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Summary: This article describes the geomorphological and petrological characteristics of 19 submerged beachrocks lo-
cated on the north Catalan coast (western Mediterranean Sea). Their length ranges between 8 and 1039 m, their width
between 1.5 and 86.5 m and their thickness between 0.4 and 3.25 m. They are siliciclastic beachrocks consisting of
well-rounded gravels with a very coarse sand matrix, and they have a low proportion of bioclasts (<1%). Cementation
occurred in the swash zone and adjacent foreshore due to the precipitation of high magnesium calcite. From absolute dates
(*C and optically stimulated luminescence) and anthropic artifacts, three phases of formation attributable to the Late Hol-
ocene were identified. Phase I corresponds to the warm and humid Roman Period and was recorded at a level below -3.75
m mean sea level (MSL). Phase II corresponds to the warm and arid Medieval Climate Anomaly and was recorded at +0.25
m to -2.5 m MSL. Phase III corresponds to the Little Ice Age and Industrial Period and was recorded at levels ranging from
+0.5 m to -3.0 m MSL. Good temporal correspondence between the chronology of the cementation phases and warm and/
or dry palaeoclimatic conditions can be established.

Keywords: late Holocene; beach deposits; “C; optically stimulated luminescence; archaeological remains.

Contexto geocronolégico y paleoclimatico de la formacion de playas fésiles sumergidas en el Mediterraneo Occi-
dental

Resumen: En este articulo se describen las caracteristicas geomorfoldgicas y petroldgicas de 19 playas fésiles sumergidas
localizadas en la costa norte catalana (Mediterraneo Occidental). Su longitud oscila entre 1039 m y 8 m, y su anchura entre
86.5 my 1.5 m. Su espesor varia entre un minimo de 0.4 m y un maximo de 3.25 m. Se trata de playas f6siles siliciclasticas,
constituidas por gravas bien redondeadas, con matriz de arena muy gruesa. Presentan una baja proporcién de bioclastos
(<1%). La cementacion se produjo en la zona de batida de la playa debido a la precipitacion de calcita magnesiana. A partir
de dataciones absolutas ("C y OSL) y de artefactos antrépicos, se han identificado tres fases de formacién atribuibles al
Holoceno superior. La fase I corresponde al periodo calido y hiimedo romano, y ha sido registrada en un nivel situado por
debajo de los —3.75 m respecto del nivel medio del mar (MSL). La fase II encaja con la anomalia climatica cdlida y 4rida
medieval, la cual ha sido registrada entre +0.25 m y —2.5 m MSL. La fase III corresponde a la pequefia edad del hielo y
al periodo industrial, y ha sido registrada en niveles situados entre +0.5 m y —3.0 m MSL. Se puede establecer una buena
correspondencia temporal entre la cronologia de las distintas fases de cementacién y las condiciones paleoclimdticas
calidas y/o aridas.
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INTRODUCTION

Beachrocks are consolidated coastal deposits
formed by the lithification of beach sediments due to
the precipitation of calcium carbonate (mostly high
magnesium calcite and/or aragonite, but also low mag-
nesium calcite) (e.g. Scoffin and Stoddart 1987, Pso-
miadis et al. 2009). Typically, cementing occurs in the
intertidal zone and under a thin layer of unconsolidat-
ed sediments (Webb et al. 1999), although cementing
in the supratidal zone has also been reported (Kelletat
2006). Beachrocks are formed both on beaches with a
predominance of carbonaceous and siliciclastic parti-
cles and on beaches with silt to cobble-size sediments
(Moissette et al. 2013). Cementation is a very rapid
process at a geological time scale, being of the order
of months to years (Hopley 1986), so the granulomet-
ric and compositional characteristics of the beachrock
reflect those of the beach from which they are formed
(Psomiadis et al. 2014). Artifacts of human origin, such
as fragments of ceramic, glass and metal objects have
also been documented to be embedded in beachrocks
(Gischler 1994, Friedman 1998, Pullen 2013). The
specific physico-chemical and/or biological processes
involved in carbonate precipitation at the earliest ge-
netic stages have given rise to controversy and a dis-
parity of models. A good synthesis of these is included
in the works of Turner (2005) and Danjo and Kawasaki
(2014). The main primary cementing mechanisms pro-
posed are physicochemical, linked to (1) the common
ion effect in the mixture of meteoric and sea water, (2)
evaporation and (3) degassing of CO,. Recent studies
show that carbonate precipitation induced by the ac-
tivity of microorganisms plays an important role in the
cementation of beachrocks (McCutcheon et al. 2016,
2017, Ramachandran et al. 2020, Daryono et al. 2020).

Beachrocks form laminar ledges oriented parallel
to the beach and can reach a few kilometres in length
and up to several hundred metres in width. They are
relatively thin, and generally ranging from 0.3 mto 3 m
(Vieira and Ros 2006, Vousdoukas et al. 2009). Usually
they do not fully cover the entire length of the beach
but emerge forming isolated outcrops of cemented sed-
iments limited by unconsolidated sediments (Kelletat
2006). Most of the described beachrocks lie on uncon-
solidated beach deposits, but they can also lie directly
on rocky substrates (Turner 2005). They are construct-
ed by a sequence of layers ranging from 5 to 30 cm
thickness, tilted 5° to 15° towards the offshore (Font
and Calvet 1997, Calvet et al. 2003).

Pleistocene and even older beachrocks have been
reported (e.g. Yaltirak et al. 2002). However, their age
of formation, based on the dates reported in the litera-
ture, range mostly between 5000 and 1000 yr BP (Vous-
doukas et al. 2007, Danjo and Kawasaki 2014). Flandri-
an beachrocks are considered good geoindicators of the
position of the sea level and are therefore useful for the
reconstruction of palacoshorelines and for establishing
sea level oscillation throughout the Holocene (Caldas
et al. 2006, Stattegger et al. 2013, Mauz et al. 2015,
Vacchi et al. 2016). Recently constructed beachrocks
are usually partially buried under emerged sediments

from the active beaches (Russell and Mclntire 1965,
Neumeier 1998). Neotectonics and isostatic adjustment
can make the position of beachrocks vary significantly
on a scale of decades or centuries (e.g. Avcioglu et al.
2016, Erginal et al. 2021), but in the absence of ne-
otectonics their position is determined by the coastal
dynamics. Thus, on prograding coasts, beachrocks are
abandoned behind the active beach, while on retrograd-
ing coasts they are exposed to the open sea and end
up totally or partially submerged (Turner 2005). Long-
term uplift and subsidence determine the beachrocks’
position. They form alignments parallel to the beach
located at different heights, both below and above sea
level (Mouslopoulou et al. 2015). In submerged se-
quences, beachrocks tend to be progressively older at
greater depth and at greater distance from the coast
(Strasser et al. 1989, Neumeier 1998).

Beachrocks are mostly located in tropical and
sub-tropical regions. The majority (90%) are distribut-
ed between the Tropic of Capricorn and the 40°N paral-
lel, with little presence around the Ecuador (Danjo and
Kawasaki 2014). Modern beachrocks are restricted to
warm climates, specifically between latitudes 35°N and
35°S (Friedman 2011). This distribution seems to indi-
cate that sea surface temperature is a key controlling
factor in their build-up. However, a few examples of
beach sediments cemented by calcium carbonate have
also been reported in temperate-humid regions (Kneale
and Viles 2000, Rey et al. 2004, Arrieta et al. 2011).
Quaternary variations in local climatic conditions may
explain the presence of beachrocks in relatively cool
regions, so it is essential to accurately establish the
chronology of the cementation processes.

Pleistocene and Holocene beachrocks are frequent
in the Mediterranean Sea, especially in the eastern sec-
tor. They have been described on the Aegean coast (e.g.
Moissette et al. 2013, Psomiadis et al. 2014, Mous-
lopoulou et al. 2015) and on the coasts of Egypt (El-
Sayed 1988, Holail and Rashed 1992), Israel (Magaritz
et al. 1979) and Tunisia (Strasser et al. 1989). Their
arrangement in the western Mediterranean is much less
known, although they have been described on the coasts
of Liguria (Bloch and Trichet 1966), Corsica (Bernier
et al. 1997), Balearic Islands (Muhs et al. 2015) and
Barcelona (Russell 1962, Vousdoukas et al. 2007).

Here we describe a set of beachrocks located on the
Costa Brava, on the northern part of the Catalan coast
(western Mediterranean Sea). They are submerged de-
posits with a predominance of siliciclastic particles.
There is little previous literature reporting on these
beachrock deposits. Roqué and Palli (1995, 1997) de-
scribe the existence of two formation phases, based on
geomorphological criteria, the presence of archaeolog-
ical artifacts encased in the deposits, and a single *C
dating (not calibrated). These two recognized phases
are linked to (a) beachrocks located between +0.25 m
and -2.5 m MSL, dating from 1950 to 1800 yr BP, and
(b) beachrocks located between -2 m and -4 m MSL,
attributed to the Holocene.

The specific aims of this study were (1) to further
analyse the geomorphological and petrological features
of these deposits; (2) to accurately establish the chro-
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nology of the cementation episodes by means of abso-
lute dating ("*C and optically stimulated luminescence
(OSL)) and relative dating (archaeological remains);
and (3) to observe possible relationships between the
geochronology of the formation episodes and the pre-
vailing palaeoclimatic conditions, in order to establish
whether their genesis is controlled by climatic factors.

STUDY AREA

The study area comprises ca. 215 km of the Cos-
ta Brava, on the northern part of the Catalan coast,
NE Iberian Peninsula (western Mediterranean). It is a
mostly rocky coast that extends from the Tordera River
delta in the south to the Pyrenees mountain range in the
north (Fig. 1). Three deltaic systems (the Tordera, Ter
and Fluvia-Muga) occupy 29.1 km of the total coast,
and the rest corresponds to a rocky coast with cliffs
and small beaches in coves (Calvet and Gallart 1973,
Casas-Prat and Sierra 2012, Furlani et al. 2014). The
deltas separate the rocky coast into three sectors with
different geological features: (1) the South Sector, 90.0
km long, with a predominance of Palaeozoic granitic
rocks, (2) the Central Sector, 20.4 km long, formed by
Mesozoic limestones, and (3) the North Sector, 75.2
km long, with a predominance of Palaeozoic schist.

The climate of the study area is Mediterranean. Av-
erage annual rainfall varies between 480 and 700 mm.
The mean annual air temperature ranges from 15°C to
16°C, with a minimum monthly average of §°C to 9°C
(January) and a maximum monthly average of 22°C to
23°C (July) (Martin-Vide and Raso 2008). The mean
annual sea surface temperature (SST) is 17.1°C, with
a minimum monthly average of 12.6°C (February) and
a maximum monthly average of 22.9°C (August) (data
from the Catalan Meteorological Service for the period
2000-2015, corresponding to the observation point in
L’Estartit [42°03’N, 3°15’E] located 1.8 km offshore
of the Medes Islands). Mean annual SST in the study
area increases from north to south by 0.55+0.05°C per
100 km (Serrano et al. 2013). According to Serrano
et al. (2013), the average annual SST for the period
2003-2010 was 16.7°C in Port de la Selva, 16.9°C in
Cadaqués, 17.0°C in the Medes Islands and 17.4°C in
Port d’ Aro (see locations in Fig. 1).

The astronomic tidal range is of about 15 cm in the
area (Sanuy et al. 2020). The available data on the an-
nual sea level variation recorded in the L’Estartit har-
bour show a maximum oscillation of +25 cm to —15 cm,
which is linked to the variation of atmospheric pressure
(data for 2017 according Pascual [2019]). Wave climate
along the Costa Brava is characterized by wave calms
from May to September and energetic storms from Oc-
tober to April, with an average duration of less than 24
h (Mendoza et al. 2011). The directional distribution of
winds produces a predominance of waves coming from
the NW and N in the northern part of the study area and
from the E and S in the southern part. The largest waves
come from the E or E-NE, where the largest fetches (up
to 600 km) and strongest winds coincide (Sanchez-Ar-
cilla et al. 2008, Casas-Prat and Sierra 2012). The aver-
age frequency of storms is five per year (Gémez et al.
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Fig. 1. — Location and geological setting of the study area.
Beachrocks: CAl, Platja Fonda. CA2, Tamariu. CA3, Llafranc.
CA4, Canadell. CAS, Port Pelegri. CA6, Cap Planes. CA7, St
Antoni. CAS, Paller. CA9, Puget. CA10, Roig. CA11, Belladona.
CA12, Pi. CA13, Platja Aro. CA14, St Pol. CA15, Futadera. CA16,
Giverola. CA17, Mar Menuda. CA18, Canyelles. CA19, Fenals.

2005, Sanchez-Arcilla et al. 2008). Severe and extreme
intensity storms reach wave heights (Hs) of the order of
5.1 to 6.6 m, with average return periods of ca. 10 and
50 yr, respectively (Mendoza et al. 2011).

METHODOLOGY
Beachrock location and description

An exhaustive inventory of beachrocks was carried
out by means of an extensive photogeological survey
of the coast, encompassing the analysis of the available
vertical aerial orthoimage series from different years
(1946, 1956, 1986, 1991, 1994, 1996, 2000, 2001,
2002, 2004, 2006 and 2008 to 2018) at different resolu-
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Fig. 2. — Main morphometric features of beachrocks. A, plan view:

LB, length of the current beach. L, beachrock length. W, beachrock

width. CD, coastal distance. B, cross section: CD, coastal distance.

W, beachrock width. mH, minimum depth. MH, maximum depth. T,
thickness. S, slope.

tions (100 to 25 cm/px) and different spatial coverages
(data from the Catalan Cartographic and Geological
Institute (ICGC) (www.icc.cat/vissir3/) and Google
Earth Pro servers). Regarding the identification of
seabed morphological features, the image resolution
is limited by (1) the absolute resolution of the image,
(2) the sea condition at the collecting time, (3) the
angle of light-incidence, and (4) the shadows cast by
the coastal cliffs. In optimal conditions, beachrocks
are clearly identified down to —10 m MSL.

Georeferenced images and the ICGC viewer were
used to measure the length (L) and the width (W) of
the exposed deposits and their minimum distance
from the shoreline (the coastal distance) (Fig. 2). The
coastal distance was measured according to the crite-
ria of Pagan et al. (2016), which take as a reference
the run-up limit or boundary of the wet beach in the
orthoimages.

The inventoried beachrocks were studied in situ
during diving surveys from 2009 to 2020; the obser-
vations performed during the dives carried out in 1995
and 1996 were also revised and updated. The visible
thickness (T) was measured in exposed sections by
means of a 1-metre scale (10 cm divisions). The mini-
mum (mH) and maximum (MH) depth of shallow de-
posits were measured with the 1-metre scale. A plumb
bob was used to measure the deepest ones. The sea
level at the time of diving was taken as a reference. A
+0.25 m systematic error was assumed because of the
maximum sea level variation over the year. The slope
of the beachrock surface (S) was estimated as the gra-
dient between the variation of depth and the distance
along a transect perpendicular to the maximum slope
(Fig. 2). The dimensions (L and W) were verified by
positioning the limits using GPS integrated in Olym-
pus TGS and TG6 underwater cameras. The attitude
of plains (joints, layers, etc.) was measured by means
of the digital compass fitted in these cameras. The
erosional landforms, internal layers and the features

of the underlying substrate were also measured, de-
scribed and photographed.

Petrology characterization

During the diving surveys, 30-cm-long rock block
samples were extracted for petrological and textural
characterization of the deposits by means of mace and
chisel. Beachrocks are usually colonized on their sur-
face by calcareous fouling organisms (e.g. Rhodophy-
ta, Bryozoa and molluscs), so the external part of the
block samples was removed by a diamond disc grinder.
The resulting fresh blocks were conditioned to extract
petrographic thin sections for microscope analysis. The
study of the sediments was complemented with direct
observation of the blocks with a binocular magnifying
glass (x10 to x100). The percent weight content of car-
bonates was roughly determined by dissolving 250 g of
dry sample in HCl and comparing the initial and final
weights.

Mineralogical analysis of 12 selected samples was
performed by X-ray powder diffraction (XRD) (Bruk-
er AXS D8 Advance Powder RX Diffractometer from
the University of Girona Technical Research Services
(STRUAG)) to determine the composition of the car-
bonate cement. A ZEISS DSM-960A scanning electron
microscope (SEM) equipped with an Oxford Link Isis
L200B energy separation RX (EDX) detector from the
STRUdG was used to photograph and determine the
elemental composition of the 12 samples.

Sediments of the beaches adjacent to the beachrocks
were also sampled for textural and compositional anal-
ysis. A total of 1 kg of sediment was collected in three
separate sampling stations at ca. +1.0 m and —1.5 m
MSL (foreshore and upper shoreface, respectively, e.g.
Longhitano (2015)). Particle size distribution was ob-
tained with a standard nested column of sieves and a
mechanical shaker. The petrological composition of the
sediment was determined from the identification of a
minimum of 250 grains using a binocular magnifying
glass (x10 to x100).

Dating methods

A total of 12 carbonate shells of marine molluscs
(7 gastropods and 5 bivalves) included in 7 of the
beachrocks (CAl, 3, 6, 7, 11, 14 and 17) were dated
by the "“C method. A 30-cm-thick sample of a red al-
gae crust embedded in CA14 and a charcoal fragment
included in CA17 were also dated.

14C ages were measured in the laboratories of the
Tritium and “C Dating Service of the Universitat
Autonoma de Barcelona, the Poznan Radiocarbon Lab-
oratory and Beta Analytic.

The content of carbonate seashells of size greater
than 2 mm in the collected samples ranged only from
0.004 g kg™ to 0.4 g kg™!, which posed a severe con-
straint for “C dating. However, in the beachrocks lo-
cated at depths of less than —2 m MSL, some relatively
large shells were recovered directly during the diving
observations. Only samples lying on eroded clean sur-
faces and lacking coating of living organisms were
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collected (i.e. CAl, 2, 3, 11, 14 and 18). Where large
shells were not available, it was attempted to extract
large bioclasts from rock block samples according to
the following procedure: (1) the external portion of the
blocks was removed by a diamond disc grinder; (2) the
clean block was crushed by means of a hammer to ob-
tain fragments of ca. 1 to 5 mm in diameter; (3) finally,
the bioclasts were selected using a binocular magnify-
ing glass. This allowed us to obtain additional dateable
material from CA6, 7 and 17. However, as explained
below, not all recovered bioclasts were considered ap-
propriate for dating.

The seashells provide a terminus post quem age for
the beach cementation. To minimize the age difference
between the death of seashell animals and the time of
cementation of the beach, the bioclasts for dating were
selected according to the following criteria: (1) skele-
tons of perforating organisms were discarded because,
although they are located inside the block, they may
postdate the deposit; and (2) because the post mortem
residence time of the seashells on the beaches is a pri-
ori uncertain, shells were selected preferably without
fragmentation and little erosion or bioerosion in order to
avoid dating bioclasts that could have been sedimented
on the beach long time before the cementation. Due to
these criteria, several broken, eroded and burrowed sea-
shells (mostly of Spondylus gaederopus) recovered from
CAl, 2, 3,11, 14 and 18 were dismissed for dating.

Conventional “C ages were converted to calendar
ages using the CALIB 8.2 programme (Stuiver et al.
2021) and were adjusted to two standard deviations (25).
The Marine 20 dataset was used to calibrate the sam-
ples that corresponded to sea-living organisms. In these
cases, calibration must also consider the marine reser-
voir effect, which makes the radiometric ages older than
the contemporary ones under atmospheric conditions.
However, there is significant bias due to the local marine
conditions (AR). Here, a AR value of —140+74 yr was
used, according to the mean values of the eight nearest
(<400 km) points from the study area in which the AR
value was reported (Siani et al. 2000). This AR value was
contrasted by comparing the calibrated ages obtained for
a seashell and for charcoals included in the same rock
block sample of CA17. Both the charcoal and the shell
were expected to be the same age.

Absolute “C dating was complemented with two
OSL dates of quartz grains included in the CA3 and
14 beachrocks. OSL dates were measured in the Lu-
minescence Dating Laboratory of the University of A
Coruiia. One of the blocks dated by OSL corresponded
to the same rock block sample from which a seashell
was dated by “C (i.e. CA3). The OSL age correspond-
ed to the time of burial of the quartz grains, so it cannot
be earlier than the age of the seashell. Both ages (OSL
and '*C) obtained for the same rock block sample also
allowed us to establish the extent to which the AR value
used in the "*C calibration was correct.

The absolute dating was complemented by the age
analysis of pottery remains embedded in CA3, 4,7, 14
and 18. This allowed us to establish a relative termi-
nus post quem age for the cementation of the depos-
its. These materials were recovered directly by diving
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visual reconnaissance of surfaces free of algae and
encrusting organisms. The Archaeology Laboratory of
the University of Girona and the Terracotta Museum
(La Bisbal d’Emporda) supported us in classifying and
establishing their chronological rank.

RESULTS
Beachrock inventory and spatial distribution

Up to 19 beachrocks were documented along the
215 km of the studied coastline, all of them submerged
(Fig. 1). Six of them form sequences of two or more
partially overlapped ledges. Their spatial distribution is
highly irregular, because all the beachrocks are concen-
trated in the south sector of the Costa Brava. Neither
the aerial photography analysis nor the diving surveys
revealed any beachrock in the central and northern
sectors. Fifteen kilometres north of the Costa Brava’s
northernmost boundary, we found the only beachrock
that we identified and explored, on Paulilles on the
Cote Vermeille beach (Fig. 1).

The analysis of the temporal series of orthoimages
from consecutive years revealed that some beachrocks
had been exhumed by the intense wave erosion during
the rough storms events of December 2008 and Janu-
ary 2017 and had subsequently been partially or totally
buried. This analysis was not possible for the previous
severe and extreme storms catalogued by Mendoza et
al. (2011) and Sanuy et al. (2020) (i.e. November 1982,
February 1996, December 1997, December 2000, No-
vember 2001, December 2001 and October 2003),
because the orthoimages older than 2008 are not con-
secutive or do not cover the entire study area. During
the storm in December 2008, one of the most severe
recorded on this coast since 1984 (Mendoza et al.
2011, Sanchez-Vidal et al. 2012), CA13 and 19 were
exposed for the first time. Furthermore, CA2, 4, 7, 9
and 14 increased in length and/or width. The effects
of the January 2017 storm were especially noticeable
on CA13 and 14, which were once again much more
exposed. The Gloria Storm of January 2020 (which is
younger than the time period analysed by orthoimages)
exhumed CAS, of which there was no documentary or
oral record to date. Therefore, our inventory could not
be considered exhaustive, because there must be addi-
tional buried beachrocks in the study area that have not
emerged but remain hidden under a sediment cover.

Morphological characteristics

The morphometric parameters of the beachrocks are
shown in Table 1. Length and width data correspond to
the maximum values measured in the analysed ortho-
images (from 1946 to 2018) and diving surveys (from
2009 to 2020). A single deposit unit was considered if
more than one isolated deposit was in the same cove. It
should be noted that the current CA3 and CA7 beach-
es have been subject to nourishment and sand transfer
works in the last four decades, so length and weight
values of these submerged deposits are influenced by
the presence of artificially driven sediments.
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Fig. 3. — Examples of beachrocks. A, vertical view of CA15 beachrocks ledges (a-¢) (yellow dot lines) and the current beach (red dot line).
B, view of the CA1 beachrock ledges a and b (yellow dot lines); ledge b eastern part is degraded (at the bottom of the image). C, inner layers
(upper level of CA14 beachrock). D, partially emerged beachrock (CA11).

Table 1. — Morphometric characteristics of the beachrocks: length (L) and width (W) (maximum measured values); depth (D) (negative

values refer to depth below MSL); thickness (T); number of differentiated ledges (sequences) of beachrock (seq. num.); base (substratum at

the base of beachrock: R=rock; UBS=unconsolidated beach sediments); slope towards the open sea (S); length of the current beach on which

the beachrock is located (LB); beachrock length/width ratio (L/LB); coastal distance (CD) is the minimum distance between shoreline and
outcropping beachrock.

Code  Locaon LG USY MLUN L3 aam Bwe 3 MAE tw o uie SR
CAl Platja Fonda 132.5 32.0 -1.0/-5.0 1.25 2 R 5 165 4.14 0.80 1.0
CA2 Tamariu 8.0 1.5 -0.5/-1.0 0.4 1 R 5 196 5.33 0.04 0.5
CA3 Llafranc 75.0 14.0 -1.0/-3.0 2.0 1 R 5 324 5.36 0.23 5.5
CA4 Canadell 8.0 1.5 -0.25/-1.0 0.5 1 R 5 185 5.33 0.04 3.0
CAS Port Pelegri 53.0 4.5 -0.25/-2.5 0.5 1 R 5 58 11.77 091 1.0
CA6 Cap Planes 287.0 73.0 +0.25/-45 1.5 6 R 7 478 3.93 0.60 0.0
CA7 St Antoni 1039.0 27.0 -1.0/-4.0 2.25 1 R-UBS 5 3434 3848  0.30 12.5
CA8 Paller 21.5 9.5 -0.5/-2.0 1.0 1 R 5 30 2.26 0.72 4.5
CA9 Puget 148.0 12.5 -1.0/-2.5 1.25 1 R 5 456 11.84  0.32 9.5
CA10 Roig 60.0 9.5 -0.25/-2.0 1.5 1 R 5 109 6.32 0.55 3.5
CAll Belladona 81.0 18.5 +0.5/-2.0 1.5 1 R 5 89 4.38 0.91 0.0
CA12 Pi 35.0 9.5 -0.5/-2.0 1.0 1 R 4 41 3.68 0.85 2.0
CA13 Platja Aro 524.0 8.0 -1.0/-2.5 >1.5 1 UBS? 5 2110 65.50  0.25 10.5
CAl4 St Pol 619.0 19.5 -0.25/-2.5 >2.0 2 UBS? 8 842 31.74  0.74 3.0
CAlS Futadera 264.0 86.5 -0.5/-4.0 2.0 5 R 8 81 3.05 3.26 1.0
CA1l6 Giverola 73.0 34.0 -0.5/-2.5 2.0 2 R 8 167 2.15 0.44 1.0
CA17  Mar Menuda 132.5 27.0  -2.0/-525 3.25 2 R 5 745 491 0.18 12.5
CA18 Canyelles 58.0 7.5 -0.5/-2.0 1.5 1 R 5 467 7.73 0.12 4.5
CA19 Fenals 132.0 12.5 -0.5/-2.5 >1.0 1 R? 5 717 10.56  0.18 12.0
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Fig. 4. — Schematic cross section and chronology of the CA14 (St

Pol) beachrock. The upper level is constructed by cemented very fine

to fine gravels with sparse very coarse clasts, and includes pottery

remains. The intermediate level is a coralline algae calcareous bed,

also with pottery remains. The lower level is built up of coarse to
very coarse sand with sparse fine gravel clasts.

Length varies between a 8 and of 1039 m. CA7
(1039 m), CA14 (619 m) and CA13 (524 m) were the
longest and CA2 (8 m), CA4 (8 m) and CAS8 (21.5 m)
were the shortest. The ratio between beachrock length
and the length of the beaches on which they are locat-
ed was variable and usually less than 1. This is in ac-
cordance with the fact that the degree of cementation
was variable, causing the beachrocks to be only partial-
ly formed or preserved (e.g. Kelletat 2006). However,
CA1S5 exceeded the current beach length by 3.26 times,
which indicates a greater deposit development at the
time of its cementation (Fig. 3A). Beachrock width also
showed a pronounced variability, ranging between 1.5
m (CA2 and 4) and 86.6 m (CA15). This variation was
partly caused by the sequence overlapping of two to six
contacting ledges, which increased the total width of the
deposits. As an example, CA6 (W=73.0 m) was com-
posed of a sequence of six ledges; CA15 (W=86.5 m)
was composed of 5 (Fig. 3A); and CA16 (W=34.0 m)
and CA1 (W=32.0 m) was composed of 2 (Fig. 3B). The
width of those beachrocks formed by a single ledge av-
eraged 10.4 m. Similarly, the mean width of the single
ledges that form the wider beachrocks was 11.6 m.

The beachrocks’ internal architecture was built up
of 5- to 20-cm-thick layers tilted 10° to 12° towards
the open sea (Fig. 3C). Their tops were also tilted to-
wards the open sea, averaging values of 4° to 8°, which
are lower than those of the lamination. Minimum
beachrock top depths (mH) were close to the current
sea level; only CA11 (Fig. 3D) and CA6 were partial-
ly emerged (+0.5 m and +0.25 m MSL, respectively).
Maximum beachrock top depths (MH) ranged between
-1 m (CA2 and 4) and -5.25 m MSL (CA17). The
deepest levels corresponded to the distal outcrops of
the overlapping sequences, as in the case of CA1l (Fig.
3B), CA6, CA1S5 (Fig. 3A) and CA17. CA7, formed by
a single ledge, reaches up to —4.0 m MSL. This is due
to the partial deposit collapse caused by the erosion of
the subjacent unconsolidated marine sediments. How-
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ever, the eastern sector of this beachrock lies on a bed-
rock formed by weathered granite, which is Palaeozoic
in age. CA2,3,4,5,6,8,9, 10, 11, 12, 15, 16, 17 and
18 were also placed directly on this same bedrock type.
CAL lay on Palaeozoic granite and schist. No data are
available on materials just below CA13, 14 and 19.

Cemented deposit thickness (T) varied between 0.4
m (CA2) and 3.25 m (CA17), averaging 1.5 m. The
greater thickness of the beachrock in CA17 is related to
the fact that it is built of two partially overlapping ledg-
es. Similarly, in CA14 an upper level of 1.25 m thick-
ness overlaps a lower one, of which a thickness of 0.5
m thick is visible. Both are divided by a 0.3-m-thick
bioconstructed calcareous layer of coralline algae em-
bedded above the lower level (Fig. 4).

The minimum distance between the beachrocks and
the current beach was generally less than 5 m. Larg-

A 10000

1 90 80 70 60 50 40 30 20 10 0
SIR

Fig. 5.— A, relative percentage of grain size distribution of beachrock
(black circles), foreshore (grey triangles) and upper shoreface (white
stars) samples. Numbers correspond to each studied beachrock. MG,
medium gravel; VFG, very fine gravel; FG, fine gravel. B, relative
percentage of petrological composition of beachrock (black circles),
foreshore (grey triangles) and upper shoreface (white stars) samples.
SIR, siliceous igneous rocks; SMR, siliceous metamorphic rocks;
CMR, calcareous metamorphic rocks.
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er distances were recorded on beaches that showed a
marked erosive trend in recent decades due to (1) spo-
radic rough storm effects, as in CA9 (9.5 m), CA13
(10.5 m) and CA19 (12.0 m); (2) generalized sand beach
loss, as in CA7 (12.5 m), which led to the installation of
rock groynes to counteract the erosion of the sandy coast
in the 1970s; and (3) focused erosion caused by the local
effect of a small pier that has limited the natural contri-
butions of sediment in CA3 (5.5 m) since 1970.

Petrological characteristics

The petrological characteristics of the studied
beachrocks are summarized in Table 2. Overall, the
beachrocks are conglomerates of well-rounded grav-
els with a very coarse sand matrix. Their granulometry
ranges between very fine gravel and medium gravel (2
mm to 16 mm) (Figs 5, 6A). The deposits are some-
what graded, with the coarser particles tending to be
concentrated towards their base and in the distal part.
In CAl, 6 and 15, the ledges furthest from the coast-
line (and deepest) are composed of larger particles, be-
tween medium gravel and cobble, including boulders
(>256 mm) at the base of the distal part (Fig. 6B).

The grain size of the sediment from the beaches dif-
fers from that of the beachrocks (Table 3, Fig. 5). The
particle size of the beachrocks is greater than that of the
samples collected on the beaches at -1.5 m MSL (upper
shoreface), in which sand with a variable proportion
(up to 60%) of fine to medium gravel predominates. In

most cases, it is greater than or practically equal to the
samples collected at +1.0 m MSL (foreshore) (Fig. 5).

Regarding the mineralogy, the beachrocks are al-
most exclusively composed of siliciclasts derived from
granitoids (quartz, feldspar and biotite) (Table 4, Fig.
5). Excluding CA1, quartz is the dominant component
(mean 71.8%), followed by felsic plutonic rock frag-
ments (mean 14.7%) and feldspar (mean 11.0%). The
lithology and granulometry (very fine to medium grav-
el) of the sediments result from the fact that they orig-
inated from the erosion of arenaceous mantles (grus)
formed by the weathering of magmatic plutonic rocks.
Those rock particles with a coarse or larger gravel size
correspond to fragments of unaltered granitoids (gran-
ites and granodiorites) and hypabyssal rocks (mainly,
granite porphyry, aplite and lamprophyre). CA2, 3, 4,
13 and 17 include fragments of rocks from thermal
metamorphism (i.e. biotite and cordierite hornfels) in
a maximum proportion of 1%. The petrological com-
position of the CA1 clasts is different from the rest:
55.2% schist, 8.1% quartz and 2.3% granite siliciclasts,
but up to 34.2% of fragments of calcite and dolomite
marble (Fig. 5). The lithological composition of the
current beaches matches the composition of the adja-
cent beachrocks, reflecting that the sediments had the
same origin (Table 4, Fig 5).

The bioclasts content in the studied beachrock
samples was less than 1% of the total volume (mean
0.23%), except in one sample from CA6 (8.5%) (Ta-
ble 2). Most of these bioclasts were medium sand size

Table 2. — Petrological characteristics of the beachrocks: particle size (VFG, very fine gravel (2-4 mm); FG, fine gravel (4-8 mm); MG,
medium gravel (8-16 mm); CG, coarse gravel (16-31 mm); VCG, very coarse gravel (32-64 mm); Co, cobble (64-256 mm)); lithology (SIR,
siliceous igneous rocks; SMR, siliceous metamorphic rocks; CMR, calcareous metamorphic rocks); Bioclasts (volume percentage with respect
to total clast content); carbonates (weight percentage with respect to total rock, bioclasts included); Cement mineralogy of selected samples
subjected to XRD and EDX microanalysis (ARG, aragonite; HMC, high magnesium calcite; LMC, low magnesium calcite).

Code Particle size Lithology Bi(z(c):/})z)ists Carlg‘;gates Cement mineralogy

CAl FG to Co SMR-CMR 0.2 47.3 -

CA2 VEG to MG SIR 0.1 10.4 -

CA3 VFG to MG SIR 0.5-0.7 9.8-12.7 HMC

CA4 VEG to FG SIR 0.2 11.6 -

CAS VFG to FG SIR 0.1 12.3 -

CA6 VFG to FG SIR 0.3-8.5 12.5-22.7 HMC/LMC

CA7 VFEG to FG SIR 0.1 12.8-16.9 HMC

CAS VFG to FG SIR 0.1 18.2 HMC

CA9 VFG to FG SIR 0.2 12.1 -
CA10 VFG to MG SIR 0.2 13.3 HMC
CAll VEG to MG SIR 0.3 14.9 ARG/HMC
CA12 VFG to FG SIR 0.1 10.8 HMC
CA13 VFEG to FG SIR 0.2 11.2 -
CAl4 VFG to FG SIR 0.8 9.1 HMC
CAlS VFG to Co SIR 0.2 9.6-14.1 -
CALl6 VFEG to FG SIR 0.1 15.5 ARG/HMC
CA17 VEG to MG SIR 0.3 12.7 -
CAIlS8 VFG to MG SIR 0.1 13.3 -
CA19 VFG to FG SIR 0.2 11.9 -
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Table 3. — Grain size percentage of samples from study sites: Br, beachrock; Fo, current foreshore; Sh, current upper shoreface.

. . 8 4 2 1 0.5 0.25
Opening diameter (mm) “FG FG VFG Sand

CAl Br 35.6 335 20.4 8.0 2.5 0.0
Fo 15.7 29.1 38.1 17.0 0.1 0.0

Sh 0.8 6.4 23.7 54.4 14.0 0.7

CA2 Br 11.2 18.4 58.3 8.7 1.4 2.0
Fo 7.3 8.8 83.4 0.5 0.0 0.0

Sh 0.0 0.3 14.4 43.5 22.9 18.9

CA3 Br 11.2 24.5 36.9 14.1 13.3 0.0
Fo 4.0 10.0 51.5 30.0 4.5 0.0

Sh 0.0 0.0 0.0 32 26.8 70.0

CA4 Br 8.2 47.7 34.5 2.4 2.0 5.2
Fo 4.8 21.9 71.0 1.9 0.4 0.0

Sh 0.0 1.3 349 46.6 11.3 5.9

CAS Br 53 25.0 61.6 44 1 2.7
Fo 2.5 324 65.1 0.0 0.0 0.0

Sh 0.0 1.3 50.9 472 0.6 0.0

CA6 Br 4.6 23.6 37.2 19.0 15.3 0.3
Fo 22 15.3 45.5 21.2 14.1 1.7

Sh 0.0 0.0 7.3 74.6 12.2 5.9

CA7 Br 6.1 15.9 49.4 23.2 5.4 0.0
Fo 0.0 0.0 33.0 60.5 5.5 1.0

Sh 0.0 0.0 0.0 0.3 3.7 96.0

CA8 Br 0.0 22.4 63.4 13.1 1.1 0.0
Fo 0.0 11.2 84.9 34 0.5 0.0

Sh 0.0 1.0 38.0 53.2 4.5 33

CA9 Br 1.5 4.7 453 28.4 14.7 5.4
Fo 0.0 2.1 36.9 33.8 12.2 15.0

Sh 0.0 11.0 10.7 17.4 32.6 28.3

CA10 Br 11.7 28.3 524 6.2 1.4 0.0
Fo 10.0 16.0 72.5 1.5 0.0 0.0

Sh 0.0 1.0 10.4 69.1 13.9 5.6

CAll Br 17.6 41.3 30.3 9.6 1.2 0.0
Fo 3.0 25.2 55.5 13.3 1.5 1.5

Sh 0.0 0.0 33.8 62.7 1.1 24

CA12 Br 1.4 26.4 68.9 2.7 0.6 0.0
Fo 1.8 19.3 70.8 8.0 0.1 0.0

Sh 0.2 1.8 31.0 58.7 6.0 2.3

CA13 Br 3.6 28.0 59.5 5.8 1.3 1.8
Fo 0.0 2.8 56.3 29.1 11.8 0.0

Sh 0.0 0.8 19.0 334 38.9 7.9

CAl4 Br 2.0 34.6 45.6 11.7 6.1 0.0
Fo 0.0 0.0 59.8 34.6 5.1 0.5

Sh 0.0 0.0 2.0 51.2 41.3 5.5

CAl5 Br 134 42.1 22.8 15.2 6.3 0.2
Fo 1.5 21.0 15.6 51.2 10.3 0.4

Sh 0.0 0.0 1.3 65.4 32.3 1.0

CAl6 Br 44 12.6 56.2 17.3 9.5 0.0
Fo 3.7 5.2 62.5 27.1 1.5 0.0

Sh 0.8 4.5 51.7 38.0 35 1.5

CA17 Br 27.1 17.6 30.1 17.5 3.8 3.9
Fo 15.1 18.6 65.1 1.2 0.0 0.0

Sh 0.0 2.8 3.1 13.6 71.1 9.4

CAIS8 Br 15.6 22.8 39.8 14.5 59 1.4
Fo 8.9 11.0 56.1 17.8 6.2 0.0

Sh 43 124 39.7 27.9 14.6 1.1

CA19 Br 1.5 29.4 54.1 12.7 23 0.0
Fo 0.0 1.7 67.3 18.1 9.8 3.1

Sh 0.0 0.6 20.1 32.7 37.9 8.7
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Table 4. — Lithological composition (percentage of grains) of samples from study sites: Br, beachrock; Fo, current foreshore; Sh, current

upper shoreface. CMR, calcareous metamorphic rocks (Cal: calcite and dolomite marble); SMR, siliceous metamorphic rocks (Sch: schist and

hornfel); SIR, siliceous igneous rocks (Gra: granite, granodiorite, granite porphyry, aplite and lamprophyre; Qzt, quartz; Fdp, feldspar; Bit,
biotite); Bio, bioclasts.

Lithology Cal Sch Gra Qzt Fdp Bit Bio
CMR SMR SIR

CAl Br 342 55.2 23 8.1 0.0 0.0 0.2
Fo 314 57.8 4.6 5.3 0.0 0.0 0.9
Sh 32.0 53.8 5.8 5.6 0.0 0.0 2.8
CA2 Br 0.0 1.1 17.9 70.2 9.6 1.1 0.1
Fo 0.0 1.7 259 63.1 7.3 1.7 0.3
Sh 0.0 2.6 23 88.3 4.7 1.8 0.3
CA3 Br 0.0 0.1 249 61.2 8.9 43 0.6
Fo 0.0 0.0 17.6 65.7 12.5 3.7 0.5
Sh 0.0 0.2 3.1 64.7 19.6 5.8 6.6
CA4 Br 0.0 0.1 9.7 75.4 10.7 39 0.2
Fo 0.0 0.7 13.2 72.2 13.2 0.7 0.0
Sh 0.0 0.4 43 84.7 8.5 1.3 0.8
CAS Br 0.0 0.0 14.8 42.3 12.2 0.6 0.1
Fo 0.0 0.0 18.7 69.2 9.1 25 0.5
Sh 0.0 0.0 43 79.9 11.0 3.8 1.0

CA6 Br 0.0 0.0 32 83.2 11.8 1.5 0.3 (8.5)
Fo 0.0 0.0 2.3 79.4 15.6 1.9 0.8
Sh 0.0 0.0 4.7 70.5 21.2 0.9 2.7
CA7 Br 0.0 0.0 13.4 68.2 16.3 2.0 0.1
Fo 0.0 0.0 8.7 66.9 242 0.1 0.1
Sh 0.0 0.0 2.1 713 18.4 4.6 3.6
CA8 Br 0.0 0.0 13.6 76.8 9.3 0.2 0.1
Fo 0.0 0.0 4.8 78.1 16.4 0.5 0.2
Sh 0.0 0.0 2.3 77.4 16.9 1.8 1.6
CA9 Br 0.0 0.0 9.5 75.7 12.2 2.4 0.2
Fo 0.0 0.0 133 76.3 8.7 1.2 0.5
Sh 0.0 0.0 4.6 81.2 7.9 5.0 1.3
CA10 Br 0.0 0.0 14.2 723 11.2 2.1 0.2
Fo 0.0 0.0 7.8 80.6 8.4 1.6 1.6
Sh 0.0 0.0 4.8 73.1 14.2 3.6 43
CAll Br 0.0 0.0 11.3 78.2 8.5 1.7 0.3
Fo 0.0 0.0 5.6 85.1 7.7 0.5 1.1
Sh 0.0 0.0 0.6 82.0 11.5 2.6 33
CAIl2 Br 0.0 0.0 4.8 77.9 124 4.8 0.1
Fo 0.0 0.0 3.7 81.7 14.1 0.3 0.2
Sh 0.0 0.0 5.0 83.1 8.3 0.5 3.1
CAl13 Br 0.0 0.2 6.4 74.0 13.6 5.6 0.2
Fo 0.0 0.4 42 78.8 12.7 3.8 0.1
Sh 0.0 0.6 1.3 77.4 13.2 7.1 0.4
CAl4 Br 0.0 0.0 7.6 78.2 11.6 1.8 0.8
Fo 0.0 0.0 22 76.4 15.8 44 1.2
Sh 0.0 0.0 0.4 77.3 14.2 0.7 7.4
CAILS Br 0.0 0.0 442 51.9 3.7 0.0 0.2
Fo 0.0 0.0 25.4 66.2 42 2.1 2.1
Sh 0.0 0.0 10.5 63.9 14.2 8.2 32
CAl6 Br 0.0 0.0 29.5 59.1 11.4 0.0 0.1
Fo 0.0 0.0 5.7 70.6 20.2 0.0 35
Sh 0.0 0.0 2.6 65.1 23.6 0.7 8.0
CAl17 Br 0.0 0.7 12.9 73.0 12.7 0.4 0.3
Fo 0.0 1.0 20.1 66.3 12.1 0.0 0.5
Sh 0.0 0.4 0.4 85.3 11.3 22 0.4
CA18 Br 0.0 0.0 20.1 67.4 10.3 2.1 0.1
Fo 0.0 0.0 17.5 65.0 13.9 3.6 0.0
Sh 0.0 0.0 3.0 79.8 12.1 4.8 0.3
CA19 Br 0.0 0.0 7.2 78.2 12.0 2.4 0.2
Fo 0.0 0.0 6.1 74.8 15.8 3.2 0.1
Sh 0.0 0.0 2.3 80.3 12.1 4.8 0.5
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Fig. 6. — Petrological features. A, close-up image of a typical beachrock sample from the study area, constituted by very fine to medium gravel
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SR w ¥ :

with a very coarse sand matrix (CA3). B, cemented very coarse gravels with rounded boulders at the base of the deposit (CA1). C, Thin section
micrographs from the CA6 beachrock sample: f, foraminifera; r, coralline algae (left, plane polarized light; right, cross polarized light. Scale
bar 0.25 mm).

(0.25 to 0.5 mm) and corresponded to Rhodophyta
(algae) and Foraminifera (Fig. 6C), and to a lesser
extent fragments of marine invertebrates (mainly bi-
valves, gastropods, echinoderms and Bryozoa). Ex-
ceptionally (up to 0.04% of the total volume), size
seashells of bivalves larger than 2 mm (Spondylus
gaederopus, Pseudochama gryphina, Glycymeris sp.,
Barbatia barbata, Lima lima, Acanthocardia aculea-
ta) and gastropods (Cerithium vulgatum, Patella ulys-
siponensis, Hexaplex trunculus, Vermetus triquetrus,
Conus ventricosus mediterraneus, Columbella rusti-
ca, Phorcus turbinatus and Stramonita haemastoma)
were observed, with variable attrition rates. All the
reported species corresponded to fauna that currently
inhabits the area.

The bioclast content of the current sediment col-
lected in the foreshore was in all cases less than 5%
of the total volume (mean 0.75%), and the presence of
seashells larger than 2 mm was rare (up to 0.1%). Sed-
iment samples from the upper shoreface contained a
higher bioclast content (mean 2.72%), with a predomi-
nance of medium and coarse sand, but seashells larger
than 2 mm were not uncommon (up to 0.5%).

The total carbonate content of the beachrock sam-
ples (i.e. percentage by weight of cement and bioclasts
with respect to the total rock) ranged between 9.1%

(CA14) and 18.2% (CAS8), with a maximum of 22.7%
corresponding to the sample richest in bioclasts from
CAG6 (Table 2). CAl reached 47.3% due to its content
in marble fragments.

The compositional analysis of the carbonates by
XRD shows the generalized presence of high magnesi-
um calcite (HMC), and also aragonite (ARG) only for
the CA11 and CA16 samples (Table 2). Observation
of samples by SEM showed that HMC formed an iso-
pachous cement partially filling the pores, formed by
steep or acute rhombohedral crystals 5 to 15 microns
in size, arranged directly on the surface of the sediment
particles (Fig. 7A, B). Occasionally they were partially
covered by micrite, consisting of aggregates of acute
rhombohedral crystals or anhedral grains (Fig. 7C).
Low magnesium calcite (LMC) was also detected in
the most proximal and emerged part of CA6 (0.85wt%
Mg), formed by steep rhombohedral crystals ranging
from 75 to 100 microns (Fig. 7D). ARG crystals were
not observed in the cement samples under SEM.

Erosional features
When exposed, beachrocks are subject to the ero-

sive action of waves, and consequently they are pro-
gressively degraded. Remnants of partially destroyed

SCI. MAR. 85(4), December 2021, 225-244. ISSN-L: 0214-8358 https://doi.org/10.3989/scimar.05110.020


https://doi.org/10.3989/scimar.05110.020

236 * C. Roqué Pau et al.

Table 5. — Chronology. Code of laboratory: UAB, Tritium and Carbon-14 Dating Service of the Universitat Autonoma de Barcelona; POZ,
Poznan Radiocarbon Laboratory; Beta, Beta Analytic; LDLUA, Luminescence Dating Laboratory of the University of A Coruiia.

i%aggﬁfci Laboratory code Material Radiocarbon =~ OSL age Calibrated rIE)/Ilf;il;;illrilt
P and dating method age (yr BP) (yr) age (yr) p Y
code date (yr)
CAl UAB-E-121 Patella
PF1 Radiocarbon ulyssiponensis 112748 1071-1454 AD 1283 AD
CAl Beta-590458 Patella
PF2 Radiocarbon ulyssiponensis >70+30 1598-post 1950 AD 1779 AD
Pseudochama
N ROL64042 gryphina 117050 1042-1427 AD 1243 AD
Lo LoLUA Quartz 762445 1207-1297 AD 1252 AD
%’316 Eeeltclziifcgea?ﬁcs)rz Phorcus turbinatus. 1510+30 693-1110 AD 906 AD
S Beta-590.159 Acanthocardia 510430 1665-post 1950 AD 1824 AD
CAll Beta-590460 Stramonita
BELl Radiocarbon haemastﬂma 103Oi30 1188-1529 AD 1365 AD
& RABE-104 Coralline algae 2011:£49 144-618 AD 386 AD
iy DAB-E-122 Lima lima 2171450 59 BC-448 AD 198 AD
Gy pABE-2T Barbatia barbata 93849 1275-1644 AD 1439 AD
CAl4 UAB-E-128 Patella
SpP4 Radiocarbon ulyssiponensis 100048 1207-1586 AD 1387 AD
CAl4 Beta-590461 Stramonita
SP5 Radiocarbon haemastoma 2400430 343 BC-146 AD 85BC
e Beta-590.162 Acanthocardia 630430 1532-1939 AD 1724 AD
Spaw] LA Quartz 318422 1674-1718 AD 1696 AD
CA17 Beta-5904 1673-1743 AD (28%)
MM Radiocarbon Charcoal 130+:30 1798-1942 AD (66%)  1S534AD
v pooa-s90t Patella sp. 490430 1679-1950 AD 1836 AD

beachrocks, consisting of grouped disaggregated blocks
of sandstone and conglomerate up to 1 m? in size and lo-
cated at depths of —3 m to —6 m MSL were identified near
CA2, 4 and 10. They correspond to beachrocks that had
been completely obliterated due to prolonged exposure.

Processes such as dissolution and bioerosion can
also contribute to the degradation of beachrocks. Al-
though dissolution has been reported as an important
process in the development of erosional features in cal-
careous beachrocks (e.g. Hopley and Mackay 1978),
in the deposits studied here, karstification is not a sig-
nificant process because they have a siliceous compo-
sition and are submerged in the sea water. By contrast,
the biological activity on the surface of all the stud-
ied beachrocks was great. Algae and other fouling or-
ganisms had degraded the surface, creating an altered
coating layer, 0.5 mm to 15 mm thick, which was less
competent than the fresh deposit due to its poorer ce-
mentation and higher organic matter content.

Nevertheless, the role of the biological processes
in the degradation of these beachrocks is very limit-
ed when compared with the erosive effects of waves.
These effects are (1) the undermining of the sub-
strate on which they settle, (2) the differential erosion
of beachrock layers, and (3) direct abrasion on the
beachrock surface.

The undermining of the beachrock base was a gen-
eralized process in all studied cases, predominantly at
the distal part that is more exposed to wave action. The
bedrock (weathered granite and schist) is less resistant
to erosion than the cemented beachrock. For this rea-
son, the bedrock is eroded and the lower layers of the
beachrock form visors. This process is more intense
in CA7, where the substrate is built of unconsolidated
marine sediments. In CA3, 7, 13, 14, 17 and 18, the
undermining has generated subvertical fractures with
rectilinear trends, spaced 0.5 to 5 m, which in plan
view tend to form orthogonal systems, with one of the
fracturing families parallel to the maximum length and
the other to the width of the deposit (Fig. 8A). This is
a common pattern in beachrocks reported in the liter-
ature (e.g. Strasser and Davaud 1986, Vousdoukas et
al. 2007). Tilting and collapse of blocks dissected by
the fracture system contribute to beachrock degrada-
tion. This process was reported by Caron (2012) to be
enhanced during rough storms in tropical regions, but
we have no data to corroborate whether it occurs anal-
ogously in the study area.

There is a stratigraphic control over the differen-
tial erosion of the layer sequence of all the studied
beachrocks. Differential erosion generates metric-scale
cuesta-type forms, with the steep side facing landwards
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Fig. 7. — Scanning electron microscope (SEM) cements images. A, thombohedral crystals of HMC cement forming rinds coating sedimentary

grains (g), non-crystalline biogenic aggregates (red arrow) (CAl1l). B, acute rhombohedral crystals of HMC on sedimentary grains (g),

coccoliths (red arrows) (CA3). C, rhombohedral crystals of HMC cement partially covered by scattered micrite aggregates (m), diatom
frustule (red arrow) (CA7). D, steep rhombohedral crystals (spar) of LMC cement on sedimentary grains (g) (CA6).

(Fig. 8B). These landforms have been widely reported
in the literature (e.g. Danjo and Kawasaki 2014). In the
studied beachrocks, rough differences in competence
of the different layers generate visors (Fig. 8C), arches
and short tunnels (Fig. 8D).

One of the most widespread surface erosional
forms of beachrocks are rounded erosional potholes
(e.g. Hopley and Mackay 1978). In all the studied
beachrocks these landforms are present, with diameters
ranging from 5 to 250 cm and depths of up to 50 cm
(Fig. 8E). They are often filled with gravels and cob-
bles. Their genesis is analogous to those formed in the
rocky riverbeds. The progressive enlargement of both

diameter and depth is most likely the result of cavita-
tion and abrasion caused by gravels that are trapped
inside the cavity and that violently twist and impact
against the walls and bottom of the potholes during
storms. The enlargement of the potholes favours inter-
ference and merging with each other, leading to more
complex and irregular forms (Fig. 8F). The merging of
hollows may evolve to sinuous rills, which act as flow
paths for sediments during wave surges. In CA3, 4, 7,
9, 13 and 14, the bottoms of some erosional potholes
are partially filled with cemented gravels. The cement
is usually calcium carbonate, and occasionally metal
oxides. The latter derive from the alteration of artificial
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i

Fig. 8. — Erosion features. A, orthogonal joints delimiting partially collapsed blocks in the distal part of the CA17 beachrock. B, cuesta shape

(CA14). C, visor (CA6). D, short tunnel partially collapsed (CA15). E, erosional potholes (CA9, hammer for scale). F, complex shapes caused
by the growth and interference of erosional potholes (CA2).

iron artefacts and coins (copper and bronze), which, to-
gether with lead fishing weights, become trapped at the
bottom of the cavity due to their high density.

Geochronology

Absolute “C ages from seven different beachrocks
were determined by dating up to 12 carbonate seashells

and 1 charcoal sample. The results obtained correspond
to terminus post quem ages for the sediment cementing
process, because shells and charcoals included in the
beachrock sediments predate this process. A calcareous
coralline algae bioconstructed level, emplaced between
two overlapping levels in CA14, was also dated by *C.
These algae were embedded on the lower level, which
was necessarily already cemented. Later, the upper lev-
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el was deposited and cemented on its top. All the ob- are similar to those of the upper level of CA14, ranging
tained ages are from the Late Holocene (Table 5). from the 11" to the 20" centuries AD (PF1, 1071-1454
The complete geochronology of the sequence of cal AD; PF2, 1598-Post 1950 cal AD). The upper level
two beachrocks that overlap on CA14 was established of CA17 (-2.0 to -3.0 m MSL) also yielded a simi-
from six dates by '“C (Fig. 4). The upper level (-0.25 lar age (MM1, 1673-1743 AD (28%), 1798-1942 AD
to —2.5 m MSL deep) was dated between the 13" and (66%); MM2, 1679-1950 AD).
20" centuries AD (SP4, 1207-1586 cal AD; SP3, 1275- The dating results of seashells from shallower
1644 cal AD; SP6, 1532-1939 cal AD). A significant- beachrocks also falls within the same age range: CA3
ly older age was reported for the lower level samples (LLAT1, 1042-1427 cal AD), CA7 (SACI1, 1665-post
(mH= -3.75 m MSL) (SP5, 343 cal BC-146 cal AD; 1950 cal AD) and CA11 (BEL1, 1188-1529 cal AD),
SP2, 59 cal BC-448 cal AD). In agreement with the while CA6 sample is older (CP1, 693-1110 cal AD).

intermediate stratigraphic position, the age of the em- The upper level of CA14 was also dated by OSL
bedded coralline algae level (SP1, 144-618 cal AD) is (SPSW1, 1674-1718 AD), and the OSL date falls with-
between those of the upper and lower levels. in the same time span as that obtained by “C. CA3 was

The “C ages of two seashells from the upper level also dated by OSL (LLAW1, 1207-1297 AD). The CA3
of CA1 (-1.0 to —2.5 m MSL deep, unit “a” in Fig. 3B) rock block sample was dated by both OSL and “C. The
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Fig. 9. — Chronology of beachrocks based on “C and OSL ages and formation phases for the study area. The time span for each sample is

plotted. Black circles, median probability date for '“C seashells. White circles, median probability date for '“C charcoals. Black squares,

median probability date for OSL samples. Black dotted lines, time span for anthropic remains. Climatic periods: pRP, pre-Roman Period; RP,

Roman Period; DA, Dark Age; MCA, Medieval Climate Anomaly; LIA, Little Ice Age; IP, Industrial Period (Date intervals after Margaritelli
et al. 2018). SST variation derived from Mg/Ca after Cisneros et al. (2016).

G. bulloides
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calibrated “C age (1042-1427 cal AD) is in agreement
with the OSL date, and constrains the formation of this
beachrock to around the 13™ century AD, because the
OSL age cannot be earlier than the age of the seashell.

Absolute ages were complemented by studying an-
thropic materials embedded in five of the beachrocks
(Table 6). As bioclasts and charcoal, these artifacts es-
tablish a relative terminus post quem age for the ce-
mentation of the deposit. These artifacts are mostly
worn fragments of tegulae, amphorae and pottery from
the Roman Period (2™ ¢ BC-5" ¢ AD) (CA3, 14 and
18), although ceramic material from the Iberian peri-
od (6" c-1* ¢ BC) (CA4) and from the Middle Ages to
modern times (11"-18" ¢ AD) was also identified with
certainty (CA7 and 14). The overall results confirm the
Late Holocene age of the studied beachrocks, which
is consistent with the absolute “C and OSL ages. The
upper level of CA14 (Fig. 4, Table 6, samples SPS1-
9) yielded eight roughly worn ceramic shards and one
glass fragment. Their ages span from Roman to medi-
eval times (2" ¢ BC-15" ¢ AD). The medieval artefacts
(7%-15" ¢ AD) are the ones that would be closest to
the cementing date, since they are the youngest. Four
ceramic fragments from Roman times were recovered
from the intermediate level of CA14 (bioconstructed
level of coralline algae, samples SPI1-4), whose chro-
nology ranges from the 1* ¢ BC to the 2™ ¢ AD. Among
all the elements, an amphora rim of the Tarraconense-1
type (sample SPI4) produced from 40 BC to 5 AD
stands out (Tremoleda 2000).

DISCUSSION
Beach zone of carbonate cementation

It is widely accepted that, with some exceptions,
the cementation of the beachrocks occurs in the inter-
tidal beach zone (Webb et al. 1999, Vousdoukas et al.
2007) and that it is a consequence of the chemical and
biological processes that take place there. On the stud-
ied coast, the astronomic tidal range is ca. 15 cm, so it
lacks a proper intertidal zone.

Comparing the characteristics of the beachrock
sediments and those of the foreshore and upper shore-
face of the current beaches with the mineralogy of
the beachrock cements allows us to establish that the
cementation occurs in the swash zone and adjacent
foreshore. This finding is well supported: First, the
proportion of bioclasts determined in the samples rules
out the possibility that the upper shoreface is part of
the cemented sediments, because it contains a greater
quantity of bioclasts (mean 2.72%) than the beachrocks
(mean 0.23%). An exceptional sample from CA6 con-
tains 8.5% of bioclasts, but its size is that of sand and
it contains no shells larger than 2 mm. In contrast, the
current shoreline sediment samples from this site con-
tain up to 0.2% of seashells larger than 2 mm. The con-
tent (mean 0.75%) and size of the bioclasts in the sedi-
ment samples from the foreshore match better those of
the beachrocks, suggesting that the cementing occurred
in or near the emerged sector of the beach. Second, the
grain size of the beachrocks is greater than that of the

upper shoreface sediments of the current beaches (Fig.
5A, Table 3). Conversely, the current foreshore shows
a particle size similar to that of the cemented deposits,
but generally slightly finer. It should be noted that the
CA3 and CA7 beaches have been subjected to nourish-
ment with fine sand in recent years. However, this slight
difference in grain size is also observed on beaches that
have not been anthropically altered (for example CAl,
4 and 11). This suggests that the cementing could also
affect sediments from the swash zone, which usually
has a higher average particle size than the foreshore.
Third, the beachrock cement (HMC) indicates that the
precipitation occurred in contact with the seawater,
which restricts the beachrock formation zone to the
swash zone and adjacent foreshore. The ARG detect-
ed on two samples by XRD, which was not observed
by SEM, may correspond to bioclasts. The presence of
LMC in a sample from the most superficial part of CA6
(above the current sea level) indicates the local influ-
ence of meteoric water on the cementing processes.

Dating problems and calibration of the
radiocarbon dates

Some limitations in the beachrocks formation ages
obtained from dating seashells by “C should be con-
sidered. The post mortem residence time of seashells in
the sediments of the beaches before their cementation
is one of the longest. Long residence times imply that
the dates obtained can be hundreds of years older than
the cementation of the deposit (Mouslopoulou et al.
2015). In general, residence in carbonate environments
is shorter than in siliciclastic environments due to great-
er bioerosion and dissolution (Kidwell et al. 2005). The
seashell post mortem residence time in the study area is
likely to be of the order of a few years to a few decades
at most. Thus, by selecting for dating the seashells with
little evidence of mechanical and biological erosion, it
can be assumed that the ages obtained are close to the
cementing time. This finding is well supported: First,
the grain size of the deposits is dominated by gravel
and the lithology by quartz, so the competence against
mechanical erosion of the seashells during events of
wave surges is presumably too low. Second, some of
the studied beaches are very small (beach length <100
m in CAS5, 8, 11, 12 and 15) (Table 1), and their unce-
mented sediments are almost completely washed after
intense storms (e.g. CA4, 5 and 6 after the December
2008 and January 2020 storms). Third, in the cemented
deposits and in the foreshore of the current beaches,
the total bioclast content is very low (mean 0.23% and
0.75%, respectively) and the presence of seashells larg-
er than 2 mm is exceptional (maximum of 0.04% and
0.1%, respectively), whereas in the current shoreface
it is much higher (up to 0.5%). This suggests that the
seashells are destroyed in the surf zone in a short time.
Fourth, given the fragility of charcoal within a high-en-
ergy medium such as a beach, it can be assumed that
its residence time is very low. The charcoal and shell
dated at CA17, coming from the same rock block sam-
ple, show the same age, supporting the hypothesis that
the residence time of the seashells is also low. Fifth, the
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Table 6. — Chronology of archaeological remains. Code of laboratory: LAUdG, Archaeology Laboratory of the University of Girona; TM,
Terracotta Museum.

Beachrock Sample code Laboratory Material Chronology
CA3 LLAF1 ™ Roman pottery -3¢ ¢ AD
CA4 CANI1 LAUdG Roman amphora 12" ¢ AD
CA4 CAN2 LAUdG Iberian pottery 6h-1%t ¢ BC
CA4 CAN3 ™ Roman amphora 1520 ¢ AD
CA7 SANCI1 ™ Medieval pottery 11"-15" ¢ AD
CA7 SANC2 ™ Medieval to Modern brick 11%-18% ¢ AD

CAl14 SPS1 LAUdG Medieval coarse ware cooking-pot 7%-13% ¢ AD
CAl4 SPS2 LAUdG Roman tegula 2 ¢ BC-5" ¢ AD
CAl4 SPS3 LAUdG Roman tegula 2" ¢ BC-5" ¢ AD
CAl4 SPS4 LAUdG Roman tegula 2% ¢ BC-5% ¢ AD
CAl4 SPS5 LAUdG Roman tegula 2 ¢ BC-5" ¢ AD
CAl4 SPS6 LAUdG Roman coarse ware cooking-pot 1-2" ¢ AD
CAl4 SPS7 LAUdG Roman tegula 2% ¢ BC-5% ¢ AD
CAl4 SPS8 LAUdG Roman tegula 2 ¢ BC-5" ¢ AD
CAl4 SPS9 LAUdG Roman or Medieval glass bottle base 2" ¢ BC-15" ¢ AD
CAl4 SPI1 LAUdG Roman coarse ware cooking-pot 1520 ¢ AD
CAl4 SPI2 LAUdG Roman amphora 12" ¢ AD
CAl4 SPI3 LAUdG Roman coarse ware cooking-pot 12" ¢ AD
CAl4 SPI4 LAUdG Roman amphora 40 yr BC-5 yr AD
CAIS8 CNY1 ™ Roman tegula 2" ¢ BC-5" ¢ AD

time span for the ceramics embedded in the beachrocks
is prior to the *C ages, which shows that the residence
time of ceramic artefacts is longer than that of seashells.
In addition, this also indicates that dating beachrocks
only because of their archaeological remains may lead
to overestimation of their real ages of formation.

Another limitation of *C dating is the incorpora-
tion of old carbon in the seashells (Mouslopoulou et al.
2015). Old carbon from substrate carbonates can ac-
cumulate in carbonate skeletons of marine organisms
through ingestion. The only beachrock with calcare-
ous rocks in the area is CA1l, which includes 34.2%
of marble lithoclasts (Fig. 5B, Table 4). The two ages
obtained from the dating of this beachrock (1071-1454
cal AD and 1598-post 1950 cal AD) are the same as
those obtained from the nearest and strictly siliciclastic
ones (i.e. CA3, 1042-1427 cal AD; CA11, 1188-1529
cal AD; CA7, 1665-post 1950 cal AD), suggesting that
the effect of old carbon is not significant here.

The main problem with the obtained “C ages is
the calibration of the seashells due to the highly var-
iability of the local reservoir effect of the sea (AR).
The available values of AR applicable in the study area
were reported by Siani et al. (2000) and are part of the
Marine20 database. The eight nearest points (<400 km)
have AR values that vary between —39+35 (Banyuls,
at 6 km from the northern limit of the study area) and
—255+35 (Toulon, ca. 230 km to the northeast). The
weighted mean AR of these eight points is —140 £74 yr.

The correspondence between the CA17’s char-
coal-calibrated age—which does not require AR cor-
rection—and the seashell extracted from the same rock
block was used to adjust the applicable AR values.
The charcoal has a median probability date (MPD) of
1834 cal AD and, applying the weighted mean AR of
the eight nearest points in the seashell calibration, the

MPD is 1836 cal AD. Therefore, the set AR value was
considered suitable to calibrate all the '“C ages of the
seashells in the study area.

The OSL age of the rock block sample from CA3
beachrock further allowed us to test the consistency
of the AR calibration value. Applying the nearest AR
value (-39+35 yr), the MPD is 1338 cal AD. This age
is younger than that obtained by OSL (1252 cal AD),
which is not consistent, since the seashell must be ei-
ther synchronous with or older than the burial date of
the sediment in which it is included. Conversely, by
applying the weighted mean AR of the eight nearest
points (—140+74 yr), the MPD is 1243 cal AD, which
in this case is consistent enough with the OSL results.

Phases of formation

Both the absolute dates (**C, OSL) and the anthropic
material dating indicate that the studied beachrocks are
Late Holocene in age, corresponding to three main phas-
es of formation (Fig. 9), from oldest to more modern:

Phase I is reported at the lower level (below -3.75 m
MSL) of the beachrock CA 14, with MPD ranging from
85 cal BC to 198 cal AD. These ages are consistent with
that of the covering bioconstructed layer (MPD 386 cal
AD), which formed after the lower level was cemented
(Fig. 4). The lack of additional age data does not allow
us to establish whether other beachrock levels located
at similar depths (i.e. lower levels of CA1, CA16 and
CA17) are contemporary, nor is possible to discern the
age of the distant and deeper ledges that form the mul-
tiple-sequence beachrocks (i.e. CA6 and CA15).

Phase II is reported by the sample of the proximal
and shallower level of the CA6 multiple-sequence
beachrock (+0.25 m to —2.5 m MSL), with an MPD of
906 cal AD.
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Phase I is reported in the upper levels (+0.5 m to —3.0
m) of CAIl, 14 and 17 and in the CA3, 7 and 11. This
phase comprises an MPD between 1243 and 1836 cal AD.
All the shallowest and proximal beachrocks in the study
area were probably formed during this phase. Specifical-
ly, the dates obtained for this phase are grouped into four
sets: Phases Illa, IlIb, Illc and I1ld. Samples PF1, LLA1
and LLAW1 belong to Phase Illa, which chronological-
ly comprises an MPD between 1243 and 1283 cal AD.
Phase IIIb includes samples BEL1, SP3 and SP4, which
have an MPD of between 1365 and 1439 cal AD. Phase
IIc includes samples PF2, SP6 and SPSW1, which have
an MPD of between 1696 and 1779 cal AD. Phase IIld
includes samples SAC1, MM1 and MM2, which have an
MPD of between 1824 and 1836 cal AD (Fig. 9).

The palaeoclimatic context of beachrock formation
phases

The SST is assumed to play a key role in the forma-
tion of beachrocks, because it controls the chemical re-
actions of calcium carbonate precipitation, evaporation
and microbiological activity, which are favoured at high-
er temperatures (e.g. Morse and Mackenzie 1990, Zhao
et al. 2019). Therefore, a correspondence between the
phases of beachrock formation and warm climatic con-
ditions would be expected. The SST variability during
the last 2.7 kyr in the western Mediterranean was estab-
lished from sediment cores recovered from the north of
Minorca island (Fig. 1), from the Mg/Ca_, . .. and alk-
enones ratios and from 8'*0 measurements (1.e. Moreno
etal. 2012, Cisneros et al. 2016, Margaritelli et al. 2018).
This SST variability and the climate periods are repre-
sented in Figure 9. The MPD of samples corresponding
to Phase I and the algal bioconstructed layer fall within
the warm and humid Roman Period. It is noteworthy that
Roman Period conditions are the warmest of the last 2
kyr (Margaritelli et al. 2020). Phase II corresponds to
the warm and arid Medieval Climate Anomaly, which
indicates that a dry climate also favours cementation
by evaporation of the beach sediment porewater. Phase
III covers the Little Ice Age and the Industrial Period.
Specifically, Phase Illa and Phase IIIb correspond to the
early warmer Little Ice Age interval (LIAa, Cisneros et
al. 2016). A fitted positive correlation between the age
ranges of both phases and the SST variation is observed,
illustrating that the SST rise promotes beachrock forma-
tion (Fig. 9). On the other hand, Phase Illc does not fit
the high SST condition, but the age range for Phase IlIc
(MPD 1696-1779 cal AD) roughly matches the relative
climate optimum recorded in Europe between 1715 and
1760 cal AD (Oliva et al. 2018). Furthermore, the arid
pulse recorded at several sites of NE Spain between
1730 and 1790 cal AD (Corella et al. 2013) also matches
Phase IIlc. Phase IIId (MPD 1824-1836 cal AD), dated
within the Industrial Period, also does not correlate with
high SST records. According to Oliva et al. (2018), the
study area suffered extreme events between 1815 and
1835, including prolonged droughts. The instrumental
precipitation records also reported a dry period between
the 1810s and the 1840s, with more than 80% of the
precipitation records below the average (Prohom et al.

2015). These data suggest that this beachrock formation
phase may be related to severe porewater evaporation
processes.

CONCLUSIONS

The *C and OSL absolute dates of rock block sam-
ples and seashells and the dating of remains of the em-
bedded historical artifacts allowed us to differentiate
three formation phases for the studied beachrocks, all
belonging to Late Holocene: Phase I (MPD 85 cal BC-
198 cal AD), the basal level of CA14 (below —3.75 m
MSL), which falls within the warm and humid Roman
Period; Phase II (MPD 906 cal AD), the proximal and
shallower level of the CA6 multiple sequence (+0.25
m to —2.5 m MSL), which falls within the warm and
arid Medieval Climate Anomaly; and Phase III, at the
upper levels (+0.5 m to -3.0 m MSL) of CA1, 3,7, 11,
14 and 17, which falls within the Little Ice Age and
the Industrial Period. Phase III encompasses four cor-
relative subphases. Phase Illa (MPD 1243-1283 cal
AD) and Phase I1Ib (MPD 1365-1439 cal AD) fit with
relatively high SST. Phase IlIc (MPD 1696-1779 cal
AD) does not to fit high SST conditions but roughly
coincides with the relative climate optimum recorded
in Europe between 1715 and 1760 cal AD and with
the arid pulse recorded at several sites of NE Spain
between 1730 and 1790 cal AD. Phase IIId (MPD
1824-1836 cal AD) corresponds to the Industrial Pe-
riod, and also does not fit high SST records, but could
be related to extreme drought events between the
1810s and the 1840s.

The chronology of each recorded cementation
phase shows a good temporal correspondence with
warm and/or dry palaeoclimatic conditions, indicating
that beachrocks in the study area are palaeoclimatic
indicators. The cementation of the beach sediments
occurs in the swash zone and adjacent foreshore, as
a consequence of the precipitation of HMC in con-
ditions of warm sea water favoured by episodes of
drought.
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