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Zusammenfassung

In den letzten Jahrzehnten haben sich Speläotheme zu einem wichtigen terrestrischen Paläoklima-

archiv etabliert. Durch hochpräzise Uran-Ungleichgewichtsdatierungen ist es möglich, akkurate

und unabhängige Alters-Tiefenmodelle zu erstellen. Mit der Kombination von der Datierungs-

methode und einer hohen räumlichen Au�ösung von Proxy-Messungen sind Speläotheme ein

wichtiges Paläoklimaarchiv mit hoher zeitlicher Au�ösung. Die Proxys, z.B. stabile Isotope (δ13C,

δ18O) und Spurenelemente, lassen Rückschlüsse auf Veränderungen des vergangenen Klimas, der

Vegetation, sowie des Bodens zu.

Einen groÿen Vorteil der Speläotheme gegenüber anderen Klimaarchiven bietet die 230Th/U-

Datierung mittels Multikollektor-Massenspektrometrie mit induktiv gekoppeltem Plasma (MC-

ICP-MS) an. Diese Methode der präzisen Altersdatierung wurde für die Speläotheme aus der

Cueva Victoria angewandt. Zusätzlich wurden Proben für die Kohlensto�- und Sauersto�so-

topenmessungen (δ13C, δ18O) gebohrt und mit einem Isotopenverhältnis Massenspektrometer

(IRMS) gemessen. Spurenelemente wurden mit der Laser Ablation (LA)-ICP-MS in hoher räum-

lichen Au�ösung gemessen.

Paläoklimaarchive aus Südost-Spanien, einer der trockensten Regionen Europas, fehlen bisher,

obwohl sie wichtige neue Informationen über hydrologische Veränderungen zwischen Warm- und

Kaltzeiten liefern können. Die 230Th/U-Datierungen der Speläotheme aus der Cueva Victoria

zeigen ein bevorzugtes Wachstum während der Warmzeiten, dies deutet auf humide Bedingun-

gen während höherer Temperaturen hin. Die δ18O-Werte spiegeln Temperatur, Mengene�ekt des

Niederschlags und die Isotopie der Ozeane als Quelle des Niederschlages wider. Die δ13C-Werte

hingegen, geben Aufschluss über die Vegetation, sowie der mikrobiologischen Bodenaktivität über

der Höhle, welche in der Regel mit den Warmzeiten zunimmt und ebenfalls auf humidere Bedin-

gungen hinweist. Eine Ausnahme bildet ein Abschnitt im Holozän (9.7 - 7.8 ka) in dem, überein-

stimmend mit anderen mediterranen Klimaarchiven, positivere δ13C-Werte eine Reduktion der

Vegetation durch eine erhöhte Saisonalität mit verlängerter und intensiver Trockenperiode im

Frühling und Sommer aufzeigen.

Ausgehend von der letzten Warmzeit gab es in den Marinen Isotopenstadien 5 bis 3 eine starke

Temperaturvariabilität auf der Nordhemisphäre bedingt durch die warmen Dansgaard/Oeschger

(DO) und kalten Heinrich-Events. Viele DO-Events gehen mit humideren Bedingungen und einer

Zunahme der Vegetation einher. Dies spiegelt sich in deutlich negativeren δ13C- und δ18O-Werten

wider, während die Kaltphasen einen Rückgang der Vegetation (erhöhte δ13C- und δ18O-Werte)

oder gar das Unterbrechen des Speläothemwachstums hervorrufen.

Aufgrund der semi-ariden Klimabedingungen reagieren Speläotheme aus der Cueva Victoria

sehr sensitiv auf Klimaveränderungen und sind damit für Paläoklimarekonstruktionen, vor allem

der Warmzeiten, ideal geeignet. Klimatische Veränderungen auf der Nordhemisphäre werden

durch die stabilen Isotope der Speläotheme präzise aufgezeichnet, und bieten damit ein groÿes

Potential für Paläoklimarekonstruktion des westlichen Mittelmeeres.
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Abstract

In the last decades speleothems have been established as a robust palaeoclimate archive using the

U-disequilibrium dating method to construct accurate age-depth models. Advantages in dating

methods and high spatial resolution of proxy measurements promote speleothems as an important

palaeoclimate archive in high temporal resolution. Proxies such as stable isotopes (δ13C, δ18O)

and trace elements can provide new insights into palaeoclimatological changes and changes in

vegetation and soil. In addition to other palaeoclimate archives, speleothems occur worldwide in

carbonate host rocks can add important information to local and regional palaeoclimate.

Several precise 230Th/U-datings on Cueva Victoria speleothems were performed using a multi-

collector inductively coupled plasma mass spectrometer (MC-ICP-MS). In addition, samples for

stable carbon and oxygen isotopes (δ13C, δ18O) were micro milled with high spatial resolution

using an isotope ratio mass spectrometer (IRMS). Laser ablation (LA)-ICP-MS technique was

used to perform trace element measurements in very high spatial resolution.

South-eastern Spain is one of the driest regions in Europe and high temporal resolution palaeo-

climate archives are absent in this region, although they could provide important new informa-

tion on hydrological changes from glacials to interglacials. 230Th/U-dating of Cueva Victoria

speleothems shows preferred growth phases during interglacial phases. This indicates more hu-

mid conditions in combination with higher temperatures and is also displayed by more negative

δ18O values in speleothems. These δ18O values are mainly in�uenced by temperature, amount

e�ect and the source for rainwater, the proximate sea. Another important speleothem proxy is

the carbon isotope composition (δ13C) re�ecting vegetation type and microbiological soil activity

above the cave. Concordant with δ18O values, δ13C values are more negative within warm phases

as a result of a vegetation increase. However, during the Holocene, elevated δ13C values indicate

less favourable conditions for the vegetation. High summer insolation during the Holocene (9.7

- 7.8 ka) enhances seasonality and, as a result, summer drought is prolonged and extended to

the growing season in springtime, which is in agreement to other Mediterranean palaeoclimate

archives.

Since the end of the last interglacial during Marine Isotope Stages 5 to 3, climate is strongly

in�uenced by millennial Northern Hemisphere temperature changes by the warm Dansgaard/-

Oeschger (DO) and cool Heinrich events. Warm DO events are accompanied by humid conditions

and an increase in vegetation density, which is re�ected by very negative speleothem δ13C and

δ18O values. Cold phases, however, show less negative speleothem isotope values or even growth

interruptions, which indicate very dry conditions.

Cueva Victoria speleothems provide the �rst robust terrestrial palaeoclimate archive in this

semi-arid region and they respond sensitively to changes in palaeoclimate, predominantly during

warm phases. Fast changes in stable isotopes (δ13C, δ18O) with respect to Northern Hemisphere

climate changes highlight their potential as a proxy for palaeoclimate reconstruction in the semi-

arid south-eastern Spain.
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1 Introduction

Regarding climate change, the Intergovernmental Panel on Climate Change report (Intergov-

ernmental Panel on Climate Change, 2014) emphasises increasing heat waves and droughts in

the future. Especially the Mediterranean with increasing warming is one important hot-spot of

climate change (Giorgi, 2006). Although di�cult to disentangle and calculate, Coupled Model

Intercomparison Project phase �ve (CMIP5) runs calculate with future warming consistent less

mean annual precipitation over the Mediterranean region (Figure 1.1; Fischer et al., 2015). How-

ever, in particular future precipitation is still di�cult to predict by climate models and palaeo-

climate reconstructions, for example on speleothems, can support these models by providing new

insights on past climate variability.

In the last decades, speleothems (secondary cave carbonates) have been established as an im-

portant terrestrial climate archive, providing information of the palaeoclimate from all latitudes

and altitudes within abundant carbonate host rock appearance (Fairchild & Baker, 2012). Their

huge advantage towards marine sediment or ice core records is the potential of accurate dating

beyond the 14C-dating limit (< 50 ka) up to 600 ka using the U-series disequilibrium method

(Henderson, 2006; Richards & Dorale, 2003; Scholz & Ho�mann, 2008). On the basis of the

precise dating method, proxies such as stable carbon (δ13C) and oxygen (δ18O) isotopes, as

well as trace elements provide the possibility to reconstruct palaeoclimate conditions with high

temporal resolution (Fairchild & Treble, 2009; Genty et al., 2006; Lachniet, 2009) in respect of

palaeohydrology (Bard et al., 2002; Rozanski et al., 1992), palaeovegetation and microbiological

soil activity (Breecker et al., 2012; Genty et al., 2006, 2003; Meyer et al., 2014) or monsoon

activity across several terminations (Cheng et al., 2016; Wang et al., 2001).

Based on marine records from the Alboran Sea and the Iberian Margin, there is a broad

knowledge about the ocean circulation and general vegetation changes from glacial to interglacial

climate around the Iberian Peninsula (Martrat et al., 2007, 2004), as well as the response to warm

Dansgaard/Oeschger and cold Heinrich events (Cacho et al., 1999; Moreno et al., 2005; Naughton

et al., 2009). However, only a few terrestrial palaeoclimate records covering the last 200 ka

are known for southern Spain in particular and their temporal resolution is limited (Camuera

et al., 2019; Hodge et al., 2008). A Portuguese speleothem stack emphasizes the imprint of

proximate sea surface temperatures (SST) of the North Atlantic/Iberian Margin to terrestrial

climate conditions for this region with warm and humid vegetated interglacial and interstadial

(Denniston et al., 2018). This is in agreement with circum-Mediterranean pollen records (Allen

et al., 1999; Camuera et al., 2019; Tzedakis, 1993; Tzedakis et al., 2006).

Cueva Victoria is located in south-eastern Spain, in one of the driest regions in Europe, with
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1 Introduction

Figure 1.1: Multimodel mean for changes in future precipitation extremes (a) and mean annual
precipitation (b) out of 15 CMIP5 models (Fischer et al., 2015). Stippled areas
indicate an agreement sign of change of 12 out of 15 models for a linear regression
model from 1901 to 2100. They concordant calculate less annual mean precipitation
in the Mediterranean with climate change towards 2100. The red triangle indicates
the location of Cueva Victoria.

a mean annual precipitation between 200 and 300mm. The climate is characterized by strong

seasonality with hot and dry summers (< 10mm/month), and humid autumns (≈50mm/month)

and the vegetation is limited by the low mean annual precipitation. The scope of this thesis ad-

dresses changes in climate on orbital and millennial time scale of this climatic sensitive region.

In particular, the main focus is on Cueva Victoria speleothem δ13C and δ18O values. These prox-

ies enable a palaeohydroclimatic reconstruction for south-eastern Spain with respect to distant

Atlantic in�uences such as the atmospheric North Atlantic Oscillation (NAO, Hurrell & Loon,

1997) and the Western Mediterranean Oscillation (WeMO, Martin-Vide & Lopez-Bustins, 2006).

Precisely dated speleothems (230Th/U-dating) using multi-collector inductively coupled plasma

mass spectrometry (MC-ICP-MS) in combination with high spatial resolution, stable isotope

measurements provide the possibility of a paleoclimate reconstruction.

Using the 230Th/U-dating method, multiple growth phases in several analysed �owstones from

Cueva Vitoria can be detected. The obtained ages indicate a preferred speleothem growth during

interglacial phases and/or Dansgaard/Oeschger events. Compared to pollen records, these phases

coincide with high arboreal pollen amount during interglacials in the Mediterranean region and

high SST at the Iberian Margin as presented in Manuscript I (Chapter 3). These 230Th/U-datings

display the occurrences of more humid climate conditions in south-eastern Spain providing the

basis for further investigations.

Starting chronologically, the youngest �owstone deposition records the onset of the present

interglacial including the Bølling/Allerød warming and the Younger Dryas towards the Holocene

climate optimum. Whereas δ18O values follow the pattern of the proximate SSTs of the Albo-

ran Sea, δ13C values indicate an important shift in vegetation to much drier climate conditions

between 9.7 and 7.8 ka. To understand past hydroclimate changes, we investigate in Manuscript

II (Chapter 4) present day climate in terms of atmospheric settings leading to precipitation in
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1 Introduction

south-eastern Spain. The comparison of circum-Western Mediterranean early Holocene palaeo-

climate archives partly support the hypothesis of reduced vegetation by enhanced and prolonged

spring/summer drought re�ected by the δ13C excursion, which can only be triggered by enhanced

seasonality.

As elaborated in Manuscript I (Chapter 3), �owstones at Cueva Victoria grew predominantly

during interglacial phases. However, after the last interglacial (MIS 5), climate in Europe is

strongly dominated by warm Dansgaard/Oeschger and cold Heinrich events, even during MIS 3,

as an intermediate interglacial. Manuscript III (Chapter 5) addresses the fast palaeoclimate

variability due to North Atlantic instabilities. Higher North Atlantic and Mediterranean SST

control signi�cantly the precipitation during warm Dansgaard/Oeschger events, which led to

increased precipitation in the whole Mediterranean. This can rarely be explained by modern

atmospheric circulation patterns such as NAO or WeMO.

Comparing the Holocene with the last interglacial (MIS 5), based on Cueva Victora �owstones,

we elaborate di�erences in the setting of the interglacials (Manuscript IV, Chapter 6). Indicated

by the deposition of organic-rich anoxic sediment layers (sapropels) in the Eastern Mediter-

ranean, a strong and enhanced seasonality with increased freshwater input can be assumed in

the Mediterranean during peak interglacial conditions (Eemian). Thus, it also potentially in-

creases precipitation in the Western Mediterranean during winter. However, exceeding Holocene

temperatures (Manuscript I, Chapter 3), we assume for the Eemian a negative precipitation �

evapotranspiration balance due to extended summer drought, prohibiting the propagation of

vegetation and speleothem growth. Whereas, during glacial sapropel deposition (MIS 6, S6) or

phases of reduced temperatures of an interglacial (MIS 5, S3 & S4), speleothem δ13C values reach

their minimum, indicating favourable vegetation conditions and a positive precipitation � evap-

otranspiration balance. Its position and in general restricted mean annual precipitation, Cueva

Victoria seems to be even more sensitive to precipitation variability, than other sites (e.g., Italy).
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2 Basics

2.1 Karst processes and speleothem formation

Carbonate rocks are in contrast to most other rock types prone to dissolution by even weak

acids and are therefore (besides gypsum) favourable to karsti�cation. Through microbiological

activities in the soil and root respiration CO2 accumulates within the soil zone up to several

percent and can subsequently form carbonic acid in combination with rainwater (Eqn. 2.1).

The rainwater equilibrates with soil-CO2 and the CO2-saturated solution seeps through the host

rock via �ssures and cracks into the epikarst. The karst can be divided by the water table into

a vadose and a phreatic zone. The vadose zone is located above the water table, where caves

with speleothem growth exist. It is an important zone for water storage and via vertical shafts

water can seep into the underlying phreatic zone. Dominated by continuous presence of water,

the phreatic (water saturated) zone undergoes constant dissolution within geological time scales

of several thousand to million years resulting predominantly in horizontal cavities. If the water

table drops and cavities in the vadose zone are linked to the outside, they interact with the

atmosphere and gas exchange takes place. In temperate climate regions with di�erent winter

and summer temperature, air transport is driven by temperature di�erences to the outside by

�ssures and cracks. In case of one cave entrance, ventilation of the cave occurs predominantly

in wintertimes, when cold heavy air enters the cave and replaces the warmer CO2-rich cave

atmosphere. Meanwhile during summertime, ventilation is reduced and dependent on the outside

minimum temperature. Two cave entrances at di�erent altitudes lead to persistent ventilation

throughout the whole year with ascending air during summer on one hand and ventilation from

the higher to the lower entrance in winter on the other. In many cases, a slight ventilation is

also possible via �ssures and cracks.

CO2(g) + H2O←→ H2CO3 (2.1)

The formation of speleothems in caves is predominantly controlled by the di�erences of the

pCO2 of the drip water and the cave atmosphere, which itself is dependent on cave ventilation.

When CO2 rich water enters a cave with low pCO2, CO2 degasses immediately (Hansen et al.,

2013) by shifting the equation 2.2 to the left side resulting in the precipitation of CaCO3. These

secondary carbonates form, depending on the residence time of the water �lm, as stalactites

on the cave ceiling, or as stalagmites and �owstones on the cave �oor. Stalagmite morphology

strongly varies depending on drip rate, drip height and drip water chemistry itself (Dreybrodt,
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2 Basics

1999; Hansen et al., 2013). In contrast to stalagmites, �owstones are built up by precipitation

of CaCO3 under more continuous (laminar) �owing thin water �lms. They in general require a

higher water throughput and are often related to �ssures in the host rock.

CO2 +H2O+CaCO3 ←→ Ca2+ + 2HCO3
− (2.2)

Speleothems at Cueva Victoria are mainly represented by �owstones, stalagmites are less

present, which might be a relict of ancient mining activities and the destruction of the original

cave �oor (Pérez de Perceval et al., 2015). Though, the inhomogeneous dolomite and limestone

host rock is cross-cutted by several faults and cracks (Manteca Martínez & Pina, 2015; Ros &

Llamusí, 2015), which enables, if available, a high water throughput in the karst system and

the predominant formation of �owstones. However, the ancient small cave pro�le might reduce

the ventilation and the CO2 degassing as well. This might accumulate CO2 in the cave air and

suppresses CO2 degassing of the solution, which might promote the formation of �owstones at

Cueva Victoria.
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the carbonate host rock. Soil δ13C values depending on plant type (C3, C4) get mixed with host rock δ13C values of about
0� resulting in the displayed values for speleothems.
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2 Basics

2.2 Dating of speleothem samples

Precise dating of palaeoclimate archives is one of the main issue in palaeoclimatology. Marine

and terrestrial archives can easily be dated with 14C dating up to ≈ 55 ka. Beyond the limit

of 14C dating method, precise age depth models are, depending on the archive substrate, chal-

lenging. One option for lacustrine sediments is varve counting, but this limited to lakes with

continuous sedimentation of predominant �ne grained material. To some extent, layer counting

can be also applied to the youngest parts of ice cores. In addition to that, it is very precise to use

interbedded tephra layers as anchor points for the chronology. These can be linked chemically

and petrographically to other tephra layers, or in case of unaltered minerals, the 40K/40Ar or

more state of the art the 40Ar/39Ar dating method can be applied to K-rich and Ar-retentive

minerals as sanidine or hornblende (Wulf et al., 2004). However, the interpolation can be done

linear or, more common, tuned on the NGRIP ice core (North Greenland Ice Core Project mem-

bers, 2004) or on even longer time scales over several terminations tuned to orbital parameters,

like the insolation. Subsequently, the uncertainties of the age depth-models are in the order of

the reference record and temporal discrepancies to orbital parameters cannot be resolved.

In contrast to most other climate archives, speleothems are formed in isolated environments,

which were not exposed to weathering and alteration. Diagenesis, like recrystallization of the

CaCO3 can easily be identi�ed by looking into crystal fabrics (Frisia, 2015) or the growth struc-

ture of the speleothem itself and may lead to signi�cant age inversions (Scholz et al., 2014).

Several dating methods have been applied to speleothems, in the beginning of the speleothem

science, the radiocarbon 14C method was applied. However, there are some major issues with the

radiocarbon method addressing the in�ltration time, soil processes and the dead carbon fraction

(Genty et al., 2001). Especially the old dead carbon fraction from the soil can alter the signal,

and a monitoring site to measure the dead carbon percentage is required to correct for 14C dating

(Fohlmeister et al., 2011; Genty et al., 2001). In addition 14C dating on speleothems is limited

by its short half-life time of ≈ 5730 ka (Godwin, 1962). However, nuclear bomb tests in the late

60's enriched 14C in the atmosphere and can be used to detect the bomb peak in recent growing

speleothems (Hodge et al., 2011; Mattey et al., 2008).

First U-series dating on speleothems were done with α-spectrometry, followed by thermal

ionization mass spectrometry (TIMS). Both require high sample amounts compared to the more

recent method with multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS,

Hellstrom, 2006; Ho�mann, 2008). With the advantage of chemical separation and MC-ICP-MS

measurements, the age uncertainty is about 1% (Fairchild & Baker, 2012) and could reduced

by further improvements to some permile even for samples of several hundred ka (Cheng et al.,

2016).

Due to the fact, that U and Th behave geochemically di�erent, speleothems are perfect for the
230Th/U disequilibrium dating method. While U is transported as dissolved uranyl ion (UO2)2+

in water in the aquifer and into the cave, Th is particle reactant and therefore adsorbed by
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particles and not further transported, at least not as ion in water (Ivanovich & Harmon, 1992).

The uranyl (UO2)2+ is incorporated into the carbonate crystal and ranges from close to zero in

calcite up to some 100µg/g in aragonite (Ford & Williams, 2010). Once U (234U, 235U, 238U) is

incorporated, it decays within the calcite. Due to transportation and incongruent dissolution,

fractionation occurs in the decay chain of 238U with the radioactive daughter 234U (λ = 2.826 ∗
10−6; Cheng et al., 2000) disturbing the (234U/238U) ratio. Thus, the initial (234U/238U) has to

be corrected by the constant 235U/238U ratio of 0.007. 234U decays by an α-decay to 230Th and

with a half life of ≈ 75 ka it further decays �nally to 206Pb. Due to chemical separation of U and

Th in the solution during transport, only U isotopes should be incorporated into speleothems

and Th should be zero during calcite precipitation. To prove this assumption, 232Th is measured

additionally to estimate the initial detrital Th amount. It is recommended to correct for the

initial detrital 230Th and the most commonly used value for detrital (230Th/232Th) correction in

literature is given by Wedepohl (1995), (232Th/238U) = 1.25. However, depending on host rock

initial U and Th concentration, this value is highly variable. For Cueva Victoria speleothems,

the approach of a factor minimizing the age inversions over the whole sample has been applied

(Budsky et al., 2019; Chapter 3).

Older speleothems, which are too old for the 230Th/U disequilibrium dating method can be

dated with the traditional U/Pb dating method (Richards et al., 1998). Thus, a minimum of

initial common Pb is required for Pleistocene samples, due to the very low amount of radiogenic

Pb produced by the radioactive decay within the short time compared to the long half life of

radioactive mother isotope (t1/2(
238U) = 4.468 ∗ 109a).

2.3 Stable oxygen isotopes in speleothems

The most important proxy of palaeoclimate archives is the stable oxygen isotope composition,

re�ecting the water composition during the time of deposition. Samples for stable isotope mea-

surements can easily be taken from the central growth axis of speleothem slabs with a MicroMill

device in µm-distances and are routinely analysed with isotope ratio mass spectrometers (IRMS;

Spötl & Vennemann, 2003). Carbonate sample measurements are in δ-notation as per mile de-

viation compared to a carbonate reference material (Eqn. 2.3), the Vienna PeeDee Belemnite

(VPDB). δ18O-data of �uids and water is compared to Standard Mean Ocean Water (SMOW

δ18O = 0�; Coplen, 1996).

δ18O =

18O
16Osample

− 18O
16Oref.mat

18O
16Osample

∗ 1000� (2.3)

Speleothem δ18O values are in�uenced by several processes: the δ18O composition of the hy-

drological cycle (e.g., rainwater, seawater, etc.) and fractionation processes inside the cave and

the karst aquifer. Depending on the isotopic composition of the moisture source, the oceans

(LeGrande & Schmidt, 2006), seawater evaporates and fractionation of oxygen isotopes prefers
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16O over 18O and the air moisture δ18O is negative. Fractionation processes (equilibrium and ki-

netic) are strongly in�uenced by temperature and water vapor of the air. Within the atmosphere

the air parcel underlies the Rayleigh distillation. Further 18O depletion occur during precipita-

tion and cooling on the way towards higher latitudes and crossing continents (Lachniet, 2009;

McDermott et al., 2011; McDermott, 2004; Rozanski et al., 1993). Finally, precipitation/snow

at high latitudes is very depleted in 18O, indicated by strong negative δ18O values (≈ -30�;

Bowen & Wilkinson, 2002), which built up the ice sheets. However, it is worth mentioning, that

especially in the tropics and the Mediterranean, the so called "amount e�ect" the isotope frac-

tionation with heavy rainfall events might be changed to more negative values (Bar-Matthews

et al., 2003; Celle-Jeanton et al., 2004; Dansgaard, 1964). Each region has its own isotopic

signature in precipitation, which can diverge over a year, in�uenced by seasonality (intra-annual

temperature and rainfall variation; Araguas-Araguas & Diaz Teijeiro, 2005; Budsky et al., 2019)

and the atmospheric circulation pattern (Comas-Bru et al., 2016; Moreno et al., 2014).

Once precipitation with a distinct isotopic signature in�ltrating the soil, evaporation fractiona-

tion can in�uence the δ18O to higher values in arid to semiarid regions, depending on soil moisture

(Dansgaard, 1964; Rozanski et al., 1993). The recharging seepage water will be mixed and while

entering the cave also be a�ected by fractionation processes, depending on cave temperature

and relative humidity (water vapor exchange with the air) disequilibrium and/or equilibrium

fractionation will occur prior to calcite precipitation (Coplen, 2007; Hansen et al., 2019; Hendy,

1971; Mühlinghaus et al., 2009; Scholz et al., 2009; Tremaine et al., 2011).

The climatic interpretation of speleothem δ18O values is challenging (Budsky et al., 2019;

Hodge et al., 2008; Mischel et al., 2017; Weber et al., 2018), but can be interpreted as an

indicator for rainfall amount (Ayalon et al., 2002; Bar-Matthews et al., 2003), monsoon activity

for East Asian cave locations (Cheng et al., 2016; Wang et al., 2008) or as temperature at

higher altitudes (Boch et al., 2011; Moseley et al., 2015). There is no simple interpretation for

speleothem δ18O values, it varies for each study site and intra-cave processes. This often requires

a cave monitoring over several years (Baldini et al., 2010; Mischel et al., 2015; Moreno et al.,

2014). Nevertheless, with a multiproxy-approach it is possible to disentangle di�erent processes

and provide more insights into past climate variability.

Despite the non-existing monitoring at Cueva Victoria, speleothem δ18O values are assumed

to re�ect predominantly a combination of temperature, moisture source of rainfall and to some

extent an amount e�ect on millennial scale. In addition, on orbital scale, speleothem δ18O values

follow the in�uence of solar forcing.

2.4 Stable carbon isotopes in speleothems

In addition to δ18O values, stable carbon isotopes (12C, 13C) can be measured concurrently.

Similar to carbonate δ18O values, δ13C values of carbonates are given with respect to VPDB

(δ13C = 0�). Whereas δ18O values re�ect the hydrological cycle, δ13C is related to soil processes,

mainly as δ13C of the soil CO2. Soil CO2 is predominantly formed by root respiration and
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microbiological activity (Genty et al., 2005). Seeping rainwater is in chemical and isotopic

equilibrium with soil pCO2. Due to the CO2-uptake, it is capable to dissolve the carbonate host

rock subsequently. The carbon isotope composition in soil strongly depends on the vegetation

type. While most trees, shrub and crops belong to C3 plants, grasses in warm arid regions belong

to the C4 plant classi�cation due to di�erent types of photosynthesis. This leads to a di�erent

way of incorporation of CO2 (Cerling et al., 1993; Edwards et al., 2010; Kauwe et al., 2015).

Crassulacean acid metabolism (CAM) plants can combine the photosynthesis of both C3 and C4

plants depending on the availability of water. Di�erent types of photosynthesis cause di�erent

fractionation of the stable carbon isotopes take place, resulting in very negative δ13C values of C3

plants (≈ -26�) and higher δ13C values for C4 of around -13� (Figure 2.1). Thus, this re�ects

the isotopic signature of the released plant CO2 in the soil and by dissolution and consumption

of one carbon of the host rock (CaCO3; 0 to +3�), δ13C values of the drip water increase

(Eqn. 2.2; Figure 2.1).

Higher precipitation in semiarid regions or higher temperatures in temperate regions can in-

crease microbiological soil activity as well as the vegetation density or plant type (Cerling et al.,

1993; Denniston et al., 2000; Hall & Penner, 2013), resulting in lower δ13C values of the seepage

water. However, several processes in the aquifer and the cave can alter the isotopic signal of

speleothems. For semiarid regions, increased precipitation leads to intense dissolution of the

host rock, which dilutes the soil CO2 signal and enhances the δ13C values of the carbonate host

rock resulting in elevated speleothem δ13C values (Bar-Matthews et al., 2003, 1996). In addition,

elevated speleothem δ13C values are often indicative for prior calcite precipitation (PCP). Within

the host rock, small air �lled cavities connected to the atmosphere, enable a PCP of the CO2

saturated solution, before it enters the cave to form speleothems. PCP is favoured during drier

periods, when cavities in the vadose zone are no longer completely �lled with water (Fairchild &

Treble, 2009; Johnson et al., 2006). Disequilibrium fractionation processes occur even on �ow-

stones by progressive calcite precipitation on the way to the sample site (Hansen et al., 2017,

2019; Johnson et al., 2006; Mattey et al., 2010; Mühlinghaus et al., 2009). Speleothem δ13C

values increase during these processes and might restrict the palaeoclimatic interpretation. Due

to the fact that vegetation at Cueva Victoria is limited by low precipitation, speleothem δ13C val-

ues are not only interpreted as vegetation density but also as an indicator for palaeohydrological

conditions in south-eastern Spain.

2.5 Trace elements in speleothems

Trace elements are another important proxy in speleothem sciences and the application of

Laser ablation (LA)-ICP-MS enables high spatial resolution measurements (several µm) within

a short time. Despite the easy application set-up, the interpretation of trace elements is chal-

lenging and not straightforward. However, elements with the same ionic charge as Calcium

(Mg2+, Sr2+, Ba2+) are commonly used in addition to stable isotopes. As proxies in speleothems,

they could disentangle potential fractionation processes observed in stable isotopes. For example,
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Mg/Ca, Sr/Ca and Ba/Ca ratios are immediately in�uenced by PCP, due the di�erent, smaller

partition coe�cients of the ions (Mg2+, Sr2+, Ba2+) in calcite. PCP results in higher Mg, Sr,

Ba contents of the speleothem, due to an ongoing increase of the trace element/Ca ratio in the

solution with PCP (Johnson et al., 2006; Stoll et al., 2012; Wassenburg et al., 2012). Elements,

which do not �t into the carbonate crystal lattice like Al, Si and Y can be used as detrital indi-

cators transported as colloids originating from soil or intra-cave sediments (Fairchild & Treble,

2009). They can give further insights into soil processes and environmental changes (e.g., Zn

for deforestation, Borsato et al., 2007). In terms of trace elements, Cueva Victoria speleothems

are challenging to interpret, which might be related to the complex Mn-mineralization and the

presence of sulphates in the cave (Manteca Martínez & Pina, 2015).

2.6 Mediterranean climate

The Mediterranean (subtropical) climate can be characterized according to the Köppen-Geiger

classi�cation (Kottek et al., 2006) to warm temperate, summer dry and hot (Csa) to fully humid

with hot summer (humid summer months, Cfa) and in parts to cold arid, steppe (BSk) climate,

all with substantial winter rainfall. These climate conditions occur at around 40°N and 40°S due

to the most northern/southern position of the Intertropical Convergence Zone (ITCZ) during

boreal summer/winter and the associated northward/southward shift of the subtropical high

(Hadley Cell). During boreal winter, the subtropical high pressure belt follows the southward

movement of the ITCZ and enables cyclones to enter the Mediterranean regions, causing the

winter rain. Especially in the Mediterranean autumn, rainfall events are prone to result in

devastating �ash-�ood events, due to the high amount of precipitable water caused by high

SST and energy, which is stored by the Mediterranean Sea in combination with �rst autumn

cold fronts (Araguas-Araguas & Diaz Teijeiro, 2005). The vegetation is, however, adapted to

summer droughts and among others specialized with waxed leaves for reduced water loss by

evapotranspiration.

Recent climate conditions in the Western Mediterranean are predominantly in�uenced by

westerlies over the North Atlantic in the winter and the subtropical (Azores) high in the sum-

mer. Especially in autumn, cold air from the northern latitudes in combination with high SSTs

induces intensive cyclogenesis in the Western Mediterranean basin leading to maximum precipi-

tation. Due to high altitude mountain ranges in the West and associated lee-e�ects, precipitation

from the West is strongly limited at Cueva Victoria. This results in predominantly easterly winds

during precipitation events (Budsky et al., 2019). In contrast to main parts of Europe, precip-

itation in south-eastern Spain is not signi�cantly in�uenced by the North Atlantic Oscillation

(Budsky et al., 2019; Comas-Bru & McDermott, 2014; Hurrell & Loon, 1997). Precipitation is

rather triggered by the more regional Western Mediterranean Oscillation with a low pressure

system in the Gulf of Cadiz (Martin-Vide & Lopez-Bustins, 2006) resulting in easterly winds

and more local moisture uptake over the Mediterranean Sea (Budsky et al., 2019).
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2.7 Sapropels and circulation of the Mediterranean Sea

The term sapropel is derived from the greek name sapros, which means rotten. Sapropels form in

(semi-)closed strati�ed water basins with anoxic bottom water conditions and are built of organic

rich, black mud, by de�nition with organic carbon concentrations (Corg) above 2%. Modern

sapropel formation takes place in unconnected or partly connected basins with strati�ed water

bodies (e.g. Black Sea), where no deep ocean circulation like the Atlantic Meridional Overturning

Circulation (AMOC; Böhm et al., 2015; Boyle & Keigwin, 1987) or the Mediterranean Circulation

(Millot & Taupier-Letage, 2005) convey dense oxygen-rich surface water into deep ocean water.

For the Eastern Mediterranean, several quaternary sapropel layers have been found in marine

cores and some are exposed at the surface (Rohling et al., 2015). Instead of sapropels, organic rich

layers (ORL, high Corg, but no anoxic conditions) were deposited in the Western Mediterranean

basin (Ausín et al., 2015; Emeis et al., 1991; Rogerson et al., 2008). This indicates changes in

Mediterranean deep water circulation and a strong strati�cation of the deep water at least in the

Eastern Mediterranean.

2.7.1 Circulation of the Mediterranean Sea

Modern circulation in the Mediterranean Sea can be divided into three major processes. 1.

Atlantic surface water enters the Alboran Sea via the Strait of Gibraltar and gets mixed with

upwelling and out�owing Mediterranean water. This happens within anticyclonic gyres of the

Alboran Sea (Millot, 1999; Pinardi et al., 2015) resulting in Modi�ed Atlantic Water (MAW)

of ca. 100 - 150m thickness, with slightly increased salinity compared to fresh Atlantic water

(Figure 2.2a). On the way eastward, it splits into one current directed towards the Balearics

and into several metastable gyres along the Algerian coast (Figure 2.2b). 2. In the Gulf of

Lions surface water is transformed to Western Mediterranean Deep Water (WMDW) by a strong

Mistral (Smith et al., 2008) resulting in a water layer in�uenced by strong evaporation (cold

winds) and SST cooling in winter on top of warmer and more saline water. Chimneys or plumes

can develop and exchange water masses between these layers. Subsequently, at the end of winter,

fresh water �ows into deep parts of the Balearic and Tyrrhenian Sea forming oxygen rich bottom

water (Rohling et al., 2015; Smith et al., 2008).

Another current of the MAW is along the Algerian cost with several weak eddys (1). Under

increased current, the constriction between Sardinia and Tunesia and the Strait of Sicily are

passed into the Eastern Mediterranean, the Levantine basin. 3. Cold winter SST in combination

with high salinity favours vertical convection and the formation of an intermediate water, the

saline Levantine Intermediate Water (LIW) at depths between 150 and 600m (Marino, 2008;

Rohling et al., 2015; Figure 2.2a). On the way westward, it forms a halocline with die upper

MAW. Similarly to the Western Mediterranean basin, a deep water formation also occurs in the

eastern part. The formation of Eastern Mediterranean Deep Water (EMDW) is mainly built

up by cool and freshwater from the Adriatic Sea. On the way, it gets mixed to some extent

with LIW and due to lower temperature and subsequently �ows under the LIG (Rohling et al.,
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Figure 2.2: Schematic transect across the Mediterranean Sea with sea-�oor topography and main water
domains (a) and their salinity (colorcode and numbers in psu) from Marino (2008). The most
dominant circulation is indicated by black arrows and shows the Modi�ed Atlantic Water
(MAW), which turns into Levantine Intermediate Water (LIW) due to strong evaporation
and the increase of salinity. Mean surface currents (MAW) in the Mediterranean Sea (b)
display several gyres on the way across the Mediterranean Sea (Reanalysis data, Pinardi
et al., 2015). Similar to b, the mean currents in 250m depth (c) indicate the circulation
of LIW. Shaded areas indicate velocity amplitudes greater than 0.1m/s (b) and 0.05m/s
(c), respectively. The red line displays the transect of a. During sapropel deposition the
circulation is reduced to the upper 300m.
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2015). There also seems to be a contribution of deep water formation from the Aegean Sea to

the EMDW (Wüst, 1961).

Especially LIW �ows over the Strait of Sicily (below 200m) to the West into the Western

Mediterranean Sea separating the upper eastward �owing MAW from the bottom WMDW (Fig-

ure 2.2a). Due to the very shallow depth of the Strait of Sicily, the exit of EMDW to the Western

Mediterranean basin and via cascades into the Tyrrhenian Sea is limited (Rohling et al., 2015).

Subsequently, Tyrrhenian deep water is mixed with WMDW by �owing into the Western Mediter-

ranean basin. In ≈ 250m depth, LIW crosses with several gyres in the Tyrrhenian Sea and Gulf

of Lions, the Western Mediterranean basin and �ows into the Atlantic over the Strait of Gibral-

tar (Figure 2.2c). Close to the Strait of Gibraltar, the base of LIW (700m depth) is elevated

by Bernoulli aspiration, which enables the WMDW to exit the Western Mediterranean as well

(Stommel et al., 1973).

2.7.2 Sapropel formation

Since the late Miocene, many sapropels in the Eastern Mediterranean Sea were known during

precision minima and maximum summer insolation (Larrasoaña et al., 2013; Rohling et al.,

2015). This sequence is only interrupted by the Messinian Salinity Crisis (MSC; Duggen et al.,

2003; Larrasoaña et al., 2013). Sapropels, determined by high Corg, cannot be dated directly, so

Pleistocene to Pliocene sapropels were placed in context to orbital forcing and high insolation

(Rossignol-Strick & Paterne, 1999), although they can occur o�set to the orbital parameters

by some thousand years (Grant et al., 2016). Though, by subsequent oxidation after sapropel

deposition, they can be geochemical oxidized and altered; even more indicative is the Ba/Al

or Mn/Al-ratio re�ecting palaeoproductivity (e.g., Gallego-Torres et al., 2010). Simultaneously,

shallow marine carbonate shells of planktonic foraminifera display very negative δ18O values with

sapropel formation. Low δ18O values indicate a strong in�uence of freshwater by heavy rainfalls

due to the amount e�ect (see section 2.3; Rohling et al., 2002). The most important source of

freshwater is the North African Nile river, which drains the monsoon in�uenced areas (east/north-

east Africa). Increased Nile river discharge occurred, when the African monsoon reached its

northernmost position during insolation maximum (Rohling et al., 2002; Tisserand et al., 2009;

Tjallingii et al., 2008). However, there is also an input from the northern African borderlands

suggested by palaeolakes and the greening of the Sahara (Drake et al., 2011; Larrasoaña et al.,

2013), which cannot be merely a result by shifting the monsoon northwards. For the Holocene,

Tierney et al. (2017) rather suggest a semi-stationary low pressure area in summer over north-

western Africa, leading to enhanced moisture transport from the North Atlantic towards the

African continent. This leads to strongly enhanced freshwater input from northern Africa into

the Mediterranean Sea during insolation maxima.

While the summer precipitation over North Africa was enhanced, the northern Mediterranean

borderland obtained an increase in precipitation during winter via the westerlies from the North

Atlantic, due to the very southern position of the ITCZ and Hadley Cell caused by high Southern
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Hemisphere insolation (Toucanne et al., 2015). Several pollen records indicate a distinct increase

in deciduous and woody pollen taxa (Allen & Huntley, 2009; Camuera et al., 2019; Tzedakis

et al., 2006; Wagner et al., 2019) and carbonate sediments with low δ13C values indicate soil

development by vegetation with enhanced precipitation in general (Bard et al., 2002; Regattieri et

al., 2017, 2014; Chapter 6). Thus, during the deposition of sapropels, pronounced summer aridity

is re�ected by expansion of sclerophyllous vegetation in the Eastern Mediterranean (Milner et al.,

2012, 2016; Tzedakis, 2007) and the position of the Hadley cell over the Western Mediterranean

(Xoplaki et al., 2003) also recorded in palaeoclimate records (Budsky et al., 2019; Frisia et al.,

2006; González-Sampériz et al., 2017; Piqué et al., 2018).

The moisture source for precipitation in the borderland is mainly the Mediterranean itself,

nevertheless high freshwater input decreases salinity in the Eastern Mediterranean prohibiting

the displacement of old denser EMDW. Subsequently, the LIW is also less saline causing a strong

salinity gradient to the EMDW and an ocean strati�cation. High velocities of the out�owing

LIW leads to decreased or disabled Bernoulli aspiration of EMDW at the sill of the Strait of

Sicily and amplify the anoxic strati�cation below 300m (Rogerson et al., 2008; Rohling et al.,

2015).

For the Western Mediterranean, ORL deposited mainly due to sea level increase and density

gradients (Rohling et al., 2015). During sea level rise, fresh Atlantic water input increases, while

older cold and saline WMDW is denser than newly built deep-water leading to a strati�cation.

However, calculations indicate even then a Bernoulli aspiration over the sill of the Strait of

Gibraltar (Rogerson et al., 2008), resulting in missing sapropels in the Western Mediterranean.

In conclusion, the sapropel formation is strongly dependent on climate forcing and deep water

formation, which is controlled completely by salinity gradient over the Mediterranean Sea.

In summary, sapropels display changes of the Mediterranean Sea circulation, which is strongly

a�ected by climate conditions. Hence, sapropels indicate high freshwater input by North African

river systems and therewith the position and strength of atmospheric pressure systems such as

the ITCZ and associated Hadley cell. Therefore, it is important to understand the processes of

deep water formation and their behaviour to changes in palaeohydrology.
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Abstract Here we present preliminary multi-collector inductively coupled plasma mass spec-

trometry (MC-ICPMS) 230Th/U-ages for one drill core from a �owstone sequence from Cueva

Victoria, south-east Spain. The ages suggest several humid phases during the last 450 ka in the

cave region, which is today one of the driest areas in southern Europe. Flowstone growth at

this cave site is very sensitive to the availability of precipitation and probably only occurred

during periods with higher precipitation than today. Dated growth periods mainly coincide with

global warm phases (interglacial periods). This probably results from a northward shift of the

ITCZ during interglacial periods and increasing convection over the Mediterranean Sea due to

higher SSTs. However, we also observe speleothem growth during the globally cold MIS 6, which

correlates well with the occurrence of arboreal pollen in the Mediterranean region at this time

period, which is an indicator for wetter climate and established forests.

Keywords: speleothem, �owstone, 230Th/U-dating, interglacial period

Resumen En este trabajo se presentan resultados preliminares de dataciones por el método
230Th/U de un testigo recogido en una secuencia de espeleotemas de Cueva Victoria, en el SE de

España. Las muestras del testigo se analizaron mediante MC-ICP-MS (espectrometría de masas
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con fuente de plasma de acoplamiento inductivo multicolector). Las edades obtenidas sugieren

distintas fases húmedas durante los últimos 450 ka en esta región, que actualmente es de las

más áridas del sur de Europa. El crecimiento de espeleotemas en esta cueva es muy sensible a

la precipitación y probablemente sólo tuvo lugar durante periodos con una precipitación mayor

que la actual. Los periodos de crecimiento datados coinciden mayoritariamente con fases cálidas

globales (periodos interglaciares). Ésto probablemente fue resultado del desplazamiento hacia el

norte de la ITCZ (Zona de Convergencia Intertropical) durante periodos interglaciares y a un

incremento de la convección en el Mediterráneo debido a temperaturas más altas de las aguas

super�ciales. Sin embargo, también se observa un crecimiento de espeleotema durante el periodo

frío MIS 6, el cual se correlaciona bien con la presencia de polen arbóreo en la región Mediter-

ránea, indicando un clima húmedo y el desarrollo de zonas boscosas.

Palabras Clave: espeleotema, �owstone, datación 230Th/U, periodo interglacial

3.1 Introduction

Speleothems are secondary calcite precipitates growing in caves, such as stalagmites or �ow-

stones. They are increasingly used as paleoclimate archives because they are found worldwide,

provide long, continuous climate records, and o�er a variety of paleoclimate proxies, which can

be measured at high temporal resolution (Fairchild and Baker, 2012). Their major advantage

compared to other paleoclimate archives, such as lacustrine or marine sediment or ice cores,

which are often di�cult to date beyond the limits of the 14C-dating method, is that they can

be precisely dated applying the 230Th/U dating method for material <600 ka (Richards and

Dorale, 2003; Scholz and Ho�mann, 2008). Older samples (>800 ka) can be dated with the

U-Pb-dating method (e.g., Bajo et al., 2012; Cli� et al., 2010). Speleothem growth can be sum-

marized as follows: Rain water percolating through the soil above the cave equilibrates with the

high soil pCO2 produced by root respiration and microbial activity (Fig. 1). This results in

the formation of carbonic acid, which then dissolves the calcareous host rock until the water is

saturated with respect to calcite. Inside the cave or cavities along the �ow path, where pCO2

is usually lower than in the soil zone, CO2 degasses, the solution becomes supersaturated with

respect to calcite, calcite precipitates and speleothems form (Dreybrodt and Scholz, 2011). Dur-

ing growth, speleothems incorporate a variety of climate proxies, which can be measured at high

temporal resolution. The most commonly used proxies are stable oxygen and carbon isotope

ratios (δ18Oand δ13C, e.g., McDermott, 2004; Lachniet, 2009). In the Mediterranean region,

the δ18Ovalues of precipitation correlate with the amount of rainfall (e.g., Ayalon et al., 1998),

whereas δ13Cvalues re�ect changes in vegetation allowing to distinguish, for instance, between

C3 and C4 plant cover (Cerling et al., 1993). Trace elements are also increasingly used as climate

proxies in speleothems (Jochum et al., 2012). For instance, Mg/Ca and Sr/Ca ratios have been
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shown to re�ect the amount of precipitation above the cave (e.g., Fairchild and Treble, 2009).

Speleothems also incorporate ferromagnetic iron oxides preserving the inclination and direction

of the Earth's magnetic �eld (Bosák et al., 2003). Here we present preliminary 230Th/U-ages for

a �owstone sequence from Cueva Victoria (south-east Spain), which shows a wide distribution of

ages. Our data indicate that the �owstone mainly grew during warm and wet interglacial phases,

whereas almost no growth occurred during cold and dry glacial phases. The growth periods of

the Cueva Victoria �owstone may, thus, represent a useful archive to reconstruct the timing and

duration of past interglacial periods, which are usually reconstructed using benthic δ18Ovalues

in deep sea sediment cores.

3.2 Geological setting and material

Cueva Victoria is located near Cartagena in south-east Spain, which is one of the driest regions

in southern Europe with an annual precipitation between 200 and 300mm/a (Agencia Estatal

de Meteorología, 2011). The cave is situated within calcareous Triassic lime- and dolostones of

the inner Betic System (Nevado-Filabride, López-Gómez et al., 2002), which are exposed in this

area. Close to the cave, Neogene basaltic rocks are exposed (Bellon et al., 1983). Cueva Victoria

is well-known for the spectacular occurrence of Pleistocene fauna including early humans and

African species (Gibert et al., 2008; Gibert, 1993). The galleries of the cave that were connected

with the surface are �lled with three stratigraphic units: basal red clay with Manganese nodules

and layers, a heterometric breccia, rich in vertebrate fossils, and a capping �owstone on top

(Gibert et al., 1999) with a thickness of approximately 10 cm. Other �owstones occur in deeper

galleries of the cave that were not connected with the surface. These �owstones usually are up

to 60 cm thick, grow on top of decalci�ed clay or intrakarst breccias and cover large areas of

the cave. In some parts of the cave, the �owstone sequence is interrupted by sediment layers.

Mertz-Kraus et al. (2011) recognized a polarity change in the lowest part of the �owstone, which

might correspond to the Brunhes-Matuyama reversal (Love and Mazaud, 1997).

We collected di�erent drill core samples of several �owstones in di�erent galleries of Cueva

Victoria (Figure 3.2), with a width of 5 cm and a length of up to 50 cm (Figure 3.2). In addition,

we sampled a stalagmite and the �owstone CV09, which grows on top of the fossiliferous breccia

(Mertz-Kraus et al., 2011). The drill cores were obtained using a mobile drilling machine, usually

used for sampling concrete. From these drill cores, ca. 1 cm thick slabs were prepared at the

University of Mainz using a diamond slab saw.

3.3 Methods

Preliminary 230Th/U-dating of the �owstone was performed by multi-collector inductively cou-

pled plasma mass spectrometry (MC-ICP-MS) at the Max Planck Institute for Chemistry (MPIC),

Mainz, Germany, using a Nu Plasma MC-ICP-MS (Nu Instruments, Wrexham, United King-

dom). Small samples of ca. 0.3 g were cut from the obtained drill cores and dissolved in HNO3.
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Figure 3.1: Sketch of a cave summarizing the principles of speleothem growth (modi�ed from
Frisia and Borsato, 2010). The red rectangle indicates a drill core taken from a
�owstone.

Then one droplet of a mixed 233U/236U/229Th-spike was added. Uranium and Th were separated

from the calcite matrix by conventional ion exchange column chemistry (e.g., Ho�mann, 2008).

Uranium and Th isotopes were then measured separately as described elsewhere (Ho�mann et

al., 2007; Zak et al., 2012; Jochum et al, 2011; Scholz et al., 2014). The 230Th/U-ages and

corresponding errors were calculated by solving the age equation (Eqn.3.1; see e.g., Ivanovich

and Harmon, 1992) and a Monte-Carlo simulation (Ludwig, 2003).

(
230Th
238U

)
(t) = (1− e−λ230t) +

((
234U
238U

)
(t)− 1

)
λ230

λ230 − λ234
(1− e−(λ230−λ234)t) (3.1)

where (230Th/238U) and (234U/238U) are the measured activity ratios, and the li's are the

decay constants for 230Th, 234U, and 238U respectively (Cheng et al., 2000; Ja�ey et al., 1971).

In order to account for potential detrital contamination, we calculated corrected ages applying

the standard procedure for correction for detrital U and Th isotopes assuming a bulk Earth
232Th/238U weight ratio of 3.8 for the detritus and 230Th, 234U and 238U in secular equilibrium.
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Figure 3.2: (Left panel) Sampling of the Cueva Victoria �owstone sequence using a mobile drilling
machine (picture courtesy of C. Rossi). (Right panel) The obtained cores have a
length of ca. 50 cm and a width of 5 cm.

3.4 Results

Analytical results and calculated ages are given in Table 3.1 and Figures 3.3 and 3.4. The

hitherto available results of drill core Vic-III-2 show several distinct growth phases between 73.2

±1.0 kaand 411.6 +34.9 -25.5 ka (Figure 3.3). In general, the U concentrations are relatively low,

ranging from 0.09µg/g at the top to 0.17 µg/g at ca. 15 cm distance from the top. Consequently,

precise dating of the Cueva Victoria �owstone is challenging. The e�ect detrital correction is

insigni�cant for all ages (Table 3.1).

3.5 Discussion

Flowstone growth strongly depends on the availability and storage of water in the karst aquifer.

Our preliminary results indicate that the Cueva Victoria �owstone preferentially grew during in-

terglacial periods (Figure 3.4), probably because climate conditions were too dry for speleothem

growth during glacial periods. This is consistent with results from sea surface temperature

(SST) records from the Iberian Margin (Martrat et al., 2007) and the amount of arboreal pollen

in Greece (Figure 3.3). Our �owstone sequence should, thus, present a valuable archive to recon-

struct the transitions from cold to warm phases and consequently the timing and duration of past

interglacial periods in south-east Spain. For instance, the three warm episodes corresponding to

Marine Isotope Stage (MIS) 5 are well represented in our record and can be clearly distinguished
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Figure 3.3: Drill core Vic-III-2. The obtained 230Th/U ages are indicated.
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Figure 3.4: Compilation of the 230Th/U-ages (black). All errors are shown at the 2s-level. Also
shown are a sea surface temperature (SST) record from the Iberian Margin (Martrat
et al., 2007) and the amount of arboreal pollen from Greece (Tzedakis et al., 2006;
Tzedakis et al., 2003). The division into interglacial (yellow shading) and glacial
periods as well as the Marine Isotope Stages (MIS) has been adapted from Lisiecki
and Raymo (2005).

from each other by a brown layer. However, one age (183.6 ± 4.4 ka, Vic-III-2-06) suggests

speleothem growth during the cold MIS 6, con�rming previous results from other studies in the

Mediterranean region (Argentarola cave, Italy, Bard et al., 2002 and Soreq cave, Israel, Ayalon

et al., 2002), also identifying a wet period around 170 ka. Flowstone growth also occurs during

MIS 8 (Figures 3.3 and 3.4).

In general, growth of the Cueva Victoria �owstone seems to be strongly related to wetter

conditions in this region, which mainly correspond to interglacial periods. A potential mechanism

would be a northward shift of the Inner Tropical Convergence Zone (ITCZ, Tisserand et al., 2009)

during interglacial periods, which would result in an increase of the amount of precipitation.

Additionally, increasing convection over the Mediterranean Sea with higher SSTs is supposed to

increase precipitation in coastal regions signi�cantly. During glacial periods, when SST in the

Alboran Sea was only 8 ◦C, convection is supposed to have been suppressed (Cacho et al., 2000;

Martrat et al., 2007; 2014).

3.6 Conclusions

Preliminary 230Th/U-dating of the Cueva Victoria �owstone sequence suggests several humid

phases during the last 450 ka in south-east Spain, which is today one of the driest regions in

southern Europe. Flowstone growth at this cave site is very sensitive to precipitation and only

occurred during periods with higher precipitation than today. Growth periods mainly coincide

with global warm phases (interglacial periods). This probably results from a northward shift of
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Table 3.1: 230Th/U analytical data and ages for drill core Vic-III-2
S
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±
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Vic-III-2-01 7 0.0906 0.0006 581.7 8.5 1.0743 0.0045 0.5282 0.0047 73.2 1.0 73.2 1.1
Vic-III-2-04 20 0.1001 0.0006 1444.3 26.7 1.0597 0.0019 0.6159 0.0072 94.0 1.7 94.0 1.7
Vic-III-2-05 40 0.1155 0.0008 3213.1 67.3 1.0554 0.0016 0.7024 0.0071 117.9 2.2 117.9 2.2
Vic-III-2-06 72 0.0973 0.0006 1161.0 19.3 1.0573 0.0016 0.8709 0.0080 183.7 4.3 183.6 4.4
Vic-III-2-07 109 0.169 0.001 445.0 4.4 1.0450 0.0016 0.9264 0.0048 228.6 4.2 228.5 4.2
Vic-III-2-08 135 0.169 0.001 1705.1 17.5 1.0423 0.0018 0.9726 0.0055 278.4 7.2 278.4 +7.7/

-7.2
Vic-III-2-09 165 0.1344 0.0009 675.7 7.6 1.0513 0.0018 0.9894 0.0063 286.4 +9.0/

-8.3
286.3 +9.2/

-8.6
Vic-III-2-11 215 0.1211 0.0009 1433.6 23.0 1.0422 0.0041 0.9932 0.0086 308.8 +18.2/

-14.9
308.8 +17.9/

-14.9
Vic-III-2-10 320 0.1530 0.0010 2775.8 38.1 1.0420 0.0015 1.0159 0.0083 355.7 +25.1/

-19.7
355.7 +24.2/

-19.9
Vic-III-2-03 399 0.1161 0.0007 576.6 6.6 1.0420 0.0021 1.0332 0.0064 411.7 +34.9/

-25.5
411.6 +34.1/

-25.8

All isotope ratios are given as activity ratios. Uncertainties are stated at the 2σ level.

the ITCZ during interglacial periods and increasing convection over the Mediterranean Sea due

to higher SSTs. However, we also observe speleothem growth during the globally cold MIS 6,

which correlates well with the occurrence of arboreal pollen in the Mediterranean region at

this time period, which is an indicator for wetter climate and established forests. In future

studies, we will expand 230Th/U-dating to other cores to obtain precise age models for each drill

core. Furthermore, we will reconstruct past climate and vegetation changes in this currently

particularly dry region by measuring paleoclimate proxies, such as trace elements and stable

isotopes, at high temporal resolution.

3.7 Acknowledgements

We thank K. P. Jochum and M. O. Andreae (MPIC, Mainz) for their ongoing interest in our

work and their support. Our special thanks go to the members of the Centro de Estudios de

la Naturaleza y el Mar (CENM) for their valuable technical support during sampling at Cueva

Victoria. The City of Cartagena is thanked for administrative support. AB acknowledges funding

by the Research Centre Geocycles (University of Mainz) and the MPIC, Mainz.

References

Agencia Estatal de Meteorología (2011) Atlas climático ibérico: Temperatura del aire y precipitación
(1971-2000) [Iberian climate atlas air temperature and precipitation (1971-2000)], Madrid:
Instituto Nacional de Meteorología, 79 pp.

Ayalon, A., Bar-Matthews, M., Kaufman, A., 2002. Climatic conditions during marine oxygen isotope
stage 6 in the eastern Mediterranean region from the isotopic composition of speleothems of

34



3 Manuscript#1, Budsky et. al., 2015 � Mastia

Soreq Cave, Israel. Geol 30 (4), 303�306.

Ayalon, A., Bar-Matthews, M., Sass, E., 1998. Rainfall-recharge relationships within a karstic terrain in
the Eastern Mediterranean semi-arid region, Israel: ? 18O and ?D characteristics. Journal of
Hydrology 207 (1-2), 18�31.

Bajo, P., Drysdale, R., Woodhead, J., Hellstrom, J., Zanchetta, G., 2012. High-resolution U�Pb dating
of an Early Pleistocene stalagmite from Corchia Cave (central Italy). Quaternary Geochronology
14, 5�17.

Bard, E., Antonioli, F., Silenzi, S., 2002. Sea-level during the penultimate interglacial period based on a
submerged stalagmite from Argentarola Cave (Italy). Earth and Planetary Science Letters 196
(3-4), 135�146.

Bellon, H., Bordet, P., Montenat, C., 1983. Chronologie du magmatisme néogène des Cordillières
bétiques (Espagne méridionale). Bulletin de la Société Géologique de France 25 (7), 205�217.

Bosák, P., Pruner, P., Kadlec, J., 2003. Magnetostratigraphy of cave sediments: Application and limits.
Studia Geophysica et Geodaetica 47 (2), 301�330.

Cacho, I., Grimalt, J.O., Sierro, F.J., Shackleton, N., Canals, M., 2000. Evidence for enhanced
Mediterranean thermohaline circulation during rapid climatic coolings. Earth and Planetary
Science Letters 183 (3-4), 417�429.

Cerling, T.E., Wang, Y., Quade, J., 1993. Expansion of C4 ecosystems as an indicator of global
ecological change in the late Miocene. Nature 361 (6410), 344�345.

Cheng H., Edwards R. L., Ho� J., Gallup C. D., Richards D. A., and Asmerom Y., 2000. The half-lives
of uranium-234 and thorium-230. Chemical Geology 169, 17-33.

Cli�, R.A., Spötl, C., Mangini, A., 2010. U�Pb dating of speleothems from Spannagel Cave, Austrian
Alps: A high resolution comparison with U�series ages. Quaternary Geochronology 5 (4),
452�458.

Dreybrodt, W., Scholz, D., 2011. Climatic dependence of stable carbon and oxygen isotope signals
recorded in speleothems: From soil water to speleothem calcite. Geochimica et Cosmochimica
Acta 75 (3), 734�752.

Fairchild, I.J., Treble, P.C., 2009. Trace elements in speleothems as recorders of environmental change.
Quaternary Science Reviews 28 (5-6), 449�468.

Fairchild, I.J., Baker, A., 2012. Speleothem science: From process to past environments. Wiley, Oxford,
U.K, Hoboken, N.J, 1 online resource (xiv, 432.

Frisia, S., Borsato, A., 2010. Karst, in: van Loon, A.J. (Ed.), Carbonates in continental settings.
Facies, environments, and processes. Developments in sedimentology 61. Elsevier Science,
Amsterdam, London, pp. 269�318.

Gibert, J., 1993. Signi�cado de la faunade Cueva Victoria. Memorias de Arqueologia 8, 26�32.

Gibert, J., Gibert, L., Canyadell, C.F., Robot, F., Iglesias, A., Gibert, P., 1999. Cueva Victoria:
Geología, paleontología, restos humanos y edades. Memorias de Arqueologia 14, 37�62.

Gibert, J., Gibert, L., Ribot, F., Ferràndez-Canadell, C., Sánchez, F., Iglesias, A., Walker, M., 2008.

35



3 Manuscript#1, Budsky et. al., 2015 � Mastia

CV-0, an early Pleistocene human phalanx from Cueva Victoria (Cartagena, Spain). Journal of
Human Evolution 54 (1), 150�156.

Ho�mann, D.L., 2008. 230Th isotope measurements of femtogram quantities for U-series dating using
multi ion counting (MIC) MC-ICPMS. International Journal of Mass Spectrometry 275 (1-3),
75�79.

Ho�mann, D.L., Prytulak, J., Richards, D.A., Elliott, T., Coath, C.D., Smart, P.L., Scholz, D., 2007.
Procedures for accurate U and Th isotope measurements by high precision MC-ICPMS.
International Journal of Mass Spectrometry 264 (2-3), 97�109.

Ivanovich, M., Harmon, R. (Eds.), 1992. Uranium-series disequilibrium: Applications to earth, marine,
and environmental sciences. Clarendon Press, Oxford, 910 pp.

Ja�ey A. H., Flynn K. F., Glendenin L. E., Bentley W. C., and Essling A. M., 1971. Precision
Measurement of Half-Lives and Speci�c Activities of 235U and 238U. Physical Reviews C4,
1889-1906.

Jochum, K.P., Wilson, S.A., Abouchami, W., Amini, M., Chmele�, J., Eisenhauer, A., Hegner, E.,
Iaccheri, L.M., Kie�er, B., Krause, J., McDonough, W.F., Mertz-Kraus, R., Raczek, I., Rudnick,
R.L., Scholz, D., Steinhoefel, G., Stoll, B., Stracke, A., Tonarini, S., Weis, D., Weis, U.,
Woodhead, J.D., 2011. GSD-1G and MPI-DING Reference Glasses for In Situ and Bulk Isotopic
Determination. Geostandards and Geoanalytical Research 35 (2), 193�226.

Jochum, K. P., Scholz, D., Stoll, B., Weis, U., Wilson, S. A., Yang, Q., Schwalb, A., Börner, N., Jacob,
D. E., and Andreae, M. O., 2012. Accurate trace element analysis of speleothems and biogenic
calcium carbonates by LA-ICP-MS. Chemical Geology 318-319, 31-44.

Lachniet, M.S., 2009. Climatic and environmental controls on speleothem oxygen-isotope values.
Quaternary Science Reviews 28 (5-6), 412�432.

Lisiecki, L.E., Raymo, M.E., 2005. A Pliocene-Pleistocene stack of 57 globally distributed benthic
δ18Orecords. Paleoceanography 20 (1), PA1003.

López-Gómez, J., Arche, A., Pérez-López, A., 2002. Permian and Triassic, in: Gibbons, W., Moreno, T.
(Eds.), The geology of Spain. Geological Society, London, pp. 185�212.

Love, J., Mazaud, A., 1997. A database for the Matuyama-Brunhes magnetic reversal. Physics of the
Earth and Planetary Interiors 103 (3-4), 207�245.

Ludwig, K.R., 2003. Mathematical-statistical treatment of data and errors for 230Th/U geochronology,
in: Bourdon, B., Henderson, G.M., Lundstrom, C.C., Turner, S.P. (Eds.), Uranium-series
geochemistry. Reviews in mineralogy and geochemistry 52. Geochemical Society; Mineralogical
Society of America, [St. Louis, Mo.], Washington, DC, pp. 631�656.

Martrat, B., Grimalt, J.O., Shackleton, N.J., Abreu, L. de, Hutterli, M.A., Stocker, T.F., 2007. Four
Climate Cycles of Recurring Deep and Surface Water Destabilizations on the Iberian Margin.
Science 317 (5837), 502�507.

Martrat, B., Jimenez-Amat, P., Zahn, R., Grimalt, J.O., 2014. Similarities and dissimilarities between
the last two deglaciations and interglaciations in the North Atlantic region. Quaternary Science
Reviews 99, 122�134.

36



3 Manuscript#1, Budsky et. al., 2015 � Mastia

McDermott, F., 2004. Palaeo-climate reconstruction from stable isotope variations in speleothems: a
review. Quaternary Science Reviews 23 (7-8), 901�918.

Mertz-Kraus, R., Kocot, Y., Gibert, L., Scott, G.R., Jochum, K.P., 2011. Changing environmental
conditions during a geomagnetic reversal: Evidence from trace element and isotope variations on
Pleistocene �owstone sequences from Cueva Victoria (SE Spain). AGU Fall Meeting Abstracts,
C1892.

Richards, D.A., Dorale, J.A., 2003. Uranium-series Chronology and Environmental Applications of
Speleothems. Reviews in Mineralogy and Geochemistry 52 (1), 407�460.

Scholz, D., Ho�mann, D., 2008. 230Th/U-dating fossil corals and speleothems. Special issue: Recent
progress in Quaternary dating methods 57 (1/2), 52�76.

Scholz, D., Tolzmann, J., Ho�mann, D.L., Jochum, K.P., Spötl, C., Riechelmann, D.F., 2014. Diagenesis
of speleothems and its e�ect on the accuracy of 230Th/U-ages. Chemical Geology 387, 74�86.

Tisserand, A., Malaizé, B., Jullien, E., Zaragosi, S., Charlier, K., Grousset, F., 2009. African monsoon
enhancement during the penultimate glacial period (MIS 6.5 ≈ 170 ka) and its atmospheric
impact. Paleoceanography 24 (2), n/a.

Tzedakis, P., Hooghiemstra, H., Pälike, H., 2006. The last 1.35 million years at Tenaghi Philippon:
revised chronostratigraphy and long-term vegetation trends. Quaternary Science Reviews 25
(23-24), 3416�3430.

Tzedakis, P., McManus, J., Hooghiemstra, H., Oppo, D., Wijmstra, T., 2003. Comparison of changes in
vegetation in northeast Greece with records of climate variability on orbital and suborbital
frequencies over the last 450 000 years. Earth and Planetary Science Letters 212 (1-2), 197�212.

�ák, K., Richter, D.K., Filippi, M., �ivor, R., Deininger, M., Mangini, A., Scholz, D., 2012. Coarsely
crystalline cryogenic cave carbonate � a new archive to estimate the Last Glacial minimum
permafrost depth in Central Europe. Clim. Past 8 (6), 1821�1837.

37



4 Speleothem δ13C record suggests enhanced

spring/summer drought in south-eastern

Spain between 9.7 and 7.8 ka � a

circum-Western Mediterranean anomaly?

Budsky, Alexander1, Scholz, Denis1, Wassenburg, Jasper A.2, Mertz-Kraus, Regina1, Spötl,

Christoph3, Riechelmann, Dana F.C.1, Gibert, Luis4, Jochum, Klaus Peter3, Andreae, Mein-

rat O.2, 5

1Institute for Geosciences, Johannes Gutenberg University Mainz, Mainz, Germany
2Climate Geochemistry Department, Max Planck Institute for Chemistry, Mainz, Germany
3Institute of Geology, University of Innsbruck, Innsbruck, Austria
4Departament de Mineralogia, Petrologia i Geologia aplicada, Universitat de Barcelona, Barcelona,

Spain
5Geology and Geophysics Department, King Saud University, Riyadh, Saudi Arabia

Corresponding author:

Alexander Budsky, Institute for Geosciences, Johannes Gutenberg University Mainz,

Johann-Joachim-Becher-Weg 21, 55128 Mainz, Germany

Phone: 0049 (0)6131-39-23173

Email: albudsky@students.uni-mainz.de

Abstract South-eastern Spain is one of the driest regions in Europe and thus, prone to drought.

Terrestrial climate records covering the Late Glacial and Holocene from this area are sparse. Here

we present a �owstone record from Cueva Victoria, south-eastern Spain, which covers the Late

Glacial (15 ka) to the mid-Holocene (7 ka) including the Younger Dryas (YD). Between the onset

of the Bølling/Allerød (B/A) and the Early Holocene, �owstone δ18O values progressively de-

crease in accordance with sea-surface temperatures in the Alboran Sea, indicating an increase in

precipitation in south-eastern Spain and a supra-regional signal of North Atlantic temperature

change. At the same time, decreasing δ13C values suggest progressively increasing precipitation

and vegetation density. This trend is interrupted by both colder and drier conditions during the

YD. Between 9.7± 0.3 and 7.8± 0.2 ka, a large positive excursion of the δ13C values indicates
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a strong reduction in vegetation density, probably as a consequence of very dry spring/summer

conditions. In combination with the continuously low speleothem δ18O values and a nearly un-

changed growth rate, this suggests increased seasonality (i.e., drier spring/summer conditions,

but not a strong reduction in annual precipitation). This is consistent with several other climate

records from the Western Mediterranean region, showing that the Western Mediterranean realm

(Spain, Italy) experienced pronounced spring/summer drought during this time interval. Inter-

estingly, the timing of this dry period coincided with the African Humid Period. This may be

part of a teleconnection with the North African Monsoon via the Hadley cell circulation.

Keywords U-series dating; Holocene; stable oxygen isotopes; stable carbon isotopes; south-

eastern Spain; drought

4.1 Introduction

In the last decades, speleothems (secondary carbonates in caves) have been established as im-

portant terrestrial paleoclimate archives (Fairchild and Baker, 2012; Henderson, 2006). Their

greatest advantage compared to other terrestrial archives, such as lake sediments, is that they

can be very precisely dated by the 230Th/U-dating method, even beyond the limit of 14C dating

(>50 ka) (Scholz and Ho�mann, 2008; Richards and Dorale, 2003). In addition, speleothems

occur worldwide and are usually well preserved in the sheltered cave environment. Several cli-

mate proxies, such as stable oxygen (δ18O, e.g., McDermott, 2004; Lachniet, 2009) and carbon

isotope values (δ13C, e.g., Rudzka et al., 2011; Ridley et al., 2015; Genty et al., 2005) as well

as trace element concentrations (e.g., Fairchild and Treble, 2009), can be measured at high tem-

poral resolution. The δ18O values in speleothems from the Mediterranean region are commonly

interpreted as a proxy for changes in precipitation (e.g., Ayalon et al., 1998; Ayalon et al., 2002;

Bard et al., 2002), while at higher latitudes and altitudes, they are assumed to be more sen-

sitive to temperature changes (e.g., Boch et al., 2009; Fohlmeister et al., 2012; McDermott et

al., 2011). However, speleothem δ18O values can also be a�ected by several other processes

(Lachniet, 2009; McDermott, 2004). Speleothem δ13C values can be interpreted as a proxy for

changes in the composition (Cerling et al., 1993; Denniston et al., 2000; Dorale et al., 1998) and

density (Fohlmeister et al., 2011) of the vegetation above the cave and microbiological activity

in the soil (Genty et al., 2003; Genty et al., 2006; Breecker et al., 2012; Meyer et al., 2014). Since

e�ective meteoric precipitation directly in�uences vegetation density and soil microbiological ac-

tivity, it has an e�ect on soil pCO2 and the δ13C value of the drip water (Ridley et al., 2015;

Meyer et al., 2014). In general, lower δ13C values correspond to higher vegetation density and

microbiological activity in the soil (Fohlmeister et al., 2011). Thus, δ13C values should increase

in case of decreasing precipitation and vegetation density and vice versa. Currently, only a few

terrestrial climate reconstructions from the Mediterranean region are available, and these are

mainly based on pollen records (Allen et al., 1999; Tzedakis et al., 2004; Tzedakis et al., 2006;
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Brauer et al., 2007), near-shore sediments (Mauz et al., 2012; Zazo et al., 2013; Bardají et al.,

2009), and speleothems covering glacial-interglacial timescales (Bar-Matthews et al., 2003; Bard

et al., 2002; Hodge et al., 2008). In the Western Mediterranean, climate archives covering the

onset of the Holocene are even more sparse and mainly limited to pollen sequences (Carrión et

al., 2010; Tinner et al., 2009; Pérez-Sanz et al., 2013), lake-level reconstructions (Magny et al.,

2011; Magny et al., 2012; Peyron et al., 2013), and speleothem records from Sicily (Frisia et al.,

2006), central and northern Italy (Zanchetta et al., 2007; Scholz et al., 2012). The pollen records

have a relatively low temporal resolution (e.g. Carrión, 2002) and often do not cover the onset of

the Holocene. The speleothem data, in contrast, have a higher temporal resolution (e.g., Genty

et al., 2006; Moreno et al., 2017). However, paleoclimate information from speleothems covering

the Pleistocene/Holocene transition is not available yet for south-eastern Spain, which is one

of the driest regions in southern Europe with a strong seasonality in precipitation. Thus, this

is a key area to study past climate variability and changes in seasonality during the Holocene

in southern Europe, which are poorly understood. Here we present a high-resolution �owstone

stable isotope record from Cueva Victoria, south-eastern Spain, covering the period from 15 to

7 ka. A previous investigation of �owstones from Cueva Victoria showed that they cover at least

the last 1Ma (Gibert et al., 2016) and mainly grew during warm and humid interglacials (Budsky

et al., 2015). This demonstrates that the �owstones from Cueva Victoria represent a sensitive

hydroclimate archive in this currently semiarid region.

4.2 Regional setting

Cueva Victoria (CV) is located in south-eastern Spain between Cartagena and Mar Menor

(37.6°N, 0.82°W, 40m asl, Figure 4.1). The area is one of the driest regions in Europe with

an annual precipitation between 200 and 300 mm (Agencia Estatal de Meteorología, 2011). The

climate is characterized by a strong seasonality with moderate precipitation during winter and

spring (<30 mm/month), followed by a hot and dry summer (<10mm/month) and a more humid

autumn (≈50mm/month, Figure S2). It is classi�ed as BSk climate according to the Köppen-

Geiger classi�cation, which re�ects arid cold steppe climate with a mean annual temperature

(MAT) <18◦C (Kottek et al., 2006). September to November rainfall is transported to the area

by cold air masses entering the warm Mediterranean Sea from the north-west (Araguas-Araguas

and Diaz Teijeiro, 2005). During the rainy season, most of the rainfall occurs within 20 to 30 days,

and 10 to 15% of the annual precipitation falls during �ash �ood events (Araguas-Araguas and

Diaz Teijeiro, 2005). This rainfall does not penetrate the thin soil cover, but runs o� super�cially

and is, therefore, not available for the vegetation. The annual precipitation pattern is negatively

correlated with the Western Mediterranean Oscillation Index (WeMO), the pressure di�erence

between the Gulf of Cadiz (Spain, San Fernando) and Padua (Italy, Po basin; Martin-Vide and

Lopez-Bustins, 2006). This is the result of low pressure entering the Western Mediterranean

through the Strait of Gibraltar and moisture transported to eastern Spain, whereas Italy is

under the in�uence of high pressure. A positive WeMO index leads to enhanced precipitation
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in the eastern Western Mediterranean and reduced precipitation in eastern Spain. There is no

signi�cant in�uence on precipitation by the North Atlantic Oscillation (NAO, Comas-Bru and

McDermott, 2014), which has a strong in�uence in many other parts of Europe (Hurrell and

Loon, 1997; Deininger et al., 2016). The annual temperature pattern in south-eastern Spain

shows a stronger relationship with the East Atlantic pattern (EA, Ríos-Cornejo et al., 2015).

Cueva Victoria formed in Triassic limestones and dolostones of the Inner Betic Cordillera. These

rocks belong to the Alpujarride metamorphic complex (San Ginés unit) and are partly karsti�ed

(Manteca Martínez and Pina, 2015). In these zones, manganese ore occurs associated with red-

dish clay, silt and sand linked to south-west striking faults (Manteca Martínez and Pina, 2015).

The cave system extends over 3 km laterally and 155m vertically (Ros and Llamusí, 2015) and

consists of several chambers. The original cave system was widened during the last century due

to mining for the underlying manganese ore (Manteca Martínez and Pina, 2015). Ventilation

of the original cave system was probably lower compared to the very well ventilated situation

today (pCO2 <500 ppmV, data provided by the local caving group, CENM-naturaleza), which

results from several arti�cial openings related to mining. The part, where the �owstone core

was recovered, is less well ventilated, as is re�ected by the high present-day relative humid-

ity (>90%). Mean annual cave air temperature at the sampling site of the �owstone is 17 ◦C

(CENM-naturaleza).
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Figure 4.1: Continued.
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N Figure 4.1 (continued): (a) Modern precipitation (CRU TS 4.01 1901-2016; Harris et al.,

2014) and mean sea-level pressure (contour lines; HadSLP 2r, 1850-2018; Allan

and Ansell 2006) and the estimated situation for the interval between 9.7 ± 0.3

and 7.8 ± 0.2 ka (dashed lines, see text). For winter (a), spring (b), summer (c)

and autumn (d), the estimated northernmost position of the ITCZ (blue lines) is

shown. In addition, several records discussed in the text are shown: 1. Ernesto Cave

(Scholz et al., 2012); 2. Chauvet Cave (not covering the time interval, Genty et al.,

2006); 3. Corchia Cave (Zanchetta et al., 2007); 4. Lake Accesa (Drescher-Schneider

et al., 2007; Finsinger et al., 2010; Peyron et al., 2011); 5. Speleothem records

from multiple cave sites from northern Spain (Stoll et al., 2013); 6. Kaite Cave

(Domínguez-Villar et al., 2017); 7. Basa de la Mora (Pérez-Sanz et al., 2013); 8.

Marcelino tufa deposits (Pellicer et al., 2016); 9. Ebro Basin sediments (Bastida et

al., 2013); 10. Pollen record, La Garrotxa (Piqué et al., 2018); 11. Lake Estanya

(González-Sampériz et al., 2017; Morellón et al., 2009); 12. Molinos Cave (Moreno

et al., 2017), 13. Lake Villarquemado (Aranbarri et al., 2014); 14. Lake Salines

(Burjachs et al., 2016) and Villena Lake (Jones et al., 2018); 15. Lake Siles (Carrión,

2002); 16. Nerja Cave (McMillan, 2006); 17. Refugio Cave (Walczak et al., 2015);

18. Sediments, San Rafael (Pantaléon-Cano et al., 2003); 19.Grotta di Carburangeli

(Frisia et al., 2006); 20. Gorgo Basso (Tinner et al., 2009); 21. Alboran Sea

sediment cores MD95-2043 (Cacho et al., 1999; Fletcher et al., 2010; Fletcher and

Sánchez Goñi, 2008); ODP161-976 (Combourieu Nebout et al., 2009; Martrat et al.,

2014); 22. Grotte de Piste (Wassenburg et al., 2016); 23. Lake Sidi Ali (Zielhofer et

al., 2017); 24. GC27 (Tierney et al., 2017); 25. GeoB790-2 (Tjallingii et al., 2008).

(For interpretation of the colour-codes, the reader is referred to the online version

of this article.)

Cueva Victoria is well known as an Early Pleistocene fossil site with excellently preserved bones

of a diverse fauna (Gibert et al., 2016; Gibert and Ferràndez-Canadell, 2015; Ferràndez-Cañadell

et al., 2014), including hominin bones (Gibert et al., 2008; Ribot et al., 2015). The fossil-bearing

red breccia is covered by a �owstone unit, which occurs throughout the cave and preserves a

change in magnetic polarity (Gibert et al., 2016), presumably related to the Brunhes/Matuyama

reversal (0.78Ma). Flowstone thickness is typically between 5 and 15 cm, but may partly exceed

50 cm in the deeper parts of the cave (Gibert et al., 2016).
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4.3 Material and methods

Sample collection and preparation Several �owstone cores were collected from chamber Vic-

toria III (Ros and Llamusí, 2015) using a mobile core drilling device with a diameter of 5 cm.

Vic-III-4 has a length of 31 cm, whereas Vic-III-1 and Vic-III-3 are 41.5 and 40.5 cm long, re-

spectively. All cores were embedded in gypsum and cut into slabs (thickness ≈1 cm). One half

of the slab was used for polished thin sections (70 µm) to study the crystal fabric (Figure 4.2).

Here we focus on the upper 12 cm of Vic-III-4 (Figure 4.2), which correspond to the Holocene

(section 4.2). The other two cores mainly grew during older interglacials, and the Holocene is

only contained in the upper few millimetres (Figure 4.9).
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Figure 4.2: (Left) Scan of sample Vic-III-4 with red arrows indicating the positions of 230Th/U-
dating samples. The black line on the right side of the slab marks the stable isotope
traverse, and the red line represents the pro�le for trace-element analysis. (Right)
The corresponding thin sections in cross-polarised light prepared from the opposite
slab.

230Th/U dating Twenty-two samples (100 � 300 mg) were cut from the upper 12 cm section

of sample Vic-III-4 with a diamond-coated bandsaw following visible growth bands (Figure 4.2).

In addition, one sample was obtained from the top of Vic-III-1 (Figure 4.9). The samples were

dissolved in 7N HNO3, and a mixed 233U�236U�229Th spike (Gibert et al., 2016) was added

to the solution. Chemical separation of U and Th was carried out by ion exchange chemistry

as described by Yang et al. (2015). U and Th isotope ratios were determined with a Nu

instruments multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) at the
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Max Planck Institute for Chemistry, Mainz. Samples were measured by a standard-sample

bracketing procedure as described by Obert et al. (2016). Activity ratios and ages were calculated

using the half-lives of Cheng et al. (2000) for 230Th and 234U, Le Roux and Glendenin (1963)

for 232Th, and Ja�ey et al. (1971) for 238U.

4.4 Trace element measurements

Trace element concentrations were determined by laser ablation inductively coupled plasma mass

spectrometry (LA-ICP-MS) in line scan mode at the Institute for Geosciences, University of

Mainz. Line scans extended from the bottom of the �owstone drill core parallel to the growth

axis (Figure 4.2). Analyses were performed using the ESI NWR193 ArF Excimer laser ablation

system equipped with a TwoVol2 sample chamber coupled to an Agilent 7500ce quadrupole ICP-

MS. The laser was operated at a repetition rate of 10Hz with a laser energy at the sample site of

≈3 J/m2. The line scans were carried out after pre-ablation of the sample surface with a beam

diameter of 100µm and a scan speed of 10 µm/s. Backgrounds were measured for 20 s prior to

each ablation. NIST SRM 612 was used for calibration using the preferred values reported in

the GeoReM database (http://georem.mpch-mainz.gwdg.de/, Application Version 21, January

2017, Jochum et al., 2005; Jochum et al., 2011) to calculate the element concentrations in the

samples. During each run, basaltic USGS BCR-2G (n = 6) and synthetic carbonate USGS

MACS-3 (n = 6) were analysed as a quality control material (QCM) to monitor accuracy and

reproducibility of the analyses. For all materials, 43Ca was used as an internal standard: For

the reference materials, the Ca concentration reported in the GeoReM database, and for the

samples, a Ca concentration of 39wt% (Mertz-Kraus et al., 2009) was used. Data processing

was performed using Microsoft Excel following the data reduction scheme of Longerich et al.

(1996) and Jochum et al. (2007). Details of the calculations are given in Mischel et al. (2017a).

The limit of detection (LOD) was calculated according to Kaiser and Specker (1956) for each

element as:

LOD = Ibackground + 3 ∗ SDbackground (4.1)

where Ibackground is the mean intensity of the signal recorded during the background measure-

ment, and SDbackground is the standard deviation of the corresponding signal interval (Table

S1). We report element concentrations for Mg, Sr and Ba. The measured Mg concentrations of

the QCMs agree within 10% with the reference values, i.e., the preferred values of the GeoReM

database for USGS BCR-2G and the preliminary reference values for USGS MACS-3 (personal

communication S. Wilson, USGS, in Jochum et al., 2012, Table 4.1). For Sr and Ba, the measured

values of both QCMs deviate less than 5% from the reference values.
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4.4.1 Stable isotope measurements

Stable isotope samples of samples Vic-III-1 and -4 were milled at a spatial resolution of 0.5mm

using a NWR MicroMill. For Vic-III-3, the sampling resolution was 0.25mm. Stable isotope

measurements were performed at the Institute of Geology, University of Innsbruck, using a

Thermo Fisher DeltaplusXL isotope ratio mass spectrometer linked to a Gasbench II as described

in Spötl and Vennemann (2003) and Spötl (2011). Long-term analytical precision (1σ) of the

δ18O and δ13C measurements is 0.08 and 0.06�, respectively. Stable isotope values are reported

relative to the VPDB standard.

4.4.2 Moisture source modelling

Speleothem δ18O values often re�ect the δ18O values of precipitation at the cave site, which

depend on various parameters, such as latitude, temperature, rainfall amount, and moisture

source (Lachniet, 2009; McDermott, 2004). In order to determine the major moisture sources for

the precipitation at CV, we performed trajectory analysis using the HYSPLIT (Hybrid Single-

Particle Lagrangian Integrated Trajectories) trajectory model of the Air Resources Laboratory

of the National Oceanic and Atmospheric Administration (Stein et al., 2015) for three altitudes

(1000, 1500, and 2000m). We used data from a meteorological station located 20 km NNW (San

Javier, 37°46'48N, 0°48'36W) of the cave, which provides an almost complete daily-resolution

dataset since the late 1940s (KNMI Climate Explorer; Klein Tank et al., 2002). Following the

method of Krklec and Domínguez-Villar (2014), we analysed all days since 1950 AD with pre-

cipitation >0.5mm at the San Javier meteorological station, which is considered to be su�cient

to contribute to karst aquifer recharge. For each of these days, we calculated the trajectories

�ve days backwards (Gimeno et al., 2010). E�ective moisture uptake is de�ned by a change of

speci�c humidity >0.5 g/kg within 6 hours (Rozanski et al., 1993; Baldini et al., 2010). In order

to account for the boundary layer elevation (Sodemann et al., 2008), we assumed a constant

level of 900 hPa (Baldini et al., 2010) and only considered values of the trajectories >900 hPa.

It is important to consider that along the pathway of a trajectory, several locations of moisture

uptake and loss (precipitation) at di�erent elevations can be de�ned for each day, month and

year. To calculate the contribution (i.e., the importance) of the individual moisture sources

to total rainfall at CV for speci�c time periods (e.g., season, year, decade), the corresponding

rainfall events were weighted according to their amount in the trajectory analysis. In order to

explore the relationship between common atmospheric patterns in Europe and precipitation at

the study site, we calculated the correlation between precipitation and the indices of the North

Atlantic Oscillation (NAO, Iceland-Gibraltar, Jones et al., 1997), the East Atlantic pattern (EA,

Barnston and Livezey, 1987; Rodriguez-Puebla et al., 1998), the Scandinavian pattern (SCA,

Barnston and Livezey, 1987) and the Western Mediterranean Oscillation (WeMO, Martin-Vide

and Lopez-Bustins, 2006, Table S3).
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4.5 Results

4.5.1 Petrography

The fabrics of �owstone Vic-III-4 (Figure 4.4) were classi�ed according to Frisia (2015). The

�owstone exhibits columnar calcite crystals with increasing crystal size towards the top of the

sample. In detail, the �owstone is composed of an elongated columnar fabric (Frisia, 2015) with

small crystals at the bottom, which become progressively larger up to 6.5 cm distance from top

(dft). The section between 6.5 and 3 cm dft is characterized by open columnar fabric. However,

there is no evidence of dissolution and/or recrystallization in this section. At 3 cm dft, the open

columnar fabric changes to columnar fabric. There is no petrographic evidence of a hiatus within

the upper 1 cm dft as revealed by 230Th/U-dating (next section, Figure 4.3). The crystal fabric of

�owstones Vic-III-1 and -3 is columnar and shows no indication of dissolution or recrystallization.

Vic-III-1 shows clear evidence for a hiatus at 0.3 cm dft (Figure 4.9). In Vic-III-3, a hiatus is

present at ca. 0.25 cm dft, indicated by a detrital layer.

4.5.2 230Th/U dating

Twenty-two 230Th/U-ages were determined for Vic-III-4. The 238U concentration ranges from 0.1

to 0.3µg/g (Table 4.2) and shows decreasing values from the bottom to the top of the sample.

The uncorrected 230Th/U-ages range from 13.70 ka at the bottom (10.3 cm dft) to 2.78 ka at

the top (Table 4.2 and Figure 4.3). At ca. 9 cm dft, the 230Th/U-ages suggest a large change

in growth rate. Between the two uppermost ages of Vic-III-4, we detected a 4 ka-long hiatus

(Figure 4.3). Not all ages are in stratigraphic order (Figure 4.3). The samples contain moderate

amounts of 232Th (0.03 to 2.3 ng/g, mean 0.9 ng/g). The corresponding (230Th/232Th) activity

ratios range from 18.8 to 185.7 (Table 4.2). The e�ect of detrital contamination on 230Th/U-

ages is considered to be signi�cant if (230Th/232Th) < 200 (Richards and Dorale 2003). Thus,

detrital contamination should have a signi�cant impact on all 230Th/U-ages of sample Vic-III-4.

We applied the conventional correction for detrital Th assuming a 232Th/238U weight ratio of

3.8 (i.e., a (232Th/238U) activity ratio of 1.25) for the detritus (Wedepohl, 1995) and 230Th, 234U

and 238U in secular equilibrium. This results in a shift towards younger ages by 0.04 ka (sample

Vic-III-4-02) to 0.33 ka (sample Vic-III-4-22; Figure 4.3). The largest correction is observed for

samples Vic-III-4-01, -22, and -27, which have (230Th/232Th) ratios lower than 30 (Table 4.2).

The larger uncertainties for the corrected ages are due to the assumed 50% uncertainty of the

(232Th/238U) activity of the detrital material. Obviously, the conventional detrital correction

does not eliminate all age inversions (Figure 4.3). The uncorrected 230Th/U-age at the top of

Vic-III-1 is 14.37 ± 0.14 ka (Table S2). This sample has a low (230Th/232Th) activity ratio of

2.9 resulting in a relatively large conventional correction of 3.7 ka (10.6 ± 1.8 ka). Below the

hiatus at 0.3 cm dft, the 230Th/U-ages are > 45 ka (not shown in this paper). Thus, only the

section above the hiatus corresponds to the Holocene. Similarly, in Vic-III-3, the ages below

0.25 cm dft are > 50 ka. Since the �owstones from this cave mainly grew during interglacials
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and interstadials (Budsky et al., 2015), we assume that the upper 0.25 cm correspond to the

Holocene, even if direct dating is not possible.
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Figure 4.3: Uncorrected (black) and conventionally corrected (i.e., (232Th/238U) = 1.25; orange)
230Th/U-ages vs. distance from the top of the �owstone core Vic-III-4.

4.5.3 Proxy data

Stable oxygen and carbon isotope values of Vic-III-4 show a decreasing trend from the bottom

to the middle of the sample (6 cm dft; δ18O: -4 to -6�, δ13C: -7 to -11�; Figure 4.4). Between

6 and 1.7 cm dft, the δ13C values show a large positive excursion from ca. -11 to ca. -4�, while

the δ18O values remain at a constant level of about -6�. At 1.7 cm dft, the δ13C values return

to lower values of around ≈ 10�. The position of the δ13C excursion is in broad agreement

with the observed change from columnar to open columnar fabric (Figure 4.4). In the lower

part of the �owstone, the δ18O and δ13C values show a strong positive correlation (R2 = 0.93;

Figure 4.4). Samples Vic-III-1 and -3 show a similar increase in δ13C values from ca. -9 to ca.

-4� at 0.25 and 0.2 cm dft, respectively (Figure 4.9). Subsequently, the δ13C values in both

cores return to ca. -10� (Figure 4.9). The δ18O values show a decrease from ca. -4 to ca.

-6� in both cores (Figure 4.9). Due to the large amount of water with very negative δ18O

values stored in ice sheets, the δ18O values of the ocean were higher during the Late Glacial

compared to the Holocene. Therefore, we corrected the δ18O values of the speleothem record

for the corresponding changes in ice volume (Lambeck et al., 2014; Grant et al., 2012). Sea

level is directly linked to ice volume and can be used to estimate the ice volume correction

(Waelbroeck et al., 2002). To calculate past sea level, we follow the approach of Waelbroeck et

al. (2002) using the δ18O values of benthic foraminifera from the Red Sea (Siddall et al., 2003).

The ice volume correction shifts the δ18O values in the Late Glacial section of our speleothem

49



4 Manuscript#2, Budsky et al., 2019a � The Holocene

record by ca. ≈ 1� (Figure 4.7c). For the youngest part of the �owstone, the correction is

negligible (Figure 4.7c). Magnesium concentration in Vic-III-4 displays a trend from high values

(≈ 6000µg/g) at the bottom (10.5 cm dft) to lower values (2000 µg/g) at around 6 cm dft and

then remains at a constant level (Figure 4.4). Strontium concentration shows the same decreasing

long-term trend, although it is not correlated with the Mg concentration on shorter time scales.

Barium concentration varies between 20 and 160µg/g, displays no long-term trend and shows

peaks at similar dft as Sr.

Figure 4.4: Proxy data and petrographic log (according to Frisia 2015, C: columnar, Co: open
columnar, Ce: elongated columnar) vs. distance from the top of Vic-III-4. Y-axes
are inverted for δ13C and δ18O values.

4.5.4 Trajectory analysis

Figure 4.12 shows back-calculated trajectories (120 h, Gimeno et al., 2010) for selected days with

precipitation events at the San Javier meteorological station. These examples indicate vari-

ous pathways of trajectories for CV. The results of the trajectory analysis for the complete

rainfall data set from San Javier show that the major sources of precipitation in south-eastern

Spain are the Alboran Sea and the surrounding landmasses (N Morocco, Spain) as well as the

Iberian Margin (Figure 4.5). Moisture uptake over the more distant Atlantic Ocean also plays

a role. In general, the contribution of the Atlantic Ocean is more pronounced during winter

and spring. During summer months, regional moisture sources dominate. In order to assess

whether recent rainfall amount or air temperature has a signi�cant e�ect on the δ18O values
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of precipitation, we examined δ18O values of modern precipitation from nearby meteorological

stations. The weighted mean annual δ18O values of modern precipitation (GNIP data, Rozanski

et al., 1992, http://www-naweb.iaea.org/napc/ih/index.html) in south-eastern Spain (Almeria,

Murcia and Valencia) do not show a signi�cant correlation with the amount of annual precipi-

tation (Figure 4.10). Very high δ18O values during summer correspond to dry conditions at all

stations, whereas lower δ18O values are observed during the rainy season from October to March

(Figure 4.9). Similarly, no signi�cant correlation with mean annual temperature is observed

(Figure 4.11). Thus, modern δ18O values of precipitation re�ect neither precipitation amount

nor temperature on the inter-annual scale.
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Figure 4.5: Continued.
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N Figure 4.5 (continued): Moisture uptake for rainy days at the San Javier meteorological station

for the period AD 1950 � 2010. Winter (DJF), spring (MAM), summer (JJA),

autumn (SON) as well as the rainy season (October to March) are shown in the

�rst �ve maps. The bar plots on the x- and y-axes show the summarised moisture

uptake on a 0.5°× 0.5°grid with respect of the total amount of precipitation. The

bottom right panel shows the wind direction (1500m a.s.l.) transporting moisture

to the cave site during the rainy season for the last 6 h before reaching the cave site.

Correlation analysis of winter precipitation (October to March) at San Javier (precip) with

the Western Mediterranean Oscillation (WeMO), the Scandinavian pattern (SCA), the North

Atlantic Oscillation (NAO) and the East Atlantic pattern (EA, Table 4.3) shows that the WeMO

(Martin-Vide and Lopez-Bustins, 2006) has the largest impact on the amount of winter precip-

itation in the region of CV, followed by the EA pattern (Barnston and Livezey, 1987). These

two patterns are not correlated with each other. The NAO (Hurrell and Loon, 1997) and the

Scandinavian pattern (SCA, Barnston and Livezey, 1987) show no signi�cant correlation with

winter rainfall at San Javier. During summertime, no signi�cant correlation with any circulation

pattern is observed (Table 4.3).

4.6 Discussion

4.6.1 Chronology

The 230Th/U-ages display several age inversions despite of the correction for detrital Th (Fig-

ure 4.3). This suggests that detrital contamination is not completely accounted for by the con-

ventional correction. Several studies have shown that the conventionally used 232Th/238U ratio

is not uniformly appropriate for speleothems and that substantially di�erent values have to be

used (Roy-Barman and Pons-Branchu, 2016; Rivera-Collazo et al., 2015; Fensterer et al., 2010;

Hellstrom, 2006; Ho�mann et al., 2010). In order to constrain the 232Th/238U ratio of the detrital

material, the stratigraphic order of the samples can be used (Roy-Barman and Pons-Branchu,

2016; Hellstrom, 2006; Drysdale et al., 2006). Here we apply a similar approach. We used several

(232Th/238U)d activity ratios for the detritus (i.e., 0.08 to 4, separated by an interval of 0.01)

and calculated corrected activity ratios, (234U/238U)corr and (230Th/238U)corr, assuming secular

equilibrium between detrital 230Th, 234U and 238U. Based on the corrected activity ratios, we

then solved the age equation to obtain corrected 230Th/U-ages. To determine the appropriate

correction factor for the CV �owstone, we calculated the sum of all inversions (in years) for

each correction factor. For this purpose, each age was compared with all other ages, and age

inversions (without taking into account the uncertainties) were summed up. Figure 4.6b shows

an example for three data points. The conventional correction factor ((232Th/238U)d = 1.25,

orange) leads to two inversions, whereas the red one only leads to one inversion. Finally, the
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blue dots indicate the correction factor leading to no age inversions. Unfortunately, for the whole

data set, no correction factor removing all age inversions was found (Figure 4.6a), and the lowest

value that can be achieved leads to six age inversions in total. For example, the age at 7.5 cm

dft generates two inversions, one with the next age and another inversion with the subsequent

one (Figure 4.6b). Due to its relatively large amount of detritus, this sample is very sensitive to

changes in the correction factor and is strongly shifted towards younger ages with a decreasing

correction factor (Figure 4.6b). Using the correction factor leading to the minimum sum of all

inversions ((232Th/238U)d = 0.3) results in a total amount of about 1200 a of inversions over

the complete sample (Figure 4.6c). This is only half of the sum of inversions observed using the

conventional correction factor. In addition, it is 500 a less than for the approach minimizing the

total number of inversions (Figure 4.6c). Therefore, (232Th/238U)d = 0.3 was used for all further

calculations. The e�ect of the detrital correction is generally stronger in the upper part of the

�owstone (< 9.5 cm dft, Figure 4.6a). To account for the potential uncertainties of our approach,

we assumed a conservative uncertainty of ±50 % for the determined (232Th/238U)d activity ratio

(i.e., (232Th/238U)d = 0.3 ± 0.15), which was propagated to the corrected 230Th/U-ages. This

results in relatively large uncertainties of the individual corrected ages (Table S3). Taking into

account these uncertainties, the �nal data set does not show any signi�cant age inversions (Figure

4.6d). Some studies showed that diagenesis and post-depositional mobilisation of U can also oc-

cur in speleothems both with (Scholz et al., 2014) and without (Bajo et al., 2016) visible changes

in the crystal fabric. Since our approach to account for detrital Th eliminates all age inversions

within uncertainty and the crystal fabrics show no evidence of dissolution or recrystallization,

we consider post-depositional remobilisation of U as very unlikely.
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Figure 4.6: Continued.
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N Figure 4.6 (continued): (a) 230Th/U-ages calculated assuming di�erent detrital correction

factors for the 22 analysed samples. (232Th/238U)d ratios were varied from 0.08 to

4 with an increment of 0.01. Blue dots correspond to the correction factor resulting

in the smallest number of age inversions, whereas red dots indicate the correction

factor yielding the minimum sum of age inversions in years. For comparison, the

orange dots display the ages calculated using the conventional correction factor

((232Th/238U)d = 1.25). (b) Example for three ages. The conventional correction

(orange) leads to three age inversions. The �rst age is 525 a older than the second

age, and the second age is 135 a older than the third age, although both should be

younger than the third age according to the stratigraphy. The third age is 660 a

younger than the �rst age. The red model minimises the sum of age inversions for

the whole data set leading to only one inversion of 226 a for the three ages shown.

The blue model results in no inversions between the three data points. (c) Relation

between the sum of age inversions and the (232Th/238U)d ratio assumed for the

detritus. The red dot highlights the value resulting in the lowest value for the sum of

inversions, which was used for all further calculations. The orange dot indicates the

conventionally used (232Th/238U) correction factor of 1.25. (d) Age model calculated

with StalAge (Scholz and Ho�mann, 2011). The youngest age was excluded due to

the long hiatus. The individual age uncertainties include the e�ect of the detrital

correction with (232Th/238U)d = 0.3± 0.15 and are substantially larger than for the

uncorrected and conventionally corrected ages (Figure 4.3; Table 4.2).

The StalAge algorithm (Scholz and Ho�mann, 2011) was then used to construct an age-depth

model (Figure 4.6d). We excluded the youngest age from the age model because of the hiatus of

approximately 4 ka at the top of the sample (Figures 4.3 and 4.7) and calculated the age model

only to 1 cm dft (uppermost used age). In addition, we calculated two separate age models (from

the bottom to 9.1 cm dft and from 9.1 cm dft to 1 cm dft) because of the large change in growth

rate. The �nal age model shows a large change in growth rate at 9.1 cm dft (Figure 4.6d). This

change is neither represented in the crystal fabric nor in the stable isotope and trace element

data (Figure 4.4). All age uncertainties reported in the following sections are based on this age

model and are below 500 a. For �owstones Vic-III-1 and -3, it was not possible to construct a

chronology for the thin Holocene growth sections based on the 230Th/U-data. The decrease in

δ18O values from -4 to -6�, which is observed in both cores and similar in magnitude with

the δ18O signal of Vic-III-4, suggests that these sections of the �owstones correspond to the

transition from the Late Glacial to the Holocene. Similarly, the positive excursion in the δ13C

values observed in both cores, which is comparable in magnitude and shape to the large excursion

recorded in Vic-III-4, can reasonably be interpreted to be related to this phase. Thus, although

we cannot independently establish the timing of the two stable isotope records, comparison with
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the Vic-III-4 record allows assigning them to the Holocene.

4.6.2 Speleothem δ13C values and trace elements

Speleothem δ13C values depend on various parameters, such as the concentration and δ13C

value of soil CO2, the δ13C value of the host rock, prior calcite precipitation (PCP), drip rate

and cave ventilation. For �owstones, which are fed by water �owing long distances inside the

cave, geochemical e�ects occurring inside the cave, such as variable degassing of CO2 induced

by strong cave ventilation (Spötl et al., 2005; Johnson et al., 2006), progressive precipitation

of CaCO3 along the �ow path (Hansen et al., 2017; Mattey et al., 2010) and disequilibrium

stable isotope fractionation (Mühlinghaus et al., 2009), may be of particular importance. In

the epikarst, dissolved CO2 may degas and trigger prior calcite precipitation (PCP). Similarly,

PCP may occur inside the cave en route to the �owstone. This process may strongly in�uence

the δ13C values of the solution and result in increasing δ13C values (Fairchild and Treble, 2009;

Scholz et al., 2009; Dreybrodt and Scholz, 2011). Thus, PCP and processes inside the cave may

further amplify the general relationship of higher δ13C values during spring/summer drought

conditions. Increased PCP also leads to increased Mg/Ca, Sr/Ca, and sometimes Ba/Ca ratios

in the drip water because Mg, Sr and Ba incorporation into calcite is suppressed in comparison

to Ca (Fairchild et al., 2000; Stoll et al., 2012). This may lead to positive correlations between

speleothem δ13C and Mg/Ca, Sr/Ca and Ba/Ca ratios (Stoll et al., 2012). Except for the

millennial-scale trend in Mg and Sr from the Late Glacial to the Early Holocene, we do not

observe a positive correlation between Mg, Sr, and δ13C (Figure 4.4). We thus exclude that PCP

had a strong e�ect on our �owstone δ13C record (Sinclair et al., 2012; Treble et al., 2015). Most

recharge at CV occurs during the rainy season from October to March. The vegetation growth

period in eastern Spain depends on the plant species, but generally ranges from early spring to

early summer and may be longer in case of summer rainfall (Camarero et al., 2015; Pasho et al.,

2011). In case of long and dry summers and reduced precipitation in spring, vegetation density is

negatively a�ected (Linares et al., 2011). This process is partly associated with long-term e�ects

(Gazol et al., 2017). A prolonged reduction in spring and summer rainfall over several decades

will thus result in a decrease in soil pCO2 and soil microbial activity and be re�ected in higher

δ13C values. Thus, the δ13C values of the CV �owstone should be a sensitive proxy for past spring

and summer drought even if aquifer recharge and �owstone growth predominantly occur during

the autumn and winter season (Carrasco et al., 2006). Therefore, we interpret the δ13C values as

a proxy for soil microbial activity and vegetation density re�ecting changes in the length of the

vegetation period and, thus, spring/summer drought. The long-term trend in Mg and Sr from the

Late Glacial to the Early Holocene (Figure 4.4) was observed in several speleothem records from

Central Europe and attributed to glacial aeolian deposits, which are then progressively dissolved

and washed into the cave (Fohlmeister et al., 2012; Mischel et al., 2017b). This interpretation may

also be valid for south-eastern Spain and CV because loess deposits are present in the region, for

instance in the Granada basin, Andalusia, and on littoral plains of the eastern side of the country
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(Calvo et al., 2016; Coudé-Gaussen, 1990; Günster et al., 2001). In particular, Pleistocene dunes

occur ca. 7 km SE of CV (geological map, Llano del Beal, map sheet 978, Espinosa-Godoy et al.,

1972). However, the long-term trend in Mg and Sr may also be related to incongruent dolomite

dissolution of the host rock (Fairchild et al., 2000) during the drier glacial phase, when water

residence times were longer. Due to increasing precipitation during the Bølling/Allerød (B/A,

Figure 4.7 ), the karst aquifer was reactivated and the Mg and Sr concentration of the recharge

water was progressively diluted. Unfortunately, we are not able to distinguish between the two

processes (leaching of loess deposits vs. incongruent dissolution of dolomite), and it cannot be

excluded that the observed signal represents a mixture of both processes. The δ13C values of

the CV �owstone decrease from the bottom of the �owstone (B/A) until the onset of the YD

(Figures 4.7 and 4.8). As for the δ18O values, the YD is indicated by a peak of 1.5� more

positive δ13C values and more negative δ18O values, presumably re�ecting both drier and colder

climate conditions on the Iberian Peninsula (Baldini et al., 2015; Moreno et al., 2010) with

reduced vegetation density. Subsequent to the YD, the δ13C values further decrease until 11 ka

and then remain on a constant level of -10.5� indicating a well-developed C3 vegetation above

the cave and enough precipitation to maintain a permanent vegetation cover (Figure 4.8). At

9.7 ± 0.3 ka, the δ13C values show a sharp shift towards higher values (Figure 4.8g) suggesting

a strong decrease in precipitation during the vegetation period, which resulted in a decrease in

vegetation density above the cave, lower soil pCO2 and reduced microbiological activity. Since

the growth rate of the �owstone remained at a similar level as before and after the δ13C excursion

(Figure 4.6), a strong reduction in total annual recharge is unlikely. This is also supported by

the two additional �owstone cores, which record calcite deposition � albeit very slowly � just

during this δ13C excursion indicating no signi�cant reduction in annual precipitation. Thus, we

interpret the large excursion in δ13C values as a result of very dry conditions during the growth

period of vegetation (spring to summer). Autumn to winter precipitation, in contrast, probably

increased as re�ected by the high speleothem growth rates preventing PCP in the aquifer. This

interpretation of the δ13C data is supported by the crystal fabric. Elongated columnar fabric,

as observed at the bottom of the �owstone (Figure 4.4), forms in case of constant drip rates

and high Mg/Ca ratios (Frisia, 2015). Open columnar fabric, in contrast, forms as a result

of lower drip rates and lower Mg/Ca ratios (Frisia, 2015). The synchronous occurrence of an

open columnar fabric and the large peak in the δ13C values (Figure 4.4), thus, suggests drier

conditions in the catchment of the cave in agreement with our interpretation of the δ13C record.

The formation of the open columnar fabric may further be related to the progressive decrease of

the Mg/Ca ratio from the Late Glacial to the Early Holocene (Figure 4.4). We emphasise that

the change in crystal fabrics and crystal growth e�ects are unlikely to be the cause of the large

δ13C excursion. Frisia (2015) compared δ13C and δ18O values for di�erent speleothem crystal

fabrics, and columnar, open columnar and elongated columnar fabrics show identical δ13C and

δ18O values within uncertainty. Therefore, we interpret the large excursion in δ13C values to

result from a reduction in meteoric spring/summer precipitation, which also invoked the change

in crystal fabrics. In summary, our δ13C record indicates dry spring/summer conditions and
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probably increased seasonality (drier spring/summer conditions and more humid autumn/winter

conditions) in south-eastern Spain between 9.7 ± 0.3 and 7.8 ± 0.2 ka. Subsequently, the δ13C

values decrease to approximately -10� indicating a return to a dense vegetation cover above

the cave.

4.6.3 Speleothem δ18O values

Speleothem δ18O values are a�ected by cave air temperature, drip rate and the δ18O value of

the drip water. The δ18O values of the drip water are in�uenced by the δ18O values of meteoric

precipitation, which are strongly related to the source of precipitation, the temperature and

humidity during evaporation in the moisture source region (Lachniet, 2009), the δ18O value

of the ocean (Rozanski et al., 1993; LeGrande and Schmidt, 2006), the duration of moisture

transport, the pathway of the storm tracks, rainfall amount and air temperature (McDermott,

2004).
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Figure 4.7: Comparison of the δ18O (d, lower curve is not corrected for ice volume) and δ13C
(h) values (both axes are inverted) of the CV �owstone with other records: δ18O
values from the NGRIP ice core (a, Rasmussen et al., 2006); speleothem δ18O record
from Corchia Cave (e, Zanchetta et al., 2007); SST reconstructions from the Alboran
Sea (c, violet Cacho et al., 1999, black Martrat et al., 2014); winter precipitation
reconstruction from Lake Accesa (f, Peyron et al., 2011); Northern Hemisphere tem-
perature between 30°and 90°N (b, Marcott et al., 2013) and the hematite-stained
grain (HSG, g, Bond et al., 2001) record, which is an indicator for iceberg discharge
in the North Atlantic.

In the Mediterranean, modern δ18O values can vary by ≈ 10� for a single precipitation event

depending on the air masses and the source region of the moisture (Celle-Jeanton et al., 2001;

Moreno et al., 2014a; Sodemann and Stohl, 2009; Baldini et al., 2010). Whereas moisture uptake

for rainfall in the area of CV during the dry summer season almost exclusively occurs over the

Western Mediterranean Sea, a substantial fraction of precipitation is derived from the Atlantic
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Ocean during the more humid winter season (Figure 4.5). Speleothem δ18O values at CV should

thus re�ect both local and more distant changes in the North Atlantic. This leads to strong

variability of the δ18O values over the year, which is visible in the GNIP data (Figure 4.9).

The local climate is characterised by a strong seasonality (Figure 4.10). Considering that the

vegetation period in the area lasts from spring to summer (see section 5.3), a substantial amount

of spring and summer rainfall will be used up by the vegetation. Thus, recharge of the aquifer is

most e�ective during winter times, whereas the contribution of summer rainfall is insigni�cant

(Carrasco et al., 2006), and the δ18O values recorded by the �owstone should mainly re�ect

October to March rainfall. Ice-volume corrected �owstone δ18O values progressively decrease

from the onset of the Bølling (15 ka) towards the Early Holocene (10 ka), interrupted by higher

values during the Younger Dryas (YD; Figure 4.7). The timing of the YD in our record is in

good agreement with the NGRIP δ18O record and SST reconstructions from the Alboran Sea

(Cacho et al., 1999; Martrat et al., 2014; Figure 7). The general decreasing trend in the δ18O

values of the CV �owstone from the Late Glacial to the mid-Holocene shows a similar evolution

as the NGRIP δ18O values, which are interpreted to re�ect temperature changes in the North

Atlantic realm (North Greenland Ice Core Project members, 2004), and SST in the Alboran Sea

(Cacho et al., 1999; Martrat et al., 2014; Figure 4.7a, d and e). A potential explanation for the

observed negative relationship may be the e�ect of cave air temperature on the oxygen isotope

fractionation between water and calcite of between -0.18�/◦C (Tremaine et al., 2011) and -

0.24�/◦C (Kim and O'Neil, 1997), which is even imprinted on speleothem calcite if precipitation

occurs under conditions of disequilibrium isotope fractionation (Mühlinghaus et al., 2009). The

increase in SST from the Late Glacial to the Early Holocene is approximately 7 ◦C (Figure 4.7d).

The corresponding decrease in speleothem δ18O values related to SST changes from the YD to

10.5 ± 0.35 ka is -1.5� is about ≈ 0.21�/◦C, which is in good agreement with the theoretical

(equilibrium) values. This suggests that changes in the δ18O values of the CV �owstone on

millennial and orbital timescales could be explained by temperature changes. However, if the

speleothem δ18O signal was only related to temperature, the δ18O values of the drip water

would have remained constant from the Late Glacial to the Holocene, which is very unlikely.

Thus, we cannot exclude that changes in atmospheric circulation patterns or moisture source,

in particular from the Late Glacial to the mid Holocene, played a role as well. The general

complexity of processes controlling speleothem δ18O values is also highlighted by detailed cave

monitoring studies performed in northern Spain, where individual processes a�ecting the δ18O

signal could not be disentangled although these sites mainly receive moisture from the Atlantic

Ocean (Bartolomé et al., 2015). High �owstone growth rates between 10.5 ± 0.35 and 7.0 ±
0.5 ka (compared to the older section of the �owstone) may be related to increased rainfall and

recharge, which can cause increasing drip rates and � as a result � decreasing speleothem δ18O

values (Stoll et al., 2015; Mühlinghaus et al., 2009; Scholz et al., 2009). In addition, rainfall

δ18O values in the Mediterranean may also be related to the amount e�ect (Lachniet, 2009; Bar-

Matthews et al., 2003; Ayalon et al., 1998). Thus, periods of reduced rainfall could be re�ected

by higher δ18O values and vice versa. Although modern precipitation δ18O data do not show a

61



4 Manuscript#2, Budsky et al., 2019a � The Holocene

signi�cant relation to rainfall amount on inter-annual timescales, we cannot exclude that rainfall

amount may have a�ected our speleothem δ18O record on decadal and longer timescales. In

summary, although we cannot disentangle the processes a�ecting the �owstone δ18O values and

the interpretation of the δ18O record of the CV �owstone remains challenging, we assume that

the δ18O values of the CV �owstone on orbital timescales and during the Late Glacial might be

related to temperature changes on the North Atlantic, which is supported by the good agreement

with the SST records. However, the in�uence of other parameters, such as seasonality of rainfall,

rainfall amount and changes in moisture source(s), cannot be excluded. For the period from

10.5 ± 0.35 to 7.8 ± 0.2 ka, higher growth rates coincide with lower δ18O values, which suggest

an additional in�uence of changes in the amount of autumn/winter precipitation on millennial

timescales.

4.6.4 Implications for Western Mediterranean climate between 15 and 7 ka

15 � 11.7 ka

The warming trend from the Late Glacial to the Early Holocene is re�ected in the evolution to-

wards lower δ18O values in the CV �owstone, which parallels the evolution in the NGRIP ice core

and SST in the Alboran Sea (Figure 4.7). This trend is also observed in several other terrestrial

records (speleothems, pollen) from Europe and the Mediterranean south of 45°N (Moreno et al.,

2014b; García-Alix et al., 2014). In addition, other speleothem data from the Western Mediter-

ranean region and the Iberian Peninsula exhibit hiatuses during the cold interval prior to the

B/A (Moreno et al., 2010; Moreno et al., 2017; Genty et al., 2006; Constantin et al., 2007; Frisia

et al., 2005) suggesting limited recharge as a result of reduced rainfall. The onset of growth of

the CV �owstone during the B/A coincides with the recovery of vegetation in the Mediterranean

(Fletcher et al., 2010; Fletcher and Sánchez Goñi, 2008; Allen et al., 2002; Tzedakis, 2005), as a

consequence of rising temperatures and humidity levels. This is also re�ected in the δ13C values

of the CV �owstone, which are approximately -10� prior to the YD, suggesting relatively humid

conditions and a well-developed vegetation above the cave during the B/A. Decreasing aridity

towards the Early Holocene is also recorded in the sediments of Lake Salines (Burjachs et al.,

2016).
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Figure 4.8: Continued.
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N Figure 4.8 (continued): δ18O (c) and δ13C (g) records of the CV �owstone compared with

speleothem δ13C records from Ernesto Cave (d, Scholz et al., 2012), Chauvet Cave

(e, Genty et al., 2006) and Grotta di Carburangeli (f, Frisia et al., 2006). Mean

annual precipitation of N Africa at 31°N displays the timing of the northernmost

extent of the African monsoon (h, Tierney et al., 2017). Furthermore, pollen-inferred

reconstructions of summer precipitation (i, Peyron et al., 2011) and lake levels (j,

Finsinger et al., 2010) and a pollen record from Lake Accesa, Italy (k, Drescher-

Schneider et al., 2007) are shown. Finally, three pollen records (l, herbs and shrubs

from Gorgo Basso, Sicily (Tinner et al., 2009); m, Pinus (dark green) and deciduous

forest (light green) pollen from Basa de la Mora, NE Spain (Pérez-Sanz et al., 2013),

and n the amount of xerophytes in Siles Lake, S Spain (Carrión, 2002)), are plotted.

Ages with adjacent uncertainties are plotted on top (a) and June insolation gradient

between 60° and 30°N is plotted below (b, Berger, 1978). For the locations of the

individual records, see Figure 4.1. The y-axes for records c to g are inverted.

The YD is clearly visible in the CV �owstone record by an increase in both the δ13C and the

δ18O values, forming a trough with less negative values (Figures 4.7 and 4.8). This suggests both

colder and drier conditions in south-eastern Spain during the YD, which is con�rmed by the

decrease in SST by approximately 4 ◦C and the decline in pollen of woody taxa in Italian lake

sediments by about 20% (Allen et al., 2002). Drier conditions during the YD were also observed

in other speleothem δ13C records from southern Europe (e.g., Genty et al., 2006; Moreno et al.,

2010; Figure 8e). Due to the relatively low temporal resolution of our record, we do not observe

two phases of the YD, as has been reported for northern Spain (Baldini et al., 2015).

11.7 � 9.7 ka

The δ18O values of the CV �owstone progressively decrease from the YD to the maximum June

insolation gradient (Figure 4.8a). This trend towards more negative δ18O values coincides with

a positive trend in the NGRIP ice core δ18O record (Rasmussen et al., 2006) and SST in the

Alboran Sea (Cacho et al., 1999; Martrat et al., 2014; Figure 4.7a and e). This decreasing trend in

δ18O values is accompanied by a trend towards lower δ13C values, suggesting a further increase in

vegetation density and spring/summer precipitation until the Holocene climate optimum. These

trends can be observed in several records from the Mediterranean. For instance, the substantial

decrease of xerophytes (Figure 4.8n) and the shift to 70% of Pinus pollen in south-eastern Spain

during this period indicates warmer and wetter conditions (Carrión, 2002; Carrión et al., 2010).

A similar trend in pollen assemblages was found in the Alboran Sea with increasing woody pollen

taxa from the YD to 9.7 ± 0.3 ka (Combourieu Nebout et al., 2009) and total pollen amount

(Fletcher et al., 2013).
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9.7 � 7 ka

Many climate records from the Iberian Peninsula are available for the time period between 9.7 and

7 ka. We �rst present a comparison with records from the cave region, followed by a comparison

with records across the Iberian Peninsula and �nally discuss the circum-Western Mediterranean.

The CV speleothem δ13C values show a large positive excursion between 9.7 ± 0.3 and 7.8 ±
0.2 ka, while the δ18O record reaches a plateau at -6.6� around 10.5 ± 0.35 ka. As discussed

above, we interpret this excursion in the δ13C values as a result of reduced vegetation density

due to very dry conditions during the growth period of vegetation in spring and summer. Au-

tumn/winter precipitation, in contrast, must have remained on a similar level or even increased,

preventing PCP in the aquifer and resulting in a similar speleothem growth rate as for the pre-

vious section. This interval of strong spring and summer droughts was also observed in several

other terrestrial records from the eastern and south-eastern Iberian Peninsula. For instance,

a pollen record from Lake Siles, in the mountains to the west near CV, shows an increase of

the proportion of xerophytes (Jalut et al., 2000; Carrión, 2002) during the δ13C excursion (Fig-

ure 4.8n), suggesting drier conditions during the vegetation season (spring/summer). Similarly,

pollen records from �uvial deposits in the region of Almeria indicate a decrease of vegetation

and microbiological activity in the soil due to less precipitation (Pantaléon-Cano et al., 2003).

Further west, a speleothem record from Refugio Cave (Walczak et al., 2015) indicates temperate

climate with rainfall throughout the year until 7 ka. However, it cannot be ruled out that this

record predominantly represents winter precipitation. In addition, the speleothem records from

Refugio Cave and CV both show a growth interruption subsequent to 7 ka, which is evidence for a

dry regional climate. However, high speleothem growth rates between 6.9 and 6.4 ka observed at

Nerja Cave (McMillan, 2006) demonstrate the complexity of the climate system in this region and

may - as the Refugio cave site - also have been under the predominant in�uence of the NAO pat-

tern (Comas-Bru and McDermott, 2014). Further north of CV and more inland, the eastern part

of the Iberian Peninsula is still under the same precipitation regime as CV, which is strongly

in�uenced by the WeMO in the present-day climate (Martin-Vide and Lopez-Bustins, 2006).

Salines Lake documents sharp aridity events at 10 and 9.5 ka (Burjachs et al., 2016), although

the occurrence of ostracods indicates a permanent lake level between 10 and 8 ka. The adjacent

Villena Lake shows long-term aridity events at around 10 ka and from approx. 9 to 7 ka (Jones

et al., 2018), which coincide very well with the large δ13C excursion in our speleothem record.

Although the behaviour of Salines lake level appears contradictive to our speleothem δ13C record,

this can be explained by the constant feed of groundwater to Lake Salines, as observed during the

present-day situation (Burjachs et al., 2016). Lake Villarquemado shows pronounced abundance

of xerophyte taxa from 10 to 9.3 ka, indicating a dry period (Aranbarri et al., 2014). This dry

period might be shorter due to the high elevation and the less e�cient evapotranspiration at this

altitude (≈ 1000 m a.s.l.; Aranbarri et al., 2014). Close to this lake, a late winter/early spring

aridity has been observed in a speleothem record from central Spain (Molinos Cave, Moreno et

al., 2017) showing increased δ13C values (9.5 � 7.1 ka) and even an interruption of speleothem
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growth (between 9.4 and 8.4 ka). In summary, several records suggest a consistently dry period

(with enhanced seasonality) during the δ13C excursion of the CV record in south-eastern Spain.

In northern Spain, a short and pronounced stalagmite growth phase between 10 and ca. 7 ka

ending no later than at 4 ka suggests unfavourable conditions for stalagmite growth due to a

regional drought (Stoll et al., 2013). This is in agreement with our record, since the positive

WeMO index correlates positively with precipitation in this region, but negatively in eastern

Spain and at CV, especially at the end of winter/early spring (Martin-Vide and Lopez-Bustins,

2006). In the eastern range of the Cantabrian Mountains, high δ13C values in the Kaite Cave

record (9.5 � 8.2 ka, Domínguez-Villar et al., 2017) might re�ect low vegetation density. This

period coincides with high δ13C values and a hiatus in the speleothem record from Molinos Cave

between 9.4 and 8.4 ka, which indicates the end of winter/early spring aridity (Moreno et al.,

2017), although this record indicates dry conditions lasting until 4.8 ka. In the Pyrenees, a sharp

increase of Pinus and deciduous forest pollen in the lake record at Basa de la Mora (Pérez-Sanz

et al., 2013; Figure 4.8m) also indicates strong seasonality with dry summers and humid winters.

This is supported by sediments in the Ebro basin suggesting a thin vegetation cover and semiarid

conditions with extensive erosion (Bastida et al., 2013). Arid conditions with pronounced rainfall

seasonality are indicated by tufa deposits from Marcelino (South Pyrenees, Pellicer et al., 2016)

and are also re�ected by a high percentage of non-arboreal pollen until 8 ka at La Garrotxa

(NE Spain, Piqué et al., 2018). Although lake-level reconstructions from this region suggest

high rainfall, these may again be biased by seasonal precipitation and enhanced melting of ice

and snow in the Pyrenees, which also supply the lowlands, leading to the formation of riparian

environments (González-Sampériz et al., 2017). In summary, despite a seemingly contrasting

signal to the lake-level records from the Iberian Peninsula (Morellón et al., 2018), we conclude

pronounced spring and summer drought and more humid autumn/winter conditions for Iberian

Peninsula between approximately 10 and 7 ka. The apparent disagreement with some lake-level

records may be related to a seasonal bias in the lake-level reconstructions (González-Sampériz et

al., 2017), di�erent altitudes of the catchment areas and/or continuous feeding groundwater (e.g.,

Lake Salines; Burjachs et al., 2016). We therefore suggest that the lake-level records presented

by Morellón et al., (2018) predominantly re�ect an autumn/winter rainfall signal (i.e., the main

period of precipitation in south-eastern Spain), but did not record the dry spring/summer con-

ditions re�ected in our δ13C record. In a larger circum-West Mediterranean context, in northern

Italy, higher δ13C values at Ernesto Cave between 8 and 7.5 ka indicate relatively dry conditions

(Scholz et al., 2012; Figure 4.8d). A coeval speleothem record from Corchia Cave (Zanchetta et

al., 2007; Figure 4.7b) shows low δ18O values, re�ecting increased seasonality with drier summers

and wetter winters. Lake-level reconstructions (Finsinger et al., 2010) based on pollen assem-

blages from Lake Accesa (Drescher-Schneider et al., 2007) in central Italy indicate a low lake

level (Figure 4.8j; Peyron et al., 2011) due to reduced summer precipitation, but enhanced winter

precipitation during the period of high CV �owstone δ13C values. In addition, the increase of

Mediterranean pollen taxa at the same site (Drescher-Schneider et al., 2007) indicates summer

drought (Figure 4.8k). Thus, the dry period recorded in the CV �owstone is also observed in
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several archives from the north-eastern part of the Western Mediterranean (Ligurian Sea). In

Sicily, herb and shrub pollen are abundant (Gorgo Basso; Tinner et al., 2009, Figure 4.8l), and

the adjacent Lago Preola shows a similar pattern from dominant shrub to tree pollen assem-

blages at around 7 ka (Curry et al., 2016; Magny et al., 2011; Calò et al., 2012). A strong

seasonality with high winter precipitation has also been suggested for northern Sicily based on

high δ13C values in a speleothem from Grotta di Carburangeli (Frisia et al., 2006; Figure 4.8f).

These records document a humid winter and dry summer interval in the south-eastern part of the

Western Mediterranean (Tyrrhenian Sea). However, at higher elevations in Sicily, Lake Pergusa

sediments record similar dry climate conditions with a rapid shift at already 8.9 ka towards a

wetter climate and the establishment of a forest vegetation (Sadori and Narcisi, 2001). Whereas

in the Western Mediterranean the spring/summer climate was drier and winters were wetter

during 9.7 ± 0.3 � 7.8 ± 0.2 ka, climate records from Morocco (Wassenburg et al., 2016; Ziel-

hofer et al., 2017) and Tunisia (Genty et al., 2006) show a di�erent pattern. On multi-millennial

timescales, the Lake Sidi Ali δ18O record shows a drying trend from the Early to Late Holocene,

lacking evidence of a dry phase between 9.7 ± 0.3 and 7.8 ± 0.2 ka. This di�erence to the climate

at CV can be explained by the strong in�uence of the NAO in North Morocco, as opposed to

south-eastern Spain, where the relation to NAO is insigni�cant (Table 4.3). The Alboran Sea

pollen records that are located between south to south-eastern Spain and Morocco (Combourieu

Nebout et al., 2009; Cacho et al., 2001) likely re�ect a mixture of both regions. Nevertheless,

the increase in the abundance of pollen from plants adapted to dry conditions is strong evidence

for several dry periods interrupted by short humid phases during the early to mid-Holocene. At

the same time, in the Eastern Mediterranean, the deposition of a sapropel below 1000m water

depth indicates increased precipitation, but mainly during winter (Emeis et al., 2000; Rohling et

al., 2015). Evidence for anoxic conditions in the Western Mediterranean due to increased river

runo� were reported as well (Jimenez-Espejo et al., 2007). This might be related to increased

autumn/winter precipitation as shown by the compilation of climate records in this study.

The Implications for large-scale atmospheric circulation

The dry spring/summer conditions in the Western Mediterranean realm between 9.7 ± 0.3 and

7.8 ± 0.2 ka occurred when the North African monsoon reached its northernmost position, i.e.,

the so-called African humid period (deMenocal et al., 2000). Pollen records from the Sahara

and the Sahel zone show high abundances of grass and trees (Tjallingii et al., 2008; Hély et al.,

2014) indicating enhanced precipitation in northern Africa (Tierney et al., 2017). Especially the

northernmost oceanic core o� the Moroccan coast (31°N, Figure 4.1) shows a well de�ned wet

period between 10 and 7.5 ka (Figure 4.8h; Tierney et al., 2017). The North African Monsoon is

strongly related to the position of the Intertropical Convergence Zone (ITCZ), which together

with the Azores Subtropical High is part of the Northern Hemisphere Hadley cell circulation. A

change in either the strength or the position of the ITCZ will thus also a�ect the Azores Subtrop-

ical High. However, western Mediterranean precipitation is not only controlled by the summer
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season, and we suggest that the seemingly contrasting precipitation patterns derived from the

climate records discussed in this paper can only be explained by taking into account all seasons.

The timing and evolution of the June insolation gradient between 60°and 30°N is in good agree-

ment with long-term variation of the δ18O values of the CV �owstone. Low winter insolation

versus high summer insolation induced a high seasonality in precipitation, with enhanced winter

precipitation (Kutzbach et al., 2014). Pollen-based climate reconstructions (Davis et al., 2003;

Davis and Brewer, 2009; Mauri et al., 2015; Fletcher et al., 2010) suggest lower summer and

lower winter temperatures (ca. 2 ◦C) between 10 and 7 ka in the Western Mediterranean/SW

Europe and a reduced positive temperature anomaly in the Northern Hemisphere (Marcott et

al., 2013; Figure 4.7c). In contrast, SSTs in the Alboran Sea record peak values (≈ 20 ◦C, Fig-

ure 4.7d; Cacho et al., 1999; Martrat et al., 2014). Lower summer temperatures may suppress

convection and therefore precipitation during summer. However, annual precipitation at CV was

higher from 9.7 ± 0.3 to 7.8 ± 0.2 ka (Mauri et al., 2015), which might be explained by enhanced

seasonality. In combination with high SSTs, cold low pressure systems in autumn and winter

(Figure 4.1a and d) enter the Western Mediterranean and force enhanced convection. This should

be especially pronounced in the coastal region as modelled by Mauri et al. (2015). Figure 4.1

shows sea-level pressure patterns for di�erent seasons for today and for the time period between

9.7 ± 0.3 and 7.8 ± 0.2 ka, interpreted from the climate records discussed in the text. During

the time when the North African Monsoon reached its northernmost position, the Azores High

has been shown to be weaker during the winter season (Tierney et al., 2017) associated with

a southward shift of the Westerlies. We propose that this not only results in more negative

NAO-like conditions during the Early Holocene as suggested by Deininger et al. (2016), but also

in more frequent shifts of a weakened Icelandic Low towards the Iberian Peninsula extending

into the Mediterranean (Kutzbach et al., 2014; Figure 1a). According to the southward shifted

low, an intensi�ed WeMO-type pattern (Martin-Vide and Lopez-Bustins, 2006) might become an

increasingly important factor for precipitation in the eastern Iberian Peninsula due to elevated

SSTs at this time. Precipitation patterns between northern Italy and the eastern Iberian Penin-

sula con�rm the importance of the WeMO as a dominant pattern in the Early Holocene. Due to

the southerly displacement of the Westerlies, Icelandic Lows predominantly entered the Western

Mediterranean, inducing a WeMO structure in autumn/winter with elevated precipitation. Dur-

ing the boreal spring season, Northern Hemisphere insolation increases. We argue that during

the spring season, the ITCZ and the Azores Subtropical High were (analogically to the summer

situation) located north compared to the present day, which explains the shortened growth season

for vegetation and dry spring conditions in the Western Mediterranean. The Subtropical High

moved roughly to the present-day summer position. Riparian forest sites might bene�t from high

river discharge and high lake levels due to high winter precipitation and snowmelt during spring.

During the summer season, Northern Hemisphere insolation was higher than today, which led

to a more northern position of the ITCZ (Chiang and Friedman, 2012; Tierney et al., 2017) and

the adjacent Subtropical High (Schneider et al., 2014). A recent modelling study shows a stable

low pressure over northwest Africa during the time of maximum northward extent of the North
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African Monsoon (Figure 4.1c, Pausata et al., 2016). Therefore, the Western Mediterranean is

under a high pressure cell with dry north-easterly winds, which might suppress local convection

(Walczak et al., 2015). During autumn, insolation decreases, and the ITCZ and the adjacent

subtropical high move south. Hence, the Westerlies can enter the Western Mediterranean, and

their relatively cold air in combination with high SSTs leads to strong convection and intense

rainfall during autumn. This intense rainfall leads to aquifer recharge at CV. Many models focus

on winter and summer precipitation (Mauri et al., 2015), but spring and autumn are not dis-

cussed. We propose that changes in precipitation during autumn and spring are most important

for the annual precipitation budget in the eastern part of the Iberian Peninsula between 9.7 ±
0.3 and 7.8 ± 0.2 ka, although we cannot exclude a slight decrease in winter precipitation (Jin

et al., 2012) as reported from Molinos Cave (Moreno et al., 2017).

4.7 Conclusions

We present a stable isotope and trace element records from �owstones of Cueva Victoria, south-

eastern Spain, and based on several Holocene climate records from the Western Mediterranean,

we present an estimation on atmospheric conditions for the time between 9.7 ± 0.3 and 7.8

± 0.2 ka. On shorter timescale, we cannot disentangle the di�erent processes in�uencing the

speleothem δ18O signal. However, on multi-millennial to orbital timescales, δ18O values are

mainly in�uenced by North Atlantic temperature changes and seasonality. In general, they

represent autumn/winter precipitation δ18O values, whereas δ13C values re�ect the vegetation

density and microbiological activity in the soil and are therefore a spring to summer signal.

Between the onset of the B/A and the Early Holocene, δ18O values progressively decrease,

suggesting an in�uence by increasing temperature and precipitation in south-eastern Spain in

accordance with SSTs in the Alboran Sea. At the same time, decreasing δ13C values indicate

progressively increasing precipitation and vegetation density. This trend is interrupted by colder

and drier conditions during the YD. Between 9.7 ± 0.3 and 7.8 ± 0.2 ka, the δ13C values show a

large positive excursion indicating a strong reduction in vegetation density and, thus, very dry

spring/summer conditions. At the same time, autumn/winter precipitation probably increased

indicating enhanced seasonality. This dry period with enhanced seasonality is also observed in

several other climate records from the Western Mediterranean region, showing that the entire

Western Mediterranean realm (Spain, Italy) experienced spring/summer droughts during this

period. We suggest that this was related to a more northward positioned and/or stronger Azores

Subtropical High. This occurred at the same time when the North African Monsoon reached its

northernmost position, which suggests that this is a teleconnection pattern related to the Hadley

cell circulation. The increase in autumn/winter precipitation was also observed in the Eastern

Mediterranean, which has been suggested as a cause of anoxic conditions and the formation of

sapropels.
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4.9 Supplemental material

Table 4.1: Average concentrations (µg/g) of reference materials USGS BCR-2G (n = 6) and
USGS MACS-3 (n = 6) with associated reference values and limit of detection (LOD,
µg/g) for each element.

BCR-2G MACS-3 LOD
Mean 1 SD GeoReMa Mean 1 SD published valuesb

Mg 23500 700 21500 1730 50 1880 0.017
Sr 319 17 342 6550 240 6570 0.0002
Ba 704 47 683 58.6 2.1 58.9 0.002

a Preferred values from GeoReM database (http://georem.mpch-mainz.gwdg.de/, Ap-
plication Version 18, January 2015, Jochum et al., 2005; Jochum et al., 2011).

b Mean values for MACS-3 (Jochum et al., 2012) and * personal communication by S.
Wilson, USGS, therein.
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Figure 4.9: Flowstones Vic-III-1 and -3. The top sections of both cores correspond to the
Holocene and display the same large excursion in δ13C. Establishing an age-depth
model is unfortunately not possible due to the short transect of few millimeters only.
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2010).
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Figure 4.11: Plot of annual precipitation (left) and mean annual temperature (right) against
mean annual δ18Ovalues of precipitation (same time interval same as in Figure
S4.10). The correlation coe�cients and the corresponding p-values are shown. The
correlations are insigni�cant for all stations.
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Figure 4.12: Air mass back-trajectories calculated using HYSPLIT to reconstruct the moisture
pathways for important precipitation events at the San Javier meteorological station
with the pressure history over the investigated 120 hours (direct HYSPLIT output).
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Table 4.2: Results of 230Th/U-dating
Sample 238U (µg/g) ± (230Th/232Th) ± (234U/238U) ± (230Th/238U) ± age un-

corrected
(ka)

± age con-
ven-
tionally
corrected
(ka)

± age cor-
rected
(ka)

± dft (cm)

Vic-III-4-15 0.055 0.0004 185.7 22.0 1.246 0.005 0.032 0.002 2.83 0.20 2.82 0.19 2.78 0.20 0.0
Vic-III-4-01 0.099 0.0006 18.8 0.3 1.253 0.002 0.089 0.002 8.32 0.12 7.99 0.20 6.90 0.71 1.0
Vic-III-4-20 0.128 0.0009 79.1 1.5 1.208 0.004 0.085 0.001 7.97 0.13 7.89 0.13 7.64 0.19 1.7
Vic-III-4-23 0.121 0.0008 62.5 0.9 1.228 0.003 0.091 0.001 8.40 0.12 8.30 0.12 7.97 0.24 2.1
Vic-III-4-05 0.115 0.0007 49.9 1.4 1.211 0.003 0.097 0.002 9.09 0.22 8.95 0.23 8.50 0.35 2.6
Vic-III-4-24 0.137 0.0010 55.8 0.8 1.202 0.005 0.093 0.001 8.81 0.11 8.69 0.13 8.31 0.27 3.4
Vic-III-4-21 0.129 0.0009 60.4 1.2 1.198 0.004 0.100 0.001 9.45 0.14 9.33 0.16 8.95 0.28 4.1
Vic-III-4-26 0.147 0.0011 82.5 1.4 1.199 0.005 0.105 0.002 10.00 0.15 9.90 0.16 9.61 0.24 4.8
Vic-III-4-06 0.143 0.0009 80.7 2.1 1.217 0.002 0.102 0.002 9.52 0.15 9.43 0.15 9.15 0.23 5.1
Vic-III-4-27 0.148 0.0011 28.3 0.4 1.215 0.005 0.112 0.001 10.56 0.13 10.27 0.19 9.37 0.58 5.8
Vic-III-4-16 0.160 0.0011 46.1 0.6 1.204 0.005 0.115 0.002 10.92 0.14 10.74 0.16 10.17 0.38 6.3
Vic-III-4-28 0.160 0.0029 55.1 0.8 1.224 0.021 0.115 0.002 10.72 0.31 10.57 0.30 10.10 0.42 6.9
Vic-III-4-22 0.165 0.0011 27.8 0.3 1.204 0.004 0.126 0.002 12.09 0.12 11.76 0.20 10.71 0.68 7.5
Vic-III-4-25 0.170 0.0012 37.0 0.5 1.232 0.005 0.123 0.001 11.47 0.14 11.23 0.18 10.48 0.50 8.0
Vic-III-4-07 0.175 0.0011 71.6 1.0 1.258 0.003 0.123 0.002 11.22 0.14 11.10 0.15 10.72 0.27 8.7
Vic-III-4-17 0.202 0.0015 86.0 0.9 1.249 0.005 0.126 0.001 11.59 0.10 11.49 0.11 11.16 0.23 9.2
Vic-III-4-32 0.244 0.0016 105.1 1.4 1.241 0.002 0.130 0.001 12.06 0.14 11.97 0.14 11.69 0.22 9.4
Vic-III-4-13 0.297 0.0113 168.3 2.0 1.225 0.005 0.132 0.001 12.45 0.14 12.39 0.14 12.22 0.17 9.5
Vic-III-4-18 0.246 0.0018 162.8 1.8 1.232 0.005 0.141 0.001 13.19 0.12 12.87 0.15 12.65 0.20 9.7
Vic-III-4-19 0.260 0.0017 142.3 2.0 1.240 0.003 0.139 0.002 12.93 0.15 13.13 0.13 12.94 0.17 9.9
Vic-III-4-33 0.230 0.0015 129.5 1.6 1.241 0.002 0.146 0.001 13.59 0.13 13.51 0.13 13.26 0.20 10.0
Vic-III-4-02 0.229 0.0014 164.7 1.9 1.259 0.002 0.151 0.001 13.96 0.12 13.90 0.12 13.70 0.16 10.3

All uncertainties are reported as 2σ standard errors. Activity ratios were calculated using the half-lives given by Cheng et al. (2000) for 230Th and Ja�ey et al. (1971) for 238U. Uncorrected ages are

calculated without correction for Th from detritus. Conventionally detritus corrected ages ((232Th/238U) = 1.25) and �nally used corrected ages ((232Th/238U) = 0.3 ± 0.15) following the method
outlined in the text in the section 4.6.1, Chronology.
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Table 4.3: Correlation coe�cients (R, blue) and p-values (green) for the sum of precipitation
between October and March from 1950 to 2010 at the meteorological station in San
Javier and di�erent climate indices. Bold values indicate signi�cant correlations.

R precip WeMO SCA NAO EA
p
precip -0.26 -0.04 -0.09 -0.18
WeMO 0 -0.03 0.26 0.02
SCA 0.45 0.59 -0.16 -0.01
NAO 0.07 0 0 0.3
EA 0 0.75 0.81 0
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Key Points:

� Western Mediterranean precipitation responded to Greenland interstadials and stadials in a

coherent manner

� Dansgaard/Oeschger interstadials were accompanied by humid climate conditions over the

Western Mediterranean

� Atmospheric circulation patterns did not induce spatial di�erences in precipitation during the

last glacial as they did during the Holocene

Abstract The climate of the western Mediterranean was characterized by a strong precipitation

gradient during the Holocene driven by atmospheric circulation patterns. The scarcity of ter-

restrial paleoclimate archives has precluded exploring this hydroclimate pattern during Marine

Isotope Stages 5 to 3. Here we present stable carbon and oxygen isotope records from three

�owstones from southeast Iberia, which show that Dansgaard/Oeschger (D/O) events were as-
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sociated with more humid conditions. This is in agreement with other records from the Iberian

Peninsula, the Mediterranean and western Europe, which all responded in a similar way to

millennial-scale climate variability in Greenland. This general increase in precipitation during

D/O events cannot be explained by any present-day or Holocene winter atmospheric circulation

pattern. Instead, we suggest that changes in sea surface temperature played a dominant role in

determining precipitation amounts in the western Mediterranean.

Plain Language Summary Climate events characterized by a sudden temperature increase of

up to 10 ◦C occurring in less than a few decades during the last glacial are recorded in Greenland

ice cores. These abrupt warmings, the Dansgaard/Oeschger events, a�ected large regions of

the Northern Hemisphere. The understanding of the regional response in precipitation during

these climate shifts is limited for the western Mediterranean, due to the restricted number of

terrestrial climate records that cover the last glacial period at su�cient resolution. Speleothems

and their stable isotope compositions allow to trace changes in climate and vegetation based on

an accurate chronological framework. Here we present a speleothem stable isotope record that

shows that the Dansgaard/Oeschger events were associated with increased rainfall and a denser

vegetation in the western Mediterranean. As a similar pattern was observed for Western Europe

and other parts of the Mediterranean, and we propose that this was related to generally higher

sea surface temperatures of the surrounding oceans rather than a reorganization of atmospheric

circulation.

5.1 Introduction

During the last glacial period, global climate underwent a series of rapid changes superimposed

on a long-term cooling trend (Deplazes et al., 2013; Martrat et al., 2007; North Greenland Ice

Core Project members, 2004; Wang et al., 2008). In particular, Greenland ice core records

show large, rapid changes in δ18O values interpreted as changes in temperature (Johnsen et al.,

2001; Wol� et al., 2010). This climate variability on millennial timescales with warm Dans-

gaard/Oeschger (D/O) events - also referred to as Greenland Interstadials (Dansgaard et al.,

1993) - and Greenland stadials (Hemming, 2004) is re�ected in marine sediment cores from the

North Atlantic (Heinrich, 1988; Hemming, 2004; Martrat et al., 2007) as well as the Mediter-

ranean Sea (Cacho et al., 1999; Frigola et al., 2012; Incarbona et al., 2013; Martrat et al., 2004).

These millennial-scale �uctuations are assumed to have been linked to the Atlantic Meridional

Overturning Circulation (AMOC), which strongly a�ected climate variability in the Northern

Hemisphere during Marine Isotope Stage (MIS) 5b to 3 (96-29 ka; Henry et al., 2016; Li and

Born, 2019). The strength of the AMOC controls oceanic heat transport to high northern lati-

tudes (Böhm et al., 2015; Menviel et al., 2014). Concomitantly, the AMOC has a large impact

on sea surface temperatures (SST) in the North Atlantic (Pailler and Bard, 2002) as well as

the western Mediterranean Sea (Martrat et al., 2004; Bagniewski et al., 2017). Changes in SST

and the position and topography of the ice sheets, in turn, have an impact on the atmospheric
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circulation (Cacho et al., 2000; Merz et al., 2015; Moreno et al., 2005; Naughton et al., 2009)

by in�uencing the pathways of North Atlantic storm tracks and the position of the intertropical

convergence zone (ITCZ; Naughton et al., 2009; Stríkis et al., 2018) and, as a consequence, on

e�ective precipitation in the Mediterranean (Hodge et al., 2008a, 2008b). A decrease or even

shutdown of the AMOC is coupled to lower SSTs in the North Atlantic and a southward shifted

oceanic thermal front, which results in a more southerly route of the Atlantic jet stream and its

associated westerlies (Naughton et al., 2009). Climate models suggest that on orbital timescales,

this mechanism causes an increase in precipitation during cold phases over the western Iberian

Peninsula (Hofer et al., 2012b; Merz et al., 2015). However, biome data re�ect increased dry-

ness, especially during winter (Hofer et al., 2012a; Wu et al., 2007), which is in agreement with

paleoclimate records from SW Europe (Cortina et al., 2016; Denniston et al., 2018; Moreno et

al., 2002, 2005). The rapid climate changes during MIS 5b and 3 are also re�ected in marine

and terrestrial pollen records (Allen et al., 1999; Pons and Reille, 1988; Sánchez Goñi et al.,

2008; Tzedakis et al., 2006) and proxy records of precisely dated speleothems (Denniston et

al., 2018; Genty et al., 2010). The present-day climate of the Iberian Peninsula is dominated

by several regional atmospheric circulation patterns. For instance, the Western Mediterranean

Oscillation (WeMO) and the North Atlantic Oscillation (NAO) lead to strong spatial di�erences

in precipitation (Comas-Bru and McDermott, 2014; Hurrell and Loon, 1997; Martin-Vide and

Lopez-Bustins, 2006). Pollen records from o�shore sediments provide a wealth of information on

last interglacial to glacial vegetation and climate changes, but these data re�ect a large region

encompassing sub-regions dominated by di�erent atmospheric circulation patterns. Thus, in or-

der to understand the importance of regional atmospheric circulation patterns, precisely dated

terrestrial climate records are needed. However, so far, only very few terrestrial records from the

Iberian Peninsula covering MIS 5b to 3 are available. Here we present carbon and oxygen isotope

records from three precisely dated �owstones from Cueva Victoria (CV, SE Spain), covering the

period from 96 to 45 ka (MIS 5b � 3, including D/O events 22 to 12). These records allow to

examine how climate variability in the western Mediterranean was related to abrupt climate

change in the North Atlantic during the last glacial.

5.2 Sample Site and Methods

Cueva Victoria (37.63°N, 0.82°W, 40m asl., Figure 5.1) is located in SE Spain and developed in

Triassic lime- and dolostones of the Inner Betic Cordillera (Manteca Martínez and Pina, 2015).

The cave system consists of more than 3 km of galleries that were arti�cially widened by mining

activities during the early 20th century. The climate of the region shows a strong seasonality with

warm and dry summers and precipitation maxima in spring and autumn (up to 300mm/a, mean

annual temperature ≈ 17◦C, Figure 5.1c). This seasonality is also re�ected by the monthly δ18O

values of local precipitation, which show an inverse correlation with rainfall and temperature

(Araguas-Araguas and Diaz Teijeiro, 2005). On the inter-annual timescale, the δ18O values of

precipitation do not show a signi�cant correlation to temperature or precipitation (Budsky et
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al., 2019). Climate is classi�ed as a BSk climate according to the Köppen-Geiger classi�cation

(Kottek et al., 2006). The vegetation period lasts from spring to summer and highly depends

on rainfall during these seasons (Camarero et al., 2015; Pasho et al., 2011). Precipitation is

prevalent during periods characterized by a negative WeMO (Cortesi et al., 2014; Martin-Vide

and Lopez-Bustins, 2006; Moreno et al., 2014) index (Figure 5.1a). The main moisture sources of

precipitation are the surrounding Mediterranean and Alboran Sea as well as the North Atlantic

(Budsky et al., 2019). There is no direct in�uence of the NAO (Figure 5.1b, Hurrell and Loon,

1997) or the ITCZ (Broccoli et al., 2006). Similarly the main modern European winter circulation

patterns, such as the Eastern Atlantic (EA) or the Scandinavian pattern (SCA, Barnston and

Livezey, 1987), have almost no impact on precipitation in SE Spain (Comas-Bru and McDermott,

2014).

Flowstone SR01t (6 cm thick) was sampled from the center of �Sala de las Reuniones�, while

cores Vic-III-1 and Vic-III-3 were drilled in thick (> 50 cm) �owstones in room �Victoria 3� (Ros

and Llamusí, 2015). For Vic-III-1 (42 cm) and -3 (40.5 cm), we focus on the upper 23 and 8 cm

here (Figure 5.4), which correspond to the last 96 ka (MIS 5b/c transition). Cave monitoring at

CV is not possible due to the lack of active drip sites and the arti�cial widening of the cave, which

strongly altered the natural cave system. For 230Th/U dating, small pieces (0.05 � 0.3 g) were

cut from the �owstone, prepared by column chemistry (Gibert et al., 2016; Yang et al., 2015)

and analyzed using multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS)

at the Max Planck Institute for Chemistry in Mainz (Obert et al., 2016). Samples for stable

isotope analysis were milled at an equidistant spacing of 500 µm (Vic-III-1, SR01t) and 250µm

(Vic-III-3), respectively. The obtained powders were analyzed at the University of Innsbruck

with a DeltaplusXL isotope ratio mass spectrometer linked to a Gasbench II (Spötl, 2011; Spötl

and Vennemann, 2003).

5.3 Results

For all samples used for 230Th/U dating, 232Th was below 10 ng/g. Nevertheless, some samples

have a (230Th/232Th) <200, and detrital contamination may have a signi�cant e�ect on the
230Th/U-ages (Richards and Dorale, 2003). Thus, 230Th/U ages were corrected for detrital

contamination. The (232Th/238U) activity ratio of the detrital material was calculated for each

�owstone following the approach of Budsky et al. (2019) by minimizing the total sum of all

age inversions. This resulted in a (232Th/238U) activity ratio of 0.24 ± 0.12 for Vic-III-1 and

0.37 ± 0.19 for Vic-III-3, respectively, which are in agreement within uncertainty. For sample

SR01t, the correction is negligible due its low content of detrital material ((230Th/232Th) � 200

(Richards and Dorale, 2003)). An exception is sub-sample SR01t-11 ((230Th/232Th) = 49.01).

Therefore, we used the mean (232Th/238U) activity ratio of samples Vic-III-1 and Vic-III-3 for

detrital correction ((232Th/238U) = 0.31 ± 0.16) for SR01t. The corrected ages range from 95.7 ±
4.7 to 46.2 ± 0.6 ka (Vic-III-1), excluding the uppermost age, which corresponds to the Holocene

(Budsky et al., 2019), 92.8 ± 1.8 to 49.9 ± 0.4 ka (Vic-III-3) and 85.4 ± 1.2 to 49.5 ± 1.3 ka

94



5 Manuscript#3, Budsky et al., 2019b � Geophysical Research Letters

0

10

20

30

40

50

60

0

5

10

15

20

25

30

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Pr
ec

ip
ita

tio
n 

[m
m

]

Te
m

pe
ra

tu
re

 [°
C]

Climate of San Javier, SE Spaina

b

c

d

BG

ASR

IMR CVGC

LM

VC

SuC
SoC

DC

TP

NSpC

MC

BG

ASR

IMR CVGC

LM

VC

SuC
SoC

DC

TP

NSpC

MC BG

ASR

IMR CVGC

LM

VC

SuC
SoC

DC

TP

NSpC

MC

Figure 5.1: (a) Correlation of observed precipitation (E-OBS 19.0, Cornes et al., 2018) from
December to March (1950-2009) with the WeMO (Martin-Vide and Lopez-Bustins,
2006) and (b) the NAO index (Jones et al., 1997). (c) Climate diagram for San
Javier with temperature (red) and precipitation (blue) displaying strong seasonality.
(d) Mean precipitation (1950-2010) for December to March in mm/day (Cornes et
al., 2018). The correlation (a, b) and precipitation (d) maps were created with the
KNMI Climate Explorer (http://climexp.knmi.nl). Speleothem records are indicated
by triangles (CV: Cueva Victoria (this study, red triangle), GC: Gitana Cave (Hodge
et al., 2008a), BG: Buraca Gloriosa (Denniston et al., 2018), NSpC: Caves in North
Spain (Muñoz-García et al., 2007; Stoll et al., 2013), VC: Villars Cave (Genty et al.,
2010), MC: Mallorcan Caves (Dumitru et al., 2018; Hodge et al., 2008b), SuC: Susah
Cave (Ho�mann et al., 2016), DC: Dim Cave (Ünal-Ímer et al., 2015), SoC: Soreq
Cave (Bar-Matthews et al., 2003)). Marine sediment cores are indicated by blue
circles (ASR: Alboran Sea (ODP161-977, MD95-2043, Martrat et al., 2004; Cacho
et al., 1999), IMR: Iberian Margin (MD01-2443/4, MD95-2042, Martrat et al., 2007;
Daniau et al., 2007; Shackleton et al., 2000). The lake Monticchio (LM, Allen et al.,
1999) and Tenaghi Philippon (TP, Tzedakis et al., 2003) records are indicated by
brown circles.
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(SR01t). The �nal age models for all �owstones were constructed using the corrected ages and

the StalAge algorithm (Scholz and Ho�mann, 2011, Figure 5.5). Visible hiatuses were included

manually into the StalAge age model by �tting the corresponding �owstone sections separately

(see supplementary material). For very short growth phases consisting of only one 230Th/U-

age, we used a mean growth rate of the corresponding longer growth intervals to establish an

age-depth model. These short growth intervals were stratigraphically identi�ed by dark layers

in thin sections. There is no evidence of dissolution or diagenesis at these growth stops. Thin

sections show a pristine elongated/open columnar fabric (cf; Frisia, 2015). The stable isotope

values show a large variability on millennial timescales (Figures 5.2 and 5.3). δ18O values range

from -6.0 to -3.5� (Vic-III-1) and -6 to -3 � (Vic-III-3), whereas the δ18O values of SR01t

are slightly less negative (-5.5 to -3.0�). The δ13C values of Vic-III-1 and Vic-III-3 range from

-11.0 to -9.5�, whereas SR01t shows ca. 3� higher δ13C values. In all samples, the lowest

δ13C and δ18O values occur around 85 ka (D/O21). δ18O and δ13C values correlate positively

with r= 0.67 for SR01t, 0.55 for Vic-III-1, and 0.7 for Vic-III-3.

5.4 Discussion

5.4.1 Interpretation of the Cueva Victoria speleothem record

The three �owstone records from CV cover a long period between the last interglacial and the

Last Glacial Maximum, which is only sparsely covered by other paleoclimate archives from SE

Spain. The typical D/O pattern as recorded by the NGRIP ice core (North Greenland Ice Core

Project members, 2004; Obrochta et al., 2014; Svensson et al., 2013) is re�ected in both the

carbon and oxygen isotope records of the CV �owstones with lower values occurring during D/O

events and vice versa. This indicates a strong link between climate in the North Atlantic region

and SE Spain on millennial timescales. In the overlapping sections, all three �owstones show

consistent δ13C and δ18O values (Figures 5.2 and 5.3). This replication of the proxy signals

con�rms that the observed variability is related to climate change above the cave rather than

processes within the cave or the karst aquifer. Temporal discrepancies are likely largely due to

uncertainties in the chronology of our �owstones, in particular for a few short growth periods

that cannot be constrained by more than one 230Th/U-age, and probably to a smaller extent due

to the uncertainties of the chronology of NGRIP (up to 1.5 ka, Svensson et al., 2008, Figure 5.2).

Budsky et al. (2019) demonstrated a strong in�uence of e�ective precipitation on vegetation

density and microbiological activity in the soil above CV during the Holocene. Higher δ13C

values were interpreted as decreased precipitation during the season of vegetation growth (spring

to summer). This interpretation is in agreement with other studies using δ13C values as a proxy

for vegetation density (Cerling et al., 1993; Fohlmeister et al., 2011) and soil microbiological

activity (Genty et al., 2003; Meyer et al., 2014), which in turn are related to e�ective precipitation

during the growing season (Denniston et al., 2018; Hodge et al., 2008a, 2008b). In addition to

these processes occurring in the soil zone, several processes within the aquifer and the cave can
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result in carbon isotope fractionation, such as prior calcite precipitation (PCP), cave ventilation

and the distance of �ow on �owstones (Hansen et al., 2017; Johnson et al., 2006; Mühlinghaus

et al., 2009; Spötl et al., 2005). Stronger cave ventilation and increased distances of �ow lead to

enhanced degassing of CO2 from the solution and precipitation of calcite prior to the sampling

site. This may be particularly relevant for sample SR01t, which is associated with the longest

distance of �ow due to its position in the middle of the cave chamber, and may explain the

elevated δ13C values compared to the other �owstones. In general, despite their complexity, all

processes result in higher δ13C values during drier conditions above the cave. Thus, we interpret

higher δ13C values in the CV �owstones as re�ecting periods of reduced precipitation/in�ltration.

Lower δ13C values during D/O events thus suggest increased precipitation in the western

Mediterranean during these warm events in the North Atlantic region (Budsky et al., 2019;

Genty et al., 2003). This is in agreement with other climate archives from the Mediterranean,

such as pollen records from the western Mediterranean (Burjachs et al., 2012; Camuera et al.,

2019; Combourieu Nebout et al., 2002; Sánchez Goñi et al., 2008) and Italy (Allen et al., 1999).

The interpretation of δ18O values in the CV �owstone records is more complex (Budsky et

al., 2019). Modern precipitation δ18O values on a monthly timescale are related to precipitation

amount between October and April. Low δ18O values of monthly precipitation correlate with

high rainfall amount and vice versa (Araguas-Araguas and Diaz Teijeiro, 2005). Since summer

precipitation with elevated δ18O values does not in�ltrate into the karst rock, the CV �owstones

mainly record the more negative δ18O signal of winter precipitation (Budsky et al., 2019; Carrasco

et al., 2006). On the inter-annual timescale, we thus expect lower δ18O values for years with

increased October-April precipitation, consistent with the interpretation for other Mediterranean

speleothem δ18O records (Ayalon et al., 1998; Ayalon et al., 2002; Bard et al., 2002). However,

during D/O events, SSTs on the Iberian Margin and in the Alboran Sea were higher (Figure 5.3)

and the continent was warmer (Genty et al., 2010; Martrat et al., 2007), which may have resulted

in higher rainfall δ18O values (Rozanski et al., 1993) even if Budsky et al. (2019) did not �nd a

signi�cant correlation between temperature and rainfall δ18O values on inter-annual timescales.

At the same time, warmer cave air results in lower calcite δ18O values due to the temperature-

dependent isotope fractionation between water and calcite (Hansen et al., 2019; Kim and O'Neil,

1997; Tremaine et al., 2011). The interpretation is further complicated because the δ18O values

of precipitation are not directly related to changes in the moisture source (Moreno et al., 2014)

preventing to disentangled precipitation originating in the Atlantic from that coming from the

Mediterranean. This also implies that the transport distance of the water vapor and potential

rain-out e�ects (McDermott, 2004; Mook, 2001) are not dominant because the Mediterranean

is the more local moisture source compared to the more distant Atlantic. In addition, temporal

changes in the δ18O value of surface ocean water have to be taken into account, but unfortunately,

there is no seawater δ18O reconstruction available from the region. δ18O values of planktonic

foraminifera in sediment cores from the Iberian margin and the Alboran Sea (Vautravers and

Shackleton, 2006), a proxy for both SST and the δ18O value of seawater, re�ect all D/O events

(Figure 5.3b). However, considering the temperature dependence of the δ18O values of planktonic

97



5 Manuscript#3, Budsky et al., 2019b � Geophysical Research Letters

45 50 55 60 65 70 75 80 85 90 95

Age [ka]

-46
-44
-42
-40
-38
-36

18

-8

-9

-10

-11

13

-5
-6
-7
-8
-9

-10

13

0

20

40

60

80

100

W
oo

dy
 p

ol
le

n 
ta

xa
 [%

]

-8

-9

-10

-11

13

-2

-4

-6

-8

-10

-12

13

0

10

20

30

40

50

60

Te
m

pe
ra

te
 ta

xa
 [%

]

12 13 14 22212015 191816
a

e

d

c

b

Figure 5.2: δ13C values of the three CV �owstones with corresponding 230Th/U ages (b), which
re�ect vegetation density above the cave. Also shown are the NGRIP δ18O record
(a, Obrochta et al., 2014), which shows North Greenland temperature variations,
temperate taxa pollen from the Alboran Sea (c, ODP976, Combourieu Nebout et
al., 2002), and the δ13C values of a speleothem record from Portugal (d, Denniston
et al., 2018). In addition, we show the percentage of woody pollen taxa from Lake
Monticchio in Italy (e, Allen et al., 1999), which re�ect vegetation density. The gray
bars indicate the D/O events.
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Figure 5.3: δ18O values of the three CV �owstones (e) in comparison with NGRIP (a, Obrochta
et al., 2014, indicating warm D/O events) as well as SST from the Iberian Margin
and the Alboran Sea (b, Martrat et al., 2004; Martrat et al., 2007). Also shown
are δ18O values of planktonic foraminifera (G. bulloides) from the Iberian Margin
(c, Vautravers and Shackleton, 2006; Hodell et al., 2013), which re�ect changes in
both temperature and the δ18O values of the source for moisture uptake. Long-term
changes in �owstone δ18O values (e) track the 65°N July insolation (d, Laskar et al.,
2004) and precession (d, dashed line, Berger, 1978). (f) δ18O values of a speleothem
record from Portugal (Denniston et al., 2018). The reddish bars indicate the D/O
events.
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foraminifera of ca. -0.21�/◦C (Bemis et al., 1998), suggests only minor changes in the δ18O

value of seawater during the D/O events (Figure 5.3b, c). Therefore, we interpret our �owstone

δ18O record as re�ecting a combination of the amount of winter precipitation and cave air

temperature, with more negative �owstone δ18O values corresponding to warmer and more humid

conditions. This relationship is potentially weakened by the positive relationship between surface

air temperature and rainfall δ18O values.

5.4.2 Climate variability on orbital timescales

On orbital timescales, the �owstone δ18O record follows 65°N July insolation, whereby high in-

solation is associated with low δ18O and δ13C values (warm and humid) and vice versa (Figure

5.3d, e; Berger, 1978). Only few terrestrial climate archives in southern Europe and the western

Mediterranean cover MIS 5 to 3. For MIS 5c-a, coastal sediments suggest more humid conditions

in SE Spain (Mauz et al., 2012). Enhanced precipitation during interglacials is also corroborated

by stalagmite growth in northern Iberia (Muñoz-García et al., 2007; Stoll et al., 2013). Located

close to CV, the low resolution Gitana Cave record (Figure 5.1) is in good agreement with our

records on orbital timescales, with higher e�ective precipitation during interglacials and a cessa-

tion of speleothem growth during Heinrich stadial 5 (≈ 46 ka, Hodge et al., 2008a). This coincides

with a prominent sea level drop at ca. 45 ka (Siddall et al., 2008) and the termination of calcite

deposition in CV. Speleothem δ13C values from Portugal also suggest that high 65°N summer

insolation is associated with higher precipitation (Denniston et al., 2018). In summary, on orbital

timescales, precipitation on both the western and the eastern Iberian Peninsula responds to 65°N

July insolation. 65°N July insolation depends on the interplay between obliquity and precession

(Davis and Brewer, 2009). Both lead to a varying latitudinal insolation gradient, which in turn

drives the latitudinal temperature gradient and thus climate in higher and lower latitudes by

a latitudinal displacement and varying intensity of the mid-latitude storm tracks and the trop-

ical Hadley Cell/ITCZ (Schneider et al., 2014; Stríkis et al., 2018). In particular, precession

minima are associated with stronger latitudinal shifts of the ITCZ and the mid latitude storm

tracks on seasonal timescales, and are thus associated with higher seasonality and enhanced au-

tumn/winter precipitation due to higher storm activity in the Mediterranean (Kutzbach et al.,

2014; Bosmans et al., 2015; Toucanne et al., 2015). This phenomenon may explain the wetter

conditions observed around 80-85 ka in our record, but not those at 50-60 ka (Figure 5.3). This

suggests that the combined signal of 65°N July insolation is more important than precession

alone. Higher 65°N July insolation during interglacials is associated with a weaker latitudinal

temperature gradient. A higher temperature gradient during glacial periods was associated with

a weakened AMOC (Böhm et al., 2015) and leads to stronger and southward shifted westerlies

(Merz et al., 2015). Consequently, this should lead to more precipitation on the Iberian Penin-

sula during glacial periods (Hofer et al., 2012b). Interestingly, this is not observed in the western

Iberian Peninsula, where glacial periods were characterized by drier conditions, whereas inter-

glacials were relatively wet (Denniston et al., 2018). This apparent controversy may be explained
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by the fact that the glacials (interglacials) were associated with a reduced (stronger) AMOC and

lower (higher) 65°N July insolation, which lead to lower (higher) SST's. On orbital timescales,

SSTs at the Iberian margin are correlated with precipitation at both the western (Denniston

et al., 2018) and the eastern Iberian Peninsula (CV; this study). This strongly suggests that

SST controlled precipitation on the Iberian Peninsula on orbital timescales although it remains

di�cult to assess whether this is related to an increase in winter or summer precipitation or both

(Kutzbach et al. 2014).

5.4.3 Climate variability on millennial timescales

On millennial timescales, we observe that the D/O events are associated with warm and humid

conditions, which is even the case for the short-lived D/O events 15 (≈ 55 ka) and 18 (≈ 64 ka).

In contrast, Greenland stadials are associated with cold and dry conditions at CV (Figure 5.3).

The same pattern is observed across the Iberian Peninsula (Denniston et al., 2018; Hodge et

al., 2008a; Sánchez Goñi et al., 2008; Combourieu Nebout et al., 2002) and in other regions

of western Europe (Genty et al., 2003, 2010; Hofer et al., 2012a; Wu et al., 2007; Sanchez

Goni et al., 2013) and the Mediterranean (Allen et al., 1999; Brauer et al., 2007; Dumitru et

al., 2018; Fletcher et al., 2010; Hodge et al., 2008b). Warming of the North Atlantic during

D/O events is associated with an enhanced AMOC, which results in a decreased temperature

gradient. In general, a weakened AMOC during stadials reduces the heat transport to the North

concomitant with reduced SSTs (Bagniewski et al., 2017). In combination with the presence

of the Laurentide ice sheet, this induces a southward shift of the Hadley Cell, associated with

stronger and southward shifted westerlies (Menviel et al., 2014). Stronger and southward shifted

westerlies during stadials lead to decreased precipitation over the Iberian Peninsula and vice

versa (Menviel et al., 2014; Bagniewski et al., 2017). Nevertheless, from a sediment core o�

the northwest Iberian coast, a more complex response of precipitation to Heinrich events 4, 2

and 1 was observed (Naughton et al., 2009). Naughton et al. (2009) suggested that the 1st

phase of the Heinrich events was associated with relatively wet and cold conditions, whereas the

2nd phase was characterized by dry and cold conditions following the displacement of the ocean

polar front. However, since the CV-record does not cover Heinrich events 4, 2 and 1, this cannot

be veri�ed for the Eastern Iberian Peninsula. Moreover, the CV record shows drier conditions

during stadials and wetter conditions during D/O events.

5.5 Precipitation patterns: present-day versus last glacial period

The present-day precipitation distribution on the Iberian Peninsula is strongly in�uenced by

several atmospheric circulation patterns including the WeMO and the NAO (Comas-Bru and

McDermott, 2014; Cortesi et al., 2014). A negative WeMO index leads to enhanced precipi-

tation in SE Spain, whereas the northern parts remain dry and vice versa (Martin-Vide and

Lopez-Bustins, 2006, Figure 5.1a and d). This bipolar precipitation pattern has also been dis-
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cussed in detail for the Holocene (Budsky et al., 2019). In contrast, the NAO particularly a�ects

precipitation in the regions of the Iberian Peninsula that are not a�ected by the WeMO (Fig-

ure 5.1b). During the last glacial D/O events, it is well documented that many regions in addition

to south-eastern Spain, such as western Europe (Genty et al., 2003; Wainer et al., 2009) and the

eastern Mediterranean (Grant et al., 2012; Ünal-Ímer et al., 2015), also experienced increased

precipitation. This is in agreement with higher tree pollen percentages in Greece (Tenaghi Philip-

pon, Tzedakis et al., 2003) and Italy (Lake Monticchio, Allen et al., 1999) and speleothem δ18O

values and growth phases in northern Libya (Ho�mann et al., 2016). Thus, it was more humid

during the D/O events in the whole Mediterranean area and western Europe. This simultaneous

increase in precipitation associated with the D/O events in this large region cannot be explained

by changes in modern winter atmospheric circulation pattern, such as the NAO, the EA, the

SCA or the WeMO (Comas-Bru & McDermott, 2014; Martin-Vide & Lopez-Bustins, 2006). In-

stead, we suggest that changes in North Atlantic and Mediterranean SSTs controlled the water

vapor content of the atmosphere and regulated changes in precipitation. We emphasize that this

general increase in precipitation does neither exclude changes in atmospheric circulation during

D/O events nor that it is related to increases in both winter and summer precipitation. Such

a strong link between SST and precipitation has also been suggested for the last glacial (Den-

niston et al., 2018; Hodge et al., 2008b), primarily for the Mediterranean due to instabilities in

winter associated with high SSTs during D/O events (Bosmans et al., 2015). In particular, it

is well known that the water vapor content of the air over the North Atlantic increased during

warmer periods, and these warm and moist air masses were then transported to the western

Mediterranean causing an increase in precipitation (Bosmans et al., 2015; Kutzbach and Liu,

1997; Trenberth et al., 1998). During glacials, cool SSTs in the North Atlantic decreased the

energy budget over the ocean and the moisture uptake in winter. This resulted in drier conditions

in the western Mediterranean (Daniau et al., 2007; Dumitru et al., 2018; Hodge et al., 2008b;

Moreno et al., 2005).

5.6 Conclusions

Three overlapping �owstone δ13C and δ18O records from CV demonstrate that precipitation

in SE Spain between MIS 5b to MIS 3 (96-45 ka) was related to the North Atlantic climate

variability. Warm D/O events were associated with higher precipitation and an expansion of

vegetation, even during short D/O events, such as D/O15 and 18. Cold stadials were associated

with lower precipitation and reduced vegetation cover. Warm and humid conditions during

D/O events are also recorded by pollen and were associated with an expansion of forests in the

Mediterranean region. Climate of the Iberian Peninsula during the Holocene and the present-

day shows strong regional di�erences due to di�erent controlling factors, such as the NAO and

the WeMO. However, vast regions in the Mediterranean and western Europe show coherently

more humid conditions during D/O events and drier conditions during Greenland stadials. We

conclude that this coherent large-scale climate response cannot be explained by present-day
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winter atmospheric circulation patterns alone. Instead, the SST of the North Atlantic and the

Mediterranean Sea played a key role in determining the water vapor content of the atmosphere

that controlled precipitation in the western Mediterranean and western Europe.
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5.7 Supplemental material

Age modelling The presented CV �owstones (Figure 5.4) display several hiatuses and changes

in growth rate (Table 5.7, Figure 5.5). In case of more than two ages for a single segment, we

used StalAge (Scholz & Ho�mann, 2011) to construct an age-depth model. However, some CV

�owstones show very short growth phases, which are constrained by less than three ages. In

case of two ages, we linearly interpolated the age-depth model between the two ages (Vic-III-3).

In case of a single age, we assumed a distinct growth rate (approx. average growth rate over

the whole sample) for the corresponding growth interval (Vic-III-1, 3). For D/O18, we used

another approach to eliminate age discrepancies between the records. Since we have a single

age for each record, we calculated the weighted mean age of all three records (64.34 ± 2.04 ka)

with a subsequently enlarged age uncertainty (Figure 5.6). This age is then used to construct

the StalAge model (Vic-III-1) or as the initial value for an assumed growth rate (0.05µm/a for

SR01t and 0.025 µm/a for Vic-III-3).
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Figure 5.4: Pictures of the investigated sample material. The locations of sampling for 230Th/U-
dating are indicated with an arrow and the corresponding age in ka. The age with
an asterisk has been modi�ed for the age model (see text). The track of the stable
isotope measurements is indicated by the red line.
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230Th/U dating results for �owstones Vic-III-1, Vic-III-3 and SR01t.

Sample 238U [µg/g] ± (230Th/232Th) ± (234U/238U) ± (230Th/238U) ± age

corr.[ka]

error [ka] age un-

corr. [ka]

error [ka] dft [cm]

Vic-III-1-29 0.216 0.001 240.8 3.0 1.194 0.002 0.421 0.004 46.15 0.57 46.80 0.57 0.8

Vic-III-1-01 0.225 0.002 149.4 1.5 1.201 0.004 0.435 0.003 47.08 0.68 48.16 0.67 1.4

Vic-III-1-37 0.256 0.003 130.1 1.1 1.189 0.011 0.445 0.004 49.20 1.01 50.49 1.00 1.8

Vic-III-1-25 0.282 0.002 196.9 2.3 1.180 0.002 0.448 0.003 50.56 0.55 51.42 0.55 2.7

Vic-III-1-03 0.242 0.001 140.2 1.5 1.181 0.002 0.458 0.003 51.40 0.69 52.63 0.69 3.85

Vic-III-1-38 0.259 0.003 171.0 1.8 1.169 0.009 0.463 0.005 53.27 0.97 54.31 0.97 4.4

Vic-III-1-26 0.274 0.002 259.9 3.1 1.174 0.002 0.462 0.003 53.13 0.56 53.81 0.57 5.4

Vic-III-1-39 0.355 0.004 255.2 2.6 1.169 0.011 0.473 0.005 55.08 1.02 55.78 1.07 6.4

Vic-III-1-40 0.318 0.004 160.1 1.5 1.163 0.012 0.481 0.005 55.33 0.61 56.07 0.59 7.2

Vic-III-1-13 0.289 0.002 244.7 2.3 1.169 0.004 0.475 0.003 56.28 1.24 57.43 1.25 7.3

Vic-III-1-30 0.248 0.002 97.7 1.0 1.171 0.003 0.493 0.004 56.83 1.01 58.76 1.02 8.6

Vic-III-1-04 0.291 0.002 312.9 3.2 1.182 0.002 0.499 0.003 58.20 0.52 58.80 0.52 9.6

Vic-III-1-20 0.359 0.002 106.9 0.9 1.183 0.002 0.522 0.002 60.65 0.87 62.49 0.87 10.2

Vic-III-1-27 0.228 0.001 65.9 0.8 1.182 0.002 0.545 0.004 63.09* 1.46* 66.22 1.43 10.7

Vic-III-1-22 0.264 0.002 207.2 1.9 1.165 0.003 0.547 0.003 66.94 0.69 67.94 0.69 11.2

Vic-III-1-11 0.233 0.002 429.9 4.2 1.144 0.004 0.555 0.004 70.66 0.77 71.16 0.76 12.3

Vic-III-1-41 0.248 0.003 295.8 2.7 1.156 0.010 0.559 0.005 70.08 1.29 70.80 1.29 13

Vic-III-1-17 0.214 0.001 69.7 0.6 1.156 0.002 0.581 0.003 71.62 1.46 74.85 1.51 13.9

Vic-III-1-16 0.214 0.001 248.1 2.4 1.158 0.002 0.569 0.003 71.62 0.69 72.50 0.68 14.2

Vic-III-1-31 0.274 0.002 534.0 5.7 1.152 0.002 0.564 0.004 71.69 0.72 72.09 0.71 14.7

Vic-III-1-05 0.148 0.001 257.6 23.5 1.156 0.003 0.621 0.043 81.24 8.26 82.16 8.17 15.05

Vic-III-1-32 0.075 0.000 222.0 5.6 1.149 0.003 0.578 0.008 73.86 1.60 74.87 1.58 15.6

Vic-III-1-14 0.208 0.001 320.5 2.9 1.148 0.004 0.591 0.003 76.58 0.77 77.29 0.78 16.3

Vic-III-1-06 0.168 0.001 165.5 1.6 1.126 0.004 0.603 0.004 80.48 1.04 81.92 1.05 17.3

Vic-III-1-42 0.118 0.001 66.8 0.6 1.121 0.006 0.625 0.005 83.44 2.04 87.19 2.07 18.5

Vic-III-1-21 0.185 0.001 342.4 3.7 1.151 0.002 0.642 0.004 86.34 0.95 87.06 0.97 19.4

Vic-III-1-07 0.074 0.000 295.6 4.5 1.178 0.004 0.680 0.007 90.34 1.47 91.20 1.46 21

Vic-III-1-33 0.105 0.001 236.2 6.2 1.159 0.003 0.687 0.010 94.41 2.28 95.51 2.26 22

Vic-III-1-23 0.109 0.001 197.3 10.3 1.202 0.010 0.723 0.022 95.71 4.71 97.04 4.69 22.4
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Sample 238U [µg/g] ± (230Th/232Th) ± (234U/238U) ± (230Th/238U) ± age

corr.[ka]

error [ka] age un-

corr. [ka]

error [ka] dft [cm]

Vic-III-3-33 0.238 0.001 251.3 2.4 1.177 0.002 0.440 0.002 49.93 0.38 50.36 0.37 0.4

Vic-III-3-04 0.194 0.001 222.0 2.6 1.174 0.005 0.452 0.004 51.83 0.66 52.33 0.66 0.6

Vic-III-3-18 0.225 0.001 145.9 2.0 1.170 0.002 0.462 0.003 53.28 0.63 54.07 0.62 0.9

Vic-III-3-19 0.267 0.002 134.6 2.2 1.169 0.003 0.484 0.006 56.58 0.94 57.47 0.96 1.2

Vic-III-3-01 0.172 0.002 317.4 3.5 1.166 0.009 0.535 0.005 65.44* 1.18* 65.85 1.16 2

Vic-III-3-23 0.208 0.001 437.1 4.3 1.143 0.003 0.562 0.003 72.40 0.71 72.72 0.71 2.7

Vic-III-3-41 0.259 0.002 393.3 4.8 1.145 0.001 0.570 0.004 73.41 0.73 73.77 0.74 2.9

Vic-III-3-14 0.166 0.001 412.8 4.2 1.136 0.004 0.580 0.004 76.22 0.83 76.58 0.83 3.5

Vic-III-3-32 0.105 0.001 52.0 0.5 1.132 0.005 0.634 0.004 84.69 1.67 87.81 1.65 4

Vic-III-3-06 0.207 0.002 383.8 4.0 1.143 0.009 0.634 0.006 86.05 1.60 86.46 1.60 5

Vic-III-3-42 0.184 0.001 285.0 3.1 1.134 0.002 0.640 0.004 88.21 0.87 88.78 0.88 5.5

Vic-III-3-24 0.160 0.001 173.1 1.7 1.121 0.007 0.645 0.006 90.67 1.56 91.62 1.55 6.4

Vic-III-3-43 0.154 0.001 122.9 1.4 1.138 0.002 0.654 0.005 89.85 1.14 91.19 1.13 6.5

Vic-III-3-07 0.161 0.002 238.9 2.3 1.148 0.009 0.670 0.006 92.77 1.72 93.47 1.77 7.6

SR01t-13 0.348 0.002 6710.0 308.1 2.049 0.003 0.773 0.017 49.53 1.29 49.54 1.31 0.2

SR01t-09 0.350 0.003 86873.8 8444.8 1.882 0.007 0.724 0.006 50.94 0.59 50.94 0.58 0.5

SR01t-15 0.362 0.002 811324.2 419545.4 1.899 0.005 0.728 0.009 50.66 0.79 50.66 0.78 0.65

SR01t-01 0.300 0.011 29390.2 1637.1 1.833 0.008 0.730 0.006 53.16 0.60 53.16 0.61 0.9

SR01t-14 0.314 0.002 89755.0 13065.1 1.921 0.004 0.752 0.014 51.99 1.19 51.99 1.21 1.1

SR01t-06 0.360 0.003 7300.6 214.3 1.815 0.007 0.723 0.012 53.24 1.07 53.24 1.09 1.3

SR01t-06re 0.361 0.003 7107.2 143.4 1.839 0.009 0.714 0.008 51.49 0.79 51.50 0.82 1.3

SR01t-03 0.336 0.002 9614.8 165.1 1.757 0.007 0.705 0.007 53.77 0.71 53.78 0.71 1.8

SR01t-04 0.346 0.003 8530.9 117.8 1.888 0.008 0.766 0.006 54.35 0.64 54.35 0.63 2.3

SR01t-07 0.335 0.002 54212.9 2504.2 1.795 0.007 0.741 0.005 55.68 0.58 55.68 0.57 2.8

SR01t-05 0.378 0.003 38931.4 604.6 1.882 0.007 0.791 0.005 56.81 0.55 56.81 0.54 3.5

SR01t-08 0.290 0.002 8061.3 144.5 1.884 0.008 0.805 0.008 58.02 0.76 58.02 0.78 4.1

SR01t-10 0.335 0.002 38364.7 1169.5 1.776 0.008 0.773 0.008 59.52 0.80 59.52 0.81 4.55

SR01t-12 0.270 0.002 3152.6 66.9 1.960 0.003 0.871 0.009 60.79 0.76 60.80 0.78 4.8

SR01t-02 0.312 0.012 28484.1 791.3 1.897 0.009 0.879 0.008 64.28* 0.81* 64.28 0.85 5.1

SR01t-11 0.134 0.001 49.0 0.5 1.894 0.007 1.091 0.008 85.40 1.17 86.32 1.06 5.55
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Figure 5.5: StalAge models (Scholz & Ho�mann, 2011) for the three �owstone records (Vic-III-1,
-3, SR01t) with the 230Th/U ages (Table 5.7).
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Abstract Modern Western Mediterranean interglacial climate is characterised by strong sea-

sonality, and especially south-eastern Spain is strongly in�uenced by limited rainfall. Signi�cant

climate variability during the Last Interglacial observed in terrestrial archives from the Mediter-

ranean suggests to revise the assumption of rather stable climate similar to Holocene climate.

Last interglacial climate in south -eastern Spain was strongly in�uenced by arid events introduced

by cold freshwater outburst in the North Atlantic in�uencing climate in the Western Mediter-

ranean. We present speleothem stable isotope records from Cueva Victoria in south-eastern

Spain covering the periods from marine isotope stages 6.5 to 5c (190 � 100 ka). The records

document several climate instabilities of the hydrological system during the penultimate glacial,

the last interglacial and the last glacial inception. Combining previous studies, we further con-

clude climatic variability on orbital time scale. In addition to sea-surface temperature of the
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North Atlantic and the Western Mediterranean Sea, solar insolation is an important driver of

precipitation variability in south-eastern Spain. ?

6.1 Introduction

Temperature and sea-level of the Last Interglacial (LIG, 129 � 116 ka) have often been compared

with the Holocene (< 11.7 ka), although orbital parameters were di�erent (Martrat et al., 2014).

In general, at the beginning of an interglacial, the deglaciation, which was accompanied by

increasing temperatures and a sea level rise, and an intensi�ed Atlantic Meridional Overturning

Circulation (AMOC, Böhm et al., 2015) resulted in increased temperature and humidity on

the continent (Demény et al., 2017; Genty et al., 2003; Sirocko et al., 2005; Vansteenberge

et al., 2016). In addition, as a result of high solar summer insolation during interglacials, the

Intertropical Convergence Zone (ITCZ) arrived at its most northern position over Africa (Pausata

et al., 2016; Rohling et al., 2002; Tierney et al., 2017), in�uencing the southern borderlands of

the Mediterranean by increased freshwater input (Rohling et al., 2015; Rossignol-Strick and

Paterne, 1999; Weldeab et al., 2002). Subsequently, ocean circulation in the Mediterranean

changed into stratiform and anoxic conditions forming sapropels in the Eastern Mediterranean

(Emeis et al., 2000; Rohling et al., 2015). At the same time, lower winter insolation lead to a shift

of the Atlantic jet to a more southern position enabling depressions to enter the Mediterranean

(Kutzbach et al., 2014). Hence, (winter) conditions in the Mediterranean were more humid

during interglacials as documented by various pollen (Allen et al., 1999; Allen and Huntley,

2009; Camuera et al., 2019; Roucoux et al., 2008; Tzedakis, 2005) and speleothem records (Bar-

Matthews et al., 2003; Drysdale et al., 2007; Hodge et al., 2008; Regattieri et al., 2014). Apart

from these general similarities, there are also di�erences between the LIG and the Holocene.

LIG sea level exceeded those during the Holocene climate optimum of about 2 to 4m (Bardají

et al., 2009; Rovere et al., 2016) and peaked at 6 to 9m above present sea level (Dutton and

Lambeck, 2012; Grant et al., 2014; Hearty et al., 2007). In addition, global mean temperature

(CAPE-Last Interglacial Project Members, 2006; Pedersen et al., 2017) and SST (Leduc et al.,

2010; Martrat et al., 2014) were warmer due to the higher summer insolation (Berger, 1978).

As a result, the monsoon strength (Rossignol-Strick and Paterne, 1999) and precipitation in the

Eastern Mediterranean (Bar-Matthews et al., 2003; Grant et al., 2016) exceeded the Holocene

levels as revealed by a minimized dust input (Ehrmann et al., 2017). Several incursions of ice

rafted debris (IRD, Bond et al., 1999) into the North Atlantic recorded during the LIG (Galaasen

et al., 2014; Mokeddem et al., 2014; Tzedakis et al., 2018) lead to increased climate instability

compared to the Holocene (Bond et al., 2001). High temporal resolution terrestrial records enable

to reconstruct the climatic transition from the penultimate glacial into the LIG (Regattieri et al.,

2016; Regattieri et al., 2017; Tzedakis et al., 2018; Vansteenberge et al., 2019). The penultimate

glacial (MIS 6, 190 � 130 ka) is known for its deposition of sapropel S6 (Emeis et al., 2000;

Rossignol-Strick and Paterne, 1999), which indicates unusually humid climate conditions at the

beginning of MIS 6 (185 � 170 ka, MIS 6.5) in the Mediterranean (Bard et al., 2002; Hodge et
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al., 2008; Toucanne et al., 2015) and Europe (Wainer et al., 2011). Although sea level MIS

during 6.5 was reduced by about -50m compared to the present (Grant et al., 2014; Scholz et

al., 2007), insolation reached its maximum (≈ 174 ka, Berger, 1978) inducing strong seasonality

by strong African (Tisserand et al., 2009) and Asian monsoon (Wang et al., 2008) despite of

reduced SST, which were on a similar level as during MIS 3 (Martrat et al., 2004; Martrat et

al., 2007). Here we present new speleothem records from south-eastern Spain covering parts of

the penultimate glacial (175 � 160 ka) and the LIG (133 � 100 ka) displaying large hydrological

shifts and climate instability during the LIG. In combination with previous studies from the

same cave reconstructing hydrological and vegetational changes during the Holocene (Budsky

et al., 2019a) and MIS 3 (Budsky et al., 2019b), we elaborate the two main drivers favouring

speleothem growth in south-eastern Spain. These are primarily the sea surface temperatures

(SST) from the surrounding oceans providing moisture in combination with summer insolation

as an indicator for high summer temperatures enabling moisture uptake.

6.2 Regional setting

Cueva Victoria (CV) is located in south-eastern Spain (37.6°N, 0.82°W, 40m asl, Figure 6.1)

and located at one of the driest regions in Europe with an annual precipitation between 200 and

300mm and a strong seasonality (Agencia Estatal de Meteorología, 2011; Araguas-Araguas and

Diaz Teijeiro, 2005; Budsky et al., 2019a). According to the Köppen-Geiger classi�cation, cli-

mate can be classi�ed as BSk climate, which re�ects arid cold steppe climate with a mean annual

temperature (MAT) below 18 ◦C (Kottek et al., 2006). The most important atmospheric set-

ting leading to precipitation is the Western Mediterranean Oscillation (WeMO, Martin-Vide and

Lopez-Bustins, 2006), whereas annual temperature is more strongly in�uenced by the East At-

lantic pattern (EA, Ríos-Cornejo et al., 2015). The North Atlantic Oscillation (NAO, Comas-Bru

and McDermott, 2014), which has a strong in�uence in many other parts of Europe (Deininger

et al., 2016; Hurrell and Loon, 1997) shows no signi�cant in�uence on precipitation.

Cueva Victoria formed in Triassic limestones and dolostones of the Inner Betic System. These

partly karsti�ed rocks belong to the Alpujarride metamorphic complex (San Ginés unit, Manteca

Martínez and Pina, 2015). The cave system extends over 3 km laterally and 155m vertically and

consists of several chambers (Ros and Llamusí, 2015). Until the last century, the manganese ore

linked to fault systems was mined, and the original cave system was widened and, thus, strongly

modi�ed. This is, for instance, evident by high present-day ventilation (cave pCO2 <500 ppmV,

data provided by the local caving group, CENM-naturaleza). Therefore, cave monitoring makes

not much sense at CV. The �owstone cores were recovered in a less ventilated part of the cave

(re�ected by high relative humidity > 90%). The approximate mean annual cave air temperature

at the sampling site of the �owstones is 17 ◦C (CENM-naturaleza). Previous studies (Budsky et

al., 2015; Budsky et al., 2019a; b) showed preferential speleothem growth during more humid

interglacials and interstadials. Associated with that, increased vegetation and the re�lling of the

aquifer reactivated the karst system for �owstone deposition.
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Figure 6.1: Map showing the location of Cueva Victoria, which is displayed by a red triangle.
Important sites discussed in the text are also shown. Sediment records (Hoher List,
Sirocko et al., 2005; Padul Lake, Camuera et al., 2019; Sulmona Basin, Regattieri et
al., 2015; Tenaghi Philippon, Tzedakis et al., 2006) are indicated by brown circles,
whereas triangles display speleothem records (Bradla Cave, Demény et al., 2017;
La Chaise de Vouthon, Couchoud et al., 2009; Corchia Cave, Drysdale et al., 2005;
Tana che Urla Cave, Regattieri et al., 2014; Cueva del Cobre, Rossi et al., 2014;
Argentarola Cave, Bard et al., 2002b; Campanet Cave, Dumitru et al., 2018; Buraca
Gloriosa and Gruta do Casal da Lebre, Denniston et al., 2018 and Gitana Cave,
Hodge et al., 2008). Open white circles show marine records (PRGL1, Cortina et
al., 2011; MD01-2443/4, Martrat et al., 2007; ODP161-976, Martrat et al., 2014 and
MD95-2043, Cacho et al., 1999).

6.3 Material and methods

Two �owstone cores were collected from chamber Victoria III (Ros and Llamusí, 2015) using a

mobile core drilling device with a diameter of 5 cm. Vic-III-1 (Vic-III-3) has a length of 41.5 cm

(40.5 cm) and the preparation has already been described by Budsky et al. (2019a). Here, we

focus on the section covering MIS 5 to MIS 6, corresponding to 23 to 29.5 cm distance from

top (dft) for Vic-III-1 and 7.85 to 37.5 cm dft for Vic-III-3, respectively. Both �owstone cores

are generally composed of calcite with a columnar fabric (Frisia, 2015). Vic-III-3 shows partly

open columnar fabric from 11 to 18 cm dft. In addition, this core shows a distinct dark layer at

34.4 cm dft. We took nine samples for U-series dating from Vic-III-1 and 33 samples from Vic-

III-3, respectively. The sample mass varied between 100 and 300mg. The sample preparation

is described in (Budsky et al., 2019a) and details for spike preparation and separation of U and

Th can be found in (Gibert et al., 2016; Yang et al., 2015). Mass spectrometric analyses of U
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and Th isotopes were performed with a Nu instruments MC-ICP-MS (multi-collector inductively

coupled plasma mass spectrometer) at the Max Planck Institute for Chemistry, Mainz. Details

are provided by Obert et al. (2016). To determine ages and activity ratios, the half-lives

of (Cheng et al., 2000) for 230Th and 234U, (Le Roux and Glendenin, 1963) for 232Th, and

(Ja�ey et al., 1971) for 238U were used. The detrital correction factor was adjusted in order to

minimize age inversions in each �owstone (see Budsky et al., 2019a, for details). This resulted in

activity ratios of (232Th/238U) = 0.24 (Vic-III-1) and 0.37 (Vic-III-3), respectively. The resulting

ages were then used for calculation of an age model using the StalAge algorithm (Scholz and

Ho�mann, 2011). In case of only two ages for a growth period, we linearly interpolated an age

depth model with appropriate uncertainties (Figure 6.2). Samples for stable isotope measurement

were taken at a spatial resolution of 500 µm in Vic-III-1 and 250 µm in Vic-III-3, respectively,

using a NWR MicroMill. Measurements were performed at the Institute of Geology, University

of Innsbruck, using a Thermo Fisher DeltaplusXL isotope ratio mass spectrometer. This is linked

to a Gasbench II as described in (Spötl and Vennemann, 2003) and (Spötl, 2011). The long-

term analytical precision (1σ) of the δ18O measurements is 0.08 (δ13C: 0.06�). Both values are

displayed relative to the V-PDB standard.

6.4 Results and Discussion

The bottom sections of both samples (Vic-III-1 and Vic-III-3) show pale white calcite below a

distinct brown layer (Figure 6.7). Maximum ages for this section are 186.3 ± 4.9 at 29.5 cm dft

for Vic-III-1 and 175.6 ± 4.4 for Vic-III-3 at 36.7 cm dft, respectively. Above the hiatus, sample

Vic-III-1 shows two growth phases from 113 � 107 ka and 103 � 100 ka. Vic-III-3 records several

short growth periods at approx. 132 and 126 ka and a main growth phase between 117.5 ka and

102 ka (Figure 6.2).

The few, only preliminary stable isotope values for MIS 6.5 (Figure 6.7) show strongly increas-

ing δ18O values with decreasing age (Figure 6.3). δ18O values are in good agreement between

the two speleothem records from Cueva Victoria and vary between ca. -6.75� at 105 and

127 ka and -4.25� at the onset of DO24 (≈ 109 ka) in Vic-III-3. The δ13C values in Vic-III-3

show two plateaus with more negative values around -11.25� between 102 to 109 ka and 116

to 133 ka and higher values of ca. -10.25� in between. The δ13C values of Vic-III-1 show

the same magnitude. According to Budsky et al. (2019a; b) the δ13C values of CV �owstones

display changes in vegetation density based on precipitation changes during the growth period

of vegetation. The interpretation of δ18O values is more di�cult (Budsky et al., 2019a; b) due

to a combined in�uence of temperature, moisture source and rainfall amount (Lachniet, 2009;

McDermott, 2004; Bar-Matthews et al., 2003). However, the generally good agreement between

both the CV �owstone δ18O and δ13C values with Greenland ice core δ18O values (NGRIP,

North Greenland Ice Core Project members, 2004) shows the link of the CV climate records with

Northern Hemisphere temperature changes.
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Figure 6.2: 230Th/U-ages and age models of Vic-III-1 (green) and Vic-III-3 (blue) calculated for
the individual growth phases using the StalAge algorithm (Scholz and Ho�mann,
2011). The circled ages were not used for the age model calculation.
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6.4.1 MIS 6.5

Although MIS 6 is a glacial phase, it was characterised by a maximum in northern summer

insolation (Berger, 1978), a sea level highstand of ca. -50m (Scholz et al., 2007) and unusually

wet climate conditions in the entire Mediterranean region (Toucanne et al., 2015), which is also

supported by the deposition of sapropel S6 (Emeis et al., 2003; Gallego-Torres et al., 2010) and

low δ18O values recorded in Soreq Cave speleothems (Ayalon et al., 2002). The exceptionally

humid conditions of MIS 6.5 are also re�ected in a speleothem record from the coastal Argentarola

cave (central Italy, Bard et al., 2002a; b). Elevated arboreal pollen amounts in terrestrial pollen

records from central Italy (Valle di Castiglione, Follieri et al., 1989), southern France (Velay stack,

Cheddadi et al., 2005) and north-western Greece (Ioannina, Tzedakis, 1993) indicate humid

climate conditions. These are are less pronounced compared to full interglacials in northern

Greece (Tenaghi Phillipon, Tzedakis et al., 2006) and southern Spain (Padul, Camuera et al.,

2019). SSTs at the Iberian Margin (Martrat et al., 2007) and the Alboran Sea (Martrat et al.,

2004) were similar to MIS 3 (≈ 15 ◦C). In contrast, SSTs in the Gulf of Lions (north Western

Mediterranean) were similar to interglacial conditions (Cortina et al., 2016). High river runo�

is also re�ected by very low δ18O values of planktonic foraminifera in the northern part of the

Western Mediterranean (Corse, Toucanne et al., 2015).

Despite of the low temporal resolution of our records and the relatively large uncertainties of

the speleothem age models (only two ages for Vic-III-3, Figures 6.2 and 6.3), the δ18O values

are in good agreement with the δ18O values of the speleothem from Argentarola Cave (Bard et

al., 2002b) and show multiple humid phases (multiple negative peaks in δ18O values), which are

common for sapropel deposition (Ayalon et al., 2002). This is interesting because both locations

show large di�erences in annual precipitation amount and in modern δ18O values of both seawater

(LeGrande and Schmidt, 2006) and precipitation (Bard et al., 2002b; Bowen and Wilkinson,

2002; Budsky et al., 2019a). This may indicate similar δ18O con�gurations of sea water or and

precipitation at both locations. In addition, we can investigate speleothem δ13C values, they

re�ect the type of vegetation (Cerling et al., 1993), microbiological activity in the soil (Genty et

al., 2003) and can be indicative for precipitation (Ridley et al., 2015) in�uencing the vegetation

density (Budsky et al., 2019a; Budsky et al., 2019b). Values of about -11� (Figure 6.3b) suggest

a well-developed, dense vegetation similar to interglacial conditions. This is not completely

supported by the Padul pollen record (Camuera et al., 2019), but several speleothems show

prominent negative δ13C excursions during MIS 6.5 (Gitana Cave, S Spain, Hodge et al., 2008,

Villar Cave, SW France, Wainer et al., 2011; Wainer et al., 2013). In addition, the pollen record

of southern France (Velay) suggest an increase in annual precipitation (Cheddadi et al., 2005)

and support humid conditions in the Western Mediterranean. In contrast to the δ18O values,

the δ13C values show no gradually increasing trend, which would be indicative of decreasing

vegetation density. Either precipitation remained relatively high despite of the cooling climate,

or vegetation feedbacks retained favourable conditions for soil and plant development as suggested

for sapropel 1 (S1, Krinner et al., 2012). Evidence for similar multiple phases of humid conditions
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Figure 6.3: δ13C (b) and δ18O (c) values of the two CV �owstone records (Vic-III-1 and Vic-III-3)
with the corresponding ages shown on top (a). Also shown are the δ18O values (d) of
a stalagmite from Argentarola Cave, Italy (Bard et al., 2002b), showing similar δ18O
values during MIS 6.5.

were recorded in pollen records from central Italy (Valle di Castiglione, Follieri et al., 1989)

and southern Spain (Padul, Camuera et al., 2019). This is in agreement with the CV record

indicating a humid phase. Similarly, as during the Holocene or the Last Interglacial, the African

summer monsoon was increased and in its northernmost position (Dupont and Hooghiemstra,

1989) during MIS 6.5 (Tisserand et al., 2009). This is also in agreement with an intensi�ed Asian

monsoon in MIS 6.5 (Wang et al., 2008), although the global climate was di�erent from real

interglacial conditions as highlighted by reduced sea level (Grant et al., 2014) and SSTs (Emeis

et al., 2003; Martrat et al., 2007). Climate was probably comparable to MIS 3 (Wainer et al.,

2013) or to the deposition of sapropels 3 and 4 (Bard et al., 2002b). As a result, we would

expect a strong seasonality for the times of sapropel deposition with a strong northernmost

African monsoon in summer and southward shifted westerlies during winter time (Toucanne

et al., 2015). However, potential spring/summer drought as observed during the Holocene by

Budsky et al. (2019a) might be reduced, as indicated by the very negative speleothem δ13C

values recorded at CV, which are similar to those during DO events (Budsky et al., 2019b). This
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suggests SST-driven precipitation changes (Budsky et al., 2019b; Denniston et al., 2018) and is

also in agreement with the Villars Cave record suggesting humid and/or warm DO events during

MIS 6 (Wainer et al., 2013). Distinctly lower speleothem δ18O values for CV and Argentarola

Cave compared to the Atlantic sites (Villars Cave, SW France, Wainer et al., 2013, and Lebre

Cave, Portugal, Denniston et al., 2018) might result from a combination of the amount e�ect

(Bard et al., 2002b) in the Western Mediterranean and more negative δ18O values of the seawater

in the basin due to higher runo� (Toucanne et al., 2015) and potential meltwater (Emeis et al.,

2003).

6.4.2 The Last Interglacial, MIS 5e

The last interglacial can be divided into �ve substages (a to e) with alternating warm and cold

phases and high and low sea-level, respectively (Grant et al., 2014; Siddall et al., 2003). The

timing of the onset of MIS 5 is still under debate and seems to vary by about a few thousand years

between di�erent locations and archives (Govin et al., 2015). From Mediterranean speleothems,

the onset of MIS 5 occurred at ≈ 129 ka (Drysdale et al., 2005; Drysdale et al., 2009) and was

preceded by a postglacial warming, similar to the Bølling/Allerød for the Holocene (Moseley et

al., 2015) and a distinct increase in precipitation at ca. 132 ka (Tana che Urla Cave, north Italy,

Regattieri et al., 2016). An early warming is also recorded in marine sediment cores (Martrat et

al., 2007; Martrat et al., 2014) with low δ18O values of both benthic (Skinner and Shackleton,

2006) and planktonic foraminifera (Mokeddem et al., 2014) in the North Atlantic prior to Heinrich

event 11. In contrast, such a precursor warming is not present in speleothem records from China

representing the Asian monsoon (Cheng et al., 2009; Wang et al., 2008). The �rst growth phase

of Vic-III-3 above the hiatus at 34.2 cm dft (133.4 ± 2.8 ka and 131.4 ± 1.6 ka at 34.1 cm dft)

indicates an early onset of the LIG for the Western Mediterranean. The precursor warming

might be recorded in �owstone Vic-III-3 subsequent to H11.2 (Figures 6.4 and 6.5). Even if the

corresponding growth period is short and not well constrained, it is contemporaneous with the

increase in precipitation re�ected by decreasing speleothem δ18O values in speleothems from

Tana che Urla Cave (Regattieri et al., 2016, Figure 6.4d) and Portugal (Denniston et al., 2018).

A subsequent growth interruption seems to be related to the third phase of the dry and cold

Heinrich event 11.3 (Drysdale et al., 2009; Tzedakis et al., 2018). This is supported by the results

of Budsky et al. (2019b), who found dry climate conditions in the Western Mediterranean during

cold Heinrich events.
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Figure 6.4: Continued.
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N Figure 6.4 (continued): CV speleothem δ18O values and corresponding ages (i). Also shown

are 37°N June insolation (e, Laskar et al., 2004) and the δ18O values of NRGIP (a)

indicating Northern Hemisphere temperature changes (North Greenland Ice Core

Project members, 2004) with a chronology suggested by (Rossi et al., 2014) based on

the Corchia Cave speleothem record (Drysdale et al., 2007). In addition, we compare

with SST records (b) from the Iberian Margin (Martrat et al., 2007) and Alboran

Sea (Martrat et al., 2014) and speleothem records Bradla Cave (c, Demény et al.,

2017), Campanet Cave (Dumitru et al., 2018) and Tana che Urla Cave (Regattieri

et al., 2014, both d), Soreq Cave (h, Bar-Matthews et al., 2003; Grant et al., 2012),

Corchia Cave (g, Drysdale et al., 2007; Tzedakis et al., 2018) and δ18O values of

carbonate sediments from Sulmona basin (f, Regattieri et al., 2015; Regattieri et al.,

2017). Grey bars indicate the deposition of sapropels in the Eastern Mediterranean

(Grant et al., 2016) and blue bars represent dry cold events (timing: C23 + C24:

Regattieri et al., 2017, C25 � C27 and H11.1 � H11.3 de�ned by Corchia Cave

stack Tzedakis et al., 2018 and North Atlantic marine record Mokeddem et al., 2014).

Contemporaneously with the highest relative sea-level (RSL, Grant et al., 2014) and peak SSTs

in the Alboran Sea at ca. 126 ± 1.5 ka (Martrat et al., 2004; Martrat et al., 2014, Figures 6.4

and 6.5) and the North Atlantic (Galaasen et al., 2014; Irval�et al., 2016), CV �owstone Vic-III-3

restarted to growth with high growth rates of up to 80 µm/a (127.2 ± 1.3 ka to 125.6 ± 1.8 ka,

Figure 6.3). Highest SSTs in the North Atlantic indicate a reduced temperature gradient between

the tropics and the polar zones. A reduced temperature gradient and a strong Atlantic Merid-

ional Overturning Circulation (AMOC, Böhm et al., 2015) weakens the westerlies and shifts the

ITCZ further north leading to higher annual precipitation in the Mediterranean, which is in good

agreement with the highest river input close to Corsica (Toucanne et al., 2015), an African Humid

Period (Ehrmann et al., 2017) and the formation of sapropel S5 in the Eastern Mediterranean

(Grant et al., 2016; Rossignol-Strick and Paterne, 1999). The δ18O values continuously increase

(+0.67�/1ka) during this short growth period (small peak (δ18O ≈ -5.25�) at 126.6 ka) fol-

lowing the insolation curve (Figure 6.4e, Laskar et al., 2004) and the decreasing SSTs (Martrat

et al., 2014), which is in agreement with the δ18O values of a speleothem record from SW France

(Bourgeois�Delaunay Cave, Couchoud et al., 2009) and a carbonate sediment record from central

Italy (Sulmona Basin, Figure 6.4f, Regattieri et al., 2017). Due to the short growth phase in the

CV speleothems, the strong shift to higher δ18O values at 125.5 ka of the speleothem stack from

northern Italy (Corchia Cave, Figure 6.4g, Tzedakis et al., 2018), which is related to the central

cold event of the C27 complex in the North Atlantic (Irval�et al., 2012) is not visible in the CV

speleothem record. Although almost no trend, but higher variability is observed further east in

Hungary (Figure 6.4c, Baradla Cave), δD values of speleothem �uid inclusions record cold and

wet winters between 127 and 126 ka (Demény et al., 2017). In the eastern Mediterranean, the
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lowest δ18O values of the Soreq Cave record (Figure 6.4h and 6.6i, Grant et al., 2012) indicate

high rainfall during the time of sapropel (S5) deposition (Grant et al., 2016; Rohling et al., 2015)

supported by a high stand of Lake Lisan in the Levant (Torfstein et al., 2015). Stable carbon

isotope values (δ13C) display a strong double peak during this short growth phase with overall

slightly increasing values (Figure 5e). This double peak is also recorded in a speleothem from

central Italy (Tana che Urla Cave, Regattieri et al., 2016, Figure 6.5h) and at the Sulmona Basin

(Regattieri et al., 2017, Figure 6.5f) and a single peak plateau in western France (Couchoud

et al., 2009). Corchia Cave, in contrast, shows the highest δ13C values during this phase in-

dicating rather dry climate conditions, which has been related to several cold and arid events

of the C27 complex (Drysdale et al., 2005; Tzedakis et al., 2018). Within dating uncertainties,

the CV δ13C values also agree with the δ13C values of the Baradla Cave stalagmite indicating

fully interglacial conditions (Hungary, Demény et al., 2017, Figure 6.5d). More negative δ13C

values of stalagmites typically re�ect a higher microbial activity in the soil combined with dense

vegetation due to enhanced precipitation (Genty et al., 2003). These records are all in good

agreement with marine pollen records from the Iberian Margin, which show peak Mediterranean

forest and Atlantic forest conditions further north in the Gulf of Biscay (Sánchez Goñi et al.,

2008) during this phase. In contrast, pollen in lake records from southern Italy, Albania and

Greece show a stepwise increase of tree pollen and a plateau at 128 � 126 ka (Brauer et al., 2007;

Milner et al., 2016; Roucoux et al., 2008; Sinopoli et al., 2018), which is lower than under full

interglacial climate conditions (125 � 115 ka).
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Figure 6.5: Continued.
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N Figure 6.5 (continued): CV speleothem δ13C values (e) with δ18O values of NRGIP (a)

indicating Northern Hemisphere temperature changes (North Greenland Ice Core

Project members, 2004) with a chronology suggested by (Rossi et al., 2014) based

on the Corchia Cave speleothem record (Drysdale et al., 2007). Local temperatures

are re�ected by SST records (b) from the Iberian Margin (Martrat et al., 2007)

and the Alboran Sea (Martrat et al., 2014). Also shown are the speleothem δ13C

records from Bradla Cave (d, Demény et al., 2017), Campanet Cave (Dumitru et

al., 2018) and Tana che Urla Cave (Regattieri et al., 2014, both h), and Corchia

Cave (g, Drysdale et al., 2007; Tzedakis et al., 2018) as well as the δ13C values of

carbonate sediments from the Sulmona basin (f, Regattieri et al., 2015; Regattieri

et al., 2017) indicating increased soil microbiological activity and vegetation density

by lower δ13C values and vice versa. In addition, we show the HL2 greyscale record

from western Germany (c, Sirocko et al., 2005) and the arboreal pollen percentage

from Greece (i, Tzedakis et al., 2006). Vertical bars equivalent to Figure 6.4.

The cessation of the second short MIS 5e speleothem growth phase at 127.2 ± 1.3 ka is syn-

chronous to the central C27 cold event at ≈ 125 ka in the North Atlantic (Figures 6.4e and 6.5e,

Irval�et al., 2012) that is also visible in the central Mediterranean (Incarbona et al., 2011) and

interpreted as a freshwater outburst into the North Atlantic, similar to the �8.2 ka-event� (Alley

and Agustsdottir, 2005; Galaasen et al., 2014; Nicholl et al., 2012). While earlier studies consid-

ered the C27 event as one single event, more recent high temporal resolution records (Mokeddem

et al., 2014; Tzedakis et al., 2018) enable to distinguish between several cold events, summarized

as the C27 complex (Figures 6.4 and 6.5), with di�erent regional repercussions, such as C27' at

125 ka (Tzedakis et al., 2018), which is visible at the Iberian Margin (Martrat et al., 2014) and

distinct at the Sulmaona Basin (Regattieri et al., 2017, Figure 5f), but is absent in the Eastern

Mediterranean (Soreq Cave, Bar-Matthews et al., 2003). This regional event may be related

to the cessation of CV speleothem growth at 125 ka (Figures 6.4e and 6.5e). The multiple cold

events of C27 led to SST reductions with di�erent extent over the North Atlantic Ocean (Irval�et

al., 2016) and changes in the circulation of the subpolar gyre (Irval�et al., 2016; Mokeddem et al.,

2014). A corresponding reduction in vegetation was recorded in the δ13C values of speleothems

from the Western Mediterranean, which show a recovery after ≈ 1 ka (Couchoud et al., 2009;

Drysdale et al., 2009; Regattieri et al., 2014), carbonate sediments (Regattieri et al., 2017) and

pollen records (Brauer et al., 2007). The decrease in vegetation density is also recorded in the

percentage of tree pollen in Padul lake during the progressive decrease in lake level to MIS 5c

(Camuera et al., 2019). This could indicate persistently dry climate conditions in southern Iberia

related to multiple phases of the C27 complex and a negative precipitation-evaporation balance

due to high temperatures within fully interglacial conditions (Kutzbach et al., 2014). A potential

breakdown of vegetation is also re�ected by a prominent cooling at 125 ka in the Sulmona basin
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by the highest carbonate δ13C values (Figure 6.5f, Regattieri et al., 2017). Modern annual rainfall

is three times higher in the Sulmona Basin (Regattieri et al., 2015) than in south-eastern Spain

(Budsky et al., 2019a). This may explain why speleothem growth did not restart subsequent to

the central C27 event (≈ 125 ka).

6.4.3 MIS 5d-c

Subsequent to the end of MIS 5e, a prominent cooling initiated the Weichselian glaciation. Al-

though the timing of the onset and the impact of the cooling is regionally di�erent, the CV

speleothem restarts to grow at 117.5 ± 2 ka within the uncertainties of the age model subsequent

to the cooling of C27b in Irval�et al. (2016) and an unnamed aridity event in the Corchia Cave

stack (Tzedakis et al., 2018). This is in temporal agreement with the onset of stalagmite growth

in northern Italy (Vanghi et al., 2018) and north-eastern Spain (Pérez-Mejías et al., 2019). A

prominent cooling is neither recorded in the SST reconstructions from the Iberian Margin nor

the Alboran Sea (Cacho et al., 1999; Martrat et al., 2014), but is remarkable with a drop of

several degrees at higher latitudes in the North Atlantic (Mokeddem et al., 2014; Oppo et al.,

2006). An impact on lower latitude terrestrial climate is observed in several records from central

and eastern Europe as a cold and particularly dry period at approximately 118 ka (Late Eemian

Aridity Pulse, LEAP, Sirocko et al., 2005; Vansteenberge et al., 2019; arid pulse, Demény et al.,

2017). At the same time, a strong shift towards more negative δ18O values in speleothems from

the Alps (Meyer et al., 2008; Moseley et al., 2015) and the Mediterranean (Grant et al., 2012;

Rossi et al., 2014; Tzedakis et al., 2018) indicates major changes in atmospheric circulation. In

the following, climate shifted from the interglacial mode to the ice-sheet and AMOC dominated

state with millennial scale DO variability as observed during MIS 3 (Bagniewski et al., 2017;

Menviel et al., 2014). As already elaborated by Budsky et al. (2019b), CV speleothems record

warm and humid DO events in MIS 3 to 5b. This climate interpretation of DO patterns subse-

quent to the last interglacial seems to be valid also for MIS 5d to c and is in good agreement with

climate records from Italy (Sulmona basin, Regattieri et al., 2017; Corchia Cave, Drysdale et

al., 2007), Portuguese speleothems (Denniston et al., 2018), NGRIP (North Greenland Ice Core

Project members, 2004) as well as pollen records from Italy (Allen and Huntley, 2009; Follieri et

al., 1989) and Spain (Camuera et al., 2019). In detail, after the LEAP, the CV �owstone restarts

to grow at 117.5 ± 2ka, followed by a short interruption between 112.35 and 113.5 ka potentially

corresponding to a strong reduction in SST in the polar North Atlantic, which may coincide

with multiple cold events (Irval�et al., 2016) at the end of DO25 (111 � 113 ka). Although CV

speleothem δ18O values are generally di�cult to interpret, on the orbital to millennial scale,

more negative values correspond to warmer and wetter climate (Budsky et al., 2019a; b). In this

context, the onset of DO25 (116 ka) in NGRIP (North Greenland Ice Core Project members,

2004) on the timescale (Rossi et al., 2014) based on Corchia Cave speleothems (Drysdale et

al., 2007) can be recognized (Figures 6.4a and 6.5a). Speleothem records from the Alps display

an increase in temperature (decreasing δ18O values) during DO25 (Boch et al., 2011; Moseley
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et al., 2015). Western Mediterranean speleothem and sediment records also clearly re�ect the

onset of DO25 by decreasing δ18O values (Corchia Cave, Drysdale et al., 2007; Tzedakis et al.,

2018, Sulmona basin, Regattieri et al., 2017) indicating increased precipitation. This is also in

agreement with a speleothem record from the Balearic Islands indicating progressively increasing

precipitation over the DO event (Dumitru et al., 2018) as well as increasing tree pollen taxa in

Italy (Lake Monticchio, Brauer et al., 2007) and northern Greece (Tenaghi Philippon, Milner et

al., 2016). However, the impact of DO25 seems to be restricted to the region surrounding the

North Atlantic. More distant regions, such as the eastern Mediterranean (Soreq Cave, Grant

et al., 2012) and the Middle East (Qal'e Kord, Mehterian et al., 2017), show a less prominent

DO25. In addition, a weak Asian monsoon during DO25 associated with low insolation has been

suggested by speleothem records from China (Kelly et al., 2006; Wang et al., 2008). Rossi et al.

(2014) suggest drier conditions for central Spain during the second phase of the magnetic Blake

excursion (≈ 113 ka, Osete et al., 2012). Within uncertainty, this is in agreement with a short

growth interruption in the CV speleothem record between 112.35 and 113.5 ka and coincides with

a short cold event in the North Atlantic (Irval�et al., 2016) as well as a short vegetation decline

in Europe (Sirocko et al., 2005, Figure 6.5c). However, a continuous trend with increasing δ13C

values (Rossi et al., 2014) is not observed in the CV record. This implies a rather constant

vegetation cover. Remarkably, the CV �owstones also grew during the much more prominent

C24 (≈ 111 � 109 ka) and do not show a signi�cant increase in δ18O and δ13C values indicating

favorable conditions for speleothem growth and thus a relatively high vegetation density. This

is in contrast to a pollen record from Italy indicating a drop of 50 % in tree pollen during C24

at 109 ka (Brauer et al., 2007). In the Corchia Cave speleothem record (Drysdale et al., 2007)

and in sedimentary carbonates from Italy (Regattieri et al., 2015), C24 is also more pronounced.

Surprisingly, the CV δ13C values indicate a short humid phase at the onset of the stadial, which

might re�ect an early phase of Heinrich events with humid and cold conditions during the last

glacial, as assumed by (Naughton et al., 2009). However, more recent studies from the Mediter-

ranean (Sardinia, (Columbu et al., 2017), northern Italy (Frasassi Cave, Vanghi et al., 2018)

and north-eastern Spain (Ejulve cave, Pérez-Mejías et al., 2019) also indicate the DO pattern,

with less humid and cold climate conditions during C24. The onset of the subsequent DO24 (≈
108.5 ka) is documented by decreasing stable isotope values indicating an increase in precipita-

tion and vegetation density (Budsky et al., 2019b; Denniston et al., 2018; Genty et al., 2010)

and coincides with the deposition of sapropel S4b during the phase of highest summer insolation

(Figures 6.4 and 6.5). Increased SSTs at the Iberian Margin (≈ 19 ◦C, Martrat et al., 2007) and

in the Western Mediterranean (Gulf of Lions, ≈ 14 ◦C, Cortina et al., 2016) suggest enhanced

moisture availability, which promoted increased precipitation over the Western Mediterranean

basin. This is coherent to other paleoclimate archives (Figures 6.4 and 6.5) from Iberia (Ca-

muera et al., 2019; Pérez-Mejías et al., 2019; Stoll et al., 2015) and Italy (Allen and Huntley,

2009; Drysdale et al., 2007; Regattieri et al., 2015) indicating a humid phase during sapropel

deposition. Between DO 24 and DO 23, a prominent cold incursion (C23 ≈ 104 ka, Figures 6.4

and 6.5) caused a pause of the African monsoon and interrupted the sapropel deposition (Grant

134



6 Manuscript#4, Budsky et al. in prep. � Journal of Quaternary Science

et al., 2016). The incursion ends with a precursor warming prior to DO23, which is visible in the

CV speleothem δ18O values (Figure 6.4e). This indicates that changes in the North Atlantic were

immediately transferred to atmospheric circulation, resulting in increased precipitation in south-

eastern Spain in turn reactivating speleothem growth during warming events. This coincides

with a previous study of CV speleothems showing a strong relationship between DO variability

and Atlantic SST during MIS 5b to 3 (Budsky et al. 2019b).

6.4.4 Interpretation of past climate variability in south-eastern Spain on the

orbital timescale

A combination of all CV speleothem records (this study, Budsky et al., 2019a; b) suggests dif-

ferences between orbital and millennial climate variability in south-eastern Spain. Speleothem

growth mainly occurred during interglacials and terminated during full glacial conditions (MIS 2

and 6, Budsky et al., 2015). This pattern is superimposed by increased precipitation in south-

eastern Spain during insolation maxima and periods of high SST (Figure 6.6). Increased pre-

cipitation and vegetation density are in agreement with other speleothem records from Portugal

(Denniston et al., 2018), Italy (Tzedakis et al., 2018) and Israel (Bar-Matthews et al., 2003)

and expressed by more negative speleothem δ18O and δ13C values. Pollen records from southern

Spain (Camuera et al., 2019), southern Italy (Allen et al., 1999) and Greece (Tzedakis et al.,

2006) support the orbital variability re�ected by high pollen amount within humid interglacials

and sparse vegetation cover during dry glacials. According to the variation of solar insolation,

the strength of the African (Tierney et al., 2017; Tjallingii et al., 2008; Toucanne et al., 2015)

and Asian (Cheng et al., 2016; Wang et al., 2005; Wang et al., 2008) monsoons intensi�ed with

high boreal summer insolation, and the ITCZ was dislocated further north. In detail, for the

LIG, pronounced seasonality during phases of high precession with a negative precipitation mi-

nus evaporation balance has been calculated for large parts of the Mediterranean (Kutzbach et

al., 2014). The high summer insolation in combination with low winter insolation shifts the

westerlies further south during winter and the African summer monsoon further north in sum-

mer (Toucanne et al., 2015). It also intensi�es the East Asian monsoon as re�ected by low

speleothem δ18O values in China (Wang et al., 2008). However, even though increased sea-

sonality shifts the westerlies further south in winter, a positive precipitation minus evaporation

balance is particularly required during spring for vegetation development. For CV, this was lim-

ited during the Holocene climate optimum (Budsky et al., 2019a). Surprisingly, CV speleothems

did not grow during large parts of the LIG (MIS 5e). The most straightforward reason for this

observation is owed to the behaviour of �owstone deposition itself when thin water �lms using

di�erent pathways during descend on the sinter deposits. Subsequent growth interruptions may

have occurred due to the generally slow growth rates of �owstones. Another option would be

continuous cave �ooding, which would also inhibit speleothem growth. However, this seems to

be unlikely for about 9 ka. Similarly, high cave pCO2 suppressing speleothem growth (Banner

et al., 2007; Meyer et al., 2014) is not reasonable for the Holocene Climate Optimum. Budsky
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et al. (2019a) already pointed out the limitation of precipitation during the vegetation period

(spring and summer) during peak insolation for the Holocene and the subsequent decrease in

vegetation density, which was a result of strong seasonality during the sapropel deposition. Since

LIG global (CAPE-Last Interglacial Project Members, 2006; Pedersen et al., 2017) and regional

(Merz et al., 2016) temperatures exceeded the Holocene maximum by about 1 to 2◦C, spring and

summer drought might be even prolonged and increased. Suggesting enhanced seasonality and

warmer temperatures in MIS 5e, this might induce a crossing of a certain threshold of annual

precipitation required for the development of vegetation in southern Spain (≈ 200mm/a). Such

a reduction in vegetation and increased drought stress may also have been occurred for parts of

MIS 5e as indicated by a certain amount of sclerophyllous pollen (Camuera et al., 2019; Milner

et al., 2012) introduced by several arid phases (Tzedakis et al., 2018) in between the cold IRD

events in the North Atlantic during the C27 complex (Figure 6.4 and 6.5). The short growth

period during MIS 5e seems to be related to a short time with reduced summer aridity and a

pause of the African monsoon (Toucanne et al., 2015).
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Figure 6.6: Continued.
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N Figure 6.6 (continued): CV speleothem δ18O (e) and δ13C (h) values on orbital time scale

including previous studies (Budsky et al., 2019a; b). (a) NGRIP record (Obrochta

et al., 2014) and synthetic NGRIP (Barker et al., 2011). (b) SST from Iberian

Margin (Martrat et al., 2007) and Gulf of Lions (Cortina et al., 2016) indicates

a potential for moisture uptake and the source is displayed as δ18O values of

planktonic foraminifera (Globigerina bulloides) from the Iberian Margin (c, Hodell

et al., 2013; Vautravers and Shackleton, 2006). Sanbao Cave speleothem δ18O

values indicate the strength of the East Asian monsoon (d, Wang et al., 2001; Wang

et al., 2008) prevalent in�uenced by summer insolation (e, Laskar et al., 2004). (f)

Corchia Cave δ18O record (Drysdale et al., 2007; Drysdale et al., 2009; Tzedakis et

al., 2018; Zanchetta et al., 2007) show hydrological changes in the northern Western

Mediterranean and Soreq Cave record (i, Bar-Matthews et al., 2003; Grant et al.,

2012) for the Eastern Mediterranean. (g) Portuguese Caves (Figure 6.1, Denniston

et al., 2018) indicate humid phases on Western Iberian Peninsula, which depends on

SST of the Iberian Margin. (j) Pollen record from Tenaghi Philippon (Tzedakis et

al., 2006) and total organic carbon (TOC) from Lake Ohrid (Wagner et al., 2019).

The vertical red bars denote the sapropel formation in the Eastern Mediterranean

(Bard et al., 2002b; Grant et al., 2016).

Even speleothems from North Spain do not cover part of this time interval (≈ 126 � 122 ka, Stoll

et al., 2015), and speleothem growth in Portugal is also reduced (Figure 6.6g, Denniston et al.,

2018). Figure 6.6 displays preferred speleothem growth in south-eastern Spain with the formation

of the sapropel, which indicates high seasonality. Sapropel formation within glacial conditions

enhances net annual precipitation signi�cantly, which cannot be signi�cantly diminished by po-

tentially extended summer aridity due to less evaporation by lower temperature (Figure 6.6,

S3, S4 and S6). In contrast, interglacial sapropel deposition during warm climate conditions,

with high evaporation rates was strongly in�uenced by climate instability in the North Atlantic,

such as cold IRD events enhancing the even strong seasonality during MIS 5e (Irval�et al., 2016;

Mokeddem et al., 2014) or Bond events within the Holocene (Alley and Agustsdottir, 2005; Bond

et al., 2001; Denton et al., 2005). We can point out that vegetation in south-eastern Spain, close

to the required today's annual net precipitation, is highly sensitive within interglacial and glacial

conditions, whereas warm interglacial conditions are in general more favourable for vegetation

as recorded by pollen records (Allen et al., 1999; Allen and Huntley, 2009; Camuera et al., 2019;

Tzedakis et al., 2006; Wagner et al., 2019).

138



6 Manuscript#4, Budsky et al. in prep. � Journal of Quaternary Science

6.5 Conclusions

CV speleothems and their δ18O and δ13C values provide new insights into past climate variability

on millennial and orbital scale for the last 190 ka. We conclude the following major points from

the new speleothem records:

1. During full glacial phases, such as MIS 2 and 6, speleothem growth was absent at CV.

Speleothem growth conditions were more favourable during warm interglacials and inter-

stadials.

2. On the millennial scale, δ18O and δ13C values mainly resemble the pattern of the NGRIP

ice core, indicating more humid conditions during warm interstadials and slow growth rates

or even hiatuses during stadials.

3. CV speleothem δ18O values are in very good agreement with other terrestrial carbonate

archives from Italy. This implies similarities in climate change on the millennial scale both

during interglacials (MIS 5c and d) and glacials (MIS 6.5), despite of generally di�erent

annual amounts of present-day precipitation.

4. Even during interglacials, climate in south-eastern Spain was strongly in�uenced by changes

in SST and North Atlantic freshwater outbursts, and CV speleothems record the resulting

instabilities during the LIG as more arid conditions.

5. Besides millennial scale temperature variability, orbital parameters were the main drivers

of regional seasonality and the length and intensity of summer drought in the Western

Mediterranean. Although seasonality was pronounced during periods of high summer and

low winter insolation, speleothem deposition during these periods was very common. This

suggests that even during these phases, enough water for speleothem growth was available.
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Figure 6.7: Samples Vic-III-1 (right) and Vic-III-3 (left). The top sections of the samples (violet
bar, MIS 1 to 5b) was already published in Budsky et al. (2019a, b). The red bar
indicates the pro�le for stable isotope milling.
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Table 6.1: 230Th/U dating results for �owstones Vic-III-3 and Vic-III-1.
Sample 238U [µg/g] ± (230Th/232Th) ± (234U/238U) ± (230Th/238U) ± age

corr.[ka]
error [ka] age un-

corr. [ka]
error [ka] dft [cm]

Vic-III-3-34 0.150 0.001 73.49 0.76 1.141 0.003 0.717 0.005 102.66 1.49 105.11 1.18 8.25
Vic-III-3-15 0.197 0.001 253.48 2.32 1.110 0.005 0.718 0.004 110.19 1.44 110.92 1.47 9.65
Vic-III-3-36 0.190 0.001 249.78 2.49 1.126 0.005 0.711 0.005 105.37 1.56 106.09 1.53 9.8
Vic-III-3-44 0.160 0.001 79.28 0.90 1.128 0.002 0.721 0.005 106.00 1.61 108.31 1.30 10.5
Vic-III-3-20 0.142 0.001 102.46 1.38 1.129 0.003 0.721 0.007 106.37 1.83 108.15 1.74 10.9
Vic-III-3-25 0.151 0.001 160.45 1.81 1.128 0.001 0.716 0.005 105.94 1.27 107.07 1.23 11.1
Vic-III-3-05 0.161 0.001 170.95 1.91 1.131 0.008 0.721 0.007 106.65 2.22 107.71 2.17 12
Vic-III-3-37 0.169 0.001 187.03 1.90 1.130 0.002 0.723 0.004 107.47 1.08 108.44 1.00 12.7
Vic-III-3-13 0.201 0.002 366.20 3.42 1.110 0.005 0.726 0.004 112.56 1.44 113.07 1.48 13.65
Vic-III-3-38 0.192 0.001 185.94 1.94 1.137 0.002 0.731 0.004 108.21 1.19 109.19 1.13 13.8
Vic-III-3-39 0.145 0.001 258.88 3.21 1.143 0.002 0.736 0.006 108.76 1.57 109.47 1.54 14.4
Vic-III-3-08 0.174 0.002 314.45 3.14 1.145 0.011 0.736 0.008 108.57 2.75 109.15 2.84 14.8
Vic-III-3-26 0.252 0.005 353.01 3.04 1.119 0.022 0.726 0.015 110.77 5.68 111.29 +6.29�-5.31 16.3
Vic-III-3-27 0.332 0.003 222.58 2.00 1.133 0.010 0.742 0.007 111.88 2.55 112.70 2.62 17.8
Vic-III-3-35 0.304 0.002 410.44 3.93 1.139 0.006 0.745 0.006 112.05 1.81 112.50 1.83 18.7
Vic-III-3-45 0.310 0.002 319.15 3.43 1.145 0.001 0.746 0.004 111.09 1.12 111.67 1.12 19.4
Vic-III-3-11 0.338 0.002 629.44 5.70 1.114 0.005 0.755 0.004 119.85 1.56 120.15 1.60 20.45
Vic-III-3-28 0.369 0.005 246.19 2.26 1.142 0.014 0.757 0.010 114.30 3.75 115.07 3.85 21.7
Vic-III-3-46 0.291 0.002 401.70 4.42 1.139 0.001 0.755 0.005 114.51 1.26 114.98 1.27 22.5
Vic-III-3-21 0.346 0.002 384.36 4.69 1.144 0.003 0.764 0.006 115.97 1.54 116.46 1.58 23.7
Vic-III-3-40 0.319 0.002 639.55 6.45 1.140 0.005 0.765 0.005 117.02 1.73 117.32 1.77 24.9
Vic-III-3-09 0.255 0.003 367.62 3.90 1.148 0.011 0.771 0.009 116.79 3.13 117.30 3.23 26.2
Vic-III-3-31 0.198 0.001 28.97 0.28 1.154 0.005 0.799 0.005 116.95 3.16 123.86 1.93 26.9
Vic-III-3-16 0.168 0.001 26.84 0.26 1.136 0.004 0.820 0.006 126.40 3.55 134.21 2.14 27.9
Vic-III-3-17 0.267 0.002 149.60 1.37 1.133 0.005 0.795 0.005 126.16 1.88 127.49 1.84 28.7
Vic-III-3-29 0.344 0.006 545.63 4.91 1.130 0.019 0.802 0.014 129.72 6.27 130.09 +6.65�-6.04 29.9
Vic-III-3-22 0.317 0.002 124.19 1.18 1.139 0.004 0.805 0.005 127.30 1.78 128.90 1.74 31.35
Vic-III-3-02 0.425 0.004 192.20 1.86 1.151 0.008 0.809 0.007 126.42 2.71 127.45 2.73 33
Vic-III-3-30 0.455 0.003 313.85 3.34 1.151 0.002 0.809 0.005 126.54 1.51 127.17 1.54 33.7
Vic-III-3-12 0.494 0.004 348.87 3.67 1.128 0.007 0.813 0.007 133.37 2.78 133.95 2.73 34.1
Vic-III-3-12re 0.468 0.003 376.94 3.26 1.133 0.004 0.810 0.004 131.41 1.62 131.95 1.64 34.1
Vic-III-3-10 0.249 0.003 908.29 9.68 1.167 0.011 0.956 0.010 172.58 5.87 172.82 +6,23�-5,46 34.6
Vic-III-3-03 0.267 0.002 499.57 4.93 1.162 0.007 0.958 0.008 175.63 4.35 176.08 4.49 36.7

Sample 238U [µg/g] ± (230Th/232Th) ± (234U/238U) ± (230Th/238U) ± age
corr.[ka]

error [ka] age un-
corr. [ka]

error [ka] dft [cm]

Vic-III-1-12 0.100 0.001 164.74 1.57 1.186 0.004 0.740 0.005 101.20 1.37 103.16 1.24 23.2
Vic-III-1-34 0.107 0.001 104.81 1.31 1.153 0.003 0.726 0.007 102.52 1.89 105.17 1.55 23.9
Vic-III-1-24 0.098 0.001 62.14 1.17 1.149 0.005 0.759 0.012 109.44 3.72 114.15 3.35 24.2
Vic-III-1-15 0.179 0.001 530.98 5.09 1.155 0.004 0.755 0.004 111.37 1.25 112.01 1.28 25.25
Vic-III-1-18 0.218 0.001 400.81 4.06 1.162 0.002 0.762 0.004 111.82 1.12 112.53 1.15 25.7
Vic-III-1-36 0.107 0.001 248.57 2.88 1.169 0.002 0.778 0.006 113.99 1.59 115.16 1.53 26
Vic-III-1-08 0.158 0.001 200.73 2.05 1.149 0.005 0.929 0.007 167.39 3.28 169.43 3.30 27
Vic-III-1-35 0.180 0.001 431.44 4.85 1.147 0.002 0.936 0.007 172.42 2.94 173.22 3.00 28.3
Vic-III-1-09 0.095 0.001 255.34 3.57 1.122 0.003 0.944 0.009 186.33 4.90 188.00 5.02 29.5

All uncertainties are reported as 2?-standard errors. Activity ratios were calculated using the half-lives given by Cheng et al. (2000) for 230Th and 234U and Ja�ey et al. (1971) for 238U. Corrected ages

were calculated using di�erent correction factors for detrital contamination ((232Th/238U) = 0.37 ± 0.19 (Vic-III-3) and 0.24 ± 0.12 (Vic-III-1), estimated following the method of Budsky et al. (2019).
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7 Outlook

Additional to the extensive work on the timing of the last interglacial to the Holocene (Chapters 4

to 6), further age determinations beyond the last interglacial have been performed. 230Th/U-ages

indicate a preferred speleothem growth during interglacials, as already investigated by one �ow-

stone drill core (Chapter 3). Preliminary ages provide a huge potential for further palaeoclimate

reconstructions on a deeper timescales towards the limitations of the 230Th/U dating method.

As elaborated in chapter 5, the connection to Northern Hemisphere temperature changes could

potentially be linked to rapidly changing speleothem δ18O values in CV. The interglacial�glacial

sequence with several warm/humid cycles was proposed on the basis of a Chinese speleothem

stack covering the last 640 ka (Cheng et al., 2016). For the Mediterranean and Iberian Margin,

marine records provide palaeoclimate information and phytoplankton productivity for the last

≈ 400 ka (Cortina et al., 2016; Hodell et al., 2013; Martrat et al., 2007; Toucanne et al., 2015).

However, accurate age-models and temporal resolution are limited, due to a missing comparable

long-term local chronology and therefore these proxies of the marine records were often linked

to orbital forcing (Girone et al., 2013) or the synthetic Greenland record (Barker et al., 2011).

Only a few terrestrial pollen records in the Mediterranean cover several interglacial to glacial

cycles (Camuera et al., 2019; Tzedakis et al., 2006). These records indicate humid conditions

during interglacials. Consistent to them, the CV speleothems age distribution (Figure 7.1) shows

a preferred speleothem growth during interglacials and insolation maxima (MIS 7, 9) re�ecting

humid conditions in south-eastern Spain.

The penultimate interglacial (MIS 7) can be traced in almost every CV speleothem sample (Vic-

III-1 to Vic-III-5, ST02 and one stalagmite; Figure 7.1). In particular, the stalagmite sample

provides a huge potential to study the penultimate interglacial MIS 7 in high temporal resolution

of ≈7 µm/a (Figure 7.1) and the additional �owstone samples (e.g., ST02) may provide some

replication of proxies for a robust interpretation. MIS 7 speleothem 230Th/U-ages match with

periods with high arboreal pollen amount (7a, 7c) of a marine sediment core from the Iberian

Margin (Roucoux et al., 2006) and one from Greece (Ioannina, Roucoux et al. 2008). However,

the onset of the second termination (MIS 7e, ≈ 240 ka) with the sapropel (S9) deposition (Ziegler

et al., 2010) seems to be absent in CV speleothems, which could probably related to similar

reasons as for the last peak interglacial conditions (Chapter 6).

Although glacial conditions during MIS 8 predominate, contemporaneous to the insolation

maxima, several speleothem growth phases might indicate more humid and vegetated conditions.

This coincides with pollen from the Iberian Margin (Roucoux et al., 2006) and from Greece

(Tenaghi Philippon, Tzedakis et al., 2006). It also coincides with the highest SSTs at the Iberian

156



7 Outlook

400

450

500

550

0

10

20

30

40

50

0 50 100 150 200 250 300 350 400

di
st

an
ce

 fr
om

 to
p 

[c
m

] 

age [ka] 

Vic-III-1

Vic-III-2

Vic-III-3

Vic-III-4

Vic-III-5

Stalagmite

ST02

SR01T

ST01

Insolation

MIS   1             3          5            6               7                 8                9         10 

65
°N

 Ju
ly

 in
so

la
tio

n 
[W

/m
2]

Figure 7.1: 230Th/U-ages of several CV samples vs. distance from top for the last 400 ka (MIS 1
� 11). High July 65°N insolation on top indicate interglacial and therewith potential
humid phases.

Margin in MIS 8 (Martrat et al., 2007). Further back in time, during MIS 9, some periods of

speleothem growth in CV occurred as well. Unfortunately, due to the analytical limitations,

the precession of 230Th/U-ages is low at the moment. Improved analytical settings and a new

generation of MC-ICP-MS potentially enables to date speleothems close to the secular equilibrium

(≈ 600 ka; Cheng et al., 2013; Scholz & Ho�mann, 2008) even with low radiogenic 230Th (Chiang

et al., 2019). These advantages can be used for CV speleothems to reconstruct the palaeoclimate

of the Middle Pleistocene with high temporal resolution and accuracy. Stacking Pleistocene CV

speleothems could further provide a new broad reference record for future marine and terrestrial

pollen records in respect to local Western Mediterranean climate signals.

In addition, new active drip sites in the cave may enable a future monitoring in CV, which

is hitherto missing. Although the recent cave environment is not comparable to the former

phases of speleothem growth, this may give new insights into the rainwater seeping into the karst

and fractionation processes in general for this cave. δ18O and δ2H measurements of two drip

water samples in September 2018 indicate strong evaporation e�ects (Table 7.1; Lachniet, 2009)

according to low relative humidity at the drip sites (< 90%, measurements of CENM-naturaleza,

September 2012). Also possible evaporation of summer rainfall may shift the δ18O and δ2H

values o� any Western Mediterranean or local meteoric water line (Moreno et al., 2014).

Post-mining calcite precipitation underneath an active drip site (September 2018) has δ18O
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Table 7.1: δ18O and δ2H measurements of drip water sampled in September 2018. All values in
� are relative to VSMOW standard

Location δ18O [�] δ2H [�]

El Tunel -1.53 -10.46
Sala Redonda -3.17 -14.77

values of -3.88 ± 0.02� and for δ13C -6.37 ± 0.03�, respectively. In particular, the δ18O

value is surprisingly high compared to the average δ18O values of rainwater (≈ -5�; see chapter

4) and does not agree with observations of farmed cave calcites in central Spain (Pérez-Mejías

et al., 2018). However, this might be a result of several cave-speci�c fractionation processes

such as evaporation, PCP and continuous ventilation (section 2.3). Theses processes fractionate

speleothem δ13C values even more e�ciently (Hansen et al., 2019).

Although the cave environment is not pristine anymore, a monitoring setup is highly recom-

mended for future work to measure the isotopic signature of rainwater and drip water of available

drip sites related to recent calcite precipitation in the cave. This could help to understand stable

isotopes of speleothems and cave/karst-inside processes in low altitude semi-arid regions.
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Cueva Victoria speleothems provide, as one of the �rst records from this region, new insights into

palaeoclimate variability over the past interglacial � glacial from south-eastern Spain. The region

is one of the driest in Europe and very sensitive to hydrological changes. Nevertheless, the lack

of terrestrial palaeoclimate records emphasizes the importance of precisely dated speleothem

records covering an interglacial � glacial cycle. This thesis examined climate variability with

focus on the last 190 ka. Although the CV speleothems do not cover the whole 190 ka, they

were suitable for palaeoclimate reconstructions. On orbital timescale, 230Th/U-datings show

preferential speleothem growth during interglacials, but almost no speleothem growth during

glacial conditions. This indicates almost completely dry climate conditions in south-eastern

Spain, which is in agreement with several other palaeoclimate records. However, there are some

exceptions such as the MIS 6.5, which coincides with humid conditions in the Mediterranean

resulting in strong seasonality with sapropel deposition in the Eastern Mediterranean. Apart

from that, interglacials display favourable conditions for speleothem growth at CV and therewith

humid and vegetated conditions in south-eastern Spain. These humid conditions can also be

assumed on millennial timescale for warm and humid DO events during MIS 5 to 3.

High spatial resolution stable isotope measurements enable to reconstruct changes in vegeta-

tion, precipitation and, to a limited extend, in temperature on orbital and millennial timescales.

As elaborated in this thesis, δ18O values were di�cult to interpret, but could be disentangled

with installing a monitoring site. On the one hand, CV speleothem δ18O values follow the pat-

tern of latitudinal summer insolation, on the other hand they re�ect a combination of SST,

amount e�ect and, to certain extent, the composition of the proximate ocean water as a local

source for moisture uptake (Chapter 4). Subsequent, fast changes of Northern Hemisphere tem-

perature and hydrological cycle are immediately transferred into speleothem δ18O values, as can

be seen by the pattern of DO events with strong shifts in δ18O values. Despite several possi-

bilities of δ13C alteration en route to speleothem precipitation, δ13C values can be reproduced

by several �owstone samples from the cave. Therewith, they are very indicative of vegetation

and soil microbiological activity, which is in�uenced by precipitation and in total a positive an-

nual net precipitation-evapotranspiration balance. Both, δ18O and δ13C values, are suitable to

reconstruct palaeoclimate conditions in the Western Mediterranean, and react very sensitive to

palaeoclimatic changes, or even to seasonality. Finally CV speleothems have the potential to �ll

the missing gap of palaeoclimate records between the North Atlantic and the terrestrial central to

eastern Mediterranean, and thus grant new insights into one of the driest region of the European

Mediterranean on one hand and the understanding of di�erences over the entire Mediterranean
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basin, on the other. Contrary to Eastern Mediterranean sapropel deposition indicating enhanced

winter-humid conditions in the northern borderlands, the impact on the Western Mediterranean

is quite di�erent. Depending on summer insolation and the position of the Hadley cell, it can

lead to prolonged spring and summer drought by increased seasonality, causing a decline in

vegetation and microbiological soil activity, if accompanied by high temperatures (Chapter 4).

Albeit, associated with lower temperatures besides full interglacial conditions, precipitation is

signi�cantly increased during sapropel deposition (e.g., S4 and S6) as indicated by very negative

stable isotope (δ13C, δ18O) values (Chapter 6).

To conclude, past CV speleothem growth always indicates humid climate conditions with

a certain amount of vegetation cover during warm phases, while cold glacial phases are, in

general, missing, indicating a negative precipitation-evapotranspiration balance. Therefore CV

speleothems are ideal for studying the climate of past interglacial conditions.
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