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Abstract

The Atlantic coast of Morocco has been exposed to marine submersion events from storm surges and tsunamis
which have resulted in human and economic losses. The absence of long term records for these hazards makes it
difficult to trace their behavior through time, which is the first step to prepare proactive adaptation strategies for
events that may happen in the future. In this paper, we present a late Holocene record of marine submersion
events along the Atlantic coast of Morocco using a 2.7 m sediment core sampled from the Tahaddart estuary. The

regional event around 3200 BP.

sedimentological and geochemical analyses conducted on this geological archive showed a mud-dominated
sequence with 14 allochthonous sandy layers (E1-E14) left by marine high-energy events. The deposition age of
three layers (E1, E13 and E14) has been determined using conventional dating methods (*'°Pbe,, '*’Cs and Q).
The first layer, introduced as E1 seems to fit with the great Lisbon tsunami in 1755 CE (Common Era), an event
dated for the first time along the Atlantic coast of Morocco. The other two layers, referred to as E13 and E14, were
dated between 3464 and 2837 cal BP (calibrated years Before Present) and chronologically correlated with marine
high-energy deposits found on the Spanish Atlantic coast. This correlation confirms the existence of another
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Introduction

The Atlantic coast of Morocco is already suffering from
diverse human pressures, including urban sprawl, pollu-
tion and the over-exploitation of coastal resources
(Snoussi et al. 2008). Marine high-energy events are put-
ting additional pressure on this area, causing temporary
flooding of coastal lowlands and placing life and prop-
erty at risk. A primary example is tsunami waves, which
have historically been reported multiple times along
Morocco’s Atlantic coast. The most devastating one re-
corded is the tsunami of Lisbon in 1755CE (Blanc
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2009). During this event, property damage and loss of
life were reported in several cities between Tangier and
Agadir (Mellas 2012). Two main sources are believed to
have triggered these historical tsunamic events: (1) a
seismic source related to the tectonic activities in the
Gulf of Cadiz, as a result of the convergence between
the Eurasian and African plates. Indeed, several earth-
quakes are regularly generated in this area, some of
which have been able to produce tsunami waves (El
Alami and Tinti 1991; Gutscher et al. 2006); (2) a vol-
canic source that has been highly publicized, is the
Cumbre Vieja volcano, located in the Canary Islands. A
large eruption from this volcano could cause a flank
slide, leading to a large amplitude tsunami (Ward and
Day 2001; Abadie et al. 2012). Other prevalent events

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40677-020-00169-5&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:m.otmanekhalfaoui@gmail.com
mailto:laurent.dezileau@unicaen.fr

Khalfaoui et al. Geoenvironmental Disasters (2020) 7:31

are winter storms, which are more frequent than
tsunamis. They are generated through North Atlantic
depressions, or by sporadic cyclones such as Vince (8-
11 October 2005) and Leslie (11-14 October 2018) (EI
Messaoudi et al. 2016; Mhammdi et al. 2020). The storm
on 7 January 2014 (also called Hercules/Christina) was
very violent, with a maximum wave height of 13.6 m re-
corded by the Mohammedia buoy (Mhammdi et al
2020).

Studies on past and present marine submersions are
now obvious for countries threatened by these coastal
hazards, especially in a context of population growth
and coastal development (Degeai et al. 2015). The
current state of knowledge on these events along the At-
lantic coast of Morocco is based mainly on sparse text-
ual and instrumental records, which is insufficient to
understand the behavior of these low-frequency, high-
impact events (Raji et al. 2015). During the last 10 years,
there has been a growing interest in geological archives
along this coast in an effort to overcome this issue. As a
result, geological traces of these marine incursions have
been recognized at several coastal sites (Fig. 1). They are
represented in the form of (1) mega-blocks, also known
as boulderite deposits, spread over the beaches of Lar-
ache (Mhammdi et al. 2015), Rabat-Skhirat (Mhammdi
et al. 2008; Medina et al. 2011), Sidi Moussa (Mellas
2012) and Safi (Theilen-Willige et al. 2013), (2) or as fine
sediment (typically sand size) over the coast of Rabat-
Skhiratte and Tahaddart (Chahid et al. 2016; El Talibi
et al. 2016), the lagoons of Oualidia-Sidi Moussa (Leorri
et al. 2010; Mellas 2012) and the Loukous estuary
(Mhammdi et al. 2015). Despite these efforts, the major-
ity of these sedimentary deposits lack chronological data,
which makes it difficult to know the events responsible
for their establishment. Thus, identifying their chrono-
logical correlation with other deposits on a local and re-
gional scale becomes an impossible task. Through this
study, we present new geological traces of marine sub-
mersion events on the Moroccan Atlantic coast, using a
sedimentary core collected from the Tahaddart estuary
(southwestern coast of Tangier). The results presented
are based on a multi-proxy approach that combines sed-
imentological and geochemical analyses, supported by
chronological data (*37Cs, 219pb,, and *C). Furthermore,
an attempt to chronologically connect these deposits
with historical records of marine high-energy events is
presented at the end of this paper.

Research area

The Tahaddart estuary is located in the northern part of
the Moroccan Atlantic coast between the two cities of
Tanger and Asilah (coordinates: 35°30" - 35°40" latitudes
North and 5°55'-6°01" longitudes West). It is the widest
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and most important marshland along the Tangier Penin-
sula with an area of 140 km?,

The climate of the region is Mediterranean with an At-
lantic influence, characterized by a wet winter and a hot,
dry summer (El Gharbaoui 1981). The estuary is exposed
to both westerly winds, called “Rharbi”, from December to
April, and easterly winds, called “Chergui” from March to
November (Jaaidi et al. 1993). The strongest swells are
above 4 m, and the weakest are around 1 m. Most of these
swells come from the West to North-West sector, with a
dominance of the WNW direction, responsible for the
longshore drift (Taaouati 2012). The area is mesotidal,
changing between 1 and 3 m, with a semi-diurnal period-
icity (ONE 2002). Its influence can be felt up to 13 km
from the mouth of the Tahaddart River.

The Tahaddart River drains a catchment area of nearly
1200 km? with an average flow rate of 2.3 m%/s (ONE
2002). It is formed by two main entities separated by the
Haouta Beni Mediar hill formation: The M’Harhar River
in the northern part, interrupted by the “Ibn Battota”
dam, and the Hachef River in the southern part,
dammed by the 09 April 1947 dam. These two rivers
meet 4km from the coast to form the Tahaddart River
(Fig. 1). The watershed is located on the NW part of the
Rif chain; it is composed of Numidian sandstones, marls
and limestone-marls deposits of Meso-Cenozoic age
(Durand-Delga and Kornprobst 1985). The ensemble is
covered by Quaternary river sediments. On the coast,
the estuary is protected from high-energy dynamics of
the open sea with beach and coastal dune systems up to
7 m, topped to the east by low hills partly covered with
forest or pre-forest vegetation (e.g. Charf Akab forest;
Boughaba 1992).

The main human impact in the Tahaddart estuary
is the construction of the Tangier highway and the
thermal power station (Fig. 1). The few villages in the
area have a total population of about 45,043 and their
inhabitants are living mostly on agriculture, fishing
and sea salt production (RGPH 2014). In spite of
these anthropic pressures, the Tahaddart estuary has
preserved, almost entirely, its natural aspects, which is
recommended when searching for past marine sub-
mersion deposits (Keating et al. 2008; Aitali et al.
2020). Since 1996, the area was classified by the Mo-
roccan government as a Site of Biological and Eco-
logical Interest (SIBE L11), and in 2005 as a RAMS
AR zone under the name of “Complexe du bas
Tahaddart” (Nachite et al. 2008).

Sampling and analytical methods

Sample collection

A sedimentary core of 2.7m in length and 5cm in
diameter (TAH17-1) was collected from the
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Tahaddart estuary in September 2017 with the follow-
ing geographical coordinates: 35°34'30.94”"N, 5°59°
7.79”"W (Fig. 1). The distance between the coring site
and the shoreline is approximately 1km. The coring
operation was conducted using a “Cobra” portable
percussion corer and a hydraulic puller (Géosciences
Montpellier Laboratory, France). Once in the labora-
tory, the core was split lengthwise, photographed,
logged and then subsampled for further analysis.

In order to study all sources of sediment that contrib-
ute to the filling of the Tahaddart estuary, thirty-nine
surface sediment samples were collected during another
field mission from the high Tahaddart River watershed
to the coastal area (beaches and dunes) (Fig. 2).

Grain size

Laser grain-size analyses were carried out in each centi-
meter along the TAH17-1 core using a Beckman-Coulter
LS13320 (Géosciences Montpellier Laboratory, France).
Prior to analysis, in order to prevent flocculation, samples
were suspended in deionized water and exposed to ultra-
sound during the measurement for 90s. Each sample was
measured twice to ensure accurate and consistent results.
According to Friedman and Sanders (1978), the particle
sizes obtained are classified into three categories (clay, silt
and sand). Grain-size parameters (D50 and sorting) were
calculated according to the geometric method of moments
using GRADISTAT software (Blott and Pye 2001).
Additional grain-size measurements were performed on
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coastal surface samples using the same procedure men-
tioned above.

Geochemistry

Geochemical analysis was carried out using a hand-held
Niton XL3t spectrometer (pXRF; Geoscience Montpel-
lier Laboratory, France). The device was calibrated first
through powdered standards and measurements were
performed directly in each centimeter of the half-core.
To avoid contamination when changing the measuring
point, the core was covered with a thin layer of ultralene
film (Richter et al. 2006). Each measurement was taken
for 150 s with the soil mode, which is the most suitable
mode for unconsolidated sediments.

Additionally, geochemical analysis using the same de-
vice in a fixed position was conducted also on surface
samples to geochemically distinguish all sources of sedi-
ments arriving to the Tahaddart estuary. Before mea-
surements were taken, all samples were dried and
grounde to <63 pm using a mechanical agate mortar,

and then prepared in classic XRF sample cups covered
with a thin ultralene film. We maintained 150 s for each
measurement with soil mode.

Geochronology (*'°Pb,,, *’Cs and '*C)

Radiochronological data for the last century was ob-
tained using '*’Cs and *'°Pb,, measurements with a
CANBERRA BEGe 3825 gamma spectrometer (Géo-
science Montpellier Laboratory, France). Samples were
collected in the first 30 cm. The "*’Cs activity vs. depth
distributions was done according to Robbins and
Edgington (1975), while CFCS (“Constant Flux, Constant
Sedimentation rate”) model was used for the 2'°Pb.,
(Golberg 1963; Krishnaswamy et al. 1971). In order to
complete the chronology over longer periods of time,
C dates were performed on 5 marine shells in the
LMC14 laboratory (the ARTEMIS accelerator mass
spectrometry at the CEA Institute in Saclay (Atomic En-
ergy Commission)) according to the procedure described
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by Tisnérat-Laborde et al. (2001). We calibrated the ¢
dates using the CALIB 7.1 program (Stuiver et al. 2017).

Results

Sediment sources

The XRF spectrometer is designed to detect the concen-
tration of about 30 chemical elements. From the surface
sample results, we only retained those with interpretable
concentrations, which were Potassium (K), Chromium
(Cr), Vanadium (V), Zinc (Zn), Lead (Pb), Iron (Fe),
Manganese (Mn), Nickel (Ni), Zirconium (Zr), Calcium
(Ca), Strontium (Sr), Titanium (Ti), Copper (Cu) and
Arsenic (As). A Principal Component Analysis (PCA)
was performed on this set of data, made of 15 variables
(selected chemical elements) and 39 samples in order to
geochemically characterize all sources of sediment arriv-
ing at the Tahaddart estuary. As a result, the first and
second PCA factors explain respectively 63.9% and
18.4% of the total variance. We noticed the presence of
two chemical poles: (1) a first one gathering Rb, K, Cr,
V, Zn, Pb, Fe, Mn, Ni, Ti and Cu, and (2) a second one
regrouping Ca, Sr, As and Zr (Fig. 2).

Mapping the concentration of Rb (pole 1) and Ca
(pole 2) allowed us to spatially locate these two sources
of sediment (Fig. 2). On the one hand, samples situated
on the watershed are rich in Rb (> 30 ppm) and poor in
Ca (< 10 ppm), which pinpoints that elements from the
first pole can be used to trace fluvial sediment inputs
into the Tahaddart estuary. The richness of watershed
samples with terrigenous elements like Rb, Fe and Ti
can be explained by the silico-clastic nature of the rocks
forming the watershed (Durand-Delga and Kornprobst
1985). On the other hand, coastal samples collected
from the beach and dune system exhibit high Ca (> 10
ppm) and low Rb (< 30 ppm) concentrations, suggesting
that elements from the second pole can be used to de-
tect marine sediments arriving to the coring site through
high-energy events (storm surges or tsunamis). This
confirms the mineralogical observations conducted by El
Talibi (2016) on a set of coastal surface samples from
the Tahaddart estuary (dune and beach). The author re-
ports the presence of gastropod shells, foraminifera and
other shell debris, which explains the high Ca concentra-
tions in our coastal samples. The same study highlighted
the presence of heavy minerals such as pyroxene, anda-
lusite, staurolite and kyanite. Zircon was also present,
but with a small percentage (El Talibi 2016). The latter
would be the source of Zr in our samples.

Core description

The visual description of the core TAH17-1 with both
the grain-size and pXRF measurements allowed the
identification of four sedimentary units (Fig. 3).
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Unit a (270-193 cm depth)

Overall, unit A is dominated by shelly, silty brown sands.
From 270 to 210 cm, we have a fining upward sequence,
ranging from poorly sorted medium sand (D50: 200-
400 um; sorting: 2—4 pum) to very poorly sorted sandy silt
(D50: 7-30 pm; sorting 4—9 pm). After that, between 210
and 193 cm, it evolves into very poorly sorted fine sand
(D50: 100-200 pm; sorting 4—9 um). Note that the high
values of mud content observed at 247 cm are due to
rounded mud rip-up clasts (3 x 4 cm in size). On the one
hand, the Ca content follows perfectly the D50 profile by
decreasing upward from 130,000 to 55,000 ppm. The Zr,
on the other hand, shows high values at 270-248 cm and
227-195cm depth, with a maximum concentration
around 1800 ppm at 253 and 214 cm depth. The low con-
tent of fine sediments is reflected through a low concen-
tration of Rb, with values between 5 and 30 ppm.

Unit B (193-140 cm depth)

Unit B presents a relatively sharp contact with the
underlying unit (A). It is dominated by a dark grey
silty clay deposit with several intercalations of poorly
to very poorly sorted muddy sand layers (D50: 100—
200 um; sorting: 3—7 pm). These allochthonous sandy
levels are very thin (<4 cm) and have no particular
sedimentary structure. However, a minor deformation
of these layers can be reported due to the friction of
the sediment with the inner walls of the PVC pipe
during the coring operation. Compared to the prevail-
ing muddy sedimentation, these sandy layers are rich
in Ca and Zr with maximum values around 45,000
and 500 ppm, respectively.

Unit C (140-125 and 92-87 cm depth)

As a result of a shortening process affecting segments 1
and 2 of the core (0-100cm and 100-200 cm), unit C
was separated into two parts: 140-125cm and 92-87
cm. It is marked by chaotic and structureless brown sed-
iments, ranging from silt to pebbles, especially the first
15cm (140-125cm). The contact with the underlying
unit (B) is sharp and erosional, marked by the presence
of grey mud clast (2.5 x 3.5 cm in size). No sedimentary
structures are obvious through grain size statistics for
unit C. The Ca and Rb show the same pattern, decreas-
ing upward from 45,000 to 4000 ppm and from 55 to 30
ppm, respectively. The Zr remains low between 140 and
125 cm, with values around 200 ppm, then increasing
significantly at the end of the unit with a maximum
value of 1080 ppm.

Unit D (87-0 cm depth)

Unit D represents the topmost unit. It is completely
dominated by brown mud fraction up to 100% with
traces of oxidized plant roots between 30 and 87 cm
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depth. This abundance of fine sediment translates into
high values of Rb around 80 ppm (the highest in the
core). The concentrations of Ca and Zr are low with
values around 2000 and 100 ppm, respectively. This re-
flects the predominance of river sedimentation over the
marine one.

Geochronology

The chronological results for our record were ob-
tained using radiometric dating techniques. On a cen-
tennial time scale, we used a combination of two
short-lived radionuclides: 2!°Pb,, and *’Cs. In the
case of undisturbed sediments, an increasing amount
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of *’Cs coincides with the beginning of nuclear test-
ing in the 1950s, and the highest values in the sedi-
ment sequence correspond to the maximum
atmospheric intensity reached in 1963 CE, as a result,
the sedimentation rate can be calculated using these
two temporal markers (Fig. 4). On the other hand,

the concentration of 2°Pb., decreases exponentially
with depth and the sedimentation rate is calculated
by dividing 0.03108 (the **°Pb decay constant) by the
slope of exponential best fits (Golberg 1963; Krishnas-
wamy et al. 1971). In the TAH17-1 core, the main
factors that can impact sedimentation rates such as
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bioturbation (Cochran 1985), grain size effects (Chan-
ton et al. 1983) or instantaneous events (Smith and
Walton 1980; Arnaud et al. 2002) were unobserved in
the first 40 cm (sampling interval). The sedimentation
rate for the '*’Cs was calculated based only on the
1950s marker located at a depth of 21cm, resulting
in a rate of 0.31 cm/year. The sedimentation rate ob-
tained through 210pp, is equal to 0.46 cm/year, which
gives an average value of 0.38 cm/year between the
two methods. This slight difference between the two
sedimentation rates is likely a result of the limited
number of samples analyzed or potentially the impact
of artificial external actions such as sea salt produc-
tion units (located in the area), which can induce
reworking and mixing of superficial sediments.

On a millennial time scale, five marine shells sampled
from the TAH17-1 core were dated using conventional
Accelerator Mass Spectrometry (AMS) HC measure-
ments. To calibrate these samples, the first step is to
evaluate the modern reservoir age R(t) and its regional
deviation AR. For this purpose, two additional samples
composed with a marine shell and a piece of wood were
added to the analyzed samples (referenced as SacA 54,
447 and SacA 54,446, respectively). These additional
samples were taken from another core collected for dat-
ing purposes near our coring site. In order to limit the
probability of ending up with old remobilized materials,
they are from the same clayey silty level. Despite the fact
that both samples have the same age of deposition, the
¢ value of the marine shell (i.e. 1105 + 30 BP) is older
than the piece of wood (i.e. 810 + 30 BP); this difference
is due to the effect of the marine reservoir age R(t),
which corresponds to 295 years in our case. Based on
the Intcall3 curve (Reimer et al. 2013), we can estimate
a historical age for the marine shell using the atmos-
pheric "*C value of the wood (1240 CE; Reimer et al.
2013). The AR value is then calculated by subtracting
the marine model age value, estimated at 1240 CE
(1180 + 24 "C years; Reimer et al. 2013), from the mea-
sured apparent "*C age of the marine shell (1105 + 30
BP years; Table 1), which corresponds to — 75 + 20 years
(Table 1). This value is close to the one proposed by
Monge Soares and Matos Martins (2010) from the An-
dalusian coast (Spain), which is equivalent to — 135 + 20
years. Nevertheless, our calculated AR must be taken
with caution and more studies are needed to determine
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a mean value to be used with marine calibration curves.
Thus, the five marine shells collected from the TAH17—
1 core were calibrated using the CALIB 7.1 program
(Stuiver et al. 2017) with a AR value of - 75 + 20 years.
The results are reported in Table 2 with an error range
of 20. Note that sample n°4 must be a remobilized ma-
terial from older sediments since sample n°5 taken from
lower sedimentary level has a younger age. The TAH17-
1 covers approximately the last 3600 years.

Discussion
Identification of marine submersion deposits
Geochemical and grain-size observations on the
TAH17-1 core show a sedimentary sequence dominated
by silty-clayey deposits and interrupted over time by in-
jections of multiple allochthonous coarse materials. To
pinpoint the source of these sandy layers, we first com-
pared their geochemical attributes with those from sur-
face samples. This allowed us to determine whether
these deposits are coming from the watershed through
river floods or from the coast during storm surges and
tsunamis. As expected, all sandy levels existing in the
TAH17-1 core have a good geochemical correlation
with coastal surface samples; both show enrichment with
Ca and Zr and a depletion with Rb, which reveals a mar-
ine source for these high-energy deposits (Figs.2 and 3).
The “grain-size vs. standard deviation” diagram devel-
oped by Boulay et al. (2003) was used to recognize the
grain size population of these sandy levels. The method
allows the identification of the grain size ranges with the
highest variability along a sedimentary sequence. For
each of the 92 grain-size intervals given by the
Beckman-Coulter LS13 320, standard deviations (SD)
were calculated for our 238 samples. As a result, the
grain-size versus standard deviation displayed in Fig. 5
shows two main populations with high variability (SD >
1) in the TAH17-1 core. The first is between 1 and
9 um (clay to fine silt) and the second between 133 and
594 um (fine to coarse sand). By comparing the “grain-
size vs standard deviation” diagram with the grain-size
distributions of coastal surface samples, we have ob-
served a positive correlation between the two diagrams
(Fig. 5). This demonstrates that the 133-594 um class
can be used as a proxy to trace coarse sediments arriving
at the estuary during marine submersion episodes.

Table 1 Estimation of marine reservoir age R(t) and its regional deviation AR using 14C ages on wood and marine shell

Lab code Material 14C age Historical age using Intcal13 Marine reservoir age R(t) Model age (Marine13 AR
dated (BP) curve (years) curve) (Years)

SacA 54, Marine shell 1105 +30 1240CE 295 1180 + 24 -75+ 20

447

SacA 54,  wood 810 + 30

446
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Table 2 Calibrated '*C ages of samples taken from the TAH17-1 core. Sample with asterisk marks remobilized material (see text for

explanation)

N° Lab code Depths (cm) Dated material

613C (%o)

4C age (BP) '4C age (cal BP) (two sigma ranges) [start:end]

1 SacA 54,435 214 Marine shell -1,90
2 SacA 54,436 225 Marine shell -2,30
3 SacA 54,433 251 Marine shell 4,10
4 SacA 54,437 261 Marine shell —240
5 SacA 54,434 264 Marine shell 3,50

3090 + 30 [cal BP 2837: cal BP 3072]
3195 £ 30 [cal BP 2970: cal BP 3209]
3415 £ 30 [cal BP 3261: cal BP 3464]
4105 + 30 [cal BP 4144: cal BP 4388]°
3570 £ 30 [cal BP 3441: cal BP 3648]

?Age inversion

By connecting the geochemical profiles of Ca, Zr and
Rb with the 133-594 um grain-size curve, we have un-
covered 14 high-energy marine levels from the TAH17-
1 core, termed from the top to the base as E1-E14 (Fig.
3). These deposits are all distinguished by a high

percentage of the 133—-594 pum fraction, as well as a high
concentration of marine geochemical tracers (Ca and
Zr). From 0 to 190 cm, it was easy to distinguish the E1-
E12 levels due to the strong contrast between these
coarse sandy deposits and the fine background
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Fig. 5 a Grain size measurements of costal surface samples. b Standard deviation values vs. grain size classes of core TAH17-1 with red dots
representing populations with the highest variability between 1 and 9 um and between 133 and 594 um
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sedimentation. From 190 to 270 cm, it was difficult to
place the boundaries for E13 and E14. Indeed, the grad-
ing curve does not show a clear limit between these two
layers. Consequently, we used as reference, the two Zr
peaks between 270 and 248 cm and 230-190 cm to de-
termine the boundary of these two deposits (Fig. 3).

In addition to the two selection criteria mentioned
above (grain-size and geochemistry), the E1 and E14
levels show other familiar macroscopic sedimentary
structures of marine submersion deposits (Fig. 2;
Table 3). The E1 level displays a chaotic structure with
the presence of rock fragments and muddy rip-up clasts.
It is also separated from the underlying sediments by a
net erosion surface, marked by an abrupt change in sedi-
ment color from dark grey to dark brown. The E14 level
also has additional indicators in the form of muddy rip-
clasts and a slight normal grading. The establishment of
these macroscopic sedimentary structures requires
strong hydrodynamic conditions, like the one provided
by storm surges and tsunamis (Morton et al. 2007).

Site sensitivity across time
On a millennial time scale, the paleoenvironmental evo-
lution of a coastal zone can change its sensitivity to
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overwash deposition. Variation in relative sea level, inlets
position and sediment supply can alter the frequency
and intensity of events recorded in a sediment archive
(Scileppi and Donnelly 2007; Dezileau et al. 2011;
Woodruff et al. 2013).

Evolution of relative sea level controls the advance or
retreat of coastlines. Thus, an increased number of sand
layers in a sediment core can be the result of a relative
sea level change. Studies concerning Holocene sea level
fluctuations along the Moroccan Atlantic coast remain
very limited. Early works conducted by Gigout (1959)
and Delibrias (1973) have suggested a 2 m drop in rela-
tive sea level during the last 6000 years, which is small
and probably not enough to completely change the de-
position environment of the Tahaddart estuary. On top
of that, Sedimentation in the TAH17-1 core started
3600 years ago, so the relative sea level was definitely
lower at that moment, and its influence on the sediment
record was probably even weaker. However, the core
presents a sedimentary sequence dominated by fine-
grained sediments (clay and silt), suggesting that the
Tahaddart estuary has succeeded in maintaining a low-
energy environment during this period of time (Fig. 3).
The proxies used in this study (grain-size and

Table 3 Sedimentological characteristics of marine submersions deposits along the TAH17-1 core

Events Position in the core Thickness Grading Sorting Upper Basal Other sedimentological
(em) (em) Contact contact characteristics
E1 87-92 20 No (chaotic Very poorly Relatively Sharp Angular gravels and Mud-clasts
125-140 structure) sorted sharp (erosional)
E2 148-149 1 No Very poorly Sharp Sharp No
sorted
E3 150-151 1 No Very poorly Sharp Sharp No
sorted
E4 152-153 1 No Very poorly Sharp Sharp No
sorted
E5 154-155 <1 No Very poorly Sharp Sharp No
sorted
E6 154-155 <1 No Very poorly Sharp Sharp No
sorted
E7 155-156 <1 No Very poorly Sharp Sharp No
sorted
E8 155-156 <1 No Very poorly Sharp Sharp No
sorted
E9 156-157 1 No Very poorly Sharp Sharp No
sorted
E10 159-160 1 No Very poorly Slightly Slightly Sharp  No
sorted Sharp
EN 163.5-165 15 No Very poorly Slightly Slightly Sharp  No
sorted Sharp
E12 172-175 3 No Very poorly Slightly Slightly Sharp  No
sorted Sharp
E13 190-230 40 Unclear Very poorly Sharp Gradational No
sorted
E14 248-270 22 Normal grading ~ Poorly sorted  Gradational ~ Not found Mud-clasts
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geochemistry), as well as the sedimentary indicators (rip-
up clasts, grading), showed that all sandy coarse peaks
present within the TAH17-1 core were deposited
through marine high-energy events rather than changes
in relative sea level.

The presence of inlets near a coring site can facili-
tate the arrival of marine waters to the latter during
high-energy events, thus increasing its sensitivity to
overwash deposition. Currently, the mouth of the
Tahaddart River, which is in close proximity to our
coring site, is the only way for marine waters to enter
the estuary during tidal movements. The available
cartographic and satellite data on the Tahaddart estu-
ary cover only the last 100 years. They show a stable
position of the river’s mouth during this period. How-
ever, on a larger time scale (last 3600 years), its
position has certainly changed. Information can be in-
ferred through the evolution of the sandy spit present
at the mouth of the Tahaddart River. In response to
the coastal drift, this sandy spit evolves from North
to South, causing the river’'s mouth to deviate pro-
gressively in its direction. As a result, we can deduce
the river’s entrance was previously further north, and
couldn’t influence the geological record of our high-
energy deposits.

A decrease in sediment inputs from the watershed
may lead to a degradation of the barrier beaches at the
study site, making it easily submersible during marine
high-energy events. The construction of the Ibn Batouta
dam in 1977 was the beginning of a progressive decrease
in sedimentary inputs from the Tahaddart watershed
(Achab 2011). However, the sensitivity of the coring site
has remained unchanged over the last 40 years. Indeed,
the first 30-40 cm of the core, covered with the '*’Cs
activity, show no sign of high-energy deposits. Conse-
quently, the factor of sedimentary inputs has no impact
on our results.

Comparison with historical archives

The results obtained so far confirm that the Tahaddart
estuary has been confronted with episodes of marine
submersion during the last 3600 years. Differentiating
now between storm and tsunami deposits is a delicate
question, especially when you rely on a single core.
Chronological correlation of our sedimentary deposits
with available historical archives can give more informa-
tion about events responsible for these deposits such as
magnitude, wave run-up, source, causal damages, but
most important, it helps with the precise dating of these
deposits. However, if we take into consideration the dis-
tance between the coring site and the coastline (about 1
km), we believe that only tsunamis are strong enough to
transport sediment as far. Satellite images from Google
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Earth have shown that the last storm of 2014 (consid-
ered a major event) did not overwash sediments to the
TAH17-1 core. This may also have been the case for
previous storms. Based on that, as a first step, we have
chosen to correlate our dated deposits only with tsunami
records from the Moroccan and Iberian Atlantic coasts
(Fig. 6).

Deposits E13 and E14 were dated based on the re-
sults of '*C. The former was established between
2837 and 3209 cal BP, whereas the latter was placed
between 3261 and 3648 cal BP. The correlation of
these two deposits with the Moroccan geological ar-
chives remains inconclusive, as the available studies
lack chronological precision (Fig. 6). On the Iberian
Atlantic coast (Spain and Portugal), marine submer-
sion deposits with the same age as E13 and E14 have
been reported in Spain’s Tinto-Odeil and Guadalqui-
vir estuaries, as well as the Bay of Cadiz (Lario et al.
2011, and references therein; Ruiz et al. 2013, and
references therein). The presence of these contempor-
ary deposits in two different countries allows us to
hypothesize the existence of a regional event around
3200 cal BP, probably a tsunami type. In this case,
E13 and E14 deposits evince either a tsunami event
with one flood wave and two flow stages (inflow and
backflow), similar to the one described by Higman
and Bourgeois (2008) along the Nicaraguan Coast, or
a tsunami event with two flood waves (two inflows)
like the tsunami deposits reported by Nanayama
(2008) within the alluvial plain of Taisei, Japan. Ac-
cordingly, the muddy sand layer separating E13 and
E14 (205-215cm) is considered as mud drape (Fig. 3),
and probably implemented as a result of low energy
conditions between the inflow and backflow, or be-
tween the two inflows (Fujiwara and Kamataki 2007).
However, there is still room for verification to
confirm or refute our interpretation. We prefer to
maintain E13 and E14 as separate events until further
studies are conducted.

We were unable to give an age for E2-E12 events
due to the lack of '*C datable material in the
TAH17-1 core. A combination of radiocarbon and
luminescence dating techniques can be more effi-
cient, since the latter has been applied successfully
to date tsunami deposits on the Spanish and Portu-
guese coasts (Dawson et al. 1995; Koster and Reich-
erter 2014).

The uppermost layer (E1) was dated using extrapo-
lated ages from 137Cs and *'°Pb,, concentration pro-
files. Indeed, since we have a homogeneous deposit
between the top of the core and the top of the El
layer (0-85cm depth), we can assume that we have a
constant sedimentation rate for this horizon. The lin-
ear extrapolation of sedimentation rates from '*’Cs
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Fig. 6 Chronological correlation of dated events in TAH17-1 core with other on-shore deposits along the Atlantic coast of Spain, Portugal and
Morocco. (1) Tsunamigenic deposits summarised by Ruiz et al. (2013). (2) Tsunamigenic deposits summarised by Lario et al. (2011). (3) (Dawson
et al. 1995) (4) (Costa et al. 2012). (5) (Mhammdi et al. 2015). (6) (Chahid et al. 2016). (7) (Mellas 2012). (8) (El Talibi et al. 2016). (9) This study

and *'°Pb,, gives an age of 1742 +/- 30 CE and 1829
+/-30 CE respectively, with an average of 1785 CE.
According to historical records, the best candidate for
this deposit would be the 1755 CE tsunami, known as
the Lisbon tsunami, wish is a well-documented re-
gional event that devastated the Moroccan and Iber-
ian Atlantic coasts (Kaabouben et al. 2009; Blanc
2011). This tsunami was generated by an earthquake
of magnitude 8.3 with wave heights between 3 and
15m on the Moroccan Atlantic coast (Martinez
Solares and Lépez Arroyo 2004; Blanc 2009). Sedi-
mentary deposits from this event have already been
identified and dated on the Iberian Atlantic coast
(Dabrio et al. 1998; Vigliotti et al. 2019). For the Mo-
roccan side, to our knowledge, no sedimentary de-
posit has been ascribed to this event through
chronological data, which allows us to consider E1 as
the first dated sedimentary trace of the Lisbon tsu-
nami on the Moroccan coasts.

Between E1 and the present day, no high-energy
deposits were recorded in the TAH17-1 core. The
Lisbon tsunami has probably led to major morpho-
logical changes in the coastal dunes protecting the
study site. The latter is becoming more insulated
from marine high-energy events as a result of this
tsunami. Small marine submersion episodes similar
to the tsunami of 1969 CE and the storm of 2014 CE
are no longer able to overcome this natural obstacle.

Conclusion

Our study presents a 3600 year record of past marine
submersion events using a high-resolution multi-proxy
analysis on a sediment core retrieved from the Tahad-
dart estuary (NW of Morocco). The sedimentary se-
quence has revealed the presence of 14 sandy layers
trapped in fine estuarine sediments (E1-E14). These
allochthonous levels share the same geochemical and
granulometric features as surface samples collected
from the Tahaddart coast. Indeed, both show enrich-
ment with marine geochemical tracers (Ca and Zr)
and have the same grain-size fraction (133-549 um),
which illustrates a marine source for these sandy
layers.

Among these marine submersion deposits, three have
been dated using conventional dating methods (*'°Pb,
137Cs and 1*C), which are E1, E13 and E14. The most re-
cent deposit (E1) has been dated around 1785 CE and
was related to the great tsunami of Lisbon in 1755. The
E1 layer represents the first dated deposit of this event
along the Atlantic coast of Morocco. The E13 and E14
(oldest deposits) were established by an event dated
around 3200 BP, whose sedimentary traces have also
been reported in several locations along the Spanish
Atlantic coast.

These initial results aim to set the context for more
detailed future studies along the Tahaddart estuary, in
order to demonstrate its potential to record marine
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submersion events. The combination between cross-
shore and long-shore cores, coupled with more proxies,
like Anisotropy of Magnetic Susceptibility (AMS) and
microfaunal analysis, can provide more information
about these deposits identified with the TAH17-1 core.
The two dated events in this paper will feed the regional
database on past extreme sea events, especially along the
Moroccan Atlantic coasts, where there is a lack of stud-
ies on this topic. The objective is to assist coastal man-
agers to develop proactive adaptation strategies to
protect the coastal population from future damages that
can be caused by these events.
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