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This paper analyzes the first systematic faunal record of the 1755 Lisbon tsunami in the Mediterranean.
On the basis of sedimentological and paleontological features, the sedimentary record of a core collected
in Gibraltar was divided into six sedimentary facies, with a paleoenvironmental evolution from a shallow
marine paleoenviroment to an increasingly restricted lagoon. This record includes a bioclastic layer
deposited by the 1755 Lisbon tsunami and characterized by an erosive base, presence of basal rip-up

Is@g‘f"ord“ faci clasts and abundant shell debris composed by marine and brackish molluscs. The paleoenvironmental
B/Tacl;r;?;:i;y acies reconstruction derived from the foraminiferal analysis is congruent with that inferred from the sedimen-

tary and the macrofaunal reconstructions, with the introduction of brackish species into the innermost,
intertidal areas of a confined lagoon. This paleontological record is the first faunal evidence of the 1755
Lisbon tsunami in the Mediterranean.

© 2022 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-
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1. Introduction

Recent decades have witnessed an exponential increase in
research on tsunamis and their geological record, largely due to
the very serious consequences (deaths, economic losses, geomor-
phological changes, possible recurrence periods) of the 2004 Indian
Ocean tsunami, the 2009 South Pacific tsunami, the 2010 Maule
tsunami and the 2011 Tohoku tsunami. Pioneer papers focused
mainly on tsunami sedimentology and geomorphology (Coleman,
1968, 1978; Dawson, 1994, 1996, 2003), while the aforementioned
tsunamis caused a boom in both general (e.g., Dawson and Stewart,
2007; Bourgueois, 2009; Chagué-Goff et al., 2011; Engel et al.,
2020; Costa and Andrade, 2020) and specialized (e.g., Chagué-
Goff et al.,, 2017; Prastowo et al., 2017; Donadio et al., 2020)
reviews. Most of the published research analyzes the geological
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record of these tsunamis and others that occurred during the Holo-
cene, but there is also evidence of tsunamis during the Paleozoic
(Jarochowska and Munnecke, 2015), Mesozoic (Matysik and
Szulc, 2019), Cenozoic (Le Roux et al., 2008) and the limits between
these eras (Bourgueois, 1994; Tohver et al., 2018).

The paleontological record has played an important role in the
characterization of the sedimentary layers associated with these
high-energy events. Several groups have proven to be excellent
tsunamis tracers, such as bivalves (Kitamura et al., 2018), diatoms
(Dura and Hemphill-Hale, 2020), ostracods (Ruiz et al., 2010a), coc-
colithophores (Paris et al., 2010) or pollen (Pilarczyk et al., 2014).
However, foraminifera have monopolized most of the publications
on this topic (e.g., Mamo et al., 2009; Hawkes, 2020). The analysis
of their assemblages and taphonomy in coastal cores allows the
identification of tsunami layers, in conjunction with facies inter-
pretation (Nagendra et al., 2005; Finger, 2018; Pilarczyk et al.,
2019).

On the morning of November 1, 1755, the southwestern coasts
of Europe were ravaged by a devastating earthquake
(My~8,5 £+ 0,3; Solares and Arroyo, 2004) and its associated
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Fig. 1. A. Map location of geological evidences of the 1755 Lisbon Tsunami in the southern Iberian Peninsula. B. Core BH: photography of the uppermost three facies. C. Log of

core BH with indication of samples’ location. Asterisks indicate the dated samples.

tsunami, with waves up to 15 m high (Baptista et al., 1998). Geo-
logical evidence of this tsunami is widely recognized in the Atlantic
coast of Spain, Portugal or Morocco (Font et al., 2013; Ruiz et al.,
2013; El Talibi et al., 2016; Fig. 1(A)). However, the effects of this
event on the adjacent Mediterranean littoral are little know so far.

This paper analyzes the sedimentary facies and foraminiferal
record of a sediment core obtained from the Rock of Gibraltar
(southern Iberian Peninsula). Its main objectives are: (i) to recon-
struct the Late Holocene paleoenvironmental evolution of the
northern part of this Rock; and (ii) to determine if the 1755 Lisbon
Tsunami flooded this Mediterranean zone.

2. Geological setting and historical data

The Rock of Gibraltar is located at the southern tip of the Iberian
Peninsula, near the western entrance to the Mediterranean Sea
(Fig. 1(A)). The Rock is part of a narrow 6 km? peninsula, with three
main regions (Rose and Rosenbaum, 1990): (i) the Isthmus, with
Holocene sediments that join the Rock to the mainland; (ii) the
Main Ridge (426 m heigth), formed by Early Jurassic limestones
and dolomites; and (iii) the Southern Plateau, a staircased slope
between 130 m and Present sea level (Fig. 2).

The Isthmus was occupied by an old lagoon until the end of the
19th century (Fig. 2(B): The Inundation). This lagoon was progres-
sively isolated by the growth of a sandy barrier and only had a nat-
ural opening towards the sea in 1755, according to the cartography
available in the Gibraltar Museum. A 1760 map does not show evi-
dence of washover fans around the lagoon (Rodriguez-Vidal et al.,

2011), so it is reasonable to think that a possible tsunami deposit
derived from the 1755 Lisbon Tsunami could only have been
deposited at its bottom or its intertidal areas. This previous histor-
ical investigation justifies the place chosen for the extraction of the
selected core. Other reasons also support the choice of the coring
site are: (i) the natural opening of this lagoon would allow the
entry of the tsunami, being open to the west; and (ii) this core is
located near this old opening.

3. Material and methods

Core BH (Fig. 1(B, C); 9 m length) was collected at the southern
end of the Isthmus, within the area historically occupied by The
Inundation lagoon. An initial geological study of this core included
the uppermost 3 m, although the paleontological record was ana-
lyzed very briefly, with the inclusion of a few species of the main
groups (mainly molluscs) whitout the application of statistical
methods (Rodriguez-Vidal et al., 2011). In this new paper, the dif-
ferent sedimentary facies were differentiated according to their
lithology, sedimentary structures, boundaries, macrofauna, plant
remains and other visible elements (Fig. 1(C)). In a second phase,
a Malvern Mastersizer 2000 (Malvern Instruments Ltd. Malvern,
UK) was used to determine the particle size of sediments <2 mm
in each facies. In addition, the molluscan assemblages of each
facies were determined. The taxonomic determination was based
on a comparison with the World Register of Marine Species
(WoRMS) and Gémez (2017).
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Fig. 2. A. Main geographical features of the Rock of Gibraltar (see text for details), with location of core BH. B. Reconstruction of the Inundation lagoon area. Oblique view of
the North Face of the Rock of Gibraltar, with a good perspective of the ancient lagoon and the BH borehole location (red dot). Figure based on the three-dimensional model of

the Rock, realized by Lt. Charles Warren in 1865-1868.

Twenty samples (20 g each) were selected for their foraminif-
eral analysis according to: (i) the distribution of the sedimentary
facies; (ii) their boundaries; and (iii) the mollusc distribution. Sam-
ples were wet sieved (63 pm mesh) and dried in an oven at 70°C.
Total populations of these microorganisms were extracted from
each one of them and the number of species of each sample was
calculated. The taxonomic determination was based on a compar-
ison with the World Register of Marine Species (WoRMS) and
numerous specialized publications on recent foraminifera of adja-
cent areas (e.g., Villanueva, 1995; Gonzalez-Regalado et al., 2001;
Papaspyrou et al., 2013). The five main species were photographed
with the electron microscope of the Central Research Services
(University of Huelva, Spain). The abundance of each species or
assemblage in each sample was defined as follows: very rare (1
individual/20 g), rare (2-5 individuals/20 g), frequent (6-10 indi-
viduals/20 g), abundant (11-20 individuals/20 g) and very abun-
dant (>20 individuals/20 g).

The nine most abundant species were used to carry out a statis-
tical analysis, which represents 96% of the extracted benthic fora-
minifera. This statistical treatment was conducted with procedures
developed in the R program (R-core team, 2019). This analysis
included the calculation of their correlation coefficients and a dou-
ble cluster analysis (R-mode and Q-mode). In both cases, results
are based on raw abundances, i.e., untransformed count data. The
R-mode cluster analysis was initially applied based on the measure
of similarity of the Pearson correlation coefficient, with the whole
union (furthest neighbor) method as the agglomeration algorithm.
In addition, the percentage of homogeneity was calculated. For the
Q-mode cluster analysis, we considered the Manhattan (i.e., Min-
kowski of order 1) distance, since observations (samples) have
many zeros (species not present) and variables (number of individ-
uals of each species) are counts. This distance between two sam-
ples is defined as the sum of absolute differences in the number
of individuals of each of the species: d(u, v) = Y ;|u; — v;|. In the
resulting dendrogram, the clustering height or distance is the value
of the criterion associated with the clustering method for the par-

ticular agglomeration. In order to obtain a more informative and
illustrative plot, the R Program function “plot.hclust” performs a
distance transformation to adapt the height of the plot.

Three radiocarbon dates were obtained at Beta Analytic Labora-
tory (Miami, USA). These dates were calibrated with the program
IntCal09.14c and the final results are expressed as the highest
probable age of the 2 sigma calibrated range. In addition, some gre-
nade fragments were extracted at ~1.8 m depth and associated
historical data are interesting to date the age of the intermediate
facies of core BH.

4. Results
4.1. Sedimentary facies and macrofauna

Six sedimentary facies have been identified in core BH, with dif-
ferent subfacies distinguished by their malacological content
(Fig. 1(C)).

Facies 1 (Fig. 1(B): 9-5 m depth) is made up of yellowish, mas-
sive fine and medium sands. Three subfacies have been defined by
their associated macrofauna:

e F1a(9-7.2 m depth), characterized by the presence of numerous
valves and shells of marine molluscs such as gastropods and
bivalves (Table 1);

e F1b (7.2-6 m depth), composed of well sorted medium sands
with very scarce macrofauna;

e Flc (6-5 m depth), which includes numerous remains of anne-
lids, echinoderms, crab clamps and undifferentiated fragments
of gastropods.

Facies 2 (F2: 5-3 m depth) shows massive to slightly bedded
muddy very fine sands with abundant molluscs near the base (sub-
facies F2a: 5-4 m depth) and numerous plants remains and sharp
quartz fragments towards the top (subfacies F2b: 4-3 m depth).



Table 1

Foraminifera abundance and diversity in the analyzed samples.

Facies Texture

Sedimentary structures

Subfacies Gastropods

Bivalves Other features

Main foraminiferal species

F1

F2

F3

F4

F5

F6

Fine and medium sand

Muddy very fine sands

Alternance of pear layers and fine

sands
Medium and fine sands

Muddy sands

Asphalt breccias and debris

Massive

Massive or parallel
lamination

Parallel lamination

Basal erosion surface
Peaty and
muddy rip-up clasts

Fla

F1b

Flc

F2a

F2b

Steromphala divaricata

M)

Very scarce

Undifferentiated
fragments

Calliostoma
zizyphinum (M)

Tritia neritea (M)
Tritia incrassata (M)
Bittium reticulatum
(M)

Hydrobia acuta (B)
Hydrobia acuta (B)

Calliostoma laugieri
(M)

Jujubinus striatus (M)
Tricolia tenuis (M)
Peringia ulvae (B)
Xerotricha apicina (P)

Theba pisana (P)

Acanthocardia aculeata
(M)

Macomangulus tenuis
(M)

Remains of annelids, echinoderms
and crab clamps

Parvicardium scriptum
(M)

Diplodonta rotundata
(M)

Chamelea gallina (M)
Macomangulus tenuis

(M)

Plant remains

Numerous carbonaceous remains
Undifferentiated Reddish oxidation horizon with
fragments carbonaceous remains

Ceramic remains

Ceramic remains

Ammonia beccarii

Ammonia tepida
Elphidium crispum

Elphidium advenum
Elphidium crispum
Quinqueloculina vulgaris
Ammonia beccarii
Ammonia tepida
Quinqueloculina vulgaris

Ammonia beccarii

Ammonia tepida
Elphidium advenum

Very scarce or absent Elphidium crispum
Very scarce or absent Ammonia tepida

Almost exclusively Ammonia tepida

Scarce. Mainly Elphidium crispum and
Ammonia spp.
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Marine gastropods (mainly Calliostoma zizyphinum (Linnaeus,
i ) 1758) and Tritia spp.) and bivalves (mainly Chamelea gallina (Lin-
jan) [S\l's} © o — =] 2] . A . .
«a Mo moemame = =¥ o naeus, 1758)) are dominant in F2a (Table 1), while small brackish
N gastropods (Hydrobia acuta (Draparnaud, 1805) and Peringia ulvae
= 96 <Y = o © a 24 o (Pennant, 1777)) are frequent in F2b.

Facies 3 (F3: 3-2.12 m depth) presents alternating peat layers
= " and peaty fine sands (5-15 cm thickness) and peaty fine sands with
— T n 0 ) N < o .

L a NS —a- AN e -~ = numerous carbonaceous remains. Only a few shells of H. acuta have
» been collected in this facies.
= o meS @ < - Facies 4 (F4: ?.15—1.8 m depth) con51sts.of quartz-rich medium
and fine sands with scarce percentages of silts and clays. The basal
o9 contact of F4 is a sharp erosion surface drapped by irregular rip-up
) & ~ me L N ® R ENEN clasts of peat derived from F3. Fragmented shells of marine (mainly

g Jujubinus striatus (Linnaeus, 1758)) and brackish (P. ulvae) are fre-

E o2 oo < " ~ quent. This facies includes a reddish oxidation horizon (190 cm

< bha N o= - o @n e depth) with numerous carbonaceous remains.

é N - Facies 5 (F5: 1.8-1.5 m depth) is made up of greyish, muddy

2 = © 2 P < o m Do sands with debris, frequent ceramic remains and numerous small

% shells of pulmonate gastropods (Table 1).

" - ; Last, Facies 6 (F6) relates to the uppermost 1.5 m of the core. It

E £ ~ 3 L & o is composed of numerous asphalt breccias and debris.
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5 - 2. Foraminifera and facies
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g = _ A total of 993 benthic foraminifera were collected from the

3 S ~ ~ TV Eyir}tyzielTehcted sa.mples, b_elonging to 10 bgengrata(rlc; 518 (Sj[_)ezies

= - able 2). These microorganisms are very abundan individu-

5 = w als/20 g) in some samples of Fla and F2a, while they are very

g e - mo@ -o - omTe scarce (<1 individual/gram) or even dissapear in F2b, F3 and F5.

2 ~ The number of species ranges from 1 to 8 in most samples (Table 2;

é o+ — Fig. 3) and only more than ten species have been extracted in the

= il « oV basal samples of Fla.

(=]

po o Five species represent more than 87% of the foraminifera picked

5 2 E (Fig. 3): Ammonia tepida (Cushman, 1926) (33.8%), Ammonia becca-

=N EAEAR- Lo . 3 .

E rii (Linnaeus, 1758) (19.4%), Elphidium crispum (Linnaeus, 1758)

= = (18%), Elphidium advenum (Cushman, 1922) (9%), and Quinquelo-

‘ﬁ n:.'é culina vulgaris d’Orbigny, 1826 (7.2%). These five species are abun-

o) dant in Fl1a, F1c and F2a, while the last three species are dominant

% 1 in F1b and, to a lesser extent, in F2b. F4 is characterized by a

W T - remarkable increase in A. tepida in its basal layer (2.15-2 m depth)

o 125 m o~ NV o . . . . .

] and a significant decrease of this species towards the top of this

g © facies (Table 1; Fig. 3).

g E [ S In general, the foraminifera are well preserved, with no evi-

2 dence of abrasion or fragmentation, with only some exceptions

= ~ found in two facies: (i) F1b, with frequent fragmented elphidids

= E N o & T oo of large size and numerous Miliolidae with loss of the last cham-

Z ber; and (ii) basal samples of F4, with shattered or fragmented

%

2 © specimens of A. tepida (around 30% of the total specimens).
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£ 4.3. Statistical analysis
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El F| - o ~ T Three foraminiferal assemblages can be differentiated according

% to the correlation coefficient matrix (Table 3) and the R-mode clus-
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[
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Fig. 3. Diversity, density and abundance (individuals/20 g) of the main benthic foraminifera species of core BH.

Table 3

Correlation matrix between the nine main species. Bold: p < 0.01; underlined: p < 0.05.

AB AT EA ED EC EM Qs Qv
Ammonia beccarii (AB) 1
Ammonia tepida (AT) 047 1
Elphidium aculeatum (EA) 0.26 0.15 1
Elphidium advenum (ED) 0.57 0.34 0.8 1
Elphidium crispum (EC) 0.42 0.03 0.6 0.48 1
Elphidium macellum (EM) 0.61 0.2 -0.15 -0.05 0.46 1
Quinqueloculina seminulum (QS) 0.12 0.38 0.81 0.72 0.46 -0.16 1
Quinqueloculina vulgaris (QV) 0.57 0.13 0.72 0.74 0.77 0.36 0.65 1
Triloculina trigonula (TT) 0.55 0.31 0.43 0.33 0.63 0.64 0.24 0.47
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groups.

56-95%) and dominant in most samples of F2b (3-16 individu-
als/20 g; 60-100%) and F5 (9 individuals/20 g; 64%).

The Q-mode analysis grouped the studied samples into five
groups (Fig. 4(C,D)):

e Cluster 1 includes two samples of Fla characterized by the
highest diversity of core BH (Fig. 3: 10-13 species/sample) and
the highest number of individuals (Fig. 3: 145-180 individu-
als/20 g). In this cluster, Assemblage 1 is slightly dominant
(mean M = 40.1%) over Assemblages 3 (M = 27%) and 2
(M = 26.3%), with A. beccarii as the most abundant species
(M = 33.4%);

beccarii is also abundant in cluster 2 (two samples; Fla-F1c)
together with elphidids, but Assemblage 3 is clearly dominant
(M = 50.4%) in these samples;

Elphidids (M = ~70%) are the most representative group of clus-
ter 3, which includes the two samples of F1b;

Diversity of cluster 4 (F2a: two samples) ranges from 7 to 8 spe-
cies per sample, with very abundant individuals (92-119 indi-
viduals/20 g). This cluster is dominated by A. tepida
(Assemblage 2; M = 61,2%), with Ammonia beccarii
(M = 11.4%) and E. advenum (M = 9%) as secondary species;
Cluster 5 (F2b-F3-F4-F5) groups ten less similar samples all
characterized by lower diversities (<5 species/sample) and den-
sities (2-41 individuals/20 g) and a predominance of Assem-
blage 3 (F2b-F5) or Assemblage 2 (F3-F4). The highest number
of individuals was picked in the basal samples of F4 (Table 1:
37-41 individuals/20 g), almost all of them belonging to A. tep-
ida (~95%).

4.4. Dating

The age of the different facies can be approximately deduced
from the three dates obtained (Table 3) and the extracted artillery
fragment located in the top of F4. F1 was deposited during the
lower-middle Holocene (>6 kyr BP), while a middle Holocene age
(6-4.1 kyr BP) is inferred for F2. The age of F3 is between ca.
4.1 kyr BP and ca. 2.8 kyr BP although the evident erosional surface
between this facies and F4 points to a later partial loss of part of
the F3 peaty sediments. Finally, the projectile fragment found in
the top of F4 corresponds with a 6-pound hand-grenade which
was used during the Great Siege (1779-1781), a hostile engage-
ment between Great Britain and Spain.

5. Discussion
5.1. Facies interpretation: paleoenvironmental evolution

During the Late Pleistocene-Early Holocene, an open lagoon
(Fig. 5: F1a) occupied the Isthmus of Gibraltar, as can be deduced
from both the macrofauna and the microfauna. The common shell
S. divaricata is a shallow-water species distributed throughout the
Mediterranean Sea and along the coasts of the Black Sea
(Anistratenko, 2005; Templado, 2011). The high percentages of
Assemblages 1 and 3 (Fig. 4) points to an intertidal or littoral areas,
probably linked to a barrier beach with sandy bottoms and high-
energy conditions, while the moderate density of Assemblage 2
(Table 2: up to 48 specimens/20 g) indicate partial salinity-
stressed conditions and the presence of a source of freshwater
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Fig. 5. Paleoenvironmental reconstruction of core BH.

Table 4
Database of 'C results.

Sample  Depth (cm)  Laboratory Laboratory number  Type  Uncalibrated Error  9'3(°/go)  Calibrated Mean calibrated age (kyr)
age (yr BP) age (yr BP)

BH-15 215 Beta Analytic Beta-290903 Peat 2680 30 -28.0 2850-2750 2.8

BH-13 300 Beta Analytic Beta-290904 Peat 3770 40 -27.9 4290-3980 4.1

BH-8 440 National Accelerator Center ~ CNA-4260 Shell 5340 35 -11.5 5830-5600 5.7

owing to the abundance or Ammonia spp. (Melis, 2013; Gupta et al.,
2019).

Transition to F1b is characterized by the disappearance of
Ammonia spp. and the presence of fragmented specimens of elphi-
dids and miliolids (Fig. 3). The sandy sediments, the presence of
reworked taxa and the abundance of Assemblage 3 (Fig. 4: >90%)
are characteristics of beach environments (Fiorini, 2004; Al-
Wosabi et al., 2017). The increasing presence of both Assemblages
1 and 2 in Flc would indicate a return to the previous paleoenvi-
ronmental conditions (e.g., F1a), which coincided with the maxi-
mum of the MIS-1 transgression (7-6.5 kyr BP; Zazo et al., 1994;
Kumar and Barnejee, 2016).

Two dates were obtained in F2 at depths of 3.0 m and 4.4 m,
respectively (Table 4), and consequently a mean sedimentation
rate of ~0.875 mm/yr can be roughly deduced for this facies. An
extrapolation of this rate to the whole F2 indicates that: (i) subfa-
cies F2a began to deposit at ca. 6.3 kyr and confirms the previously
assumed age for F1c; and (ii) the age of the boundary between F2a
and F2b is ca. 5.4 kyr BP (Fig. 5).

The abundant macrofauna of F2a is typically marine, with
numerous shells and valves of bivalves (Parvicardium, Diplodonta,
Chamelea, Macomangulus) and gastropods (Calliostoma, Tritia, Bit-
tium) that generally live together in sandy substrates from the
mesolittoral zone to a depth of 30 m in southwestern Spain



M. Abad, M,J. Clemente, M.L. Gonzdlez-Regalado et al.

(Goémez, 2017). This mollusc assemblage coincides with a predom-
inance of A. tepida (Assemblage 2; 60-68 individuals/20 g; 57-65%)
and a secondary presence of Assemblage 3 (22-25%). This forami-
niferal population has been observed in sandy-silty intertidal to
subtidal zones of ancient and current partially confined lagoons,
gulfs, bays and other paralic environments (Debenay et al., 1998;
Murray, 2006; Guerra et al., 2020). This faunal concurrence and
the low foraminiferal diversity (Table 2: 8 species/sample) points
to the presence of a lagoon with a broad marine connection
between a. 6.3 kyr BP and ca. 5.4 kyr BP in the current Isthmus
of Gibraltar. Brackish gastropods (H. acuta, P. ulvae) and rare spec-
imens of Assemblage 3 (elphidids, miliolids) constitute the scarce
faunal record of the basal samples of F2b, while these taxa dissa-
pear towards the top of this subfacies (Table 2). This record is also
characteristic of a brackish, more confined lagoon conditions in
relation to F2a (Avramides et al., 2014; Chevalier et al., 2014), with
a progressive reduction of marine inputs.

Only a few specimens of H. acuta were collected in F3 (Fig. 4: ca.
4.1-2.8 kyr BP), within several fine peaty layers. This gastropod is a
typical lagoonal species (Dezileau et al., 2016) and the disappear-
ance of foraminifera at the base of F3 (Table 2; Fig. 3) confirms
the presence of an increasing confined lagoon. The mean sedimen-
tation rate decreases slightly (0.65 mm)/yr) during this period, as in
other estuaries and lagoons of southwestern Spain (Lario et al.,
2002).

The following geological characteristics of F4 are very similar to
those of tsunami deposits (Dawson, 2007; Dawson and Stewart,
2007; Engel et al., 2020):

e an irregular erosive surface marks the contact between both
facies;

e the basal part of F4 includes numerous peaty rip-up clasts from
F3;

e grain size increases with respect to F3;

o numerous fragmented shells of marine gastropods are observed
in the basal layers of this facies;

o frequent specimens of assemblage 2 were found in these layers,
coming from the most external areas of the lagoon (e.g., F2a) by
the tsunami waves that surpassed the sandy barriers that
delimited it;

o the age of a sample located just below the limit with F3 (Table 4:
ca 2.8 kyr BP) reveals a strong erosion of the latter facies, with
the disappearance of about 2.6 kyr of geological record.

Finally, the presence of a fragment of a 6-pound hand-grenade
used during the Great Siege (1779-1781) just above this facies
would indicate that F4 comes from erosive action of the 1755 Lis-
bon Tsunami on the historical The Inundation lagoon.

F5 shows a faunal transition from a basal layer with scarce indi-
viduals of the three foraminiferal assemblages (Table 2) to an
upper layer with frequent shells of pulmonate gastropods. This
evolution would evidence the passage from a shallow intertidal
zone or a beach to subaerial paleoenvironments (Morhange et al.,
2000), which would later be covered by an anthropic filling (F6)
during the 20th century.

5.2. Faunal evidence of the 1755 Lisbon tsunami: the Mediterranean
emptiness

As already indicated above (see Introduction and Fig. 1(A)),
numerous studies have analyzed the geological record of the
1755 Lisbon tsunami in southwestern Spain (Solares and Arroyo,
2004; Silva et al., 2017). This record includes, among others: (i)
washover fans (Luque et al., 2002); (ii) exposed bioclastic ridges
(Ruiz et al., 2004); (iii) bioclastic layers within marsh and lagoonal
deposits (Ruiz et al., 2008; 2010b); (iv) boulder deposits (Whelan
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and Kelletat, 2005); (v) erosion of spits, beaches and barrier islands
(Ruiz et al., 2013); and (vi) erosion of littoral foredunes and reacti-
vation as transgressive dunes over the edge of inner estuarine
marshes (Rodriguez-Vidal et al., 2011). The faunal record is a useful
tracer of these tsunami deposits because tsunami waves caused
the introduction of both lagoonal and marine species of molluscs
(Cuven et al., 2013), foraminifera (Costa et al., 2012), ostracods
(Ruiz et al., 2005) or diatoms (Quintela et al., 2016) into inland
areas of alluvial plains, estuaries, marshes, barrier-islands or bays.
In relation to the 1755 Lisbon tsunami, some faunal features of
the associated tsunamiites can be summarized (Dawson et al.,
1995; Costa et al., 2012; Font et al., 2013; Cuven et al., 2013):

o the basal layer of these high-energy deposits contains usually a
distinctive gravel-sized shell debris with abundant marine
molluscs;

e sea-urchin radiols, fragmented diatoms, sponge spicules and
even calcareous algae are also usually present in this layer;

e the foraminiferal record includes marine and/or brackish
assemblages (elphidids, miliolids, inner shelf species), depend-
ing on the previous paleogeography and paleoenvironments;

e in some cases, the micropaleontological record even detected
tsunami backwash, with the presence of brackish ostracods.

Nevertheless, there is a notable void in the adjacent Mediter-
ranean area, although geological evidence of the 1755 Lisbon tsu-
nami has been detected in very close Atlantic areas (Fig. 1(A)).
The Moroccan tsunami catalog does not include any effect of this
tsunami on the Mediterranean facade of this country (Kaabouben
et al., 2009) and some Spanish sites and cities located in North
Africa did not suffer the effects of this event (Fig. 1(A): Rock of
Vélez de la Gomera, Melilla; Martinez Solares, 2001). In the
Mediterranean, the unique geological record of this event was pro-
vided so far by Rodriguez-Vidal et al. (2011) in Gibraltar and
includes the deposit of bioclastic sands in open crevices of Rosia
Bay (Fig. 2(A, B)), among other evidences. Consequently, this paper
represents the first faunal record of the 1755 Lisbon Tsunami in the
Mediterranean Sea.

6. Conclusions

The multidisciplinary analysis (stratigraphy, sedimentology,
macrofauna, foraminifera, dating) of a sediment core collected in
the Rock of Gibraltar (S Iberian Peninsula) has made it possible
to reconstruct the paleoenvironmental evolution of the isthmus
that joins it to the mainland. During the Late Holocene, an open
bay occupied this area, which was progressively confined until
forming a restricted lagoon, historically called The Inundation. This
gradual closure was accompanied by a decreasing grain size, the
apparition of peaty layers and the disappearance of the benthic for-
aminifera. During the 18th century, this lagoon was in an advanced
state of clogging, according to historical data. On the morning of
November 1, 1755, the study site was flooded by the 1755 Lisbon
tsunami, with the erosion of peaty and silty bottom layers and
the deposit of a thin bioclastic sandy bed. This deposit has typical
tsunami features (basal erosive surface, rip-up clasts, marine and
brackish mollusc shell debris, transported foraminiferal assem-
blages) and represents the first faunal evidence of this tsunami in
the Mediterranean Sea.
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