely
commonly washed onto the shallow shelf, so may not provide direct
evidence of terrestrial inundation.

Gaffney et al. (2020) suggest peaks and troughs in deposit elemental
data may represent multiple backwash flows. The XRF data for deposit
el3 show two cycles between 264 and 261 cm, which oscillate between
an increase in shell indicative elements (Sr, log(Ca/Ti)) and terrigenous/
clay associated elements (Fe, Si). However, visual inspection of the de-
posit and grain sorting data alongside XRF data indicate that the vari-
ability is most likely a function of the highly variable and poorly sorted
mix of lithic grains and shell fragments rather than multiple distinct
shell layers. The single massive deposit may also be explained by the
nature of landslide generated tsunami, which often generate uni-
directional waves, and exert the majority of energy in the initial wave,
followed by smaller lower energy waves. Thus, it may be that the initial
wave was the only one powerful enough to generate backwash deposits
at this distance offshore (Cascalho et al., 2016).

Hydroacoustic surveys using sub-bottom profilers can be useful for
identifying offshore tsunami deposits; reflectors in sub-bottom profiles
have been associated with changes in sediment type, correlated to
palaeo-tsunami events (Feist et al., 2023; Goodman-Tchernov and
Austin, 2015). It may be expected that the sharp material change at the
base of Unit E would produce a similar reflection to that of the seabed,
due to the similar shelly coarse-grained nature of the sediment. How-
ever, the low thickness of event deposits e12 and el3 likely attenuates
the resulting amplitude due to tuning effects (Avseth et al., 2005).
Similarly, on the Algarve shelf, tsunami deposits have been identified in
sediment cores where the hydroacoustic surveys showed weak or
indistinct reflectors (Feist et al., 2023). Amongst the cores collected in
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Feist et al., (2023)), the sequences which showed the least distinct re-
flectors were the furthest offshore and had the weakest geochemical and
geophysical signals. This may suggest that sheltered locations around
Shetland closer to the coast may contain thicker deposits detectable in
hydroacoustic surveys related to the Storegga tsunami.

5.2. €12 and el3 - Depositional process

Previous investigation into offshore deposits has included both
recent tsunami, predominantly the 2011 Japanese Tohoku tsunami
(Ikehara et al., 2021a, 2021b; Irizuki et al., 2019; Tamura et al., 2015)
and the 2004 Indian Ocean tsunami (Feldens et al., 2009; Sakuna et al.,
2012; Veerasingam et al., 2014), and palaeo-tsunamis, primarily on the
Algarve shelf (Portugal) (Feist et al., 2023; Quintela et al., 2016; Veer-
asingam et al., 2014; Yhasnara et al., 2023) and in Augusta Bay (Eastern
Sicily) (Smedile et al., 2020; Smedile et al., 2011). These studies have
been key in developing a toolkit for palaeo-tsunami identification, and
the findings have recently been summarised by Costa et al. (2021).
Despite relatively well-developed criteria for identification, there has
been a call for further descriptions of offshore deposits, in particular
their geochemical signatures (Shinozaki, 2021). This is because site
specific factors such as local bathymetry and sediment supply influence
the depositional process, meaning a general characterization of offshore
deposits is difficult to establish (Costa et al., 2021).

Based on the radiocarbon ages, increase in grain size, poor sorting of
sediments, the erosive base, abundance of shell material and associated
elemental data, and high mud content above, el2 and el3 are inter-
preted as debris flow deposits coeval with the Storegga tsunami. The
following depositional process, as visualised in Fig. 9, is proposed:

During the incoming tsunami phase, currents are generated which
induce some erosion of bottom sediments and contribute to sharp
erosional base noted in deposits (Fig. 9b). The subsequent tsunami
backwash initiates a submarine debris flow on the shallow shelf. As the
debris flow travels downslope, erosion occurs at the base. This erosion,
particularly on the steep slopes, entrains and ingests Late-glacial and
early Holocene marine sediments and shell material (Fig. 9¢). The debris
flow may also contain terrestrial material, if backwash from the tsunami
land inundation phase reaches this distance offshore. As tsunami cur-
rents subside, particles dispersed within the turbid water column begin
to settle on top of the debris flow to form a graded fining upward
sequence (Fig. 9d). After the event, all debris flow and suspended ma-
terial settles. In locations where bioturbation and mixing is less preva-
lent, a graded sequence develops (e.g. PC013). Post-depositional
alteration can cause mixing that obscures a distinguishable graded
sequence (Fig. 9e). This depositional process is similar to that described
by Feist et al. (2023) and Riou et al. (2020). In contrast to on the Algarve
shelf (Feist et al., 2023), the high mud content in the Fetlar Basin rep-
resents a singular debris rather than grain flow followed by debris flow.
These interpretations may be used to guide assessments of offshore de-
posits in similar deep sheltered basins with steep slopes.

In some cases, tsunami deposits containing allochthonous material
are interpreted to result from turbidity currents (Ikehara et al., 2021b;
Ikehara et al., 2014; Seike et al., 2017). However, in the Fetlar Basin,
poor sorting and the absence of a graded bed indicated deposition by
debris flow rather than turbidity current (Shanmugam, 1997). In addi-
tion, tsunami deposits interpreted as turbidites display some charac-
teristics of the classical Bouma (Bouma, 1962) and Lowe (Lowe, 1982)
sequences, including massive well sorted graded sediment (Ta, S3),
laminations (Tb, S1) and ripples (Tc) (Ikehara et al., 2021b, Ikehara
et al., 2014; Seike et al., 2017). The X-radiographs in this study may
reveal evidence of bioturbated laminations, which could relate to stage
Tb of the Bouma sequence, as in Seike et al. (2017). However, there is a
degree of ambiguity in X-radiographs (Fig. 7), as the features may rather
represent coarse material from a debris flow which was reworked by
subsequent currents, or bioturbated. The suggestion of post-depositional
reworking of the deposit is supported by the anomalous radiocarbon
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Fig. 9. Depositional process for sub-units e12 and e13. PC012 and PC013 are
located near the bottom of the Fetlar Basin. The basin geomorphology can be
seen in Fig. 1; steep slopes are present, in particular on the western side. (a) Pre-
8.2 ka event. (b) incoming tsunami creates currents which induce some erosion
of bottom sediments and cause sharp erosional base. (c) Debris flow is initiated
on the shallow shelf. As it travels downslope, erosion occurs at the base of the
debris flow, and early Holocene as well as younger dryas sediments are picked
up. This may contain terrestrial material. (d) Debris flow deposit settles. Fine
particles dispersed within the water column begin to settle on top of debris flow
as tsunami currents subside in a graded fining upward sequence. (e) Debris flow
and fine material settle. In locations where bioturbation and mixing is less
prevalent, the graded sequence develops (e.g. PC013). Post deposition alter-
ation can cause mixing and removes distinguishable graded sequence.
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date of 8281-8619 cal yr BP (206), approximately 10 cm above the top of
the deposit in PC013. This explanation seems the most plausible, as the
grain size, sorting and XRF data resume background Holocene charac-
teristics at this depth.
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5.3. Other possible trigger mechanisms

The Storegga slide, which subsequently lead to the Storegga tsunami,
is proposed to have been triggered by increased pore pressure and
reduction in soil strength of sediments deposited in previous in-
terglacials (contourites) (Bryn et al., 2005). Earthquake activity, rapid
loading of glacial sediments, and gas hydrate melting are the suggested
causes of increased pressure, but a combination of these likely contrib-
uted to the slip (Bryn et al., 2005). The proposal of an earthquake-
induced slip in the lower slide complex is supported by suggestions of
earthquakes greater than magnitude 7 in northern Norway. These were
caused by post-glacial glacio-isostatic rebound of the Scandinavian re-
gion (Bryn et al., 2005; Bungum et al., 2005; Kvalstad et al., 2005). In
the Storegga area specifically, crustal faults created during the Late
Jurassic-Early Cretaceous period may have been reactivated by pressure
caused by sediment loading in the North Sea Fan, generating an earth-
quake (Bryn et al., 2005). Suggestions of an earthquake in the region
thus raises the possibility that el2 and el3 are a result of a tremor-
induced submarine debris flow. However, there is currently no estima-
tion for the magnitude of earthquake required to trigger the Storegga
slide, or an estimation of the seismic hazard zone. This is likely due to
the fact it is challenging to quantify the contribution of each trigger
mechanism to the slide, and as such make an estimation of the earth-
quake magnitude.

Tsunami deposits can sometimes be challenging to discern from high
energy storm deposits, as they can display similar characteristics such as
increased grain size. It is therefore important to determine the storm
wave base depth at the time of deposition (Costa et al., 2021). For a
wave to entrain sediments (wave base), the depth of the water must be
equal to or less than approximately half of the wavelength (Peters and
Loss, 2012). Based on our calculation of a palaeo-water depth of ~88 m
at the core site, a storm with a minimum wavelength of 176 m would be
required to generate a wave base that would mobilise sediments. A
recent rogue wave event has been identified in the mid-North Sea with a
wavelength of 500 m (Pleskachevsky et al., 2012), but lack of data on
modern or palaeo-storm wavelengths in the Fetlar Basin makes it chal-
lenging to establish if a separate powerful storm generated the deposit
observed in this study as opposed to the Storegga tsunami wave. Addi-
tionally, the Fetlar Basin is situated on the East of Shetland in a loaction
relatively sheltered from North Atlantic swells which dominate the wave
climate in the region (Cox, 2021). The sediments prior to and after the
deposit in both cores also do not show signals of regular storminess, and
offshore storm deposits also tend to display better sorting of sediments
than observed in the present study (Costa et al., 2021). Combined with
the radiocarbon age coincidence with the Storegga Tsunami, these data
indicate the deposit is a result of the Storegga event rather than another
coincidental storm.

5.4. Other Holocene tsunami

Despite the preservation of the Storegga event in these sediment
sequences, it was not possible to detect a signal of the Garth tsunami at
~5500 cal BP or the Dury Voe tsunami ~1500 cal BP. During the later
Holocene, background sediments have a generally coarser grain size and
higher Ca content, which may have resulted in the deposits caused by
the later tsunami being indistinguishable from the background sediment
using the current suite of proxies. Additionally, active bioturbation and
increased bed stress during the later Holocene (Fig. 2b) may have
disturbed the deposits, again making them indistinguishable from the
background sediments. Alternatively, it may be that the smaller
magnitude of these events meant backwash currents capable of creating
deposits at this distance offshore were not generated. Sedimentary sig-
nals of the recently proposed Nyegga Slide tsunami (Karstens et al.,
2023) are likely undetectable in this setting as the Fetlar Basin was
glaciated until at least 17 ka BP (Bradwell et al., 2019). Investigation in
other basins, or locations within the Fetlar Basin may reveal signals of
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the Garth and Dury Voe tsunami in the offshore domain, due to the
variability in spatial preservation of signals. In addition, other coring
locations may present thicker deposits, allowing further investigation
into the hydrodynamic conditions, and potential multiple wave regime,
of all three Holocene tsunami.

5.5. Implications for the 8.2 ka event in marine sedimentary sequences

The evidence presented here for reworking of sediments and
allochthonous material transport has relevance for the identification of
the coeval 8.2 ka cold event in marine sedimentary sequences. Similar
results have been found by Bondevik et al. (2024), who identify
reworking and allochthonous material within a tsunami-generated
turbidity deposit in a marine sequence from the Vgring plateau at
1048 m water depth, 200 km off the Norwegian coast. This deposit is 2
cm thick, displays an erosive boundary layer followed by an upward
fining of sediment, and was originally thought to be a deposit resulting
from the 8.2 ka cold event. However, radiocarbon dating of foraminifera
within the layer to ~11 ka, '80 values consistent with the Younger
Dryas or Early Holocene, and allochthonous shallow water foraminifera
indicated that this layer was a result of reworking and transportation of
older shallow material by Storegga tsunami turbidity currents. The ev-
idence presented here and in Bondevik et al. (2024) highlight the sig-
nificant re-working around 8.2 ka and thus the potential to misinterpret
the palaeoclimatic sequence in both shallow and deep waters. Further
coring around Shetland and in the North Sea would be useful for
determining the extent of the submarine debris flow identified in this
study, and to map out the seafloor regions, and thus paleoclimate re-
cords impacted by the Storegga event.

5.6. Implications for hazard risk assessment around Shetland

Prior to this study, research into marine Storegga tsunami deposits
was limited to three distinct settings; a shallow location (6 m palaeo-
water depth) that was below sea level (SL) during the Storegga event
but is now above SL due to isostatic uplift (Bondevik et al., 1997); an
area that was above SL during the event but is now submerged due to
eustatic sea level rise (Gaffney et al., 2020; Walker et al., 2020); the
continental slope (~1000 m water depth) that has remained fully sub-
merged since the tsunami (Bondevik et al., 2024). Whilst these studies
are useful for understanding the tsunami dynamics, data from marine
sediment cores can improve our assessment of the impact of tsunami on
the subtidal shelf, where much infrastructure in the North Sea is located.

This study has interpreted a submarine debris flow within the Fetlar
Basin resulting from the Storegga event. This has relevance for present
and future seabed infrastructure, such as the extant oil and gas pipelines
in the Fetlar Basin, as submarine debris flows and turbidity currents can
have major impacts on seafloor structures (Bruschi et al., 2006; Chen
et al., 2022; Qian et al., 2023; White et al., 2016). Whilst assessing the
scale of the potential submarine debris flow offshore Shetland is beyond
the scope of this study, future research should focus on mapping the
extent of the Storegga event deposits offshore, and assess the vulnera-
bility of seabed infrastructure.

Offshore sediment sequences have the potential to provide evidence
of tsunami which are undetected onshore due to anthropogenic distur-
bance or weathering of sediments (Costa et al., 2021). This study does
not find evidence of tsunami later in the Holocene, thus does not imply
risk assessments should be revised in terms of increased event frequency.
There is, however, the possibility that such events may be identified at
other locations offshore Shetland. Further work in other basins and
water depths should be completed to rule out the identification of
further Holocene tsunami and to develop hazard risk assessments in
terms of event frequency.

13

Marine Geology 474 (2024) 107334

6. Conclusion

We present a detailed description of deglacial and Holocene sedi-
ments in the Fetlar Basin, offshore east Shetland. Within the sedimentary
sequence, we provide the first published evidence for the offshore signal
of the Storegga event around Shetland, a location where there is sig-
nificant onshore evidence for the tsunami. Two core sequences from the
basin show distinguishable lenses with increases in grain size, a reduc-
tion in sorting capacity, increased shell concentrations and peaks in
associated elements (log(Ca/Fe), log(Ca/Ti) and Sr). These signatures,
alongside evidence of sediment reworking based on radiocarbon dating
and high mud content, suggest this layer was deposited from tsunami-
driven backwash debris flow. The high concentration of carbonates
within the section suggests backwash material of mainly marine origin,
although peaks in magnetic susceptibility and the presence of coarse
grains may indicate some material of terrestrial origin. Further work on
the mineralogy and total organic carbon of the layer may provide evi-
dence that the deposit contains terrestrial material. Differences in the
physical properties of the event layers within the two cores show evi-
dence of lateral variation in tsunami signatures, even over small spatial
scales.

14C dating provides clear evidence of sediment reworking. This
highlights the need for caution in researching the coincident 8.2 ka
cooling event in marine sediments in wave-affected areas due to po-
tential confusion of cold signal indicators with reworked material from
underlying cold stage deposits. No evidence for later Holocene tsunami
was detected in these sedimentary sequences, perhaps due to increased
disturbance from tidal currents or bioturbation.

Future research should focus on mapping the extent of offshore de-
posits to produce a more complete insight into tsunami hydrodynamics
in this region, and potentially identify signals of other palaeo tsunami.
This study highlights the potential for tsunami to impact the deep sub-
tidal seabed via tsunami induced debris flows, and therefore to impact
hydrocarbon infrastructure around Shetland and across the North Sea.
Further work should be completed to assess the risk and likelihood of
damage to this infrastructure should a similar event occur in future.
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Appendix A. ITRAX, MSCL-CIS, MSCL-S, MSCL-XYZ and ScoutXcan set-up

Scanner

Resolution/set-up Data

Geotek MSCL-CIS (Core Imaging System)

A Geotek MSCL-S (Standard), fitted with a P-wave velocity sensor, gamma ray density meter

and a non contact resistivity sensor

Geotek MSCL-XYZ was fitted with a Bartington magnetic susceptibility point sensor and a

Konica Minolta spectrophotometer
Geotek ScoutXcan X-Ray Imaging Scanner

Itrax X-ray Fluorescence (XRF)
COX Analytical Systems

N/A
2 cm

High resolution images

P-Wave Amplitude, P-Wave Velocity, Gamma density
Count time: 10 s

0.5 cm resolution
Count time: 5 s
Resolution: 84 pm per
pixel

Voltage: 123 kV
Current: 455 mA

Cu filter: 1.0 mm
Resolution:2 mm
Voltage: 55 kV
Current: 0 mA
Exposure time: 15 s

Magnetic susceptibility, greyscale reflectance, and
CIELAB colour (L*, a*, b*)
High resolution x-radiographs

Elemental properties
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