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The well-known 1755 CE Lisbon tsunami caused widespread destruction along the Iberian and northern Moroccan
coastlines. Being affected by the powerful 1755 CE Lisbon tsunami, the southwestern Algarve shelf provides environ-
ments for detecting offshore tsunami imprints. Ourmultidisciplinary investigations (hydroacoustics, sedimentology,
geochemistry, radiocarbon dating) of the Holocene sediments have revealed tsunami deposits linked to this tsunami
and a ca. 3600 cal yr BP event. The latter event is until nowunidentified in Portugal. Both event deposits contrastwith
the background shelf sedimentation by their coarser grain size, element composition, internal structure, and erosive
base, making them discernible in the sub-bottom data and cores. Especially the ca. 3600 cal yr BP deposit is excep-
tionally well-preserved at one of the coring sites. The clear differentiation into several sections enables further in-
sights into offshore tsunami transport and depositional processes. This study demonstrates that the record and
preservation of tsunami deposits were possible on the Algarve shelf in specific locations sheltered from possible al-
terations. Ourfindings extend the tsunami catalogs of Portugalwith a previously unknown tsunami dated to ca. 3600
cal yr BP.

© 2023 Elsevier B.V. All rights reserved.
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1. Introduction

Sedimentary imprints of high-energyevents on the continental shelves
are commonly associated with high-density sediment flows triggered by
floods, storms, submarine slope failures, or tsunamis (Einsele et al.,
1996). These events are recorded as erosive or depositional features on
the continental shelves; and as secondarymassmovements and turbidites
hard Bartzke, Piero Bellanova,
oão F. Duarte, Daniela Eichner,
icole Höbig, Leonie Hönekopp,
a, Simone Lechthaler, Margret
Juan I. Santisteban, Holger
t.
beyond the shelf break (Einsele et al., 1996; Dawson and Stewart, 2007).
Floods, storms, and tsunamis can severely affect coastal societies, local
economies, and environments. The research on sedimentological imprints
of these events has relied on onshore studies where impacts are more ev-
ident compared to the offshore domain. However, the Holocene record of
these events can be more complete in offshore areas where the deposits
are protected from common onshore post-depositional alterations
(e.g., changes in coastal morphology, erosion, weathering, pedogenesis,
anthropogenic modification) (Szczuciński, 2012, 2020; Spiske et al.,
2020). On the other hand, offshore sedimentary signatures are highly var-
iable and can be altered through sediment erosion, mixing, deposition, or
bioturbation (Wheatcroft and Drake, 2003; Wheatcroft et al., 2007).
Therefore, the preservation of sedimentary signatures is especially favored
in depositional sinks (i.e., small basins) below the stormwave base, where
sediment is sheltered from currents and waves.
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Storms are powerful geomorphic agents primarily acting as key ero-
sional players removing sediment towards the nearshore and, resulting
from backflow, towards offshore areas (Brenchley, 1989; Einsele et al.,
1996). On the other hand, tsunami waves exceed storm waves in terms
of wavelength and water mass transport, and thus can provide signifi-
cant depositional signatures further inland and, in the case of tsunami
backflow, distinctive beds in shallow shelf waters (Einsele et al., 1996).
Research on tsunami deposits underwent substantial progress during
the last three decades. Nevertheless, little is still known about offshore
tsunami deposits, particularly their related depositional mechanisms
and diagnostic features. Thus, a substantial part of the tsunami deposi-
tional process lacks detailed understanding. Several studies focused on
offshore tsunami impact following significant events, e.g., 2011
Tōhoku-Oki (Arai et al., 2013; Ikehara et al., 2014; Tamura et al., 2015);
2004 Indian Ocean (Feldens et al., 2009, 2012; Sakuna et al., 2012;
Sakuna-Schwartz et al., 2015); 2009 South Pacific (Riou et al., 2020a,
2020b). Paleo-tsunami deposits were also described in historic and pre-
historic contexts, e.g., the 1883 CE Krakatoa eruption (van den Bergh
et al., 2003); various events in the Mediterranean Sea (Smedile et al.,
2011, 2020; Goodman-Tchernov and Austin, 2015; Goff et al., 2018); a
before undocumented event in the Red Sea (Goodman Tchernov et al.,
2016); and the 1755 CE Lisbon tsunami (Abrantes et al., 2008).

Like onshore tsunami deposits, offshore deposits canhardly be gener-
alized regarding their sedimentological characteristics and geophysical
and geochemical properties. Different characteristics are attributed to
different hydrodynamic conditions during the inundation and backwash
phases (Sakuna et al., 2012) and site-specific factors (e.g., bathymetry,
channeling effect, sediment supply, preservation potential, and bioturba-
tion). Nevertheless,manyoffshore tsunami deposits are characterized by
erosional basal surfaces (Feldens et al., 2012; Sakuna et al., 2012; Ikehara
et al., 2014; Smedile et al., 2020). Sedimentary features found in offshore
tsunami deposits include reworkedmarine sediments and increased ter-
rigenous materials (Feldens et al., 2012; Tamura et al., 2015; Riou et al.,
2020a, 2020b; Smedile et al., 2020). Terrigenous materials are eroded
onshore and transported by the tsunami backwash channeled in subma-
rine valleys as high-density flows (Dawson and Stewart, 2007; Abrantes
et al., 2008; Feldens et al., 2009; Bahlburg and Spiske, 2012; Goodman
Tchernov et al., 2016; Riou et al., 2020a, 2020b).

The littoral areas of the Algarve, southern Portugal, are densely pop-
ulated and highly important for the Portuguese economy, especially for
the tourism sector (Omira et al., 2011). Storms along the Algarve coast
occur frequently and can lead to severe short-term alterations of the lit-
toral (Harley et al., 2014). Thewell-known1755CE Lisbon tsunami dev-
astated large areas of the Iberian and northern Moroccan coastlines
(Baptista and Miranda, 2009). Baptista and Miranda (2009) list several
other tsunami events in their catalog. Tsunamigenic earthquakes along
the Iberian Atlantic coast are related to the compressive tectonic setting
within the Eurasian-Africanplate boundary (Baptista et al., 1998)with a
transcurrent motion of the Gloria Fault (Kaabouben et al., 2008) or the
effect of distant seismic sources (i.e., the Azores or Grand Banks;
Baptista and Miranda, 2009). Tsunamis are also possible as a conse-
quence of mass wasting events in the Gulf of Cádiz (Mulder et al.,
2009) or the volcanic Atlantic archipelagos (Krastel et al., 2001).

This study focuses on the Algarve continental shelf with areas close to
Alcantarilha and Salgados for the eastern sector, and Martinhal and Boca
do Rio for the western sector (Fig. 1). This part of the Portuguese coast
was heavily affected by the 1755 CE Lisbon tsunami. While the south-
western Iberian onshore record related to this event is well-studied
(Fig. 1B) (Costa et al., 2021 for a summary), little emphasis has been
laid on the correlated offshore imprint and associated hydrodynamic pro-
cesses. Along the study area of the Algarve shelf, only a few offshore tsu-
nami studieswere conducted by Costa et al. (2012a, 2012b) (Fig. 1B: e, f),
who compared the onshore and nearshore 1755 CE Lisbon tsunami sed-
iments and Quintela et al. (2016) (Fig. 1B: g, j) who compared foraminif-
era assemblages onshore and from a sediment core of the outer shelf.
Mendes et al. (2020) (Fig. 1B: k) analyzed the Guadiana River paleo-
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valley for flooding events but did not identify deposits related to the
1755 CE tsunami. In terms of paleo-tsunamis, the Algarve onshore record
is complex, particularly before ca. 3000 cal yr BP, before the full develop-
ment of coastal barriers (Andrade et al., 2004, 2016; Costa et al., 2016).

This study investigates the Holocene sedimentary record of the Al-
garve continental shelf off southern Portugal to identify offshore deposits
of the 1755 CE Lisbon tsunami and possible preceding events and assess
their sedimentological features. To do so, RV METEOR cruise M152
(Reicherter et al., 2019) recorded hydroacoustic profiles and collected
sediment cores from the shelf. We present hydroacoustic profiles and
sediment cores from two different transects on the Algarve shelf
(Fig. 1C) containing several intercalated event deposits. These deposits
were analyzed using a multi-proxy approach that combined sedimento-
logical methods (high-resolution grain size analyses), P-wave velocity,
magnetic susceptibility, andXRF core-scanning. The chronological frame-
work was established by radiocarbon dating.

2. Area descriptions

The Algarve continental shelf, with a mean width of approximately
17 km, dips gently until the shelf break at 110–150 m water depth
(Fig. 1C). It experienced significant environmental changes since the
Last Glacial Maximum (ca. 20,000 cal yr BP)when sea levelwas approx-
imately 120–130 m lower than today (Dias et al., 2000; Lambeck et al.,
2014). During the rapid post-glacial sea level rise, the coastline
retreated landwards until ca. 5000–6000 cal yr BP, changing the width
and the water depth distribution over the shelf (Dias et al., 2000).

The Algarve shelf is characterized by some bathymetric features, such
as the Portimão canyon and rocky pinnacles consisting of resistant rocks
of Mesozoic and Cenozoic ages (see Geological Map, Appendix B). The
dominant swell direction is from (south)west, i.e., from the North Atlan-
tic. Thewestern study area is partly sheltered from these waves by the S.
Vicente cape (Costa and Rita, 1992; Costa et al., 2011). Storms are fre-
quent along the coast (Harley et al., 2014) even though only a few corre-
sponding onshore storm deposits are documented (Andrade et al., 2004;
Kortekaas and Dawson, 2007) (Fig. 1B: a, h). Storm waves from west to
southwest reach about 3–4 m significant wave height with a mean pe-
riod of 7–8 s on average once everywinter (Costa and Rita, 1992). Strong
easterly winds (Levante) produce slightly lower significant wave heights
in the study area (Costa and Rita, 1992). Sedimentary shelf archives
below the storm wave base and untouched by ocean currents, such as
the Mediterranean Outflow Water (MOW), are suitable for paleo-
tsunami research based on the high preservation potential. For the west-
ern Algarve, theMOW, a complex systemof currents that flowwestward
from the Mediterranean Sea through the Strait of Gibraltar into the Gulf
of Cádiz, is at depths of 400–600 m (Mediterranean Upper Water) and
600–1500 m (Mediterranean Lower Water) (Baringer and Price, 1997,
1999). The sedimentary archives analyzed in this study (Table 1; 65–
113 m water depths) are located above the influence of the MOW and
below the mean level of the storm wave base at around 30–35 m water
depths (Hernández-Molina et al., 2000).

3. Methods and material studied

Multibeam surveys were conducted using two hull-mounted
Kongsberg echosounder systems, EM122 (12 kHz) and EM710 (70–
100 kHz), permanently installed on RV METEOR. Water depth levels
for parasound profiles were taken from the EM122. TheAtlas Parasound
P70 system installed onboard RV METEOR can emit two primary high
frequencies of 18 kHz and 18.5–28 kHz, thus generating parametric sec-
ondary low frequency between 0.5 and 6 kHz used for the sub-bottom
survey. A vertical resolution of <15 cm in sediment andmaximum pen-
etration of 30 m below the seafloor surface was obtained. Aquaculture
installations occupying the near-coastal zone prevented navigation fur-
ther coastwards to reach even shallower shelf areas.



Fig. 1. A: Location of the study area inwestern Europe. B: Overview of the Algarve and locations of known tsunami and flood deposits from the literature (based on Costa et al., 2021 if not
indicated otherwise): a)Martinhal, b) Barranco, c) Furnas, d) Boca doRio, e) Alcantarilha, f) Salgados, g)Quarteira, h) Ria Formosa, i) Guadiana, j) offshoreQuarteira (Quintela et al., 2016),
k) offshore Guadiana (Mendes et al., 2020). In addition, the S. Vicente Cape and Portimão Canyon are marked on the map, as well as the general direction of the MOW (=Mediterranean
OutflowWater). C: Overview of the southwestern Algarve shelf with hydroacoustic profiles and vibracores of this study. Solid black lines indicate the locations of faults on the shelf, and
dashed black lines indicate the presumed locations of faults on the shelf as indicated in the Geological Map of the area (see Appendix B). All coring locations were labeled GeoB235 (core
repository identifier) followed by the station number (e.g., GeoB23523), but for better readability, the prefix GeoB235 is not included here and in the text. The EMODnet Bathymetry DTM
was used to show the mean depth in rainbow colors in all maps (EMODnet Bathymetry Consortium, 2020).
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Table 1
Sample location, recovery, and water depth of the retrieved vibracores from the western and eastern transects during RV METEOR cruise M152. See the cruise report (Reicherter et al.,
2019) for further information. Analyses: GS = grain-size determination, PW = P-wave velocities, MS = magnetic susceptibility, XRF = X-ray fluorescence, 14C = radiocarbon dating.

Cores
GeoB235…

Latitude
[°N]

Longitude
[°W]

Water depth [m] Recovery [m] Transect Analyses

06-01 36° 54.853 008° 27.957 111 0.75 East GS
07-03 36° 57.173 008° 28.275 79 4.86 East PW, MS, XRF
09-01 36° 57.563 008° 30.876 66 2.64 East GS, PW, MS, XRF, 14C
10-01 36° 57.260 008° 28.792 69 3.62 East GS, PW, MS, XRF
10-02 36° 57.250 008° 28.709 70 2.40 East GS, XRF, 14C
11-01 36° 57.408 008° 28.655 73 4.06 East PW, MS, XRF
12-01 36° 56.963 008° 26.893 93 4.37 East PW, MS, 14C
12-02 36° 56.968 008° 26.906 92 4.34 East PW, MS, XRF
13-01 36° 58.447 008° 23.792 70 4.76 East PW, MS, XRF
13-02 36° 58.447 008° 23.808 69 5.27 East PW, MS
19-01 37° 00.656 008° 52.247 65 3.56 West GS, PW, MS, XRF, 14C
19-02 37° 00.654 008° 52.260 65 3.65 West GS, MS, XRF, 14C
19-03 37° 00.643 008° 52.258 66 3.60 West GS, MS, XRF
20-01 37° 00.469 008° 52.455 69 3.61 West GS, PW, MS, XRF
21-01 36° 59.717 008° 52.549 74 3.14 West GS, PW, MS, XRF
22-01 36° 58.120 008° 52.703 88 4.21 West GS, PW, MS, XRF, 14C
22-02 36° 58.114 008° 52.705 88 4.63 West MS, XRF
23-01 36° 55.951 008° 52.938 113 3.23 West GS, PW, MS, XRF
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In 65–113 m water depth, 19 sediment cores were retrieved using a
vibracoring system based on a ROSSFELDER P-5C and P-3C electric
high-frequency vibro-percussive head, with a maximum sediment re-
covery of 5.48 m. Sampling sites were georeferenced using high-
precision navigation equipment (CNAV-DGPS). P-wave velocity was
measured along the closed cores at an interval of 2.5 cm with PUNDIT
LAB equipment.

Subsequently, the sediment cores were cut into ca. 1m long sections
and opened in the laboratories on board RV METEOR or at RWTH Aa-
chen University. All sections (opened and intact) were stored at a tem-
perature of 4 °C. On the opened sections, litho-stratigraphic units were
identified by visual sediment description. Volume-specific magnetic
susceptibility was analyzed with a Bartington MS2K (resolution of 2
cm, accuracy of 1.0 SI). X-ray fluorescence scans (XRF) were measured
using an ITRAX core scanner (resolution 2 mm, 20 s exposure time, 30
kV, 55 mA). The retrieved dataset of element counts has been cleared
fromor adjusted by interfering peaks, double peaks, elementary compo-
sition, and tube parameters. XRF data were treated using the
ItraXelerate software (Weltje et al., 2015). Single-element relative con-
centrations have been transformed using a multivariate log-ratio cali-
bration (MLC) following Weltje et al. (2015), and log-ratios following
Weltje and Tjallingii (2008) have been used.

For textural analysis, the cores were sub-sampled (1 cm resolution for
thefirst 1.8mand10 cm resolution for the rest of the cores). Bulk samples
were sieved using a standard set of sieves at 0.5 Φ intervals (up to 1Φ).
Smaller grain sizes were measured with laser granulometry (Malvern
Mastersizer Hydro 2600 MU). Statistical parameters were calculated and
plotted in GRADISTAT (Blott and Pye, 2001). Sediment size terms were
based on theWentworth (1922) scale andqualitative classification of sed-
iment sorting, skewness, and kurtosis, followed Folk andWard (1957).

A total of 33 samples were 14C-dated at Beta Analytic Inc. (USA) and
Keck Carbon Cycle AMS Facility (UC Irvine, USA). Calibration was done
with CALIB 8.2 (Stuiver andReimer, 1993; Stuiver et al., 2023) usingMa-
rine20 (Heaton et al., 2020) and IntCal20 (Reimer et al., 2020) calibra-
tion curves. Local age-specific reservoir effect values were recalculated
and applied; further information can be found in Appendix C. The sam-
ple from core 10-02 at 0.24mbsfwas calibratedwith CALIBomb (Reimer
et al., 2004; Reimer andReimer, 2023) using theNHZ2 (Hua et al., 2013)
and IntCal20 (Reimer et al., 2020) datasets after subtracting the global
and local reservoir effects. Age-depth models were created using
OxCal version 4.4 (Bronk Ramsey, 2009) and the depositional model
(Bronk Ramsey, 2008; Bronk Ramsey and Lee, 2013). See Appendix C
for more information on laboratory facilities, the used local reservoir ef-
fects, and the calculated age-depth models.
4

4. Results and analyses

4.1. The hydroacoustic survey

The hydroacoustic survey included sub-bottom profiles to visualize
the shallow sedimentary cover of the shelf and to facilitate the recogni-
tion of depositional sinks, basins, and submarine valleys as the most
suitable coring locations. According to the profiles, the study area is gen-
erally marked by relatively rugged erosional seafloor and frequent ex-
posures of bedrock. Sub-bottom profiles indicate different penetration
depths varying from near 0 m in areas where bedrock is exposed
(i.e., no sedimentary cover) to a maximum of around 30 m in areas
with high accumulation rates. The sub-bottom profiles also indicate
different environmental conditions between the eastern and western
transects (Fig. 2).

All coring stations and cores were labeled GeoB235 (core repository
identifier), followed by the station number. Duplicate and triplicate
cores are differentiated with the station number followed by -01, -02,
and -03 (e.g., GeoB23509-01). However, for better readability, the prefix
GeoB235 is not included in the text and figures.

4.1.1. The eastern transect
The eastern transect (Fig. 2A) is characterized by a wide shelf with

the Portimão canyon as a prominent feature. This transectmostly corre-
sponds to a sediment-starved shelf expansion featuring numerous rocky
outcrops. Sediment depocenters are confined to isolated basins
(e.g., location of core 09-01 under 66mwater depth; Table 1), including
fault-controlled depressions at the westernmost region of the transect
and a sedimentary prism that thins towards the south and east, at the
eastern end of the transect. This large sedimentary body was sampled
by cores 06-01, 07-03, 10-01, 10-02, 11-01, 12-01, and 12-02 between
69 and 111mwater depths (Table 1). Cores 13-01 and 13-02were sam-
pled northeast of the sedimentary prism in 69 and 70 m water depth
separated from that prismby a rock outcrop. Several erosional unconfor-
mities complicate the stratigraphic correlation among the cores. At core
location 09-01, two particularly strong reflectors are found at around 1
mbsf (meters below seafloor) and 2.6 mbsf, which indicate coarse or
compacted materials.

4.1.2. The western transect
Thewestern transect (Fig. 2B) is located along a basin constrained by

anNNE-SSWhorst-graben fault systemmarked in the geologicalmap of
the area (Appendix B). The hydroacoustic profiles show an aggrading
pattern with wide and thin sediment bodies, indicating low



Fig. 2. Sub-bottomprofiles of the study area. A: Interpretation of the sub-bottomprofiles of the eastern transect. B: Interpretation of the sub-bottomprofiles of thewestern transect. TWT=
Two-way travel time. Note that all profiles are vertically exaggerated.
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sedimentation rates, i.e., a sediment-starved shelf. Coring sites 19-01,
19-02, 19-03, 20-01, and 21-01 (65–74mwater depths; Table 1) are lo-
cated on an upper plateau confined by a steep NE-SW slope to the
northwest that dips around 4° to the southeast. Cores 22-01, 22-02,
and 23-01 (88m and 113mwater depths, respectively; Table 1) are lo-
cated on a gentle slope dipping towards a deeper area below 100 m
water depth. Profiles from the shallower part of the shelf (<70 m
water depth) reveal a distinctive strong reflector within the sedimen-
tary cover (Fig. 2D). Near site 19, the strong reflecting layer has been
5

found around 1.25–1.60mbsf (Fig. 2B). This strong reflector is restricted
to the shallow area and is not visible in sites 20 and 21. This reflector
splits into two in shallower waters <40 m water depth.

4.2. Results from coring

In total, 18 vibracores were obtained from shelf sediments (Table 1),
which were analyzed and radiocarbon dated. Like the sub-bottom pro-
files, the cores indicate different characteristics between the eastern
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andwestern transects, with generally coarser sediments in the east and
finer-grained sediments in thewest. In broad terms, the cored stratigra-
phy is divided into a coarse unit at the base that fines upwards and
Fig. 3. Stratigraphic profiles of the eastern and western transects with water depths. A: Strat

6

transitions into a thick finer-grained unit until the top of the cores
(Fig. 3). One or more laterally discontinuous coarser-grained layers
were found intercalated in the upper finer-grained unit.
igraphic profiles of the eastern transect. B: Stratigraphic profiles of the western transect.
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4.2.1. The cores of the eastern transect
Cores collected from the eastern transect can be separated into four

groups based on their location, and sedimentary facies (Fig. 3A): group
a) core 09-01, with two strong reflectors in the sub-bottomprofiles was
retrieved from a perched basin, group b) cores 07-03, 10-01, and 11-01
taken from the thicker part of the sediment prism referred above, group
c) cores 06-01, 12-01, and 12-02 from the thinner part of that sediment
prism, and group d) cores 13-01 and 13-02 separated from the sedi-
ment prism.

Core 09-01: core 09-01 recovered 2.64 m of sediment (Fig. 3A,
Table 1).

• The top of the core between 0 and 0.35 mbsf is composed of homog-
enous poorly sorted fine sand (mean: 2.7 Φ, sorting: 2.5 Φ; Fig. 4).
The grain size is distributed between 0.8–7.0 % gravel, 72.7–76.9 %
sand, 16.1–23.8 % silt, and 1.5–2.6 % clay. The sediments are slightly
fining upwards, and laminations occur. In addition, a well-preserved
Pectinidae fragment was found.

• Between 0.35 and 0.50 mbsf, the grain size is coarser than in the sur-
rounding sediments of unit C. The upper part (0.35–0.45mbsf) is gener-
ally coarser-grained with very poorly sorted medium sand (mean: 2.0
Φ, sorting: 3.0 Φ; Fig. 4) and occasional bioclast fragments. The grain
size is distributed between 9.5 % gravel, 66.1 % sand, 21.9 % silt, and
2.5 % clay. A thin mud lamina separates the upper and lower parts of
this deposit (1.3 % gravel, 63.0 % sand, 32.1 % silt, and 3.6 % clay). The
lower part of this deposit (0.45–0.50 mbsf) is composed of very poorly
sorted fine sand (mean: 2.4Φ, sorting: 2.8Φ; Fig. 4) that contains large
fragments of broken bioclasts, mainly bivalves, especially along the
abrupt basal contact. The grain size is distributed between 5.8 % gravel,
77.7 % sand, 14.9 % silt, and 1.6 % clay.

• Between 0.50 and 0.98 mbsf, the core consists of homogenous poorly
sortedfine sand (mean: 2.7Φ, sorting: 2.5Φ; Fig. 4), similar to the top.
The grain size is distributed between 0.5–9.5 % gravel, 55.3–79.1 %
sand, 16.9–39.1 % silt, and 1.6–5.1 % clay.

• Between 0.98 and 1.43 mbsf, the core comprises a very poorly sorted
lithic and bioclastic medium sand deposit with an upwards-increasing
Fig. 4. Structural, textural, compositional properties of core 09-01 (east). PW= P-wave velocit
(Φ), SkI = skewness (Φ), KG = kurtosis (Φ), all after Folk and Ward (1957). XRF results for Al
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fine-grainedmatrix content (mean: 1.1Φ, sorting: 2.7Φ; Fig. 4) resting
over a sharp contact surface. A sudden decrease in coarse grains marks
the upper contact of this unit. The grain size is distributed between 7.6–
42.0 % gravel, 41.6–77.0 % sand, 6.6–19.8 % silt, and 1.1–2.0 % clay.

• Between 1.43 and 2.64 mbsf, the base of the core is composed of mod-
erately sorted medium to coarse sand (mean: 1.2–0.2 Φ, sorting: 1.2–
0.6 Φ; Fig. 4). The grain size is distributed between 0.0–21.1 % gravel,
77.6–100.0 % sand, 0.0–1.4 % silt, and 0.0–0.2 % clay. Bivalves and gastro-
pods of different sizes occur, both broken and fully preserved.

Cores 07-03, 10-01, 10-02, 11-01: cores 07-03, 10-01, 10-02, and 11-
01 show, in broad terms, identical stratigraphical arrangement, with the
upper units of cores 10-01 and 10-02 beingmuchmore condensed com-
pared to cores 07-03 and 11-01 (Fig. 3A). The total sediment recovery
amounts to 4.86 m, 3.70 m, 2.40 m, and 4.08 m for cores 07-03, 10-01,
10-02 and 11-01, respectively (Table 1).

• Between 0 and 0.06 mbsf in core 07-03, 0 and 0.08 mbsf in core 10-
01, 0 and 0.10 mbsf in core 10-02, and 0 and 0.05 mbsf in core 11-
01, the top part of all cores are composed of homogenous very poorly
sorted medium to fine sand that is slightly fining upwards (mean: 1.7
Φ, sorting: 1.0Φ), and contain more shell fragments towards the top.
The grain size is distributed between 4.9–10.9 % gravel, 72.5–82.6 %
sand, 10.8–14.7 % silt, and 1.7–1.9 % clay.

• Between 0.06 and 0.26mbsf in core 07-03, 0.08 and 0.48mbsf in core
10-01, 0.10 and 0.30 mbsf in core 10-02, and 0.05 and 0.33 mbsf in
core 11-01, a coarser-grained deposit differs from the surrounding
sediments. This deposit comprises very poorly sorted bioclastic coarse
sand (mean: 1.1Φ, sorting: 1.2Φ) with coarse shell fragments. In core
10-01, this deposit can be separated into an upper and a lower section.
The upper section is composed of generally finer grains (4.6 % gravel,
67.8 % sand, 24.4 % silt, and 3.2 % clay), while the lower section consists
of coarse grains and shell fragments above an erosive base (5.7–9.9 %
gravel, 73.2–78.6 % sand, 13.1–18.6 % silt, and 1.8–2.6 % clay).

• Between 0.26 and 2.95mbsf in core 07-03, 0.48 and 1.04mbsf in core
10-01, 0.30 and 1.00 mbsf in core 10-02, and 0.3 and 0.2.04 mbsf in
ies (m/s), MS=magnetic susceptibility (10-5 SI). Mz =Mean grain size (Φ), σI = sorting
, Si, Ca, Ti, Fe, Sr, and the log(Ca/Fe), log(Ca/Ti), and log(Si/Ca) ratios.
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core 11-01, the sediments gradually change upwards from homoge-
nous very coarse silt to fine sand that is occasionally laminated
(mean: 4.8 Φ, sorting: 1.8 Φ). The basal contacts to the sediments
below are gradual. The grain size is distributed between 1.3–6.0 %
gravel, 9.5–80.7 % sand, 15.4–89.2 % silt, and 0.0–3.6 % clay.

• Between 2.95 and 3.76mbsf in core 07-03, 1.04 and 1.63mbsf in core
10-01, 1.00 and 1.50 mbsf in core 10-02, and 2.04 and 3.19 mbsf in
core 11-01, the sediments are characterized by bioclastic upwards-
coarsening very coarse silt to fine sand and heavy bioturbation
(mean: 5.4 Φ, sorting: 1.4 Φ). The basal contacts are sharp in cores
10–01, 10–02, and 11–01 and erosional in the case of core 07-03.
The grain size is distributed between 1.1–2.5 % gravel, 9.0–15.9 %
sand, 80.1–89.8 % silt, and 0.0–8.3 % clay.

• Between 3.76 and 4.86 mbsf in core 07-03, 1.63 and 3.62 mbsf in core
10-01, 1.50 and 2.40 mbsf in core 10-02, and 3.19 and 4.06 mbsf in
core 11-01, all cores are composed of a homogenous fine to medium
bioclastic sand (mean: 2.7 Φ, sorting: 0.8 Φ). The grain size is distrib-
uted between 0.1–11.8 % gravel, 68.2–98.2 % sand, 1.3–25.1 % silt, and
0.3–5.2 % clay.

Cores 06-01, 12-01, 12-02: cores 06-01, 12-01, and 12-02 recovered
0.75 m, 4.37 m, and 4.34 m of sediment, respectively (Fig. 3A, Table 1).

• Between 0 and 0.31mbsf in cores 12-01 and 12-02, the top parts com-
prise normally graded coarse silt or very fine sand. These sediments
contain varying amounts of bioclasts and also fully preserved gastro-
pods. In addition, the top parts of both cores have occasional dark
organic-rich laminae.

• Between 0 and 0.23 mbsf in core 06-01, 0.31 and 0.40 in cores 12-01
and 12-02, coarser-grained sediments are intercalated. These sedi-
ments in core 06-01 consist of fine to medium sand (mean: 2.1 Φ,
sorting: 1.4 Φ) with numerous broken shells and an erosional basal
surface. The grain size is distributed between 0.0 % gravel, 68.0–
100.0 % sand, 0.0–32.0 % silt, and 0.0 % clay. In cores 12-01 and 12-
02, these sediments consist of fine sand full of broken shells.

• Between 0.23 and 0.75mbsf in core 06-01, 0.40 and 1.26 in cores 12-01
and 12-02, the cores comprise normally graded very coarse silt or very
fine sand (mean: 3.5Φ, sorting: 1.7Φ). The grain size is distributed be-
tween 0.0 % gravel, 42.4–80.9 % sand, 19.1–57.6 % silt, and 0.0 % clay. In
addition, these sediments contain varying amounts of bioclasts, fully
preserved gastropods, and thin shell layers in cores 12-01 and 12-02.

• Between 1.26 and 1.58mbsf in cores 12-01 and 12-02, the cores consist
of heavily bioturbatedupwards-coarsening bioclasticmedium to coarse
sand. Further down-section, between1.58 and 2.95mbsf bioclastic very
fine sand that is heavily bioturbated follows.

• Between 2.95 and 4.37 mbsf in core 12-01 and 2.95 and 4.34 mbsf in
core 12-02, the cores recovered fining-upwards coarse sand with fre-
quent bioclasts and bioturbation at their bases.

Cores 13-01, 13-02: cores 13-01 and 13-02 recovered 4.76 m and
5.27 m of sediment, respectively (Fig. 3A, Table 1).

• Between 0 and 0.22mbsf, both cores are composed of fining-upwards
very coarse silt.

• Between 0.22 and 0.25 mbsf, slightly coarser-grained sediments are
intercalated. This deposit has an erosional basal surface and consists
of medium sand that fines upwards and is rich in broken bioclasts.

• Between 0.25 and 4.76 mbsf in core 13-01 and 0.25 and 5.27 mbsf in
core 13-02, the cores consist of homogeneous fine sand that fines up-
ward into very coarse silt. Occasionally, the fining-upwards sequence
is interrupted by finer-grained, coarser-grained, or shell layers and
laminae.

4.2.1.1. P-wave velocities, magnetic susceptibility, and XRF results. P-wave
velocities, magnetic susceptibility, and XRF results are presented here
with the example of core 09-01 (Fig. 4).
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• Between 0 and 0.35 mbsf, P-wave velocities are low, and magnetic
susceptibility values reach the highest values of the core (mean
value of 30 × 10−5 SI). Geochemically, Si, Ca, and Sr values are low,
and Ti and Fe values are high.

• Between 0.35 and 0.50 mbsf, P-wave velocities are low in the upper
part (0.35–0.45mbsf) of the coarser-grained deposit.Magnetic suscep-
tibility values are higher than in the surrounding sediments (around
28 × 10−5 SI). Ti and Fe increase, whereas Si, Ca, and Sr slightly de-
crease compared to the surrounding sediments. The lower part of the
coarser-grained deposit (0.45–0.50 mbsf) is characterized by an in-
crease in P-wave velocities up to 2621 m/s, the highest of the whole
core. Magnetic susceptibility values are lower than in the surrounding
sediments (around 9×10−5 SI). Ca and Si increase, Sr increases slightly,
and Ti and Fe decrease compared to the surrounding sediments.

• Between 0.50 and 0.98 mbsf, P-wave velocities are still low compared
to the lower units. Magnetic susceptibility values are uniform around
14×10−5 SI. Si andCa values are low, and Sr, Ti, and Fe values are high.

• Between 0.98 and 1.43 mbsf, P-wave velocities are highly variable,
whereasmagnetic susceptibility is uniform. The analyzed elements re-
main relatively similar to the sediments above.

• Between 1.43 and 2.64 mbsf, the lowermost part of the core is charac-
terized by P-wave velocities between 2000 and 2100 m/s and rela-
tively uniform magnetic susceptibility values between 13 and 16 ×
10−5 SI. Si, Ca, and Sr values are high, and Fe and Ti are low.

4.2.1.2. Radiocarbon dating. Six shell samples from core 09-01 and, in
each case, four shell samples from cores 10-02 and 12-01were radiocar-
bon dated (Table 2). They roughly cover the last 11,500 years for core
09-01, the last 9000 years for core 10-02 and the last 10,500 years for
core 12-01. The uppermost sample in core 09-01 yielded a comparably
old age of 731–1240 cal yr BP (mean: 984 cal yr BP, unmodeled; Table 2).

4.2.2. The western transect
The cores of thewestern transect can be grouped into group a) cores

19-01, 19-02, 20-01, and 21-01 from an upper plateau, and group
b) cores 22-01, 22-02, and 23-01 from a gentle slope towards a lower
plateau (Fig. 3B). Stratigraphic and sedimentological characteristics
are well preserved in cores 19-01, 19-02, and 19-03.

Cores 19-01, 19-02, 19-03: cores 19-01, 19-02, and 19-03 recovered
3.56 m, 3.65 m, and 3.60 m of sediment, respectively (Fig. 3B, Table 1).

• Between 0 and 1.18mbsf in core 19-01, 0 and 1.14mbsf in core 19-02,
and 0 and 1.15 mbsf in core 19-03, the uppermost part of the cores
consist of very coarse silt to very fine sand that fines upwards
(mean: 4.6–3.6 Φ, sorting: 2.7 Φ; Fig. 5). The grain size is distributed
between 0.0–7.8 % gravel, 30.4–69.4 % sand, 26.2–60.6 % silt, and
2.3–10.0 % clay.

• Several thin, slightly coarser layers are interbedded in the upper finer-
grained sediments of the cores.Most of these slightly coarser layers are
shell-rich, showdiffuse upper and lower contacts, and are bioturbated.

◦ Between 0.12–0.14mbsf, 0.21–0.24mbsf, 0.35–0.38mbsf, 0.91–0.93
mbsf in core 19-01, the sediments are slightly coarser than their sur-
roundings (mean grain size: 4.2, 4.1, 3.5, 3.0 Φ, sorting: 2.8, 2.8, 2.8,
2.4 Φ, respectively; Fig. 5). Between 0.12 and 0.14 mbsf, the grain
size is distributed between 1.9–3.4 % gravel, 47.7–49.8 % sand,
42.3–43.1 % silt, and 5.8–6.0 % clay. Between 0.21 and 0.24 mbsf,
the grain size is distributed between 1.7–3.5 % gravel, 47.7–56.1 %
sand, 35.2–43.4 % silt, and 5.2–5.6 % clay. Between 0.21 and 0.24
mbsf, the basal and upper contacts are sharp. Between 0.35 and
0.38 mbsf, the grain size is distributed between 3.2–5.3 % gravel,
55.4–61.0 % sand, 31.7–35.5 % silt, and 3.8–4.3 % clay. Between 0.91
and 0.93mbsf, the grain size is distributed between 1.3–5.2 % gravel,
59.4–69.4 % sand, 26.8–32.8 % silt, and 2.3–4.7 % clay.



Table 2
Cores 09-01, 10-02, 12-01, 19-01, 19-02, and 22-01 were radiocarbon dated. A total of 33 samples were sent to Beta Analytic Inc. (Florida, USA) and Keck Carbon Cycle AMS Facility (UC
Irvine, USA); see Appendix C, Table 1 for further information. Calibration software CALIB 8.2 (Stuiver and Reimer, 1993; Stuiver et al., 2023) with Marine20 (Heaton et al., 2020) and
IntCal20 (Reimer et al., 2020) in the case of sample lab code 259343 were used to report the unmodeled cal 14C ages. For sample lab code 259337 CALIBomb (Reimer et al., 2004; Reimer
and Reimer, 2023) with NHZ2 (Hua et al., 2013) and IntCal20 (Reimer et al., 2020) was used. In addition, age-specific corrections for local reservoir effects (ΔR)were applied.Modeled cal
14C ages were calculated using an OxCal depositional model (Bronk Ramsey, 2008; Bronk Ramsey and Lee, 2013). Samples from inside the event deposits were excluded from the age-
depthmodel because they are assumed to be older material reworked by the event. See Appendix C for additional information on radiocarbon dating, for further information on local res-
ervoir effects and the creation of the used age-depth models.

Lab code Sample depth Material 14C age ΔR Unmodeled cal 14C age 2σ, mean age Modeled cal 14C age 2σ, mean age

[mbsf] [yr BP] [14C yr] [cal yr BP] [cal yr BP]

GeoB23509-01 (East)
236158 0.22 Bivalve (marine) 1485 ± 15 −108 ± 106 731–1240

984
732–1241
983

236159 0.64 Bivalve (marine) 5350 ± 15 407 ± 165 4606–5466
5047

4610–5470
5049

236160 1.00 Bivalve (marine) 6360 ± 15 301 ± 201 5821–6757
6289

5839–6769
6289

236161 1.55 Bivalve (marine) 9515 ± 20 −46 ± 206 9621–10,865
10,265

9952–11,089
10,504

236162 1.94 Bivalve (marine) 10,370 ± 20 −46 ± 206 10,805–12,110
11,476

10,656–11,441
11,049

236163 2.44 Bivalve (marine) 10,385 ± 20 −46 ± 206 10,846–12,153
11,497

11,094–12,267
11,666

GeoB23510-02 (East)
259337 0.24 Bivalve (marine) 520 ± 20 −49 ± 121 0–56 −2–285

101
259338 0.34 Bivalve (marine) 765 ± 20 −49 ± 121 6–481

271
Not modeled, sample part of Ex

259339 0.76 Bivalve (marine) 6095 ± 15 301 ± 201 5548–6448
6003

5590–6452
6029

259340 1.40 Bivalve (marine) 8245 ± 20 −286 ± 158 8518–9383
8946

8468–9355
8904

GeoB23512-01 (East)
259333 0.31 Bivalve (marine) 735 ± 20 −49 ± 121 0–455

243
−2–460
248

259334 1.10 Bivalve (marine) 4225 ± 20 50 ± 152 3631–4493
4063

3830–4780
4257

259335 1.63 Gastropod (marine) 8990 ± 20 740 ± 225 8051–9181
8610

7926–9069
8467

259336 2.50 Gastropod (marine) 9740 ± 25 −46 ± 206 10,020–11,173
10,582

9982–11,140
10,534

GeoB23519-01 (West)
236164 0.21 Bivalve (marine) 650 ± 15 −49 ± 121 0–398

184
−2–304
148

526115 0.57 Bivalve (marine) 2610 ± 30 65 ± 20 1865–2231
2040

1839–2155
2002

236165 0.93 Bivalve (marine) 3205 ± 15 −36 ± 152 2499–3310
2903

2650–3323
2967

259343 1.18 Wood 3950 ± 20 – 4296–4515
4415

Not modeled, sample part of Ey

259341 1.52 Articulated bivalve 4260 ± 20 50 ± 152 3668–4512
4109

Not modeled, sample part of Ey

236166 1.55 Bivalve (marine) 4245 ± 15 50 ± 152 3654–4512
4087

3951–4557
4259

236167 1.67 Bivalve (marine) 5390 ± 20 407 ± 165 4660–5515
5092

4566–5278
4913

236168 3.20 Bivalve (marine) 9230 ± 20 740 ± 225 10,184-11,449
10,820

9954–10,740
10,350

236169 3.50 Bivalve (marine) 9530 ± 20 −46 ± 206 9642–10,896
10,287

10,686-11,460
11,062

GeoB23519-02 (West)

512669 0.20 Bivalve (marine) 600 ± 30 −49 ± 121
0–366
159

−2-294
142

512670 0.31 Bivalve (marine) 1570 ± 30 −108 ± 106
800–1305
1068

877–1354
1119

512668 1.16 Bivalve (marine) 4280 ± 30 50 ± 152
3689–4562
4135

Not modeled, sample part of Ey

512667 1.56 Bivalve (marine) 4330 ± 30 50 ± 152
3752–4638
4198

4016–4614
4320

512666 2.47 Bivalve (marine) 7910 ± 30 −365 ± 352
7845–9468
8657

7510–8655
8084

512665 3.53 Bivalve (marine) 10,360 ± 30 −46 ± 206
10,790–12,095
11,462

10,795–11,591
11,192

GeoB23522-01 (West)

(continued on next page)
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Table 2 (continued)

Lab code Sample depth Material 14C age ΔR Unmodeled cal 14C age 2σ, mean age Modeled cal 14C age 2σ, mean age

[mbsf] [yr BP] [14C yr] [cal yr BP] [cal yr BP]

526116 0.69 Bivalve (marine) 2110 ± 30 −95 ± 124
1310–1945
1631

1369–2024
1699

526117 1.20 Bivalve (marine) 3930 ± 30 50 ± 152
3266–4102
3683

3146–4006
3568

526118 3.03 Bivalve (marine) 7740 ± 30 −324 ± 251
7808–9009
8400

8059–9385
8713

526119 3.28 Bivalve (marine) 9670 ± 30 −46 ± 206
9897–11,100
10,490

9602–10,921
10,279
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◦ Between 0.22–0.25mbsf, 0.31–0.35mbsf, and 0.44–0.54mbsf in core
19-02, the sediments are slightly coarser than their surroundings.

◦ Between 0.13 and 0.18mbsf in core 19-03, the sediments are slightly
coarser than their surroundings. Shell fragments are abundant, espe-
cially along the basal contact.

• Between 1.18 and 1.53mbsf in core 19-01, 1.14 and 1.49mbsf in core
19-02, and 1.15 and 1.55 mbsf in core 19-03, a thick coarse-grained
sediment deposit is intercalated (Fig. 5). This deposit consists of four
distinctive sections following an erosional basal surface. Shell frag-
ments and small articulated bivalves (<1 cm) can be found through-
out sections II, III, and IV.
Fig. 5. Structural, textural, compositional properties of 19–01 (West). PW=P-wave velocities (
SkI = skewness (Φ), KG = kurtosis (Φ), all after Folk and Ward (1957). XRF results for Al, Si, C
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◦ Upper section IV: between 1.18 and 1.22mbsf in core 19-01, the core
consists of very poorly sorted, slightly normally-graded fine sand
(mean: 2.6–3.0 Φ, sorting: 2.3 Φ). The grain size is distributed be-
tween 0.0–0.4 % gravel, 67.7–94.2 % sand, 5.5–29.0 % silt, and 0.2–
3.3 % clay. In the uppermost part, small pieces of wood were found.

◦ Upper intermediate section III: between 1.22 and 1.47mbsf in core 19-
01, the core consists of moderately well sorted massive medium sand
(mean: 1.4 Φ, sorting: 0.6 Φ). The grain size is distributed between
0.0–0.6 % gravel, 97.2–100.0 % sand, 0.0–2.7 % silt, and 0.0 % clay.

◦ Lower intermediate section II: between 1.47 and 1.52mbsf in core 19-
01, the core consists of inversely graded fine to medium sand (mean:
2.0–1.7 Φ, sorting: 1.3 Φ). The grain size is distributed between 0.0–
4.4 % gravel, 86.4–99.9 % sand, 0.0–8.1 % silt, and 0.0–1.1 % clay.
m/s), MS=magnetic susceptibility (10-5 SI). Mz=Mean grain size (Φ),σI = sorting (Φ),
a, Ti, Fe, Sr, and the log(Ca/Fe), log(Ca/Ti), and log(Si/Ca) ratios.
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◦ Basal section I: between 1.52 and 1.53 mbsf in core 19-01 is a very
poorly sorted coarse shell layer (mean: 0.7 Φ, sorting: 2.2 Φ). The
grain size is distributed between 20.7 % gravel, 72.7 % sand, 6.0 %
silt, and 0.6 % clay.

• Between 1.53 and approx. 2.40 mbsf in core 19-01, 1.49 and approx.
2.40 mbsf in core 19.02, 1.55 and approx. 2.40 mbsf in core 19-03,
the sediments consist of very coarse silt (mean: 4.9 Φ, sorting: 2.5
Φ; Fig. 5). The grain size is distributed between 0.0–17.3 % gravel,
32.1–46.1 % sand, 42.2–58.5 % silt, and 5.4–9.0 % clay. The basal contact
with the sediments below is gradual.

• Between approx. 2.40 and the bases of the cores, the basal sediments are
composed of poorly sorted, very fine sand that fines upwards (mean:
3.1–3.9 Φ, sorting: 1.7 Φ; Fig. 5). The grain size is distributed between
0.0–3.1 % gravel, 50.2–75.4 % sand, 18.7–42.1 % silt, and 2.3–6.6 % clay.

• At the base of core 19-02 (3.53–3.65 mbsf; Table 1), bedrock consisting
of yellowish bioclastic sandstonewas retrieved that is bioeroded by bor-
ing mollusks (Pholadidea loscombiana). Sediments rest unconformably
on the bedrock.

Cores 20-01 and 21-01: cores 20-01 and 21-01 are very similar to
cores 19-01, 19-02, and 19-03 (Fig. 3B). These cores recovered 3.61 m
and 3.14 m of sediment, respectively (Table 1).

• Between 0 and 1.00 mbsf in core 20-01, and 0 and 0.72 mbsf in core
21-01, the uppermost part of the cores consist of very coarse silt
that fines upwards (mean: 4.2–5.2 Φ, sorting: 2.0 Φ). The grain size
is distributed between 0.0 % gravel, 34.3–54.8 % sand, 38.8–55.2 %
silt, and 5.8–10.5 % clay.

• In cores 20-01 and 21-01, slightly coarser layers can be identified be-
tween 0.19 and0.26mbsf and 0.15 and0.21mbsf, respectively (mean:
4.8Φ, sorting: 2.5Φ; mean). The grain size is distributed between 0.0
% gravel, 38.6–45.0 % sand, 47.4–52.2 % silt, and 7.6–9.2 % clay. The
basal contact is sharp, and the sediment consists of bioclastic fine
sand with high amounts of shell debris.

• Between 1.00 and 1.31mbsf in core 20-01, 0.72 and 0.99mbsf in core
21-01, a thick deposit is intercalated (mean: 4.3Φ, sorting: 2.3Φ). The
grain size is distributed between 0.0 % gravel, 36.6–47.1 % sand, 45.8–
54.9 % silt, and 6.5–8.7 % clay. This deposit consists of fine sand full of
broken shells with a sharp basal contact surface. The upper contact is
gradual with upwards-fining grain size.

• Between 1.31 and 2.15mbsf in core 20-01, 0.99 and 1.95mbsf in core
21-01, the sediments are composed of very coarse silt that fines up-
wards (mean: 4.8–5.0Φ, sorting: 2.0 Φ). The grain size is distributed
between 0.0 % gravel, 35.7–48.0 % sand, 45.4–56.1 % silt, and 6.6–8.2
% clay. The basal contacts are gradual.

• Between 2.15 and 3.61mbsf in core 20-01, 1.95 and 3.14mbsf in core
21-01, the basal sediments are poorly sorted very fine sands that grad-
ually fine upwards (mean: 3.2–4.8Φ, sorting: 2.0Φ). The grain size is
distributed between 0.0 % gravel, 34.5–80.9 % sand, 15.7–57.0 % silt,
and 3.4–8.5 % clay.

Cores 22-01,22-02,and23-01: cores 22-01, 22-02, and23-01 are very
similar to the cores 13-01 and 13-02 of the eastern transect (Fig. 3). The
cores recovered 4.21 m, 4.63 m, and 3.23 m of sediment, respectively
(Table 1).

• Between 0 and approx. 2.10mbsf in cores 22-01, 22-02, and23-01, the
uppermost part of the cores consist of very coarse silt that gradually
fines upwards (mean: 4.1–5.0 Φ, sorting: 1.8–2.2 Φ). The grain size
is distributed between 0.0–7.5 % gravel, 35.3–59.0 % sand, 36.0–57.4
% silt, and 3.8–7.9 % clay. Laminations occur in the lower parts.

• Between approx. 2.10 mbsf and the bases of the cores, the sediments
gradually fine upward from fine sand at their bases to very fine sand
(mean: 2.9–4.0 Φ, sorting: 1.0–1.9 Φ). The grain size is distributed
between 0.0–11.7 % gravel, 61.9–90.1 % sand, 0.0–34.0 % silt, and
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0.9–4.0 % clay. The sediments are heavily bioturbated and occasionally
interrupted by shelly laminae.

4.2.2.1. P-wave velocities, magnetic susceptibility, and XRF results. P-wave
velocities, magnetic susceptibility, and XRF results are presented here
with the example of core 19-01 (Fig. 5).

• Between 0 and 1.18 mbsf, P-wave velocities are generally slightly
lower than themean value of 1671 m/s. Magnetic susceptibility grad-
ually increases upwards and reaches a maximum of 60 × 10−5 SI in
the uppermost 0.1 mbsf. Si, Ca, and Sr are low, and Ti and Fe increase
upwards and reach high values towards the top of the core.

• Most thin, slightly coarser layers interbedded in the finer-grained
upper part of the core yielded small peaks in both magnetic suscepti-
bility and P-wave velocity, but they are not discernible in the XRF re-
sults. As an exception, the thin layer between 0.21 and 0.24 mbsf,
which shows small peaks inmagnetic susceptibility and P-wave veloc-
ity compared to the surrounding sediments, is also characterized by
high Si, Ti, and Fe values with Ca/Fe and Ca/Ti ratios slightly higher at
its base. Another contrasting deposit intercalated in the finer-grained
sediments between 0.12 and 0.14 mbsf is only discernible by small
peaks in both magnetic susceptibility and P-wave velocity and high
Si, Ca, Sr, and related ratios. In contrast, Ti, Fe, and corresponding ratios
are low.

• Between 1.18 and 1.53 mbsf, magnetic susceptibility drastically de-
creases to around 0 SI, whereas P-wave velocities strongly increase to
a mean value of 1783 m/s. Besides texture (see above), geochemical
properties highlight contrasts in sub-units of this coarse-graineddeposit.

◦ Upper section IV: between 1.18 and 1.22 mbsf, an upward decrease
in Si and low Ca and Sr are observed, and an upwards increase in Ti
and Fe.

◦ Upper intermediate section III: between 1.22 and 1.47 mbsf, high Si,
low Ca, Sr, and very low Ti and Fe are observed.

◦ Lower intermediate section II: between 1.47 and 1.52 mbsf, Si in-
creases upwards, with a decrease in all other elemental values.

◦ Basal section I: between 1.52 and 1.53mbsf, the core is characterized
by a peak in Ca and Sr.

• Between 1.53 and approx. 2.40 mbsf, P-wave velocities gradually de-
crease while magnetic susceptibility increases upwards. Si, Ca, and
Sr are low, and Ti and Fe increase upwards.

• Between approx. 2.40 and 3.56 mbsf, P-wave velocities vary around
themean value of 1671m/s, andmagnetic susceptibility reachesmin-
imum values between−5 and 4 × 10−5 SI. Si, Ca, and Sr are high, and
Ti and Fe are low.

4.2.2.2. Radiocarbon dating. Eight shell samples and one wood sample
from core 19-01, six shell samples from core 19-02, and four shell sam-
ples from core 22-01 were radiocarbon-dated (Table 2). They roughly
cover the last 11,500–10,000 years.

5. Stratigraphic units and possible high-energy events

Based on the results of the multi-proxy approach, at least three strat-
igraphic units and two event layers can be distinguished that represent
different sedimentary environments and depositional conditions. P-
wave velocities correlate with grain size in continental shelf environ-
ments, with lower velocities in fine sediment and higher velocities in
coarser sediment (Hamilton and Bachman, 1982). Magnetic susceptibil-
ity indicates the relative abundance andmagnetic behavior of (magnetic)
minerals in the sediment, i.e., if theminerals are ferromagnetic, ferrimag-
netic, antiferromagnetic, paramagnetic, or diamagnetic (Dearing, 1999).
Low magnetic susceptibility values suggest the presence of, e.g., quartz,
alkali-feldspars, calcite, or organic matter, while high magnetic
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susceptibility values indicate the presence of Fe-bearing minerals
(Dearing, 1999). Al can be linked to detrital input and fine-grained sedi-
ment, while Si is associated with the quartz content and, therefore, pri-
marily to sand-sized particles. High Si also suggests increased
terrigenous influence on the total sediment. On the other hand, Ca and
Sr are commonly correlated to the bioclastic content and carbonates,
whereas Fe and Ti are linked to the fine-grained content (e.g., clay), and
weathering of siliciclastic rocks as their relative concentrations depend
on terrestrial supply. Finally, the log(Ca/Fe) and log(Ca/Ti) ratios indicate
biogenic carbonate versus detrital mud as a terrigenous source, and log
(Si/Ca) is a proxy for a siliciclastic versus carbonate source (Rothwell
et al., 2006; Chagué-Goff et al., 2017).

Stratigraphic unitswere correlated among the cores by their grain size
and elemental and physical properties (Fig. 3). Further, the radiocarbon
ages were used to facilitate correlation among the cores. Based on the ra-
diocarbon dates and stratigraphic information provided by the multi-
proxy approach, age-depth models were created, and the possible ages
of the boundaries between stratigraphic units were modeled (Fig. 6).

5.1. Unit C

Many of the cores consist of a coarser-grained basal part composed
of moderately(-well) sorted fine to coarse sand, indicating higher ener-
getic conditions for deposition, i.e., caused by wave or current action.
These sediments are characterized by medium to high P-wave veloci-
ties, low magnetic susceptibility, and Fe and Ti values, whereas Si, Ca,
and Sr values are high, indicating a marine environment rich in quartz
particles and calcium carbonate marine shells. We assign these sedi-
ments to the lowermost stratigraphic unit C in our cores (Fig. 3). Ac-
cording to the age-depth models, this unit was deposited between ca.
12,000 and 10,000 cal yr BP (Fig. 6). During this time, sea levels were
lower than today but rapidly rising from ca. 40 m to ca. 22 m below
present level at rates of 9.0 ± 1.7 mm/yr (Dias et al., 2000; Teixeira
et al., 2005; Schneider et al., 2010; Trog et al., 2013, 2015; García-
Artola et al., 2018). Altogether, this indicates a more proximal and shal-
lower than present shelf depositional environment. Thus, the lower-
most unit C is interpreted as a shallow marine deposit based on its
properties and composition.

5.2. Unit B

Unit B sediments are generally finer, with an increased proportion of
finer particles than in the sandy and matrix-poor materials of unit C.
With the grain size change and mud content increase, carbonate
bioclasts, total calcium carbonate, and quartz decrease. This variation is
mirrored by higher Fe and Ti and is also reflected in highermagnetic sus-
ceptibility values. An increase in fine silt and clay indicates less intense
hydrodynamic conditions favoring the settling of suspended particles
and less ability of coarser terrigenous materials to reach this region of
the shelf. This agreeswith a substantial increase in the depth of the depo-
sitional environment corresponding to a higher mean sea level. The age-
depthmodels (Fig. 6) indicate that unit B accumulated between ca. 7000
and 8000 cal yr BP, correlatingwith the pronounced deceleration of post-
glacial sea-level rise (García-Artola et al., 2018), with mean sea level just
a fewmeters below the present level. Thus, unit B represents the change
between rapidly rising sea levels and a subsequent much slower rise, to-
gether with the deepening of the depositional environment, making the
transition between the former higher-energy sandy lower shoreface and
lower-energy muddy shelf environments. In core 09-01, the reflector at
around 1 mbsf in the sub-bottom profiles (see chapter 3.1.1) indicates
the contact between unit B and uppermost unit A.

5.3. Unit A

The uppermost sediments in the cores are composed of (very)
poorly sorted fine sediments. A finer grain size, low amounts of both
12
bioclasts and carbonate, and higher amounts of mud, in line with high
values of Fe, Ti, andmagnetic susceptibility, characterize this uppermost
unit A. Fe and Ti increase towards the top of the unit, whereas mean
grain size, Ca and Si decrease. These properties of unit A, especially the
topmost part, indicate calm depositional conditions, which are
underlined by the occasional preservation of laminations and an intact
Pectinidae in core 09-01. This unit represents the permanent sedimen-
tation regime in a relatively stable marine environment of the mid
and outer shelf; thus, it means an adequate archive for event deposits
(Weiss and Bahlburg, 2006). Unit A accumulated throughout the last
ca. 6000 cal yr BP (Fig. 6). This unit correlates with the stabilization of
sea level during the mid to late Holocene (García-Artola et al., 2018)
and the subsequent development of coastal barriers and lagoons (Dias
et al., 2000; Freitas et al., 2003; Andrade et al., 2016; Costa et al.,
2016) along the shore. The sea level was comparable to today
(Teixeira et al., 2005; Schneider et al., 2010; Trog et al., 2013, 2015;
García-Artola et al., 2018), implying that sediments of unit A were de-
posited below the mean level of storm-wave base (Hernández-Molina
et al., 2000).

5.4. Event deposits

Sedimentary events are typically defined by short and rapid deposi-
tional intervals, which strongly contrast with homogeneous back-
ground sedimentation (Einsele et al., 1996). In this study, we found
that sediments forming unit A, which accumulated under stable back-
ground low-energy conditions, contain several intercalations of
coarser-grained layers. The coarser layers indicate temporary inter-
ruptions of the permanent sedimentation regime of the mid to outer
shelf and are interpreted as possible event deposits based on their con-
trasting textural, geochemical, and lithological characteristics. Two
event deposits could be correlated among the cores based on their sed-
imentological and geochemical signatures and are hereafter referred to
as Ey and Ez. Ez is the last remarkable and youngest event layer, andwe
use the reverse alphabetic letters to express their relative ages. Rapid
deposition of the event sediments was assumed to create the age-
depth models (Fig. 6). Further, radiocarbon samples taken inside an
event layer are considered reworked and thus were excluded from
the models.

5.4.1. Event deposit Ez – the 1755 CE tsunami
Ez covers a wide area on the shelf and can be traced inmany cores of

both transects. It seems to be ubiquitous in the shallower cores of the
western transect (cores 19-01: 0.21–0.24 mbsf, 19-02: 0.22–0.25
mbsf, 19-03: 0.13–0.18 mbsf, 20-01: 0.19–0.26 mbsf, 21-01: 0.15–0.21
mbsf) and many cores of the eastern transect (cores 06-01: 0–0.23
mbsf, 07-03: 0.06–0.26 mbsf, 10-01: 0.08–0.48 mbsf, 10-02: 0.10–0.36
mbsf, 11-01: 0.5–0.33 mbsf, 12-01: 0.31–0.40 mbsf, 12-02: 0.31–0.40
mbsf, 13-01: 0.22–0.25mbsf, 13-02: 0.22–0.25mbsf). Typical character-
istics of Ez are the abrupt increase in grain size, contrasting geophysical
and geochemical properties, and higher shell concentrations, especially
at the base of thedeposit and, in some cores, erosive bases (Fig. 7A). Fur-
ther, Ez can be identified by its geochemical signature in the deeper
cores of the western transect (around 0.20–0.25 mbsf). The spatial dis-
tribution of thickness in Ez is somewhat irregular, even when nearby
coring sites are compared, but a regional fining trend towards the
west and south superimposes this variation. In the western transect
and the distal cores of the eastern transect, Ez is relatively thin (0.03–
0.09 m thickness). In the proximal cores of the eastern transect, Ez is
much thicker (0.20–0.40 m thickness) with differentiation into a
lower and an upper section in core 10-01 (Fig. 7A).

Two distinctive sections indicate changes in hydrodynamic condi-
tions during the deposition of Ez in core 10-01 (Fig. 7A). The sediments'
coarse grain size and poor sorting indicate a sudden depositional event
driven by high energy currents with low sorting capacity. First, the
abundance of shell debris at the bottom of the deposit reveals an initial



Fig. 6.Age-depthmodels. A: Age-depthmodel for core 09-01 based on six radiocarbon ages. Themeanmodeled boundary ages aremarked in grey, and themeanmodeled 14C ages for the
six radiocarbon samples aremarked in black. B: Age-depthmodel for cores 19-01 and 19-02 based on12 radiocarbon ages. Themeanmodeled boundary ages aremarked in grey, themean
modeled 14C ages for the seven radiocarbon samples from 19−01, and the five samples from 19−02 are marked in black. Radiocarbon samples taken inside the event deposit Ey are ex-
cluded due to reworking.
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Fig. 7. Event deposits Ex and Ey. A: Photos of event deposit Ex in cores 10-01 and 19-01with grain size and XRF results B: Photos of event deposit Ey in cores 09-01, 19-01, and 22-01with
grain size and XRF results.
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erosion and reworking of the pre-existing shelf bottommaterials either
by the incoming tsunami wave or the subsequent offshore-directed
backwash. Second, the increase in terrigenous components to the top
of the event layer points to a later rise in supplies from land or shallower
shelf areas. Despite the layer thinning downslope from core 10-01, the
imprint of the land-derived sediments can be found in the geophysi-
cal and geochemical signatures of the sediment cores. Laterally, the
layer also thins, and the sedimentary facies resemble the layer's upper
part in core 10-01. Along with the radiocarbon dates and age-depth
models (Fig. 6B), Ez can be interpreted as deposits of the 1755 CE
Lisbon tsunami.

Abrantes et al. (2008) detected deposits and an erosion gap in cores
retrieved from the Tagus River mouth. Based on their high-resolution
dating, grain size, XRF-Fe data, and magnetic susceptibility, these im-
prints were related to the 1755 CE tsunami backwash. In our example,
the basal features of the deposit point to a high energy current that
eroded and incorporated shelf sediments, while the upper part of
the layer is characterized by the introduction of a significant proportion
of exotic sediment derived from land or nearshore sources. This
upper part can be interpreted as related to tsunami backwash. The
sediment-loaded backwash can erode thefine-grained background sed-
iments (incorporating them as dispersed particles or rip-up clasts) and
transport coastal to shallow marine deposits (e.g., coarser sand-sized
quartz grains; increase in terrestrial geochemical markers) towards
the offshore (Feldens et al., 2012; Tamura et al., 2015; Quintela et al.,
2016; Riou et al., 2020a, 2020b).

5.4.2. Event deposit Ey – a previously unknown tsunami ca. 3600 cal yr BP
The thicker Ey (Fig. 7B) strongly contrasts with the background sed-

iment in texture and geophysical and geochemical properties (see
below) and can be identified in the shallower cores of the western tran-
sect (19-01: 1.18–1.53 mbsf, 19-02: 1.14–1.49 mbsf, 19-03: 1.15–1.55
mbsf, 20-01: 1.00–1.31 mbsf, 21-01: 0.72–0.99 mbsf), by its geochemi-
cal signature in the deeper cores 22-01 and 22-02 (around 1.00–1.15
mbsf), and possibly in the core from the perched basin of the eastern
transect (09-01: 0.35–0.50 mbsf). It also correlates with the strong re-
flector in the sub-bottomprofiles of thewestern transect. Collective fea-
tures are an erosional basal surface, a marked increase in grain size, and
contrasting geophysical and geochemical properties compared to unit
A. A peculiarity of Ey is the complex structure and organization in differ-
ent sections of the deposit characterized by broad grain-size spectra.
However, this structure is strongly variable between cores.

In cores 19-01, 19-02, and 19-03, Ey has a thickness of up to 0.40 m
and is organized into four distinctive sections deposited on an erosional
basal surface (Fig. 7B). The following shell layer (basal section I) and in-
versely graded sand (lower intermediate section II) indicate upwards
increasing transport capacity (Moore et al., 2011). Themassive, visually
structureless medium sand (upper intermediate section III) indicates
high-energy transport and deposition. Based on the high Si values,
high P-wave velocities, and diamagnetic characteristics, quartz-rich
sand is the dominant component. On the other hand, Ti and Fe, linked
to the mud content, reach their absolute minima. Therefore, a high-
energy regime and increased transport capacity are needed to form
this thick section III. The normally-graded upper section IV is composed
of sediment that settled from the suspension cloud after the high-
energy event. Wood fragments found at the top indicate a partially
final terrestrial influx. The combined age-depth model for cores 19-01
and 19-02 suggests an age span of 3032–4165 cal yr BP (mean: 3593
cal yr BP, Fig. 6B) for the deposition of Ey. Thus, we refer to this layer
as deposited in ca. 3600 cal yr BP in the following. Radiocarbon samples
inside the event layer yielded ages similar to the basal contact and are
considered reworked material eroded from the seafloor.

This specific deposit configuration (Fig. 7B) is only visible in cores
19-01 and 19-02, the shallowest cores of the western transect just
below the steep slope identified in the bathymetry map (Fig. 1). Thus,
the hypothesis is introduced that the steeper slope northwest of 19-01
15
played an essential role in the sediment entrainment, transport and de-
positional mechanisms related to this specific deposit. The primary sed-
iment source for the quartz-richmedium sand of section III (Fig. 7B) can
be found in the proximity of the coring site in shallower water depths
(30–35m), where the present-day bottom sediments are characterized
as lithobioclastic medium sand (cf. Instituto Hidrográfico, 2009). We
argue that thismaterial was eroded and transported downslope and off-
shore. The fine-grained matrix of section IV (Fig. 7B) can be interpreted
as eroded background material, the secondary sediment source. Larger
grains incorporated in the matrix are considered eroded and
transported from shallower water depths and the previously deposited
section III.

In the western transect, Ey can be traced further downslope to cores
20-01 and 21-01, where it did not imprint a distinct hydroacoustic sig-
nal. Grain size tends to become finer, and geophysical and geochemical
proxies become less elucidative further offshore. Finally, in cores 22-01
and 22-02, the macroscopic visual identification of this event deposit is
no longer possible. However, an increase in relative Si concentrations at
around 1.00–1.15mbsf (Fig. 7B), which probably reflects a higher abun-
dance of quartz, suggests a temporary rise in energy attributed to the
deposition of Ey. Thus, the processes leading to the deposition of sedi-
ments at coring site 19 were attenuated, and the sediment transport
competence diminished further downslope and further offshore.

In core 09-01, a deposit possibly related to Ey can be separated into
two sections, indicating different hydrodynamic conditions (Fig. 7B).
Section I (at the base) rests upon an abrupt contact and is characterized
by low magnetic susceptibility and high P-wave velocities associated
with a higher amount of gravel-sized shell fragments. The large shell
fragments correlate with high amounts of Ca. A thin mud lamina sepa-
rates the two sections. Section II (the upper section) presents an
increased proportion ofmuddy sediments and highermagnetic suscepti-
bility, Fe and Ti, compatible with increased influence from terrestrial
sources. The very poor sediment sorting in this section indicates a low
sorting capacity during high-energy transport and deposition and resem-
bles upper section IV in cores 19-01, 19-02, and 19-03. The age model
suggests an age between 913 and 2778 cal yr BP (mean: 1715 cal yr
BP; Fig. 6A) for the event deposit with an age between 3704 and 5362
cal yr BP (mean: 4558 cal yr BP; Fig. 6A) for the sediments just below
the deposit. However, the modeled age of the event may be
underestimated because only one radiocarbon sample is available
above the event layer. The modeled age of the sediments just below
agrees with the event deposit in core 09-01 being deposited ca. 3600
cal yr BP.

The restricted extension of Ey on the Algarve shelf to the western re-
gion of the study area and possibly core 09-01 in the eastern region in-
dicates that the triggering event has affected the Algarve coast severely
and left imprints on the continental shelf, at least on a regional scale.
In particular, the high-energy characteristics, complex internal structure,
and partial terrestrial origin of Ey sediments suggest a driving mecha-
nism related to an offshore-directed flow. However, it remains unclear
if the erosive surface at the base of Ey was generated by an onshore-
directed current (in such case, providing grounds for the signature of a
tsunami) or by the seaward flowing currents (in either case, erosion
having preceded the deposition of the event-layer by a brief time inter-
val). Data and discussion above suggest that an extreme eventwith com-
plex transportmechanisms during backwash deposited layer Ey ca. 3600
cal yr BP. Even though severe storms affect the Portuguese coastlines, a
storm wave origin can be excluded for Ey due to a water depth ≥ 65 m,
well below the mean level of the storm-wave base. Further, the cores
are located in generally calm environments on the shelf. Diagnostic
structures like hummocky cross-stratification or wave ripples, which
are indicative of storm wave-driven transport and deposition, were not
detected in anyof our sediment cores. Also, to the best of our knowledge,
no corresponding onshore or nearshore tempestites are known in the
Algarve region with the same age as Ey. Nevertheless, storm-induced
turbidity currents initiated above the storm-wave base flowing offshore
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along the seafloor of the shelf and ultimately down the continental
slope cannot be excluded as a possible generation mechanism for
layer Ey, as well as seismic- or gravity-induced sediment remobiliza-
tion. However, no indications of turbiditic flow have been found in
our cores. Further, seismic- or gravity-induced sediment remobiliza-
tion is less likely on the flat mid to outer Algarve shelf and would be
expected to occur along the continental slope or canyon walls in-
stead (McHugh et al., 2016; Molenaar et al., 2019; Schwestermann
et al., 2020).

On the other hand, the erosional basal surfaces (Feldens et al., 2012;
Sakuna et al., 2012; Ikehara et al., 2014; Smedile et al., 2020) of the
event layers, reworked marine sediments and the input of terrigenous
materials that are characteristic for deposit Ey can be linked to offshore
tsunami deposits (Feldens et al., 2012; Tamura et al., 2015; Quintela
et al., 2016; Riou et al., 2020a, 2020b; Smedile et al., 2020). Similar to
Sakuna et al. (2012), we observed different characteristics in sediment
sections of Ey that can be attributed to different hydrodynamic condi-
tions that quickly followed each other. These different hydrodynamic
conditions are either associated with the inundation and backwash
phases orwith different pulses of the backwash phase of a tsunami. Fur-
thermore, sediment concentration, grain size, and flow thickness may
have played an essential role in the deposit configuration. The lower
section(s) of deposit Ey are mainly composed of reworked marine sed-
iments, while the upper section(s) also include terrigenous or coastal
materials. The offshore-directed backwash transported large portions
of these sediments. Not all of the cores from the southwestern Algarve
shelf contain this event's signature, likely because the backwash flow
was channeled due to bathymetric features, as observed in other off-
shore tsunami studies (Abrantes et al., 2008; Dawson and Stewart,
2007; Feldens et al., 2009; Bahlburg and Spiske, 2012; Goodman
Tchernov et al., 2016; Riou et al., 2020a, 2020b). Based on the sedimen-
tological properties and accepting the hypothesis of a tsunami origin, Ey
is interpreted as related to a tsunami. The other Portuguese offshore tsu-
nami studies (Abrantes et al., 2008; Quintela et al., 2016) did not detect
deposits associated with Ey. Abrantes et al. (2008) retrieved cores from
the Tagus River mouth near Lisbon, north of our study area. Thus, the
event responsible for the deposition of Eymay have affected only the Al-
garve and adjacent coasts but not reached as far north as Lisbon.
Quintela et al. (2016) studied an offshore core retrieved east of our
study area (Fig. 1B, C: j). Deposit Ey was only recovered in core 09-01
in the eastern transect, which the channeling of the tsunami backwash
or a locally restricted trigger may explain.

5.4.3. Other possible event deposits
In addition to Ey and Ez, thin (centimetric) layers exhibiting sedi-

ment coarser than typical unit A materials were found in the cores in-
vestigated in this study, particularly in the shallower cores of the
western transect. However, a definite identification is problematic due
to thinness, a slight contrast to the surrounding sediment, and partly
poor preservation of the sediment integrity. In addition, sedimentolog-
ical and compositional properties can be strongly site-specific. There-
fore, only event deposits that can be identified confidently in different
depositional areas, i.e., in the western and eastern transects, are used
to establish an event record in this study. In this study, only Ez and Ey
fulfill this criterion. Possible event deposits that exist only in a single
core or location are insufficient to establish the event origin and possible
trigger mechanisms. Especially in cores 19-01 and 19-02 of the western
transect, several other thin layers of coarser grain size stand out in unit
A, which makes the upper parts of the stratigraphy. They only contrast
slightly compared to their surroundings and thus cannot be easily iden-
tified or traced in other cores due to their thinness, fuzzy boundaries,
and poor preservation state, mainly induced by bioturbation. Similar
disturbances from soil development have been reported in present-
day onshore deposits (Szczuciński, 2012). Therefore, definite state-
ments about the origin of these deposits, their depositional processes,
and a correlation among different cores are hardly possible at this point.
16
Lastly, this study did not detect event deposits correlatingwithmedie-
val storms and clusters of large floods around 1430–1685 CE and 1730–
1810 CE that were identified onshore (Thorndycraft and Benito, 2006).
Phases of increased oceanic storminess were inferred by increased coastal
sand invasion and dune accretion along thewestern coast of Portugal dur-
ing the Little Ice Age (Dias et al., 2000) and the 1770–1830 CE period
(Clarke and Rendell, 2016). For comparison, the onshore records of
storm events are minimal for the Algarve coast, mainly because large
stretches of the coast are eroding. The only known onshore stormdeposits
are documented in specific locations ofMartinhal (Kortekaas andDawson,
2007) (Fig. 1B, C: a) and the Ria Formosa barrier islands (Andrade et al.,
2004) (Fig. 1B: h). No shelf deposits were identified in this study repre-
sentingmarine counterparts of the onshore signatures of increased storm-
iness. These events are expected to have had lower energy than tsunami
events that we can find deposits of (i.e., 1755 CE Lisbon tsunami and ca.
3600 cal yr BP tsunami). The cores presented in this study were retrieved
below themean level of the storm-wave base. Thus no storm-wave event
signatures are expected, especially at such distances and depths from the
coast. However, storm-induced turbidity currents could be expected in
these water depths but were not recognized in any of our cores.

6. Discussion

6.1. Tsunamis in the Algarve region – trigger mechanisms

High-energy event deposits like those found intercalated in the fine-
grained shelf deposits in cores of the Algarve shelf can derive from dif-
ferent triggermechanisms, such as floods, storms, and tsunamis, the lat-
ter most frequently associated with high-magnitude earthquakes
capable of generating rupture of the seafloor, and slope mass move-
ments, both subaerial and submarine. Trigger events, as well as effects,
can either be local, regional, or global with varying properties condi-
tioned by local topographic and geological situations (e.g., basement
rocks, sediment supply, bathymetry and topography, coastline shape
and morphology) or general characteristics (e.g., the behavior of the
sediments during transport) (Einsele et al., 1996). Tsunamis in the east-
ern Central Atlantic, as observed in historical times and inferred from
the geological record (Baptista and Miranda, 2009), offer a reasonable
and probable source for the rapid changes recorded in sedimentation
patterns characterizing those high-energy layers. The sedimentary sig-
natures of the well-known 1755 CE Lisbon tsunami (Ez) and an older
event dated to ca. 3600 cal yr BP (Ey) were inferred from significant
changes in grain size and other diagnostic features.

The eastern Central Atlantic and Gulf of Cádiz are situated in a seis-
mically active plate-boundary setting (Vázquez et al., 2022). The histor-
ical 1755 CE Lisbon earthquake reached a magnitude ≥8 and was felt in
the entire Iberian Peninsula and elsewhere along the Atlantic basin.
Therefore, a seismic trigger for large tsunamis seems possible, along
with other major historical earthquakes. There is also the possibility of
submarine mass-wasting capable of generating long-period waves, as
suggested by Vázquez et al. (2022), who indicated a landslide-prone
area close to the Portimão Bank, around 80 km south of our study
area. From the analyses of cores presented in this study, Ey is likely a
tsunami deposit correlated in age with a coeval turbidite (or debris
flow deposit) discovered at the Marques de Pombal Fault block, south-
west of the Algarve shelf (Vizcaino et al., 2006: DF 1). Costa et al. (2022)
compiled coastal tsunami deposits in the Portuguese and Gulf of Cádiz
coast, and therein Event E5/6 has been documented at several locations.
However, the catalog of turbidites caused by potential tsunamigenic
earthquakes registered offshore SW Portugal (Gràcia et al., 2010) only
includes an isolated coeval event at the Marques de Pombal Fault.

For the onshore record of the Algarve coast, no paleo-tsunami de-
posits dated to ca. 3600 cal yr BP are known to date. This may be ex-
plained by the poor preservation potential of coastal sedimentary
archives along the Algarve before ca. 3000 cal yr BP, which is a conse-
quence of their high-energetic setting before the establishment of
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coastal barriers, sheltered lagoons, and estuaries (Freitas et al., 2003;
Andrade et al., 2016; Costa et al., 2016). However, along the Spanish
Gulf of Cádiz coast, paleotsunami deposits of similar age have been
found. At the Doñana spit barrier/Guadalquivir marshland, Ruiz et al.
(2005) and Lario et al. (2010, 2011) found a tsunami deposit dated to
3900–3700 cal yr BP and Koster and Reicherter (2014) describe a
paleotsunami deposit in lowlands of the Barbate-Zahara de los Atunes
coast that was dated to ca. 4000 cal yr BP. The dispersion of dates is a sig-
nificant problem when trying to correlate the diverse event episodes
identified along the Spanish coast by different authors (Lario et al.,
2010, 2011; Costa et al., 2022). Several factors influence the age calcula-
tions and, ultimately, the reported calendar ages, such as the use of differ-
ent dating techniques, a limited amount of samples analyzed, the use of
different substrates or biotic taxa for radiocarbon dating, and the use of
the same reservoir effect in different areas regardless of the age and loca-
tion (Costa et al., 2022). Thus, sedimentary features are wrongly assigned
to already known (e.g., documented in historical records) or new events
and may explain age discrepancies obtained from sediments deposited
by synchronous events. Along the Atlantic coast of Morocco, deposits of
comparable but slightly younger age (ca. 3200 cal yr BP) were discovered
in the Tahaddart estuary (Khalfaoui et al., 2020). In summary, it seems
likely that the ca. 3600 cal yr BP tsunami affected the coastlines of south-
western Iberia and Morocco, at least on a regional scale.

6.2. Offshore tsunami depositional processes

Different local bathymetric conditions (e.g., basins, faults, gentle
slopes), varying local sediment sources, and transport paths play an es-
sential role in the offshore deposit configuration (e.g., Feldens et al.,
2012). Only a few hundred meters apart, these offshore deposits can
present different complexity as well as compositional, geophysical, and
geochemical characteristics, like their onshore counterpart. The 1755
CE Lisbon and the ca. 3600 cal yr BP tsunami deposits have substantial
differences, even in the same shelf locations, but also similarities. Typical
Fig. 8.Generation and deposit structure of the ca. 3600 cal yr BP tsunami deposit (Ey) at coring
scale). B: Sediment and small shells on the seafloor are eroded and suspended by the onshore
sand from around 30mwater depth are eroded and transported downslope by thefirst sequenc
wash flow resembles a grain flow and deposits the massive medium sand at coring location 1
towards deeper waters by the second sequence of the offshore-directed tsunami backwash flo
ments in a mud matrix above another erosive surface. E: Fine-grained sediments settle from th
distinctive sections has only been observed at coring location 19. Further, towards the east and
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characteristics are erosional basal surfaces, reworkedmarine sediments,
and the input of terrigenous materials, similar to observations in other
studies (Sakuna et al., 2012; Feldens et al., 2012; Ikehara et al., 2014;
Tamura et al., 2015; Riou et al., 2020a, 2020b; Smedile et al., 2020). Dif-
ferent sections of the deposit attributed to different hydrodynamic con-
ditions (Sakuna et al., 2012) could be identifiedwhere deposits are thick
enough. Still, the generalization of diagnostic offshore tsunami deposit
features is not straightforward and relies on a complex analytical set, in-
cluding bathymetry and topographic features, geophysical and geo-
chemical proxies, (micro-) paleontology, and sedimentology.

A peculiarity of the ca. 3600 cal yr BP tsunami deposit is the complex
structure and organization in up to four different sections that mirror
sequential, short-lived, and contrasting hydrodynamic conditions.
However, the internal structure and textural, geophysical, and geo-
chemical properties are variable in different cores and locations, and
this specific deposit configuration is strongly linked to the local bathy-
metric conditions. We propose the following transport and deposition
conceptual model for the formation of the tsunami deposit in the spe-
cific location of core 19 (Fig. 8). First, the seafloor is eroded, and finer
grains are lifted in suspension. Part of the suspended materials from
the seafloor are transported towards the coast (Fig. 8B). Then, the tsu-
nami backwash induced erosion and flows as an undercurrent along
the seafloor, as indicated by bedload transport based on mean grain
size. In the first sequence of the backwash, sediments from around
30–35mwater depth are transported downslope in a grain or granular
flow (Fig. 8C). Grain-to-grain collision induces dispersive pressure on
cohesionless grains to disperse them against gravity (Bagnold, 1956;
Lowe, 1976). Traction carpets and inverse grading can be present at
the base of these deposits (Lowe, 1976), which is similar to our observa-
tions in sections I and II. The following section III consists exclusively of
sand-sized particles (97.2–100 % sand); thus, we interpret this part of
the ca. 3600 cal yr BP deposit as a grain flow deposit. However, grain
flows of medium sand can only form in specific settings at comparably
steep slopes (Lowe, 1976), which is why the grain flow deposit is
location 19. A: Coring location 19 is located just at the foot of a relatively steep slope (not to
-directed flow during the inundation phase of the tsunami. C: Large quantities of medium
e of the offshore-directed tsunami backwash flow. Thisfirst sequence of the tsunami back-
9. D: Terrestrial material mixed with marine sediments from the seafloor are transported
w. This second sequence resembles a debris flow and deposits sand grains and shell frag-
e water column once the flow has passed. F: The specific deposit configuration with four
further offshore, the ca. 3600 cal yr BP tsunami deposits only contain debris flow deposits.
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restricted to coring site 19 just below a relatively steep slope. When
fine-grained particles are also present, a debris flow is produced
(Lowe, 1976). True debris flows require a high clay content which was
not observed in the cores of this study. However, sandy debris flows
as discussed byHampton (1975), do not require such high clay contents
(Shanmugam and Moiola, 1997; Shanmugam, 1997) and are a possible
transport and depositionalmodel for section IV at coring site 19 (0.2–3.3
%mud). Also, this is the case of the ca. 3600 cal yr BP tsunami deposits in
cores other than 19-01, 19-02, or 19-03. In this second sequence of the
backwash, terrigenous materials, coastal sediments, and eroded sea-
floor particles are moved offshore-directed in a sandy debris flow
(Fig. 8D). This sandy debris flow is capable of erosion at its base and
topped by fine-grained sediments settling out of the suspension cloud
(Fig. 8E). Similar observations were made by Riou et al. (2020a), who
describe sediment associated with tsunami backwash that was depos-
ited by a dense and cohesive gravity flow topped by sediments settling
out of the suspension cloud.

7. Conclusions

Results presented in this study demonstrate that preservation of tsu-
nami deposits was possible on the Algarve shelf below the storm wave
base. However, offshore tsunami research, in general, is limited because
accessibility to shelf archives is often complicated (de Martini et al.,
2021). Therefore, diagnostic criteria are still very much site-specific,
which is also congruent with onshore imprints. Our results suggest
that offshore tsunami deposits can only be found at specific locations
along the shelf, such as depositional areas in morphological traps or,
to a minor extent, in submarine valleys. Observed characteristics can
display substantial differences for deposits of the same event. These de-
posits can contain several marked sectionswith specific features related
to changes in hydrodynamic conditions and sediment supply. The inter-
pretation of paleo-tsunami records of continental shelves faces limita-
tions due to bioturbation and current or wave-induced sediment
reworking and transport that characterizes the shelf areas landwards
and shallower of thewave base. The latter can bemitigated by choosing
to analyze the sedimentary record of generally calm shelf environments
(i.e., the deeper parts of the shelf), which are not affected bywave action
even under storm conditions. However, bioturbation can severely dis-
turb the sediment structure, especially in thin offshore sediment layers
or laminae, as illustrated by the results presented in this study.

On the other hand, our study identified event layers that correlate
with the 1755 CE Lisbon tsunami and an older, previously unknown,
ca. 3600 cal yr BP tsunami event. Thin deposits do not allow insights
into hydrodynamic conditions, but different sections can be separated
where the deposits are thick enough. Our findings have extended the
tsunami catalogs of Portugal following the detection of event deposits
dated to ca. 3600 cal yr BP, of which no counterpart is known yet in
the onshore record along the Algarve coast. Offshore tsunami research
thus has great potential to extend the tsunami record of any coastal re-
gion, especially when coastal records are incomplete or sparse.
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