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A sedimentary sequence covering the entire last glacial cycle (period between
Terminations | and Il) outcrops along the south-eastern coast of Formentera Island. A
detailed geomorphological, geological and sedimentological study, supported by
geochemical, soil and soil-morphology analyses, magnetic susceptibility, phytolite
content and luminescence dating (TL, OSL) allowed to reconstruct the environmental
evolution of this coastal setting, and to frame it within the evolutionary pattern of the
North Atlantic climate variability. Three highstands of sea level are identified in this
island for MIS 5e, and a fourth one is attributed to MIS5a. MIS5 — MIS4 transition is
characterized by soil development under a moist-warm climate and a descending sea
level scenario. Aeolian units (7217 ka BP) developed during MIS4 under prevailing
northerly winds that persisted until the beginning of MIS3, when new aeolian dunes
(5415 ka BP) developed after a major sea-level lowstand. A sudden shift in prevailing
winds occur within MIS3, when aeolian units (51+4 ka BP) grew under the influence of
S-SW winds and moister climate, evidenced by a dense root bioturbation. The greater
influence of northerly winds is attributed to the weakening of Atlantic Meridional
Overturning Current (AMOC) in North Atlantic, and enhancement of westerlies in NW
Euroe during colder periods. Periods of prevailing southerly winds and moister climate
correlate well with warm Greenland Interstadials, and reinforcement of AMOC.
Between 50 and 40ka, alluvial /colluvial sedimentary units punctuated by soil and
calcrete development, witness the climatic variability recorded along this period in the
North Atlantic. A sedimentary hiatus marks the first part MIS 2 with erosion and
calcrete development characterizing the transit between MIS3 and MIS2. Above this
erosional surface, a reddish alluvial sedimentary unit (20+2 ka BP — 17+2.4/-2.2)
records the most humid and warm climate of the entire sequence (soil development,
peak in magnetic susceptibility, phytolite content) that can be correlated with GS-2.1b,
slightly warmer the other substadials of GS2.
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ABSTRACT

A sedimentary sequence covering the entire last glacial cycle (period between Terminations | and
I1) outcrops along the south-eastern coast of Formentera Island. A detailed geomorphological,
geological and sedimentological study, supported by geochemical, soil and soil-morphology
analyses, magnetic susceptibility, phytolite content and luminescence dating (TL, OSL) allowed
to reconstruct the environmental evolution of this coastal setting, and to frame it within the
evolutionary pattern of the North Atlantic climate variability. Three highstands of sea level are
identified in this island for MIS 5e, and a fourth one is attributed to MIS5a. MIS5 — M1S4 transition
is characterized by soil development under a moist-warm climate and a descending sea level
scenario. Aeolian units (72+7 ka BP) developed during MIS4 under prevailing northerly winds
that persisted until the beginning of MIS3, when new aeolian dunes (54+5 ka BP) developed after
a major sea-level lowstand. A sudden shift in prevailing winds occur within MIS3, when aeolian
units (51+4 ka BP) grew under the influence of S-SW winds and moister climate, evidenced by a
dense root bioturbation. The greater influence of northerly winds is attributed to the weakening of
Atlantic Meridional Overturning Current (AMOC) in North Atlantic, and enhancement of
westerlies in NW Euroe during colder periods. Periods of prevailing southerly winds and moister
climate correlate well with warm Greenland Interstadials, and reinforcement of AMOC. Between
50 and 40ka, alluvial /colluvial sedimentary units punctuated by soil and calcrete development,
witness the climatic variability recorded along this period in the North Atlantic. A sedimentary
hiatus marks the first part MIS 2 with erosion and calcrete development characterizing the transit
between MIS3 and MIS2. Above this erosional surface, a reddish alluvial sedimentary unit (20£2
ka BP — 17+2.4/-2.2) records the most humid and warm climate of the entire sequence (soil
development, peak in magnetic susceptibility, phytolite content) that can be correlated with GS-
2.1b, slightly warmer the other substadials of GS2.

Keywords: Late Pleistocene; Climate; Balearic Islands; Sea level

1. INTRODUCTION

The last glacial cycle is defined as the period between Termination I and Termination II,
period around which the last glacial stage took place diachronically around the globe (Hughes et
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al., 2013)., The climatic instability along this cycle in the North Atlantic region was dominated by
large and abrupt climate shifts (e.g., Dansgaard et al., 1993; Rasmunsen et al., 2003; NGRIP
Members, 2004; Bond et al. 1992; 1993; 1997; McManus al. 1999; Sarnthein et al., 2000; Zhang
et al., 2017) shown in the detailed 580 and Ca?* record from Greenland ice cores (Rasmussen et
al., 2014). Up to 25 Greenland Stadials (GS) and 26 Interstadials (GI) as well as several of short-
lived climatic oscillations of minor amplitude were defined in that record. GS and Gl correlate
well with the North Atlantic Dansgaard — Oescher events (D-O) during which climate alternated
between full glacial and relatively mild conditions (Dansgaard et al., 1982). Heinrich events have
been defined as cold spells characterized by the presence of ice rafted debris (IRD) in North
Atlantic during this time span (Heinrich, 1988). They occur during stadials, but they do not last
the entire stadial, so this term must be applied only if IRD are found in a particular record. In
constrast, Heinrich Stadial (HS) refers to a stadial where a Heinrich event occurs (Rasmussen et
al., 2014). Although not yet well understood (some possible causes summarised by Maslin et al.
2001), what these changes do attest to are the complex ocean-atmosphere connections
encompassed by important changes in the Atlantic Meridional Overturning Circulation (AMOC),
(McManus et al., 2004).

The Mediterranean basin holds a high sensitivity to global climatic changes due not only
to its semi-enclosed nature (Martinez-Ruiz et al., 2015) but mainly to its latitudinal location
between the colder/wetter Europe and warmer/dryer Africa land masses. In this sense, the Iberian
Peninsula becomes a key area to evaluate (a) the teleconnections between the North-Atlantic and
the Mediterranean Torner et al., 2019) and (b) the impact that past AMOC changes may have
caused in western Mediterranean climatology, oceanography (e.g. Cacho et al., 1999; Hoogakker
et al., 2004; Frigola et al. 2007, 2008; Moreno et al., 2007, 2010; Martrat et al. 2014) and
vegetation (Sanchez-Gofii et al., 2005; 2020; Fletcher and Sanchez-Gofii, 2008). Data from the
Iberian margin (Martrat et al., 2004) point to the occurrence of more frequent and of higher
amplitude rapid climatic oscillations when compared with the three previous climate cycles.

The MIS5 - MIS1 interval has been widely studied in the southern and south-eastern coasts
of the Iberian Peninsula as well as in Mallorca Island, and in a minor extent in Ibiza Island.
Concerning sea level changes, Hearty (1987), Cuerda (1989), Hillaire-Marcel et al. (1996),
Vessica et al. (2000), Zazo et al. (2003, 2008), Ginés et al. (2005, 2012), Tuccimei et al. (2006,
2012), Goy et al. (2006), Hearty et al. (2007) Bardaji et al. (2009), Dorale et al. (2010), Onac et
al. (2012) suggested millennial, suborbital-scale and, in some cases, centennial (Dabrio et al.,
2011) changes.

The Balearic Islands are a key site to understand the climatic interactions between North
Atlantic-Northern Europe and North Africa, and the coastal environmental response. These islands
constitute the threshold between the colder waters of Gulf of Lions (Catalonian Provengal Basin)
and the warmer Algerian Basin, forcing the Western Mediterranean oceanographic pattern (Fig.
1). Contrasting with the many studies on sedimentology, stratigraphy and chronology of Upper
Pleistocene deposits carried out in the island of Mallorca (see a compilation in Ginés et al., 2012),
research on these topics has been very scarce and almost non-existent for many years in
Formentera Island (Balearic Islands). Among the scarce available information about the Late
Pleistocene in Formentera, only a few references deal with marine deposits along the coasts of the
island, especially those found at the southern foot of La Mola promontory (southeastern end of the
island). These units contain the classic “Senegalese” warm fauna (Strombus bubonius or
Persististrombus latus, Conus testudinariu, Thais haemastoma, etc) being thus assigned to the Last
Interglacial, MIS 5 (Cuerda, 1989; Gasser and Ferrer, 1997; Gasser, 1998). However, these marine
deposits have not been included in the National Geological and Geomorphological Map where
they are just referred as aeolian “white sands made of limestone grains and shell fragments” of
Late Pleistocene age (Cabra et al., 2009).

Geomorphological and stratigraphic research on the transition from MIS5 to MIS1 in
Formentera, allowed Goy et al. (2007) to select some of the most complete sedimentary sequences
2
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where this transition can be investigated in detail. Goy et al., (2010) reported the sea level changes
recorded in Formentera along MIS 5e and the changing climatic history during the following
glacial period, on the basis of sedimentary facies and morphosedimentary analyses, coupled with
some optically stimulated luminescence (OSL) data. Bardaji et al. (2013) recognized sea-level
oscillations inside the second highstand of MIS 5e. Del Valle et al. (2020) proposed an
environmental evolution of the island between MIS6 and MIS4/3, based on the sedimentary
sequence outcropping at Cala en Baster supported by OSL data that constrained the MIS4-MI1S5d
time span. Finally, del Valle et al (2021) described an Upper Pleistocene sedimentary sequence
along the southern cliffs of the island, analysing the interactions between coastal and terrestrial
units. Analyses of last glacial terrestrial deposits in the area (Rose et al., 1999; Gonzalez-
Hernandez et al., 2001; Clemmensen et al, 2001; Hodge et al., 2008; Fornos et al., 2008; Muhs et
al., 2010; del Valle et al., 2018; 2020; 2021; Pomar et al., 2018) confirm the occurrence of
important climate changes in the archipelago along this period.

We present here a multidisciplinary-multiproxy approach of the coastal response to the
eustatic and climate changes occurred in Formentera Island between MIS5 and MIS1. The
sedimentary succession outcropping along the southern cliff of the island, is continuous and
complete enough to investigate the history of the eustatic and climatic evolution along the last
glacial cycle, and to frame it within the evolutionary pattern of the North Atlantic.
Geomorphological, sedimentological, pedological, palaeontological, magnetic susceptibility and
geochemical studies have been applied in the reconstruction of the environmental evolution of
these coastal systems. Chronology is approached by luminescence dating, and phytolith content
has been determined for the first time in a Mediterranean coastal sequence.

2. GEOLOGICAL AND PHYSIOGRAPHICAL SETTING

The Balearic Islands constitute the emerged area of the so-called Balearic Promontory (Fig.
1), a mostly submarine relief stretching from La Nao Cape (East of Iberian Peninsula) to Menorca
Island (NE extremity of the archipelago), (Ginés et al., 2012).

Formentera is the fourth island of the archipelago in surface area (82 km2), and water depths
between Formentera and Ibiza islands do not exceed 10 m, being this portion of sea occupied by
several rocky islets, the biggest of which is S’"Espalmador, separated from Formentera by waters
shallower than 5m waters (Costa et al., 1985). Two former lagoons (Estany des Peix and Estany
Pudent) have been preserved at the northern extremity of the island (Fig. 2), separated from the
open sea by Upper Pleistocene sandy beach and dune barriers.

Most of the substratum of the island consists of Late Miocene carbonate rocks (Cabra et
al., 2009), covered by Quaternary deposits, mainly of karstic (red decalcification clay) and aeolian
(dune sand and aeolian silts) origin (Fig. 2).

The morphology of the island is featured by the occurrence of two large promontories, La
Mola (197 m above sea level, asl) to the east, and Barbaria (108 m asl) to the west, the bulk of
which are Messinian carbonates. A small 5 km long - 1.5 km wide NW-SE isthmus, less than 50
m in elevation connects both promontories (Fig. 2), being covered by Lower-Middle Pleistocene
conglomerates and sandstones, rich in mollusc shell moulds, which represent marine terraces
(perched 40-45 m asl) and cemented aeolian dunes (Cuerda, 1984). All these materials are mainly
of calcareous nature, where an intense karstification has given place to a wide variety of cavities
filled with reddish decalcified clays and aeolian silts (Cabra et al. 2009).

Two main fault systems, N20-40°E and N120°E are clearly visible in the island affecting
the aforementioned Upper Neogene and Pleistocene deposits. Both systems display signals of
Quaternary activity, however, is the N20-40° the one which holds a significant morphological
expression, bounding the eastern and western promontories of the island (La Mola and Barbaria;
Fig. 2). This fault system presents a dominant normal fault kinematics that gave place to a N-S
graben-like trough where the NW-SE quaternary isthmus developed (Fig. 2). The recent activity
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of this fault system includes the deformation of the last interglacial to glacial sedimentary sequence
of Es Copinyar-Cal6 des Morts (Goy et al., 2010). This sequence is in the south-western edge of
La Mola at the hanging wall of Es Ram Fault (Fig. 1), outcropping along an outstanding sea-cliff
topped by a littoral platform at +10-12 m asl. Several karstic gullies rooted in the dolomitized
uppermost Miocene materials of La Mola constitute the main sedimentary source area of the
studied sequence (Fig.2).

Nowadays Formentera presents a typical warm-temperate Mediterranean weather, with
average annual temperatures of c. 18°C, and maxima oscillating between 35-25°C (day-night) in
summer and 12-8°C in winter. Rainfall is scarce and irregular, with mean annual values of ¢.350
mm, concentrated in winter, for which reason Formentera is considered the most arid island in the
archipelago. On the other hand, the flat shape of the island favours an active wind dynamics with
the most frequent winds blowing from E-NE and W-SW (Costa et al., 1985). Two maxima in this
wind dynamics are reached in December-January, with prevailing northerly winds (NW: mistral,
N: tramuntana, NE: gregal), and in April-May with easterly winds (levante). It must be noted that
the location of the studied site with respect to La Mola massif is essential to understand the
preserved pattern of paleowinds, as this promontory effectively shelters the site from winds
blowing from the NE and partially from the SE. The astronomical tidal range in the Balearic Sea
is about 15cm; annual sea surface temperature (SST) ranges between 18 and 19°C, (Locarnini et
al., 2013) and annual sea surface salinity (SSS) between 36 and 37 psu (Zweng et al., 2013).

The location of the Balearic Islands within the Western Mediterranean Circulation pattern
(Fig. 1), in an intervening position between the cooler Catalonian-Provencal subbasin and the
warmer Algerian one, is crucial for understanding the climatic and environmental characteristics
of these islands, and hence its evolution since the Last Interglacial. In the Gulf of Lions, to the
north, north-westerly winds induce the occurrence of cooler surface waters, while the Balearic Sea,
protected by the Pyrenees, present warmer surface waters (Millot, 1999; Millot and Taupier-
Letage, 2005). These contrasting sea surface temperatures define the so-called Northern Balearic
Front, which shifts towards the south during colder seasons when the influence of northwesterly
winds in the Gulf of Lions is higher, inducing warmer surface temperatures in the Balearic Islands.
The southern sea of the islands is affected by the anticyclonic gyres of the Modified Atlantic Water
(MAW; Millot, 1999) coming from the Alboran Sea.

3. METHODOLOGY

Standard field and sampling methodologies were employed to survey the best-exposed and
most complete sections in Formentera Island. Conventional facies analysis was applied for the
recognition and interpretation of sedimentary units and paleowind directions were measured and
logged as paleoflow directions in all aeolian and marine units.

In the microtidal western Mediterranean domain, the plunge step marks the boundary
between foreshore and shoreface (Bardaji et al., 1990, Roep et al., 1998, Dabrio et al., 2011), so
this sedimentary structure has been used to reconstruct ancient sea level positions. Measured
elevations above present sea level are reported in this paper as, for instance, +1.5m asl.

3.1. Mapping

Geological and geomorphological mapping was obtained by means of air photographs
scaled 1:30,000, with data represented on the 1: 25,000 map of the island (Fig. 2). Besides, a geo-
referenced map was prepared superposing and integrating several thematic layers (contour lines,
elevations and toponyms, all in vectorial format) upon the information of orthophotographs (air
photographs) in raster format using GIS techniques (ArcGis v.10) applied to the Spatial Data
infrastructure (IDEs) of the Regional Government of the Balearic Islands. Coordinate system and
datum refer to GCS-WGS84, zone 31N.
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3.2. Analysis of Sedimentary Units

The study of the sedimentary sequence (Fig. 3) included, besides a proper sedimentological
analysis, petrography and palaeontology of the outcropping units. Standard petrographic analyses
were carried out on thin sections from both the marine and the terrestrial units, under transmitted,
polarized light after impregnation.

In the particular case of the marine deposits outcropping at the lowermost part of the
sequence and some oolithic dunes from various outcrops of Ibiza and Formentera isalnds (Fig. 1),
siliciclastic and bioclastic grains, as well as cementation and dissolution phases, were described.
The aim of this analysis was to interpret these features within a sedimentological and
morphological framework, and to compare them with other Upper Pleistocene deposits from the
Iberian Peninsula (Zazo et al. 2003, Bardaji et al., 2009).

Palaeontological analyses were focused on reviewing the existing data (Buzter and Cuerda,
1962; Cuerda, 1984; Gasser and Ferrer, 1997; Gasser, 1998, 2002), as well as collecting and
classifying macrofauna from the marine deposits.

The study of the terrestrial units (Fig. 3) included mineralogical and geochemical
characterization of deposits, magnetic susceptibility, analysis of soils and soil morphology, and
phytolith content. Samples were collected along the uppermost 10 m of the section (Fig. 4), where
sharp changes of sedimentary facies suggest an alternation between phases of aeolian activity with
dune accumulation and soil development phases represented by sedimentary discontinuities.

3.2.1. Soil analyses

Description, sampling, and analyses of soils were carried out following the distinctive
morphological, coloured and encrusted zones identified in the field survey. Colours are referred to
Munsell Soil Colour Chart (1990). Standard soil sampling for textural, mineralogical and chemical
analyses was carried out, as well as undisturbed samples for the micromorphological study of thin
sections that were studied and described following the guidelines of Bullock et al. (1985).

The mineral phases of sediments and paleosols samples were determined by X-ray
diffraction (XRD) at the Museo Nacional de Ciencias Naturales (MNCN, Madrid). Powder XRD
patterns were obtained using pressed powder mounts employing a Philips semi-automatic PW
1710 diffractor producing monochromatized CuK o radiation. In addition, the <63 pm fraction of
paleosols samples was routinely analysed in oriented aggregates in order to discriminate the main
clay mineral species.

Geochemical analyses were carried out at the General Service of Applied Chemical
Analysis (Servicio General de Analisis Quimico Aplicado), University of Salamanca. Major and
trace elements in total sediment samples were identified with an ICP- OES, after a microwave-
assisted digestion with HNO3 and HF [Gill (ed.), 1997; Lewis and McConchie, 1994; Murray et
al. 2000].

3.2.2. Magnetic susceptibility

Dry samples were collected for analysis of magnetic susceptibility. Samples were
disaggregated, packed firstly in plastic film and then into pre-weighed plastic cups and sealed with
plastic caps. Low- and high-frequency (0.47 and 4.7 kHz) magnetic susceptibility were measured
with a Bartington MS2 susceptibility meter single-sample sensor. All measurements were
recalculated in relation to the weight of the sample to obtain a set of parameters and quotients:
Magnetic susceptibility (y), corresponding to the low frequency (Lr) magnetic susceptibility; yHr
(high frequency magnetic susceptibility), yro and yrow (frequency dependent magnetic
susceptibility expressed as the difference between ynr and yLr as a mass-specific value and a
percentage of yLr: 100(yLr-yHE/YLF).

3.2.3. Phytolith extraction and analyses
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Phytolith assemblages related to present vegetation cover and soils were surveyed in order
to compare with samples of various Pleistocene deposits.

Phytolith extraction from botanical samples followed the dry ashing methodology outlined
by Albert and Weiner (2001) and summarized by Parr et al. (2001). A total of 18 plant species
were sampled, representative of the vegetation associations in the study area: Pinus halepensis
Mill, Pinus pinea L., Juniperus phoeniceae L., Juniperus oxycedrus L., Pistacia lentiscus L.,
Cistus albidus L., Rosmarinus officinalis L., Chrithnum maritinum L., Olea sp., Coridothymus
capitals L., Tamarix sp., Ammophila arenaria L., Cistus clusii, Ononis natrix L., Juncus sp.,
Atriplex rosea L., Salicornia sp, Suaeda fructicosa. Stems, leaves, inflorescences and seeds were
processed separately. Soil samples directly related to each association were also collected,
processed and analysed. The percentage of each morphotype per species was calculated and types
were described according to the descriptors of the International Code for Phytolith Nomenclature
1-0 (Madella et al., 2005).

Phytoliths were extracted from dry sediments (34 samples) of the sedimentary sequence,
following the protocol summarized and adapted from Madella et al. (1998), and without
fractionating due to the general characteristics of the sampled sediments (silt and fine sands). This
procedure allows a recovery from the bulk sediment of a higher number of individuals without
losing during the process the morphotypes with a size below 20 pm (which comprehends most of
the phytolith sizes recovered). A weighted part of the final AIF (Acid Insoluble Fraction) sediment
was then placed in slides (76x26 mm) and mounted with Canada balsam. A Leica DM 2500P, with
a digital camera Leica DFC 420C, was used for the phytoliths counting and other biominerals
study.

3.3. Chronology

The geochronological framework was established by integrating the luminescence dating
(both Optically Stimulated Luminescence, OSL, and Thermoluminescence, TL), with the faunal
assemblage found in the associated bioclastic marine deposits and oolitic facies, which are
chronostratigraphic indicators of the Late Pleistocene (MIS5e) in the south-eastern coast of the
Iberia Peninsula (Zazo et al. 2003, Bardaji et al., 2009).

Samples collected for OSL dating of the oolitic facies from South Ibiza and Formentera
(Fig.1) did not provide suitable results due to lack of OSL signal.

Ten samples were collected for OSL in Es Copinyar cliff section (Figs. 3, 4) in 2004
(FMO04-3 y FM04-4) and 2009 (FM09-28, FM-09-15, FM09-16, FM09-13, FM09-11, FM09-09,
FMO09-10), and analysed following standard protocols in the Laboratoire des Sciences du Climat
et de I'Environment (LSCE/IPSL, UMR CEA-CNRS-UVSQ at Gif sur Yvette, France), and
Universidad Auténoma de Madrid (UAM, Spain) respectively. These laboratories calculated the
dose accumulated by quartz grains using single aliquot regenerative-dose (SAR) and accumulated
(additive) dose rate protocols respectively. Additionally, three new samples were collected for TL
at the same section (FM12-01, FM12-02, FM12-03; Figs. 3, 4) and analysed in the Quaternary TL
Surveys (UK). TL dating procedure involves evaluation of the paleodose and dose-rate
assessments of the samples. Sediment samples were collected at 10 cm above and below each TL
sample, and the gamma dose-rate assessment was based on data from all three samples. The
cosmic radiation dose-rate was estimated from the burial depth of the TL sample. The dose-rates
have been corrected to allow for the estimated past moisture levels in the sediments, and the error
limits include uncertainties in these estimates. The TL ages presented include corrections for the
decay of the TL signal, and they refer to the most recent exposure to daylight of the fine-grained
fraction of the sediment. The error limits of TL dates include random and systematic uncertainties
in laboratory measurements and environmental factors and refer to a 68% confidence level. Within
the measurement error limits, the TL dates are consistent with the assigned stratigraphic position
of samples and sediments.
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4. RESULTS
4.1 Sedimentary record of Es Copinyar— Cald des Morts section

The cliff between Es Copinyar and Calé des Morts (Fig. 3) displays the most complete and
continuous sequence of marine and terrestrial units in the island, representing the last interglacial-
glacial cycle.

4.1.1. Marine Units

Three marine units (MU), separated by erosional surfaces, outcrop at the base of the Es
Copinyar — Calé des Morts sequence (Figs. 3, 4): MU-la) Tectonically deformed
microconglomeratic unit, with some oolites and warm Senegalese fauna; MU-1b) Conglomeratic
unit, with some oolites and bearing warm Senegalese fauna; MU-2) Bioclastic sands with reddish
matrix, rich in Glycymerys shells.

Pleistocene activity of Es Ram fault zone (Fig.2) triggered an apparent large scale
decametric folding and eastward tilting (10-15° SE) of the complete marine sequence (MU-1 and
MU-2; Fig. 3). A clear and repetitive upward folding is observed in the basal marine unit MU-1
(a, b), roughly parallel to the present shoreline trend (NW-SE), with fold axes nearly parallel to
the fault system (N20°E). This deformation pattern seems to be generated by repeated
synsedimentary normal faulting and back-tilting of the Miocene substratum between Es Copinyar
(West) and Punta de sa Fragata (East) and the subsequent adaptation of the softer sedimentary
cover by folding and tilting (Es Ram site; Fig. 2). This deformation style (antiforms or synforms)
causes the sedimentary sequence to occur successively above or below the present sea level all
along the studied zone.

Marine Unit 1a (MU-1a)

The oldest Pleistocene deposits (MU-1a; +1-1.5m amsl) lay unconformably over the Late
Miocene basement. This unit consists of a highly cemented marine bioclastic limestone with grain
sizes ranging from coarse sand to microconglomerate (grainstone to rudstone) that preserve a
seaward-inclined parallel lamination corresponding to the upper shoreface - foreshore (Fig. 5A).
The uppermost part of this unit is affected by polygonal sandcracks (Fig. 5B).

Thin section analyses (Fig. 6 A, B and C) show that this unit is mainly constituted by
rounded skeletal remains of molluscs, echinoids, calcareous algae and crustacean microcoprolits
(Palaxius?), and coarse-grained carbonate rock fragments. These rock fragments correspond to
reworked oolitic calcarenites (c. 12%) the source of which must be discussed, and underlying
Tortonian carbonates. Some particular features are the presence of thin tangential aragonite
coatings, resembling coarse oolitic grains, in rock fragments and bioclasts (~15%), as well as
oolitic aggregates. Two phases of submarine cementation: a first micritic one and a later prismatic
sparite have been also identified (Fig. 6B).

Besides the deformation caused by the N20°E fault system above mentioned, this unit is
also affected by two systems of joints, oriented N60°E and N140°E.

Marine Unit 1b (MU-1b)

A second marine unit (MU-1b) develops at the foot of a low cliff (0.5-1m high amsl) carved
into the previous marine unit MU-1a (Fig. 5A). This younger unit consists of a highly cemented
conglomerate with reworked boulders of MU-1a (Fig. 5B), which also appears filling erosive
potholes carved on MU-1a. The faunal content and the matrix of this boulder bearing deposit are
similar to the first marine unit (MU-1a). Petrographic analysis shows also a high skeletal content
but almost no aragonite coatings or ooliths. Cementation features have been identified (Fig. 6D),
with prevailing blocky over prismatic cements.
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The faunal content of Marine Units MU-1a and MU-1b includes the termophilic species
(Senegalese fauna) Strombus bubonius (Fig. 5C) and Conus testudinarius, suggesting a Late
Pleistocene age (Gasser and Ferrer, 1997; Gasser, 1998), as well as more common species in the
Mediterranean such as Stramonita haemastoma, Acanthocardia tuberculata, Arca noae, Cerithium
vulgatum and Glycymeris violascescens, among others. A total of 23 mollusc (9 bivalves, 14
gastropods) species have been described for this deposit related to coarse sand and rocky shores
environments (Cuerda, 1984; Gasser and Ferrer, 1997; Gasser, 1998). The petrographic analysis
of thin sections (Fig. 6) reveals the occurrence of other marine species from coastal and shallow
shelf environments such as echinoderms (Paracentrotus lividus), crustacean decapod species, and
coralline algae (Amphiroa sp. and unidentified fragments).

Marine Unit 2 (MU-2)

A third, younger, marine unit (about 1.8m amsl; MU-2) constituted by a poorly cemented
layer of reddish Glycymeris-rich sandstone, develops above an erosional surface onlapping
previous units. On the western part of the section, the upper surface of this layer is crisscrossed by
polygonal cracks, very much resembling retraction cracks, which are partly filled by reddened
material from the overlying deposits (Fig. 5D).

The faunal content is characterized by abundant Glycymeris violascescens and few other
species (Acanthocardia tuberculata, Stramonita haemastoma, among others; Gasser, 1998). The
mollusc species preserved on this unit (5 bivalves, 6 gastropods) are also related to coarse sandy
and rocky shores environments and suggest a Late Pleistocene age (Gasser, 1998). The
petrographic analysis and samples also reveal the presence of other marine species, common in
the coastal and shallow shelf environments such as echinoderms (Paracentrotus lividus),
crustacean decapoda species, and coralline algae (Amphiroa sp. and unidentified fragments).

The internal organization and faunal content, closely resembles the present-day storm
deposits and Glycymeris—rich beach found nowadays at the upper foreshore and storm berm in the
backshore in this same area (Fig.7).

4.1.2. Terrestrial Units

On top of above-described marine units, up to six terrestrial units have been identified
constituted by different generations of aeolian dune systems and scattered scree deposits. Soils
developed among aeolian phases have been also described and analysed.

Terrestrial Unit 1 (TU-1)

This lowermost terrestrial unit consists of a sandy-silty layer, ¢. 90 cm in thickness, which
fills the retraction cracks at the top of the underlying Glycymeris-rich MU-2 (Fig. 3, 4).

It is organized in three layers with somewhat diffuse limits (Fig. 8). The lower one is a
weakly cemented brownish sand bed with scattered Glycymeris and other mollusc shells, as well
as some angular carbonate fragments. A yellowish red middle layer is poorly visible because
bioturbation; it locally contains scarce, scattered mollusc shells in the lower 10 cm. The upper
layer is a reddish clayey unit, with accumulations of angular pebbles of Miocene carbonates and
cemented Pleistocene aeolianites. They occur as laterally discontinuous beds with erosional bases
and irregular tops. The lateral extent rarely exceeds a few meters, and thickness is generally lower
than 15 cm, although some coarser clasts are often larger than the average thickness of a given
individual layer. Other layers are simply lines of pebbles.

Soil morphology shows a Ck-2Bw-2BC-3C horizon sequence (Fig, 8; Table I), with colour
gradually changing from reddish brown (2Bw-2BC; 5YR 5/4 - 2,5 YR 4/4 m) to yellowish red (C;
5YR 4/6 m) from top to bottom. Field description shows that these horizons are slightly plastic
and adherent, structureless and with traces of some fine and very fine roots, sometimes calcified.

Organic matter never exceeds 1%, but as occur with clay content, it also increases with
depth, reaching a maximum at 30cm, what suggests a somehow long stabilization period that
8
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favoured pedogenesis. The increase in clay content cannot be interpreted as a result of illuviation
due to the high CaCOs content (Table 1) that prevents dispersion of clay particles previous to their
translocation, and by the lack of micromorphological evidence of illuviation; however, it cannot
be absolutely ruled out at least during the early stages after deposition. Decalcification of parent
material, such as the terra rossa from karstified Miocene materials, could favour an early moderate
clay migration later masked by carbonate leaching from the overlying dune deposits. Crystallithic
b-fabric in the reddish groundmass suggests recalcification linked to carbonate leaching from
overlying calcareous dunes.

Other inherited properties from source area are rubefaction and illite (micas) content,
although rubefaction could also have increased later during younger stages of hydric stress (water
deficit). Finally, shells and calcite grains constitute the coarse fraction.

The whole unit is interpreted as an alluvial deposit fed by sandy-silty material eroded from
the karstified La Mola relief and moved down slope as sand-rich mudflows and debris flows
responsible of the chaotic arrangement of clasts, and the relatively narrow tongues; flash floods
moved coarse grain-sizes forming thin layers of pebbles that occur as clast lines in cross section.
The presence of scattered Glycymeris and other mollusks shells in the lower weakly cemented
brownish sand bed may point to a close but receding sea level.

Terrestrial Unit 2 (TU-2)

Terrestrial Unit 2 (TU-2) consists of a white, partly cemented and well-sorted medium to
coarse sandstone, made up of skeletal fragments (bioclasts) of molluscs, echinoids and calcareous
algae, pellets and reworked oolites (less than 10-15%). The internal structure is a large-scale high
to moderate angle tabular cross bedding (visible thickness, at least 7 m), which is exposed c. 200
m in downwind direction (Fig. 5D). It is interpreted as a transverse aeolian dune that migrated
towards the south under prevailing northerly winds. The orientation of the outcrop barred further
observations concerning the type of dune.

OSL ages (FMO04-3; 72+7 ka BP) indicate that the dune accumulated during MIS 4, in areas
not far from the shore, given the abundant bioclasts which are clearly derived from coastal settings.
The absence of bioturbation by plant roots suggests that the large dune migrated freely, and climate
was not favourable for plant colonization. The low topography of the area allowed sediments
originally deposited on the northern coasts of the island (reworked oolites) to be mobilized across
the low-lying strip of land to be finally accumulated in aeolian sand dunes at the southern toe of
La Mola promontory, which shelters this site from north-easterly and easterly winds.

Terrestrial Unit 3 (TU-3)

After deposition of TU-2, an erosional phase promoted the excavation of a deep incision
surface down to the cemented MIS 5e (MU-1) marine deposits (Fig. 3; Fig. 9). The surface dips
towards the S/SE, partly out of the cliff wall, so the dip observed along the cross section is only
apparent. Angular carbonate pebbles and boulders found near the incised surface witness that
erosion affected the older lithified dune deposits cropping out at higher topographic elevations.
Locally, towards the deeper part of the incision surface, the accumulation reaches up to 20-30 cm
in thickness and can occur as matrix-supported conglomerate with reddish sandy-silty matrix,
interpreted as scree deposits.

The bulk of TU-3 is white medium to coarse bioclastic sand with variable cementation.
Mineralogy is calcite (40-60%) and aragonite (35-37%), with minor contribution of quartz (3%).
The internal structure is large-scale cross bedding, with at least two large sets exposed in the
outcrop (Fig. 10A) migrating in opposite directions. The older one is tabular with rectilinear to
gently sinuous crest, which migrated to the S/SSW under prevailing northerly winds, partly
fossilizing the afore mentioned erosion surface (Fig. 9; Fig. 10A). No bioturbation has been
observed and it is cemented. The upper set is trough cross-bedded, less cemented and intensely
bioturbated by plant roots (Fig. 9A; Fig. 10B), some of which relatively large sized. The preserved
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thickness is c. 2 m, being laterally continuous for more than 300 m in down-current direction (NE;
Fig. 10A). OSL ages (FM04-4, FM09-28; 5415 ka BP, 51+4 ka BP) indicate accumulation during
OIS 3.

The erosional surface on which TU-3 accommodates is interpreted as the consequence of
a major drop of base level, during a lowstand of sea level, which was later fossilized by aeolian
dunes, with variable sources of sediment supply. Initially, large dunes migrated from the north
crossing the narrow island, high sand supply and relatively constant northerly winds account for
the straight crested morphology of the dune. Later, prevailing winds rotated to the southwest and
supplied less amounts of sediments, which accumulated in barchanoid dunes. The increased
abundance of plant roots suggests a moister climate that presumably accounts for the diminished
sand supply.

Terrestrial Unit 4 (TU-4)

Terrestrial Unit 4 develops on top of a gently irregular erosion surface carved onto TU-3
(Figs. 3 and 4), which is overlain by a thin accumulation of irregular, angular lithified clasts of
older aeolian dunes, more abundant in the topographically lower parts of the surface (Fig. 10B)
interpreted as scree deposits. Increased cementation of the surface produces a morphological
platform noticeable along the sea cliff (Fig. 3).

The mineralogical composition of TU-4 shows a clear predominance of aragonite and
magnesian calcite (Table II). The internal structure is largely obliterated by the intense root
bioturbation present in the uppermost part of the outcrop (Fig. 10C). Looking in detail, remains of
a low angle cross-stratified unit, with thick foreset laminae gently dipping to the east, are preserved
in the south-eastern part of the outcrop, being overlaid by a coarser clastic cross bedded unit (Fig.
10B). Sets of parallel laminations predominate in the central portion. Cross bedding pointing to
the N-NE and E, and parallel lamination, both crossed by large plant roots which are better
preserved at the north-western end of the cliff. Relict locust egg pods are frequent in the southern
part of the outcrop. A very weak cementation makes this unit to be easily removable by weathering.
Terrestrial gastropods (Helix sp) have been collected in the upper part.

TL ages (FM12-03; 86+25/-16 ka BP) gave unsustainable error ranges, but according to
OSL ages (FM09-15; c. 5345 ka BP) this unit should have accumulated during MIS 3.

The observed arrangement of sedimentary facies (Fig. 3) is interpreted as the accumulation
of low climbing dunes (SSE) attached to the lower slopes of La Mola. These changed laterally to
interdune deposits dominated by deflation (centre of the section), and, towards the NW, to small
dunes that covered topographically more-elevated areas, at the top of the cemented, exhumed
remains of TU-2. We assume that the local water table played a major role allowing more
vegetation and invertebrate life in the topographically lower parts of the outcrop, where reddening
is also more prominent.

Terrestrial Unit 5 (TU-5)

Although its lower boundary is irregular and somewhat diffuse, TU-5 stands out of the cliff
because of the presence of more resistant calcareous levels and colourful layering (Fig. 3). This
unit shows two clearly distinguishable parts (Figs. 10B, 11). The lower part (TU-5a in Fig.11)
consisting of yellow to reddish silty sands, with irregularly scattered angular pebbles of older
cemented aeolian dunes, some of which may reach more than 10 cm in length (major axis). The
internal sedimentary structure of the upper redder interval is obscure, masked by intense
bioturbation by plant roots and locust egg pods, whereas carbonate clasts and removed egg pods
tend to occur as irregular layers mostly in the lower yellowish interval where they can be traced
laterally several tens of centimetres to a few meters.

An irregular erosion surface separates this lower part from the upper one (TU-5b in Fig.
11), easily traced along the entire outcrop, and marked by a few centimetres thick calcareous crust

10
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and plant roots concretions that make the boundary to protrude out of the cliff wall. The
organization of this upper part is more complex as compared with the lower one, being intensely
bioturbated by locust egg pods and plant roots, most of which are more cemented than and clearly
discernible from the hosting sediment. There are also irregular layers of pebbly
sandstone/mudstone with lithoclasts derived from eroded aeolianites and Miocene carbonates.
Besides, there are frequent irregular erosion surfaces, hardened by cementation, and many of them
covered with irregular lithoclasts with little finer matrix, and remobilized locust egg pods.
Imbrication of such surfaces towards the top contributes to form a hard horizon, very conspicuous
in the cliff. Terrestrial gastropods (Helix sp) and locust egg pods similar to those described in
Canary Islands by Alonso-Zarza and Silva (2002) are abundant.

Three pedo-sedimentary cycles have been described in this unit (I, 11, 111 in Fig. 11; Table
1), separated by few centimetre-thick undulated and irregular calcareous crusts. Upper sandy
deposits (Cycle I) change gradually from brown (7,5YR 6/4d) to light yellowish brown (10YR
6/4d) colours, overlapping a pale brown (10YR 6/3 d) few centimetre-thick irregular level (Cycle
I1) limited by indurated crust, below which a reddish yellow (7,5YR 6/6d) to pink (7,5YR 7/4 d)
deposit (Cycle I11) appears.

All three cycles show a weak pedological development, with little evidences of soil forming
processes (Table 1), and only the intermediate cycle (I1) standing out by its darkening linked to the
organic matter content and lower values in calcium carbonate (Table I). The high calcium
carbonate content in some horizons, near 80%, coinciding with high sand proportion (Table I11),
likely indicate a detrital source instead of pedogenic origin to these limy accumulations, because
calcium carbonate precipitation usually tends to concentrate in silt fraction.

Calcite prevalence (80%) together with aragonite features mineralogy in all cases (Table
).

Variable amounts of quartz and micas (Table Il) present in the upper parts of each cycle
are interpreted as due to fluvial input inherited from source area (supported by higher Mg/Al ratio,
suggesting higher humidity (moisture). Regarding the geochemical results (Table 111), the higher
Al>O3 and K20 content in the upper horizon (samples j, k, I in Table I11) confirms the clay minerals
presence (mainly illite), as well as Fe>Os3, related to a high magnetic susceptibility, is associated to
the presence of ferromagnetic minerals.

According to OSL ages (FM09-16, FMQ09-14; ¢.48+3, c.40+2 ka BP), accumulation of TU-
5 took place during MIS 3. TL ages are consistent with these results (FM12-01; 48,2 +8.1/-6.6 ka
BP)

TU-5 is interpreted as an intensely bioturbated, mass-flow dominated colluvium deposited
at the base of La Mola, which underwent successive phases of plant colonization and pedogenesis,
with associated development of carbonate crusts towards the upper part. The occurrence of
imbricate, shallow troughs towards the top, suggests an episode of more humid conditions with a
significant vegetal cover, a network of divagating shallow channels that drained La Mola, and
occasional mass flows.

Terrestrial Unit 6 (TU-6)

TU-5 is crowned by a centimetre scale calcareous crust, which is eventually broken into
heterometric angular flat pebbles. A new mass flow dominated colluvial unit (TU-6, Figs. 3, 4, 10)
develops over this hardened surface incorporating fragments of the calcareous crust in its lower
part, as well as egg pods and terrestrial snails (Fig. 12). The sedimentary characteristics (poorly
organized heterometric, matrix-supported breccia, poorly organized) indicate that accumulation of
TU-6 must have taken place during a relatively humid period, after the aridity marked by the lower
calcareous crust.
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The soil developed on these materials displays the following horizon sequence C-2Ck1-
3Ck2 overlying the lower calcareous crust (3Ckma3) (Table I; Fig. 12). There are slight differences
in colour between the brown upper horizons (brown (7,5YR 5/4 w) and lower light brown horizon
(7,5YR 6/4w), the most outstanding feature of which is a higher content of coarse fragments
content increasing laterally from 10% to 30%, without marked differences in other textural
fractions (Fig. 12; Table I).

Leaching and translocation of calcium carbonate are the main pedogenic processes, with
calcium carbonate content increasing with depth and reaching values of up to 86%. These
carbonate accumulations form a few centimetres thick crust at the base of the profile (3Ckm3; Fig.
12).

Mineralogy (Table I1) is characterized by calcite prevalence together with aragonite and
slight variations in quartz content. Illite (micas) is likely inherited from parent material as
happened with soil developed in TU-1, whose source area is mainly the terra rossa resulting from
karstification of Miocene materials of La Mola.

An erosional flat surface carved on this unit constitutes the top of the present cliff (Fig.
10E). This surface is sporadically affected by polygonal retraction cracks (Fig. 10F) and implies a
very important gap in sedimentation, suggesting a long-lasting exposition to extreme arid
conditions which could have favoured wind deflation, desiccation and cracking.

According to OSL/TL ages, the age of this unit is bracketed between 20+2 ka BP (FMQ9-
13) and 17+2.4/-2.2 (FM12-02).

Terrestrial Unit 7 (TU-7)

This upper unit consists of large scale, cross-bedded, well-sorted medium to coarse sand
and sandstones. The lower part is cemented with variable bioturbation by plant roots (Fig. 10 B,
D, E and F). The unit is interpreted as aeolian dunes that migrated under the influence of persisting
northerly winds crossing the narrow land strip that connected La Mola with the rest of the island.
OSL age (FM09-11; 19+1 ka BP) indicate accumulation during the end of LGM, when rising sea
level and deteriorating climate increased the sand supply in the northern side of the island and
vegetation colonized the dunes in the more distal (southern) parts.

A younger system of uncemented aeolian dunes covers the former deposits (Fig. 10F).
Layers of bioturbated grey sand, a few centimetres thick, separate individual dunes, which are
partly fixed by vegetation. OSL ages (FM09-09, FM09-10; 16+1, 14+1 ka BP) indicate that this is
a relatively old system that also migrated from the northern part of the island.

There are still more recent dune systems, not included in this work, which are not cemented
and partly fixed by vegetation.

4.2. Magnetic susceptibility

Magnetic susceptibility values along the sequence (Fig. 13) show that higher peaks occur
within the reddish terrestrial non-aeolian units (TU-1, upper TU-5 and TU-6). These magnetic
susceptibility peaks are related to higher contents in Al, Fe, Mg, K and Ti (Table I11).

The highest peak occurs at 1.5-2 m, within the TU-1 (samples y3, v4 in Fig. Fig. 13), which
can be associated to in situ pedogenic processes as well as inherited from “terra rossa” from
karstified Miocene materials. Peaks in TU-5 seem to be associated to incipient pedogenic
processes (+8.1m; sample j in Fig. 13) or to colluvial origin (+7.25m; sample e in Fig. 13) when
sedimentological characteristics (presence of small channels, pebbles and coarse sands) so point
it. The upper peak (unit TU-6; +9.5m; samples q in Fig. 13) is clearly related to the abundance of
ferri- and ferromagnetic materials. Most of the upper aeolian unit (TU-7) shows very low magnetic
susceptibility (as correspond to diamagnetic minerals, such as quartz and calcite), except for a
slight peak (+15.4m; sample w) that can be related with a sedimentation stop and incipient
pedogenic processes in the aeolian sediments.
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The higher concentration of magnetic materials in paleosols is related to its finer
grain size while this concentration is much lower in coarser aeolian deposits (Kukla et al., 1990;
Heller et al., 1991). Magnetic susceptibility values obtained in coeval deposits form Mallorca
(Nielsen et al., 2004) are higher in colluvial sediments than in aeolian ones, with marked peaks
being related to humid periods whereas low susceptibility values corresponding to arid conditions.
Although the causes of magnetic susceptibility variations are still a matter of debate, some authors
(Zheng et al., 1990, Maher, 1998) suggest that magnetic materials may form during soil
development in warm and humid periods while low susceptibility values found in aeolian deposits
are related to arid periods.

4.3. Phytoliths analyses

The analysis of plants and soil samples allowed the identification of four distinctive
assemblages (with diagnostic phytoliths) corresponding to four vegetation type sites: a) wooded
dunes, b) dune shrubland, c) dune/intradune vegetation, and d) halophytic meadows (Fig. 14).
From the 18 plant species identified, 10 were found to produce uniquely shaped phytoliths (Pinus
halepensis Mill, Pinus pinea L., Juniperus phoeniceae L., Juniperus oxycedrus L., Pistacia
lentiscus L., Rosmarinus officinalis L., Olea sp., Tamarix sp, Ononis natrix L., Juncus sp.). In the
case of the grass vegetation (halophytic meadows, and dune/intradune colonization sites), although
the plants analysed share multiple common phytolith type morphologies, the halophytic species,
namely the Juncus sp., Salicornia sp. and Suaeda fructicosa, produced a high number of calcium
oxalate biominerals of the raphide and, most commonly, druse types (Juncus sp.). The druse types
phytoliths are related with plant growing under conditions of water stress.

Although all soil samples from the four vegetation type sites present a large number of non-
diagnostic phytolith morphologies and types, diagnostic phytolith groupings were identified,
including: a) smooth polyhedral, tracheary forms and cylindroid types, in the wooded dunes sites,
b) cuneiform, acicular, tabular scrobiculated, trapeziform sinuate, and trapeziform short cell types
in the dune shrubland, c) trapeziform polylobate, cuneiform short cell, bilobate asymmetric, long
saddle and parallepipedal short cells in the Dune/intradune vegetation sites and d) elongate sinuate,
tabular scrobiculated, saddles and druses and raphides of calcium oxalte in thehalophytic
meadows.

On the whole, the content of fossil phytoliths was poor, with 19 out of the 34 samples found
to be sterile (Fig. 14). The overall counting is low and its presence in the sediments is associated
with evidence of bioturbation related to vegetation cover. Preservation along the stratigraphic
sequence is clearly uneven. Although no studies have been made till date regarding phytoliths
preservation in these environments, the non-existence of phytoliths and other plant biominerals in
sediments with signs of bioturbation could be linked to pH and time. Lasaga (1984) indicates a
preservation age (at a pH~4) of phytoliths in non-cohesive sediments and soils between 25.000
and 250.000 years. The strong surface dissolution observed in the few phytoliths recovered within
the lower sedimentary units (TU-1 to TU-5) would corroborate this hypothesis.

Phytolith morphotypes associated with grass plant families are largely the most common
types of morphotypes (Fig. 14), whereas shrubs and trees phytolith counting account for 13% of
all the diagnose-morphotypes identified.

The sample collected at the top of the TU-5 yielded a significant lower number of
phytoliths than the two samples from TU-6, also with signs of bioturbation. The morphotypes
correspond mostly to halophytic vegetation. In the samples collected for mineralogical study,
calcium oxalate biominerals were also found, mainly druses, which indicate a marked xerophytic
character of the vegetation at the end of this stage, and prior to the establishment of relatively
wetter conditions recorded at unit TU-6.
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Samples collected at unit TU-6 presented the highest number and diversity of morphotype
phytolith. A higher percentage of Poaceae, Fabaceae and Lamiaceae associated morphotypes, as
well as the presence of polyhedral scrobiculate and cuneiform forms, and the presence of the only
globulate echinate morphotypes (Palmae sp.) suggest the colonization with predominantly non-
halophytic grasses, and the presence of fresh water (Palmae sp.) during the deposition of this unit.

The phytolith analyses of the samples collected along the upper unit (TU-7) suggest a
progressive aridity with an increase of the salt-tolerant grass species with the maximum halophytic
grass colonization registered towards the top of the sequence. Phytolith analyses of the two upper
samples indicate a decrease in salt tolerant grasses, which could indicate less arid conditions.

5. DISCUSSION

The coastal sedimentary sequence studied in this work covers the time span between ca.
130 ka BP and ca. 14 ka BP (MIS 5 to MIS 2). The sequence records on the one hand the sea-level
changes occurred through MIS5, and on the other hand, a complex paleoenvironmental history
that can be related to oceanographic and atmospheric changes in the North Atlantic region along
the last 80ka.

Paleoclimatic reconstructions in Mallorca Island over the last 140 ka (Rose et al., 1999)
show major changes in mean annual temperature and wind regimen, with the most important rates
of geomorphologic change occurring during periods of climatic deterioration with reduced
vegetation cover. Evidence of changes in effective precipitation has been deduced from the growth
history and 82 C in a littoral karstic speleothem in Mallorca (Hodge et al., 2008), where sub-
millennial climate shifts occur between ¢.112 and ¢.48 ka, i.e. from the final part of MIS 5e to MIS
3.

Late Pleistocene carbonate aeolianites have been usually related to glacial or stadial arid
periods with low sea level (Rose et al., 1999; Clemmensen et al., 2001; Gonzéalez-Hernandez et
al., 2001, Fornds et al., 2008), occurring in alternation with colluvial deposits and paleosols
developed during relatively humid climate intervals. A millennial scale interestadial/stadial
climate alternation has been recognized from the dynamics of cliff-front aeolian and colluvial
systems (Clemmensen et al., 2001). Fiol et al. (2005) proved that dust rains and dust deposition
play a significant role in Balearic Islands. The role of African dust in the formation of Quaternary
red soils and paleosols in Mallorca has been more recently analysed by Muhs et al. (2010). The
study of fluvial sequences in the Mediterranean basin (Macklin et al., 2002) over the last 200 ka,
show that rapid and high- frequency climate changes in the North Atlantic during the last glacial
period had a profound climate effect not only on the vegetation of the Mediterranean real but also
on catchment erosion and river alluviation. Late Pleistocene alluviation occurred during cool and
dry stadials when steppe vegetation replaced forest or wooded steppe biomass. This work is thus
a contribution to the understanding of how climate has evolved in this sensitive area of Western
Mediterranean along this time period.

5.1. Sea level highstands during MIS5

The first stratigraphic studies of Quaternary deposits in Mallorca and detailed
paleontological investigation (Butzer and Cuerda, 1962; Cuerda, 1989, and references therein)
turned Mallorca in a key site for the study of the Last Interglacial (“Tyrrhenian”) in the
Mediterranean. Research in Mallorca has incorporated diverse dating methods: U-Th and AAR
(Hearty, 1987), U-Th (Hillaire- Marcel et al., 1966; Goy et al., 1997; Zazo et al., 2003; Muhs et
al., 2015) in marine terraces, and U-series measurements in phreatic speleothems of littoral caves
(Ginés et al., 2005, Tuccimei et al., 2006, Dorale et al., 2010; Ginés et al., 2012). These results
allowed a more precise chronology of sea level changes during MIS5, with sharp, millennial-scale
fluctuations of almost 20m (including highstand, intervening lowstand, and succeeding highstand)
within the peak of the Last Interglacial s.s. or MIS 5e (Tuccimei et al., 2006).
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However, Last Interglacial marine deposits are not so well known in other Balearic Islands.
In Ibiza Island, the record of MIS5e is scarce and consist mainly on erosive morphologies such us
platforms and notches (Punta des Farell0), or remains of beach deposits with banal marine fauna
(Cala Gracio, Cala Xarraca; Cuerda, 1984), with maximum elevations reported at +2-2.5 m.
Detailed paleontological studies, and first in situ descriptions of the termophilic species Strombus
bubonius and Conus testudinarius (Senegalese fauna) were described by Gasser and Ferrer (1997)
and Gasser (1998). In Formentera, the record is even more scarce, with only small patches of MIS5
sandy beaches having been described around the island (Vicens et al., 1992; del Valle et al., 2020;
2021).

In the Mediterranean peninsular coast of Spain, MIS 5e is characterized by oolitic beaches
and dunes witnessing suitable environmental and climatic conditions for the development of oolitic
shoals (Zazo et al., 2003; Goy et al., 2006; Bardaji et al., 2009). Oolites from the Last Interglacial
in SE Spain are generally spherical or ovoidal, fine medium grained (100-400 pm), with thin
laminated tangential aragonitic cortex. These types of oolites are usually formed in shallow-marine
carbonate saturated shallow waters, with a constant agitation under the influence of tidal currents
or wave action (Wanless and Tudesco, 1993; Fligel, 2010). According to Bardaji et al. (2009),
prevailing SE winds favoured the accumulation of these oolitic beach-dune systems in SE Iberian
Peninsula during OIS 5e.

In Balearic Islands, the scenery is quite different with oolitic units only observed in
Formentera and in the south of Ibiza. The highest oolitic content is observed in the northern
Formentera dune-systems, at Ses llletes and in a much lesser extent in the south of Ibiza. Two
episodes of oolitic dune accumulation, separated by a sharp deflation surface, have been described
on the central part of Formentera and in the south of Ibiza (Goy et al. 2007). The oolitic dune
systems in Ibiza and Formentera Islands accumulated under prevailing W-NW winds, but the
associated oolitic beaches do not crop out above present sea level. Location of these dunes and
oolite features point to the presence of an extended platform connecting Formentera and Ibiza,
where warm and carbonate saturated shallow waters, constant winds and water agitation, low
clastic sediment supply to the coast and few or none coral-reefs and/or algae colonization of the
platform, provided the ideal environmental conditions for oolite development probably at the
beginning of the first highstand of MIS 5e. Besides that, the high content on crustacean decapods
coprolites found in these dunes suggests that these environmental conditions were suitable for the
activity of the crustacean, and for the preservation of these particles.

Two marine units, showing at least three sea level hisghtands, constitute the base of the
studied sequence (Figs. 3, 4 and 5). Their attribution to MIS5 is based on petrographic
characteristics, faunal content and stratigraphic relationships with the rest of the sequence. The
oldest unit (MU-1a) lays unconformable over the Late Miocene basement. It is a highly cemented
marine bioclastic calcarenite with grain sizes ranging from coarse sand to microconglomerate
(grainstone to rudstone) that preserves the seaward dipping lamination corresponding to the
uppermost foreshore. Rounded skeletal remains (bioclasts) of molluscs, echinoid and calcareous
algae, fecal-pellets and coarse-grained carbonate grains (rock fragments) are observed in thin
section. Carbonate rock fragments derive mainly from reworked oolitic calcarenites (c. 12%) and
underlying Miocene carbonates. Some rock fragments and bioclasts incorporate tangential
aragonite coatings (~15%), resembling coarse oolitic grains. The presence of reworked fragments
of oolitic calcarenites and their petrographic characteristics points to the existence of an oolitic
beach nearby, possibly located below present sea level, since cementation degree, composition and
grain size are not compatible with the emerged oolitic dunes. A second, younger, marine unit (MU-
1b) accumulated against a degraded small cliff (0.5-1m high) carved into MU-1a (Fig. 5). It
consists of a strongly cemented conglomerate with reworked boulders of MU-1a and similar faunal
content; however distinctive cementation features can be observed in thin-section (Fig.6). The
characteristics of the MU-1b deposit pointed to a relatively short sea-level oscillation that together
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with environmental conditions, promoted a fast early cementation, erosion and reworking of MU-
1a, and eventual seaward accumulation of MU-1b.

At least three highstands characterize MIS 5e (Hearty et al., 2007; Rholing et al., 2019). In
the Mediterranean coasts of Spain, oolitic sediments are always associated to the first, older,
highstand and they usually accumulated as beach barrier— lagoon systems; the second highstand is
represented by quartzous beach — dune systems; and the third highstand represents an important
environmental change with high energy reddish conglomerates. The ages of these highstands have
been stated by U-series between in 135 kyr and 117kyr and they are accompanied by changes in
the environmental conditions (Hillaire-Marcel et al., 1986; Goy et al., 1993; Goy et al., 2006; Zazo
et al., 2003; Bardaji et al., 2009). Phreatic overgrowths on speleothemes from littoral caves in
Mallorca point to two highstands during MIS 5e, with ages of 139 kyr and 114 kyr (Tuccimei et
al., 2006). In Formentera, we have identified the same three highstands than in other peninsular
and insular sites: a first oolitic beach (not outcropping above present sea level), second highstand
(MU-1a), with reworked oolites, and the third highstand (MU-1b), a high energy deposit with
boulders of reworked low-lying units, representing the increase in storminess recorded along the
Spanish Mediterranean littoral at the end of MIS5e.

The third marine unit (MU-2) is a poorly cemented layer of reddish, Glycymeris -rich
sandstone covering an erosional surface that onlaps the previous units, constitutes On the western
part of the section, the upper surface of this layer is crisscrossed by polygonal cracks filled by a
reddish terrestrial unit that contain also scattered shells of Glycymeris sp. (Figs. 5D and 8). This
unit is interpreted as the upper foreshore / backshore, where small-scale sea-level changes
promoted the occurrence of the polygonal cracks. The height of this unit (about 1.8m) and the
sedimentological characteristics suggest a sea level very close to the present one during the time
of deposition.

In Mallorca Island, Rose et al., (1999) describe a MIS 5a beach in Alcudia Bay at +3m
amsl. Phreatic overgrowths in speleothems from littoral caves also form Mallorca, point to a short-
lived highstand at +1,5-2m amsl also during MIS 5a (Tuccimei et al., 2006; Dorale et al., 2010).
These data together with the fact there is not any reference to MIS5c deposits above present sea
level in Baleares, and the sedimentary succession after this last evidence of sea level highstand,
lead us to propose a MIS 5a age for this MU-2. This marine unit (MU-2) passes upwards to a
reddish terrestrial unit TU-1) with scattered Glycymeris and other molluscs shells, as well as some
angular carbonate fragments, that suggest a backshore environment in a descending sea level
scenery, where coastal sediments are progressively replaced by an alluvial environment. The
following sedimentary sequence, without any other evidence of marine environments and only
alluvial and aeolian units outcropping, point to a MIS 5a age for this last marine unit.

5.2. MIS 5 — MIS 4 transition

The transition between MIS 5a and MIS 4 (GS23 to GS18) is marked in the Balearic Sea
by an increased intensity of deep current (Torner et al., 2019) that is interpreted as the consequence
of the weakening of the Atlantic Meridional Overturning Current (AMOC). This weakening lead
to strong transport of dry and cold air masses by westerly winds which favoured evaporation and
enhanced the Western Mediterranean Deep Water (WMDW) formation in the Gulf of Lion, and
lower SST. Cooler SST may lead to more arid environments on land; however, this extreme aridity
does not always accompany low SST (Hodge et al., 2008). Data from speleothems in Mallorca
(Hodge et al., 2008; Fig. 15) show a growth hiatus during MIS5a but, in contrast, a continuous
growing at the end of M1S5a and during MIS4, suggesting that cooler air temperatures maintained
a critical moisture level in the Western Mediterranean. It’s noteworthy to highlight a rapid grow
period at ca.77ka, coeval with G120 and with a W-shaped (cooling-warm-cooling) SST, recorded
in Balearic Sea (Core MD99-2343; Torner et al., 2019).
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TU-1 in Formentera, although lacking a precise chronological data, show features pointing
to a warm and humid climate, such as the high peak in magnetic susceptibility (Fig. 13), paleosol
development and reddening (Fig. 8), that allow to tentatively correlate it to GI20.

Progressive aridity led to an increase in aeolian activity with a first development of an
undulating deflation surface on TU-1, followed immediately upwards by large transversal dunes
(72.8x7ka OSL), with abundant skeletal fragments and bioclasts, build by N-NW winds. Increased
activity of the westerlies in the Gulf of Lion, revealed by the stronger WMDW recorded in
Northern Menorca (Torner et al., 2019) could have been the cause of the prevailing N-NW winds
in this area. It is worth to note that the abundant skeletal remains and bioclasts found into these
dunes support a close descending sea level that followed the MIS5a highstand described for MU-
2.

5.3. Climatic variability along M1S4 - MIS3

After the deposition of TU-2 dunes, the sea level lowstand during glacial MIS4 promoted
the steep incision of former sedimentary units (Fig. 2). The following sedimentary terrestrial unit
(TU-3) is characterized by a sudden change in driving winds. At the beginning of this period, large
dunes with high sediment supply and relatively persistent northerly winds crossed the island. The
high similarity between TU-2 dunes and older TU-3 dunes indicates similar driving mechanisms
and environmental conditions: winds from the N-NW associated to increased activity of westerlies
in the Gulf of Lion and aridity. These similarities, together with OSL age (54+5 ka BP) point to a
late M1S4-beggining of MIS3 age for this unit.

Towards the top, prevailing winds rotated to the S-SW and barchanoid dunes accumulated
following a remarkable diminution of sediment supply. Moister climate is evidenced by the dense
bioturbation by plant roots. This sudden shift in wind direction and in vegetation cover, must be
due to a change in regional climate. Warmer North Atlantic climate led to stronger AMOC, weaker
westerlies blowing to the Gulf of Lion and therefore, less influence of northern winds in the island.
A strong Azores anticyclone ruled the climate over Western Mediterranean, favouring thus the
entry of southern winds coming from the warmer Algerian Basin. These climatic conditions and
the OSL age (51+4 ka BP) allow to correlate these dunes with the warmer and wetter G114-15
(Fig. 13).

A gently irregular erosion surface, with associated scree deposits, separates this unit from
TU-4 suggesting that an intervening sudden arid event took place in between. Despite the intense
bioturbation and weak cementation that favours weathering rubbing sedimentary structures, these
TU-4 dunes seem to have grown under prevailing W-SW winds. The similarities found between
this unit and younger TU-3 dunes, supported again by OSL ages (c. 53+5 ka BP) take us to give a
MIS 3 age to this unit, most probably correlated to G113-14 (Fig. 13)

Between 30ka and 50ka, North Atlantic climate displays very rapid warming and cooling
episodes (Dansgaard et al., 1993; Rasmusen et al., 2002; NGRIP Members, 2004; Rasmussen et
al., 2014) that impeded entering a full interglacial climate. Heinrich stadials (HS3, HS4 and HS5)
punctuate the MIS3, driven by successive phases of AMOC weakening. However, in Western
Mediterranean, these cold stages also show their own internal variability too. In the Balearic Sea,
Sanchez Goiii et al. (2020) identify short-lived warming and wetting during HS4 and HS5, that
contrast with the general cool and dry climate. Frigola et al., (2008) have also proposed a high
variability pattern in the deep-water formation in Western Mediterranean along MIS3.

In our sedimentary sequence, climate variability is recorded by an alluvial /colluvial mass
flow dominated sedimentary unit, punctuated by soil and calcrete development (TU-5). Quasi
interglacial wetter climate, interpreted after the sedimentary characteristics and by the peaks in
magnetics susceptibility, favoured dense vegetation cover avoiding dune development at least in
this part of the island. OSL and TL ages support this chronological assumption (c.48+3, c.40+2 ka
BP; 48,2 +8.1/-6.6 ka BP).
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5.4. MIS2: The Last Glacial

Climate during MIS 2 (c. 11-28ka) is characterized worldwide by a general cold and arid
climate, with the highest aridity in the Iberian Peninsula occurring during the Mystery Interval (Ml
17.5-14.5 ka,), and the embedded H1 (16-17ka) (Moreno et al., 2012).

In our sequence, a sedimentary hiatus marks the first part MIS 2 with erosion and calcrete
development characterizing the transit between TU-5 and TU-6 (Fig. 12). The age of this last unit
(TU-6) is bracketed between 20£2 ka BP and 17+2.4/-2.2, very close to the extremely arid periods
mentioned above, associated to GS2. However, although a cold and arid climate should be
expected, this unit represents contrasting environmental conditions. A peak in magnetic
susceptibility (Fig. 13), soil development, geochemical and mineralogical composition (Tables |,
I1 & 111), and above all, the phytolite content, all point to a humid and warm climate.

The explanation of this anomalous climate must lie in the recurrent abrupt climatic changes
occurred during MIS2 (Fig. 15). The deglacial warming in the Alboran Sea was interrupted by
severe cold shifts, coeval with H1 (Martrat et al., 2014), where multidecadal scale SST oscillations
point to ca. +4°C change in less than eight centuries. In the North Atlantic (Hodell et al., 2017)
H1 is also characterized by two ice rafted debris layers (IRD) separated by a no-IRD layer,
supporting a complex history of reduced AMOC by differential melting of the European and
Laurentide Ice Sheets.

Greenland Stadial 2 (14.7 ka to 23.2 ka) is the most complex stadial described in the NGRIP
records (Rasmussen et al., 2014), having been divided into GS-2.2, GS-2.1c, GS-2.1b and GS-
2.1a, with the GS-2.1b (17.4 — 20.9 ka) being slightly warmer the others.

Given the chronological correlation between GS-2.1b and our sedimentary unit TU-6, we
propose here that the slight recovery of AMOC circulation that may have caused the subtle
warming during GS-2.1b could have been magnified in Western Mediterranean by a strong
reduction of WMDW formation, by a similar mechanism than the one proposed by Sanchez-Gofii
et al. (2020) to explain the warming events recorded in Western Mediterranean during HS4 and
HS5.

The erosional flat surface on top of this unit implies an important gap in sedimentation, and
a long-lasting extreme arid event which could have favoured wind deflation, desiccation, and
cracking. TU-7 dunes mark the end of MIS2 with the phytolite content suggesting a progressive
aridification.

6. CONCLUSIONS

The climatic variability in the North Atlantic along the Last Glacial Cycle (Termination Il to
Termination 1) is recorded in Formentera Island (one of the westernmost Mediterranean islands)
by changes in sedimentary style. Detailed geomorphological, geological and sedimentological
study, supported by geochemical, soil and soil-morphology analyses, magnetic susceptibility,
phytolite content and luminescence dating (TL, OSL) allowed to reconstruct the environmental
evolution of this coastal setting. Three sea level highstands are recorded for M1S5e, and one more
for MIS5a, which are congruent with sea level record from neighboring islands. Weakening of
AMOC favor the enhancement of westerly winds in NW Europe, promoting the increase of
northerly winds in Formentera, where different dune systems develop (MIS4 — beginning of
MIS3). Stronger AMOC, weaken the influence of westerlies driving a change in prevailing winds
in Formentera, where dunes start to grow under the influence of southerly winds and a moister
climate. However, a change in sedimentary style during MIS3, with development of alluvial —
colluvial units and intervening paleosols, witnesses the high climatic variability occurred during
this stage in North Atlantic. After a long-lasting period of no deposition (end of MIS3 beginning
of MIS2) a short interval of moister and warmer climate during GS-2.1b is followed by a
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progressive aridification, with dunes growing again under the influence of northerly winds at the
end of MIS2.
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Figure captions

Figure 1. Location of studied area within the Western Mediterranean framework. A) Main currents
based on Millot (1999); Average Sea Surface Temperature data from Medspiration Project
(ESA’s Sentinel-3 mission); B) Location of Formentera Island within the Balearic Islands’
archipelago; dashed blue line roughly outline the Balearic promontory.

Figure 2. Geological and geomorphological sketch of Formentera Island.

Figure 3. A) Synthetic section of the sedimentary sequence along Es Copinyar — Calé des Morts with
location of Terrestrial (TU) and Marine Units (MU) described in text, TSL-OL (orange circles)
and magnetic susceptibility samples (green circles); B) Part of the sequence outcropping at Cald
des Morts.

Figure 4. Synthetic stratigraphic column of the sedimentary sequence along Es Copinyar — Cal6 des
morts. Same terrestrial (TU) and marine (MU) units than in Fig. 3

Figure 5. MIS 5 marine units. A) Marine Unit 1b (MU-1b) off-lapping a small cliff carved into Marine
Unit 1a (MU1a); B) Close view of MU-1b filling cracks and potholes carved into MU-1a, with
reddish clay matrix and reworked boulders and cobbles of MU-1a; C) Strombus bubonius into
MU-1a; D) Upper part of MU-2, with abundant Glycymeris sp overlapped by reddish terrestrial
units 1 and 2 (TU-1, TU-2),

Figure 6. Thin sections of marine units. A) B) y C) corresponds to MU-1a; D) MU-1bB: Bioclast;
RF: Rock fragment; ORF: Oolithic rock fragment; Oo: oolithe; O-Ag: Oolithic agregates; AC:
aragonite coating; Cc: Crustacean microcoprolite (Palaxius?); Pf: planktonic foraminifera; Raf:
Red algae fragment; m: micritic cement; sp: sparite cement.

Figure 7. Accumulation of Glycymeris sp. shells on the upper foreshore (A) and backshore (B) at Es
Copinyar present beach.

Figure 8. Terrestrial Unit 1 (TU-1) developed over MU-2, and paleosol horizons described in text.
Properties of paleosol in Table I.

Figure 9. Terrestrial Unit TU-3 adjusting its development to the erosional surface carved intro
previous sedimentary units. A) TU3-a and TU-3b overlapping TU 1; B) TU-3 reaching down to
MU-1.

Figure 10. Main characteristics of terrestrial units outcropping along Es Copinyar — Cal6 des Morts
cliff. A) Migration of different sets of TU-3 in opposite directions; B) Abundant clasts in scree
deposits developed in the topographically lower parts of unit TU-4; C) Root bioturbation in upper
part of TU-4; D) Superposition of TU-7 over TU-6; Flat deflation surface between TU-6 and TU-
7; F) Detail of surface between TU-6 and TU-7 showing a thin calcareous accumulation and
retraction cracks.

Figure 11. Terrestrial Unit 5 (TU-5) displaying several pedo-sedimentary cycles clearly
distinguishable by vertical distribution of some paleosol properties (see Table I).

Figure 12. Terrestrial Unit 6 (TU-6) with indication of soil horizons described in text (see properties
in Table ).

Figure 13. Correlation of magnetic susceptibility results with the synthetic stratigraphic column.
Green circles mark the location of magnetic susceptibility samples; a...z, a, 3,y corresponds to
sample sites.

Figure 14. Fossil phytolith content and associated vegetation cover types along terrestrial units of Es
Copinyar sequence (a...z, a, B,y corresponds to sample sites).

Fig. 15. Chronology of events from the studied sequence and correlation with data from other authors.
MIS boundaries from Lisiecki & Raymo (2005). H1,...H6: Heinrich events. a) !0 (violet line)
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1226 and temperature (orange dashed line) from the NGRIP ice core, (NGRIP members, 2004; Kindler

1227 etal., 2014). Age of Greenland Interstadials (GI) and Stadials (GS) from Rasmunsen et al. (2014);
1228 b) Data from stalactite in Mallorca, (Hodge et al., 2008); c) Fluvial aggradation phases in
1229 Mallorca (Torrente d’es Coco; Macklin & Lewin, 2008); d) SST from Alboran Sea (Martrat et
1230 al., 2014); e) Sea level curve for MIS5 in Mallorca (Dorale et al., 2010); f) Results of this work.
1231 G.v.: Glycimeris violacences; S.b.: Strombus bubonius (=Persististrimbus latus); m&w: moist
1232 and warm.

1233  Table I. Properties of soils developed in Terrestrial Units 1, 5 and 6

1234  Table Il. DRX results of samples from Calé des Mort sequence (location of sample sites in Figs. 3
1235 and 4).

1236  Table I1l. Geochemical results of samples (major components) from Cal6 des Mort sequence (location
1237 of sample sites in Figs. 3 and 4)

1238
1239
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Table
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z Particle Size U.S.D.A. (%)
>
g Horizon depth  colour O0.M. cCaCO; Coarse Fine Silt Clay
2 (cm)  (Munsell)* (%) (%) sand  sand Texture
5 202 02 005 < Class?
»n 0.05 0.002 0.002
mm mm mm mm
_ Ck 0-8 0.25 53 65.40 8.2 15.20 11.20 Is
'..§ ; 2Bw 8-23 5YR5/4 m 0.41 51 42.40 10.8 29.00 17.80 Is
g S 2BC 23-42  2.5YR4/4d 0.65 48 36.50 13.30 29.70 20.50 Ics
= 3C 42-59 5YR4/6m 0.45 44 63.80 7.50 19.20 9.50 Is
_ C1 0-30 7.5YR6/4d 0.29 50 38.20 14.90 31.10 15.80 Is
§ Ck2 30-56 7.5YR6/4d 0.47 82 5410 1470 21.00 10.20 Is
:'2 © Ck3 56-70 10YR6/4d 0.59 80 67.80 12.60 14.60 5.00 sl
f—: — 2C1 0-20 10YR6/3d 0.5 41 81.40 6.00 7.20 5.40 sl
% o 2C2 20-67 10YR6/3d 0.58 48 75.70 8.40 10.70 5.20 sl
2
E, = 3A/Ck1 0-20 7.5YR6/6d 0.67 81 67.00 14.30 12.10 6.60 sl
% 3Ck2 20-50 7.5YR7/4d 0.47 85 69.30 17.30 8.80 4.60 S
© 3Ck3 >50 10YR7/4d 0.38 49 82.80 8.80 5.20 3.20 S
s © C 0-18 7.5YR5/4m 0.62 52 54.10 14.30 19.30 12.30 Is
g g 2Ck1 18-25 7.5YR5/4m 0.64 75 57.90 13.20 18.60  10.30 Is
= 3Ck2 25-42 7.5YR6/4m 0.72 86 60.50 16.70 15.50 7.30 Is

M: moist; d: dry
I: loam; s: sand; c: clay
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Table

Click here to download Table Table Il.docx

Sedimentary Sample

Mineralogy (%)

Unit site

Magnesian Calcite Aragonite Dolomite Quartz Micas Albite Amorphous Total
calcite

TU-7 z 44.3 - 31.5 12 10.6 - 1.6 100.00
y 31.2 30.3 20.5 14.4 2.7 - 1 100.10
X 52.2 24.3 12.4 53 4.1 - 1.8 100.10
w 36.4 35.8 16 8.9 2 - 1 100.10
\ 33.5 31 25.1 7.2 1.9 - 1.3 100.00
u 30.6 46.1 20.8 - 1.2 - 1.2 99.90
t 55.6 - 24.3 8.5 10 - 1.6 100.00
S 27.5 42 19.2 8.5 1.3 - 1.5 100.00
r 40.8 - 35 22.8 - 1.5 100.10
TU-6 q - 55.2 11.8 5 131 14 1 100.10
p - 72.4 9 - 17.7 - 0.9 100.00
TU-5 o - 72.5 11.3 8.9 6.5 - 0.9 100.10
n 27.5 32 235 14.5 1.5 - 11 100.10
m - 62.3 19.6 9.6 7.3 - 1.1 99.90
| 66.8 - 10.1 8 13.7 - 1.3 99.90
k - 66.1 - 6.3 13.7 13 1 100.10
i - 70.9 13.2 6.5 8.2 - 11 99.90
i - 80.1 114 5 2.1 - 14 100.00
h 57.3 - 194 15.2 7 - 1.2 100.10
g - 65.6 13.5 16.6 2.7 - 1.5 99.90
f - 58.1 16.8 14.4 9.1 - 1.6 100.00
e - 75.8 12 - 4.2 - 1.1 100.10
d - 68.1 17.2 4.2 9.6 - 0.9 100.00
c - 72.8 13.8 4.5 - 8.3 0.6 100.00
TU-4 b 35.3 - 34.3 9.6 - 19.7 1 99.90
a 50.8 - 37 8.7 2.2 - 1.2 99.90
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Sedimentary Sample

Major chemical components

Unit site
Al,O; Fe,Os(total)l MnO MgO CaO NaO KO TiO, P.0s
z 0.54 0.24 3.13 51.52 0.26 0.11 0.03 -
y 0.49 0.22 3.17 5191 0.28 0.12 0.03 -
X 0.36 0.19 3.32 5193 0.28 0.12 0.02 -
w 0.7 0.31 3.13 499 0.24 0.15 0.04 -
TU-7 v 0.43 0.22 3.21 50.14 0.27 0.1 0.03 -
u 0.43 0.21 3.47 50.59 0.27 0.06 0.03 -
t 0.8 0.36 3.09 50.71 0.26 0.16 0.05 -
s 0.48 0.22 3.27 494 0.27 0.13 0.03 -
r 0.35 0.19 2.97 5098 0.26 0.07 0.02 -
TU-6 q 3.07 1.13 1.93 4134 0.27 0.72 0.19 -
p 1.41 0.51 1.58 48 0.15 0.28 0.08 -
o 1.05 0.41 2.16 5031 0.5 0.22 0.05 -
n 0.32 0.14 3.5 50.28 0.25 0.11 0.02 -
m 0.85 0.33 2,55 50.81 0.24 0.18 0.05 -
| 2.25 0.84 195 4435 0.63 0.48 0.13 -
k 2.9 1.09 1.81 421 04 0.62 017 -
i 1.84 0.68 1.89 45.66 0.58 0.37 0.11 -
TU-5 i 0.82 0.32 237 4983 051 0.2 004 -
h 0.6 0.25 3.08 48.41 0.74 0.11 0.03 -
g 0.63 0.25 3.19 48.2 05 0.16 0.04 -
f 0.87 0.36 3.04 468 03 0.2 005 -
e 1.09 0.41 2.05 46.24 0.36 0.19 0.06 -
d 0.58 0.23 1.89 53.26 0.25 0.14 0.03 -
c 0.55 0.23 2.24 50.71 0.26 0.12 0.03 -
TU-4 b 0.27 0.13 235 5436 0.25 0.07 0.01 -
0.26 0.13 2.34 53.34 0.25 0.04 0.01 -
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