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RESULTATS
CAPÍTOL 3 

“Ets una partícula en el temps. Descendeixes amb innumerables 
semblants per la foscor silenciosa, una partícula d’aigua freda, salada, 
cansada i pesada després del viatge que ha consumit la teva calor 
pujant des del tròpic fins aquesta regió inhòspita, fins a reunir-se 
totes en les conques de Groenlàndia i de Noruega, en una gran piscina 
d’aigua gelada. Des d’allà et vesses per la serralada submarina que va 
de Groenlàndia, Islàndia i Escòcia a la conca de l’Atlàntic. És un viatge 
infinit fins a l’abisme, per munts de lava i depòsits de sediment. 
Aquesta corrent poderosa formada per tu i per les demés partícules, 
prop de Terranova rep reforços de masses d’aigua de la mar del Labra-
dor, que són menys denses i fredes. A l’alçada de les Bermudes s’apro-
pen unes altres, com ovnis rodons que creuen l’oceà des de la Medite-
rrània, en remolins d’aigua càlida extremadament salada que proce-
deix de l’Estret de Gibraltar. De la Mediterrània, del Labrador, de 
Groenlàndia; totes aquestes aigües es mesclen i segueixen cap al sud 
pel fons de la mar. Ets testimoni de com la Terra es crea a si mateixa”

Frank Schätzing, El Cinquè Dia 
(títol original en alemany: Der Schwarm –L’Eixam-)
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3.1.1 Abstract 

This study presents the reconstructed evolution of sea surface conditions in the central-

western Mediterranean Sea during the late Holocene (2700 years) from a set of multi-

proxy records as measured on five short sediment cores from two sites north of 

Minorca (cores MINMC06 and HER- MC-MR3). Sea surface temperatures (SSTs) 

from alkenones and Globigerina bulloides Mg/Ca ratios are combined with δ18O 

measurements in order to reconstruct changes in the regional evaporation–precipitation 

(E–P) balance. We also revisit the G. bulloides Mg/Ca–SST calibration and readjusted 

it based on a set of core-top measurements from the western Mediterranean Sea. 

Modern regional oceanographic data indicate that Globigerina bulloides Mg/Ca is 

mainly controlled by seasonal spring SST conditions, related to the April–May primary 
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productivity bloom in the region. In contrast, the alkenone–SST signal represents an 

integration of the annual signal. 

The construction of a robust chronological framework in the region allows for the 

synchronization of the different core sites and the construction of “stacked” proxy 

records in order to identify the most significant climatic variability patterns. The 

warmest sustained period occurred during the Roman Period (RP), which was 

immediately followed by a general cooling trend interrupted by several centennial-scale 

oscillations. We propose that this general cooling trend could be controlled by changes 

in the annual mean insolation. Even though some particularly warm SST intervals took 

place during the Medieval Climate Anomaly (MCA), the Little Ice Age (LIA) was 

markedly unstable, with some very cold SST events mostly during its second half. 

Finally, proxy records for the last centuries suggest that relatively low E–P ratios and 

cold SSTs dominated during negative North Atlantic Oscillation (NAO) phases, 

although SSTs seem to present a positive connection with the Atlantic Multidecadal 

Oscillation (AMO) index. 

3.1.2 Introduction 

The Mediterranean is considered one of the most vulnerable regions with regard to the 

current global warming (Giorgi, 2006). This high sensitivity to climate variability has 

been evidenced in several studies on past natural changes (Rohling et al., 1998; Cacho 

et al., 1999a; Moreno et al., 2002; Martrat et al., 2004; Reguera, 2004; Frigola et al., 

2007; Combourieu Nebout et al., 2009). Palaeo-studies focussed mostly on the rapid 

climate variability in the last glacial period have shown solid evidence of a close 

connection between changes in North Atlantic oceanography and climate over the 

western Mediterranean region (Cacho et al., 1999b, 2000, 2001; Moreno et al., 2005; 

Sierro et al., 2005; Frigola et al., 2008; Fletcher and Sanchez-Goñi, 2008). 

Nevertheless, climate variability during the Holocene, and particularly during the last 

millennium, is not so well described in this region, although its understanding is crucial 

for placing the nature of the 20th century trends in the recent climate history (Huang, 

2004). 

Some previous studies have already proposed that the Holocene centennial climate 

variability in the western Mediterranean Sea could be linked to the North Atlantic 
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Oscillation (NAO) variability (Jalut et al., 1997, 2000; Com- bourieu Nebout et al., 

2002; Goy et al., 2003; Roberts et al., 2012; Fletcher et al., 2012). In particular, nine 

Holocene episodes of enhanced deep water convection in the Gulf of Lion (GoL) and 

surface cooling conditions have been de- scribed in the region (Frigola et al., 2007). 

These events have also been correlated to intensified upwelling conditions in the 

Alboran Sea and tentatively described as two-phase scenar- ios driven by distinctive 

NAO states (Ausín et al., 2015). 

A growing number of studies have revealed considerable climate fluctuations during 

the last 2 kyr (Abrantes et al., 2005; González-Álvarez et al., 2005; Holzhauser et al., 

2005; Kaufman et al., 2009; Lebreiro et al., 2006; Martín-Puertas et al., 2008; Pena et 

al., 2010; Kobashi et al., 2011; Nieto- Moreno et al., 2011, 2013; Moreno et al., 2012; 

PAGES2K Consortium, 2013; Esper et al., 2014; McGregor et al., 2015). However, 

there is no agreement on the exact time span of the different climatic periods defined, 

such as the Medieval Climatic Anomaly (MCA), a term coined originally by Stine 

(1994). 

The existing Mediterranean climatic records for the last 1 or 2 kyr are mostly based on 

terrestrial archives such as tree rings (Touchan et al., 2005, 2007; Griggs et al., 2007; 

Esper et al., 2007; Büntgen et al., 2011; Morellón et al., 2012), speleothem records 

(Frisia et al., 2003; Mangini et al., 2005; Fleitmann et al., 2009; Martín-Chivelet et al., 

2011; Wassenburg et al., 2013), or lake reconstructions (Pla and Catalan, 2005; Martín-

Puertas et al., 2008; Corella et al., 2011; Morellón et al., 2012). All of these archives 

can be good sensors of temperature and humidity changes, but it is often diffi- cult to 

disentangle the effect of both variables in the proxy records. Recent efforts focussed on 

integrating these 2 kyr records into regional climatic signals reveal complex regional 

responses and evidence the scarcity of marine records to form a more complete picture 

(PAGES, 2009; Lionello, 2012). 

Marine records are often limited by the lack of adequate time resolution and/or robust 

chronologies for detailed comparison with terrestrial records. However, marine records 

provide a wider range of temperature-sensitive proxies. There are few marine 

palaeoclimate records available for the last 2 kyr in the Mediterranean Sea (Schilman et 

al., 2001; Versteegh et al., 2007; Piva et al., 2008; Taricco et al., 2009, 2015; Incarbona 

et al., 2010; Fanget et al., 2013; Grauel et al., 2013; Lirer et al., 2013, 2014; Di Bella et 
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al., 2014; Goudeau et al., 2015) and they are even more scarce in the western basin. 

Unfortunately, the existing pool of marine proxy data in the Mediterranean for the last 

two millennia is too sparse to recognize common patterns of climate variability 

(Taricco et al., 2009; Nieto-Moreno et al., 2011; Moreno et al., 2012, and references 

therein). 

The aim of the present study is to characterize changes in surface water properties from 

the Minorca margin in the Catalan–Balearic Sea (central-western Mediterranean) in 

order to contribute to a better understanding of the climate variations in this region 

during the last 2.7 kyr. Sea surface temperature (SST) has been reconstructed by means 

of two independent proxies, Mg/Ca analyses on the planktonic foraminifera 

Globigerina bulloides and alkenone-derived SST (Villanueva et al., 1997; Lea et al., 

1999; Barker et al., 2005; Conte et al., 2006). The application of G. bulloides Mg/Ca as 

a palaeothermometer in the western Mediterranean Sea is tested through the analysis of 

a series of core-top samples from different locations of the western Mediterranean Sea 

and the calibration reviewed consistently. Mg/Ca thermometry is applied in conjunction 

with δ18O in order to evaluate changes in the evaporation–precipitation (E–P) balance 

of the basin, which are ultimately linked to salinity (Lea et al., 1999; Pierre, 1999; 

Barker et al., 2005). 

One of the intrinsic limitations of studying the climate evolution of the last 2 kyr is that 

the magnitude of climatic oscillations is often below the sensitivity of the selected 

proxies. In order to overcome this limitation we have produced “stack” proxy records 

from multicores in the same region. The stack record captures the first-order climatic 

variability from the proxy records and removes the noise, therefore allowing for a more 

robust identification of regional climatic variability. 

The studied time periods have been defined as follows (years expressed as BCE, before 

common era, and CE, com- mon era): the Talaiotic Period (TP, ending in 123 BCE), 

Ro- man Period (RP, from 123 BCE to 470 CE), “Dark Middle Ages” (DMA; from 470 

until 900 CE), Medieval Climate Anomaly (MCA, from 900 to 1275 CE), and Little Ice 

Age (LIA, from 1275 to 1850 CE), with the Industrial Era (IE) as the most recent 

period. The limits of these periods are not uniform across the Mediterranean (Lionello, 

2012), and here the selected ages have been chosen according to historical events in 

Minorca and to the classic climatic ones defined in the literature (i.e. Nieto-Moreno et 
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al., 2011, 2013; Moreno et al., 2012; Lirer et al., 2013, 2014). 

3.1.3 Climatic and oceanographic setings 

The Mediterranean Sea is a semi-enclosed basin located in a transitional zone between 

different climate regimes, from the temperate zone in the north to the subtropical zone 

in the south. Consequently, the Mediterranean climate is char- acterized by mild wet 

winters and warm to hot, dry summers (Lionello et al., 2006). Interannual climate 

variability is very much controlled by the dipole-like pressure gradient between the 

Azores (high) and Iceland (low) system, known as the North Atlantic Oscillation 

(NAO; Hurrell, 1995; Lionello and Sanna, 2005; Mariotti, 2011; Ausín et al., 2015). 

However, the northern part of the Mediterranean region is also linked to other mid-

latitude teleconnection patterns (Lionello, 2012). 

The Mediterranean Sea is a concentration basin (Béthoux, 1980; Lacombe et al., 1981) 

and the excess of evaporation with respect to freshwater input is balanced by water ex- 

change at the Strait of Gibraltar (i.e. Pinardi and Masetti, 2000; Malanotte-Rizzoli et 

al., 2014). The basin-wide circulation pattern is predominantly cyclonic (Millot, 1999). 

Three convection cells promote the Mediterranean deep and intermediate circulation: a 

basin-wide open cell and two separated closed cells, one for the western part of the 

basin and one for the eastern part. The first one connects the two basins of the 

Mediterranean Sea though the Strait of Sicily, where water masses interchange occurs 

at intermediate depths. This cell is associated with the inflow of Atlantic Water (AW) 

at the Strait of Gibraltar and the outflow of the Levantine Intermediate Water (LIW) 

that flows below the first (Lionello et al., 2006). 

In the north-western Mediterranean Sea, the Northern Current (NC) represents the main 

feature of the surface circulation transporting waters alongshore from the Ligurian Sea 

to the Alboran Sea (Fig. 3.1a). North-east of the Balearic Promontory a surface 

oceanographic front separates Mediter- ranean waters transported by the NC from the 

Atlantic waters that recently entered the Mediterranean (Millot, 1999; Pinot et al., 

2002; André et al., 2005). 
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Figure 3.1. Location of the studied area. (a) Central-western Mediterranean Sea: cores MIN and MR3 (red 
dots). NC: Northern Current (surface). WMDW: Western Mediterranean Deep Water. (b) Cores used in 1 

Deep convection occurs offshore of the GoL due to the action of persistent cold and dry 

winter winds such as the tramontana and the mistral. These winds cause strong evap- 

oration and cooling of surface water, thus increasing their density, sinking to greater 

depths and leading to Western Mediterranean Deep Water formation (WMDW; 

MEDOC, 1970; Lacombe et al., 1985; Millot, 1999). Dense shelf water cascading 

(DSWC) in the GoL also contributes to the sink of large volumes of water and 

sediments into the deep basin (Canals et al., 2006). 

The north-western Mediterranean primary production is subject to an intense bloom in 

late winter–spring, when the surface layer stabilizes, and sometimes to a less intense 

bloom in autumn, when the strong summer thermocline is progressively eroded 

(Estrada et al., 1985; Bosc et al., 2004; D’Ortenzio and Ribera, 2009; Siokou-Frangou 

et al., 2010). SST in the region evolves accordingly with the seasonal bloom, with 

minima SST in February, which subsequently increases until maximum SST values 

during August. After- wards, a SST drop can be observed in October, although with 

some interannual variability (Pastor, 2012). 
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3.1.4 Material and methods 

Sediment core description 

The studied sediment cores were recovered from a sedi- ment drift built by the action of 

the southward branch of the WMDW north of Minorca (Fig. 3.1). Previous studies car- 

ried out at this site have already described high sedimentation rates (> 20 cm kyr−1; 

Frigola et al., 2007, 2008; Moreno et al., 2012), suggesting that this location was 

suitable for a detailed study of the last millennia. The cores were recovered with a 

multicore system in two different stations lo- cated at about 50 km north of Minorca. 

Cores MINMC06-1 and MINMC06-2 (henceforth MIN1 and MIN2; 40◦ 291 N, 04◦ 

011 E; 2391 m water depth; 31 and 32.5 cm core length, respectively) were retrieved in 

2006 during the HERMES 3 cruise onboard the R/V Thethys II. The recovery of cores 

HER-MC-MR3.1, HER-MC-MR3.2, and HER-MC-MR3.3 (henceforth MR3.1, 

MR3.2, and MR3.3; 40◦ 291 N, 3◦ 371 E; 2117 m water depth; 27, 18, and 27 cm core 

length, respectively) took place in 2009 during the HERMESIONE expedition onboard 

the R/V Hespérides. The distance between MIN and MR3 cores is ∼ 30 km and both 

stations are located at an intermediate position within the sediment drift, which extends 

along a water depth range from 2000 to 2700 m (Frigola, 2012; Velasco et al., 1996; 

Mauffret, 1979). The MIN cores are from sites that are about 300 m deeper than the 

MR3 ones. 

MIN cores were homogeneously sampled at 0.5 cm resolution in the laboratory. In the 

MR3 cores a different strat- egy was followed. MR3.1 and MR3.2 were initially 

subsampled with a PVC tube and split into two halves for X-ray fluorescence (XRF) 

analyses in the laboratory. Both halves of core MR3.1 (MR3.1A and MR3.1B) were 

used for the present work as replicates of the same core, and records for each half are 

shown separately. All MR3 cores were sam- pled at 0.5 cm resolution in the upper 15 

cm and at 1 cm in the deeper sections, with the exception of MR3.1B that was sampled 

at 0.25 cm resolution. The MR3 cores were com- posed of brown–orange nannofossil 

and foraminifera silty clay, which was lightly bioturbated and contained layers en- 

riched in pteropods and fragments of gastropods as well as some dark layers. 

Additionally, core-top samples from seven multicores col- lected at different locations 

in the western Mediterranean have also been used for the correction of the Mg/Ca–SST 
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calibration from G. bulloides (Table 3.1; Fig. 3.1). 

Table 3.1. Core tops included in the calibration’s adjustment. δ18Oc and Mg/Ca have been obtained from 
G. bulloides (Mg/Ca procedure has been performed without reductive step). 

Core Location Latitude Longitude 
Mg/Ca δ18O  

(mmol mol−1 ) (‰ VPDB) 

TR4-157 Balearic 
Abyssal Plain 40°30.00' N 4°55.76' E 3.36 0.53 

ALB1 Alboran Sea 
(W. Med.) 36°14.31' N 4°15.52' W 3.2 0.8 

ALBT1 Alboran Sea 
(W. Med.) 36°22.05' N 4°18.14' W 3.44 0.65 

ALBT2 Alboran Sea 
(E. Med.) 36°06.09' N 3°02.41' W 3.63 0.57 

ALBT4 Alboran Sea 
(E. Med.) 36°39.63' N 1°32.35' W 3.72 0.93 

ALBT5 Alboran Sea 
(E. Med.) 36°13.60' N 1°35.97' W 3.38 0.64 

 

Radiocarbon analyses 

Twelve 14 C AMS dates were measured in cores MIN1, MIN2, and MR3.3 

(Supplement Table 3.2) using 4–22 mg samples of the planktonic foraminifer 

Globorotalia inflata handpicked from the > 355 µm fraction. The ages were calibrated 

with the standard marine correction of 408 years and the regional average marine 

reservoir correction (L\R) for the central-western Mediterranean Sea using Calib 7.0 

software (Stuiver and Reimer, 1993) and the MARINE13 calibration curve (Reimer et 

al., 2013). 

Radionuclides 210Pb and 137Cs 

The concentrations of the naturally occurring radionuclide 210Pb (Supplement Fig. 3.10) 

were determined in cores MIN1, MIN2, MR3.1A, and MR3.2 by alpha spectroscopy 

(Sanchez-Cabeza et al., 1998). The concentrations of the an-thropogenic radionuclide 

137 Cs in core MIN1 (Fig. 3.10) were measured by gamma spectrometry using a high-

purity intrinsic germanium detector. The 226Ra concentrations were determined from 

the gamma emissions of 214Pb that were also used to calculate the excess 210Pb 

concentrations. The sediment accumulation rates for the last century (see Supplement 

Information) were calculated using the CIC (constant initial concentration) and the 
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CF:CS (constant flux:constant sedimentation) models (Appleby and Oldfield, 1992; 

Krish- naswami et al., 1971), constrained by the 137Cs concentration profile in core 

MIN1 (Masqué et al., 2003). 

Bulk geochemical analyses 

The elemental composition of cores MR3.1B and MR3.2 was obtained with an 

Avaatech XRF core-scanner system (CORELAB, University of Barcelona), which is 

equipped with an optical variable system that allows determining the length (10–0.1 

mm) and the extent (15–2 mm) of the bundle of X-rays in an independent way. This 

method allows obtaining qualitative information of the elementary composition of the 

core materials. The core surfaces were scraped, cleaned, and covered with a 4 µm thin 

SPEXCertiPrep Ultralene foil to prevent contamination and minimize desiccation 

(Richter and van der Gaast, 2006). Sampling was performed every 1 cm and scanning 

took place at the split core surface directly. Among the several elements measured in 

this study, the Mn profile was used for the construction of the age models (see 

Supplement for age model development). 

Planktonic foraminiferal analyses 

Planktonic foraminifera specimens of Globigerina bulloides were picked together from 

a size range of 250–355 µm, crushed, and cleaned separately for Mg/Ca and δ18O 

measurements. In core MR3.1B, picking was often performed in the < 355 µm fraction 

due to the small amount of material Additionally, quantitative analysis of planktonic 

foraminiferal assemblages was carried out in MR3.3 core and on the upper part of 

MR3.1A core by using the fraction size above 125 µm. The 42 studied samples showed 

abundant and well-preserved planktonic foraminifera. The ∼300 samples for trace 

elements analyses consisted of ∼45 specimens of G. bulloides that were crushed under 

glass slides to open the chambers. Foraminifera cleaning consisted of clay removal and 

oxidative and weak acid leaching steps (Pena et al., 2005). Samples from MR3.1A core 

were also cleaned including the “reductive step”. Elemental ratios were measured on an 

inductively coupled plasma mass spectrometer (ICP-MS, Perkin Elmer ELAN 6000) in 

the Scientific and Technological Centers of the University of Barcelona (CCiT- UB). A 

standard solution with known elemental ratios was used for sample standard bracketing 

(SSB) as a correction for instrumental drift. The average reproducibility of Mg/Ca 
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ratios, taking into account the known standard solutions concentrations, was 97 and 

89% for MIN1 and MIN2 cores, and 99 and 97% for MR3.1A, MR3.1B, and MR3.3 

cores, respectively. 

Procedural blanks were routinely measured to detect any potential contamination 

problem during cleaning and dissolution. The Mn/Ca and Al/Ca ratios were also always 

measured to identify potential contaminations due to the presence of manganese oxides 

and/or aluminosilicates (Barker et al., 2003; Lea et al., 2005; Pena et al., 2005, 2008). 

To avoid the overestimation of Mg/Ca–SST by diagenetic contamination, Mn/Ca values 

>0.5 mmol mol−1 were discarded from MR3.1B core and only those higher than 1 mmol 

mol−1 were removed from MIN1 and MR3.3. Samples suspected to have detrital 

contamination with elevated Al/Ca ratios were also removed. No significant correlation 

exists between Mg/Ca and Mn/Ca or Al/Ca ratios after data filtering (r < 0.29, p value = 

0.06). 

The Mg/Ca ratios were transferred into SST values using the calibration proposed in the 

present study (Section 3.1.6). In the case of the MR3.1A record, which was cleaned 

using the reductive procedure, and as was expected (Barker et al., 2003; Pena et al., 

2005; Yu et al., 2007), the Mg/Ca ratios were about 23% lower than those measured in 

MR3.1B core without the reductive step. The obtained percentage of Mg/Ca lowering is 

comparable to or higher than those percentages previously estimated for different plank- 

tonic foraminifera, although data from G. bulloides have not been previously reported 

(Barker et al., 2003). Mg/Ca-SST in MR3.1A core was calculated after the Mg/Ca 

correction of this 23% offset by application of the calibration used with the other 

records. 

Stable isotope measurements were performed by means of sonication on 10 specimens 

of G. bulloides after methanol cleaning to remove fine-grained particles. The ∼300 

samples analyses were performed in a Finnigan MAT 252 mass spectrometer fitted with 

a Kiel-IV carbonate microsampler in the CCiT-UB. The analytical precision of 

laboratory standards for δ18O was better than 0.08‰. Calibration to Vienna Pee Dee 

Belemnite (VPDB) was carried out by means of NBS-19 standards (Coplen, 1996). 
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Seawater δ18O (δ18Osw) was obtained after removing the temperature effect on the G. 

bulloides δ18O signal using the Mg/Ca-SST records of the Shackleton 

palaeotemperature equation (Shackleton, 1974). The results are expressed in the SMOW 

(Standard Mean Ocean Water) water standard (δ18Osw) after the correction of Craig 

(1965). The use of specific temperature equations for G. bulloides was also considered 

(Bemis et al., 1998; Mulitza et al., 2003), but the core-top estimates provided δ18Osw 

values of 2.1-1.5‰ SMOW (Table 3.1), which were significantly higher than those 

measured in water samples from the central-western Mediterranean Sea (∼1.2‰ 

SMOW) (Pierre, 1999). After application of the empirical Shackleton (1974) 

palaeotemperature equation, the core-top δ18Osw estimates averaged 1.1‰ SMOW and 

were closer to the actual seawater measurements. Thus, it was decided that this equation 

provided more realistic oceanographical conditions in this location. 

Stable isotope measurements were performed by means of sonication on 10 specimens 

of G. bulloides after methanol cleaning to remove fine-grained particles. The ∼300 

samples analyses were performed in a Finnigan MAT 252 mass spectrometer fitted with 

a Kiel-IV carbonate microsampler in the CCiT-UB. The analytical precision of 

laboratory standards for δ18O was better than 0.08‰. Calibration to Vienna Pee Dee 

Belemnite (VPDB) was carried out by means of NBS-19 standards (Coplen, 1996). 

Seawater δ18O (δ18Osw) was obtained after removing the temperature effect on the G. 

bulloides δ18O signal using the Mg/Ca-SST records of the Shackleton 

palaeotemperature equation (Shackleton, 1974). The results are expressed in the SMOW 

(Standard Mean Ocean Water) water standard (δ18Osw) after the correction of Craig 

(1965). The use of specific temperature equations for G. bulloides was also considered 

(Bemis et al., 1998; Mulitza et al., 2003), but the core-top estimates provided δ18Osw 

values of 2.1-1.5‰ SMOW (Table 3.1), which were significantly higher than those 

measured in water samples from the central-western Mediterranean Sea (∼1.2‰ 

SMOW) (Pierre, 1999). After application of the empirical Shackleton (1974) 

palaeotemperature equation, the core-top δ18Osw estimates averaged 1.1‰ SMOW and 

were closer to the actual seawater measurements. Thus, it was decided that this equation 

provided more realistic oceanographical conditions in this location. 
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Alkenones 

Measurements of the relative proportion of unsaturated C37 alkenones, namely the Uk’
37 

index, were carried out in order to obtain SST records for the studied cores. Detailed 

information about the methodology and equipment used can be found in Villanueva et 

al. (1997). The precision of this palaeothermometry tool has been determined to be about 

±0.5 °C (Eglinton et al., 2001). Furthermore, taking into account duplicate alkenone 

analysis carried out on MR3.3 core, the precision achieved results better than ±0.8 °C. 

The reconstruction of SST records was based on the global calibration of Conte et al. 

(2006), which considers an estimation standard error of 1.1 °C in surface sediments. 

3.1.5 Age model development 

Obtaining accurate chronologies for each of the studied sed- iment cores is particularly 

critical to allow intercomparison and produce a stack record that represents the regional 

cli- matic signal. With this objective, a wide set of parameters have been combined in 

order to obtain chronological mark- ers in all the studied sedimentary records, including 

absolute dates and stratigraphical markers based on both geochemi- cal and micro-

palaeontological data (Tables 3.3 and 3.5). The methodology of age model development 

is explained in detail in the Supplement. 

3.1.6 Sea surface temperatures and δ18O 

Mg/Ca-SST calibration 

The Mg/Ca ratio measured in G. bulloides is a widely used proxy to reconstruct SST 

(Barker et al., 2005), although the calibrations available can provide very different 

results (Lea et al., 1999; Mashiotta et al., 1999; Elderfield and Ganssen, 2000; Anand et 

al., 2003; McConnell and Thunell, 2005; Cléroux et al., 2008; Thornalley et al., 2009; 

Patton et al., 2011). Apparently, the regional Mg/Ca-temperature response varies due to 

parameters that have not yet been identified (Patton et al., 2011). A further difficulty 

arises from the questioned Mg/Ca thermal signal in high-salinity regions such as the 

Mediterranean Sea, where anomalously high Mg/Ca values have been observed 

(Ferguson et al., 2008). This apparent high salinity sensitivity in foraminiferal Mg/Ca 

ratios is under discussion and has not been supported by recent culture experiments 

(Hönisch et al., 2013), which, in addition, could be attributed to diagenetic overprints 
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(Hoogakker et al., 2009; van Raden et al., 2011). In order to test the value of the Mg/Ca 

ratios in G. bulloides from the western Mediterranean Sea and also review its 

significance in terms of seasonality and depth habitat, a set of core-top samples from 

different locations of the western Mediterranean Sea have been analysed. Core-top 

samples were recovered using a multicorer system, and they can be considered 

representative of present conditions (Masqué et al., 2003; Cacho et al., 2006). The 

studied cores are located in the 35-45º N latitude range (Table 3.1 and Fig. 3.1) and 

mostly represent two different trophic regimes, defined by the classical spring bloom 

(the most north-western basin) and an intermittent bloom (D’Ortenzio and Ribera, 

2009). 

The resulting Mg/Ca ratios have been compared with the isotopically derived 

calcification temperatures based on the δ18O measurements performed also in G. 

bulloides from the same samples. This comparison was performed after use of the 

Shackleton (1974) palaeotemperature equation and the δ18Owater data published by 

Pierre (1999), always considering the values of the closer stations and the top 100 m. 

The resulting Mg/Ca-SST data have been plotted together with those of G. bulloides 

from North Atlantic core tops previously published by Elderfield and Ganssen (2000). 

The resulting high correlation (r2 = 0.92; Fig. 3.2) strongly supports that the Mg/Ca 

ratios of the central-western Mediterranean Sea are dominated by a thermal signal. 

Thus, the new data set from the Mediterranean core tops improves temperature 

sensitivity range over the warm end of the calibration. The resulting exponential 

function indicates ~9.4% Mg/Ca per ºC sensitivity in the Mg uptake with respect to 

temperature, which is in agreement with the range described in the literature (i.e., 

Elderfield and Ganssen, 2000; Barker et al., 2005; Patton et al., 2011). The new 

equation for the Mg/Ca-SST calibration including data from the western Mediterranean 

Sea and the Atlantic Ocean is as follows: 

Mg/Ca	=	0.7045(±0.0710)e0.0939(±0.0066)T	
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Figure 3.2. Mg/Ca-SST calibration. a) Exponential function and correlation between δ18Oc temperatures 
and Mg/Ca. Dashed lines show the 1 confidence limits of the curve fit. The standard error of our 
temperature calibration taking into account each δ18Oc temperature from core tops (Table 3.1) is ±0.6 C. 
Error of temperature estimates based on our G. bulloides calibration for the western Mediterranean is 
±1.4 °C. These uncertainties are higher but still in the range of ±0.6 C obtained for the Atlantic Ocean in 
Elderfield and Ganssen (2000) and also 1.1 °C in G. bulloides culture data (Lea et al., 1999). b) April 
(red) and May (black) temperature profiles of the first 200 m measured during years 1945-2000 in 
stations corresponding to the studied core tops (MEDAR GROUP, 2002). The δ18Oc average temperature 
of all cores is shown (grey, vertical band).  

The Mg/Ca-SST signal of G. bulloides has been compared with a compilation of water 

temperature profiles of the first 200 m measured between years 1945 and 2000 in 

stations close to the studied core tops (MEDAR GROUP, 2002). Although significant 

regional and interannual variations have been observed, the obtained calcification 

temperatures of our core-top samples show the best agreement with temperature values 

of the upper 40 m during the spring months (April–May; Fig. 3.2). This water depth is 

consistent with preferential depth ranges for G. bulloides found by plankton tows in the 

Mediterranean (Pujol and Vergnaud-Grazzini, 1995) and with results from multiannual 

sediment trap monitoring in the Alboran Sea and the GoL, where maximum G. 

bulloides percentages were observed just before the beginning of thermal stratifications 

(see Bárcena et al., 2004; Bosc et al., 2004; Rigual-Hernández et al., 2012). Although 

the information available about depth and seasonality distribution of G. bulloides is 

relatively fragmented, this species is generally found in intermediate or even shallow 

waters (i.e. Bé and Hutson, 197; Ganssen and Kroon, 2000; Schiebel et al., 2002; 

Rogerson et al., 2004; Thornalley et al., 2009). However, G. bulloides has also been 

observed at deeper depths in some western Mediterranean Sea sub-basins (Pujol and 

Vergnaud- Grazzini, 1995). Extended data with enhanced spatial and seasonal coverage 
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are required in order to better characterize production, seasonality, and geographic and 

distribution patterns of live foraminifera such as G. bulloides. Nevertheless, the 

obtained core-top data set offers solid evidence on the seasonal character of the 

recorded temperature signal in the Mg/Ca ratio. 

A regional stack for Mg/Ca-SST records 

The Mg/Ca-SST profiles obtained from our records are plotted with the resulting 

common age model in Fig. 3.3. The average SST values for the last 2700 years ranged 

from 16.0 ± 0.9 to 17.8 ± 0.8 °C (uncertainties of average values represent 1σ; 

uncertainties of absolute values include analytical precision and reproducibility and also 

those derived from the Mg/Ca-SST calibration).  

SST records show the warmest sustained period during the RP, approximately between 

170 BCE and 300 CE, except in MIN2 core, since this record ends at the RP-EMA 

transition. In addition, all the records show a generally consistent cooling trend after the 

RP with several centennial-scale oscillations. The maximum SST value is observed in 

MR3.3 core (19.6 ± 1.8 °C) during the MCA (Fig. 3.3c) and the minimum is recorded in 

MIN1 core (14.4 ± 1.4 °C) during the LIA (Fig. 3.3e). Centennial-scale variability is 

predominant throughout the records. Particularly, during MCA some warm episodes 

reached slightly higher SST than the averaged SST maximum (i.e. 19.6 ± 1.8 °C at 

∼1021 CE). These events were far shorter in duration compared to the RP (Fig. 3.3). 

The highest frequency of intense cold events occurred during the LIA and, in particular, 

the last millennium recorded the minimum average Mg/Ca-SST (15.2 ± 0.8 °C). Four of 

the five records show a pronounced SST drop after 1275 CE, coinciding with the onset 

of the LIA. Based on the different Mg/Ca-SST patterns, the LIA period has been 

divided into two subperiods, an early warmer interval (LIAa) and a later colder interval 

(LIAb) by reference to the 1540 CE boundary.  
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Figure 3.3. SST obtained from Mg/Ca for cores a) MR3.1B, b) MR3.1A, c) MR3.3, d) MIN2, and e) 
MIN1. The grey shaded areas integrate uncertainties of average values and represent 1σ of the absolute 
values. This uncertainty includes analytical precision and reproducibility and the uncertainties derived 
from the G. bulloides core-top calibrations for the central-western Mediterranean Sea developed in this 
paper. f) All individual SST anomalies on their respective time step (MR3.1B: orange; MR3.1A: purple; 
MR3.3: green; MIN2: blue; MIN1: black dots). g) 20 yr cm-1 stacked temperature anomaly (red plot) with 
its 2σ uncertainty (grey band). The 80 yr cm-1 (grey plot) and the 100 yr cm-1  (black plot) stacks are also 
shown. The triangles represent 14C dates (black) and biostratigraphical dates based on plank- tonic 
foraminifera (blue) and are shown below the corresponding core, including their associated 2 errors. 
Period DMA (Dark Middle Ages) correspond to EMA (Early Middle Ages). 

One of the main difficulties with SST reconstructions in the last millennia is the internal 

noise of the records due to sampling and proxy limitations, which is of the same 

amplitude as the targeted climatic signal variability. In this sense, we have constructed 

an Mg/Ca-SST anomaly stack with the aim to detect the most robust climatic structures 

along the different records and reduce the individual noise. First, each SST record was 

converted into a SST anomaly record in relation to its average temperature (Fig. 3.3f). 

Secondly, in order to obtain a common sampling interval, all records were interpolated. 

Interpolation at three different resolutions did not result in significant differences (Fig. 
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3.3g). Subsequently, we selected the stack that provided the best resolution offered by 

our age models (20 yr cm-1) since it very well preserves the high-frequency variability 

of the individual records (Fig. 3.3g). The obtained SST anomaly stack allows for a 

better identification of the most significant features at centennial timescales. Abrupt 

cooling events are mainly recorded during the LIA (-0.5 to -0.7 °C 100 yr-1), while 

abrupt warmings (0.9 to 0.6 °C 100 yr-1) are detected during the MCA.  

Events of similar magnitude have been also documented during the LIA-IE transition. 

When considering the entire SST anomaly record, a long-term cooling trend of about -1 

to -2 °C is observed. However, focussing on the last 1800 years, since the RP maxima, 

the observed cooling trend was far more intense, at about -3.1 to -3.5 °C (-0.3 to -0.8 °C 

kyr-1). This is consistent within the recent 2 kyr global reconstruction published by 

McGregor et al. (2015; estimation of the SST cooling trend, using the average anomaly 

method 1 for the period 1–2000 CE: -0.3 to -0.4 °C kyr-1).  

δ18O 

The oxygen isotopes measured on carbonate shells of G. bulloides (δ 18Oc) and their 

derived δ 18Osw after removing the temperature effect with the Mg/Ca-SST signals are 

shown in Fig. 3.4. δ 18Oc and their derived δ18Osw profiles have been respectively 

stacked following the same procedure for the Mg/Ca-SST stack (Section 3.1.6). In 

general terms, all the records present a highly stable pattern during the whole period 

with a weak depleting trend, which is al- most undetectable in some cases (i.e. MIN1 

core).  

The average δ 18Oc values range from 1.2 to 1.4 ‰ VPDB and, in general, the MR3 

cores show slightly higher values (∼1.4 ‰ VPDB) than the MIN cores (∼1.2 ‰ VPDB). 

Regarding to the internal variability of the split samples from core MR3.1 (MR3.1A and 

MR3.1B), δ18Oc records and the calculated δ18Osw, averages of the  obtained 

differences have been ±0.05 VPDB‰ and ±0.10 SMOW‰, respectively.  The lowest δ 

18Oc values (1.0 to 1.2 ‰ VPDB) mostly occur during the RP, although some short, low 

excursions can also be observed during the end of the MCA and/or the LIA. The highest 

values (1.4 to 1.8 ‰ VPDB) are mainly associated with short events during the LIA, the 

MCA, and over the TP-RP transition. A significant increase in δ18Oc values is observed 

at the LIA-IE transition, although a sudden drop is recorded at the end of the stack 
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record (after 1867 CE), which could result from a differential influence of the records 

(i.e. MIN1) and/or an extreme artefact (Fig. 3.4g).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Oxygen isotope measured on carbonate shells of G. bulloides (δ 18Oc ‰ VPDB, in black) and 
their derived δ 18OSW (purple) for cores: (a) MR3.1B, (b) MR3.1A, (c) MR3.3, (d) MIN2, and (e) MIN1. 
(f) Individual δ 18Oc (‰ VPDB) anomalies on their respective time step. (g) δ 18Oc and δ 18OSW  anomaly 
stacked records (‰ VPDB and ‰ SMOW, respectively). Period DMA (Dark Middle Ages) correspond to 
EMA (Early Middle Ages). 

After removing the temperature effect from the δ18Oc record, the remaining δ18Osw 

record mainly reflects changes in E-P balance, thus resulting in an indirect proxy of sea 

surface salinity. The average δ18Osw values obtained for the period studied ranged from 

1.3 to 1.8 ‰ SMOW. The highest δ18Osw values (from 2.4 to 1.9 ‰ SMOW) are 

recorded during the RP, when the longest warm period is also observed, and some 
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values are notable during the MCA too. Enhancements of the E–P balance (δ18Osw 

higher values) coincide with higher SST. The lowest δ18Osw values (from 0.8 to 1.5 ‰ 

SMOW) are recorded particularly during the onset and the end of the LIA and also 

during the MCA. A drop in the E-P balance has been obtained from approximately the 

end of LIA to the most recent years. The most significant changes in our δ18Osw stack 

record correspond to increases in the most recent times and around 1200 CE (MCA) and 

to the decrease observed at the end of the LIA (Fig. 3.4).  

Alkenone-SST records 

The two alkenone (Uk’
37)-derived SSTs of MIN cores have already been published in 

Moreno et al. (2012), while the records from MR3 cores are new (Fig. 3.5). The four 

alkenone–SST records show a similar general cooling trend during the studied period 

and they have also been integrated in a SST anomaly stack (Fig. 3.5e). The general 

cooling trend involves about -1.4 °C when the entire studied period is considered and 

about -1.7 °C since the SST maximum recorded during the RP. The mean SST 

uncertainties in this section have been estimated as ±1.1 °C, taking into account the 

estimated standard error.  

Previous studies have interpreted the alkenone–SST signal in the western Mediterranean 

Sea as an annual average (Ternois et al., 1996; Cacho et al., 1999a, b; Martrat et al., 

2004). The average alkenone-SST values for the studied period (last 2700 years) ranged 

from 17.0 to 17.4 °C.  

The coldest alkenone temperatures (∼16.0 °C) have been obtained in core MIN2 during 

the LIAa and the warmest (∼18.4 °C) in core MR3.3 during the MCA. Values near the 

average of maxima SST (from 17.9 to 18.4 °C) are observed more frequently during the 

TP, RP, and MCA, while temperatures during the onset of MCA and LIA show many 

values closer to the average of minima SST (ranging from 16.0 to 16.2 °C). Abrupt 

coolings are observed during the LIA and some events during MCA (-0.8 °C 100 yr-1) 

and to a lesser extent during the LIA–IE transition (-0.5 °C 100 yr-1). The highest 

warming rates are recorded during the MCA (0.4 °C 100 yr-1) and also during the RP.  
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Figure 3.5. Alkenone temperature records from Minorca (this study) for cores a) MR3.3, b) MIN2, and 
c) MIN1. Triangles represent 14C dates (black) and biostratigraphical dates based on plank-tonic 
foraminifera (blue) and are shown below the corresponding core with their associated 2σ errors. d) 
Individual alkenone-derived SST anomalies in their respective time step (MR3.3: green; MIN2: blue; 
MIN1: black dots). e) 20yr cm-1 stacked temperature anomaly (orange plot). The 80 yr cm-1 (grey plot) 
and the 100 yr cm-1 (black plot) stacks are also shown. Period DMA (Dark Middle Ages) correspond to 
EMA (Early Middle Ages). 

Mg/Ca-SST vs. Alkenone-SST records 

In this section, the uncertainties of the alkenone, 1.1 °C, have been calculated from the 

estimated standard error of the calibration and those of Mg/Ca-SST include the 

analytical precision and reproducibility and the standard error of the calibration. The 

measured Mg/Ca–SST and alkenone-SST averages are identical within error (16.9 ± 1.4 

°C vs. 17.2 ± 1.1 °C), but the temperature range of the Mg/Ca records shows higher 

amplitude.  

The similarity in SST averages of both proxies does not reflect the different habitat 

depths, since alkenones should mirror the surface photic layer (< 50 m), with relatively 

warm SST, while G. bulloides has the capability to develop in a wider and deeper 

environment (Bé, 1977; Pujol and Vergnaud-Grazzini, 1995; Ternois et al., 1996; Sicre 

et al., 1999; Ganssen and Kroon, 2000; Schiebel et al., 2002; Rogerson et al., 2004; 

Thornalley et al., 2009), where lower SST would be expected.  
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The enhanced Mg/Ca–SST variability is reflected in the short-term oscillations, at 

centennial timescales, which are larger in the Mg/Ca record with oscillations over 0.5 

°C. This larger Mg/Ca–SST variability could be attributed to the highly restricted 

seasonal character of the signal, which purely reflects SST changes during the spring 

season. However, the coccolith signal integrates a wider time period from autumn to 

spring (Rigual-Hernández et al., 2012, 2013) and, consequently, changes associated 

with specific seasons be- come more diluted in the resulting averaged signal.  

The annual mean SST corresponding to a Balearic site is 18.7 ± 1.1 °C, according to the 

integrated values of the upper 50 m (Ternois et al., 1996; Cacho et al., 1999a) of the 

GCC-IEO database between January 1994 and July 2008. Our core-top records 

represent the last decades and show SST values closer to the annual mean in the case of 

alkenone–SST, whereas the Mg/Ca–SST record shows slightly lower values. 

The Uk’
37-SST records in the western Mediterranean Sea have been interpreted to 

represent annual mean SST (i.e. Cacho et al., 1999a; Martrat et al., 2004) but seasonal 

variations in alkenone production could play an important role in the Uk’
37-SST values 

(Rodrigo-Gámiz et al., 2014). Considering that during the summer months the 

Mediterranean Sea is a very stratified and oligotrophic sea, reduced alkenone pro- 

duction during this season could be expected (Ternois et al., 1996; Sicre et al., 1999; 

Bárcena et al., 2004; Versteegh et al., 2007; Hernández-Almeida et al., 2011). This 

observation is supported by results from sediment traps located in the GoL showing 

very low coccolith fluxes during the summer months (Rigual-Hernández et al., 2013), 

while they exhibit higher values during autumn, winter, and spring, reaching maximum 

fluxes at the end of the winter season, during SST minima. In contrast, high fluxes of G. 

bulloides are almost restricted to the upwelling spring signal, when coccolith fluxes 

have already started to decrease (Rigual-Hernández et al., 2012, 2013). This different 

growth season can explain the proxy bias in the SST reconstructions, with more 

smoothed alkenone-SST signals.  

Both Mg/Ca–SST and Uk’
37-SST records show consistent cooling trends of about -0.5 

°C kyr-1 during the studied period (2700 years), which is consistent with the recent 2kyr 

global reconstruction (McGregor et al., 2015). The recorded cooling since the RP 

SST maxima (∼200CE) is more pronounced in the Mg/Ca–SST (-1.7 to -2.0 °C kyr-1) 

than  in the alkenone signal (-1.1 °C kyr-1). These coolings are larger than those 
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estimated in the global reconstruction (McGregor et al., 2015) for the last 1200 years 

(average anomaly method 1: -0.4 to -0.5 °C kyr-1). It should be noted that the global 

reconstruction includes alkenone–SST from MIN cores (data published in Moreno et al., 

2012).  

The detailed comparison of the centennial SST variability recorded by both proxy 

stacks consistently indicates a puzzling antiphase. Although the main trends are -31 

consistently parallel in both alkenone and Mg/Ca proxies (r = 0.5; p value = 0) as 

observed in other regions, short-term variability appears to have an opposite character. 

Statistical analysis of these differences examined by means of Welch’s test indicates 

that the null hypothesis (means are equal) can be discarded at the 5% error level: tobserved 

(12.446) > tcritical (1.971). This a priori unexpected proxy difference outlines the 

relevance of the seasonal variability for climate evolution and suggests that extreme 

winter coolings  were followed by more rapid and intense spring warmings. 

Nevertheless, regarding the low amplitude of several of these oscillations, often close to 

the proxy error, this observation needs to be supported by further constraints as a solid 

regional feature.  

3.1.7 Discussion 

Climate patterns during the last 2.7 kyr 

The SST changes in the Minorca region have implications for the surface air mass 

temperature and moisture source regions that could influence on air mass trajectories 

and ultimately precipitation patterns in the western Mediterranean region (Millán et al., 

2005; Labuhn et al., 2015). Recent observations have identified SST as a key factor in 

the development of torrential rain events in the western Mediterranean Basin (Pastor et 

al., 2001), constituting a potential source of mass instability that transits over these 

waters (Pastor, 2012). In this context, the combined SST and δ18Osw records can provide 

information on the connection between thermal changes and moisture export from the 

central-western Mediterranean Sea during the last 2.7 kyr.  

The oldest period recorded in our data is the so-called Talaiotic Period (TP), which 

corresponds to the ages of antiquity such as the period of ancient Greece in other 

geographic areas. Both Mg/Ca-SST and alkenone-SST records are consistent in 

showing a general cooling trend from ∼500 BCE and reaching minimum values by the 
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end of the period (∼120 BCE; Fig. 3.6a–b). Very few other records are available from 

this time period, which make comparisons of these trends at regional scale difficult.  

One of the most prominent features in the two SST reconstructions, particularly in the 

Mg/Ca–SST stack, is the warm SST that predominated during the second half of the RP 

(150–400 CE). The onset of the RP was relatively cold and a ∼2 °C warming occurred 

during the first part of this period. This SST evolution from colder to warmer conditions 

during the RP is consistent with the isotopic record of the Gulf of Taranto (Taricco et 

al., 2009) and peat reconstructions from north-west Spain (Martínez-Cortizas et al., 

1999), and to some extent with SST proxies in the south- eastern Tyrrhenian Sea (Lirer 

et al., 2014). However, none of these records indicates that the RP was the warmest 

period of the last 2 kyr. Other records from higher latitudes such as Greenland (Dahl-

Jensen et al., 1998), and northern Europe (Esper et al., 2014), North Atlantic Ocean  

(Bond et al., 2001; Sicre et al., 2008), as well as speleothem records from northern 

Iberia (Martín-Chivelet et al., 2011) and even the multiproxy PAGES 2K reconstruction 

from Europe, suggest a rather warmer early RP than late RP and, again, none of these 

records highlights the Roman times as the warmest climate period of the last 2 kyr. 

Consequently, these very warm RP conditions recorded in the Minorca Mg/Ca–SST 

stack seem to have a regional character and suggest that climate evolution during this 

period followed a rather heterogeneous thermal response along the European continent 

and surrounding marine regions.  

Moreover, the observed δ18Osw stack of the RP suggests an increase in the E-P ratio 

(Fig. 3.6a) during this period, which has also been observed in some nearby regions like 

the Alps (Holzhauser et al., 2005; Joerin et al., 2006). In contrast, a lake record from 

southern Spain indicates relatively high water levels when the δ18Osw stack indicates the 

maximum in E-P ratio (Martín-Puertas et al., 2008). This information is not necessarily 

contradictory, since enhanced E-P balance in the Mediterranean could be balanced out 

by enhanced precipitation in some of the regions, but more detailed geographical 

information is required to interpret these proxy records from distinct areas.  
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Figure 3.6. Temperature and isotope anomaly records from Minorca (this study) and data from other 
regions. (a) δ 18OC and δ 18OSW (‰ SMOW) Minorca stacks; (b) alkenone–SST anomaly Minorca stack; 
(c) Mg/Ca–SST anomaly Minorca stack; (d) warm and cold phases and δ 18OG.ruber recorded by planktonic 
foraminifera from the southern Tyrrhenian composite core, with RCI to RCIV showing Roman cold 
periods (Lirer et al., 2014); (e) 30-year averages of the PAGES 2k Network (2013) Europe anomaly 
temperature reconstruction; (f) Greenland snow surface temperature (Kobashi et al., 2011); and (g) 
central Europe summer anomaly temperature reconstruction in central Europe (Büntgen et al., 2011). 
Period DMA (Dark Middle Ages) correspond to EMA (Early Middle Ages). 

After the RP, during the whole EMA and until the MCA, the Mg/Ca–SST stack shows a 

cooling of ∼1 °C (0.2 °C 100 yr-1), which is 0.3 °C in the case of the alkenone-SST 

stack and the E-P rate decreases. This trend contrasts with the general warming trend 

interpreted from the speleothem records of northern Iberia (Martín-Chivelet et al., 2011) 

or the transition towards drier conditions observed in Alboran records (Nieto-Moreno et 

al., 2011). However, SST proxies from the Tyrrhenian Sea show a cooling trend after 

the second half of the EMA and the Roman IV cold/dry phase (Lirer et al., 2014) that 

can be tentatively correlated with our SST records (Fig. 3.6). This cooling phase is also 
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documented in the δ18OG.ruber
 record of the Gulf of Taranto (Grauel et al., 2013). These 

heterogeneities in the signals from the different proxies and regions illustrate the 

difficulties in characterizing the climate variability during these short periods and 

reinforce the need for a better geographical coverage of individual proxies.  

The medieval period is usually described as a very warm period in numerous regions in 

the Northern Hemisphere (Hughes and Diaz, 1994; Mann et al., 2008; Martín-Chivelet 

et al., 2011), but this interpretation is challenged by an increasing number of studies (i.e. 

Chen et al., 2013). The Minorca SST stacks also show the occurrence of significant 

temperature variability that does not reflect a specific warm period within the last 2 kyr 

(Fig. 3.6). An important warming event is observed at ∼1000 CE, followed by a later 

cooling with minimum values at about 1200 CE (Fig. 3.6). Higher temperature 

variability is found in Greenland records (Kobashi et al., 2011), while an early warm 

MCA and posterior cooling is also observed in temperature reconstructions from central 

Europe (Büntgen et al., 2011) and in the European multiproxy 2 kyr stack of the 

PAGES 2K Consortium (2013). Nevertheless, all these proxies agree in indicating 

overall warmer temperatures during the MCA than during the LIA. At the MCA–LIA 

transition, a progressive cooling and a change in oscillation frequency before and after 

the onset of LIA are recorded. This transition is consistent with the last rapid cli- mate 

change (RCC) described in Mayewski et al. (2004).  

In the context of the Mediterranean Sea, the lake, marine, and speleothem records 

consistently agree in showing drier conditions during the MCA than during the LIA 

(Moreno et al., 2012; Chen et al., 2013; Nieto-Moreno et al., 2013; Wassenburg et al., 

2013). Examination of the δ18Osw
 stack shows several oscillations during the MCA and 

LIA but no clear differentiation between these periods can be inferred from this proxy, 

indicating that reduced precipitation also involved reduced evaporation in the basin and 

that the E-P balance recorded by the δ18Osw proxy was not modified. The centennial-

scale variability found in both the Mg/Ca-SST and δ18Osw stack reveals that higher E-P 

conditions existed during the warmer intervals (Fig. 3.6a and c).  

According to the Mg/Ca-SST stack, the LIA stands out as a period of high thermal 

variability in which two substages can be differentiated, a first involving large SST 

oscillations and warm average temperatures (LIAa) and a second substage with short 

oscillations and cold average SST (LIAb). We suggest that the LIAa interval could be 



	
	
116	

linked to the Wolf and Spörer solar minima and that the LIAb corresponds to Maunder 

and Dalton cold events, in agreement with previous observations (i.e. Vallefuoco et al., 

2012).  

These two LIA substages are also present in the Greenland record (Kobashi et al., 

2011). The intense cooling drop (0.8 °C 100 yr-1) at the onset of the LIAb is in 

agreement with the suggested coolings of 0.5 and 1 °C in the Northern Hemisphere (i.e. 

Matthews and Briffa, 2005; Mann et al., 2009). These two steps within the LIA are 

better reflected in the Mg/Ca-SST stack than in the alkenone-SST stack. This is also the 

case of the alkenone records in the Alboran Sea (Nieto-Moreno et al., 2011), which may 

result from smaller SST variability of the alkenone proxies.  

In terms of humidity, the LIA represents a period of increased runoff in the Alboran 

record (Nieto-Moreno et al., 2011). Available lake level reconstructions from southern 

Spain also show progressive increases after the MCA, reaching maximum values during 

the LIAb (Martín-Puertas et al., 2008). Different records of flood events in the Iberia 

Peninsula also report a significant increase in extreme events during the LIA 

(Barriendos and Martin-Vide, 1998; Benito et al., 2003; Moreno et al., 2008). These 

conditions are consistent with the described enhanced storm activity over the GoL  in 

this period (Sabatier et al., 2012), explaining the enhanced humidity transport towards 

the Mediterranean Sea as a con- sequence of the reduced E-P ratio observed in the 

δ18Osw, particularly during the LIAb (Fig. 3.6a).  

The end of the LIA and onset of the IE is marked with a warming phase of about 1 °C in 

the Mg/Ca-SST stack and a lower-intensity change in the alkenone-SST stack. This 

initial warm climatic event is also documented in other Mediterranean regions (Taricco 

et al., 2009; Marullo et al., 2011; Lirer et al., 2014) and Europe (PAGES 2K 

Consortium, 2013), which is coincident with a total solar irradiance (TSI) enhancement 

after Dalton minima. The two Minorca SST stacks show a cooling trend by the end of 

the record, which does not seem to be consistent with the instrumental atmospheric 

records. In the western Mediterranean, warming has been registered in two main phases: 

from the mid-1920s to 1950s and from the mid-1970s onwards (Lionello et al., 2006). 

The Minorca stacks do not show this warming, but they do not cover the second 

warming period. Nevertheless, the instrumental data from the beginning of the 20th 
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century in the western Mediterranean do not display any warming trends before the 

1980s (Vargas-Yáñez et al., 2010).  

Climate forcings mechanisms 

The general cooling trend observed in both Mg/Ca-SST and alkenone-SST stacks shows 

a good correlation with the evolution of summer insolation in the North Hemisphere, 

which dominates the present annual insolation balance (r = 0.2 and 0.8, p value ≤ 0.007, 

respectively; Fig. 3.7). In numerous records from the Northern Hemisphere (i.e. Wright, 

1994; Marchal et al., 2002; Kaufman et al., 2009; Moreno et al., 2012), this external 

forcing has also been proposed to control major SST trends during the Holocene period. 

In addition, summer insolation seems to have had significant influence in the decreasing 

trend of the isotope records during the whole period spanned (r = 0.4, p value = 0), as 

has been suggested in, for example, Ausín et al. (2015). In any case, a different forcing 

mechanism needs to account for the centennial-scale variability of the records, e.g. 

increased volcanism in the last millennium (McGregor et al., 2015), although no 

significant correlations have been observed between our records and volcanic 

reconstructions (Gao et al., 2008).  

Solar variability has frequently been proposed the to be a primary driver of the 

Holocene millennial-scale variability (i.e. Bond et al., 2001). Several oscillations 

observed in the TSI record (Fig. 3.7a), but the correlations with the Mg/Ca-SST and 

alkenone-SST stacks are low, since most of the major TSI drops do not correspond to 

SST cold events. However, some correlation is observed between TSI and alkenone 

SSTs (r = 0.5, p value = 0). In any case, TSI does not seem to be the main driver of the 

centennial-scale SST variability in the studied records.  

One of the major drivers of the Mediterranean interannual variability in the 

Mediterranean region is the NAO (Hurrell, 1995; Lionello and Sanna, 2005; Mariotti, 

2011). Positive NAO indexes are characterized by high atmospheric pressure over the 

Mediterranean Sea and increases of the E-P balance (Tsimplis and Josey, 2001).  
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Figure 3.7. Temperature and isotope anomaly records from Minorca (this study) and data from other 
regions and with external forcings: (a) total solar irradiance (Steinhilber et al., 2009, 2012), (b) δ 18OSW  
Minorca stacks, (c) Atlantic Multidecadal Oscillation (AMO; Gray et al., 2004), (d) North Atlantic 
Oscillation (NAO) reconstructions (Olsen et al., 2012; Trouet et al., 2009; and, for the last millennium, 
Ortega et al., 2015), (e) Mg/Ca-SST anomaly Minorca stack, (f) summer insolation at 40 N (Laskar et al., 
2004), (g) alkenone-SST anomaly Minorca stack, and (h) palaeostorm activity in the Gulf of Lion 
(Sabatier et al., 2012). Period DMA (Dark Middle Ages) correspond to EMA (Early Middle Ages). 

During these positive NAO periods, winds over the Mediterranean tend to be deviated 

towards the north, overall salinity increases, and formation of dense deep water masses 

is reinforced as the water exchange through the Corsica Channel is higher and the 

arrival of northern storm waves decreases (Wallace and Gutzler, 1981; Tsimplis and 

Baker, 2000; Lionello and Sanna, 2005). The effect of NAO on Mediterranean 

temperatures is more ambiguous. SST changes during the last decades do not show 
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significant variability with NAO (Luterbacher et al., 2004; Mariotti, 2011), although 

some studies suggest an opposite response between the two basins, with cooling 

responses in some eastern basins and warmings in the western basin during positive 

NAO conditions (Demirov and Pinardi, 2002; Tsimplis and Rixen, 2002). Although still 

controversial, some NAO reconstructions on proxy records are starting to become 

available for the period studied (Lehner et al., 2012; Olsen et al., 2012; Trouet et al., 

2012; Ortega et al., 2015). The last millennium is the best-resolved period, and it allows 

a direct comparison with our data to evaluate the potential link to NAO.  

The correlations between our Minorca temperature stacks with NAO reconstructions 

(Fig. 2.7) are relatively low in the case of Mg/Ca-SST (r = 0.3, p value ≤ 0.002) and not 

significant in the alkenone stack, indicating that this forcing is probably not the driver 

of the main trends in these records, al- though several uncertainties still exist about the 

long NAO reconstructions (Lehner et al., 2012). If detailed analysis is performed 

focussing on the more intense negative NAO phases (Fig. 3.8), they mostly appear to 

correlate with cooling phases in the Mg/Ca stack. The frequency of these negative 

events is particularly high during the LIA, and mostly during its second phase (LIAb), 

when the coldest intervals of our SST stacks were observed. When several different 

proxy last century records of annual resolution, tested with some model assimilations 

(Ortega et al., 2015), are compared with the last NAO reconstruction, the observed 

correlations with δ 18Osw  are not statistically significant. However, the Welch’s test 

results do not allow for the null hypothesis to be discarded. A coherent pattern of NAO 

variability with our δ 18Osw  reconstruction, with high (low) isotopic values mainly 

dominating during positive (negative) NAO phases, can be observed in the last centuries 

(Fig. 2.8). This pattern is consistent with the described E-P increase during high NAO 

phases described for the last decades (Tsimplis and Josey, 2001). The SST stacks also 

suggest some degree of correlation between warm SST and high NAO values (Fig. 3.7), 

but a more coherent picture is observed when the SST records are compared to the 

Atlantic Multidecadal Oscillation (AMO) reconstruction: warm SST dominated during 

high AMO values (Fig. 3.9). This pattern of salinity changes related to NAO and SST to 

AMO has also been described in climate studies encompassing the last decades 

(Mariotti, 2011; Guemas et al., 2014) and confirms the complex but tight response of 

the Mediterranean to atmospheric and marine changes over the North Atlantic Ocean.  
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Figure 3.8. 18Osw Minorca stack (‰ 
SMOW) during the last mil- lennium 
(age is expressed in years CE) plotted 
with a) NAO re- construction (Ortega 
et al., 2015) and b) palaeostorm 
activity in the Gulf of Lion (Sabatier et 
al., 2012). Notice that the NAO axis is 
on a descending scale. Grey vertical 
bars represent negative NAO phases.  

 

The pattern of high δ 18Osw  at dominant positive NAO corresponds to a reduction in the 

humidity transport over the Mediterranean region as a consequence of high atmospheric 

pressure (Tsimplis and Josey, 2001). Accordingly, several periods of 

increased/decreased storm activity in the GoL (Fig. 3.8; Sabatier et al., 2012) correlate 

with low/high values in the δ 18Osw, indicating that, during negative NAO conditions, 

northern European storm waves arrived more frequently in the Mediterranean Sea 

(Lionello and Sanna, 2005), contributing to the reduction of the E-P balance (Fig. 3.8). 

Our data also indicate that, during these enhanced storm periods, cold SST conditions 

dominated in the region as previously suggested (Sabatier et al., 2012). Nevertheless, 

not all the NAO oscillations had identical expression in the compared records, which is 

coherent with recent observations indicating that negative NAO phases may correspond 

to different atmospheric configuration modes and impact differently over the western 

Mediterranean Sea (Sáez de Cámara et al., 2015). Regarding the lower part of the 

record, the maximum SST temperatures and δ 18Osw  recorded during the RP (100–300 

CE) may suggest the occurrence of persistent positive NAO conditions, which would 

also be consistent with a high pressure-driven drop in relative sea level as has been 

reconstructed in the north-western Mediterranean Sea (southern France, 40 ± 10 cm; 

Morhange et al., 2013).  

It is interesting to note that during the EMA a pronounced and intense cooling event is 

recorded in the Mg/Ca–SST stack at about 500 CE. Several references document in the 

scientific literature the occurrence of a dimming of the sun at 536–537CE (Stothers, 

1984). This event, based on ice core records, has been linked to a tropical volcanic 

eruption (Larsen et al., 2008). Tree-ring data reconstructions from Europe and also 

historical documents indicate the persistence during several years (536–550 CE) of what 

is described as the most severe cooling across the Northern Hemisphere during the last 
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two millennia (Larsen et al., 2008). Despite the limitations derived from the resolution 

of our records, the Mg/Ca–SST stack record may have caught this cooling, which would 

prove the robustness of our multiproxy age models (see 2.9 for age model 

development). 

 

 

 

 

 

 

Figure 3.9. Mg/Ca-SST and alkenone–SST Minorca anomaly stacks during the last centuries plotted with 
AMO reconstruction (Gray et al., 2004).  

3.1.8 Summary and conclusions 

The review of new core-top data of G. bulloides Mg/Ca ratios from the central-western 

Mediterranean Sea together with previous published data support a consistent 

temperature sensitivity for the Mediterranean samples and allows for the previous 

calibrations to be refined. The recorded Mg/Ca–SST signal from G. bulloides is 

interpreted to re- flect April–May conditions from the upper 40 m layer. In contrast, the 

alkenone–SST estimations are interpreted to in- tegrate a more annually averaged 

signal, although they are biased toward the winter months since primary productivity 

during the summer months in the Mediterranean Sea is extremely low. The averaged 

signal of the alkenone–SST records may explain its relatively smoothed oscillations in 

comparison to the Mg/Ca–SST records. 

After careful construction of a common chronology for the studied multicores, based on 

several chronological tools, the individual proxy records have been grouped in an 

anomaly-stacked record to allow a better identification of the main patterns and 

structures. Both Mg/Ca–SST and alkenone stacks show a consistent cooling trend over 

the studied period. Since the RP maximum, this cooling has ranged between −1.7 and −

2.0ºC kyr−1 in the Mg/Ca record and is less pronounced in the alkenone record (−1.1 ºC 

kyr−1). This cooling trend is consistent with the general lowering of summer insolation. 
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The overall cooling is punctuated by several SST oscillations at centennial timescales, 

which represent maximum SST during most of the RP; a progressive cooling during the 

DMA; a pronounced variability during the MCA with two intense warming phases 

reaching warmer SST than during the LIA; and a very unstable and rather cold LIA, 

with two substages–a first one with larger SST oscillations and warmer average 

temperatures (LIAa) and a second one with shorter oscillations and colder average SST 

(LIAb). The described two stages within the LIA are clearer in the Mg/Ca–SST stack 

than in the alkenone–SST record. Comparison of Mg/Ca–SST and δ18Osw stacks 

indicates that warmer intervals have been accompanied by higher evaporation–

precipitation (E–P) conditions. The E–P balance oscillations over each defined climatic 

period during the last 2.7 kyr suggest variations in the thermal change and moisture 

export patterns in the central-western Mediterranean. 

Comparison of the Minorca SST stacks with other European palaeoclimatic records 

suggests a rather heterogeneous thermal response along the European continent and 

surrounding marine regions. Comparison of the new Mediterranean records with the 

reconstructed variations in TSI does not support a clear connection with this climate 

forcing. Nevertheless, changes in the NAO and AMO seem to have in fluenced the 

regional climate variability. The negative NAO phases correlate mostly with cooling 

phases of the Mg/Ca stack, although this connection is complex and apparently better 

defined during the most intense negative phases. Focussing on the last 1 kyr, when 

NAO reconstructions are bet- ter constrained, provides a more consistent pattern, with 

cold and particularly fresher δ18Osw values (reduced E–P balance) during negative NAO 

phases. Our results are consistent with enhanced southward transport of European storm 

tracks dur- ing this period and previous reconstructions of storm activity in the GoL. 

Nevertheless, the SST stacks show a more tied relation to AMO during the last four 

centuries (the available period of AMO reconstructions) in which warm SST dom- 

inated during high AMO values. This evidence supports a close connection between 

Mediterranean and North Atlantic climatology over the last 2 kyr. 
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Age model development 

14C, 210Pb, 137Cs dates 

Absolute dating with radiocarbon dates was focused on cores MIN1, MIN2 and MR3.3 

(Table 3.2). According to those dates and assuming the sampling year as the core top 

age (2006 and 2009, for MIN and MR3 cores respectively), the sedimentation rates of 

these three cores result in 13 ± 1, 20 ± 3 and 13 ± 5 cm ky-1, respectively (sedimentation 

rates uncertainties are expressed as 1σ in this section).  

In order to evaluate the preservation of the core tops, 210Pb activity profiles were 

obtained from MIN1, MIN2, MR3.1A and MR3.2 cores (Fig. 3.10). 210Pb 

concentrations generally decrease with depth in all four cores, down to 3.5 cm in MIN2 

core and 3 cm for MIN1, MR3.1A and MR3.2 cores. Excess 210Pb concentrations at the 

surface and inventories in the MIN cores are in agreement with those published for the 

Algero- Balear Basin (Garcia-Orellana et al., 2009). However, they were lower in MR3 

cores, particularly for MR3.1A core, which we attribute to the loss of the most surficial 

part of these cores during recovery, corresponding to about 50 yr by comparison to the 

other cores. The variability in the 210Pb data denotes the high heterogeneity of this 

sedimentary system in reference to deep-sea hemipelagic sediments, highlighting the 

relevance of its study on the basis of a multicore approach (e.g. Maldonado et al., 1985; 

Martin et al., 1989; Calafat et al., 1996; Velasco et al., 1996; Canals et al., 2006; Frigola 

et al., 2007). 
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Table 3.2. Radiocarbon dates obtained on monospecific foraminifer G. inflata and calibrated ages, these 
last ones are expressed in years Before Common Era (BCE) and Common Era (CE). MR3.3 dates are 
presented for the first time in this study. Cores were analysed at the NOSAMS/Woods Hole 
Oceanographic Institution, USA (OS) and at Direct AMS Radiocarbon Dating Service, USA (D-AMS). 

Laboratory  

Code 

Core Comp. 

Depth (cm) 

14C ages Cal years BCE/CE (2-σ) 

OS-67294 MIN1 7-7.5 895 ± 35 1411 - 1529 CE 

OS-67296 19-19.5 2010 ± 35 304 - 544 CE 

OS-67291  

MIN2 

11-11.5 845 ± 35 1440 - 1598 CE 

OS-67297 18-18.5 1190 ± 35 1170 - 1312 CE 

OS-67324 25-25.5 1540 ± 25 804 - 989 CE 

OS-67323 28.5-29 1840 ± 30 520 - 680 CE 

D-AMS 004812  

 

MR3.3 

3.5-4 938 ± 25 1383 - 1484 CE 

OS-87613    6.5-7 1270 ± 35 1063 - 1256 CE 

OS-87614    12-12.5 1420 ± 30 911 - 1085 CE 

OS-87615    16-17 1900 ± 30 438 - 621 CE 

D-AMS 004811 20-21 2350 ± 29 88 BCE - 107 CE 

OS-87619    24-25 2620 ± 25 388 BCE - 214 BCE 

 

 The concentration profile and inventory of 137Cs in MIN1 core is also in good 

agreement with the results reported for the western Mediterranean Basin (Garcia- 

Orellana et al., 2009). Its detection down to 3 cm combined with the excess 210Pb 

concentration profile suggests the presence of sediment mixing to be accounted for in 

the calculation of the sediment accumulation rates, which are to be taken as maxima 

estimates. In doing so, the maxima sedimentation rates for the last 100–150 years are: 

27 ± 2 cm kyr-1 (MIN1 core), 28 ± 2 cm kyr-1 (MIN2), 28 ± 4 cm kyr-1 (MR3.1A), and 

35 ± 3 cm kyr-1 (MR3.2). These sedimentation rates are in agreement with those 

previously described in a long sediment record recovered within the contouritic system 

(Frigola et al., 2007 and 2008), but much higher than those found in the literature from 
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deeper sites of the Balearic Sea, with predominant hemipelagic sedimentation (e.g. 

Weldeab et al., 2003; Zúñiga et al., 2007; Garcia-Orellana et al., 2009).  

 

 

 

 

 

 

Figure 3.10. Excess 210Pb (Bq kg-1) profiles for MIN1, MIN2, MR3.1A and MR3.2 cores and also 137Cs 
concentration profile for MIN1 core. Error bars represent 1 σ uncertainty.  

Biostratigraphical data based on planktonic foraminifera  

Core MR3.3, the best 14C-dates time-constrained, was chosen in order to perform a 

taxonomic analysis of planktonic foraminifera. The identified species were: (1) 

Globigerina bulloides including G. falconensis, (2) Globigerinoides ruber pink and 

white variety, (3) Orbulina spp. including both O. universa and O. suturalis, (4) 

Globigerinoides quadrilobatus and G. sacculifer, (5) Globigerinatella siphoniphera 

including G. calida, (6) Globorotalia inflata, (7) Turborotalita quinqueloba, (8) 

Globigerinita glutinata, (9) Neogloboquadrina pachyderma right coiled, (10) 

Neogloboquadrina dutertrei, (11) Globorotalia truncatulinoides left coiled and (12) 

Clavoratorella spp. The abundance of G. truncatulinoides left coiled was also analysed 

in the top of the core MR3.1A.  

In order to improve the time constrain of our cores, percentages records of G. 

quadrilobatus and G. truncatulinoides left coiled from MR3.3 core have been correlated 

with those from a southern Tyrrhenian Sea composite core (Fig. 3.11), with a very 

robust age-model (Lirer et al., 2013) based on the combination of different dating 

methods (radionuclides-14C AMS dates and tephra-chronology). The Mediterranean 

ecobiostratigraphic strength of these taxa has been previously documented by Piva et al. 

(2008) for the last 370 ky. The pronounced decrease in G. quadrilobatus percentages at 
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the base of MR3.3 core (Fig. 3.11a) can be correlated with the end of the G. 

quadrilobatus acme interval observed in the north and south Tyrrhenian Sea record 

(Lirer et al., 2013, 2014; Di Bella et al., 2014) from 1750 to 750 BCE and previously 

documented in the Sicily Channel (Sprovieri et al., 2003) and the Sardinian valley 

(Budillon et al., 2009). In addition, data on distribution pattern of the leaving planktonic 

foraminifera, reported in Pujol and Vergnaud-Grazzini (1995), documented that this 

taxon is present in the whole central and south western Mediterranean (excluding the 

GoL). This correlation provide to us a control age point in MR3.3 core of 750 ± 48 BCE 

at about 27 cm, consistent with the 14C dating of 301 ± 87 BCE at 24 cm. In the upper 

part of the MR3.3 record, another control age point can be obtained from the correlation 

of the pronounced peak of G. truncatulinoides left coiled (~20% in abundance, Fig. 

3.11b) with a similar peak previously reported in the central and south Tyrrhenian Sea 

record during the LIA at 1718 ± 10 CE (Lirer et al., 2013; Margaritelli et al., 2015), and 

coincident with the Maunder event (Vallefuoco et al., 2012; Lirer et al., 2014; 

Margaritelli et al., 2015). 

 

 

 

 

 

 

 

Figure 3.11. Comparison among the quantitative distribution patterns of (a) G. quadrilobatus and (b) G. 
truncatulinoides left coiled with core MR3.3 (dark green plot) and data from the composite core (C90-
1m, C90 and C836 cores) studied in the southern Tyrrhenian Sea (Lirer et al., 2013), expressed as 3 point 
average and with the grey area corresponding to the entire record. The two tie points used in age models 
(dashed red line) correspond to 1718 CE and 750 BCE. Black diamonds show 14C dates from core 
MR3.3.  

Thunell (1978) documented the occurrence in recent surface sediments of this taxon 

from Balearic Islands to Sicily channel and Pujol and Vergnaud-Grazzini (1995) 
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observed this species in leaving abundance foraminifera of the whole western 

Mediterranean. This age point is also consistent with the obtained 14C date of MR3.3 

core at 3.5cm of 1434 ± 51 CE, further supporting the absence of the last two centuries 

in the MR3.3 core. The absence of these centuries is also suggested by the G. 

truncatulinoides left coiled abundance patterns data from the top (1.5-3.5 cm) of the 

MR3.1A core (Fig. 3.11b). MR3.1A data is in agreement with the drop of the peak in 

MR3.3 core and 210Pb measurements (Fig. 3.10) have corroborated the presence of the 

most recent sediment in core MR3.1A.  

Bayesian accumulation models  

A preliminary age model for MIN1, MIN2 and MR3.3 cores were initially generated by 

means of available 14C ages, the two biostratigraphical dates from MR3.3 core and 

maximum sedimentation rates derived from 210Pb concentration profiles from MIN1 and 

MIN2 cores. This preliminary age model was built using the Bayesian statistics 

software Bacon with the statistical package R (Blaauw and Christen, 2011).  

 

Figure 3.12. Age-depth models based on Bayesian accumulation simulations (Blaauw and Christen, 
2011): a) MIN, b) MIN2 and c) MR3.3 cores. The three upper plots in each core show the stable MCMC 
run achieved (left), the prior (green line) and posterior (grey) distributions of the accumulation rates 
(middle), and the prior (green line) and posterior (grey) distributions of the memory (right). Each main 
graphic represents the age–depth model for each core (darker grey indicates more probable calendar ages) 
based on the prior information, the calibrated radiocarbon dates (purple symbols), sample year for cores 
MIN (blue symbols) and biostratigraphical dates from MR3.3 core (red symbols). 

Considering that the two independent sedimentation rates estimations based on 14C and 
210Pb have significant uncertainties inherent to the methods and considering the 

different sampling resolution, averaged sedimentation rates obtained from the two 

methods have been taken into account in the Bayesian accumulation models. Regarding 

the core top ages, it was considered to be the recovering year (2006 ± 10 CE) in MIN 
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cores and 1718 ± 10 CE for MR3.3 core, coinciding with the peak in the G. 

truncatulinoides record. The program settings for thickness of the sections and memory 

were chosen to fulfil the criterions of the best mean 95% confidence range and to 

maintain good correlation between prior and posterior accumulation rates. In addition, it 

was decided to keep the memory strength values rather high since the sedimentary 

context, a contouritic drift, is expected to record highly variable accumulation rates, and 

due to the smother changes induced by lowering the memory strength would no reflect 

realistic changes in this context. 

The best Bayesian models achieved with a confidence mean of 95% provide 

accumulation rates for MIN1, MIN2 and MR3.3 cores of 14 ± 2, 22 ± 1 and 12 ± 1 cm 

kyr-1, respectively (uncertainties are expressed as 1σ), which correspond to mean time 

resolutions of 292, 161, and 200 yr, respectively. It should be noted that the largest 

errors are obtained for MIN1 core because of the only two 14C dates. These age models 

reconstruct a rather smooth accumulation history, although significant fluctuations in 

accumulation rate at centennial or even decadal scale can be expected in this 

sedimentological context. The posterior outputs for accumulation rate (see Fig. 3.12) 

and its variability are quite comparable to their prior ones, but in the case of MR3.3 core 

the posterior output indicates larger memory (more variability) than that assumed a 

priori. This is due to the strong change in sedimentation rates at about 12 cm (998 CE) 

that the prior output tends to attenuate, and which could be associated with abrupt 

changes in sedimentation rates at that time (Fig. 3.12c).  

These age models have been then further re-evaluated using other geochemical proxies 

as stratigraphical tools in order to ensure a common chronological framework for the 

obtained climate records. Nevertheless, any readjustment has always been kept within 

the confident rage of the Bayesian models.  

Multi-proxy chronostratigraphy  

The chronologies of MIN1, MIN2 and MR3.3 cores were finally evaluated and 

readjusted in base to their Mg/Ca records and taking into account the 95% probability 

intervals obtained in the Bayesian models.  

Mg/Ca measured in G. bulloides is a well-established proxy of Sea Surface 

Temperatures (Barker et al., 2005). The two sampling stations are only separated by 30 
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km and thus it is a reasonable assumption to expect comparable and synchronous SST 

changes in all the studied cores. Visual comparison of the MIN1, MIN2 and MR3.3 

records of Mg/Ca show several resemblances in some of the main patterns and 

structures, which are considerably synchronous with the Bayesian age models (Fig. 

3.13). 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Main procedures of multy-proxy chronostratigraphy performed with Mg/Ca records for 
cores a) MR3.1A; b) MR3.3; c) MIN2, and d) MIN1. Final age-depth models are plotted in red. Black 
plots and grey error bars correspond to Bayesian accumulation age-depth models. Triangles represent to 
14C dates (black) and biostratigraphical dates based on planktonic foraminifera (blue), and they are shown 
below the corresponding core and with their associated 2σ errors. Depths in relation to the final age 
model can be observed above its corresponding core. Vertical dashed lines (orange) indicate tie points 
between  the  different Mg/Ca records (tie points and attendant uncertainties in Table 3.5). 

Consequently, the three records have been tuned in base to the main structures and 

taking into account the 95% confidence of the statistical produced models (Fig. 3.13). 

The final age-models of MIN1, MIN2 and MR3.3 cores have an average age difference 

that is below 24 years in reference to the Bayesian models and the 75–63% of the 

records are into the confidence intervals obtained in the Bayesian models.  

The chronology from MR3.3 core has been the base to construct the age model for the 
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other MR3 cores (MR3.1A, MR3.1B and MR3.2) for which no 14C dates were available 

(Table 3.3). The chronostratigraphical tools for MR3.1 core have been again the Mg/Ca 

records (Fig. 3.13; Table 3.5). Additionally, manganese records in all MR3 cores have 

also been used as an additional chronostratigraphical tool. Mn presence in deep-sea 

sediments is related to redox processes (Calvert and Pedersen, 1996). Considering that 

all MR3 cores correspond to the same multicore these Mn rich layers have been used as 

isochrones. The available Mn records have been measured by two different methods: 

Mn measured in the bulk sediment by means of XRF Core-Scanner (MR3.1B and 

MR3.2) and Mn present in the foraminiferal samples and measured by ICP-MS (MR3.3, 

MR3.1A and MR3.1B). Absolute values were very different between those samples 

measured with ICP-MS after cleaning the foraminifera with the reductive step 

(MR3.1A) and those without this cleaning step (MR3.3 and MR3.1B) but the same 

main features can be correlated between the three cores (Fig. 3.14; Table 3.5).  

Table 3.3. Summary of records analysed, and methods utilized in age models. 

Core Records analysed Age model 

MIN1 Mg/Ca-SST, Uk’
37-SST, δ18O 

14C, 210Pb, 137Cs, software-simulations, 
SST-tuning 

MIN2 Mg/Ca-SST, Uk’
37-SST, δ18O 

14C, 210Pb, software-simulations, SST-
tuning 

MR3.1A Mg/Ca-SST, δ18O 
210Pb, SST-tuning, geochemical 

chronostratigraphy, foraminiferal 
assemblage 

MR3.1B Mg/Ca-SST, δ18O, 
Geochemical composition 

SST-tuning, geochemical 
chronostratigraphy 

MR3.2 Geochemical composition 210Pb, geochemical chronostratigraphy 

MR3.3 Mg/Ca-SST, Uk’
37-SST, δ18O 

14C, software-simulations, SST-tuning, 
foraminiferal assemblage 

 

In the case of MR3.1B core (Fig. 3.14b), analysed at ultra-high resolution (0.25 cm 

slides), the Mn record shows the highest values with peaks over 80 ppb whose Mg/Ca 

values have been excluded of derived SST records since Mn enrichments can bias 

Mg/Ca ratios toward higher values and lead to significant overestimation of past 
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seawater temperatures (Boyle, 1983; Pena et al., 2005, 2008). The top 5 cm of MR3.1A 

and MR3.2 cores have been dated according to the maxima sedimentation rates using 

the 210Pb flux.  

Final age models and sedimentation rates  

According to the obtained chronologies, the period covered by the studied sedimentary 

sequences is from 759 ± 20 BCE to 1988 ± 18 CE (uncertainties are expressed as the 

time resolution of the respective core here and in 1σ on the rest of this section), being 

MR3.1B core the one spanning a longer period (Table 3.4). Total average of mean 

accumulation rates is 17 ± 4 cm kyr-1 with a total mean resolution of 84 ± 18 years. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Multy-proxy chronostratigraphy performed with Manganese profiles. Blue filled plots 
represents Mn profiles obtained by XRF Core-Scanner for a) MR3.2, and b) MR3.1B cores, 
respectively. Black plots show Mn from trace elements analysed by means of ICP-MS for b) MR3.1B, c) 
MR3.1A, and d) MR3.3 cores. Vertical dashed lines indicate tie points of geochemical 
chronostratigraphy (tie points and attendant uncertainties in Table 3.2). Triangles represent to 14C 
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dates (black) and biostratigraphical dates based on planktonic foraminifera (blue) and they are shown 
below the corresponding core and with their associated 2σ errors. 

Table 3.4. Mean accumulation rates, years covered and mean time resolution of all cores according to 
final age-depth models.  

 

 

 

 

 

 

 

The final mean sedimentation rates obtained in MIN cores, 14 ± 6 and 25 ± 10 cm kyr-1, 

are very similar with those derivated from Bayesian model simulations, 14 ± 2 and 22 ± 

1 cm kyr-1, and those previously published by Moreno et al. (2012), 19 and 23 cm kyr-1. 

The differences in sedimentation rates between all cores except MIN2 are lower than 3 

cm kyr-1, variability that is reasonable due the diverse sediment processes that affect the 

contouritic system.  

 

 

 

 

 

 

 

 

 

 

 

 

Core 
Mean acc. rate  

(cm kyr-1) 

Spanning time  

(yr) 

Mean time  

resolution (yr cm1) 
MIN1 14 2528 83 
MIN2 25 1538 48 
MR3.3 17 2443 78 
MR3.1A 15 2635 95 
MR3.1B 16 2706 98 
MR3.2 15 1797 102 
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Table 3.5. Tie points used on each core to make age models with their attendant errors and indicated in 
Figures 3.13 and 3.14. Uncertainties correspond to the resolution of each age model on its respective core. 
Also absolute dates (14C and biostratigraphy based on planktonic foraminiferal assemblage) are indicated. 
Years are expressed as Before Common Era (BCE) and Common Era (CE).  

Core Composite 
depth (cm) Method Ages  (years 

BCE/CE) 

Age-uncertainties 
interval (years 

BCE/CE) 

MIN1 

2-2.5 Mg/Ca 1895 CE 1864-1923  CE 
6.5-7 1564 CE 1523-1606 CE 
7-7.5 14C 1523 CE 1408-1523  CE 
8-8.5 

Mg/Ca 
1455 CE 1423-1491  CE 

10.5-11 1237 CE 1202-1315  CE 
13.5-14 1012 CE 990-1043  CE 
19-19.2 14C 392 CE 295-535  CE 

20-21 Mg/Ca 234 CE 1970-289  CE 
24-24.5 63 BCE 76-11  BCE 

MIN2 

1-1.5 
Mg/Ca 

1915 CE 1887-1944 CE 
7-7.5 1580 CE 1556-1605 CE 
9-9.5 1497 CE 1485-1511 CE 

11-11.5 14C 1448 CE 1440-1598 CE 
16-16.5 Mg/Ca 1263 CE 1235-1306 CE 
18-18.5 

14C 
1170 CE 1170-1312 CE 

25-25.5 829 CE 804-989 CE 
28.5-29 651 CE 520-680 CE 

MR3.3 

0.5-1 Foraminiferal Assemblage 1708 CE 1708-1728 CE 
3.5-4 

14C 

1484 CE 1383-1484 CE 
6.5-7 1256 CE 1063-1256 CE 

12-12.5 989 CE 9111085 CE 
16-17 497 CE 438-621 CE 
20-21 50 CE 88 BCE-107 CE 
24-25 388 BCE 388-214 BCE 
26-27 Foraminiferal Assemblage 702 BCE 798-702 BCE 

MR3.1A 

5-5.5 

Mg/Ca 

1627 CE 1545-1665 CE 
6.5-7 1400 CE 1350-1484 CE 

10-10.5 1050 CE 1021-1165  CE 
12.5-13 766 CE 597-824  CE 
13-13.5 Mn ICP-MS 597 CE 497-766  CE 
13.5-14 Mg/Ca 497 CE 433-597  CE 

15-16 Mn ICP-MS 254 CE 184-390  CE 
21-22 Mg/Ca 133 BCE 170 BCE-25  CE 
22-23 Mn ICP-MS 170 BCE 207 -133  BCE 
24-25 551 BCE 625-207  BCE 
26-27 Mg/Ca 702 BCE 779-625 BCE 

MR3.1B 

13-14 Mn-XRF 618 CE 532-702  CE 
14-14.25 Mn ICP-MS 597 CE 501-683  CE 

15-16 Mn-XRF 317 CE 65-557 CE 
16-16.25 Mn ICP-MS 254 CE 184-506  CE 

23.5-23.75 189 BCE 226-152  BCE 

MR3.2 13-14 Mn-XRF 766 CE 468-824 CE 
15-16 317 CE 202-468 CE 
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3.2.1 Abstract 

Here we investigate the sensitivity of deep-water formation in the north-western 

Mediterranean Sea to climate variability during the last 2500 yr. With this purpose, the 

grain-size parameter UP10 (fraction >10 µm) is used as a proxy for intensity of deep-

water circulation. Such a proxy is first validated through the analysis of oceanographic 

data collected from October 2012 to October 2014 by means of two deep-water mooring 

lines equipped with sediment traps and currentmeters in the Gulf of Lion and north of 

Minorca Island. Enhancements of deep current speed resulted from dense shelf water 

cascading and open-sea deep convection in February 2013 leading to dense-water 

formation. The grain-size distribution of settling particles from sediment traps collected 

during 2012-2013 shows a distinctive particle mode and high UP10 values correlated to 

deep-water formation. These data are consistent with grain-size values in sediment 

cores from the north of Minorca, thus supporting the validity of the UP10 parameter to 

reconstruct changes of intensity in deep-water formation and associated near-bottom 

currents. 

The deep-water sediment record of the north of Minorca for the last 2.5 kyr shows that 

the strongest deep-water formation events occurred during relatively warm intervals, 
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such as the Roman Period (123 BCE-470 CE1), the end of the Medieval Climate 

Anomaly (900-1275 CE) and the first part of the Little Ice Age (1275-1850 CE). By 

contrast, our data indicate a progressive reduction in the overturning conditions during 

the Early Middle Ages (470-900 CE) resulting in weaker deep-water formation events 

during most of the Medieval Climate Anomaly. Intense deep-water formation events 

appear to be mostly associated with periods of enhanced Evaporation-Precipitation 

balance rather than to buoyancy loss due to winter cooling only. Our results suggest that 

warm sea surface temperature during spring months could have played an important 

role by increasing the Evaporation–Precipitation balance and favouring buoyany loss by 

increased of salinity. 

The comparison our data with other oceanographic and climatic records indicates a 

change in the proxy relation before and after the Early Middle Ages. Western 

Mediterranean Deep Water and Levantine Intermediate Water behave in opposite way 

after the Early Middle Ages, thus indicating that the previously proposed Mediterranean 

see-saw pattern in the Evaporation-Precipitation balance also influenced convection 

patterns in the basins during the last 1500 yr. These changes are discussed in the frame 

of different configurations of the North Atlantic Oscillation and East Atlantic/ West 

Russian modes of atmospheric variation. 

3.2.2 Introduction 

The western Mediterranean Sea, particularly the Gulf of Lion (GoL), is one of the few 

marine regions where deep-water formation (DWF) takes place and it occurs almost 

each winter through two oceanographic processes: dense shelf water cascading and 

open-sea deep convection (MEDOC Group, 1970; Canals et al., 2006; Durrieu et al., 

2013; among others). These two processes are driven by intense sea-atmosphere heat 

exchanges, and the subsequent buoyancy loss of offshore waters, induced by cold, dry, 

and persistent N–NW winds, resulting in the formation of the Western Mediterranean 

Deep Water (WMDW) (Fig. 3.15). 

The WMDW mass is an important component of the Mediterranean thermohaline 

circulation. It fills the deep basin locating in depths below the Levantine Intermediate 

																																																								
	
1	BCE: Before Common Era years. CE: Common Era years.	
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Water (LIW), and partly contributes in determining the characteristics of the 

Mediterranean outflow water (MOW) (Stommel et al., 1973; Lionello et al., 2006). 

Finally, changes in MOW could influence the Atlantic thermohaline circulation by 

enhancing the general salinity of the north Atlantic region (Bryden and Stommel, 1984; 

Lionello et al., 2006). In addition, the Mediterranean acts as a heat loss region from the 

Atlantic, since outcoming waters are colder than the incoming surface waters through 

the Strait of Gibraltar (Wu et al., 2007). Besides, changes in the strength of the 

Mediterranean thermohaline circulation associated with climate changes would also 

impact Mediterranean Sea Surface Temperature (SST) with immediate consequences in 

climate conditions of the adjacent areas (Somot et al., 2006). Changes in the SST would 

also have an impact on dense water formation rates and thus on hydrographic properties 

(Beuvier et al., 2010). Consequently, changes in DWF in the GoL could have 

oceanographic and climatic consequences at regional but also at large scales. 

 

 

 

 

 

 

 

 

Figure 3.15. Central-western Mediterranean Sea. Circles locate sediment cores. Red circle: NMin cores 
(this study); Green circle: KSGC-31 and GolHo-1B cores; blue circle: PB06 core; orange circle: SL 112 
core in the Eastern Mediterranean. Triangles indicate NMin mooring (red, this study) and GoL mooring 
(yellow, Sanchez-Vidal et al., 2015). Grey short arrows: Tramuntana and Mistral winds. Blue and grey 
arrows: surface and deep sea circulation, respectively; the shadow area in the Gulf of Lion (GoL) 
indicates where the deep-water formation (DWF) occurs. 
 
During the last years an intense effort has been carried out to increase the understanding 

on DWF in the western Mediterranean Sea and complete the existing instrumental data 

series (e.g.: Houpert et al., 2016; Somot et al., 2016; Estournel et al., 2016; Bosse et al., 
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2016, 2017; Durrieu de Madron et al., 2017). Long, high-quality and homogenised 

instrumental time-series covering the past few centuries exist for climate parameters 

like air temperature, precipitation and sea level pressure (Lionello et al., 2006 and 

references therein). Nevertheless, instrumental data on deep-water environments is still 

relatively short. In this way, paleorecords suppose a valuable contribution to enhance 

our temporal view of DWF evolution and better understand its connection with climate 

variability. 

Some previous paleoceanographical studies have reconstructed changes in western 

Mediterranean DWF, particularly in relation to the last glacial millennial scale climate 

variability, when the GoL DWF weakened in relation to Dansgaard-Oeschger warm 

insterstadials (Cacho et al., 2000, 2006; Sierro et al., 2005; Frigola et al., 2008; 

Rodrigo-Gámiz et al., 2011). Or even, it has also been proposed that dense shelf water 

cascading may have played an important role during the Messinian salinity crisis 

(Rovieri et al., 2014). Few evidences indicate some centennial scale Holocene 

oscillations in the intensity of deep-water currents associated with WMDW formation 

(Frigola et al., 2007) but these records lack the resolution for a detailed characterization 

of the historical record, especially the last two millennia. Past changes in deep 

convection in the eastern Mediterranean Sea have been intensively studied in relation to 

Sapropel deposition, particularly for the Holocene Sapropel 1 (Rohling et al., 2015 and 

references therein), but very little information exists for the last two millennia 

(Schmiedl et al., 2010; Incarbona et al., 2016).  

The overall goal of this study is: i) to validate the application of the UP10 parameter in 

the Minorca promontory as a proxy of DWF in the GoL in base to oceanographical data, 

and then ii) to characterize the DWF evolution in the GoL during the last 2.5 kyr, to 

better understand its long-term variability and its relation with regional climate 

conditions. With this aim the generated records allow us to analyse the high frequency 

variability for climate/historical moments of the two millennium of the Common Era. 

The different climatic periods have been defined as follows (BCE=years before 

Common Era and, CE=Common Era): Talaiotic Period (TP, until 123 BCE), Roman 

Period (RP; 123 BCE-470 CE), “Early Middle Ages” (EMA; 470-900 CE), Medieval 

Climate Anomaly (MCA; 900-1275 CE), Little Ice Age (LIA; 1275-1850 CE) and, the 

Industrial Era (IE) as the most recent period (see Cisneros et al., 2016 for further 
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information; EMA is equivalent to Dark Middle Ages) 

The UP10 parameter has been analysed in two deep-sea multicores recovered north of 

Minorca Island (NMin) (Fig. 3.15). UP10 records with a preliminary age model were 

already published in Moreno et al. (2012). These age models were complemented and 

improved following a multiproxy chronology by Cisneros et al. (2016), where a 2 kyr 

SST stack record from a larger group of multicores was discussed.  

3.2.3 Study area 

Oceanographic settings 

The Mediterranean Sea has been described as a ‘miniature ocean’ (Stanley, 1972; 

Margalef, 1985) that operates as a concentration basin (Bethoux et al., 1999), where the 

freshwater input does not compensate the overall evaporation. Consequently, 

Mediterranean dense waters are formed in specific basins filling intermediate and deep 

depths. Levantine Intermediate Water (LIW) forms in the eastern Mediterranean while 

Western Intermediate Water and Tyrrhenian Dense Water (MEDOC, 1970; Millot, 

1999) form in the Western Mediterranean Basin at intermediate depths. DWF processes 

also take place in both basins forming the Eastern and Western Mediterranean Deep 

Water Masses (EMDW and WMDW, respectively).  

The two main factors that seem to explain >70 % of the interannual variance of the 

DWF phenomenon are: i) the interannual variability of the winter-integrated buoyancy 

loss driven by the heat loss; and ii) the water column preconditioning before the 

convection mostly driven by both the heat and salt contents of the surface layer (Somot 

et al., 2016). Water mass properties in the western basin can be also related to variations 

in the characteristics of the surface and intermediate waters like Atlantic waters and 

LIW (Schroeder et al., 2011; Somot et al., 2016; Estournel et al., 2016). 

The exchange of energy between the atmosphere and the sea surface takes place through 

net air-sea heat exchange, which is the sum of four fluxes: latent and sensible heat 

fluxes (linearly proportional to the wind speed and the air-sea temperature or humidity 

difference) and, short and long-wave radiation fluxes (function of air temperature, 

humidity, and cloudiness) (Deser et al., 2010).  
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In addition, dense waters in the GoL can be also originated by dense shelf water 

cascading process (Canals et al., 2006), flowing down the slope towards the deep basin, 

interacting with the open-sea convected waters (Bethoux et al., 2002; Durrieu de 

Madron et al., 2013, 2017). These cascading events are also linked to cold, dry, and 

persistent N–NW winds that induce sea-atmosphere heat losses. Although major open-

sea convection events can occur while cascading is weak (Durrieu de Madron et al., 

2017) and, the WMDW mass is mainly renovated by the open-sea convection process, 

the cascading contribution has also been proposed as a relevant contributor (Bethoux et 

al., 2002; Puig et al., 2013; Durrieu de Madron et al., 2013).  

Controls on Mediterranean inter-annual climate variability  

The Mediterranean climate is influenced by both mid-latitude and tropical dynamics 

(Lionello et al., 2006), constituting a transitional zone, high sensitive to climate 

variations. The seasonal variability is characterized by mild wet winters and warm to 

hot, dry summers. Processes of annual formation of WMDW are very much related to 

specific local atmospheric configuration (López-Jurado et al., 2005). Direct 

observations during recent years describe four main winter modes of interannual 

atmospheric variability in the North Atlantic/Europe region that exert a control on air-

sea heat exchange in the Mediterranean Sea: i) the North Atlantic Oscillation (NAO); ii) 

the East Atlantic (EA); iii) the Scandinavian (SCAN); and iv) the East Atlantic/West 

Russian (EA/WR) patterns (Cassou et al., 2010; Josey et al., 2011). i) The NAO can be 

defined as a large-scale meridional see-saw on atmospheric pressures along the North 

Atlantic sector (Hurrell, 1995). The remaining modes of atmospheric variability present 

a less clear picture due to have signature only during part of the year, among another 

factors (Trigo et al., 2006). ii) The EA pattern, first described by Wallace and Gutzler 

(1981), consists of a north-south pressure dipole structurally similar to NAO but with 

the centres spanning from east to west in the North Atlantic and showing a stronger 

subtropical connection in the lower-latitude center (Barnston and Livezey, 1987). iii) 

The SCAN pattern has a southwest-northeast pressure dipole with the stronger pole 

centred to the east of Scandinavia. It influences the generation of northern European 

precipitation anomalies (Bueh and Nakamura, 2007) and in the Mediterranean region 

has been considered to have weaker influence than the other modes (Josey et al., 2011). 

Lastly, iv) the EA/WR pattern has been proposed to impact the Mediterranean region 
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rainfall (Krichak and Alpert, 2005) and its heat loss in winter, creating an east-west 

dipole structure over the Mediterranean stronger than that from the NAO.  

Different combinations between the atmospheric patterns can cause distinct effects on 

the present-day climate. For instance, NAO/EA configurations with the same (opposite) 

sign have been coincident with homogeneous (heterogeneous) spatial correlations of 

both precipitation and temperature (Comas-Bru and McDermott, 2014). In particular, 

during years with numerous days of predominant EA patterns and only a few number of 

NAO- days, correspond to years of intense DWF in the north-western Mediterranean 

(NWMed) region (Bethoux et al., 2002; Puig et al.; 2013; Durrieu de Madron et al., 

2013).  

3.2.4 Material and methods 

Mooring measurements and sediment cores 

Present and past deep-sea conditions have been evaluated combining data from two 

mooring lines and two sediment cores from the same area (Fig. 3.15). 

The first mooring (CCC1000) was deployed in the GoL margin in the axis of the Cap de 

Creus Canyon at 968 m of water depth (henceforth GoL-mooring; 42º18.88’N, 

3º33.52’E) during October 2012-May 2014. The mooring was equipped with a Nortek 

Aquadopp currentmeter placed at 23 m above the bottom (mab). Sampling intervals 

were set at 20 min during the period 2012-13 and at 15 min during 2013-2014, 

respectively. This mooring also included a Technicap PPS 4/3 cylindro-conical 

sediment trap at 25 mab, with a sampling period of 15 days (Table 3.6). More details 

about this mooring are described in Sanchez-Vidal et al. (2015). 

The second mooring (MIN-I) was deployed in the sediment drift built by the action of 

the southward branch of the WMDW north of Minorca at 2052 m of water depth 

(henceforth NMin-mooring; 40º28.05’N, 03º40.64’E) during October 2012-October 

2014. The mooring was equipped with a Nortek Aquadopp currentmeter placed at 5 

mab and with a SBE37 at 5 mab (2012-2013) or 25 mab (2013-2014). Sampling 

intervals were set at 15 min (SBE37 and Aquadopp) in 2012-2013, and 10 min (SBE37) 

and 30 min (Aquadopp) in 2013-2014. It was also equipped with a Technicap PPS 3/3 
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cylindro-conical sediment trap at 25 mab, with a sampling period ranging from one or 

two months (Table 3.6).  

MINMC06-1 and MINMC06-2 multicores (henceforth NMin1 and NMin2; 40º29’ N, 

04º01’ E; 2391 m water depth; 31 cm and 32.5 cm core length, respectively) were 

recovered in the north Minorca sediment drift in the path of the southward branch of the 

S-SE flowing WMDW, very close to the NMin-mooring location (Fig. 3.15). The 

suitability of this location for detailed paleoceanographic reconstructions was already 

pointed out by previous studies (Sierro et al., 2005; Frigola et al., 2007, 2008; Cisneros 

et al., 2016). More detailed information on the sediment drift formation and 

characteristics can be found in Velasco et al. (1996) and Frigola et al. (2007).  

Table 3.6. Sediment trap samples from the GoL (Cap de Creus Canyon; CCC1000) and NMin (MIN-I) 
calculated in this study to validate UP10. “t” corresponds to the total grain-size fraction and “dc” to de-
carbonated. TMF: Total Mass Flux. UP10 proxy integrates the grain-size fraction coarser than 10 µm.  

Sample Opening 
day 

Closing 
day 

TMF 
 (mg m-2 d-1) UP10 

Near-bottom  
current velocity  
peaks (cm s-1) 

Hydrological  
situation 

CCC1000-III-3 (t) 16/1/12 1/2/12 3639.4 27.5 11 Pre-cascading 
CCC1000-III-4 (t) 1/2/12 16/2/12 68156.9 51.2 126 Cascading (start) 
CCC1000-V4 (dc) 1/2/13 15/2/13 3102.0 21.5 13 Pre-cascading 
CCC1000-V5 (dc) 15/2/13 1/3/13 64130.1 42.2 84 Cascading 
CCC1000-V6 (dc) 1/3/13 16/3/13 25674.1 29.3 82 Post-cascading 

MIN-I-6 (t) 1/3/13 1/4/13 
479.4 

31.4 
24 

Pre-open sea deep 
 convection  
(and start) MIN-I-6 (dc) 1/3/13 1/4/13 33.7 

MIN-I-8 (t) 1/4/13 1/6/13 
896.3 

42.4 
23 

Open sea deep  
convection (and 

post) MIN-I-8 (dc) 1/4/13 1/6/13 38.2 
 

Particle size-characterization  

The grain-size distribution of the total and de-carbonated fractions was analysed in both 

NMIN cores (0.5 cm resolution) and in the settling particles collected with the sediment 

traps of the two moorings. The analysed settling particles corresponds to periods 

comprised into 2012-2013 (see Table 3.6) and represent conditions of before, during 

and after a DWF event.  

Grain size analyses were performed using a Coulter LS230 Laser Diffraction Particle 

Size Analyser (CLS). Prior to analysis, on the one hand, organic matter from dried 
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samples was removed with a 10% H2O2 solution, thus allowing to obtain the total 

fraction grain size distribution. On the other hand, the lithic grain-size particle 

distribution was obtained after 1M HCl treatments of samples for carbonates removal, 

thus obtaining the de-carbonated fraction. In core NMin2 both total and de-carbonated 

fractions were analysed while in NMin1, the longest core, only the total fraction was 

analysed. For settling particle samples a combination of both total and de-carbonated 

fraction was analysed (Table 3.6). The total fraction of the sediment integrates the lithic 

fraction, including detrital carbonates, but also carbonate tests representing local 

biological production. By these reason, the de-carbonated fraction is considered to 

better represent the bottom currents intensity, since the local pelagic productivity signal 

has been removed with the carbonates (McCave et al., 1995). However, carbonates 

removal also affects those from detrital origin, mostly fines, and consequently the grain-

size percentages of the de-carbonated fraction use to show higher values, due to the 

closure effect to 100%. In addition, differences between total and de-carbonate fractions 

from the same core can also be affected by down-core differences in carbonate content. 

Thus, the down-core discussion and interpretations are centred in the results obtained 

with the de-carbonated fraction from core NMin2. However, total fraction results from 

NMin1 are also incorporated in the discussion since it allows the extension of the record 

to the RP. This is supported by the relatively good correlation between total and de-

carbonate fractions from core NMin2 (Fig. 3.21 in Supplementary material). 

CLS measures sizes between 0.04 µm and 2000 µm determining grain-size distributions 

as volume percentages based on diffraction laws (McCave et al., 1986; Agrawal et al., 

1991). It is assumed that this diffraction is given by spherical particles and the particle 

size is provided as an ‘‘equivalent spherical diameter’’. For this reason, laser diffraction 

methods are claimed to underestimate plate-shaped clay mineral percentages. To correct 

this underestimation, content of clays included sizes until 8 µm, as proposed by Konert 

and Vandenberghe (1997). CLS accuracy and repeatability (precision) were tested by 

running the standard LS size control G15 and using glass beads with pre-defined 

parameters, which gave standard deviations of 2.4% and coefficients of variation better 

than 0.3%, respectively.  

Particle size distributions are discussed considering the grain-size fraction coarser than 

10 µm (UP10 fraction), which was previously applied as an indicator of deep currents 
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variability in this area (Frigola et al., 2007). Other grain-size parameters different to the 

UP10 are often used in the literature for the study of deep-water currents intensity, as is 

the case of the sortable silt (SS) fraction (McCave et al., 1995; 2017) and the silt/clay 

ratio (Hall and McCave, 2000). The SS fraction (10-63 µm) is defined as the coarser 

fraction of the silt with noncohesive behaviour during transport and deposition 

(McCave et al., 1995). Thus, neither the SS nor the silt/clay parameters take into 

account the fine sand subpopulation (>63 µm), which is integrated in the UP10 fraction 

that, as discussed below, could be reworked by strong contour currents (Frigola et al., 

2007; 2008). Nevertheless, we have compared the results for the three mentioned grain-

size parameters in both studied cores and settling particles measurements from NMin 

and the results are comparable (Fig. 3.21). 

3.2.5 Results and Discussion 

Winter 2013: dense shelf water cascading and open-sea deep convection  

Deep oceanographic conditions (temperature and current velocity) obtained by the 

moored instruments in the GoL and NMin (comprised into October 2012-October 

2014), presented by first time in the present study, are shown in Fig. 3.16 together with 

meteorological data. The average deep-water temperature recorded during October 

2012-May 2014 in both sites is very similar, around 13.2 °C (Fig. 3.16f-g). However, 

the GoL-mooring time serie shows important changes in winter 2013 in contrast to the 

rather stable temperatures from the NMin-mooring. These GoL temperature changes 

involved a drop of 1.63 ºC (from 13.07 to 11.44 ºC) by the end of February 2013 in the 

Cap de Creus canyon axis, while downcanyon near-bottom current speeds enhanced up 

to 84 cm s-1 (Fig. 3.16f-g). Both temperature drop and downcanyon flow evidences the 

occurrence of a dense shelf water cascading event. Cold and dry northerly winds 

produced cooling and densification of surface waters in the continental shelf (Fig. 

3.16b-c) and, subsequently, waters sunk, overflowed the shelf edge, and cascaded 

downslope through south-west GoL’s submarine canyons to at least 1000 m depth 

where the mooring was located. The winter 2013 cascading event has been described as 

a reemergence of the stronger one occurring in winter 2012 (1-3 ºC drop and currents up 

to 125 cm s-1) (Durrieu de Madron et al., 2013; Sanchez-Vidal et al., 2015). 

‘Reemergence’ refers to the easy reproduction of a deep and cold mixed layer because 

of the thermal anomalies of the previous year (Somavilla et al., 2009). 
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Figure 3.16. Meteorological conditions and mooring measurements during October 2012-October 2014 
in the Gulf of Lion (GoL) and north Minorca (NMin). Meteorological data: a) Precipitation in GoL 
(http://www.esrl.noaa.gov/psd/in) and Mallorca Island (www.balearsmeteo.com/sant_lorenzo); b-e) Sea 
Surface Temperature (SST), wind velocity and direction (http://www.esrl.noaa.gov/psd/in). 
Oceanographic data obtained from GoL and NMIN moorings (this study): f-g) Near-bottom current 
temperature and velocity in each mooring site. Depths of the moorings (mwd: m water depth) and of the 
currentmeters (mab: meters above the bottom) are also indicated. The grey vertical bar indicates the 
period of deep-water formation (dense shelf water cascading/open-deep sea convection).  

The same intense atmospheric forcings in February 2013 also triggered open-sea 

convection offshore (Waldman et al., 2017; Durrieu de Madron et al. 2017; Houpert et 

al., 2016), after increase air–sea heat fluxes (Fig. 3.22 in Supplementary material). Sea 

surface cooling and destabilization of the water column involved deep vertical mixing 

and an exceptional bottom reaching convection event, as also shown as a very low 

chlorophyll patch in February 2013 (Fig. 3.23 left in Supplementary mateial). After this 

intense convective episode, long-lived mesoscale eddies were formed and the new 

WMDW was advected southwestwards towards the north of Minorca (Testor and 

Gascard, 2006; Bosse et al., 2016, 2017; Waldman et al., 2017; Margirier et al., 2017). 
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A series of peaks in near-bottom currents, up to 24 cm s-1 were detected in the NMin-

mooring during February-April 2013 and one of them is coincident with the described 

event in the GoL-mooring (Fig. 3.16g). These NMin highest velocities are in agreement 

with those maxima (28 cm s-1) recorded by the LION-mooring line located in the centre 

of open-ocean convection zone during the end of February 2013 (Durrieu de Madron et 

al., 2017). Therefore, spreading of bottom-reaching open-sea convection may have 

reached north Minorca as well. 

Overall, the same atmospheric forcing triggered dense water formation in the 

continental shelf and open-sea convection, and both lead to increased near-bottom 

current speeds. In any case, both DWF processes have demonstrated to produce active 

resuspension and redistribution of deep sediments (Canals et al., 2006; Stabholz et al., 

2013; Puig et al., 2013). Therefore, we hypothesise that sediment cores from the NMin 

sediment drift are sensitive to the described changes in deep currents associated with 

WMDW production processes and we propose their applicability to reconstruct the 

operation mode of this convection cell during the last 2.5 kyr.  

UP10: proxy for DWF in the past 

We have evaluated the effects of increased bottom currents during DWF events on 

present-day sediment transport and particle grain-size distributions in the GoL and 

NMin, and investigated their linkage to the grain-size of the sedimentary record for the 

study of DWF in the recent past.  

On the one hand, grain-size distributions of settling particles in both investigated areas 

when no DWF occurred show 3 main modes at 0.3, 5-10 (dominant class) and 20-40 

µm, and UP10 values ranging from 21.5-33.7% (Fig. 3.17a-b). In contrast, during DWF 

there is a shift in grain-size towards coarser values, characterized by the appearance of a 

mode >40 (and ∼ <100 µm), which is hardly present in the other samples (Fig. 3.17a-b). 

Thus, maxima UP10 values occurred during the period of DWF (38.2-51.2 %) together 

with maxima particle fluxes and the highest variability in the grain-size distribution 

(Fig. 3.17a; Table 3.6). In fact, transport of large amounts of suspended coarse 

sediments from the continental shelf down-canyon towards the deep basin was already 

previously described during GoL cascading currents (Canals et al., 2006; Puig et al., 

2008; Sanchez-Vidal et al., 2008). Furthermore, the intensification of deep currents 
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NMin due to DWF should be able to resuspend and transport coarse particles (Martín et 

al., 2010; Stabholz et al., 2013). Overall, this evidences that DWF, either through 

cascading or convection, has a direct impact on the grain-size distribution and the UP10 

of settling particles in both regions.  

On the other hand, grain-size distributions from sediment core samples recovered in the 

NMin sediment drift show similar modes to those described for settling particles. Thus, 

samples with the finest/coarsest grain-size distributions from NMin1 and NMin2 cores 

have a comparable grain-size distribution of setting particles when no DWF 

occurred/during DWF, respectively (Fig. 3.17c-f). The good resemblance in the grain-

size distribution of settling particles and the sedimentary record supports the 

interpretation of high UP10 values from samples of the NMin sediment drift as a proxy 

of increased current velocities near the seafloor related to DWF (Fig. 3.18). Most of the 

analysed sediment core samples show very similar distributions to that of settling 

particles corresponding to relatively calmed conditions. However, some intervals from 

the sediment cores are characterized by the appearance of sediment mode populations 

well above 40 µm, between 100 and120 µm and up ∼220 µm, and in some specific 

intervals arrive up to ∼300 and 400 µm. These very coarse samples also show high 

mode variability, minor sorting, and high UP10 values (Fig. 3.17 and 3.18). Such coarse 

grain populations were not detected in settling particle, possibly because sediment core 

samples may reflect deep current speeds from stronger DWF events than those from 

year 2013 but also it needs to be considered that sediment traps collect particles several 

meters above the bottom (25 mab) and may not have the same intensity than those at the 

actual sea floor. These coarser sediment mode populations could possibly correspond to 

lag deposits, like a consequence of armouring processes (Hüneke et al., 2008; 

Gambacort et al., 2014). 

Maximum near bottom current speeds recorded during the spreading of dense water 

during winter 2013 (24 cm s-1, at 25 mab) exceed the threshold to transport particles up 

to 40 µm, as calculated by the Sedtrans model (Li and Amos, 2001). However, some of 
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Figure 3.17. Grain-size modal distributions from settling particles (a-b) and multicores (c-f). Figures of 
the left correspond to periods before and after the Deep-Water Formation (DWF) and those in the right to 
periods during DWF. (t) corresponds to total grain-size fraction and (dc) to de-carbonated. GoL samples 
correspond to Mooring CCC1000 and NMin samples to Mooring MIN-I (see Table 3.6 for entire code of 
samples). c-d) the 10 highest and 10 lowest UP10 values of NMin2 core (dc), respectively and; e-f) the 10 
highest and 10 lowest UP10 values of NMin1 core (t). Vertical grey bars indicate grain-size particle band 
from ∼40 to 100 µm. 

the down-core sediment samples with modes up to 220 µm, would require currents up 

to 39 cm s-1 at the bottom and 61 cm s-1 at 25 mab to start their transport. This 

difference in the transport capacity of bottom currents and those at 25 mab may explain 
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in part the general coarser modes found in the sediment cores. The coarsest grain-size 

distributions of these down-core samples are ∼300 and 400 µm and would require 

bottom-currents up to 45 and 47 cm s-1 respectively, to start their transport at the sea 

bottom. Although these calculated bottom velocities were not recorded in 2013 by the 

NMin mooring, they are comparable to the maximum velocities detected in the centre of 

the basin (45 cm s-1 at 30 mab) during the 2013 DWF event (Durrieu de Madron et al., 

2017). Overall, this suggests that during some periods of the past, DWF events could 

have been more energetic than that recorded in 2013, although most of the studied time 

period were of similar intensity or even weaker (Fig. 3.18).  

Consequently, these results supports that currents in the studied region can be strong 

enough to transport fine sand particles and, in consequence, the UP10 fraction better 

represent transport changes in the whole particle size spectrum of the region and thus, 

this is a reliable proxy for deep-water intensity currents related to DWF events in the 

GoL (Frigola et al., 2007).  

DWF variability: the last 2500 years  

Long-term trends from the UP10 record of the de-carbonated fraction of NMin2 core 

and that of the total fraction of NMin1 core present a significant correlation for the 

common spanned period (r = 0.3, p value ≤ 0.0465) (Fig. 3.18). The major differences 

between both cores are observed during the EMA. UP10 percentages are always higher 

in the de-carbonated than in the total samples, likely due to removal of fine carbonate 

particles and the closure effect of 100%. For this reason, differences in absolute values 

between the two cores (Fig. 3.17) mainly reflect different sample treatment and not 

different sensitivity to the speed changes. Note that UP10% are very comparable 

between the two records measured in the total fraction (Fig. 3.21). Consequently, 

oscillations in the UP10 record of the total fraction from NMin1 core can be mainly 

derived from deep current intensity changes, thus allowing expanding the studied period 

to 500 BCE. Thus, both de-carbonate and total UP10 records from NMin2 and NMin1 

cores, respectively, will be discussed in parallel. 

Two main intervals with high values of the UP10 fraction suggest intense DWF in the 

GoL during the last 2.5 kyr. The first time interval includes the RP and the EMA (∼0-

900 CE), while the second one corresponds to the end of the MCA and the LIAa  
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Figure 3.18. Upper panels: grain-size distribution from NMin sediment cores  (grey) and from the de-
carbonated fraction from settling particles (red) in NMin during deep-water formation (DWF; right) and 
during periods without DWF (left). Data from MIN cores represent the 10 samples with highest (right) 
and the 10 lowest (left) UP10 values. Vertical grey bars indicate grain-size particle band from ∼40 to 100 
µm. Lower panel: UP10 proxy records (total fraction >10 µm) for NMin2 cores (black) and NMin1 
(grey) during the last 2.5 kyr. (dc) corresponds to the de-carbonated grain-size fraction and (t) to the total 
grain-size fraction. Age control points with their associated error bars are shown below each core, 
diamonds represent absolute calibrated 14C AMS dates and circles represent tie points using different 
chrono-stratigraphic markers (Cisneros et al., 2016 for details). Horizontal dashed lines represent average 
UP10 values obtained during DWF (dark red) and before or after DWF (light red) in settling particle from 
NMin. Years are expressed as Before Common Era (BCE; negative years) and Common Era (CE). 
Vertical dashed lines indicates the limits of the discussed periods: TP: Talaiotic Period; RP: Roman 
Period, 123 BCE-470 CE; EMA: Early Middle Ages, 470-900 CE; MCA: Medieval Climate Anomaly, 
900-1275 CE; LIA: Little Ice Age, 1275-1850 CE; IE: Industrial Era. 
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 (∼1150-1600 CE). Relative low values of the UP10 fraction during the MCA, and 

especially those during the end of the LIAb and the beginning of the IE, suggest 

reduced DWF conditions. During RP and EMA remarkable winter vertical mixing has 

been already suggested by Margaritelli et al. (2018) through observations of 

foraminiferal assemblages studied in cores recovered in NMin. 

The role of SST and humidity conditions 

Considering that cold and dry northerly winds promote DWF events in the GoL, it 

could be expected that cold winters were coincident with intense DWF. This relation 

can be reviewed for the past using our GoL-DWF record and an alkenone-SST record 

from the GoL (Sicre et al., 2016) (Fig. 3.19a). The alkenone-SST record is interpreted to 

mostly reflect annual average temperatures, although slightly biased towards the cold 

season since no alkenone production occurs during summer months in the 

Mediterranean (Cacho et al., 1999; Sicre et al., 2016; Cisneros et al., 2016). Relatively 

cold SST in the GoL are coincident with high UP10 (r = -0.3, p value ≤ 0.0270) during 

the last 1.5 kyr (Fig. 3.19a). However, focusing on the multi-centennial trends, not 

significant correlations have been observed during each of the spanned periods except 

for the RP (r = 0.5, p value ≤ 0.0175). 

A further insight in the past connection between GoL-DWF and SST conditions can be 

performed through the study of two additional SST-stack records alkenone and Mg/Ca 

proxies derived, respectively, which were produced in a multi-core collection from the 

NMin region, including those cores used in our UP10 records (Cisneros et al., 2016). 

Correlation of the NMin alkenone-SST and Mg/Ca-SST records with the DWF record (r 

= 0.4, p value ≤ 0.0002 and r = 0.6, p value = 0, respectively) suggests that strongest 

DWF events occurred preferentially during periods with relatively warm SST (Fig. 

3.19a and b). According to that, the strongest DWF events preferably occurred during 

relatively warm periods such as the RP (r = 0.7, p value = 0), or the end of the MCA 

and LIAa. The Mg/Ca-SST drop during the EMA is also accompanied by a relative 

reduction in the intensity of the DWF events (r = 0.8, p value = 0). In this case, the 

record comparison does not have any time uncertainty since both records share the same 

chronology (Cisneros et al., 2016). This relation is surprising since Mg/Ca-SST record 

from the planktonic foraminifera Globigerina bulloides has been interpreted in this 

region to reflect mostly spring season conditions (Cisneros et al., 2016) and it is not 
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reflecting any cooling intensification associated with the strong DWF periods. 

Therefore, this proxy comparison suggests that SST was not the main factor controlling 

past changes in GoL-DWF. 

 

Figure 3.19. UP10 record from NMin2 core (de-carbonated grain-size fraction) and from NMin1 core 
(total grain-size fraction) are represented in black and grey, respectively, using left axes and compared to: 
a) Alk-SST from Gulf of Lion (GoL) plotted at 20 yr-time steps (Sicre et al., 2016) and, Alk-SST from 
NMin (Cisneros et al., 2016); b) Mg/Ca-SST from NMin (Cisneros et al., 2016); c) Evaporation-
Precipitation (E-P) balance reconstructed by δ18OSW in NMin cores (Cisneros et al., 2016); d) Salinity 
reconstruction in the north-east Iberian Peninsula (IP) from Estanya Lake salinity (PCA 2) (Morellón et 
a., 2009; 2011). 

Changes in the hydrological cycle can also be critical determining surface salinity and 

thus the intensity of DWF. In order to explore this, we have compared the δ18Osw stack 

record, based on the Mg/Ca-SST stack reconstruction discussed above (Fig. 3.19b) 
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(Cisneros et al., 2016), with our UP10 record (Fig. 3.19c). The δ18Osw record is 

interpreted to reflect Evaporation-Precipitation (E-P) balance, which in this case would 

potentially integrate a wide region from the Western Mediterranean Basin. At multi-

centennial time-scale and for the last 1.5 kyr, they show a good correlation (r = 0.6, p 

value = 0) indicating intensification (weakening) of DWF in the GoL generally during 

increased (decreased) E-P sea-water balances. This positive relation is particularly clear 

for the EMA (r = 0.7, p value ≤ 0.0001) and the LIAb (r = 0.8, p value ≤ 0.0008) as well 

as for the RP (r = 0.6, p value ≤ 0.0011). An additional humidity/aridity record, in this 

case more sensitive to local precipitation, is the salinity reconstruction from Estanya 

Lake, north-eastern Iberian Peninsula (Morellón et al., 2009; 2011). Despite time 

uncertainties between the records (Fig. 3.19d), they show a coherent pattern of stoked 

DWF (high UP10 values) during drier conditions (saltier waters) in Estanya Lake (r = 

0.4, p value ≤ 0.0004). This is the case for the second half of the MCA and LIA(a) 

while the more humid conditions of the LIA(b) are coincident with weaker DWF. The 

low resolution of the record for the RP does not allow analysing this time interval. 

Overall, strong DWF (maximum UP10 values) occurred during both cold and relatively 

warm periods in the GoL. This could be partly explained by the fact that net heat flux 

during wintertime, which is mainly dominated by the latent heat flux (Houpert et al., 

2016), is not directly reflected in the SST records. Latent heat flux, and to a lesser 

extent sensible heat, control anomalies in the winter net heat exchanges in the GoL 

(Josey, 2003; Schroeder et al., 2010). Regarding to the remarkable similarity between 

our DWF and the Mg/Ca-SST records (Fig. 3.19b), warm spring SST could be also 

related to drier conditions, thus both favouring E-P balance and a subsequent increase of 

salinity. For example, this can be observed at the end of the MCA, with a relative 

increase in SST coincident with drier conditions in the north-east Iberia, thus allowing 

an intensification of DWF. More research is needed in order to better understand the 

relationship between changes in SST and hydrology conditions on DWF in this region. 

However, similar results have been also observed in south-west Australia, a region that 

is also located in a Mediterranean climate zone (Pattiaratchi et al., 2011). Consequently, 

these results further support that SST have not been the only critical factor determining 

the intensification of DWF during the last 2.5 kyr, and point that buoyancy loss, 

although might be ultimately triggered by SST cooling, is highly controlled or 

modulated by E-P balance and thus hydrological conditions in the north-western 
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Mediterranean region. This is consistent with the discussed changes in regional 

humidity patterns which could contribute to the buoyancy-loss and preconditioning of 

the Mediterranean waters by enhancing E-P balance. This preconditioning has been 

considered the second driving factor in deep water convection (Somot et al., 2016), 

favouring the weakening of the vertical stratification due to reduced freshwater inputs 

and subsequent increases in surface salinities (Stommel, 1972). This preconditioning 

mechanism has been proposed to occur towards late-summer early-autumn, when storm 

winds and water cooling contribute to mix the surface layer and to progressively erode 

the seasonal thermocline (Puig et al., 2013). Further research in needed regarding past 

changes in surface salinity conditions in the paleoceanographic record in order to 

disentangle the relationship between surface conditions and deep-water convection. 

Atmospheric teleconnections and links with the Eastern Mediterranean Basin  

In order to assess potential connections between our reconstructed GoL-DWF record 

with changes in the wind system over the GoL during the last 1.5 kyr, we compare it 

with a storm activity record based on lagoon sediments from the GoL (Sabatier et al., 

2012). Both records show certain similarity (r = -0.3, p value ≤ 0.0249) indicating that 

periods of enhanced storm activity were generally coincident with strong DWF activity 

(Fig. 3.20a). The higher coherence between high/low UP10 values and high/low GoL-

storm activity is observed during EMA (r = -0.8, p value ≤ 0.001). Correlation is also 

remarkable during RP (r = -0.5, p value ≤ 0.0032), MCA (r = -0.5, p value ≤ 0.0191) 

and LIAa (r = -0.6, p value ≤ 0.0236) but lower or even opposite correlation occurs 

during the LIAb and IE. Frequently, eastern storms are related to northerly storms, but 

depending on atmospheric conditions, northerly winds in this region do not always 

promote eastern storms and vice versa. At present, eastern storms in the NWMed region 

are responsible of very high wave heights (i.e. significant wave heights of 8 m and 

maxima of 14 m) and important erosive episodes (Palanques et al., 2006; Sanchez-Vidal 

et al., 2012). Possibly, during periods of high correlation and a remarkable storminess 

(like RP, EMA and LIAa) both kind of storms were coupled and could have been 

enhanced intensity or more frequent occurrence. The confluence of both kinds of storms 

frequently can provoke maxima transport of suspended sediment towards the deep sea 

(e.g.: Rumín-Caparrós et al., 2013). However, during moments with no correlation, 

these two types of storms could have been rather decoupled, observing stronger storms 

in the GoL during the periods of minimum DWF such as the LIAb (Fig. 3.20a). 
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Figure 3.20. UP10 record from NMin2 core (de-carbonated fraction) and from NMin1 core (total 
fraction) are represented in black and grey, respectively, using left axes and compared to: a) Paleostorm 
activity (Sabatier et al., 2012) in the Gulf of Lion (GoL); b) Benthic foraminifera diversity in the eastern 
Mediterranean Sea (Schmiedl et al., 2010); LIW: Levantine Intermediate Water. c) Labrador Deep-Water 
Current (LDWC) reconstructed by Sortable silt (SS) mean grain-size (Thornalley et al., 2018); d) North 
Atlantic Oscillation (NAO) for the instrumental period (green plot: running averaged 20 yr; Hurrell et al., 
2003) and reconstruction for the last 2.5 kyr (Faust et al., 2016). 

The relationship between GoL-DWF and LIW is explored in base to the records of 

benthic foraminifera diversity index in SL 112 core from the Liguriam Sea (892 m 

water depth; Schmiedl et al., 2010) (Fig. 3.20b). An almost opposite behaviour between 
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the two records can be identified for the periods before and after the EMA (Fig. 3.20b). 

During the TP and RP maximum ventilation in LIW coexisted with strong GoL-DWF (r 

= 0.6, p value = 0), supporting a contribution of the LIW salt content promoting deep 

convection in the GoL during these periods. During the EMA low oxygenation values in 

the LIW may indicate reduced contribution of this water mass to the NWMed that 

probably led to the recorded progressive slowdown of GoL-DWF. In a general way, it 

should be noted that during the last 1.5 kyr, both basins records show a rather opposite 

trend (Fig. 3.19b) suggesting a decoupling between the two water masses (r = -0.5, p 

value = 0). Interestingly, an east-west Mediterranean climate sea-saw pattern has been 

previously described for the last 1.1 kyr (Roberts et al., 2012). Thus, the opposite trends 

described in the hydro-climatic conditions between Iberia and Turkey during the MCA 

and LIA could also induce opposite response in the convection cells of the WMDW and 

the LIW. This Mediterranean bipolar see-saw has been associated with the combination 

of different climate modes proposing a complex non stationary behaviour of the NAO 

with other atmospheric modes (Josey et al., 2011; Roberts et al., 2012). 

The relationship between DWF in the GoL and the North Atlantic Ocean has previously 

been established for the last glacial period, at millennial scale, when an opposite 

correlation was described between the two thermohaline overturning cells. A weakening 

of North Atlantic DWF occurred during cold stadial phases, associated with surface 

freshening driven by ice melting events, while GoL-DWF was enhanced, associated 

with enhanced Mediterranean dry conditions and Northwesterlies intensity over the 

GoL (Cacho et al., 2000, 2006; Sierro et al., 2005). The comparison of our results to the 

SS mean size record from the Labrador Sea as a proxy of DWF in this region 

(Thornalley et al., 2018), also shows a relative opposite trend for the last 1.5 kyr (Fig. 

3.19c). In particular, at sub-centennial scale, this relation is significant during the MCA 

(r = -0.5, p value ≤ 0.0248). The DWF reduction in the Labrador Sea during IE has been 

associated with surface water freshening, but the forcing mechanism for the previous 

1.5 kyr changes remain unclear (Thornalley et al., 2018). Studies focussed on the last 

decades observations have directly connected Labrador Sea water properties to NAO 

conditions,, through an enhanced westerlies cooling associated with NAO+ (i.e: Kieke 

and Yashayaev 2015; Ortega et al. 2017). Nevertheless, other factors such as the precise 

location of the pressure cells can complicate this relation (Kim et al., 2016). 



	
	
168	

Thus, we explore the potential role of NAO conditions on GoL-DWF for the last 2.5 kyr 

by comparing our record with the NAO reconstruction from Faust et al.(2016). This 

comparison suggests again different behaviour during the intervals before and after the 

EMA (Fig. 3.19d). During the TP and RP, positive NAO phases are mainly related to 

GoL-DWF increments, while negative NAO phases are related to rather weak DWF 

events (r = 0.3, p value ≤ 0.0271). For the last 1.5 kyr, although a tempting opposite 

trend can be observed, no-significant correlation has been obtained, and thus a decrease 

or increase in DWF occurred indistinctly during both positive and negative NAO 

phases. For instance, intense negative NAO values during the LIAa coincide with DWF 

increases, a relation previously suggested for Holocene millennial-centennial time-scale 

events (Ausín et al., 2015). But, in contrast, during the LIAb weaker negative NAO 

phases occurred during DWF decreases. These results suggest that GoL-DWF and the 

NAO do not present a stationary relationship and other mechanisms should interact in 

the transference of the atmospheric signal from high to medium latitudes. During recent 

positive NAO phases,, a reinforced atmospheric high-pressure system over the western 

Mediterranean Sea enhances westerly winds circulation, enhancing the E-P balance of 

the region (Tsimplis and Josey, 2001). However, at annual and multidecadal scales the 

strength and location of the NAO dipole can be also modulated by the EA and the 

SCAN patterns (Comas-Bru and McDermott, 2014). Moreover, negative states of the 

EA pattern can favour the influence of cold and dry winds over the Mediterranean Sea, 

modulating the air-sea heat exchange (Josey et al., 2011).  

In this way, the DWF changes observed in the NWMed region cannot be explained by a 

single factor such as storm intensity in the GoL, changes in LIW formation or NAO 

phases and intensity. One of the most remarkable and consistent observation is the 

rather opposite relationship prior and post the EMA between our GoL-DWF record and 

both LIW and NAO reconstructions. The EMA climate conditions have been described 

by several studies as cold and unstable in the northern hemisphere and especially in 

Europe (Helama et al., 2017 and references therein). Consequently, we propose that 

these changes during the EMA responded to a variation in the interplay of different 

atmospheric modes. Such a change has also been described by Sánchez-López et al. 

(2016) over the Iberian Peninsula, who proposed the dominance of opposite/similar 

signs in the NAO/EA phases before/after the EMA. Interestingly, changes in the 

EA/WR and NAO patterns produce opposite hydrological responses in the western-
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eastern basins of the Mediterranean Sea (Josey et al., 2011). Such a situation could 

explain the described Mediterranean see-saw in both hydrological conditions (Roberts 

et al., 2012) and GoL-DWF and LIW intensity after the EMA (Fig. 3.19b). This would 

support an enhancement in the influence of the EA/WR patterns over the Mediterranean 

after the EMA (Roberts et al., 2012). A negative state of EA/WR pattern would enhance 

GoL-DWF and reduce LIW formation and vice versa for a positive pattern (Josey et al., 

2011). 

3.2.6 Conclusions  

The evolution of DWF in the Gulf of Lion (GoL) during the last 2.5 kyr is analysed 

using the grain-size parameter “UP10” (fraction >10 µm) from two multicores 

recovered at the sediment drift north of Minorca (NMin). The suitability of the UP10 

parameter to track the intensity of deep-water currents related to DWF events has been 

tested through data from two moorings deployed in the GoL and the NMin regions 

during 2012-2014. Events of DWF are detected in both moorings by increases in deep-

water currents, which reached up to 24 cm s-1 in the NMin location, the closest one to 

the studied sediment cores. Grain-size analyses of settling particles from sediment traps, 

reveal the appearance of a particular mode (40-100 µm) in samples related to DWF 

events, a distribution that agrees with those from sediment samples with high UP10 

values and interpreted to reflect enhanced deep sea currents. 

The sediment core results characterized the Roman Period (RP; 123 BCE-470 CE) like 

a period of intense DWF. After that, during the Early Middle Ages (EMA; 470-900 CE) 

intense DWF also occurred but a progressive decrease has been observed until the 

Medieval Climate Anomaly (MCA; 900-1275 CE), which is mostly characterized by 

relatively weak overturning conditions with the exception of the ending century. Our 

data depict the Little Ice Age (LIA; 1275-1850 CE) in two substages: i) The LIAa with 

enhanced overturning that started by the end of the MCA ii) LIAb with reduced GoL 

overturning. Thus, strongest DWF rates took place during rather warm periods, as RP as 

well as the LIAa, and according to the SST records from the NMin region. When the 

UP10 is compared to the SST evolution from the GoL, intense DWF occurred during 

both cold and relatively warm periods. 

Therefore, these observations point out that SST was not the only critical factor 
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determining the DWF during the last 2.5 kyr and thus, buoyancy loss was not only 

driven by SST cooling. Based on our NMin-SST data, we propose that warmer springs 

played an important role in DWF by increasing the Evaporation-Precipitation balance 

and favouring buoyancy loss by increased salinity. Such a connection between GoL-

DWF and regional hydrological conditions is further supported by coherent covariation 

between our record and a humidity record from the Iberian Peninsula during the last 1.5 

kyr. However, exploring sea surface salinity changes during the past by means of 

independent proxies to SST reconstructions would likely provide clues in the control of 

deep water overturning at millennial and centennial, or even, decadal time scales. 

The comparison of our GoL-DWF record with other oceanographic-climatic records 

highlights a complex interaction of different regional atmospheric and oceanic factors to 

explain the DWF evolution of the last 2.5 kyr. Overall, we describe a major change in 

the behaviour of the GoL-DWF during the EMA. Previously to the EMA, strong GoL-

DWF occurred coincident to strong LIW ventilation and positive NAO phases. In 

contrast, after the EMA GoL-DWF and LIW present opposite trends and any clear 

relation is evident with the NAO index. This post-EMA situation is consistent with a 

previous described east-west climate sea-saw in the Mediterranean region and could 

respond to a stronger influence of the EA/WR pattern that would complicate the NAO 

influence over the region.  
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Figure 3.21. Comparison between UP10 (> 10 µm), Sortable Silt (SS; 10-63 µm) and Silt/clay (8-63 µm / 
< 8 µm) obtained by means of grain-size analyses performed on NMin1 and NMin2 cores; “t” 
corresponds to the total grain-size fraction and “dc” to de-carbonated. Dashed lines correspond to UP10 
and SS averages obtained from NMin sediment traps, respectively. Years are expressed as Before 
Common Era (BCE; negative years) and Common Era (CE). Vertical dashed lines indicates the limits of 
the discussed periods: TP: Talaiotic Period; RP: Roman Period, 123 BCE-470 CE; EMA: Early Middle 
Ages, 470-900 CE; MCA: Medieval Climate Anomaly, 900-1275 CE; LIA: Little Ice Age, 1275-1850 
CE; IE: Industrial Era. 
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Figure 3.22. Latent and 
Sensible heat flux in the 
western Mediterranean Sea 
during February 2013 
obtained from 

Giovanni.gsfc.nasa.gov. 
Positive values representing 
sensible heat flux from the 
ocean to the atmosphere 
given in the Western 
Mediterranean Deep Water 
formation region (Gulf of 
Lion). Sea Surface 
Temperature (SST) during 
February 2013 are also 
shown. 

 

 

 

 

 

 

 

 

 

 

Figure 3.23. Satellite images showing surface mass concentration of Chlorophyll-a in sea-water for the 
western Mediterranean Sea provided by Ocean Biology Processing Group. 2003. MODIS Aqua Level 3 
Global Monthly Mapped 4 km Chlorophyll a. Ver. 6. PO.DAAC, CA, USA. Left panel) Period 
corresponding to the Western Mediterranean Deep Water (WMDW) formation when very low 
chlorophyll-a values in the open-sea convection area are given, indicating that deeper waters are 
emerging (water-column mixing). Right panel) Period after WMDW formation when high chlorophyll-a 
values are observed, which suggest an important bloom (associated with the water-column mixing). 
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3.3 WESTERN MEDITERRANEAN HYDROCLIMATE VARIABILITY DURING 

THE LAST 2700 YEARS BASED IN STALAGMITE MULTI-PROXY RECORDS 

Keywords: speleothems; paleohydrology; western Mediterranean; Micro-CT scanning; 
XRF.  

	

3.3.1 Abstract 

This study presents for the last 2.7 kyr (653 yr BCE-1880 yr CE) the first hydrological 

reconstruction of the western Mediterranean based on five stalagmites from two 

Mallorca island caves. The paleohydrological information from the stalagmites has been 

tested by a multi-proxy strategy that has included the description of the architectural 

elements, mineralogical X-Ray Diffraction characterization, δ18O, δ13C and trace 

element analyses, high resolution digital pictures and qualitative elemental composition 

using a XRF core-scanner system, Micro-CT scanning, U/Th dates and cave 

monitoring. This combined methodology, has proved the paleohydrological value of 

these archives and has allowed the interpretation of enriched (depleted) δ18O values as 

drier (wetter) conditions in the region. 

General wet conditions have been obtained for the early Roman Period (RP), the first 

half of the Early Middle Ages (EMA) and the entire Little Ice Age (LIA) while drier 

conditions have characterized the late RP, the late EMA and the entire Medieval 

Climate Anomaly. The recorded δ18O values for the LIA are the most depleted ones for 

the studied period including also those of the farmed calcite, highlighting this period as 

the wettest one. Although some multidecadal LIA variability indicate relatively drier 

(wetter) conditions coincident with cold (warm) temperatures and positive (negative) 

North Atlantic Oscillation modes. These Mallorca wet periods corresponded to heavy 

rainfalls events in the northeast Iberian Peninsula and higher storminess activity in the 

Gulf of Lion. Overall, humidity muticentennial trends observed in our study area seem 

to be coincident to those described in the Iberian Peninsula and in Central Europe by 

previous studies.  

3.3.2 Introduction 

Water availability has been a key aspect in the historic development of the 

Mediterranean area, a region that supports a high population pressure, which keeps 
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increasing in spite of its limited water resources. Besides, this region is one of the most 

vulnerable regarding the current situation of global warming (Giorgi et al., 2006). The 

time response of the precipitation patterns to the climate change associated to CO2 

rising can be slow (decades-centuries) but also fast (few years) (Ceppi et al., 2018). 

Future global climate change scenarios based on climate models point this region as a 

hot spot in hydrological terms, where significant reduction in precipitation could happen 

(Gibelin and Deque, 2003; Giorgi et al., 2006; Ulbrich et al 2006; Giorgi and Lionello, 

2008; Sheffield and Wood, 2008; Mariotti et al., 2008). During the last few decades 

intense rain events in the western Mediterranean basin have occurred from late summer 

to winter and, they have caused numerous catastrophic floods with human casualties 

(Pastor et al., 2001). Particularly, climate change over the Balearic Islands is evident by 

a temperature increase and a precipitation reduction during the second half of the XX 

century and beginning of XXI with larger amplitude than in most parts of the globe 

(Homar et al., 2010). 

Previous works using Mediterranean speleothem records have concentrated in older 

periods than the Holocene or frequently only span the last 3 kyr partially (Bar-Matthews 

et al., 2003; Frisia et al., 2003, 2005, 2006; McMillan et al., 2005; Mangini et al., 2005; 

Domínguez-Villar et al., 2008; Verheyden et al., 2008; Fleitmann et al., 2009; Martín-

Chivelet et al., 2011; Railsback et al., 2011; Rudzka et al., 2012; Wassenburg .et al., 

2013; Cheng et al., 2015; Labuhn et al., 2015). However, existent speleothem records 

for the last 3kyr is scarce for the western Mediterranean region and even lower if we 

focus in the central-western Mediterranean. In particular context of the Mallorca Island, 

the available speleothem studies concentrate in overgrowths reconstructing past sea-

levels (Vesica et al., 2001; Polyak et al., 2018; Dumitru et al., 2019) or in stalagmites 

but from older periods like the Last Interglacial (Hodge, 2004; Hodge et al., 2008; 

Dumitru et al., 2018).  

Available paleoclimatic records from last few millennia reveal a significant regional 

heterogeneity in the climatic patterns (Neukom et al., 2019). This study aims 

characterise the hydroclimate variability of the last millennia in Mallorca. The 

suitability of the stalagmites for high precision U/Th chronologies provides a further 

great advantage to these archives. It applies a muti-proxy strategy combining 

geochemical, petrological, textural tools and also includes Micro-CT scanning in one of 
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the studied stalagmites, whose application on stalagmites studies is very limited so far 

(Vanghi et al., 2015; Walczack et al., 2015). 

The studied spelothem records span the last 3kyr and covering the following 

climate/historical periods (years expressed as BCE, before common era, and CE, 

common era): the Talaiotic Period (TP; until 123 yr BCE), the Roman Period (RP; 123 yr 

BCE-470 yr CE), the Early Middle Ages (EMA; 470- 900 yr CE), t h e  Medieval 

Climate Anomaly (MCA; 900-1275 yr CE), and the Little Ice Age (LIA; 1275-1850 yr 

CE), with the Industrial Era (IE) as the most recent period (more details in Cisneros et 

al., 2016). 

3.3.3 Cave and climatic settings 

The studied speleothem were recovered from Sa Balma des Quartó cave (Feni, Ciara, 

Multieix and Séan stalagmites) and Ses Coves del Pirata (Constantine stalagmite) 

located in the south-east of Mallorca (Balearic Islands) in the central-western 

Mediterranean Sea. The two caves are formed by Upper-Miocene reef limestone (Ginés 

et al., 2014; Fig. 3.24), which is very porous and encourage dripping predominantly by 

seepage. The frequent presence of soda-straws stalactites in both caves and monitoring 

performed in Sa Balma since 2013 cave corroborates this kind of drip. Both caves are 

near and under the same type of vegetation and climate conditions. Currently, the 

surrounded landscape consists in a forest formed by Mediterranean vegetation, which is 

rather undisturbed by human activities.  

Sa Balma des Quartó cave (Balma hereinafter) seems to have been used by humans 

since prehistoric times as a burial place (Bermejo et al., 2014). It is located parallel to 

the coast, in a cliff of a 20 m maximum height. It consists basically in a wide spacious 

chamber formed by collapse, the bottom of which is 10.5 m above sea level and 12.5 m 

from the surface (Fig. 3.24b). The chamber has a rich decoration of speleothems, 

including an abundance of straw stalactites of remarkable length. The height of the cave 

in some points reaches few meters from the outside and its length is 70 m (Bermejo et 

al., 2014). The access to the cave consists in a small and vertical hole in the outside 

rock-shelter and, during cold (warm) season is when the cave is more (less) ventilated. 
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Ses Coves del Pirata (Pirata hereinafter) were partially prepared to receive touristic 

visits at the end of the XIX century, although graffiti inside the cave allude to 1614 yr 

CE (Pasqual and Nicolau, 2006). Pirata cave is part of a system together with the cova 

del Pont and the cova de sa Piqueta, with a current total length of 3020 m, of which 

1190 m are subaquatic. Several lakes can be found in the cave at level height located 

below the phreatic level (-32 m regarding the entrance). The cave, which is divided in 

numerous chambers by columns and stalagmite walls, is characterized by a complicated 

topography. In addition, many of these stalagmitic massifs and flowstones have been 

broken by an important local subsidence (Ginés and Ginés, 1976; Gràcia et al., 2006). 

Its tour-length is approximately ∼800 m and it consists in two main sectors: the Classic 

Sector (Martel et al., 1903; Ginés and Ginés, 1976) and the Ignored Sector (discovered 

at 1986 yr CE; Garcia et al., 1986). The first sector is conformed by a big chamber of 

140 m lenght and a maxima width of ∼70 m and it is divided in two portions that 

extended in direction north and south, respectively. Constantine stalagmite was found in 

the south portion, which is the biggest one and remarkably ornamented by stalagmites 

and columns of big dimensions (Gràcia et al., 2006). 

Balearic Islands present a typical Mediterranean climate configuration, which is 

characterized by mild wet winters and warm to hot, dry summers (Lionello et al., 2006). 

During autumn occurs the maxima rainfall and it decreases during the winter and spring 

with a very dry summer season. One peculiarity of the western Mediterranean is that 

Figure 3.24. Study site. a) Map of the 
central-western Mediterranean Sea. Also are 
indicated: surface and deep-sea circulation 
(blue and grey arrows, respectively), N-NW 
winds Tramuntana (T) and Mistral (M) and 
the Gulf of Lion, where the deep-water 
formation (DWF) occurs. b) Topography of 
Sa Balma des Quartó cave with the site of the 
Ciara stalagmite and the possible one for 
Multieix (adapted from Bermejo et al., 2014). 
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almost each winter is formed the Western Mediterranean Deep Water in the Gulf of 

Lion (Fig. 3.24).  

Important climate indices that have been associated to the Western Mediterranean 

region and its rainfall patterns are the NAO and the MOI (Mediterranean Oscillation 

Index). The NAO is a major source of interannual variability in the atmospheric 

circulation of the North Atlantic/Europe region, which consists in a difference of 

atmospheric pressure between Iceland low and Azores high. Positive (negative) NAO 

phases suppose more and stronger winter storms crossing the Atlantic on a more 

northerly track, which results in warm and wet (cold and dry) winters in Europe and dry 

(wet) conditions over the Mediterranean (Hurrell et al., 1995; 2003; Trigo et al., 2002). 

Regarding to the MOI, which is mainly active during the boreal winter, is consequence 

of the dipole behaviour of the atmosphere in the area between the western and eastern 

Mediterranean and it refers to the difference in pressure between the mid-northern 

Atlantic (regulated from permanent pressure centres-the Azores high and the Iceland 

low) and the southeastern Mediterranean (probably under the influence of the 

permanent southeast Mediterranean low) (Grbec et al., 2003). MOI is calculated by 

Conte et al. (1989) and Palutikof et al. (1996) as the normalized pressure difference 

between Algiers and Cairo. Another definition calculates this index from Gibraltar's 

Northern Frontier and Lod Airport in Israel (Palutikof et al., 2003). It has been observed 

significant correlation during the cold season between the (negative/positive) MO index 

and (high/low) total precipitation over the entire western Mediterranean region, 

including large areas of the Iberian Peninsula, France, Italy, Morocco and Algeria 

(Corella et al., 2016). 

3.3.4 Material and methods 

The five studied stalagmites are: Feni, Ciara, Multieix and Séan (from Balma cave) and 

Constantine (from Pirata cave). Feni (15.5-cm-length), Multieix (30.5-cm-length) 

Constantine (9-cm-length) and Seán (12-cm-length) were found not in situ of their 

original growth sites into their respective caves. The particular morphology of Multieix 

reproduced by several stalagmites of the basal sector of Balma cave suggests that it was 

recovered close of its growth position although its base not identified (Fig. 3.24). Ciara 

(42.5-cm-length) grew up in the main chamber of Balma cave.  
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Stalagmites were cut into two halves and, from the axial part of these halves fabrics 

were studied by means of thin sections or acetate peels observations (Feldmann et al., 

1989) by optical microscopy. Four thin sections were prepared for Multieix covering the 

next cm: 6-3.4, 11.5-6, 20-15, 23.5-20.5 and, for Seán between cm 4-6.5. These thin 

sections were selected in order to characterise some apparent discontinuities and/or 

fabric changes. Acetate peels observations (Feldmann et al., 1989) were performed on 

Multieix stalagmite from cm 3.4 to 0 and from bottom to cm 23.5 and also along all the 

other speleothems. XRD (X-Ray Diffraction) measurements were performed on 

Multieix (cm 28.5, 23, 19, 11.5, 6.5 and 3.5) and Constantine (cm 7.5, 6 and 3.5) with a 

Bruker D8-A25 diffractometer at the Institut de Ciències de la Terra Jaume Almera, 

Barcelona, Spain. The diffractometer was equipped with a Cu tube (l=1.5405 Å) and an 

ultrafast position sensitive detector (PSD). XRD scans were collected over the 2θ range 

between 3.5° and 65° with steps of 0.05° and an equivalent integration time of 576 s per 

step. A voltage (current) of 30 kV (40 mA) was applied to the x-ray generator. The 

phases in the samples were identified with Bruker’s software package Diffrac.Suite™ 

together with the PDF-2 database from the International Centre for Diffraction Data 

(ICDD). 

Stalagmites age models are based on a total of 62 U/Th absolute ages (Table 3.10 in 

Supplementry Material) performed according to the uranium and thorium separating 

chemical procedure described in Edwards et al. (1987). Ages in Constantine stalagmite 

for cm 6.6 to 1.3 were performed in Xi’an Jiaotong University (China). The rest of dates 

were preàred and measured at the University of Minnesota (USA) laboratories. 

Analyses were conducted with a multicollector ICP-MS (Neptune Thermo Finnigan). 

After dissolved with nitric acid the calcite powder, a mixed 229Th/ 233U/236U spike was 

added. Sample was dried down and an iron chloride solution added. Iron precipitation 

was achieved by the addition of NH4OH, drop by drop. Centrifugation was used to 

separate the iron from the rest of solution and the supernatant liquid removed. Sample 

was then loaded into columns containing anion resin and, HCl and water was added to 

elute Th and U, respectively. Once both elements were separated, each sample was 

dried down, and dilute nitric acid was added. Every age model has been produced using 

U/Th dates on the Bchron package (Parnell et al., 2008) in the free R software. 

Samples for trace elements δ18O and δ13C analyses were microdrilled at 1 mm 
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resolution following the growth axis. Trace elements were measured on an inductively 

coupled plasma mass spectrometer (ICP-MS, Perkin Elmer ELAN 6000) in the 

Scientific and Technological Centres of the University of Barcelona (CCiT- UB). 

Samples were dissolved in 5 mL of dilute nitric acid (Tracepur) immediately before 

analyses. A standard solution with known elemental ratios was used for sample standard 

bracketing (SSB) as a correction for instrumental drift. Taking into account the known 

standard solutions concentrations, the average reproducibility for Sr/Ca, Mg/Ca and 

Ba/Ca ratios was better than 80, 97 and 88 %, respectively. It should be noted that 

analytical difficulties were detected in the measurements of samples from Constantine 

stalagmite, related to the theoric [Sr/Ca] in the standard solutions. If these samples are 

not taking into account the average reproducibility for Sr/Ca is 97 %. In order to 

calibrate the obtained intensity ratios, six solutions with a different trace element ratios 

values and a constant concentration of 100 ppm of Ca were used. Stable isotopes values 

were measured using a Finnigan MAT 252 mass spectrometer fitted with a Kiel-II 

carbonate microsampler in the CCiT-UB. The reproducibility was of 0.02 ‰ for δ13C 

and 0.06 ‰ for δ18O. Calibration to Vienna Pee Dee Belemnite (VPDB) was carried out 

by means of NBS-19 standards.  

In addition, Seán stalagmite has been further studied using Micro-Computed 

Tomography (Micro-CT scanning) and Avaatech XRF core-scanner system. The Micro-

CT scanning was performed with a Multitom CORE X-ray CT system in the 

CORELAB from the University of Barcelona. The CT-scanner was operated at a tube 

voltage of 140 kV and an intensity of 33 W. The exposition time was 800 ms, the voxel 

size 32.99 µm and, the number of projections 1500. Reconstructed images of the 

relative density values were exported as 16-bit using the AVIZO (FEI) software. This 

technique allows obtaining topographies with resolution between 5 and 300 µm (Frigola 

et al., 2015). The Micro-CT scanning results are expressed in this study as 2D images in 

a colourmap with the distribution and quantification of relative density values and 

porosity.  

The XRF analyses (CORELAB, University of Barcelona) were performed in the 4.5-7.5 

cm section of Seán stalagmite. Scanning took place at the split stalagmite directly at 200 

µm resolution. Major elements (atomic weight between aluminium and iron) were 

analysed in 10 kV potential, a tub intensity of 1.95 mA and a 60 s time exposure and, 
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minor elements (atomic weight between iron and lead) in 30 kV, 1.95 mA and a 90 s. 

The measurement amplitude was reduced to 8 mm in order to adjust it to the laminae of 

the stalagmite. 

Colour measurements from the high resolution 70 µm pictures were performed along 

the whole Seán stalagmite. Results are expressed in this study as L*a*b* values (colour 

coordinates), which are a scale of uniform colour defined by the Commission 

Internationale de l’Eclairage (CIE; Muñoz et al., 2015). L* corresponds to lightness and 

ranged values from 0 (black) to 100 (white). The proxies a* and b* represent variations 

between red-green and yellow-blue, respectively, ranging values between -120 and 120 

(Westland, 2012). Colour coordinates can allow recognizing changes in the carbonate, 

iron and clay content (Mix et al., 1992; Nederbragt i Thurow, 2004; Rogerson et al., 

2006; Debret et al., 2011).  

3.3.5 Results  

Fabrics and Architectural elements  

In base to the thin sections or acetate peels, a carefully analysis of the fabrics and 

architectural structures has been preformed for each of the stalagmites that had allow 

defining some unconformities bounded units (UBUs) following the methodology 

proposed by Martin-Chivelet et al. (2017). The results are presented in detail in the 

Supplementary Material and Figures 3.33-3.35. In summary, Feni and Ciara stalagmites 

have been described by only one UBU, and the rest of stalagmites have been 

characterized as follows: Multieix, UBU3 (302 BCE-279 CE), UBU2 (279-858 CE) and 

UBU1 (1501-1844 CE); Constantine, UBU4 (423-548 CE), UBU3 (548-789 CE), 

UBU2 (789-1017) and UBU1 (1017-1102 CE); Seán, UBU2 (1421-1622 CE) and 

UBU1 (1622-1880 CE). A particularly remarkable feature found in Seán stalagmite is 

the presence of a brown layer at 1622 CE that marks the boundary between the two 

defined UBUs in this stalagmite. This brown layer is characterise by the presence of 

micrite carbonate but does not involve dissolution and/or erosion of the underlayer 

calcite crystals. It should be noted the presence of a gastropod test around the mentioned 

brown layer (Fig. 3.36 in Supplementary Material). 
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Age models  

Age models for the oldest stalagmites, Feni, Ciara, Constantine and cm 30.5-5 of 

Multieix, were respectively performed taking in account the whole data set of U/Th 

ages within Bchrom (Parnell et al., 2008) (Table 3.10 in Supplementary Material). Age 

models for Ciara, the stalagmite dated at the highest resolution, and Constantine result 

from averaging all models provided by Bchrom. The age models of Feni and the lower 

part of Multieix (cm 30.5-5) stalagmites have been performed using their U/Th ages and 

according to the best fit to Ciara. The age model for Seán, the most recent stalagmite, 

was performed in two batches to minimize uncertainties, from the top to the 

unconformity at cm 6 and from there to the bottom. One of the nine U/Th dates of this 

stalagmite was excluded sine it enhanced the outlier probability of the adjacent dates. 

The Seán age model also corresponds to the average of the entire whole set of models 

provided by Bchrom.  The age model for the upper 5 cm of Multieix was selected from 

those provided by Bchrom that had the best fit to Seán, since this stalagmite had a more 

solid age model for this section.  

Table 3.7. Average growth rates, mean time resolutions and spanned periods for each stalagmite. More 
detailed information about growth rates can be consulted in Supplementary Material. *Considering the 
sampling resolution (1 mm). **Ranged from 37 to 1 years. 

 

 

 

	

	

Mg/Ca, Sr/Ca and Ba/Ca records 

Mg/Ca, Sr/Ca and Ba/Ca ratios results (averages and range values) for each stalagmite 

are shown in Table 3.8 and correlations between the three ratios for each stalagmite in 

Table 3.9. Mg/Ca, Sr/Ca and Ba/Ca ratios have been analysed in every stalagmite (Fig 

3.25) andd Al/Ca was additionally analysed in Constantine (Fig. 3.34 in Supplementary 

Material). 

Stalagmite

Average 
growth 

rate (mm 
yr-1 )

Mean time 
resolution 

(yr)*
Spanned years Spanned period

FENI 0.8 2.0 653-301 yr BCE TP

CIARA 0.7 2.2 537 yr BCE-398 yr CE TP, RP

MULTIEIX (cm 30.5-5) 0.4 4.6 302 yr BCE-858 yr CE TP, RP, EMA

CONSTANTINE 0.1 7.6 423-1102 yr CE EMA, MCA

SEÁN 0.4 3.8 1421-1880 yr CE LIA

MULTIEIX (cm 5-0) 0.3 6.8** 1503-1844 yr CE LIA
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In Feni and Ciara stalagmites, Mg/Ca, Sr/Ca and Ba/Ca ratios show good correlation 

between them (Table 3.9). Maxima values in Feni were recorded during 450 BCE, high 

values have been obtained at 300 yr BCE (corresponding to the top of the stalagmite). 

In Ciara, low values characterize several moments of the BCE centuries, while higher 

values have been observed towards the end of the RP. 

Table 3.8. Summary of the geochemical results indicating the average and range values for stable 
isotopes and trace elements ratios for each stalagmite  

 

In Constantine stalagmite, the averages of all ratios are remarkable lower than those for 

the coeval parts of the Multieix stalagmite because trace element ratios of this 

stalagmite were not corrected like the other cases, given irregularities in the 

measurements related to the theoretical concentrations in the standard solutions. Mg/Ca, 

Sr/Ca and Ba/Ca record trends show good correlation (Table 3.9). However, the three 

ratios present certain differences depending on the UBU. The period 789-1017 yr CE 

(UBU2) is the most stable one with relatively high Mg/Ca values. The 1017-1101 yr CE 

(UBU1) period presents the highest Mg/Ca variability.  

The three studied ratios in Multieix stalagmite show a good correlation, although is 

weaker between Mg/Ca vs. Ba/Ca (Table 3.9). During the TP-RP transition (143-16 yr 

BCE; UBU3), Mg/Ca and Sr/Ca show certain differences in their trends. During 279-

449 yr CE Mg/Ca and Ba/Ca values are high, while during 449-858 yr CE the three 

ratios show the lowest average values. During 1503-1844 yr CE (UBU1), Mg/Ca and 

Feni Ciara Multieix Constantine Seán

Mg/Ca 
(mMol mol -1 )

5.1                         
[3.5-9.6]

7.1                        
[4.9-17.3]

8.7                        
[5.2-14.2]

4.4                     
[2.8-6.0]

6.5                         
[4.3-9.0]

Sr/Ca   
(mMol mol -1 )

0.05                       
[0.02-0.12]

0.12                       
[0.06-0.23]

0.08                      
[0.04-0.13]

0.01                          
[0.01 10-2-0.41 10-2]

0.08                      
[0.03-0.13]

Ba/Ca 
(mMol mol -1 )

0.003                     
[0.002-0.008]

0.005                     
[0.002 10-2-0.011]

0.004                   
[0.0223 10-2-0.011]

0.001               
[0.002 10-2-0.002]

0.004                     
[0.005 10-2-0.009]

δ18O         
(‰)

-4.6                        
[-5.4 - -3.4]

-4.7                       
[-5.5 -  -3.2]

-4.0                       
[-5.2 -  -2.9]

-4.2                         
[-5.1 -  -3.3]

-5.0                      
[-5.9 -  -4.0]

δ13C                 
( ‰)

-7.3                        
[-9.3 -  -5.0]

-7.6                       
[-9.2 -  -4.2]

-6.4                       
[-8.9 -  -2.5]

-6.6                         
[-8.8 -  -4.5]

-8.5                       
[-10.0 -  -6.3]

Proxy
Averages and ranges
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Sr/Ca ratios increase until the maxima values about 1722-1803 yr CE and decreasing 

from here to the most recent years (Fig. 3.25).  

In Seán stalagmite, the Mg/Ca ratios obtained for 1421-1622 yr CE (UBU2) are slightly 

lower than those obtained for 1622-1880 yr CE (UBU1) (Fig. 3.25). Sr/Ca and Ba/Ca 

ratios do not show significant differences in averages between both periods. However, 

Ba/Ca variability is less remarkable in the oldest period than in the most recent one. The 

ratios enhance from its base until 1615 yr CE (the end of UBU2 ca. the brown layer) 

and after that a decrease can be observed. Although no significant correlation has been 

obtained for the entire record of Seán between Mg/Ca and Sr/Ca (Table 3.9), it should 

be noted that correlation during 1421-1622 yr CE (UBU2) is r = 0.3, p value = 0.0376 

while it is not significant during 1622-1880 yr CE (UBU1). It should be also noted that 

into these years (1700-1850 yr CE) is when differences between Seán and Multieix have 

been observed, with higher Mg/Ca ration in Multieix (Fig. 3.25). 

Table 3.9. Correlations between the three trace element ratios for each stalagmite. 

 

One of the most remarkable features of this multi-stalagmite reconstruction is the 

general good agreement between the trace element records provided by different 

stalagmites during the overlapping periods, particularly for the Mg/Ca ratios.  

δ18O and δ13C records 

A summary of the δ18O and δ13C results for each stalagmite is shown in Table 3.8 and 

the whole records plotted against age in Fig. 3.25. Correlations between both isotope 

ratios are significant positive for each stalagmite (Fig. 3.26; r ≥ 0.7, p value = 0) and for 

this reason their patterns along the records are described jointly. Both stable isotopes for 

each stalagmite also present significant positive correlation to Mg/Ca (Fig. 3.27). 

 

r p value r p value r p value
Feni 0.80 0.00 0.80 0.00 0.80 0.00
Ciara 0.70 0.00 0.70 0.00 0.70 0.00

Constantine 0.60 0.02 0.60 0.02 0.60 0.02
Multieix 0.6 0.00 0.3 0.00 0.6 0.00

Seán 0.4 0.01 0.7 0.00

Stalagmite Mg/Ca vs. Sr/Ca Mg/Ca vs. Ba/Ca Sr/Ca vs. Ba/Ca

no significant
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Figure 3.25. From up to bottom, Ba/Ca, Sr/Ca, Mg/Ca, δ13C, δ18O, Sr/Mg records and, growth rates for 
stalagmites: Feni (black line); Ciara (purple line); Multieix (blue line,); Constantine (orange line) and 
Seán (green line). Note that trace elements of Constantine, which is from a different cave (Ses Coves del 
Pirata) than the rest of stalagmites (Sa Balma des Quartó cave), are plotted in different scale-axis (right 
axis). Horizontal axis are expressed in years Before Common Era (BCE) / Common Era (CE). The 
climate/historical periods are also indicated: Talaiotic Period (TP); Roman Period (RP); Early Middle 
Ages (EMA); Medieval Climate Anomaly (MCA); Little Ice Age (LIA) and Industrial Era (IE).  The 50 
U/Th ages used in the four age models can be consulted in Table 3.10. Unconformity Bounded Units 
(UBU) for each stalagmite are also indicated. 
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Figure 3.26. Correlations between δ13C and δ18O for the different stalagmites and their respective 
Unconformity Bounded Units (UBUs). a) Feni. b) Ciara. Multieix: c) cm 30.5-22, UBU3; d) cm 22-17, 
UBU2.B; e) cm 17-5, UBU2.A. Constantine: f) cm 9-7, UBU4; g) cm 7-3.5, UBU3; h) cm 3.5-0, UBU2 
and UBU1. Seán: i) cm 12-6, UBU2; j) cm 6-top, UBU1. k) The top 5 cm of Multieix (UBU1). 

δ18O and δ13C values in both Feni and Ciara stalagmites present very similar average 

ranges. In Feni stalagmite presents remarkable depleted values in the base with enriched 
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values between 489-322 yr BCE. Ciara stalagmite shows high frequency variability 

(<decadal time-scale) with the most depleted values before 100 CE and the most 

enriched values from 100 to 398 yr CE.  

Multieix stalagmite did not grow continuous but it is a particular relevant in this study 

since it overlaps with most of the other studied stalagmites. During its lower unit 

(UBU3; 302 yr BCE-279 yr CE), isotope records present remarkable enriched values, 

which are higher than those obtained in the coeval stalagmite, Ciara. After that, stable 

isotope values become more depleted for the second unit (UBU2; 279-858 yr CE). 

Stable isotopes correlations for this UBU2 have been analysed in two different sections 

(UBU2.b from 279 to 449 yr CE and UBU2.a from 449 to 858 yr CE) because a more 

enriched and more depleted sector previous and after 449 yr CE can be differentiated 

(Fig. 3.26). 

 

 

 

 

 

 

The most recent part of the stalagmite (UBU1; 1503-1844 yr CE), show contrasting 

values with very depleted values in the early part that enrich significantly after 1700 yr 

CE. Isotope records in Constantine stalagmite agree well with those patterns detected in 

the overlapping period of Multifeix even though they belong to different caves. Most 

0 4 8 12 16
Mg/Ca (mmol/mol)
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-3

d1
8 O

 (‰
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D

B
)

FENI
CIARA
CONSTANTINE
MULTIEIX
SEÁN

r p value r p value

Feni 0.61 0.00 0.51 0.00
Ciara 0.76 0.00 0.82 0.00

Constantine 0.57 0.00 0.75 0.00
Multieix 0.48 0.00 0.47 0.00

Seán 0.39 0.00 0.49 0.00
All stalagmites 0.53 0.00 0.57 0.00

Constantine UBU1-2 0.58 0.00 0.46 0.01
Constantine UBU3 0.66 0.00 0.86 0.00
Constantine UBU4 0.81 0.00

Mutieix UBU1 0.28 0.05 0.35 0.01
Multieix UBU2 0.81 0.00 0.79 0.00
Multieix UBU3 0.66 0.00 0.66 0.00

Seán UBU1 0.38 0.00 0.54 0.00
Seán UBU2 0.32 0.01

Stalagmite or UBU
Mg/Ca vs. δ13C

no significant

no significant

Mg/Ca vs. δ18O
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Figure 3.27. Correlations between Mg/Ca and 
δ13C and δ18O, respectively, for each stalagmite. 
In the Table are shown also these correlations for 
the different UBUs of the stalagmites. 
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depleted values concentrate in the lower part (423-650 yr CE) while they became 

heavier toward the upper part. Regarding to Seán stalagmite, the two defined UBUs are 

comparable isotopic values being more depleted at the base and increase upwards from 

1645 yr CE. 

Micro-CT scanning and XRF results: Seán stalagmite 

Micro-CT scanning was only applied in the Seán stalagmite in order to better 

characterise the boundary between the two UBUs and corresponding to the previously 

described brown layer. Micro-CT scanning results are expressed in a colour-map 

density (Fig. 3.28 left panel). Growing laminates are well represented in the image by 

the alternation of denser (25081-15673.5 HU) and more porous (15673.5-6266 HU) 

layers.  Colour-map densities values < 6266 HU correspond to void spaces. The UBU 

boundary or brown layer is very well identified in the Micro-CT image by very low 

values (~ 6266 HU) indicating a void space. 

Figure 3.28. Left panel: Micro-CT Colour map from the upper part of Seán stalagmite (4.5 – 6cm), HU = 
Hounsfield units; Right panel (from left to right): Coordinates of colour CIE-L (Lightness)*a*b*; S, Ti, 
Ca and Mn elements measured with the XRF-scanner and δ13C, Ba/Ca and Sr/Ca measured in discreet 
samples.  

Among the several elements in the XRF core-scanner measurements were also 

performed in Seán covering the UBUs limit including S, Ti, Mn and Ca (Fig. 3.28 right 

panel). S record shows several oscillations but without any significant change 

associated to the UBUs limit. In contrast Ti record shows an abrupt enhancement 

coincident with the brown layer. The Mn profile shows a little maximum below the 
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UBUs irregularity while Ca shows several oscillations but none differentiates the 

UBU’s boundary.  

Colour measurements (L*a*b* values-colour coordinates) were obtained from the high-

resolution scanner pictures (Fig. 3.28 right panel) and define an abrupt change in the 

boundary between both Seán’s UBUs. Parameters b* (yellow-blue) and L* (lightness) 

indicate more differences in the boundary than parameter a* (red-green).  

3.3.6. Discussion 

Control factors on partitioning 

Mg/Ca Sr/Ca and Ba/Ca ratios in dripwater can provide information about the two 

dominant factors controlling dripwater chemistry: 1) Bedrock dissolution; 2) mixing of 

post-evaporative salt solutions accumulated in the soils; and 3) hydrochemistry 

evolution through the karst pathways dominated by the amount of prior calcite 

precipitation (PCP) above the drip sites (Tremaine and Froelich, 2013). PCP takes place 

in the limestone aquifer during transit of water in aerated channels, upstream of the 

stalagmite formation and, it can be a major mechanism controlling the trace element 

composition of stalagmites (Fairchild et al., 2000; Hori et al 2013). PCP (Fairchild et 

al., 2000; Fairchild and Treble, 2009; Stoll et al., 2012) occurs when the water finds a 

gas phase characterized by a lower pCO2 and then, CO2 degassing takes place, which 

will lead to super-saturate the water for CaCO3 and a tendency for calcite precipitation. 

The effect of PCP results in an increase in the ratio of trace element to Ca in solution 

due to the removal of the cations from the water in the proportion in which they are 

incorporated into the calcite (Holland et al., 1964; Fairchild and Treble, 2009). PCP can 

increase under dry climate conditions since led to longer water residence time in the 

epikarst and decreased drip rates that enhance CO2 degasing (Fairchild et al., 2000). 

The studied stalagmites present positive correlation between Mg/Ca, Sr/Ca and also 

Ba/Ca during most of the records (Table 3.9), which points out an important PCP 

control on our trace elements. The dominant seepage flow described in the caves with 

the formation of large soda-straws stalactites supports the dominance PCP control on 

the cave drip waters chemistry. 

The only no significant correlation between trace elements ratios has been obtained 

during the end of the LIAb (Seán UBU1; between Sr/Ca and Mg/Ca; Table 3.9). Also 
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during 1700-1850 yr CE is when differences between Seán and Multieix have been 

observed, with higher Mg/Ca ration in Multieix (Fig. 3.25). Ratios differences can be 

explained by changes in the growth rates, in the source elements (when here is not a 

single source of elements, eolian dust) or variations in the pCO2 (Fairchild et al., 2009). 

Growth rates have demonstrated to produce a strong control on both Sr and Ba. 

Differences between these elements lay in their different partitioning factor into the 

growing calcite, this result in a strong kinetic effect in both Sr and Ba that has not been 

observed in Mg (Stoll et al., 2012) as a consequence, enhanced speleothem growth rates 

result on significant enhancement in the Sr/Ca and Ba/Ca which is not detected in 

Mg/Ca. Anyway, in order to use Sr/Ca and Mg/Ca in stalagmites like paleoclimate 

proxies, the Sr/Mg ratio must be constant in stalagmites through time (Tremaine and 

Froelich, 2013) and the Sr/Mg ratio variability in the Mallorca stalagmites is not 

remarkable (Fig. 3.25). 

Control factors on isotopic speleotem signals 

As it has been mentioned in the previous subsection, PCP seems to be a dominant 

control in partitioning. High correlations between δ13C signatures and Mg/Ca and Sr/Ca 

in speleothems have been related to PCP (Fairchild and Treble, 2009). All Mallorca 

stalagmites and their corresponding UBUs presented in this study show a significant 

positive correlation between δ13C and Mg/Ca (Fig. 3.27). Thus, the relationship between 

PCP and degassing seems to results in systematic rises in δ13C Mallorca stalagmite 

values. Model experiments also demonstrate that δ13C in drip waters increases 

proportional to Mg/Ca ratios under enhanced PCP conditions (Owen et al., 2018). Thus, 

drier intervals can lead increased PCP leading to the similarity between higher Mg and 

Sr concentrations and higher speleothem δ13C (Treble et al., 2003).  

Regarding to the Mallorca stalagmites correlation between δ18O and Mg/Ca, is also 

significant positive for all the stalagmites but not for all the UBUs analysed separately 

(Fig. 3.27), which could point out weaker PCP influence in δ18O than in δ13C. 

Oxygen isotopes are the most commonly used proxy in speleothem studies and have 

long been utilized to reconstruct cave temperature (particularly in high latitudes in 

continental interiors) or precipitation properties of meteoric water, which can be 

influenced by factors like the moisture source effect, the amount effect (particularly in 
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the semi-arid regions) and synoptic meteorology (Fairchild and Treble, 2009). A 

criterion to accept stable isotope speleothem records like useful paleoclimate proxies is 

the no presence of a positive correlation in both isotopes on samples taken along the 

growth axis (Goede et al., 1986; Desmarchelier et al., 2000). Other studies argue that his 

positive correlation is due to environmental changes, which can simultaneously 

influence both isotopes (e.g.: Genty et al., 2003; Paulsen et al., 2003). However, 

Mickler et al. (2006) showed, following the theory of Hendy (1971), that a positive 

δ18O-δ13C covariation can occur from non-equilibrium isotope effects, independent of 

environmental variations, driven during progressive CO2 degassing and calcite 

precipitation by the isotopic evolution of the dissolved inorganic carbon reservoir. This 

study also found that among 165 published speleothem stable isotope records with a 

global distribution, most of them presented positive covariation between both isotopes. 

All the stalagmites presented in this study show significant positive δ18O-δ13C 

covariance (Fig. 3.26). The δ18O-δ13C covariance on the stalagmite through time can be 

explained taking into account that increase (decrease) in precipitation amount, which 

would cause depletion (enrichment) of δ18O, also encourage plant productivity and 

increased soil CO2 production, driving more depleted δ13C in dripwaters (Hodge, 2004). 

Overall, despite on positive δ18O-δ13C covariance, possibly from non-equilibrium 

isotope effects, speleothem stable isotope records can still be useful tools to provide 

paleoclimatic information (e.g., Spötl and Mangini, 2002; Mickler et al 2006).  

Cave precipitates and model data have demonstrate that under low rate drip locations 

typically of seepage, like is the case of our study cave, oxygen and carbon isotopes tend 

to precipitate in disequilibrium resulting in heavier δ13C and δ18O values than those 

predicted in equilibrium (Riechelmann et al., 2013). Processes that can drive isotopic 

disequilibrium for δ18O resulting in heavier values are: (i) high rates of calcite 

precipitation; (ii) prolonged residence times of the thin solution layer on the surface of 

the stalagmite as a consequence of low drip rates (iii) evaporation. So although δ18O is 

not directly modified by PCP changes, the drier conditions that enhance PCP also can 

extend the thin solution layer residence time on the surface of the stalagmite. Karst 

hydrology influences both the drip rate and the abundance of PCP. The last one has 

direct influence on δ13C, but trough the influence on the saturation Index with respect to 

the calcite, δ18O is indirectly also affected by PCP (Riechelmann et al., 2013). 
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Covariance of δ18O with Mg/Ca and Sr/Ca has also been argued to distinguish ‘rainfall 

amount’ versus ‘rainfall source’ in speleothem δ18O records (Tremaine and Froelich, 

2013). But under constant speleothem Sr/Mg conditions, coherent and in-phase 

variations in speleothem δ18O, Sr/ Ca and Mg/Ca may be confidently attributed to wet 

vs. dry rainfall amount (Tremaine and Froelich, 2013). Mallorca stalagmites present 

relatively constant Sr/Mg ratio (Fig. 3.25). In addition, the relationship between 

speleothem Mg and δ18O is also used to argue that Mg is an indicator of effective water 

excess where speleothem δ18O is assumed to largely reflect changes in rainfall 

(Fairchild 2009). Overall and also taking into account the similarity between the long-

term trends of the δ18O records from the coeval stalagmites (Frisia, 2015) considered 

in this study, adequacy of these paleoarchives to perform hydroclimate interpretations 

for the spanned period and in this context can be corroborated.  

Climate evolution: the last 2.7kyr 

The general trends of the δ18O records indicate rather wet conditions during TP, the 

beginning of the RP, the EMA and the LIA. In contrast, drier conditions have been 

observed during the last part of the RP and the EMA and, the MCA. Climate 

interpretation during the TP and the RP is based on Ciara and Feni stalagmites and the 

δ18O records from centimetres of the Multieix base (until 146 yr CE) have not been 

taking into account. The most depleted δ18O values for the whole studied period 

occurred during the LIA (Fig. 3.29) pointing this as the wettest period. None of the 

stalagmites fully covers the MCA and early LIA, a period that represents a hiatus in 

Multieix stalagmite.  

During the TP general wet conditions dominated although with several minor 

oscillations pointing the occurrence of some short drier episodes (Fig. 3.30). The 

stalagmites microstratigraphy support the dominance of homogeneous drip rates 

indicating hydric stability during this period when climate conditions were relatively 

cold according to a Sea Surface Temperatures (SST) reconstruction in the central-

western Mediterranean Sea (Cisneros et al., 2016). During the RP occurred a major 

transition from relatively humid conditions, comparable to those from the TP, to one of 

the apparently driest periods of the record. This transition occurred around 200 yr CE 

when SST reached the maximum values of he last three millennia (Cisneros et al., 

2016). 
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Figure 3.29. δ13C vs. δ18O from all the Mallorca stalagmites during each of the climatic periods of the 
last 2.7 kyr.  

During the RP-EMA transition climate became wetter, conditions that dominated during 

the early EMA to change toward drier conditions after 650 yr CE and maintained during 

the second half of the EMA while SST record indicates an overall cooling trend along 

the whole EMA (Cisneros et al., 2016). These cold and wet conditions during the early 

EMA are in agreement with those described in the Gulf of Lion (Jalali et al., 2018) and 

in the central Mediterranean (Bassetti et al., 2016) by coastal and deltaic records, 

respectively.  

The MCA is only partially represented by Constantine stalagmite that shows relatively 

heavy isotope values and minima growth rates before it definitely stopped its growth at 

about 1100 yr CE. Multieix stopped its growth right before the onset of the MCA and 

restarted it at the early LIA. These evidences suggest that climate conditions during the 

MCA were particularly dry, probably the most extreme arid conditions of the whole 

studied period, in agreement with previous observation based on record compilation 

from the Iberian Peninsula (Moreno et al., 2012). 

During the LIA, both Multieix and Seán stalagmites agree showing relatively light 

values, although with several minor oscillations the overall values are mostly lighter 

than during previous intervals, pointing out this as one of the wettest periods of the 
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studied record although after 1700 yr CE a trend towards drier conditions appear in 

agreement with the slower drip and growth rates. The record ends with a short δ18O 

depletion after 1880 yr CE indicating an improvement of the hydrological availability 

during the IE although this period is not entirely covered by the records.  

Overall, humidity and thermal conditions observed in our study area seem to be 

coincident to those described in the Iberian Peninsula (Desprat et al., 2003; Álvarez et 

al., 2005; Moreno et al., 2008; 2012; Martín-Puertas et al., 2009; 2010; Morellón et al, 

2009; 2011; 2012; Rodrigues et al., 2009; Martín-Chivelet et al., 2011; Nieto-Moreno et 

al., 2011; Pérez-Sanz et al., 2013; Corella et al., 2016) and in Central Europe (Büntgen 

et al., 2011; Luterbacher et al., 2016). However, the hidroclimate variability 

reconstruction from Mallorca speleothemes present differences regarding those 

reconstructions from the Iberian Peninsula and Central Europe in some moments during 

periods likes the RP and the EMA (Fig. 3.30). 

Extreme episode during 1622 yr CE? 

One of the characteristics of the Seán stalagmite during the LIA is the presence of a 

brown layer centred at 1622 yr CE that marks the limit between the two described 

UBUs (Fig. 3.31) and is associated to a remarkable Ti peak and it is also accompanied 

by abrupt changes in the colour parameters (Fig. 3.31). The brown layer follows the 

general lamination, no important signs of erosion or stops in the deposition haven been 

detected and thus, Seán apparently grew quite continuously and this layer did not 

involve a hiatus in the record. Overall, this unconformity consists in a minor an eventual 

event, which does not seem answer to variations in drip rates or changes in the growth 

rates. The presence of high Ti values and also of micrite carbonate suggests the 

enhanced arrival of terrigenous particles, corresponding to an allogenic horizon. 
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Figure 3.30 Comparison between the paleohydrological Mallorca records (δ18O stalagmites in blue) and 
thermal and hydrological recosntructions from Iberian Peninsula and Central Europe. Sea Surface 
Temperatures (SST; in red) correspond to the central-western Mediterranean Sea (Cisneros et al., 2016). 
The vertical brown line indicates the brown layer in Seán stalagmite. 

Among the potential sources of this distinctive layer it has been considered the 

influence of a large volcanic eruption since the dominant LIA cold temperatures have 

frequently been attributed to such events (Crowley, 2000; Robock, 2000; Bertler et al 

2011; (Miller et al., 2012; McGregor et al., 2015). Nevertheless, this layer is not related 

to any sulphur (S) peak or δ13C enrichment (Fig. 3.31) that typically are detected in 

records associated to volcanic eruption (Frisia et al., 2008; Badertscher et al., 2014). 

Thus the remarkable Ti peak in the brown layer may indicate the arrival of detrital 

material. One mechanism able to transport this king of material to our cave is the supply 

of dust aerosols. Numerous studies have demonstrated the influence of the Saharan dust 

in our study area (Goudie and Middleton, 2001; Moreno et al 2002) and the big 

importance in the red Mediterranean soils (Muhs et al., 2010). In addition, it has been 

detected in the cave soil sediments in Mallorca (Fornós et al., 2009) and in stalagmites 

from the Eastern Mediterranean through Sr and U isotopes (Frumkin and Stein, 2004). 

Saharan dust is mostly supplied by wet deposition (‘muddy rain’), when the air mass 

becomes fresh after to be in contact to the sea, while dry deposition only takes place 
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occasionally (Fiol et al., 2005). In addition, although aerosols interaction with radiative 

forcing is still quite controversial, recent works correlate aerosols enhancement with 

drops in SST and argued that positive NAO phases can also favour the aerosol 

enhancement in our study area (Nabat et al., 2015a; 2015b; 2016). Nevertheless, despite 

on the relatively more enriched stable isotopes in our brown layer and the coincidence 

with a drop in SST and an isolated period of positive NAO phase (Fig. 3.31), it can be 

possible to conclude neither that this episode correspond to a dry or wet dust deposition. 

Previous studies have traced cave floods in the form of detrital layer recorded in 

stalagmites (Borsato et al., 2003; Dorale et al., 2005; Dasgupta et al., 2010). Elevated Ti 

compared to the calcite matrix have been used to identify paleofloods events for 

instance in southern Greece (Finné et al., 2015). Thus, speleothems can be used as 

proxies for extreme rainfall or other hydrologic drivers of cave flooding. (Denniston and 

Luetscher, 2017). The lower part of the Balma cave, presents evidences of inundation 

possibly after an extreme rain events. Although the cave is dominated by seepage flow, 

one side of the cave shows evidences of episodic water flows that may led the 

inundation of the base which easily could cover the six cm of Seán where the brown 

layer is located. This hypothesis is in agreement with the fact that the micrite layer is 

filling the gaps between the older columnar fabric and it also could explain the presence 

of a gastropod test (Fig. 3.36 in Supplementary Material). The Miocene carbonates of 

the karst system are rich in these marine microfossils, which could arrive in suspension 

to the stalagmite and fixed by the next calcite growth.  

During the entire LIA period, frequent rain extreme events have been described in 

previous studies: an increment in the run-off in the Alboran sea (Nieto-Moreno et al., 

2011) and in the central-western Mediterranean sea (Margaritelli et al., 2018); humid 

episodes in the north-western Mediterranean sea (Bassetti et al., 2016); the most 

important flood of the last millennia in the Ebro river basin (Balasch et al., 2019); 

increase in the lake levels in the southern Spain (Martín-Puertas et al., 2008); enhance 

in flood events in the Iberian Peninsula (Barriendos and Martin-Vide, 1998; Benito et 

al, 2003; Moreno et al, 2008). Thus, the brown layer from Seán stalagmite may 

represent the occurrence of a major flooding event at 1622 yr CE related to an extreme 

rain event in Mallorca. It should be noted the low uncertainties obtained in the U/Th 

ages that are closest to the cm 6 in Seán: cm 5.4, 1660 ± 15.1 yr CE and cm 6.6, 1602.4 
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± 7.7 yr CE (Table 3.10). Previous studies based on historical documents have pointed 

out remarkable floods around Mallorca Island during the XVII century and particularly, 

during the autumn of the years CE: 1618, 1620, 1655, 1635 and 1683 (Campaner, 

1881). 

Forcings and climate variability during the LIA 

The LIA climate variability has been attributed to a series of factors such as increased 

volcanic activity changes in the thermohaline circulation and solar activity minima 

(Broecker 2000, 2001; Lund et al. 2006). In order to better understand the potential 

causes of the detected hydrological changes recorded by the studied Mallorca 

stalagmites, their LIA signal is compared with existing records (Fig. 3.32) from the in 

the Balearic Sea, positive (negative) NAO modes, positive (negative) MOI and higher 

(lower) storminess activity in the Gulf of Lion (Fig. 3.32). However, correlations 

between the different considered records are not always constant suggesting a non-

stationary patterns behaviour over time. For instance, regarding to the Solar Minima 

(Bard et al. 2000; Mayewski et al. 2004, 2006; Ammann et al., 2007; Vallefuoco et al., 

2012), during the Spörer (1450-1550 yr CE) and the Maunder Solar Minima (1645-

1715 yr CE), wet conditions or trends to wet are represented by overall lighter δ18O 

values in Mallorca stalagmites (Fig. 3.32). In contrast, during the Dalton Minimum 

(1790-1820 yr CE) stalagmites indicate one of the driest LIA intervals in Mallorca. 

Regarding to NAO, the predominant wet conditions observed by our stalagmites were 

coincident with the frequent negative NAO phases reconstruct for the LIA, which has 

also been observed in records from the Iberian Peninsula for the same period (Ramos-

Román et al., 2018). However, during some moments this relation does not exist, like 

~1850 yr CE. Recent observations indicate that negative NAO modes may correspond 

to different configuration of the pressure cells with different consequences in the 

hydrology of the western Mediterranean Sea (Comas-Bru et al., 2014; Sáez de Cámara 

et al, 2015; Comas-Bru et al., 2016). Examples of these different combinations of 

climate modes would be different signs of the NAO/East Atlantic Pattern (Sánchez-

López et al., 2016) or the influence of the Western Russian Pattern (Josey et al., 2011).  
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Figure 3.31. Records from Seán stalagmite compared to SST, TSI, North Atlantic Oscillation (NAO) 
reconstruction and volcanism activity. From top to bottom: Mg/Ca-Sea Surface Temperature (SST) from 
north Minorca (Cisneros et al., 2016); Total Solar Irradiance (TSI; Steinhilber et al., 2009; 2012); δ13C 
and δ18O records; Coordinates of colour CIE-L (Lightness)*a*b*; Sulphur (S) and Titanium (Ti) from 
XRF analyses; North Atlantic Oscillation (NAO) reconstruction; Northern and Global Volcanism (Gao et 
al., 2008; Crowley et al., 2012). Brown vertical band indicates discontinuity and brown layer observed in 
Seán (∼cm 6), which corresponds to the limit between both UBUs in this stalagmite. 

Total Solar Irradiance (TSI; Steinhilber et al., 2009; 2012), the NAO (Faust et al., 

2016), the MOI (Corella et al., 2016) and the storminess in the Gulf of Lion (Sabatier et 

al., 2012). Accordingly to this comparison, most of the multidecadal periods 

representing drier (wetter) conditions in Mallorca are coincident with cold (warm) SST  
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In reference to the MOI, multidecadal trends to drier conditions in Mallorca are mostly 

coincident with more heavy rainfalls in the northeast Iberian Peninsula (Fig. 3.32). 

Nevertheless, certain mismatch in the trends and magnitude of the oscillation of MOI 

and δ18O records has been observed during some moments like after the three solar 

minima and even during the Dalton Minimum (Fig. 3.32) when fewer Heavy Rainfalls 

in northern east Iberian Peninsula are coincident with drier conditions in the central-

western Mediterranean region. It should be noted that the brown layer observed in Seán 

is coincident with an enhancement of heavy rain events in northern Iberian Peninsula 

(Fig. 3.32), which is in agreement with the hypothesis of a punctual flood caused by 

extreme rain event and suggested here like cause of the brown layer. 

3.3.7 Conclusions and future perspectives 

This study presents five stalagmite records from two Mallorca Island caves that 

represent the first speleothem-based hydrological reconstruction for the central-western 

Mediterranean during the last 2.7 kyr (653 yr BCE-1880 yr CE). The carefully 

observation of the architectural elements has been combined with mineralogical X-Ray 

Diffraction characterization, δ18O, δ13C and trace element analyses (Mg/Ca, Sr/Ca and 

Ba/Ca), and complemented in one stalagmite with high resolution optical parameters, 

qualitative elemental composition using a XRF core-scanner system and Micro-CT 

scanning. Chronologies have been produced with accurate U/Th dates. This multi-proxy 

combination methodology has proved that stalagmites from central-western 

Mediterranean region can be adequate tools to provide paleohydrological information 

and the δ18O proxy is a valid proxy to define in drier and wetter periods this context. 

None of the studied stalagmites cover the whole studied period but a good overlap 

exists between them which allows to reproduce most of the discussed climatic intervals 

by two independent stalagmite records with the exception of the Medieval Climate 

Anomaly (MCA) that correspond to an hiatus in the record. General wet conditions 

dominated for the Talaiotic Period (TP) and the early Roman Period (RP), the first half 

of the Early Middle Ages (EMA) and the entire Little Ice Age (LIA), while dry 

conditions characterized the late RP, the late EMA and the entire MCA. The fossil δ18O 

values obtained for the LIA represent the most depleted ones for the studied period, 

which points out this period as the wettest one.  
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Figure 3.32. Oxygen stable isotope records for Seán (darker blue) and Multieix (less intense blue) 
stalagmites compared to data from another studies for the spanned period of the LIA. From top to bottom: 
Total Solar Irradiance (TSI; Steinhilber et al., 2009; 2012); Mg/Ca-Sea Surface Temperature (SST) from 
north Minorca (Cisneros et al., 2016); Paleostorm activity in the Gulf of Lion (Sabatier et al., 2012); 
North Atlantic Oscillation (NAO; Faust et al., 2016); Mediterranean Oscillation Index (MOI) from 
northeast Iberian Peninsula (Corella et al., 2016). Unconformity Bounded Units (UBU) for Seán 
stalagmite are indicated and the vertical brown band corresponds to the limit between them (brown layer 
ca. cm 6). 

An extreme flooding event during the LIA, ca. 1622 yr CE, has been interpreted from a 

distinctive “detrital” brown layer defined in Seán stalagmite which corresponds to 

elevated Ti values and to the presence of micrite crystals filling the porosity from the 

older columnar crystals and also associated to a gastropod test. The LIA record presents 

multidecadal oscillations corresponding to drier (wetter) conditions and coincident with 
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cold (warm) SST in the Balearic Sea, positive (negative) NAO indexes, more (less) 

Heavy Rainfalls in the northeast Iberian Peninsula and higher (lower) storminess 

activity in the Gulf of Lion. Nevertheless, some exceptional periods exist to this overall 

correlation suggesting non-stationary patterns during some moments. Further research is 

needed in order to better understand the complex mechanisms that modulated climate 

patterns in the past and the Mallorca stalagmites potential like paleohydrological 

archives and information derived from historic climate records can be very helpful. 
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Fabrics and architectural elements observations 

The characterization of the internal microstratigraphy of the stalagmites has been done 

following the methodology and the nomenclature proposed by Martín-Chivelet et al. 

(2017) and the observations are synthesized in Figures 3.33-3.35. Interpretations of 

calcite fabrics have followed Frisia et al. (2000). Feni, Ciara, Constantine and Seán 
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stalagmites have an external surface quite regular and a cylindrical shape. Multieix is 

the less regular, presenting three different growth axes.  

Speleothems Feni and Ciara (Fig. 3.33a-b) do no show strict unconformity bounded 

units (UBUs). Along their growth axis white and translucent surfaces has been 

observed. The type of morphostratigraphic units that presents Feni is mostly flat-topped 

(‘puff-pastry’ subtype) and from cm 7-4, growth layers show in some cases small 

concave down geometries, which remember the type rimmed (‘flame-like’ subtype). 

The upper 0.5 cm are formed by a patchy type of morphostratigraphy unit (‘mottled’ 

subtype). The entire stalagmite presents basically an aggradational stacking pattern, 

columnar fabrics and a remarkable lamination (single growth layers ≤ 1 mm).  

Ciara stalagmite is mostly composed by flat-topped and presents different subtypes: 

‘meseta’ from cm 35-32 and the rest ‘puff-pastry’. It should be noted certain change in 

the direction of growth ca. cm 22. This cm also supposes a change in the stacking 

patterns sets: generally aggradational and, from cm 22 to the ∼cm 2.5 to progradational. 

The top 2.5 cm show again aggradational patterns. Fabrics seem to be columnar and the 

lamination is remarkable and differentiated (single growth layers ≤ 1 mm).  

Constantine stalagmite (Fig. 3.34b) is the least translucent of all the pieces and can be 

described in four UBUs. UBU4 (cm 9-7) presents chaotic type in its 

morphostratigraphic units (‘cerebroid’ subtype), progradational geometries and 

pervasive internal dissolution in the top. UBU3 (cm 7-3.5) shows rimmed 

morphostratigraphic units (‘flame-like’ subtype), retractional stacking patterns and 

predominant dendritic fabrics accompanied by some preserved columnar fabric. UBU3, 

as well as UBU2, seems to finish with allogenic horizons, respectively, where darker 

laminae have been observed. UBU2 (cm 3.5-0.8) and UBU1 present flat-topped (‘puff-

pastry subtype) morphostratigraphic units, aggradational geometries and columnar 

fabrics. The presence of aragonite has been discarded by the characterization performed 

at cm 7.5, 6 and 3.5. 

Multieix stalagmite presents three different UBUs and the two boundaries (UBU3 and 

UBU1) show translucent layers while the UBU2 becomes white (Fig. 3.34a). UBU3 

(cm 30.5-22), which is the most translucent, presents a flat-topped shape (‘puff-pastry’ 

subtype), an aggradational geometry, is mostly composed by columnar fabric and by a 
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remarkable lamination and, it seems to have stopped growing during a non-deposition 

(and condensation) hiatus. After that, starts UBU2 (cm 22-5), which is mostly 

composed by a rimmed mosphostratigraphic unit (‘flame-like’ subtype) and tendency to 

progradational geometry. Different types of calcite fabrics composes this UBU2 (Fig. 

3.34a): mostly open columnar between cm 22-17; columnar microcrystalline type at cm 

15; dendritic ca. cm 9.5 and, columnar fabric with some dendritic branches between cm 

11.5-6, approximately. Columnar microcrystalline type has been observed in different 

parts, showing variations in the size of the crystals: enhancement at cm 20; decrease ca. 

cm 17.5 and enhancement again at cm 15.5. Fabrics show changes about cm 10 and 

become dendritic at cm 9.5, which immediately present bigger crystals that coexist until 

cm 5 with some isolated areas composed by dendritic fabrics. UBU2 ends with a 

dissolution (corrosion) hiatus at cm. 5, that correspond to a brown layer (~ 30 µm) 

formed by micrite. In UBU1 (cm 5-top), morphostratigraphic units can be classified as 

flat-topped with dominance of aggradational stacking pattern sets. However, in the 

upper 0.5 cm the stacking pattern sets seem to consist in progradational. Regarding to 

the fabrics, columnar type is predominant. However, the brown laminae (~30 µm) ca. 

cm 5 is formed by micrite fabric and, around this layer isolated areas of mosaic and 

dendritic have been also observed. XRD characterizations performed at cm 28.5, 23, 19, 

11.5, 6.5 and 3.5 have discarded the presence of aragonite. 

Along the growth axis of Seán, a white and translucent surface has been observed. It can 

be considered that Seán consists in two UBUs: UBU2 from the base to cm 6 and UBU1 

from cm 6 to the top. Both UBUs are separated by a brown millimetric layer ca. cm 6 

that follows the general lamination, which could be defined as an allogenic horizon. On 

the one hand, the morphostratigraphic units could be described in a general way, as flat-

topped with well-defined and subhorizontal growth layers. On the other hand, it should 

be noted that two areas with different morphostratigraphic units have been also 

observed ca. cm 9-8 and cm 1.5-0. Although aggradational stacking pattern sets 

(Muñoz-García et al., 2016) are generalized along this stalagmite, retractional patterns 

have been also observed related to these different units ca. cm 9-8 and cm 1.5-0. In 

reference to ca. cm 9-8, we have described patchy morphostratigraphic units (stacked-

hay subtype). Regarding to the cm 1.5-0, we have observed pointed morphostratigraphic 
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units (arrow-head subtype) with growth layers showing retraction plus aggradation. 

Columnar calcite fabrics (Frisia et al., 2000) have been observed in most of the 

speleothem Seán. Nevertheless, at cm 6 from the top, the millimetric brown layer shows 

micrite fabric and, above this layer some isolated mosaic fabrics have been also 

observed. Around cm 6, skeletal components have been distinguished, which could 

correspond to gastropods of 1400 µm length (Fig. 3.36). Seán shows a remarkable and 

uniform lamination (< 1 mm) along the growth axis that becomes more translucent 

every some cm.  

Growth rates 

In Feni stalagmite, the lowest time resolution was 25 yr during ∼492 yr BCE (ca. cm 

10) and 22 years at ∼622 yr BCE (ca. 14.6 cm). Maxima extension rates have been 5 

mm/yr at ∼321 yr BCE (around cm 3.8). In the case of Ciara, the lowest time resolution 

has been higher than the lowest of Feni (8.4 mm yr-1). Minima growth rates seem to 

have been given in some points after 172 yr CE (cm 5) and also at 350 yr BCE (~0.1 

mm yr-1, ca. cm 35). Extension rates in Feni are also quite low around this moment. 

Maxima growth rates (1.5 mm yr-1) are remarkable at ~157 yr BCE (ca. cm 20) and at 

~214 yr BCE (cm 25) and also considerable during ~45 yr CE (ca. cm 9). 

In the oldest parts of Multieix stalagmite (cm 30.5-5; UBU3 and UBU2), the maxima 

values (2 mm yr-1) are reached at 277 CE yr (cm 22.2). Growth rates are also 

remarkable during ~483 yr CE (ca. cm 15) and at ~680 yr CE (cm 10). Minima 

extension rate corresponds to 36 yr BCE (cm 28) and to 222 yr CE (cm 23.3). It should 

be noted several periods with sustained low extension rates like 208-36 yr BCE (cm 29-

28) and 40-108 yr CE (cm 26.5-26). Slightly differences have been observed between 

growth rates averages of both UBUs:  0.3 mm yr-1 during 302 yr BCE-279 CE (UBU3) 

and, 0.5 mm yr-1 during 279-858 yr CE (UBU2). The U/Th date at cm 22 is older than 

the adjacent dates (Table 3.10) and it seems to correspond to a growing that is different 

than those of the central axis. *In the most recent part of Multieix (top 5 cm; UBU1): 

The minima growth rates have been obtained between 1600-1700 yr CE (∼cm 3). Seán 

also showed relative low rates around 1630-1660 yr CE. The Multieix model provided 

remarkable maxima extension rates of 0.4 mm yr-1 before 1515 yr CE (∼cm 4.5). These 

maxima rates are in agreement with those obtained in Seán, although in Multieix are  
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slightly lower. A remarkable increase in the growth rates has been observed in at the 

end of the spanned period of this stalagmite (∼cm 0.5). 

In Constantine stalagmite, the best time resolution has been 5.3 yr around 515 yr CE 

(ca. cm 8,) with a maxima extension rate of 0.2 mm/yr. Considerable growth rate have 

been also obtained at ~672-617 yr CE (ca. cm 6-5). The lowest time resolutions seem to 

have occurred since 900 yr CE approximately, reaching 18 yr (top first cm), which 

correspond to the minima extension rates of 0.06 mm/yr. Slightly differences have been 

found in the growth rates averages of the different UBUs of Constantine. Extension 

rates during the oldest period (423–789 yr CE; UBU4 and UBU3) show averages (0.2 

mm yr-1) slightly higher than the most recent period (789–1102 yr CE; 0.1 mm yr-1; 

UBU2 and UBU1). 

 

 

 

Figure 3.36. Fabric picture of Seán stalagmite at 1622 yr CE (brown layer ca. cm 6). Columnar (C), 
mosaic (Mo) and micrite (m) fabrics, PPL. The arrow indicates the Gastropod test. 

In Seán stalagmite, Growth rate is 0.4 mm yr-1 for the oldest period 1421-1622 yr CE 

(UBU2, from the base to cm 6) and 0.3 mm yr-1 for the most recent period 1622-1844 

yr CE (UBU1, from cm 6 to the top). Minima growth rates in both UBUs are similar 

(0.1 mm yr-1) and are given ca. 1591 yr CE (cm 7; UBU2) and ca. 1805 yr CE (cm 1; 

UBU1). Maxima growth rates present differences between both UBUs: 0.9 mm yr-1 at 

∼1469 yr CE (cm 10, UBU2) and 0.5 mm yr-1 at ∼1680 yr CE (cm 4, UBU1), 

respectively. In this way, the extension rate of the oldest period 1421-1622 yr CE 

(UBU2) presents higher variability than the most recent period 1622 to 1880 yr CE 

(UBU1). Regarding to the micrite layer at cm 6, growth rates are similar to the average 

obtained in the UBU2, which would be indicating no important signs of erosion. 

Paleodripping and growth rates: interpreting speleo-microstratigraphy, age-

models and non-destructive techniques (Micro-CT and XRF) 

All three stalagmites covering the TP (Feni, Ciara and Multieix) show common 
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microstratigraphic with flat-topped ‘puff-pastry’ subtype and aggradational stacking 

patterns (Fig. 3.33 and 3.34a) suggesting moderate stability in the main drip rates. 

However, particular microstratigraphic features have been observed at sub-centennial 

time-scale. From 393 to 322 yr BCE the rimmed morphostratigraphic units (‘flame-like’ 

subtype) of Feni (∼cm 7-4) point out moderate to high drip rates, which could have been 

varied seasonally. This is accompanied by an increase in growth rate. During 395-304 

yr BCE, Ciara also shows, after its minima growth rate (~0.1 mm yr-1; cm 35), a 

variation in its morphostratigraphic units (meseta subtype, cm 35-32). In contrast, 

Feni’s microstratigraphy towards the end of that century (∼300 BCE), present patchy 

type unit (‘mottled’ subtype) and aggradational patterns with columnar fabrics, 

indicating low dripping and possible evaporation. This is accompanied by a decrease in 

growth rates. Around 176 yr BCE, Ciara presents variation in the direction of growth 

and changes from aggradational to progradational patterns suggesting a slight change to 

increasing drip rates. In this moment, occurred the maxima growth rates in Ciara (1.5 

mm yr-1).  

During most of the RP, the microstratigraphic features of Ciara and Multieix (flat-

topped puff-pastry; Fig. 3.33b and 3.34a) indicate a general moderate stability in the 

drip rates. However, certain differences have been observed between the beginning and 

the end of the RP. Before and after ∼200 yr CE, the stacking patters of Ciara change 

from progradational (pointing out increasing drip rates) to aggradational (pointing out 

more uniform drip rates). The minima growth rates in Ciara and the relative low ones in 

Multieix accompanied the first years after the 200 yr CE. In addition, the rimmed 

‘flame-like’ morphostratigraphic units of Multieix could be in agreement with moderate 

drip rates. However, by ∼300 yr CE CE Multieix shows its maxima growth rates 

although it could be an artefact due to the non-deposition (and condensation) hiatus 

observed ∼279 yr CE (top UBU3), which possibly suggests a temporal cessation of 

dripping in the Multieix site. 

The RP-EMA transition is characterized by progradational stacking patterns in 

Constantine (423-548 yr CE; UBU4), which could be indicating increasing drip rates 

from the end of RP to the beginning of the EMA. The predominant dendritic fabrics 

could be formed after sudden fast drips that dissolve the pre-existing fabric developing 

the dendritic fabrics (Fairchild and Baker, 2012; Frisia, 2015), which reinforce the 
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increasing drip rates during the RP-EMA transition. In addition, the trends to chaotic 

type and the top pervasive internal dissolution ∼548 yr CE can be indicating irregular 

drip rates and a change in the water saturation, respectively. It should be noted that 

despite the increase in drip rates interpreted from stacking patterns and fabrics, the 

morphostratigraphic ‘cerebroid’ subtype could be indicating low drip rates during 423-

548 yr CE. Multieix also seem to have grown up during the end of the RP and most of 

the EMA (279-858 yr CE) under unstable and increasing drip rates due its 

microstratigraphic features (UBU2; rimmed mosphostratigraphic units ‘flame-like’ 

subtype) and progradational geometry. This stalagmite shows remarkable growth rates 

during 471-773 yr CE. Unstable and increasing drip rates during most of the EMA are 

in agreement with the conditions indicated by the microstratigraphic features of 

Constantine during 548-789 yr CE (UBU3). The rimmed units, which have been 

observed in both stalagmites spanning EMA, are usually associated to moderate or high 

drip rates (Martín-Chivelet et al., 2017).  

However, the end of the EMA seems to have been characterized in a different way, after 

789 yr CE, the architectural elements of Constantine (UBU2; flat-topped units and 

aggradational stacking patterns) can be associated to more stable drip rates. On the other 

hand, the micrite layer of Multieix at 858 yr CE and the following hiatus could be 

interpreted like lower drip rates. It appears plausible to infer that micrite development in 

speleothems consisting of calcite is favoured by bio-mediation in a regime of relatively 

low discharge (Frisia et al., 2012; Frisia, 2015). 

Regarding to the EMA-MCA transition (UBU 2; 789-1017 yr CE) and the onset of the 

MCA (UBU1; 1017-1102 yr CE), Constantine has been described by flat-topped 

morphostratigraphic units (‘puff-pastry’ subtype) and aggradational geometries, which 

could be indicating rather uniform drip rates through time. About 1017 yr CE, an 

allogenic horizon has been observed in UBU2, which is is accompanied by a relative 

high Al/Ca content, depleted δ18O values and low Mg/Ca ratios (Fig. 3.34). An 

increase in drip rates, consistent with depleted δ18O values and low Mg/Ca ratios, 

could favoured the enhancement of detritus material input (Schimpf et al., 2011), which 

would increase the Al/Ca content. After that, Constantine presents the minima growth 

rates during 1017-1102 yr CE. It should be noted that average growth rates in 

Constantine (0.1 mm yr-1) has been the lowest comparing to the other stalagmites: Feni, 



	
	

225	

Ciara and Multieix (0.8, 0.7 and 0.4 mm yr-1, respectively). No more stalagmites 

growths have been detected in any of the two caves during MCA. Although the absence 

of growing cannot be conclusive evidence, it results significant and it could indicate that 

drip rates during MCA were the minimum of the whole studied period.  

The period covered by Seán stalagmite, 1421-1880 yr CE, is generaly represented by 

flat-topped morphostratigraphic units, aggradational stacking pattern sets, columnar 

fabric and, uniform lamination along the growth axis. The top 5 cm of Multieix (1503-

1844 yr CE) is similarly characterized by flat-topped morphostratigraphic units and 

aggradational stacking pattern sets (Fig. 3.35). The interpretation of all of these general 

features (Frisia et al., 2000; Muñoz-García et al., 2016; Martín-Chivelet et al., 2017) 

points out a moderate stability in the drip rates that reinforce a rather continuous growth 

of both stalagmites also supported by the respective age models,  

Seán stalagmite between 1483 and 1526 yr CE (UBU2), is characterized by patchy 

morphostratigraphy. These kinds of units combined with open columnar, dendritic 

and/or microcrystalline fabrics, could be suggesting slower drip rates and probably 

higher calcite saturation than in the previous growth layers (Martín-Chivelet et al., 

2017). The acetate peels performed along Seán does not show dendritic or 

microcrystalline fabrics. Overall, the transition between 1483 and 1526 yr CE seems to 

indicate slower drip rates than in the rest of the time period covered by Seán stalagmite. 

A drop in growth rates of Seán accompanies these apparent slower drip rates 

Multieix started to grow at ~1503 yr CE, after a hiatus of several centuries, forming 

isolated areas of mosaic and dendritic fabrics (above the cm 5) (Fig. 3.35). These kinds 

of fabrics could be developed by the dissolution of the pre-existing fabric due to sudden 

fast drips (Fairchild and Baker, 2012; Frisia, 2015), which could be indicating the end 

of slow drip rates during transition between 1483 and 1526 yr CE observed in Seán. 

Dendritic fabric can develop by the influence of bio-influenced precipitation, degassing 

and hydrological instability (Frisia, 2015). On one hand, more depleted δ13C values in 

the dendritic fabric than those in columnar fabrics could indicate that kinetic processes 

did not modify the signal in dendritic fabric. On the other hand, when dendritic the 

fabric present heavier δ13C values relative to columnar fabric layers in the same 

specimen, it can indicate enhanced CO2 degassing during the formation of dendritic  



	
	
226	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FE
N

I-
0.

8
24

2.
3

±
0.

5
31

3.
9

±
6.

3
30

1.
9

±
6.

4
12

0.
5

±
1.

9
0.

02
37

±
0.

00
02

23
31

.7
±

16
.2

22
98

.1
±

28
.7

12
1.

3
±

1.
9

-2
84

.1
±

28
.7

FE
N

I-
2.

7
36

6.
2

±
0.

4
34

36
.4

±
68

.9
46

.4
±

1.
0

11
6.

9
±

1.
5

0.
02

64
±

0.
00

01
26

08
.5

±
14

.5
23

63
.9

±
##

#
11

7.
7

±
1.

5
-3

51
.9

±
17

3.
6

FE
N

I-
4

41
2.

5
±

0.
8

24
2.

5
±

4.
9

66
3.

4
±

13
.8

11
6.

9
±

1.
6

0.
02

37
±

0.
00

01
23

33
.2

±
12

.9
23

17
.9

±
16

.8
11

7.
6

±
1.

6
-3

05
.9

±
16

.8

FE
N

I-
5.

1
42

8.
0

±
0.

7
89

.9
±

1.
8

18
62

.5
±

40
.4

10
9.

1
±

1.
8

0.
02

37
±

0.
00

02
23

57
.4

±
17

.9
23

51
.9

±
18

.3
10

9.
8

±
1.

9
-3

39
.9

±
18

.3

FE
N

I-
7.

6
38

8.
3

±
0.

5
68

.7
±

1.
4

22
91

.2
±

48
.4

11
7.

6
±

1.
5

0.
02

46
±

0.
00

01
24

24
.2

±
12

.8
24

19
.6

±
13

.2
11

8.
4

±
1.

5
-4

07
.6

±
13

.2

FE
N

I-
10

.2
37

6.
4

±
0.

7
65

.7
±

1.
4

24
23

.8
±

54
.2

11
9.

1
±

1.
6

0.
02

56
±

0.
00

01
25

26
.3

±
13

.1
25

21
.7

±
13

.5
11

9.
9

±
1.

6
-5

07
.7

±
13

.5

FE
N

I-
12

.5
47

3.
3

±
0.

9
66

.7
±

1.
4

30
56

.4
±

63
.6

11
6.

9
±

1.
6

0.
02

61
±

0.
00

01
25

80
.8

±
12

.2
25

77
.1

±
12

.4
11

7.
8

±
1.

7
-5

65
.1

±
12

.4
FE

N
I-

14
.5

50
9.

8
±

1.
1

21
2.

7
±

4.
3

10
54

.8
±

21
.8

11
9.

6
±

1.
7

0.
02

67
±

0.
00

01
26

29
.5

±
13

.2
26

18
.7

±
15

.3
12

0.
5

±
1.

7
-6

06
.7

±
15

.3

C
IA

R
A

-0
.4

13
.7

±
0.

0
25

.1
±

0.
7

13
9.

0
±

34
.9

20
4.

4
±

1.
7

0.
01

54
±

0.
00

39
14

06
.5

±
35

2.
9

13
62

.3
±

##
#

20
5.

2
±

1.
8

64
9.

7
±

35
4.

2

C
IA

R
A

-1
.4

24
6.

9
±

0.
4

15
8.

9
±

3.
2

46
8.

0
±

10
.3

20
5.

7
±

1.
6

0.
01

83
±

0.
00

01
16

63
.8

±
13

.7
16

48
.3

±
17

.6
20

6.
7

±
1.

7
36

5.
7

±
17

.6

C
IA

R
A

-3
43

7.
9

±
0.

6
16

5.
3

±
3.

4
83

4.
9

±
18

.4
20

3.
0

±
1.

6
0.

01
91

±
0.

00
01

17
46

.3
±

13
.3

17
37

.2
±

14
.7

20
4.

0
±

1.
6

27
6.

8
±

14
.7

C
IA

R
A

-3
.2

42
4.

8
±

0.
7

91
.1

±
1.

9
14

55
.7

±
30

.6
20

3.
2

±
1.

6
0.

01
89

±
0.

00
01

17
28

.5
±

8.
8

17
23

.3
±

9.
6

20
4.

2
±

1.
6

28
8.

7
±

9.
6

C
IA

R
A

-3
.5

43
5.

4
±

0.
6

52
.2

±
1.

1
25

89
.2

±
58

.5
19

8.
9

±
1.

5
0.

01
88

±
0.

00
01

17
24

.8
±

11
.0

17
21

.9
±

11
.2

19
9.

8
±

1.
5

29
0.

1
±

11
.2

C
IA

R
A

-4
.5

47
52

.3
±

5.
8

75
75

.5
±

15
1.

8
20

9.
9

±
4.

5
20

6.
1

±
1.

6
0.

02
03

±
0.

00
02

18
49

.8
±

14
.6

18
11

.3
±

30
.9

20
7.

1
±

1.
6

20
0.

7
±

30
.9

C
IA

R
A

-5
.6

36
6.

2
±

0.
5

33
2.

4
±

6.
7

37
9.

6
±

8.
4

20
2.

9
±

1.
5

0.
02

09
±

0.
00

02
19

10
.0

±
17

.4
18

88
.1

±
23

.3
20

4.
0

±
1.

5
12

5.
9

±
23

.3

C
IA

R
A

-8
.2

40
8.

9
±

0.
6

81
.7

±
1.

7
17

86
.0

±
38

.0
20

2.
7

±
1.

6
0.

02
17

±
0.

00
01

19
80

.2
±

9.
9

19
75

.4
±

10
.5

20
3.

8
±

1.
7

36
.6

±
10

.5

C
IA

R
A

-9
.9

42
0.

7
±

0.
7

36
.0

±
0.

7
41

54
.6

±
87

.8
20

4.
2

±
1.

7
0.

02
15

±
0.

00
01

19
67

.0
±

10
.2

19
64

.9
±

10
.3

20
5.

4
±

1.
7

47
.1

±
10

.3

C
IA

R
A

-1
1.

7
42

0.
6

±
0.

7
45

.3
±

1.
0

33
73

.7
±

75
.1

20
5.

5
±

1.
6

0.
02

20
±

0.
00

01
20

10
.4

±
12

.0
20

07
.8

±
12

.1
20

6.
6

±
1.

6
4.

2
±

12
.1

C
IA

R
A

-1
4.

1
43

2.
7

±
0.

6
47

.7
±

1.
3

33
49

.0
±

92
.4

20
2.

5
±

1.
5

0.
02

24
±

0.
00

01
20

50
.4

±
13

.8
20

47
.8

±
13

.9
20

3.
7

±
1.

6
-3

3.
8

±
13

.9

C
IA

R
A

-1
6.

4
33

9.
1

±
0.

5
15

6.
3

±
3.

3
83

8.
2

±
18

.5
20

3.
8

±
1.

6
0.

02
34

±
0.

00
02

21
42

.6
±

16
.1

21
31

.5
±

17
.9

20
5.

0
±

1.
6

-1
17

.5
±

17
.9

C
IA

R
A

-1
8.

7
42

3.
3

±
0.

6
10

8.
7

±
2.

4
15

30
.5

±
35

.3
20

3.
7

±
1.

5
0.

02
38

±
0.

00
02

21
80

.6
±

15
.5

21
74

.4
±

16
.1

20
4.

9
±

1.
5

-1
60

.4
±

16
.1

C
IA

R
A

-2
1.

8
40

1.
6

±
0.

5
11

8.
4

±
2.

6
13

40
.9

±
31

.4
20

5.
3

±
1.

6
0.

02
40

±
0.

00
02

21
89

.1
±

17
.5

21
82

.0
±

18
.2

20
6.

6
±

1.
6

-1
68

.0
±

18
.2

C
IA

R
A

-2
3.

6
43

8.
8

±
0.

6
17

7.
2

±
3.

7
98

9.
2

±
22

.9
20

4.
8

±
1.

7
0.

02
42

±
0.

00
02

22
14

.0
±

22
.7

22
04

.3
±

23
.7

20
6.

0
±

1.
7

-1
90

.3
±

23
.7

C
IA

R
A

-2
8.

5
44

6.
7

±
0.

8
11

6.
6

±
2.

4
15

77
.7

±
32

.7
20

8.
7

±
1.

8
0.

02
50

±
0.

00
01

22
74

.9
±

9.
9

22
68

.6
±

10
.8

21
0.

1
±

1.
8

-2
56

.6
±

10
.8

C
IA

R
A

-3
0

46
1.

0
±

0.
8

60
.6

±
1.

2
31

14
.7

±
64

.8
20

4.
5

±
1.

6
0.

02
48

±
0.

00
01

22
71

.8
±

10
.3

22
68

.6
±

10
.5

20
5.

9
±

1.
6

-2
56

.6
±

10
.5

C
IA

R
A

-3
1.

5
41

7.
3

±
0.

7
27

8.
2

±
5.

6
62

8.
4

±
13

.4
20

6.
4

±
1.

8
0.

02
54

±
0.

00
02

23
19

.7
±

17
.0

23
03

.7
±

20
.5

20
7.

8
±

1.
8

-2
91

.7
±

20
.5

C
IA

R
A

-3
2.

5
47

6.
0

±
0.

7
47

.2
±

1.
6

42
42

.6
±

15
0.

9
20

6.
6

±
1.

6
0.

02
55

±
0.

00
02

23
29

.6
±

20
.8

23
27

.2
±

20
.9

20
8.

0
±

1.
6

-3
15

.2
±

20
.9

C
IA

R
A

-3
4.

2
46

8.
9

±
0.

7
89

2.
2

±
17

.9
22

4.
3

±
4.

6
20

5.
2

±
1.

7
0.

02
59

±
0.

00
01

23
66

.6
±

12
.4

23
20

.7
±

34
.7

20
6.

5
±

1.
7

-3
08

.7
±

34
.7

(c
or

re
ct

ed
)

(c
or

re
ct

ed
)

(c
or

re
ct

ed
)C

23
0 T

h 
A

ge
 (y

r)
23

0 T
h 

A
ge

 (y
r)

δ2
34

U
In

iti
al

B
B

C
E

/C
E

 y
r

(u
nc

or
re

ct
ed

)

23
0 T

h 
/ 23

8 U
Sa

m
pl

e 
&

 d
is

ta
nc

e 
fr

om
 th

e 
to

p 
(c

m
)

23
8 U

 
23

2 T
h

23
0 T

h 
/ 23

2 T
h

δ2
34

U
A

(p
pb

)
(p

pt
)

(a
to

m
ic

 x
10

-6
)

(m
ea

su
re

d)
(a

ct
iv

ity
)

T
ab

le
 3

.1
0.

 R
es

ul
ts

 o
f U

/T
h 

an
al

ys
es

 o
f s

ta
la

gm
ite

s 
(2

 σ
 e

rr
or

). 
U

 d
ec

ay
 c

on
st

an
ts

: λ
23

8 =
 1

.5
51

25
 ×

 1
0-1

0 (J
af

fe
y 

et
 a

l.,
 1

97
1)

 a
nd

 λ
23

4 =
 2

.8
22

06
 ×

 1
0-6

 (C
he

ng
 e

t a
l.,

 2
01

3)
. 

1	
Th

 d
ec

ay
 c

on
st

an
t: 
λ 2

30
 =

 9
.1

70
5 
× 

10
-6

 (C
he

ng
 e

t a
l.,

 2
01

3)
. C

or
re

ct
ed

 23
0 Th

 a
ge

s 
as

su
m

e 
th

e 
in

iti
al

 23
0 Th

/23
2 Th

 a
to

m
ic

 ra
tio

 o
f 4

.4
 ±

 2
.2

 ×
 1

0-6
. T

he
se

 v
al

ue
s 

ar
e 

th
os

e 
fo

r 
2	

m
at

er
ia

l a
t s

ec
ul

ar
 e

qu
ili

br
iu

m
, w

ith
 th

e 
bu

lk
 e

ar
th

 23
2 Th

 /23
8 U

 v
al

ue
 o

f 
3.

8 
(R

ic
ha

rd
s 

an
d 

D
or

al
e,

 2
00

3)
. T

he
 e

rr
or

s 
ar

e 
ar

bi
tra

ril
y 

as
su

m
ed

 to
 b

e 
50

%
. A

) 
δ23

4 U
 =

 (
[23

4 U
 

3	
/23

8 U
] ac

tiv
ity

 −
 1

) 
× 

10
00

. 
B

) 
δ23

4 U
in

iti
al
 w

as
 c

al
cu

la
te

d 
ba

se
d 

on
 23

0 Th
 a

ge
 (

T)
, 

i.e
., 
δ23

4 U
 i

ni
tia

l 
= 
δ23

4 U
 m

ea
su

re
d 
× 

eλ
23

4x
T
. 

C
) 

B
C

E/
C

E 
st

an
ds

 f
or

 “
B

ef
or

e 
C

om
m

on
 

4	
Er

a”
/C

om
m

on
 E

ra
” 

ye
ar

s. 
N

eg
at

iv
e 

ye
ar

s c
or

re
sp

on
d 

to
 B

C
E 

ye
ar

s. 
A

ge
s i

n 
ita

lic
s a

re
 n

ot
 in

cl
ud

ed
 in

 th
e 

ag
e 

m
od

el
 m

ak
in

g-
up

. 
5	



	
	

227	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C
IA

R
A

-3
4.

8
42

9.
9

±
0.

6
93

0.
4

±
18

.8
21

4.
2

±
4.

5
20

3.
5

±
1.

7
0.

02
81

±
0.

00
02

25
76

.7
±

15
.4

25
24

.4
±

40
.0

20
4.

9
±

1.
7

-5
12

.4
±

40
.0

C
IA

R
A

-3
6

49
2.

1
±

0.
7

31
.6

±
0.

7
67

99
.2

±
15

3.
8

20
3.

7
±

1.
6

0.
02

65
±

0.
00

01
24

23
.8

±
10

.8
24

22
.2

±
10

.8
20

5.
1

±
1.

6
-4

10
.2

±
10

.8

C
IA

R
A

-3
7.

1
38

5.
0

±
0.

5
25

4.
1

±
5.

2
67

6.
2

±
14

.4
19

8.
1

±
1.

5
0.

02
71

±
0.

00
02

24
90

.5
±

15
.5

24
74

.5
±

19
.2

19
9.

4
±

1.
5

-4
60

.5
±

19
.2

C
IA

R
A

-3
9.

4
39

4.
7

±
0.

5
28

2.
3

±
5.

7
63

8.
8

±
13

.5
20

4.
8

±
1.

5
0.

02
77

±
0.

00
02

25
35

.1
±

15
.4

25
17

.9
±

19
.6

20
6.

3
±

1.
5

-5
03

.9
±

19
.6

C
IA

R
A

-4
1.

7
46

1.
5

±
1.

0
94

.4
±

2.
0

22
39

.6
±

47
.8

20
8.

7
±

1.
8

0.
02

78
±

0.
00

01
25

34
.1

±
11

.6
25

29
.1

±
12

.1
21

0.
2

±
1.

8
-5

15
.1

±
12

.1

C
O

N
ST

A
N

T
IN

E
-0

.5
11

8.
0

±
0.

2
20

02
.2

±
40

.1
11

.0
±

0.
4

11
6.

2
±

1.
7

0.
01

13
±

0.
00

04
11

13
.9

±
36

.5
67

0.
7

±
##

#
11

6.
5

±
1.

7
13

45
.3

±
31

5.
7

C
O

N
ST

A
N

T
IN

E
-1

.3
12

9.
2

±
0.

1
12

4.
3

±
2.

9
19

9.
3

±
12

.3
11

8.
4

±
1.

4
0.

01
16

±
0.

00
07

11
39

.8
±

65
.3

11
14

.8
±

67
.7

11
8.

8
±

1.
4

90
1.

2
±

67
.7

C
O

N
ST

A
N

T
IN

E
-2

.6
11

1.
5

±
0.

1
16

7.
0

±
3.

6
12

8.
8

±
7.

9
11

9.
3

±
1.

2
0.

01
17

±
0.

00
07

11
46

.3
±

66
.3

11
07

.4
±

71
.8

11
9.

6
±

1.
2

90
8.

6
±

71
.8

C
O

N
ST

A
N

T
IN

E
-4

.6
11

6.
7

±
0.

2
76

.0
±

1.
7

43
8.

4
±

10
.0

14
8.

5
±

2.
3

0.
01

73
±

0.
00

01
16

55
.2

±
11

.9
16

38
.8

±
16

.7
14

9.
1

±
2.

3
37

8.
2

±
16

.7

C
O

N
ST

A
N

T
IN

E
-6

.6
99

.0
±

0.
1

54
.3

±
1.

3
48

0.
8

±
12

.6
17

8.
5

±
1.

3
0.

01
60

±
0.

00
01

14
87

.8
±

14
.0

14
74

.3
±

17
.0

17
9.

2
±

1.
3

54
2.

7
±

17
.0

C
O

N
ST

A
N

T
IN

E
-8

.5
11

5.
6

±
0.

1
19

7.
7

±
4.

1
12

7.
2

±
6.

5
13

7.
2

±
1.

9
0.

01
32

±
0.

00
06

12
71

.8
±

59
.9

12
28

.1
±

67
.4

13
7.

6
±

1.
9

78
7.

9
±

67
.4

M
U

LT
IE

IX
-0

.6
24

5.
2

±
0.

5
15

0.
0

±
3.

1
45

.5
±

3.
7

17
8.

5
±

2
0.

00
16

9
±

0.
00

01
3

15
6.

2
±

12
.3

14
1.

1
±

16
.3

17
8.

6
±

1.
8

18
72

.9
±

16
.3

M
U

LT
IE

IX
-3

61
1.

7
±

1.
3

59
.4

±
1.

2
54

6.
9

±
14

.0
17

2.
7

±
2

0.
00

32
2

±
0.

00
00

5
29

9.
7

±
4.

6
29

7.
3

±
4.

9
17

2.
8

±
2.

0
17

14
.7

±
4.

9

M
U

LT
IE

IX
-4

.5
35

1.
2

±
0.

4
37

1.
0

±
7.

5
87

.1
±

3.
5

17
5.

2
±

1.
7

0.
00

55
8

±
0.

00
01

9
51

9.
1

±
17

.8
49

2.
9

±
25

.7
17

5.
4

±
1.

7
15

21
.1

±
1.

7

M
U

LT
IE

IX
-5

.8
27

1.
1

±
0.

3
75

5.
1

±
15

.2
82

.2
±

2.
2

17
4.

7
±

1.
7

0.
01

39
±

0.
00

02
12

97
.1

±
22

.8
12

28
.1

±
53

.8
17

5.
3

±
1.

7
78

3.
9

±
53

.8

M
U

LT
IE

IX
-9

37
2.

0
±

0.
5

63
.2

±
1.

3
13

72
.1

±
29

.3
17

3.
7

±
1.

6
0.

01
41

±
0.

00
01

13
21

.0
±

8.
9

13
16

.8
±

9.
4

17
4.

4
±

1.
6

69
5.

2
±

9.
4

M
U

LT
IE

IX
-1

3.
5

37
6.

6
±

0.
5

98
.5

±
2.

0
98

1.
9

±
20

.7
17

5.
2

±
1.

6
0.

01
56

±
0.

00
01

14
54

.5
±

8.
8

14
48

.0
±

9.
9

17
5.

9
±

1.
6

56
4.

0
±

9.
9

M
U

LT
IE

IX
-1

7
32

4.
4

±
0.

5
30

.9
±

0.
6

28
78

.5
±

65
.5

17
8.

3
±

1.
6

0.
01

66
±

0.
00

02
15

47
.6

±
15

.0
15

45
.3

±
15

.1
17

9.
0

±
1.

7
46

6.
7

±
15

.1

M
U

LT
IE

IX
-2

0.
8

32
8.

4
±

0.
5

61
0.

7
±

12
.3

17
0.

2
±

3.
8

18
0.

7
±

1.
7

0.
01

92
±

0.
00

02
17

87
.5

±
16

.7
17

41
.7

±
36

.4
18

1.
6

±
1.

7
27

2.
3

±
36

.4

M
U

LT
IE

IX
-2

2
42

6.
1

±
0.

6
52

.4
±

1.
1

24
12

.8
±

51
.1

18
0.

2
±

1.
5

0.
01

80
±

0.
00

01
16

74
.4

±
9.

8
16

71
.4

±
10

.0
18

1.
0

±
1.

6
34

0.
6

±
10

.0

M
U

LT
IE

IX
-2

3
36

3.
5

±
0.

5
10

8.
4

±
2.

4
10

70
.0

±
25

.5
17

6.
6

±
1.

7
0.

01
93

±
0.

00
02

18
07

.0
±

17
.4

17
99

.7
±

18
.1

17
7.

5
±

1.
8

21
2.

3
±

18
.1

M
U

T
IE

IX
-2

6
39

6.
6

±
0.

6
48

3.
8

±
9.

7
27

9.
4

±
5.

8
17

7.
4

±
1.

6
0.

02
07

±
0.

00
01

19
31

.2
±

9.
9

19
01

.0
±

23
.5

17
8.

4
±

1.
6

11
1.

0
±

23
.5

M
U

LT
IE

IX
-2

8
37

1.
3

±
0.

6
59

.5
±

1.
2

22
66

.9
±

47
.9

17
9.

7
±

1.
7

0.
02

20
±

0.
00

01
20

55
.6

±
12

.4
20

51
.6

±
12

.7
18

0.
8

±
1.

7
-3

9.
6

±
12

.7
M

U
LT

IE
IX

-2
9.

8
34

9.
7

±
0.

5
69

.8
±

1.
5

20
25

.1
±

45
.3

16
8.

9
±

1.
5

0.
02

45
±

0.
00

01
23

09
.4

±
12

.7
23

04
.4

±
13

.2
17

0.
0

±
1.

5
-2

90
.4

±
13

.2

SE
Á

N
-0

.6
42

0.
2

±
0.

6
42

9.
4

±
8.

7
37

.3
±

2.
3

36
5.

0
±

2
0.

00
23

1
±

0.
00

01
3

18
4.

9
±

10
.8

16
3.

1
±

18
.8

36
5.

2
±

1.
9

18
52

.9
±

18
.8

SE
Á

N
-1

.4
36

4.
8

±
0.

5
11

07
.2

±
22

.2
14

.7
±

0.
6

17
6.

0
±

1
0.

00
27

1
±

0.
00

01
0

25
1.

2
±

9.
0

17
6.

1
±

53
.9

17
6.

1
±

1.
4

18
37

.9
±

53
.9

SE
Á

N
-3

60
3.

2
±

1.
1

30
5.

5
±

6.
2

11
5.

6
±

3.
7

18
7.

8
±

2
0.

00
35

5
±

0.
00

00
9

32
6.

5
±

8.
0

31
4.

1
±

11
.8

18
7.

9
±

1.
7

16
97

.9
±

11
.8

SE
Á

N
-5

.4
72

9.
3

±
1.

3
59

8.
3

±
12

.0
79

.2
±

1.
8

15
7.

2
±

2
0.

00
39

4
±

0.
00

00
4

37
2.

1
±

3.
8

35
1.

4
±

15
.1

15
7.

3
±

1.
6

16
60

.6
±

15
.1

SE
Á

N
-6

.6
58

5.
8

±
1.

0
87

.4
±

1.
8

48
0.

7
±

12
.8

15
0.

1
±

2
0.

00
43

5
±

0.
00

00
8

41
3.

4
±

7.
2

40
9.

6
±

7.
7

15
0.

3
±

1.
7

16
02

.4
±

7.
7

SE
Á

N
-8

.4
66

9.
0

±
1.

0
12

1.
2

±
2.

8
54

0.
4

±
17

.6
15

6.
3

±
2

0.
00

59
4

±
0.

00
01

4
56

1.
5

±
13

.1
55

6.
9

±
13

.5
15

6.
6

±
1.

7
14

59
.1

±
13

.5

SE
Á

N
-9

70
3.

3
±

1.
1

21
2.

2
±

4.
3

30
7.

1
±

6.
5

15
0.

7
±

2
0.

00
56

2
±

0.
00

00
4

53
3.

7
±

3.
8

52
6.

0
±

6.
6

15
0.

9
±

1.
5

14
86

.0
±

6.
6

SE
Á

N
-1

0
76

5.
8

±
1.

2
14

6.
7

±
3.

2
98

4.
8

±
33

.6
14

3.
5

±
2

0.
01

14
4

±
0.

00
03

0
10

96
.2

±
28

.8
10

91
.3

±
29

.0
14

3.
9

±
1.

7
92

4.
7

±
29

.0

SE
Á

N
-1

1
42

6.
9

±
1.

0
53

0.
0

±
10

.7
76

.6
±

1.
8

14
0.

3
±

2
0.

00
57

7
±

0.
00

00
8

55
2.

7
±

7.
5

52
1.

0
±

23
.6

14
0.

5
±

1.
8

14
93

.0
±

23
.6



	
	
228	

fabric (McDermott et al., 1999). The dendritic fabrics of Multieix presents more 

depleted δ13C values (-7.3 ‰) than the average values in the stalagmite (-6.9 ‰) but the 

most depleted values (-8.6 ‰) correspond to other intervals. Therefore, bio-influenced 

mineralisation and kinetic processes seem not to have modified largely the studied 

signal in these fabrics. It should be noted that dendritic fabrics have been observed in 

isolated areas. All of this points out that probably dendritic fabrics are not affecting the 

geochemical signal as much as to influence the paleoclimate interpretation.  

Seán stalagmite presents a brown layer at around 1622 yr CE (allogenic horizon), which 

represent a less important unconformity than that around 1503 ca. cm 5 of Multieix 

(dissolution hiatus). Allogenic horizons usually are micro- to millimetric in thickness 

that can represent from minor, eventual episodes to major unconformities. This kind of 

horizons frequently contain allochtonous material, which can have a variable 

provenance like an influx of detritic material from outside the cave, biological activity, 

cave floodings events, etc. (Martín-Chivelet et al., 2017). On the one hand, our age 

models indicate that Seán grew quite continuously up between 1421 to 1880 yr CE and 

growth rates in its brown layer are similar to the average obtained in the UBU2, which 

would be indicating no important signs of erosion or stops in the deposition (Fig. 3.28, 

right panel). In addition, as indicated by the colour-map density provided by the Micro- 

CT scanning, the brown layer follows the general lamination, which is quite continuous 

along the growth axis. Overall, seems to indicate that the allogenic horizon observed ca. 

1622 yr CE consisted in a minor an eventual event. On the other hand, the brown lamina 

is characterized by high content of air, an abrupt change in the colour measurements 

and, according to the XRF results, enhancements Ti concentrations (Fig. 3.31). These 

features could be pointing out that the allogenic horizon of Seán ∼1622 yr CE was 

generated by accumulation of terrigenous material input (Ti peak). 

The LIAb-IE transition (1790 to 1880 yr CE) has been characterized by pointed 

morphostratigraphic units with aggradational plus retractional patterns (cm 1.5-0, 

UBU1, Seán) (Fig. 3.35). If it was coincident with dendritic and/or microcrystalline 

fabrics, possibly could be indicating trends to slower drip rates (Martín-Chivelet et al., 

2017). However, acetate peels do not seem to indicate this kind of fabrics and then, 

slow drips cannot be corroborated in this way. Regarding to minima growth rates in 

Seán, have been obtained around 1805 yr CE. 
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Lastly, towards the end of the period spanned by Multieix (1838-1844 yr CE, cm 0.5) 

the progradational stacking patterns and the remarkable enhancement in the growth 

rates indicate an isolated event when drip rates seem to have increased in the site of this 

stalagmite. 

During all the studied period, drip rates present a moderate stability and stalagmites 

grew up quite continuously, while in those moments with peculiarities in the micro-

stratigraphy slower drip rates mostly accompanied drops in the growth rates. 

3.4. RESUM DELS RESULTATS 

En la present tesi hom presenta un seguit de reconstruccions paleoceanogràfiques i 

paleoclimàtiques pels darrers 2.700 anys a la regió central de la Mediterrània occidental. 

Així, hom ha reconstruït les condicions de les aigües superficials i properes al fons 

mitjançant l’estudi d’indicadors analitzats en testimonis profunds de sediments marins. 

També s’han reconstruït les condicions atmosfèriques (variabilitat hidroclimàtica) a 

través de l’estudi d’estalagmites de coves de Mallorca. El lapse de temps abastat inclou 

els següents períodes climàtics i històrics: el Període Talaiòtic (TP, fins el 123 BCE), el 

Període Romà (RP, 123 BCE-470 CE2), l’Alta Edat Mitjana (EMA, 470 a 900 CE), 

l’Anomalia Climàtica Medieval (MCA, 900 a 1275 CE), la Petita Edat de Gel (LIA, 

1275 a 1850 CE) i l’Era Industrial (1850-present). Els resultats obtinguts s’han plasmat 

en dos articles científics publicats en revistes indexades, més una tercer article que és 

actualment en preparació.  

.Les condicions ambientals de la superfície del mar han estat estudiades mitjançant 

cinc testimonis de sediment provinents de dues localitats (testimonis MIN i MR3). En 

primer lloc s’han reconstruït les temperatures superficials del mar (SST) derivades de la 

ràtio Mg/Ca analitzada al foraminífer planctònic Globigerina bulloides. També s’ha 

treballat amb els canvis en el balanç d’evaporació-precipitació (E-P) regional, 

reconstruïts a partir de la combinació de la ràtio Mg/Ca i mesures de δ18O sobre el 

mateix foraminífer. Pel que fa a la ràtio Mg/Ca, i per avaluar la variabilitat interna dels 

resultats de les anàlisis, hom ha comparat els obtinguts en les dues seccions del 

testimoni MR3.1 (MR3.1A i MR3.1B), les quals foren analitzades per separat. La 

																																																								
	
2 BCE: anys abans de l’era comú. CE: anys de l’era comú. 
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variabilitat interna mitjana obtinguda entre els esmentats registres de Mg/Ca ha estat de 

±0,09 mmol mol-1 (Fig. 3.36), aproximadament equivalent a <0,15°C i molt propera a 

les dades publicades per  Elderfield et al. (2002).  

 

 

 

 

 

 

Figura 3.36. Comparació dels registres de Mg/Ca derivats de dues seccions del testimoni de sediment 
MR3.1: MR3.1B (triangles negres), MR3.1A (quadrats blaus, amb protocol de neteja reductiva) i 
MR3.1A després de la correcció del 23 % (rombes vermells, amb la correcció del protocol de neteja 
reductiva), la qual està relacionada amb la realització del pas reductiu durant la neteja de les mostres de 
foraminífers (veure detalls a l’apartat 3.1.4). Les barres verticals representen les incerteses Mg/Ca a la 
reproductibilitat de cada anàlisi.  

D’altra banda, el calibratge de la SST-Mg/Ca en G. bulloides ha estat revisat i reajustat 

emprant mesures en sediments superficials d’un conjunt de testimonis mostrejats a la 

mar Mediterrània occidental. Aquest estudi també ha permès, a partir de l’anàlisi de 

dades oceanogràfiques regionals, establir que la ràtio Mg/Ca a G. bulloides reflecteix 

principalment condicions de SST primaverals. En aquest punt, cal notar que el rang de 

SST obtingudes en calibratges previs no reflectia condicions oceanogràfiques coherents 

per la zona d’estudi (Taula 3.11). Els resultats de Mg/Ca-SST s’han pogut contrastar 

amb reconstruccions de SST basades en l’anàlisi d’alquenones en els mateixos 

testimonis, compostos que segons diverses interpretacions reflecteixen principalment el 

senyal anual. La interpretació de l’evolució de les SST s’ha centrat en l’anàlisi d’una 

corba “stack” construïda a partir de l’apilament dels registres individuals dels cinc 

testimonis esmentats més amunt. Aquesta estratègia permet obtenir una bona 

representació de les estructures més robustes i eliminar possibles oscil·lacions menors 

representades pobrament a escala regional. Segons la corba composta o “stack” obtingut 

amb les SST-Mg/Ca, el període càlid més sostingut tingué lloc durant el RP, seguit 

immediatament per una tendència cap al refredament interrompuda per vàries 

oscil·lacions a escala secular. Durant la MCA hi hagué algunes fases amb SST 

0 1 0 2 0Depth (cm)

3

4

5
M

g/
C

a 
(m

m
ol

 m
ol

-1
)



	
	

231	

particularment càlides, mentre que la LIA estigué marcada per la inestablitat, amb 

alguns esdeveniments caracteritzats per SST molt fredes, sobretot durant la segona 

meitat d’aquest període. 

Taula 3.11. SST mitjanes obtingudes als primers centímetres de 10 testimonis de sediment mostrejats a la 
regió central de la Mediterrània occidental. Les SST han estat obtingudes després d’aplicar diferents 
calibratges per G.bulloides ja publicats. El rang de SST descrit pels diferents calibratges és massa ampli  
per la zona d’estudi i pel període de l’any durant el qual hom espera la floració de G.bulloides.  

Mg/Ca = A exp (B * SST) A B 
SST mitjana (ºC) 
dels primers cm 

del testimoni 

Mashiotta et al. (1999) 
 

0,474 0,107 21,7 

Lea et al.,(1999) 0,53 0,1 19,4 

Elderfield and Ganssen (2000) 
 

0,56 0,1 18,6 

McConnell i Thunell (2005) 1,2 0,057 6,3 

Cléroux et al. (2008) 0,78 0,082 12,6 

Thornalley, Elderfield i McCave (2009) 0,794 0,1 15,1 

Patton et al. (2011) 0,97 0,066 8,7 

Aquest estudi 0,7045 0,0939 15,3 
 

.Les condicions ambientals de les aigües profundes s’expressen a través de la 

variabilitat en la formació d’aigua fonda (DWF) a la regió septentrional de la 

Mediterrània occidental, estudiada a partir del paràmetre de mida de gra UP10 (fracció 

>10 µm) als testimonis de sediment MIN. La validesa d’aquest paràmetre per 

reconstruir canvis en la intensitat de la DWF en el passat ha quedat reforçada per un 

seguit de dades oceanogràfiques obtingudes in situ entre l’octubre de 2012 i l’octubre de 

2014 mitjançant dos ancoratges instrumentats (moorings) fondejats en aigües profundes 

del golf de Lleó i el nord de la illa de Menorca, respectivament, i equipats amb trampes 

de sediment i correntòmetres. Les dades dels ancoratges mostren augments de la 

velocitat dels corrents marins profunds contemporanis amb episodis de cascades 

d’aigües denses de plataforma i de convecció a mar obert durant el febrer de 2013. La 

distribució de la mida de gra de les partícules decantades a les trampes de sediment 

durant aquest episodi mostra una moda distintiva i valors alts d’UP10, validant així 

l’aplicació d’aquest paràmetre com a indicador  d’augments de DWF. 
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El registre de DWF pels últims 2.500 anys obtingut a partir de sediments del nord de 

Menorca mostra que els esdeveniments més forts van ocórrer durant intervals 

relativament càlids, com el RP, el final de la MCA i la primera part de la LIA. En canvi, 

les dades indiquen una reducció progressiva de la convecció durant l’EMA, la qual 

acaba resultant en esdeveniments més febles de DWF durant la major part de la MCA. 

Esdeveniments intensos de DWF apareixen majoritàriament associats a períodes 

d’increment del balanç E-P, i no tant a la pèrdua de flotabilitat provocada pel 

refredament hivernal de les aigües superficials. Els resultats suggereixen que SST 

càlides durant els mesos de primavera podrien haver tingut un paper important en 

l’increment del balanç E-P, afavorint la pèrdua de flotabilitat de les aigües de superfície 

degut a l’increment induït de la seva salinitat. 

.Les condicions atmosfèriques comprenen la variabilitat hidroclimàtica reconstruïda a 

partir de l’anàlisi de cinc estalagmites tot i integrant diferents paràmetres geoquímics i 

texturals. Aquesta metodologia combinada dóna suport a la validesa d’aquestes 

estalagmites per proveir informació hidroclimàtica. Els valors de δ18O més enriquits en 

l’isòtop pesat ha estat interpretat com indicador de condicions més seques, mentre que 

els empobriments s’han associat a condicions més  humides. La integració dels registres 

derivats de les cinc estalagmites ha permès elaborar la primera reconstrucció regional de 

la variabilitat hidroclimàtica pels últims 2.700 anys, només amb una interrupció de 250 

anys al final de la MCA i inicis de LIA, que s’ha interpretat com causada per condicions 

d’aridesa extrema. D’altra banda, destaquen unes condicions generals més humides a 

començaments del RP, la primera meitat de l’EMA i la LIA, particularment a finals de 

la LIAb. En canvi, les condicions climàtiques foren més seques al final del RP, a la 

segona meitat de l’EMA i durant tota la MCA. La presència d’una capa detrítica 

enriquida en Ti en una de les estalagmites s’ha interpretat com evidència d’una 

inundació extraordinària associada a un esdeveniment extrem de pluja al voltant de 

l’any 1622 CE, dins la LIA. 

La informació derivada de l’estudi dels sediments marins i de les estalagmites per a la 

totalitat del període cobert és integrada i discutida tot seguit, al Capítol 4. 
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