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Abstract

High-resolution climate reconstructions over the past two millennia are important to

understand and verify natural and human-induced climate forcing factors. Terrestrial

archives such as tree rings, speleothems, and lake sediments are generally among the

best suited for high-resolution climate reconstructions, whereas marine sediments, due to

the slow sedimentation rate and bioturbation, often only allow studies at centennial- or

millennial-scale resolution. The study site of this thesis is the Gulf of Taranto, where

previous studies have shown the potential for high-resolution climate reconstructions due

to high sedimentation rates.

The main aims of this thesis were to produce a high-resolution climate reconstruction over

the past two millennia based on isotope stratigraphy and to calibrate and validate the

applicability of ‘clumped isotope’ thermometer to foraminifera for high-resolution climate

reconstructions. In addition, a sedimentological geochemical survey was carried out to

understand the sediment transport processes in the Gulf of Taranto and their evolution

over the Holocene.

As geochemical proxies are potentially biased due to variable terrestrial and marine inputs

in near-coastal environments, an initial core-top calibration based on the isotopic compo-

sition of G. ruber (white) and U. mediterranea was conducted. The results show that the

δ18O of G. ruber (white) is a composite proxy that mainly reflects summer conditions but

is affected by salinity changes and nutrient supply. Variations of δ13C of U. mediterranea

are mainly caused by changing nutrient supply due to the influence of the two main water

masses (the Western Adriatic Current and the Ionian Surface Water) along the southern

Italian coast. The results of core-top calibrations using different geochemical approaches

emphasized the complexity of using these proxies for SST reconstructions in near coastal-

environments. A multiproxy approach based on the TEXH
86, UK′

37 , and δ18O and δ13C of G.

ruber (white and pink) and U. mediterranea was used for the climate reconstruction over

the past 600 years in the Gulf of Taranto. TEXH
86 and UK′

37 co-vary over long time inter-

vals suggesting a common environmental mechanism, although UK′
37 reflects winter/spring

and TEXH
86 summer conditions. Moreover, a negative correlation between TEXH

86 and the

δ18O of G. ruber (white) over large parts of the record shows that changes in circulation

in the Gulf of Taranto occurred more regularly during the last 600 years. Since 1800

the foraminifera and biomarker records indicate a steady increase in eutrophication and

terrestrial input in the Gulf of Taranto due to an increased human impact on the region.



For the high-resolution climate reconstruction over the past two millennia a combination

of δ18O, δ13C, ∆47-temperatures and reconstructed δ18O of the ambient seawater was used

to identify climate feedback mechanisms, and to link climate variations to major global

climate events. The δ13C and δ18O values of G. ruber (white) allow to distinguish several

climatic periods: the Roman Warm Period (400BC to 0) is characterized by relatively

wet and warm conditions; the Dark Ages Cold Period (500 to 750AD), where wetter

conditions in the Gulf of Taranto region are in agreement to large-scale climate events;

the Medieval Warm Period (800 to 1200AD) shows wet and warm conditions in the first

half, and a gradual drying in the second half. Continuing dry conditions characterize the

transition from the Medieval Warm Period to the Little Ice Age.

The new calibration of the ‘clumped isotope’ thermometer on foraminifera using the

automated method on small carbonate samples is in good agreement to former calibration

studies on inorganic and biogenic carbonates and allows reconstructing the δ18O of the

ambient seawater within an error of 0.7�. However, its subsequent application to a

sediment core covering the past 700 years shows that a high amount of sample material

is necessary to detect small temperature changes.

The sedimentological geochemical survey indicates high but variable sedimentation rates

in the Gallipoli shelf over the past 16 cal. ka BP. The sedimentary composition shows

that the present connection between the Gallipoli shelf and South Adriatic Sea and the

development of the modern circulation regime has been established since ∼7 cal. ka BP.

This thesis helps to point out the potential and limits of using geochemical proxies in near-

coastal environments for high-resolution climate reconstruction. The sedimentological and

geochemical surveys show that the Gulf of Taranto has the potential for high-resolution

studies over the Holocene and is thus one of the few regions where high-resolution studies

on marine sediments are possible.

The calibration of the ‘clumped isotope’ thermometer on foraminifera using a new ap-

proach based on the measurement of small carbonate samples shows that it is possible to

produce a high-resolution isotope stratigraphy and at the same time a lower-resolution

∆47-temperature and δ18O reconstruction of the ambient sea water.



Zusammenfassung

Hochauflösende Klimastudien über die letzten zwei Jahrtausende sind wichtig, um natür-

liche und anthropogene Einflussfaktoren auf das Klima verstehen und verifizieren zu

können. Terrestrische Archive wie Baumringe, Stalagmiten und Seesedimente sind beson-

ders gut für hochauflösende Klimastudien geeignet, wohingegen marine Archive durch

ihre geringeren Sedimentationsraten und die mögliche Bioturbation oft nur Klimastudien

mit einer hundert- oder tausendjährigen Auflösung erlauben. Das Untersuchungsgebiet

der vorliegenden Arbeit ist der Golf von Tarent, von dem vorhergehende Studien zeigten,

dass er sich durch seine hohen Sedimentationsraten besonders gut für hochauflösende

Klimastudien eignet.

Die Hauptziele der vorliegenend Arbeit waren neben einer hochauflösenden Klimarekon-

struktion über die letzten zwei Jahrtausende auf der Basis einer Isotopenstratigraphie

die Kalibrierung des
”
Clumped Isotope“ Thermometers für Foraminiferen und die Vali-

dierung dieser Methode zur Verwendung für hochauflösende Klimarekonstruktionen. Des

Weiteren wurde eine sedimentologische und geochemische Untersuchung über das gesamte

Holozän durchgeführt, um Sedimentationsprozesse und deren Entwicklung im Golf von

Tarent über das gesamte Holozän hinweg zu erfassen.

Da geochemische Proxys in küstennahen Gebieten durch einen variablen Eintrag von ter-

restrischen und marinen Quellen beeinflusst sein können, wurde in einem ersten Schritt

eine Kalibrierungsstudie an Oberflächenproben durchgeführt, die auf der Studie der Iso-

topenzusammensetzung von G. ruber (weiss) und U. mediterranea basierte. Die Ergebnisse

zeigen, dass das δ18O vonG. ruber (weiss) ein Mischsignal wiedergibt, welches hauptsäch-

lich die Sommersituation im Golf von Tarent reflektiert, aber sowohl vom Salz-, als auch

vom Nährstoffgehalt des Meerwassers beeinflusst wird. Die Variationen im δ13C von U.

mediterranea sind hauptsächlich durch den Wechsel im Nährstoffangebot bedingt, der

durch den Einfluss der zwei Hauptwassermassen (
”
Western Adriatic Current“ und

”
Ioni-

an Surface Water“) entlang der süditalienischen Küste gelenkt wird.

Die Ergebnisse der Kalibrierungsstudien an Oberflächenproben mit unterschiedlichen geo-

chemischen Proxys zeigten die Schwierigkeiten auf, wenn diese Proxys für Temperatur-

rekonstruktionen in küstennahen Gebieten benutzt werden. Ein sogenannter
”
multiproxy“-

Ansatz basierend auf TEXH
86, UK′

37 , δ18O und δ13C von G. ruber (weiss und pink) und U.

mediterranea wurde für die Klimarekonstruktion der letzten 600 Jahre im Golf von Tarent



benutzt. TEXH
86 und UK′

37 kovariieren über lange Zeitintervalle, was auf einen gemeinsamen

ökologischen Mechanismus hindeutet, obwohl UK′
37 die Winter/Frühling- und TEXH

86 die

Sommersituation wiederspiegelt. Des Weiteren sind TEXH
86 und δ18O von G. ruber (weiss)

über lange Zeitintervalle hinweg negativ korreliert, was darauf hindeutet, dass es über

die letzten 600 Jahre mehrmals zu Zirkulationsänderungen im Golf von Tarent kam. Seit

1800 zeigen die Foraminiferen und Biomarker einen steten Eutrophierungsanstieg und eine

Zunahme des terrestrischen Eintrages im Golf von Tarent an, die mit dem ansteigenden

anthropogenen Einfluss in der Region zusammenhängen.

Für die hochauflösende Klimarekonstruktion über die letzten zwei Jahrtausende wurden

∆47-Temperaturen, δ18O-, δ13C-, und rekonstruierte δ18O-Werte des Meerwassers kom-

biniert, um klimatische Rückkopplungsmechanismen zu identifizieren und Klimavariatio-

nen mit globalen Klimaereignissen zu verbinden. Mit den δ13C- und δ18O-Werten von

G. ruber (weiss) ist eine Einteilung in einzelne Klimaperioden möglich: Die sogenannte

”
Roman Warm Period“ (450BC-0) zeichnet sich durch relativ warme und feuchte Kli-

maverhältnisse aus; in der sogenannten
”
Dark Ages Cold Period“ (500-750AD) sind die

vorwiegend feuchteren Klimabedingungen im Golf von Tarent mit globalen Klimaereignis-

sen im Einklag; die mittelalterliche Warmzeit (800-1200 AD) zeigt warme und feuchte

Bedingungen in ihrer ersten Hälfte und einen sukzessiven Trend zu trockeneren Bedin-

gungen in der zweiten Hälfte an. Der Übergang von der mittelalterlichen Warmzeit zur

Kleinen Eiszeit zeichnet sich durch anhaltend trockene Verhältnisse aus.

Die neue Kalibrierung des
”
Clumped Isotope“ Thermometers auf Foraminiferen mit der

automatisierten Methode für kleine Karbonatproben ist in guter Übereinstimmung mit

vorherigen Studien mit inorganischen und biogenen Karbonaten und ermöglicht die Rekon-

struktion des δ18O vom umgebenden Meerwasser mit einer Unsicherheit von 0.7�. Aller-

dings zeigt sich bei der anschliessenden Anwedung der Methode auf einen Sedimentkern

über die letzten 700 Jahre, dass eine grosse Menge Probenmaterial notwendig ist, um

kleine Temperaturänderungen messen zu können.

Die Ergebnisse der sedimentologischen und geochemischen Untersuchung haben gezeigt,

dass die Sedimentationsrate über die letzten 16 cal. ka BP auf dem Gallipoli-Schelf hoch,

aber variabel war. Die Analyse der Sedimentzusammensetzung zeigte, dass die heutige

Verbindung zwischen dem Gallipoli-Schelf und der Süd-Adria und die Entwicklung des

moderne Zirkulationsregimes ca. 7 cal. ka BP begannen.

Die vorliegende Arbeit zeigt das Potential, aber auch die Grenzen der Verwendung un-

terschiedlicher geochemischer Proxys in küstennahen Gebieten für hochauflösende Kli-

mastudien auf. Die sedimentologische und geochemische Untersuchung zeigt, dass hoch-

auflösende Klimastudien im Golf von Tarent über das gesamte Holozän möglich sind.

Die Kalibrierung des
”
Clumped Isotope“ Thermometers auf Foraminiferen mit einem

neuen Ansatz basierend auf der Messung von kleinen Karbonatproben hat gezeigt, dass

es möglich ist, eine hochauflösende Isotopenstratigraphie und gleichzeitig eine niedriger

aufgelöste ∆47-Temperatur und δ18O Rekonstruktion des umgebenden Meerwasser zu

erzeugen.
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CHAPTER 1

Introduction

Climate change and its impact on the socio-economic development, ecological systems and

human health has become an important political issue over the past decades (e.g., IPCC

2001, Xoplaki et al., 2003). For a better prediction and understanding of possible future

climate scenarios it is essential to understand the mechanisms, causes, and amplitude of

natural climate variability. Climate reconstructions over the past millennia have shown

that natural forcing factors such as changes in solar irradiance and volcanic eruptions were

the main drivers of the major global mean surface temperature changes before the 20th

century warming (Mann, 2007; Wanner et al., 2008; Steinhilber et al., 2009). However, so

far a global coherence between natural forcing factors and climate variability on decadal

to multi-century scale could not be established because of the complexity of the spatially

variable climate feedback mechanisms and the difficulty to quantify external forcing mech-

anisms in the late Holocene (Wanner et al., 2008). Climate reconstructions at sub-decadal

resolution are important to determine natural climate variability and contribute to the

understanding of the human influence on climate (Jones et al., 2009; Berkelhammer et

al., 2010; Fauria et al., 2010).

The Mediterranean is a climatologically sensitive area between the subtropical high pres-

sure belt and the mid-latitude westerlies, where changes in the intensity and extent of

global-scale climate patterns such as NAO, ENSO, and the Asian Monsoon can be ob-

served (Trigo et al., 1999; Lionello et al., 2006). However, because of its quasi-enclosed

character and its complex land topography, the Mediterranean Sea is a heat reservoir and

a source of moisture with complex regional-scale climate variations (e.g., cyclones and

land-sea wind systems; Trigo et al., 1999; Xoplaki et al., 2003; Lionello et al., 2006). The

Mediterranean is a fertile and densely populated region with a high agricultural produc-

tivity since Roman times (e.g., Lamb 1977; Reale et. al., 2000). The human impact on

the environment could be observed in pollen records from north and south of the Alps

and the central Mediterranean indicating deforestation and intensified land-use starting

650 BC (Oldfield et al., 2003; Tinner et al., 2003). It is therefore an excellent region to

study past climate variability, especially in relation to socio-economic development (e.g.,

Reale et al., 2000; Büntgen et al., 2011). Lake sediments, tree rings, and speleothems are
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generally among the best archives for high-resolution climate reconstructions, whereas

marine sediments, due to the slow sedimentation rate and bioturbation, often only al-

low studies at centennial or millennial resolution. Previous studies on sediments from

the Gulf of Taranto have shown high and continuous sedimentation rates over the past

millennia which allow high-resolution reconstructions at decadal to centennial scale (Cini

Castagnoli et al., 1992; Versteegh et al., 2007). However, in near-coastal environments,

seasonally variable terrestrial and marine feedback mechanisms have to be considered as

well (cf. Chapter 5 for a detailed discussion). Therefore, leveraging indications that the

Gulf of Taranto is suitable for high-resolution climate reconstructions, new multiproxy

studies were initiated in the framework of the Project MOCCHA, of which this thesis is

part.

1.1 The MOCCHA project

The MOCCHA project is a “Multidisciplinary study Of Continental/ocean Climate dy-

namics using High-resolution records from the eastern MediterrAnean” and is part of the

EUROCORES-EUROMARGIN program. The main aim of the project is to calibrate and

validate new marine and terrestrial paleoclimate proxies and apply them to reconstruct

climate at decadal to sub-decadal resolution from sediment cores from the Gulf of Taranto.

Four different groups were working on the project with the main foci on:

� Variations in sediment geochemistry and trace element composition of benthic fo-

raminifera (Utrecht University)

� Organic microfossil-based environmental reconstructions (dinoflagellates) and land-

sea correlation (Bremen University)

� Lipid-based environmental reconstructions and their relation to climate forcing

mechanisms (Bremen University)

� High-resolution isotope stratigraphy and the calibration and application of the

‘clumped isotope’ thermometer to foraminifera (ETH Zurich).

During two research cruises on the RV Pelagia in autumn 2008 (DOPPIO) and autumn

2009 (MACCHIATO), a number of piston cores, multicores, and water samples were

taken, and the bathymetry was reconstructed with several mutlibeam surveys. These

cruises completed the data and sample set obtained during the cruises CAPPUCCINO

on the RV Poseidon in 2006, which focused on collecting topmost sediment samples along

the Southern Italian coast, and ESPRESSO on the RV Universitatis in 2005, where a

pilot sampling and a preliminary study of the sediments was the main task. For the

multidisciplinary approach of the MOCCHA project all members worked when possible

on the same core material.
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1.2 Study site

The Gulf of Taranto located in the northwestern Ionian Sea between eastern Calabria and

Apulia (Figure 1.1). A high seasonal variability and complex water mass distribution as

a consequence of plume dynamics and mixing of surface and dense bottom water currents

is characteristic for the circulation in the Gulf of Taranto (Sellschopp and Álvarez, 2003;

Milligan and Cattaneo, 2007). Two main surface water masses are present in the Gulf

of Taranto: the Western Adriatic Current (WAC), a less saline, nutrient-rich water mass

flowing in a narrow coastal band from the northern Adriatic Sea into the Gulf of Taranto

and the warmer and more saline Ionian Surface Water (ISW) from the central Ionian Sea

(Poulain, 2001; Bignami et al., 2007; Turchetto et al., 2007; cf. Figure 1.1).

The fluvial input drives the primary productivity of the Adriatic Sea (e.g., Boldrin et al.,

2005). The WAC receives its fluvial input from the Po river in the north and additional

fluvial input from many smaller Alpine and Apennine rivers flowing into the northern

Adriatic Sea (Turchetto et al., 2007). During summer the WAC is weaker as a consequence

of reduced river discharge, decreasing the inflow into the Gulf of Taranto, whereas during

winter and spring the WAC achieves maximal flow rate and volume. The Levantine
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Figure 1.1: Scheme of the circulation and major water masses pathways of the Adriatic
Sea and the Gulf of Taranto (WAC-Western Adriatic Current; ISW-Ionian Surface Water;
LIW-Levantine Intermediate Water; ADW-Adriatic Deep Water).
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Intermediate Water (LIW), a highly saline water mass, is present in depths between 200

and 600m. It flows from the central Ionian Sea into the Gulf of Taranto (Savini and

Corselli, 2010). The bottom layer is characterized by the Adriatic Deep Water (ADW),

a dense water formation which is generated during winter in the northern Adriatic Sea

(Turchetto et al., 2007; Savini and Corselli 2010). Previous studies have shown a high

sedimentation rate over the last millennia in the Gulf of Taranto (e.g., Cini Castagnoli et

al., 1992, 1999). However, the sediment transport and accumulation in the Gulf of Taranto

is discontinuous and dependent on bottom currents (Maliverno et al., 2010), which vary

seasonally and interannually along the western Adriatic coast (Milligan and Cattaneo,

2007) and in the Gulf of Taranto. Therefore, it is essential to study the sediment regime

in the Gulf of Taranto for high-resolution climate reconstructions (cf. Chapter 4).

1.3 Isotope geochemistry on foraminifera

The stable oxygen and carbon isotope geochemistry of foraminifera is one of the most

important tools in paleoceanographic and paleoclimatolgy (Emiliani, 1955; Shackleton,

1967; Hemleben et al., 1989; Ravelo and Hillaire-Marcel, 2007). In their pioneer work

on stable isotope geochemistry, Urey (1947), McCrea (1953), and Emiliani (1955) show

that the oxygen isotope fractionation between water and minerals is dependent of tem-

perature. Emiliani (1955) used the oxygen isotope composition of planktic foraminifera

to reconstruct glacial-interglacial swings showing the potential of foraminifera as a proxy

for paleotemperature reconstructions. The oxygen isotopic composition of foraminifera

calcite varies as a function of the growth temperature and the isotopic composition of the

ambient seawater in which the calcification takes place (Waelbroek et al., 2005), hence

if the δ18O of the seawater is known the calcification temperature can be calculated. In

ancient environments the oxygen isotope values of seawater can only be estimated, which

provokes a large uncertainty in reconstructed sea surface temperatures (SST). Changes in

the global ice volume (Shackleton and Opdyke, 1973) and in salinity due to regional hy-

drological changes such as evaporation, atmospheric vapor transport, precipitation, and

runoff can cause variations in δ18O of seawater (Craig and Gordon, 1965; Broecker et

al., 1986; Rohling and Cook, 1999). Moreover, species-specific characteristics like depth

habitat and factors which could cause disequilibrium, such as ontogenetic effects, sym-

biont photosynthesis, respiration effects, and gametogenic calcite have to be considered

(Rohling and Cook, 1999). Today, the factors controlling the geochemistry of foraminifera

are relatively well understood in pelagic settings, while in near-coastal environments their

analysis is more complex (Waelbroeck et al., 2005). In near-coastal regions, a wide range

of seasonally variable factors such as salinity, temperature, and nutrient supply might

influence the stable isotopic composition of planktic and benthic foraminifera (Martinez

et al., 1998; Ding et al., 2006). Therefore, it is important to study possible influences of

sediment transport, water circulation patterns, temperature variability, seasonality, and

food availability on recent material to understand and identify possible bias mechanisms

and include them in the interpretation of past variations (Schmiedl et al., 2000). A de-

tailed analysis of the recent environmental conditions along the southern Italian coast and
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the effect on benthic and planktic foraminifera is presented in Chapter 2.

1.4 Carbonate ‘clumped isotopes’ thermometry

The ‘clumped isotope’ geochemistry is concerned with the state of ordering of heavy

isotopes in molecules with more than one rare isotope (Wang et al., 2004; Schauble

et al., 2006; Eiler et al., 2004, 2007). The ‘clumping’ of 13C-18O bonds in carbonates

is temperature-dependent according to a theoretical random distribution (Wang et al.,

2004) and based on a homogeneous equilibrium, where only a single mineral phase is in-

volved in the isotopic exchange (e.g., Schauble et al., 2006): Ca12C18O16O2 + Ca13C16O3

= Ca13C18O16O2 + Ca12C16O3. Moreover, it has been shown that the ‘clumping’ is in-

dependent of the δ13C of the dissolved inorganic carbon (DIC) and the δ18Ow (Ghosh et

al., 2006). This provides the opportunity to determine the temperature of the precipi-

tation of the calcite via the abundance of 13C-18O bonds in carbonate and at the same

time to calculate the δ18O of seawater in which the organism lived. The first calibration

of the ‘clumped isotope’ thermometer was based on the comparison of the ∆47-value of

CO2 released by phosphoric-acid digestion to the growth temperature of experimentally

precipitated calcite and of different biogenic calcites from organisms grown at a known

temperature (Ghosh et al., 2006; Eiler et al., 2007).

Massa Isotopologue relative abundance

44 16O-12C-16O 0.98%
45 16O-13C-16O 0.01%

17O-12C-16O 748ppm
46 18O-12C-16O 0.00%

17O-13C-16O 8.4ppm
17O-12C-17O 142ppb

47 18O-13C-16O 44.4ppm
18O-12C-17O 1.50ppm
17O-13C-17O 1.60ppb

48 18O-12C-18O 3.96ppm
17O-13C-18O 16.8ppb

49 18O-13C-18O 44.5ppb

Table 1.1: Stochastic abundance of CO2 isotopologues. a Nominal cardinal mass in AMU.
Assuming 17O/16O and 18O/16O ratios equal to the VSMOW standard and 13C/12C ratio equal
to the PDB standard. Eiler (2007) (modified).

As 13C18O162- makes up only ∼40ppm of natural CO2 (Eiler et al., 2004), a very high

analytical precision and accuracy is necessary (Eiler, 2007) (Table 1.1): The temperature

sensitivity of the method is∼0.004-0.005�/◦C in the temperature range of 0-50◦C (Ghosh

et al., 2006). Ghosh et al. (2006) show in their calibration on inorganic calcite that

temperatures between 1◦C to 50◦C show a range of ∆47-values between 0.75� to 0.5�.

To date, several additional calibrations of biogenetic carbonates, such as fish otoliths

(Ghosh et al., 2007), foraminifera and coccoliths (Tripati et al., 2010), deep-sea corals
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(Thiagaranjan et al., 2011), and one on tooth enamel bioapatite (Eagle et al., 2010) have

been published (cf. Figure 1.2).
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Figure 1.2: ∆47-temperature relationship based on inorganic (Ghosh et al., 2006; Dennis and
Schrag, 2010) and biogenetic carbonates; the calibration lines and their 95% conficence interval
(on inorganic carbonates by Ghosh et al. (2006) (black); using all biogenetic carbonates and
the inorganic carbonates by Ghosh et al. (2006) (blue); the theoretical calibration by Gou et
al. (2009) (green); inorganic carbonates by Dennis and Schrag (2010) (olive)).

All these calibrations are in agreement with the original calibration by Ghosh et al.

(2006) (cf. Figure 1.2). In 2010 Dennis and Schrag published a new calibration based

on inorganically precipitated calcite that shows a much shallower slope compared to all

other calibrations. The calibration by Dennis and Schrag (2010) is, however, in agreement

with the theoretical calibration of Guo et al. (2009) (cf. Figure 1.2). The discrepancy

between the Dennis and Schrag (2010) and the Ghosh et al. (2006) calibrations could be

due to poor inter-laboratory calibration (Dennis and Schrag, 2010). To make results from

different laboratories more comparable, Dennis et al. (2011) launched a new absolute

reference frame based on the calibration of CO2 equilibrated with waters of different

δ18O composition. However, even after this inter-laboratory calibration the cause of this

difference remains to be explained and may be related to analytical and/or experimental

issues (Tripati et al., 2010; Dennis et al., 2011).

In the original method, a large amount of sample material (8-15mg) and time-consuming

measurements are necessary, which is especially not suited for high-resolution proxies,
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where only a small amount of sample is available. Schmid and Bernasconi (2010) devel-

oped a new automated method for ‘clumped isotope’ measurements on small carbonate

samples which is based on repeated analyses of 150-200g aliquots (n = 6-15) of sample ma-

terial and completely automated measurements. This allows producing a high-resolution

δ18O and δ13C stratigraphy and, at the same time, a lower-resolution ∆47-temperature

and δ18Ow reconstruction (Bernasconi et al., 2011). A calibration study that applies this

approach to foraminifera is presented in Chapter 3.

1.5 Objectives and thesis outline

The two main objectives of this thesis are:

� The analysis of oxygen and carbon isotopes of planktic and benthic foraminifera to

produce a high-resolution isotope stratigraphy over the past two millennia.

� The calibration and application of the ‘clumped isotope’ thermometer to foramini-

fera for high-resolution climate reconstructions.

This thesis is structured as follows:

Chapter 2 “Core-top calibration of δ18O and δ13C of G. ruber (white) and U. mediter-

ranea along the southern Adriatic coast of Italy” (published in Marine Micropaleontology

77, 175-186). The aim of this study was to quantify the effect of salinity and nutrient

supply on the δ18O and δ13C of foraminifera in a near-coastal setting. The results provide

a detailed picture of the recent environmental conditions along the southern Italian coast

during summer and the environmental and climatic feedback mechanisms on the isotopic

record of G. ruber (white) and U. mediterranea.

Chapter 3 “Calibration and application of the ‘clumped isotope’ thermometer to fora-

minifera for high-resolution climate reconstructions” using a newly developed technique

on small carbonate samples. Its aim was to verify former calibration studies in an in-

dependent way and with different analytical procedures than other laboratories by con-

ducting a new calibration on foraminifera with growth temperatures ranging between 3◦C

and 29◦C. Moreover, the utility of the ‘clumped isotope’ thermometer was assessed for

paleoceanographic and paleoclimate reconstructions using a multicore from the central

Mediterranean covering the past 700 years.

Chapter 4 “High-resolution environmental changes in Holocene sediments from the

Gulf of Taranto, Central Mediterranean”. This study is an extensive, high-resolution,

sedimentological-geochemical survey using geoacoustics, XRF-core scans, ICP-AES, AMS
14C-dating and grain size analyses of sediments in 11 cores from the Gallipoli area, the

Gulf of Taranto, the southern Adriatic Sea and the central Ionian Sea spanning the 16
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cal. ka BP. The main aim of this work was to reconstruct a stratigraphic framework and

to understand the sedimentogical regime in the Gulf of Taranto. Moreover, variations

in the elemental composition of the cores’ sediment were used to infer paleoclimate and

circulation changes in the Gallipoli area during the Holocene.

Chapter 5 “What do SST proxies really tell us? A high-resolution multiproxy (UK′
37 ,

TEXH
86 and foraminifera δ18O) study in the Gulf of Taranto, central Mediterranean Sea”

based on UK′
37 (alkenones from haptophytes), TEXH

86 (membrane lipids of marine crenar-

chaeota) and δ18O and δ13C of G. ruber (white and pink) and U. mediterranea. This

study examines the effect of seasonality on the proxies and investigates how they are in-

fluenced by climatic conditions, circulation changes, nutrient distribution variability, and

the human impact for the last 600 years in the Gulf of Taranto.

Chapter 6 “Climate of the past 2500 years in the eastern Mediterranean: A high-

resolution climate reconstruction based on ‘clumped-isotope’ thermometry, δ18O and δ13C

of G. ruber (white)”. The aim of this study was to identify climate feedback mechanisms

and to link climate variations to major global climate events over the past two millennia.

The combined analyses δ18O and δ13C and ‘clumped isotopes’ ∆47-temperature and δ18Ow

reconstructions allow to isolate temperature and salinity changes and to clearly identify

environmental forcing mechanism in the study area.

Chapter 7 This is a summary of the most important findings of the presented thesis

and an outlook on future prospects in the domains of ‘clumped isotope’ geochemistry and

high-resolution climate reconstruction.
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CHAPTER 2

Core-top calibration of δ18O and δ13C of G. ruber (white) and

U. mediterranea along the southern Adriatic coast of Italy∗

Abstract

We carried out an extensive survey of the oxygen and carbon isotope composition of the

planktic species G. ruber (white) and of the benthic species U. mediterranea along the

southern Italian coast of the Adriatic Sea and in the Gulf of Taranto. Comparison with

seasonal satellite-based sea surface temperature maps and water column profiles as well as

with several sets of water samples allows estimation of the effect of salinity and different

nutrient supply on the δ18O and δ13C of foraminifera. The results indicate that G. ruber

(white), while being highly affected by different salinity and nutrient distributions related

to circulation patterns of major water masses, dominantly record summer temperature

conditions. U. mediterranea reflect the recent environmental conditions, such as nutrient

supply and bottom water temperature characteristics, along the southern Italian coast and

clearly show the transition from a near-coastal eutrophic system to an offshore oligotrophic

system.

2.1 Introduction

The analysis of stable oxygen and carbon isotopes of foraminifera is an important tool

for paleoceanography and paleoclimate reconstructions (Emiliani, 1955; Shackleton, 1967;

Hemleben et al., 1989; Ravelo and Hillaire-Marcel, 2007). While in pelagic settings the

factors controlling the geochemistry of foraminifera are relatively well understood, the

application of this geochemical tool to near-coastal environments is more complex. En-

vironmental parameters such as salinity, temperature and nutrient supply exhibit strong

variability with distance to the coast (Martinez et al., 1998; Ding et al., 2006) and they

∗Published in Marine Micropaleontology 77 (2010) 175-186, as Grauel, A.L., Bernasconi, S.M.; Core-
top calibration of δ18O and δ13C of G. ruber (white) and U. mediterranea along the southern Adriatic
coast of Italy; doi:10.1016/j.marmicro.2010.09.003 (modified).
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have to be taken into consideration in the interpretations. Shallow-water near-coastal

environments have generally higher sedimentation rates than pelagic environments and

thus allow climate reconstructions of higher resolution. However, in near-coastal regions

a wide range of factors may influence the stable isotopic composition of planktic and ben-

thic foraminifera. Therefore, it is of paramount importance to carry out isotopic studies

of recent samples to evaluate possible influences of sediment transport, water circulation

patterns, temperature variability, seasonality and food availability (Schmiedl et al., 2000).

The objective of this study was to identify and isolate the main influences on the carbon

and oxygen isotopic geochemistry of the species U. mediterranea and G. ruber (white)

in a complex environment, the Gulf of Taranto, Italy. Sedimentation in the Gulf of

Taranto is influenced by marine as well as terrestrial factors, and has a great potential

for climate reconstruction at sub-decadal resolution (e.g., Versteegh et al., 2007). This

calibration study was carried out on an extensive set of sediment surface samples taken

during the POSEIDON cruise ‘CAPPUCCINO’ in July 2006 (Zonneveld et al., 2008) and

the PELAGIA cruise ‘DOPPIO’ in October/November 2008 along the southern Italian

coast. Due to input from the Po River and the complex hydrography of the Adriatic,

it is very important to determine the different factors influencing geochemical signatures

of benthic and planktic species under recent environmental conditions before applying

them to paleoclimate reconstructions. In this study, we measured the oxygen isotope

composition of the benthic and planktic foraminifera from the top 3 cm of multicores

and compared them to seasonal satellite-based sea surface temperature maps and water

column profiles, as well as to a set of water samples from the Gulf of Taranto in order to

estimate the effect of salinity and nutrient supply on the δ18O and δ13C of foraminifera.

With this calibration we are able to evaluate the robustness of reconstruction of past

temperature and hydrographic conditions in the Gulf of Taranto from sediment cores in

ongoing studies.

2.1.1 Hydrography of the Adriatic Sea

The Adriatic Sea is an epicontinental basin with a low topographic gradient in the north

and a deeper shelf further south (Artegiani et al., 1997a; Turchetto et al., 2007). It

is located between the Italian Peninsula and the Balkans with the major axis in the

northwest-southeast direction. It can be divided into three sub-basins: the northern

basin (∼35 m depth) with shallow sea water mass characteristics, the middle Adriatic

(∼144 m depth), a transitions basin and the southern basin which is characterized by a

wide depression – the southern Adriatic Pit (∼1200 m depth) – and open sea water mass

characteristics (Artegiani et al., 1997a). Due to these bathymetric features the circulation

in the Adriatic Sea is mainly cyclonic (Sellschopp and Álvarez, 2003, Figure 2.1). The

water mass exchange with the Mediterranean Sea occurs through the Otranto channel

where at the surface Ionian Surface Water (ISW) and the Levantine Intermediate Water

(LIW) continuously enters the Adriatic. The ISW flows northward along the Croatian

coast (Artegiani et al., 1997a; Grbec et al., 2007; Turchetto et al., 2007). Part of the

entering water turns westward and recirculates towards the Italian coast. In addition, the

discharge of the Po River has a significant influence on the circulation (Artegiani et al.,
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Figure 2.1: Scheme of the circulation and major water masses pathways in the Adriatic
Sea (ISW-Ionian Surface Water, LIW-Levantine Intermediate Water, WAC-Western Adriatic
Current).

1997a; Turchetto et al., 2007) leading to the formation of the Western Adriatic Current

(WAC) which is colder and less saline than the ISW and flows southward along the western

Adriatic coast (Bignami et al., 2007). The Adriatic Sea behaves like a dilution basin in all

seasons (Artegiani et al., 1997b). Besides the less saline water masses the river discharge

brings large fluxes of nutrients into the basin (Marini et al., 2008).

The surface water undergoes a seasonal temperature cycle with maximal temperatures

during summer and a maximum mixed layer depth during winter (Artegiani et al., 1997a).

The salt balance of the surface layer is affected by freshwater river runoff in all three basins

during spring and summer, and the fresh-coastal waters of the WAC are always separated

and distinguishable from the open sea waters in all seasons (Artegiani et al., 1997a).

During summer (July-August-September) the hydrographic conditions in the southern

Adriatic are characterized by thermohaline stratification with low density and high tem-

peratures in the surface layer (Turchetto et al., 2007). The lower salinity water coming

from the north, however, is limited to a narrow belt near the Italian coast (Turchetto et

al., 2007). According to Poulain (2001) the WAC has similar characteristics during fall,

winter and summer but is characterized by a strongly reduced offshore transport during

the warm season (April-September) (Bignami et al., 2007).

In the Gulf of Taranto we find complex water mass distributions (Sellschopp and Álvarez,

2003) because of the influence from the less saline water masses coming from the Adriatic
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Sea and flowing in a small band along the coast of the Gulf of Taranto, and the water

masses coming from the Ionian Sea which have a higher temperature and salinity.

2.2 Material and Methods

A number of multicores and water samples have been collected along the southern Adri-

atic coast, in the Strait of Otranto and in the Gulf of Taranto (Figure 2.2) during the

POSEIDON cruise ‘CAPPUCCINO’ in June 2006 (Zonneveld et al., 2008), the PELAGIA

cruise ‘DOPPIO’ in October/November 2008 and the PELAGIA cruise ‘MACCHIATO’

in November/December 2009. The multicores provided sediments with an undisturbed

sediment-water interface (Zonneveld et al., 2008). For the sediment surface analysis we

used the first 3 cm (3 × 1 cm slices) of 46 multicores (41 samples from the ‘CAPPUC-

CINO’ cruise and 5 samples from the ‘DOPPIO’ cruise) (Table 2.1). Information on the

sedimentation rate based on 210Pb dating is available for 15 of the study sites (Zonneveld

et al., 2009) (Table 2.1).
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ID Cruise Station No Lat Lon
Bottom
Depth [m]

Material
SR
[cm/y]

Reference dating

A Transect Gargano peninsula
1 CAPPUCCINO GeoB 107 MUC 24 42◦00 N 16◦22 E 49 sediment 0.46 Zonneveld et al. (2009)
2 CAPPUCCINO GeoB 107 MUC 32 41◦50 N 16◦41 E 51 sediment 0.78 Zonneveld et al. (2009)
3 CAPPUCCINO GeoB 107 MUC 31 41◦50 N 16◦66 E 96 sediment 0.32 Zonneveld et al. (2009)
4 CAPPUCCINO GeoB 107 MUC 25 42◦00 N 16◦37 E 98 sediment 0.19 Zonneveld et al. (2009)
5 CAPPUCCINO GeoB 107 MUC 27 41◦80 N 16◦62 E 101 sediment 0.19 Zonneveld et al. (2009)
6 CAPPUCCINO GeoB 107 MUC 23 42◦17 N 16◦00 E 114 sediment 0.91 Zonneveld et al. (2009)
7 CAPPUCCINO GeoB 107 MUC 22 42◦17 N 16◦50 E 142 sediment 0.19 Zonneveld et al. (2009)
8 CAPPUCCINO GeoB 107 MUC 26 42◦00 N 16◦72 E 183 sediment
9 CAPPUCCINO GeoB 107 MUC 30 41◦50 N 17◦05 E 183 sediment 0.19 Zonneveld et al. (2009)
10 CAPPUCCINO GeoB 107 MUC 28 41◦78 N 16◦86 E 194 sediment
11 CAPPUCCINO GeoB 107 MUC 21 42◦17 N 16◦77 E 203 sediment 0.06 Zonneveld et al. (2009)
12 CAPPUCCINO GeoB 107 MUC 29 41◦65 N 17◦19 E 712 sediment 0.08 Zonneveld et al. (2009)
13 CAPPUCCINO GeoB 107 MUC 35 41◦50 N 17◦31 E 733 sediment

B Transect Strait of Otranto
14 CAPPUCCINO GeoB 107 MUC 36 40◦76 N 18◦19 E 123 sediment 0.08 Zonneveld et al. (2009)
15 CAPPUCCINO GeoB 107 MUC 37 40◦63 N 18◦33 E 113 sediment
16 CAPPUCCINO GeoB 107 MUC 38 40◦55 N 18◦47 E 112 sediment
17 DOPPIO DP MC 38 40◦51 N 18◦64 E 527 sediment, water
18 CAPPUCCINO GeoB 107 MUC 39 40◦50 N 18◦64 E 565 sediment
19 CAPPUCCINO GeoB 107 MUC 40 40◦39 N 18◦58 E 128 sediment
20 CAPPUCCINO GeoB 107 MUC 41 40◦23 N 18◦67 E 287 sediment
21 CAPPUCCINO GeoB 107 MUC 44 39◦85 N 18◦60 E 117 sediment
22 CAPPUCCINO GeoB 107 MUC 43 39◦82 N 18◦64 E 124 sediment
23 CAPPUCCINO GeoB 107 MUC 42 39◦72 N 18◦78 E 599 sediment

C Transect Gulf of Taranto (east)
24 CAPPUCCINO GeoB 107 MUC 4 40◦00 N 17◦83 E 219 sediment 0.07 Zonneveld et al. (2009)
25 CAPPUCCINO GeoB 107 MUC 5 39◦85 N 17◦91 E 128 sediment 0.07 Zonneveld et al. (2009)
26 DOPPIO DP MC 32 39◦88 N 17◦71 E 456 sediment, water
27 CAPPUCCINO GeoB 107 MUC 6 39◦83 N 17◦83 E 218 sediment 0.07 Zonneveld et al. (2009)
28 DOPPIO DP MC 29 39◦83 N 17◦80 E 270 sediment, water
29 CAPPUCCINO GeoB 107 MUC 9 39◦76 N 17◦89 E 172 sediment
30 CAPPUCCINO GeoB 107 MUC 18 39◦69 N 18◦06 E 220 sediment
31 CAPPUCCINO GeoB 107 MUC 13 39◦69 N 18◦28 E 127 sediment
32 CAPPUCCINO GeoB 107 MUC 12 39◦73 N 17◦86 E 618 sediment
33 CAPPUCCINO GeoB 107 MUC 19 39◦65 N 18◦04 E 616 sediment
34 CAPPUCCINO GeoB 107 MUC 14 39◦64 N 18◦28 E 207 sediment
35 CAPPUCCINO GeoB 107 MUC 7 39◦78 N 17◦58 E 1598 sediment
36 CAPPUCCINO GeoB 107 MUC 11 39◦68 N 17◦80 E 1049 sediment
37 CAPPUCCINO GeoB 107 MUC 15 39◦56 N 18◦28 E 697 sediment
38 CAPPUCCINO GeoB 107 MUC 10 39◦59 N 17◦68 E 2040 sediment 0.07 Zonneveld et al. (2009)
39 CAPPUCCINO GeoB 107 MUC 20 39◦51 N 17◦98 E 1388 sediment
40 CAPPUCCINO GeoB 107 MUC 16 39◦34 N 18◦28 E 1328 sediment

D Transect Gulf of Taranto (west)
41 CAPPUCCINO GeoB 107 MUC 46 39◦91 N 16◦76 E 157 sediment
42 DOPPIO DP MC 22 39◦74 N 16◦94 E 378 sediment, water
43 CAPPUCCINO GeoB 107 MUC 47 39◦72 N 16◦97 E 246 sediment
44 CAPPUCCINO GeoB 107 MUC 48 39◦67 N 17◦05 E 288 sediment
45 CAPPUCCINO GeoB 107 MUC 49 39◦60 N 17◦18 E 279 sediment
46 DOPPIO DP MC 24 39◦54 N 17◦25 E 582 sediment, water

E water sampling stations
47 DOPPIO DP CTD 28 39◦48 N 18◦38 E 805 water
48 MACCHIATO MP MC 36 38◦53 N 19◦18 E 1908 water
49 MACCHIATO MP MC 38 38◦81 N 19◦11 E 1359 water
50 MACCHIATO MP CTD 40 39◦08 N 18◦86 E 1057 water
51 MACCHIATO MP CTD 42 39◦29 N 18◦31 E 789 water
52 MACCHIATO MP BC 43 39◦49 N 18◦52 E 774 water
53 MACCHIATO MP MC 45 40◦22 N 17◦37 E 475 water
54 MACCHIATO MP MC 46 40◦19 N 17◦45 E 420 water
55 MACCHIATO MP MC 47 40◦11 N 17◦58 E 407 water
56 MACCHIATO MP PC 48 39◦83 N 17◦80 E 267 water

Table 2.1: Geographic and bathymetric information of the 46 surface sediment samples and
the 12 water samples.
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2.2.1 Isotope analysis of foraminifera

For the oxygen and carbon isotope analysis of planktic and benthic foraminifera approx-

imately 10 g of wet sediment of the 0-1, 1-2 and 2-3 cm depth intervals were freeze-dried

and then subsequently wet sieved into size fractions of >355 µm, 355-250 µm, 250-200

µm and 200-125 µm. At least 10 to 20 shells of G. ruber (white) and U. mediterranea

were picked under the microscope from the fractions: >355 µm, 355-250 µm and 250-200

µm. We did not separate different morphotypes of G. ruber (white) but the qualitatively

most abundant morphotype according to the nomenclature of Numberger et al. (2009) is

type platys. The foraminifera shells were thoroughly cleaned to eliminate contaminations

with a cleaning procedure modified after Barker et al.(2003) which includes: (i) cracking

of the chambers to remove internal filling (only for samples >20 specimen), (ii) cleaning

twice with ultra-pure water in an ultrasonic bath for 1 minute and (iii) cleaning twice

with methanol in an ultrasonic bath for 30 seconds. Thereafter around 150 µg of the

cleaned shells were weighed in the glass vials of a Thermo Fisher Scientific Kiel IV car-

bonate device for oxygen and carbon isotopic analyses. The Kiel IV carbonate device was

connected to a Thermo Fisher Scientific® Delta V Plus mass spectrometer and later to a

Thermo Fisher Scientific® MAT 253 mass spectrometer. The carbonate was dissolved in

vacuum with two drops of ∼103% phosphoric acid at 70 ◦C, cleaned cryogenically and then

transferred to the mass spectrometer. The mass spectrometers are calibrated with the

international standards NBS 19 (δ13CV PDB +1.95�, δ18OV PDB -2.2�, L-SVEC: δ13C

-46.6�, δ18OV PDB -26.41�). Reproducibility of the measurements based on repeated

measurements of a Carrara marble -a laboratory standard- was better than 0.1� (1σ).

All results are reported in the conventional delta notation with respect to VPDB. All data

were mapped with the Ocean Data View program of Schlitzer (2009).

2.2.2 Water samples

The water samples were collected with a Rosette water sampling system equipped with

23 bottles and linked to a CTD guideline. The water sample set DP28 taken during the

‘DOPPIO’ cruise covers the depths from 5 m to 805 m. During the ‘MACCHIATO’ cruise

two further water sample sets were taken (MP40 40 m to 1084 m and MP42 29 m to 789 m).

For δ18O analyses, the samples were poured into 20 ml NalgeneTM bottles and stored at 4
◦C. Additionally, bottom water samples from ten multicores and one boxcore were taken

during the ‘DOPPIO’ cruise and the ‘MACCHIATO’ cruise in the Gulf of Taranto, the

southern Adriatic Sea and the western Ionian Sea (Table 2.1). Furthermore, two surface

water samples covering the first 3 m of the water column were taken in the Gulf of Taranto

during the ‘MACCHIATO’ cruise. The oxygen isotope composition of the water samples

was measured with the CO2 equilibration method. Two hundred microliters of the sample

was pipetted into glass and was flushed with a gas mixture of He and CO2 (0.5% CO2

in He). After an equilibration time of 18 hours at room temperature, the samples were

measured with a Gas Bench device coupled to a Thermo Fisher Scientific® Delta V Plus

mass spectrometer. The system was calibrated with the international reference waters

SMOW, GISP and SLAP. All results are reported in the conventional delta notation with
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respect to VSMOW.

2.3 Results

2.3.1 Water isotopes

The δ18O values of the waters are plotted in Figure 2.5 against depth. In the first 50

m the stations DP28, MP40 and MP42 show mean values of ∼1.47�, ∼1.33� and

∼1.41� respectively. The maximum values are found at 500 m depth (∼1.59�) at

station DP28 and at 800 m depth (∼1.49�) at station MP40. Station MP42 does not

show a maximum in the intermediate layer probably because the weather conditions during

the sampling were windy and with high waves. At greater depths the δ18O values decrease

at stations DP28 and MP40 (∼1.48� at depths of 700-800 m and 1.44� at 1084 m depth,

respectively). At station MP42 the mean value is ∼1.48� at 800 m depth. The bottom

water samples in the Gulf of Taranto show a similar pattern. The δ18O of the water

at the stations in the western part of the Gulf of Taranto DP22 and DP24 is ∼1.56�.

In the eastern part of the Gulf of Taranto the stations DP29 and DP32 show values of

∼1.43� and ∼1.53�, respectively. The δ18O value of the surface water (first 3 m) at

station DP48 is ∼1.31�. Station MP43 shows a δ18O value ∼1.49� and Station DP38

located in the Strait of Otranto shows a δ18O value of ∼1.46� (Figure 2.5). The two

stations MP36 and MP38 located in the western Ionian Sea show a δ18O value of ∼1.5�

at 1908 m and 1359 m depth, respectively. These data are consistent with the data of

Pierre (1999) from the VISCOMED2 cruise in February 1988 (Figure 2.5).

2.3.2 G. ruber (white)

Maps of the distribution of carbon and oxygen isotope compositions of G. ruber (white)

in the top 3 cm of the sediment are presented in Figure 2.3. Unfortunately due to varying

amounts of material at different sample stations, it was not possible to carry out isotopic

analyses for all sites (e.g., stations 36, 37, 38 and 47: no δ18O and δ13C value measurement

at 0-1 cm and 2-3 cm). The δ18O of G. ruber (white) show similar patterns at all three

depths, although due to varying sedimentation rates at the different sites, the intervals

may correspond to different sediment ages. Larger vertical changes in δ18O (∼1�) are

observed only at the stations 22, 23, 24, and 25 along the Gargano Peninsula and at the

stations 15, 16, DP29 and DP22 in the Gulf of Taranto (Figure 2.3). In contrast, the

spatial distribution of δ18O values shows large changes in transects perpendicular to the

coast along the depth gradient. The δ18O of the offshore station 16 has a mean value of

around ∼2� in comparison to the core closest to the coast DP29 with a δ18O mean value

of around ∼0.06�. The situation is quite similar around the Gargano Peninsula where

the δ18O increases to ∼0.16� close to the shore (station 24) to values of ∼2� offshore

(station 28).

The distribution maps of the carbon isotope compositions show relatively little change

when comparing the first 3 cm (Figure 2.3). In the Gulf of Taranto and around the

Gargano Peninsula, the vertical changes of the δ13C values at stations 23 and 25 are
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approximately ∼1�, while at the stations 7, 28 and DP24 the values vary around 0.6-

0.7�. At the other stations the vertical changes of the δ13C values are <0.5�. The

largest change in δ13C, as for the oxygen isotopes, is observed in the gradient from the

coastal to the offshore stations (coastal stations: 24 ∼0.79�, DP29 ∼0.59�; offshore

stations: 16 ∼1.78�, station 28 ∼1.63�).
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Figure 2.3: Spatial distribution of δ18O (a) and δ13C (b) of G. ruber (white).

2.3.3 U. mediterranea

The δ18O of U. mediterranea in the first 3 cm is generally constant (Figure 2.4). Only at

the stations 31 ∼0.55�, 35 ∼1�, 39 ∼0.7�, and 42 ∼0.5�, a major δ18O gradient is

observable in the first 3 cm. The spatial distribution of the δ18O, as for G. ruber (white),

shows significant gradients perpendicular to the coast. For example station 6 in the Gulf

of Taranto has a mean value of ∼2.17� and station 16 offshore a mean value of ∼4.34�.

In the Gargano Peninsula coastal station 23 has a mean value of ∼2.18� and the seaward

station 29 a mean value of ∼3.24�.

The δ13C does not show significant vertical variations in the first 3 cm (Figure 2.4). Merely

the stations 23, 35 and 38 show larger changes of up to ∼0.7-1�. In comparison to the
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spatial distribution of the δ18O, the spatial distribution of the δ13C of U. mediterranea

has a significant variation along the southern Adriatic, whereby the strongest gradient is

again found perpendicular to the coast (coastal stations: 6 ∼0.63�, 23 ∼0.04�; offshore

stations: 16 ∼1.72�, 29 ∼1.07).
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Figure 2.4: Spatial distribution of δ18O (a) and δ13C (b) of U. mediterranea.

2.4 Discussion

2.4.1 Isotopic composition of sea water

The δ18O of the samples from the upper 100 m of the water column of the ‘DOPPIO’,

‘MACCHIATO’ and VISCOMED2 vary within a narrow range of 1.4 ± 0.1�. The δ18O

of the waters also show only relatively small variations with depth (Figure 2.5). The δ18O

at station MP40 shows a clear increase with depth, related to the presence of the LIW.

At station DP28 the δ18O value of the water is ∼0.1� higher in the first 100 m compared

to station MP40. This is also the case at 500 m depth where we assume the presence of

the LIW. The δ18O values of the bottom waters are in a narrow range of 1.5 ± 0.1�.
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The samples of Pierre (1999) were taken in the southern Adriatic Sea in February 1988.

This suggests that the variability of the oxygen isotope composition of deep waters is very

low in this region over the last 30 years. Site 12C and 12B’ from Pierre (1999) show the

same values as our sample sets DP28, MP40, and MP42 and the bottom water samples

(Figure 2.5). Station 12C of Pierre (1999) shows the highest δ18O values of water, however

because stations 12B and 12B’ are similar to the ones taken during the ‘DOPPIO’ and

‘MACCHIATO’ this is probably not a seasonal signal.
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Figure 2.5: δ18O of the water samples versus water depth.
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2.4.2 Isotope geochemistry of G. ruber (white)

The strong gradients in the oxygen isotope composition of G. ruber (white) show that the

δ18O of this species is influenced by additional environmental parameters and does not

simply reflect a temperature signal. The same is observed for the carbon isotope compo-

sition of this species, which also shows a heterogeneous distribution along the southern

Adriatic coast. Although all cores show an undisturbed sediment-water interface, when

interpreting the data two possible complicating factors have to be kept in mind: the cores

do not all have the same sedimentation rate and, at some locations, the core-top may not

represent modern sedimentation due to erosion/non sedimentation. We do not have data

for all sites, but 210Pb data from Zonneveld et al. (2009) summarized in Table 2.1 show

that at all 15 stations for which data are available, the core-top is indeed modern. Along

the Gargano peninsula sedimentation rates decrease offshore from 0.91 cm/yr at station

23 to 0.06 cm/yr at station 21. We assume that the same will be true in the Gulf of

Taranto where the sedimentation rate is quite constant close to shore (stations 4, 5, 6, 10

show sedimentation rate of 0.07 cm/yr) but likely decrease with distance from the shore

(stations 15, 16 no 210Pb data available). Nevertheless, the available 210Pb data suggest a

modern age between 3 years (coastal areas) to 50 years (offshore) for the top centimeter.

2.4.2.1 Temperature and salinity

In general it is considered that G. ruber (white) inhabits the first 30 to 50 m of the

water column and records a summer signal (Waelbroeck et al., 2005; Fraile et al., 2009).

Using the δ18O of the foraminifera shells the calcification temperature can be calculated

(Spero et al., 1997) if the δ18O of the ambient sea water is known. Here we compare the

paleotemperature equations of Shackleton (1974) (2.1) and Mulitza et al. (2003) (2.2) for

the reconstruction of the temperature and of the depth habitat of G. ruber (white):

T [◦C] = 16.90− 4.38 · (δ18OC − δ18OW ) + 0.10 · (δ18OC − δ18OW )2 (2.1)

T [◦C] = 14.32− 4.28 · (δ18OC − δ18OW ) + 0.07 · (δ18OC − δ18OW )2 (2.2)

where T is the temperature in ◦C, δ18Oc is the δ18O of the carbonate of the shells and

δ18Ow is the δ18O of ambient sea water. Based on our measurements and the data of

Pierre (1999) we used an average value of 1.4� for δ18Ow. The equation of Mulitza et

al. (2003) produces ∼2.7 ◦C colder temperatures than the Shackleton (1974) equation.

The comparison of the reconstructed temperatures by the Shackleton (1974) equation with

CTD-temperature data of 2006 from the same sites would indicate that G. ruber (white)

lives at depths of ∼30 m in the coastal regions and ∼30-50 m further offshore (Figure 2.6).

In contrast, the reconstructed temperatures using the Mulitza et al. (2003) equation for

G. ruber (white) compared with the CTD-data would indicate a deeper habitat of ∼30-50

m for the coastal areas. In the offshore regions, the calculated temperatures are below

the measured bottom water temperature of 13.7 ± 0.5 ◦C (Zonneveld et al., 2008; Figure

2.6) and thus unrealistically cold. By using the Shackleton (1974) equation the average

habitat depth of G. ruber (white) agrees well with the other published estimates of 0-30
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Figure 2.6: Comparison of the temperature reconstructions of G. ruber (white) according to
Shackleton (1974) (a) and Mulitza et al. (2003) (b) with the CTD-temperatures in July 2006
(Zonneveld et al. (2008)). The stations are arranged along the x-axes according to depth and
distance from the coast. Details of the stations are described in Table 2.1. Right corner: map
of transects A, B, C, and D.

m and 30-50 m, respectively (Wang, 2000; Kuroyanagi et al., 2008; Numberger et al.,

2009). Therefore, we use the Shackleton (1974) equation in the following discussion. The

temperature reconstruction (Figure 2.7) shows temperature gradients from 21 to 25 ◦C

in the shelf area along the coast of the Gargano Peninsula and in the Gulf of Taranto

decreasing seawards to ∼15-16 ◦C and even down to 13 ◦C. This temperature gradient is

significantly higher than what could be explained with the variability in δ18Ow of ±0.1�

observed in the surface water samples. Additional waters collected from several beaches

in Apulia in October 2009 show similar average δ18Ow values closer to shore of 1.2-1.3 ±
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Figure 2.7: Spatial distribution of the temperature reconstructions according to Shackleton
(1974) based on e) G. ruber (white) and f) U. mediterranea.

Satellite-derived sea surface temperatures (SSTs) (Figure 2.8 from Zonneveld et al.,2009)

along the southern Italian coast do not show a strong temperature gradient towards the

open sea, but rather show higher and more stable summer temperatures (June-August)

of 25.15 ± 0.3 ◦C along the entire southern Italian coast (Zonneveld et al., 2009).

Measured δ18Ow and SST variations are not sufficient to explain the observed gradients

in the foraminifera. There are different possibilities for the large range of temperatures

reconstructed based on G. ruber (white). One possible cause is the presence of at least

three genetically distinct morphotypes within the white variety of G. ruber (Numberger et

al., 2009). Kuroyanagi et al. (2008) found systematic morphological differences between

two morphotypes which is consistent with the concept of Wang (2000). As defined in

Numberger et al. (2009) G. ruber type normal, comparable to type sensu stricto (s.s.)

according to the definition by Wang (2000), lives in the top 50 m of the water column

during summer/early autumn and has a very constant depth habitat (Numberger et al.,

2009). G. ruber type platys (Numberger et al., 2009) is comparable to the type sensu lato
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Figure 2.8: Satellite-derived SSTs and transect of salinity fluctuations in the Ionian Sea and
the southern Adriatic Sea (Zonneveld et al. (2008); http://isramar.ocean.org.il).

(s.l.) of Wang (2000) and lives in the upper 30 m of the water column during summer but

according to Wang (2000) G. ruber s.l. appears to calcify in a deeper water layer then

G. ruber s.s.. Numberger et al. (2009) defined a third type elongate of G. ruber which

is comparable to the type G. ruber s.l. by Wang (2000). According to Numberger et al.

(2009) type platys appears to share a similar habitat as type normal. For our analysis we

mainly used the morphotype G. ruber type platys but we did not sort the species by their

morphotypes. According to Kuroyanagi et al. (2008) the distribution of G. ruber s.l. is

mostly dependent on the abundance of food and this morphotype is generally not found

in the surface ocean in waters with low chlorophyll-a content. The comparison of the

reconstructed temperatures of G. ruber (white) with the CTD-temperature data of 2006

from the same site is consistent with the hypothesis that this species mainly inhabit the

upper 30 m of the water column (Figure 2.6). Around the Gargano Peninsula, a trend to

deeper habitats correlates with the distance from the coast (Figure 2.6, Transect A). One

reason could be the heterogeneous bathymetry of the Adriatic Sea (Figure 2.1). During

summertime the circulation is mainly cyclonic in the southern Adriatic Sea (Artegiani

et al., 1997b; Borzelli et al., 1999; Cushman-Roisin et al., 2001; Turchetto et al., 2007).

From the eastern Mediterranean Sea warm, nutrient-poor ISW with high salinity enters

the Adriatic Sea through the Strait of Otranto and flows northward along the Croatian

coast (Borzelli et al., 1999). Part of the entering water masses turn westward in the

southern Adriatic Sea and recirculate towards the Italian coast (Figure 2.1; Borzelli et al.,

1999). From late spring to early fall the hydrographic conditions in the southern Adriatic

are characterized by a thermohaline stratification due to surface warming and the gyres

and coastal currents are prevailing (Poulain, 2001; Bignami et al., 2007; Turchetto et al.,

2007). As a result, G. ruber (white) further away from the coast could be influenced by the
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nutrient-poor, more saline water masses from the eastern Mediterranean. Numberger et

al. (2009) showed that along the African coast, where the surface waters are oligotrophic

during summer, the species G. ruber type platys show a trend to deeper habitats (50

m). Along the southern Italian coast the nutrient content decreases offshore (Morović

et al., 2006; Marini et al., 2008), which causes the species further away from the coast

to live deeper in the water column. At stations 28 and 29 we already have a relatively

oligotrophic system (cf. Section 2.4.2.1), which possibly leads the foraminifera to live at

depths of up to 50 m (Figure 2.6). Thus, we propose that G. ruber (white) near the coast

are influenced by the shallower and warmer coastal water and by the less saline WAC

with a higher nutrient content coming from the North (Poulain, 2001; Vilibić and Orlić,

2002; Morović et al., 2006; Grbec et al., 2007). The nutrient content along the coast

is higher in the surface waters (cf. Section 2.4.2.1) which may allow the foraminifera

to live in the upper 0-5 m of the water column which is also more influenced by the

freshwater from the Po river, thus giving warmer temperature reconstructions. This

model is consistent with lower δ13C values along the coast, which could also be related

to freshwater influence. The salinity gradient away from the coast could also be an

additional explanation for the gradient in δ18O. A map of the salinity distribution based

on measurements of the cruises CAPPUCCINO (Zonneveld et al., 2008), PAR06RUS,

PAR02RUS, GAK29RUS, GAK33RUS, GAK36RUS1 along a transect from the central

Ionian Sea to the southern Adriatic Sea shows an increase in salinity (Figure 2.8) from 37.2

PSU (practical salinity units) along the southern Italian coast up to over 39.5 PSU in the

central Ionian Sea (Figure 2.8). Pierre (1999) determined the δ18O-salinity relationship

for the Mediterranean to be 0.26�/PSU. Therefore, the observed salinity range of 2 PSU

could explain up to 0.5� of the oxygen isotope range of G. ruber (white).

In the Gulf of Taranto the temperature reconstruction shows warmer temperatures (ca.

19.5-23.8 ◦C) in the shallower part decreasing towards the open sea to 13-17 ◦C (Fig-

ure 2.6, Transect C). The situation is similar to the one along the Gargano Peninsula.

The comparison of the reconstructed temperatures with the measured CTD-temperatures

shows too, that the species mainly dwell in the upper 30 m of the water column with a

trend to deeper habitats in the offshore regions with fewer nutrients. As the tempera-

ture reconstructions of the first 2 cm of stations 15 and 16 are very different from the

other stations (Figure 2.6), other factors must influence the δ18O of the species as well,

for instance some intraspecific variability. According to Waelbroeck et al. (2005), the

intraspecific variability could lead to a variance of up to 1.2-1.5� in δ18O values. To

minimize this influence we measured only adult specimens in the sizes of 200-355µm and

used up to 20 individuals for one measurement. Another reason for the offset at station

15 and 16 could be that the species are reworked from sediments from the last glacial

maximum.

So far we discussed changes in the isotopic composition of G. ruber (white) due to vertical

distribution in the water column caused by differences in food availability. The oxygen

isotope gradient from the coast to the open sea, however, can also reflect seasonality. Far

from the coast, nutrients are less abundant and may be consumed by early summer, thus

1Data source: http://isramar.ocean.org.il
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reducing the abundance of foraminifera later in the season. In the shallow areas along the

coast the higher nutrient supply may provide the foraminifera the possibility to live until

late summer or early fall, thus recording higher temperatures. Satellite images (Morović

et al., 2006; Marini et al., 2008) show a narrow band of nutrient-rich, freshwater during

all seasons along the coast which corresponds to higher temperature and lower salinity

conditions in the coastal regions during summer and early autumn (Marini et al., 2008;

cf. Section 2.4.2.2).

The comparison of the satellite-derived SSTs (Figure 2.8) with the measured CTD-data

along the southern Italian coast (Zonneveld et al., 2008, 2009) shows several difficulties of

using satellite-based SST measurements for a coastal environmental reconstruction. The

satellite only measures the top of the surface ocean layer, the so called skin temperature

(Reynolds et al., 2002; Barton, 2007) which does not represent the mean bulk temperature

of the surface ocean layer (0-5 m). Other influencing factors which could cause a distorted

temperature reflection of the surface ocean are for instance winds and high insolation

which causes a daily skin temperature cycle but does only partially impact the bulk

temperature beneath it (Reynolds et al., 2002). Another important factor is mentioned

by Casey and Cornillon (1999) who pointed out that especially coastal regions tend to

higher temperature variability. The CTD-data taken during the CAPPUCCINO cruise in

July 2006 show a mean bulk temperature of ∼23.7 ± 2 ◦C for the first 5 m of the water

column around the southern Italian coast. The temperature varies between 20 ◦C and

27 ◦C for the upper 5 m of the water column due to mixing and shows a large vertical

temperature gradient of up to 10 ◦C (offshore stations) for the first 30 m of the water

column (Turchetto et al., 2007).

In agreement with other core-top studies (e.g., Martinez et al., 1998; Ding et al., 2006;

Mohtadi et al., 2007) we conclude that G. ruber (white) along the southern Italian coast

is a warm and surface-dwelling species and records near surface temperatures (Wejnert et

al., 2010). However, as Numberger et al. (2009) and Ding et al. (2006) already pointed

out, the regional variability depending on the oceanographic setting and the influence

of the environmental parameters (salinity, temperature and nutrients) play an important

role. These factors have a large influence especially in near-coastal environments due to

riverine influence and its variation along the coast.

2.4.2.2 δ13C and nutrient supply

In contrast to the δ18O, the carbon isotope composition of G. ruber (white) shows some-

what larger vertical variations in the first 3 cm (Figure 2.3). The δ13C is relatively constant

(0.5-1�) along the whole southern Italian coast but it increases to approximately ∼2�

towards the open sea along the Gargano Peninsula (station 28) as well as in the Gulf

of Taranto (Figure 2.2). In a pattern similar to that of δ13C of G. ruber (white) the

chlorophyll-a concentration during summer around the southern Italian coast (Zonneveld

et al., 2008) shows a decrease towards the open sea. Satellite images (Marini et al., 2008)

reveal that the nutrient supply is not constant in the area between the Gargano Penin-

sula and the Gulf of Taranto and show that chlorophyll-a is mainly found in the plume of

river-influenced WAC, thereby illustrating the separation of the nutrient-rich waters along
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the Italian coast from the more oligotrophic offshore regions in the central and southern

Adriatic basins (Marini et al., 2008). The extended algal blooma documented by these

satellite images also corresponds to higher temperature and lower salinity conditions in

the coastal regions (Marini et al., 2008). The southward extension of the Po river plume

within the WAC could allow G. ruber (white) to thrive in the upper 0-5 m of the wa-

ter column in the coastal areas while the G. ruber (white) would have to dwell in the

subsurface waters (0-30 m and up to 50 m) in the more oligotrophic offshore regions as

well. This could explain the strong gradients expressed in the carbon isotopes of G. ruber

(white).

Another influencing factor could be the decrease in δ13C of atmospheric CO2 since the

industrial revolution due to the burning of 13C-depleted fossil fuels commonly referred to

as the Suess effect (Beveridge and Shackleton, 1994; King and Howard, 2007). King and

Howard (2007) have shown that foraminifera collected with sediment traps show a δ13C

depletion of the surface waters by up to 0.65� in the Subantarctic Zone compared to

core-tops of pre-industrial age. The higher δ13C values at the offshore stations 28, 15 and

16 may correspond to an older sediment age, thus the gradient from the offshore to the

coastal stations could be also somewhat magnified by this effect.

2.4.2.3 Fluctuations δ13C and δ18O of G. ruber (white) in the Gulf of Taranto and

their implications for paleoclimate reconstructions

The fluctuations of the δ18O and the δ13C of G. ruber (white) along the southern Italian

coast are caused by the complex hydrography of the Adriatic Sea that influences nutrient

supply and salinity. For paleoclimate reconstruction it is important to know that these

fluctuations are caused by changes of the environmental conditions and are due to factors

such as food availability that heavily influences the depths at which G. ruber (white)

dominantly lives. Thus, we compare a transect of several sampling stations located on

the shelf area in the eastern part of the Gulf of Taranto (4, 5, DP32, DP29, 9, 11, 12,

18, 19) with each other (Table 2.2): In the top centimeter the mean δ18O value is 0.64 ±
0.17�, in the second the mean δ18O value is 0.60 ± 0.31� and in the third the mean δ18O

value is 0.50 ± 0.55�. The δ13C values are: 0.63 ± 0.25� (0-1 cm), 0.63 ± 0.31� (1-2

cm) and 0.65 ± 0.36� (2-3 cm). If we compare the δ18O fluctuations to the temperature

variability in the first 30 m of the water column (CTD-temperature data taken during

the CAPPUCCINO cruise) we have also a mean temperature of 20.4 ± 2.1 ◦C in this

transect which corresponds well to the temperature calculated from the δ18O values of G.

ruber (white) (0-1 cm 20.3 ◦C ± 1.1 ◦C, 1-2 cm 20.5 ± 1.4 ◦C and 2-3 cm 21.0 ± 2.5 ◦C).

The measured CTD-temperature data is only a snapshot of a 1-day situation in the Gulf

of Taranto and especially at the surface, the daily temperature fluctuations of ±1.6 ◦C

are relatively high. However, this comparison shows that the signal of G. ruber (white)

in the Gulf of Taranto is stable and mainly reflects the summer temperature of the first

30 m of the water column. Nevertheless, we have to keep in mind that especially for a

high-resolution reconstruction, a noise (±2 ◦C) due to nutrient supply, temperature and

salinity variability within the water column, may play an important role and has to be

considered.
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Station
δ13C
(0-1cm)

δ18O
(0-1cm)

T [◦C]
δ13C
(1-2cm)

δ18O
(1-2cm)

T [◦C]
δ13C
(2-3cm)

δ18O
(2-3cm)

T [◦C]
CTD T
first 5m [◦C]

CTD T
at 30m [◦C]

MUC 4 0.42 0.86 19.3 0.61 0.7 20 23 19.16
MUC 5 0.77 0.51 19.7 0.41 0.86 19.3 22.6 18.84
DP 32 0.29 0.29 21.9 0.5 0.55 20.7 0.26 -0.06 23.5
DP 29 0.69 0.66 20.1 0.44 -0.06 23.5 0.64 -0.41 25.1
MUC 9 0.64 0.69 20.3 0.8 0.38 21.5 20.2 18.78
MUC 18 0.46 0.83 21.1 0.93 0.61 20.4 0.67 0.98 18.7 21 18.57
MUC 12 0.67 0.64 20.2 0.46 0.85 19.3 20.2 18.52
MUC 19 0.42 0.72 21.3 0.61 0.41 21.3 0.25 0.95 18.9 24.3 18.45
MUC 11 1.09 0.79 18.3 1.26 0.72 19.9 1.32 0.92 19 23.4 18.43

Table 2.2: Fluctuations of the recent conditions in the Gulf of Taranto.

2.4.3 U. mediterranea

2.4.3.1 Temperature reconstructions

The oxygen isotope composition of U. mediterranea is relatively constant along the south-

ern Italian coast and closely reflects the present temperature conditions. In addition, no

clear trends are observed when comparing the first 3 cm at each location. We reconstruct

the calcification temperature of U. mediterranea using the equation of Shackleton (1974)

(Figure 2.7) using a δ18O of sea water of 1.5� (Figure 2.5). The reconstructed temper-

atures vary between 12 ◦C and 15 ◦C in the shallow stations and decrease down to 5 ◦C

offshore (Figure 2.7). There is only little variation of the reconstructed temperature at

the shallow-water stations and they are consistent with the in situ bottom temperatures

of 13.7 ± 0.5 ◦C measured in 2006 (Zonneveld et al., 2008). However, the temperature

reconstructed for the offshore stations, especially station 16 with ∼5.3 ◦C and the stations

29 with ∼9.6 ◦C and 15 with ∼10.7 ◦C are well below the bottom water temperatures

of 13.7 ± 0.5 ◦C. Station 16 is an offshore station at 1328 m close to a slope. At the

other two stations (10 and 20) below 1000 m depths U. mediterranea was absent. This

suggests that this site is below the depth limit of U. mediterranea (De Rijk et al., 2000)

and probably the analyzed tests, which were poorly preserved at this station, are possibly

reworked from sediments from the last glacial maximum.

2.4.3.2 δ13C and nutrient supply

δ18O and δ13C values of U. mediterranea show only a weak correlation with each other.

The δ13C values of U. mediterranea exhibit no significant vertical variations in the first

3 cm, although the δ13C varied slightly along the coast of Bari (0.1-0.4�), Figure 2.4.

Compared to the quite homogeneous spatial distribution of the δ18O, the δ13C values of U.

mediterranea show a clear pattern with low values <0� in the coastal areas increasing

to 1.5-2� offshore. The occurrence and δ13C of U. mediterranea, a shallow infaunal

species, are strongly controlled by the flux of organic carbon to the seafloor (Jorissen et

al., 1995; Schmiedl et al., 2004). The gradient in δ13C can be related to the higher nutrient

concentrations in the WAC (Jorissen et al., 1992) and the enhanced primary productivity

which induces a higher organic carbon flux to the sediment and thus to a lowering of the

δ13C of U. mediterranea along the coast. An influence of the Suess effect, as discussed

above for G. ruber (white), is also possible, although the magnitude of this signal would
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be much smaller than the observed gradient.

2.5 Conclusions

The results of our study provide a detailed picture of the modern hydrological and envi-

ronmental conditions along the southern Adriatic coast. Also they show the difficulties

of using stable isotopes of foraminifera for temperature reconstruction in near-coastal en-

vironments. In this context, we were able to show that the oxygen and carbon isotope

compositions of G. ruber (white) reflect the environmental conditions during summer,

which are mainly influenced by the heterogeneous bathymetry of the southern Adriatic

Sea causing the variations in nutrient supply and salinity. In the shallow near-coastal

areas G. ruber (white) is influenced by shallow, warm water masses and by the less saline,

nutrient-rich WAC. We explain the increase in δ13C and δ18O of G. ruber (white) with the

distance from the coast as a combination of an increase in salinity and an expansion of

the habitat towards deeper waters (30-50 m) as food availability decreases. The vertical

δ18O fluctuations of G. ruber (white) at several stations in the Gulf of Taranto are very

small in the first 3 cm of the cores (0-1 cm 0.64 ± 0.17�, 1-2 cm 0.60 ± 0.31�, 2-3 cm

0.50 ± 0.55�).

With regard to ongoing paleoclimate studies in this region, our study provides a snapshot

of the recent conditions and how they are reflected in the isotopic composition of the

species. Despite the difficulties introduced by the influence of the different environmental

parameters, we conclude that the isotopic signal of G. ruber (white) is stable in the Gulf

of Taranto and reflects summer conditions.

The δ18O of the benthic species U. mediterranea is stable and reproduces well the tem-

perature conditions along the southern Italian coast. The δ13C on the other hand, shows

larger variations mainly caused by changing nutrient supply. In the shallower areas, the

sediment is enriched in organic carbon because of the high nutrient discharge of the Po

River and their southward transport by the WAC. The carbon isotopes of U. mediterranea

reflect this situation, with low δ13C along the coast increasing offshore. This highlights

the transitions from the more eutrophic coastal system to the oligotrophic offshore system

of the southern Adriatic Sea and the western Ionian Sea.
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CHAPTER 3

Calibration and application of the ‘clumped isotope’

thermometer to foraminifera for high-resolution climate

reconstructions∗

Abstract

The reconstruction of past ocean temperatures is fundamental to the study of past climate

changes, therefore considerable effort has been invested in developing proxies for seawater

temperatures. One of the most recent and promising new proxy is carbonate ‘clumped

isotope’ thermometry, in particular because it is based on thermodynamic equilibrium and

not on biogeochemical proxies. Here, we present a new calibration of the ‘clumped isotope’

thermometer to foraminifera based on seven species of planktic and benthic foraminifera

spanning a growth temperature range of∼2◦C-28◦C. We used a newly developed technique

for the measurements of small samples to improve the applicability of this method to

paleoceanography. Our data have a comparable precision (∼0.005-0.013�) and confirm

previous calibration studies based on biogenic and inorganic calcite. We discuss possible

sources of uncertainty such as over-/underestimation of the calcification temperatures,

species-specific vital effects, pH variations between the seawater and the vacuole water of

the species and possible kinetic effects on the ‘clumped isotope’ calibration.

To validate our calibration study and test the applicability of our measuring technique

to paleoclimate and paleoceanographic studies we measured the isotope composition of

Globigerinoides ruber (white) at high-resolution in a sediment core covering the last 700

years in the Gulf of Taranto (Mediterranean Sea). The results show that it is necessary to

average a relatively large number of analyses to achieve a consistent temperature signal

for the detection of small sea surface temperature changes. Although with the current

analytical system, ‘clumped isotope’ thermometry is only applicable to the analysis of

relatively large SST changes in marine sediments, further technical improvements may

∗submitted to Geochimica et Cosmochimica Acta as Anna-Lena Grauel, Thomas W. Schmid, Bin Hu,
Caterina Bergami, Lucilla Capotondi, Liping Zhou and Stefano M. Bernasconi; Calibration and Appli-
cation of the ‘clumped isotope’ thermometer to foraminifera for high-resolution climate reconstructions.
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make this a very powerful technique for paleoceanographic studies.

3.1 Introduction

The stable oxygen and carbon isotope geochemistry of foraminifera is one of the most

important tools in paleoceanography and paleoclimatology (Emiliani, 1955; Shackleton,

1967; Ravelo and Hillaire-Marcel, 2007). The oxygen isotopic composition of foraminifera

calcite varies as a function of the growth temperature and the isotopic composition of the

ambient seawater in which the calcification takes place (e.g., Waelbroek et al., 2005), thus

if the δ18O of seawater (δ18Ow) is known the calcification temperature can be calculated.

However, the oxygen isotope values of seawater can only be estimated for ancient envi-

ronments, leaving a large uncertainty in reconstructed sea surface temperatures (SSTs).

‘Clumped isotope’ paleothermometry (Ghosh et al., 2006) has the potential to solve this

long standing problem in paleoceanography.

‘Clumped isotope’ geochemistry is concerned with the state of ordering of heavy isotopes

in molecules with more than one rare isotope (Wang et al., 2004; Schauble et al., 2006;

Eiler et al., 2004, 2007). This method allows determination of the precipitation tempe-

rature of calcite via the abundance of 13C-18O bonds in carbonate and at the same time

to calculate the δ18Ow in which the organism lived (Ghosh et al., 2006; Eiler, 2007). The

abundance of 13C-18O bonds in carbonates is a function of precipitation temperature of

the carbonates and has been shown to be independent of the δ13C of the dissolved in-

organic carbon (DIC) and the δ18Ow (Ghosh et al., 2006). The first calibration of the

‘clumped isotope’ thermometer was based on the comparison of the ∆47-value of CO2

released by phosphoric-acid digestion of carbonate to the growth temperature of experi-

mentally precipitated calcite and of different biogenic carbonates from organisms grown

at a known temperature (Ghosh et al., 2006; Eiler, 2007). Since that pioneering work,

several additional calibrations of biogenetic carbonates, such as fish otoliths (Ghosh et al.,

2007), mollusks and brachiopods (Came et al., 2007), foraminifera and coccoliths (Tripati

et al., 2010), deep-sea corals (Thiagarajan et al., 2011) and one on tooth enamel bioap-

atite (Eagle et al., 2010) have been published. These calibrations all showed a remarkably

consistent pattern for biogenic carbonates. In contrast, studies on speleothems showed

that these inorganically-precipitated carbonates are often precipitated out of equilibrium

(Affek et al., 2008; Daëron et al, 2011).

All the above calibrations were carried out in the same laboratory at the California In-

stitute of Technology. The only other currently available calibration of the ‘clumped

isotope’ thermometer carried out in another laboratory was published by Dennis and

Schrag (2010) and is based on inorganically precipitated calcite. This work showed a

much shallower slope than all other calibrations but similar to the theoretical predictions

of Guo et al. (2009) based on first principal calculations. This questioned the validity of

the calibrations based on biogenic carbonates. Dennis and Schrag (2010) suggested that

one of the causes for the difference to the Ghosh et al. (2006) calibration could be poor

inter-laboratory calibration. However, the work of Dennis et al. (2011) which defined a

new absolute reference frame for reporting the analyses of ‘clumped isotopes’ based on
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CO2 equilibrated with waters of different δ18O composition showed that this difference still

remains and must be related to analytical and/or experimental issues. Therefore, there is

a definite need for additional calibration studies, especially from other laboratories, and

different analytical approaches.

The analytical requirements on precision and accuracy for ‘clumped isotopes’ are much

higher than for conventional isotope analyses (Eiler, 2007) because for temperatures be-

tween 1◦C and 50◦C the range in ∆47-values is only between 0.75� and 0.5� and be-

cause 13C18O16O2− make up only 40ppm of natural CO2 (Eiler et al., 2004). Because

the temperature sensitivity of the method is 0.004-0.005�/◦C (Ghosh et al., 2006) an

external precision of this order is necessary if an uncertainty of 1◦C in the temperature

reconstructions is to be reached (Eiler, 2007).

In the original method of Ghosh et al. (2006), which is the commonly used method

in the currently active laboratories, relatively large amounts of sample material (8-15mg)

and time-consuming measurements are necessary, which is not suitable for high-resolution

studies of climate change in marine sediments, where often only a small amount of sample

is available. In an attempt to make this method more applicable to paleoceanography,

Schmid and Bernasconi (2010) developed a new automated method for ‘clumped isotope’

measurements on small carbonate samples. They demonstrated that by repeated mea-

surements (n=6-15) of 150-200µg aliquots of carbonate with a completely automated,

commercially-available system a sufficient precision and accuracy, similar to that of large

samples, could be reached (Schmid and Bernasconi, 2010). This method should allow

producing a high-resolution δ18O and δ13C stratigraphy and at the same time a lower res-

olution ‘clumped isotope’ reconstruction of temperature and seawater δ18O (Bernasconi

et al., 2011). In this work we present a new calibration based on foraminifera collected

across a temperature gradient ranging between 2◦C and 28◦C in an effort to verify the

calibration of Ghosh et al. (2006) and Tripati et al. (2010) in an independent way and

with different analytical procedures than other laboratories. Furthermore, we present a

high-resolution isotope record of a short sediment core covering the last 700 years in the

Gulf of Taranto (Mediterranean Sea) to demonstrate the applicability and limitations of

the method for paleoceanographic reconstructions from marine sediment cores.

3.2 Material and Methods

3.2.1 Samples

We collected core-top samples of 7 species of foraminifera from 30 different locations

(Figure 3.1) with growth temperatures ranging from 2◦C to 28◦C. The detailed information

for each station and the different species analyzed is given in Table 3.1. When CTD

data and δ18O measurements of ambient seawater were not available, we used published

data from stations as close as possible (Table 3.1). We analyzed 5 different planktonic

species (Globigerinoides ruber (white), Orbulina universa, Neogloboquadrina pachyderma

(sinistral), Globorotalia inflata and Globorotalia truncatulinoides) and 2 benthic species

(Uvigerina mediterranea and Cibicidoides pachyderma).
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For the sediment core study the species G. ruber (white) was used for ‘clumped isotope’

measurements. The 46cm long multicore was dated with 210Pb- and AMS 14C-dating. A

complete description of the core and the age model calculation is reported in Chapter 5.
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Figure 3.1: Map of the sample stations names corresponding to Table 3.1.
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Station Species
δ13C
VPDB
[�]

STDEV
δ18O
VPDB
[�]

STDEV
∆47

[�]
STDEV SE

est. δ18O
sea water
VSMOW
[�]

est. T [◦C]
calc. T
[◦C]

#
Samples

North Atlantic
GC 10 N. pachyderma (sin) 0.55 0.07 4.13 0.12 0.737 0.043 0.007 0.28a 5.5 ± 2.3 * 1.5 33

Atlantic
VAA O. universa 2.24 0.15 0.28 0.24 0.675 0.05 0.011 0.94a 18.5a 19.8 19

G. ruber (white) 1.14 0.15 -0.05 0.15 0.696 0.05 0.012 0.94a 18.5a 21.4 18
G. inflata 0.97 0.09 1.07 0.1 0.648 0.041 0.011 0.94a 17a 16.4 12
C. pachyderma 1.01 0.05 2.85 0.14 0.749 0.041 0.018 0.94a 6a 8.9 5

Mediterranean Sea
V4B O. universa 1.53 0.11 1.08 0.16 0.681 0.029 0.006 0.92a 20.3 ± 9.0b 16.2 22

G. ruber (white) 1.18 0.12 0.38 0.12 0.669 0.035 0.009 0.92a 20.3 ± 9.0b 19.3 13
G. inflata 1.09 0.09 1.81 0.12 0.673 0.05 0.008 0.92a 14.5 ± 5.3 b 13.1 40

V3A O. universa 1.63 0.1 0.23 0.19 0.669 0.047 0.012 0.9a 21.5 ± 8.1 b 19.9 17
V3B O. universa 2.32 0.11 0.33 0.11 0.66 0.046 0.01 1.05a 18.2 ± 7.5 b 20.1 22

G. ruber (white) 1.37 0.12 0.33 0.19 0.667 0.032 0.013 1.05a 18.2 ± 7.5 b 20.1 6
V3C O. universa 2.05 0.22 1.13 0.25 0.666 0.05 0.01 1.28a 18.2 ± 7.5 b 17.6 26
ET91-5 G. truncatulinoides 0.63 0.07 1.66 0.03 0.665 0.021 0.015 1.28a 14.0 ± 1.9 b 15.3 2
V2A O. universa 1.74 0.14 0.66 0.24 0.68 0.037 0.013 1.2a 20.5 ± 9.2 b 19.3 8

G. truncatulinoides 0.86 0.11 1.72 0.08 0.685 0.029 0.008 1.43a 14.9 ± 4.5 b 15.6 12
V7Cbis O. universa 2.21 0.28 0.38 0.15 0.67 0.042 0.01 1.49a 21.8 ± 9.0 b 21.9 17

G. ruber (white) 0.61 0.06 0.58 0.08 0.701 0.033 0.017 1.49a 21.8 ± 9.0 b 21 4
A16 O. universa 1.41 0.08 1.20 0.14 0.661 0.058 0.033 1.3a 19.1 ± 8.4 b 17.3 3
MP36 G. ruber (white) 0.75 0.15 0.95 0.2 0.666 0.035 0.005 1.4* 19 ± 8.5 * 21.9 47
MP38 G. ruber (white) 0.81 0.17 1.02 0.19 0.645 0.039 0.008 1.4* 19 ± 8.5 * 21.6 26
MP43 G. ruber (white) 0.67 0.26 0.98 0.19 0.664 0.04 0.008 1.4* 19 ± 8.5 * 21.7 23

U. mediterranea 0.3 0.14 2.1 0.05 0.687 0.035 0.008 1.5* 13.9 ± 1.6 * 17.3 19
MP45 G. ruber (white) 0.5 0.1 0.69 0.14 0.675 0.038 0.017 1.4* 19 ± 8.5 * 23.1 5

U. mediterranea -0.17 0.09 2.15 0.08 0.704 0.028 0.01 1.5* 13.9 ± 1.6 * 17.1 8
MP 46 G. ruber (white) 0.82 0.15 0.66 0.19 0.663 0.034 0.006 1.4* 19 ± 8.5 * 23.2 30
S7-1 O. universa 2.56 0.16 0.44 0.26 0.668 0.029 0.006 1.6a 22.5 ± 7.6 b 22.1 21

G. ruber (white) 1.01 0.19 0.43 0.18 0.669 0.058 0.017 1.6a 22.5 ± 7.6 b 22.2 11
V10A O. universa 1.81 0.4 0.63 0.23 0.662 0.051 0.016 1.66a 22.2 ± 7.7 b 21.5 10

G. ruber (white) 0.29 0.2 0.41 0.22 0.658 0.035 0.009 1.66a 22.2 ± 7.7 b 22.5 17

South China Sea
SO03 G. ruber (white) 1.46 0.17 -2.9 0.09 0.632 0.061 0.018 0.2a 26.0a 28.6 11
S0904 G. ruber (white) 1.41 0.13 -2.64 0.12 0.644 0.038 0.011 0.2a 26.1 a 27.3 12
S0906 G. ruber (white) 0.87 0.16 -2.88 0.17 0.649 0.07 0.029 0.2a 26.2 a 28.5 6
S0908 G. ruber (white) 1.43 0.11 -2.6 0.13 0.661 0.046 0.013 0.2a 26.2 a 27.1 12
S0910 G. ruber (white) 1.35 0.1 -2.07 0.24 0.651 0.031 0.008 0.2a 26.3 a 24.6 15
S0911 G. ruber (white) 1.3 0.12 -2.7 0.19 0.634 0.027 0.008 0.2a 26.3 a 27.6 11
07 E703 G. ruber (white) 1.27 0.09 -2.59 0.17 0.635 0.038 0.011 0.2a 26.3 a 27.1 11
10-JJW-61 G. ruber (white) 1.16 0.14 -2.94 0.17 0.65 0.025 0.007 0.2a 27.5 a 28.8 14
SO57 G. ruber (white) 1.27 0.21 -2.99 0.07 0.636 0.035 0.012 0.2a 28.1 a 29 9
SO39 G. ruber (white) 1.4 0.09 -3.11 0.12 0.628 0.042 0.012 0.2a 28.0 a 29.6 12

Southern Ocean
AN99 Mooring O N. pachyderma (sin) 0.8 0.09 3.14 0.07 0.72 0.032 0.023 -0.12a 2a 3.7 2
AN98 BC 28 N. pachyderma (sin) 0.69 0.08 3.56 0.06 0.73 0.034 0.017 -0.12a 2a 2.1 4
AN9616 N. pachyderma (sin) 0.33 0.07 4.69 0.07 0.777 0.022 0.01 -0.12a 2a -1.8 5

Table 3.1: Measured δ18O and δ13C values (mean and STDEV), and calculated ∆47-values
(mean, STDEV and SE) of each species and station together with the estimated water δ18Ow

(North Atlantic, Atlantic and Southern Ocean: data from Schmidt et al (1999); Mediterranean
Sea: data from Pierre (1999) and direct measurements from Grauel and Bernasconi (2010);
South China Sea: Atlas data from LeGrande and Schmidt (2006)), the estimated growth
temperatures (North Atlantic: CTD measurements, Atlantic: data from Schmidt et al, 1999;
Mediterranean Sea: data from doga.ogs.triest.it and CTD data from Zonneveld et al. (2008);
South China Sea: data from Locarnini et al. (2006); Southern Ocean: data from Budillon
and Rintoul (2003)) and the calculated δ18O temperatures using the Mulitza et al. (2003a)
temperature equation for the samples from the South China Sea and the Shackleton (1974)
temperature equation for all other stations. a) data where only one temperature or δ18Ow

value are available (surface, thermocline and bottom); b) data where average temperature of
the habitat depth of the species are available; *) CDT temperature data and δ18O from direct
measurements are available.
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3.2.2 Sample pre-treatment

After freeze-drying, the sediments were wet sieved into size fractions of >355µm, 355-

250µm, 250-200µm and 200-125µm. For the calibration, on average 2.2 mg of shells were

picked under the microscope from the fractions 355µm to 125µm. For the high-resolution

study, the short core was sampled at 3mm resolution and the samples were freeze-dried

and subsequently wet sieved into size fractions (>600µm, 600-150µm and 150-63µm). For

the isotopic analyses 10 to 20 tests were picked under the microscope. The foraminifera

were thoroughly cleaned to eliminate contaminations with a cleaning procedure modified

according to Barker et al. (2003) which includes: (i) cracking of the chambers to remove

internal filling, (ii) cleaning twice with ultrapure water in an ultrasonic bath for one

minute (if necessary repeating this step until the water was clear and no contaminations

were visible under the microscope) and (iii) cleaning twice with methanol in an ultrasonic

bath for 30 seconds. The cleaning procedure was chosen from several published ones that

were tested by examining the cleaned shells by Scanning Electron Microscopy (SEM).

Figure 3.2 shows that carbonate encrustations and coccoliths adhering to the foraminifera

shell surface (Figure 3.2A) could be completely removed with this protocol to produce

very clean calcite (Figure 3.2B). SEM observations indicated that a pre-treatment with

10% H2O2 solution with pH fixed at 8 with a phosphate buffer to remove possible organic

contaminants, a routinely used method in micropaleontology, induced dissolution and the

formation of crystal overgrowths on the foraminifera shells (cf. Figure 3.2C). To avoid

these problems, we skipped this oxidation step and carefully monitored the intensity of

mass-48 during measurement as an indicator for organic contaminations (Ghosh et al.,

2006).

A B C

Figure 3.2: SEM pictures of shells of G. ruber (white) (core-top material from the Gulf
of Taranto, Mediterranean Sea): A) before cleaning, B) after cleaning using the described
cleaning protocol in Section 3.2.2, and C) after treatment with 10% H2O2 solution with pH
fixed at 8 and with a phosphate buffer.

3.2.3 Methods

The abundance of mass-47 isotopologues of CO2 is described using the ∆47-notation, as

defined in Eiler et al. (2004), Schauble et al. (2006), Wang et al. (2004) and Ghosh et

al. (2006). The calculation of ∆47 is defined as:

∆47 =

(
R47

R47∗ − 1

)
× 1000 (3.1)
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where R47 is the measured abundance ratio of mass-47 relative to mass-44 and R47∗

the expected abundance ratio relative to mass-44, if the isotopes in the sample were

stochastically distributed among all possible isotopologues (Eiler, 2007).

The automated method for ‘clumped isotope’ measurements on small carbonate samples

by Schmid and Bernasconi (2010) was used for all analyses of the present study. For the

sample analysis repeated measurements of (n=30 for the short core study and n=2-47

for the calibration study) of 150µg to 200µg aliquots of sample material were used. All

samples were measured with a Thermo Fisher Scientific Kiel IV carbonate device, an

automated preparation device, connected to a Thermo Fisher Scientific MAT 253 dual

inlet mass spectrometer. The carbonate is dissolved in vacuum with two drops of 103%

phosphoric-acid at 70◦C, and the evolved gases (CO2 and H2O) are frozen with liquid

nitrogen in a first micro-volume. This is subsequently heated at -110◦C to retain the water,

and the evolved CO2 is frozen in a second micro-volume at liquid nitrogen temperature.

After the transfer is completed, the CO2 is transferred to the mass spectrometer via a

crimped capillary for measurement. Since autumn 2010, the original expansion volume

tubing between the two micro-volumes was replaced by a custom-built trap to remove

possible organic contaminants, which could produce isobaric interferences and lead to

spuriously high ∆47. The trap consisted of a piece of stainless-steel tubing with 6 mm

outer diameter filled for a length of 1.5 cm with PoraPak QTM , a divinyl benzene polymer,

which is also used to purify the CO2 in the methods of Ghosh et al. (2006) and Dennis

and Schrag (2010). The trap is constantly cooled to ca. -15◦C by two Peltier cooling

elements attached to a block of copper that tightly encloses the steel tube. During sample

preparation, when second micro-volume is cooled to liquid nitrogen temperature, the

pressure differential between the two micro-volumes leads to the transfer of CO2 through

the PoraPak trap without the use of a carrier gas. The second volume is then isolated

from the trap with an additional valve and it is heated to transfer the CO2 directly to

the mass spectrometer. After each run of 46 samples the trap is cleaned by heating at

∼80◦C for 1-3 hours. The efficiency of this cleaning method was demonstrated by Dennis

and Schrag (2010) and by experiments reported in Schmid and Bernasconi (2010).

One of the factors influencing the measurements of ‘clumped isotopes’ are scrambling

effects in the source of the mass spectrometer (e.g., Ghosh et al., 2006; Eiler, 2007, 2011;

Huntington et al., 2009), therefore the conditions of the mass spectrometer have to be

checked regularly. We used the approach of Schmid and Bernasconi (2010) which is to

include precisely calibrated carbonates spanning a wide range of δ13C and δ18O to correct

for isotope effects caused by the source of the mass spectrometer, instead of measuring

heated gases during routine analyses. This approach has the advantage that the standards

used for the verification of possible changes in the slope of the regression line used for the

calculation of the ∆47 are monitored by samples treated exactly as the unknown samples

following the principle of equal treatment of samples and standards (Werner and Brand,

2001). While the measurement of heated gases is still suggested, the regular measurement

of carbonate standards of different composition is necessary with our system, because the

gas flows into the mass spectrometer through a separate capillary, and thus the heated

gas calibration does not fully test for possible effects caused by the preparation device
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(e.g., equilibration of the sample gas with water accumulated in the capillaries). Ten to

twelve carbonate standards are included in every run of 46 single measurements. The

carbonate standards used for our analyses are: a Carrara marble (MS2) and a Candoglia

marble. These standards have been calibrated with heated gas measurements by Schmid

and Bernasconi (2010).

Although Dennis et al. (2011) suggest that all ‘clumped isotope’ analyses should be re-

ported in the new absolute reference frame, in this paper we report all our measurements

in the original notation. There are two reasons for this: first, all our measurements

were carried out before the reference frame was developed and second, because it sim-

plifies the comparison with all other available calibration studies without the necessity

of recalculating all published data, with possible associated uncertainties. The average

standard errors (SE) of the ∆47-values for the two routinely measured internal laboratory

standards MS2 (a Carrara marble) and the Candoglia marble were 0.004-0.007� and

∼0.009-0.010�, respectively. The reproducibility of the δ13C and δ18O analysis based

on repeated measurements of MS2 was better than 0.1� (1σ). The system is calibrated

with NBS19 (δ13CV PDB +1.95�, δ18OV PDB -2.2�) and L-SVEC (δ13CV PDB -46.6�,

δ18OV PDB -26.41�), and all δ13C and δ18O results are reported in the conventional delta

notation with respect to VPDB.

The ∆47-temperatures of the short core were determined using the calibration formula

developed with the core-top samples:

∆47 =
0.050581(±0.0007) · 106

T 2
+ 0.0807(±0.0079) (3.2)

where ∆47 is in per mill and T is the temperature in Kelvin (cf. 3.4.2). To account for

measurement errors we used the least-squares regression according to Deming (1943) and

calculated the line of the best fit in MATLAB using the York algorithm1 (York et al.,

2004).

3.2.4 Estimation and calculation of growth temperatures and δ18O

of seawater

To estimate the temperature of the calcification of the surface- and deep-dwelling planktic

foraminifera, we calculated the average temperature of their depth habitat using CTD

data (Table 3.1). The same has been done to calculate the estimated δ18O of the water

when direct measurements were available. In case of the surface-dwelling species G. ruber

(white) and O. universa we took the average temperature of the first 50m of the water

column (e.g., Waelbroeck et al., 2005; Hamilton et al., 2008; Fraile et al., 2009). According

to Mortyn and Charles (2003), N. pachyderma (sin) is most abundant between 0 and 175m

water depth. We took the average temperature of the first 200m of the water column at

the North Atlantic station (GC10). South of the Polar Front (PF) of the Pacific Ocean,

we used the temperature value at 200m water depth for N. pachyderma (sin) as this

species inhabits depths between 100 and 300m (for encrusted morphotypes as described

1source code by T. Wiens 2010 (modified)
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by Bergami et al. (2009)). For the deep-dwelling species G. truncatulinoides we take into

account that the initial calcification of the shells might have started in surface waters

(Schiebel and Hemleben, 2005; Mulitza et al., 2009). We assume that the same issue

persists for the deep-dweller G. inflata at the Mediterranean station (V4B) and have thus

used the average value between 0 and 400m to calculate the estimated temperature of

these species from CTD data (Table 3.1).

For the calculation of the calcification temperatures from the δ18O of the calcite and

the δ18O of the ambient seawater we used the paleotemperature equations of Shackleton

(1974) (3.3), and Mulitza et al. (2003a) (3.4)

T [◦C] = 16.90− 4.38 · (δ18OC − δ18OW ) + 0.10 · (δ18OC − δ18OW )2 (3.3)

T [◦C] = 14.32− 4.28 · (δ18OC − δ18OW ) + 0.07 · (δ18OC − δ18OW )2 (3.4)

where T is the temperature in ◦C, δ18Oc is the δ18O of the carbonate of the shells and

δ18Ow is the δ18O of the ambient seawater. The Mulitza et al. (2003a) temperature

equation was used for the samples from the South China Sea (Table 3.1). Mulitza et

al. (2003a) used living planktic foraminifera for calibration and obtained generally lower

δ18O of the shells than using the Shackleton (1974) equation. For the South China Sea

station, the estimated temperatures deviate from the results of the Shackleton (1974) and

Mulitza et al. (2003a) equations on average by +2.8 ◦C and +1.1 ◦C, respectively. The

reason why we used the Mulitza et al. (2003a) equation for the data obtained from the

South China Sea stations is that the resulting temperatures are closer to the estimated

ones.

At high latitudes and for the Mediterranean Sea stations, we used the temperature equa-

tion by Shackleton (1974). The reason for this is that a previous core-top study on

δ18O-temperature reconstructions of G. ruber (white) and U. mediterranea in the central

Mediterranean had already produced reliable temperatures using the Shackleton (1974)

equation, whereas the Mulitza et al. (2003a) equation produced too low temperatures

(on average ∼4.4 ◦C lower than predicted by Shackleton (1974) equation) compared to

the recent temperature conditions (Grauel and Bernasconi, 2010). Also for high latitude

stations, the Shackleton (1974) equation produces more plausible temperature values (-

1.8-3.7 ◦C) than the Mulitza et al. (2003a) equation (-6.1-0.4 ◦C), as the latter are too

low when compared to CTD data and the optimal growth temperature for N. pachyderma

(sin) (3 - 10◦C) (Duplessy et al., 1985). In addition, Mulitza et al. (2003b) showed that

Shackleton (1974) is better suited for N. pachyderma (sin).

3.3 Results

The results the calibration dataset are given in Table 3.1 together with the estimated

δ18Ow, the estimated growth temperatures, the calculated growth temperatures and the

number of measurements of each sample. At station GC10 (North Atlantic) N. pachy-

derma (sin) has a ∆47-value of 0.737� and the estimated growth temperature for this
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station is 5.5±2.3◦C (Table 3.1). Four different species with an estimated growth tempe-

rature between 18.5 and 6◦C (Schmidt et al., 1999) and a range in ∆47 between 0.648�

to 0.749�, respectively, were found at station VAA (Atlantic) (Figure 3.1, Table 3.1).

Most of the samples come from the Mediterranean Sea (16 stations), where five different

species could be analyzed (O. universa, G. ruber (white), G. inflata, G. truncatulinoides

and U. mediterranea). The estimated growth temperatures range between 22.5◦C and

13.9◦C with ∆47-values ranging between 0.654� to 0.704�, respectively. In the South

China Sea G. ruber (white) could be measured at 10 different stations with a range of

0.033� in ∆47, having an estimated growth temperature between 26.0 and 28.1◦C (Lo-

carnini et al., 2006). The isotopic composition of N. pachyderma (sin) was measured at

3 stations in the Southern Ocean, where ∆47 ranges between 0.770� to 0.720� with an

estimated growth temperature of around 2◦C (Budillon and Rintoul, 2001).

The δ18O, δ13C and ∆47 of G. ruber (white) in the sediment core from the Gulf of Taranto

was measured at 3 mm resolution corresponding to a ∼5 years resolution over the past

700 years (Chapter 5). To calculate the ∆47-values we averaged 30 adjacent samples

thus achieving an average of ∼160 years resolution (Table 3.2). This approach allows

constructing a low-resolution ∆47-record coupled with a high-resolution δ13C and δ18O

curve. The range of the ∆47-values is between 0.684� and 0.673� over the past 700

years, and the δ18O-values vary between 0.34� and 1.4� (Table 3.2 and Appendix). The

calculated ∆47-temperatures range between 16.5◦C and 19.3◦C (Table 3.2). The δ13C of

G. ruber (white) shows a slightly decreasing trend over the whole time interval and varies

between 0-1.03� (Appendix). A detailed discussion of the climatic evolution of the area

over the past 700 years using the δ18O and δ13C as well as TEXH
86 and UK′

37 is given in

Chapter 5.

Year [AD]
∆47

[�]
STDEV SE

δ18O
[�]

STDEV
δ13C
[�]

STDEV
∆47-T
[◦C]

cal. δ18Ow

[�]
#
Samples

1909-1731 0.679 0.035 0.006 0.97 0.23 0.5 0.17 17.7 1.1 30
1726-1560 0.673 0.034 0.006 0.92 0.21 0.55 0.15 19.3 1.5 30
1555-1386 0.678 0.036 0.007 0.84 0.18 0.6 0.18 17.9 1.1 30
1380-1262 0.684 0.06 0.014 0.78 0.21 0.7 0.21 16.5 0.7 20

Table 3.2: ∆47-values, STDEV and SE and the δ18O and δ13C for each time interval of NU04.
The ∆47-temperatures were calculated with the temperature equation (4) (Section 3.4.2) and
the seawater δ18O values were calculated with the paleotemperature equation of Shackleton
(1974) using the ∆47-temperatures and δ18O of the calcite.

Reproducibility of the measurements

The ∆47-value and standard error (SE) of each sample mean are reported in Table 3.1. In

order to achieve a high precision and monitor the stability of the measurements over long

times, some of the samples for this calibration study were re-measured after 10 months.

The average SEs during both measurement series were ∼0.004 and 0.007�, respectively,

for the MS2 and ∼0.009 and 0.010�, respectively, for the Candoglia marble. Most of the

measured biogenic calcites show a SE of ∼0.005-0.013� which corresponds to a tempera-

ture uncertainty of ∼1-2.5◦C (Ghosh et al., 2006). Samples reported with a SE >0.013�
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were either small so that only 2 to 4 measurements could be carried out or technical prob-

lems during the measurements were the cause for a higher uncertainty. Overall, the short

core study shows that pooling of 20-30 adjacent samples allows determining downcore

‘clumped isotope’ temperatures with an average SE of approximately ∼0.008� (Table

3.2).

3.4 Discussion

3.4.1 Relationship between temperature and ∆47

In Figure 3.3 we plot the ∆47 of the surface dwelling (Figure 3.3a, b), and of the deep-

dwelling and benthic species (Figure 3.3c, d) against the estimated and calculated calci-

fication temperatures. The black line represents the Ghosh et al. (2006) calibration. O.

universa and G. ruber (white) show a good fit with the Ghosh et al. (2006) calibration

curve for both, estimated and calculated calcification temperatures (Figure 3.3a, b). How-

ever, G. ruber (white) shows a higher variability at the Atlantic and the Mediterranean

Sea stations. The species G. ruber (white) is estimated to live in the first 50m of the

water column (Waelbroeck et al., 2005; Fraile et al., 2009), where the temperature can

vary over 10◦C in the central Mediterranean Sea during summer (Grauel and Bernasconi,

2010).

The thermocline-dwelling species N. pachyderma (sin) was measured at the high-latitude

stations in the North Atlantic and the Southern Ocean (Table 3.1). Most of these samples

from high-latitude stations show a systematic offset to lower ∆47-values to the inorganic

calibration line, especially when using the calculated calcification temperatures (Figure

3.3d). This has also been observed by Tripati et al. (2010) for the benthic species from

high-latitude stations. A possible reason for this discrepancy might be kinetic effects

which cause non-equilibrium during calcification for example due to degassing (Eiler,

2011). However, the exact mechanism explaining this difference remains unknown (Tripati

et al., 2010; Eiler, 2011). The deep-dwelling species G. inflata and G. truncatulinoides

also show an offset to lower ∆47-values compared to the inorganic calibration line (Figure

3.3c, d). This might be due to the vertical temperature gradient (up to 5◦C (Table

3.1)) in the water column, which makes the estimated temperatures more uncertain. The

lower ∆47 may indicate that these species preferentially calcify in the upper part of the

water column. Furthermore it is possible that the species used in this study were in an

early stage of growth in the surface waters and had not built their secondary calcite crust

yet (Mulitza et al., 2009). The benthic species, C. pachyderma and U. mediterranea, in

contrast, show a good correlation to the inorganic calibration line (Figure 3.3c, d).

Our samples cover a salinity gradient from approximately 34PSU for the open ocean sta-

tions to 39PSU in the eastern Mediterranean, indicating that salinity does not significantly

affect the ‘clumped isotope’ temperatures (Antonov et al., 2006; doga.ogs.trieste.it).
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Figure 3.3: ∆47-values (mean and SE) plotted against the estimated growth temperatures (a,
c) taken from CTD and published data (mean and range) and compared to the calculated δ18O-
temperatures (b, d). All values are plotted with the calibration line and the 95% confidence
interval of Ghosh et al. (2006). a) and b) are the surface dwelling species O. universa (circle),
G. ruber (white) (rectangle). c) and d) are the thermocline-dwelling species N. pachyderma
(sin) (star), the deep-dwelling species G. inflata (cross) and G. truncatulinoides (triangle) and
the benthic species U. mediterranea and C. pachyderma (diamond).

3.4.2 Comparison to other ‘clumped isotope’ calibrations

In Figure 3.4 we compare our data to previous published calibrations (Ghosh et al., 2006,

2007; Tripati et al., 2010; Eagle et al., 2010; Thiagarajan et al., 2011) using both the esti-

mated and the calculated calcification temperatures (Figure 3.4c, d). We observe a strong

positive correlation between ∆47-values and growth temperatures, and the calibration on

foraminifera alone (Figure 3.4a, b) compared to the calibration including different biogenic

calcites (Figure 3.4c, d) do not show a significant difference. The resulting temperature

equations are:

∆47 =
0.050371(±0.0010) · 106

T 2
+ 0.0797(±0.0122) (3.5)

∆47 =
0.048727(±0.0010) · 106

T 2
+ 0.1012(±0.0117) (3.6)
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∆47 =
0.051061(±0.0007) · 106

T 2
+ 0.0740(±0.0080) (3.7)

∆47 =
0.050581(±0.0007) · 106

T 2
+ 0.0807(±0.0079) (3.8)

where in (3.5) the estimated temperatures and foraminifera and inorganic calcites data,

in (3.6) the calculated temperatures and foraminifera and inorganic calcite data, in (3.7)

the estimated temperatures and different biogenic and inorganic calcites, and in (3.8) the

calculated temperatures and different biogenic and inorganic calcites were used.

The resulting ∆47-temperature differences vary from 0 to 1 ◦C and from 0 to 0.4◦C between

equations (3.5) and (3.6) and between equations (3.7) and (3.8). For the further analyses

we suggest to use equation (3.8) because it shows the largest coefficient of correlation

(R2=0.89) among the presented calibrations and is more robust due to the inclusion of

all available biogenic and inorganic calcite data (Figure 3.4d).

Our equation differs slightly from the original calibration on inorganic calcites of Ghosh et

al. (2006), but is in good agreement with Tripati et al. (2010) (Figure 3.4). The observed

offset is most pronounced in the foraminifera grown at cold temperatures, and the deep-

dwelling planktic species (Figure 3.3c, d and 5) which, as in Tripati et al. (2010), show

somewhat too warm temperatures. Potential force of error could be the estimated growth

temperatures (Tripati et al., 2010), although the calculated calcification temperatures

from the δ18O of the foraminifera shells are similar for the deep-dwelling species. Vital

effects could be another potential source of uncertainty. However, no systematic, statisti-

cally significant influence of vital effects on the ‘clumped isotope’ compositions could be

observed to date (Ghosh et al., 2007; Eiler, 2007; 2011; Thiagarajan et al., 2011). A point

of uncertainty that we can neglect in this context are isobaric interferences on mass-47

due to contamination, as these would result in spuriously lower ∆47-temperatures (Ghosh

et al., 2006). The measurement uncertainty and the reproducibility of the deep-dwelling

and the high-latitude planktic species is not significantly different to the other species

(0.007 to 0.023�), Figure 3.5a. The fact that in our study we observe the same offset to

the Ghosh et al. (2006) calibration as Tripati et al. (2010) exclude a problem of inter-

laboratory calibration as both those studies were carried out with the same instrument

at the California Institute of Technology (CALTECH) (Eiler, 2011). Eiler (2011) postu-

lated that the discrepancy might also be due to kinetic isotope effects and that lower the

∆47-value could be due to degassing that occurs preferentially in cold aqueous solutions

(Eiler, 2011).

In Figure 3.5b, c we show a comparison of the different calibration lines with and without

their 95% confidence interval. Compared to Ghosh et al. (2006) the slopes of the regression

lines are slightly shallower but still within the 95% confidence interval. In spite of the

good correspondence, more studies on cultured foraminifera and plankton tows data are

necessary, especially for cold temperatures in order to better understand ‘clumped isotope’

fractionation at low temperatures.

Theoretical modeling by Guo et al. (2009) and experimental data on inorganic carbon-

ates by Dennis and Schrag (2010) indicate a smaller temperature dependence of ∆47
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Figure 3.4: ∆47-temperature relationship, a) show the ∆47-temperature relationships of
the foraminifera of the present study (red) and the results from the Tripati et al. (2010)
study on foraminifera (black) and the inorganic calcites by Ghosh et al. (2006) using the
estimated growth temperatures (Table 3.1), whereas the resulting calibration line using the
foraminifera data and the inorganic calcites is indicated in red and plotted in comparison to
the inorganic calibration line (black) by Ghosh et al. (2006). b) show the ∆47-temperature
relationships of the foraminifera of the present study (cyan) and the results from the Tripati et
al. (2010) study on foraminifera (blue) and the inorganic calcites by Ghosh et al. (2006) using
the calculated δ18O-temperatures, while the resulting calibration line using the foraminifera
data and the inorganic calcites is indicated in cyan and plotted in comparison to the inorganic
calibration line (Ghosh et al. 2006). c) represent the ∆47-temperature relationship using
various biogenic calcites for estimated growth temperatures and in comparison to the initial
calibration by Ghosh et al. (2006) (black line). d) represent the ∆47-temperature relationship
using various biogenic calcites for calculated growth temperatures and in comparison to the
initial calibration by Ghosh et al. (2006) (black line).
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interval.
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as described in the original calibration and all subsequent studies on biogenic carbon-

ates. One of the proposed causes of this discrepancy was poor interlaboratory calibration

(Dennis and Schrag 2010), however the development of the absolute reference frame for

interlaboratory cross calibration have shown that this discrepancy remains (Dennis et al.,

2011). We conclude that the uniformity of the biogenic calcites data of various studies

and the excellent agreement with our calibration supports the validity of this calibration

for foraminifera and other biogenic carbonates.

3.4.3 Relationship between seawater composition and ∆47

So far, the δ18Ow for ancient environments could only be estimated with indirect methods

such as reconstructions of ice-sheet and sea-level changes (e.g., Dawson, 1992; Alley et al.,

2005) or from the isotopic composition of interstitial waters in marine sediments (Schrag

and DePaolo, 1993; Paul et al. 2001). However, these reconstructions only allow global

estimates and do not take into account local variations in δ18Ow that occur in the ocean

(LeGrande and Schmidt, 2006). Other methods such as coupled measurements of Mg/Ca

ratios in foraminifera in principle also allow to reconstruct local conditions, but suffer

from possible difficulties related to changes in Mg/Ca ratio of seawater through time

as well as on species-specific fractionations (e.g., Lear et al., 2000). The combination

of temperature proxies such as the UK′
37 with oxygen isotopes in foraminifera has also

been used (e.g., Emeis et al., 2000). However, such an approach may lead to biased

results due to the different ecology of the organisms used for the organic temperature

proxy (coccolithophorids) and the oxygen isotope reconstructions (foraminifera). With the

‘clumped isotope’ thermometry δ18Ow can be directly calculated from the measured δ18O

and ∆47-values measured on the same sample of foraminifera. The calculated δ18Ow-values

calculated using the measured δ18O of the foraminifera shells and the ∆47-temperatures

are plotted against the estimated δ18Ow-values of each species in Figure 3.6.

The differences in the calculated δ18Ow- values when using the different ∆47-temperature

equations are small 0.1-0.2� (Figure 3.6a-d) where only the species N. pachyderma (sin)

at station AN9816 shows a larger difference of 0.3� (cf. Appendix). The use of the

Shackleton (1974) or Mulitza et al. (2003a) equations to calculate δ18Ow-values produce

a substantial difference of about 0.7�. The calculated δ18Ow-values using the measured

δ18O of the foraminifera shells and the ∆47-temperatures are plotted against the esti-

mated δ18Ow-values for each species in Figure 3.6. In comparison, when using the ∆47-

temperature equations from the former calibration studies by Ghosh et al. (2006) and

Tripati et al. (2010), the calculated δ18Ow-values differ by ∼0.1-0.2� as well in most

cases compared to the Ghosh et al. (2006) calibration but are similar when using the

Tripati et al. (2010) calibration. The largest discrepancies between our calibration and

the Ghosh et al. (2006) calibration are observed at the high-latitude stations where the

calculated δ18Ow-values differ up to ∼1.2�.

Like the Tripati et al. (2010) study, our study shows variations in the data that are related

to species-specific variations. This is currently a limiting factor for the application of this

method to foraminifera.

The calculated and estimated δ18Ow-values of the surface-dwelling species (O. universa,
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Figure 3.6: Comparison of the estimated and the calculated water δ18O based on ∆47-
temperatures and the δ18O of the shells. Water δ18O was calculated using the paleotemper-
ature equations of Mulitza et al. (2003a) for the South China Sea stations and Shackleton
(1974) for all other stations. The diagonal line represents a 1:1 line. a) surface dwelling species
using the ∆47-temperature equation (3.7) based on estimated temperatures and b) surface
dwelling species using the ∆47-temperature equation (3.8) based on calculated temperatures.
c) the thermocline-, deep-dwelling and benthic species, whereas in c) the ∆47- temperature
equation (3.7) and in d) the ∆47-temperature equation (3.8) were used (Section 3.4.2).

G. ruber (white)) show generally a good correlation (Figure 3.6a, b). The variations of the

calculated δ18O-values lie within the cumulative analytical error of ∼0.7� (assuming a

change of 0.2�/1◦C in δ18O and an error of 1-3◦C of the ∆47-values). A larger discrepancy

is observed at station A16 (∼1�), where only a small amount of sample material was

available (Table 3.1). The calculated δ18Ow from G. ruber (white) show higher deviations

of up to ∼2�, especially at the Mediterranean Sea stations V7Cbis (∼2�) and MP38

(∼1.6�) and at station VAA (∼1.8�), but these were samples where only a small
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amount of material was available (Table 3.1). A similar larger scatter in the G. ruber

(white) data was also observed by Tripati et al. (2010), suggesting that this species may

not be the best target for paleoceanographic studies. A possible source of scatter could

be the fact that we not strictly separate the different morphotype of this species, which

could have slightly different habitat preferences (Numberger et al., 2009). Furthermore,

pH variations between the seawater and the vacuole water of the species could affect the

scatter (Bentov et al., 2009), although so far no indications for a relationship between

pH and 13C-18O bonds has been observed (Tripati et al., 2010). Part of the variations of

the calculated δ18Ow-values from the South China Sea (up to ∼1.7�) could also be due

to the lack of direct measurements of δ18Ow and thus our assumption of a homogeneous

water value of 0.2� for the entire region (LeGrande and Schmidt, 2006). The calculated

δ18Ow values of N. pachyderma (sin) at the high-latitude stations in the Southern Ocean

show an offset of up to ∼1.1� compared to the estimated values, which could be partly

due to the small amount of sample material available but also to the fact that no data

from direct measurements of the oxygen isotope composition of the seawater was available

(Table 3.1). In addition, as already mentioned in 3.4.2, the samples from the high latitude

stations show an offset in the calibration, the origin of which remains unexplained (Eiler,

2011).

The calculated δ18Ow-values of the deep-dwelling species G. inflata and G. truncatuli-

noides show a large offset (up to ∼2�) mainly due to the uncertainties in calcification

depth (cf. 3.4.2, Figure 3.5c, d). However, as the calculated offset (up to ∼2�) is too

high to be only explained by a different calcification depth of the species it remains unclear

and calls for further investigations on cultured species.

The benthic species at the Mediterranean stations are generally within the error, while

the species C. pachyderma at station VAA shows an offset (∼1.9�) possibly due to the

small amount of sample available leading to a higher measurement uncertainty for the

∆47-temperature (0.018�) and the lack of direct measurements of δ18Ow (Figure 3.5c, d,

Table 3.1).

In summary, the calculated δ18Ow-values from the surface dwelling species used are in good

agreement with the estimated values. Higher uncertainties are related to stations where no

direct δ18Ow measurements were available, especially those at the high latitudes. Further

studies on cultured foraminifera and plankton tows are necessary to better understand

the behavior of clumped isotopes at low temperatures.

3.4.4 High-resolution downcore records and potential for paleocli-

mate and paleoceanographic studies

To verify our calibration and demonstrate the applicability of our method to produce

coupled high-resolution δ13C and δ18O and low-resolution ‘clumped isotope’ temperature

records, we measured the ∆47, δ
18O and δ13C of G. ruber (white) from a short core

covering the last 700 years from the Gulf of Taranto (central Mediterranean Sea). The

core-top samples showed that most G. ruber (white) from the Mediterranean Sea calcify

in or close to equilibrium, although the species show a higher scatter compared to other
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surface dweller (Figure 3.3a, b and Figure 3.4).
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Figure 3.7: δ18O, ∆47, and calculated δ18O-values of seawater of G. ruber (white) from core
NU04 from the Gulf of Taranto (Mediterranean Sea). Black diamonds: ∆47-values averaging
30 adjacent samples. Red diamond: recent ∆47-value in the Gulf of Taranto. Open black
diamond: ∆47-values based on 20 adjacent samples. The red line marks the recent ∆47-
value in the Gulf of Taranto. The black line marks the mean ∆47-value of NU04. The δ18O
of seawater was calculated with Equation 3.8 and Shackleton (1974) plotted against time
and together with the modern seawater value (black line). Blue diamonds: values calculated
averaging 30 adjacent samples. Red diamond: recent δ18Ow value calculated from core-tops
in the Gulf of Taranto (MP43, MP45 and MP46 (Table 3.1)). Open blue diamond: value
based on average of 20 adjacent samples.

In the core we only used the morphotype platys to avoid variability due to the different

depth habitat of the different morphotypes of G. ruber (white) (Numberger et al., 2009).

The ∆47-temperatures vary between 17.7◦C and 19.3 ◦C, and are on average 2.8◦C lower

than the modern ∆47-temperatures (20.6◦C) in the Gulf of Taranto (Figure 3.7) obtained

from core tops. A reason for the somewhat lower ∆47-temperatures and the somewhat

higher scatter of the data from the core could be that these measurements were carried

out before the installation of the PoraPak QTM trap (cf. 3.2.3). In comparison to the

∆47-values of the core-tops from the Gulf of Taranto the ∆47-values of the short core

on average show an offset of 0.012� (3◦C). It is plausible that this offset is related
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to the installation of the Porapak QTM trap, as the same has also been observed in a

study (0.012�) of a longer core from the same location, where one part of the core was

measured with the PoraPak QTM trap and the rest without it (Chapter 6). If we would

correct the ∆47-values of the short core by 0.012� the resulting average ∆47-temperature

(∼20.8◦C) would be similar to the core-top ∆47-temperature (∼20.6◦C). Unfortunately,

no more material is available to repeat the measurements.

The total variation of the δ18O of G. ruber (white) in the core is ∼1.1� which could

correspond to a 6◦C temperature range if the variation would be fully due to temperature

variations. Modeling studies show that during the Little Ice Age (LIA) air temperature

changes were in a range of ∼0.4◦C during summer (Raible et al., 2006). The analyses

of the δ18O of G. ruber (white) together with TEXH
86 and UK′

37 measurements from an

adjacent core show that the δ18O record is a composite record of temperature, salinity,

and circulation changes (Chapter 5). The main surface water masses in the Gulf of

Taranto are the less saline, nutrient rich Western Adriatic Current (WAC) flowing in a

narrower coastal band from the northern Adriatic Sea into the Gulf of Taranto and the

more saline, oligotrophic Ionian Surface Water (ISW) from the central Ionian Sea (Poulain,

2001; Bignami et al., 2007; Turchetto et al., 2007). Due to the different water masses the

salinity gradient between the coastal and the offshore regions in the central Ionian Sea is

about 2PSU (Grauel and Bernasconi, 2010). This shows that salinity changes of 1-2PSU

during the LIA are in a range that is well within modern variability of dominant water

masses. The calculated δ18O-values of seawater from the core are close to the modern

value of ∼1.3-1.4� (Figure 3.7). Lower δ18Ow values would correspond to wetter and

colder conditions (lower ∆47-temperatures) with a possible higher influence of the WAC

during the LIA (e.g., Diodato et al., 2007, Chapter 5), whereas higher δ18Ow values would

indicate drier and warmer conditions (higher ∆47-temperatures) and a possible higher

influence of the ISW. However, most of these variations are still within the error margin

of 1-4◦C (∼0.7� variation in δ18Ow), and therefore these relatively small variations in

salinity and hence circulation changes must remain speculative.

Owing to the small time slice we consider in this study and the expected small tempera-

ture variations that can be expected over this period, we can show that we are able to

produce a stable temperature signal with the ‘clumped isotope’ thermometry over longer

time intervals by pooling adjacent measurements on 20 to 30 foraminiferal tests, thereby

producing a coupled high-resolution oxygen and carbon isotope stratigraphy and at the

same time lower-resolution ‘clumped isotope’ temperature record. At the current state

of technical development the analytical uncertainty is relatively high and is not suited

for the study of small temperature changes as observed in the Holocene. However, our

study shows that the method is applicable when investigating larger climate changes such

as those observed at glacial/interglacial scale. The main advantage of our approach over

using large samples at low resolution is that this allows obtaining high-resolution δ13C

and δ18O records while producing low-resolution ‘clumped isotope’ data.
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3.5 Conclusions

Our study shows that the automated method for ‘clumped isotope’ analyses on small

carbonate samples allows the measurement of planktic and benthic foraminifera (and any

other carbonate) and allows temperature reconstructions with an error of ±1-3◦C. The

achieved reproducibility is comparable (∼0.005-0.013�) to previously published methods

using larger samples and our new calibration is in good agreement to previous studies on

biogenic carbonates, in particular the one of Tripati et al. (2010).

The surface-dwelling species O. universa and G. ruber (white) are found to mainly calcify

in isotopic equilibrium. At the high-latitude stations the thermocline-dweller N. pachy-

derma (sin) shows an offset that has been observed for high latitude stations in former

studies. The same offset is seen in the deep-dwelling planktic species G. inflata and

G. truncatulinoides. Possible sources of uncertainty might be the estimated calcification

temperatures, species-specific vital effects, pH variations between the seawater and the

vacuole water of the species and possible kinetic effects at temperatures lower than 10◦C.

The benthic species from the Mediterranean used in this study are in good agreement

with the calibration. The calculated δ18O-values of the ambient seawater lie within an

error of ∼0.7� of the measured or inferred δ18Ow. In addition, uncertainties in the recon-

struction of seawater oxygen isotope composition are also related to the uncertainty in the

δ18O-based paleotemeperature equations. Depending on the paleotemperature equations

used, differences of up to 0.7� are calculated for the same sample.

Our ∆47- measurements of G. ruber (white) taken from a sediment core that covers the

last 700 years in the Gulf of Taranto show that at the current state of development

it is necessary to integrate a large number of analyses to detect small-scale temperature

changes. The reconstructed seawater δ18O-values are comparable to the measured present

day δ18O-value of the ambient seawater but the observed variations in this core are within

the error of the measurements. Therefore, at the current state of technology, the applica-

tion of ‘clumped isotope’ thermometry is limited to detecting large climatic changes such

as those observed at glacial-interglacial scale.
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CHAPTER 4

High-resolution environmental changes in Holocene sediments

from the Gulf of Taranto, Central Mediterranean∗

Abstract

An extensive, high-resolution, sedimentological-geochemical survey was done using geoa-

coustics, XRF-core scans, ICP-AES, AMS 14C-dating and grain size analyses of sediments

in 11 cores from the Gallipoli area, the Gulf of Taranto, the southern Adriatic Sea and

the central Ionian Sea spanning the last 16 cal. ka BP. A stratigraphic framework using

XRF-core-scan Ca/Ti ratios along with AMS 14C-dating was used to accurately correlate

and date the cores revealing high but variable sedimentation rates across the Gallipoli

shelf. Subsequently, the sedimentary composition was used for a basin-wide paleoclimate

reconstruction.

The Younger Dryas is characterized by increased precipitation in Southern Italy, while

Northern Italy was dry. The establishment of the current connection of the Gallipoli shelf

and the South Adriatic Sea is detected at approximately ∼7 cal. ka BP, which is related

to sea level rise and deep water formation in the Adriatic Sea. During the middle to late

Holocene, millennial scale events of increased detrital input (e.g., Roman Humid Period)

and decreased detrital input (e.g., Medieval Warm Period) are observed. The comparison

to other paleoclimate records indicates that these dry/wet spells concord with variability

in the North Atlantic Oscillation (NAO).

4.1 Introduction

During the Holocene, millennial scale climatic events such as the ‘Medieval Warm Period’

(MWP) and the ‘Little Ice Age’ (LIA) can be detected across the Northern Hemisphere

(NH), and have been associated with changes in atmospheric circulation and solar vari-

∗Intended for publication in Marine Geology as Marie-Louise S. Goudeau1, Anna-Lena Grauel1, Chiara
Tessarolo, Arne Leider, Liang Chen, Stefano M. Bernasconi, Gerard J.M. Versteegh, Karin A.F. Zonn-
eveld, Gert J. de Lange; High-resolution environmental changes in Holocene sediments from the Gulf of
Taranto, Central Mediterranean (1authors contributed equally to this work).
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ability (Bond et al., 1997; deMenocal et al., 2000; Rohling et al., 2002, Mayewski et al.,

2004). These events have site-specific expressions, and their controlling factors and natu-

ral feedback mechanisms are still not fully understood (Mayewski, 2004). Therefore, full

comprehension of this millennial scale climatic variability requires long, continuous, high-

resolution records from climatic sensitive areas. The Mediterranean region is situated

between the subtropical high-pressure belt and the mid-latitude westerlies recording both

high- and low latitude climate changes, such as those related to NAO, ENSO, and Asian

Monsoon (Rossignol-Strick, 1985; Hurrell, 1995; Alpert et al., 2006; Lionello et al., 2006;

Trigo et al., 2006; Brandimarte et al., 2011; Nieto-Moreno et al., 2011). Nevertheless,

high-resolution marine records of the central Mediterranean region that cover the entire

Holocene and deglaciation are rare and mostly focus on SST reconstructions based on

faunal assemblages or oxygen isotopes (Sangiorgi, 2003; Piva et al, 2008).

Orbital-scale climate changes are reflected by organic rich sapropel layers in Mediterranean

sediment that have been related with predominately low-latitude forcing (Rossignol-

Strick, 1985; Hilgen, 1991; Lourens et al., 1996; De Lange et al., 2008). High-latitude

climate-variability has been associated to millennia to decadal time scales changes in dust

transport, temperature, precipitation, and deep water formation (e.g., Cini Castagnoli

et al., 1999; Schilman et al., 2001; Sangiorgi et al., 2003; Rohling et al., 2002; Frisia

et al., 2005; Piva et al., 2008; Gennari et al., 2009; Jilbert et al., 2010). Paleoclimate

reconstructions of the Adriatic Sea-region suggest that cold events are linked with North

Atlantic ice-rafting events (Sangiorgi et al., 2003; Piva et al., 2008; Giraudi et al., 2011).

In addition, late Holocene records from the Adriatic Sea suggest generally wetter and

warmer conditions during the ‘Roman Warm Period’ (RWP), and drier and warmer dur-

ing the ‘Medieval Warm Period’ (MWP), but relatively cold and wet during the ‘Little

Ice Age’ (LIA) (e.g., Sangiorgi et al., 2003; Frisia et al., 2005; Piva et al., 2008; Chen et

al., 2011; Giraudi et al., 2011). The cold and warm spells are thought to affect Adriatic

Deep Water (ADW) formation and consequently the general Mediterranean ocean circu-

lation (Sangiorgi et al., 2003; Piva et al., 2008). However, discrepancies exist between

the extent, trends and timing of different terrestrial paleo-precipitation records in the

region (Giraudi et al., 2011). These discrepancies are presumably related to difference

in seasonality, dating uncertainties, local variations and low resolution (Giraudi et al.,

2011). In marine, near-costal settings with a high sedimentation and relative large catch-

ment area, regional-scale, high-resolution studies are possible. Carbonate contents (Cini

Castagnoli et al., 1992), stable oxygen isotopes of G. ruber (e.g., Cini Castagnoli et al.,

1999), UK′
37 (Versteegh et al., 2007) and dinoflagellate cysts (Chen et al., 2011; Zonneveld

et al., 2012) based sea surface temperature, salinity and eutrophication reconstructions

of cores from this area display sub-decadal to centennial scale climate variability which

have been related to changes in river discharge, the NAO and solar variability. However,

despite the potential of this area to reconstruct paleoclimate variability of the Holocene

at high-resolution, to date no studies covering more than 5500 years exist for the Gallipoli

shelf sediments (Cini Castagnoli et al., 1992). In addition, only a few studies on recent

sediment transport and geochemical patterns in the Gulf of Taranto are available indi-

cating a complex and spatially very different morphology, sedimentation and chemical
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composition (Rossi, 1983; Buccolieri et al., 2006; Malinverno et al., 2010). This high-

lights the need for a basin wide sedimentological study in the Gulf of Taranto to better

understand paleoclimatic records from this region.

We present a robust stratigraphic framework of multiple sediment cores from the Gallipoli

shelf based on correlation of XRF core scanning data that accurately cover the sedimento-

logical and geochemical variations since the last glacial. These geochemical records were

validated using grain size measurements of core-top samples and down core ICP-AES

analyses. Variations in the elemental composition of sediment of the cores have been used

to infer paleoclimate and circulation changes in the Gallipoli area.

4.2 Regional setting

The Gulf of Taranto is situated in the northwestern Ionian Sea between Calabria and

Apulia (Figure 4.1). It can be divided into three distinct geological provinces, the Apulian

Slope, the Taranto Valley and eastern Calabrian Margin (Rossi et al., 1983). The sediment

supply to the Gulf of Taranto has a significant interannual variability and is higher in

winter than in summer (Milligan and Cattaneo, 2007). The main influence on transport

along the southern Italian coast is the intensity of the Western Adriatic Current (WAC)

which flows in a narrow coastal band from the northern Adriatic Sea into the Gulf of

Taranto (Poulain, 2001; Bignami et al., 2007; Turchetto et al., 2007). The primary

sediment supply comes from the Po river in the North and additional contributions from

smaller Alpine and Apennine rivers flowing into the northern Adriatic Sea (Turchetto

et al., 2007). Sediment-budget modeling studies have revealed that Po-Adige sediments

with a grainsize <18 m can be found as far south as the Gulf of Manfredonia (Weltje

and Brommer, 2011). The mud wedge formed by these sediments along the Italian shelf

reaches up to 30 m thickness in the North and represents the modern high-stand system

after early Holocene sea-level rise (∼5.5ka BP) (Cattaneo et al., 2003; Vigliotti et al.,

2008). Around the Capo Santa Maria di Leuca the bottom currents are more intense

than the surface currents and have a strong influence on the sedimentation (Savini and

Corselli, 2010). The bottom layer of the water column in the southern Adriatic region

is characterized by the presence of Adriatic Deep Water (ADW) which is a dense water

mass formed by two different processes (Turchetto et al., 2007): 1. wintertime NE Bora

wind events which form the Northern Adriatic Dense Water (NAdDW) during winter

in the northern Adriatic Sea and 2. deep convection during late winter/early spring in

the southern Adriatic Sea which forms the Southern Adriatic Dense Water (SAdDW)

(Turchetto et al., 2007). In the southern Adriatic Sea NAdDW can be observed in spring

(Boldrin et al., 2005; Turchetto et al., 2007). The NAdDW has an enhanced current and

particle flux southward (Turchetto et al., 2007). Therefore, we can observe a complex

water mass structure in the Gulf of Taranto during winter and spring due to plume

dynamics and mixing of the dense bottom and surface water masses (Sellschopp and

Álvarez, 2003).
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Figure 4.1: Bathymetric map of the Gulf of Taranto with the core locations. Arrows
show schematically the circulation and the major water masses pathways (WAC - Western
Adriatic Current, ADW - Adriatic Deep Water, ISW - Ionian Surface Water, LIW - Levantine
Intermediate Water).

4.3 Material and Methods

All cores of this study, except core DP20, DP23 and DP39, are located on the Apulian

Margin, a wide continental shelf with a slight gradient towards the deep Taranto Valley

(Rossi et al., 1983). The slope is locally affected by slumping and active erosion processes

(Rossi et al., 1983), thus pre-site survey Multibeam studies are essential. The bathy-

metric data are based on the integration of several Multibeam surveys which have been

conducted during the RV Pelagia cruises ‘DOPPIO’ (2008) and ‘MACCHIATO’ (2009).

The bathymetric data of the Gulf of Taranto area (grid size 15m) and for the shallower

Adriatic Sea (grid size 10m) where combined with the GEBCO global grid data (grid size

100m) and integrated to construct a detailed bathymetric map (Figure 4.1).

The gravity cores GeoB10701, -10703, -10704, -10706, -10709 and -10745 have been col-

lected during the RV POSEIDON cruise ‘CAPPUCCINO’ in June 2006 (Zonneveld et

al., 2008), the piston cores DP30, DP23 and DP20 have been collected during the RV

PELAGIA cruise ‘DOPPIO’ in October/November 2008, and the piston core MP 49 core

has been collected during RV PELAGIA cruise ‘MACCHIATO’ in November/December

2009 (De Lange, 2009) (Table 4.1).
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MOCCHA-Cruise Station Latitude Longitude
Bottom
depth [m]

Gravity core
length [m]

CAPPUCCINO GeoB10701 40◦00 N 17◦47 E 1181 2.81
CAPPUCCINO GeoB10703 40◦00 N 17◦74 E 277 3.78
CAPPUCCINO GeoB10704 40◦00 N 17◦83 E 219 5.52
CAPPUCCINO GeoB10706 39◦83 N 17◦83 E 218 4.87
CAPPUCCINO GeoB10709 39◦76 N 17◦89 E 172 5.19
CAPPUCCINO GeoB10745 39◦81 N 17◦73 E 689 3.99

DOPPIO DP20 38◦56 N 17◦98 E 2446 5.56
DOPPIO DP23 39◦74 N 16◦94 E 378 9.06
DOPPIO DP30 39◦83 N 17◦80 E 270 8.28
DOPPIO DP39 40◦51 N 18◦64 E 527 7.96

MACCHIATO MP49 39◦83 N 17◦80 E 267 9.61

Table 4.1: Geographic and bathymetric information of the core stations.

4.3.1 Grain size analyses

The grain size distributions were determined for 5 core top samples (0-2 cm) of multi-

cores GeoB10701, -10703, -10704, -10706, and -10709 using a Malvern Laser Diffraction

Grainsizer 2000 with the dispersing module Hydro 2000S (Table 4.2). For a better dis-

aggregation of the sediment, the samples were suspended in Na(PO4)n (5g/l) overnight

before measurements.

4.3.2 AMS 14C-dating

Nine bulk planktic foraminifera samples of core DP30 were picked and analyzed with

a miniaturized radiocarbon dating system (MICADAS) (Ruff et al., 2007; Synal et al.,

2007) at the AMS Radiocarbon Dating Laboratory at ETH Zurich (Table 4.3). Five

samples were measured as solid graphite targets and 4 samples were measured directly as

CO2, where MICADAS was equipped with a gas ion source. The 14C-ages were calibrated

with the program OxCal v3.10 (Bronk Ramsey et al., 2009) with the references using the

Marine04 calibration curve (Hughen et al., 2004) in combination with the region reservoir

correction of 121±60 (∆R) in addition to the standard reservoir correction of about 400

years.

The age models for the other cores in the Gulf of Taranto were determined by correlation

to core DP30 using the Ca/Ti curves (see 4.4.3) and the program AnalySeries 2.0 by

Paillard et al. (1996).

4.3.3 XRF analyses

In this study two different XRF core scanners, the AVAATECH core scanner (Richter

et al., 2006) and the ITRAX XRF core scanner (COX Analytical Systems), were used
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(Croudace et al., 2006). As XRF core scanning data can be considered semi-quantitative

(Croudace et al., 2006; Richter et al., 2006, Weltje and Tjallingi, 2008), elemental ratios

are analyzed instead of direct counts. As Aluminum ratios show high correspondence to

water content (Tjallingii et al., 2007), Titanium or Iron ratios are used to explore varia-

tions in terrestrial input. Both elemental ratios show similar distributions as Aluminum

in the Adriatic Sea (Weltje and Brommer, 2011). To detect variations in marine input

Calcium ratios are used. Furthermore, we only compare trends of the elemental ratios,

as small matrix effects significantly influence detection limits in XRF which bias signals

between cores (e.g., Richter et al., 2006). An effect that can be enhanced by the difference

in detection limits between both XRF core scanners.

For this study the split core halves from the ‘CAPPUCCINO’ cruise (GeoB cores: 10704,

10745, 10706, 10703, 10709) were scanned at 2 mm resolution with the ITRAX scanner at

the Geography Institute (GEOPOLAR group), University of Bremen. The elements: Si,

K, Ca, Ti, V, Cr, Mn, Fe, Rb, Sr, Zr, Br, Pb were measured every 2mm using a Mo X-ray

tube at 30kV. The cores GeoB10704 and GeoB10709 were additionally measured for the

lower atomic number elements Al, Si, S, K, Ca, Ti, Ba using a Cr X-ray tube at 30kV.

The count time for each measurement was 30 seconds. Afterwards, 5 measurements

were integrated to resolve a 1-cm resolution as used for the cores measured with the

AVAATECH core scanner.

The archive halves of the cores from the ‘DOPPIO’ and the ‘MACCHIATO’ cruises were

scanned at 1cm resolution with the AVAATECH scanner at the NIOZ in December 2008

(DP-cores: 20, 23, 30, 39) and January 2010 (MP-core: 49). The elements: Al, Si, P, S,

Cl, K, Ca, Ti, Cr, Fe, Mn, Co, Rh, were measured at an X-ray voltage of 10kV while the

elements: Zn, Ga, Br, Rb, Sr, Y, Zr, Au, Pb, Bi and the elements: Sr, Zr, Nb, Mo, Ag,

Sn, Te, I, Ba were measured with an X-ray voltage of 30kV and of 50kV, respectively.

The count time of each measurement was 30 seconds. In September 2009 the detector in

the core scanner was changed which resulted in higher counts in 2010 compared to 2008.

In-house standards (SARM4, JB1 and JR1) measured daily during scanning indicate a

standard deviation of less than 3% of the average for all elements presented in this study.

All results are reported in counts per second.

4.3.4 ICP-AES

The topmost sections of DP30 (0-2.78 m) were sampled at 2.5 mm resolution. The

major and minor elemental composition of the freeze-dried samples was measured at 1

cm resolution by Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)

with a Perkin Optima 3000 at Utrecht University. For this purpose 125 mg of sample was

dissolved in a mixture of 2.5 ml HF (40%) and 2.5 mL pre-mixed acid (HNO3 16.25% and

HClO4 45.5%) and heated at 90◦C in a closed reaction vessel for at least 8 hours (Reitz et

al., 2006). Thereafter, they were dried by evaporating at 160◦C until a gel formed. The

gels were then dissolved in 25 ml 1M HNO3. The relative precision (better than 5%) and

accuracy was established by duplicates and in house standards (ISE-921).
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4.4 Results

4.4.1 Core descriptions and grain size analyses

The sediments are rather homogeneous across the whole eastern Gallipoli shelf, and consist

of light brown silty clays with isolated black, organic carbon-rich spots (for complete core

descriptions contact authors). In the cores GeoB10703, GeoB10704, and GeoB10745,

no distinctive sedimentological features were visible. In the lowermost meter of DP30

and MP49 shell fragments are present and the sediment is less fine-grained. Moreover,

the amount of organic carbon-rich spots increases at the bottom of core MP49. In cores

GeoB10706 and GeoB10709 from the bottom up to 1.8 m the amount of organic-rich spots

decreases and the sediment becomes finer. Furthermore the sediment in core GeoB10709

changes to a silty clay with a small sand fraction between 3.94 to 3.87 m. From 3.87 to

2.9 m the sediments changes gradually from a sandy clay to a clay with a minor sand

fraction. Between 2.9 m- 2.46 m the sediment is slightly bioturbated.

The grain size distribution for core-top sediments (0-2 cm) in the eastern part of the Gulf

of Taranto is unimodal and in general very homogeneous for all samples with the highest

percentage in the silt fraction (∼76%; Table 4.2).

A B C D e f g h i
Station Clay Silt Sand fine silt medium silt coarse silt very fine sand fine sand

0.01-2µm 2-63 µm 63-2000µm 2-8 µm 8-16µm 16-63 µm 63-125µm 125-250 µm

GeoB10701 20.7 72.8 6.5 36.5 15.1 21.3 5.8 0.6
GeoB10703 20.9 78.3 0.9 44.8 20.7 12.8 0.9 0
GeoB10704 17.9 76.5 5.6 36.6 17 22.9 5.1 0.5
GeoB10706 18.3 77.5 4.3 40.5 18.7 18.4 3.5 0.6
GeoB10709 19.6 75 5.5 38.3 15.7 20.9 4.9 0.5

Table 4.2: Grain size distribution of surface sediments taken in the Gulf of Taranto. Column
e-f-g are sub-devisons of the silt fraction (column C), whereas columns h and i represents most
of the sand fraction.

4.4.2 Age model of core DP30

Sedimentation rates increase from 0.41mm/year in the lower part of the core to 0.97

mm/year at the top, which partly results from down-core sediment compaction (Table

4.3, Figure 4.2). The four samples measured as CO2 have a slightly higher 14C-error

compared to the five measured as graphite (Figure 4.2, Table 4.3) because of the smaller

amount of sample available (∼200g C). The calibrated age for the bottom of core DP30

at 8.27 m is 15650 ± 600 years cal. BP (±95% confidence) and thus includes the Older

Dryas.

4.4.3 Correlation of the cores

The Ca/Ti ratio is the parameter providing a very distinct down core pattern. Therefore,

this ratio was used for the correlation of all cores to the dated core DP30. All cores show
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Figure 4.2: a) Age model of core DP30. The unfilled diamonds are measured as graphite
target; the filled diamonds are measured as CO2. b) Sedimentation rate (SR) of DP30.

ETH No Sample ID
Depth
[mm]

Years
[calBP]

±95%
[yr]

Time interval
[Year cal. BP]

SR
[mm/year]

Comment

38704 Section 8 Top 789 755 135 -58-755 0.97 graphite target
38703 Section 8 Bottom 1792 2140 120 755-2140 0.72 graphite target
40266 Section 7 Bottom 2794 3635 195 2140-3635 0.67 graphite target
37085 Section 5 Top 3286 5045 205 3635-5045 0.35 graphite target
37086 Section 5 Bottom 4285 6735 195 5045-6735 0.59 graphite target
42544 Section 3 Top 5280 8875 375 6735-8875 0.46 gas sample
42545 Section 3 Bottom 6276 11900 750 8875-11900 0.33 gas sample
42542 Section 1 Top 7276 13275 325 11900-13275 0.73 gas sample
42543 Section 1 Bottom 8266 15650 600 13275-15650 0.42 gas sample

Table 4.3: Age model and calculated sedimentation rates. For the calculation of the Sedi-
mentation Rate [SR] we assume a linear sedimentation between the dating points.

a relatively similar pattern in the upper part with clearly different sedimentation rates

(Figure 4.3a). Below 6.6 m, variations in the Ca/Ti ratio are small and thus correlation

is more ambiguous. Core GeoB10701 has a very different Ca/Ti profile and could not be

correlated to the other cores.

The age model based on the Ca/Ti curves indicates that the sedimentation rates in the

Gulf of Taranto can vary significantly (Figs. 3a, b). The age of the oldest recovered

sediments varies between 5 and 20 cal. ka BP (Figure 4.3b), whereas the sedimentation

rates range from 0.6 to 1.2 mm/year in the uppermost meter and from ∼0.2-0.8 mm/year

for the oldest sediments.
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Figure 4.3: a) Ca/Ti ratio of all cores in the eastern Gulf of Taranto against depth [mm].
The continuous correlation lines have been used to build an age model for the cores without
14C-dating, while the dashed lines indicate tentative correlations which have not been used for
the age model calculation. b) Age models of the cores were calculated from the 14C-dated
DP30 core by correlation of the Ca/Ti curves by using the program AnalySeries 2.0. The strait
lines mark the tie points used for the correlation.
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Figure 4.4: Ca/Ti ratios of the cores DP23 (western part of the Gulf of Taranto), DP30
(eastern part of the Gulf of Taranto), DP39 (Adriatic Sea), and DP20 (Ionian Sea). The
dashed lines indicate possible correlations of the cores.

4.4.4 Ca/Ti ratios and sediment characteristics in cores from local

to regional scales

DP30 and DP23 show some comparable patterns in Ca/Ti ratio in the upper part, whereas

for the deeper parts there is no clear, common pattern (Figure 4.4).

The Ca/Ti pattern for the upper part of DP39 has similarities with that of DP30, but

deviations are observed in the lower part.

DP20 from the central Ionian Sea shows a very heterogeneous sedimentation with large

variations in color, laminations, and erosive horizons. The sediment in this core has a

completely different Ca/Ti ratio, thus source area, than DP30 and other cores.
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Figure 4.5: (a-g) Comparison, a selection of element ratios from XRF core scanning of DP30
(AVAATECH core scanner, black lines, scale on the left) and GeoB10704 (ITRAX core scanner,
grey line, scale on the right); (h) Sedimentation Rates (SR) of DP30 and GeoB10704.
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4.4.5 Element distributions in cores DP30 and GeoB10704

To study the overall changes in geochemical composition for sediments from the Gulf

of Taranto over the last 15000 years, Ca/Ti, Fe/Ti, K/Ti, Sr/Ca, Br/Ti, Ba/Ti and

Ca/Fe ratios are compared for cores DP30 and GeoB10704 (Figure 4.5). These two

cores have been selected as DP30 is well dated and GeoB10704 is located higher on the

shelf at shallower water depth but from the same region and with a similar pattern in

sedimentation rate and Ca/Ti ratio (Figure 4.5a).

Both cores have a large Fe/Ti peak at ∼9 cal. ka BP followed by an increasing trend until

the present (Figure 4.5b). The K/Ti (Figure 4.5c) ratio in both cores reveals a sharp peak

around 8.7 cal. ka BP. The pattern for the Ca/Fe ratio is similar to that of the Ca/Ti

ratio (Figure 4.5d). The Ba/Ti ratio of GeoB10704 shows no clear pattern (Figure 4.5e),

whereas in DP30 distinctly high Ba/Ti values are observed at 16 cal. ka BP. An increase

in the Br/Ti ratio is visible in both cores from 9 - 8 cal. ka BP and from 2 - 0 cal. ka BP

(Figure 4.5f). In both cores the Sr/Ca ratio increases from 13 cal. ka BP (GeoB10704)

and 11.5 cal. ka BP (DP30) until approximately 8 cal. ka BP (Figure 4.5g).

In addition to XRF-scan, high-resolution ICP-AES data are available for the top 2.8 m

of core DP30 (Figure 4.6). The Ca/Ti ratio resulting from these two methods have a

similar trend and show a high positive correlation (slope=0.86, R2=0.76). However, some

smaller scale oscillations in the Ca/Ti ratio which cannot be recognized in the XRF scan

data are observed in the ICP-AES analyses (Figure 4.6).
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Figure 4.6: Comparison between Ca/Ti ratio by XRF core scanning (black dots) and by
ICP-AES (grey) of the upper ∼3 m of core DP30PC and (b) the correlation between the
Ca/Ti ratios as found by both methods.

4.5 Discussion

The near-coastal sediments of this study contain a significant terrigenous and marine

input. Potential variations in the detrital input, however, will not only affect the terrestrial

solid-phase fluxes but indirectly via variations in dissolved riverine nutrient fluxes also

the marine primary productivity related fluxes. The terrigenous solid-phase fluxes can

potentially originate from winnowing of the shelf, and from input by local and by more

remote riverine systems, all of which are influenced by prevailing current directions and



4.5. Discussion 77

strengths. For the Holocene period, sea level change as well as partly related changes

in currents regimes, all may influence the sediment composition and deposition in the

region considered for this study. Below we will first outline the general sedimentation

features then on the basis of geochemical proxies we will discuss differences and changes

in circulation during some important phases of the Holocene, and link these regional

changes to global climate variability.

4.5.1 Sedimentation in the eastern Gulf of Taranto

The general Ca/Ti trends, here considered as a proxy for relative detrital input, are sim-

ilar across the shelf for data from XRF-core scanners and ICP-AES. This confirms the

robustness of the Ca/Ti ratio for assessing a stratigraphic framework for the Gallipoli

shelf sediments (Figure 4.6). Once the stratigraphic framework has been assessed, sed-

iment accumulation rates can be derived and compared within and between cores. No

systematic difference in recovered sedimentation rates were observed between the two dif-

ferent coring systems used (GeoB-cores are gravity cores; DP- and MP-cores are piston

cores). Sedimentation rates generally decrease with depth in each core, partly due to

compaction, although not to the same extent in all cores. The average sedimentation rate

varies between 0.49 mm/year (GeoB10704) and 0.92 mm/year (GeoB10706). This may

relate to areas with enhanced non-steady-state deposition due to bathymetric depressions

as indicated by MultiBeam acoustic studies (cf. Figure 4.1; A. Savini and C. Tessarolo

person. commun.). Another example for this is observed in core GeoB10709 where a

sharp increase in Ca/Ti ratio occurs at ∼2.5 m depth and a gradual change from a clay

with minor sand fraction to a sandy clay at 2.9- 3.87 m (Figure 4.3). This core is located

relatively close to the shelf edge and possibly affected by slumping and/or erosion (Figure

4.1). The relatively high Ca/Ti ratio and the increase in grain size in GeoB10709 argue for

a slumped interval (Figure 4.3). However, our carefully selected core sites have consistent

sediment composition and sedimentation rate which gradually decreases concordant with

increasing sediment depth and decreasing water content.

Transport and accumulation of sediment in the Gulf of Taranto is thought to be highly

dependent on bottom currents, which vary seasonally and interannually along the western

Adriatic coast (Milligan and Cattaneo, 2007) and in the Gulf of Taranto. The sediment

composition in the Adriatic Sea (core DP39) is very similar to that in the eastern Gulf of

Taranto, which indicates a common source for the sediments of these two areas (Figure

4.4). In contrast, DP23, located in the western Gulf of Taranto, is influenced by the

same anticlockwise circulation in the Gulf but direct river discharge into the central and

western Gulf of Taranto leads to a different sediment accumulation rate and chemical

composition compared to the eastern part (Figure 4.4; Buccolieri et al., 2006). Such

dominant local sources are virtually absent in the eastern Gulf and material may thus

predominantly originate from more distal terrestrial and marine sources (cf. DP39). The

grain size distribution of the surface samples in the Gulf of Taranto indicates relative fine

grained sediments which confirm a distal region as the main source (Weltje and Brommer,

2011). In addition, the transport and deposition of sediment from the latter sources are

influenced by a combination of terrestrial and marine environmental parameters. The
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comparison to DP20 located in the central Ionian Sea is another indicator that the major

sediment supply in the eastern Gulf of Taranto comes from the Adriatic Sea as the Ca/Ti

ratio of DP20 is completely different to cores from the eastern Gulf of Taranto indicating

another source area and influence by non-steady state deposition (Figure 4.4).

Therefore, the following climatic focus of our study will be on sediments from the eastern

Gulf, potentially reflecting supra-regional variability and being influenced by more remote

and general prevailing paleoclimatic and hydrological conditions.

4.5.2 Reconstruction of the Holocene environmental evolution in the

Gulf of Taranto

During the Glacial-Interglacial transition and the subsequent Holocene, distinctly different

paleoclimate conditions have occurred. In addition, considerable variability has taken

place on millennial or even decadal time-scales. To highlight related transitions and

variability in our cores, we will focus the discussion on three periods: first the Glacial-

Interglacial transition, second Sapropel S1 / most-recent Saharan humid period, and

third 7 cal. ka BP to present, representing the onset of modern Adriatic circulation and

millennial scale wet spells.

4.5.2.1 Transition from Glacial to early-Holocene: low detrital input

The transition from the Last Glacial to the Blling-Allerd (∼14670 cal. BP) is gener-

ally characterized by rapid environmental change to warmer and wetter conditions in

the Mediterranean region (Rossignol-Strick, 1999; Frisia et al., 2005; Bar-Matthews and

Ayalon, 2011; Giraudi et al., 2011). In our cores most elemental ratios remain relatively

stable until ∼10.8 cal. ka BP (cf. Figure 4.5a-g and Figure 4.7). The Ca/Ti ratio, an indi-

cator of biogenic carbonate versus the terrestrial input (Richter et al., 2006; Rothwell and

Rack, 2006; Weltje and Brommer, 2011), remains constant. Concordingly, the K/Ti ratio,

a proxy for illite, which is transported in greater abundance during cold periods (Yarincik

et al., 2000) and higher amounts are found in the northern Adriatic rivers (Tomadin,

2000; Weltje and Brommer, 2011), Fe/Ti, a proxy for fluvial input, and Sr/Ca, a proxy

for higher aragonite contents (Richter et al., 2006; Thomson et al., 2006) also remain

constant (cf. Figure 4.5). All of these observations indicate that marine and terrestrial

fluxes have remained stable during this period. Remarkably, the Ba/Ti ratio assumed

to have a similar response as the Ba/Al ratio, a potential indicator for paleoproductivity

(Reitz et al., 2004; Thomson et al., 2006), shows a decrease in core DP30 (Figure 4.5e).

This ratio, however, is influenced by two major components: ‘detrital’ and ‘biogenic’ (e.g.,

Klump et al., 2000; Reitz et al., 2004). The detrital component is strongly influenced by

river source/provenance, whereas the biogenic component is related to marine primary

productivity, i.e. to %Corg. In our study area, the former component is likely to vary with

changing sediment provenance as the sites are highly influenced by a variety of terrestrial

sources. The Ba/Al ratio is relatively low in the rivers draining into the North Adriatic

(∼50 ppm/%), whereas it is relatively high (>65 ppm/%) in sediments from the more

southern rivers and beaches (Cocco, 1976; Goudeau et al., in prep.). Furthermore the
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accumulation rate of biogenic barite has been reported to increase with water depth, as

part of ongoing diagenetic formation processes (e.g., Dymond et al., 1992; Von Breymann

et al., 1992) and therefore may have a reduced response - if any - at shallow sites. As

Br/Ti a proxy for marine organic matter (Ziegler et al., 2008) slightly increases during

this period changes in primary productivity seem unlikely. This infers an enhanced contri-

bution from low-Ba/Ti northern river sources or a decrease in grainsize (Spagnoli, 2008,

Dinelli et al., 2007).
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Figure 4.7: (a) Ca/Ti ratio of DP30 (b) lake level high stands of Lake Accesa and Lake
Fucino, Central Italy (Giraudi et al., 2011); (c) periods of increased flood frequency in the
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The stable conditions in the early Holocene (until ∼10.8 cal. ka BP) are interrupted by

a short interval corresponding to the Younger Dryas (12.9 to 11.5 ka BP) with enhanced

river-fluxes (low Ca/Fe, high Sr/Ca and Fe/Ti), predominantly of local southern Italian

rivers (increased Ba/Ti), and increased productivity/Corg-fluxes (enhanced Br/Ti ratios).

At the same time, the δ18O stalagmite record from the SE Alps by Frisia et al. (2005)

indicates generally dryer conditions during the Younger Dryas for that region. Accord-

ingly, during the Younger Dryas cold period, enhanced precipitation and run-off occurred

in southern Italy, coinciding with dryer conditions, and thus a reduced influence of rivers

from northern Italy (Figure 4.7).

4.5.2.2 Early- to mid- Holocene: Sapropel period

An increase in the amount of black organic particles and a higher Br/Ti ratio at ∼10.8

cal. ka BP (core DP30, Figure 4.5) coincides with the period of sapropel S1 formation in

the deeper parts of the eastern Mediterranean Sea (∼10.8 - 6.1 cal. ka BP) (De Lange

et al., 2008). Furthermore, high values of Sr/Ca can be detected for that period in both

cores (Figure 4.5). A high Sr/Ca ratio and a relatively enhanced CaCO3 content in

near-coastal deposits of sapropel S1 have been reported in a variety of cores from the

eastern Mediterranean, and have been attributed to an increased aragonite content from

a detrital/biogenic source or by diagenetic processes (Thomson et al., 2004; Reitz and de

Lange, 2006). If Ba/Ti for these relatively shallow sites can be considered as a proxy for

productivity, then the constant and relatively low Ba/Ti ratio suggests that productivity

was low and did not significantly change during this period. The increase in organic

matter content (deduced from enhanced Br/Ti) must then be related to an increase in

preservation.

In contradiction to this the sediment in both cores has a peak in Fe/Ti at ∼9 cal. ka BP,

which is followed by a peak in K/Ti (∼8.7 cal. ka BP). These peaks indicate significant

changes in terrestrial input, i.e. river run-off in the Gallipoli area during this time interval.

Vigliotti et al (2008) noted short-term changes in sediment flux as well as changes in

sediment routing during sapropel S1 formation in the southern Adriatic Sea, which could

explain the peaks that we observe in the iron and potassium ratios. Often it is found

that sapropel S1 is interrupted by the so called 8.2 ka event, a well-known cooling event

(Grootes et al., 1993; Stuiver et al., 1995; Grootes and Stuiver, 1997; Rohling et al. 1997,

De Rijk et al.,1999). This event is expressed in our results by enhanced marine influence

and/or dry conditions (high Ca/Fe andCa/Ti), and enhanced organic matter (high Br/Ti,

cf. Figure 4.5 and Figure 4.7).

The absence of any indication for environmental changes in the records of Br/Ti or black

organic particles from the Gallipoli shelf during the upper sapropel S1 formation period

can be due to post-depositional oxidation of organic matter (e.g., van Santvoort et al.,

1997).
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4.5.2.3 ∼7 cal. ka BP to the present – start modern circulation and millennial

scale wet spells

The decrease in the Ca/Fe and Ca/Ti ratios, the increase in the Fe/Ti ratio and in

sedimentation rates for both cores indicate a progressive increase in terrestrial input during

the mid- to late Holocene (8.2 - 2.5 cal. ka BP), Figure 4.5 and Figure 4.7a. The observed

increase in terrestrial input into the Gulf of Taranto coincides with the re-routing of

North Adriatic Deep Water-formation to the present position at ∼7 cal. ka BP after

the sea level low stand of the Last Glacial (Piva et al., 2008). The observed correlation

to southern Adriatic core DP39 supports the assumption that the modern circulation

structure in the Gulf of Taranto became established after the sea level low stand (Figure

4.4). Furthermore, during this period higher lake levels and increased flood frequency in

Italy also indicate less aridity (e.g., Giraudi et al., 2011; Piccarreta et al., 2011), which is

presumably related to the increased strength of the westerlies in the Mediterranean area

(cf. Figure 4.7). The increasing trend in terrestrial input fits to globally observed trends,

which indicate a reorganization of atmospheric circulation and hydrology patterns of the

Northern Hemisphere, as observed in the indices for Atlantic Multidecadal Oscillation

(AMO) and the shift of the ITCZ (e.g., Haug et al., 2001; Knudsen et al., 2011). This

has been attributed to changes in the orbital configuration and declining influence of

continental ice sheets (e.g., Rossignol-Strick, 1985; Haug et al., 2001; Knudsen et al.,

2011; Shuman and Plank, 2011).

In addition to the long-term decreasing trend, Ca/Fe, Ca/Ti, K/Ti, Sr/Ca and Ba/Ti

ratios of the cores show oscillations with periods of ∼1000-2000 years during the last 8

cal. ka BP (Figure 4.5 and Figure 4.7), similar to the oscillations found in a 5500 year

CaCO3 record from the Gulf of Taranto (Cini Castagnoli et al., 1992). However, some

offset in timing can be observed between trends in the Ca/Fe record and the latter study.

This could be due to the constant sedimentation rates assumed by the latter, that are not

found in the present study. Furthermore, low Ca/Fe, Ca/Ti, K/Ti and Ba/Ti ratios and

high Fe/Ti and Sr/Ca ratios, indicators of increased detrital influence, correspond to high

lake levels and increased flood frequency in central and southern Italy (Giraudi et al.,

2011; Piccarreta et al., 2011) (Figure 4.5 and Figure 4.7). However, some of the intervals

with high lake levels and frequent floods occurring during warm periods (for example

the MWP) have no equivalent in the Ca/Ti ratios of this study. Picarreta et al. (2011)

describe the observed floods during these periods as low frequency, high precipitation

events, i.e. storms not related to mean annual rain fall. Furthermore, although lake levels

are higher during these periods, they are not as distinct as the other lake level high stands

(Giraudi et al., 2011). The minor annual impact and low frequency nature of these wet

spells can explain why they left no signal in the Gulf of Taranto elemental ratios.

With regard to large-scale climate events the observed dry spells correspond to glob-

ally recognized, so called ‘cool poles, dry tropics’ rapid climate change events (RCC)

(Mayewski et al., 2004). The comparison of the Ca/Ti ratio to the Aegean cold spells

(Rohling et al., 2002), speleothem data from the SE Alps (Frisia et al., 2005), oxygen

isotope records from Greenland ice cores (Grootes et al. 1997) and North Atlantic Bond

events (Bond et al., 2001) demonstrates that increased run-off (low Ca/Ti ratio) can be
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found at transitional periods from cold to warm events and vice versa (Figure 4.7). This

pattern is coherent with other Mediterranean records (Bartov et al., 2003; Lamy et al.,

2006; Roberts et al., 2008).

The cold spells as observed in the Aegean Sea and Adriatic Sea have been related to

outbreaks of cold, dry winds from the Siberian high, known as the Bora in the Adriatic

region, and fit to maximal alpine glacier extend and deep Icelandic Lows (Denton and

Karln, 1973; Rohling et al., 2002; Sangiorgi et al., 2004; Mayewski et al., 2004) (Figure

4.7). Today deep Icelandic Lows are related to a more positive NAO, hence dryer condi-

tions in the Mediterranean region (Hurrell, 1995; Brandimarte et al., 2011). In addition,

colder temperatures reduce evaporation in the North Atlantic, thereby possibly limiting

the amount of moisture transport to the eastern Mediterranean area (e.g., Bartov et al.,

2003; Roberts et al., 2008).

A persistent positive NAO is also inferred for relatively warm periods, in particular the

MWP (Lamy et al., 2006; Trouet et al., 2009; Nieto-Moreno et al., 2011). Prevailing La

Niña conditions have been suggested to lead to a persistent positive state of the NAO

during this warm period (Trouet et al., 2009). Although the increased detrital input

during the LIA (∼650-150 cal. yr BP) seems contradictory to the patterns found during

other periods between ∼9000 and 600 cal. yr BP, it should be noted that most increased

run-off is visible at the end of the LIA (∼250 cal. yr BP- 150 cal. yr. BP), which is in

agreement to records from the western Mediterranean and the NAO (e.g., Trouet, et al.,

2009; Nieto-Moreno et al., 2011). Moreover, on a global-scale this RCC event is different

from other RCC events which prevailed before the LIA. Previous cold periods are known

for relatively dry conditions in tropical Africa, while during the LIA humid conditions

prevail in that region (Mayewski et al, 2004 and references therein). Besides the NAO,

also local factors have an influence on river run-off in the Mediterranean area (Lionello et

al., 2006). During warmer periods, increased evaporation in the Italian hinterland possibly

leads to reduced run-off. In addition less ADW is formed during warm intervals (Turchetto

et al., 2007), which leads to an increasing influence of the Levantine Intermediate Water

(LIW) from the central Ionian Sea, and thus to an increasing marine influence into the

study area. Furthermore, at transitions from cold to warm periods, melt-water from

alpine glaciers may also contribute to the observed growing river run-off.

In summary, our data show that a positive state of the NAO is related to periods known as

relatively warm (e.g., MWP), and cold (e.g., the early part of LIA), although contributions

from regional factors such as evaporation and Mediterranean Sea circulation cannot be

excluded.

4.6 Conclusions

On basis of several XRF core scans and precise AMS 14C-dating it is shown that sediments

in different cores from the Gulf of Taranto can be accurately correlated using Ca/Ti in

particular, and that the derived sediment accumulation rate varies between 0.92 and 0.58

mm/yr. During the Younger Dryas, increased detrital input from a Southern Italian

source (high Ba/Ti, Fe/Ti and low Ca/Ti and Ca/Fe ratios) indicates that precipitation
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increased in Southern Italy, while Northern Italy was dry. For the shallow Gallipoli shelf,

slightly increased concentrations of organic material (deduced from Br/Ti) are observed

at the base of the sapropel S1 period (∼8-9 cal. ka BP) indicating increased preservation

of organic material. Furthermore, changes in geochemical sedimentary parameters (e.g.,

Fe/Ti and K/Ti) indicate short term changes in sediment routeing during this period.

After 7 cal. ka BP a constant increase in terrestrial input (high sedimentation rates

and low Ca/Fe and Ca/Ti ratios) indicates a progressive change towards the modern

circulation around the southern Adriatic coast. In addition, wetter conditions during this

period increased the terrestrial fluxes into the area. Superimposed on this long-term trend,

we observe millennial scale variability in terrestrial input (Ca/Fe, Ca/Ti, K/Ti, Ba/Ti,

Fe/Ti and Sr/Ca ratios). Comparison to regional- and global-scale paleoclimate records

indicates that these millennial scale events correspond to global climate events and the

NAO in particular. Although regional factors such as increased evaporation and run-off

cannot be excluded, we suggest that a positive state of the NAO, i.e. dry conditions,

dominated during periods known as relatively warm, such as the MWP, and relatively

cold, such as the early part of the LIA.
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CHAPTER 5

What do SST proxies really tell us? A high-resolution

multiproxy (UK ′
37 , TEXH

86 and foraminifera δ18O) study in the

Gulf of Taranto, central Mediterranean Sea∗

Abstract

We present a multiproxy reconstruction of sea surface temperatures (SST) and coastal

environmental changes covering the last 600 years on sediment from the Gulf of Taranto,

central Mediterranean Sea. The reconstruction is based on UK′
37 (alkenones from hap-

tophytes), TEXH
86 (membrane lipids of marine crenarchaeota), and δ18O and δ13C of G.

ruber (white and pink) and of U. mediterranea. The amplitude of the temperature signals

reconstructed from δ18O of G. ruber (white), TEXH
86 and UK′

37 exceed the observed one

in other local and global Northern Hemisphere temperature reconstructions. UK′
37 -based

SSTs appear to reflect mainly winter/spring conditions with an additional influence of

changing nutrient supplies related to water column mixing and runoff. TEXH
86 -based

temperatures reflect summer conditions. Co-variation between both SST records suggests

a common environmental mechanism during the last 600 years. δ18O of G. ruber (white)

also reflects summer conditions and is amplified by changes in salinity and food availabil-

ity related to variations in the relative influence of the Western Adriatic Current (WAC)

and of the Ionian Surface Waters (ISW). The combination of SSTTEXH86 and δ18O of

G. ruber (white) shows that the circulation in the Gulf of Taranto underwent significant

changes during the last 600 years. In addition, the foraminifera and biomarker records

indicate a steady increase in eutrophication and terrestrial input during the last 200 years,

which is attributed to the increasing human impact on the region.

∗Intended for publication in Paleocenanography as Anna-Lena Grauel1, Arne Leider1, Marie-Louise
S. Goudeau, Inigo A. Müller, Stefano M. Bernasconi, Kai-Uwe Hinrichs, Gert J. de Lange, Gerard
J.M. Versteegh; What do SST proxies really tell us? A high-resolution multiproxy (UK′

37 , TEXH
86 and

foraminifera δ18O) study in the Gulf of Taranto, central Mediterranean Sea. (1authors contributed equally
to this work)
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5.1 Introduction

Understanding the mechanisms, causes and amplitude of natural climate variability is

one of the major challenges in paleoclimate research as this knowledge can be used to

reduce the uncertainties in the prediction of future climate change. In particular, climate

variations of the past millennium deserve a careful consideration since this period com-

prises the transition from pre-industrial times to the 20th century global warming. This

period includes the Little Ice Age (LIA), which is the most recent period of glacier ad-

vances since the late Pleistocene. During the LIA European climate experienced periods

of cooler conditions with Northern Hemisphere (NH) temperatures lower by about 0.6 ◦C

during the 15th to 19th century relative to late 20th century temperatures (e.g., Grove,

1988; Jones et al., 1999; Crowley, 2000; Luterbacher et al., 2004). Cooling culminated

during the Maunder Minimum (1645-1715), a phase of reduced solar activity, associated

with an increase in climate variability in Europe (Luterbacher et al., 2001). Likely con-

tributors to the global LIA cooling were a lowering in total solar irradiance (e.g., Eddy,

1976; Lean et al., 1992), increases in volcanic activity (Crowley, 2000) and slowdown of

the thermohaline circulation (Bianchi and McCave, 1999; Broecker, 2000). In addition,

atmosphere-ocean feedbacks contributed to regional climate dynamics (e.g., Luterbacher

et al., 1999, 2002a; Shindell et al., 2001). Historical documentary accounts, instrumental

measurements, and proxy records show that there is no continuous period of cooler global

temperatures synchronous with cold conditions in Europe (Houghton et al., 2001). In-

stead the LIA is conceived as a period showing significantly increased climate variability,

rather than changes in average climate, where timing and amplitude were highly variable

between regions (e.g., Mann, 2002; Bradley et al., 2003). Additionally, climatic variations

and responses to climate forcing may not be the same over the entire year as suggested by

reconstructions of seasonal air temperatures (Briffa and Osborn, 2002; Esper et al., 2002;

Luterbacher et al., 2004), precipitation (Pauling et al., 2006) and climate simulations

(Hegerl et al., 2011; Palastanga et al., 2011) of the last 500 years.

The Mediterranean Sea is situated at the transition between the subtropical high-pressure

belt and mid-latitude westerlies (Trigo et al., 1999; Xoplaki et al., 2003). Hence, variations

in atmospheric circulation have a significant influence on its climate (e.g., Hurrel, 1995;

Dünkeloh and Jacobeit, 2003; Xoplaki et al., 2003, 2004; Lionello et al., 2006). Compared

to the present, documentary sources indicate a higher frequency of floods, droughts and

frosts in Mediterranean mountainous regions during the LIA (Grove et al., 2001). In

addition, anomalous droughts, heavy rainfall and storm activity are reported for large

parts of the Mediterranean (e.g., Enzi and Camuffo, 1995; Camuffo et al., 2000; Rodrigo

et al., 2000; Barriendos and Llasat, 2003; Lionello et al., 2006 and references therein;

Brewer et al., 2007; Diodato, 2007; Nicault et al., 2008). Most of these studies focus on

the terrestrial environment. In contrast, little is known about the response of the marine

environment in the Mediterranean due to this increased variability (Schilman et al., 2001;

Incarbona et al., 2010).

The reconstruction of past sea surface temperatures (SST) is a key issue for paleoceano-

graphic studies. Commonly used geochemical SST proxies in marine sediments are the

oxygen stable isotopic composition (δ18O) of planktonic foraminifera (Emiliani, 1955; Rav-
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elo and Hillaire-Marcel, 2007; Shackleton, 1967), the lipid UK′
37 index based on alkenones

produced by haptophyte algae (Brassel et al., 1986; Prahl and Wakeham, 1987) and the

TEX86 index based on glycerol dialkyl glycerol tetraethers (GDGTs) from planktonic cre-

narchaea (Schouten et al., 2002). Core-top calibrations along the southern Italian shelf

showed clear discrepancies between these SST proxies, due to different ecologies (pro-

duction season, water depth) of the organisms from which the proxies have been derived

(Grauel and Bernasconi, 2011; Leider et al., 2010), Figure 5.1 and Figure 5.2.

In this paper we use the differences between the SST proxies to reconstruct the marine

response to climatic and anthropogenic changes that occurred in the south Italian region

during the last 600 years. We take advantage of the high sedimentation rates on the

Gallipoli shelf (e.g., Cini Castagnoli et al., 1999; Versteegh et al., 2007; Zonneveld et al.,

2012; Chapter 3) to create the first reconstruction of SSTs in the Mediterranean Sea at

sub-decadal resolution covering the last 600 years based on a direct comparison of δ18O

of G. ruber (white), UK′
37 and TEXH

86 indices. In this coastal setting terrestrial input may

strongly influence these proxies. Riverine input may reduce salinity, modifying the oxygen

isotopic composition of foraminifera. Terrestrial organic matter input may influence the

TEX86 (through soil-derived lipids). Furthermore, nutrient input may change species

abundances (timing, duration and magnitude of blooms) and through this, bias the signals.

To assess the magnitude of terrestrial influences we determined the BIT index, a proxy for

soil organic matter input, and concentrations of long-chain n-alkanes, derived from leaf

waxes of higher land plants (Eglinton and Hamilton, 1967; Hopmans et al, 2004). Finally,

we discuss our results in the context of other regional and NH climate reconstructions to

disentangle local and ecological effects from climate variability.

5.2 SST proxies and their controls

The oxygen isotope geochemistry of foraminifera is a well-established paleoceanographic

tool (e.g., Emiliani, 1955; Shackleton, 1967), but because the δ18O of foraminifera is

influenced by both ambient water temperature and by the oxygen isotopic composition

of the water in which calcite precipitation takes place, temperature reconstructions are

not straightforward. In pelagic settings variations in δ18O of seawater can be due to

changes in the global ice volume (Shackleton and Opdyke, 1973) and in salinity due to

regional hydrological changes in evaporation and/or freshwater input and/or large scale

oceanic circulation (Craig and Gordon, 1965; Broecker et al., 1986). Consequently, not

knowing past variations in the δ18O of seawater can introduce significant errors in the

calculation of δ18O-based temperatures. The interpretation of foraminiferal δ18O records

in near coastal settings is even more complex due to a strong variability in environmental

parameters such as salinity, δ18O of the water, temperature and availability of nutrients

affecting their seasonal abundance and depth habitat (Martinez et al., 1998; Ding et al.,

2006).

The lipid-based UK′
37 index is defined as the ratio of di- (C37:2) to triunsaturated (C37:3)

alkenones, whereby the relative proportion of the C37:3 alkenone decreases with increas-

ing water temperature (Prahl and Wakeham, 1987). Alkenones are synthesized by a
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small group of haptophyte algae mainly the coccolithophore Emiliana huxleyi and related

species growing in the ocean surface waters (Volkman et al., 1980; Marlowe et al., 1984;

Conte et al., 1998). Global core-top calibrations show a linear correlation between the

UK′
37 and mean annual SSTs (Müller et al., 1998; Conte et al., 2006) and the successful

application of the UK′
37 in various marine settings (Herbert et al., 2003 and references

therein) indicate its reliability as a paleoceanographic tool. Factors that may lead to

erroneous UK′
37 temperature reconstructions include preferential degradation of the C37:3

alkenone (Sun and Wakeham, 1994; Gong and Hollander, 1999; Kim et al., 2009; Rontani

et al., 2009), nutrient and light availability (Epstein et al., 1998; Versteegh et al., 2001;

Prahl et al., 2003), lateral transport of alkenones (Benthien and Müller, 2000; Goñi et al.,

2001; Ohkouchi et al., 2002; Mollenhauer et al., 2007), differences in species composition

(Volkman et al., 1995; Conte et al., 1998), production at greater depth in the mixed layer

(e.g., Ternois et al., 1997; Prahl et al., 2005) or seasonal blooming of haptophytes (e.g.,

Sikes et al., 1997; Prahl et al., 2001).

The TEX86 temperature proxy (Schouten et al., 2002) is based on the relative propor-

tion of cyclopentane moieties of isoprenoidal GDGTs that are produced by marine Cre-

narchaeota, a major group of prokaryotes in todays ocean (Karner et al., 2001). The

proportion of cyclopentane moieties increases with growth temperature in mesocosm ex-

periments (Wuchter et al., 2005) and in a worldwide dataset of core-tops it correlates

linearly to mean annual temperatures (Schouten et al., 2002; Kim et al., 2008, 2010).

Deviations of TEX86 derived temperatures from mean annual SSTs are mainly explained

by crenarchaeotal production below the mixed layer, e.g. in upwelling areas (Huguet et

al., 2007a; Lee et al., 2008; Lopes dos Santos, 2010; Rommerskirchen et al., 2011), and

differences in growth season (Menzel et al., 2006; Castañeda et al., 2010; Leider et al.,

2010; Huguet et al., 2011). Terrestrial soil organic matter (OM) can constitute a potential

source of isoprenoidal GDGTs affecting the TEX86 signal in marine settings with large

soil input (Weijers et al., 2006). The terrestrial contribution can be determined by mea-

suring the Branched and Isoprenoid Tetraether (BIT) index, a ratio between terrestrial

and marine GDGTs (Hopmans et al., 2004). Additionally, GDGTs may also derive from

benthic archaea living in marine sediments (Lipp et al., 2008; Lipp and Hinrichs, 2009;

Liu et al., 2011).

The above discussion not only highlights that a multiproxy approach is necessary to better

constrain environmental and biological influences on these proxies but it also indicates

the potential for advanced interpretations by combining them, thus leading to improved

climate reconstructions.

5.3 Study area

5.3.1 Oceanography

The Gulf of Taranto is situated in the northwestern Ionian Sea between Calabria and

Apulia (Figure 5.1a). The studied cores NU04 and GeoB10709-4 are located on the

Apulian Margin, a wide continental shelf with a slight gradient towards the deep Taranto
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Valley (Rossi et al, 1983).
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Figure 5.1: (a) Partial map of Italy showing the Adriatic Sea and Ionian Sea, general surface
water circulation, water masses and core locations in the Gulf of Taranto (SAdDW: Southern
Adriatic Dense Water; NAdDW: Northern Adriatic Dense Water; Cape SML: Cape St. Maria
di Leuca) (after Artegiani et al., 1997b; Poulain et al., 2001; Vilibić et al., 2004). (b) Monthly
distribution of water column temperature in the Gulf of Taranto (Locarnini et al., 2009; data
retrieved from World Ocean Atlas, 2009 database accessible at http://www.nodc.noaa.gov,
averaged for 38.875◦N/17.125◦E - 40.375◦N/18.375◦E).

The circulation in the Gulf of Taranto is characterized by a complex water mass dis-

tribution as a consequence of plume dynamics and mixing of surface and dense bottom

water currents (Sellschopp and Álvarez, 2003) with high seasonal variability (Milligan

and Cattaneo, 2007). The main surface water masses are the Western Adriatic Current

(WAC), a less saline, nutrient-rich water mass flowing in a narrow coastal band from the

northern Adriatic Sea into the Gulf of Taranto and the warmer and more saline Ionian

Surface Water (ISW) from the central Ionian Sea (Poulain, 2001; Bignami et al., 2007;
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Turchetto et al., 2007). The WAC, with its primary fluvial contribution being the Po river

in the north and additional smaller contributions from many smaller Alpine and Apennine

rivers flowing into the northern Adriatic Sea (Turchetto et al., 2007), drives the primary

productivity along the coasts of the western Adriatic Sea (e.g., Boldrin et al., 2005). The

coastal waters show enhanced chlorophyll concentrations during all seasons (Marini et

al., 2008). The WAC achieves maximal flow rate and volume during winter and spring

(Poulain, 2001). It can then be traced along the entire eastern Italian coastline down to

the Cape Santa Maria di Leuca and into the Gulf of Taranto (Poulain, 2001). The WAC

is weaker and located more offshore during summer as a consequence of reduced river

discharge leading to a decreased inflow into the Gulf of Taranto (Poulain, 2001). The

highly saline Levantine Intermediate Water (LIW) which flows from the central Ionian

Sea into the Gulf of Taranto is present between 200 m and 600 m water depth (Savini and

Corselli, 2010). The bottom waters are characterized by Adriatic Deep Water (ADW)

a dense water mass which is formed by the Northern Adriatic Dense Water (NAdDW)

and Southern Adriatic Dense Water (SAdDW). The NAdDW is formed as a response to

wintertime NE Bora wind events in the northern Adriatic Sea (Turchetto et al., 2007). It

has an enhanced current and particle flux southward and can be observed in the southern

Adriatic Sea during spring (Grbec et al., 2007; Turchetto et al., 2007). The SAdDW

represents a deep-convection water mass formed during late winter/early spring in the

southern Adriatic Sea (Turchetto et al., 2007). Annual mean SSTs in the Gulf of Taranto

are ∼18.7 ◦C. During summer (June-August) the water column is highly stratified and

SSTs vary between 26 ◦C at the surface and 15 ◦C at 50 m water depth (Zonneveld et al.,

2008; Grauel and Bernasconi, 2010) (Figure 5.1b). During winter (December-February)

SSTs vary between 13 and 15 ◦C and the influence of the WAC is stronger. Seasonal

temperature variations can affect the water column up to ∼100 m water depth (Socal et

al., 1999; Locarnini et al., 2009).

5.3.2 Previous core-top calibrations

Core-top calibrations based on UK′
37 , TEX86 and δ18O and δ13C of G. ruber (white) showed

that the different proxies reflect seasonal SSTs and environmental conditions in the Gulf of

Taranto (Figure 5.2). The alkenone-based SSTs (SSTUK′37) reflect maxima in haptophyte

production during the colder seasons (Leider et al., 2010). The TEX86-derived tempera-

tures (SSTTEX86) increase with distance from shore, so that at least offshore SSTTEX86

reflects summer temperatures in the stratified and oligotrophic water column of the Ionian

Sea (Leider et al., 2010). The BIT index and the chlorophyll-a concentrations indicate a

shoreward increasing impact of seasonal and spatial variability in nutrients suggesting a

control of planktonic archaeal abundance by primary productivity (Leider et al., 2010).

The δ18O of G. ruber (white) represents a summer signal in the center of the Gulf of

Taranto with additional influences from variations in salinity and nutrient distributions

related to circulation patterns of the WAC and ISW (Grauel and Bernasconi, 2010). G.

ruber (white) inhabit the first 30 m of the water column in the Gulf of Taranto but tend

to dwell in deeper habitats with distance to the coast (30-50 m water depth) possibly

due to lower food availability (Grauel and Bernasconi, 2010). Additionally, the influence
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of the more saline and oligotrophic ISW is observed offshore. Lower nutrient availability

and higher salinity both lead to an increase in δ18O (Grauel and Bernasconi, 2010).
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Figure 5.2: Contour plots of reconstructed SSTs based on core tops (0-2 cm) along the
southern Italian shelf and Gulf of Taranto. (a) Alkenone-based temperature (SSTUK′37), (b)
GDGT-based temperature (SSTTEXH86) and (c) δ18O based temperature of G. ruber (white)
(SSTδ18OG.ruber) (modified from Grauel and Bernasconi, 2010; Leider et al., 2010). Ranges
of UK′
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contours (250 m, 1000 m and 2000 m). For comparison mean annual satellite-derived SSTs
of the study area are indicated with pointed lines on the color bar.

5.4 Material and Methods

5.4.1 Multicores

Alkenones and GDGTs were analyzed on multicore GeoB 10709-4 collected at 39.757◦N

/ 17.893◦E and a water depth of 173 m, during RV POSEIDON cruise P339 ‘CAPPUC-

CINO’ in June 2006 (Zonneveld et al., 2008). The multicore was frozen directly on board

and was stored at -20◦C until sampling in the laboratory at 2.5 mm resolution. Planktic

and benthic foraminifera are from a nearby multicore NU04 (39.764◦N / 17.892◦E and a

water depth of 160 m) collected during RV UNIVERSITATIS cruise ‘ESPRESSO’ in 2005

(Figure 5.1). Sampling on this core was performed at 3 mm resolution.

5.4.2 Age assessment

A recent study on several cores from the eastern Gulf of Taranto (Chapter 3) show that the

sedimentation rates are not as uniform as initially anticipated and suggested by previous

studies (Cini Castagnoli et al., 1990; Bonino et al., 1993). The cores were dated with
210Pb (core NU04) (Table 5.1). The 210Pb-dating of NU04 was carried out in Havana and

Texel (de Lange, person. commun.). The bottom cm of each core was additionally dated

by AMS 14C. Mixed planktic foraminifera were picked and analyzed with a miniaturized

radiocarbon dating system (MICADAS) (Ruff et al., 2007; Synal et al., 2007) at the AMS

Radiocarbon Dating Laboratory at ETH Zurich. Two samples were measured as solid

graphite targets (NU04 and GeoB10709-4) and one sample was measured directly as CO2

(GeoB10709-5) where MICADAS was equipped with a gas ion source. The 14C-ages were

calibrated with the program OxCal v3.10 (Bronk Ramsey, 2009; 2005), with the references
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of atmospheric data from Reimer et al., (2004) and the curve Marine04 with the marine

data from Hughen et al., (2004) using a ∆R of 121±60 years.

5.4.3 Stable oxygen (δ18O) and carbon (δ13C) isotopic composition

of foraminifera

The sediment of core NU04 was wet sieved into size fractions of >600µm, 600-150µm, and

150-63µm. The abundance of G. ruber (pink) was determined in the size fraction 400 to

300µm in all samples.

For the isotopic analyses around 10-20 specimens of G. ruber (white), G. ruber (pink) and

U. mediterranea were picked under the microscope from the fractions 600µm to 150µm.

To avoid spurious variations in δ18O and δ13C caused by different morphotypes for G.

ruber (white), we selected only the morphotype platys according to Numberger et al.

(2009). The shells were thoroughly cleaned with a procedure modified from Barker et al.

(2003) which includes: (i) cracking of the chambers to remove internal filling, (ii) cleaning

twice with ultrapure water in an ultrasonic bath for one minute (if necessary repeating

this step until the water is clear and no contaminations are visible under the microscope)

and (iii) cleaning twice with methanol in an ultrasonic bath for 30 seconds. The cleaning

procedure has been chosen after several tests where the efficiency of the procedure was

checked by scanning electron microscopy.

All samples were measured with a Thermo Fisher Scientific Kiel IV carbonate device

connected to a Thermo Fisher Scientific MAT 253 dual inlet mass spectrometer. 150µg to

200µg of shell material was dissolved in vacuum with two drops of ∼103% phosphoric-acid

at 70◦C, cleaned cryogenically and then transferred to the mass spectrometer. The system

is calibrated with the international standards NBS19 (δ13CV PDB +1.95�, δ18OV PDB -

2.2�) and L-SVEC (δ13CV PDB -46.6�, δ18OV PDB -26.41�). All δ18O and δ13C results

are reported in the conventional delta notation with respect to VPDB. The reproducibility

of the δ18O and δ13C based on repeated measurements of an internal Carrara marble

standard (MS2, a laboratory standard calibrated to the international standards) was

better than 0.1� (1σ). For the temperature reconstruction we used the paleotemperature

equation of Shackleton (1974):

T [◦C] = 16.90− 4.38 · (δ18OC − δ18OW ) + 0.10 · (δ18OC − δ18OW )2 (5.1)

where T is the temperature in ◦C, δ18Oc is the δ18O of the carbonate of the shells, and

δ18Ow is the δ18O of the ambient seawater. For the temperature reconstruction based

on δ18O of G. ruber (white and pink) we assume a constant δ18Ow of 1.4� (the modern

water value in the Gulf of Taranto), and δ18Ow of 1.5� for U. mediterranea (Grauel and

Bernasconi, 2010). The δ18Ow- values represent the average value in the Gulf of Taranto

at 0-50m for G. ruber (white and pink) and at the bottom for U. mediterranea. Sampling

and measurement of the water are described in Grauel and Bernasconi (2010). The data

for NU04 are reported in the Appendix.
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5.4.4 Lipid biomarker analysis

For alkenone, n-alkane and GDGT analyses, 1-7 g of freeze dried and homogenized sedi-

ment were extracted using an accelerated solvent extractor (ASE 200, DIONEX) (Leider

et al., 2010). Before extraction known amounts of 2-nonadecanone, n-hexatriacontane and

C46-GDGT were added as internal standards. The obtained total lipid extracts (TLE)

were subdivided into two aliquots for further purification.

Sample purification and fractionation for alkenone and n-alkane analysis followed the

procedure described by Leider et al. (2010). Gas chromatography was performed with a

Trace GC Gas Chromatograph (ThermoQuest) equipped with a 30 m DB-5MS fused silica

capillary column (0.32 mm ID, 0.25 µm film thickness) and a flame ionization detector

(FID), He as carrier gas with a flow rate of 1 ml/min. The GC temperature program for

alkenones and n-alkanes used was: injection at 60 ◦C, 1 min isothermal; from 60 ◦C to 150
◦C at 15 ◦C/min; from 150 ◦C to 310 ◦C at 4 ◦C/min; 28 min isothermal with a total oven

run-time of 75 min. Peak identification of di- and tri-unsaturated C37 alkenones (C37:2 and

C37:3) and n-C27, n-C29 and n-C31 alkanes was based on retention time and comparison

with parallel GC-MS runs. Quantification was by peak integration and by assuming the

same response factor as the internal standards (2-nonadecanone and n-hexatriacontane).

Concentrations of di- and triunsaturated C37 alkenones and n-alkanes are given as sum in

µg/g dw (dry weight) sediment.

The UK′
37 was calculated according to Prahl and Wakeham (1987):

UK′

37 =
(C37:2)

((C37:2) + (C37:3))
(5.2)

and converted into SSTs with the sediment core-top transfer function of Conte et al.

(2006):

T = 29.876 · UK′

37 − 1.334(r2 = 0.97, n = 592, SD = 1.1◦C) (5.3)

Analytical precision of duplicate runs was better than ±0.24 ◦C.

For GDGT analysis, TLE aliquots were separated by alumina oxide column chromatog-

raphy into an apolar and polar fraction using n-hexane:DCM 9:1 (v/v) and DCM:MeOH

1:1 (v/v), respectively (e.g., Schouten et al., 2002). Analyses were performed by high

performance liquid chromatography/atmospheric pressure chemical ionization-mass spec-

trometry (HPLC/APCI-MS) using an Agilent 1200 series HPLC coupled to an HP 6130

MSD equipped with automatic injector and HP Chemstation software. 10 µl aliquots were

injected on to an Alltech Prevail Cyano column (2.1×150 mm, 3 µm; Grace) maintained

at 30 ◦C. GDGTs were eluted using the following gradient with solvent A (n-hexane) and

solvent B (n-hexane:isopropanol, 90:10 (v/v)): A: 100% with a linear gradient to 10% B

in 35 min. Flow rate was 0.2 ml/min. After each analysis the column was cleaned by

back-flush of solvent B at 0.2 ml/min for 8 min.

Conditions for APCI-MS were as follows: nebulizer pressure 4.1×105 Pa, vaporizer tem-

perature 250 ◦C, drying gas (N2) flow 6 l/min and temperature 200 ◦C, capillary voltage

-3 kV, corona 5 µA. For isoprenoid and non-isoprenoid GDGTs peak integration of their

(M+H)+ ions (m/z 1302, 1300, 1298, 1296, 1292, 1022, 1036, 1050) detected in selective
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ion monitoring (SIM) mode was used (Schouten et al., 2007).

The TEX86 ratio was calculated according to Schouten et al. (2002):

TEX86 =
[GDGT − 2] + [GDGT − 3] + [GDGT − 4′]

[GDGT − 1] + [GDGT − 2] + [GDGT − 3] + [GDGT − 4′]
(5.4)

where numbers represent the number of cyclopentane moieties and GDGT-4’ the crenarchaeol-

isomer, respectively. For temperature conversion we used the calibration with annual

mean SST using marine sediment core-tops based on the TEXH
86, defined as the logarithm

of TEX86 after Kim et al., (2010):

T = 68.4 · log(TEX86) + 38.6(r2 = 0.86, n = 255, SD = 2.5◦C) (5.5)

To examine the potential influence of terrestrial archaeal GDGTs we applied the BIT

index (Hopmans et al., 2004):

BIT =
[GDGT − I] + [GDGT − II] + [GDGT − III]

[GDGT − I] + [GDGT − II] + [GDGT − III] + [GDGT − 4]
(5.6)

where GDGT-I, -II, and -III represent branched GDGTs with different degrees of methy-

lation and GDGT-4 crenarchaeol. Selected samples were analyzed in duplicate and an-

alytical precision was determined by replicate injections of laboratory internal reference

material with known TEX86 and BIT values. Mean standard deviation of the correspond-

ing temperature was ±0.4 ◦C. Concentrations of crenarchaeol were calculated assuming

a linear response to the C46-GDGT standard. Data for GeoB 10709-4 are given in the

Appendix.

5.4.5 Total Organic Carbon (TOC)

Analyses on TOC were performed on 14 samples from GeoB 10709-4 (Appendix). 300 mg

of sample was decalcified using 1 M HCl to remove inorganic carbon dried at 60 ◦C and

finely ground using an agate mortar. Percentages of organic carbon and nitrogen were

determined with a Fisons NCS NA 1500 analyzer using dry combustion at 1030 ◦C with

a precision of better than 3%.

5.5 Results

5.5.1 Age model

Core GeoB 10709-4 was not dated directly with 210Pb; instead GeoB 10709-5, a parallel

multicore collected together with GeoB10709-4, was used (Zonneveld et al., 2012). The
14C-analyses gave similar ages for the bottom-most cm of both GeoB 10709 cores (Table

5.1). The 210Pb and 14C data were used to produce a first-order age model which also took

into account the changes in water content versus depth (Figure 3b). Finally, the Ca/Al

measured on both cores with ICP-OES (GeoB10709-4 at ∼8mm resolution and NU04 at

3mm resolution) was used for fine-tuning and a more precise correlation of the two cores,
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and to construct a consistent age model (Goudeau et al., unpubl.), Figure 5.3c. We used

three reference points in core NU04 because this core had already been correlated with the

adjacent well-dates core DP30PC (Chapter 4). The resulting shift in age for GeoB was

<70 years and lies within the error margin of the dating (cf. Table 5.1). The differences

for the Ca/Al ratio in the more fluid top 2cm of both cores might be due to some mixing

during core retrieval, transport or sub-sampling. Since a major gradient in the water

content occurred, the calculated sedimentation rate decreased from ∼0.98 mm/yr (top

cm) to ∼0.55 mm/cm (bottom cm) in NU04, and from ∼1.18 mm/yr (top cm) to ∼0.52

mm/yr (bottom cm) in GeoB10709-5 (Figure 5.3b).
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104 Chapter 5

Core
Lat
[◦N]

Lon
[◦E]

Depth
[m]

Dating
method

References
14C-dating
ETH No

Depth
[mm]

Years
[AD]

95%
[±yr]

NU04 39.764 17.892 160 210Pb, 14C This study 40265 460 1260 150
GeoB 10709-4 39.757 17.893 173 14C This study 39677 442.5 1385 105

GeoB 10709-5 39.757 17.893 173
210Pb, 137Cs,
14C

Zonneveld et al.
(2012), this study

39817 400 1465 155

GT89-3 (GT90-3)
GT 91-1

39.762
39.990

17.897
17.757

178
250

210Pb, 137Cs
and Pyroxenes

Cini Castagnoli et al.
(1990), Bonino et al. (1993)

Table 5.1: Locations and dating information of cores in the Gulf of Taranto.

5.5.2 Alkenone-derived temperatures (SSTUK ′37)

Mean SSTUK′37 is 16.5 ◦C, 2.2 ◦C lower than the present mean annual SST of 18.7◦C

(Figure 5.4a). The SSTUK′37 varies by 5 ◦C (14.6-19.4 ◦C) with maxima near 1400, 1540,

1770, 1970 and 2006 and minima near 1500, 1700, 1930 and 1990. SSTUK′37 shows a

pronounced decrease of 4.3 ◦C from 1394 to 1515. The period from 1610 to 1740 shows

relatively low SSTUK′37 followed by a maximum increase of 3 ◦C to 1780. From 1800 to

present a long-term decrease in SSTUK′37 is superimposed by 2 to 3 ◦C short-term shifts.

5.5.3 GDGT-derived temperatures (SSTTEXH86)

Mean SSTTEXH86 is 20.5 ◦C and is in general higher than the SSTUK′37 and 1.8 ◦C higher

than the present mean annual SST (Figure 5.4b). SSTTEXH86 varies by 4 ◦C (18.7-22.6
◦C) with maxima between 1394 and 1450 and from 1670 to 1790. The SSTTEXH86 are 3 ◦C

lower from 1420 to 1500, similarly to the drop in SSTUK′37. SSTTEXH86 values decrease by

3 ◦C from 1800, an even more pronounced cooling compared to SSTUK′37. Comparison of

the 5-years running means shows that the decadal trends in SSTTEXH86 are synchronous

to those of SSTUK′37 from 1900 AD to present, but show a smaller amplitude. SSTTEXH86

and SSTUK′37 anti-correlate between 1500 and 1740.

5.5.4 δ18O-based temperatures and abundance of foraminifera

The δ18O of G. ruber (white) varies between 0.34� and 1.4� with a mean value of

0.86±0.23�, resulting in a temperature range from 16.9 to 21.7 ◦C with an average of

19.3±1 ◦C (Figure 5.4c) if we assume a constant δ18O of the water of 1.4�. The δ18O of

G. ruber (pink) vary between -1.14� to 1.1�, shows a larger scatter and a clear offset

of on average ∼1� to G. ruber (white) resulting in higher average temperatures of 24.2

± 2 ◦C (Figure 5.4d) using a δ18Ow of 1.4�. G. ruber (pink) is almost absent during the

LIA (Figure 5.4e). The total abundance of G. ruber (pink) considerably increases at the

end of the 19th century coinciding with the decrease in δ18O of G. ruber (white) and U.

mediterranea.

The δ18O of the benthic species U. mediterranea varies between 1.9 and 2.7�, which

correspond to a temperature range of 12 to 15.2 ◦C using a δ18O of the water of 1.5�

(Figure 5.4f).
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5.5.5 δ13C of G. ruber (white and pink) and U. mediterranea

The δ13C of G. ruber (white and pink) show a decreasing trend over the whole period and

varies between 0 and 1.03� and 0.34 and 1.46�, respectively (Figure 5.5a and b). The

δ13C of U. mediterranea is relatively consistent between 1262 and 1850 (-0.21-0.5�) but

shows a shift from about 1880 on (∼0.3�) (Figure 5.5c), whereas the δ13C of G. ruber

(white) decreases by about 0.2� during the last 200 years.

5.5.6 TOC, biomarker concentrations and BIT index

TOC values vary between 0.8 and 1.4% and increase from ∼1800 (Figure 5.5d). Lowest

concentrations of the sum of di- and triunsaturated alkenones (0.03 to 0.14 µg/g dry

sediment) occur from 1394 to 1800 and are followed by a first increase to 0.27 µg/g until

1960 (Figure 5.5e). The last decades show sharp increases in concentrations reaching

maximum values of 1.69 and 2.25 µg/g. Lowest crenarchaeol concentrations (0.07 to 0.13

ng/g dry sediment) occur from 1488 to 1800 and are followed by an increase to 0.27

ng/g (Figure 5.5f). BIT index values vary between 0.12 and 0.34 with almost constant

values of 0.3 from 1394 to 1790 and are followed by a decrease to minimum values (Figure

5.5g). Concentrations of the sum of the n-C27, -C29 and -C31 alkanes (n-C27−31 alkanes)

range between 0.31 and 1.37 µg/g dry sediment (Figure 5.5h). Major variations occur

between 1414 and 1578. Concentrations show a maximum between 1800 and 1900 and

increase again during the 20th century. This pattern is similar to the decrease in δ13C of

U. mediterranea starting between 1800 and 1900. Additionally, concentrations of n-C27−31

alkanes and BIT index values show an opposite trend from 1800.

5.6 Discussion

Among the potential uncertainties of each proxy used in this study are biases due to

the near coastal environment of the study site which imposes seasonally highly variable

terrestrial and marine inputs. Therefore biases may derive from past salinity variations,

changes in terrestrial input or nutrient availability. Accordingly, the proxies may reflect

SSTs on a seasonal scale but also circulation changes, e.g., shifts between wetter and drier

conditions along the southern Italian coast. In the following, we will discuss the seasonal

climate history and environmental evolution since 1400 AD in the Gulf of Taranto using

the integrated interpretation of all proxies which permits a higher level of understanding

of environmental conditions than the sum of individual proxies.

5.6.1 SST proxy records and their connection with climate variability

influencing the oceanographic conditions in the Gulf of Taranto

during the last 600 years

Since the environmental conditions and related proxies seem to contain a substantial

potentially anthropogenic influence during the last 200 years, we will first discuss in this

section the preceding period and in the last section the most recent 200 years.
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5.6.1.1 Variability in SSTUK′37

Our SSTUK′37 record is from the same location as the upper part of the composite

SSTUK′37 record by Versteegh et al. (2007) from core 89-3. Both records agree well

in peak timing and amplitude between 1680 and 1800 showing that these features are

reproducible across different cores (Figure 5.6a and b). In contrast, major discrepancies

occur with the lower part of the composite record which was measured on a different core,

GT91-1. This latter core is located ∼30 km NNW from GeoB 10709-4 and for the age

model of GT91-1 the same sedimentation rate has been assumed as for GT89-3 (Table

5.1), a hypothesis that can be rejected on the basis of more detailed analyses of Chapter

4. From 1800 on, the upper parts of both cores also show slight discrepancies in peak

amplitude (between 1800 and 1860) and timing potentially due to age model uncertainties.

Leider et al. (2010) showed that in the Gulf of Taranto SSTUK′37 are below the annual

mean SST because haptophytes blooms occur primarily during the colder part of the

year when nutrient transport and vertical mixing from the WAC are strongest. The mean

SSTUK′37 of core GeoB 10709-4 (16.5 ◦C) is close to the core top (16.3 ◦C) suggesting that

there is no significant long-term trend in either winter temperatures or seasonal timing of

alkenone production during the last 600 years. However, significant decadal to centennial

deviations from this mean value occur and their amplitude is much larger than observed

for other reconstructions of Mediterranean climate (Brunetti et al., 2004; Camuffo et al.,

2010). Today’s SST vary from 13 to 18 ◦C between late autumn and late spring (Figure

5.1), covering the entire amplitude of our SSTUK′37 record. This implies that apart from

changes in the mean winter temperatures, shifts in the timing of alkenone production

can also substantially modify the SSTUK′37. Higher SSTUK′37 could result from alkenone

production starting earlier in autumn and/or extending into late spring - early summer,

whereas lower SSTUK′37 could reflect alkenone production to be more restricted to winter.

Such shifts in the timing of winter primary production do indeed occur (Rutten et al.,

2000; Ziveri et al., 2000; Versteegh et al., 2007). The covariance between the timing of

alkenone production and winter temperatures may increase the amplitude of the SSTUK′37

record if the main period of alkenone production gets increasingly focused on the coldest

part of the year (Versteegh et al., 2007).

The SSTUK′37 record shows a good correlation to mean annual air temperature recon-

structions from 1500 (Luterbacher et al., 2004), Figure 5.6c. The comparison to the

Luterbacher et al. (2004) data shows that the SSTUK′37 records the major variations

in mean annual air temperature during the LIA but strongly amplifies these signals.

Most pronounced are the minimum SSTUK′37 at ∼1700 co-occurring with the Maunder

Minimum (suggested to be the coldest period of the LIA in Europe) and the broad tem-

perature maximum around 1800. Although mean annual and seasonal temperatures are

correlated, this correlation does not inevitably indicate that SSTUK′37 reflects mean an-

nual SSTs (e.g., Brunetti et al., 2000). The observed variations in SSTUK′37 are much

larger than the maximum amplitudes of winter and mean annual air temperatures. Thus,

an amplifying mechanism is necessary.

Primary productivity is influenced by light and nutrient supply and may be stimulated

by wind-induced vertical mixing which increases the amount of nutrients in the photic
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zone (e.g., Klein and Coste, 1994; Bakun and Agostini, 2001). Additionally, the nutrient

content can increase due to increased river runoff, which in the Adriatic Sea, leads to

a southward extension and an increased influence of the WAC in the Gulf of Taranto.

Low-pressure systems bring both wind (turbulence) and rainfall and their dynamics may

thus be considered of particular interest. Historical records indicate more late autumn

to winter storms in the Adriatic Sea and a higher flooding intensity at the Venice lagoon

during the first half of the 1500s and late 1700s (Camuffo et al., 2000), Figure 5.6d. The

elevated storm and flooding activity during the LIA correlates with maxima in SSTUK′37 in

the Gulf of Taranto. Furthermore, flooding is more frequent during the late 20th century,

while the variability in SSTUK′37 increases, again indicating that SSTUK′37 is modulated

by storm activity. Storm activity and surges can partly be related to an increase of local

relative sea level as a result of Sirocco and Bora winds or intense cyclones in the NW

Mediterranean (Camuffo et al., 2000; Lionello et al., 2006). The storm frequency and

cyclogenesis in the Mediterranean winter is modulated by the North Atlantic Oscillation

(NAO). In general, the NAO exerts a strong influence on cold season temperature and

precipitation in the Mediterranean region, though the strength varies spatially (Dünkeloh

and Jacobeit, 2003; Xoplaki et al., 2004; Trigo et al., 2006). Periods of negative NAO,

cause a southward shift of North Atlantic storm tracks into the Mediterranean region

leading to more precipitation in Italy and the western Mediterranean (e.g., Hurrel and van

Loon, 1997; Quadrelli et al., 2001; Brunetti et al., 2002) and with higher river discharge

across most of the Mediterranean catchment basin during the 20th century also for the

Po River (Struglia et al., 2004; Supi et al., 2004; Zanchettin et al., 2008). In the middle

Adriatic Sea a negative NAO correlates with higher chlorophyll-a concentrations during

spring (Katara et al., 2008), and chlorophyll-a correlates well with alkenone production.

Therefore, we suggest that a negative NAO leading to higher river discharge, nutrient

loading, and storm frequency, thus to an extension of the alkenone production to late

spring which is associated with higher SSTUK′37 (Figure 5.6a and e). During a positive

NAO central and southern Europe and the Mediterranean are drier, while northern Europe

experiences wetter conditions (Hurrel, 1995). A positive NAO implies a less turbulent cold

season leading to a later breakdown of the summer stratification and earlier stratification

in spring, thus restricting alkenone production to the cooler part of winter, resulting

in a lower SSTUK′37 (Figure 5.6a and e). Indeed primary productivity during winter is

higher when the NAO is in a positive mode (Ninĉević Gladan et al., 2010). Although,

this mechanism explains the high variability in SSTUK′37 it does not seem to be valid

for the Maunder Minimum, where low SSTUK′37 are associated with a negative winter

NAO (Figure 5.6a and e). During the Maunder Minimum, a negative NAO occurred

more frequently (Luterbacher et al., 2002b). This is partly explained by a reduced solar

irradiance (Shindell et al., 2001; Rind et al., 2004), Figure 5.6f. In the Mediterranean, the

Maunder Minimum is wet and has low air temperatures (Luterbacher et al., 2006). Here, a

general decrease in SSTs may have overruled the prolonged production season, e.g. while

autumn and spring waters were also much cooler than outside the Maunder Minimum.

We are aware that the NAO forcing alone does not affect the SSTUK′37. In addition, its

influence on the Mediterranean region may not be stationary during the last 600 years
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(Luterbacher et al., 2006; Trigo et al., 2006; Roberts et al., 2012). Nonetheless, we observe

that the SSTUK′37 reflects multidecadal variations in winter NAO, thus indicates a link

between productivity modulations in the Gulf of Taranto and atmospheric circulation of

the Northern Hemisphere.

5.6.1.2 SSTTEXH86

The SSTTEXH86 are 2-6 ◦C higher than the SSTUK′37 in agreement with Leider et al.

(2010), which demonstrated that the TEX86 reflects summer SST (Leider et al., 2010).

This has also been observed in other regions of the Mediterranean Sea (Menzel et al.,

2006; Castañeda et al., 2010; Huguet et al., 2011). The co-variation between SSTTEXH86

and SSTUK′37 over large parts of the record (Figure 5.6a) might be related to the negative

correlation between the abundances of crenarchaeota and phytoplankton as reported in

several studies (e.g., Murray et al., 1999; Wuchter et al., 2006b). These studies suggested

that phytoplankton outcompete crenarchaeota when productivity is high so that the lat-

ter are restricted to warmer parts of the year when the waters are stratified. Therefore, if

warmer SSTUK′37 reflect an extension of the main algal primary production period, plank-

tonic crenarchaeotal production is further shifted to the more oligotrophic and warmer

summer season, resulting in higher SSTTEXH86. In contrast, when algal primary pro-

duction is confined to the colder parts of the year (low SSTUK′37), archaeal growth may

already occur during spring and continue into late autumn when SSTs are lower, resulting

in lower SSTTEXH86.

Between 1640 and 1760 this relationship breaks down, the difference between the tem-

perature proxies increases suggesting an increase in seasonal contrast during this period

(Figure 5.6a). As discussed above, low air temperatures and increased precipitation dur-

ing winter, characterize this period, which results in a decrease of SSTUK′37 despite a

longer season of alkenone production. The anticorrelation of the proxies thus may reflect

an increased seasonality between haptophyte and planktonic crenarchaeota.

We suggest that variations in SSTUK′37 point to differences in the timing of haptophyte

production and primary productivity. This simultaneously modulates archaeal produc-

tion explaining the covariance between SSTUK′37 and SSTTEXH86. The seasonal differ-

ences in water column characteristics modulated by atmospheric circulation may play an

important role for the haptophyte production making the UK′
37 an integrated productivity-

temperature signal.

5.6.1.3 Variability based on δ18O of G. ruber (white) and SSTTEXH86 in the Gulf

of Taranto

The reconstructed mean long term SSTδ18OG.ruber of 19.3 ± 1 ◦C is very close to the mean

annual SST in the Gulf of Taranto. The SSTδ18OG.ruber of 20±1 ◦C observed in the first

cm of core NU04 is in good agreement to the value of 20.3 ◦C based on another set of

surface sediments (Grauel and Bernasconi, 2010). SSTTEXH86 shows higher values in the

older parts of the record, with a decreasing trend, while at the top part of the core the

temperature is in the same range compared to SST18O of G. ruber (white). In general,
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this supports that both SST proxies indicate summer conditions, but trends observed

during the last 600 years are considerably different.

The SSTδ18OG.ruber and SSTTEXH86 scatter by 6 ◦C and 4 ◦C, respectively, showing that

both signals are not only dependent on temperature. This is best illustrated between

1700 and 2000, when there is a clear negative correlation between δ18O and SSTTEXH86

(cf. Figure 5.7a and c). Hence, the trend to lower δ18O values of G. ruber (white) could

indicate a decrease in δ18O of seawater since 1700 possibly due to decreased evaporation

and/or changes in circulation.

U. mediterranea appears to be a good indicator to detect water mass characteristics,

e.g. nutrient content and salinity, and variations therein along the southern Italian coast

(Grauel and Bernasconi, 2010). Today, the coastal areas along the southern Italian coast

are influenced by the less saline, nutrient-rich WAC. Thus, the δ13C and δ18O of G.

ruber (white) and U. mediterranea increase with distance from the coast in response to

higher salinity and less nutrients. Therefore, a reduced presence of the WAC in the

Gulf of Taranto would cause heavier δ13C and δ18O values of both species due to the

influence of more saline ISW and LIW. SSTTEXH86 values also increase with distance to

the coast reaching maximum temperatures in the ISW (Leider et al., 2010). Accordingly,

heavier δ18O values of G. ruber (white) associated with higher SSTTEXH86 support a

higher influence of the ISW compared to WAC.

The δ18O of G. ruber (white) increases to heavier values between 1375 and 1622 with a

higher variability between 1470 and 1622 (Figure 5.7a). The decrease between 1375 and

1468 is similar in all records (δ18O, SSTTEXH86 and SSTUK′37) indicating a temperature

decrease in all seasons at the beginning of the LIA (Figure 5.4). After 1468, the SSTUK′37

and the δ18O of G. ruber (white) diverge while the SSTTEXH86 indicates lower but constant

temperatures between 1470 and 1622. In conjunction with the higher δ18O values of G.

ruber (white) this might indicate drier conditions and a higher influence of the ISW.

This trend is comparable with tree ring data from the European Alps which indicate a

prolonged summer cooling (∼2 ◦C) between 1350 and 1700 (Büntgen et al., 2006). In

addition, tree ring data from the Mediterranean suggest drier conditions in the 16th and

17th century (Nicault et al., 2008). The higher variability between 1468 and 1622 in

the δ18O record of G. ruber (white) possibly reflects an increase in summer precipitation

between 1580 and 1710 (Pauling et al., 2006) (Figure 5.7h).

The correlation between the δ18O of G. ruber (white) and the SSTTEXH86 breaks down

between 1640 and 1700 (the Maunder Minimum; Figure 5.7a, c and i); the same can

be observed for the SSTTEXH86 and the SSTUK′37 (Figure 5.6a). The lighter δ18O of G.

ruber (white) indicate a possibly higher influence of WAC. The decrease to lighter values

of δ13C of U. mediterranea, even if slightly shifted in time, suggests a higher influence

of the WAC as well (Figure 5.7d). This coincides with a glacial maximum between 1640

and 1670 indicating cooler and wetter conditions during summer (Holzhauser et al., 2005)

and is comparable with tree ring data suggesting generally wetter summer conditions

during the Maunder Minimum in the whole Mediterranean basin (Nicault et al., 2008).

Therefore, the increase in SSTTEXH86 potentially indicates a seasonal shift in productivity

of crenarcheota to late summer rather than a circulation change during the Maunder
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Minimum.

Between 1716 and 1761 the δ18O record of G. ruber (white) shows a relatively stable phase.

The higher δ18O values and maximum in SSTTEXH86 are possibly due to a higher influence

of the ISW indicating drier conditions (Figure 5.7a and c). This can be observed in the

higher δ18O values of U. mediterranea (1716-1766) as well, indicating a higher influence of

Ionian Sea water masses (cf. Figure 5.4f). Kress et al. (2010) reconstructed extremely dry

summers during the second half of the 18th century from Alpine tree ring stable isotopes

and the glacial retreat around 1740 indicates dry conditions as well (Holzhauser et al.,

2005).

Since 1800 the decrease in δ18O of G. ruber (white) correlate with the decrease in δ13C

of U. mediterranea and G. ruber (white) suggesting an enhanced nutrient supply by the

WAC (Figure 5.7a, d and Figure 5.5a). This is also reflected by a decrease in SSTTEXH86

and with the general increasing trend of the different lipid biomarker concentrations, (cf.

Figure 5.5; see 5.6.2).

Frisia et al. (2005) described the LIA as the coldest period of the past 2000 years and

reported temperature anomalies of -1 ◦C for extremes. Since 1800 both δ18O records in-

dicate a trend to warmer conditions (cf. Figure 5.7a and g). This increase is comparable

to the observed abundance of G. ruber (pink) (Figure 5.7f). G. ruber (pink) is a tropi-

cal/subtropical species with an optimum temperature of ∼27 ◦C and it is quite sensitive

to temperature variations (Mulitza et al., 1998). This might explain the small amount

and the partially absent of G. ruber (pink) during the LIA. Furthermore, the increase in

the abundance of G. ruber (pink) since 1800 supports a trend to warmer conditions in

the Gulf of Taranto (Figure 5.7e). The reconstructed SSTδ18O of G. ruber (pink) shows a

temperature increase (∼2 ◦C) over the past 200 years and especially since 1880 (Figure

5.7b). The comparison of the δ18O records of G. ruber (white) and G. ruber (pink) to the

δ18O record of G. ruber from a nearby core in the Gulf of Taranto by Taricco et al. (2009)

shows that in all three records the δ18O values decreases from ∼1880 onward. However,

the amplitude of the δ18O record of G. ruber by Taricco et al. (2009) is much higher (-0.33

1.03�) compared to our δ18O record of G. ruber (white). A possible explanation for this

high amplitude is that Taricco et al. (2009) used mixed samples of the pink and white

variety of G. ruber in their analyses, leading to an amplification of the signal related to

the large changes in abundance of G. ruber (pink).

The above discussion shows the complexity of the factors controlling the δ18O record of

G. ruber (white) which is a composite record of temperature, precipitation and circulation

changes. The circulation changes are also supported by the SSTTEXH86 that shows shifts

in water masses, induced by fluctuations between warm/wet and cold/dry modes. This

additionally coincides with variations in the δ13C and δ18O of U. mediterranea indicating

that circulation changes affect the entire water column in the Gulf of Taranto. The recent

salinity gradient between the coastal regions along the southern Italian coast and the

offshore regions in the central Ionian Sea is ∼2PSU (Grauel and Bernasconi, 2010) which

shows that salinity changes of 1-2PSU during the LIA would have been possible, even

without large changes in precipitation. A ∼0.25� shift in δ18O could also correspond to

a ∼1PSU shift in salinity (Pierre, 1999) and hence could indicate a change in circulation.
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Although we are aware of the possible biases of the two proxies, we used the SSTTEXH86

and the δ18O of G. ruber (white) to roughly calculate potential salinity changes. We used

the linear equation of δ18Ow and salinity given in Pierre (1999): δ18Ow=0.25×S-8.2. The

results show that especially during the last 200 years the salinity changed considerably

(∼2PSU) which supports the assumption of a circulation change and higher influence of

WAC in the Gulf of Taranto, Figure 5.7f. A higher influence from ISW and LIW could

induce an increase of the depth habitat of G. ruber (white) which could influence the

calcification depths and temperature (Grauel and Bernasconi, 2010). Especially during

the last 200 years, where δ13C of the benthic and planktic foraminifera decrease and the

various lipid biomarker concentrations used in this study indicate an increasing trend.

This could be a signal for a higher nutrient availability and thus a change to a shallower

depth habitat of the planktic species.

5.6.2 Environmental changes in the Gulf of Taranto over the past

200 years

A prominent characteristic of the foraminiferal and lipid biomarker records is a major

change occurring from 1800 onward. The decrease in δ13C of U. mediterranea associated

with an increase in TOC, alkenones and crenarchaeol concentrations is a strong indication

of an increase in productivity during the last 200 years (Figure 5.5c-f).

The decrease of δ13C of U. mediterranea can be explained by a higher flux of 13C-depleted

organic carbon to the seafloor related to higher nutrient inputs and increased productivity

along the coast. The TOC gradient may be somewhat magnified by the fact that surface

sediments have not undergone ultimate degradation yet, therefore a quantitative estimate

of the productivity increase is not possible. However, the good agreement between the

δ13C of U. mediterranea, TOC and lipid biomarker records suggests that we observe a

change in productivity that may be driven by increased nutrient input related to increased

anthropogenic pressure. Correspondingly, Lotze et al. (2001) showed that the popula-

tion in Italy and surrounding countries already started to increase from 1800. This was

accompanied by land-use-changes affecting the nutrient load and water management of

the major rivers along the eastern Italian coast. Different phases of trophic changes are

also observed in the Northern Adriatic Sea from 1830 onward but timing of the onset

differs between different studies. Barmawidjaja et al. (1995) suggested that a decrease in

the abundance of epiphytic foraminifera off the Po delta indicated higher sediment and

nutrient loads of the Po river from 1840 to 1870. Additionally, Sangiorgi and Donders

(2004) showed that the total abundance of dinoflagellates increased from the 1830s while

eutrophic species increased from 1930 onwards, whereas pollen indicated environmental

changes due to land reclamation after 1910. Abundances of coccolithophorids started to

increase from the late 1800s followed by diatoms and silicious plankton increasing in the

20th century (Puškarić et al., 1990). A long-term enrichment of nutrients is suggested

by increasing anoxic events in the Northern Adriatic Sea between 1911 and 1982 (Justić,

1987). Along the southern Italian shelf and in the Gulf of Taranto the increase in dinoflag-

ellate cysts, indicating a higher productivity, follow the start of the major industrialization
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and urbanization of Italy and the increased usage of fertilizers (Zonneveld et al., 2012).

The observed shift also occurs in the BIT index and in the concentrations of long-chain n-

alkanes. The BIT index values during the last 600 years agree with values found in coastal

to open marine environments and the southern Italian shelf (Hopmans et al., 2004; Leider

et al., 2010), Figure 5.5g. Branched GDGTs are transported by rivers and the BIT has

been successfully applied to characterize the soil OM supply to near-coastal environments

(e.g., Hopmans et al., 2004; Herfort et al., 2006; Kim et al., 2006). Larger rivers are absent

in the eastern part of the Gulf of Taranto and are confined to the north-western part of

the Gulf. Here, the prevailing anticlockwise circulation prevents soil OM to reach the

core location. This is supported by the distribution of heavy metals in surface sediments

in the Gulf of Taranto (Buccolieri et al., 2006). The BIT values in core-tops from the

Gulf of Taranto also show a low contribution of soil OM and document soil OM input

by the WAC and local river supply (Leider et al., 2010). The decrease in the BIT since

1800 would at first sight suggest a decrease in terrestrial input. However, a closer look

at the concentration profiles of the GDGTs constituting the BIT shows that soil markers

(branched GDGTs) increase in total abundance, but less than the marine crenarchaeol.

Thus the decreased BIT reflects increased marine archaeal production or preferential

preservation of marine GDGTs rather than a decrease in terrestrial input (Huguet et al.,

2007b; 2009; Castañeda et al., 2010). This BIT offset by a larger marine compared to

terrestrial contribution has also been observed in several other shelf areas. Our study

again shows that care should be taken when interpreting the BIT index in areas with

varying marine productivity (Walsh et al., 2008; Schmidt et al., 2010; Smith et al., 2012).

Whereas the BIT index provides no evidence for increasing soil input, the increasing

concentrations of plant-wax derived n-alkanes suggest an enhanced supply of land plant

material into the Gulf of Taranto from 1800 and more significantly from the 20th century

(Figure 5.5g). Plant-waxes can be carried to the sea by long-range atmospheric transport

(e.g., Simoneit, 1977; Gagosian et al., 1981; Schefu et al., 2003), or by river transport to

shallow and near-coastal environments (e.g., Prahl et al., 1994; Bird et al., 1995; Pelejero,

2003; Colombo et al., 2005). Analyses of stable C and H isotopes in plant-waxes from

Italian lakes, rivers, coastal and shelf sediments show that the plant-waxes in the Gulf of

Taranto sediments originate from local southern Italian sources and that conclusions only

based on n-alkane concentrations have to be drawn with caution (Leider et al., subm.).

Determining the compound-specific stable hydrogen and carbon isotopic composition of

the n-alkanes will be needed to assess if the observed concentration increase is due to a

stronger influence of the WAC.

5.7 Conclusions

Using a multiproxy approach based on the TEX86 and UK′
37 indices and δ18O of G. ruber

(white) we obtained a detailed picture of SST proxies and how they are influenced by

climatic conditions, circulation changes, nutrient distribution and human impact for the

last 600 years in the Gulf of Taranto (central Mediterranean Sea). In addition, the results

show that the strength of the two major water masses in the Gulf of Taranto: the Western
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Adriatic Current (WAC) and the Ionian Surface Water (ISW), which is strongly related

to climatic conditions, has a high effect on the SST proxies.

The UK′
37 proxy in the Gulf of Taranto reflects the SST of the main period of haptophyte

production. In the Gulf of Taranto this occurs during the cooler part of the year. Warmer

SSTUK′37 values occur during periods of higher storm activity and flooding events in

the Northern Adriatic Sea when the NAO index is in a negative mode. This climatic

configuration influences the timing and duration of vertical mixing of the surface waters

and continental runoff introducing nutrients in the photic zone. This modulates the

timing in haptophyte production which amplifies the SSTUK′37 signal compared to air

temperature reconstructions. Hence, variations in SSTUK′37 can provide information on

past winter turbulence and associated nutrients supplied by the WAC.

SSTTEXH86 reflects summer conditions, and co-varies with SSTUK′37 over large parts of

the record, although instrumental records show that summer and winter temperatures are

independent. One explanation for this is that an expansion of the season of haptophyte

production (towards the warmer parts of autumn and spring, leading to higher SSTUK′37)

shortens the season of archaeal production (towards mid-summer, resulting in higher

SSTTEXH86). During the Maunder Minimum this mechanism seems to break down, which

is explained by the overall lower temperatures of the unstratified water column indicating

an enhanced seasonality.

δ18O values of G. ruber (white) record primarily summer conditions, reflecting changes

in temperature, salinity and nutrient distribution related to circulation patterns of the

WAC and ISW. The δ18O record shows a good agreement to tree ring data from the

Mediterranean region and the European Alps as well as to phases of glacial advance and

retreat, respectively. A negative correlation of SSTTEXH86 and SSTδ18OG.ruber is observed

over large parts of the record, which suggests that shifts in the strength of water masses

in the Gulf of Taranto occurred more regularly during the last 600 years. Here, the

combination of both SST proxies provides a detailed view on circulation changes. In this

respect, the decrease in SSTTEX86 and the decrease in δ18O of G. ruber (white) reflect an

increase in the dominance of the WAC inflow relative to the ISW into the Gulf of Taranto

since 1800. The depletion in δ13C of U. mediterranea suggests that this coincides with an

increase in nutrient supply.

The records of TOC, marine and terrestrial lipid biomarker concentrations, the BIT index

and the δ13C of G. ruber (white and pink) and U. mediterranea show a persisting shift

from 1800 onward indicating an increase in productivity and terrestrial supply which we

attributed to the increasing human impact on the region.
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Büntgen, U., Frank, D.C., Nievergelt, D., Esper, J., 2006. Summer Temperature Varia-

tions in the European Alps, A.D. 755-2004. J. Climate 19, 5606-5623.

Camuffo, D., Secco, C., Brimblecombe, P., Martin-Vide, J., 2000. Sea Storms in the

Adriatic Sea and the Western Mediterranean during the Last Millennium. Clim. Change

46, 209-223.

Camuffo, D., Bertolin, C., Barriendos, M., Dominguez-Castro, F., Cocheo, C., Enzi, S.,

Sghedoni, M., della Valle, A., Garnier, E., Alcoforado, M.J., Xoplaki, E., Luterbacher, J.,

Diodato, N., Maugeri, M., Nunes, M., Rodriguez, R., 2010. 500-year temperature recon-

struction in the Mediterranean Basin by means of documentary data and instrumental

observations. Clim. Change 101, 169-199.
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Goñi, M.A., Hartz, D.M., Thunell, R.C., Tappa, E., 2001. Oceanographic considerations

for the application of the alkenone-based paleotemperature UK′
37 index in the Gulf of

California. Geochim. Cosmochim. Acta 65, 545-557.

Grauel, A.L., Bernasconi, S.M., 2010. Core-top calibration of 18O and 13C of G. ruber

(white) and U. mediterranea along the southern Adriatic coast of Italy. Mar. Micropale-

ontol. 77, 175-186.
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fects of long term oxic degradation on the TEX86 and BIT organic proxies. Org. Geochem.

40, 1188-1194.

Huguet, C., Martrat, B., Grimalt, J.O., Sinninghe Damsté, J.S., Schouten, S., 2011.
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N., Hopmans, E.C., Sinninghe Damsté, J.S., 2010. New indices and calibrations derived

from the distribution of crenarchaeal isoprenoid tetraether lipids: Implications for past

sea surface temperature reconstructions. Geochim. Cosmochim. Acta 74, 4639-4654.

Klein, P., Coste, B., 1984. Effects of wind-stress variability on nutrient transport into the

mixed layer. Deep-Sea Res. 31, 21-37.

Kress, A., Saurer, M., Siegwolf, R.T.W., Frank, D.C., Esper, J., Bugmann, H., 2010. A

350 year drought reconstruction from Alpine tree ring stable isotopes. Global Biogeochem.

Cycles 24, GB2011.

Lean, J., Skumanich, A., White, O., 1992. Estimating the Sun’s radiative output during

the Maunder Minimum. Geophys. Res. Lett. 19, 1591-1594.

Lee, K.E., Kim, J.-H., Wilke, I., Helmke, P., Schouten, S., 2008. A study of the alkenone,

TEX86, and planktonic foraminifera in the Benguela upwelling system: Implications for

past sea surface temperature estimates. Geochem., Geophys., Geosyst. 9, Q10019, doi:

10.1029/2008GC002056.

Leider, A., Hinrichs, K.-U., Mollenhauer, G., Versteegh, G.J.M., 2010. Core-top calibra-

tion of the lipid-based UK′
37 and TEX86 temperature proxies on the southern Italian shelf

(SW Adriatic Sea, Gulf of Taranto). Earth Planet. Sci. Lett. 300, 112-124.

Leider, A., K.-U. Hinrichs, E. Schefu, G. J. M. Versteegh, Distribution and stable isotopes

of plant wax-derived n-alkanes in marine surface sediments along a SE Italian transect

and their potential to reconstruct the water balance, submitted to Geochimica et Cos-

mochimica Acta.



References 125

Lionello, P., Malanotte-Rizzoli, P., Boscolo, R., Alpert, P., Artale, V., Li, L., Luterbacher,

J., May, W., Trigo, R., Tsimplis, M., Ulbrich, U., Xoplaki, E., P. Lionello, P.M.-R.,

Boscolo, R., (2006), The Mediterranean climate: An overview of the main characteristics

and issues. In: P. Lionello, P. Malanotte-Rizzoli and R. Boscolo (eds.), Mediterannean

Climate Variability, pp. 1-26, Elsevier.

Lipp, J.S., Hinrichs, K.-U., 2009. Structural diversity and fate of intact polar lipids in

marine sediments. Geochim. Cosmochim. Acta 73, 6816-6833.

Lipp, J.S., Morono, Y., Inagaki, F., Hinrichs, K.-U., 2008. Significant contribution of

Archaea to extant biomass in marine subsurface sediments. Nature, 454, 991-994.

Liu, X., Lipp, J.S., Hinrichs, K.-U., 2011. Distribution of intact and core GDGTs in

marine sediments. Org. Geochem. 42, 368-375.

Locarnini, R.A., Mishonov, A.V., Antonov, J.I., Boyer, T.P., Garcia, H.E., Baranova,

O.K., Zweng, M.M. and Johnson, D.R., 2010. World Ocean Atlas 2009, Volume 1: Tem-

perature. S. Levitus, Ed. NOAA Atlas NESDIS 68, U.S. Government Printing Office,

Washington, D.C., 184 pp.
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T.I., 2007. Aging of marine organic matter during cross-shelf lateral transport in the

Benguela upwelling system revealed by compound-specific radiocarbon dating. Geochem.,

Geophys., Geosyst. 8, Q09004, doi:10.1029/2007GC001603.

Mulitza, S., Wolff, T., Pätzold, J., Hale, W., Wefer, G., 1998. Temperature sensitivity of

planktic foraminifera and its influence on the oxygen isotope record, Mar. Micropaleontol.

33, 223-240.



References 127

Murray, A.E., Blakis, A., Massana, R., Strawzewski, S., Passow, U., Alldredge, A., De-

Long, E.F., 1999. A time series assessment of planktonic archaeal variability in the Santa

Barbara Channel. Aq. Microb. Ecol. 20, 129-145.

Müller, P.J., Kirst, G., Ruhland, G., von Storch, I., Rosell-Melé, A., 1998. Calibration
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Xoplaki, E., González-Rouco, J.F., Luterbacher, J., Wanner, H., 2003. Mediterranean

summer air temperature variability and its connection to the large-scale atmospheric

circulation and SSTs. Clim. Dyn. 20, 723-739.
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Zonneveld, K.A.F., Chen, L., Möbius, J., Mahmoud, M.S., 2009. Environmental signifi-

cance of dinoflagellate cysts from the proximal part of the Po-river discharge plume (off

southern Italy, Eastern Mediterranean). J. Sea Res. 62, 189-213.



References 133

Zonneveld, K.A.F., Chen, L., Elshanawany, R., Fischer, H.W., Hoins, M., Ibrahim, M.I.,

Pittauerova, D., Versteegh, G.J.M., 2012. The use of dinoflagellate cysts to separate

human-induced from natural variability in the trophic state of the Po River discharge

plume over the last two centuries. Mar. Poll. Bull. 64, 114-132.



134 Chapter 5



CHAPTER 6

Climate of the past 2500 years in the central Mediterranean: A

high-resolution climate reconstruction based on ‘clumped-isotope’

thermometry, δ18O and δ13C of G. ruber (white)∗

Abstract

We present a high-resolution isotope stratigraphy combined with ∆47-temperature and

δ18Ow of the ambient seawater reconstructions based on G. ruber (white) over the past

2500 years in the Gulf of Taranto, central Mediterranean. The results of our study suggest

complex feedback mechanisms between temperature, precipitation, and land use changes.

Our analysis of the δ13C and δ18O values of G. ruber (white) allow to distinguish several

climatic periods: the Roman Warm Period (RWP) (BC 450 to 0), with relatively wet

and warm conditions; the Roman Classical Period (RCP) (1-200AD) characterized by

salinity increase due to circulation changes; the Dark Ages Cold Period (DCP) (500 to

750AD), where wetter conditions in the Gulf of Taranto region are coherent with large-

scale climate events; the Medieval Warm Period (MWP), with wet and warm conditions

in the first, and a gradual drying in the second half; and finally, the transition from the

MWP to the LIA, that is characterized by continuing dry conditions. The variations in

the ∆47-temperature and the δ18O of the ambient seawater reconstructions are mainly

within the analytical error, and although they confirm most observed variations of the

high-resolution δ18O record, the analytical uncertainties are too high for the study of

small temperature changes.

6.1 Introduction

High-resolution paleoclimate records over the past two millennia are still very rare, but

necessary to understand and distinguish the mechanisms which control natural- and

∗In preparation as Anna-Lena Grauel, Thomas W. Schmid, Marie-Louise, S. Goudeau, Gert J. de
Lange, Stefano Bernasconi; Climate of the past 2500 years in the central Mediterranean: A high-resolution
climate reconstruction based on ‘clumped isotope’ thermometry, δ18O and δ13C of G. ruber (white).
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human- induced climate forcing, especially in the context of the human impact on cli-

mate (e.g., Mann et al., 2007). Major global mean surface temperature changes before

the 20th century warming are considered to be mainly driven by natural forcing factors

such as solar irradiance and volcanic eruptions (Mann et al., 2007; Wanner et al., 2008;

Steinhilber et al., 2009). Still, a global coherence between solar irradiance minima, trop-

ical volcanic eruptions, and cooling events on decadal to multi-centennial scale could not

be ascertained (Wanner et al., 2008). This illustrates the complexity of climate feed-

back mechanisms and the difficulty to quantify external forcing mechanisms in the late

Holocene (Wanner et al., 2008). Over the past two millennia, several warmer and colder

periods have been reported: The Roman Warm Period (RWP), the Dark Ages Cold Pe-

riod (DCP), the Medieval Warm Period (MWP) and the Little Ice Age (LIA). There is

no formal agreement on the exact time interval covered by each of these periods (Maasch

et al., 2005). This is especially true for the RWP, a relatively warm and wet phase (e.g.,

Lamb 1977; Reale et al., 2000; Despart et al., 2003; Tinner et al., 2003; Frisia et al., 2005;

Büntgen et al., 2011), and for the DCP, a phase of high climate variability and generally

colder and wetter conditions (e.g., Holzhauser et al., 2005; Büntgen et al., 2011; Martin-

Chivelet et al., 2011) (Table 6.2). A reason for this uncertainty is the lack of well-dated,

continuous, high-resolution climate records covering the past two millennia.

The Mediterranean has been a fertile and densely populated region with a high agricul-

tural productivity over the past two millennia (e.g., Lamb 1977). As a transition area

between the subtropical high-pressure belt and the mid-latitude westerlies it is therefore an

excellent region to study past climate variability, especially in relation to socio-economic

development (e.g., Reale et al., 2005; Büntgen et al., 2011). Pollen records across the Alps

and the central Mediterranean indicate deforestation and intensified land-use starting ap-

proximately in 650 BC (Oldfield et al., 2003; Tinner et al., 2003). During Roman Warm

Period (between 400BC and 200AD) most evidence indicate that climate was generally

wet and warm, alpine glaciers reached todays extent and 2/3 of the grain production for

the Roman Empire was located in northern Africa suggesting wetter climate conditions

compared to today also during summer (e.g., Lamb 1977; Reale et al., 2000; Despart et

al., 2003; Tinner et al., 2003; Frisia et al., 2005; Holzhauser et al.; 2005). The DCP

(between 300 AD and 800 AD) has commonly been described as a period with a high

climate variability showing a gradual drying in the Mediterranean and cold and wet con-

ditions around 600 AD in southern and central Europe (Lamb 1977; Reale et al., 2000;

Alin and Cohen, 2003; Frisia et al., 2005; Shanahan et al., 2009; Büntgen et al., 2011).

In contrast the MWP (between 800 AD and 1200 AD) features stable and warm but also

drier conditions especially in its second half (1000-1200 AD) in the Mediterranean (e.g.,

Lamb, 1977; Reale et al., 2000; Despart et al., 2003; Lebreiro et al., 2006; Piva et al.,

2008; Guiot et al., 2010; Martin-Chivelet et al., 2011). The LIA (between 1300 AD and

1860 AD) is characterized by a decrease in Northern Hemisphere temperatures to cooler

and wetter conditions during the 15th and 19th century (e.g., Grove, 1988; Bradley and

Jonest, 1993; Pfister, 1995; Jones et al., 1998; Crowley, 2000; Luterbacher et al., 2004;

Wanner et al., 2000).

Most of the current studies focus on the terrestrial environment (e.g., Reale et al, 2000;
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Oldfield et al., 2003; Tinner et al., 2003; Büntgen et al., 2011; Corona et al., 2011).

In contrast, little is known about the influences of climate variability on the marine

environment in the Mediterranean during the last 2500 years (e.g., Schilman et al., 2001;

Oldfield et al., 2003; Piva et al., 2008).

Previous studies on sediment cores in the Gulf of Taranto have shown the potential of this

site for high-resolution climate and environmental reconstructions (e.g., Cini Castagnoli

et al., 1990; Versteegh et al., 2007; Taricco et al., 2009; Chen et al., 2011; Zonneveld et

al., 2012; Chapter 4; Chapter 5). However, marine sediment records from the near coastal

environment in the Gulf of Taranto have to be interpreted with some caution because of

seasonally highly variable hydrographic conditions and variable terrestrial inputs (Chapter

5).

Stable oxygen and carbon isotope geochemistry of foraminifera is one of the most impor-

tant tools in paleoceanography and paleoclimatolgy (Emiliani, 1955; Shackleton, 1967).

The δ18O of foraminifera calcite, however, varies as a function of both the growth tem-

perature and the δ18Ow in which the calcification takes place (Waelbroek et al., 2005).

Therefore, large uncertainty in reconstructed sea surface temperatures (SST) remains if

δ18Ow cannot be constrained with accuracy. The ‘clumped isotope’ thermometry has

the potential to solve this problem because it allows determination of the precipitation

temperature of calcite via the abundance of 13C-18O bonds in carbonate and at the same

time to calculate the δ18Ow in which the organism lived (Ghosh et al., 2006; Eiler et al.,

2007). In this study we used the automated method for ‘clumped isotope’ measurements

on small carbonate samples developed by Schmid and Bernasconi (2010) to produce a

high-resolution δ18O and δ13C stratigraphy and at the same time a lower resolution ∆47-

temperature and δ18Ow reconstruction. A calibration study of this methodology to fo-

raminifera has demonstrated that this method produces results in good agreement with

previous calibration studies and that it produces valid temperature and seawater δ18Ow

values over a longer time interval (Chapter 3).

In this paper we present a high-resolution δ13C and δ18O record of G. ruber (white) from

a well-dated sediment core in the Gulf of Taranto over the past 2500 years. Additionally,

we used ‘clumped isotope’ thermometry to reconstruct the temperature and δ18Ow of

the ambient seawater (δ18Ow) at lower resolution. A core-top study of δ13C and δ18O

of G. ruber (white) suggests that in the Gulf of Taranto the species dominantly reflects

summer conditions and record circulation changes imposed by the interplay of the different

coastal currents on a decadal to multi-centennial scale (Grauel and Bernasconi et al., 2010;

Chapter 5).

The aim of this study is to identify climate variations in the Mediterranean and link them

to major global climate events over the past two millennia. In addition, we present the first

high-resolution isotope stratigraphy combined with a lower resolution ∆47-temperature

record and δ18Ow reconstructions in a marine sediment core which allows to isolate tem-

perature and salinity changes and to clearly identify environmental forcing mechanism in

the study area.
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6.2 Modern hydrography of the Gulf of Taranto

The hydrography in the Gulf of Taranto is characterized by two main surface water masses:

the Western Adriatic Current (WAC), a less saline, nutrient-rich water mass flowing in

a narrow coastal band from the northern Adriatic Sea into the Gulf of Taranto and the

warmer and more saline Ionian Surface Water (ISW) from the central Ionian Sea (Poulain,

2001; Bignami et al., 2007; Turchetto et al., 2007), Figure 6.1. The WAC receives its

primary fluvial contribution from the Po river in the North and additional fluvial input

from many smaller Alpine and Apennine rivers flowing into the northern Adriatic Sea

(Turchetto et al., 2007). The fluvial input plays a decisive role in nutrient supply and

drives the primary productivity of the Adriatic Sea (e.g., Boldrin et al., 2005). During

summer the WAC is weaker and located more offshore as a consequence of reduced river

discharge (Poulain, 2001) leading to a decreased inflow into the Gulf of Taranto (Poulain,

2001).
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Figure 6.1: Map of southern Italy showing the Adriatic Sea and Ionian Sea, the general
surface water circulation and water masses (WAC - Western Adriatic Current; ISW - Ionian
Surface Water) and the core location in the Gulf of Taranto.

6.3 Material and Methods

For the isotopic analyses we sampled core DP30 collected at 39.835◦N/17.801◦E and a

water depth of 270 m (Figure 6.1) during RV Pelagia cruise ‘DOPPIO’ in 2008 at 2.5 mm

resolution with the exception of the top 20 cm which was sampled at 5 mm resolution

(Figure 6.2). The age model of DP30 has been determined by AMS 14C-dating of mixed

planktic foraminifera and with 210Pb at the top to make sure that the water-sediment

interface had been recovered.
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6.3.1 Sample treatment

The freeze-dried sediment was wet sieved into size fractions of >355µm, 355-250µm, 250-

200µm and 200-125µm. The abundance of G. ruber (pink) was determined in the size

fraction >355-200µm in all samples. For the isotopic analyses around 20 specimens of G.

ruber (white) were picked under the microscope from the fraction 355-200µm. To avoid

variations in δ18O and δ13C caused by different morphotypes for G. ruber (white), we

selected only the morphotype platys according to the nomenclature of Numberger et al.

(2009). After the picking, foraminifera tests were thoroughly cleaned according to the

protocol described in Chapter 3 to eliminate carbonate particles adhering to the shell

surface.

6.3.2 Methods

For isotope analyses 150-200µg of cleaned shell material was dissolved in vacuum with

two drops of ∼103% phosphoric-acid at 70◦C and cleaned cryogenically using a Thermo

Fisher Kiel IV preparation device coupled to a Thermo Fisher MAT 253 mass spectrom-

eter. Since autumn 2010, potential contaminants were removed from the produced CO2

by custom build PoraPak QTM trap, a divinyl benzene polymer, to avoid isobaric inter-

ferences which could produce spuriously high ∆47 (cf. Chapter 3). The abundance of

mass-47 isotopologues of CO2 is reported using the ∆47-notation:

∆47 =

(
R47

R47∗ − 1

)
× 1000 (6.1)

where R47 is the measured abundance ratio of mass-47 relative to mass-44 and R47∗ the ex-

pected abundant ratio relative to mass-44, if the isotopes in the sample were stochastically

distributed among all possible isotopologues (Ghosh et al., 2006).

For the calculation of ‘clumped isotope’ temperatures, the results of 30 consecutive sam-

ples were averaged. The performance of the mass spectrometer was monitored with re-

peated measurements of Carrara mable (MS2) and Candoglia marble laboratory stan-

dards that have been precisely calibrated with heated gas measurements by Schmid and

Bernasconi (2010). The necessary corrections were carried out according to Schmid and

Bernasconi (2010). The average standard errors (SE) of the ∆47-values for the Carrara

marble (MS2) and for the Candoglia marble were ∼0.003-0.006� and ∼0.008-0.009�,

respectively. The reproducibility of the δ13C and δ18O analysis based on repeated measure-

ments of the MS2, a laboratory standard calibrated to the international standards NBS19

(δ13CV PDB +1.95�, δ18OV PDB -2.2�) and L-SVEC (δ13CV PDB -46.6�, δ18OV PDB -

26.41�), was better than 0.1� (1σ). All δ13C and δ18O results are reported in the

conventional delta notation with respect to VPDB.

The ∆47-based calcification temperatures were calculated using the ∆47-temperature equa-

tion of Chapter 3:

∆47 =
0.050581(±0.0007) · 106

T 2
+ 0.0807(±0.0079) (6.2)

where ∆47 is in per mil and T is the temperature in Kelvin.
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For the calculation of the ambient seawater the paleotemperature equation of Shackleton

(1974):

T [◦C] = 16.90− 4.38 · (δ18OC − δ18OW ) + 0.10 · (δ18OC − δ18OW )2 (6.3)

where T is the temperature in ◦C, δ18Oc is the δ18O of the carbonate of the shells and

δ18Ow is the δ18O of the ambient seawater was used.

6.4 Results

6.4.1 Age model

For the age model calculation one 210Pb-based date and three 14C-dates were used (Figure

6.2). The dating uncertainties are ±10 years for the 210Pb date and between ±120 and

±195 years for the 14C-dates (Chapter 4). The sedimentation rate of the first 78cm was

determined using the 210Pb-, and 14C-date, and taking into account the water content.

The sedimentation rate decreases from 1.1 mm/yr at the top to 0.9 mm/yr at 78cm

depth. The 210Pb reveals the presence of a mixed layer of ∼10cm. In accordance with

the rather homogeneous water content, we assumed a linear sedimentation rate between

the 14C-dates for the deeper parts of the core (below 78cm on, Figure 6.2). The resulting

sedimentation rates are 0.72 mm/year between 78 and 178 cm and 0.67mm/year between

178 and 202cm. A detailed discussion on the calculation of the age model is found in

Chapter 4. The present study covers the time interval from 563 BC to 1994 AD.
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Figure 6.2: Age model of DP30 (according to Chapter 4).
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6.4.2 Abundance of G. ruber (pink)

G. ruber (pink) shows three periods of higher abundance in the past ∼2500 years: around

1100 AD, between 1421 and 1477 AD and from ∼1850 AD onward (Figure 6.3c). Between

173 BC and 108 BC G. ruber (pink) is absent.
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Figure 6.3: a) δ18O and b) δ13C of G. ruber (white); c) the total abundance of G. ruber
(pink).

6.4.3 δ18O and δ13C of G. ruber (white)

The δ18O of G. ruber (white) varies between 0.08� and 1.57� with a mean value of 0.76

± 0.25� (Figure 6.3a).

The δ13C of G. ruber (white) varies between -0.48� and 1.15� with a mean value of

0.51 ± 0.26� (Figure 6.3b).
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6.4.4 ∆47 of G. ruber (white)

Part of the DP30 samples (78-178 cm) were measured without the PoraPak QTM trap

which has been installed in autumn 2010 (see 6.3.2). These samples have on average

0.012� lower ∆47-values (0.686�) than those measured with the PoraPak QTM trap

(0.674� and 0.673�), Figure 6.4a. Therefore, the data measured without the PoraPak

QTM trap have been corrected by 0.012� (Figure 6.4b). All values together with the δ18O,

δ13C and the time interval are given in Table 6.1. The ∆47-values vary between 0.650�

and 0.710�, resulting in a temperature range between 10.5◦C and 25.1◦C (Figure 6.4b

and Figure 6.5b). The ∆47-temperature value between 1989 and 1827 is unrealistically low

(10.5◦C) relative to the rest of the record and is therefore considered as an ‘outlier’ and

excluded from the following analyses. The mean ∆47-temperature value is 19.8◦C which

is very close to the recent value in the Gulf of Taranto during summer (20.3◦C, Grauel

and Bernasconi, 2010). The calculated δ18Ow values vary between 0.0� and 2.5� with a

mean value of 1.4� which is the same as the modern δ18Ow value in the Gulf of Taranto

(Figure 6.5c; Grauel and Bernasconi, 2010).
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Figure 6.4: ∆47-values averaging ∼30 adjacent samples of DP30. Grey box: core part
measured without the additional PoraPak QTMtrap. The black line indicates the average ∆47-
value of the core section measured with the additional PoraPak QTM trap. The orange line
indicates the average ∆47-value of the core interval measured without the additional PoraPak
QTM trap. a) ∆47-values before the shift correction. b) ∆47-values after the shift correction
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Year [AD/BC]
∆47

[�]
STDEV SE

∆47-T
[◦C]

δ13C
[�]

STDEV
δ18O
[�]

STDEV
δ18Ow

[�]
#
Samples

AD1989-1827 0.71 0.046 0.008 10.5 0.48 0.24 0.76 0.29 -0.8 30
AD1825-1704 0.672 0.036 0.007 19.4 0.49 0.26 0.88 0.26 1.5 30
AD1702-1620 0.65 0.049 0.009 25.1 0.56 0.21 0.72 0.2 2.5 30
AD1618-1536 0.669 0.053 0.01 20.3 0.55 0.3 0.84 0.26 1.6 30
AD1533-1446 0.661 0.038 0.007 22.2 0.63 0.23 0.91 0.26 2.1 30 Transition MWP to LIA
AD1443-1314 0.677 0.051 0.009 18.3 0.62 0.22 0.73 0.23 1.1 30 ∆47-T=20.2◦

AD1311-1212 0.67 0.032 0.006 20 0.56 0.21 0.67 0.24 1.4 26 δ18O=1.5�
AD1188-991 0.671 0.042 0.008 19.7 0.6 0.2 0.76 0.18 1.4 30 MWP (second half)
AD988-811 0.681 0.047 0.009 17.3 0.64 0.21 0.64 0.16 0.7 30 MWP (first half)
AD808-659 0.694 0.04 0.007 14.2 0.67 0.14 0.67 0.22 0 30
AD656-538 0.671 0.043 0.008 19.8 0.59 0.21 0.57 0.24 1.2 30 DCP
AD535-390 0.656 0.047 0.009 23.5 0.56 0.22 0.74 0.16 2.2 30
AD386-252 0.67 0.04 0.007 20 0.55 0.17 0.73 0.12 1.4 30
AD248-124 0.684 0.035 0.006 16.5 0.52 0.23 0.83 0.18 0.7 30
AD120-BC21 0.661 0.041 0.008 22.1 0.53 0.22 0.73 0.2 1.9 30 RCP
BC25-187 0.67 0.045 0.008 20 0.62 0.16 0.62 0.16 1.3 34 RWP
BC194-317 0.665 0.031 0.006 21.2 0.56 0.18 0.58 0.16 1.5 30 ∆47-T=19.7◦

BC321-399 0.678 0.049 0.009 18 0.47 0.33 0.6 0.22 0.9 30 δ18O=1.2�
BC403-563 0.676 0.043 0.007 18.5 0.58 0.2 0.72 0.18 1.1 39

Table 6.1: ∆47-values, STDEV and SE and the δ18O and δ13C of core DP30. The ∆47-
temperatures were calculated with the ∆47-temperature equation of Chapter 3 and the sea-
water δ18O values were calculated with the paleotemperature equation of Shackleton (1974).
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6.5 Discussion

In the following we will reconstruct the climate evolution in the central Mediterranean over

the past 2500 years for selected time intervals. Furthermore, we will discuss the utility and

limitations of the ‘clumped isotope’ thermometry for paleoclimatic and paleoceanographic

reconstructions.

6.5.1 ∆47-temperature and δ18Ow reconstruction over the past 2500

years

Chapter 3 showed that most species in the Mediterranean calcify in equilibrium, although

G. ruber (white) showed a higher variability than for example O. universa. The results of

the multicore NU04 indicate that a reliable ∆47-signal can be obtained when averaging 30

adjacent samples (Chapter 3). In DP30, however, the scatter is still high (>10◦C) when

using 30 samples (Figure 6.3d), even though the reproducibility of the individual data

points has a high precision (0.006�-0.010�). Potential sources of uncertainty that lead

to the high scatter in ∆47 could be contamination and instrument instability. To avoid

organic contaminations which could reduce the ∆47-temperatures (Ghosh et al., 2006)

we improved our cleaning procedure before the measurement and carefully monitored

mass-48 as an indicator for organic contamination (cf. Chapter 3). Since autumn 2010

we additionally use a PoraPak QTM trap, but part of the core was measured before its

installation (Figure 6.4 and Table 6.1) which might explain the higher scatter of ∆47-

values in that part of our record. We suggest that the additional cleaning step of the

sample gas before the measurement is essential to achieve a stable and valid temperature

signal. We can exclude any uncertainties due to long-term drifts in the mass spectrometer

because the long term reproducibility is monitored using carbonate standards that were

measured on a daily basis. Another potential uncertainty could be the use of the species

G. ruber (white). The calibration studies in Chapter 3 and by Tripati et al. (2010) showed

that this species is possibly not suited for ‘clumped isotope’ measurements as it shows a

high scatter in both calibrations. However, in the Gulf of Taranto G. ruber (white) is the

only planktic species which is fairly present in the whole record.

The δ18Ow reconstruction suggests the same uncertainty as the ∆47-temperatures for

the core part measured without the PoraPak QTM trap (Figure 6.5c). Compared to the

modern δ18Ow-value in the Gulf of Taranto (1.4�), the variations over the past 2500 years

are mainly within the analytical error of 0.7�. Due to the small temperature changes

in the late Holocene the observed changes are within the analytical error and observed

variations have to be considered with caution.

The analyses show that it is possible to produce a high-resolution isotope stratigraphy

and at the same time a ∆47-temperature record and δ18Ow reconstruction in a lower

resolution. However, in agreement with our previous study (Chapter 3), we conclude that

at the current state of technical development the analytical uncertainties are too high for

the study of small temperature changes that are observed during the Holocene (Chapter

3). Still, the method is applicable when investigating larger temperature changes such as

those observed at glacial/interglacial scale.
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6.5.2 Climate and Environmental reconstruction over the past 2500

years

6.5.2.1 From 450BC to 0 – The Roman Warm Period (RWP)

The δ18O of G. ruber (white) shows relatively low values between 444 BC and 1 BC (Figure

6.4a) indicating wet and warm conditions during this time interval. The ∆47-temperature

reflects modern conditions (19.7◦C) between 399 and 25BC, and the δ18Ow value (1.2�)

is on average a bit lower than the modern seawater value (1.4�) (Tab.2). This confirms

the observed wet and warm conditions of the high-resolution δ18O record.

The comparison to δ18O values from an adjacent core in the Gulf of Taranto by Taricco

et al. (2009) shows a similar pattern over this time period which is somewhat shifted in

time possibly due to age-model uncertainties (486 – 57 BC), Figure 6.4d. According to

Taricco et al. (2009) the time interval was cold, as they observed the highest δ18O values

during this time. However, the authors used a mix of G. ruber (pink and white) for their

isotope analyses. G. ruber (white) is on average about ∼1� heavier than G. ruber (pink)

(Chapter 5). Hence, as the pink species is almost absent during this time the δ18O values

of the Taricco record are on average heavier and show similar values compared to our

record. Considering the amount of G. ruber (pink) over the entire record, the comparison

to the δ18O record of Taricco et al. (2009) shows that with the increase in the amount

of G. ruber (pink) the δ18O values in the Taricco et al. (2009) record tend to show lower

values. This clearly indicates a bias in their record construction using a mix of G. ruber

(white and pink) (Figure 6.4a, c and d).

The comparison to the δ18O stalagmite record by Frisia et al. (2005) from the SE Alps

shows a good agreement to our δ18O record between 450BC and 0 (Figure 6.4g). The

variations in the δ18O-values of the stalagmite are related to temperature, where higher

δ18O-values indicate warmer, and lower δ18O-values indicate colder temperatures (Frisia

et al., 2005). Frisia et al. (2005) described this time period as the RWP (400 BC - 0) with

temperature conditions similar to the MWP and the 20th century warming. This coincides

with the beginning of the alpine glacier retreat which possibly reached today’s extent 200 -

50 BC (Holzhauser et al., 2005). The warmer conditions were also observed in Spain (450

BC - 200 AD) (Despart et al., 2003; Martin-Chivelet et al., 2011). Moreover, the climate

has been described as more humid during summer in the entire Mediterranean region

during Roman times (Reale et al., 2000). Historical sources show a higher flood frequency

of the Tiber indicating wetter climate conditions between 350 and 100 BC (Lamb, 1977).

In contrast to the proxy data the historical sources illustrate a colder phase during this

time period compared to the following period between 200 and 100 BC, especially during

winter (e.g., frozen Tiber; Lamb 1977).

In summary, previous studies have described the RWP as a relatively warm and wet phase

(e.g., Lamb 1977; Reale et al., 2000; Despart et al., 2003; Frisia et al., 2005; Tinner et

al., 2003; Büntgen et al., 2011) but the exact beginning, duration, and end of this climate

period are not formally defined and different definitions of this period are used and are

based on climatic (warm/wet) and/or historic (Roman Empire) considerations (Table

6.2). The good agreement of our record to the δ18O-stalagmite record by Frisia et al.



146 Chapter 6

1

0.9

0.8

0.7

0.6D
in

o-
W

/C
 ra

tio
C

he
n 

et
 a

l. 
(2

01
1)

0.2
0.4
0.6
0.8
1.0
1.2
1.4

 δ
   

O
 G

. r
ub

er
 w

hi
te

 [‰
] (

N
U

04
)  

(G
ra

ue
l e

t a
l.,

 in
 p

re
p.

)
18

-5.6
-6

-6.4

-6.8
-7.2

-7.6δ 
  O

 S
ta

la
gm

ite
 [‰

]
Fr

is
ia

 e
t a

l. 
(2

00
5)

18

0
-1
-2
-3

3
2
1

gl
ob

al
 te

m
pe

ra
tu

re
 a

no
m

al
y 

[°
C

]
Jo

ne
s 

an
d 

M
an

n 
(2

00
4)

0.8
0.4

0
-0.4

-0.8
-1.2

-400 0 400 800 1200 1600 2000
Age [AD/BC]

Δ
TS

I [
W

/m
  ]

S
te

in
hi

lb
er

 e
t a

l. 
(2

00
9)

2

cold

warm

cold/dry
higher influence ISW

warm/wet
higher influence ASW

cold

warm

cold/dry
higher influence ISW

warm/wet
higher influence ASW

phases of alpine 
glacier advance
Holzhauser et al. (2005)

O
or

t

W
ol

f
S

po
er

er
M

au
nd

er

D
al

to
n

-400 0 400 800 1200 1600 2000
Age [AD/BC]

0.2
0.4
0.6
0.8
1.0
1.2
1.4

δ 
  O

 G
. r

ub
er

 (w
hi

te
) [

‰
]

18

a

0

2

4

6

8

G
. r

ub
er

 (p
in

k)
In

di
vi

du
al

s/
g 

dr
y 

w
ei

gh
tc

e

h

1.2

0.8

0.4

0

δ 
  C

 G
. r

ub
er

 (w
hi

te
) [

‰
]

13

higher influence ASW

higher influence ISW

b

-0.4

0

0.4

0.8

1.2 δ 
  O

 G
. r

ub
er

 [‰
]

Ta
ric

co
 e

t a
l. 

(2
00

5)
18

d

f

g

i

j

RWP MWP LIA

RWP MWP LIA

RCP DCP

RCP DCP
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(2005), as well as to historical sources confirms the former time definition and duration

of the RWP by Frisia et al. (2005) indicating warmer and wetter conditions between 450

BC - 0.

6.5.2.2 From 1 AD to 200 AD – The Roman Classical Period (RCP)

From 160 BC the δ18O increases to a period of higher values lasting from 6 AD and 193

AD. We interpret this as a signal for a circulation change to more saline and oligotrophic

water masses in the Gulf of Taranto and a less intense WAC. The calculated δ18Ow value of

1.9� between BC 21 and AD 120 supports this assumption indicating a change in salinity

of ∼3PSU in the Gulf of Taranto (Table 6.1). However, as the data were measured without

the PoraPak QTM trap the observed change has to be treated with caution.

The analyses of dinoflagellate cysts from the same core between 60 BC and 200 AD by

Chen et al. (2011) suggest relatively high and stable SSTs between 60 BC and 90 AD

and a decreasing trend in SST from 90 to 200 AD (Figure 6.4e). The decreasing trend

in SST of dinoflagellate cysts is synchronous with an increase of δ18O. This suggests that

due to the increase in salinity and the concomitant change in the circulation regime also

a slight decrease in temperature occurs, as recorded by G. ruber (white). This may be

related to a decrease in food availability and associated increased habitat depth of G.

ruber (white) (Grauel and Bernasconi, 2010). However, the higher δ18O values between 6

AD and 193 AD are accompanied by lower δ13C values (34 - 165 AD) suggesting rather

a higher influence of the WAC and possibly higher terrestrial influence (Figure 6.4b).

Pollen records from the Alps indicate higher temperatures and a continuing and intensified

deforestation (1st century AD) (Reale et al., 2000; Tinner et al., 2003). Historical sources

and pollen data from northern Africa show that the summer precipitation during Roman

times was higher than it is today (Lamb 1977; Reale et al., 2000). Around 120 AD

Alexandria, where the summer is completely dry nowadays, had summer precipitation

and much higher convective activity (Reale et al., 2000). The extent of the Sahara desert

was more limited and the cities in northern Africa prospered (Reale et al., 2000). In the

1st century AD many agricultural areas in central Italy were abandoned and the land

use and commercial structure changed (Tarpin, 2001). Most of the cultivation of wheat

was deferred to northern Africa which produced around 2/3 of the wheat for the Roman

Empire during this time (Reale et al., 2000; Tarpin, 2001).

As the δ18O values of our record differ clearly in this time interval compared to the

former RWP, we suggest to consider this phase separate from the RWP and rather use

the historical definition of the Roman Classical Period (1 AD to 200AD; Chen et al.,

2011).

6.5.2.3 From 500 AD to 750 AD – The Dark Ages Cold Period (DCP)

Between 528 and 746 AD, our δ18O values are consistently lower (Figure 6.4) and the

reconstructed δ18Ow value is 0.2� lower than the modern water value (Table 6.1). The

δ18O record by Frisia et al. (2005) indicates a cooler phase (Figure 6.4g). In contrast

to the RWP the two δ18O records anti-correlate during this time interval. Holzhauser et

al. (2005) observed a glacial advance between 500 and 600 AD indicating possibly wetter
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and colder conditions (Figure 6.4h). This has also been noted from historical sources

showing cool summer climate between 500 and 700 AD (Lamb 1977). These studies could

explain the anti-correlation between the stalagmite δ18O record of Frisia et al. (2005) and

our δ18O record as the record by Frisia et al. (2005) shows temperature variations and

our record reflects a composite of precipitation, temperature, and circulation changes.

Therefore the lower δ18O values of our record indicate wetter conditions in the Gulf of

Taranto between 528 and 746 AD. With regard to large-scale climate events the cold

and wet climate conditions were most prominent in the 6th century AD where glaciers

advanced also in North and South America due to increased precipitation and cooler

summer conditions and large and prolonged El Niño events have been observed (Wanner

et al., 2008). Wanner et al. (2008) suggests that these large-scale climate events have

probably been driven by solar irradiance and volcanic eruptions. In this context also

Mayewski et al. (2004) described a rapid climate change (550-750 AD) indicating polar

cooling, tropical aridity and major atmospheric circulation changes. In relation to our

δ18O record we could detect these large-scale climate variations indicating especially wet

conditions in the Gulf of Taranto region which might indicate a larger southward extension

of the westerlies during summer leading to moister conditions in the central Mediterranean

region.

Overall, the Dark Ages Cold Period has been described as a relatively cold and wet phase

(e.g., Despart et al., 2003; Frisia et al., 2005; Lebreiro et al., 2006), although the exact

beginning, duration, and end of this climate period are also not formally defined (Table

6.2). Hence, based on our δ18O record, which is coherent with regional as well as with

large-scale climate events, we define the DCP as the period between 500 and 750 AD, and

recognized it as a period of wet and cold summer conditions in the central Mediterranean.

6.5.2.4 From 800 AD to 1200 AD – The Medieval Warm Period (MWP)

In general the MWP has been described as a relatively stable and warm period (e.g.,

Lamb 1977; Jones and Mann, 2004; Mann et al., 2009; Büntgen et al., 2011), Figure

6.4i, although it could not be demonstrated to be a global phenomenon (e.g., Goose

et al., 2006). In our δ18O record the MWP is divided into two phases: between 822

AD and 1008 AD the δ18O of G. ruber (white) shows lower values, suggesting warmer

and/or wetter conditions. In contrast, between 1022 AD and 1200 AD the δ18O values

are generally more positive (Figure 6.4a). The δ13C of G. ruber (white) indicates a high

variability but tends to higher values over the whole time interval (Figure 6.4b).

A general warming trend has also been observed by Frisia et al. (2005) between 700

AD and 850 AD but the δ18O stalagmite record suggests lower temperatures between

900 AD and 1100 AD (Figure 6.4g), whereas warm conditions have been reported from

several other proxies during this time interval in the Mediterranean (e.g., Reale et al.;

2000; Despart et al., 2003; Lebreiro et al., 2006; Guiot et al., 2010; Martin-Chivelet et al.,

2011). The warming trend from 800 AD on has also been observed in tree rings from the

Alps with the warmest phases around 900 AD (Büntgen et al., 2006; Corona et al., 2010).

The warm summers have been associated with a phase of high solar activity (Büntgen

et al., 2006). However, historical sources from Italy and the weak glacial advance 800
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900 AD suggest cooler summer conditions (Figure 6.4h). Coevally, the deforestation in

central Italy and the Alps proceeded and induced an increase in terrigenous sediment load

in the Adriatic Sea (850 - 1250 AD; Oldfield et al., 2003; Tinner et al., 2003). The higher

terrigenous input in the Adriatic Sea possibly caused the decrease in δ18O of G. ruber

(white) in the Gulf of Taranto. In addition, the lower ∆47-temperature (17.3◦C) and the

lower δ18Ow value (0.7�) confirm the assumption of a high terrigenous input during this

time period (811-988 AD).

Between 1022 AD and 1200 AD δ18O G. ruber (white) shows higher values indicating

drier conditions and more influence from the ISW (Figure 6.4a). Regarding the ∆47-

temperature and reconstructed δ18Ow value, we observed similar conditions than nowadays

(∆47-temperature 19.7◦C, δ18Ow 1.4�) indicating warm and dry summer conditions in

the Gulf of Taranto. In the Mediterranean region, the gradual drying began between

900 AD and 1000 AD, and has been observed in various studies (e.g. Lamb, 1977; Reale

et al., 2000; Piva et al., 2008). Additionally, the more positive δ18O values of G. ruber

(white) coincide with the Oort solar minimum (1010-1050) (Figure 6.4j), during which

dry and relatively cold summer conditions in the Alps have been observed (Büntgen et

al., 2006). The peak in the abundance of G. ruber (pink) around 1100 AD marks the

climatic optimum of the MWP in the Gulf of Taranto indicating warm and dry summer

conditions (Figure 6.4c). Lamb (1977) observed the warmest phase of the MWP between

950 AD and 1200 AD in the Mediterranean region but as well a distinct drying in the 12th

and 13th century (Lamb 1977), whereas in the northern Alps Holzhauser et al. (2005)

observed a weak glacial advance between 1100 AD and 1200 AD (Figure 6.4h).

The transition from the MWP to the LIA (1200-1400 AD) is characterized by high δ18O

values with a gradual increase up to a maximum around 1457 AD (Figure 6.4a). The total

abundance of G. ruber (pink) decreases from 1100 AD on but still suggests relatively

warm summer conditions, especially in comparison to the LIA, where this species has

reduced abundance over longer phases or even is fully absent in our record (Figure 6.4c).

The calculated δ18Ow value (1.5�) is slightly higher on average, although the prolonged

trend as observed in the δ18O record is not that clear (Table 6.1).

The observed δ18O trend is similar to the one of NU04 (Figure 6.4f). Tree ring data from

the French Alps indicate that the summer temperatures remain high between the 13th and

17th century (Corona et al., 2010), whereas pollen and tree ring data from the northern

Alps and central Europe suggest cooler and wetter summer conditions in the 13th and

14th century.

6.5.2.5 From 1400 to 1850 AD – The Little Ice Age (LIA)

The LIA is characterized by high climatic variability and generally colder and wetter

conditions in Europe. However, during summer the temperature change was rather small

(∼0.4◦C) (Mann et al., 2002; Luterbacher et al., 2004; Raible et al., 2006; Hegerl et al.,

2011). The δ18O of G. ruber (white) shows higher values (∼0.84�) between the 16th

and 19th century and high variability with no clear pattern (Figure 6.4a). In comparison

to core NU04 the δ18O values of G. ruber (white) of our core show a higher variability

(Figure 6.4a, f). Moreover the δ18O values of NU04 show a clear pattern during the LIA
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(Figure 6.4f) which is comparable to the δ18O stalagmite record of Frisia et al. (2005) and

the global temperature anomaly (Jones and Mann, 2004) (Figure 6.4f, g, i). This might

indicate that our core is disturbed in the upper, more fluid part, because before ∼1450 AD

our record consistently concord with regional and global climate reconstructions (Figure

6.4).

Reference RWP DCP MWP LIA
Abrantes et al. (2005) 550-1300 AD 1300-1900 AD
Corona et al. (2011) 800-1500 AD
Despart et al. (2003) 450 BC -250 AD 500-1000 AD 950-1400 AD 1400-1860 AD
Eirksson et al. (2006) 400-50 BC 400-800 AD 800-1300 AD 1300-1900 AD
Frisia et al. (2005) 450 BC -0 450-700 AD 700-1400 AD 1450-1800 AD
Holzhauser et al. (2005) 200 BC -50 AD 800-1300 AD 1300-1860 AD
Lebreiro et al. (2006) 0-350 AD 400-700 AD 800-1200 AD 1300-1750 AD
Martin-Chivelet et al. (2011) 550 BC -300 AD 300-600 AD 600-1200 AD 1200-1850 AD
Piva et al. (2008) 1500-1880 AD
Present study RCP

450 BC -0 1-200 AD 500-750 AD 800-1200 AD 1400-1850 AD

Table 6.2: Selection of references and their classification of the different climatic periods
(RWP, DCP, MWP, LIA). Büntgen et al. (2011), Lamb (1977), Reale (2000) and Tinner et
al. (2003) do not classify the climatic periods according to this framework and used either
historical events or their own temporal classification scheme.

6.5.3 Do the δ18O and δ13C records of G. ruber (white) follow any

cyclicity?

To determine if our δ18O and δ13C records of G. ruber (white) follow any cyclicity (e.g.,

a solar-climate connection) we conducted a wavelet analysis over the whole time series

(Figure 6.7 and Figure 6.8). Due to the different sedimentation rates of each core section

(cf. 6.4.1) we conducted a single wavelet analysis per section, where all three were based

on a complex Morlet wavelet. The analyses were carried out with MATLAB and based on

Torrence and Compo et al. (1998) (http://paos.colorado.edu/research/wavelets/, modi-

fied). The results of the wavelet analysis do not indicate any pronounced pattern over

the past 2500 years in our records (Figure 6.7 and Figure 6.8). A reason for this might

be that the foraminifera record a mixed signal of temperature, salinity, and nutrient sup-

ply. Due to the variability in terrestrial and marine input, complex feedback mechanisms

which induce a high regional overprint have to be considered in our records. This makes it

difficult to quantify any external forcing mechanism (e.g. solar irradiance) over the entire

time series. However, the 200-year-cycle identified in previous studies and attributed to

solar forcing (Taricco et al., 2009) is not visible in our data.
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Figure 6.7: Wavelet analyses of the δ18O record. The core is split into three sections due to
different sedimentation rates: a) between 1994 and 1207AD, b) between 1188AD and 187BC
and c) between 194 and 563BC.
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Figure 6.8: Wavelet analyses of the δ13C record. The core is split into three sections due to
different sedimentation rates: a) between 1994 and 1207AD, b) between 1188AD and 187BC
and c) between 194 and 563BC.
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6.6 Conclusions

Using a high-resolution isotope stratigraphy combined with ∆47-temperature and δ18O

of ambient seawater reconstructions we paint a detailed picture of the climate and en-

vironmental evolution in the central Mediterranean. The results of our study illustrate

the relationship of climate variations and the imprint on regional scale climate change

over the past 2500 years. The δ18O of G. ruber (white) indicates relatively wet and warm

conditions during the RWP (BC450 to 0). Between 6 and 193 AD the δ18O values increase

due to salinity and circulation changes in the Gulf of Taranto and the southern Adriatic

Sea and we thus propose to consider this period separately from the RWP as the Roman

Classical Period (RCP). The DCP (500 to 750 AD) is characterized by wetter conditions

in the Gulf of Taranto which are coherent with large-scale climate change indicating a

larger southward extension of the westerlies during summer leading to moister conditions

in the central Mediterranean region. In the first phase of the MWP (822 -1008 AD) G.

ruber (white) suggest warmer and/or wetter conditions but the δ18O values gradually in-

crease indicating drier conditions in the second half of the MWP (1022-1200 AD). Around

1100 AD the abundance of G. ruber (pink) shows the climatic optimum of the MWP in

the Gulf of Taranto. The transition from the MWP to the LIA (1200-1400AD) is charac-

terized by continuing dry conditions. Between the 16th and 19th century the δ18O of G.

ruber (white) shows higher values and no clear pattern.

The ∆47-temperature and δ18Ow reconstruction over the past 2500 years show that it

is possible to produce a high-resolution isotope stratigraphy and at the same time a

∆47-temperature record and δ18Ow reconstruction in a lower resolution. Although the

∆47-temperatures and the δ18Ow reconstruction confirm most observed variations of the

high-resolution δ18O record, the analytical uncertainties are too high for the study of

small temperature changes at the current state of technical development.
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gen, U., Roesch, A.C., Tschuck, P., Wild, M., Vidale, P.-L., Schär, C., Wanner, H.,

2006. Climate variability - Observations, reconstructions, and model simulations for the

Atlantic-European and Alpine region from 1500-2100AD. Climate Change 76, 9-29.

Ravelo, A.C., Hillaire-Marcel, C., 2007. The use of oxygen and carbon isotopes of fo-

raminifera in paleoceanography. In: Developments in Marine Geology: Proxies in Late

Cenozoic Paleoceanography Vol. 1. Eds. C. Hillaire-Marcel, A. de Vernal, pp. 735-764,

Elsevier.



158 Chapter 6

Reale, O., Dirmeyer, P., 2000. Modeling the effects of vegetation on Mediterranean climate

during the Roman Classical Period Part I: Climate history and model sensitivity. Global

and Planetary Change 25, 163-184.

Schauble, E.A., Ghosh, P., Eiler, J.M., 2006. Preferential formation of 13C-18O bonds

in carbonate minerals, estimated using first-principle lattice dynamics. Geochimica et

Cosmochimica Acta 70, 2510-2529.

Schilman, B., Bar-Matthews, M., Almogi-Labin, A., Luz, B., 2001. Global climate in-

stability reflected by Eastern Mediterranean marine records during the late Holocene.

Pelaeogeography, Palaeoclimatology, Palaeoecology 176, 157-176.

Schlitzer, R., 2009. Ocean Data View, http://odv.awi.de.

Schmid, T.W., Bernasconi, S., 2010. An automated method for ‘clumped-isotope’ mea-

surements on small carbonate samples. Rapid Communications in mass spectrometry 24,

1955-1963.

Shackleton, N., 1967. Oxygen isotope analyses and Pleistocene temperatures reassessed.

Nature 215 (5096), 15-17.

Shanahan, T.M., Overpeck, J.T., Anchukaitis, K.J., Beck, J.W., Cole, J.E., Dettman,

D.L., Peck, J.A., Scholz, C.A., King, J.W., 2009. Atlantic Forcing of Perisistent Drought

in West Africa. Science 324, 377-380.

Steinhilber, F., Abreu, J.A., Beer, J., 2009. Total Solar irradiance during the Holocene.

Geophysical Research Letters 36, L19704, doi:10.1029/2009GL040142.

Taricco, C., Ghil, M., Alessio, S., Vivaldo, G., 2009. Two millennia of climate variability

in the Central Mediterranean. Climate of the Past 5, 171-181.

Tarpin, M., 2001. 1 Italien, Sizilien und Sardinien. In: Lepelley, C.. Rom und das Reich

44 v. Chr. - 260 n. Chr.. Nikol Hamburg, 1-78.

Tinner, W., Lotter, A.F., Ammann, B., Conedera, M., Hubschmid, P., van Leeuwen,

J.F.N., Wehrli, M., 2003. Climate Change and contemporaneous land-use phases north

and south of the Alps 2300 BC to 800 AD. Quaternary Science Reviews 22, 1447-1460.

Turchetto, M., Boldrin, A., Langone, L., Miserocchi, S., Tesi, T., and Foglini, F., 2007.

Particle transport in the Bari Canyon (southern Adriatic Sea). Marine Geology 246,

231-247.

Versteegh, G.J.M., de Leeuw, J.W., Taricco, C., Romero, A., 2007. Temperature and

productivity influences on UK′
37 and their possible relation to solar forcing of the Mediter-

ranean winter. Geochemistry, Geophysics, Geosystems 8(9), Q09005, doi:10.1029/2006G-

C001543.

Waelbroeck, C., Mulitza, S., Spero, H., Dokken, T., Kiefer, T., Cortijo, E., 2005. A global



References 159

compilation of late Holocene planktonic foraminiferal 18O: relationship between surface

water temperature and 18O. Quaternary Science Reviews 24(7-9), 853-868.

Wang, Z., Schauble, E.A., Eiler, J.M., 2004. Equilibrium thermodynamics of multiply

substituted isotopologues of molecular gases. Geochimica et Cosmochimica Acta, 68 (23),

4779-4797.

Wanner, H., Holzhauser, H., Pfister, C., Zumbühl, H., 2000. Interannual to Century
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CHAPTER 7

Conclusions and Outlook

7.1 Conclusions

The main objectives of this thesis were to produce a high-resolution climate reconstruction

over the past two millennia based on isotope stratigraphy and to test the applicability

of the ‘clumped isotope’ thermometer to foraminifera for high-resolution climate recon-

structions. The thesis was part of the MOCCHA project, a “Multidisciplinary study

Of Continental/ocean Climate dynamics using High-resolution records from the eastern

MediterrAnean” with the main aim to produce a multiproxy climate reconstruction at

decadal to sub-decadal resolution from sediment cores from the Gulf of Taranto.

High-resolution climate reconstructions in near-coastal environments require a careful in-

vestigation of potential local effects on geochemical proxies. Therefore, in a first step, a

core-top calibration based on the isotopic composition of planktic and benthic foramini-

fera was carried out to detect, understand, and assess environmental and hydrographic

influences on the geochemistry of Globigerinoides ruber (white) and Uvigerina mediter-

ranea along the southern Italian coast. Moreover, a sedimentological geochemical survey

on 11 cores taken from the Gulf of Taranto, the Adriatic Sea, and the Ionian Sea was

carried out to understand the sediment transport processes in the Gulf of Taranto and

their evolution over the Holocene. The core-top calibration using different geochemical

approaches from the partner project analyzing TEX86 and UK′
37 (Leider et al., 2010), and

our study of the δ18O and δ13C of G. ruber (white) highlighted the complexity of near

coastal-environments and in particular their different seasonal imprints. In a next step,

a climate reconstruction over the past 600 years using a multiproxy approach based on

the TEXH
86 and UK′

37 indices and δ18O and δ13C of G. ruber (white and pink) and U.

mediterranea was carried out.

A calibration of the ‘clumped isotope’ thermometer on foraminifera was carried out using

a globally distributed sample set, in an effort to provide an independent verification of the

calibration of Ghosh et al. (2006) and Tripati et al. (2010) using the automated method

for ‘clumped isotope’ analyses on small carbonate samples (Schmid and Bernasconi, 2010).

Furthermore, the utility and limitations of the method for paleoceanographic reconstruc-
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tions from marine sediment cores using a short core covering the last 700 years and the

long core covering the last 2500 years in the Gulf of Taranto were determined.

In the last step, the combination of δ18O, δ13C, ∆47-temperatures and the δ18O recon-

struction of the ambient seawater was used to identify climate feedback mechanisms and

to link climate variations to major global climate events.

The following conclusions can be drawn from this thesis:

� The core-top calibration of the δ18O and δ13C of the planktic species G. ruber (white)

and the benthic species U. mediterranea showed that along the southern Italian

coast the δ18O of G. ruber (white) mainly reflects summer conditions, but that it is

also affected by changes in salinity and nutrient supply, due to the heterogeneous

bathymetry of the southern Adriatic Sea. In the shallow, near-coastal areas G. ruber

(white) is influenced by shallow, warm water masses and by the less saline, nutrient-

rich Western Adriatic Current (WAC), while with distance to the coast the δ18O of

this species increases as a combination of an increase in salinity and an expansion

of the habitat towards deeper waters (30-50 m) as food availability decreases.

In the Gulf of Taranto the δ18O and δ13C of G. ruber (white) indicate stable summer

conditions, but respond to potential hydrological changes due to variations of the two

main water masses: the Western Adriatic Current (WAC) and the Ionian Surface

Water (ISW), which is a more saline, oligotrophic water mass from the central Ionian

Sea. The interplay of these water masses has to be considered in paleoclimate and

paleoenvironmental reconstructions.

The isotopic analyses of U. mediterranea show that the δ18O of this species reflects

recent temperature conditions along the southern Italian coast, while the δ13C shows

larger variations mainly caused by changing nutrient supply. This is observed in the

transition from the more eutrophic coastal system to the oligotrophic offshore system

and moreover shows the suitability of this species to detect circulation changes in

the past.

� For the calibration of the ‘clumped isotope’ thermometer according to the method of

Schmid and Bernasconi (2010), we used 7 different planktic and benthic foraminifera

species with a growth temperature range between 2 and 28◦C. The temperature-

∆47 relationship and the achieved reproducibility (∼0.005-0.013�) of the new cal-

ibration are in very good agreement with previous calibration studies using the

conventional methodology developed at CALTECH based on individual analyses of

large samples. The calculated δ18O-values of ambient seawater lie within an error

of ∼0.7� of the measured value.

The surface-dwelling species (O. universa, G. ruber (white)) and the benthic species

(U. mediterranea and C. pachyderma) are primarily found to calcify in equilibrium.

In regions with temperatures lower than 10◦C the thermocline-dwelling species N.

pachyderma (sin) shows a bias to higher temperatures. The same has been observed
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for the deep-dwelling planktic species G. truncatolinoides and G. inflata which also

tend to show higher temperatures. This has also been noticed by Tripati et al.

(2010). Potential sources of uncertainty could be an error in the estimated calcifica-

tion temperatures, species-specific vital effects, pH variations between the seawater

and the vacuole water of the species, and possible kinetic effects, e.g. degassing

at the high latitude stations. So far it is unclear why the deep-dwelling species

and species from regions with SST lower than 10◦C show this tendency to higher

temperatures.

The ∆47-temperatures of G. ruber (white) taken from a multicore that covers the

last 700 years in the Gulf of Taranto (central Mediterranean Sea) were used to

determine the applicability of the ‘clumped isotope’ thermometry for paleoclimate

and paleoceanographic reconstructions. The results show that at the current state

of technical development and calibration it is necessary to average a large number of

samples (30 à 150µg) to obtain a valid temperature signal that allows to detect small-

scale temperature changes (e.g., in the Holocene). This limits the ‘clumped isotope’

thermometry to the detection of large climatic changes as for example between

glacial and interglacial.

� The sedimentological and geochemical survey on 11 cores from the Gulf of Taranto,

the Adriatic Sea and the Ionian Sea show that the Ca/Ti ratio of sediment cores

derived by non-destructive XRF-core scanning can be used as a stratigraphic tool

to accurately correlate Holocene sediments in the Gulf of Taranto region. Our

study shows that the sedimentation rate is high across the Gallipoli shelf and varies

between∼0.92 to 0.58 mm/yr over the entire Holocene. In addition, the sedimentary

composition was used for a basin-wide paleoclimate reconstruction. As the detrital

sediment supply is mainly controlled by transport of the Western Adriatic Current

(WAC) from the Adriatic Sea, high Ca/Ti ratios indicate relatively dry periods in

the region when run-off is low and the WAC is reduced. During the Younger Dryas

cold period precipitation and runoff increased in southern Italy, whereas northern

Italy was dry. The modern circulation regime and the hydrographic connection of

the Gallipoli shelf and South Adriatic Sea has been developed since ∼7 cal. ka BP

due to sea level rise and the onset of deep water formation in the Adriatic Sea.

In the middle to late Holocene, millennial scale events of increased detrital input

(e.g., during the Roman Warm Period) and decreased detrital input (e.g., Medieval

Warm Period) could be detected, which may primarily reflect variability in the

North Atlantic Oscillation.

� The multiproxy high-resolution environmental reconstruction based on UK′
37 (alke-

nones from haptophytes), TEXH
86 (membrane lipids of marine crenarchaeota), and

δ18O and δ13C of G. ruber (white and pink) and U. mediterranea illustrate the diffi-

culties of using these proxies only for SST reconstructions as they are influenced by

variations in salinity, circulation, and nutrient distribution. The UK′
37 -values reflect

mainly winter/spring conditions in the Gulf of Taranto and is influenced by changing

in nutrient supply related to water column mixing and run-off. SSTTEXH86 reflect
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summer conditions and co-vary with SSTUK′37 over large part of the record. This

correlation might be related to an expansion of the season of haptophyte production

(towards the warmer parts of autumn and spring, leading to higher SSTUK′37) which

shortens the season of archaeal production (towards midsummer, resulting in higher

SSTTEXH86) at the same time. The δ18O values of G. ruber (white) record summer

conditions and is influenced by changes in salinity and food availability related to

variations of the major circulation patterns in the Gulf of Taranto on decadal to

centennial scale. The combination of SSTTEXH86 and δ18O of G. ruber (white) pro-

vides a detailed view on circulation changes suggesting that shifts in the strengths of

the two main water masses (WAC and ISW) occurred more regularly over the past

600 years in the Gulf of Taranto. Analyses of the Total Organic Carbon (TOC),

marine and terrestrial lipid biomarker concentrations, the BIT index and the δ13C

of G. ruber (white and pink) and U. mediterranea show a prolonged shift from 1800

onward indicating an increase in productivity and terrestrial supply, which could be

related to the increasing human impact on the region.

� The results of the high-resolution climate reconstruction show a detailed picture of

the climate and environmental evolution in the central Mediterranean over the past

2500 years. The study illustrates the relationship and complex feedback mechanisms

of land-use changes, climate variations, and the imprint on regional scale climate

change over the past 2500 years.

The Roman Warm Period (RWP) is characterized by relatively wet and warm con-

ditions in the Gulf of Taranto. Higher δ18O values of G. ruber (white) during the

Roman Classical Period (RCP) suggest an increase in salinity due to circulation

changes. During the Dark Ages Cold Period (DCP) lower oxygenisotpe values of G.

ruber (white) indicate wetter conditions and a higher influence of WAC in the Gulf of

Taranto. This is coherent with large-scale climate patterns indicating moister con-

ditions in the central Mediterranean region during summer. The Medieval Warm

Period (MWP) is characterized by two main phases: in the first half (822 -1008 AD)

warmer and/or wetter conditions, whereas in the second half (1022-1200 AD) pro-

longed dry conditions, which extend into the transition from the MWP to the Little

Ice Age (LIA) (1200-1400), dominate the Mediterranean climate. Around 1100 AD

the increased abundance of G. ruber (pink) indicates the climatic optimum of the

MWP.

7.2 Synthesis and outlook

This thesis shows the possibilities but also limits of using cores from near-coastal envi-

ronments for high-resolution climate reconstruction. The careful calibration and combi-

nation of the different geochemical proxies highlight the potential of using a multiproxy

approach, as the environmental evolution of the study site can be investigated in great

details and allows detecting changes in seasonality and water circulation. However, it also
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demonstrates the limits of geochemical proxies in near-coastal environments. As the high-

resolution study over the past 600 years exhibits a detailed picture of the environmental

evolution in the Gulf of Taranto, it would be interesting to continue with this approach

on a longer time scale (e.g., the last 2000 years).

Our calibration for clumped isotopes on foraminifera using a new approach based on the

measurement of small carbonate samples shows that it is possible to produce a high-

resolution isotope stratigraphy and at the same time a lower-resolution ∆47-temperature

and δ18O reconstruction of the ambient sea water. However, there are still some open

questions such as why the method yields deviating results for species growing at temper-

atures > 10◦C, and why the deep-dwelling species tend to show higher temperatures than

the inferred calcification temperature and show an offset in all studies. To answer these

questions it is necessary to use species that are grown under controlled conditions.

Paleoclimate and paleoceanographic reconstructions using ‘clumped isotope’ thermom-

etry are possible, but at the present state of technical development, small temperature

changes as in the late Holocene are below the measurement precision, limiting this method

to detecting large climate changes such as those occurring during glacial/interglacial.

Therefore, an important future project is the investigation of glacial-interglacial tempe-

rature changes using ‘clumped isotope’ thermometry on species from the low- and mid

latitudes. However, it is recommended to postpone studies on species growing at temper-

atures <10◦C as well as on deep-dwelling species until the deviation from expected values

is explained.

An additional problem with the cores from the Gulf of Taranto is the very low number of

foraminifera, which makes it very difficult to get enough material for ‘clumped isotope’

analyses. Therefore, it is maybe not advisable to continue the high-resolution study using

clumped isotopes in this area.

The high-resolution climate reconstruction on G. ruber (white) highlights the potential of

this site to investigate natural and human-induced climate change in the late Holocene.

The sedimentological and geochemical survey of the thesis already emphasized the poten-

tial of this site to study Holocene climate. Therefore, an extension of the stable isotope

record of G. ruber (white) covering the past four to six millennia would be interesting to

investigate climate evolution in the central Mediterranean and to determine the connec-

tion to large-scale climate events.

A main objective of the MOCCHA project was to estimate the potential of the Gulf

of Taranto for a future IODP drilling campaign. The sedimentological and geochemical

survey of the thesis show that the cores of this study (piston and gravity cores) reach

to the older Dryas demonstrating the potential of this site for high-resolution studies on

quaternary sediments. Although the region is highly influenced by varying marine and

terrestrial inputs that cause a regional bias, the Gulf of Taranto is one of the few regions

where high-resolution studies on marine sediments are possible.
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