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Ph.D. thesis structure

This Ph.D. thesis is presented in the format of a “classic volume style” structured in five

chapters as follow:

- Chapter I provides a general introduction to the Earth climate system, including
the foundations of the paleoclimate sciences. It also introduces the climatic
archives used, the speleothems and marine cores, describing their potential for the
application of different climate proxies. A brief review of the knowledge of
interglacial paleoclimatic reconstructions is also provided with a next description
of the main current and past features of the marine and climate conditions of the
studied area. This section ends with the presentation of the objectives of this Ph.D.
thesis.

- Chapter II presents the methodology. This includes a description of the used
material, information about field and laboratory work, and the applied analytical
techniques. This section ends with the descriptions for the proxy calculations and
the bases for their interpretation.

- Chapter IIl presents the obtained results. This chapter is subdivided in two
sections according to the nature of the studied archives. First, it presents the
speleothem age models and their geochemical results. This first part also includes
an evaluation of the suitability of the produced proxy records as a reliable climate
signal and indicates those speleothems that will be further considered in the
discussion. The second section concentrates on the marine sediment cores results,
starting with their chronologies, then the foraminifera geochemical results and
finally the sedimentological results. This second section ends with a comparison
among the studied marine cores highlighting their regional differences.

- Chapter IV includes the discussion of the results. This chapter starts with a
discussion about the hydroclimate interpretation of the geochemical proxies
applied in the speleothems. Next, the discussion is focussed on the speleothem
records covering four interglacial periods. The next section is dedicated to a
detailed discussion of the last interglacial, the last glacial inception and the early
glacial period, the MIS 5, where both speleothem and marine records are
integrated. Finally the discussion is centred in some of the glacial termination
periods.

- The Chapter V presents the major conclusions.






Abstract

This study combines cave speleothems and marine sediments to gain an insight into
the climate variability of the Iberian Peninsula (IP) and its surrounding seas associated
with previous warm interglacial periods. In particular, it centres in the time period from
530 to 65 kyr BP, thus covering the interglacials comprised within the Marine Isotopic
Stages (MIS) 13, 11, 9, 7, and 5, and their associated transitions such as glacial
terminations and also the onset of the last glaciation. The speleothems are used as
archives for changes in atmospheric moisture availability by means of stable isotopes and
Mg/Ca analysis. The studied speleothems correspond mostly from the Balearic Islands
(Minorca and Mallorca) but also from the Pyrenees. Marine conditions for the penultimate
termination (T-II) and the MIS 5 have been reconstructed in the base to three sediment
cores from three different marine locations around the IP: the Cantabrian Sea, the Alboran
Sea, and the Balearic Sea. Surface conditions were explored by means of pair analyses of
6180 and Mg/Ca ratios measured in carbonate shells of the planktonic
foraminifera Globigerina bulloides. These measurements let to the reconstruction of Sea
Surface Temperatures (SST) and sea water 8180, values as a proxy of major changes in
the regional precipitation/evaporation balance or, during some brief intervals, as an
indicator of the arrival of melting waters. In addition, changes in the intensity of western
Mediterranean deep convection are explored through additional measurements of grain
size distribution and XRF-geochemical ratios performed in the Balearic core (MD99-

2343).

The studied speleothem collection provides a nearly continuous 450 Kkyr record,
unique for the Mediterranean region, that allows, for the very first time, to reconstruct the
hydroclimate of several interglacial periods (MIS 13, 11, 9, 7, and 5). Interglacial periods
are characterized by light §13C and low Mg/Ca ratios pointing to enhanced precipitation
and climate amelioration that allowed the expansion of the vegetation cover. On the
contrary, heavier/higher §13C and Mg/Ca ratios during glacial stages highlight their dry
conditions with reduced vegetation activity. The §180pelco records reveal also the overall
dominance of lighter values during interglacial periods in contrast to the glacial periods
but with a strong 23-kyr (precessional) imprint in the signal. The extraordinary
resemblance between the cave and marine §180 records support a strong influence of
Mediterranean source rains over the studied caves whose §180 signal was dominated by

the precession control on the evaporation/precipitation ratio on the Mediterranean basin.
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The MIS 11 appears in the studied speleothem 613C and Mg/Ca records as a long and
stable interglacial with rather constant water availability over the Balearic Islands. The
MIS 9 and partially MIS 7 are represented by the speleothem RAT (Minorca) with an
exceptionally accurate absolute chronology due to the low errors of its U/Th dates. The
Mg/Ca record of this speleothem allows identifying the sub-stage structure of both MIS 9
and 7 with wetter conditions associated with the warm periods. This record presents
extraordinary resemblance to previously published pollen sequences from the
Mediterranean region and they agree in suggesting comparable wet conditions for both

MIS 9e and 9a sub-stages. The MIS 7e clearly shows an increment in the water availability.

Glacial terminations (T-1II, IV, and V) appear as periods of low rates in speleothem
growth while T-II is only represented by growth interruptions. The marine 6180, for the
T-II supports the occurrence of a major freshening event with comparable light values in
the Cantabrian and Mediterranean Sea in correspondence to the Heinrich Event (HE) 11.
This major and rapid melt event should have caused major distortions in the hydrological
conditions of the Balearic Islands, stopping speleothem growths. Previous terminations
are represented by an early light 8180spcc0 anomaly, likely reflecting that this early

deglacial major melting over the Atlantic Ocean was a rule for deglacial initiations.

The MIS 5 is studied in detail through the integrated study of marine and
speleothem records. During the Last Interglacial (LIG), the sea surface temperature
evolution was heterogeneous around the IP with gradients among the three studied seas
larger than those from today. The LIG ended earlier in the Cantabrian Sea than in the
western Mediterranean Sea, which was coincident with an accelerated aridification phase
that marked the glacial inception in a Minorca speleothem at 116.5 kyr BP and preceding
the Greenland Stadial 25 (GS). This was the first of a series of stadials that punctuated the
early glaciation and where the sea thermal gradient almost disappeared around the IP.
These intense coolings during stadials led the development of drier but intense westerlies
over southern European latitudes that favoured deep convection in the western
Mediterranean Sea. In contrast to this regional homogeneity among the studied records
during stadial periods, the interstadials periods were rather heterogeneous pointing to

much complex ocean-atmosphere interconnections during these warm intervals.
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1.1 Paleoclimatology

Paleoclimatology is the science that studies past climate evolution of the Earth. It
allows identifying the range of natural climate variability when anthropogenic
interference did not exist (PAGES, 2016; Tzedakis et al., 2009). Under the ongoing climate
change situation where we are experimenting a worldwide climate warming and several
associated environmental changes, the study of past warm interglacial periods brings the
opportunity to improve our understanding of the climate system operation in a warmer

Earth (IPCC, 2013).

Climate is defined as the statistical average of the predominant meteorological
variables in a given region and over a given period (usually 30 years). It describes the
average conditions and the range of variability of different weather variables such as
temperature, precipitation and wind patterns (IPCC-2013). In a broad sense, the climate is
a specific state of the climatic system. This extraordinary system is composed by the
hydrosphere, the atmosphere, the cryosphere, the lithosphere and the biosphere, which
are interconnected and where complex interactions among them are constantly taking

place (Ruddiman, 2001).

The first theories on past climate changes dated from the 19T century. Louis Agassiz
was one of the first scientists using the term “glaciation” to describe a past period of colder
conditions and enhanced extension of ice sheets. During the 20T century, the perspective
that climate changed cyclically during the past time was progressively accepted by the
scientific community (Ruddiman, 2005). The paleoclimatology investigates this past
climate variability (at Earth time-scale), addressing the triggering factors and analysing
the climate system response to these forcings. Different natural processes can be the
driving force for climatic variability. While external forcings are mainly related to Earth
orbital changes and solar activity, the internal forcings concerns to a large number of
inherent processes within the Earth Climate System (Cronin, 1999) (Table 1). When one
of these forcing factors produce a change in the climate system, even a small one, can
trigger disequilibrium within the internal components of the climate system, they will act
as climate feedbacks that ultimately will intensify (positive feedback) or weaken (negative
feedback) the effect of the original forcing. Feedbacks can act as great amplifiers of climate
changes but their operation adds big complexity within the climate system (Alley et al,
2003). For example, one feedback that has acted in the past time as a great amplifier is the
albedo. When large ice sheets start to grow the incoming solar radiation is increasingly

reflected by this white surface and further reinforcing the original cooling (Fig. 1).



External Earth forcings Climate system internal forcings and feedbacks

Sunspot variation and irradiance changes Albedo
s Solar diameter Ice sheets and seaice  Meltwater
Solar radiation i o . .
Solar ultraviolet wavelength variability Atmospheric circulation
Magnetic variation Ocean-atmosphere ~ Thermohaline circulation
Eccentricity feedbacks Internal dynamics (El Nifio-Southern Oscillation)

Earth’s orbital changes Obliquity (tilt) Dimethylsulfide (DMS—cloud condensation nuclei)

Biosphere-atmosphere

Precession Carbon dioxide (biological pump)
— gas exhanges
Asteroid impacts Methane (wetlands)
Internal Earth forcings Antropogenic forcings and feedbacks
piate tectonics Mountain building Carbon dioxide (CO,)
Ocean-volume changes Methane (CHy)
. Aerosols Anthropogenic emissions Nitrous oxide (N,0)
Volcanism
Gases Carbon monoxide (CO)

Sulfate aerosols

Table.1. Left) External and internal Earth forcings list, Right) Climate system processes and anthropogenic origin
emissions which act as forcings and/or feedbacks. (source: Adapted from Cronin, 1999)
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greenhouse radiation Increased
trapping absorbed transpiration
of radiation at surface of water vapor

Figure 1: Example of three climate feedbacks, a) greenhouse-warming, b) ice-volume-cooling and c) vegetation-
precipitation (Source: Ruddiman, 2001)

The paleoclimatology is based in the study of climatic archives that can be of
different nature: ice-cores, marine and lake sediment cores, speleothems, death corals and
tree rings among others. These archives contain different physical, chemical or biological
properties that indirectly stored climatic conditions from the time when the archive was
formed. The measured properties that can be related to climatic conditions are called
proxies (Bradley, 1999). Several of the applied proxies in paleoclimatology are
geochemical parameters; such as elemental composition of the bulk sediment (Mg/Ca,
Sr/Ca, Zr/Al), stable isotopes and trace elements in biogenic carbonates (580, 5!3C,
Mn/Ca) and radiogenic isotopes in carbonates (U/Th, 14C). But several other proxies from
different nature also exist: faunal assemblages, pollen distribution, foraminifera counting

or sediment grain size distribution among others.



One of the most critical tasks of the paleoclimatologists consists on elucidating the
climatic processes controlling the proxy variability and its evolution along time. Three
elements set the basis in this research: 1) the climate system itself and the dynamic
interrelationships among its components and processes, 2) chronologies, which provide a
timeframe to the studied climate variability, and 3) the climate proxies that are the tools
that allow reconstructing climate-related parameters. Thus, in the process to achieve
reliable climate interpretations several disciplines need to be combined, mostly
atmospheric physics, oceanography, geology, biology and chemistry. Consequently the
paleoclimatology is indeed an interdisciplinary science where multi-archive and multi-
proxies approaches are required for unravel the Earth climate history at different time

scales.
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1.2 Speleothems as climatic records

Speleothems have become a very valuable paleoclimatic archive from the
continental realm since they have the potential to record key elements from the climatic
system with exceptional accurate chronologies. Besides many different kinds of
speleothems can be distinguished, flowstones and stalagmites are the most common used
for paleoclimate reconstructions. This study is focused on the analysis of stalagmites
which usually provide records at higher resolution than flowstones. Stalagmites are
mineral deposits of calcite and/or aragonite (CaCO3) that grew over time from dripping
water within caves in karstic systems (Gunn, 2004) (Fig 1.1). When rain waters enter
through the soil into the karstic system, as a result of organic matter respiration and
decomposition, it increases its carbon dioxide partial pressure (pCO.) becoming more
acid. When this groundwater, with high pCO;, percolates through pores, fissures or
conduits of the karst bed-rock, it dissolves carbonate, generally limestones (CaCO3) or
dolomites (CaMg(COs3).). Hence the calcium concentration and other elements increase in
the water solution. While the ground water enters deeper in the karst, it may found air
with lowest pCO; that led to water CO; degassing, a process that may increase when the
ground water reaches the cave chamber. During this CO, lost, the solution becomes
oversaturated in calcium inducing carbonate precipitation (McDermott, 2004; Fairchild
and Baker, 2012). Therefore, degassing process led by different pCO, between the
dripping water and the cave is one of the controlling factors on the fluid calcium
concentration and thus the carbonate precipitation (Fig 1.1). Usual ranges of pCO; are 0.1-
3.5% in the soil and 0.06-0.6% in caves (Fairchild and Baker, 2012). Hence the speleothem
growth is controlled by the water availability but also by the cave-aire contidions
(temperature and pCO2) (Kowalczk and Froelich, 2010). Speleothems can reach growth
rates of the order of millimetre per year in humid and warm areas whereas in cool
temperate regions the growth rates are usually less than 100pm per year (McDermott,

2004).

Speleothems can be studied in base to a broad number of proxies: stable and
radiogenic isotopes, clumped isotopes, fluid inclusion, trace elements, thickness of
laminae, growth-rate, pollen, organic acid contents and petrology. They provide
information about environmental variables such as rainfall variability, atmospheric
circulation changes, annual mean temperature, vegetation response and cave ventilation
changes in a variety of timescales (Fairchild et al., 2006; McDermott, 2004). However,
several competing factors, at local, regional and global scale, can directly or indirectly

influence the same proxy signal thereby challenging its interpretation.
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Figure 1.1. A) Speleothem formation scheme and processes involved. B) Chemical pathway leading to CaCOs precipitation.
Point A indicates high »CO: in the soil owing to respiration and decomposition of organic matter. When percolating water
with high pCO2 reaches carbonates they will be dissolved, increasing the calcium solution (point B and C where it has been
no renewal and restock of CO2 respectively.). When water encounters an air space with lower »CO, it degasses the COz and
precipitate CaCO3 within the oversaturated zone (point D). (source: Fairchild and Baker 2012)

Speleothems have been applied on paleoclimate studies since late 60’s (Hendy and

Wilson, 1968; Thompson et al.,, 1974). However, improvements in analytical techniques,

especially related to the U-Th dating, have determined a major development in the

application of speleothems science during the recent years (Edwards et al., 1987; Hoffman

et al, 2007). The pioneer analytical technique applied to speleothem studies was the

measurement of oxygen isotopes as paleothermometer, with a subsequent shift of its

interpretations towards hydroclimate processes and applying additional proxies (Baker et

al., 1993; Bar-Matthews et al, 1997; Ludwing et al, 1992; McDermott et al, 1999)
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including carbon isotopes (Bar-Matthews et al., 1997 and 1999; Dorale et al., 1992; Genty
et al,, 2006). More recently, the use of trace elements has rapidly widespread (Fairchild
and Treble, 2009; Borsato et al., 2007; Treble et al., 2003). Oxygen and carbon isotopes
together with Mg/Ca ratios are the main proxies used in this thesis and their theoretical

bases are presented in detail in section 2.5.

One of the great strength of the speleothem records lies in their suitability to obtain
independent absolute chronologies (Cheng et al, 2009; Fairchild and Baker, 2012). The
assignation of absolute ages in speleothems is performed by radiometric methods due to
the decay of radioactive species (e.g.: 14C, 234U). The most broadly used is the uranium-
thorium disequilibrium method (see section 2.5.1). In addition, speleothems also give the
opportunity to obtain high-resolution records; allowing even the detection of short-lived
and low-amplitude climatic events when speleothems with rapid growth rates are chosen

(McDermott et al., 2001).

The proxy interpretation in speleothems can significantly benefit from the
development of detailed cave-monitoring exercises of present-day conditions that bring
the opportunity to validate and calibrate the paleo-data with current conditions. However,
when cave-monitoring efforts are not possible, multiproxy approaches applied over
several speleothem records from the same cave or region, and overlapping on time, can
provide the opportunity to obtain replicated signals establishing confidence in their

interpretations as robust climatic records.
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1.3 Paleoclimate reconstructions on sediment cores

Marine sediment cores provide the bases to reconstruct past ocean conditions
ultimately reflecting climate conditions. These records have become a key in paleoclimatic
studies for their value providing long and continuous climatic records with a rich variety
of proxies. These proxies are based in the analysis of both lithogenic and biogenic
components from the sediments. On one hand, the lithogenic particles can provide
information of sediment transport processes (e.g. wind, riverine inputs or oceanic
currents) that often offer a diagnosis of atmospheric conditions. On the other hand,
biogenic particles are mostly carbonate or silicic shells from both planktonic and benthic
organisms that are preserved in deep sediments (e.g. corals, foraminifera, coccolitophores
or diatoms). Assemblage distribution and also chemical signal of these biogenic remains

provide information about chemical or physical properties of the sea water.

Usually the first analytical technics to be applied in a sediment core are those non-
destructive with multisensor core-loggers or with X-ray fluorescence core-scanners that
provide physical and chemical properties of the sediments. One of the great advantages of
these non-destructive techniques is their capacity to provide simultaneously information
of several parameters at high resolution with a relatively low time and cost. Sediment
cores are then studied with other destructive analytical techniques that include micro-
fossil characterization, geochemistry, biomarkers, grain size, carbonate opal or even
plastics content among several others. From both non-destructive and destructive
analyses it is possible to obtain an important variety of proxies (e.g. U37%, 5180, Mg/Ca or
pollen characterization). In some cases the proxy can be calibrated and quantitatively
transformed into an environmental variable by means of a transfer function. An example
is the case of Mg/Ca ratios measured in planktonic foraminifera to reconstruct sea surface
temperature which is used in this study (Elderfield and Ganssen, 2000; Cisneros et al,
2016). The applied proxies in this thesis include the analysis of both lithogenic and
biogenic particles although the major effort has concentrated in geochemical analysis,
stable isotopes and Mg/Ca ratios, of foraminifer shells. Specific information of the

theoretical basis of each proxy utilized in this study is detailed in section 2.5.

Foraminifera are unicellular organisms which species are adapted to different
habitats, including planktonic (free floating in the water column) and benthic (on and
within the sediments) ecosystems. Geochemical analyses in foraminifera are usually
concentrated in one specific species that represents the environment targeted by the

study (Rosenthal et al, 1997; Lea et al., 1999, 2000; Elderfield and Ganssen, 2000; Barker
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et al, 2003). These technics have been largely applied in paleoceanographic studies
demonstrating their suitability to reconstruct chemical and thermal conditions during past
climate fluctuations (e.g. Cacho et al, 1999 and 2000; Elderfield and Ganssen, 2000;
Elderfield et al., 2006; Lea et al.,, 1999, 2000; Martrat et al, 2004; Niirnberg et al., 1996;
Sierro et al., 2005) In particular, in this thesis the effort has concentrated in the analysis of
planktonic foraminifera Globigerina bulloides for two independent proxies, 680 and
Mg/Ca ratio. This foraminifer is a planktonic spinose spice which lives in a wide range of
water temperatures, from tropical to sub-Antarctic waters (Hembleben et al,, 1989; Sen
Gupta, 1999). It is abundant in eutrophic conditions and it is strongly associated with

phytoplankton blooms in the ocean (Mortyn and Charles, 2003).

The first large scientific effort to produce a global record for the Quaternary climate
cycles provided the so called SPECMAP stacked curve, which was based in the integration
of several worldwide records of 580 measured on planktonic foraminifera (Imbrie et al,
1984; Martinson et al., 1987). More recently, a stack record covering the last 5 million
years has been produced in base to several worldwide distributed 8180 records in benthic
foraminifera (Lisiecki and Raymo, 2005). These two stack records have become
fundamental tools for the study of glacial/interglacial cycles and their chronologies are in
part determined by the orbital cycles. They also provide the bases to produce age models
in marine sediment cores by means of the isotopic chronostratigraphy. The principle to
allow their use as global chronological markers is their global signal driven by changes in
the ice-sheet build-up, which is the main control factor in the benthic 880 signal. However
this assumption could be challenged due to regional temperature or hydrographic changes
that can overprint the isotopic signal particularly in planktonic 8180 records. Thus the
marine records are mostly dated by relative chronologies that ultimately have been
constructed by astronomical tuning. This complicates any interpretation in terms of
orbital forcing in base to the marine record and this has been one of the reasons why

absolute dated speleothem records have become highly valuable in paleoclimate studies.
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1.4 Climatic cycles: The 100kyr world

Earth climate has oscillated at different time-scales from million years to
multidecadal scales (Fig. 1.2a). The available paleoclimate records covering the last ~50
Ma BP have shown that since the Early Eocene Climatic Optimum, when continental ice-
sheets were absent on Earth, climate has been progressively cooled in part due to
important reductions of atmospheric pCO, (Zachos et al, 2008). During this general
cooling trend the south hemisphere ice-sheets were the first ones in develop at ~40 Ma
ago, while the north hemisphere ice-sheets started also to build up far later, at ~2.6 Ma
ago (Fig. 1.2b). Since the glaciation of the NH a sequence of glacial/interglacial cycles have
succeed (Emiliani, 1955; Lisiecki and Raymo, 2005; Shackleton et al., 1984; Shackleton,
1967), initially every ~41 kyr, but a shift to longer cycles of ~100 kyr occurred during the
so-called Mid-Pleistocene Transition, between 1-0.8Ma (Fig. 1.2c). The ultimate reason for
this major climate re-organization is still a matter of intensive research, several hypothesis
exist but remain an open question why the Earth Climate entered in the ~100 kyr cycles,

which have dominated for the last 800 kyr (PAGES, 2016).
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Figure 1.2. A) Different time scales of the climatic variability (source: adapted from Ruddiman 2001). B) A stacked deep-
sea benthic foraminiferal oxygen-isotope curve that clearly shows an increment in the &80 values highlighting a general
cooling trend over the last 65 millions of years. The onset of the glaciations on the Antarctica and the Northern Hemisphere
are emphasised (modified from Zachos et al., 2008). C) The LR04 stack of benthic 6180 records from 57 globally distributed
sites where the glacial/interglacial marine isotopic stages can be observed (Lisiecki and Raymo 2005)

The trigger of this glacial/interglacial climate variability was proposed to respond to
astronomical forcing led by changes in the insolation distribution associated to the earth
orbit changes (Shacleton, 1967, Imbrie and Imbrie, 1979). The combination of three

astronomical parameters (precession, obliquity and eccentricity), which oscillate at
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different period, control the incoming solar radiation on the Earth (Fig. 1.3) (Berger, 1988;
Imbrie et al, 1992). Indeed, according to the Milankovitch theory (Milankovitch, 1941) it
was proposed that the summer insolation at high northern latitudes would drive the
growth and reduction of the ice-sheets and hence inducing glacial/interglacial cycles. But
pioneer paleoceanographic studies based on marine records identified that the Earth
Climate had a nonlinear response to orbital forcing, recognizing the operation of climate
feedbacks inherent to the earth climate system to account for the actual intensity and
patterns of the glacial/interglacial cycles (Hays, Imbrie, & Shackleton, 1976). In this
regard, CO, was proposed as a key positive feedback that causes non-linear growth of
large ice sheets (Ruddimman, 2006). Non-orbitally forced climate fluctuations have also
been observed during rapid cooling events associated to ice rafting events in the North
Atlantic Sea, the so-called Heinrich events (Bond et al., 1992, 1993). Therefore this non-
linear response of the Earth Climate System is ascribed to several internal forcing or
feedbacks (e.g. CO2, ocean circulation, and albedo) (PAGES, 2016). Understanding their
role in the modulation of glacial/interglacial cycles and also shorten climate oscillations
involves comprehensive studies of high-resolution multi-proxy and multi-archive

paleoclimate studies at millennial time scale.
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Figure 1.3. Orbital parameters scheme at the left panels with their respectively periodicities over the last 800 kyr in the
right (source: modified from Ruddiman 2001)
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1.4.1 Interglacial periods

Interglacial periods can be defined as short warm intervals with low ice volume
which have commonly been described as less climatically unstable than the glacial
periods. However an exact definition remains under discussion and several definitions

have been described depending on the parameter used (PAGES, 2016).

In the marine realm, glacial/interglacial cycles were defined as Marine Isotopes
Stages (MIS) in the base to the foraminifera 180 records which were initially interpreted
to reflect changes in global temperature (Emiliani, 1955), although later was recognized
the global effect of continental ice volume in the ocean 680 composition (Shackleton,
1967). In this regard, light 6180 intervals correspond to interglacial periods and they were
classified with odd-numbered stages which were further divided into substages (Emiliani,

1955) (Fig. 1.4).
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Figure 1.4. The 680 benthic foraminifera of the LR04 stack (Lisiecki and Raymo 2005) with the interglacial marine isotope
acmes highlighted in orange (source: modified from PAGES, 2016)

Paleoclimatological studies based on pollen sequences from terrestrial archives
from mid-latitudes regions defined the interglacial periods by the development of
temperate deciduous forest on land (West 1984; Gibbard and West, 2000). Depending on
the region and the period, these interglacials were named by a specific nomenclature. For
instance, the Last Interglacial (LIG) in the continental Western Europe is defined as the
Eemian (Otvos, 2015). A detailed comparison of pollen and foraminiferal isotopic
composition revealed that interglacial periods on land were equivalent to MIS’s substages

rather than whole MIS’s (Shackleton, 1969). Furthermore, further marine-terrestrial
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comparisons also allowed recognizing time and geographical asynchronies of the climatic
response between the terrestrial and marine realms (Sanchez-Gofii et al, 1999;
Shackleton, 1969 and 2002; Tzedakis et al., 2004). This asynchrony in the boundaries of
interglacial periods between marine and terrestrial records or even different proxies
within the same archives has challenged the interglacial definition. Recently the concept of
the interglacial “acme” term has been introduced. It is defined as the interval containing a
plateau or peak values in a given record (Govin et al., 2015). Different attempts have been
accomplished in order to achieve an unambiguous definition for interglacial or the “acme”

period based on a single climate proxy.

Tzedakis et al, 2009 described the interglacial as the most prominent temperate
interval (low 6180) within odd-numbered marine isotopic stages of the LR04 benthic §180
stack of Lisiecki and Raymo, 2005. Consequently, this definition comprises the MIS 5e, 7e,
9e, 11c, 13a, 15a, 15¢, 17 and 19 as interglacial periods besides the MIS 1. When the
traditional expectation of the 100 kyr periodicity is assumed, the 7e and MIS 15a could be
also justified with the exception of the MIS 3 (PAGES, 2016; Yin and Berger, 2010 and
2012) (Fig 1.4).

On the other hand, the Past Interglacial working group of PAGES defined the
interglacial as the interval where sea level resembled the present level (0 20m) in
contrast to periods of significantly enhanced ice volume and lower sea level. And therefore
there is not substantial NH ice extent outside Greenland during interglacials. This
definition was applied on different sea level reconstructions (Elderfield et al, 2012;
Rohling et al., 2009 and 2014; Shakun et al., 2015) and the MIS 1, 5e, 7a-c, 7¢, 9e, 11c, 13a,
15e, 17¢, and 19c were defined as interglacial periods (Fig 1.4).

However, each interglacial period is singular and presents several differences
among the others in terms of strength/intensity, duration and internal climate variability
(Table 1.1) (Tzedakis et al, 2009). The strength of each of these interglacial periods
apparently is not related to the force of its associated insolation maximum (phases of
minimum precession and maximum obliquity) (Yin and Berger 2010). Since the
interglacial strength is not tied to the astronomical forcing, it has been proposed that the
atmospheric CO; concentration could have a relevant influence (Ruddiman, 2006).
Traditionally the duration of the past interglacial periods was defined as a half-precession
cycle (~10 kyr) on average, but the increasing availability of paleoclimatic records of
improved resolution and chronologies have proved the existence of exceptions to this

erroneous “duration rule”, as is the case of the MIS 11 and 19 which extended
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approximately half-obliquity cycle (~20 kyr). But, in any case, any interstadial end is
always determined by a millennial-scale event (Tzedakis et al, 2004). Therefore, the
intensity, duration, the precise timing, and even internal variability that characterize an
interglacial period is besides the astronomical forcing and result from the interaction of
several internal forcings and feedbacks (such as CO;, ice-volume or the thermal bipolar
seesaw) which are the ultimately cause of the existing interglacial diversity (Tzedakis et

al,, 2009).

Interglacial diversity

Interglacials Intensity* Duration Instability CO,overshoot

MIS1 Warm ? Yes No
MIS 5e Warm S Yes Yes
MIS 7e Warm? S NE Yes
MIS %e Warm S NE Yes
MIS T1c Warm L NE No
MIS13a Cool S NE No
MIS15a Cool S NE No
MIS15¢ Cool S NE No
Table 1.1. Key features of the past interglacial MIS17 Cool S NE No
periods (source: Tzedakis et al, 2009) MIS19 Cool L NE ?

The diversity of past interglacial periods provide us different climatic scenarios with
different combinations of boundary conditions. The MIS 5e, 9¢e, and MIS 11c are important
focuses of ongoing research due to they were commonly considered strong interglacials
based on SST records (Table 1.1). The MIS 11c was a long interglacial period that has been
considered as the closest analog to MIS 1 in relation to its astronomical configuration
(Tzedakis et al., 2009). Several studies highlight that the current interglacial period will
remain warm for many millennia and it is going to be exceptionally long not only due to
industrial accelerated greenhouses emissions if not also human activity influences since
the early Holocene (Ganopolski et al, 2016, IPCC, 2013; Ruddiman, 2005). Hence research
on MIS 11 records may provide interesting information about long interglacials climate
variability as expected for the current one. Nevertheless, the MIS 9e was the interglacial
with the highest CO; concentration peak (~300ppmv) over a relatively short period of a
few centuries. Hence it becomes the perfect candidate to elucidate how the climatic system
could respond in the future due to extremely increased anthropogenic greenhouse
emissions. Particularly, the MIS 5e, the Last Interglacial period (LIG), is one of the best
targets due to the good preservation of the geological records that allows to obtain high
resolution records of temperatures, ice-sheet extent and sea level proxies among others
(Bardaji et al., 2009; Dutton and Lambeck, 2012; Martrat et al., 2014). Detailed studies of

high-resolution records allow identifying global but also regional climatic feedbacks that
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in addition to the thermal inertia of the oceans also contribute to elucidate geographical
and temporal differences in the response and the magnitude of the climatic variability at

millennial/centennial time scale (Bakker et al., 2014).
1.4.2 Interglacial transitions

Deglaciations led to the onset of interglacial periods and are always characterized by
sea level rise due to ice-sheet melting (PAGES 2016). Deglaciations, also called glacial
terminations, are fast and intense transitions that contrast with the slower and more
progressive character of the glaciations. The increasing NH summer insolation is
considered to be the main driver of the deglaciations (Past Interglacials Working Group of
PAGES, 2016, Cheng et al.,, 2009; Drysdale et al., 2009; Tzedakis et al., 2012). However, due
to the slow response of the ice sheets, the peak of the sea level highstand, represented by
minimum &80 values that define the interglacial acme or plateau, occurred systematically
few thousand years after the maximum in NH summer insolation (precession minimum)
(PAGES, 2016; Yin and Berger 2010). Hence glacial terminations are determined by the
interaction between the insolation rise and the actual state of ice build-up extent during
the preceding glacial period (Tzedakis et al, 2009, 2012). Interestingly, an essential
feedback for glacial terminations appears to be the intense North Atlantic freshening by
iceberg melting due to increasing NH summer insolation. This freshwater discharge
disturbed the Atlantic Meridional Overturning Circulation (AMOC) and changed the
interhemispheric heat transport. In consequence, a rapid cooling occurred in the North
Atlantic region while the Antarctica gradually warmed up. This asymmetry in the
hemispheric heath transport is known as the bipolar-seesaw. These changes trigger other
secondary feedbacks such as the albedo due to the reduction in the ice sheets extension
and also an increase in atmospheric CO; in part due to southern ocean circulation changes
related to the bipolar-seesaw dynamics. In consequence, the current scientific evidences
point to this bipolar see-saw process as a fundamental requirement to enter in a

deglaciation transition (Barker et al.,, 2011; Cheng et al., 2009; Tzedakis et al., 2012)

On the contrary, glacial inceptions symbolize the end of the full Interglacial
conditions and the onset of a rather long transition toward full glacial conditions that
involved continental ice growth and atmospheric CO; reductions (Ganopolski et al.,, 2016).
They were driven by decreases in NH summer insolation in polar and subpolar regions
and always occurred when obliquity was decreasing. However, the ice growth and the CO;
concentration changes were non-linear to this external forcing. Several studies point to the

high sensitivity of the glacial inceptions to the atmospheric CO; concentration (Berger and
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Loutre, 2002; Ganopolski et al, 2016). It has even been reported that the next glacial
inception could be delayed due to currently anomalously high CO, concentrations (Fig
1.5). High resolution paleoclimatic records also reveal that the glacial inception result
from a complex interaction between orbital and millennial-scale changes that led the
planet to enter into a new glacial state although this interplay is not yet fully understood
(Drysdale et al, 2007; Tzedakis et al, 2009). For example, the earth entered into the last
ice age after MIS 5e (the Last Interglacial) and, although other comparable large maxima in
NH summer insolation occurred (MIS 5a and c) the earth was able to build up sufficient
ice-sheet to go back to full glacial conditions (PAGES, 2016). The currently used Marine
Isotopic Stages were initially defined by Emiliani (1955) and he established the even/odd
number to refer to warm/cold periods. The improvement in the paleoclimatic resolutions
and in the number of proxy reconstructions has allowed to better characterize these
climatic periods, this has shown that the full glacial conditions were not developed only
during the entire even isotopic stages initially defined (Fig 1.4). In consequence, the Last
Interglacial refers only to the MIS 5e and not to the entire MIS 5, where the MIS 5a-d is

considered the early glacial.
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Figure 1.5. A) Modelled critical functional relationship between boreal summer insolation and global CO: concentration.
The best fit-logarithmic relation (black line) shows the CO: threshold for glacial inceptions. The blue dots correspond to the
coldest model and red dots to the warmest model. B) Location of previous glacial inceptions respect to the modelled
insolation-CO2 threshold. Glacial inception only is possible when the point is below the modelled curve. (source: Ganopolski
etal, 2016). This study suggests that the current COz levels would probably postpone the next glacial inception.

Overall, the interglacial ends are fascinating examples of non-linear behaviour of the
Earth system. Despite that, glacial inceptions and early glacial periods have often received
less attention than glacial periods, glacial terminations and interglacial periods, although
they are often associated with large-scale but also rapid climatic changes (Dorale et al.,
2010; Drysdale et al., 2007).
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1.5 The Iberian Peninsula and its surrounding seas

1.5.1 Current oceanographic conditions

The Ocean is an essential component of the Earth climate system. It absorbs most of
the solar radiation and distributes the heat around the world. Ocean and atmosphere
interactions are key elements controlling climate evolution in past, present and future
times (Bigg et al., 2003). The North Atlantic Ocean is a key factor in the Earth climate
system. The importance of the surface North Atlantic Current (NAC) remains on its
northward heat and salt transport into the Nordic Sea, where deep-water formation
occurs (Fig. 1.6). (McCartney and Mauritzen, 2001). Expansions and contractions of the
subtropical and the subpolar gyres control the NAC heat and salinity supply to high
latitudes, finally influencing the AMOC dynamics and the global oceanic circulation and
climate (Mary et al, 2017; Pérez-Brunius et al., 2004). In addition, North Atlantic surface
water enters into the Mediterranean Sea while Mediterranean deep waters supply salinity
to the Atlantic intermediates waters, overall establishing ocean and climatic links. The
Iberian Peninsula and the Balearic Islands in the western Mediterranean Sea are in a
strategic geographical area to evaluate teleconnections between the North Atlantic and the
Mediterranean regions. In this sense, the climatic conditions over the IP are very much
linked to the conditions in its surrounding seas. This thesis explores the past variability of
two remote marine regions, the Cantabrian and the Mediterranean Sea to evaluate their

connections to the atmospheric changes recorded in the speleothem records.
The Cantabrian Sea

The Cantabrian Sea is located north of the IP at the southern part of the Bay of
Biscay, which opens westward to the North Atlantic Ocean (Fig. 1.6). The surface water
mass in the Cantabrian Sea is characterized by the Eastern North Atlantic Central Water
(ENACW), which is the result of winter mixing of surface waters from the northeast Azores
to the European margin, mainly driven to this location by the North Atlantic Current (NAC)
via the subtropical gyre (STG) (Pollard et al, 1996). The Iberian Poleward Current (IPC) is
an additional current that flows seasonally every winter eastward along the IP shelf into
the Cantabrian Sea (Pingree and Le Cann, 1990). Freshwater runoff from Spanish and
French rivers can produce variations in the IPC salinity, and therefore in its density

(Ferrer et al.,, 2009).
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Figure 1.6. A) Schematic North Atlantic water circulation. NAC: North Atlantic Current, SPG: Subpolar gyre, STG: Subtropical
gyre. B) European map showing the location of several sites discussed in the text: 1) MD01-2444 core (Tzedakis et al,, 2018),
2) ODP Site 976 (Jiménez-Amat and Zahn, 2015), 3) ODP site 975 (Marino et al, 2015) 4) Campanet cave (Dumitru et al.,
2018) and Cala Falc6 cave (Hodge et al., 2008b), 5) Ejulve cave (Pérez-Mejias et al, 2017), 6) Gitana cave (Hodge et al.,, 2008a),
7) Cantabrian caves (Stoll et al., 2015), 8) Villars cave (Genty et al, 2003), 9) Han-sur-Lesse cave (Vansteenberge et al., 2016),
10) Alps caves (Moseley et al., 2015), 11) Spannagel cave (Spotel et al, 2008), 12) Corchia cave (Drysdale et al, 2007;
Tzedakis et al, 2018), 13) Tenaghi Philippon arboreal pollen record (Tzedakis et al, 2006) and 14) Soreq cave (Bar-
Matthews et al, 2000, 2003). C) Map showing the location of four caves (Pot-au-feu cave (JUD), Murada, Es Quarté, and
Vallgornera caves) from which several speleothems have been selected for further discussion. This study marine sediment
cores location are also indicated. Main circulation patterns: North Atlantic Current (NAC); Iberian Poleward current (IPC);
Mediterranean Outflow Water (MOW); Levantine Intermediate Water (LIW); Modified Atlantic Water (MAW); Western
Mediterranean Deep Water (WMDW).

The Western Mediterranean

The Mediterranean is a semi-enclosed sea where freshwater inputs, as rainfall and
fluvial discharge, are exceeded by evaporation leading to a high salinity basin. The western
Mediterranean circulation is mostly determined by three major water masses: surface,
intermediate and deep (Fig. 1.6) (Lionello, 2012; Rohling et al, 2009). Less saline water
enters at surface through the Strait of Gibraltar to compensate the negative water balance
caused by excessive evaporation in the Mediterranean. This surface water mass flow
eastward while progressively increases its salinity and temperature creating the Modified

Atlantic Water (MAW) (Pastor et al, 2017; Pierre, 1999; Pinardi and Masetti, 2000;
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Vargas-Yanez et al, 2017). The Mediterranean Intermediate Water (MIW) spreads
westwards, while mixing with regional waters, to finally outflow through the Strait of
Gibraltar (Pinardi and Masetti, 2000). The deepest water mass in the western basin is the
Western Mediterranean Deep Water (WMDW) (Millot et al, 1999). During winters, the
north and northwestern winds cause strong cooling and evaporation of surface waters in
the Gulf of Lion, increasing its density, and consequently mixing and sinking it into the
deep basin (Fig. 1.6). Therefore, the density of this deep-water mass is determined by the
temperature and salinity of both the local surface water and the MIW, and also the wind
features (Millot et al., 1999; Rohling et al, 2009). The WMDW flows southwards collecting
the continental sediment discharges, mainly from the Rhone and Ebro rivers, and
depositing approximately the 10% of them in the deep basin (Martin et al, 1989). In the
Balearic Promontory, the currents associated to the WMDW accelerate and induces a re-
working, transport and classification of the sediment particles (Cisneros et al, 2019;

Frigola et al, 2008; Millot et al, 1999; Velasco et al, 1996) (Fig. 1.6).
1.5.2 Current climatology

The Mediterranean region is a transitional zone between subtropical and
midlatitude temperate regimens, which exerts an important climate contrast among
different nearby areas, even over time (Lionello, 2012). While the northern part of the
Mediterranean region and also the Cantabrian Sea are strongly linked to midlatitude
variability mostly characterized by the North Atlantic Oscillation, the southern and eastern
parts are exposed to the influences of the Inter-Tropical Convergence Zone dynamics
(ITCZ). The ITCZ is a circum-global atmospheric belt of intense moist convection and
rainfall that controls the hydrologic cycle over the tropical continents (Fig. 1.7) (Koutavas
and Lynch-Stieglitz, 2004; Wang, 2001). Latitudinal shifts of the ITCZ and its related
precipitation changes over time strongly influences African monsoon patterns that are
tightly linked with changes in the Mediterranean Sea water composition due to river
runoff along the North African coast (Rohling et al, 2014; Grant et al.,, 2016). Therefore
atmospheric circulation, in both, the North Atlantic but also in the inter-tropical
convergence zone, controls the precipitation patterns and regional temperature over the
studied region. The Mediterranean Sea morphology with several subbasins, islands and
peninsulas with narrow straits and the presence of mountains close to the sea, also allow

producing spatial heterogeneities and regional climates.
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The studied cave locations are mostly dominated by the Mediterranean climate
conditions which according to the traditional Koppen classification it is defined as a
midlatitude temperate climate with a dry summer season. Besides this general context, the
studied speleothems were collected from three different locations with their own local
climate (Fig.1.8). One speleothem was collected at the central southern Pyrenees where
the mountain relief strongly influences the local climate dominated by humid temperate
conditions (Cfa), with an annual rainfall around 1000-1200 mm that mostly occurs as
snow. The annual mean temperature is 4-5°C (AEMET-IM 2011). On another hand, the
other studied speleothems correspond to the Balearic Islands located in the middle of the
Mediterranean Sea. Here the climatic conditions are warmer with seasonal rainfall, intense
storms in autumn and dry summers causing the lack of permanent watercourses.
Therefore the Minorca and Mallorca islands present temperate with dry/hot summer
climates (Csa) except for a small area in south Mallorca were the climate is like steppe
(Bsk) according to the Koppen climate classification (Fig.1.8). The annual rainfall average
in both Balearic island is similar, around 500-600 mm and the annual mean temperatures

around 16-17°C (AEMET-IM 2011).

CLASIFICACION CLIMATICA DE KOPPEN (1981-2010)

Figure 1.8. Climate types in the Iberian
Peninsula and the Balearic Islands according to
the Koppen classification. Orange starts point to
this study cave locations. (source: Modified
from AEMET, 2011)
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Nowadays, the main areas of moisture source that affect the IP and the Balearic
Islands are the tropical-subtropical North Atlantic corridor, the IP itself and the
Mediterranean Sea via the dominant eastward atmospheric circulation (Krklec and
Dominguez-Villar 2014; Nieto et al., 2010 and Gimeno et al.,, 2010). The eastern IP region
is more dominated by Mediterranean moisture source than the Atlantic one (Dumitru et

al, 2017; Gimeno et al, 2010).
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1.6 Paleoclimate background

Paleoclimate reconstructions by means of speleothem records are found worldwide,
however continuous speleothem records spanning several glacial/interglacial cycles are
restricted to a few studies such as those focused on the Asian monsoon in China (Yuan et
al., 2004; Cheng et al., 2006, 2009, 2016), the American monsoon in Brazil (Cruz et al.,
2005, 2009) or the classic speleothem record of the Devil’s hole in North America
(Moesley et al, 2016). Usually, speleothems spans shorter periods, but in contrast, they
provide high resolution allowing carefully analysis and comparison at millennial or even
centennial time scales, being extraordinary archives to resolve abrupt climate changes.
Concerning to interglacial periods and its transitions a great variety of European
speleothem records reveal climate variability during the MIS 5, spanning the penultimate
termination (T-II), the LIG-acme and the early glacial period (e.g. Couchoud et al., 2009;
Demény et al., 2017; Drysdale et al., 2005, 2007, 2009; Meyer et al., 2008; Moseley et al,,
2015; Vansteenberge et al., 2016). Several of these records indicate enhanced moisture
availability during the LIG-acme and show regional heterogeneity in the hydrological
patterns during the glacial inception which is associated with AMOC changes. In the
context of the Mediterranean Sea, an exceptional effort has performed in speleothem
records from Soreq cave, in the Near East, which have allowed identifying rainfall changes
associated to the timing of sapropels in the eastern Mediterranean, but records only arrive
to the LIG (Bar-Matthews et al., 1999, 2000, 2003). In contrast, well-resolved paleoclimate
records from previous interglacial periods remain elusive in Europe. Few examples are the
speleothem record from Austria that grew during the penultimate interglacial (MIS 7)
(Spotl et al, 2008), the Antro del Corchia speleothem record from Italy that covers
intermittently some interglacials, mainly the MIS 9 and 5 (Drysdale et al, 2004), and other
from the IP covering the T-III (Pérez-Mejias et al, 2017). In base to the §3C records, this
last record recovered from Ejulve cave in the eastern IP indicates that the T-III involved an
increment in both temperature and precipitation that led to higher vegetation activity at

the beginning of the MIS 7e (Pérez-Mejias et al, 2017).

Besides the Ejulve cave record, all the other IP speleothem records from interglacial
periods grew during the MIS 5-1. Regarding the MIS 5, the available information is limited
to a stacked-speleothem reconstruction from the north-western IP, which recorded
changes in water source properties at orbital scale (Stoll et al., 2015) and to a low-
resolution record from southern IP that shows increased effective precipitation during the
MIS 5 (Hodge et al., 2008a). Moreover, two speleothem records from Mallorca Island,

partially cover the MIS 5 and indicate dry periods within the warm interstadials (Dumitru
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et al, 2018; Hodge et al, 2008b). Additionally, speleothem encrustations records from
several coastal Mallorca caves have been the base of a sea level reconstruction for the MIS

5e and 5a highstand (Dorale et al., 2010).

In the marine realm Martrat et al, (2004 and 2007) provided continuous high-
resolution paleoclimate records from the Western Iberian margin and the Alboran Sea
encompassing several glacial/interglacial cycles. Paleoceanographic studies from the
Western Mediterranean Sea have dedicated far more attention to the rapid climate
variability of the last glacial period, focussing for instance in changes in deep water
conditions. These studies described an antiphase behaviour between the deep overturning
cells of the North Atlantic and the Mediterranean (Cacho et al., 2000, 2006; Frigola et al,
2008, 2007; Sierro et al., 2005). Several studies also reveal that the injection of large
volumes of water from melting icebergs (Henrich events) reached the western
Mediterranean over the last glacial period but even in glacial terminations (T-I and T-II)
(Jiménez-Amat and Zahn 2015; Marino et al.,, 2015; Sierro et al, 2005). Furthermore,
variability in the north-westerly belt and precipitation patterns were highlighted as the
main forcing mechanism to explain western Mediterranean climate variability on a
millennial time-scale during glacial periods (Moreno et al., 2002, 2005). Overall, these
paleo-oceanographic studies have already proved the strong impact of past AMOC changes
into the IP climatology and surrounding marine regions (Cacho et al., 2001, 1999; Martrat

etal, 2015, 2014, 2007, 2004; Mary et al, 2017; Rodriguez-Sanz et al,, 2017).
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1.7 Objectives

The main objective of this Ph.D. thesis is to gain an insight into the climate
variability associated with past interglacial periods and their accompanying transitions
around the Iberian Peninsula. A particular emphasis is addressed to decipher the interplay
of marine and atmospheric processes that operated during these past climate oscillations
and to better understand interregional teleconnections responsible to transfer those
climate oscillations. In order to accomplish this general objective, several specific goals

should be accomplished:

e Compile a collection of speleothems and evaluate its suitability to provide
paleoclimatic records of hydrological changes in the IP

e Construct solid accurate U-Th chronologies for those key speleothems that grew
during interglacial periods.

e Understand the processes that explain the geochemistry variability in the
speleothems.

e Provide the first comparison of Mediterranean climate conditions among the most
recent Quaternary interglacial periods by means of terrestrial records.

o Identify possible links between ocean-atmosphere processes associated with
Interglacial climate instability with particular attention to their beginning and end
transitions.

e Evaluate the role that North Atlantic circulation changes had into determining past
millennial time-scale variability in the region.

e Produce a detailed analysis of the Mediterranean and Atlantic changes associated
with the last interglacial end or the initiation of the last glaciation, contrasting
patterns among different marine locations around the [P, and identifying the

hydrological impact in the northwestern IP.
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Yo nunca he creido que debamos renunciar a las visiones a largo plazo [..] pero lo
l6gico es comenzar por lo que tenemos a mano. Es como el chiste del borracho que

se ha detenido junto a una farola, mirando el suelo. Llega un tipo y le pregunta:

-;Qué buscas?

- Un lapiz que se me ha caido- le dice

-¢Y dénde se te ha caido? — pregunta el tipo
-Al otro lado de la calle- contesta el borracho
-Entonces, jpor qué lo estas buscando aqui?

Y el borracho le responde — Porque aqui hay luz

Asi es como trabajan las ciencias. Alo mejor el problema que a uno realmente le
interesa esta al otro lado de la calle, pero sélo se puede buscar donde hay luz. Si

tratamos de desplazarla poco a poco, a lo mejor llegamos al otro lado de la calle.

Noam Chomsky
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2.1 Material recovery

2.1.1 Cave sampling

Speleothems used in this study were collected in caves from three different areas;
two caves in the eastern Iberian Peninsula, 5 caves from Minorca Island and 5 from
Mallorca Island. JUD is the speleothem studied more in detailed from the eastern Iberian
Peninsula and it was collected from a Central Pyrenees cave during a field work previous
to this thesis and organized by the Scientific Speleological Association of Cotiella (ACEC) in
collaboration with the Pyrenean Institute of Ecology (IPE). The studied speleothems from
Minorca were also recovered previously, in November 2011 in the context of the
HIDROPAST Project and in collaboration within the University of Barcelona, University of
Oviedo and the Institute of Environmental Assessment and Water Research (IDAEA-CSIC)
and the Municipal Museum of Ciutadella. The speleothems from Mallorca were recovered
during different field trips performed in the context of OPERA Project and in collaboration
within the University of Barcelona and University of the Balearic Islands. These caves
belong to private properties or are managed by public administrations. All of the activities
performed during cave expeditions were correctly informed to the properties or the
designed representatives and under permission. The speleothem archives used for this
thesis were mainly broken at the floor and they did not present modern growth. All the
activities were performed avoiding major impact on the environment and the ornamental
forms in the caves. The OPERA project also dedicated a significant effort on monitoring
environmental conditions in few caves from Mallorca from November of 2014 until April
of 2018 on seasonal basis. Among the routinely data collection of different environmental
parameters, samples of drip waters and farmed carbonates, a collection of speleothems
was also recovered. Part of these speleothem archives are used for this thesis, while the
monitoring data acquisition is the focus of ongoing parallel publications. The monitoring
surveys, together with characterization of soil, vegetation and geology in the surrounding
cave areas are relevant to better understand speleothem genesis and the complexity of
their geochemical signal. Here is provided detailed information for those caves whose

speleothems were chosen in this study to analyse their paleoclimatic signature.
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Pyrenees- Pot au Feu cave

Pot au Feu cave is located at southern Central Pyrenees at the Cotiella massif into the
Sobrarbe geopark (42°31.48' N; 0°14.26' W) at 997 m a.s.l. (Fig. 1.6 C). It is located at the
Irués river valley and represents a fossil level of the high mountain karst aquifer Cotiella-
Turbén of the Ebro watershed although it is vertically connected to another cave which
sporadically floods. This karstic system, that still currently active, began to develop in the
Miocene, eroding and dissolving the cave host rock which correspond to cretaceous
packstones with miliolids (upper Turonian-lower Coniacian)(Lopez, 2013). Vegetation
around the cave consists of mid-mountain forests and shrubbery in the valleys whereas
the highlands are characterized by exposed bed-rock with sparse vegetation such as
pastures. The annual rainfall is above 1000-1200 mm mostly as snow. Judit speleothem

(JUD) was collected in situ and it is the only stalagmite used from this cave in this study.

Figure 2. a) Interior of the Murada cave (Menorca). B) Sampling into the Sa Balma des Quarto cave (Mallorca). C)
Vallgornera cave (Mallorca). D) IND ad RAT speleothems collected in the Murada Cave (Menorca). E) Vegetation cover
over Sa Balma des Quart6 cave. (Mallorca). F) Entrance to the Sa Balma des Quarté cave (Mallorca).

Minorca- Murada cave

Murada cave is located at southwest Minorca Island (39°57°58”N; 3°57°53”W) at 80
m a.s.l. (Fig. 1. 6 C), in the western edge of the Barranc d’Algendar, which is a canyon
carved by a torrent. Minorca is characterized by the lack of permanent watercourses in the
surface network and with irregular regime of torrents especially in autumn when intense
storms causes sporadic high flows. This cave is the biggest of the canyon and represents a
fossil level of karst drainage conduit. This karstification began to develop in the upper

Miocene and affect the Miocene calcarenites (Helvecia-Tortonia) that are deeply karstified
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forming a porous mixed aquifer. The scarce vegetation over the cave is composed by
Mediterranean shrubland. The annual mean temperature is 16-17°C and the annual
rainfall average is above 500-600mm (Jansa, 2014). Although 3 speleothems are dated and
analysed from this cave only 2 stalagmites were analysed at high resolution, Indiana (IND)
and Ratpenat (RAT). All the speleothems from this cave were inactive and both

speleothem were fallen on the floor (Fig. 2a and d).

Mallorca- Sa Balma des Quartd, Pas de Vallgornera and Campanet caves

Sa Balma des Quarto cave is located at the eastern part of the Mallorca Island (39°51
N; 3°30° W, at 10 m a.s.l.) (Fig. 1.6 C). The host rock corresponds to upper Miocene
coralline limestone were the cave was developed in a littoral cliff carved by a torrent. The
karstification processes and the Mallorca coastal geomorphology has been further
controlled by sea level oscillations during Pliocene and the Quaternary (Ginés et al, 2012)
and the development of the fluvial network. The cave is formed by one unique chamber
with collapsed blocks above which several speleothem developed and several of them are
still active. The annual mean temperature in Mallorca is ~17°C and average annual
precipitation is ~500 mm with most of the rainfall in autumn (Guijarro, 1986, Jansa,
2014). Vegetation above the cave consists of evergreen forest and shrubland (Fig. 2 b, d
and f). QUA14 was the only speleothem used from this cave and it was collected from the

floor.

El Pas de Vallgornera cave is located in the south region of the Mallorca Island (39°
22’ 00" N, 2° 52’ 25” E) (Fig. 1.6 C). The host rock and the climatic conditions are the same
to those of the Sa Balma des Quarté cave, with typically Mediterranean climate and
vegetation. This cave consists of a more than 67 km of conduits and chambers flooded (Fig.
2 c). The cartography of this cave is not completed due to several conduits and chambers
are not yet explored. Sea level reconstruction by means of phreatic overgrowths on
speleothems has been previously studied in this cave (Dorale et al., 2010). Speleothems
from that cave were recovered close to the entrance in the first big chamber highly

ornamented with a permanent water pool.

Campanet cave is located in the northern part of Mallorca, into the Serra de
Tramuntana (39°47'32" N, 2°58'9” E, at 65 m a.s.l.). The cave was developed on dolomites
from the Upper Triasic and it has 397 m of length divided in several galleries. The
vegetation over the cave mainly consists on Quercus ilex and Cyclamen balearicus, which
both are Mediterranean subhumid-humid species. The mean annual temperature inside

the cave is 18.8 °C, mainly constant throughout the year (Dumitru et al., 2018).
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2.1.2 Oceanographic cruises

The three marine sediment cores used in this study were recovered in different
oceanographic cruises performed previously to the beginning of this thesis. All three
cores were the subject of previous paleoceanographical studies performed by different
national and international institutions and applying a wide range of micropaleontological,
geochemical and sedimentological proxies. Therefore, this thesis has added a further

contribution to this intensive scientific collaboration.

Sediment core PP10-17 was collected in 2010 during SARGASS oceanographic cruise
on board R/V Pourquoi Pas?, that was organized by the Bordeaux I University. It consists in
a calypso long-piston core of 17.92 m length retrieved from the Cantabrian Sea. More
specifically, from the Bay of Biscay at the southwestern part of the Landes Plateau at 43°
58.91' N and 03°14.02’ W, from a water depth of 2280 m b.s.l. (Fig. 1.6 C). The Bay of
Biscay is a deep basin that opens westward to the Atlantic Ocean and is under the
influence of the river systems that drain the Cantabrian Mountains and the Pyrenees.
Landes Plateau sediment facies represents a hemipelagic environment (Brocheray et al,

2014).

ODP Site 977A was retrieved on June 1995 during LEG 161 of the Ocean Drilling
Program (ODP) on board JOIDES Resolution. It was located at halfway between the Spanish
and Algerian coasts, in particular, at south of Cabo de Gata in the eastern sub-basin of the
Alboran Sea, at 36°01.92'N and 1°57.32'W, from a water depth of 1984 m b.s.l. (Fig. 1.6 C).
The drill penetrates into Pliocene-Pleistocene sediments that are filling a wide structural
graben. The total length of the sediment core was 545.49 m from an open-marine

hemipelagic environment (Comas et al, 1996).

Sediment core MD99-2343 was collected in summer 1999 during LEG 5 of the
International Marine Past Global Changes Study program (IMAGES) on board R/V Marion-
Dufresne and conducted by the French Institute for Polar Research and Technology
(IFRTP). This core was retrieved in the Balearic Sea with a calypso piston system
obtaining a total length of 32.44 m. It was located NE of Minorca Island, at 40°29.84' N and
04°01.69' E, from a water depth of 2391 m b.s.l. (Fig. 1.6 C). In particular, it was obtained
from N-NE Minorca peripheral contourite drift environment. Contourite systems are
formed by bottom currents but they also depend of bottom morphology, intensity of
currents, Coriolis Effect or even volume of sediment inputs. All contourite systems are
characterized by a depression zone with erosive character where currents induce to re-

working, transport and classification of sediment particles, and conversely, a sedimentary
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drift that reaches high accumulation rates, where potentially continuous and high
resolution records could be found. Therefore, these sediment drifts are valuable archives
for paleoceanography studies since they could inform about ocean circulation patterns,
current velocities and oceanographic processes (Rebesco et al, 2014). The Minorca
contourite drift was genetically related to the southward flow of the WMDW (Velasco et
al, 1996). This current transports and deposits approximately the 10% of continental
sediments discharge, mainly inputs from the Ebro and Rhone rivers, in the deep basin
(Martin et al, 1989), however the Minorca contourite drift receives sediments by means of
deep currents eroding and transporting sediment particles from the drift margins and
surrounding basins rather than direct riverine supplies (Frigola et al, 2008). The
oligotrophic character of most of the western Mediterranean Sea restricts pelagic
carbonate contribution and therefore spillover processes from the nearby Balearic shelf

edge should also be considerate as sediment source (Maldonado and Canals, 1982).

41



Chapter II- Methodology

42



2.2 Material description and sampling

2.2.1 Speleothems

In order to perform the geochemical measurements, all speleothems were
longitudinally cut with a saw taking into account the morphology and the growth axis.
Subsequently they were polished at the lamina prima survey in the University of
Barcelona. Among all the collected speleothems, 48 were dated during three research
stays at the University of Minnesota. A total of 16 speleothem were selected for further
geochemical analyses since they cover the targeted time intervals by the objectives of this
study (Annex 1). Among all these speleothems, the description bellow focuses on those
included in the discussion section and selected in base to their precise chronology or

quality of their geochemical records.

JUD speleothem from Pot au Feu cave (Pyrenees) is a 55 cm length stalagmite and it
has an internal banded structure formed by white-grey crystalline calcite alternated with
brown-orange detrital enriched layers. The identification of some detrital layers and
changes in the axial growth direction has allowed identifying three discontinuities (Fig.
2.1). These discontinuities are located at 35, 406 and 448 mm from the top and divide JUD
in four growing phases. Such visible discontinuities in speleothems could be associated
with changes in the growth rate or even with growth hiatuses which are often related to

changes in the cave environment and ultimately to climate variability.

0cm
0Ocm

10cm

20cm 10cm

VALL 2

Figure 2.1. Images of JUD, IND, RAT and VALL2 stalagmites and a scheme of the identified layers and direction of the
growth axis.
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IND speleothem from Murada cave (Minorca) is 88 cm length (Fig. 2.1) and presents
an internal banded structure with white-grey crystalline calcite. This speleothem does not
present irregularities or discontinuities and the growth axis shows a continuous path
without any direction change. RAT speleothem is from the same Minorca cave and
presents a very similar white-grey crystalline calcite to IND speleothem. It is a 50 cm long
speleothem that shows several white layers and shows a prominent orange-brown layer at
14 cm depth from the top. RAT is broken at the top of the speleothem where a 2cm calcite

piece was lost.

VALL2 speleothem from Vallgornera cave (Mallorca) is a wide dark-brown
speleothem of 22 cm long. The colour at the bottom of the speleothem is light brown with
a porous texture that towards the top it becomes darker and less porous. The growth axis
presents several changes in direction associated to different discontinuities represented
by light layers. After the last main discontinuity the speleothem presents two independent
growths (Fig. 2.1). The axis selected to accomplish the geochemical analysis has 22 cm

length and follows the most developed axis of the last two growths.
2.2.2 Marine sediment cores

Core PP10-17 from the Cantabrian Sea was formed by olive grey silty clay, except for
few coarser grained layers which are distinguished by magnetic susceptibility peaks
(Brocheray et al, 2014). These sediments present pervasive bioturbation and dynamic
sedimentary structures are absent. A completed taxonomic study of ostracods and
foraminifers was performed in this sediment core by Rodriguez-Lazaro et al, (2017). Only
5 sections from the completed core sequence were used in this thesis (sections Tr-14 to

Tr-18).

The dominant lithology for the ODP 977 Site from the Alboran Sea is olive-grey clay
with nannofossil and nannofossil-rich silty clay moderately bioturbated. Several green
organic-rich layers (ORLs) are present and characterised by low magnetic susceptibility
values (Comas et al, 1996). Carbonate fraction consists of nannofossils (70%), micrite
(19%), bio-clasts (6%), and foraminifers (5%). Sedimentary structures are variables along
the core from not recognized to cross-laminated structures. The sections used in this
thesis were from 3H-5W to 4H-2W. A previous SST record exists for this site but based on

alkenone measurements (Martrat et al., 2004).
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Core MD99-2343 from the Balearic Sea was studied on the lower 11.4 m (section 15
to 22) which were grey silty clay, moderately bioturbated with high presence of coloured
layers (greyish orange, yellowish brown, light olive brown and brownish black). Fine
levels of pyrite, organic matter, nannofossil shell fragments and foraminifera are also
observed throughout this level. This sediment core has been intensely studied for the
upper sections corresponding to the last glacial and Holocene periods (Frigola et al., 2007

and 2008; Sierro et al., 2005) but this is the first study dedicated to the oldest sections.

Every sediment core was first divided in 1 or 1.5m sections and then longitudinally split in
two halfs, the working and the archive half. The working sections were sampled into 1 cm
thick slides in order to perform destructive analyses. These samples have been studied at
different resolution for the three cores depending of their sedimentation rates and sample
availability (Table 2). Geochemical analysis in the planktic foraminifera G. bulloides were
performed in all three cores at different resolutions while the Balearic core (MD99-2343)
was also analysed to determine the lithic grain size distribution (Table 2). In addition, the
archive sections of this last core were subsampled to perform non-destructive core-
scanner X-ray fluorescence analysis in order to determine sediment elemental

composition.

Location Sediment core Me/Ca 6”0 Gralfsize XRF
sample num. resolution (cm) sample num. resolution (cm) sample num. resolution (cm)
Balearic Sea MD99-2343 116 10 219 5 116 10 YES
Alboran Sea ODP 977A 163 5 p.p p.p n n n
Cantabrian Sea PP10-17 220 2 219 2 n n n

Table 2. Summary of the analyses performed in the studied sediment cores indicating its resolution. (p.p: previous
published, Martrat et al., 2004)(n: none)

The sample treatment previous to the instrumental analysis was the same for the
three cores (Fig.2.2). Samples were first frozen and lyophilized to eliminate water content
but favouring the sample disintegration. Samples were then introduced into 100 ml vials
with distilled water and agitated for 2-6 hours to allow sample suspension. In the case of
samples from core MD99-2343 about 0.5 g of bulk sediment sample was reserved for grain
size analysis before sample agitation. After agitation, sediment samples were washed over
a 63 um sieve with pressurized distiller water to separate silt and clay from sand fraction
and then dried in an oven at 60°C. When samples were dry they were further dry-sieved
and reserved the 250-355 pum fraction to examine under the binocular loupe. The
foraminifera G. bulloides was handpicked with a fine brush in order to be used for

geochemical analysis. After this step, the procedures for sample preparation were specific
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for each chemical measurement and they are described in next section. It is important to
mention that the sample fraction used for the foraminifera picking was kept narrow to
obtain a homogenous population. This is relevant since the used specie changes its water
depth habitat along its life cycle and this strategy minimize the intraspecific variability of
the chemical signal associated to these depth changes. A schematic diagram for the

followed sample pre-treatment is shown at Fig. 2.2.

Sediment cores
Destructive analyses

MD99-2343 XRF Archive
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Figure 2.2. [llustration for the followed protocols for the sample treatments previous to instrumental analysis of sediment

cores
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2.3 Laboratory work

2.3.1 Uranium and thorium on speleothems

A total of 298 samples of speleothems were selected for measuring uranium and
thorium isotopes in order to determine their absolute ages. The sampling was designed
taking into account the speleothem morphology and its layering in order to detect possible
hiatuses and changes in growth rates. A first quick identification of the speleothem age
range was performed by analysing samples from the top and the bottom. Accordingly to
these preliminary results, the dating effort concentrated on those speleothems more
suitable to achieve the objectives of this thesis. Samples for absolute dating were then

prepared following the next methodology.

Samples were milled with 2 mm diameter tungsten carbide micro-drill under a
laminar air flow cabinet to prevent any contamination. It was obtained about 100-200 mg
of carbonate powder for each sample. The chemical procedure was performed into the
ultra-clean laboratory at the University of Minnesota and applying the methodology
previously described by (Cheng et al., 2009; Shen et al., 2002) for isolating uranium and
thorium elements. The completed protocol can be found at Annex 2. To summarize,
sample powders were dissolved in 7N HNO3 and spiked with an in-house solution with
known 233U, 236U and 229Th concentrations. After that, few drops of concentrated HClO4
were added in order to attack and remove organic matter. After one hour refluxing, the
samples were completely dried and re-dissolved in 2N HCL. The U and Th were isolated
from Ca and several trace elements by means of an iron co-precipitation. Then, 1-2 drops
of FeCl; were added and in order to induce the Fe precipitation together with U and Th
several NH4OH drops are added continuously. After that, samples were centrifuged and
rinsed with super-clean water three times while overlying liquid was being removed. In
order to separate Fe from U and Th, iron samples were dissolved and loaded in anion
exchange resin columns. While Fe was removed with 7N HNOs, Th was collected with 6N
HCI and separated from U, which was recovered ultimately with super-clean water. Finally
each pair of samples were dried and dissolved in a low-concentrated nitric acid and
analysed by means of multi collector inductively coupled plasma mass spectrometry at the

University of Minnesota.
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2.3.2 Stable 1sotopes on speleothems

A total of 926 samples from 15 speleothems were sampled. Around 50 pg of
carbonate was drilled along the speleothem growth axis using a 0.5 mm diameter tungsten
carbide dental bur in order to determine the stable isotopes (oxygen and carbon).
Carbonate powders were introduced in clean vials and analysed by means of isotope ratio
mass spectrometry at the scientific and Technological Centres of University of Barcelona
(CCiT-UB). Generally, speleothems were firstly analysed at low-resolution and only few
speleothems were selected to improve it attending to the quality of their age models for

this thesis objective.
2.3.3 Calcium, magnesium and trace elements on speleothems

Around 3 mg of carbonate were drilled with a 0.5 mm diameter tungsten carbide
dental bur generally on same centimetres as isotopes analyses. A total of 930
measurements were carried out from 11 speleothems. Carbonate powder was directly
introduced in clean vials, dissolved with 3 ml of ultra-pure 2% HNO3 and centrifuged in
order to prevent possible detritic particles or impurities in the solution before the
analyses. All the samples were analysed by means of inductively coupled plasma mass

spectrometry at the CCiT-UB.
2.3.4 Oxygen isotopes in foraminifera

Stable isotopes on planktic foraminifer were performed on about 8 specimens of
handpicked G. bulloides. A total of 219 samples for the MD99-2343 and the PP10-17 cores
were obtained, while the ODP Site 977A data belongs to a previous study (Martrat et al,
2004). Shells were crushed between two glass plates to open the chambers and favour
clay removal and then cleaned in methanol. After few seconds of sonication, the
supernatant solution was removed with a micropipette and samples dried (Fig. 2.2), the
detailed protocol is provided at Annex 3. The measurements were accomplished by an

isotope ratio mass spectrometry at the CCiT-UB.
2.3.5 Calcium, magnesium and trace elements in foraminifera

A total of 216, 116 and 163 samples were selected for cores PP10-17 (2 cm
resolution), MD99-2343 (10 cm resolution) and ODP Site 977 (5 cm resolution). The
elementary analysis were performed using 40-50 specimens of G. bulloides handpicked

from a size range of 250-355 pm and carefully crushed in order to open the chambers to
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favour contamination removal (Fig. 2.2). Samples were cleaned by means of a full chemical
cleaning procedure based on the last modifications on trace elements cleaning protocols
developed by Barker et al, (2003) and Pena et al, (2005). The detailed protocol can be
seen in the Annex 4, and it consist on four main steps. The first step is designed to remove
clay minerals and consists on several rinses with ultrapure water and methanol. The
second step uses a reductive reagent attack to remove potential Mn-Fe oxide contaminant
phases. After that, the third step is a further attack but with an oxidative solution of NaOH
and H;0; to promote the removal of organic matter. The last step is a weak acid leaching to
eliminate potential secondary carbonates adhered on the carbonate shells. The reductive
attack step was only performed on ODP Site 977A since a preliminary test indicated that
these samples could have potential contamination problems associated to high manganese
values, a problem which was not detected in the other cores. Before the analysis, all
samples were dissolved with 3 ml of ultra-pure 1 % HNO3;, centrifuged to avoid possible
remained solid particles and transferred into clean vials. Additionally, in order to monitor
the any potential contamination during the laboratory procedure, chemistry blanks were
performed on random days. All the samples were analysed with an inductively coupled

plasma mass spectrometry at the CCiT-UB.
2.3.6 Sediment grain-size distribution

The grain-size distribution of terrigenous-sourced particles was measured only on
the Balearic sediment core (MD99-2343), expanding the previous available record of
Frigola et al. (2007) and according to the same methodology (Fig. 2.2). Previous to the
instrumental measurements, organic matter was attacked twice by adding 50 ml of 10 %
H,0, during 24 h in order to avoid aggregated particles which can distort the
measurements. Once the samples were dried in an oven (60°C) they were attacked with 50
ml of HCI 1 M for 12 h to remove carbonate shells fragments. The exceeding HCI solution
was removed after samples were centrifuged. Then, in order to avoid clay flocculation, the
samples were treated with 30-40 ml of a dispersant solution of sodium polyphosphate and
agitated during few hours before they were analysed (detailed protocol at Annex 5). A
total of 116 measurements from the Balearic sediment core (MD99-2343) have been
measured at 10 cm resolution with a Coulter LS 230 Laser Particle Size Analyser at the

Sedimentology Laboratory of the University of Barcelona.
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2.3.7 Elemental composition of sediments

Variations in elemental composition of sediments were determined only in the
Balearic sediment core at 10 mm resolution. Analyses were performed on the surface of
the split archive core sections that were previously smoothed carefully with a glass plate
to remove any irregularities and roughness. Sediment surface was covered with a 4 pm-
thick Ultralene film with the aim of 1) eliminating air presence between sediment and the
analyser prism, 2) prevents possible contamination and 3) avoid desiccation of sediments
(Richter et al,, 2006; Tjallingii et al, 2007). Following, the split core was introduced into an
Avaatech III Core Scanner system (Serial No. 21) at the CORELAB laboratory of the
University of Barcelona in order to perform high quality photographs and the elemental

measurements of the sediments by means of X-Ray Fluorescence analysis.
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2.4 Analitical tecniques

2.4.1 Mass spectrometry

There are several varieties of mass spectrometers and all of them are stablished on
the same bases, ionization of the samples and selection according to the mass/charge ratio
before the measurement in the detector. In this study, three different varieties of mass
spectrometers have been used due to important differences among the specific
techniques. The Isotope-Ratio Mass Spectrometry (IRMS) was used to measure stable
isotope ratios, the Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for
elementary ratios and, the Multi-Collector Inductively Coupled Plasma Mass Spectrometry

(MC-ICP-MS) to measure the radiogenic U and Th isotopes.

Inductively Coupled Plasma- Mass Spectrometry

Calcium, magnesium and trace elements from both marine cores and speleothems
were analysed with a Inductively Coupled Plasma Mass Spectrometer (ICP-MS), Perkin-
Elmer Elan-6000 model at the CCiT-UB (Fig 2.3). Measurements are performed throughout
different steps. The first one is the introduction of the sample into the mass spectrometer.
Dissolved samples are pumped into the introduction system, which contains the spray
chamber and the nebulizer that converts the sample into an aerosol. In the second step,
the aerosol finds a high temperature plasma of argon that dry and vaporize the sample
generating posetively charged ions. Then, a representative number of excited ions are
transported through two cones and the ion optics system, at vacuum conditions, in order
to focusing them into the mass separation device, where the ions are separated according
to their mass-to-charge ratio by the mass analyzer. Generally the ICP-MS uses a standard
quadrupole mass analyzer. Employing specific selected currents and radio frequency fields
the ions of a selected mass are allowed to pass through the mass analyzer while the other
ions are repeled. Finally the selected ions achive the detector where they are converted to
an electronic signal. This selective process through the mass analyzer is repeated using

diferent configurations until all the desired elements have been measured in the ICP-MS.

Possible contamination was controlled by means of chemistry blanks analyses in
random days. An in-house high purity standard solution was measured routinely every
four samples to control the accuracy. According to the in-house standard analysis the
external reproducibility (%, 2-sigma) obtained for the speleothem analyses was 11.01%
for IND , 2.39 % for JUD , 0.86% for RAT and as much 0.66% for all the other ones. The

external reproducibility for the sediment cores was 6.59 % for core PP10-17, 5.7 % for
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ODP Site 977A and 3.21 % for MD99-2343. All samples were corrected using a sample-
standard bracketing method (SSB) in order to correct the analytical drift. Moreover, an
internal rhodium standard was also added into each sample to control the analytical

sensibility loss of the spectrometer due to cone clogging.

Concentrations of Sr, Cd and Ba in this study speleothems were too low for
satisfactory quantification, hence they are not used in this study and the discussion will be

focused in the Mg and Ca fluctuations along the speleothem.

Multi-Collector Inductively Coupled Plasma Mass Spectrometry

The radiogenic isotopes of U and Th for speleothem dating were analysed using the
parallel ion-counting Multi Collector Inductively Coupled Plasma Mass Spectrometry (MC-
ICP-MS) with a Finnigan Neptune model at the University of Minnesota. Several blanks

were performed routinely for each laboratory set.

This instrument allows low detection limits, acquiring an exceptional accuracy and
sensitivity in detect low abundant isotopes in nature. The introduction system is the same
used for ICP-MS although in this case is previously used an Aridus II desolvating nebulizer
that allow reducing the solvent-based interferences such as oxides and hydrides. After
vaporize the sample into the argon plasma the ions are transported into the mass analyzer
like in the ICP-MS. However the MC-ICP-MS use a retarding potential quadrupole that
improves abundance sensitivity by an order of magnitude, to accurate the quantification of
minor isotopes. The ions selected and classified according to their mass-to-charge finally
reache the detector. In this case, the system is equipped with a multicollector detector
array allowing multiple measurements at the same time. Moreover, the MC-ICP-MS also
has a flexible system that permits switches between detector systems (Faraday cup to SEM
ion counter) providing low and high isotopes concentrations measurements at the same

time with the same instument.

Isotope-Ratio Mass Spectrometry

The stable isotopes measurements in both marine cores and speleothems were
accomplished on a Finnigan-MAT 252 mass spectrometer at CCiT-UB (Fig 2.3). This mass
spectrometer is coupled in a single acid bath CarboKiel-III carbonate preparation device
in order to convert solid carbonate samples in simple gas (CO;) before entering into the
ion source of the IRMS. Therefore the stable isotope measurements were performed from
gas source, in contrast to the radiogenic isotope measurements which are performed by
ionization of a liquid source. An isotopically representative amount of gas is ionized

afterwards via electron impact in the ion source. The ion stream is then accelerated and
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separated in the analyzer by a magnetic field according to their mass-to-charge ratio.
Hence, the IRMS mass analyzer is provided by a magnetic device instead of the quadrupole
for ICP-MS. Light and heavy ions can be classified due to they are bended at different
radius along a circular path by the magnetic field. After the ion separation, the current of
each ion beam is detected by the Faraday cups. lons hit the cups, where the transference of
their electric charge into an electric current is finally converted to a digital signal. The
IRMS allows detecting two ionic beams at the same. Therefore, it directly determines
isotope ratios with great precision and accuracy in contrast to the ICP-MS which acquire

absolute isotope values.

Analytical uncertainties were obtained by means of two in-house carbonate
standards that were calibrated to NBS-19 international standard (Coplen, 1996). The
uncertainties were < 0.04 %o VPDB for 613C and 0.08 %o VPDB for 6180.

2.4.2 Particle Size Analyser

Measurements of particles size distribution on sediment core MD99-2343 were
performed with a Coulter LS 230 Laser Particle Size Analyser at the Sedimentology
Laboratory of the University of Barcelona (Fig 2.3). This technique measures the
diffraction angle of a laser beam when impacts with sample particles. The Coulter LS 230
analyser can detect particles from 0.4 um to 2000 pum. It is composed by two bench top
systems: 1) the fluid module and 2) the optical module. The fluid module allows
introducing samples suspended in a liquid that together with a sonicator device helps to
disperse sample particles. Particles circulate at variable speed through a sample cell untill
the optical module. In the optical module there are a light source, lenses and a diffraction
detector assembly containing a photodetector array. The laser, that it is a monochromatic
light beam, reaches the suspended particles and is diffracted in different degrees
according to the grain size of each particle as outlined in the Fraunhofer theory
(Hodkinson, ], 1966). The lens set concentrates the diffracted beams towards the
detectors. High particles supply low diffracted degree and then, high light intensity arrives
at the detectors and vice versa for small particles. This measurement, performed during
several seconds, allow finally obtain the amount of different particle sizes in percentage of

volume and therefore the grain size distribution for each sample.

The precision and accuracy were tested performing several control runs using the

LS size control G15, which gave a coefficient of variation of 0.03%.
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Figure 2.3. Images of the used instruments in this study. A) IRMS, Finnigan-MAT 252. B) Avaatech III Core Scanner
system (picture courtesy of A. Baza). C) MC-ICP-MS, Finnigan Neptune (picture courtesy of C. Pérez). D) ICP-MS, Perkin-
Elmer Elan-6000. E) Coulter LS 230 Laser Particle Size Analyser.

2.4.3 XRF-Core Scanner

Measurements of the sediment elemental composition of the Balearic core (MD99-
2343) were performed by X-Ray Fluorescence analysis using an Avaatech III Core Scanner
system (Serial No. 21) at the CoreLab in the Geoscience Faculty of the University of
Barcelona (Fig. 2.3). Although the first X-Ray fluorescence logging was developed at 1988
the Avaatech generation of XRF-core scanners has been operating since 2002 (Jansen et
al, 1998; Richter et al., 2006). This method is advantageous over discrete conventional
geochemical methods because it allows rapid, non-destructive and high-resolution
analysis (10 mm in this study) of long sediment sequences (Richter et al, 2006; Rothwell
and Rack, 2006). Also provides us a large range of elements to be analysed (Al-U atomic

weight range) by qualitative approach.

The scanning took place directly at the split core surface which is completely
introduced into the scanner. The entire circuit is filled with helium in order to remove air
absorption. When the prism rests on the sediment, the X-ray tube generates incoming
radiation over a 1.2cm? area. Hence, atoms of different chemical elements from the
sediments are ionized. During ionization, one or more electrons bombarded with the X-
Ray are excited and ejected from the inner orbitals of the atom generating electronic
structure instability. The resulting vacancy is afterwards replaced by electrons falling back
from outer orbitals, releasing energy in form of photons (X-Ray fluorescence, Potts and

Webb, 1992). This secondary radiation emitted is characteristic according to the distance
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between orbitals for each atom existing in the sediment and therefore different for each
chemical element. Finally the detector measures the intensity of the emitted radiation. The
wavelength is characteristic for each element and the amplitudes of the XRF-peaks are
proportional to the concentration, allowing thus determining the elementary composition
when data is adjusted with a calibration line (Rothwell, 2006). Several elements were
measured in three separate runs with different excitation conditions in order to improve
the sensitivity of the scanner. The excitations conditions and the elements measured for

each run were:

1) Conditions: voltages of 10 KV, currents of 0.5 mA and excitation times of 10s.
Elements: Al, Si, P, S, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe

2) Conditions: voltages of 30 KV (Pd-thick filter), currents of 2.0 mA and excitation
times of 25s. Elements: : Ni, Cu, Zn, Br, Rb, Sr, Y, Zr, Mo, Pb

3) Conditions: voltages of 50 kV (Cu filter), currents of 2.0 m4, and excitation times of

35s. Elements: Ag, Cd, Sn, Te, I, Ba

This procedure was repeated along the entire sediment core and finally the element
intensities were obtained by post-processing of the of X-ray spectra by Iterative Least
square software (WIN AXIL) package from Canberra Eurisys. Therefore the relative
elemental composition variability along the sediment cores can be known although

preventing direct concentration correspondence.

Furthermore, with a spectrophotometer mounted into the Avaatech III Core Scanner
system also has been performed colour reflectance analysis. The colour spectrum for each
measurement was recorded using three axis parameters: the lightness (L*), the red to
green axis (a*) and the yellow to blue axis (b*). In parallel to this measurements high
resolution photographs of the sediment core MD99-2343 and all the speleothems were

performed.
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2.5 Proxy calculations and basis for their interpretation

2.5.1 Radiogenic isotopes: >*°Th/>*U ages

Isotopes are varieties of a given chemical element with different number of neutrons
in their nucleus and thus different atomic mass number. Isotopes can be stables (e.g 180
and 13C) or radiogenic (e.g. 234U and 230Th), these last ones associated to radioactive decay
processes. Radiogenic isotopes become an excellent radiometric dating tool due to the
isotopic composition of a sample evolve along time by radioactive decay. In speleothems
science the uranium-thorium disequilibrium dating is the most appropriated tool allowing
determining the timing and duration of geological events with a method limit of
approximately 600 kyr (Edwards et al., 1987). Generally, radiogenic isotopes are reported
relative to that of a stable, non-radiogenic isotope of the same element as isotope ratios.
Despite that, in the case of the U-series decay, isotope ratios are usually expressed relative
to the 238U, because it is assumed that it is constant along time due to their relative long
half-live (4.47x106 kyr). Currently, variations in the abundance of these radiogenic
isotopes ratios are measured directly by isotope ratio mass spectrometry although the
first efforts in radiometric dating for speleothem dating were performed by alpha-
spectrometry which was progressively replaced by TIMS, improving the U-series dating,
reducing the amount of sample necessary to perform the analyses and highly improving
the precision (Edwards et al, 1987). After that, TIMS was substituted by MC-ICP-MS
technique, decreasing even more the sample amount and wastage, reducing also the
analysis time, simplifying chemistry procedures and allowing further reliable dates (Cheng
et al., 2013; Hellstrom et al.,, 2003). Since then U-Th dating by MC-ICP-MS is the most

widely used technique for speleothems radiometric dating.

The U-Th dating method is based in the high contrast in the solubility of the uranium
and thorium in water. Uranium is transported via groundwater until the speleothem,
where it is incorporated in the carbonate, whereas there is no transport of thorium
according to its very low solubility. Assuming a closed system, uranium radioactively
decays after the speleothem calcite precipitation to thorium, from the parent isotope
(238U), abundant in nature, to their daughter isotopes (243U and 230Th). The 238U decay serie
is shown in Fig. 2.4 with the half-life times for interesting radiogenic isotopes used in the

age calculation (Edwards et al., 1987 and 2003, Cheng et al.,, 2006 and 2000).
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Due to faster decay of the 234U respect to the 238U, the initial 234U /238U ratio from the
speleothem progressively falls over time and consequently the 230Th/238U increases (Fig
2.5 a). The relationship of both activity ratios allow to achieve the time elapsed by means
of the standard 230Th /238U age equation (Fig. 2.5 b) from Kaufman and Broecker (1965)
and Edwards et al., (1987). The activity between parents and daughters get closer along
time, consequently the precision of the method very rapidly deteriorates beyond 400 kyr

and finally the secular equilibrium is reached indicating the limit of the method (Fig. 2.5 a).
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Figure 2.5. a) Principles of U-Th disequilibrium calculated from the decay equation. For a given speleothem sample, the
initial calcite 23¢U/238U ratio (y-axis) starts to evolve following the black arrow direction over time. Consequently, the
230Th /238U ratio increases. Measuring both ratios and using the age equation (b) the final age of the speleothem sample is
known. Several measured ratios of Sanbao cave samples from Cheng et al., (2009), are plotted as example. The ultimate
end-point is secular equilibrium, when both ratios are one. (Source: Fairchild and Baker, 2012). b) Decay equation
developed by Kaufman and Broecker (1965) and Edwards et al., (1987).
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The major source of uncertainty in the U-Th ages is due to speleothems remain
susceptible to incorporate detrital transported 230Th within fine sediments. This detrital
230Th is always accompanied by higher amount of 232Th and therefore with an initial
activity ratio (230Th/232Th) that it is variable depending on the bed-rock and soil
characteristic (Drysdale et al, 2006; Hellstrom et al, 2006). In order to distinguish
between 230Th detrital and those from the U-decay and not overestimate U-Th dates, 23°Th

corrections must be performed for speleothems containing 232Th (Hellstrom et al., 2006).

Summarizing, three requirements are important in order to obtain absolute

radiometric dates:

1) Enough amount of initial 238U in the samples to perform the analysis.
2) A closed system since the carbonate precipitation formation.

3) Insignificant or known amount of detrital 230Th at the formation time.

Synthetic isotopes (233U, 236U and 229Th) are incorporated into the samples (spike),
before the chemistry in order to control lost sample and fractionation processes during
the chemistry procedure and also as a reference for the measurements. All this synthetics
isotopes and also the natural ones (238U, 235U, 234U and 23°Th and 232Th) were measured in
order to determine the 234U/238U, the 230Th/238U and the 230Th/232Th radiogenic ratios

necessary to calculate the age of each sample.

Thus, the 230Th/234U absolute ages were used for the construction of age-depth
model, which is fundamental to frame in a time scale the generated geochemical proxy
records. In the elaboration of speleothem age-depth models often are applied Bayesian
approaches that are believed to be more reliable than simple linear interpolation methods
(Breitenbach et al., 2012; Ramsey, 2008; Scholz et al, 2012). Here the age modelling was
determined by StalAge packaging software (Scholz and Hoffmann, 2011) in all the
speleothems except TER speleothem whose chronology was estimated by linear

interpolation due to the few available dates in this case.
2.5.2 The d notation on stable isotopes

Stable isotopes can be classified as lighter or heavier depending on their mass
number. For example, there are three stable isotopes of oxygen (160, 170, and 180}, and two
of carbon (12C and 13C) with the lighters ones occurring most abundant (Table 2.1).
Although they still have the same number of protons and electrons and thus the same
electronic configuration, isotopes differ in the number of neutrons. Due to these atomic

differences, the physicochemical properties among isotopic spices of the same chemical
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element are slightly different. In consequence, during chemical reactions, these different

characters can generate isotopic effects.

Element Isotope Abundance (%) Ratio measured Reference standard

12 13 12
Earbor 13c 98.89 /e VPDB
c T
160 99.763 89/%0 SMOW / VPDB
Oxigen 79 0.0375
B0 0.1995

Table 2.1. Information on the measured stable isotopes. Natural isotopes abundances, and most standard ratios used.

For example, during water evaporation, the light oxygen isotope (160) is more
prompt to evaporate. Therefore, the amount of isotopic species for each chemical element
in a given substances or compounds is usually different. Consequently, substances or
compounds have a specific relation according to the abundance of each isotope, generally
expressed as the ratio between the heaviest and the lightest isotope (e.g. 180/1¢0). During
a given reaction, the isotopic behaviour can produce preferential distribution of isotopes
by isotopic exchange between two compounds or phases of substances, changing its

isotopic ratio and generating the so-called isotopic fractionation.
The fractionation factor is described as:
aa/=Ra/Rs
Where:
Ra= isotopic ratio of compound A
Rg= Isotopic ratio of compound B

Due to the fractionation factor is always close to one with a small positive or

negative deviation, the isotopic fractionation is usually expressed in units per mil (%o0):
€(%o0)= (a-1)103

The absolute abundance of stable isotopes is difficult to achieve with enough
accuracy, in contrast, the relative differences between two samples can be measured with
high precision. Due to the interest in geoscience research is focused in the relative changes

rather than absolute values, the isotope ratio of an unknown sample is compared with the
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known ratio of a standard substance and thus the isotopic fractionation is expressed in

terms of delta values (8).

(Rsarnple - Rstandard )

6(%"):(('r\,sampIe/Rstandard) -1)x10° = x 10°

Rstandérd

As the 6 value informs us about the difference between the sample and the standard,
they can be either positive or negative, depending if the sample ratio is higher or lower
than that of the standard substance. Consequently, a positive 8§ values means that the
measured sample is enriched in the heavy isotope respect to the standard (higher isotopic
ratio). While a negative 6 values means that the measured sample is depleted in the heavy

isotope respect to the standard (lower isotopic ratio).

There are several different standards. The VSMOW (Vienna standard Mean Oceanic
Water) is used in water analyses while the VPDB (Vienna Pee Dee Belemnite) is used for
carbonates. Usually, stable isotope laboratories routinely use in-house standards which

are already calibrated to the homologated standards (NBS 19, NBS 18 used in this study).
18 13
2.5.3 0 °0 and 6 °C on speleothems

Several processes control the geochemistry signal in speleothems, starting from the
early step when water is evaporating from oceans, until the calcite precipitates as
speleothem forms inside caves. Thus, several processes along the water and carbon cycles
can induce oxygen or carbon isotopic fractionation which ultimately would influence the
speleothem isotope signal and complicates the interpretation of past hydrological and
climate changes (Fairchild and McMillan, 2007; Fairchild and Treble, 2009; Mc Dermont,
2004; Wong and Breecker, 2015).

The speleothem science during the late 20th century focussed the 6180 speleothem
interpretation as cave temperature proxy since temperature control on oxygen
fractionation is relevant when the system remains in isotopic equilibrium (Hendy and
Wilson, 1968; Tremaine et al, 2011). But more recent studies have recognized the
relevance of changes in cave §180 drip-waters (61804w) Which often are larger than cave
temperature changes (McDermott, 2004). Calcite is often deposited out of isotopic
equilibrium, although very close, maintaining changes in the 61804, despite a further
temperature dependence fractionation can occur within the cave. In turns, the 81804y,
reflects the 8180 of precipitation (6180,) and other fractionation processes that can occur

into the soil and the karst system (McDermott, 2004). During evaporation, lighter isotopes
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are preferentially incorporated into the vapour due to lower atomic mass. On the contrary,
during condensation, heavy isotopes are preferentially incorporated to the liquid state.
Consequently, 6180, will be lighter respect to the ocean and even more after precipitation
(Lachinet, 2009). Evaporation processes occurs all through the hydrological cycle; in

oceans, atmosphere, at soil zones, vadose zones and also inside caves (Fig. 2.6).
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Figure 2.6. Primary processes related to 6180 variations in cave speleothems. Relative humidity changes and temperature-
related processes, such as phase changes, occur all through the hydrosphere, the atmosphere, the soil and epikarst zones
which control §180 variations. (Source: Lachinet et al., 2009)

Repeated evaporation-condensation processes combined with temperature changes
along the rainfall path produce the so-called Rayleigh distillation (Clark and Fritz 1997),
which not only affects the 6180, but also the isotopic composition of the sea waters
(8180sy). At glacial-interglacial time-scale, the dimensions of the continental ice sheets
controlled the accumulation of light isotopes previously evaporated from the ocean and
thus the global 8180, signal during glacial periods was enriched. This influence in the
isotopic records is the so-called “ice volume effect” (Genty et al., 2003; Lachinet, 2009).
Two additional effects related to evaporation-temperature processes affect the 8180,
signal: the “source effect” that reflects regional 6180, differences from the oceanic
moisture origin (Bar-Matthews et al., 1999; Rozanski et al., 1993), and the “amount effect”,
especially in tropical regions, where the large precipitation amounts associated with
monsoon dynamics strongly decreases the §180, signal (Cai et al., 2012; Cheng et al, 2009;
Rozanski et al., 1993). Likewise, other evaporative fractionation processes have also been

reported for clouds dynamics (Araguas-Araguas et al, 2000), by the atmospheric addition
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to recycled humidity over continents (Koster et al., 1993; Krklec and Dominguez-Villar
2014), in the soil wherein infiltrated water becomes 180-enriched with increased dryness
(Ayalon et al., 1998; Clark and Fritz 1997; Gazis and Feng, 2004; Tang and Feng, 2001), or
even in drip-waters when cave air allows humidity uptake (Feng et al., 2012). There are
several other effects related with the Rayleigh distillation that also induce isotopic
fractionation as: cave latitude and altitude, the continental character or distance from sea
and air temperature when precipitation forms (Boch et al., 2011; Moseley et al, 2014;
Rozanski et al., 1982, 1993). These factors are considered to be dominant modulating the
6180y, signal in mid-latitude areas and thus the speleothem §180 reflect a mixture of ocean
water source (8180s,), the atmospheric air temperature and the rainfall patterns (Fairchild
etal, 2006 and 2007; McDermott et al., 2001; McDermott, 2004; Lachniet 2009; Rozanski
etal,1993; Wang et al.,, 2001).

Once rain-water enters into the karst system, other isotopic fractionation processes
could change the original 6180, thus affecting the 61804, signal; the amount of water
infiltrating into the karst, seepage or fracture flows, mixture of different ground waters or
the water-rock interaction (Hendy 1971; Cobb et al., 2007; Lachinet 2009; Mattey et al.,
2008). Furthermore changes into the pCO; inside cave, changes in the drip rate, the
speleothem growth rate, carbonate mineralogy and kinetic effects could also induce
further fractionation at the moment of calcite precipitation, affecting another time the
isotopic signature when is transmitted from 6804w to the speleothem §80 (Baldini et al.,

2006; Sharp, 2007; Spotl et al, 2005; Stoll et al., 2015).

Therefore in most cases, the §180 signal in speleothems is too complex to be ascribed
to one simple fractionation process and thus it is necessary to recognize the site-specific
characteristics in order to correctly interpret the speleothem 6180 fluctuations at different
time scales; seasonal, millennial or orbital scales. In this regard, this study discusses the
interpretation of the obtained speleothems 6180 records in a dedicated part (Section 4.1

and 4.2).

On the other hand, the speleothem 613C proxy is also a useful tool to reconstruct
climate-driven changes. The carbon cycle adds several fractionation processes that also
need to be considered with attention (Mc Dermont, 2004). There are different possible
sources for speleothem carbon, the host carbonate rock and the soil CO2, which in turn,
consists in a mixing of the atmospheric CO, and biogenic CO;, (Hellstrom et al.,, 1998,
Genty et al.,, 2001). During percolation the seepage water is in continuous equilibration

with the soil CO; (mostly biogenic) but in closed systems also from the carbonate bed-
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rocks (McDermott et al, 2006). The inorganic carbon contribution from the bed-rock
would result in elevated §13C value in the drip water, while the soil/biogenic carbon
source in lower 613C values (Breecker et al., 2012; Wong and Breecker, 2015). However, it
was reported that the relationship between biogenic and inorganic source is 9:1 in
temperate areas (Genty et al., 2001). Due to most natural systems are partially open and
assuming that the bed-rock source is limited and do not changes along time, the §13C of the
dissolved carbon in drip waters closely reflects changes in soil CO; mostly from the
biogenic source. The type of vegetation C3/C4 plants (Dorale et al, 1992; Genty et al., 2003
and 2006) and the intensity of vegetation activity above the cave site (Baldini 2006; Gently
etal, 2001, 2003; Moreno et al., 2010) would be the two main biogenic processes affecting
the 613C of the soil CO,. Due to temperate regions are dominated by C3-vegetation, and
there is no changes between C3 and C4 plants, the vegetal root respiration and microbial
activities mainly control the 613C changes into the soil. Less biogenic CO; production due
to reductions in the biological activity increases the relative proportion of atmospheric
COy, leading to higher 613C values. On the contrary, enhanced vegetation activity due to
more plant root respiration and microbial activity let lighter soil 613C. Additional effects on
613C changes of the biogenic CO; are related to photosynthetic discrimination in C3 plants
(Schubert and Jahren, 2012) and atmospheric pCO; changes, such as happened during
glacial-interglacial or stadial-interstadial transitions (Wong and Breeker, 2015).
Therefore, variations in the soil CO, productivity, and consequently in the 6!3C signal of
the dissolved carbon in drip waters, is ultimately influenced by climate-driven changes. By
changes in temperature and water availability which hardly controls the vegetation
activity (Fairchild and Baker 2012), as well as atmospheric CO; isotopic composition

changes at different time scales (Baker et al, 1997; Genty et al, 2003).

As in the case of the §1804w, some kinetic effects can affect the isotopic composition
of the dissolved carbon of drip-waters (Richards and Dorale 2003; Fairchild and McMillan,
2007). The CO; degassing from seepage waters through the karst leads to CaCOs
supersaturated waters than induce calcite precipitation. The isotopically light carbon (12C)
is removed from the drip-waters during degassing, hence enriching the residual water
solution in 13C (Dulinski and Rozanski 1990; Hendy 1971; Mickler et al., 2006; Spotl et al.,
2005). When this isotopic fractionation processes occur along the hydrological flow-path
before the speleothem formation is called the prior calcite precipitation effect (PCP). PCP
is related with changes in the pCO, and the water availability (Fairchild and McMillan
2007) and it could control the speleothem §13C signal. Generally, less infiltration and long
water resident times influence the extent of PCP (Wong and Barnner 2010, McDonal et al.,

2007).
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Overall, temporal changes in speleothem 6!3C can offer a potential tool to
reconstruct past climate conditions when assuming that dry/cold conditions drive to less
water availability, less vegetal activity and enhanced PCP. However distinguish among
temperature, precipitation or PCP effect is far from being a simple issue. For that reason
should be appropriated to interpret the isotopic signal in parallel to trace elements ratios
in order to evaluate the possible causes for temporal changes in §13C. In that sense,
strongly 613C and Mg/Ca ratios may point to water availability or PCP rather than
temperature effect (Fairchild and McMillan 2007). In this study, the interpretation of the
produced speleothem 613C records is discussed in detail together with the Mg/Ca records

at section 5.2.
2.5.4 Mg/Ca on speleothem

The primary source of calcium, magnesium and other trace elements in speleothems
is from the bed-rock and its dissolution occurs in areas of maximum pCO; (Fairchild and
Treble 2009). The infiltration of these elements into the karst is dependent of their

chemical mobilization and hydrological processes during infiltration (Fig. 2.7).
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The Mg cation of the drip water solution is incorporated in the CaCO3 cristals at the

speleothem surface according to:
(Tr/ CaCacog> = Kre(Tr/Ca)goiution  (Fairchild and Treble, 2009)

where Kr; is the partitioning coefficient which is temperature dependent.

The rate of CO, degassing and consecuently the calcite precipitation increase in
warmer temperatures (Day and Henderson, 2011). However, temperature was proved to

be insuficient to explain the main reason for equilibrium partitioning of Mg into calcite
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(Fairchild et al, 1996). Hence, speleothem Mg/Ca ratio reflects other factors besides
temperature: 1) speleothem growth rate controlled by the cave-aire contidions (temp and
pCO2) (Kowalczk and Froelich, 2010) and 2) other processes which endure changes in the
drip-water composition proceding from the bed-rock, mostly related to water availability
(Gascoyne, 1983; Huang and Fairchild, 2001; Morse and Bender, 1990). Changes in
groundwater residence time produce more water-rock contact time, affecting the dolomite
dissolution (magnesium enriched) relative to the calcite dissolution and incrementing the
speleothem Mg/Ca ratio (Fairchild et al, 2000 and 2006; Fairchild and McMillan, 2007).
Moreover, as commented previously, PCP can occur during the infiltration and dripping,
removing cations from the groundwater and reducing Ca respect to others trace elements
(Fairchild and McMillan, 2007; Fairchild and Treble 2009). When PCP is an important
process, it results in stronger Mg enrichment of the residual waters solution compared
with the bed-rock signal (Fairchild and Treble 2009) (Fig. 2.8). Consequently, variations in
the precipitation-evaporation balance over the cave should be related to the amount of
water infiltrating into the karst system and affecting the water residence time, the PCP, the
drip rate and the speleothem growth rate, that finally, increase the Mg/Ca ratio in the

speleothem due to this preferential calcium lost.

Figure 2.8. When PCP increases (black line and arrow direction) the Ca concentration decreases in the solution and finally
the Mg/Ca in speleothems becomes higher due to this premature Ca lost. (Source: Fairchild and Tremble, 2009)
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Several previous studies inferred hydrological changes using the Mg/Ca ratio in
speleothems where high Mg/Ca ratios suggest arid conditions and vice versa (Moreno et
al, 2010; Fairchild et al, 2000). A strong co-variation between Mg/Ca and &13C in
speleothem records reinforces the interpretation of water availability in the soil thus

reflecting atmospheric moisture variability (Fairchild and Treble, 2009)
18 ..
2.5.5 6 °0O on foraminifera

The first record of 6180 mesured in planktonic foraminifera was performed by
Cesare Emiliani. He documented cyclyc 6180 variations in Caribean cores, which were
interpreted as temperature changes (Emiliani, 1955). This first aplication of oxygen
isotopes in foraminifera as a paleotemperature proxy was in agreement with previous
findings from Epstein et al, (1953) that could determine a temperature equation for
marine carbonates. Later, Shackleton (1967) was the first to recognize that changes in sea
water 6180 composition (6180y) associated to the development or decay of continental ice
sheets had a dominant imprint in the foraminifera §180 signal. These changes were the
result of the Rayleigh distillation process of water from the ocean to the ice-sheets. Lighter
isotopes are preferentially evaporated and transported until the ice-sheets while the
oceans are enriched in heavy isotopes. If the isotopically depleted snow remains stored in
the ice sheets for a long time, the global isotopic composition of sea water will be modified,

and finally, becomes heavier (Fig. 2.6).

In addition to the global changes associated to ice sheet volume, the §180sw also
depend of other more local or regional hydrographic processes (Lea, 2003; Rohling et al,,
1999). Regional evaporation-precipitation balance (E-P) plays an important role
controlling the 680w of sea surface waters. E-P balance also controls surface water
salinity and this co-variance with §180sy has allowed the use of this geochemical ratio as a
salinity proxy although their relationship varies considerably among regions. In the case of
the Mediterranean Sea, variations in the inflow water volume through the strait of
Gibraltar due to changes in the relative sea level resulted on an amplified effect of the E-P
balance in the 6180w during glacial times (Rohling et al., 2014, 1999). Here, the 6180y
evolution is investigated in records from the Mediterranean and Cantabrian Sea and it is
interpreted in terms of regional E-P changes but also enhance surface freshening
associated to N Atlantic iceberg melting (Ferrer et al., 2009; Pierre, 1999; Sierro et al.,
2005) plus this amplification effect of sea-level changes in the Mediterranean Sea (Rohling
et al, 2014). Overall, heavy/light 51805, values correspond to saltier/fresher sea surface

water properties (Pierre, 1999) although the complexity of the factors prevents the
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application of a simple linear function for paleosalinity reconstructions (Rohling et al,

1999).

There are other factors that can also produce a further imprint of the foraminifera
5180 signal as the so-called “vital effect” related to symbiont influences, growth phases and
migrations in the water column along the live cycle (Urey, 1947). In order to reduce those
interferences is convenient to select adequate species, properly know the environment
along their cycle of live and homogenize growth phase sizes of the selected specimens.
Moreover, benthic and planktic foraminifera can occupy several ecological niches, from
surface to deep water environments, allowing isotopic reconstructions from different

parts of the water column.

Overall, oxygen isotopic ratios are widely used as climate proxy in
paleoceanography since they are enable to reconstructs past global ice volume, ocean
temperatures, relative sea level changes, iceberg melting, ocean circulation, water column
structure, surface water salinity, river discharge, monsoonal intensity and other factors
related with the hydrological cycle including E-P changes. In this study it has been
measured the 6180 from the planktic foraminifera G. bulloides and used as a
chronostratigraphic tool among the sediment cores but also as a proxy of surface waters

properties.

Since the 5180 signal from G. bulloides shells represents a combined signal of surface
water temperature and the original seawater 6180s, (Waelbroeck et al, 2002), when an
independent sea surface temperature estimation is available, it can be applied to elucidate
variations in the 8180, (Mashiotta et al., 1999; Elderfield and Ganssen, 2000). This study
has estimated the §180s,, by using the Shackleton palaeotemperature equation (Shackleton,
1974) where the temperature has been isolated by the use of the Mg/Ca-SST estimates.
Finally, the 8180, was converted in Standard Mean Ocean Water (SMOW) after the
correction of Craig (1965) and used as indicator of regional E-P balance, freshening events

due to N Atlantic iceberg melting and global sea-level changes.
2.5.6 Mg/Ca-SST on foraminifera

The Mg/Ca ratio measured in carbonate shells of planktic foraminifera is a
frequently used proxy for sea surface temperature (SST) reconstructions (Barker et al.,
2005; Lea, 2003; Elderfield and Gansen, 2000). During carbonate precipitation, Mg can
replace Ca within the structure of calcite because these two elements have the same

oxidation state and similar atomic radius. The Mg/Ca ratio as a paleothermometer is on
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the basis that this substitution is favored at higher temperatures due to it is an
endothermic reaction (Chave 1954). Therefore, the rate of incorporation of Mg in
carbonate shells is temperature dependent and, it is consequently controlled by the sea
water temperature (Elderfield and Gansen, 2000). Several attempts to calibrate
temperature changes with the Mg/Ca ratios allowed to discovered 1) the Mg/Ca ratio
increases exponentially with increments in SST (Lea et al, 1999) and 2) its relationship is
different depending on the foraminifera species (Niirnberg, 1995; Niirnberg et al, 1996;
Lea et al.,, 1999; Toyofuku et al., 2000). By means of culture experiments Lea et al. (1999)
found a general calibration that relates temperature and Mg/Ca ratios, using an
exponential equation (Mg/Ca (mmol/mol)= bemT; where b is the pre-exponential constant,
m the exponential constant, and T the water temperature). Afterwards, Elderfield and
Gansen (2000) proposed a specific calibration for G. bulloides among other species and
based on core-tops from the N Atlantic Ocean. More recently, using western
Mediterranean core-tops, Cisneros et al, (2016) expanded the temperature sensitivity
range of the original calibration of Elderfield and Gansen, (2000) towards the warm end

that characterize Mediterranean waters (Fig. 2. 9).
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Figure 2.9. General calibration curve for Mg/Ca vs. temperature for eight different species of planktic foraminifera.
(Source: Elderfield and Gansen, 200). On the top are the specific equations for G. bulloides specie developed by Elderfiend
and Gansen, (2000), and Cisneros et al., (2016).
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This study has applied the calibration of Cisneros et al, (2016) to transfer the
measured Mg/Ca ratios into SST. The Mg/Ca-SST has been interpreted to reflect spring
temperatures in the Mediterranean Sea, since sediment trap fluxes of G. bulloides are
maximum during this bloom season (Barcena et al, 2004; Cisneros et al., 2016; Rigual-

Hernandez et al,, 2012).

The foraminifera-Mg/Ca ratios have been proposed to be affected by other factors
like high-salinity conditions, which is the case of the Mediterranean Sea (Ferguson et al.,
2008), but more recent culture experiments appears to not support it (Honisch et al,
2013). In contrast, diagenetic overprints have been proposed as the main cause of
anomalous high foraminifera-Mg/Ca ratios (Hoogakker et al, 2009). Despite that,
secondary high-Mg-calcite overgrowths in foraminiferal shells is lower in deep western
Mediterranean samples than in eastern locations due to the presence of less calcite
supersaturated waters (van Raden et al., 2011). Furthermore, both reductive and weak
acid leaching steps applied in the cleaning procedure have been proved to be efficient
removing secondary overgrowths (Pena et al.,, 2005). Overall, the Mg/Ca ratios obtained in
this study appear not to be anomalous high ratios since they are coherent with other
studies for the same location (Catala et al, 2019; Jiménez-Amat and Zahn 2015) and

within the ranges of the calibration used to transfer ratios into SST (Cisneros et al, 2016).

Previous studies have demonstrated that the reductive step dissolves preferably Mg
rich calcite and consequently the Mg/Ca ratio estimation become lower. Consequently,
Mg/Ca ratios of the reductively cleaned samples are systematically lowered by about 10-
15% (Barker et al,, 2003, 2005; Yu et al.,, 2007). Accordingly, the estimated Mg/Ca ratios of
the ODP Site 977A were corrected with an increase of 15% as it is suggested by Barker et
al, (2003) due to the reductive attack step was applied in this case.

Moreover, in order to identify potential contaminated samples and avoid
overestimated Mg/Ca-SST, Al/Ca and Mn/Ca ratios were also measured controlling thus
the presence of manganese oxides and/or aluminosilicate (Barker et al, 2003; Lea et al,
2005; Pena et al, 2008, 2005). Few samples were discarded according to values above 2o
of each ratio (ODP site 977A: Mn/Ca = 0.41 and Al/Ca = 0.46; MD99-2343: Mn/Ca = 0.82
and Al/Ca = 0.32; PP10-17: Mn/Ca 2 0.49 and Al/Ca 2 0.33). Furthermore, no co-variations
of Al/Ca and Mn/Ca with Mg/Ca ratios were found (Fig. 2.10).
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Figure 2.10. Measured Mn/Ca and Al/Ca ratios plotted versus the Mg/Ca ratios of the three sediment cores. Red circles
highlight those samples discarded duo to possible contamination.

2.5.7 UP10 index

Deep-water current intensity directly affects the proportion and grain-size of non-
cohesive particles (McCave and Hall, 2006; Mulder et al, 2013; Rebesco et al, 2014). In
this sense, the grain-size distribution of the non-carbonate fraction of sediments
represents the intensity of bottom currents (McCave et al, 1995). Several
paleoceanographic studies in sediment cores have been carried out using the sortable silt
(SS) and/or silt/clay proxies (Robinson and McCave, 1994; McCave et al., 1995; Bianchi et
al.,, 1999; Hall and McCave 2000; McCave and Hall 2006; Frigola et al,, 2008). While the
silt/clay ratio directly compares the relationship between silt (>2 pm) and clay (2-63 pm)
of the sediments, the SS encompasses the lithic fraction between 10 and 63 um (McCave et
al, 1995). The SS proxy assumes that 1) fine sediment behavior is dominantly cohesive
below <10 pm grain size and therefore they are not being able to be transported
individually by currents and 2) particles with grain sizes <63 pm from deep hemipelagic
sediments corresponds mainly to biogenic fragments (McCave et al, 1995). However in
contourite drifts lithic particles >63 pm can be eroded, suspended and transported by
contour currents (Rebesco et al, 2014). These sediment deposits are characterized by
very high sedimentation rates providing information about terrigenous inputs at high-
resolution (Hodell et al, 2009; Oppo et al, 2001; Robinson and McCave, 1994). A new
developed proxy that represents all the particles higher than 10 um (UP10) was developed
by Frigola et al.,, (2007) on the same core used in this study, hence encompassing also
possible fine sandy particles. This UP10 record from core MD99-2343, linked deep-water
currents intensity changes with climate oscillations controlling the deep-water formation

in the western Mediterranean during the last 50 kyr (Frigola et al., 2008, 2007). Moreover,

71



this UP10 index was recently validated with instrumental measurements from the western
Mediterranean (Cisneros et al., 2019). For these reasons the UP10 proxy was calculated

from the addition of all the lithic particles higher than 10 pm as volume percentage.

Furthermore, the suitability of the UP10 proxy was validated performing also a
clustering statistical analysis of the grain-size modal distributions based on a k-means
method (McQueen, 1967; Povea et al., 2015). This statistical method allows to classified all
the samples in n clusters (4 in this study) according to their modal distribution similarity
with a prototype sample, which it is obtained by several iterations and defined by the

mean of all the samples belonging to the cluster (Davis, 2002).
2.5.8 The Zr/Al: XRF-data normalization

Raw data of the XRF-core scanner, in other words, the element intensities, are
obtained in cps and they represent a quantitative approach. However in
paleoceanography, it is more adequate the use and comparison of elemental ratios
(Tjallingii et al., 2007). The element intensities depend on the element concentration, but
also on physical properties such as porosity, density or water content, (Richter et al,
2006). This last one strongly reduces light element intensities, becoming more susceptible
to absorption effects (e.g Al) (Tjallingii et al., 2007). In order to reduce these signal
artefacts, related to both lithological and water content changes, Al-normalization was
performed due to it is considered that aluminium is only present in clays and detrital
aluminosilicates (Van der Weijden, 2002). Furthermore, Weltje and Tjallingii (2008)
proposed a log-ratio representation for the XRF-core scanner data allowing a convenient
way to compare different XRF records (Weltje and Tjallingii 2008). Accordingly, the XRF-
core scanning data is presented here as element/Al logarithmic ratio, in order to correct
different coefficients of variations between elements and allowing a statistically more

robust representation of element ratios (Weltje and Tjallingii 2008).

Currents not only control the grain-size distribution of contourite drifts but also
modify the mineralogy of sediments (Mulder et al, 2013). Bahr et al. (2014) suggest that
Zr/Al ratios represent the relative enrichment of zircon (heavy mineral) versus
aluminosilicates (less dense minerals) under current flow, and therefore it can be used for
a semi-quantitative assessment of paleocurrent velocity. In order to explore the suitability
of this proxy in our sediment core record, a Principle Component Analysis (PCA) was
carried out with the Statgrafics software into the standardized XRF data, only considering
the elements with a robust signal (i.e. Al, Si, K, Ca, Ti, Fe, Rb, Sr, Zr, and Ba for this

statistical treatment.
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3.1 Speleothem chronologies

A total of 298 radiometric U/Th dates were performed over 48 speleothems
corresponding to 12 different caves, absolute dates with the errors and U contents are
given in Annex 6. This intensive dating was required in order to identify those
speleothems that covered past interglacial periods and major transitions (glacial

terminations or glacial inceptions), target by this thesis (Fig. 3).
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Figure 3. Growth phases of all dated speleothems compared with the 6180 measured G. bulloides from the marine
sediment core ODP 977 from the Alboran Sea (Martrat et al,, 2007 and unpublished data). Grey bars indicate glacial

periods

Twenty of these speleothem grew in the current interglacial and they were directly
discarded for this study with the only exception of NOV that covers the last termination
(TI) and the longest section of the MIS 1. Consequently NOV was considered a valuable
reference record and thus it was the only Holocene speleothem where the age model and
geochemistry analyses were performed. In addition other dated speleothems were also
discarded for this study according to several different criteria as: glacial speleothems,
those showing visible dissolution structures or high porosity, those covering very long
periods but at very low resolution or, on the contrary, those that grew very fast but during
very short periods, among others. As a result, the age modelling effort has concentrated in
16 speleothems (Fig. 3.1). Some speleothems were still selected although their records

were relatively short in time, but since they provided an overlapping record with others
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offering the opportunity to obtain replicates in the geochemical proxy signals allowing
further confidence to the climatic interpretations. The selected speleothems provide
coverage for the six last interglacial periods (MIS 1, MIS 5, MIS 7, MIS 9, MIS 11, and MIS
13) but MIS 1, 7 and 13 are not completely covered. The MIS 5 is the best represented with
at least 6 speleothems that grew during that period, including CAM 8, which, although
mostly grew during the glacial period, it was chosen to evaluate its signal during the TII

when it overlaps with two other speleothems (FOS and TER).
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Figure 3.1. Growth phases of the selected speleothems for age modelling compared with the §'80 measured G. bulloides
from the marine sediment core ODP 977 from the Alboran Sea (Martrat et al, 2007 and unpublished data). Grey bars
indicate glacial periods

3.1.1 Iberian Peninsula speleothem age model

The chronology of JUD speleothem is provided by 14 radiometric dates (Fig 3.2).
Several replicates where performed in order to constrain the age model due to the relative
large errors usually present in JUD dates. In one case, the error was so large (at 3.6cm)
that was invalidated and not included for the age modelling. This sample was located
above a visual discontinuity. The presence of detrital material, which could introduce
remobilized Th in the calcite, is probably the reason for high age errors (Fig 3.2). This
Pyrenean speleothem presents coloured detrital layers and three changes in the growth
axis direction at 3.5, 40.6 and 44.8 cm from the top. These visual changes could indicate

precipitation/growth breaks but the resolution of the sampling and the errors associated
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makes difficult to constrain this short hiatuses only by U-series ages. Moreover, these
potential hiatuses have been associated to large positive excursions in the geochemical
record (Mg/Ca and &13C) supporting its relation to events of reduction in effective
precipitation. Due to speleothem growth hiatuses are not well detected by statistical
methods, the JUD record has been divided in four different data series in order to perform
a plausible age modelling. The result of this modelling indicates that JUD speleothem grew
from 115 to 68 kyr BP with the 3 growth hiatuses at 108, 104 and 82.5 kyr BP. It presents
the slowest growth rate in the top. In contrast, the base present rather fast growth with
and intense shift at 101 Kyr through even faster growth period. An extraordinary peak at
100.5 kyr BP is likely a consequence of the modelling software difficulty in managing rapid
growths and reversal dates that finally leaves overestimated growth rates in this point.

Without considering this peak, the growth rates range between 0.2-16 cm/kyr.
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Figure 3.2. JUD age model developed by 14 U/Th radiogenic dates. Center) Modelled chronology with associated age
uncertainties (green line and area respectively). The black dots are original U/Th dates used for age modelling. . Dashed
lines highlight major layer discontinuities. Grey bars indicate modelled hiatuses in the growth rate. Left) The 232Th content
of the dated samples (red line) showing high detrital thorium related to large errors. Bottom) Modelled growth rate in
logarithmic scale. Right) Image of JUD speleothem with the position of the sampled radiometric dates and the growth axis
used in the geochemical analyses. In green, dates used in the age modelling, in orange, replicated dates and in red, invalid
samples.
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3.1.2 Minorca speleothem age models

From Murada cave, in Minorca, three speleothems has been modelled. NOV is the
youngest one covering from 13 to 6 kyr BP (Fig. 3.3A). The chronology was performed
using 9 radiometric dates. The bottom of the speleothem presents three changes in the
growth direction with several colour layers. After that the speleothem starts to have a
constant colour without visual discontinuities covering almost all the speleothem. The age
sampling was performed along that homogeneous coloured region. NOV does not presents
any age inversions when taking into account 2o errors and it have an age-depth model
rather linear with fast growth rates, between 5-10 cm/kyr. The second speleothem from
the same cave is IND that spans from 125 to 113 kyr BP (Fig. 3.3B). The chronology was
performed using 8 radiometric dates. This speleothem shows a homogenous aspect with
the absence of important changes in the growth direction or colour layers. That is in line

with its extraordinary linear age-depth model with growth rates between 7-8 cm/kyr.
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Finally, RAT is the oldest speleothem from this cave, spanning from 383 to 210 kyr
BP (Fig. 3.4), and also is the speleothem covering the longer time interval (173 kyr). The
age model was performed using 27 radiometric dates. Some of these dates are age
inversions but in this case they are equally used for the age modelling since they represent
short time deviation. Several changes in the growth rate occur along RAT, which fluctuate
between 0.07-1.7 cm/kyr (Fig. 3.4). However, two overestimated peaks in the growth
rates (24 and 12 cm/kyr) can be observed at 370 and 333 kyr BP respectively due to
modelling software incongruences. The absolute age uncertainties of the younger part of
the speleothem are shorter and therefore this age model is much robust than the oldest

part where errors are larger.
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Figure 3.4. RAT speleothem age model from Murada cave (green line), plotted with the associated errors (green area), the
original U/Th dates (black dots) and the growth rates (dark green). The black crosses indicate growth rate outliers. The
pink grey bars highlight slow growth rate periods and the dashed line points to the major visual layer discontinuity. Into
the right, the image of the speleothem with the position of the sampled radiometric dates used for the age model (green)
and the growth axis used for the geochemical analyses (white line).

Three more speleothems from Minorca has been modelled from Polida and Sa
Tauleta caves. These speleothems were dated at very low resolution using only 4
radiometric dates for SAV and FOS while only 3 for TER age model (Fig. 3.5). This first
dating approach indicated some limitations for these speleothems such as: coverage of

very short time periods; presence of age inversions or large age uncertainties. In
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consequence, any further dating effort was dedicated to them but they were still
considered in this age modelling section since they overlap with other selected
speleothems and thus they give the opportunity to replicate their geochemical signal. SAV
speleothem has two age inversions within its 4 dates but, when taking into account the
absolute age uncertainties, only one seems to be an important reversal (Fig. 3.5A). Despite
that, all four dates were used for the age model. Although SAV speleothem is relatively
long (65cm-long) it only grew from 114 to 108 kyr BP and thus at fast rates (10-13
cm/kyr). FOS speleothem does not present any age inversion when taking into account 2o
errors. This speleothem spans from 136 to 134 kyr BP with variable fast growth rates (4-
16 cm/kyr) (Fig. 3.5B). Finally, TER speleothem spans from 168 to 142 kyr BP and its age
model was performed using linear interpolation between the three radiometric dates. The
TER speleothem present several changes in the growth path and changes in the colour
layers and textures. This complexity is not reflected in the used simple age model (Fig.

3.50).

A o - B oy — FOS
_ 10 — = \
£ _ £
= &
&2 7 g0
= £
2 30 — 2
N— N
g g
Ew0 -
a ] 8 20 — ' 153205k
50 — !
1 60 — ]
70 T T 30 T T T T T T |
100 110 120 130 135 140
Age (kyr BP) Age (kyr BP)
C o~ TER
A~10 —
E = s Figure 3.5. A) Age model for SAV speleothem
S 20 - from Polida cave), B) FOS and C) TER
g speleothem age models from Sa Tauleta cave.
v; Associated errors (green area) and growth rates
é 30 in the bottom. The black dots are the original
g - U/Th dates. Into the right of each plot there is
40 — the image of each speleothem with the position
o of the sampled radiometric dates used in the
o age model (green) and the growth axis used for
50 T[T T[T T[T T[T T [TTIT[TTT]T7T] the geochemical analyses (white line). The

purple areas, are sampling for future work.
130 135 140 145 150 155 160 165 170

Age (kyr BP)

80




3.1.3 Mallorca speleothem age models

The work in Mallorca has concentrated in 9 speleothems from three different caves,
Campanet, Sa Balma des Quarté and Vallgornera. Campanet is the higher represented cave
with 5 speleothems. CAM2 chronology was performed using 13 radiometric dates (Fig.
3.6A). Although some of these dates present age inversions, all of them are used in the age
modelling. CAM2 speleothem presents a clear layer at 33 cm of depth associated to
changes in colour and texture and also in the growth path. This layer also represents a
reduction in the growth rate (~0.4 cm/kyr). This visual change could indicate a growth
break but the large age uncertainties in this interval difficult to constrain any short
hiatuses by U-series ages. After this point, the speleothem presents faster growth (13-19
cm/kyr) with variable textures and colours. This speleothem spans from 225 to 214 kyr

BP, overlapping with the CAM3 that spans from 223 to 211 kyr BP.
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The CAM3 age model was provided by 7 radiometric dates however one extra date
was analysed and discarded due to its large error (Fig. 3.6B). CAM3 presents several slight
changes in the growth path along the axis with growth rates ranging from 1 to 5.6 cm/kyr.
However extraordinary high growth rates (104 cm/kyr) are reached in parallel to an
abrupt change to white colour in the top of the speleothem with large age uncertainties.
The CAM4 speleothem grew much later than the last two, covering from 148 to 143 kyr BP
(Fig. 3.7A). The chronology of this speleothem was performed using only 4 of the
radiometric dates due to the first two reveals strong hiatus in the top of the speleothem.
This growth hiatuses are in line with two prominent white layers. CAM4 presents growth
rates of 2-4 cm/kyr with small age uncertainties with the exception of the youngest dates
due to the presence of a reversal. The chronology of CAM7 speleothem is provided by 6
radiometric dates and spans from 115 to 92 kyr BP (Fig 3.7B). The speleothem grew
during two fast phases. The speleothem present several slight direction changes in the
growth axis but one is specially prominent and also associated to a clear change in colour
layering and texture (12 cm-depth) when the growth rates decreased substantially (0.2
cm/kyr). This marked layer could represent a growth hiatus but more resolution in the
sampling would be required to confirm that. Directly above of this layer, the speleothem
present a homogeneous crystalline structure. Throughout of this structure it can be
observed the layering of the evolving calcite. Therefore it is probably that dissolution of

the youngest calcite with a posterior re-precipitation creates this peculiar structure.
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Figure 3.7. A) CAM4 and B) CAM7 age models with associated errors and growth rates in the bottom. The black dots are the
original U/Th dates. Into the image of each speleothem it is highlighted the position of the dates used in the model (green).
In light green, discarded dates due to high time jumps. The black dashed line highlight an important visual layer
discontinuity.
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The last speleothem from Campanet cave, CAMS8, covers the penultimate glacial

period from 178 to 128 kyr BP (Fig. 3.8A). The age model was performed using 28

radiometric dates some of these are age inversions but only one was discarded for the age

modelling. This speleothem presents several slight changes in the growth axis direction

and well defined multi-colour layering. In the middle of the speleothem there is a notable

colour change toward brownish tonality. This colour change coincides with the lowest

growth rate phase. Several layers showing visual discontinuities exist but only the most

prominent changes in growth axis directions are highlighted in the plot (Fig. 3.8A) as well

as the most important colour change. The variability on growth rates in this speleothem is

high with ranges between 0.2-7 cm/kyr all over the speleothem but an extraordinary

growth rate of 85 cm/kyr is observed at the top of the speleothem. Despite that, two well

defined phases of fast growth rate, centred at 160 and 137 kyr, can be observed.
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QUA14 is the only speleothem from Sa Balma des Quart6 cave. The age model was
performed using 12 radiometric dates and spans from 127 to 86 kyr BP (Fig. 3.8B).
Although some reversals existed only two dates were discarded for the age modelling. This
speleothem is characterised by three very distinctive white areas that correspond to
periods of fast growth rates especially at the one that it is located close to the base. The
growth rates range between 0.2-2 cm/kyr. Two marked changes in the direction of the
growth axis exist in the upper part, where the last one is previously to the youngest withe

area.

Three speleothems were selected from the Vallgornera cave. VALL2 is the oldest
speleothem among all the selected in this thesis, and spans from 530 to 345 kyr BP (Fig.
3.9), close to the U-series age limit. The chronology is provided by 12 radiometric dates
although some of them are reversal. The age uncertainties are higher in the oldest part of
the speleothem where the growth rate is higher and coinciding with a light-coloured area.
The growth rate ranges between 0.02-1.2 cm/Kkyr. This speleothem recorded several

changes in the direction of the growth axis and coinciding with well-marked colour layers.
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Figure 3.9. VALL 2 speleothem age model from Vallgornera cave with associated errors (green line and area
respectively). The black dots are the original U/Th dates. Into the right of the plot there is the image of the speleothem
with the position of the sampled radiometric dates used in the age model in green and a discarded date in the top due to a
high time jump in light green. The growth axis path used for the geochemical analyses is also indicated with a white line.
Major layer discontinuities are highlighted with black dashed lines.
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VALL3 chronology was performed using only 4 radiometric dates (Fig. 3.10A). This

speleothem spans from 112 to 101 kyr BP and the age-depth model is rather lineal with

growth rates around the 2.5 cm/kyr. Due to the centre of the speleothem present clear

dissolution marks with holes and even possible re-precipitated calcite, the sampling path

selected for geochemical analyses and radiometric ages was displaced towards one lateral.

Finally, VALL4 speleothem has the chronology based on only 3 radiometric dates. It is a

short speleothem with fast growth rate (~4 cm/kyr), rather lineal, that covers from 387 to

382 kyr BP (Fig. 3.10B).
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Here below the Table 3 shows a summary of the covered periods and growth rates

for the 16 speleothems, which were selected for age modelling and geochemical analysis

after the preliminary dating of 48 speleothem considered in this thesis.

Table 3 U/Th
Location Cave Name Long. (cm) Period (kyr)  n.dates Grov:zfr\nr/akt;r)range
Pyrenees Pot eufeu Judit 55 115-68 14 0.2-18
Murada Novena 45 13-6.1 9 5.1-10
Murada Indiana 88 125-113 8 7-79
Murada Ratpenat 50 383-210 27 0.07-24
Minorca
Sa Tauleta Fosca 65 136-134 4 4-16.2
Sa Tauleta Teresa 54 168-142 3 1-44.4
Polida S'avia 70 114-108 4 10-13.2
Campanet CAM2 46 225-214 13 04-19
Campanet CAM3 31 223-211 7 1-104
Campanet CAM4 19 148-143 4 2-36
Campanet CAM7 21 115-92 6 0.2-5.5
Mallorca Campanet CAM8 52 178-128 28 0.7-85
Vallgornera VALL2 22 530-345 12 0.02-1.2
Vallgornera VALL3 25 112-101 4 23-2.8
Vallgornera VALL4 23 387-382 3 3.8-4.3
Es Quarté QUA14 20 127-86 12 0.2-2
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3.2 Speleothem geochemistry

3.2.1 Iberian Peninsula geochemistry results

Geochemical analyses for JUD speleothem involved both stables isotopes and Mg/Ca
measurements (Fig. 3.11). The JUD 6180 values vary from the minimum values (-9 %o) at
about 106 kyr BP to the maximum in the record (-7.9 %o) at 100 kyr BP, hence with an
overall variation of 2.4%o. The 8180 mean is -7%eo and the §13C mean value is -5.42%0.The
613C overall variation is 6.33%o0 with the minimum value (-8 %o) at 104 kyr BP and the
maximum into the top of the record at 70 kyr BP (-0.5%0). The Mg/Ca mean ratio is 5.5
mmol/mol and the record oscillates between 9.7 mmol/mol and 3.4 mmol/mol in the
same time than the 813C record. The general patterns among the three records are
reasonably similar, although some differences can be observed. For one hand, maximum
and minimum values are not coincident in time between the 880 and the other two
records. On another hand the 613C and Mg/Ca present significant enriched values right
previous to the hiatus that is not observed in the oxygen record. In general, the §13C
pattern is coherent with the Mg/Ca ratio along the studied period, although some of the

oscillations present a larger expression in the §13C record.
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3.2.2 Minorca geochemistry results

The geochemical records acquired from Murada cave speleothems are plotted in
figure 3.12. The NOV speleothem presents very parallel evolution in the three studied
parameters with a three enrichment picks at the base (13, 12 and 11 ky BP). These events
are in line with distinctive coloured layers. These events correspond to the late TI - early
Holocene periods although the age model in that part of the speleothem has not a solid
constrain. Afterwards, when the chronology is well constrained, all geochemical records
stabilise on around the lighter/lower values. The maximum values occurred after 12 kyr
BP with values of -4 %o, 0.2 %o and 28.4 mmol/mol for 6180, §13C and Mg/Ca respectively,
with an overall variation of 3 %o, 7.4 %o and 23.7 mmol/mol. The IND speleothem is the
one analysed at higher resolution. It shows an overall evolution from lower/lighter values
at the base toward more enriched/higher values at the top in the three geochemical
parameters. However, both the 613C and Mg/Ca ratios present a marked inflection point at
around 116 kyr BP, when values started to increase more abruptly until the growth was
stopped. The Mg/Ca ratios show maximum values of 15.2 mmol/mol and minimum of 5.3
mmol/mol thus with an overall variation around 10 mmol/mol, and a mean value of 8.2
mmol/mol. The §13C recorded a mean value of -6.9%o0 and the overall variation is 3.66%o.
In contrast, the 6180 record show a progressively enrichment along the whole record with

a 6180 overall variation of 1.45%0 and a 6180 mean of -5.79%.
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Figure 3.12. 6180, §13C and Mg/Ca records results from Murada cave speleothems. Left) NOV speleothem. Middle) IND
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Finally, RAT speleothem is the one covering a longer time period. In general the
three geochemical records present three phases with light isotopes values and low Mg/Ca
ratios that are alternated by two phases of heavier isotopes and high Mg/Ca values. The
records present an overall variation of 3.2%o, 6.3%0 and 24.6 mmol/mol for §180, §13C and
Mg/Ca respectively. The records corresponding to the two heavier phases (367-347 kyr
BP and 263-246 kyr BP) highlighted in figure 3.12 with black horizontal lines, have very
low resolution since they correspond to periods of low growth rate (orange rectangles).
The end of the low growth rates periods coincides with two layers of visual discontinuities
(dashed lines). The three studied geochemical parameters show similarities in the general
trend but several differences emerge in the details. Overall, the highest differences occur
right after the maximum/heavier values are reached by the three parameters, at the end of
the slow growth phases, which always correspond to glacial/interglacial transitions. The
minimum Mg/Ca values are always reached well in advance to the lightest values in the
013C, this is also the case of the 6180 record although in this case a brief and intense
depletion phases appear right before the achievement of minimum Mg/Ca values (black

starts).

The geochemical records acquired in speleothems from Polida and Sa Tauleta caves
are plotted in Fig. 3.13. Stable isotopes and Mg/Ca ratios were measured in SAV and TER
speleothems while only the stable isotopes were analysed for FOS speleothem. SAV stable
isotopes records show an overall opposite pattern to that of the Mg/Ca ratio, the lightest
isotopic values were reached from 114 to 109.5 kyr BP, when Mg/Ca ratios recorded their
highest values. During this time, the 6180 shows an enrichment tendency while the §13C
values are rather stable. The overall variability is 2.6 and 7 %o for 680 and &13C
respectively. The Mg/Ca ratio shows extreme variability with minimum values of 0.3
mmol/mol and maximum of 60 mmol/mol. Moreover, these Mg/Ca changes occur
associated with marked colour discontinuities that may reflect changes in the mineralogy
that would involve changes in the element incorporation. The speleothem TER presents
very coherent evolution between the 6!3C and Mg/Ca ratios with an initial phase of
relative stability (168-152.5 kyr BP) followed by a sudden increase that let a period of
relatively high values, which ended at 145 kyr BP when values became suddenly
lighter/lower again (Fig. 3.13). The total mean variability for 613C is 4.6 %o and for the
Mg/Ca is 56 mmol/mol. In contrast, the 680 show rather opposite trends to those
described for 613C and Mg/Ca ratios with a clear depleted event between 152.5-145 kyr
BP.
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Contrary, FOS speleothem shows a parallel evolution in both 6180 and §13C reaching
the most depleted values at 134.7 Kyr BP. The total range of variability for §180 and §13C is

1.2 %o and 1.6 %o respectively. Mg/Ca ratios are not available in this speleothem.
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Figure 3.13. 6180, 613C and Mg/Ca records from Left) SAV speleothem, Middle) TER speleothem, Right) FOS speleothem.
Note that the three parameters are plotted with reversal axis. Grey dashed lines point to layer discontinuities in visual
recognition of the speleothem. The grey area with a black start show the period in which the records are opposites.

3.2.3 Mallorca geochemistry results

The geochemical records acquired from Campanet cave speleothems are plotted in
Fig. 3.14 and Fig 3.15. The isotopic records in CAM2 speleothem show noticeable
differences in their main patterns while the Mg/Ca ratio record reproduces the 6180
trends (Fig. 3.14). The 680 record shows light values in the oldest period and a
progressive transition toward heavier values along the record while the carbon record
shows an opposite pattern. The overall variation of CAM2 §180, 613C and Mg/Ca is 2.5 %o,
3.5 %o and 30 mmol/mol respectively. It is worth to highlight a major change in the
growth rate coincident with a visual discontinuity (dashed grey line) at 220 kyr BP that
determines the resolution change in the records. The 6180 and &§!3C records in CAM3
speleothem share the main patterns with a parallel enrichment after 213 kyr BP
coincident with a change in both colour and growth axis direction (Fig. 3.14). The overall

variation of 6180 and 613C is 2 %o and 5 %o respectively. Similarly the 6180 and 613C
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313C (%o V-PDB)

records of CAM4 speleothem show the same with a general trend to lighters values along
the speleothem. The growth axis direction change is in line with minimum 6180 values
however this peak is not recorded in the 613C signal. The overall variation for this

speleothem is 1.3 %o and 3.5 %o for 6180 and §13C respectively (Fig. 3.14).
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The CAM7 speleothem presents major changes in the crystalline structure
associated to a very distinct geochemical signal (Fig. 3.15). Before and after the
discontinuity, the isotope values change from light to heavy values, but the change is
particularly large in the Mg/Ca record likely reflecting mineralogical changes. The §180
and 813C records from CAMS8 show similar general patterns and highlight the occurrence of
two major structures with enriched values at ~167 and ~133 kyr BP. Although these
second structure is in line with a relevant growth axis direction discontinuity, not all the
discontinuities are synchronous with remarkable changes in the geochemical signal. The

overall variation is 5.6 %o and 10 %o for §180 and §3C respectively (Fig. 3.15).

The only speleothem from Es Quarté cave, QUA14, present very similar general
trends on its geochemical records (Fig. 3.15). This speleothem presents major changes in
the crystalline fabric that have been characterized by analyses of luminescence that

provide high resolution record of changes in colour along the speleothem (Fig. 3.15).
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Figure 3.15. 8180, §13C and Mg/Ca records of left) CAM7 and middle) CAM8 speleothems from Campanet cave. Into the
right) QUA14 speleothem from es Quartd cave, where the geochemical records are compared with the luminescence results.
Yellow-orange rectangles highlight white-coloured areas of fast growth rates. All grey dashed lines point to discontinuities
in visual recognition of the speleothem. Note that the three geochemical parameters are plotted with reversal axis.

The QUA14 speleothem present three well defined areas of high luminescence
reflecting white colour areas and which are in line with fast growth rates. Coinciding with
these white-coloured fast growth rate areas the geochemical records shows light isotopes
and low Mg/Ca ratios, although at the oldest white-coloured period the isotopic light
anomaly is not so well represented. These structures are alternated by two periods (124-
107 and 103-96 kyr BP) of high values in all three geochemical parameters and these
periods correspond with changes in the growth axis direction. The Mg/Ca ratio record has
been analysed at higher resolution providing a better characterization of the oldest white-
coloured interval. The overall variation of QUA14 for §180, 613C and Mg/Ca is 3.6 %o, 10 %o

and 13.3 mmol/mol respectively.

The geochemical records acquired in Vallgornera cave speleothem are plotted in Fig.
3.16. The three geochemical parameters of the VALL2 (the oldest among all the studied
speleothems) present a very consistent evolution with a remarkable structure of heavier
6180, 813C and higher Mg/Ca ratios between 510 and 455 kyr BP. This interval is also
coincident with three major changes in the growth axis direction and colour laminations.
After that, all three records show relatively light/low values until the end of the record.

The overall variation is 3.4 %o, 3.8 %0 and 15.7 mmol/mol for 6180, 613C and Mg/Ca ratio
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respectively. Isotopic records in the VALL3 speleothem present some significant

differences in the oldest part of the records, when 613C reach the heaviest values peaking

at 110.4 ky BP while the §180 record is rather flat. Changes in the growth axis direction at

the base of the speleothem are in line with the termination of this 613C structure. The

overall variation for the 680 and 613C is 1 %o, 4.2 %o respectively. Finally, VALL4

speleothem has only been analysed for the Mg/Ca ratio, presenting a major change around

384 ky BP when the ratio shifted from higher to lower values with an overall variation of 6

mmol/mol.

3180 (%o V-PDB)

313C (%o V-PDB)
P S S S S S S

Mg/Ca (mmol/mol)

' '
D ~

[y
N

16

20

24

VALL2

]1\11‘1\\‘111‘\11‘\1\‘

320 360 400 440 480 520 560
Age (kyr BP)

5180 (%o V-PDB)

313C (%o V-PDB)

VALL3
T [T T T T
100 105 110
Age (kyr BP)

Mg/Ca (mmol/mol)

115

12

16

VALL4

T 7

380 382 384 386 388

Age (kyr BP)

T
390

Figure 3.16. 6180, 613C and Mg/Ca records results from Vallgornera
cave. Left) VALL2 speleothem. Middle) VALL3 speleothem. Right)
VALL4 speleothem. Note that the three parameters are plotted with
reversal axis. All grey dashed lines point to discontinuities in visual

recognition of the speleothem.

93



Chapter III - Results
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3.3 The assemblage signal of the studied speleothems

Several factors can control the speleothem isotopic composition and also the trace
element incorporation (see section 2.4.3 and 2.5.4), and they can vary according to the
region or to the cave. But even in close locations inside the same cave chamber,
speleothems can provide different absolute values due to for example different
percolation features or chamber conditions. Hence multiproxy approaches are necessary
in order to better understand proxy signals and connect it with climate. Moreover, the
evaluation of independent speleothems overlapped on time can bring a light on the
suitability of their chemical records for paleoclimate interpretations. Several temporal
overlaps exist for the speleothems here studied, but in order to better compare the
intensity of the changes between the different geochemical records, the records have been
normalized. This has been done in base to the mean value of each speleothem record. In
the figure 3.17 can be seen the difference between absolute and normalized data for all the

analysed speleothems.
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Figure 3.17. 8180, 613C and Mg/Ca records from all speleothems indicating the control age points and associated errors.
Left) Raw data, Right) normalized data.

The isotopic oxygen records are the most variable in absolute values but once they
are normalized the amplitude changes are very comparable for most of the speleothems.
Among all the speleothems, JUD is the one with lighter 6180 values while the QUA14
presents the heaviest values (fig. 3.17). Taking the consideration that JUD is the only
speleothem from a Pyrenees cave, and thus the one form a higher altitude, these

observations are indeed in line with the spatial gradient observed by European
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speleothems. The altitude factor generates a shift to lower &80, as such in JUD
speleothem, while those speleothems from caves close to the Mediterranean coast have
enriched 6180 values, likely reflecting a more dominant source effect over the signal (Mc
Dermott et al, 2011). Regarding to the 613C records, the absolute values are not as variable
such as of the 6180 and when comparing the normalized values the variability is consistent
among speleothems. The amplitude changes in the Mg/Ca records are also quite
comparable among the different speleothems with the only exception of SAV and CAM7
speleothems which grew during very short periods within the MIS 5 period. These
speleothems present extremely large Mg/Ca variations, which are in line with texture and
colour changes that designates visual discontinuities likely related to changes in the
mineralogy that could be the cause for the large chemical changes. In the view of these

circumstances, these two speleothems were discarded for further discussions.

Overall, the geochemical record acquired in this thesis cover almost continuously
the last 5 interglacial periods and the glacial intervals between them. In general, cold
stadial periods present the heavier isotopic values with high Mg/Ca ratios in contrast to
low values during interstadials (Fig. 3.18). This data comparison allows evaluating the

suitability of individual speleothems as climate archives.
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The MIS 5 is the better represented period with several overlapped speleothems
and two of them with high resolution (JUD and IND). This period has also been the one
studied in detail by the marine records and, in consequence, it will be the object of specific
attention in a dedicated section where both speleothem and marine records will be
integrated (Section 4.4). On the other hand, the MIS 5 previous interglacial periods will be
discussed in a separate section (4.3) where RAT and VALLZ2 speleothems will concentrate
the most attention due to their long time coverage. Additionally, several terminations are
also covered by the speleothem records and recognized in their geochemical signals,
usually as intense depletions in the isotope records and rapid transitions toward low
Mg/Ca ratios. However, the TII is not well recorded in any of the studied speleothems
since none of them grew continuously along this transition. Interestingly, six of the studied
speleothems grew close to the TII but all of them stopped or started to grew close to this
transition, just before and after, avoiding its whole coverage. Since the focus of attention of
the study is on the interglacial periods and associated transitions those speleothems that
completely grew during the glacial period MIS 6 (CAM8, TER and FOS) has not been

included in the discussion.

Here below in table 3.1 is provided a summary of the geochemistry results for all the

16 selected speleothems.

Table 3.1 Isotopes Mg/ Ca
num.  resolution §'°0Omean &'°Orange &°Cmean &°Crange| num. resolution mean range
Location Cave Name Long. (cm) samples (cm) (960) (%o0) (%0) (%o0) samples (cm) (mmol/mol) (mmol/mol)
Pyrenees Poteufeu Judit 55 233 0,25 -7 24 -540 63 233 0,25 55 6,3
Murada Novena 45 45 10 -6 3 -58 74 45 1 10,5 237
Murada Indiana 88 93 10 -58 14 -6,9 36 180 05 82 10
Murada Ratpenat 50 197 0,25 -5 32 -5 6,3 204 0,25 13,2 246
Minorca
Sa Tauleta Fosca 65 28 1,0 -4,7 12 -8 16 n n n n
Sa Tauleta Teresa 54 65 0.5/1 -4,6 24 -74 46 65 0,5/1 18,2 56
Polida S'avia 70 23 3,0 -36 28 -6 7 23 3 314 59,7
Campanet CAM2 46 45 10 -57 25 -93 35 45 1 384 30
Campanet CAM3 31 28 10 -53 2 -84 5 n n n n
Campanet CAM4 19 21 0.5/1 -39 13 -6,5 35 n n n n
Campanet CAM7 21 21 10 -4,6 3 -6,4 55 47 0,50 116 56,8
Mallorca Campanet CAM8 52 56 0.51 -4,2 56 -6,4 10 n n n n
Vallgornera VALL2 22 70 0,2 -5 34 -7 38 70 0.2 138 157
Vallgornera VALL3 25 28 10 -5,5 1 -7.2 42 n n n n
Vallgornera VALL4 23 n n n n n n 24 1 10,7 6
Es Quarté QUA14 20 21 10 -09 36 -0,7 10 4 0.5 82 133

97



3.3.1 The speleothem records for old interglacial periods

The old interglacial periods refer to those interglacial previous to the last
interglacial (MIS 5) which are covered by the studied speleothems, and thus correspond to
MIS 7, 9, 11 and 13, although the MIS 7 and 13 are not totally represented (Fig. 3.19). In
absolute time this period corresponds to 540 to 210 kyr BP and is mostly covered by
VALL2 and RAT speleothems, from Mallorca and Minorca respectively. VALL 2, the oldest
one, started to grow at the end of the MIS 13 and recorded the onset of the MIS 12 glacial
period with a rapid isotopic enrichment in line with the first change in growth axis
direction (Fig. 3.19). After the glacial maximum around 455 kyr BP the three geochemical
records agree in a transition toward low/light values that correspond to the Termination
V (TV). During the Interglacial MIS 11 values maintained relatively stable but with some
internal variability as an enriched event at 408 kyr better represented in the Mg/Ca record

and also coincident with other change in growth axis direction.
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The VALL4 speleothem grew very shortly by the end of the MIS 11 but its Mg/Ca
record is coherent with the VALL2 speleothem and also RAT speleothem that started to
growth by the time that VALL 4 was forming (390 kyr BP) (Fig. 3.19). Both VALL4 and RAT
speleothems agree recording a drop phase in Mg/Ca ratios at 380 kyr BP that precedes to
the full transition at ~370 kyr BP toward MIS 10 glacial conditions which is well
represented in both isotopic and Mg/Ca ratios from RAT and also VALLZ, although with a
less robust chronology. The RAT speleothem fully covers two glacial terminations (TIV
and TIII) well represented by a rapid transition toward light isotopes and low Mg/Ca
ratios although the precise time of the major changes are not coincident between the
different proxies. The 6180 record is the first to present a transition toward lighter values
while Mg/Ca ratios drop abruptly later with an even later depletion phase in the §13C
record. The interglacial MIS 9 is represented in the Mg/Ca record by three structures of
relatively low values separated by brief and abrupt drops, structures that are not well
represented in the isotopic records. Finally, the interglacial MIS 7 is covered by the RAT
speleothem but the second half also overlaps with the CAM2 and CAM3 speleothem (Fig.
3.19). The three records show coherent trend although with variable magnitude. It is
worth to highlight that the RAT speleothem presents a very accurate chronology and
continuity in its growth patterns. It also needs to be recognized that this speleothem was
collected from the same chamber and from a near location to IND and NOV speleothems,
which also present exceptional accurate chronologies and records for the MIS 5 and MIS 1.
This feature supports the dominance of stable cave conditions for speleothem growth
during interglacial climate conditions, providing to these speleothem a good value as

paleoclimate archives.
3.3.2 The speleothem records for the Last Interglacial

A total of 4 speleothems grew during the last interglacial (MIS 5) but none of them
cover entirely the whole interglacial period. These speleothems come from different sites,
the IND speleothem from Minorca, the JUD speleothem from the Pyrenees and VALL3 and
QUA14 from Mallorca. IND and JUD speleothems have been studied in more detail and at
higher resolution than the VALL3 and QUA14 speleothems (Fig. 3.20). In general, the four
speleothems show the same general trend in the 6180 signal with two enriched periods,
one at the end of the MIS 5e and other one in the middle of the MIS 5c. During these
enriched periods the speleothems present several changes in the growth axis direction, in

the case of the ~100 kyr BP event both QUA14 and JUD speleothem changed
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synchronously their growth axis direction. Between these events the §180 record was
dominated by relatively light values in JUD but also in QUA14 speleothem where they
coincided with white-coloured phases of fast growth rate. The lightest 6180 values
occurred at 120-110 kyr BP at the beginning of the warm sub-stage MIS 5c. The 613C and
Mg/Ca ratio records agree with same of the features described for the §180 records but
overall present several differences. For instance, during the MIS 5e the IND speleothem
shows a shift to higher values at 116kyr BP in both Mg/Ca and 613C that is not observed in
the 6180 record. JUD speleothem presents some growth hiatus coincident with cold stadial
periods always preceded by large enrichments in the §13C and Mg/Ca ratio and not
observed in the §180 signal. The §13C and Mg/Ca enrichment associated to the JUD hiatus
during the MIS 5d is also detected in the QUA14 and the VALL3 records although it does
not occur for the second JUD hiatus at ~105kyr BP. The VALL3 speleothem detected two

changes in its growth axis directions in line with these JUD hiatuses.
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3.4 Marine chronological framework

The sequence of marine isotope stages/sub-stages (MISs) and also Greenland
Stadials can be well identified in the 6180¢ puivides records of the three studied cores, which
in addition show an extraordinary resemblance among them (Fig. 3.21). The age model of
ODP Site 977A and PP10-17 are mostly based on previous published chronologies
(Martrat et al, 2007; Brocheray et al, 2014 and Rodriguez-Lazaro et al., 2017) with the
addition of some tie points for coherence between the three studied records. These
additional tie points were assessed on the basis of the alignment of the 6180 puiiides records
with: 1) the Greenland ice core record for the MIS 5 and 4 period using the §180 of NGRIP2
50 yrs means on the GICCO5modelext timescale record (Rasmussen et al, 2014; Seierstad
et al, 2014) (Fig. 3.21 A); 2) the 8'80¢pulioides record from ODP Site 975 to constrain the
penultimate deglaciation and the MIS 5e (Marino et al., 2015) (Fig. 3.21 B); and 3) the
0180 putioides record from ODP Site 976 to anchor the oldest part of the age model (Jiménez-
Amat and Zahn, 2015) (Fig. 3.21 C). The ODP Site 975 chronology is based in the alighment
with an eastern Mediterranean core previously tuned to the radiometrically chronology of
the Soreq record, while the ODP 976 site age model was also correlated with speleothem
records from European caves (Drysdale et al, 2009; Couchoud et al., 2009), thus both
marine records are independent to orbital tuning. Furthermore, the age model of core
MD99-2343 was produced in this study by alignment of its 8§80¢suioides record with the
NGRIP2 record (Rasmussen et al, 2014; Seierstad et al, 2014). Although the potential
uncertainties associated with the correlation of SST and &8'80¢puinvides With the NGRIP2
record due to the effect of light melt water into the surface waters, the alignment was
performed since several studies have shown the suitability of the use of the §180 ice cores
record from Greenland as an isotopic chronostratigraphic reference for age modelling for
both Mediterranean (Cacho et al, 1999; Martrat et al, 2007; Rohling et al., 1998; Sierro et
al, 2005; Sprovieri et al, 2006) and N Atlantic cores (Cayre et al, 1999; Govin et al, 2015).
Moreover, cold stadial events were well characterized by the presence of N. pachyderma
sin. in the PP10-17 core by Rodriguez-Lazaro et al, (2017), increasing the confidence of
the alignment of the Cantabrian core with the Greenland record. In summary, 54 tie points
have been used for the tuning of all three sediment cores in base of the most relevant
structures, particularly those corresponding to the penultimate deglaciation and the

Greenland Stadials (GS) (Table Annex 7).
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Figure 3.21. Records used for the age model construction of the studied marine cores A) §'80 NGRIP2 GICCO5modelext
timescale record use as a reference record (Rasmussen et al,, 2014; Seierstad et al, 2014). B) The 6'80¢ suioides ODP Site 975
record from the Balearic Sea used as a reference record (Marino et al,, 2015). C) The 880¢ uiiides ODP Site 976 record from
the West Alboran Sea also used as a reference record (Jiménez-Amat and Zahn, 2015). D) 8'80¢uloides for PP10-17 core E)
81806 pultoides for ODP Site 977 modified from Martrat et al, 2007 and F) 8'80c.huiides for MD99-2343 core. G) Linear
sedimentation rates (LSR) for the three studied marine cores. The blue triangles indicate the tie points used in this study.
Gray circles indicate the tie points over each tuned record indicating the uncertainties of the used alignment. Vertical grey
bars show Marine Isotopic Stages and sub-stages (MIS 4-6) and/or Greenland stadials (GS19-26).

Correlations among the marine records were estimated by linear interpolation using
the Analyseries Software package (Paillard et al, 1996). The relative age uncertainties
were estimated for every performed alignment following the approach used by Grant et
al, (2012) and consisting in the propagation of involved uncertainties by means of the
mean squared estimate (MSE) (Table Annex 7). These chronological uncertainties include
the reference record age uncertainties (only provided in the case of the ODP 975), the
sample spacing from the aligned and reference records and, an extra-imposed uncertainty.
The extra uncertainty depends of the level of the alignments confidence, and consists in
this study in the addition of £0.5 kyr for those alignments whose reference age uncertainty

is provided (ODP 975) and #1 kyr for those where the reference age uncertainties are not
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provided (NGRIP and ODP976). The obtained age models indicate that PP10-17 samples
used in this study spans from 132 to 68 kyr BP, therefore it starts recording the middle of
the penultimate deglaciation (Fig. 3.21D), whereas ODP Site 977A samples exceeds the
MIS5 interglacial period, from the end of the MIS 6 until the beginning of the MIS 4 (Fig.
3.21 E). MD99-2343 samples spans from 116 to 64 kyr BP, leaving thus the MIS 5e poorly
represented in the Balearic Sea (Fig. 3.21 F). The temporal resolution achieved within
those three records reach centennial scale, allowing identifying changes and fluctuations
that occurred within multi-centennial /millennial time scales. Average sedimentation rates
range from 10.6 cm/kyr, 22.8 cm/kyr to 30.2 cm/kyr for cores PP10-17 (Cantabrian), ODP
Site 977A (Alboran) and MD99-2343 (Balearic), respectively (Fig. 3.21 G). In the context of
the Mediterranean Basin, both Mediterranean sediment cores present high sedimentation
rates, which are coherent with other studies from this region (Frigola et al, 2008, 2007;
Jiménez-Amat and Zahn, 2015). Note that the highest sedimentation rates occurred during

intervals with heavy 6180 values, corresponding to cold stadials periods.
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Chapter III - Results
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3.5 Marine core results

3.5.1 Cantabrian sediment core

The Mg/Ca ratios of the sediment core PP10-17 ranges between 3.92 and 1.8
mmol/mol, with a ratio mean of 2.7 mmol/mol. This oscillation corresponds to an
amplitude of 7.3°C for the SST in the Cantabrian Sea during the studied period. The
measured SST and the associated errors are plotted in Fig. 3.22. The MIS 5e and c sub-
stages show warm SST while MIS 5a was generally cooler. At 101.5 kyr BP the record
shows an abrupt cold event. Although in general, the core show moderate 580, values
during stadials, it is worth to highlight two extreme freshening events. The first one at the
end of the MIS 6, and the other at 101.5 kyr BP, coinciding with this cold Cantabrian event
during the MIS 5c.
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3.5.2 Alboran sediment core

ODP Site 977A Mg/Ca ratios mean is 3.4 mmol/mol and the record oscillates
between 4.9 mmol/mol and 2 mmol/mol that correspond to SST amplitude of 7.5°C for the
Alboran Sea (Fig. 3.23). Mg/Ca-derived SST record show three cold intervals alternated

with two warm periods coherent with the cold and warm marine sub-stages. The
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minimum SST values were reached around 130 kyr BP during the MIS 6 while warmer
temperatures were reached at 120 kyr BP (MIS 5e). Regarding to the 5!80s, record the
most prominent structure is the rapid freshening event with a ~3%o lightening around
133 kyr BP at the end of the MIS 6. In general, the core shows high or moderate values

during stadials and full glacial while fresher values during warm sub-stages.
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3.5.3 Balearic sediment core

The mean Mg/Ca ratio in MD99-2343 core is 3.9 mmol/mol and oscillates between 6
and 2.5 mmol/mol corresponding to an overall SST amplitude of 8°C in the Balearic Sea
during the studied period. The Mg/Ca ratios and the inferred SST with associated errors
are shown in Fig 3.24. Maximum SST values were recorded at the oldest interval of the
record at the end of the MIS 5e and reached almost 20°C while minimum temperature,
around 12°C, is recorded at 105.5 kyr BP and coinciding with a cold stadial. Although the
record shows three warm sub-stages, the observed general trend is a slightly cooling. The
core show relatively high-moderate values of 5180, during stadial periods and the MIS 4

(>3%o) and light values at the beginning of the warm-sub stages (MIS 5a and b).
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The UP10 index and Zr/Al record have been analysed in order to elucidate the
sedimentological changes in the Minorca Drift associated to deep current intensity (Fig.
3.24). The UP10 record has not obvious long-term trend. It presents high values in line
with cold stages but also at the end of the warm sub-stages MIS 5 e and c, while low UP10
is always present within the warm intervals. The clustering analysis of grain size modal
distribution results are shown in fig 3.25, and are classified from cluster 1 to 4 according
to their frequency within samples. All samples show a low mode around 0.25 pm whereas
the principal mode is slightly different among clusters. The Cluster 1 that comprises the
49% of all the samples has the main mode around 10 um while the Cluster 2 (38% of
samples) has the main mode around 8 um and it is better classified. The cluster 1
corresponds to the coarser samples and it is associated to high UP10 index values (Fig.
3.24: yellow dots) whereas cluster 2 is associated to low UP10. The other two less
abundant clusters present a bimodal peak with the major mode around 20 pm with a

sharp decrease of coarse grains and are not interpreted due to its poor abundance.
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Figure 3.25. MD99-2343 core
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The principal component analysis results of the elemental XRF-data shows that the
PC-1, explaining the 77% of the total variance, can be interpreted as carbonate versus
detrital siliciclastic supplies (Ca and Sr opposed to all the other elements) (Fig. 3.26). The
PC-2 explains 9.49% of the variance and opposes the aluminosilicates elements to barium,
which can be related to productivity. Although explaining only a 5.6% of the total variance,
the PC-3 is clearly dominated by Zr, reinforcing the Zr/Al as a proxy of accumulated heavy
minerals due to current intensity sorting. The measured Zr/Al ratio results are plotted
using logarithm values in order to amplify its variability in figure 3.24 with brown
coloured areas highlighting the higher intervals. The variability of this record is in line
with the UP10 index record and also coincides with the appearance of clusterl samples.
The record shows low values during all the warm sub-stage MIS c whereas the MIS 5a

present low but also high values and until the end of the record.
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Figure 3.26. Principal Component Analysis (PCA) of MD99-2343 XRF-elemental data with loadings of PC-1, PC-2 and PC-3.
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3.6 Evaluating the overlapped cores

The Balearic record shows the widest range of variability even though it does not
cover the last deglaciation, which is only fully represented in the Alboran record (>5°C
warming) (Fig. 3.27). In general, the Cantabrian SST record was about 2-3°C colder than
the western Mediterranean Sea records, which is consistent with the current SST pattern,
where spring SST mean are 14°C, 17.6°C and 16.7°C for Cantabrian, Alboran and Balearic
seas respectively (Picciolo, 2006). The three SST records show strong similarities in the
general trend during the overlapped periods despite the warmest temperatures did not
occur synchronously among the three studied areas (Fig. 3.28 C, D and E). The cooling
phase that ended MIS 5e was more progressive and smoothed in the Cantabrian region
than in the western Mediterranean, where the Balearic record presents the largest SST
change (Fig. 3.28 C, D and E: dashed red arrows). In fact, during the warm sub-stages and
especially at the end of the MIS 5e the temperature gradient between the Cantabrian basin
and the W Mediterranean sub-basins was relatively high and even higher to those of today
(Fig. 3.27). In contrast to the regional heterogeneities of the warm periods, the stadial
periods show very distinctive and homogeneous cold conditions among all SST records,
except during the GS26 and GS23. These synchronic cold conditions among the three
basins achieve similar SST between the Cantabrian and the Alboran or even the Balearic
Sea during stadials, especially at GS25 and 24 (Fig. 3.28). Moreover, during the MIS 5c at
101.5 kyr BP occurred an intense cold event in the Cantabrian record that is not reflected

in the W Mediterranean records (Fig. 3.28 C: grey dashed vertical line).

The 6180,y evolution is also very heterogeneous among the three studied areas. The
Cantabrian and Alboran Sea 680, show more comparable values and significantly lighter
than those from the Balearic Sea, reflecting the evaporation character of the
Mediterranean basin (Pierre, 1999). A very remarkable rapid freshening event with a
~3%o lightening in the Alboran-8!80s, signal is shown at ~132.5 kyr BP, likely reflecting
the sea ice melting associated to the HS11 that marks the onset of the penultimate
deglaciation (Fig. 3.28). Regarding the intensity of the changes, the Alboran Sea 6180,
show larger enrichments than the Cantabrian record in relation to the stadial periods. The
GS26, 23 and 20 stadials periods show a strong regional contrast, with significant isotopic
enrichments in the Balearic core that are not detected in the Cantabrian site, while during
the GS25, 24 and 22 the isotopic composition of the sea water was very similar among the

basins (Fig. 3.28).
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Moreover, periods of relatively heavier isotopes in surface sea water and cold SST,
are characterized by high UP10 values in the Balearic region (Fig. 3.28). This fact indicates
an increment in the deep current intensity during cold stadial periods and the beginning of
the MIS 4. In contrast, interstadial periods present both high and low UP10 values with
relatively high internal oscillations. Particularly, the end of MIS 5e and especially the end
of MIS 5a present high UP10 values and almost all samples belongs to the cluster 1. The
lowest UP10 percentages indicating weaker deep current intensity are also found during
these warm intervals. As currents not only control the grain-size distribution of contourite
drifts but also modify the mineralogy of sediments, the extraordinary fit between the UP10
and the Zr/Al ratio corroborate the use of these proxies as deep-water paleocurrent

intensity proxies in the Balearic Sea (Fig. 3.28).
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4.1 Interpretation of speleothem proxies

Several processes can control the §180, §13C and Mg/Ca signal in speleothems and a
strategy to elucidate its potential climatic signal is to produce multi-proxy records from
several speleothems, when possible. These three studied geochemical parameters show
distinctive relationships depending of the speleothem records and the studied periods
(Annex 8). In particular, the speleothems IND (Menorca) and JUD (Pyrenees) that
correspond to the MIS 5, show higher positive correlation between the Mg/Ca and 613C
records than with the 8180 record, pointing to a different processes controlling these
signals (Table 4 and Fig. 4). In contrast, RAT (Menorca) and VALL2 (Mallorca) that cover
MIS 7e-MIS 12 present significant positive correlation between 880 and the §13C while a
weaker one between the Mg/Ca and 813C records. These significant differences observed
depending on the speleothem highlight the strong complexity when confronting climatic

interpretations and prevent a general interpretation.
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Table 4. Summary of the geochemical correlation coefficients.

Correlation coefficients
Speleothem 80 vs 8°C  Mg/Cavs 613C

JUb 0.377 0.552
IND 0.497 0.607
RAT 0.684 0.281
VALL 2 0.867 0.637
QUA 14 0.945 0.413

At the temporal scale of this study, changes in the marine 8180, can play an
important role in the 8180gpe0 imprint since glacial-interglacial cycles involved major
changes in the ice sheets extent and in precipitation/evaporation changes, which are the
major controllers of §180s,, at global and regional scale respectively (Drysdale et al., 2009;
Marino et al., 2015). However the 6180 speleothem signal could depend also of changes in
rainfall patterns, atmospheric air temperature, amount effect, PCP, growth rates or kinetic
effects among others (Fairchild et al, 2007, 2006; Lachniet 2009; McDermott, 2004; Stoll
et al, 2015). Therefore, despite the interpretation of the 0!8Qcspeico recording §180gy
changes at large-scale, other processes could be superimposed into this signal. For
example in several European speleothems the 06!80gpeeo has been interpreted as a
combination between temperature and amount effect (Bartolomé et al, 2015;
Vansteenberge et al, 2016). Although 6180-613C covariations have been suggested a
consequence of kinetic effects which are independent of environmental and climatic
signals several publications argued that processes leading changes in 6180 can be
associated with hydroclimatic changes causing parallel shifts in the 613C (Baldini et al,,
2005; Dorale et al,, 1998; Dorale and Liu, 2009, Fairchild and Baker 2012; Hellstrom et al.,
1998). The enhanced precipitation that leave lighter 6180gpeco and 6!80s, over the
Mediterranean could induce vegetation expansion and increments in soil CO, activity in
the Balearic Islands, assuming that this region is moisture-limited. Several mid-latitude
speleothem studies interpreted 613C shifts in terms of changes in vegetation/soil activity,
like for example in the Mallorca Island (Hodge et al, 2008b), in the northeast IP
(Bartolomé et al, 2015; Perez-Mejias et al., 2017; Moreno et al, 2010) or in the southwest
France (Genty et al, 2003). Higher water availability due to an enhanced rainfall amount
and ultimately, more atmospheric moisture is related to lowest 813C values in speleothems

due to enhanced soil activity (Fairchild and Treble, 2009). By contrast, highest §13C values
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are often attributed to aridity or less atmospheric moisture. However vegetation/soil
activity is also controlled by optimum temperature for vegetation (Fairchild and Treble,
2009). Therefore we argue that when covariations are found, both proxies recorded
mostly regional precipitation but also temperature changes, both closely related to NH
summer insolation that induce both 8180, changes and vegetation/soil activity changes.
Moreover, when close observations of the §180-813C covariation are made some slight
differences arise. For example in the case of the RAT speleothem at 350-330 kyr where a
relevant decoupling of both signals occur and the §13C is more in line with the Mg/Ca
evolution (Fig. 4.3). In these cases, 613C may record vegetal response while the 3180 signal
rather records the 6180, signature associated with major changes in the
accumulation/melting rates of large ice sheets rather than regional precipitation changes.
This interpretation is in the same line than previous stalagmites studies from the western
mediterranean region (Pérez-Mejias et al, 2017). Other short-term differences between
the 6180 and 6!3C may also reflect inside-cave environment variables such as ventilation
(changes in the pCO2) or the growth rate that can alter the isotopic composition (Baldini et
al.,, 2008, 2010; Day and Henderson 2011; Stoll et al., 2015). Fast growth rates (>50um/yr)
has been associated with 1%o decreases of the 6180 signal in north Iberian Peninsula
speleothems (Stoll et al., 2015). Furthermore, growth rates can vary along speleothem axis
at different timescales, consequently complicating the interpretation of stalagmite proxy
records (Baldini et al., 2008). In that way, abrupt changes in the growth rate in line with

isotopic decreases, as is the case of QUA14, could alter the climatic signals.

The explanation for the Mg/Ca and 813C covariations in JUD and IND speleothems
could be in part associated to the enhanced degassing and thus PCP within the karst
system which strongly influences both proxies. The principal controlling factors of the
Mg/Ca ratio variability seems to be derived from the bedrock composition and the
groundwater residence time, ultimately related to PCP (Fairchild et al, 2000). Assuming
that the bedrock composition did not change over time, variations in the
precipitation/evaporation balance in the region should be related to the amount of water
infiltrating into the karst system. Consequently, high residence time favours PCP and
slows both growth and drip rates, increasing the Mg/Ca ratio in the speleothem calcite due
to the preferential calcium lost. In consequence, higher Mg/Ca ratios in speleothems
suggest drier conditions and vice versa (Fairchild et al, 2000; Moreno et al, 2010). Hence
when co-variation between Mg/Ca and 613C exist they can be interpreted as water

availability proxies indicating arid or wet periods.
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4.2 Precession signal in 8'°0 records

The studied 6180spcleo records provide for the very first time the possibility to analyse
the hydroclimate variability in the western Mediterranean region during several
glacial/interglacial cycles. These records reveal an overall dominance of lighter values
during interglacial marine isotope stages (MIS 13, 11, 9, 7 and 5), in contrast to the glacial
periods that are characterized by heavier §180gpeieo (Fig. 4.1 A and B). However, these
interglacial marine isotope stages present remarkable internal variability overprinted to
the overall light values. This variability presents a dominant precession cycle, with lighter
01804peleo in line with precession minima and thus high NHSI (Fig. 4.1 F). The 880speico
variability associated to these precession cycles is particularly large in those speleothems
covering the MIS 5. In contrast, the precession cycles are less obvious in the 880speleo
covering the previous marine isotopic stages MIS 11 and 9, probably also reflecting the
lower amplitude of the precession cycles during these isotopic stages as a consequence of
the eccentricity minimum. Glacial periods are represented by rather constant heavy
01805pcleo Values although this little variability can be an artefact of the slow growth rate

associated to these periods and the consequent reduced resolution of the corresponding

records.
MlSVS Mis 7 MIS 9 Mlsrll MI? 13
A E/
A I\ A [— -0,04
\ N ‘, AW J“‘ Wil - 004 Z
[ | | [RUSHEaT | S 2
| | | \ z i
VARR NRNAY \[\C° & 002 §
“; [\ / {1 |\ | | s 3
vy vy vV V Vo 0
.  V ViV / = 0,04
-12 D l
" 1 »" h { l\ \ { ' E, 10"
El 87 fl | A A P, 8
< g g -10 | | \ ! N e
=3 { \ > 2
28| §% o 4 ! L N 8 &%
38| iz et 1 [ s L
] o 8 — " 1 'y \ F 7 O
2 = | { / L b
! o -7 —| 1 Pl = -6 =
6 - 100
< [— c
© -3
[ o 8
s =
€3 - s0 <%
t 35 R
£a :
5 ks
GJ
= L 0
I \ = =2
€ =28 A B|
s = | / A — -1 _
o £ a p { N JAVS )
c o & O D \'v Wi | I I o
© < g2 l | L~/ -
= §3 7 | ! W IN | -0 =&
] = \ \ g =
£ < & ' A J L]
= N\ J —
§ & ﬂ/: | Ar ' g &
-6 ! \|( 2
. V 2
= 3

50 100 150 200 250 300 350 400 450 500 550 600
Age (kyr BP)
Figure 4.1 A) Judit 8!80speieo record from Pyrenees. B) Normalized §'80speteo from several Balearic speleothems (QUA14, IND,
RAT and VALL2) (Both plotted over the precession curve and with the U/Th ages of this with the 20 error bars. C) The
Tenaghi Philippon arboreal pollen record from Greece (Tzedakis et al., 2006 ) D and E) 8!80speleo records from Kesang and
Sanbao caves in China (Cheng et al., 2012, 2016). F) Precession and excentricity curves (Laskar, 2004).
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A precessional dominance in §'80sue1e, has previously been founded in Asian
speleothem records dominated by monsoon dynamics (Fig. 4.1 D and E) (Wang, et al,
2001; Cai et al, 2015; Cheng et al, 2016). These records reveal that, during the past
600kyr BP, low precession conditions (enhanced north hemisphere summer insolation -
NHSI) generated a northward displacement of the ITCZ, increasing summer monsoon
precipitation. Thus these periods of minimum precession are represented in the Asian
01805pcleo Signal by light values, reflecting the enhanced precipitation over China and India.
Summer monsoon variability inferred from this Asian speleothem records show similar

precession oscillations among the MIS 13, 11,9, 7 and 5.

Moreover, the Tenaghi Philippon pollen record, which indicates changes in the
arboreal vegetation in the eastern Mediterranean region, also recorded clear precession
oscillations (Tzedakis et al, 2006) (Fig. 4.1 C). The Mediterranean Sea also receives a
strong precession influence through the African monsoon which control major changes in
river runoff along the North African coast (Rohling et al, 2014; Bosman et al., 2015; Grant
et al, 2016). These conditions had a major effect in the Mediterranean oceanography,
drastically changing its evaporation-precipitation balance and leading to the precessional-
cyclic formation of the so-called sapropel layers in the Eastern Mediterranean Sea and
overall changes in the Mediterranean 6180, composition (Bar-Matthews et al, 2000;
Toucane et al,, 2015; Bosman et al,, 2015; Rohling et al., 2015). Furthermore, precession
minima (high NHSI) also cause higher seasonality and air-sea temperature gradients that
derive in enhanced evaporation from the Mediterranean basin itself and therefore higher
locally convective precipitation. Overall, these studies point that precesional driven
increases in both summer monsoon but also in winter precipitation were major factors
enhancing the freshwater supply of the Mediterranean Sea (Bosman et al., 2015; Grant et
al,, 2016; Rohling et al,, 2014, 2015). In addition, precipitation is also related to more
storm tracks reaching the south Western Europe and western Mediterranean at times of
enhanced insolation seasonality (Sierro et al.,, 2000; Stoll et al, 2015). These conditions
are supported by some western Mediterranean cores that recorded precession paced
rhythm in the 6180s,, signal by planktonic foraminifera in the Tyrrhenian Sea or in the

sedimentological record from the Balearic Sea (Toucanne et al.,, 2012; Frigola et al., 2008).

The precessional signal identified in the 6180speieo records from this study could
reflect changes in the Mediterranean §180s,, derived from the evaporation/precipitation
patterns of the whole basin. This impact of the §180s, over the §180spe1eo Was previously
tested after comparing 6180speieo records from different European and Mediterranean

caves, and demonstrated that heaviest 6180gpeleo cOncentred in Mediterranean speleothems
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likely capturing the enriched signal of the Mediterranean Sea waters (McDermott et al,
2011). One of the novelties of the current thesis is the parallel reconstruction of both
0180speleo and 81805, records that can explore further the potential link between these two
signals. This speleothem-marine comparison is focused on the MIS 5 since this is the

period when both the studied marine and cave records overlap (Fig. 4.2).
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Figure 4.2. Precession index compared with marine and speleothem oxygen isotope records. A) PP10-17 core §!80sw, B)
Precession curve (Laskar, 2004), C) IND 6180speieo D) ODP Site 977 §180sw, E) MD99-2343 core §'80sw F) JUD 8!80speleo, G)
Soreq cave 8'80speleo (Bar-Matthews et al, 2000, 2003). H) Cantabrian §180speleo Stack (Stoll et al.,, 2015). Arrows show the
6180speteo change in %o during a half precession cycle. Vertical grey bars: MIS 4 and MIS 6 glacial periods.

A precessional rhythm in speleothem 8180speieo records have already been found in a
stacked record from the Cantabrian Margin, in the north-west IP, and in records from the
Soreq Cave from Israel, in the easternmost Mediterranean region (Grant et al., 2012; Bar-
Matthews et al, 2003, 2000; Stoll et al, 2015). But the magnitude of the 5!80spelco
oscillations is far larger in the Mediterranean records, likely reflecting the enhanced 61805,
variability in its rain source area in contrast to those from the Cantabrian sector, where
rain is fuelled from the Atlantic region (Fig. 4.2). The studied §180speleo records (IND, JUD
and QUA14) show higher amplitude than the Cantabrian stack record but shorter than
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those form the Soreq cave record. In particular, focussing in the precession minimum at
115-95 kyr BP (the central cycle of the MIS 5), the Cantabrian speleothem stack shows a
0180510 depletion of about 1.2%0 while in the Pyrenean speleothem JUD is of 2% and in
the Balearic speleothem QUA14 is of 2.5%o, but in this last case, an amplification in the
chemical signal due to textural changes, cannot be discarded (See Section 3.2.3). This
01805pc1co depletion is of 3%o in the signal from Soreq Cave (Grant et al, 2012; Bar-
Matthews et al, 2003, 2000). This intensification of the precession amplitude signal
toward the most Mediterranean caves likely reflects the precession driven intensification
of the African summer monsoon that through enhanced Nile river runoff introduced
strong changes in the hydrological balance of the Mediterranean basin and those in its

5180, composition (Rohling et al, 2014).

In the marine realm, the largest oscillation within the studied records occurred in
the Balearic 6180w, with a depletion of almost 2%o while in the Alboran 51805, it was of
1.5%0 and any evident 6180s.—precession depletion occurred in the Cantabrian 6180s,
record (Fig. 4.2 A,D and E). These marine records support a stronger 5180s,~precession
signal into the Mediterranean region than the Cantabrian Sea likely related to regional

precipitation/evaporation ratio.

In consequence, the described precession signal in the studied speleothem records
is interpreted here to reflect mostly changes in 6180y, from the humidity source area.
Therefore, the enhanced 618000 intensity in the Pyrenees (JUD) in contrast to the
speleothem stack from the Cantabrian support a significance contribution of the western
Mediterranean as humidity source to this mountain region. Studies dedicated to present
day precipitation sources reveal the IP itself and its proximal marine areas, such as the
western Mediterranean Sea, as the principal contributors of moisture to precipitation
(Krklec and Dominguez-Villar 2014; Nieto et al, 2010; Gimeno et al, 2010). The
subtropical North Atlantic is also identified as an important contributor, particularly
during autumn and winter through storm tracks, when precipitation is mainly as snow in
the Pyrenees, while during the thaw season, Mediterranean source areas became
dominant. Our results supports that western Mediterranean source rainwater would
account for the enhanced intensity of the precession signal detected in the Balearic

speleothems and even the central southern Pyrenees during the MIS 5.
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4.3 Previous Interglacials

This section focuses in those interglacial Marine Isotopic Stages previous to the MIS
5, which are represented by the speleothems RAT and VALL2 from the Balearic Islands.
The geochemical records from both speleothems record well the Glacial/interglacial
sequence with a clear contrast between heavy and light 6180 values corresponding to
glacial and interglacial periods respectively (Fig. 4.3). Furthermore, these interglacial
periods can also be characterized by light §13C and low Mg/Ca ratios pointing to enhanced
precipitation conditions that led a larger vegetation extent and higher soil activity in
contrast to the glacial periods represented by high values that represent dry conditions
with poorer vegetation cover and soil activity (Fig. 4.3). Both RAT and VALL2 speleothems
cover continuously more than 300 kry corresponding to three full glacial/interglacial
cycles. Thus, this is an unprecedented record to analyse the hydroclimate variability in the
western Mediterranean. U/Th dates for RAT speleothem present very short errors
providing an exceptional accurate absolute chronology for MIS 11 to 7. Conversely, the
high errors provided by the absolute VALLZ2 ages introduce large uncertainties in the
chronology of the observed structures. In particular, a large discrepancy can be observed
for the timing of the glacial structure corresponding to the MIS 12 between the VALL2 and
the Tenaghi Philippon pollen record in the eastern Mediterranean Sea (Tzedakis et al,
2003), where maximum glacial conditions developed about 25 kyr later than in VALLZ2.
This asynchrony points to a misadjusted in the age model in VALLZ2 although the
chronology of this pollen record is not based in absolute dates and relays on orbital tuning.
Despite that, an extraordinary resemblance of the large-scale oscillations can be observed
between both VALL2 and RAT records and the Tenaghi Philippon pollen record (Fig. 4.3).
This pollen record and also the RAT and VALLZ2 speleothem records have resolution
enough to analyse suborbital oscillations produced during MIS 13, 11, 9, and 7, being the
MIS 9 the best resolved and accurately dated stage (Fig. 4.3).

At the moment any continuous European speleothem record cover several glacial-
interglacial cycles as is the case of the here presented Balearic RAT and VALL2 records.
However, some shorter speleothem records provide a partial overlap with them and allow
discussing the obtained results in a broader regional context. This is the case of the iconic
speleothem record of the Antro del Corchia cave in the Apennine karst in Italy (Drysdale et
al, 2004). Despite the CC1 speleothem from this cave present several growth hiatuses, it
present continuous growth over the MIS 9. Another record is from Spannagel cave in the

Austrian Alps, which grew without interruptions during the penultimate interglacial (MIS
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7) (Spotl et al, 2008). Finally, other speleothem that slightly overlap the MIS 7 is one from
the IP, covering also the T-III (Perez-Mejias et al, 2017) (Fig. 4.3).
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Figure 4.3. Comparison of RAT and VALL2 speleothem records with other paleoclimate records. A) §13C speleothem record
from Ejulve cave record located in the eastern Iberian Peninsula with the U/Th ages plotted with 2¢ error bars on the top
(Pérez-Mejias et al., 2017). B) 613C RAT and VALL2 speleothem records with the U/Th ages plotted with 20 error bars on the
top. C) 613C speleothem record from Spannagel Cave in Austria (Spotl et al., 2008). D) 3180 speleothem record from Chorchia
cave in Italy with the U/Th ages plotted with the 95% error bars on the top (Drysdale et al, 2004). E) Mg/Ca ratio record
from Ejulve speleothem (Pérez-Mejias et al, 2017). F) Mg/Ca ratios from RAT and VALL2 speleothem records. G) The
Tenaghi Philippon arboreal pollen record from Greece (Tzedakis et al, 2006). H) 3180 speleothem records from Ejulve and
spannagel caves. I) RAT and VALL2 &!'80 records. ]J) 880 marine records from sediment cores MD21-2444 from the
Portuguese Iberian margin and ODP 977 site from the Alboran Sea (Hodell et al., 2013; Martrat et al., 2007 and unpublished
data). K) Si/Sr-IRD record of U1308 core (Hodell et al, 2008). Black arrow pointing possible age model inconsistency
between VALLZ2 and the Pollen record. Blue arrows highlighting the dry event that divided the MIS 11 in substages. Vertical
grey bars indicate glacial periods.
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4.3.1 The MIS 11

Interestingly, the MIS 11 has been suggested as a good analogue for the Holocene
period due to its similitudes in terms of orbital configuration and the consequent
insolation distribution, but also due to atmospheric CO2 concentrations comparable to the
pre-industrials ones (Loutre and Berger 2003; Tzedakis 2010). The MIS 11 is particularly
anomalous because its long-duration in front to most of the Quaternary interglacial
periods. However the characterization of this period within the western Mediterranean
has not been possible due to the lack of available terrestrial records in the region. The
geochemical records from VALLZ2 provide the opportunity to elucidate this information.
Low oscillations in the Mg/Ca ratio and 6!3C records points to rather stable climate
conditions along the MIS 11 with mainly constant water availability over the Balearic
Islands and in line with the eastern Mediterranean vegetation stability inferred from the
Tenaghi Philippon pollen record (Tzedakis et al, 2003) (Fig. 4.3). However, a rapid dry
event could be identify at 408 kyr BP that could be the same vegetation depression at
~377 kyr BP in the pollen record, assuming that there is a ~25 kyr deviations among both
chronologies. The interglacial acme is difficult to characterize in the VALL2 records since
Mg/Ca and &813C values are comparable before and after this short dry event suggesting
equal wet and/or vegetation activity conditions. Therefore, the interstadials MIS 11c and
11a can be identified in these records (Fig. 4.3). Assuming that the interglacial acme
occurs well after the deglaciation and until the described dry event, the MIS 11c
interglacial acme duration would be of ~20 kyr, although large uncertainties exist in the
age model. Furthermore, the Mg/Ca ratio and §!3C records of RAT speleothem suggest that
the MIS 11a starts at ~ 380 kry BP which is almost in line with the vegetation recuperation

after the depression in the pollen record.

The 8180 record of the VALL2 shows lighter values during the MIS 11c probably
reflecting lighter western Mediterranean surface waters for this substage. The marine 6180
records also record lighter values for this substage according to the N Atlantic core U1308
and the Alboran core 977. Nevertheless, since any 6!80, reconstruction for this time
period is available, these light values could reflect the warm SST interpreted for this
period (Martrat et al. 2007). The Si/Sr record from core U1308 indicates that IRD
discharges concentrated during the glacial MIS 12 period but they were almost absence
during the MIS 11 (Fig. 4.3) (Hodell et al., 2008). Even though the limited resolution of the
VALL2 record, it agrees with the marine records in suggesting relatively climate stability
along the MIS 11. This relative MIS 11 stability is also supported by the larger millennial
scale variability observed for younger interglacial stages by the RAT speleothem (Fig. 4.3).
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4.3.2 The MIS 9

Contrary to the stable conditions over the MIS 11, the RAT speleothem clearly
recorded intersatial-stadial variability along the MIS 9 period. The actual timing and
duration of this period is very solid due to the well resolved RAT age model and
resolution. In base to the Mg/Ca record, the MIS 9 shows three wet periods alternated
with abrupt and shorter dry events. These dry events correspond to the stadial periods
MIS 9d and MIS 9b and they are centred at 320 kyr BP and 293 kyr BP respectively.
Conversely, the three wet periods has been identified as the substages MIS 9e, 9c and 93,
being the MIS 9e the shortest one lasting about 15 kyr (Fig. 4.3). According to the Mg/Ca
record, the MIS 9c was slightly less humid than the other two warm substages but this
record also reveals several internal abrupt dry events. These brief dry events contrast
with the rather stable hydrological conditions interpreted for MIS 9e and 9a. The RAT
Mg/Ca record also indicates that the humid conditions during the considered pure
interglacial (MIS 9e) were comparable to those of the MIS 9a. In addition, the MIS 9e was
not a remarkable stage in the §13C record, which shows the lightest values for the MIS 9.
Overall, the Mg/Ca record appears to have a more coherent signal reporting wetter
interstadial and dryer stadial periods, a variability comparable to that previously
documented by the eastern Mediterranea pollen sequence from Tenaghi Philippon (Fig.
4.3). While the 613C signal seems to have a more complex pattern although the main

enrichments/depletions are also represented.

The MIS 9 speleothem 6180 record is also available from Corchia cave in Italy, where
the substages MIS 9e, 9¢ and 9a are also clearly identified. These warm substages are
represented by light values in the Corchia 6180 record and interpreted as periods of
greater moisture availability due to the enhanced evaporation led by regional warm SST
(Drysdale et al, 2004). The Corchia 6180 record shows an extraordinary resemblance with
the RAT Mg/Ca record variability although some of the apparent time offsets may result
from the chronology uncertainties which are higher in the Corchia speleothem.
Nevertheless, both speleothems reinforce the interpretation of enhanced precipitation
over the Western Mediterranean during interstadial periods alternating with abrupt dry
stadial periods (Fig. 4.3). These millennial-scale abrupt dry events can also be recognized
as intervals of reduced tree population in the Tenaghi Philippon pollen record from the
eastern Meditarranean region (Fig. 4.3). These vegetation reductions have been
interpreted to reflect cold and arid conditions associated to overall ice volume variations

(Tzedakis et al, 2003).
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4.3.3 The MIS 7

The MIS 7 is an anomalous stage since the overall maximum interglacial conditions
were weaker than those achieved during other late Quaternary interglacials but,
surprisingly, two of the MIS 7 interstadial (MIS 7c and d) achieve the threshold defined for
interglacial conditions (PAGES, 2016). However, the RAT speleothem stopped its growth
at 210 kyr BP recording partially the MIS 7. The Mg/Ca record show a clear structure that
indicates an increment in the water availability associated to the onset of the MIS 7e. An
abrupt dry event can be recognized at 229 ky BP likely indicating the occurrence of a
stadial period that punctuated this interglacial sub-stage, which lasted ~15kyr. The
enhanced precipitation structure is also observed in new §13C and Mg/Ca high resolution
records from MIS 7e from the Ejulve cave in the eastern IP, where has been interpreted as
indicator of vegetation productivity (Fig. 4.3) (Pérez- Mejias et al, 2017). This structure
and interpretation is also coherent with the 6!3C record from the Spannagel cave in the
Austrian Alps (Fig. 4.3) (Spétl et al, 2008). However, the stadial dry condition duration is
longer in the Alpine speleothem likely due to its northern and higher position were the N
Atlantic climate influence could exert a stronger impact. The climate amelioration of the
MIS 7e was also recorded eastward in the Tenaghi Philippon pollen record with a rapid
increment of the arboreal pollen at the same time than our record (Fig. 4.3) (Tzedakis et

al, 2003).

The 6180 record of the RAT speleothem presents lighter values during the MIS 7c
than during the MIS 7e. This feature it can be also observed not only in the speleothem
records (Ejulve and Spannagel) but also in the MD01-2444 and the ODP 977 marine
records from the Portuguese margin and the Alboran Sea respectively (Fig. 4.3) (Hodell et
al., 2013; Martrat et al., 2007). Furthermore the N Atlantic core U1308 recorded high IRD
discharge over this interglacial marine isotopic stage (Hodell et al., 2008) fact that could

induce climate variability in the system.
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4.4 The MIS 5: Marine and speleothem signals

The MIS 5 stage is studied by means of a detailed comparison of the studied marine
and terrestrial records covering several rapid and/or large climatic changes. The MIS 5
discussion is divided in three sections that allow high resolution climate reconstruction of:
the penultimate deglaciation (T-II), the MIS 5e (LIG-acme and the glacial inception), and
the early glacial period (MIS 5d- MIS 4). The speleothem records have been compared
against two different locations of sediment core records; the Cantabrian Sea, represented
by the marine core PP10-17 and the W. Mediterranean, analysed with the core ODP Site
977 from the Alboran Sea and the MD99-2343 from the Balearic Sea.

4.4.1 The penultimate deglaciation and the last interglacial onset

This interval is only represented in the Cantabrian Sea and the Alboran Sea marine
records (Fig. 4.4). One of the most remarkable features during this period is the intense
water-surface freshening detected in the two §180sw records (Fig. 4.4 H and I). In the case
of the Alboran record, this intense freshening (~132-130 kyr BP) occurred after two small
initial pulses (Fig. 4.4 I: Dark blue arrows). This sequence of several pulses has been
identified in previous studies from the W-Iberian margin and the westernmost Alboran
Sea (Fig. 4.4 H and I) (Jiménez-Amat and Zahn 2015; Tzedakis et al., 2018). Further west,
into the Balearic Sea, the core ODP Site 975 discussed by Rodriguez-Sanz et al. (2017) also
recorded this intense late MIS 6 freshening. The Alboran record also shows extreme cold
SST contemporary to this freshening event (Fig. 4.4 F). Although this extreme cold SST
event is not well recorded in the Cantabrian record (Fig. 4.4 E), the presence of the benthic
foraminifer Cibicides wuellestorfi found in the same samples of this core by Rodriguez-
Lazaro et al. (2017), also indicates glacial conditions. According to N Atlantic records, this
freshening was associated to the HE-11, as such shown by an increase in the Si/Sr ratio, a
proxy for IRD discharge, from the N Atlantic core U1308 (Fig. 4.4 M) (Hodell et al., 2008).
Large ice-sheet meltwater fluxes spreading into the N Atlantic Ocean reduced high latitude
sea surface salinity and increased vertical stratification allowing an AMOC weakening
(Hodell et al., 2008; Marino et al, 2015; Oppo et al., 2006; Seidenkratz et al., 1996). This
freshwater anomaly entered via the Strait of Gibraltar into the western Mediterranean
basin, reaching comparable light isotopic values in the Alboran and the Cantabrian basins
(Fig. 3.27), while it was progressively vanished along its path toward the eastern

Mediterranean basin (Rodriguez-Sanz et al, 2017).
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Therefore, the present study allows detecting the HE-11 impact on surface water
properties confirming previous recent studies (Jiménez-Amat and Zahn 2015; Rodriguez-
Lazaro et al., 2017; Rodriguez-Sanz et al,, 2017) not only in the western Mediterranean Sea

but also in the Cantabrian Sea.

Coinciding with the end of the HE-11, a rapid and intense warming occurred in both
studied records related to the penultimate deglaciation as previously documented in W-
Iberian and Alboran records (Jiménez-Amat and Zahn, 2015; Martrat et al., 2007, 2014;
Tzedakis et al, 2018) (Fig. 4.4 E and F: red arrows). It is also highly remarkable the
comparable SST and 8180sw values in both the eastern (977 site) and the western (976
site) Alboran cores during the HE-11 and the penultimate deglaciation (Fig. 4.4 F and I).
These homogenous surface water properties likely reflect a strong surface stratification in
the eastern and western Alboran sub-basins, which contrast with the habitual strong
mixing that led to a regional gradient in surface properties during other periods (Catala et
al, 2019). AMOC reinforcement after the HE-11 allowed climate amelioration with an
increase in precipitation and the consequent development of the Mediterranean forest, as
detected through pollen records at the onset of the LIG (Sanchez-Goiii et al, 2012;
Tzedakis et al., 2018) (Fig. 4.4 G: red arrow).
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Figure 4.4 A comparison of this study records to several published records from 145 to 105 kyr BP. Reference records: A)
8180 NGRIP2 GICCO5modelext timescale record (Rasmussen et al, 2014; Seierstad et al,, 2014) and B) 880¢bulioides ODP Site
976 record (Marino et al., 2015). C) IND §13C and D) IND Mg/Ca ratios with the U/Th ages plotted with 2¢ error bars on the
top. E) Mg/Ca-SST of PP10-17 core in red and MD01-2444 core in grey (Tzedakis et al, 2018). F) Mg/Ca-SST of ODP Site
977A in red and ODP Site 976 in grey (Jiménez-Amat and Zahn, 2015). G) Mediterranean pollen taxa record of core MD01-
2444 (Tzedakis et al., 2018). H) 6'80sw of PP10-17 core in blue and MD01-2444 core in grey (Tzedakis et al., 2018). 1) §180sw
of ODP Site 977A in blue and ODP Site 976 in grey (Jiménez-Amat and Zahn, 2015). J) Precession curve (Laskar, 2004). K)
IND 8'80speteo. L) Corchia stack §'80speieo (Tzedakis et al., 2018). M) Si/Sr-IRD record of U1308 core (Hodell et al., 2008). Grey
dashed rectangle: Henrich stadial 11 (HS11). Blue arrows: Penultimate deglaciation cold SST and light §180sw surface
waters events related to HS11. Red arrows: Penultimate deglaciation climatic amelioration. Horizontal grey bars: Warm
SST plateau or LIG-acme. Black arrow: Glacial inception speleothem aridity tendency. Dashed red arrows: Glacial inception
SST falls. Dashed blue arrows: §80sw enrichments trends during the LIG-acme and the glacial inception. Vertical grey bars:
MIS 5-6 and/or GS25-26.
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4.4.2 The LIG-acme and the glacial inception

The LIG-acme is defined as the interval within the MIS 5e containing peak values or
a plateau in a given record (Govin et al, 2015). Accordingly, here it has been established
the LIG-acme in base to the plateau of maximum SST (Fig. 4.4 E and F: horizontal grey
bars), although the records show significant differences between the Cantabrian and the
Alboran Sea. The Cantabrian record present a shorter LIG-acme with more stable SST than
the Alboran Sea, which show a prominent SST maximum at the end of its LIG-acme.
Stability of warm benthic foraminifera and ostracod assemblages was also found in the
Cantabrian Sea during this period (Rodriguez-Lazaro et al., 2017). In spite of this, several
short-term oscillations can be observed in both seas, being particularly acute in the
Alboran record. The LIG-acme variability has been previously described in records from
the North Atlantic, W-Iberian Margin and even in the central Mediterranean (Oppo et al,
2001, 2006; Sprovieri et al., 2006; Tzedakis et al., 2018). The studied resolution prevents
any detailed correlation with these events but the main patterns in the Cantabrian LIG-
acme SST record are very comparable to those from the W-Iberian margin (Tzedakis et al.,
2018) (Fig. 4.4 E). The largest LIG-acme SST variability occurred in the Alboran Sea where
significant differences occurred between the W and E-Alboran sub-basins (977 vs. 976
sites), with a large decoupling by the end of the LIG-acme, when the eastern site recorded
the warmest SST. Such warm end of the LIG-acme is also confirmed in Balearic Sea SST
record (Fig. 3.27 and 3.28) although it does not fully cover the LIG. The Minorca
speleothem §13C and Mg/Ca records (Fig. 4.4 C and D) indicate the dominance of stable
humid conditions during the whole LIG-acme defined by warm SST, although with several
short millennial scale oscillations, and in agreement with a general increase in water
availability in the Mediterranean region and southern Europe during the LIG (Bar-
Matthews et al., 2000; Couchoud et al, 2009; Genty et al, 2013; Meyer et al, 2008;
Moseley et al., 2015; Sanchez-Goiii et al, 1999, 2005).

Both Alboran SST and Minorca speleothem §13C and Mg/Ca records locate the glacial
inception at the end of GS26 (116.5 kyr BP) with a clear intense cooling and aridification
phase (Fig. 4.4 C and D: black arrow, note the reverse axis). Thus, the onset of the glacial
inception in the western Mediterranean occurred later than in other northern regions,
where earlier changes have been associated to the growing ice sheets and changes in the N
Atlantic circulation during the GS26 (Fig. 4.5) (Demeney et al., 2017; Genty et al, 2003;
Moseley et al., 2015; Sirocko et al,, 2005; Tzedakis et al., 2018; Vansteenberge et al., 2016).
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Figure 4.5: Comparison of the
Indiana aridity trend during the
glacial inception with other
european terrestrial records. A)
stacked §'3C record of Corchia
cave (Tzedakis et al, 2018)
witch not show a clear aridity
trend during the glacial
inception. B) IND 613C and C)
IND Mg/Ca ratios with the U/Th
ages from IND speleothem
plotted with 20 error bars on
the top. D) 813C record of Han-
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Moreover, the Cantabrian SST record show a smoothed cooling during the glacial
inception, that starts previous to GS26, and therefore also in agreement with the
heterogeneous LIG-acme duration discussed in other studies (Bakker et al, 2012, 2014;
Hoffman et al, 2017). But in any case, none of the studied SST records support an intense
cooling event around the IP associated to the GS26. This is in line with other N Atlantic
records that suggest a subtle stadial cooling in the eastern Atlantic but a significant cooling
event C25 (GS26 equivalent) in the northern and western subpolar locations (McManus et
al., 2002). In contrast, the GS26 is well marked in the Alboran Sea 51805y as an enrichment
event also presented in the Corchia stack speleothem record (Tzedakis et al., 2018) and to
some extend in the Minorca 6180 record but it is not detected in the Cantabrian 51805, (Fig.

4.4 H,1and L).

According to all the studied SST records, the glacial inception culminated at MIS 5d
(GS25) with an intense cooling phase (Fig. 4.4 E and F: red dashed arrows). The global
glacial inception should be related to a weakening of the AMOC that caused climate
deterioration, changing the strength and position of westerly winds and also the migration
of rain belts (Bardaji et al, 2009; PAGES, 2016). But, the variable timing of the glacial
inception may reflect the operation of climate feedbacks with diachronous responses

across Europe (Govin et al, 2015).
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4.4.3 The early glacial

During the early glacial period the SST evolution among the three studied areas is
dominated by the occurrence of a series of cooling events from 111 to 65 kyr BP in
agreement with the GS sequence (Fig. 3.28 A, C, D and E). Furthermore, a weak stadial
expression is shown in the SST records from the three regions during GS23, comparable to
previously discussed weak GS26. For most of the GS, SST dropped to 13-12°C in western
Mediterranean cores and to 10-9°C in the Cantabrian Sea, reducing the inter-basin
gradients bellow 3°C and in some extreme cases, as the GS25 and 24, this gradient almost
disappeared (Fig. 3.27). Regarding to the Alboran and Balearic Sea, SST values for each GS
were identical, indicating strong homogeneous surface properties. In contrast to the
overall homogeneous stadial inter-regional response, the Cantabrian record shows the
occurrence of an extreme cold and freshening event at 101.5 kyr BP (beginning of the MIS
5c), which is not expressed in the Mediterranean SST records (Fig. 3.28 C: dashed grey

vertical line) and it is likely recording a regional feature.

In the continent, the Pyrenean speleothem also supports a rapid atmospheric
reorganization associated with stadials. Growth hiatus and intense enrichments in the $13C
and Mg/Ca signal occurred synchronous to cold stadials supporting the establishment of
drier conditions in the Southern Central Pyrenees (Fig. 4.6 black arrows). The aridity
during stadials had a broad extent due to they are also recognized in some Balearic
speleothems (VALL3, QUA14) (Fig. 4.6). This is consistent with another Iberian Peninsula
speleothem (Pérez-Mejias et al, 2019) and even European speleothem records indicating
a robust relation between AMOC changes and European precipitation variability during
the early glacial (Drysdale et al, 2005, 2007; Genty et al,, 2003; Vansteenberge et al,,
2016). These Mediterranean dry stadial conditions are consistent with the heavy 6180sw
events (Fig. 4.7 G and H, blue arrows) overprinted on the large-scale precession signal of
the Mediterranean 6180sw records previously discussed (Section 4.2). These heavy
stadial 8180sw events, much intense in the Mediterranean records, should reflect
conditions of enhanced evaporation-precipitation balance over the whole basin (Rohling
et al, 1999) that were further strengthened eastward as shown in the 8180speleo Soreq
record (Fig. 4.7 G, I and |) (Bar-Matthews et al., 2000).
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Figure 4.6: Comparison of the judit general trends during the early glacial with Balearic and other european speleothem
records. A) Reference record 6180 NGRIP2 (Rasmussen et al, 2014; Seierstad et al, 2014). B) Precession curve (Laskar,
2004). C) U/Th ages from Judit speleothem plotted with 2¢ error bars. D) §13C record of Ejulve cave (Pérez-Mejias et al.,
2019). E) JUD 813C record. F) The 83C record of Han-sur-Lesse cave (Vansteenberge et al., 2016). G) JUD Mg/Ca record. H)
VALL3. I) 680 record of Ejulve cave (Pérez-Mejias et al.,, 2019). ]) QUA14 brightness data. Black arrows highligthing dry
events.

The proxy record for deep-water current intensities in the Balearic core (UP 10 and
Zr/Al ratio records in Fig. 4.7 E and F) also show a distinctive signal with relative high
values for most of the stadial periods. The Balearic core location corresponds to a
contournitic drift shaped by deep water currents associated with the formation of WMDW
in the Gulf of Lion, were westerly winds acts (Frigola et al. 2007; Cisneros et al., 2019).
Consistently with the previously described changes for MIS 3 in the same location (Frigola
et al, 2008), the overall set of data supports enhanced stadial formation of WMDW in the

Gulf of Lion while cold SST and dry conditions dominated over the whole basin.
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Figure 4.7 Comparison of this study records to some published data during the Early glacial. A) reference record &80
NGRIP2 (Rasmussen et al, 2014; Seierstad et al, 2014), B) JUD Mg/Ca ratios C) JUD &8'3C record, D) Mg/Ca-SST of MD99-
2343 core, E) Zr/Al ratio plotted in logarithmic scale of MD99-2343 core, F) MD99-2343 non-carbonate UP10 fraction, G)
61805 of MD99-2343 core, H) Precession curve (Laskar, 2004), I) Stacked Soreq 8!80speleo record (Bar-Matthews et al, 2000,
2003), J) JUD 6'80speteo record with the U/Th ages plotted with 2o error bars on the bottom and K) Si/Sr-IRD record of
U1308 core (Hodell et al,, 2008). Red and green arrows: dry events discussed in the text. Black arrows: High deep current
intensities. Blue arrows: heavy 8!80sw events. Vertical grey dashed line: Cantabrian cold event. Vertical grey dashed line:
Cantabrian cold event. Vertical grey bars: MIS 4-5 and/or GS18-25.
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These observations highlight an overall rapid interregional coupling in the ocean
and atmosphere response during the stadial intervals. Our results are coherent with the
oceanic-atmosphere re-adjustments observed in model studies after fresh water impose
weakening of the AMOC (Ivanovic et al.,, 2018; Kageyama et al., 2010; Van Meerbeeck et al.,
2011). The AMOC weakening reported in these studies support strong westerlies
transport of cold and drier air masses due to its path over extended sea ice rather than
ocean waters into W Europe and also reducing air temperature in the IP. The Intertropical
Convergence Zone (ITCZ) and the atmospheric convection cells were displaced southward,
decreasing consequently the moisture availability in mid-latitudes. Moreover extremely
cold temperatures surrounding the IP reduced the evaporation on proximal areas,
including the western Mediterranean Sea and enhancing the aridity in the region during

the cold stadials.

In contrast to the stadial conditions, the SST evolution during the warm interstadials
is more heterogeneous among the studied records, showing a diachronic establishment of
maximum SST conditions (Fig. 3.28 C, D and E) and reaching large gradients among basins
(Fig. 3.27). This regional heterogeneity suggest more complex feedback connections
during warm intervals of full AMOC operation, which could probably cause displacements
of the polar/subtropical gyres and therefore changes in the surface water properties
arriving to the studied areas (Mary et al., 2017). The speleothem record support relatively
humid conditions during warm interstadials, consistent with an active AMOC that would
bring mild and humid westerly winds over Europe (Ivanovic et al., 2018; Kageyama et al.,
2010; Van Meerbeeck et al., 2011). Nevertheless some variability occurred within the
interstadial periods, the Pyrenean record shows a transition in the mid MIS 5c towards
less humid conditions. This is consistent with previous observations in a Mallorca
speleothem record (Dumitru et al, 2018), and a change from more developed
Mediterranean vegetation to steppic pollen taxa detected in southern European pollen
records and interpreted as a transition from warm-humid to warm-dry conditions during

the MIS 5c (Sanchez-Goiii et al., 2005, 1999; Tzedakis et al, 2003; Wulf et al, 2018).

Overall, climatic conditions were slightly different during MIS 5a stadial and
interstadials periods. SST records during MIS 5a reflect dominant cold conditions in both
the Cantabrian and the Mediterranean sectors, even for the interstadial periods (Fig. 3.28
C, D). Acute stadial 51805 enrichments occurred during stadials (GS21, 20 and 19) (Fig. 4.7
G: blue dashed arrows), while relatively fresh 8180, dominated in the Cantabrian record
(Fig. 3.28 F). Those climatic conditions maintained an overall intense deep-water

convection in the Western Mediterranean Sea (Fig. 4.7 E and F). Nevertheless, dry
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conditions may have not been as extreme as previous stadials since the Pyrenean
speleothem maintained its growth, although at low rate and Mg/Ca and 613C record only
moderate high values. Moreover, major development of Pyrenean glaciers occurred during
this period (Lewis et al, 2009; Pefia et al., 2003), also supporting some degree of humidity
supply. Therefore, the last hiatus at the MIS 5b and the end of the Pyrenean speleothem
growth at the beginning of the MIS 4 could reflect this maximum extension of Pyrenean
ice, preventing water seepage into the karst and suggesting the establishment of full

glacial conditions.
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4.5 Interglacial transitions: Terminations

According to the collected speleothems, glacial terminations involved difficulties in
the speleothem growth in the studied region. This situation could have been extreme
during the penultimate deglaciation (T-II), a transition which is not fully covered by any of
the sampled speleothems and it involved the end or marked the onset of their growth. The
previous three terminations are fully represented by two of the studied speleothems
(VALL2 and RAT) but involved a significant decrease in their growth rate. Therefore four
Terminations (T-1I-V) suggest that these periods of rapid ice melting represented major
distortions in the hydrological conditions of the studied area. Among these terminations,
T-III and T-1IV are those recovered with higher resolution and solid chronologies and are

the discussed with more attention (Fig. 4.8).

The T-III is well covered by the accurately dated RAT speleothem from Menorca and
is characterized by a rapid change from dry to humid conditions that culminated at ~243
kyr BP accordingly to both Mg/Ca and &13C records. But this rapid climatic change was
preceded by a 6180 speieo depletion in the RAT record that it can be observed also in the §180
of both Ejulve and Spannagel speleothem records at higher resolution (Fig. 4.8). Besides
their different locations these three speleothems show similar trends of their geochemical
records along the T-III pointing their connection to broadly regional processes (Pérez-
Mejias et al, 2017; Spotl et al, 2008). During the T-IV also occurs an early light §180speico
event but in this case it precedes climatic amelioration inferred from the Mg/Ca and 613C
records by about 10 kyr. Moreover, the described light §180 speleothem structures occur,
within the chronological uncertainties, when the Si/Sr ratio from core U1308 indicates the
development of an IRD discharge in the N Atlantic (Fig. 4.8) (Hodell et al., 2008). These
IRD events would be analogous to the HE11 that initiated the T-II and produced a large
light 6180, anomaly in surface waters from the N Atlantic and Western Mediterranean Sea
as was discussed in section 4.4.1. So far, any §180s, is available for T-III and T-IV but this
early light 8180speico anomaly could reflect a major 8180y freshening in the rain source
region. These observations are supported by the light G. bulloides 6180 anomalies recorded
at the onset of both T-III and T-IV in the North Atlantic and also Alboran cores (Fig. 4.8)
(Hodell et al, 2008, 2013; Martrat et al, 2007 and unpublished data) which are
comparable to that recorded for the T-II and, according to the marine results from this
thesis, corresponds to an intense §180s, depletion. Thus, these new speleothem records
would indicate an imprint of these early deglacial large ice-sheet meltwater fluxes
spreading into the N Atlantic Ocean that led to a major event of AMOC weakening. This

situation is consistent with the two stadial events (stadial 8.1 and 8.2) defined in the
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Ejulve speleothem record and associated to cold and arid conditions in the north western
IP just at the onset of the T-III (Fig. 4.3) (Pérez-Mejias et al, 2017). Regarding to the T-V, a
similar light 6!80speleo Structure can be recognized although is difficult to achieve a
confident conclusion due to the VALL2 speleothem present lower growth rates and also
age uncertainties. In consequence, these new speleothem records supports that the glacial
terminations systematically initiated with a major ocean freshening event in the North
Atlantic associated to extreme arid conditions in the IP. But these records also suggest that
the actual chronology of these terminations in the marine record may need a further

revision and thus also the orbital conditions that led the system into the deglacial mode.
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Fig 4.8: Comparison of RAT and Ejulve speleothems geochemical response with the §180 and IRD discharge in marine
cores during terminations (T-III and T-IV) (Hodell et al, 2008, 2013; Martrat et al., 2007 and unpublished data; Pérez-
Mejias et al., 2017).
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Just a perfect day
You made me forget myself
| thought | was

Someone else, someone good

Oh, it's such a perfect day
I'm glad | spent it with you
Oh, such a perfect day

You just keep me hanging on

You're going to reap just what you sow

Lou Reed
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Conclusions

The collected speleothems in this study have revealed an heterogeneity in their
geochemical signal as a consequence of different growing conditions, underlining the not
suitability of every speleothems for reliable paleoclimate reconstructions and the need of
a careful selection. In this regard, changes in the crystalline textures often are related to
changes in the applied chemical ratios that enhance or mask the overall dominant climatic

signal.

One of the innovative aspects of this research has been the parallel acquisition of
61805, and §180speleo records that provide the basis to directly test the potential influence of
the marine signal in the cave precipitates. This exercise has allowed identifying a strong
6180 precessional-scale signal that dominates both marine and cave records. The
combined study of marine records from the Cantabrian realm, the westernmost
Mediterranean Sea (Alboran Sea), and the central W Mediterranean (Balearic Sea), shows
that this 6180 precession signal becomes amplified towards the Mediterranean region,
consistent with the precesional control on the evaporation-precipitation balance of the
whole Mediterranean basin. The recorded intensity of the 6180 signal in speleothems from
the Balearic Islands and the south central Pyrenees is larger than that detected in other
more Atlantic influenced cave carbonates. These observations led to argue a relevant
contribution of the Western Mediterranean Sea as humidity source to precipitation over

the two studied locations.

A big novelty of this Ph.D. thesis is the completion of speleothem records for the last
four interglacial periods which cover almost continuously a period of about 300 kyr and
constitutes a pioneer achievement for the Mediterranean region. These interglacial
periods correspond to the MIS 5, 7, 9, and 11 and the corresponding geochemical records
indicate that they were periods of enhanced precipitation and climate amelioration with a
well-developed vegetation cover. The MIS 11c denotes a long stable interglacial climate
plateau with mainly constant water availability over the Balearic Islands. The geochemical
speleothem signals reveal that the MIS 9e had comparable humid conditions to MIS 9a
while MIS 9c was highly instable with several short-term dry events. The MIS 7 was not
entirely recorded, but it records the interglacial sub-stage corresponding to the MIS 7e,

supporting the increment in water availability in the Balearic region during this period.

Glacial Terminations represented periods of slow growth or even interruptions

within the studied speleothem collection. In particular, the penultimate termination (TII)
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should have involved extreme conditions since it is only represented by growth
interruptions within the studied speleothems. Previous Terminations (T-III, [V and V) are
recorded, but with significant decreases in the growth rates, supporting their association
to major climate distortions that should have seriously altered the hydrological

climatology in the region.

In consequence, the T-II study in here is based only on marine records. The new
produced 6!80s,, records show that the penultimate glaciation ended with an intense light
anomaly that reached comparable values in both the Cantabrian and Western
Mediterranean regions. This situation is interpreted to reflect a major North Atlantic
surface freshening likely related to the HE11 melting. The intensity of the anomaly and the
regional coverage of the freshening point out this as a major melting episode. These
extreme ocean conditions may be the cause of a reduced evaporation that potentially led
to the hydrological disruption in the Balearic area that prevented any speleothem growth.
The end of this episode was linked to an AMOC reinforcement with an intense SST
warming, larger in the Mediterranean region than in the Atlantic one, which marked the

onset of the LIG period.

Previous glacial Terminations (T-III, IV and V) are represented in the studied
records as rapid transitions toward more humid conditions and by an earlier intense §180
depletion likely reflecting ocean freshening phases comparable to that recorded for HE11
in T-1I. The potential correspondence of these light episodes with the marine record opens
the possibility to improve the accuracy of the marine chronologies but would involve a

significant change in the timing of T-IV and the interglacial MIS 9e.

The integrated study of both speleothem and marine records for the last interglacial
(MIS 5e) indicates a regional decoupling of SST and 6180sy records among the three
studied marine areas. This regional heterogeneity suggests high complexity in the climate
response around the I[P during warm periods. The studied Minorca speleothem record for
this MIS 5e shows the dominance of relatively humid conditions. In addition, the achieved
high resolution in this record, allows the identification of several centennial-scale minor

oscillations in the humidity conditions from Minorca.

The onset of the last glaciation or the so-called glacial inception was not
synchronous around the IP. SST in the Cantabrian Sea started to cold earlier than the
stadial GS26 while the western Mediterranean started to cold later, by the end of the GS26,
and at the same time than an aridification phase started in Minorca. After the GS26 a

sequence of stadials occurred leading the Earth into a glaciation, these stadials are well
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represented in the studied SST records by extreme cold conditions with homogeneous
values around the Iberian Peninsula confirming the wide regional impact of these events
of reduced AMOC. The speleothem records suggest the installation of drier conditions
during these intervals in the south central Pyrenees and the Balearic Islands, which in
some cases caused short hiatus in the speleothem growth. These conditions probably were
a consequence of the diminished evaporation by the extreme cold conditions in both the N
Atlantic Ocean and western Mediterranean Sea. The marine studied records from the
Minorca drift indicate a stadial enhancement of deep convection in the Gulf of Lions likely
responding to the overall cold and dry climatic conditions in the basin. In contrast, the
interstadial intervals from this early glacial period show an overall regional heterogeneity,
as it was also the case of the interglacial MIS 5e, pointing again to a much complex regional
response to the ocean-atmosphere interconnections during warm episodes. Finally, the
Pyrenean speleothem growth ended at the end of the MIS 5a likely due to the development
of full glacial conditions in the region that led into the maximum extension of Pyrenean

glaciers.
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Annex 2

UNIVERSITY OF MINNESOTA
Driven to Discover®

Processing Carbonate Samples for U/Th Isotope Analysis

General Preparation (Day 1)

1. Select samples for analyses (13 samples fit in centrifuge). Order them from youngest to
oldest (or best guess for this order). Write sample IDs on a post-it and tape it outside of the
clean lab window for reference inside the cleanroom. Place samples in a Ziploc bag. (Note
that if you are transferring bulk sample to a smaller vial, it is best to use GLASS vials to
minimize static effects in the lab).

2. Wash the outside of each sample vial and the Ziploc bag with super clean H,0 sprayed onto
a kimwipe. Once all are dry, place the samples back in the bag and then into the transfer
box.

3. Create a new page in your Cleanroom Lab book. Enter the sample IDs and create
“Chemistry ID’s” (shorter labels) for each one. (The labeling convention that I used was “LC-
A1” (LC=Lost City, A= batch, 1=sample number (youngest to oldest)). If you haven'’t created a
new page in a while, it is helpful to look at past entries as an example. In the left-hand
column, enter the procedure notes (shorthand) - these remain the same for all carbonate
chemistry samples.

4. Using the chemistry ID, label 30 ml Teflon beakers for each sample and include 1 blank.
Label the cap and also 2x on the sides of each beaker. Place these in order in a clean green
block holder.

Weighing Procedure (Day 1)
Even though you may already have weights of each sample, it is a good idea to re-weigh each
sample prior to chemistry.

1. Inthe balance room, clean the bench space with superclean H;0 on a kimwipe (wiping from
top to bottom, left to right (not back and forth). Also gently wipe down the balance.

2. Putdown clean crew wipes.

3. Carefully remove samples from transfer box- put them in order of their chemistry IDs. Put
the block(s) of Teflon beakers in front of the sample vials. All should be in the same
alphanumeric order of the chemistry IDs.

4. For each sample:

a) tare the Teflon beaker with the cap on

b) Carefully pour the sample from the glass vial to the beaker. Do not touch the glass
vial to the Teflon beaker. Approximately 0.1-0.2g works well for high U samples (2-
S5ppm). Put the cap back on the beaker.



c) Weigh and record sample weight.
d) Using a squirt bottle filled with superclean H,0, wash down the sides of the beaker
2x. Remember not to squirt the water directly into the sample!
e) Replace the cap and gently swirl. Place the beaker back in the green block holder.
5. Place sample vials back in the plastic Ziploc and put back in the transfer box.
6. Clean bench area and balance again with kimwipe and superclean H;0. Dispose of all used
kimwipes in the balance room garbage can. Make sure the lid is tightly secured on the
garbage can.

Digestion Procedure (Day 1)

Bring all samples (in the green block holder) into a clean fume hood (if you are in doubt of its

cleanliness, wipe down with superclean H,0). Put down 2-3 crew wipes.

1. Open each sample and put them in order with the cap down.

2. Add 7N HNOs (or 14N HNOs) dropwise to each beaker until samples are completely
dissolved**. For carbonates, this can take a while. Be careful to not add too much acid too
quickly as many samples can be overly effervescent.

** If the sample does not completely dissolve during digestion in 7HNO3:

(This happened with several of the older samples. River recommended the following):
1. Pour the sample into a clean centrifuge tube.

Centrifuge for ~7 min at 2600 rpm

Pour supernate into NEW Teflon beaker, label, and set aside.

Re-suspend un-dissolved particles in 7N HNO3

Pour into the original Teflon beaker.

Add ~10 drops concentrated HF

Heat the sample on the hotplate.

Add 1 drop HCIO4

9. Dry down completely.

10. Add 0.5-1ml 7N HNO3

11. Add 1-2 drops H3BO3 (this gets rid of the HF)

12. Dry down completely.

13. Add ~0.5ml 7N HNO3

14. Pour this back in with the rest of the sample.

PNAN RN

3. Replace caps and put beakers back into green block holder.

Spiking Procedure (Day 1)
Samples must be COMPLETELY dissolved before spiking!!!!
The lab spikes contain the following concentrations of isotopes:

Spike Coral-D2B Speleoth-1H
233y (pmol/g) 7.9602 + 0.0001 0.78997 + 0.0002
229Th (pmol/g) 0.3848 + 0.0001 0.22815 + 0.0001

Only Hai and River are authorized to issue spike stock solution- (plan ahead for this!). The amount
you add to each sample is roughly determined by the U concentration of each sample- knowing this
value will help so that the sample is neither over-spiked nor under-spiked. To prepare for spiking
samples:
1. Calculate the total amt of spike you will need for all samples and blanks that you are
processing on a given day. In general, you want the 235U/233U ratio to be ~10. Remember that



238(J~235], See table below for a guide.( If you have no idea what the 238U concentration of
your sample is, you should spike your sample with a mass equal to your sample size.)
REMEMBER: It is better to under-spike than it is to over-spike.

Tare the weight of a clean 7 ml Teflon beaker. Pour approximately the total amount of spike
from your stock bottle into the beaker. Do NOT pipet your spike from the bottle into the
beaker! Record the total mass in the lab book.

Use a calculator to adjust the amounts for each sample according to if you have slightly
more or less spike than you intended. Use percentages to do this!! (For example, a flat 0.05g
more spike added to each sample will not be proportional).

Pipet the spike into each sample (see procedure below). Note that River’s pipet is off by
about +0.04g.

General spike approximations for sample size ~0.2g (coral-B spike):

238]J (ppm) Sample Size (g) Coral-B Spike (g)
2 0.2 0.15
3 0.2 0.2
5 0.2 0.3
10 0.2 0.6

General spike approximations for sample size ~0.2g (speleo-1H spike):

238J (ppm) Sample Size (g) Speleo-1H Spike (g)
2 0.2 0.12
5 0.2 0.30
1 0.2 0.60
1.5 0.2 0.91

To spike the samples:

Bring all samples (with cap on), spike, and 100ul adjustable pipette into the balance room. Clean
pipette tip with superclean H,O before using. If available, bring a 0.5-5uL or 2-20uL micro-pipette
to use for spiking your chemistry blank.

For each sample:

1.
2.

Tare Teflon beaker containing sample.

Remove cap, pipette in appropriate amount of spike to each sample, and replace cap. For
spiking your chemistry blank, do not use over 4L of spike. If micro-pipette’s are not
available, dilute spike with 1.5 N nitric until spike concentration is equivalent. Ideally,
chemistry blanks should be spiked with 2 pL of spike.

Record mass of spike in cleanroom lab book.

Put beaker back in green block holder (it’s ok not to swirl- the reflux step will take care of
mixing).

After all samples are spiked, bring samples back to fume hood. Clean bench space in the
balance room when done with superclean H;O0.

Place the pipet tip that came in direct contact with the spike in the solid radioactive waste
ziplock bag under the hood sink. If you spilled any spike on the counters or floor of the
balance room, dispose of all wipes in the solid radioactive waste ziplock bag and notify our
radiation safety officer. Make sure the solid radioactive waste ziplock bag is closed at all
times!



8.
9.

10.
11.
12.

Remove cap and add ~3-6 drops concentrated HCIO4 to each sample: this is to get rid of
organics (Th likes to stick to organics!). Add more drops of HCIO4 if you suspect there is a
lot of organics in your sample.

Swirl and replace cap.

Put all samples on a clean hotplate at 400°F for REFLUXing (setting at MAX on the new
hotplates). Samples should be on hotplate for 1-2 hrs. After this time, turn off the hotplate.
Before removing cap, tap all moisture from cap and beaker sides down to the base.

If the solution looks sticky, add more drops HCIOs.

Dry down completely.

Iron Co-Precipitation Procedure (Day 2)

1.

2.

v w

Add enough 2N HCI to re-dissolve each sample. Do not add too much HCI to avoid CacCl;
saturation problem. Place samples back on hotplate to help re-dissolve the sample.
While samples are warming, prepare centrifuge tubes:
a) rinse centrifuge parts with superclean H-0, shake to dry
b) cut parafilm, rinse both sides of each piece with superclean H,0
c) label sides of tubes, cap loosely with parafilm and place in order in rack
Transfer each sample by pouring into centrifuge tube.
Add 1 drop of FeCl; to each sample. Shake to mix.
Add ~2 drops or more concentrated NH4OH to neutralize solution. The amount of NH4OH
used will depends on the acidic condition. Shake to mix - you will see the Fe ppt at the
bottom of the tube.
Place tubes in centrifuge holders (use 2 holders)
a) place 1 empty tube in middle of a holder
b) tare holder that does not have an empty tube
c) Weigh other holder- add water to empty tube (or to a sample if necessary) to
balance weight to < 0.1g difference.
Centrifuge all samples and blanks 3x for 7 min at 2500 rpm:
a) between each round of centrifuging, pour off the supernate into the sink
b) add superclean H;O to the halfway up the tube, mix, balance, and centrifuge again
c) after the last centrifuge, only pour off the supernate and place in rack.
Check all Teflon beakers. If the inner of Teflon beaker is sticky, wipe it out with a piece of
clean Crew wipe and rinse it with superclean water. Dry on hotplate.

Prepare Samples for Columns (Day 2)

oUW

~

Add 10-15 drops 14N HNOs to centrifuge tube to dissolve sample
Pour back into Teflon beaker.
Add some superclean H;0 to centrifuge tube; pour back into Teflon beaker.
Dry down on hot plate
Add 1 drop HClO4. Dry down.
Add 1-2 drops 14 HNOs to beaker. Dry down. (If you sample doesn’t completely redissolve,
you can try adding one drop HF, but likely your sample is dirty.)
Add 1-2 drops 14 HNOs to beaker. Dry to nearly complete (small dot left).
Dissolve sample in ~0.5cc 7N HNOj3 (heat if necessary, (MAKE SURE TO NOT HEAT TOO
MUCH, OTHERWISE YOU WILL DRY DOWN THE SAMPLE- USUALLY A COUPLE MINUTES
MAX ON THE HOTPLATE WORKS)).
a. If the sample sticks to the bottom or sides (organics present), add one to two
drop(s) HCIO4 to remove the organics and dry down on hotplate.



b. Remove from hotplate, put cap on and let cool. Re-dissolve in ~0.5 cc HNO3 and
make sure it is no longer sticking to the bottom/sides (if so repeat step a. If still
sticking after two iterations, talk to Hai/River

Making Columns (Day 2 or 3)
Note that you can do steps 1-4 the day before starting column chemistry.

v N
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7.
8.

9.

On column bench, lay out clean crew wipes.

Take out one 5 cm acid-cleaned columns for each sample and blank.

Carefully insert frits evenly into each column.

Round out the top of each column with the white insertion stick.

Place 1 small (~5 ml) Pyrex beaker under each column to collect chemical waste. Use a
sharpie to label the plastic column holder with each chemical ID.

Fill each column with superclean H,0 and lay on its side- the column must be totally full of
water (NO air bubbles!!!).

Place each column in column holder.

With a clean pipet (use Hai's with River’s dedicated resin pipet tip) set at ~865ml, and pipet
clean resin into each column so that it is filled.

Remove any excess water and resin with pipet (ok to squirt back into clean resin stock)

10. Place whole rack on your bench.

Column Conditioning (Day 3)

1.
2.
3.

Add 3 CVs SC H20 + 1 drop of 14N HNOs to get rid of U, Th and other trace metals.
Add 2 CV 7N HNO3 to each column.
Add 1 CV 7N HNOs3 to each column.

Column Chemistry (Day 3)

1.

2.
3.

Add dissolved sample (in ~0.5cc 7N HNO3) to column by carefully pouring in. Clean beaker
afterwards by rinsing with superclean H,0 and pour into acid waste bottle.
Let this run thru the column and into the waste beaker.
To remove Fe*:
a) add 1 CV 7N HNOs to each column
b) add 1 CV 7N HNOs; to each column
c) once all the acid has passed through the column, removed the waste beaker and
dispose of all the waste into the waste acid bottle. (Rinse beakers before storing
them on your bench)
* This should be (still) collected into the waste beaker - the liquid should turn pale
yellow to Mountain Dew color

To collect Thorium:
a) place aclean, labeled 7 ml or 15ml Teflon beaker! under each column
b) add 2 CV 6N HCI to each column
c) add 1 CV 6N HCI to each column
d) remove Teflon beaker when collection is done
e) add 1-2 drops HClO4 to beaker
f) drydown at 450°F

! River suggests cleaning the beaker before use by adding superclean water and 1-2 drop(s) 14N HNO;. Heat on the
hot plate for ~5 minutes with cap on, and pour out water. If it looks sticky, wipe with a clean Crew wipe and check
again with water for stickiness.



5.

To collect Uranium:
a) place original 30 ml Teflon beaker under each column
b) add 2 CV superclean H;0 to each column
c) add 2 CV superclean H;0 to each column
d) remove beaker when collection is done
e) add 1-2 drops HClO4to beaker
f) dry down at 450°F

Second Column Collection for Th (Day 3 or 4) (optional, for samples going to be run on cups)

9.

PN UTE W

Add 1-2 drops 14N HNOs to each Th sample then dry down.

Repeat

Add 1 drop HC104 and dry down

Bring sample up in ~0.3cc 7N HNOs

Make new 4cm columns- make and condition same as before

Add sample to each column

Remove Fe (same as before, using 7N HNO3)

Clean beaker with superclean H20, wipe inside with crew wipe if there is any organic
material.

Collect Th into same Teflon beakers, same method as before (using HCI)

10. Add 1-2 drops HClO,, dry down at 450°F

Preparing Samples for Storage (Day 4)

1.

Label 1 ml ICP vials (top and side) for each sample

a) create 2 vials for each sample - label one “U” and the other “Th”

b) place in order in holder
Add 1 drop 14N HNO3 to each sample, dissolve sample on hot plate.
If any sticky spots found in the beaker, dry down completely and add 1-2 drops HCIO4, and
dry it completely on hot plate.
Add 1 drop 14N HNO3 to each sample, dissolve sample on hot plate, dry down. (If sticky spot
is always there, you better transfer solution to a new beaker, add 2 drops HCIO4 to decompose
organic material. If the organic problem cannot be solved, go through one more column to
separate the organics.) [NOTE: this is not very likely. If you need to go through the
column again, prepare and condition as before]
Add 1 drop 14N HNO3 to each sample. Dry to nearly complete (small dot left) (this happens
quickly so watch it carefully- it is wise to do only one or max. two samples at a time for this
step - if it dries completely, add a drop again and dry to nearly complete.)
Quickly add ~0.2ml 1% HNO3 to the beaker- swirl to mix*
* Note —if the sample appears to be sticking to the walls, there are still organics left in the
sample. Add 1-2 drops HCIO,4, dry down and restart this process again at step 2.
Let sample cool down on glass plate. (If any sticky spots found, it probably means that a
certain level of organic material is still left; more HCIO, should be treated to solve the
problem.)
Transfer to correct vial. Add 1% HNO3 to the ~0.3ml mark, cap, shake, and store for future
analysis on the mass spec.

Method from River Shen, adapted from Minnesota Isotope Lab: K. Ludwig 8/12/04 (revised by J. Retrum and H.

Chen; revised 9/21/15 by J. Nissen



Beakers pre-cleaning
1. Clean outside of beakers with alcohol to erase the pen mark.
2. Rinse with dilute HCI (~1N). Full one beaker and transfer the acid between beakers. When
finish put the acid waste into the radioactive waste.
3. Fill beakers with dilute reagent grade HCl 5-10% (by volume)
4. Beakers should be completely full and refluxed with taps for ~2 hours.
5. Empty the beakers and wipe inside with clean wipes

Beakers cleaning steps

Aqua regia
1. Place the beakers in a large glass beaker (with teflon discs)
Fill it with 50% Aqua Regia (1/2 SC water + 3/8 HCI + 1/8 HNO3)
Boil it on a hot plate for 6-8 hours
Empty the glass beaker into the waste acid bottle.
Rinse the glass beaker 2-3 times with super clean water

vt N

Nitric acid
6. Fill the glass beaker with (1/2 way) super clean water
7. Top off with reagent grade HNO3
8. Boil it for 6 hours
9. Empty the beaker into waste acid bottle
10. Rinse the glass beaker 2-3 times with super clean water

Perclorich acid
11. Fill the glass beaker (1/2 way) with super clean water
12. Top off with reagent grade HCl
13. Boil it for 6 hours
14. Empty the beaker into waste acid bottle
15. Rinse the glass beaker 2-3 times with super clean water

Final rinse
16. Fill the glass beaker with super clean water
17. Add 1% GFS HNO3 (by volume)
18. Boil it for 2 hours
19. Empty the glass beaker into the sink and rinse it 3 times
20. Move the glass beaker to the clean sink
21. Change your gloves
22. Rinse individually each beaker and cap 3 times
23. Set out to dry overnight

*Beakers can be kept overnight in the next step solution. If beakers are kept in the previous step
solution overnight, they will need to be brought to a boil before solution can be changed*
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Foraminifera isotopes cleaning procedure

Necessary material:

Micropipette (100-1000 pl)
Pipette tips (100 - 1000 pl)
Vial rack

Ultrasonic bath

Chemical reagents

Methanol

Procedure

e

U

Introduce samples for isotopic measurements into clean vials.

Add few drops of methanol to the vials containing the samples.

Place the vial rack in the ultrasonic bath during 30seconds.

Remove the excess of methanol with the pipette leaving a small drop at the
bottom.

Dry the samples under the laminar flux fume hood at the cleaning laboratory.

Once samples are dry putt caps and store it until the analysis in the mass
spectrometer.

Revised by ].Torner (04-2016)
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Foraminifera Mg/Ca cleaning procedure

Material:

Micropipette (100-1000 pl)
Micropipette (10-100 pl)
Pipette tips (100 - 1000 pl)
Pipette tips (50- 1000 pl)

Chemical reagents

Citric acid + NH3
0.1 M NaOH
0.001 M HNO3

Procedure

Remember to prepare routinely a procedure blank

Clay Removal

9.

Clean the work space before start.

Clean the micropipette (10-100 pl).

Add 20-30pul of MilliQ water with the micropipette to the eppendorf vials
containing sample already crashed.

Sonicate briefly (20-30s) in the ultrasounds bath.

Add 300-400ul of MilliQ water with the water dispenser. Each vial must be treated
individually at this stage (slightly bang the vial with the spatula).

Allow sample to settle (30s) and remove the overlying solution with the 1000pl-
pipette at 650 pl. Leave about 20-30ul of MilliQ water in the vials.

Clean the pipette between samples (2x HNO3 + 3x MilliQ water).

Repeat steps 4-7 two more times. Clay rich samples should be repeated as many
times as necessary

Add few drops of Methanol (200 ul) into each vial.

10. Sonicate briefly (20-30s) in the ultrasounds bath.



11.

12.
13.
14.
15.

Allow sample to settle for a few seconds, slightly tap the vial with the spatula in
order to remove bubbles)

Remove the supernatant solution with the 1000ul-pipette at 650 pl.

Repeat steps 9-12 one more time.

Fill the Eppendorf with MilliQ water.

Allow sample to settle for a few seconds and remove the supernatant solution with
a 1000ul- pipette at 650 pl.

Reductive cleaning

This is the more time-consuming step of the whole procedure. Safety glasses, lab coats must be worn

all the time at this step. Work ALWAYS UNDER THE GAS HOODS.

The ultrasonic bath must be heated (over 902C) before starting with this step (about 2 hours).

10.
11.

Turn on the heater for the MilliQ water used in step 6 (about 15 min).

Prepare a mixture of 500ul of hydrazine hydroxide and 2000yl of the Citric acid +
NH; (stored in the special hydroxide container)

Add 100ul of the final mixture to each vial and secure caps in order to prevent
sample to pop up while reacting.

Place the sample rack into the thermal ultrasonic bath for 30 minutes (bath has to
be at 902C), sonicating briefly (5-10s) every 2 minutes (Use the timer and prepare
a table to mark each sonication step).

Immediately after the bath, place again the sample rack into the gas hood and
CAREFULLY open vials (at this stage, some vials could tend to pop up) and squirt
MilliQ water into the vials (including lids) as soon as possible in order to slow
down the reaction.

Tap the vials with the spatula in order to remove bubbles and remove the
overlying solution with the 1000pl-pipette at 650 pl.

Repeat steps 4-5 two more times.

Add 400ul of MilliQ water (aprox 802C) into the vials and wait for 5 minutes.
Remove the overlying solution with the 1000pl-pipette at 650 pl (after light
tapping to remove bubbles)

Repeat steps 7-8 one more time.

Squirt cold MilliQ water into the vials.

Remove the overlying solution with a 1000ul-pipette at 650 pl (after light tapping
to remove bubbles).

It is VERY IMPORTANT to remove any reagent that could remain into the samples to prevent

further dissolution.

Switch off the temperature control in the ultrasonic bath



Oxidative cleaning
Heat the water bath before starting this step (about 1 hour).

1. Prepare the Alkali buffered 1% H>0> solution: Add 100 ul of Hydrogen peroxide
(stored in the fridge) to 10 ml 0.1M NaOH.

2. Add 250l of alkali buffered 1% H»0: to each vial and secure the caps of the vials to
prevent popping open.

3. Place the rack of samples into the hot bath for 5 minutes. At 2.5 minutes remove the
rack momentarily and rap on the bench top in order to remove the bubbles.

4. After the 5 minutes, remove the rack and rap again on the bench top, and then place it
into the ultrasonic bath, sonicating briefly (10-15s).

5. Repeat steps 3-4 one more time.

6. Immediately after fill vials with MilliQ water in order to slow down the reaction. Add
water also to the vials caps.

7. Remove the overlying water with a 1000pl-pipette at 650 pl. At this step foraminifera
fragments tend to be attached to the vial walls, shake vials to let fragments to settle
down (sample lost can be critical at this step).

8. Repeat steps 6-7 two more times.

Weak acid leaching

1. Add 250pl of 0.001M HNOs3 to each sample.

2. Ultrasonicate samples for 30s.

3. Add MilliQ water into each sample in order to slow down reaction.

4. Tap the vials with the spatula in order to remove bubbles and remove the overlying
water with a 1000pl-pipette at 650 pl .

8. Repeat steps 3-4 one more times.

9. Pipette out water as much as possible with a 10-100ul micropipette

Revised by J.Torner (03-2020)
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Reagents preparation

Reductive reagent (Citric acid+NH4)

Work under the gas hood

=

Weight 5,25g of Citric Acid in a precipitates glass

2. Add 100 ml of NH4 (30%)
3. Place precipitates glass in a hot plate (40-502C) with a magnetic spinner to

promote mixing.
4. Transfer to a pre-cleaned plastic bottle and store in the fridge
Oxidizing reagent (to remove organic matter)

1. Hydrogen peroxide 30% w/v. (stored in fridge).
2. 0.1M sodium hydroxide (Aristar grade) in MilliQ water

0.1M NaOH = 4g / litre. (NaOH =40.00g g mol)

Weak acid leach
0.001 M HNO3

- 0.5 litre bottle: 34.7ul HNO3 (65%) + MilliQ water
- 1 litre bottle: 69.4 ul HNO3 (65%) + MilliQ water



UNIVERSITAToe
BARCELONA

Foraminifera Mg/Ca dissolution procedure

Necessary material:

- Micropipette (100-1000 ul)
- Micropipette (10-100 ul)
- Pipette tips (100 - 1000 pl)
- Pipette tips (50- 1000 pl)

Chemical reagents

- 1% ultrapure HNO3

Procedure

Dissolution

Dissolution should be done the day before of measurements with the ICP-MS
Make sure that you already have a list with the sample code and dissolution order.

1. Add 400pl of 1% HNOs3 (ultrapure) to each sample (make it in groups of 6).

2. Individually place samples into the ultrasonic bath (about 15 seg) to promote
dissolution.

3. Be sure that all the samples are correctly dissolved. Repeat the step 2 as times as
necessary

4. Shake the vials to homogenize solution.

5. Place samples (groups of 6) into the micro centrifuge device, place them in the rotor
symmetrically. Centrifuge samples for 5 minutes at 6000 rpm.

6. Transfer 370ul of sample into clean eppendorf using a clean tip.

7. Transfer an aliquot into other vial.

Reagents preparation

1% ultrapure HNOs3 Aristar grade

- 1/5 dilution from 5% ultrapure HNO3 Aristar grade with MilliQ water

Revised by ].Torner (03-2020)
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Annex 5

UNIVERSITAT s
BARCELONA

Grain size distribution procedure

This procedure has been designed for clay/silty sediment samples with low sand content. Indicated for

samples with 15-50% in carbonate contents and a low opal content (<2%).

Remember to prepare routinely the standard samples from Menorca (MR3.5) and Albordn (T1) cores.

Use 0.25 g of lyophilized samples for each kind of analysis (bulk sample and/or non-carbonate sample)

Procedure

Organic matter attack

oS Ul W

Put the sample in a glass beaker correctly named

Add 50 mL of 10% H20:in order to attack the o.m.

Led the sample into the fume hood during 24h

Shake beakers every 2-3h

Put the beaker into the oven at 60°C until it is completely dry.
Repeat steps 1-5.

Carbonate attack

BN =

Add 50 mL of HCI 1M in the glass beaker

Led the sample into the fume hood during 3h

Transfer the sample in a “coulter” vial. Recover the remains with distilled water
Centrifuge samples and remove the supernatant solution.

Disaggregation of samples

W=

Add 30-40 mL of sodium polyphosphate
Unltrasonicate the “coulter” vials 1 minute
Put vials in the orbital shaker during 2-3h
Pull samples in the coulter

Revised by J.Torner (03-2020)
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230Th dating results. The error is 2 error.

Cave Sample Sample 238y 221, 2301y, / 282 5234y 2301, / 238y 2301 Age (yr) 230Th Age (yr) 82 Uiriiai™ 2301 Age (yr BP)***

Name Name depth (cm) (ppb) (ppt) (atomic x1 O'S) (measured) (activity) (uncorrected) (corrected) (corrected) (corrected )

1 Meravelles ERE 50 61 +0 4546 +91 269 5 671.6 +1.8 1.2142 +0.0021 125091 +453 123979 +906 953 +4 123913 +906
2 Meravelles ERE 60 104.5 0.1 5721 +115 372 7 708.7 +2.2 1.2346 +0.0023 123565 +488 122767 +743 1002 +4 122701 +743
3 Meravelles ERE 70 954 #0.1 881 +18 2116 +43 676.3 £1.9 1.1857 +0.0022 119575 +448 119437 +458 947 £3 119371 +458
4 Meravelles ERE 95 90.4 0.1 1547 +31 1128 +23 644.0 £1.9 1.1715 +0.0029 121413 +559 121151 +588 907 +3 121085 +588
5 Meravelles ERE 100 173.3 0.2 3330 67 1040 21 676.3 +1.8 1.2117 +0.0025 124034 +492 123748 +530 959 £3 123682 +530
6 Meravelles ERE 105 2324 0.3 3745 £75 1207 +24 669.0 +1.8 1.1797 +0.0026 119517 error 119275 error 937 error 119209 error
7 Meravelles ERE 125 489.9 +0.9 2755 £55 4479 +90 11425 £2.6 1.5272 +0.0036 117502 +506 117438 +508 1591 +4 117372 +508
8 Meravelles ERE 160 77 £0 4077 +82 364.0 7.3 789.6 +1.8 1.1622 +0.0019 103480 +309 102733 +611 1055 #3 102667 611
9 Meravelles ERE 165 62.3 +0.1 1485 +30 762 15 694.3 +2.4 1.1027 +0.0030 104490 +504 104130 +563 931 +4 104064 +563
10 Meravelles ERE 190 62.6 0.1 144 £3 8387 172 865.3 +2.3 1.1701 +0.0031 97786 +428 97754 +428 1140 =3 97688 +428
11 Meravelles ERE 215 76.0 +0.1 454 +9 3294 +66 956.3 +2.2 1.1930 +0.0025 93373 +326 93295 +330 1244 +3 93229 +330
12 Meravelles ERE 230 62.1 0.1 293 #6 4057 £82 955.8 +2.7 1.1597 +0.0031 89647 £394 89585 +397 1231 +4 89519 +397
13 Meravelles ERE 265 753 +0.1 314 +6 3640 +74 645.4 +2.0 0.9196 +0.0024 83631 +344 83564 +347 817 +3 83498 +347
14 Meravelles ERE 280 95.8 0.1 394 +8 3835 +77 7374 £25 0.9570 +0.0019 81537 +281 81475 +284 928 +3 81409 +284
15 Meravelles ERE 290 69.8 +0.1 432 +9 2746 +55 8489 +1.9 1.0300 +0.0022 82430 +279 82343 +286 1071 #3 82277 +286
16 Meravelles ERE 315 87.8 +0.1 269 15 5779 +118 1005.1 +2.4 1.0755 +0.0029 77755 +314 77715 +315 1252 +3 77649 +315
17 Meravelles ERE 345 80.1 +0.1 372 7 3514 71 939.1 +2.2 0.9893 +0.0025 72823 *273 72760 277 1153 +3 72694 277
18 Meravelles ERE 375 303 +0 1249 +25 2795.4 +56.4 721.0 +1.8 0.6980 +0.0017 54504 +182 54439 +188 841 +2 54373 +188

U decay constants: |,,, = 1.55125x10" (Jaffey et al., 1971) and |, = 2.82206x10°(Cheng et al ., 2013). Th decay constant: |,,, = 9.1705x10°(Cheng et al., 2013).
*§%U = ([**UFPU] iy — 1)X1000. ** §%U;544 Was calculated based on *'Th age (T), i.€., 8 Uinia = 8 Unneaares X €27,

Corrected *Th ages assume the initial **Th/**Th atomic ratio of 4.4 +2.2 x10°. Those are the values for amaterial at secular

equilibrium, with the bulk earth *Th/**U value of 3.8. The errors are arbitrarily assumed to be 50%.

***B P stands for “Before Present” where the “ Present” is defined as the year 1950 A.D.



230Th dating results. The error is 2c error.

Sample depth 28 22Th 20Th [ 22Th P 20Th [ 28 2Th Age (yr) 20Th Age (yr) 8 Uia**  ThAge (yr BP)***
(cm) (ppb) (ppt) (atomic x10°) (measured) (activity) (uncorrected) (corrected) (corrected) (corrected )
JuD 25 89.0 £0.1 31331 £627 51 +1 9158 +2.1 1.0973 +£0.0032 85468 +378 80613 +3469 1150 £12 80551 +3469
JuD_35 102.5 £0.1 91270 £1827 21 0 8235 +2.1 1.1207 +0.0028 95055 +398 81660 +9640 1037 +28 81598 +9640
JuD_6.2 74.8 £0.1 6868 +138 215 +4 968.6 +2.3 1.1969 +0.0048 92915 +564 91725 +1011 1255 +5 91663 +1011
JuD_13 80.0 £0.1 3470 69 443 +9 804.0 £2.1 1.1642 +0.0055 102405 +768 101794 +878 1072 +4 101732 +878
JuD_19 132.7 £0.1 5381 +108 466 +9 7955 1.9 1.1454 +0.0021 100668 +328 100092 £521 1055 +3 100030 +521
JuD_325 77.7 £0.1 3385 68 432 9 750.7 £2.0 1.1408 +0.0031 104288 +479 103654 +654 1006 +3 103592 +654
JuD_425 78.2 £0.1 11393 £228 137 £3 785.3 £1.8 1.2069 +0.0028 110197 +446 108129 +1530 1066 +5 108067 +1530
JuD_445 844 £0.1 61745 £1236 29 +1 767.9 £2.0 1.3076 +0.0037 127959 +676 117242 +7699 1069 +23 117180 +7699
JUD_53 88.0 £0.1 25390 £508 72 1 776.5 £1.9 1.2606 +0.0030 119259 +517 115147 +2961 1075 +9 115085 +2961
IND_12.5 129.0 £0 44 +1 65347 £1439.9 945.2 +4.0 1.3587 +0.0035 114953 +626 114949 +626 1307 +6 114887 +626
IND_23.5 139.0 £0 60 +1 52332 £1127.8 961.1 +2.7 1.3820 +0.0030 116484 +491 116478 +491 1335 +4 116416 +491
IND_34.5 133.9 £0.2 31 +1 100774 £2445 991.5 +2.6 1.4208 +0.0030 118618 +484 118615 +484 1386 +4 118553 +484
IND_45.5 121.7 £0.2 43 1 67972 £1597 1025.0 £2.5 1.4532 +0.0029 119519 +468 119515 +469 1436 +4 119453 +469
IND_56.0 120.1 0.3 22 £1 134581 +3636 1057.6 +3.5 1.4905 +0.0040 121139 +647 121137 647 1489 +6 121075 +647
IND_67.5 109.0 +0.2 40 £1 68042 +1567 1084.3 +3.6 1.5234 +0.0035 122758 +597 122754 +597 1533 +6 122692 +597
IND_83.5 94.3 +0.2 187 +4 13112 +267 1131.1 £3.1 1.5759 +0.0039 124828 +601 124805 +601 1609 +5 124743 +601

U decay constants: |, = 1.55125x10% (Jaffey et a., 1971) and |, = 2.82206x10°(Cheng et a., 2013). Th decay constant: ., = 9.1705x10°(Cheng et a., 2013).

*§7U = ([PUPU] iy — 1)x2000. ** 87U, 4,4 Was calculated based on **Th age (T), i.€., 8®*Uiniia = 8™ Urneares X €247,
Corrected *°Th ages assume the initial 2°Th/*?Th atomic ratio of 4.4 +2.2 x10°. Those are the values for a material at secular
equilibrium, with the bulk earth #Th/>U value of 3.8. The errors are arbitrarily assumed to be 50%.

***B P stands for “Before Present” where the “Present” is defined asthe year 1950 A.D.



239Th dating results. The error is 2c error.

bk oo (it oty TWPU (activity) =TRPTh - 2UPsU (initia) - Age (Kyr BP) 20T e o
J0D_15  NR 12723500087 L7973%00050  0.0824 £0.0052 20043400226 118.262 111,629+ 7.027
JUD_140 41 1213800074 17852400035 00728+0.0019 16660  20575:00189  110.906 105.348 + 6.212
JUD_225 50 1155240078 17351400023 00766:0.0017 15075  19794:00188  107.647 101507+ 6.759
JUD_365  NR 1163400054 1796300069  0,0432 00012 20549400130 102733  99.2173+3.700
JUD_414 42 1069400304 17581:0.0025 01413:00048 7568  19542+00374 93685 813252+ 13.885
JUD_487 63  11725:00058 19531:0,0053 00250:0.0001 46860  22275:0.0087 91027 89.5258 + 2.019
JUD_525 58  10585:0.0097 189110005 00661:00016 16004 21096300181 82596 77,6122+ 5573
JUD_538  NR 1048200077 1959700045  0.0694 +0.0021 21773+00186  77.369 72.0687 + 5.387

Activity ratios were determined by MC-1CP-M S following Hellstrom (2003). Ages in ka before present are corrected for initial 230Th using egn.
1 of Hellstrom (2006). (230Th/232Th)i of 0.9 + 0.6 and the decay constants of Cheng et al (2013). Uncertainties were propagated using Monte-
Carlo simulation of each of the input activity ratios and initial (234U/238U) is calculated using the corrected age of each sample. U content is

marked n.r. where sample weights were not recorded.



239Th dating results. The error is 2c error.

Cave Sample Sample 238y B2y 2301h / 2321h 8234y 2307n /238y 230Th Age (yn) 2307h Age (yr) 873 U™ 2307h Age (yr BPy***
Name Name depth (cm) (ppb) (ppt) (atomic x1 0'5) (measured) (activity) (uncorrected) (corrected) (corrected) (comrected )
1 Murada RAT_A 0.75 186.0 +0.2 1697 +34 3951 79 1249.1 £25 2.1858 +0.0039 210673 +1087 210591 +1088 2263 +8 210525 +1088
2 Murada RAT_A.1 7.25 125.6 £0.1 1179 +24 3947 £79 1246.2 £2.2 2.2458 +0.0033 226066 +1054 225984 +1055 2358 +8 225918 +1055
3 Murada RAT_B 8.5 118.7 +0.1 645 +13 6804 +137 1235.1 £2.7 2.2415 +0.0044 228149 +1397 228102 +1397 2351 #11 228036 +1397
4 Murada RAT_B.1 9.75 83.8 +0.1 1188 +24 2542 +51 1200.3 #2.3 2.1862 +0.0052 223677 +1510 223550 +1511 2256 +11 223484 +1511
5 Murada RAT_B.2 13.5 85.7 £0.1 1269 +25 2389 +48 1135.8 +2.1 2.1465 +0.0037 232313 +1265 232178 £1267 2187 %9 232112 1267
6 Murada RAT ¢ 15 54.6 +0.1 584 +12 3312.0 +66.6 1120.2 2.1 2.1475 £0.00353 237779 £1277 237680 +1278 2190.8 8.9 237616 +1278
7 Murada RAT_C.1 15.5 76.1 £0.1 4946 +99 519 +10 1009.5 2.0 2.0490 +0.0038 246517 +1518 245888 £1574 2021 =10 245822 +1574
8 Murada RAT_D 16 75.3 0.1 2113 +42 1159 +23 925.9 £2.0 1.9725 +0.0033 253671 +1568 253388 +1578 1893 +9 253326 +1578
9 Murada RAT_E 18.25 78.5 £0.1 654 13 3843 +77 834.4 £2.0 1.9399 +0.0038 287767 +2405 287682 +2404 1879 =14 287620 +2404
10 Murada RAT_E.1 20 90.0 0.1 445 +9 6121 +124 7385 2.2 1.8340 +0.0036 293865 +2657 293810 +2656 1692 +14 293744 +2656
11 Murada RAT_F 23 94.2 +0.1 657 13 4069 +82 636.2 £1.8 1.7211 +0.0034 301956 +2809 301874 +2808 1491 +13 301812 +2808
12 Murada RAT_F.1 26 80.5 0.1 55 #2 38662 +1081 528.9 +1.9 1.6075 +0.0028 317242 3246 317232 +3246 1295 #13 317166 +3246
13 Murada RAT_G 28 96.1 £0.1 230 +5 10923 +221 515.8 £1.9 1.5882 +0.0034 314689 +3633 314657 +3632 1253 +14 314595 +3632
14 Murada RAT_H 28.75 87.6 £0.1 686 +14 3275 +66 486.5 +1.7 1.5556 +0.0035 318254 +3778 318148 +3776 1194 13 318086 +3776
15 Murada RAT_H.1 29.5 103.9 0.1 172 +4 15358 +318 476.0 +2.0 1.5440 +0.0030 319752 +3689 319729 +3689 1173 £13 319663 +3689
16 Murada RAT_H.2 32 63.9 £0.1 144 3 11459 +245 485.3 1.7 1.5627 +0.0030 326523 +3661 326492 +3661 1219 +13 326426 +3661
17 Murada RAT_I 32.75 89.9 +0.1 153 +3 15552 +315 520.6 +1.8 1.6073 +0.0039 326426 +4204 326404 +4203 1308 +16 326342 +4203
18 Murada RAT_I.1 34 72.7 £0.1 217 4 9021 +186 535.3 £1.9 1.6372 +0.0033 337484 +4138 337446 +4137 1387 +17 337380 +4137
19 Murada RAT_J 35 81.5 0.1 162 +3 13893 +281 5732 £1.8 1.6805 +0.0036 332647 £3944 332622 +3943 1465 *17 332560 +3943
20 Murada RAT_J.1 36.75 80.7 £0.1 195 +4 11499 +240 5735 1.8 1.6833 +0.0034 334990 +3912 334960 +3911 1476 +17 334894 +3911
21 Murada RAT_J.2 37.25 85.1 +0.1 572 £12 5019 +102 838.0 £2.2 2.0452 +£0.0041 355336 +4289 355275 +4288 2284 +28 355209 +4288
22 Murada RAT_J.3 38.5 122.2 #0.1 113 2 35121 +759 768.4 £1.8 1.9654 +0.0028 365001 +3564 364990 +3564 2152 +22 364924 +3564
23 Murada RAT_J4 40.1 151.9 0.2 59 +2 80965 +2468 716.0 £1.9 1.9038 +0.0036 372020 +4716 372014 +4716 2046 +28 371948 +4716
24 Murada RAT_J.5 45 146.9 0.2 53 2 86817 +2581 723.2 £2.0 1.9102 +0.0033 368865 +4477 368860 +4477 2048 +27 368794 +4477
25 Murada RAT_J.6 47 1185 #0.1 45 #1 81924 +2460 716.5 £2.1 1.9001 +0.0035 367292 +4708 367287 +4708 2020 +28 367221 +4708
26 Murada RAT_J.7 50 92.8 £0.1 52 2 55752 +1711 709.6 £2.5 1.9067 +0.0049 384890 +7090 384883 +7090 2103 +43 384817 7090
27 Murada RAT k 51.5 86.0 £0.1 258 +5 10410 211 707.5 £2.0 1.8948 +0.0033 374408 +4678 374378 +4677 2035 +27 374314 +4677
28 Murada IND-0.5 1 162 =0 284 +6 13043.8 £262.9 994.5 +2.6 1.3876 +0.0025 113896 +413 113874 +413 1371 +4 113812 +413
29 Murada IND-12.5 13 129 =0 44 #1 65347.3 £1439.9 945.2 +4.0 1.3587 +0.0035 114953 +626 114949 +626 1307 +6 114887 +626
30 Murada IND-23.5 24 139 +0 60 *1 52332.2 £1127.8 961.1 +2.7 1.3820 +0.0030 116484 +491 116478 +491 1335 +4 116416 +491
31 Murada IND-34.5 35 133.9 0.2 31 #1 100774 +£2445 991.5 +2.6 1.4208 +0.0030 118618 +484 118615 +484 1386 +4 118553 +484
32 Murada IND-45.5 46 121.7 #0.2 43 +1 67972 +1597 1025.0 ¥2.5 1.4532 +0.0029 119519 +468 119515 +469 1436 +4 119453 +469
33 Murada IND-56.0 56 120.1 £0.3 22 #1 134581 +3636 1057.6 3.5 1.4905 +0.0040 121139 +647 121137 +647 1489 +6 121075 +647
34 Murada IND-67.5 68 109.0 £0.2 40 +1 68042 +1567 1084.3 +3.6 1.5234 +0.0035 122758 +597 122754 +597 1533 +6 122692 +597
35 Murada IND-83.5 84 94.3 £0.2 187 +4 13112 +267 1131.1 £3.1 1.5759 +0.0039 124828 +601 124805 +601 1609 +5 124743 601
36 Murada NOV-0.5 0.5 107.4 £0.2 140 +3 1298.8 +27.0 799.4 £2.5 0.1025 +0.0005 6372 £33 6351 +36 814 +3 6289 +36
37 Murada NOV-4.0 4 118 0 26 *1 8529.6 £235.5 867.1 £2.6 0.1137 +0.0006 6820 +39 6816 +39 884 +3 6754 +39
38 Murada NOV-8.5 8.5 112.0 0.2 43 #1 5311 +132 772.2 £2.8 0.1241 +0.0007 7880 +47 7873 +48 790 +3 7811 +48
39 Murada NOV-12.0 12 159 +0 1910 +38 187.2 £3.8 840.7 £2.8 0.1363 +0.0005 8341 +35 8153 +137 860 +3 8091 +137
40 Murada NOV-15.0 15 129.2 +0.3 30 1 10083 +268 798.9 £2.9 0.1411 +0.0006 8856 +43 8853 +43 819 +3 8791 #43
41 Murada NOV-18.0 18 131.4 0.2 238 +5 1394 +29 837.7 £3.9 0.1530 +0.0006 9423 +42 9395 +47 860 +4 9333 +47
42 Murada NOV-22.0 22 121.6 #0.3 28 *1 11244 +296 822.4 £33 0.1582 +0.0007 9840 +46 9837 +46 846 +3 9775 +46
43 Murada NOV-26.0 26 122.5 0.2 57 #1 6011 +128 837.4 £3.2 0.1688 +0.0005 10434 +38 10426 +39 862 +3 10364 +39
44 Murada NOV-30.0 30 1231 0.1 280 +6 1291 +26 827.0 £2.7 0.1781 +0.0008 11104 +53 11068 +59 853 +3 11006 +59
45 Murada ALI1.2 1.2 282.9 +0.4 4638 +93 39 +1 733.6 £2.2 0.0391 +0.0002 2486 +13 2211 +195 738 *2 2147 +195

U decay constants: I, = 1.55125x10* (Jaffey et al., 1971) and I,,, = 2.82206x10¢(Cheng et al., 2013). Th decay constant: |,, = 9.1705x10°(Cheng et al., 2013).
*8%U = ([P**UF**U] iy — 1)X1000. ** 87U, Was calculated based on *Th age (T), i.€., 8 Ui = 8 pessures X €27,

Corrected **Th ages assume the initial *°Th/**Th atomic ratio of 4.4 +2.2 x10°. Those are the values for a material at secular

equilibrium, with the bulk earth 2?Th/**U value of 3.8. The errors are arbitrarily assumed to be 50%.

***B P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.



23%Th dating results. The error is 2c error.

Cave Sample Sample 238 2321 2307y, / 232 5234+ 2301, /238y 230 Age (yr) 2o Age (yr) 8% U™ 220Th Age (yr BR)***
Name Name depth (cm) (ppb) (ppt) (atomic x1 0-6) (measured) (activity) (uncorrected) (corrected) (corrected) (corrected )
1 NaPolida  SAV-1.3 13 2957.2 #10.3 275 +6 118711 +2422 52.6 2.2 0.6707 +0.0026 109216 +839 109213 +838 72 £3 109151 +838
2 NaPolida SAV9.8 9.8 303.5 0.4 513 +10 6928 +140 108.7 1.5 0.7099 +0.0014 108887 +456 108844 +457 148 +2 108780 +457
3 NaPolida SAV_58.3 58.3 294 +1 409 +8 8391.9 £171.0 78.9 £1.7 0.7078 +0.0021 114180 +682 114143 +682 109 +2 114081 +682
4 NaPolida  SAV-64.0 64 4055.6 +24.9 215 #5 220625 +4663 98.6 6.6 0.7078 +0.0046 110236 #1759 110234 #1759 135 +9 110172 +1759
5 Prior JUL Bottom 164.4 0.3 709 £14 452 9 170.3 2.2 0.1182 +0.0005 11582 +60 11475 £96 176 +2 11411 +96
6 Prior ROM Top 264.0 0.6 213 4 2265 +47 199.0 2.0 0.1108 +0.0004 10550 +47 10530 +49 205 #2 10466 +49
7 Prior ROM Bottom 236.2 +0.6 177 +4 2445 51 118.0 +2.6 0.1110 +0.0005 11380 +61 11361 +63 122 +3 11297 +63
8 SaTauleta FOS1 1 600 +1 157 +3 49790.4 +1059.1 101.3 +1.7 0.7895 +0.0023 133440 +860 133433 +860 148 +2 133369 +860
9 SaTauleta  FOS_2.5 25 569.9 #1.2 293 +6 25377 £524 98.7 2.0 0.7913 +0.0025 134731 +988 134718 +988 144 £3 134652 +988
10 SaTauleta  FOS_5 5 559.0 #1.0 167 +4 43752 939 100.2 +1.7 0.7928 +0.0020 134804 +790 134796 790 147 £2 134730 £790
11 SaTauleta ~ FOS19.5 19.5 798 +2 155 +3 67093.2 £1427.6 94.4 £1.7 0.7902 +0.0022 135562 +865 135556 +865 138 +2 135492 +865
12 SaTauleta RAM7.6 7.6 478.1 0.7 81 +2 40840 +919 144.9 +1.6 0.4179 +0.0010 49002 +166 48998 +166 166 +2 48934 +166
13 SaTauleta ~RAM 19.9 OK 19.9 400.3 0.5 465 £9 5991 +121 118.8 £1.5 0.4217 +0.0008 51110 159 51081 +160 137 +2 51017 +160
14 SaTauleta ~ TER-1.0 1 567.4 1.1 57 +1 129928 +2791 744 £2.3 0.7919 +0.0019 141971 +988 141968 +988 111 +4 141906 +988
15 SaTauleta ~ TER-17.0 17 802.5 1.7 78 +2 135998 +2880 79.9 £1.9 0.7976 +0.0020 142337 +924 142334 +924 119 #3 142272 +924
16 SaTauleta ~ TER-44.5 44.5 424.1 £0.7 401 +8 15032 +303 82.3 2.0 0.8627 +0.0018 167550 +1168 167526 +1168 132 £3 167464 +1168
17 Xuemeu BAB Top 259.0 £0.5 92 +2 230 24 60.5 +1.7 0.0050 +0.0005 511 #52 501 +52 61 +2 437 £52
18 Xuemeu BAB_13.2 13.2 296 +0 26 +1 2403.3 £59.2 39.4 15 0.0129 +0.0002 1365 17 1362 +17 40 +2 1300 +17
19 Xuemeu BAB_20.3 20.3 209 0 58 +1 353.0 £12.1 354 1.3 0.0059 +0.0001 627 +15 619 +16 35 +1 557 £16
20 Xuemeu BAB_22.3 223 214 0 687 14 1132 £2.4 374 £15 0.0221 +0.0002 2346 £19 2255 67 38 +2 2193 +67
21 Xuemeu BAB_31 31 218 0 34 +1 780.7 +27.0 359 +14 0.0074 +0.0001 783 +14 779 £14 36 1 717 £14
22 Xuemeu BAB_32 32 199 +0 124 +3 3285 +7.9 343 £14 0.0123 +0.0002 1309 17 1292 +21 34 1 1230 #21
23 Xuemeu BAB_43,7 43.7 207 0 22 +1 1501.5 +63.1 423 £1.9 0.0096 +0.0001 1011 #15 1008 +15 42 +2 946 *15
24 Xuemeu BAB_67 67 233 £0 257 45 216.9 #4.9 337 £1.7 0.0145 +0.0002 1545 +16 1514 27 34 +2 1452 +27
25 Xuemeu BAB_67.5 67.5 204 +0 17 +1 2094.9 £104.2 293 +14 0.0105 +0.0001 1122 +16 1120 +16 29 +1 1058 +16
26 Xuemeu BAB_71 71 265 +0 35 +1 4768.7 £104.1 20.3 £1.6 0.0387 +0.0002 4211 +28 4207 +28 21 +2 4145 +28
27 Xuemeu BAB_72 72 364 +1 4 1 36375.2 £9930.0 255 1.7 0.0232 +0.0002 2497 23 2497 23 26 +2 2435 +23
28 Xuemeu BAB_89.5 89.5 266.5 0.4 23 +1 5110 125 334 £15 0.0263 +0.0002 2815 27 2813 27 34 £2 2751 +27
29 Xuemeu BAB Bottom 324.1 ¥0.7 137 +3 2228 +47 110.3 £2.3 0.0571 +0.0003 5755 31 5744 32 112 £2 5680 +32
30 Xuemeu FIG_05 0.5 2295 0.4 52 +1 232 6 64.1 £1.5 0.0032 +0.0001 326 6 320 +7 64 £1 258 #7
31 Xuemeu FIG_235 235 271 #1 17 #1 1481.2 £91.2 56.6 +1.6 0.0058 +0.0003 599 +28 597 +28 57 +2 535 +28
32 Xuemeu FIG_25 25 167 +0 383 +8 119.3 £2.7 67.0 1.4 0.0166 +0.0002 1708 +19 1645 +48 67 +1 1583 +48
33 Xuemeu FIG_415 415 251 +0 47 +1 7731 +355 55.2 +1.6 0.0088 +0.0003 909 +35 904 +35 55 +2 842 £35
34 Xuemeu FIG_54 54 256.6 +0.4 32 +1 1236 +30 60.6 +1.6 0.0095 +0.0001 979 £12 976 +13 61 +2 914 #13
35 Xuemeu FIG_7 7 294 1 111 £2 775.7 +23.3 67.6 £1.6 0.0178 +0.0004 1833 £39 1823 +40 68 +2 1761 +40
36 Xuemeu FIG_8 8 246 +0 53 +1 538.9 +13.3 55.5 £1.5 0.0070 +0.0001 726 10 720 £11 56 +1 658 11
37 Xuemeu MONica_1.2 1.2 257.0 +0.4 14 0 4040 +103 545 1.5 0.0131 +0.0001 1359 +15 1358 +15 55 +2 1296 +15
38 Xuemeu MONica_12.5 125 229 +0 4 1 15593.9 +3818.9 50.8 £1.7 0.0153 +0.0005 1596 +50 1595 +50 51 +2 1533 +50
39 Xuemeu MONica_20 20 255 +0 10 0 8789.1 +215.6 46.3 +1.4 0.0211 +0.0002 2224 +20 2223 +20 47 +1 2161 +20
40 Xuemeu MONica_21 21 268 +0 9 #1 8777.5 +673.7 49.4 £1.5 0.0189 +0.0003 1977 +36 1976 +36 50 +2 1914 +36
41 Xuemeu MONica_47.5 47.5 184.4 +0.2 18 +0 3594 +91 224 +1.4 0.0218 +0.0002 2347 +24 2344 +24 23 1 2282 +24
42 Xuemeu PED Top 185 +0 82 +2 489.0 +16.6 52.7 £1.7 0.0132 +0.0004 1380 37 1367 +38 53 +2 1303 £38
43 Xuemeu PED_19 19 218 0 9+l 7047.1 £551.7 395 +1.8 0.0172 +0.0002 1823 +22 1821 +22 40 £2 1759 22
44 Xuemeu PED_25 2.5 253 0 15 #1 4025.8 +216.6 55.1 £1.5 0.0140 £0.0002 1461 +20 1460 +20 55 +2 1398 +20
45 Xuemeu PED_4.2 4.2 280 +0 30 +1 3952.5 +86.7 404 x15 0.0259 +0.0002 2748 +20 2745 +20 41 £2 2683 +20
46 Xuemeu PED_46.5 46.5 189.4 +0.2 16 0 3985 +100 19.9 15 0.0208 +0.0002 2251 +24 2248 +24 20 +2 2186 +24
47 Xuemeu SEC_2 2 126 +0 368 +7 829 +2.1 312.8 £2.0 0.0147 +0.0002 1231 +20 1166 +50 314 +2 1104 £50
48 Xuemeu SEC_50.2 50.2 269 +0 12 +0 11878.0 +259.4 345.6 +1.8 0.0330 +0.0002 2707 +16 2706 +16 348 +2 2644 +16

U decay constants: |, = 1.55125x10™ (Jaffey et al., 1971) and |,., = 2.82206x10°(Cheng et al., 2013). Th decay constant: I,,, = 9.1705x10°(Cheng et al., 2013).
*37U = ([P*UI**U ]y — 1)X1000. ** 32Uy Was calculated based on #°Th age (T), i.€., Uy = 8 Upneasurea X €257,

Corrected “*Th ages assume the initial **Th/**Th atomic ratio of 4.4 +2.2 x10°. Those are the values for a material at secular

equilibrium, with the bulk earth #Th/**U value of 3.8. The errors are arbitrarily assumed to be 50%.

***B,.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.



#30Th dating results. The error is 2c error.

Cave Sample Sample 238 2327, 230y, /282, 234U+ 230, /238 2301, Age (yr) 2301, Age (yr) 8234UInitiaI** 2307, Age (yr BP)y*
Name Name depth (cm) (ppb) (ppt) (atomic x1 0'6) (measured) (activity) (uncorrected) (corrected) (corrected) (corrected )
1 Pirata PIR2_top 653.0 +1.7 24 +1 475064 +14442 91.2 +2.0 1.0770 +0.0031 349715 +8631 349712 +8631 245 +8 349646 +8631
2 Pirata PIR2_bottom 755.3 £2.9 121 +3 110850 +2340 87.7 £2.7 1.0736 +0.0045 352269 +12677 352263 +12676 237 +11 352197 +12676
3 Pirata PIR1_Top 118.0 +0.2 2002 +40 11 +0 116.2 £1.7 0.0113 +0.0004 1114 +37 671 +316 116 +2 605 +316
4 Pirata PIR1_Bottom 115.6 +0.1 198 +4 127 +7 137.2 1.9 0.0132 +0.0006 1272 +60 1228 +67 138 +2 1162 +67
5 Drac POP 1.2 1.2 379.5 +0.7 135 +3 54 +4 55.5 +1.7 0.0012 +0.0001 120 +9 111 +11 56 +2 47 +11
6 Drac POP 8 8 278.2 +0.4 1636 +33 4 +0 58.5 +1.4 0.0016 +0.0001 162 +13 0 +115 59 +1 -64 +115
7 Drac POP 7.2 7.2 319.3 +0.5 405 +8 24 +2 50.7 +1.8 0.0018 +0.0002 189 +16 154 +30 51 +2 90 +30
8 Drac POP 0.4 0.4 382.3 +0.5 144 +3 115 +9 54.8 +1.6 0.0026 +0.0002 274 +19 263 +21 55 +2 199 +21
9 Drac DRA1_1 1 433.0 £0.7 22 +1 230 +39 67.7 £1.5 0.0007 +0.0001 72 12 70 +12 68 +1 4 £12
10 Drac DRA1 4.6 4.6 500.1 +1.2 22 +1 523 52 69.6 +2.1 0.0014 +0.0001 141 +12 140 +12 70 +2 74 +12

U decay constants: l,,, = 1.55125x10™ (Jaffey et al., 1971) and |,;, = 2.82206x10°(Cheng et al., 2013). Th decay constant: |,;, = 9.1705x10°(Cheng et al., 2013).
*37U = ([P*U/*Ueaviy — 1)x1000. ** §U,;4a Was calculated based on *°Th age (T), i.€., 8**Uinia = 8™ Unnessures X €.

Corrected *°Th ages assume the initial *°Th/**Th atomic ratio of 4.4 +2.2 x10°. Those are the values for a material at secular

equilibrium, with the bulk earth **Th/**U value of 3.8. The errors are arbitrarily assumed to be 50%.
***B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.



230Th dating results. The error is 2c error.

Cave Sample Sample 238y 2327 2307 7 2821 8234y 230 £ 238y 230Th Age (yr) 230Th Age (yr) 8 *Upiva™  2°°Th Age (yr BP)***
Name Name depth (cm) (ppb) (ppt) (atomic x1 0'6) (measured) (activity) (uncorrected) (corrected) (corrected) (corrected )
1 Campanet CAM2_Top 0 549 +1 4465 +90 2032.4 +41.1 131.5 #1.7 1.0032 +0.0029 215604 +2159 215413 +2159 241 +3 215349 +2159
2 Campanet CAM2 2.5 475 £1 196 +4 41898.8 +882.5 176.5 +1.8 1.0501 +0.0032 214641 +2197 214631 +2197 324 +4 214569 +2197
3 Campanet CAM2 3.5 512 +1 26 1 359934.3 +17910.1 227.6 1.9 1.1064 +0.0037 215438 +2355 215436 +2355 418 +4 215374 +2355
4 Campanet CAM2 13 423.0 +0.7 51 +1 152054 +3986 227.1 £1.6 1.1025 £0.0025 213572 +1660 213569 +1660 415 +4 213503 +1660
5 Campanet CAM2 14 540.5 +1.2 57 +1 161412 +4073 158.3 +2.1 1.0363 +0.0029 218237 +2304 218234 +2304 293 +4 218168 +2304
6 Campanet CAM2 31 456.3 +0.8 1544 +31 5477 +110 237.2 1.9 1.1237 +0.0024 219338 +1765 219269 +1764 440 +4 219203 +1764
7 Campanet CAM2 32.8 387 +1 546 +11 13249.6 +272.4 253.7 £1.8 1.1355 +0.0035 215998 +2144 215970 +2144 467 +4 215908 +2144
8 Campanet CAM2 33.5 223 +0 71 +2 61312.3 £1479.4 2945 15 1.1851 +0.0032 218882 +1918 218875 +1918 546 +4 218813 +1918
9 Campanet CAM2 34 247.3 0.4 70 £2 68770 +1656 288.8 £2.1 1.1869 +0.0022 223198 +1747 223192 1747 542 +5 223126 1747
10 Campanet CAM2 36 250.9 +0.4 108 +2 45226 +1010 288.2 1.9 1.1815 +0.0024 220611 +1729 220602 +1729 537 +4 220536 +1729
11 Campanet CAM2 38 261.6 +0.4 67 +2 75491 +1827 285.6 1.9 1.1782 +0.0026 220405 +1756 220399 +1756 532 +4 220333 +1756
12 Campanet CAM2 41 3335 +0.5 134 +3 46145 +1027 234.0 2.1 1.1284 +0.0024 224048 +2000 224039 +2000 440 +5 223973 +2000
13 Campanet CAM2_bottom 41.7 285.7 £0.6 1383 +28 3802 +77 2225 2.2 1.1167 +0.0035 224650 +2555 224550 +2554 419 +5 224486 +2554
14 Campanet CAM3 Top 1 5894.0 +45.9 213 +5 432459 +£10038 83.1 £3.6 0.9482 +0.0106 213709 +7603 213708 +7603 152 +7 213644 +7603
15 Campanet CAM3_2 2 5788.1 +28.8 18 *1 5067677 +320127 79.9 £2.8 0.9445 +0.0050 213553 +3956 213552 +3956 146 +5 213486 +3956
16 Campanet CAM3_5 5 6751.2 £21.2 364 +7 289023 +5953 84.8 £1.7 0.9460 +0.0034 211022 +2507 211020 +2507 154 +3 210954 +2507
17 Campanet CAM3_85 8.5 6260 +34 259 +5 376473.2 +8165.1 91.1 £2.5 0.9465 +0.0075 207012 +4954 207010 +4954 163 +5 206948 +4954
18 Campanet CAM3_12 12 59 +1 2444 +49 56990.3 +1160.0 157984.3 +1669.7  142.4340 +1.8451 152755 +4309 152750 +4311 243123 +3918 152688 +4311
19 Campanet CAM3_13 13 638 +1 278 +6 36188.8 £765.0 93.2 £1.6 0.9557 +0.0032 211513 #2363 211501 #2363 169 +3 211439 +2363
20 Campanet CAM3_232 23.2 607.0 £1.1 157 +3 60302 +1298 77.2 £1.7 0.9470 +0.0027 217241 +2305 217233 +2305 142 +3 217167 +2305
21 Campanet CAM3 Bottom 29 676.1 £1.9 159 +3 67447 +1413 80.7 £2.2 0.9611 +0.0039 224556 +3432 224550 +3432 152 +4 224486 +3432
22 Campanet CAM7_Top 0.4 7555 +75 77 £2 1023568.5 +25705.1 91.2 #4.3 0.6295 +0.0092 92305 +2183 92304 +2183 118 +6 92242 +2183
23 Campanet CAM7_8 8 4474.4 £15.6 42 +1 1204111 +43168 111.7 #2.3 0.6830 +0.0027 101644 +742 101644 +742 149 +3 101578 +742
24 Campanet CAM7_10 10 42149 £15.5 18 +1 2607248 +152884 115.2 +2.3 0.6864 +0.0028 101882 +771 101882 +771 154 +3 101816 771
25 Campanet CAM7_125 12.5 551 +1 4 +2 1507572.8 +561116.1 87.3 £1.6 0.7098 +0.0020 112996 +635 112995 +635 120 +2 112933 +635
26 Campanet CAM7_14 14 864.4 1.7 9 +3 1113685 +330426 83.0 £2.1 0.7108 +0.0024 114159 +793 114158 +793 115 +3 114092 +793
27 Campanet CAM7_Bottom 18.3 537 +1 11 +0 546762.3 +£11725.3 69.2 £1.9 0.7025 +0.0029 114707 +910 114707 910 96 +3 114645 +910
28 Campanet CAM4 0.4 543.2 +0.9 16162 +324 41 +1 172.8 £1.6 0.0738 +0.0006 7075 61 6336 +526 176 +2 6274 +526
29 Campanet CAM4 1 171.8 £0.2 44 +1 34190 +809 384.3 £1.6 0.5329 +0.0020 51699 +260 51694 +260 445 +2 51632 +260
30 Campanet CAM4 Top 2.3 423 £1 338 +7 23498.9 +479.3 538.8 +2.3 1.1391 +0.0038 131091 +870 131078 870 780 +4 131014 +870
31 Campanet CAM4 4.5 858.5 +2.4 40 +1 387027 +11902 421.8 2.5 1.0832 +0.0036 140331 +1020 140330 +1020 627 +4 140264 +1020
32 Campanet CAM4 5 935.8 £2.3 46 +1 358545 +9324 418.1 2.1 1.0772 £0.0031 139644 +880 139643 +880 620 +4 139577 +880
33 Campanet CAM4 Bottom 15.5 403.8 0.9 392 +8 18352 +375 407.8 2.4 1.0809 +0.0038 142735 +1073 142717 +1073 610 +4 142653 +1073
34 Campanet CAM1 Top 423 £1 338 +7 23498.9 +479.3 538.8 +2.3 1.1391 +0.0038 131091 +870 131078 870 780 +4 131014 +870
35 Campanet CAM1 Bottom 403.8 0.9 392 +8 18352 +375 407.8 2.4 1.0809 +0.0038 142735 +1073 142717 +1073 610 +4 142653 +1073
36 Campanet CAMS5_Top 5222 #1.1 854 +17 10099 +207 164.0 £1.6 1.0013 +0.0044 195176 +2399 195139 +2398 284 +3 195077 +2398
37 Campanet CAM5_Bottom 450 +2 50 1 157260.5 +3372.0 280.5 £190.7 1.0699 +0.0073 174653 +105518 174650 +105511 459 +365 174588 +105511
38 Campanet CAM6_Top 592.3 £1.7 429 +9 22751 +465 160.8 £1.9 0.9995 +0.0042 195963 +2369 195946 +2369 280 +4 195884 +2369
39 Campanet CAM6_Bottom 4158 +1.1 20 +0 362435 +7601 177.2 £2.0 1.0326 +0.0040 204400 +2472 204399 +2472 316 +4 204337 +2472
40 Campanet CAMS8 0.8 5439.7 £13.2 75 +2 1349305 +40251 5452 +2.4 1.1297 +0.0031 128153 +722 128153 +722 783 +4 128087 +722

U decay constants: l,, = 1.55125x10* (Jaffey et al., 1971) and l,,, = 2.82206x10°(Cheng et al., 2013). Th decay constant: l,, = 9.1705x10°(Cheng et al., 2013).
*3%U = (Ul U] vy — 1)x1000. ** §*U,4, Was calculated based on *°Th age (T), i.e., 8*Uinia = 8*U peasures X €727,

Corrected **Th ages assume the initial **Th/***Th atomic ratio of 4.4 +2.2 x10°. Those are the values for a material at secular

equilibrium, with the bulk earth #Th/**U value of 3.8. The errors are arbitrarily assumed to be 50%.

***B_P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.



#30Th dating results. The error is 2c error.

Cave Sample Sample 238y 2321, 2307y, s 2327 §23%yr 2301y, £ 238y 230Th Age (yr) 2301 Age (yr) §2%a®*  23°Th Age (yr BP)***
Name Name depth (cm) (ppb) (ppt) (atomic x1 0—6) (measured) (activity) (uncorrected) (corrected) (corrected) (corrected )
41 Campanet CAMS8 1.5 5610.5 +28.3 84 +2 1244184 +27411 555.2 3.2 1.1361 +0.0086 127831 +1761 127830 £1761 796 +6 127768 +1761
42 Campanet CAM8rep 1.5 5386 +23 52 +1 1956865.1 +42833.4 557.8 £2.8 1.1405 +0.0073 128283 +1490 128282 +1490 801 +5 128220 +1490
43 Campanet CAMB8 2 5566.3 £13.1 213 5 494792 +11181 568.8 £2.5 1.1500 +0.0030 128415 +707 128415 +707 817 +4 128349 +707
44 Campanet CAMB8 2.5 6378 +42 36 1 3463645.9 £135733.7 577.0 +4.1 1.1796 +0.0113 132933 +2362 132932 +2362 840 +8 132870 +2362
45 Campanet CAMS8Rep 2.5 6603 +14 26 +1 4832020.9 +107378.3 574.8 £2.1 1.1537 +0.0034 128198 +742 128198 +742 825 +4 128136 +742
46 Campanet CAMS 3.5 6077.5 £13.8 15 £2 7700520 +877739 584.0 £2.2 1.1649 +0.0030 128918 +673 128917 +673 840 +4 128851 +673
47 Campanet CAMS8 4 6294.8 £16.8 88 +3 1372175 +39279 592.1 £2.5 1.1681 +0.0034 128284 +759 128283 +759 850 +4 128217 +759
48 Campanet CAMS8 4.7 7456 +49 14 0 10235591.9 +239414.4 598.4 +4.0 1.2021 +0.0114 133912 +2364 133912 +2364 873 £8 133850 +2364
49 Campanet CAMB8 5 6352.6 £15.7 6927 +140 17622 +£356 560.1 £2.4 1.1654 +0.0032 132876 +766 132859 +766 815 +4 132793 +766
50 Campanet CAMS8 6 418.8 0.5 150 +3 53461 +1111 539.8 £2.0 1.1597 +0.0020 135175 +535 135169 +535 790 £3 135103 +535
51 Campanet CAMS 8 795.6 £1.2 54 +2 281570 +8148 539.7 £2.2 1.1569 +0.0022 134601 +598 134600 +598 789 +3 134534 +598
52 Campanet CAMS8 12 479.5 £0.7 251 5 36805 +752 541.0 £2.2 1.1663 +0.0023 136357 +626 136348 +626 795 +4 136282 +626
53 Campanet CAMS8 13.2 658 +2 13 0 947477.1 +20402.4 545.1 £2.3 1.1759 +0.0040 137689 +945 137689 +945 804 +4 137627 +945
54 Campanet CAMS8 18.9 857 £2 15 +0 1113641.4 +24012.7 569.1 +2.4 1.2011 +0.0047 138731 +1089 138731 +1089 842 +4 138669 +1089
55 Campanet CAMBS8Rep 18.9 873 £1 7 +0 2461955.3 +109249.1 5715 1.8 1.1976 +0.0019 137560 +510 137560 +510 843 £3 137498 +510
56 Campanet CAMS8 19.4 525.0 £1.0 64 +1 163481 +3345 584.2 £2.0 1.2116 +0.0036 138259 +837 138256 +837 863 +4 138194 +837
57 Campanet CAMS 20.5 4381.4 +14.7 14941 +303 6186 +126 633.7 £2.6 1.2794 +0.0047 143567 +1085 143516 +1085 950 +5 143450 +1085
58 Campanet CAMS8 22.5 5500.6 +29.4 9929 +206 11510 240 553.5 £3.5 1.2601 +0.0073 155185 +1928 155156 +1927 858 +7 155090 +1927
59 Campanet CAMS8 24.7 405.7 £0.8 200 4 40391 +836 476.1 £2.5 1.2054 +0.0029 159261 +999 159252 +999 746 4 159186 +999
60 Campanet CAMS8 259 339.0 0.5 25 +1 272912 +7889 479.2 £1.6 1.2174 +0.0059 161745 +1654 161743 +1654 756 +4 161681 +1654
61 Campanet CAMS8Rep 259 331 0 15 +0 442573.2 £9943.0 481.4 £1.9 1.2127 +0.0022 159917 +759 159916 +759 756 £3 159854 +759
62 Campanet CAMS8 30.7 175.4 0.2 65 +1 54935 +1118 492.8 £1.7 1.2278 +0.0020 161122 +679 161115 679 777 £3 161053 +679
63 Campanet CAMS 31.7 191 0 14 +0 277886.5 +5910.9 504.1 £1.9 1.2397 +0.0029 161530 +909 161528 +909 795 4 161466 +909
64 Campanet CAMS8 33 310.5 £0.5 128 +3 50417 +1080 513.2 2.3 1.2588 +0.0024 164404 +881 164397 +881 816 +4 164331 +881
65 Campanet CAMS8 34.4 317 0 13 0 485389.5 +10456.3 497.6 £1.7 1.2431 +0.0037 164092 +1094 164091 +1094 791 +4 164029 +1094
66 Campanet CAMS8 35 203 0 38 +1 109535.5 +2269.2 488.6 £1.9 1.2358 +0.0037 164376 +1142 164373 +1142 777 £4 164311 +1142
67 Campanet CAMS8 37.7 236.3 £0.3 25 +1 188524 +8096 464.6 £1.8 1.2214 +0.0020 166700 +754 166698 +754 744 £3 166632 +754
68 Campanet CAMS8 40 184.6 +0.2 28 +1 129227 +5716 430.6 £2.2 1.1963 +0.0021 168807 +888 168804 +888 693 +4 168738 +888
69 Campanet CAMS8 44.2 193.1 +0.2 10 1 391410 +43085 397.6 £1.8 1.1770 +0.0018 172611 +807 172610 +807 647 £3 172544 +807
70 Campanet CAMS 46.7 210 +0 484 +10 7899.2 £159.9 3914 +1.6 1.1040 +0.0032 152569 +962 152527 +962 602 +3 152465 +962
71 Campanet CAMBS8Rep 46.7 213 +0 509 +10 7620.3 £153.8 395.7 £1.7 1.1066 +0.0023 152254 +742 152210 £742 608 +3 152148 +742
72 Campanet CAMS8 47.5 189 +0 208 4 17339.3 £353.6 366.2 £2.5 1.1594 +0.0041 176872 +1641 176852 +1641 603 +5 176790 +1641
73 Campanet CAMS8 50 208.4 £0.3 58 +1 69010 +1729 373.2 £2.1 1.1661 +0.0021 176839 +983 176833 +983 615 +4 176767 +983
74 Campanet CAMS8 52.5 2349 £0.3 86 +2 52633 +1085 3743 £1.6 1.1727 +0.0031 178757 +1202 178750 £1202 620 £3 178688 +1202
75 Campanet CAM8rep 52.5 221 0 72 1 58703.1 +1206.4 3713 £1.6 1.1691 +0.0026 178521 +1069 178515 +1069 614 +3 178453 +1069

U decay constants: ;s = 1.55125x10" (Jaffey et al., 1971) and l,,, = 2.82206x10°(Cheng et al., 2013). Th decay constant: l,;, = 9.1705x10°(Cheng et al., 2013).
*3%°U = ([®*U/** U]y — 1)X1000. ** 52U, Was calculated based on 2°Th age (T), i.€., 8®*Uniiar = 8 U easures X €27,

Corrected #Th ages assume the initial ®°Th/?*Th atomic ratio of 4.4 +2.2 x10°. Those are the values for a material at secular

equilibrium, with the bulk earth **Th/**U value of 3.8. The errors are arbitrarily assumed to be 50%.

***B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.



#30Th dating results. The error is 2 error.

Cave Sample Sample 238y 2327y 230y, 2329y 8234y 2307y, /238y 2301 Age (yr) B0rh age (yr)  82Upma™  23°Th Age (yr BP)***
Name Name depth (cm) (ppb) (ppt) (atomic x1 0-5) (measured) (activity) (uncorrected) (corrected) (corrected) (corrected )
1 EsQuarté QUA14 0.4 184.6 +0.2 991 +20 1940 +39 138.4 £1.7 0.6319 +0.0012 86447 +326 86314 +338 177 2 86248 +338
2 EsQuarté QUA14 14 418.2 0.7 2122 #43 2008 +41 111.4 1.7 0.6178 +0.0017 86960 +425 86830 +434 142 #2 86768 +434
3 EsQuarté QUAL4 37 484.1 0.6 3188 +64 1563 +31 109.3 £1.5 0.6244 +0.0012 88636 +328 88468 +348 140 +2 88402 +348
4 EsQuartd QUAI14 43 412.6 +0.5 15102 +303 292 +6 88.8 +1.5 0.6492 +0.0011 97270 +355 96312 +763 116 +2 96246 +763
5 EsQuartd6 QUA14 7 343.8 £0.5 3986 +80 948 *19 714 +1.8 0.6663 +0.0012 104452 +457 104143 505 96 +2 104077 £505
6 EsQuarté QUA14 10 299.4 £0.4 908 +18 3603 +73 59.6 +1.8 0.6628 +0.0013 105716 +473 105634 +476 80 +2 105568 +476
7 EsQuarté QUAL4 10.6 321.5 0.4 4957 +99 725 #15 712 15 0.6779 +0.0012 107550 +435 107140 +521 96 +2 107074 521
8 EsQuarto QUAL4 114 399.8 +0.6 17658 +354 264 +5 85.9 1.9 0.7064 +0.0015 112367 error 111210 error 118 error 111144 error
9 EsQuarté6 QUA14 139 451.9 0.6 10131 +203 564 11 150.6 1.6 0.7668 +0.0013 115621 +464 115080 +599 208 £2 115014 +599
10 EsQuarté6 QUA14 15.7 516.6 +0.7 9753 +196 649 +13 83.6 +1.4 0.7429 +0.0012 123352 +495 122860 +603 118 +2 122794 +603
11 EsQuartd6 QUAL4 17 446.4 0.6 8000 +160 714 14 117.6 1.6 0.7762 +0.0013 125298 +547 124850 +629 167 +2 124784 +629
12 EsQuarté6 QUA14 18.3 236.7 0.4 1792 +36 1650 +34 97.1 1.7 0.7573 +0.0033 124482 +1067 124288 +1074 138 +3 124226 1074
13 EsQuartd QUAL4 19 467.0 0.7 3848 +77 1514 +30 73.9 15 0.7565 +0.0015 130042 error 129825 error 107 error 129759 error
14 EsQuarté6 QUA14 19.6 388.7 £0.6 7838 +157 621 +12 749 1.7 0.7596 +0.0015 130779 +649 130248 +746 108 +2 130182 +746
15 EsQuartd  CIA 15 247 0 159 +3 468.0 +10.3 205.7 £1.6 0.0183 +0.0001 1664 +14 1648 +18 207 *2 1584 +18
16 EsQuartd CIA 3 438 1 165 *3 834.9 £18.4 203.0 £1.6 0.0191 +0.0001 1746 +13 1737 #15 204 £2 1673 #15
17 EsQuarté CIA 35 409 +1 207 +4 617.6 +13.7 203.9 £1.8 0.0189 +0.0002 1727 #15 1715 +17 205 +2 1651 #17
18 EsQuartd CIA 45 300 +0 364 £7 274.6 £6.4 207.3 £1.8 0.0202 +0.0002 1840 +21 1811 #30 208 *2 1747 30
19 EsQuarté  CIA 5.6 366 +0 332 7 379.6 +8.4 2029 £1.5 0.0209 +0.0002 1910 +17 1888 +23 204 £2 1824 +23
20 EsQuartd  CIA 8.2 367.0 £0.4 230 £5 594 #13 203.9 £1.5 0.0226 +0.0002 2068 *16 2053 *19 205 +2 1989 #19
21 EsQuarté  CIA 11.6 407.9 +0.5 127 +3 1156 +26 200.2 £1.6 0.0218 +0.0002 1999 15 1992 +16 201 #2 1928 +16
22 EsQuarté CIA 14 433 £1 48 £1 3349.0 £92.4 202.5 £1.5 0.0224 +0.0001 2050 *14 2048 *14 204 *2 1984 +14
23 EsQuartdé CIA 16.3 339.1 0.5 156 *3 838 +18 203.8 £1.6 0.0234 +0.0002 2143 £16 2131 #18 205 £2 2067 *18
24 EsQuarté  CIA 18.8 423.3 0.6 109 #2 1531 #35 203.7 £1.5 0.0238 +0.0002 2181 #15 2174 £16 205 1 2110 +16
25 EsQuarté  CIA 217 401.6 +0.5 118 +3 1341 #31 205.3 £1.6 0.0240 +0.0002 2189 #17 2182 #18 207 *2 2118 +18
26 EsQuarté CIA 23.4 438.8 +0.6 177 4 989 +23 204.8 £1.7 0.0242 +0.0002 2214 £23 2204 24 206 £2 2140 24
27 EsQuarté  CIA 28.5 465.5 +0.6 1600 +32 122 #3 194.3 £1.5 0.0254 +0.0002 2345 *16 2261 #61 196 *1 2197 +61
28 EsQuarté  CIA 315 4242 0.6 135 +3 1356 +30 207.1 £1.2 0.0262 +0.0002 2396 +14 2388 *15 209 #1 2324 #15
29 EsQuarté  CIA 325 468.5 0.7 160 +3 1232 +27 204.4 £1.7 0.0256 +0.0002 2340 #15 2332 *16 206 *2 2268 +16
30 EsQuartdé  CIA 34.2 469 =1 2619 #53 79.5 1.7 2029 £1.8 0.0269 +0.0002 2469 *16 2334 £97 204 £2 2270 #97
31 EsQuartdé CIA 37.1 385.0 £0.5 254 £5 676 14 198.1 £1.5 0.0271 +0.0002 2491 £16 2474 £19 199 #2 2410 #19
32 EsQuartdé CIA 348 418.2 0.6 1473 +30 133 +3 204.8 £1.8 0.0285 +0.0002 2608 +16 2523 +62 206 *2 2459 +62
33 EsQuarté CIA 39.4 394.7 0.5 282 +6 639 +13 204.8 £1.5 0.0277 +0.0002 2535 *15 2518 20 206 *2 2454 20
34 EsQuartdé CIA 41.7 462 =1 94 +2 2239.6 +47.8 208.7 £1.8 0.0278 +0.0001 2534 #12 2529 #12 210 £2 2465 *12
35 EsQuartdé FEN 0.8 2423 +0.5 314 +6 302 +6 1205 1.9 0.0237 +0.0002 2332 £16 2298 +29 121 #2 2234 £29
36 EsQuartd6 FEN 10.2 376.4 +0.7 66 1 2424 +54 119.1 1.6 0.0256 +0.0001 2526 *13 2522 *14 120 +2 2458 +14
37 EsQuartd6 MUL 0.6 2452 +0.5 150 *3 45 +4 1785 1.8 0.0017 +0.0001 156 +12 141 #16 179 #2 77 £16
38 EsQuartd6 MUL 45 351.2 0.4 371 +8 87 +3 175.2 £1.7 0.0056 +0.0002 519 +18 493 +26 175 #2 429 +26
39 EsQuartd6 MUL 20.8 328.4 +0.5 611 +12 170 +4 180.7 £1.7 0.0192 +0.0002 1787 +17 1742 +36 182 +2 1678 +36
40 EsQuart6  MUL 29.6 349.7 0.5 70 £2 2025 +45 168.9 1.5 0.0245 +0.0001 2309 *13 2304 *13 170 +1 2240 *13
41 EsQuarté QUA 1 510.3 £1.0 346 *7 715 #15 78.1 1.6 0.0294 +0.0001 3016 *13 2998 *19 79 x2 2934 #19
42 EsQuartdé QUA 1 276.7 £0.6 800 +16 218 #5 139.7 £1.7 0.0383 +0.0003 3722 £27 3648 +59 141 #2 3584 +59
43 EsQuart6  SEAN 0.6 420.2 0.6 429 *9 37 £2 365.0 +1.9 0.0023 +0.0001 185 +11 163 +19 365 *2 97 £19
44 EsQuart6 SEA 14 364.8 0.5 1107 £22 15 #1 176.0 £1.4 0.0027 +0.0001 251 £9 176 +54 176 #1 112 +54
45 EsQuart6  SEAN 8.4 669.0 £1.0 121 #3 540 *18 156.3 £1.7 0.0059 +0.0001 561 13 557 13 157 #2 491 +13
46 EsQuarto  SEAN 10 765.8 £1.2 147 +3 985 +34 1435 1.7 0.0114 +0.0003 1096 +29 1091 +29 144 +2 1025 +29
47 EsQuart6 SEA 11 426.9 +1.0 530 11 77 2 140.3 £1.8 0.0058 +0.0001 553 7 521 +24 141 +2 457 24

U decay constants: |, = 1.55125x10° (Jaffey et al., 1971) and I, = 2.82206x10°(Cheng et al., 2013). Th decay constant: l,, = 9.1705x10*(Cheng et al., 2013).
*§%U = ([**UF**U iy — 1)X1000. ** 57U, Was calculated based on #*Th age (T), i.e., 8 Ui = 8*Unneasurea X €7,

Corrected **Th ages assume the initial “*Th/**Th atomic ratio of 4.4 +2.2 x10°. Those are the values for a material at secular

equilibrium, with the bulk earth #*Th/**U value of 3.8. The errors are arbitrarily assumed to be 50%.

***B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D.



230Th dating results. The error is 2c error.

Cave Sample Sample 238 28211, 230y, 4 282 8234y 2307y, /238 23011 Age (yr) 230Th Age (yr) 82U 25°Th Age (yr BP)**
Name Name depth (cm) (ppb) (ppt) (atomic x10°) (measured) (activity) (uncorrected) (corrected) (corrected) (corrected )
1 Vallgornera  VALL2 0.2 1294.6 £3.1 41 £1 452066 +15597 108.8 +2.0 0.8697 £0.0025 159998 +1252 159997 +1252 171 3 159931 +1252
2 Vallgornera  VALL2_Top 1.8 342.8 0.6 12 0 485542 +11926 39.1 £1.7 1.0199 +0.0030 377308 +£11561 377304 11561 113 6 377242 11561
3 Vallgornera  VALL2 4.3 289.3 +0.4 28 #1 170650 +5044 32.0 ¥15 1.0152 +0.0018 392841 +9902 392835 9902 97 #5 392769 +9902
4 Vallgornera  VALL2 5.5 334.2 +0.5 4 1 1295999 +278065 28.8 +1.7 1.0207 +0.0017 436721 +15916 436716 +15915 99 #7 436650 +15915
5 Vallgornera VALL2 7 315.9 +0.4 23 #1 230927 +13011 311 15 1.0199 +0.0021 416922 +13354 416916 +13353 101 +6 416850 +13353
6 Vallgornera VALL2 7.6 284.5 0.4 10 1 503033 +40961 35.3 x1.7 1.0281 +0.0018 429141 +14893 429136 +14893 118 +8 429070 +14893
7 Vallgornera  VALL2 8.1 372.4 0.6 19 #1 334429 +20523 404 1.8 1.0395 +0.0020 454126 +19373 454119 +19372 145 £10 454053 £19372
8 Vallgornera  VALL2 8.6 246.9 0.3 36 1 118137 +4037 39.7 ¥15 1.0416 +0.0020 474894 +21176 474883 +21175 151 #11 474817 £21175
9 Vallgornera  VALL2 9 770.8 +1.8 10 #1 1321617 +104976 31.0 £2.0 1.0321 +0.0026 494581 +34732 494572 +34730 125 #15 494506 +34730
10 Vallgornera  VALL?2 12 811.2 2.3 56 +2 247280 +6969 254 2.6 1.0284 +0.0033 540121 +£73096 540107 73086 117 +28 540041 +73086
11 Vallgornera  VALL2 15.6 211.6 £0.2 24 +1 148538 6320 254 15 1.0246 +0.0019 495996 +26282 495984 +26280 103 +10 495918 +26280
12 Vallgornera  VALL2 18 335.5 +0.4 29 #1 194361 +7398 251 15 1.0260 +0.0020 514267 +32267 514255 +32264 107 #12 514189 +32264
13 Vallgornera  VALL2_Bottom 20.3 349 #1 11 #1 549205.7 +32644.0 239 #15 1.0251 +0.0033 523624 +48562 523612 +48557 105 *16 523550 +48557
14 Vallgornera VALL3_Top 1.3 179.6 +0.2 36 1 55306 +1168 98.3 1.6 0.6789 +0.0017 102887 +511 102881 +511 131 #2 102819 +511
15 Vallgornera  VALL3_7 7 303.2 +0.4 35 +1 96869 +3959 915 1.8 0.6770 +0.0014 103602 +466 103599 +466 123 +2 103533 +466
16 Vallgornera VALL3_19 9 311.1 0.3 36 2 103662 +5170 131.4 1.6 0.7249 +0.0013 108531 +435 108528 +435 179 £2 108462 +435
17 Vallgornera  VALL3_Bottom 22.8 278 0 47 1 70983.7 +1472.4 1194 #1.8 0.7330 +0.0023 112847 +691 112843 +691 164 +2 112781 +691
18 Vallgornera  VALL4_Top 4251 £1.5 29 #1 248296 7479 27.9 ¥3.0 1.0098 +0.0039 393048 +20743 393042 +20743 85 +10 392976 +20743
19 Vallgornera VALL4 8.4 8.4 414.4 0.7 59 +2 118172 +3082 31.2 #1.7 1.0126 +0.0023 387343 +11065 387336 +11064 93 +6 387270 +11064
20 Vallgornera  VALL4_Bottom 491.6 £1.3 25 +1 333060 £10416 349 2.4 1.0143 +0.0031 376661 £13944 376657 £13943 101 +8 376591 13943
21 Vallgornera  BEN Top 476.1 £1.0 1342 £27 2279 +46 111.4 £2.0 0.3897 +0.0013 46717 +219 46644 +224 127 £2 46580 +224
22 Vallgornera BEN_5,5 55 206.9 1.3 325 +7 9710 +223 39.7 £3.1 0.9258 +0.0093 232604 +8527 232561 +8523 77 6 232499 #8523
23 Vallgornera  BEN Bottom 1041.7 +4.2 964 +20 18414 +384 25.0 +2.4 1.0339 +0.0060 688290 error 688219 error 174 error 688155 error
24 Vallgornera FAU 196 +1 131 +3 1371.9 +29.4 94.8 +2.3 0.0556 +0.0003 5674 +39 5657 +41 96 +2 5593 +41
25 Vallgornera FAU_19.2 19.2 239.2 +0.3 70 1 3791 %80 100.2 1.6 0.0668 +0.0003 6825 37 6818 +37 102 +2 6756 +37
26 Vallgornera F10_0,5 0.5 355 *1 42 £1 107736.5 £2670.0 97.1 £1.6 0.7790 +0.0024 131186 872 131182 +872 141 #2 131120 +872
27 Vallgornera  F10_10 10 360 +1 75 *2 75699.1 +1552.9 61.2 +1.8 0.9569 +0.0032 238663 +3239 238657 +3239 120 4 238595 +3239
28 Vallgornera F10_2 2 294 #1 616 12 7542.2 +154.1 61.3 +1.7 0.9582 +0.0034 239613 +3428 239558 +3426 121 #3 239496 +3426
29 Vallgornera LUC 874 2 508 10 29184.5 +592.8 249 1.6 1.0277 +0.0033 539435 57216 539407 £57201 114 20 539343 57201
30 Vallgornera LUL 390.9 +0.8 176 +4 37229 £766 251 1.9 1.0176 +0.0031 447288 +24834 447270 +24830 89 +9 447206 +24830
31 Vallgornera  MONTtse Top 858.4 +2.5 177 4 83 £5 101.8 +2.1 0.0010 +0.0001 103 5 97 6 102 *2 33 6
32 Vallgornera MONTtse ottom 204.4 +0.3 210 4 16349 +333 21.0 ¥1.7 1.0198 +0.0024 509837 37361 509799 +37349 88 12 509735 +37349
33 Vallgornera NAB_Top 178 0 70 2 1945.6 +50.2 98.7 +1.9 0.0465 +0.0006 4713 +59 4703 +60 100 *2 4641 +60
34 Vallgornera NAB_Bottom 159 +0 64 +1 2237.7 £57.0 97.3 1.7 0.0544 +0.0006 5537 *65 5526 *65 99 +2 5464 +65
35 Vallgornera NOR_0,5 0.5 167.2 0.3 202 4 645 14 97.7 £1.7 0.0472 +0.0003 4786 +32 4754 £39 99 +2 4692 +39
36 Vallgornera NOR 169 *0 170 #3 837.8 ¥17.9 95.5 2.1 0.0510 +0.0003 5200 +£35 5174 +40 97 *2 5110 +40
37 Vallgornera  VALL_Boci 279 #1 348 +7 13476.3 £282.3 39.0 ¥2.2 1.0203 +0.0041 378682 +16049 378646 +16044 114 +8 378584 +16044
38 Vallgornera VALL1_Bottom 259 0 71 £1 58548.8 +1201.1 75.8 +1.8 0.9733 +0.0029 238600 +3017 238592 +3017 149 +4 238530 +3017

U decay constants: |,,, = 1.55125x10° (Jaffey et al., 1971) and |,,, = 2.82206x10°(Cheng et al., 2013). Th decay constant: l,;, = 9.1705x10°(Cheng et al., 2013).

*§2U = ([P*U/**U] iy — 1)X1000. ** §*U,;y Was calculated based on #*Th age (T), i.e., 8*Ujyia = 8°Upneasures X €27,

Corrected #Th ages assume the initial ?°Th/**Th atomic ratio of 4.4 +2.2 x10°. Those are the values for a material at secular
equilibrium, with the bulk earth #*Th/**U value of 3.8. The errors are arbitrarily assumed to be 50%.

***B,P, stands for “Before Present” where the “Present” is defined as the year 1950 A.D.



Annex 7/

ref. ref. |Uncertainty of Age Age
Control | Control | sample| sample R . R . .
. . Stratigraphic correlation [ sample | sample reference Uncertainty | Uncertainty
Core name | depths [ages (kyr| spacing|spacing . .
(cm) BP) (ckyr) | (+kyr) reference spacing ({ spacing | chronology MSE - 10 MSE + 10

ky) (+ky) (1o [kyr]) (kyr) (kyr)
PP10-17 1303 67.70 0.11 0.11 GICCO5modelex NGRIP2 0.05 0.05 1.16 1.16
PP10-17 1335 69.50 0.11 0.11 GICCO5modelex NGRIP2 0.05 0.05 1.16 1.16
PP10-17 1375 72.00 0.13 0.31 GICCO5modelex NGRIP2 0.05 0.05 1.18 1.36
PP10-17 1403 76.30 0.61 0.24 GICCO5modelex NGRIP2 0.05 0.05 1.66 1.29
PP10-17 1417 77.95 0.24 0.27 GICCO5modelex NGRIP2 0.05 0.05 1.29 1.32
PP10-17 1467 84.60 0.27 0.19 GICCO5modelex NGRIP2 0.05 0.05 neglected 1.32 1.24
PP10-17 1499 87.65 0.19 0.30 GICCO5modelex NGRIP2 0.05 0.05 1.24 1.35
PP10-17 1609 103.90 0.30 0.19 GICCO5modelex NGRIP2 0.05 0.05 1.35 1.24
PP10-17 1629 105.80 0.19 0.28 GICCO5modelex NGRIP2 0.05 0.05 1.24 1.33
PP10-17 1645 108.05 0.28 0.33 GICCO5modelex NGRIP2 0.05 0.05 1.33 1.38
PP10-17 1661 110.65 0.33 0.32 GICCO5modelex NGRIP2 0.05 0.05 1.38 1.37
PP10-17 1713 119.08 0.65 0.21 ODP 975 0.30 0.30 1.65 2.19 1.93
PP10-17 1735 121.34 0.10 0.30 ODP 975 0.66 0.69 1.73 2.14 2.29
PP10-17 1775 127.40 0.30 0.36 ODP 975 0.14 0.58 1.30 1.61 1.94
PP10-17 1783 128.85 0.36 0.85 ODP 975 0.09 0.18 1.20 1.53 1.95
PP10-17 1791 132.26 0.85 0.85 ODP 975 0.09 0.09 1.17 1.86 1.86
ODP977A 1335.6 69.50 0.43 0.14 GICCO5modelex NGRIP2 0.05 0.05 1.48 1.19
ODP977A 1387.6 72.00 0.27 0.10 GICCO5modelex NGRIP2 0.05 0.05 1.32 1.15
ODP977A 1542.6 76.30 0.13 0.08 GICCO5modelex NGRIP2 0.05 0.05 1.18 1.13
ODP977A 1637.5 77.95 0.18 0.16 GICCO5modelex NGRIP2 0.05 0.05 1.23 1.21
ODP977A 1796.3 84.60 0.39 0.18 GICCO5modelex NGRIP2 0.05 0.05 1.44 1.23
ODP977A | 1956.1 | 87.65 | 0.3 | 159 | GICCO5modelexNGRIP2 | 005 | 005 | neslected 118 2.64
ODP977A 2004.0 | 103.90 1.91 0.16 GICCO5modelex NGRIP2 0.05 0.05 2.96 1.21
ODP977A 2060.4 | 105.80 0.16 0.26 GICCO5modelex NGRIP2 0.05 0.05 1.21 1.31
ODP977A 2092.3 | 108.05 0.33 0.37 GICCO5modelex NGRIP2 0.05 0.05 1.38 1.42
ODP977A 2125.2 | 110.65 0.37 0.30 GICCO5modelex NGRIP2 0.05 0.05 1.42 1.35
ODP977A 2181.6 | 115.17 0.38 0.65 ODP 975 0.30 0.30 1.52 1.92 2.10
ODP977A 2209.8 | 119.08 0.65 0.29 ODP 975 0.30 0.30 1.65 2.20 1.98
ODP977A 2301.0 124.71 0.81 0.51 ODP 975 0.11 0.14 1.46 2.04 1.86
ODP977A 2386.1 | 128.85 0.23 0.36 ODP 975 0.09 0.18 1.20 1.45 1.59
ODP977A 2424.4 131.70 0.36 0.31 ODP 975 0.09 0.09 1.17 1.51 1.48
ODP977A 2467.4 134.50 0.37 0.39 ODP 975 0.09 0.09 0.57 1.12 1.14
ODP977A 2532.5 [ 139.81 0.23 0.29 ODP 975 0.06 0.06 1.35 1.57 1.60
ODP977A 2577.4 142.07 0.24 0.09 ODP 976 0.14 0.13 1.38 1.22
ODP977A 2937.2 149.01 0.11 0.11 ODP 976 0.16 0.08 1.27 1.19
MD99-2343 2020 63.80 0.43 0.43 GICCO5modelex NGRIP2 0.05 0.05 1.48 1.48
MD99-2343 2154 69.50 0.43 0.44 GICCO5modelex NGRIP2 0.05 0.05 1.48 1.49
MD99-2343 2210 72.00 0.45 0.67 GICCO5modelex NGRIP2 0.05 0.05 1.50 1.72
MD99-2343 2274 76.30 0.67 0.38 GICCO5modelex NGRIP2 0.05 0.05 1.72 1.43
MD99-2343 2360 77.95 0.19 0.60 GICCO5modelex NGRIP2 0.05 0.05 1.24 1.65
MD99-2343 2470 84.60 0.60 0.20 GICCO5modelex NGRIP2 0.05 0.05 neglected 1.65 1.25
MD99-2343 2594 87.65 0.25 0.42 GICCO5modelex NGRIP2 0.05 0.05 1.30 1.47
MD99-2343 2834 103.90 0.68 0.44 GICCO5modelex NGRIP2 0.05 0.05 1.73 1.49
MD99-2343 2900 105.80 0.29 0.45 GICCO5modelex NGRIP2 0.05 0.05 1.34 1.50
MD99-2343 2950 108.05 0.45 0.23 GICCO5modelex NGRIP2 0.05 0.05 1.50 1.28
MD99-2343 3064 110.65 0.23 0.45 GICCO5modelex NGRIP2 0.05 0.05 1.28 1.50
MD99-2343 3140 115.17 0.59 0.59 ODP 975 0.30 0.30 1.52 2.06 2.06

*B.P. stands for “Before Present” where the “Present” is defined as the vear 1950 A.D.
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This study explores the climatic variability in the Iberian Peninsula (IP) and its surrounding seas from 140
to 65 kyr BP. Marine sediment cores and cave speleothems are used to reconstruct changes in sea surface
water conditions, deep sea current intensities and atmospheric moisture availability based on stable
isotopes, trace elements, grain size and XRF-elemental analysis. Oxygen isotopes in both terrestrial and
oceanic archives recorded a large-scale precessional climatic rhythm that suggests a common modula-
tion. This signal is interpreted as changes of the isotopic composition in the rainwater source area that is
later transmitted into the cave. In terms of millennial-scale variability, the records trace the sequence of
events defined for the North Atlantic region. The marine records show an intense sea-surface freshening
and cooling related to Heinrich Event 11. During the Last Interglacial (LIG), the sea surface temperature
evolution was heterogeneous around the IP with gradients larger than those from today. The LIG ended
earlier in the Cantabrian Sea than in the western Mediterranean Sea, which it was coincident with an
accelerated aridification phase that marked the glacial inception in a Minorca speleothem at 116.5 kyr BP
and preceding the GS25. This was the first of a series of stadials that punctuated the early glaciation and
where the sea thermal gradient almost disappeared around the IP. These intense cooling during stadials
led the development of drier but intense westerlies over southern European latitudes, reflected in a
Pyrenees speleothem record, and favouring enhanced deep convection in the western Mediterranean
Sea. In contrast to this stadial regional homogeneity among the studied records, the interstadials periods
are distinguished by their rather heterogeneous patterns around the IP pointing to much complex ocean-
atmosphere interconnections during warm intervals.

© 2019 Elsevier Ltd. All rights reserved.

* Corresponding author.

1. Introduction

The study of past warm periods brings the opportunity to better
understand the range of natural climate variability without
anthropogenic interference (PAGES, PIW.G. of P, 2016; Tzedakis
et al., 2009). Particularly, the Last Interglacial period (LIG)
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although it is not the closest analogue to the Holocene in terms of
astronomical configuration (Tzedakis et al., 2012, 2009), it is an
important focus of ongoing research due to the good preservation
of geological records, which show higher temperatures, less ice
sheet extent and higher sea level than present day (Bardaji et al.,
2009; Dutton and Lambeck, 2012; Martrat et al., 2014). Under the
ongoing climate change context (IPCC, 2013), where we are
experimenting worldwide climate and environmental changes, the
last interglacial period becomes a valued climatic scenario to
improve our understanding of the climate system operation in a
warmer Earth.

Moreover, glacial inceptions and early glacial periods have often
received less attention than glacial terminations and interglacial
periods, although they are often associated with large-scale but
also rapid climatic changes (Dorale et al., 2010; Drysdale et al.,
2007). The glacial inception was driven by reduced NH summer
insolation in polar and subpolar regions. Even though two maxima
in NH summer insolation during the early glacial there was suffi-
cient ice-sheet build up to back to full glacial conditions (PAGES,
PLW.G. of P, 2016). The interaction of orbital and millennial scale
changes that led the planet to enter into a new glacial state is not
yet fully understood and is key in determining glacial sequence of
events (Drysdale et al., 2007; Tzedakis et al., 2009). This study cover
both large-scale and rapid climatic changes from 140 to 65 kyr BP,
spanning the Marine Isotopic Stage 5 (MIS 5) entirely and tracing
the penultimate deglaciation (MIS 6/5e transition), the LIG-acme
and the glacial inception (MIS 5e), and the early glacial period
(MIS 5d- MIS 4).

The Iberian Peninsula (IP) is a strategic geographical area to
evaluate tele-connections between the North Atlantic and the
Mediterranean regions and, subsequently, its climate systems. By
one hand, several paleo-oceanographic studies have already proved
the strong impact of past Atlantic Meridional Overturning Circu-
lation (AMOC) changes into the IP climatology, although they have
focussed very little attention to this specific interglacial-glacial
transition (ie. Cacho et al., 2006, 2001, 1999; Frigola et al., 2008,
2007; Jiménez-Amat and Zahn, 2015; Martrat et al., 2015, 2014,
2007,2004,; Moreno et al., 2005; Rodriguez-Sanz et al., 2017; Sierro
et al., 2005). On the other hand, speleothems are proven to be key
archives to reconstruct changes in hydrology, air temperature,
vegetation response or even atmospheric circulation conditions
(Fairchild and Baker, 2012; McDermott, 2004). Several European
speleothem records previously studied highlight enhanced mois-
ture availability during the LIG-acme and show regional hetero-
geneity in the hydrological patterns during the glacial inception in
concert with AMOC changes (Bar-Matthews et al., 2000; Couchoud
et al., 2009; Demény et al., 2017; Drysdale et al., 2005, 2007; Meyer
et al., 2008; Moseley et al., 2015; Vansteenberge et al., 2016). The
available IP speleothem information covering the MIS 5 is limited to
a stacked-speleothem reconstruction from the north-western re-
gion, which recorded changes in water source properties at orbital
scale variability (Stoll et al., 2015) and to a low-resolution record
from southern IP that shows increased effective precipitation dur-
ing the MIS 5 (Hodge et al,, 2008a). Moreover, two speleothem
records from Mallorca Island, in the Balearic Sea, span partially the
MIS 5 and highlight dry periods within warm interstadials
(Dumitru et al., 2018; Hodge et al., 2008b). An additional value of
the speleothem records is their suitability to obtain independent
absolute chronologies with U/Th series at high resolution (Cheng
et al., 2009; Fairchild and Baker, 2012) that allow testing the as-
sumptions from the marine realm in a more accurate chronological
framework.

This study aims to characterise atmospheric changes in relation
to the parallel evolution of the oceanic conditions, integrating

terrestrial (speleothem) and marine (sediments) archives for the
first time in the Iberian region. Atmospheric changes in humidity
are reconstructed by means of stable isotopes and Mg/Ca analysis in
two new speleothem records: Indiana (IND) recovered from Mur-
ada cave, in the Minorca Island, which is one of the most southern
speleothems records available in Europe for the last interglacial
period; and Judit (JUD), which grew during the early glacial in the
central southern Pyrenees into the Pot au Feu cave.

Marine Sea Surface Temperatures (SST) and major changes in
the precipitation/evaporation ratio are reconstructed in base to the
pair analyses of 3'%0 and the Mg/Ca ratios measured in carbonate
shells of the planktonic foraminifera Globigerina bulloides in three
areas surrounding the IP: the Cantabrian Sea (core PP10-17), the
Alboran Sea (Site ODP-977A) and the Balearic Sea (core MD99-
2343). In addition, changes in the intensity of deep western Med-
iterranean currents are explored by means of grain size distribution
and XRF-geochemical ratios measured in the Balearic core (MD99-
2343).

2. Studied areas and material
2.1. Current oceanographic and climatic conditions

The Cantabrian Sea is located north of the IP at the southern part
of the Bay of Biscay, which opens westward to the North Atlantic
Ocean. The surface water mass in the Cantabrian Sea is character-
ized by the Eastern North Atlantic Central Water (ENACW), which is
the result of winter mixing of surface waters from the northeast
Azores to the European margin, mainly driven to this location by
the North Atlantic Current (NAC) via the subtropical gyre (STG). The
importance of the NAC current remains on its northward heat and
salt transport into the Nordic Sea, where deep-water formation
occurs (McCartney and Mauritzen, 2001). Expansions and con-
tractions of the subtropical and the subpolar gyres control the NAC
heat and salinity supply to high latitudes, finally related with AMOC
dynamics (Mary et al., 2017; Pérez-Brunius et al., 2004). Other
seasonal-nature current flows eastward along the IP shelf into the
Cantabrian Sea, named the Iberian Poleward Current (IPC) (Pingree
and Le Cann, 1990). Variations in the regional seasonal salinity, and
therefore density of the IPC are produced by freshwater runoff from
Spanish and French rivers (Ferrer et al., 2009) (Fig. 1).

The Mediterranean is a semi-enclosed sea where freshwater
inputs, as rainfall and fluvial discharge, are exceeded by evapora-
tion leading to a high salinity basin. The western Mediterranean
circulation is mostly determined by three major water masses:
surface, intermediate and deep (Lionello, 2012; Rohling et al.,
2009). Less saline water enters at surface through the Strait of
Gibraltar to compensate the negative water balance caused by
excessive evaporation in the Mediterranean. This surface water
mass flow eastward while progressively increases its salinity and
temperature creating the Modified Atlantic Water (MAW) (Pastor
et al., 2017; Pierre, 1999; Pinardi and Masetti, 2000; Vargas-Yanez
et al., 2017). The Mediterranean Intermediate Water (MIW)
spreads westwards, while mixing with regional waters, to finally
outflow through the Strait of Gibraltar (Pinardi and Masetti, 2000).
The deepest water mass in the western basin is the Western
Mediterranean Deep Water (WMDW) (Millot, 1999). During win-
ters, the north and northwestern winds cause strong cooling and
evaporation of surface waters in the Gulf of Lion, increasing its
density, and consequently mixing and sinking it into the deep ba-
sin. Therefore, the density of this deep-water mass is determined
by the temperature and salinity of both the local surface water and
the MIW, and also the wind features (Millot, 1999; Rohling et al.,
2009). The WMDW flows southwards collecting the continental
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Fig. 1. A) Schematic European map showing the location of this study sites (red) and several discussed sites (blue): 1) MD01-2444 core (Tzedakis et al., 2018), 2) ODP Site 976
(Jiménez-Amat and Zahn, 2015), 3) ODP site 975 (Marino et al., 2015) 4) Campanet cave (Dumitru et al., 2018) and Cala Falcé cave (Hodge et al., 2008b), 5) Gitana cave (Hodge et al.,
2008a), 6) Cantabrian caves (Stoll et al., 2015), 7) Villars cave (Genty et al., 2003), 8) Han-sur-Lesse cave (Vansteenberge et al., 2016), 9) Alps caves (Moseley et al., 2015), 10) Corchia
cave (Drysdale et al., 2007; Tzedakis et al., 2018) and 11) Soreq cave (Bar-Matthews et al., 2000, 2003). B) Bathymetric map of the studied area showing this study records and the
main circulation patterns: North Atlantic Current (NAC); Iberian Poleward current (IPC); Mediterranean Outflow Water (MOW); Levantine Intermediate Water (LIW); Modified
Atlantic Water (MAW); West Mediterranean Deep Water (WMDW). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

sediment discharges, mainly from the Rhone and Ebro rivers, and
depositing approximately the 10% of them in the deep basin
(Martin et al., 1989). In the Balearic Promontory, the current asso-
ciated to the WMDW accelerates and induces a re-working, trans-
port and classification of the sediment particles (Cisneros et al.,
2019; Frigola et al., 2008; Millot, 1999; Velasco et al., 1996) (Fig. 1).

The studied speleothems were collected in two caves, one from
the Minorca Island and the other from the central southern Pyr-
enees. Minorca is the northern Balearic Island. It has a temperate
climate classified according to Koppen as Mediterranean climate
with seasonal rainfall, intense storms in autumn and dry summers
causing the lack of permanent watercourses. The annual rainfall
average is around 500—600 mm and the annual mean temperature
is 16—17°C (AEMET-IM, 2011). The studied Pyrenees area also
corresponds to a Mediterranean climate zone. However, the relief
influences the climate of this high-altitude area, which can be
accurately described as a humid sub-Mediterranean climate. The
annual rainfall is around 1000—1200 mm and it occurs mostly as
snow. The annual mean temperature is 4—5 °C (AEMET-IM, 2011).
Nowadays, the main source areas of moisture that affect the IP and
the Balearic Islands are the tropical—subtropical North Atlantic
corridor, the IP itself and the Mediterranean Sea (Krklec and
Dominguez-Villar, 2014; Nieto et al., 2010 and Gimeno et al.,
2010). The eastern IP region is more dominated by Mediterranean
moisture source than the Atlantic one (Dumitru et al., 2017;
Gimeno et al., 2010).

2.2. Sediment cores

Sediment core PP10-17 was collected in 2010 during SARGASS

oceanographic cruise on board R/V Pourquoi Pas? from the Canta-
brian Sea in the SW Landes Plateau of the Bay of Biscay (43° 58.91’
N; 03°14.02’ W; 2880 m b.s.l.) (Fig. 1B). The lithology of the sedi-
ment in the studied sections was olive grey silty clay, continuously
deposited with bioturbation from a hemipelagic environment
(Brocheray et al., 2014). ODP Site 977A was retrieved on June 1995
during LEG 161 of the Ocean Drilling Program (ODP) on board
JOIDES Resolution. It was located at south of Cabo de Gata in the
Eastern Alboran Sea and its facies represents an open-marine
hemipelagic environment (36°01.92'N; 1°57.32'W; 1984 m b.s.l.)
(Fig. 1B). The dominant lithology was olive grey clay with nanno-
fossil to nannofossil-rich silty clay moderately bioturbated with the
presence of organic-rich layers (ORLs) (Comas et al., 1996). Sedi-
ment core MD99-2343 was collected in summer 1999 during LEG 5
of the International Marine Past Global Changes Study program
(IMAGES) on board R/V Marion-Dufresne. This core was located NE
of Minorca Island, in the Balearic Sea (40°29.84’' N; 04°01.69" E;
2391 m b.s.l.) (Fig. 1B). In particular, it was obtained from the N-NE
Minorca peripheral sedimentary contouritic drift, genetically
related to the southward flow of the WMDW (Velasco et al., 1996).
The studied sections were mostly composed by nannofossils and
foraminifera rich greyish and brownish silty clay materials,
moderately laminated and bioturbated, with presence of fine levels
of pyrite.

2.3. Speleothems
The inactive JUD stalagmite was collected from Pot au Feu cave,

located on the Irués river valley at the Cotiella massif, southern
Central Pyrenees (42°31.48 N; 0°14.26' W; 997m as.l) in
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collaboration with the Scientific Speleological Association of
Cotiella (ACEC) (Fig. 1B). The host rock is upper Turonian to lower
Coniacian packstone with miliolids (Lépez-Mir, 2013). Hydro-
geologically the cave belongs to the high mountain free karst
aquifer Cotiella-Turbon even though it is a fossil level. JUD has in-
ternal banded structure with white-grey crystalline calcite alter-
nated with brown-orange detrital enriched layers and a growth
axis of 55 cm length.

The inactive IND stalagmite was collected in November 2011
during the HIDROPAST campaign from Murada cave, southwest
Minorca Island (39°57.36 N; 3°57.89° W; 80 m a.s.l.) (Fig. 1B). The
host rock consists of Miocene calcarenites that are deeply karstified
forming a porous mixed aquifer, where this cave represents a fossil
level of karst drainage conduit. IND presents an internal banded
structure with white-grey crystalline calcite and its growth axis has
88 cm length.

3. Methods
3.1. Oxygen isotope (6'80) in foraminifera

Ideally, 8 specimens of the planktonic foraminifera G. bulloides
were handpicked from a size range of 250—355 um and sonically
cleaned in methanol after shell crushing in order to remove fine
sedimentary particles. After few seconds, the supernatant solution
was removed and the crushed carbonate shells were dried. A total
0f 219 and 212 3'80 measurements were carried out for cores PP10-
17 (2 cm resolution) and MD99-2343 (4 cm resolution) respectively.
The measurements were accomplished on an IRMS Finnigan-MAT
252 coupled to a CarboKiel-II at the scientific and Technological
Centers of University of Barcelona (CCiT-UB). Analytical un-
certainties were obtained by means of an in-house carbonate
standard, which is calibrated to NBS-19 international standard
(Coplen, 1996), and were 0.08%o VPDB. ODP Site 977A was analysed
in a previous study by (Martrat et al., 2004) and it is used here for
the estimation of the 5'80 seawater isotopic signal.

3.2. Mg/Ca ratios in foraminifera

Mg/Ca ratios were measured over 40—50 specimens of
G. bulloides handpicked from a size range of 250—355 um. Car-
bonate shells were carefully crushed between two glass plates in
order to open the chambers and favour chemical cleaning protocol
before the analyses. Samples destined to Mg/Ca analyses were
cleaned by means of a full chemical cleaning procedure based on
the last modifications on trace elements cleaning protocols devel-
oped by Barker et al. (2003) and Pena et al. (2005). The protocol
consists on a clay removal first step; a reductive reagent attack to
remove potential Mn—Fe oxide contaminant phases; an organic
matter attack and finally a weak acid leaching before the dissolu-
tion in 3 ml of ultra-pure 1% HNOs. The reductive attack step was
only performed on ODP Site 977A. This cleaning step dissolves
preferably Mg rich calcite and consequently the Mg/Ca ratios
become lower. Previous studies have demonstrated that Mg/Ca
ratios of the reductively cleaned samples are systematically low-
ered by about 10—15% (Barker et al., 2003, 2005; Yu et al., 2007).
Accordingly with these observations, the Mg/Ca ratios estimated in
ODP Site 977A samples were corrected with an increase of 15% as it
is suggested by Barker et al. (2003). A total of 216, 116 and 163 Mg/
Ca ratios have been measured for cores PP10-17 (2 cm resolution),
MD99-2343 (10 cm resolution) and ODP Site 977A (5 cm resolu-
tion) respectively. Additionally, possible contamination during the
laboratory process was controlled by the performance of chemistry
blanks in random days. All the samples were analysed with an ICP-

MS PerkinElmer model Elan-6000 at the CCiT-UB. An in-house high
purity standard solution was used and all data was corrected using
a sample-standard bracketing method. The external reproducibility
(%, 2-sigma) was 6.59% for core PP10-17, 5.7% for ODP Site 977A and
3.21% for MD99-2343.

Moreover, in order to identify potential contaminated samples
and avoid overestimated Mg/Ca—SST, Al/Ca and Mn/Ca ratios were
also measured controlling thus the presence of manganese oxides
and/or aluminosilicate (Barker et al., 2003; Lea et al., 2005; Pena
et al.,, 2008, 2005). Few samples were discarded according to
values above 2¢ of each ratio (ODP site 977A: Mn/Ca > 0.41 and Al/
Ca > 0.46; MD99-2343: Mn/Ca > 0.82 and Al/Ca > 0.32; PP10-17:
Mn/Ca > 0.49 and Al/Ca > 0.33). Furthermore, no co-variations of
Al/Ca and Mn/Ca with Mg/Ca ratios were found.

3.3. Grain-size distribution of marine sediments

New grain-size distribution of terrigenous-sourced particles
was measured on the Balearic sediment core (MD99-2343) at 10 cm
resolution expanding the core record of Frigola et al. (2007) and
using the same methodology. Previous to the instrumental mea-
surements, organic matter and carbonates were removed by
treatment with excess H,O, and HCI respectively in order to obtain
grain-size distribution of the non-carbonate fraction. Samples were
analysed with a Coulter LS 230 Laser Particle Size Analyser at the
Sedimentology Laboratory of the University of Barcelona. The pre-
cision and accuracy were tested performing several control runs
using the LS size control G15, which gave a coefficient of variation
of 0.03%.

3.4. Elemental composition of marine sediments

Variations in elemental composition of sediments were also
determined only in the Balearic sediment core by means of X-Ray
Fluorescence analysis using an Avaatech IIl Core Scanner system
(Serial No. 21) at the CORELAB laboratory of the University of Bar-
celona. This method is advantageous over discrete conventional
geochemical methods because it allows rapid, non-destructive and
high-resolution analysis of long sediment sequences (Richter et al.,
2006; Rothwell and Rack, 2006). The scan was performed on the
surface of the split core (at 10 mm resolution) that was previously
smoothed to remove irregularities and roughness. Sediment sur-
face was covered with a 4 pm-thick Ultralene film with the aim of 1)
eliminating air contact between sediment and the analyser prism,
2) prevents possible contamination and 3) avoid desiccation of
sediments (Richter et al., 2006; Tjallingii et al., 2007). Several ele-
ments were measured in three separate runs using voltages of
10KV, 30KV (Pd-thick filter) and 50kV (Cu filter), currents of
0.5mA, 2.0 mA and 2.0 mA, and excitation times of 10s, 25 s and
35 s respectively. Raw data were processed by the analysis of X-ray
spectra by Iterative Least square software (WIN AXIL) package from
Canberra Eurisys. In order to reduce signal artefacts related to
lithological changes and water content, elemental raw data (cts)
was normalized with Al and it is here presented as log-ratios, which
account for more robust representation of the element ratios
(Weltie and Tiallingii, 2008).

3.5. 230Th/?34y dating on speleothems

Twenty-four samples were selected for dating taking into ac-
count the speleothem layering and morphology, which were milled
with 2 mm diameter tungsten carbide micro-drill. In order to ac-
quire preliminary speleothem ages some of the Pyrenean speleo-
them samples were firstly analysed at the School of Earth Sciences
at the University of Melbourne using the technique described by
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Hellstrom (2003). The other ages were acquired at the University of
Minnesota applying the methodology previously described by
(Cheng et al., 2009; Shen et al., 2002). To summarize, carbonate
powders samples (100—200 mg) were dissolved in HNOs; and
spiked with an in-house solution with known 233U, 236U and ?*°Th
concentrations. After that, U and Th were isolated from Ca and
several trace elements by means of an iron co-precipitation and
finally in order to separate U from Th, the samples were loaded in
anion exchange resin columns. Several blanks were performed
routinely for each laboratory set. All pair of U and Th samples were
analysed using a Neptune MC-ICP-MS (parallel ion-counting multi
collector inductively coupled plasma mass spectrometry).

3.6. Stable isotopes on speleothems

Stable isotopes (3'80 and §'3C) were measured on 90 and 232
samples drilled from the Minorca and Pyrenees speleothems
respectively using a 0.5 mm diameter tungsten carbide dental bur.
Around 50 pg of carbonate was sampled at 1 cm resolution on the
Minorca speleothem and at 0.25cm resolution on the Pyrenees
speleothem. The top 7 cm of this last speleothem were sampled at
0.125cm and thus, doubling the resolution. The 80 and 3'3C
measurements were accomplished on an IRMS (isotope-ratio mass
spectrometry) with a Finnigan-MAT 252 mass spectrometer,
coupled to a single acid bath CarboKiel-IIl carbonate preparation
device at the Scientific and Technological Centres of the University
of Barcelona (CCiT-UB). Analytical uncertainties were obtained by
means of an in-house carbonate standard that is calibrated to NBS-
19 international standard (Coplen, 1996). The uncertainties were
<0.04%o VPDB for 3'3C and 0.08%o VPDB for 3'80.

3.7. Mg/Ca ratios on speleothems

Mg/Ca ratios measurements were carried out on the same
sample depths as isotopes analyses on the Pyrenees speleothem,
but doubling the isotopes resolution in the Minorca one (180
samples every 0.5 cm). Around 3 mg of carbonate were directly
dissolved in 3 ml of ultra-pure 1% HNO3 and centrifuged before the
analyses in order to prevent possible lithic or impurities in the
solution. Possible contamination was also controlled by means of
chemistry blanks in random days. All the samples were analysed
with a spectrometer PerkinElmer model Elan-6000 at CCiT-UB.
Such as the marine core analysis, an in-house high purity stan-
dard solution was measured routinely every four samples to control
the accuracy and correct the instrumental drift. Therefore, all
calculated ratios were corrected using the SSB method. According
to the in-house standard analysis the external reproducibility (%, 2-
sigma) obtained among all the analyses was 11.01% for IND and
10.62% for JUD.

4. Results
4.1. Chronology of the marine records

The sequence of marine isotope stages/sub-stages (MISs) and
also Greenland Stadials can be well identified in the 51800,buuoides
records of the three studied cores, which in addition show an
extraordinary resemblance among them (Fig. 2). The age model of
ODP Site 977A and PP10-17 are mostly based on previous published
chronologies (Martrat et al.,, 2007; Brocheray et al.,, 2014 and
Rodriguez-Lazaro et al., 2017) with the addition of some tie points
for coherence between the three studied records. These additional
tie points were assessed on the basis of the alignment of the SST
and the 3'80¢ puiioides records with: 1) the Greenland ice core record
for the MIS 5 and 4 period using the 580 NGRIP2 50 yrs means on

the GICCO5modelext timescale record (Rasmussen et al., 2014;
Seierstad et al., 2014) (Fig. 2A); 2) the 3'80¢ pulioides record from ODP
Site 975 to constrain the penultimate deglaciation and the MIS5e
(Marino et al., 2015) (Fig. 2B); and 3) the 3'80¢ puiioides record from
ODP Site 976 to anchor the oldest part of the age model (Jiménez-
Amat and Zahn, 2015) (Fig. 2C). The ODP Site 975 chronology is
based in the alignment with an eastern Mediterranean core pre-
viously tuned to the radiometrically chronology of the Soreq record,
while the ODP 976 site age model was also correlated with spe-
leothem records from European caves (Drysdale et al., 2009;
Couchoud et al., 2009), thus both marine records are independent
of orbital tuning. Furthermore, the age model of core MD99-2343
was produced in this study by alignment of its 3'®0¢ putioides re-
cord with the NGRIP2 record (Rasmussen et al., 2014; Seierstad
et al., 2014). Although the potential uncertainties associated with
the correlation of SST and 3'80¢ puiiides With the NGRIP2 record due
to the effect of light melt water into the surface waters, the align-
ment was performed since several studies have shown the suit-
ability of the use of the 3'80 ice cores record from Greenland as an
isotopic chronostratigraphic reference for age modelling not only
for Mediterranean cores (Cacho et al., 1999; Martrat et al., 2007;
Rohling et al., 1998; Sierro et al., 2005; Sprovieri et al., 2006) but
also for N Atlantic sites (Cayre et al., 1999; Govin et al., 2015).
Moreover, cold stadial events were well characterized by the
presence of N. Pachyderma sin. in the PP10-17 core by Rodriguez-
Lazaro et al. (2017), increasing the confidence of the alignment of
the Cantabrian core with the Greenland record. In summary, 54 tie
points have been used for the tuning of all three sediment records
in base of the most relevant structures, particularly for the penul-
timate deglaciation and the Greenland Stadials (GS) (Table S1).
Correlations among the marine records were estimated by linear
interpolation using the Analyseries Software package (Paillard
et al,, 1996). The relative age uncertainties were estimated for
every performed alignment following the approach used by Grant
et al. (2012) and consisting in the propagation of involved un-
certainties by means of the mean squared estimate (MSE)
(Table S1). These chronological uncertainties include the reference
record age uncertainties (only provided in the case of the ODP 975),
the sample spacing from the aligned and reference records and an
extra-imposed uncertainty. The extra uncertainty depends of the
level of the alignments confidence and consists in this study in the
addition of +0.5 kyr for those alignments whose reference age
uncertainty is provided (ODP 975) and +1 kyr for those where the
reference age uncertainties are not provided (NGRIP and ODP976).
The obtained age models indicate that PP10-17 samples used in this
study spans from 132 to 68 kyr BP, therefore it starts recording the
middle of the penultimate deglaciation (Fig. 2D), whereas ODP Site
977A samples exceeds the studied period, from the end of the MIS 6
until the beginning of the MIS 4 (Fig. 2E). MD99-2343 samples
spans from 116 to 64 kyr BP, leaving thus the MIS 5e poorly rep-
resented in the Balearic Sea (Fig. 2F). The temporal resolution
achieved within those three records reach centennial scale,
allowing identifying changes and fluctuations that occurred within
multi-centennial/millennial time scales. Average sedimentation
rates range from 10.6 cm/kyr, 22.8 cm/kyr to 30.2 cm/kyr for cores
PP10-17 (Cantabrian), ODP Site 977A (Alboran) and MD99-2343
(Balearic), respectively (Fig. 2G). In the context of the Mediterra-
nean Basin, both Mediterranean sediment cores present high
sedimentation rates, which are coherent with other studies from
this region (Frigola et al., 2008, 2007; Jiménez-Amat and Zahn,
2015). Note that the highest sedimentation rates occurred during
intervals with high 8'80 values, corresponding to cold stadials
periods.
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4.2. Sea surface temperature reconstructions

Mg/Ca ratio measured in carbonate shells of planktonic fora-
minifera is a frequently used proxy for SST reconstructions (Barker
et al.,, 2005; Elderfield and Gansen, 2000). Although it has been
proposed that high-salinity environments such as the Mediterra-
nean Sea could affected foraminifera—Mg/Ca ratios (Ferguson et al.,
2008), culture experiments appears to not support it (Honisch et al.,
2013). In contrast, diagenetic overprints have been proposed as the
main cause of anomalous high foraminifera-Mg/Ca ratios
(Hoogakker et al., 2009). Despite that, secondary high-Mg-calcite
overgrowths in foraminiferal shells is lower in deep western
Mediterranean samples than in eastern locations due to the pres-
ence of less calcite supersaturated bottom waters (van Raden et al.,
2011). Furthermore, both reductive and weak acid leaching steps
applied in the cleaning procedure have been proved to be efficient
removing secondary overgrowths (Pena et al., 2005). Overall, the
Mg/Ca ratios obtained in this study appear not to be anomalous
high due to they are coherent with other studies for the same
location (Catala et al.,, 2019; Jiménez-Amat and Zahn, 2015) and
within the ranges of the calibration used to transfer ratios into SST
(Cisneros et al., 2016). This equation is appropriated for Mediter-
ranean Mg/Ca-SST estimation since it expands the temperature
sensitivity range of the original G. bulloides calibration from the N

Atlantic (Elderfield and Gansen, 2000) towards the warm end that
characterise Mediterranean waters. In this specific region,
G. bulloides Mg/Ca-SST has been interpreted to reflect spring tem-
peratures, since sediment trap fluxes of G. bulloides are maximum
during this bloom season (Barcena et al., 2004; Cisneros et al., 2016;
Rigual-Hernandez et al., 2012).

The recorded amplitude of the SST changes rise 7.3 °C, 7.5 °C and
8°C for Cantabrian, Alboran and Balearic seas, respectively.
Therefore the Balearic record shows the widest range of variability
even though it does not record the last deglaciation, which is only
fully recorded in the Alboran record (>5 °C warming) (Fig. 3C, D and
E). The SST associated errors are shown in Supplementary Fig. S1. In
general, the Cantabrian SST record was about 2—3 °C colder than
the western Mediterranean Sea, which is consistent with the cur-
rent SST pattern, where spring SST mean are 14°C, 17.6°C and
16.7°C for Cantabrian, Alboran and Balearic seas respectively
(Picciolo, 2006). The three SST records show strong similarities in
the general trend during the overlapped periods despite the
warmest temperatures did not occur synchronously among the
three studied areas (Fig. 3C, D and E). The MIS 5e and c sub-stages
show warm SST while MIS 5a was generally cooler. The cooling
phase that ended the MIS 5e was more progressive and smoothed
in the Cantabrian region than in the western Mediterranean, where
the Balearic record presents the largest SST change (Fig. 3C, D and E:
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dashed red arrows). In fact, during the warm sub-stages and
especially at the end of the MIS 5e the temperature gradient be-
tween the Cantabrian basin and the W Mediterranean sub-basins
was relatively high and even higher to those of today
(Supplementary Fig. S2). In contrast to the regional heterogeneities
of the warm periods, the stadial periods show very distinctive and
homogeneous cold conditions among all SST records, except during
the GS26 and GS23. These synchronic cold conditions among the
three basins achieve similar SST between the Cantabrian and the
Alboran or even the Balearic Sea during stadials, especially at GS25
and 24 (Supplementary Fig. S2). Moreover, during the MIS 5c at
101.5 kyr BP occurred an intense cold event in the Cantabrian re-
cord that is not reflected in the W. Mediterranean records (Fig. 3C:
grey dashed vertical line).

4.3. Sea water 6'%0 evolution

The 580 signal from G. bulloides shells is a combined signal of
the water temperature of calcification and also the original
seawater 5'80s, (Waelbroeck et al., 2002). These two variables can
be isolated by the use of an independent SST reconstruction, as the
Mg/Ca record and, in this way, estimate the original oxygen isotopic
composition from seawater (3'80s,). The 3'80s,, has been esti-
mated using the Shackleton palaeotemperature equation
(Shackleton, 1974) and converted in Standard Mean Ocean Water
(SMOW) after the correction of Craig (1965). The 5'80g,, record
includes the signal from global ice-volume changes, but also local
hydrography changes (Rohling, 1999). In the case of the Mediter-
ranean records, variations in the inflow water volume through the
strait of Gibraltar due to changes in the relative sea level might
amplified the isotopic signal (enrichment) due to increases in water
residence time and the evaporative character of the basin (Rohling,
1999, 2014). Hence 3'80gy changes in the Mediterranean and
Cantabrian records are interpreted in terms of variation in regional
precipitation/evaporation balance or freshening events related to N
Atlantic iceberg melting (Ferrer et al., 2009; Pierre, 1999; Sierro
et al., 2005) plus the amplification effect of sea-level changes
(Rohling et al., 2014). Overall, heavy/light 5'80s,, values correspond
to saltier/fresher sea surface water properties (Pierre, 1999)
although the complexity of the factors prevents the application of a
simple linear function for paleosalinity reconstructions (Rohling,
1999).

In general, all three cores show high or moderate values during
stadials and full glacial (Fig. 3F, G and H: blue arrows) with some
exceptions as such the very remarkable rapid freshening event with
a ~3%o lightning in the Alboran-8'80y,, signal likely reflecting the
sea ice melting associated to the H11 that marks the onset of the
penultimate deglaciation. The 3'30s,, evolution is also very het-
erogeneous among the three studied areas. The Cantabrian and
Alboran Sea 3'80,, show more comparable values and significantly
lighter than those from the Balearic Sea, reflecting the evaporation
character of the Mediterranean basin (Pierre, 1999). Regarding the
intensity of the changes, the Alboran Sea 8'®0y,, show larger en-
richments than the Cantabrian record in relation to the stadial
periods. The GS26, 23 and 20 stadials periods show a strong
regional contrast, with significant isotopic enrichments in the
Balearic core that are not detected in the Cantabrian site, while
during the GS25, 24 and 22 the isotopic composition of the sea
water was very similar among the basins (Supplementary Fig. S2). It
is worth to highlight the extreme freshening event in the Canta-
brian record coinciding with the cold Cantabrian event during the
MIS 5c at 101.5 kyr BP (Fig. 3F: grey dashed vertical line).

4.4. Sedimentological changes in the Menorca drift and deep
current intensity

Contourite drifts are characterized by very high sedimentation
rates and hence provide high-resolution records suitable for pale-
oceanographic studies (Hodell et al., 2009; Oppo et al., 2001;
Robinson and McCave, 1994). Deep-water current intensity directly
affects the proportion and grain-size of non-cohesive particles
deposited in contourite drifts (McCave and Hall, 2006; Mulder et al.,
2013; Rebesco et al., 2014). In this sense, the grain-size distribution
of the non-carbonate fraction of sediments represents the intensity
of bottom currents (McCave et al., 1995). The grain-size record of
the last 50 kyr from core MD99-2343 was previously related to
deep-water currents intensity changes associated with climate
oscillations controlling deep-water formation in the western
Mediterranean (Frigola et al., 2008, 2007). Here we focus on the
grain-size record from the same core but for the 117-65 kyr time-
interval (Fig. 31). We also use the UP10 index, i.e. volume percent-
age higher than 10 um, as proxy of deep-water paleocurrent in-
tensity (Frigola et al., 2007), recently validated with instrumental
measurements (Cisneros et al., 2019). In addition, a clustering sta-
tistical analysis of grain-size modal distributions was also per-
formed using the k-means method (McQueen, 1967; Povea et al.,
2015). Cluster 1 comprises 49% of the samples corresponding to
the coarser samples with a main mode located around 10 um, thus
associated to high UP10 values (Fig. 31: yellow dots). Although the
UP10 record has no obvious long-term trend, stadial periods and
the MIS 4 are characterized by high UP10 values indicating an
increment in the deep current intensity. In contrast, interstadial
periods present both high and low UP10 values with relatively high
internal oscillations. Particularly, the end of MIS 5e and especially
the end of MIS 5a present high UP10 values and almost all samples
belongs to the cluster 1 (Fig. 3I). The lowest UP10 percentages
indicating weaker deep current intensity are found during these
warm intervals.

Currents not only control the grain-size distribution of con-
tourite drifts but also modify the mineralogy of sediments,
concentrating heavy respect to lighter minerals (Mulder et al.,
2013). As suggested by Bahr et al. (2014), the Zr/Al ratio is used
for a semi-quantitative assessment of paleocurrent velocity
because it represents the relative enrichment of zircon (heavy
mineral) versus aluminosilicates (less dense minerals) under cur-
rent flow (Fig. 3]). The UP10 record shows an extraordinary fit with
the Zr/Al ratio (Fig. 31 and ]), corroborating the use of this ratio as
deep-water paleocurrent intensity proxy in the studied area.
Moreover a Principle Component Analysis (PCA) was carried out
with standardized XRF data and only considering elements with a
robust signal (i.e. Al, Si, K, Ca, Ti, Fe, Rb, Sr, Zr, and Ba)
(Supplementary Fig. S3). PC-1, explaining the 77% of the total
variance, can be interpreted as carbonate versus detrital siliciclastic
supplies (Ca and Sr opposed to all the other elements). The PC-2
explains 9.49% of the variance and opposes the aluminosilicates
elements to barium, which can be related to productivity. Although
explaining only a 5.6% of the total variance, the PC-3 is clearly
dominated by Zr reinforcing the Zr/Al as a proxy of accumulated
heavy minerals due to current intensity sorting.

4.5. Chronology of the speleothem records

Details of radiometric dating, errors and U contents for both
speleothems are given in Supplemental Table 2. There are not age
inversions for any of the two speleothems when taking into account
20 errors. The errors associated with the Pyrenean speleothem are
larger than those in the Minorca speleothem due to higher pres-
ence of detrital material introducing remobilized thorium in the
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calcite. Age modelling was determined by StalAge software (Scholz
and Hoffmann, 2011). The Pyrenean speleothem presents four
possible growth phases identified by coloured detrital layers and
changes in the growth axis direction at 35, 406 and 448 mm from
the top (Fig. 4A). These visual changes could indicate precipitation/
growth breaks but the resolution of the sampling and the errors
associated makes difficult to constrain this short hiatuses by U-
series ages. Positive excursions occur in the geochemical record
(Mg/Ca and §'3C) at each of these potential hiatuses supporting
reductions of effective precipitation at these times. Due to speleo-
them growth hiatuses are not well detected by statistical methods,
the Pyrenean record has been divided in four different data series in
order to perform a plausible age modelling according to growth
gaps. In contrast, the Minorca speleothem does not present visible
growth interruptions and the age-depth model is rather linear.
Unfortunately, the youngest speleothem (JUD-Pyrenees) started to
grow when the other one stopped (IND-Minorca) thus preventing a
record overlap. The Pyrenean speleothem ranges from 115 to 68 kyr
BP with growth rates between 0.2 and 4 cm/yr. This speleothem
grew slower than the Minorca one that presents growth rates be-
tween 5 and 12 cm/yr and spans from 125 to 113 kyr BP (Fig. 4B).

4.6. Geochemical records of the speleothems

The mean value of the 380 record from the Minorca speleothem
IND is —5.79%o0 and the overall variation is 1.45%o. The 3'80 record
shows a clear general trend to heavier values with time (Fig. 4G).
The 3'3C mean value is —6.9%o and the overall variation is 3.66%o. In
contrast to the 5'80, the 8!3C record show relative stable trend until
the end of the MIS 5e when values become progressively heavier
(Fig. 4H). Mg/Ca ratios show maximum ratios of 15.25 mmol/mol
and minimum of 5.32 mmol/mol with a mean average of
8.19 mmol/mol (Fig. 4I). Consistently with the 3'3C, Mg/Ca record
presents a rather stable evolution with a significant increase in the
ratios towards the end of the MIS 5e.

The mean 3'80 value from the Pyrenean speleothem is —7%o, the
record shows large oscillations (2.4%o) (Fig. 4D) without any clear
relation with the stadial-interstadials evolution. The 3'3C record
has a mean value of —5.42%0 and its overall variation range is
6.33%o. In contrast to the 5'80 record, the 3'3C record shows intense
enrichments related to the onset and end of the stadials period
most of them associated to a speleothem growth hiatus (Fig. 4E).
These patterns are consistent with the Mg/Ca record that oscillates
between 9.7 mmol/mol and 3.4 mmol/mol with a mean value of
5.5 mmol/mol. This record also shows rapid and intense changes
toward higher values associated to the stadial periods mostly with
those associated to JUD growth hiatuses (Fig. 4F: black arrows).

5. Discussion
5.1. Interpretation of speleothem geochemical proxies

Several processes control the geochemistry signal in speleo-
thems, starting from the early step when water is evaporating from
oceans, until the calcite precipitates inside the cave as speleothem
deposits. Some of these processes induce an isotopic fractionation
and enrichment-depletion in trace element concentration, which
ultimately are used as hydrological and paleoclimate proxies
(Fairchild and McMillan, 2007; Fairchild and Treble, 2009; Mc
Dermont, 2004; Wong and Breecker, 2015). Due to the high
amount of factors controlling the speleothem geochemical signal, a
multi-proxy approach is required to provide a climate interpreta-
tion. In this study we analyse the 380, the '3C and the Mg/Ca ratio
from each speleothem. Remarkable information coming from this
multiproxy approach is the significant difference between the 3'30

trend and the 3'3C and Mg/Ca ratio patterns, thus suggesting a
different interpretation (Fig. 4).

Dissolved carbon and its isotopic composition in drip waters
derive from several factors controlled by climate conditions: 1) the
type of vegetation C3/C4 plants (Dorale et al., 1992) 2) the amount
of root respiration in the soil (Genty et al., 2003, 2001; Moreno
et al., 2010); and 3) the kinetic fractionation (Fairchild and
McMillan, 2007; Richards and Dorale, 2003). All of them are
related to water availability and its residence time in the karst
system during water percolation. Moreover vegetation/soil activity
also depends of temperature (Fairchild and Baker, 2012). Conse-
quently, lowest 3!3C values in speleothems are related to optimum
temperature for vegetation/soil activity but also higher water
availability and shorter residence times due to an enhanced rainfall
amount and ultimately, more atmospheric moisture. By contrast,
highest 3'3C values are often attributed to aridity or less atmo-
spheric moisture and cold temperatures. Several mid-latitude
speleothem studies have been interpreted 3'3C shifts in terms of
changes in regional hydrology and vegetation/soil activity, like for
example in the Mallorca Island (Hodge et al., 2008b), in the
northeast IP (Bartolomé et al., 2015; Moreno et al., 2010) or in the
southwest France (Genty et al., 2003).

In the case of the Mg/Ca ratio, the principal controlling factor
seems to be derived from the bedrock composition and ground-
water residence times. Assuming that the bedrock composition did
not change, variations in the precipitation/evaporation balance in
the region should be related to the amount of water infiltrating into
the karst system and hence changes in the drip rate and the spe-
leothem growth rate. A prior calcite precipitation (PCP) can occur
during the infiltration and dripping due to an early degassing
(Fairchild and McMillan, 2007). Consequently, high PCP, long resi-
dence time, slow drip rates and slow growth rates will increase the
Mg/Ca ratio in the speleothem calcite due to this preferential cal-
cium lost. In consequence, the Mg/Ca ratio in speleothems reflects
changes in hydrology; higher Mg/Ca ratios in speleothems suggest
drier conditions and vice versa (Fairchild et al., 2000; Moreno et al.,
2010). A strong co-variation between Mg/Ca and 3'3C in speleo-
them records reinforces the interpretation of water availability in
the soil thus reflecting atmospheric moisture variability (Fairchild
and Treble, 2009). Due to tightly patterns shown by speleothem
3'3C and Mg/Ca records from this study, it can be assumed that
these proxies synchronously recorded changes in vegetation pro-
ductivity and water residence time, thus supporting their use as
atmospheric moisture proxies (Fig. 4).

The rainfall 3'80 signal, and consequently the speleothem 380
signal, depends on the isotopic composition of ocean water source,
the atmospheric air temperature, the amount effect and changes in
rainfall patterns (Fairchild and McMillan, 2007, Fairchild et al.,
2006; Lachniet, 2009; McDermott, 2004). Moreover Kkinetic ef-
fects also play an important role for oxygen isotope fractionation
(Stoll et al., 2015). In mid-latitude speleothems, the 3180 is
commonly interpreted as a combination between temperature and
the amount effect (Bartolomé et al., 2015; Vansteenberge et al.,
2016). Additionally, at the temporal scale of this study, changes in
the marine 3'%0 signal of the water source could also play an
important role since marine 8'®0 changes occurred at global scale
in association to the accumulation/melting of large ice sheets and at
regional scale by changes in the precipitation/evaporation
(Drysdale et al., 2009; Marino et al., 2015).

5.2. Precession signal in 60 records

Both, marine and cave 3'80 studied records from the Mediter-
ranean region show a clear precession scale variability where
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lightest values are associated with precession minima and thus
insolation maxima in the North Hemisphere (Fig. 5). A precessional
rhythm is also present in the 6]805pele0—stacked record from the
Cantabrian Margin, north-west IP, where rain is fuelled from the
Atlantic region (Stoll et al., 2015). But, the intensities of the 5'80-
precession oscillations are significantly different among the records
(Fig. 5). In particular, focussing in the precession minimum at 115-
95 kyr BP (the central cycle of the studied period), the JUD 51805peleo
shows a depletion of 2%o. while in the Cantabrian speleothem stack
was of about 1.2%o. In the marine realm, the largest oscillation
occurred in the Balearic 3'%0,, records, with a depletion of almost
2%o while in the Alboran §'®0y,, it was of 1.5%0 and any evident
3'80sw—precession depletion occurred in the Cantabrian 3'®0gy
record. These marine records support stronger 8'80g,y—precession
signal into the Mediterranean than the Cantabrian Sea likely related
to regional precipitation/evaporation ratio. Pollen sequences also
indicate a stronger precession signal in the Mediterranean sector of
the IP in relation to the Atlantic sector (Fletcher and Sanchez-Goni,
2008). The precession driven intensification of the African summer
monsoon further strengthened this signal towards the eastern
Mediterranean through an enhanced Nile river runoff that also led
sapropel formation in this Eastern basin (Rohling et al., 2014). This
is reflected in the 3'®Ospeleo signal from Soreq Cave (Grant et al.,
2012; Bar-Matthews et al., 2003, 2000), which for the discussed
precession minimum shows an isotopic depletion of 3%o (Fig. 5 G).

We interpret the described precession signal in the studied
3'80speleo Tecords to reflect changes in 380y from the moisture
source area. The intensity of the 81805pele0 oscillations in the spe-
leothem record from central Pyrenees, in relation to the speleo-
them stack from the Cantabrian source supports the western
Mediterranean region as one of the main humidity sources for the
studied period. Several studies reveal the IP itself and its proximal

marine areas, such as the western Mediterranean Sea, as the
principal contributors of moisture to precipitation (Krklec and
Dominguez-Villar, 2014; Nieto et al., 2010; Gimeno et al., 2010).
The subtropical North Atlantic is identified as an important
contributor particularly during autumn and winter, when precipi-
tation is mainly as snow in the Pyrenees, while during the thaw
season, Mediterranean source areas became dominant. Our results
supports that western Mediterranean source rainwater would ac-
count for the enhanced intensity of the precession signal detected
in the central southern Pyrenees.

5.3. The penultimate deglaciation and the last interglacial onset

This interval is only represented in the Cantabrian Sea and the
Alboran Sea marine records (Fig. 6). One of the most remarkable
features during this period is the intense water-surface freshening
detected in the two 5'80s records (Fig. 6H and I). In the case of the
Alboran record, this intense freshening (~132-130 kyr BP) occurred
after two small initial pulses (Fig. 61: Dark blue arrows). This
sequence of several pulses has been identified in previous studies
from the W-Iberian margin and the westernmost Alboran Sea
(Fig. 6H and I) (Jiménez-Amat and Zahn, 2015; Tzedakis et al., 2018).
Further west, into the Balearic Sea, the core ODP Site 975 discussed
by Rodriguez-Sanz et al. (2017) also recorded this intense late MIS 6
freshening. The Alboran record also shows extreme cold SST
contemporary to this freshening event (Fig. 6F). Although this
extreme cold SST event is not well recorded in the Cantabrian re-
cord (Fig. 6E), the presence of the benthic foraminifer Cibicides
wuellestorfi found in the same samples of this core by Rodriguez-
Lazaro et al. (2017), also indicates glacial conditions. According to
N Atlantic records, these freshening was associated to the HE-11, as
such shown by an increase in the Si/Sr ratio, a proxy for IRD
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discharge, from the N Atlantic core U1308 (Fig. 6M) (Hodell et al.,
2008). Large ice-sheet meltwater fluxes spreading into the N
Atlantic Ocean reduced high latitude sea surface salinity and
increased vertical stratification allowing an AMOC weakening
(Hodell et al., 2008; Marino et al., 2015; Oppo et al., 2006;
Seidenkratz et al., 1996). This freshwater anomaly entered via the
Strait of Gibraltar into the western Mediterranean basin, reaching
comparable light isotopic values in the Alboran and the Cantabrian
basins (Supplementary Fig. S2), while it was progressively vanished
along its path toward the eastern Mediterranean basin (Rodriguez-
Sanz et al., 2017). Therefore the present study allows detecting the
HE-11 impact on surface water properties confirming previous
recent studies (Jiménez-Amat and Zahn, 2015; Rodriguez-Lazaro
et al., 2017; Rodriguez-Sanz et al., 2017) not only in the western
Mediterranean Sea but also in the Cantabrian Sea. Coinciding with
the end of the HE-11, a rapid and intense warming occurred in both
studied records related to the penultimate deglaciation as previ-
ously documented in W-Iberian and Alboran records (Jiménez-
Amat and Zahn, 2015; Martrat et al., 2007, 2014; Tzedakis et al.,
2018) (Fig. 6E and F: red arrows). It is also highly remarkable the
comparable SST and 3'80gw values in both the eastern (977 site)
and the western (976 site) Alboran cores during the HE-11 and the
penultimate deglaciation (Fig. 6F and I). These homogenous surface
water properties likely reflect a strong surface stratification in the
eastern and western Alboran sub-basins, that contrast with the
habitual strong mixing that led to a regional gradient in surface
properties during other periods (Catala et al., 2019). AMOC rein-
forcement after HE-11 allowed climate amelioration with an in-
crease in precipitation and the consequent development of the
Mediterranean forest, as detected through pollen records at the
onset of the LIG (Sanchez-Goni et al., 2012; Tzedakis et al., 2018)
(Fig. 6G: red arrow).

5.4. The LIG-acme and the glacial inception

The LIG-acme is defined as the interval within the MIS 5e con-
taining peak values or a plateau in a given record (Govin et al.,
2015). Accordingly, it has been established the LIG-acme in base
to the plateau of maximum SST (Fig. 6E and F: horizontal grey bars),
although the records show significant differences between the
Cantabrian and the Alboran Sea. The Cantabrian record present a
shorter LIG-acme with more stable SST than the Alboran Sea which
show a prominent SST maximum at the end of its LIG-acme. Sta-
bility of warm benthic foraminifera and ostracod assemblages was
also found in the Cantabrian Sea during this period (Rodriguez-
Lazaro et al., 2017). In spite of this, several short-term oscillations
can be observed in both seas, being particularly acute in the
Alboran record. LIG-acme variability has been previously described
in records from the North Atlantic, W-Iberian Margin and even in
the central Mediterranean (Oppo et al., 2001, 2006; Sprovieri et al.,
2006; Tzedakis et al., 2018). The studied resolution prevents any
detailed correlation with these events but the main patterns in the
Cantabrian LIG-acme SST record are very comparable to those from
the W-Iberian margin (Tzedakis et al., 2018) (Fig. 6E). The largest
LIG-acme SST variability occurred in the Alboran Sea where sig-
nificant differences occurred between the W and E-Alboran sub-
basins (977 vs. 976 sites), with a large decoupling by the end of
the LIG-acme, when the eastern site recorded the warmest SST.
Such warm end of the LIG-acme is also confirmed in Balearic Sea
SST record (Fig. 3E) although it does not fully cover the LIG. The
Minorca speleothem 3'3C and Mg/Ca records (Fig. 6C and D) indi-
cate the dominance of stable humid conditions during the whole
LIG-acme defined by warm SST, although with several short
millennial scale oscillations, and in agreement with a general

increase in water availability in the Mediterranean region and
southern Europe during the LIG (Bar-Matthews et al., 2000;
Couchoud et al., 2009; Genty et al., 2013; Meyer et al., 2008;
Moseley et al., 2015; Sanchez-Goni et al., 1999, 2005).

Both Alboran SST and Minorca speleothems $>C and Mg/Ca
records locate the glacial inception at the end of GS26 (116.5 kyr BP)
with a clear intense cooling and aridification phase (Fig. 6C and D:
black arrow, note the reverse axis). Thus, the onset of the glacial
inception in the western Mediterranean occurred later than in
other northern regions, where earlier changes have been associated
to the growing ice sheets and changes in the N Atlantic circulation
during the GS26 (Supplementary Fig. S4) (Demeney et al., 2017;
Genty et al., 2003; Moseley et al., 2015; Sirocko et al., 2005;
Tzedakis et al., 2018; Vansteenberge et al.,, 2016). Moreover, the
Cantabrian SST record show a smoothed cooling during the glacial
inception, that starts previous to GS26, and therefore also in
agreement with the heterogeneous LIG-acme duration discussed in
other studies (Bakker et al., 2012, 2014; Hoffman et al., 2017). But in
any case, none of the studied SST records support an intense cooling
event around the IP associated to the GS26. This is in line with other
N Atlantic records that suggest a subtle stadial cooling in the
eastern Atlantic but a significant cooling event C25 (GS26 equiva-
lent) in the northern and western subpolar locations (McManus
et al., 2002). In contrast, the GS26 is well marked in the Alboran
Sea 3'80,, as an enrichment event also presented in the Corchia
stack speleothem record (Tzedakis et al., 2018) and to some extend
in the Minorca 3'80 record but it is not detected in the Cantabrian
31804 (Fig. 6H, I and L).

According to all the studied SST records the glacial inception
culminated at MIS 5d (GS25) with an intense cooling phase (Fig. 6E
and F: red dashed arrows). The global glacial inception should be
related to a weakening of the AMOC that caused climate deterio-
ration, changing the strength and position of westerly winds and
also the migration of rain belts (Bardaji et al., 2009; PAGES, 2016).
But the variable timing of the glacial inception may reflect the
operation of climate feedbacks with diachronous responses across
Europe (Govin et al., 2015).

5.5. The early glacial

During the early glacial period the SST evolution among the
three studied areas is dominated by the occurrence of a series of
cooling events from 111 to 65 kyr BP in agreement with the GS
sequence (Fig. 3A, C, D and E). Furthermore, a weak stadial
expression is shown in the SST records from the three regions
during GS23, comparable to previously discussed weak GS26. For
most of the GS, SST dropped to 13-12 °C in western Mediterranean
cores and to 10-9 °C in the Cantabrian Sea, reducing the inter-basin
gradients bellow 3 °C and in some extreme cases, as the GS25 and
24, this gradient almost disappeared (Supplementary Fig. S2).
Regarding to the Alboran and Balearic Sea, SST values for each GS
were identical, indicating strong homogeneous surface properties.
In contrast to the overall homogeneous stadial inter-regional
response, the Cantabrian record shows the occurrence of a
extreme cold and freshening event at 101.5 kyr BP (beginning of the
MIS 5c¢), which is not expressed in the Mediterranean SST records
(Fig. 3C: dashed grey line) and it is likely recording a regional
feature.

In the continent, the Pyrenean speleothem also supports a rapid
atmospheric reorganization associated with stadials. Growth hiatus
and intense enrichments in the 8'3C and Mg/Ca signal occurred
synchronous to cold stadials supporting the establishment of drier
conditions in the Southern Central Pyrenees (Fig. 7B and C: red and
green arrows). This is consistent with other European speleothems
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records indicating a robust relation between AMOC changes and
European precipitation variability during the early glacial (Drysdale
et al., 2005, 2007; Genty et al., 2003; Vansteenberge et al., 2016).
These Mediterranean dry stadial conditions are consistent with the
heavy 5'80,, events (Fig. 7G and H) overprinted on the large-scale
precession signal of the Mediterranean 3'®0s,, records previously
discussed (Section 5.1). These heavy stadial 5'80g,, events, much
intense in the Mediterranean records, should reflect conditions of
enhanced evaporation-precipitation balance over the whole basin
(Rohling, 1999) that were further strengthened eastward as shown
in the 3'®0speleo Soreq record (Fig. 7G, I and ) (Bar-Matthews et al.,
2000).

The proxy records for deep-water current intensities in the
Balearic core (UP 10 and Zr/Al ratio records in Fig. 7E and F) also
show a distinctive signal with relative high values for most of the
Stadial periods. The Balearic core location corresponds to a

[msa_|

contournitic drift shaped by deep water currents associated with
the formation of WMDW in the Gulf of Lion, were westerly winds
acts (Frigola et al., 2007; Cisneros et al., 2019). Consistently with the
previously described changes for MIS 3 in the same location (Frigola
et al., 2008), the overall set of data supports enhanced Stadial for-
mation of WMDW in the Gulf of Lion while cold SST and dry con-
ditions dominated over the whole basin.

These observations highlight an overall rapid interregional
coupling in the ocean and atmosphere response during the Stadial
intervals. Our results are coherent with the oceanic-atmosphere re-
adjustments observed in model studies after fresh water impose
weakening of the AMOC (Ivanovic et al., 2018; Kageyama et al.,
2010; Van Meerbeeck et al., 2011). The AMOC weakening re-
ported in these studies support strong westerlies transport of cold
and drier air masses due to its path over extended sea ice rather
than ocean waters into W Europe and also reducing air temperature
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in the IP. The Intertropical Convergence Zone (ITCZ) and the at-
mospheric convection cells were displaced southward, decreasing
consequently the moisture availability in mid-latitudes. Moreover
extremely cold temperatures surrounding the IP reduced the
evaporation on proximal areas, including the western Mediterra-
nean Sea and enhancing the aridity in the region during the cold
stadials.

In contrast to the stadial conditions, the SST evolution during
the warm interstadials is more heterogeneous among the studied
records, showing a diachronic establishment of maximum SST
conditions (Fig. 3C, D and E) and reaching large gradients among
basins (Supplementary Fig. S2). This regional heterogeneity suggest
more complex feedback connections during warm intervals of full
AMOC operation, which could probably cause displacements of the
polar/subtropical gyres and therefore changes in the surface water
properties arriving to the studied areas (Mary et al.,, 2017). The
speleothem record support relatively humid conditions during
warm interstadials, consistent with an active AMOC that would
bring mild and humid westerly winds over Europe (Ivanovic et al.,
2018; Kageyama et al., 2010; Van Meerbeeck et al., 2011). Never-
theless some variability occurred within the Interstadial periods,
the Pyrenean record shows a transition in the mid MIS 5c towards
less humid conditions. This is consistent with previous observa-
tions in a Mallorca speleothem record (Dumitru et al., 2018) and a
change from more developed Mediterranean vegetation to steppic
pollen taxa detected in southern European pollen records and
interpreted as a transition from warm-humid to warm-dry condi-
tions during MIS 5c (Sanchez-Goni et al., 2005, 1999; Tzedakis,
2003; Wulf et al., 2018).

Overall climatic conditions were slightly different during MIS 5a
Stadial and Interstadials periods. SST records during MIS 5a reflect
dominant cold conditions in both the Cantabrian and the Medi-
terranean sectors even for the Interstadial periods (Fig. 3d, f). Acute
stadial 3'®0s, enrichments occurred during stadials (GS21, 20 and
19) (Fig. 7D and G: blue dashed arrows), while relatively fresh
380, dominated in the Cantabrian record (Fig. 3H). Those climatic
conditions maintained an overall intense deep-water convection in
the Western Mediterranean Sea (Fig. 7E). Nevertheless, dry condi-
tions may have not been as extreme as previous stadials since the
Pyrenean speleothem maintained its growth, although at low rate
and Mg/Ca and §'3C record only moderate high values. Moreover,
major development of Pyrenean glaciers occurred during this
period (Lewis et al., 2009; Pena et al., 2004), also supporting some
degree of humidity supply. Therefore, the last hiatus at the MIS 5b
and the end of the Pyrenean speleothem growth at the beginning of
the MIS 4 could reflect this maximum extension of Pyrenean ice,
preventing water seepage into the karst and suggesting the
establishment of full glacial conditions.

6. Conclusions

The parallel reconstruction in this study of 880y, and 61805[,61eo
records provides a solid base to establish a connection on the
appearance of a strong 8'80 precessional-scale signal in both ma-
rine and cave records. The enhanced intensity of the precession
signal towards the Mediterranean region, let us to argue a relevant
contribution of the Western Mediterranean sea as humidity source
to the precipitation over the south central Pyrenees which was
responsible for the transmission of the 3'80s,, precession signature
into the cave.

According to the new generated Cantabrian and Mediterranean
3180, records, the penultimate glaciation ended with an intense
light anomaly that reached comparable values in both regions. This
situation reflects a major North Atlantic surface freshening

associated to the HE-11 melting whose end led to an AMOC rein-
forcement with an intense SST warming, larger in the Mediterra-
nean region, that marked the onset of the LIG period. The recorded
differences in the SST and $'%0y,, evolution during the LIG-acme,
indicate a regional decoupling in the climate variability of this
overall warm period. The Menorca speleothem records suggest the
dominance of relatively humid conditions during this period with
several minor oscillations. The LIG-acme end was not synchronous
around the IP. The glacial inception started previously in the Can-
tabrian Sea than in the western Mediterranean were the glacial
inception arrived after the GS26, with a rapid cooling in parallel of
an aridification phase in Minorca. This regional heterogeneity in
SSTand 51805W conditions appears to be a characteristic also for the
following interstadial periods, indicating a higher complexity in the
climate response around the IP during warm periods, pointing to
much complex ocean-atmosphere interconnections in contrast to
the stadial intervals.

During the stadial intervals, SST records show extreme cold
conditions with homogeneous values along the studied records
confirming the wide regional impact of the reduced AMOC. The
speleothem records suggest the installation of drier conditions
during these intervals in the south central Pyrenees, probably as a
consequence of the diminished evaporation by the extreme cold
conditions in the N Atlantic Ocean and western Mediterranean Sea.
Deep convection of WMDW in the Gulf of Lions was also enhanced
according to our proxies of deep-water currents intensity in the
Minorca drift and likely responding to the overall cold and dry
climatic conditions in the basin.

Finally, the Pyrenean speleothem growth ended at the end of
the MIS 5a when SST already reached extreme cold values and
deep-water currents in the Balearic Sea were particularly strong. A
moment associated to the development of full glacial conditions in
the region that led into the maximum extension of Pyrenean ice
and likely preventing the growth of the studied speleothem.
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