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Abstract

Facies and geochemical analysis applied marsh dejos useful proxies for the reconstruction
of aridity for the last millennia. The comparisonfacies and geochemical records among cores
from the Almenara and Benicasim marshes allowsl¢atify changes in water level (Si/Al, Al,
Ca) and salinity of the feeding waters (Mg/Al, NB/8/Al). These changes, in turn, represent
fluctuations in the position of the saline-freslowgndwater boundary, which can be related to
variations in sea level and rainfall. For the BBDO years, three events recording higher salinity
conditions (ca. 3.8 ka BP, ca. 3 ka BP and ca.kh8P) are noticeable in the record.
Comparison to other studies around the Western telednean basin allows us to correlate
these events to arid periods and to identify tfeicing mechanisms. These aridity events are
correlative to small falls in solar activity andrfawce Sea Temperature (SST) during positive
North Atlantic Oscillation (NAO) periods. Despiteet small magnitude of these changes, the
sensitivity of the system amplified the result pdivg a conspicuous signal.

Keywords: Mediterranean coastal marshes, geochéamdafacies proxies, aridity periods, sea
level, Holocene.

1. Introduction

The Iberian Peninsula is located between the Buedsin, which is characterized by a cold and
humid climate without seasonality, and the Med#eean, with droughts in summer and
relatively cold and humid winters, regions (Girattal., 2017). This climatic setting and the
relief of the lberian Peninsula give place to a titude of micro-climates with different
temporal and spatial sensitivities. Consequenthgahieve a good knowledge of the climate of
the Western Mediterranean basin, a detailed creiaation in space and time is needed.

Paleoclimatic reconstructions from lakes for thet [4000 years with, at least, millennial
resolution are located mainly in the northern aogtisern areas of Spain: Arreo Lake (Corella
et al.,, 2013), Estanya Lake (Morellon et al., 20i)es Lake (Carridén, 2002), Zofar Lake
(Martin-Puertas et al., 2008), Padul Lake (Ramosiftoet al., 2018) and are scarce in central
Spain. The lacustrine records studied in the ce®ppain are rare: i.e. Las Tablas de Daimiel
(Mediavilla et al., 2013; Santisteban et al., 204®)ng an incomplete picture of the climatic
evolution for this period (Giralt et al., 2017).
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In this paper, we study two coastal marshes ircémtral Mediterranean coast of Spain in order
to disentangle the influence of sea level and diinwn their evolution. To achieve this goal,
facies and geochemical proxies are used to recmdtneir paleohydrological changes and,
later, to link these to identify their forcings \tze correlation with other regional records.

Coastal wetlands in E Spain were formed by the amign of coastal barriers upon old
Pleistocene alluvial deposits during the Holoceigidtand that resulted in the closure of bays
and lagoons around mid-Holocene times. They areécalfeatures of the coastal plain
landscapes of the Spanish Mediterranean coast: Naror, Valencia lagoon, Oliva-Pego
marsh, Almenara, Benicasim and Torreblanca-Cabamashes. Previous sedimentological,
geomorphological and paleontological studies fodusen their paleoenvironmental
reconstruction during the Holocene (Dupré et 888 Usera et al., 1996, 2002; Mediato and
Santisteban, 2006; Carmona and Ruiz, 2011; Marecb&aBat al., 2013, Carmona et al., 2016;
Mediato, 2016; Blazquez et al.,, 2017, 2018; RodrigBérez et al., 2018; Ruiz-Pérez and
Carmona, 2019; Lopez-Belzunce et al., 2020). Thatadies concluded that the Holocene
paleoenvironmental changes were related to thatustriations that took place since the Last
Glacial Maximum and climate was a minor forcingladal interest. After the stabilization of
the sea level at the Holocene highstand, only miaoiations were recorded and mostly linked
to local factors (Goy et al., 2003; Mediato and tBaeban, 2006). For most of the last 4000
years, coastal wetlands have no direct connectiothé sea. In the case of the marshes of
Almenara and Benicasim, the paleoecological stu@f@sminifers and ostracods) show that
they were oligohaline marshes only affected by kfhadtuations in their water levels (Usera et
al., 1996; Mediato, 2016; Blazquez et al., 2017180Rodriguez-Pérez et al., 2018). These
authors did not reach conclusive paleoecologicah dhat allowed distinguishing relative
changes in salinity of wetlands during the period.

2. Regional setting

The study area is located in the central sectdnefSpanish Mediterranean coast (Fig. 1) and it
is characterized by a narrow coastal plain compbsecbastal deposits (beaches and marshes)
bounded by gently seawards dipping alluvial pldimised to the nearby mountain front.

Climate is typical of a semi-arid Mediterraneanaar€he interannual thermal regime is quite
regular (Martin-Vide, 1997), being the distributiari the Mediterranean basin itself, with
moderately cold winters, around 11°C (January), lmidsummers, with an average of 25°C
(August) and annual averages around 17°C. Avenageshrainfall is around 450 mm (Monton
and Quereda, 1997) with rainy autumns and dry susindmnual evapotranspiration potential
ranges from 750 and 800 mm, and estimated actaplogranspiration is 450-500 mm, resulting
in very dry conditions.

Present day configuration originated during thenapg of the Valencia Through at Upper
Oligocene - Lower Miocene times (Fontboté et @90, Roca et al., 2001; Vegas and Vicente,
2004). It is bounded by NE-SO and E-O faults withsllzoic rocks forming the uplifted blocks
(Simédn, 1984), to the West, and opened to the Madihean Sea, to the East.
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Figure 1. (a) Geographical and geological setting and location of cores. Detail of Almenara (b)
and (c) Benicasm mashes and position of the cores with geochemical data. Orthophotos
provided by the Spanish Geographical Institute (IGN).

This depression is filled by Neogene and Quatermdagtic sediments (Goy, 1978; Simon,
1984). Quaternary is mainly composed by Upper Rlegne alluvial fan deposits (Mediato et
al., 2015).

Just after the Holocene sea level maximum, thetomas composed by open bays placed
between river mouths/deltas and/or Mesozoic tectagliefs. The longshore transport towards
the S of the sediments supplied by the rivers albvthe formation of spit bars that
progressively closed those bays, giving place eéodbvelopment of the present day marshes
(Mediato, 2016).

Thus, the Holocene record is composed by terrégai@vial fan, sheetflood and fluvial) and
coastal (beaches, bay, freshwater marsh and lagleposits (Mediato and Santisteban, 2006;
Mediato, 2016) (Fig. 1).
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The Almenara marsh is bounded by the Palancia agldaBe rivers, upon whose fluvial
deposits it rests. The Belcaire river (to the Npdied the clastic sediments that formed the
coastal barrier that closed a previous open bayd®te and Santisteban, 2006). Nowadays, the
area is composed by several small lakes coverBuface of about 1200x1000 m, with depths
up to ten meters, and its hydrology is man-corgbllt is the only wetland in the area that still
preserves some areas with natural flora and fauttalvemnetea, Potametea and Charophyte
elements in the open, clear water areas Bmtho - Scirpetum tabernaemontani (Phragmites
australis, Scirpus lacustris and Typha latifolia and angustifolia) or Typha angustifoliae -
Phragmitetum maximi (Phragmites maximus, Typha angustifolia, Epilobium hirsutum, Lycopus
europaeus and Kosteletzkya pentacarpos) associations in the borders (Fullana, 2001). The
outermost belt is made up of dense grasslandsraalf-sized rushed\{agnocaricion) that do

not get flooded (Vifals and Fumanal, 1995).

The Benicasim marsh is placed between Mesozoiefse(to the North and West) and the
Pleistocene alluvial fan of the Mijares river (teetSouth). The marsh is crossed by the Seco
river, a currently channelled ephemeral river. Ndawss, the marsh is inactive due to man
action but, until the 1950s, it was used for riegélpand peat extraction.

Both marshes are linked to the outcrop of the gimwaters of a Plio-Pleistocene siliciclastic
aquifer that is characterized by Qla” and K (Tufién, 2000) and SOcontent related to sea
water intrusion. It is consequence of a decreasstoral flow of freshwater due to artificial
extractions.

In natural conditions the water level of the wedlans controlled by the hydraulic gradients
between terrestrial freshwaters (surface and gnatets) and the marine saline waters which,
in turn, depend on the sea level (the ultimate b&sd) and the freshwater discharge. Thus, sea
level and water budget changes are the main cerdrothe wetland evolution.

3. Material and methods

Four cores were recovered in the Almenara-Nulesshesr and two in the Benicasim marsh.
(Fig. 1). Detailed stratigraphic sections were ected for depth (to account for compaction
during the drilling). Each core was described: dittwy, grain size, colour, texture, fossil

content and sedimentary structures and facies segseavere defined (Fig. 2). The uppermost
two cycles of three of such cores (C3, C7 and Ga&8)e sampled for geochemistry and
mineralogy as these cycles can be correlated acanes (Fig. 2).

Mineralogy was analysed at the Spanish Geologinaley by XRD. Bulk sample and the <2
um fraction were used for mineral identification. 28nples were taken in selected positions for
facies characterization.

Geochemical analyses were carried out in the |atmoes of ALS Chemex in Canada. Si, Al,
Fe, Ca, Mg, Na, K, Cr, Ti, Mn, P, Sr, Ba oxides @dand S were determined by X-ray
Fluorescence (XRF) and Infrared Spectrometry (IRprganic C and organic C were
determined by coulometry and IR. 10 mm-thick samplere taken contiguous resulting in 413
samples.

Principal Component Analysis was carried out ongeechemical data in order to analyse the
relations among elements and relate such compesitiomineralogy and lithofacies.
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14 AMS *C and standard’C samples (vegetal remains and organic mattedhfersix cores
were dated at the GADAM Centre (Gliwice, Polandatés were calibrated with CALIB 7.1
(Stuiver and Reimer, 1986, 1993; Stuiver et al15)0using the IntCal 13 curve (Reimer et al.,
2013) (Table 1).

Lab Sample  Depth 1C age 13 . Calibrated *C
Core number (cm) (BP) Method 8°C Lithology age (20)
C3 GdA-657 21 715+ 35 AMS -10,8 + OJ4 Silt [64247BP]
C3 GdA-658 51 820 + 35 AMS 22,6 +07 Silt [67897BP]
c3 Gd-30095 157 4870+ 100 | Rediocarbon - og Peat [5445-5766 BP
standard
C6 GdA-649 79 610 + 35 AMS -31,5+0J6 Peat [556-6P]
C6 GdA-648 265 3690 + 35 AMS | 256%05 [3922-4098 BP]
Modern Organic-rich
c7 GdA-650 130 | 11406+041pMc  AMS 259+0,2 sediment | T
Radiocarbon
c7 Gd-30096 344 5020 + 120 <tandard -25 Peat [5576-6003 BP
Modern Organic-rich
cs8 GdA-651 69 | 12443+046pMg  AMS -28,6+0,3 S et |
cs Gd-17366 172 3800+ 140 | Radiocarbon) - g Peat [3826-4574 BP
standard
Modern Organic-rich
C10 GdA-616 48 | 10968:037pMc| AMS -30,7+0,6 sediment |
C10 GdA-501 140 270 + 40 AMS 28,8+ 0[4 Peat [a6@ BP]
C10 Gd-30094 191 332095 | Radiocabon g Peat [3366-3732 BP]
standard
Benicasim|  GdA-500 360 5150 + 40 AMS -26,3+Q9  Peat [5875-5991 BP]
Nules GdA-503 485 5920 + 70 AMS 29,3+ 0,3 Peat [6601-6936 BP]

Table 1. Radiocarbon samples and dates for the studied cores.

4, Results

4.1. Facies, environments and sequences.

Facies description and interpretation is based aascobservation and present environments
distribution. Five facies have been identified loe studied sections: four marsh facies and one
alluvial facies present at the top of the coreg.(B). In addition, sandy facies interpreted as
back-barrier/washover fan deposits (Mediato, 2@té)commonly found below these facies.

Marsh facies are:

a) Green to grey clays (external marsh facies). Massilay levels (3 to 25 cm in
thickness) composed by illite, chlorite, small amisuof calcite and quartz, gypsum is
common. They contain vegetal remains and well-pveskegastropoda shellblydrobia
sp, Planorbis sp. andBithynia sp.). Calcite is found as sparse millimetre-sizduhes or
cementing root traces. They are interpreted as sikebin the external areas of the
marsh, where external clastic inputs were wateddggolonized by vegetation and
occasionally exposed.
Peat (intermediate marsh facies). Brown to blagkisand hemic peat levels (1 to 60
cm in thickness) with variable amounts of quartayljosilicates, microcline, calcite
and, rarely, gypsum. Well-preserved ostracodargpastla and foraminifera shells are
common. The most frequent foraminifera Aremonia tepida (Cushman)JTrichohyalus
aguayoi (Bermudez) androchammina inflata (Montagu).Cyprideis torosa (Jones) is

b)
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the most abundant ostracoda. They represent thetated fringe located between the
external areas of the marsh and the semi-permapentwater areas.

c) Carbonated muds (intermediate marsh facies). Madsixels (7 to 30 cm in thickness)
of grey muds composed by calcite with small amoohtpuartz, muscovite and organic
matter. They contain charophycea remains (stemsoagonia), ostracoda, benthic
foraminifera and gastropoda shelBitfiynia sp, Limnaea sp. and Planorbis sp). The
most frequent foraminifera arsmmonia tepida (Cushman) andrichohyalus aguayoi
(Bermudez). Cyprideis torosa (Jones) is the most abundant ostracoda. They are
interpreted as intermediate water depth marsh aleested between the peat forming
areas and the inner marsh, were clastic inputstdaarrive.

d) Biogenic carbonates (inner marsh facies). Whiteremm calcitic levels (2 to 5 cm in
thickness). They are mostly composed by charopieytains (stems and oogonia) with
some ostracoda, benthic foraminifera and gastrogbeds Bithynia sp, Limnaea sp.
and Hydrobia sp) immersed in a micritic matrix. Laminations gwoed by waves can
be recognized. It is composed only of calcite. Ehdeposits are interpreted as the
accumulation of charophytes in the inner open wateas of the marsh.

Alluvial facies are composed by pale brown massivéaminated siliciclastic muds and silts
with variable amounts of clay and fossil remainadments of gastropods and plants). Root
traces are common. Their mineralogy is composetldy(illite and kaolinite) and quartz. They
also contain calcite and/or dolomite nodules antidalar gypsum in relation to root traces. The
lower boundary of the beds can be an erosive suaved with small clasts. To the top, the
beds is usually gleyed and carbonate nodules asept. They are interpreted as distal alluvial
fan or sheet flood facies.

These facies arrange in (Fig. 2):

a) Deepening-upwards sequences composed by externsi mapeat facies followed by
carbonated mud and inner marsh facies. No alldaiciks have been observed at the
base of these sequences.

b) Shallowing-upwards sequences composed by innemtermediate facies (peat or
carbonated mud) followed by peat, external of atllufacies. No carbonated mud or
inner marsh facies are recorded at the top of thegeences.

These sequences form deepening-shallowing cyclés aviusually thinner lower deepening
sequence and a thicker upper shallowing one. Ihos uncommon that, being the lower
(deepening) sequence too thin, the cycle seemsteepresented only by the shallowing-
upwards term.

These cycles can be correlated among cores prgyigiraddition to the radiocarbon dates, an
approximate chronological framework (Fig. 2). Thepermost two cycles show the complete
set of marsh facies and they can be considerednoconts in time as there are no erosive
surfaces (unless for some minor ones in the alldsizies) and the recorded facies reveal the
spatial continuity of recorded environments (Waithéaw; Walther, 1894). Thus, these cycles
are the most suitable for a study in detail.
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Figure 2. Sratigraphic sections for cores recovered at Almenara-Nules and Benicasim marshes
with indication of facies, environments and sequences/cycles (modified from Mediato, 2016).

4.2 Geochemical proxies

A Principal Component Analysis (PCA) has been edron the geochemical data from the
cores to explore the relations among geochemicamemts and their environmental
interpretation (Fig. 3, Table 2). The analysis edsethat the first two principal components
(PC1 and PC2) explain most of the variance of #gmchemical data (84% for C3, 78% for C7
and 74% for C10).

PC1 shows the reverse relation between the cadwbn@a, inorganic C and Sr), internal
sediment production, and siliciclastic componersg @Al, Fe, Mg, Na, K, etc.), external
sediment inputs. On the other hand, PC2 points telaion between organic components
(organic C, S, P), linked to reducing conditionsgd &hemically precipitated elements (Ca, Sr,
Na, Mg, Mn) related to bioprecipitation of carbamdCharophytes) and oxygenated bottom
waters. Thus, these PCs are related to the mhofdities present in the marshes (siliciclastics,
carbonates and peat).

In order to analyse other relations, and after kingcthat the mineralogical composition

showed no major changes in the silicate fractioa values were normalized against Al (with an
exclusive siliciclastic origin) to check if the defures of siliciclastic-related elements could be
linked to other origins (Calvert and Pedersen, 208nother time, most of the variance is

explained by the two main PCs for the Al-normalizedues (79 % for C3, 76 % for C7 and

70% for C10).

The main PC shows a reverse relation among clayeelcomponents (K/Al and Ti/Al) and
organic-saline-redox components (i.e. Ca/Al, Srid/Al, Mg/Al, S/Al, organic and inorganic
C/Al, P/AI, FelAl, Mn/Al). PC2 strengthens this alas illustrates the reverse relation among
siliciclastic (i.e. Si/Al, Ti/Al) and saline (i.&Na/Al, Sr/Al) components.
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Raw dataset Al-normalized values
c7 C3 c10 c7 C3 C10
PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2
Al 0303 0059 -0.290 0.074 0.295 -0.164
Si -0.296 0091 -0.291 0043 0.308 0.094| S/AI -0.040 -0.547 0.184 0.363 0.292 0.330
Fe  -0219 -0.09 -0.274 -0035 0.290 -0.027| Fe/Al  0.241 -0.094 0.231 -0.095 -0.123 0.445
Ca 0246 0258 0.290 -0.051 -0.247 0.288| Ca/Al  0.281 -0.040 0.251 -0.002 -0.277 0.215
Mg  -0.297 0088 -0.283 0.105 0.135 -0.021| Mg/Al  0.281 -0.061 0.248 0034 -0.276 0.215
Na -0.270 0002 -0.240 0.346 -0.150 -0.440| Na/Al -0.011 0483 0216 0.318 -0.277 -0.240
K -0.291 0082 -0.291 -0.023 0.315 0024| KA -0.222 -0.156 -0.170 -0.491 0.314 0.210
Cr  -0153 0024 -0.017 -0058 0.183 0.007| Cr/Al  0.034 0.167 0.178 -0.216 0.125 0.160
Ti  -0.300 0061 -0.291 0023 0.313 -0.003| Ti/Al -0.168 -0.459 -0.182 -0.500 0.276 0.345
Mn 0122 0303 0065 0590 0.226 0.260] Mn/Al 0229 0086 0.223 -0.149 -0.157 0.540
P -0078 0167 -0.268 -0.133 0.219 -0.342| P/Al 0251 0171 0.246 -0.065 -0.183 0.058
Sr 0250 0206 0.254 0.303 -0.300 -0.058| SrAl  0.282 0.006 0.247 -0025 -0.328 0.113
Ba  -0.257 0.127 -0.241 0223 0.219 -0.301| Ba/Al  0.255 -0.105 0.250 -0.024 -0.208 0.203
B -0.242 0087 -0.282 -0.076 0.104 -0.437| B/Al -0.086 0.340 0.201 -0.376 -0.224 -0.025
S 0059 -0.331 -0063 -0.584 -0.263 -0.296| S/Al  0.253 -0.135 0.251 -0.138 -0.327 -0.051
Ca  0.205 0.309 Ci/Al  0.273 -0.052
Cog  0.058 -0.414 Cog/Al 0.261 -0.036
232 Table 2. Eigenvectors for the two main principal components for the raw geochemical
233 dataset and the Al-normalized values. Bold-italics: main positive values; bold: main
234 negative values.
235  From the information provided by the PCA, a setmfironmental proxies were chosen:
236 a) external siliciclastic inputs (Al, Si/Al indicativef the quartz/clay or grains/matrix ratio,
237 Santisteban et al., 2019),
238 b) carbonate precipitation (Ca, inorganic C),
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c)

d)

salinity proxies linked to marine waters (Mg/Al, M& Sr/Al, S/Al) (Giménez, 1994;
Morrell et al, 1996; Giménez and Morell, 1997; Tafid000) or terrestrial origin (S/Al,
that can be also related to organic matter content)

redox conditions (Mn/Fe, Egstrom y Hansen; 1985¢ckéaeth, 1966) which shows its
higher values for carbonate bearing beds (Chareplaters) and decreases for peat
layers indicating reducing conditions.

The geochemical record for cycles 1 and 2 show$olleving features (Fig. 4):

1)

2)

3)

4)

5)

All of them show an overall shallowing upwards ttdrom intermediate-internal marsh
facies to alluvial facies that it is recorded ie thcrease in Al.

As pointed by PCA, siliciclastics (Si/Al, Al) argoposed to carbonates (Ca, inorganic
C). Calcite is part of the structure of the Chagdgphthat need clean and well-
oxygenated waters. So, Ca is related to high lakellphases and high Mn/Fe ratios.
Increases in the Si/Al ratio can be interpreteéhaseases in quartz/clay minerals ratio
which, in turn, represent changes in grains/mattio (Santisteban et al., 2019). The
quartz source can be placed both in the beachebaftlay-poor inputs related to
storms) or in inland areas (from surface runoffimyifloods and/or during low water
levels, usually together with clay minerals).

Peats layers, formed at the margin of the marsmnuanly show high Al values, that
record the trapping of the clay by the vegetatam] low Mn/Fe ratios, recording the
reducing conditions linked to the accumulation @famic matter.

Mg/Al and S/Al use to be correlated to Ca. As themre no saline minerals in the inner
and intermediate marsh facies, these elements bmugiresent in the clay fraction,
organic matter or, for Mg, substituting Ca in cedcMg and S can be related to changes
in salinity linked to marine waters, richer in stelaments.

Na/Al shows a complex behaviour as its valuesyverage, use to be high as the other
saline elements but, in detail, Na shows changascdn be both directly and reversely
correlated to them.

About the changes in time and space of geocherproaies, all the selected geochemical
proxies show a similar behaviour in C3 and C10hwigher values of Ca, Mg/Al, S/Al and

Na/Al and lower values of Al for cycle 2, and inase in Al and decrease in Ca, Mg/Al,
S/Al and Na/Al for cycle 1. C7 shows similar minoscillations than the other cores but
there are no evident overall trends in the cycles.

It is noticeable the presence of three peaks irs#heity proxies that can be placed in the
three cores. They are placed in relation to theéhdrigvater levels of cycles 1 and 2
(changing point from deepening to shallowing treadjl in a carbonate (high water) level
in the upper sequence of cycle 2. There are no aompeaks of salinity proxies for the
shallowing upwards sequence of cycle 1.
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Figure 4. Facies and geochemical record for the cored of Almenara and Benicasim marshes for
cycles 1 and 2. Facies and trend key as for figure 2. Radiocarbon samples (from the whole set
of coresin Fig. 2) arrangement relative to sequence boundaries. Grey stripes: Ca, Mg/Al, SAl,
Na/Al and Mn/Fe increases.

5. Discussion

As mentioned in the introduction, the key for ursti@nding and interpreting these environments
is the fact that the level and quality of the wsitef the marsh and the stratigraphic architecture
of these systems are ruled by:

1) The water budget.
2) The base level, which for these marshes is detedry the sea level.
3) The sedimentation.

5.1 Sea level and sedimentary trends.

The cycles described before record a completelasoit from flooding (deepening) to drying
(shallowing) that can be explained through thesamaters.

The lower part of the cycle implies that the wdtarel is increasing in relation to the marsh
bottom. This creation of accommodation space caadmeved by sinking the bottom of the
marsh (subsidence) or rising the base level (sed)ldn both cases, the relative sea level rise
must be higher than the infill by sediments, tletuces the accommodation space, and results
in successively deeper facies being deposited @ag. As faster the sea level rise vs. the
sedimentation rate is, the thinner the sequence is.

The shallowing sequence indicates that the raredtion of accommodation space is slower
than rate of its destructive mechanisms. This @thb result of slower or negative rates of sea
level rise, increase in sedimentation rate or tjplifthe bottom of the marsh. The resulting
sequence is composed by progressively shalloweS4Eig. 5b). As more similar the rates of
sea level rise and sedimentation are, the thitleeséquence is.
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304 Thus, the cycles recorded in the marsh sedimentsde whole cycle of sea level (Fig. 5¢): a
305 flooding-deepening sequence (sea level rise) fabbwy a drying-shallowing sequence (sea
306 level stable and/or falling) that reaches its lowesnt at the cycle boundary.
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309 Figure 5. Conceptual model of the deepening-shallowing cycle. a) Deepening sequence
310 resulting from sea level (base level) rise not balanced by sedimentation (A>S). b) Shallowing
311  sequence as result of sedimentation rate greater than rate of sea level rise (A<S), c) Cycle
312  development as consequence of changesin the rate of relative sea level rise.

313
314 5.2 Correlation of sea level changes and chronological implications.

315  The correlation of such sequences between bothhemusseems to confirm that they are not due
316  to specific effects of the wetland itself (i.e.ypeability of the coastal ridge, subsidence, ut) b
317  toregional scale processes.
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Vacchi et al. (2018) determine that sea level inghe Gulf of Valencia around 0.9 m during

the last 4.8 ka while in the Balearic Islands itswh5 m since 6 ka BP. For the coast of
Catalonia (N Mediterranean Spanish coast), thegbéish a sea level rise of 2.6 m for the last
4.6 ka and 0.8 m since 2 ka BP.

Despite these authors consider that the data dbtlieof Valencia are affected by subsidence,
there are differences among the data from Valerdiaufera de Valencia (Valencia lagoon)
and those from Almenara. While the first ones slhovinitial fall of sea level followed by a rise
until present day, the data from Almenara indi@ataore stable sea level that can be compared
to the Ebro Delta subsidence-corrected curve (Samebal., 1998) and those from the Gulf of
Almeria (Goy et al., 2003) (Fig. 6).

Goy et al. (2003) determine that, for the last 6@éars, the range of the sea level oscillation
was about 1.2 m in the Gulf of Almeria (S Meditegan Spanish coast).

Albufereta marsh record, located southwards ofstudy area, shows a rise in sea level until
around 3 ka. BP (Ferrer and Blazquez, 2016) anervedrds, cyclic (200-400 years) centimetre
scale relative sea level fluctuations that coulddiated to the increase of low pressure systems
in the Mediterranean basin (Zazo, 2006).

A major marine incursion is recorded around 3-226B® in the coastal barrier-lagoon of

Valencia (Ruiz-Pérez and Carmona, 2019). They igentify sand spit formation episodes at

2.9-2.2 ka BP and 1.5-1.2 ka BP and beach barragradation from 1.1 ka BP until recent

times. For the same system, Lopez-Belzunce eR@RQ) place sea level at -1.2 m below sea
level (b.s.l.) at 3 ka BP, -1 m b.s.l. at 2 ka B at 0.4 m b.s.l. at 1 ka BP (Fig. 6). However,
these authors consider that sea level influencemiagr for the last 2.8 ka.

In the Almenara marsh, Blazquez et al. (2018) dater that from ca. 4820 yr BP onwards the
oligohaline marsh was relatively stable with maiiimftuence.

In any case, the recorded range of sea level chaagebelow 2 meters for the last 4000 years,
what is near the thickness of our cycles, implyangninor contribution of subsidence in this
area. It also implies, that main changes in thesttioa position (progradation/retrogradation)
should have been related to changes in sedimeplystiyan to sea level change.

The comparison of our cycles and dates to curvegadnstructed sea level is also useful to
precise the chronological scheme down to ca. 5BHkéFig. 6).

For cycle 3, its base is younger than 5.6 ka BRléc¥). This is near the d1-a2 transition (ca.
5.6 ka BP) of the Ebro Delta (Somoza et al., 1288) it is coherent with the sudden change ca.
5.4 ka BP in the Almenara marsh (Vacchi et al.,820&nd correlative to the bottom of the H2

prograding unit (5.4 ka BP) at the Gulf of Almefaoy et al., 2003). Consequently, an age of
ca. 5.4 ka BP can be assigned to this boundary.

The maximum flooding surface of this cycle shoutddider than 4-4.2 ka BP and younger than
5.4 ka BP. Somoza et al. (1998) place the h2 veldtighstand at 5.2 ka BP but Vacchi et al.

(2018) show a relative high sea level at 4.8 ka &Rhe Almenara marsh. There is no

conclusive information from the Gulf of Almeria 8w last date (ca. 4.8 ka BP) is accepted for
this flooding surface.
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For cycle 2, its base must be younger of 4 ka BBould be correlative to the d2-a3 transition

that can be placed ca. 4 ka BP (Somoza et al.,)1888a from the Valencia show a relative

low sea level position ca. 3.8 ka BP (no informatfor the Almenara marsh) (Vacchi et al.,

2018) that is very similar to the ca. 3.9 ka BP afythe beginning of the erosive period inside
the H3 prograding unit of the Gulf of Almeria (Geyal., 2003). Thus, an age of ca. 3.8 ka BP
is assigned to the base of cycle 2.

The maximum flooding surface for this cycle is yganthan 3.5 ka BP. h3 relative highstand
for Ebro Delta has been dated as 3.3 ka BP (Soetoal, 1998) and data from the Albufera de
Valencia (Valencia lagoon) show a relative highelearound 3.5 ka BP (Vacchi et al., 2018).
For the Gulf of Almeria these dates are encompassiin 3.2-3.9 ka BP erosive gap inside the
H3 prograding unit. Therefore, a ca. 3.4 ka BPiagssumed for this flooding surface.

Chronological location of cycle 1 is more complexthere are no dates between the flooding
surfaces of cycle 1 and cycle 2. The absence deavistratigraphic gaps (absence of erosive
surfaces, continuity in the sedimentary style aaelefs) is a criterion to assign chronological
information to cycle 1.

Assuming this continuity, cycle 1 should be equewalto the a4 to a5 lapse for the Ebro Delta
(Somoza et al., 1998). For that area, after thadagional unit (a4), the three-fold relative

highstand (h4), together with the d1 and a5 usit®w a progressive rise of relative sea level
but with lower rates than for previous units (draipsea level for the subsidence-corrected
curve). This is compatible with the shallowing sewge of cycle 1 that finishes with terrestrial

deposits.

The base of this cycle is then correlated to thee @frthe d3 prograding unit of Ebro Delta (ca.
2.8 ka BP. In the Albufera de Valencia, a low s®aeel is recorded ca. 2.9 ka BP (Vacchi et al.,
2018) and for the Gulf of Almeria there is a laclmedween the H3 and H4 prograding units
(linked to a sea level fall) between 2.7 and 3 Ra(Boy et al., 2003). On that basis, the base of
cycle 1 is assigned to ca. 2.8 ka BP.

The highest level (flooding surface) for this cydke younger than 0.7 ka BP. Relative
highstands for this period are dated as 2.3 kal8R)( 1.8 ka BP (h4b) and 1.2 ka BP (h4c).
Data for the Almenara marsh shows a noticeableimisea level from 2 ka BP until 1.8 ka BP
(Vacchi et al., 2018). This date is near the 1.BRaage for the boundary between the H4 and
H5 prograding units of the Gulf of Almeria, thatredated to high sea level (Goy et al., 2003).
Following this reasoning, an age of ca. 1.8 ka 8&ssigned to the flooding surface of cycle 1.

13
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5.3. Salinity: climate vs. sea level change.

Sea level oscillations modify the position of thesé level of the marshes, but also control the
displacements of the boundary between the grourdsvat marine and terrestrial origin.

Changes in sea level and in sedimentation rattdeeicoast are responsible for the progradation
or retrogradation/erosion of the beach depositsingwariations in the distance from the marsh
(mostly static in time) to the shoreline (mosthanking).

Changes in sedimentation rates at the shore carléted to different factors (availability of
sources, water discharge, gradients, wind and migiretc.) but, simplifying, the main factor is
the supply of sediment from rivers. The amountexfiment depends on water discharge from
rivers and this, in turn, can be related to ralnfal

Thus, sea level and climate control the positiothefmarine/terrestrial groundwaters boundary
and, finally. the composition of the waters of tiretland.

For decennial to centennial time scales (Fig. ying wet periods there is an increase of
sediment supply to the coast that favours the drooitbeaches preventing their retreat or
promoting their progradation. Consequently, the ndawmy of the marine-terrestrial
groundwaters is displaced away from the marsh badstpply of saline elements is reduced.
Additionally, the increase in rainfall will fed therrestrial groundwaters and increase in surface
runoff will led to greater inputs of freshwatertb® marsh.

If the sea level is stable the surface of the maifilstay at the same position but the increase in
runoff will supply higher quantities of siliciclass (Si, Al).
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415  If the sea level is falling then surface of the siewill decrease as consequence of a falling base
416 level; progradation of the marginal vegetationdénand marginal areas towards the centre of
417  the marsh will result in an increase in siliciciest(Si, Al) and organic matter (organic C).

418 However, if sea level is rising and sedimentati@teris high enough to prevent beach
419  retrogradation, the wetland will deepen due to Hase level rise and freshwater inputs.
420 Consequently, bioinduced carbonate (Ca, inorganiavill increase and the waters will be
421  oxygenated (Mn/Fe increase).
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422 mml: mean marsh level / msl: mean sea level

423  Figure 7. Conceptual model for the sea level and climate relation to geochemical composition.
424  Big arrows point to the displacement of the water levels. The depicted elements increase for the
425  conditions depicted in each sketch. Upper row: rising sea level; middle row: stable sea level;
426  lower row: falling sea level. Left column: wet periods; right column: arid periods. Thick line:
427  boundary of marine-terrestrial groundwater (MTGB); white arrow: sense of displacement of the
428  MTGB.

429

430  During arid periods, the supply of sediment to ¢bast will decrease, favouring the erosion of
431  beaches or not allowing their growth. In additimmtreased evaporation will promote the rise of
432  salinity.

433  For stable sea level periods, the shoreline wilvenlandwards due to the decrease of sediment
434  supply. This will cause the displacement of the in@terrestrial groundwaters towards land,
435 increasing the flux of saline elements of maringiortowards the marsh and increasing the
436  salinity of the marsh waters by evaporative proegegblig, Na, S, Sr).
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For falling sea level stages, the shoreline caplatie seawards together with the marine-
terrestrial groundwater boundary. This will deceetiee flux of saline elements from the sea. In
addition, the water depth and extent will drop las base level falls. As a consequence, the
marginal environments (alluvial, external marshatpewill occupy inner positions (Al, Si,
organic C) and salinity will increase by evaponatid mainly terrestrial waters (S).

If sea level rises, the deficit of sediment wilbprote beach erosion, landward displacement of
the shoreline, while, simultaneously, the marshellewill rise following the base level
(deepening). The marine-terrestrial groundwaterndawy will move landwards causing the
salinization of the marsh waters. The deepening flund of groundwater will led to the
sedimentation of bioinduced carbonate (Ca, inog@aniand oxygenated waters (higher Mn/Fe
ratio) but the marine origin of these waters aratéased evaporation will result in an increase
in salinity (Mg, Na, Sr, S).

But, in addition to the control by climate and s$ewel, there are also differences that can be
related to the environmental position of the cofldse smaller salinity pulses record minor sea
intrusion events that are more evident in C3 whileC7 and C10 these pulses show some
freshwater influence as recorded by the decrealSkaiThis can be related to the location of the
cores. While C3 is placed near the sea (high Sifid low Al values, representing a source near
the shore) and far from the course of the mainrsiv€10 is placed landwards, near the toe of
alluvial cones (high Al and intermediate Si/Al ved), and C7 is in the area of influence of the
surface and groundwaters of the Palancia riverrtitam fluvial system supplying siliciclastics,
high Al and Si/Al values). Consequently, C3 is doated by the marine dynamics while C7
and C10 show a better record of terrestrial floods.

These facts are also responsible of the similitashesdifferences of the cycles among cores. All

of them show two main salinity pulses in the lowequence (deeper facies) that can be easily
correlated and represent small sea level fluctnatitvat were counterbalanced by freshwater
inputs from land in C7 and C10.

Also, there is an in average difference among sydBycle 2 is more saline than cycle 1 and
this can be related to the greater influence afesérial inputs (as recorded by the greater
representativity of alluvial facies) as consequeot¢he filling and continentalization of the
marsh.

5.4. Salinity events and climate variability

The salinity episodes recorded in the Almenara mat®w no chronological relation to the

environmental changes recorded in other coastdamds of the Spanish Mediterranean coast
(Fig. 8). But this is a common feature all along tMediterranean coast, the lack of

synchronicity of these changes.

However, these salinity episodes are coeval tmgsmof lower activity of the Turia river what it
is related to the lower or no growth of the coabtfrier. This points to drier conditions than
during the other periods.

As compared to other aridity records in the IberR@ninsula, the recorded episodes are
synchronous with drier periods recorded in polleguences from the Alboran Sea (Fletcher et
al., 2013).
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The salinity episode ca. 3.4 ka BP is coetaneouswviolake level in Lake ZofAar (S Spain,
Martinez-Puertas et al., 2008), but not to recdrdsy other areas, like Lake Siles (Carrion,
2002) and Laguna de Medina (Reed et al., 2001) $p&n. Fluvial systems were active, but
less than during the last two millennia.

The ca. 3 ka BP salinity episode correlates tophrgses in Lake Siles, Lake Zoifar and two
dessication events in Laguna Medina bracket thi®geFluvial activity was lower than during
the previous dry period and lake levels in ceniafope were clearly lower than during the
preceding and following times (Magny, 2004).

Coincidences with aridity records for the 1.8 ka @#iod are more abundant. An exception is
Lake Zonfar, but this can be due to chronologicaliés. However, like for the 3.4 period, lake
levels in central Europe were not lower but neitiigh (Magny, 2004).

These facts seem to indicate that these salinityodps were coincidental with low fluvial
activity periods and low lake levels or dry conalits, being the ca. 3 ka BP episode the driest.
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Figure 8. Comparison of salinity periods to environmental evolution of nearby coastal lagoons,
aridity recordsin marine and terrestrial Spanish areas, lake levelsin central Europe and fluvial
activity in Spain.

On a broader scale (Fig. 9), these salinity epis@de coincidental with times of more frequent
dry periods (Wanner et al., 2011). But there is clear relation to paleoceanographic

reconstructions for the Western Mediterranean. Rgtcoctions for the Alboran Sea (Rodrigo-

Gamiz et al., 2014; Cacho et al., 1999) and the®a Sea (Cisneros et al., 2016) are not
coincidental and, beyond the overall trend torfiglIEST until present, the salinity episodes are
correlative to small falls in SST. However, theretation to higher resolution reconstructions

for the North Atlantic Ocean (i.e. Bond et al., 20(ejdrup et al., 2011) is better and the
salinity episodes are clearly coetaneous of cd&®®er periods.

These episodes took place during periods domirtatgubsitive anomalies of the North Atlantic
Oscillation (NAO) (Olsen et al., 2012) but corresgdo short events of falling values during
these periods.

A similar behaviour is observed in relation to #$war activity. The salinity/aridity episodes
took place during short events of slightly fallimglues of Total Solar Irradiance (Steinhilber et
al., 2012) or lower sunspot numbers (Solanki e28l04), but not during the lowermost ones.

17



510
511
512

513
514
515
516
517

518

519
520
521

522

523

524
525
526
527

528
529
530
531
532
533
534

535
536

537
538
539
540

Summarizing, the recorded episodes correspondi¢o periods that occurred coeval to lower
SST pulses, short falling events during positiveONperiods and short and low falls in solar
activity.

These facts point to the relation of these eveatprbcesses acting on short time scales
(decennial to centennial). Thus, small change®lar &ctivity could have caused small falls in

SST that could have lowered the evaporation ofrtheine waters. And the displacement of the
storm tracks as result of neutral to positive valoéthe NAO would have increased the dry
conditions.

Wanner ef &/, 2011 Gisneros et ol (2016) Rodrigo-Gamiz ot o), (2014} [Sejdrup etal. 2011) stained grains % Olsen et al. (2012) Steinhilber et al. (2012)
sum of dry periods Balaric Sea SST°C)  Alboran Sea SST(°C]  &%0 Neogloh. pachy: (Bond etal., 2001 NAD index — T8I (Wim’)

01510 5 045 00 15 1 . 415 B4 D4 a3 3410 04
Oka 1411 L — i I_A_%I\I\H_II\HI\I TR g L
— s = Y
cal yr 8P I E: N = J;L,.
405 2 P iS5 = = e
600 L, - - R . L2 — S
ea _i=—— | [ T 7 ) ) =77 2
‘ g,-—\— 0 = q
- 7 b = ? /
N =
il = -
(-
- S -
= = L -
—— 1 1 & —WgiCal T, "~ Aty
g O s ? V™ 4k < —alk - Ay z =
b3 Solanki et al (2004)
3 —— Sunspot number
579

Figure 9. Salinity/aridity episodes and their comparison to global dry periods,
paleoceanographic (SST), atmospheric (NAO index) and solar (Total Solar Irradiance and
sunspot numbers).

6. Conclusions

The geochemical and facies record for the last 4@@0s of three cores from Mediterranean
marshes allows to identify short salinity recordsulting from the joint effect of sea level and
climate. In addition, sequence stratigraphy andetation to regional sea level curves have
allowed to improve the chronology of such deposits.

Their water level and quality are related to thiahee between the marine and terrestrial waters
via surface and groundwater flows which, in turapehd on the marine water front position
(sea level and distance to the coast) and thestgalewater budget. During wet periods, the
supply of sediments from rivers enhances the pdagien of the beaches displacing the saline
marine water front seawards. But during dry periatisplacement of the marine water front
landwards due to the erosion of the coastal depdsiting stable or rising sea level periods
increases the salinity of the water, which is risg the higher evaporation rates.

Three episodes (ca. 3.4 ka BP, ca. 3 ka BP and.8aka BP) of higher salinity have been
identified inside the in overall dry conditions five last 4000 years.

In addition to the conceptual model, comparisorotteer local, regional and global records,
allows to correlate these episodes to periods ief @onditions. When analysed these results,
the observed changes in the sediments result framornoscillations in forcings (SST, NAO,
solar activity) that were amplified by the enviroemtal processes.
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FIGURE CAPTIONS AND TABLES

Figure 1. (a) Geographical and geological settimg) lacation of cores. Detail of Almenara
(b) and (c) Benicasim mashes and position of tlescwith geochemical data. Orthophotos
provided by the Spanish Geographical Institute JGN

Figure 2. Stratigraphic sections for cores recavese Almenara-Nules and Benicasim
marshes with indication of facies, environments aedjuences/cycles (modified from
Mediato, 2016).

Figure 3. Biplot of the two main principal compotefor the raw geochemical dataset and
the Al-normalized values.

Figure 4. Facies and geochemical record for theccof Almenara and Benicasim marshes
for cycles 1 and 2. Facies and trend key as farré@. Radiocarbon samples (from the
whole set of cores in Fig. 2) arrangement relativeequence boundaries. Grey stripes: Ca,
Mg/Al, S/Al, Na/Al and Mn/Fe increases.

Figure 5. Conceptual model of the deepening-shatigvecycle. a) Deepening sequence
resulting from sea level (base level) rise not heda by sedimentation (A>S). b)
Shallowing sequence as result of sedimentationgr&@ter than rate of sea level rise (A<S),
c) Cycle development as consequence of changées irate of relative sea level rise.

Figure 6. Correlation of sedimentary cycles for &lmenara marsh and sea level changes
at different locations of the Spanish Mediterraneaast.

Figure 7. Conceptual model for the sea level anchate relation to geochemical
composition. Big arrows point to the displacementtite water levels. The depicted
elements increase for the conditions depicted ah eketch. Upper row: rising sea level;
middle row: stable sea level; lower row: fallingadevel. Left column: wet periods; right
column: arid periods. Thick line: boundary of marterrestrial groundwater (MTGB);
white arrow: sense of displacement of the MTGB.

Figure 8. Comparison of salinity periods to enviremtal evolution of nearby coastal
lagoons, aridity records in marine and terres8j@hnish areas, lake levels in central Europe
and fluvial activity in Spain.
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779

780 Figure 9. Salinity/aridity episodes and their congmn to global dry periods,
781  paleoceanographic (SST), atmospheric (NAO index) solar (Total Solar Irradiance and
782  sunspot numbers).

783

784  Table 1. Radiocarbon samples and dates for théestadres.

Lab Sample  Depth ¥C age 13 . Calibrated *C
Core number (cm) (BP) Method 8°C Lithology age (20)
Cc3 GdA-657 21 715 + 35 AMS -10,8+0J4 Silt [64247BP]
C3 GdA-658 51 820 = 35 AMS 22,6 +0J7 Silt [67897BP]
c3 Gd-30095 157 4870+ 100 | Radiocarbon) g Peat [5445-5766 BP
standard
C6 GdA-649 79 610 + 35 AMS -315+0J6 Peat [556-6P]
C6 GdA-648 265 3690 + 35 AMS | 256+0,5 [3922-4098 BP]
Modern Organic-rich
c7 GdA-650 130 | 11406+041 oMC AMS -25,9+0,2 sediment | T
Radiocarbon
c7 Gd-30096 344 5020 + 120 <tandard -25 Peat [5576-6003 BP
Modern Organic-rich
c8 GdA-651 69 | 10443+046pmg AMS | 2862031 Togiment | T
cs Gd-17366 172 3800 + 140 | Radiocarbon g Peat [3826-4574 BP
standard
Modern Organic-rich
C10 GdA-616 48 100,68+0.37 pMC AMS -30,7+0,6 sediment | T
C 10 GdA-501 140 270 = 40 AMS 28,8 = 0|4 Peat fasa BP]
Cc10 Gd-30094 191 3320+ 95 | Radiocarbon oo Peat [3366-3732 BP]
standard
Benicasim GdA-500 360 5150 + 40 AMS -26,3+0,9 Peat [5875-5991 BP]
Nules GdA-503 485 5920 + 70 AMS -29,3+0|3 Peat [6601-6936 BP]

785

786  Table 2. Eigenvectors for the two main principampmnents for the raw geochemical
787 dataset and the Al-normalized values. Bold-italiogain positive values; bold: main
788  negative values.

Raw dataset Al-normalized values
c7 C3 C10 c7 C3 C10

PC1 PC2  PC1 PC2  PC1 PC2 PC1 PC2  PC1 PC2  PC1 PC2
Al -0.303 0.059 -0.290 0.074 0.295 -0.164
Si -0.296 0.091 -0.291 0.043 0.308 0.094] Si/Al -0.040 -0.547 0.184 0.363 0.292 0.330
Fe -0.219 -0.096 -0.274 -0.035 0.290 -0.027] Fe/Al  0.241 -0.094 0.231 -0.095 -0.123 0.445
Ca 0.246 0.258 0.290 -0.051 -0.247 0.288| Ca/Al  0.281 -0.040 0.251 -0.002 -0.277 0.215
Mg  -0.297 0.088 -0.283 0.105 0.135 -0.021| Mg/Al  0.281 -0.061 0.248 0.034 -0.276 0.215
Na -0.270 0.002 -0.240 0.346 -0.150 -0.440] Na/Al -0.011 0.483 0.216 0.318 -0.277 -0.240
K -0.291 0.082 -0.291 -0.023 0.315 0.024| K/AI -0.222 -0.156 -0.170 -0.491 0.314 0.210
Cr -0.153 0.024 -0.017 -0.058 0.183 0.007| CrAl  0.034 0.167 0.178 -0.216 0.125 0.160
Ti -0.300 0.061 -0.291 0.023 0.313 -0.003] Ti/Al -0.168 -0.459 -0.182 -0.500 0.276 0.345
Mn 0122 0.303 0.065 0590 0.226 0.260] Mn/Al  0.229 0.086 0.223 -0.149 -0.157 0.540
P -0.078 0.167 -0.268 -0.133 0.219 -0.342] P/Al 0.251 0171 0.246 -0.065 -0.183 0.058
Sr 0.250 0.206 0.254 0.303 -0.300 -0.058| Sr/Al  0.282 0.006 0.247 -0.025 -0.328 0.113
Ba -0.257 0127 -0.241 0223 0.219 -0.301| Ba/Al  0.255 -0.105 0.250 -0.024 -0.208 0.203
B -0.242 0.087 -0.282 -0.076 0.104 -0.437] B/AI -0.086 0.340 0.201 -0.376 -0.224 -0.025
S -0.059 -0.331 -0.063 -0.584 -0.263 -0.296] S/Al 0.253 -0.135 0.251 -0.138 -0.327 -0.051

Cin 0.205 0.309 Cin/Al  0.273 -0.052

Corg 0.058 -0.414 Corg/Al  0.261 -0.036
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