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The Earth goeth on the Earth
Glist’ring like gold.

The Earth goes to the Earth
Sooner than it wold.

The Earth builds on the Earth
Castles and Towers.

The Earth says to the Earth
All shall be ours.

(auf einem Grabstein im Kirchhof
von Melrose-Abbey, Schottland)
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Zusammenfassung

Kaltwasserkorallen stellen in der Paldoklimaforschung eines der vielversprechendsten Kli-
maarchive dar, die sich verindernde Umweltbedingungen hochauflésend in ihrem Arag-
onitskelett aufzeichnen kénnen. Diese Arbeit beschéftigt sich mit fossilen und rezenten
Exemplaren der Kaltwasserkorallenart Lophelia pertusa aus dem zentralen Mittelmeer.
Weiterhin werden Wasserproben aus diesem Gebiet, aus dem Européischen Nordmeer und
aus dem NE-Skagerrak analysiert. Ziel dieser Arbeit ist es, Paldowassertemperaturen mit-
tels geochemischer Proxies zu rekonstruieren und die heutigen Umweltbedingungen mit

denen zu Zeiten des Spitglazials und der Jiingeren Dryas zu vergleichen.

Mit der Elektronenstrahlmikrosonde werden Elementverteilungen von Mg, Ca, Sr und S
bestimmt und hochauflésende Profile von Mg/Ca-, Sr/Ca- und S/Ca-Verhéltnissen erstellt.
Die Wasserproben, die teilweise zusammen mit den Korallen gesammelt wurden, werden
mittels ICP-MS und ICP-OES auf Gehalte an Haupt- und Spurenelementen analysiert.
Datierungen der fossilen Korallen erfolgten mit der U/Th-Methode. Zusétzlich werden
§13C- und §'80O-Messungen ausgewertet, die von Matthias Lopez Correa (GZN-IPAL, Er-

langen) an denselben Korallen durchgefiihrt worden sind.

Die hochauflésenden Mg/Ca-, Sr/Ca- und S/Ca-Profile werden mittels Spektralanalyse
ausgewertet, wihrend Paldotemperaturen einerseits iiber Sr/Ca-Verhéltnisse und anderer-
seits mit der ”lines technique”-Methode (SMITH ET AL., 2000) rekonstruiert werden. Um
die Elementverhéltnisse im Meerwasser zu Zeiten des Spéatglazials und der Jiingeren Dryas
zu rekonstruieren, erfolgt eine Kalibrierung zwischen rezenter Korallenchemie und rezenter

Wasserchemie.

Beziiglich des Einbaus der untersuchten Elemente lassen sich die Ergebnisse sowohl durch
Biomineralisationsprozesse als auch durch eine Beeinflussung von Umweltparametern erk-
laren. S/Ca-Verhéltnisse scheinen dabei von Temperatur, Primarproduktion und/oder
Wassermassenventilation abzuhéngen. Die rekonstruierten Temperaturen sind fiir beide
Methoden unterschiedlich, aber scheinen im Vergleich zu heute vor 17,6 ka und 12,4 ka
niedriger gewesen zu sein. Es hat sich ausserdem gezeigt, dass fiir L. pertusa regionale
Sr/Ca-Kalibrierungen erstellt werden miissen. Konzentrationen von Haupt- und Spurenele-
menten im Meerwasser sind vor allem durch den Salzgehalt bestimmt, allerdings kon-
nten die Elemente Antimon und Barium auch durch Primé&rproduktion beeinflusst sein.
Schliesslich deuten die Ergebnisse darauf hin, dass das Mittelmeer zu Kaltzeiten von Kalt-
wasserkorallen besiedelt wird und dass ihre Okosysteme in niederen Breiten deshalb glaziale

Riickzugsgebiete darstellen kénnten.
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Abstract

Cold-water corals are one of the most promising paleoenvironmental archives in paleo-
climate research that contain high-resolution records of long-term climate change. This
study focuses on fossil and recent specimens of the cold-water coral Lophelia pertusa from
the Mediterranean Sea as well as on water samples from different locations in the central
Mediterranean, the Norwegian Sea and the NE-Skagerrak. The intention is to apply es-
tablished geochemical proxies of seawater temperatures and to compare present-day with
paleoenvironmental conditions during the late glacial period and the Younger Dryas cold

interval.

Electron-probe imaging is used to map elemental distributions of Mg, Ca, Sr and S across
the thecal wall of the coralline aragonite and to generate high-resolution profiles of molar
element ratios. Water samples were collected together with the coral specimens and are
analyzed using ICP-MS- and ICP-OES-techniques to determine concentrations of major
and trace elements. Fossil coral samples were U/Th-dated after having been checked
for alteration. Additionally, measurements of stable carbon (6'3C) and stable oxygen
(6'80) isotopes conducted on the same specimens by Matthias Lopez Correa at GZN-
IPAL, Erlangen, are evaluated.

High-resolution records of Mg/Ca-, Sr/Ca- and S/Ca-ratios are investigated using spectral
analysis. Paleotemperatures are reconstructed using Sr/Ca-ratios and the "lines technique’-
method (SMITH ET AL., 2000). Furthermore, the geochemistry of the recent coral skeletons
are compared and calibrated to the analysed water samples in order to reconstruct paleo-
water-values with the focus lying on Mg/Ca-, Sr/Ca-, S/Ca- and B/Ca-ratios.

Results regarding element incorporation in coral skeletons can be interpreted by means of
biologically controlled calcification processes and by influence of environmental parameters.
S/Ca-ratios are suggested to be influenced by temperature, primary productivity and/or
ventilation of intermediate water masses. Reconstructed temperatures are different for
both methods applied, indicating lower temperatures than at present at 17.6 ka and at
12.4 ka, and that regional Sr/Ca-calibrations are needed for L. pertusa. Salinity accounts
for most of the observed seawater concentrations of major and trace elements, except for
antimony and barium, which might be influenced by primary productivity. Finally, results
indicate that cold-water corals colonize the Mediterranean Sea during cold climates and

that low latitude ecosystems act as glacial refugia in the deep sea.
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1 Introduction

1.1 Aim of this Study

This study aims to evaluate the potential of the cold-water coral Lophelia pertusa
of being a high-resolution archive of paleoenvironmental conditions in the central
Mediterranean. Its main objective is to apply established geochemical proxies of
seawater temperatures to fossil and recent examples of this species. Finally it in-
tends to reconstruct paleoenvironmental conditions of the late glacial period and

the Younger Dryas cold interval in the central Mediterranean Sea.

1.1.1 Objectives

In times of noticeable and hazardous changes in Earth’s climate it is more impor-
tant than ever to understand the mechanisms that drive those changes. Besides
instrumental records, natural archives are a source for paleoclimate data which can
be used to understand climate evolution. Paleoceanographic research has access
to many types of climate archives covering time intervals that range from days to
millions of years. Corals are one of the most promising climate archives because
they record long-term climate changes over years and decades within their skele-
tons. With modern instrumental techniques it is possible to analyze the coralline

carbonate with up to a daily resolution, depending on the species’ growth rate.

Most research nowadays regarding corals is focused on zooxanthellate (symbiont-
bearing) coral species living in shallow, tropical waters, because they are easily
accessible and characterized by a long lifetime. On the contrary only little is known
about cold-water corals. These animals live in cold or deep waters and do not live in
symbiosis with photosynthetic algae. However, there is evidence that they do record
environmental changes within their aragonite skeletons as well. To this date research
dealing with cold-water corals is mainly focused on cold-water coral provinces in the
Atlantic and Pacific oceans and interest in their occurences in marginal seas like
the Mediterranean only slowly arises. This study focuses on cold-water corals from
the Mediterranean Sea and on established paleoceanographic proxies to reconstruct

seawater temperatures.
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In detail, the major objectives of this study are:

Coral-related objectives

e to evaluate whether cold-water corals can be used as high-resolution paleoen-

vironmental archives in the central Mediterranean

e to reconstruct the temperatures of intermediate water masses during the late

glacial period and Younger Dryas cold interval in the central Mediterranean

Water-related objectives

e to determine element concentrations in seawater samples, in particular boron

and barium

e to correlate coral geochemistry with water chemistry

Method-related objectives

e to find out whether high-resolution electron-probe analyses are useful in ob-

taining high-resolution paleoenvironmental records from coral chemistry

e to recommend improvements or modifications of the applied measurement

strategies

1.1.2 Strategy

In this study cold-water coral specimens and seawater samples from the central
Mediterranean Sea as well as water samples from the Norwegian Sea and the NE-

Skagerrak were investigated.

Fossil and recent coral specimens were analyzed for concentrations of certain
elements and isotopes in order to apply different methods of temperature recon-

struction. The analyses include:
e Electron-probe (EPMA): mapping element distributions and determining con-
centrations of major elements (Ca, Mg, Sr and S)

e U/Th-dating of fossil coral specimens (carried out by Malcolm McCulloch at
ANU-RSES, Canberra, Australia)

e ICP-MS: determination of stable carbon (§'3C) and stable oxygen (§'%0) iso-
topes (performed by Matthias Lopez Correa at GZN-IPAL, Erlangen)



1.1 Aim of this Study 3

In order to calibrate recent water chemistry to recent coral geochemistry, seawater

samples were analyzed for contents of major and trace elements:

e ICP-MS: trace elements (Li, Rb, Sr, Mo, Sb, Cs, Ba and U)
e ICP-OES: major and trace elements (Ca, Mg, Sr, B and Ba)

In addition epibenthic foraminifera from box corer samples (GKG) were analyzed

for stable carbon and oxygen isotopic compositions using ICP mass spectrometry.
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1.2 Cold-Water Corals and Reefs

1.2.1 Overview

Figure 1.1: Global distribution of reef-building cold-water corals (from ROBERTS

ET AL. (2006)).
Cold-water corals are azooxanthellate cnidarians encompassing stony corals (Scle-
ractinia), soft corals (Octocorallia), black corals (Antipatharia), and hydrocorals
(Stylasteridae). They either occur individually, as isolated colonies, in small patch
reefs or they form large reefs or giant carbonate mounds. The knowledge about their
global distribution is incomplete, but they are largely restricted to oceanic waters
with temperatures ranging from 4°C to 14°C (Fig. 1.1). Deep-water reef frame-
works are made up of fewer than ten species of scleractinians, occurring in depths
of up to 4000 m, depending on seawater carbonate chemistry. Dominating reef-
building species are Lophelia pertusa and Madrepora oculata (FREIWALD ET AL.,
2004; ROBERTS ET AL., 2006).

Reef-development seems to be controlled by the interplay of local hydrography and
sedimentary dynamics. It begins with the initial settlement of a coral larva to
a hard substratum and is followed by bioerosion and sediment-trapping. Finally
coral growth keeps pace with sediment infill and mounds begin to form (DORSCHEL
ET AL., 2005; ROBERTS ET AL., 2006).

Like shallow water scleractinians, corals in deep waters seem to be cosmopolitan con-
sumers which are on the one hand being fueled by primary productivity in surface
waters and on the other hand feed on detrital and resuspended materials (DUIN-

EVELD ET AL., 2004). Additionally, they are reported from areas of the continental
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slope where internal waves enhance food supply from the seabed (WHITE ET AL.,
2005). Lophelia pertusa seems to rely on a zooplankton diet but has also been
seen capturing live zooplankton in the field (KIRIAKOULAKIS ET AL., 2004; KIRI-
AKOULAKIS ET AL., 2005). Regarding reproduction, most cold-water coral species
are gonochoristic (FADLALLAH, 1983), and gamete production in Lophelia pertusa
seems to follow phytodetrital food fall in the NE-Atlantic (WALLER, 2005).

While reefs in high latitudes are likely to have repeatedly diminished during glacial
periods and flourished during interglacials, low latitude ecosystems seem to be im-
portant speciation centers and glacial refugia in the deep sea (DE FORGES ET AL.,
2000; ROBERTS ET AL., 2006). Major threats for these ecosystems nowadays are
mainly bottom trawling, hydrocarbon drilling and seabed mining, and ocean acidi-
fication (ROGERS, 1999; FOSSA ET AL., 2002; ROBERTS ET AL., 2003; ORR ET AL.,
2005).

Most recent studies regarding cold-water coral provinces focus on the eastern North
Atlantic (e.g. FOUBERT, 2007; RUGGEBERG ET AL., 2007; WHEELER ET AL., 2007),
the Norwegian Slope (e.g. FREIWALD ET AL., 1997; FOSSA ET AL., 2002; WHEELER
ET AL.; 2007) and the Mediterranean Sea (e.g. TAVIANI ET AL., 2005a; TAVIANI
ET AL., 2005b; FREIWALD & SHIPBOARD SCIENTIFIC PARTY, 2006).

1.2.2 Lophelia pertusa

This study focuses on the colonial cold-water coral species Lophelia pertusa whose
scientific classification is given in Tab. 1.1. Although its complete present geographic
distribution is still unknown (FREIWALD, 1998), this species has been reported from
almost all oceans but also from marginal seas like the Mediterranean (ZIBROWIUS,
1980). It has its highest occurrence from the eastern Atlantic margin down to West
Africa (FREIWALD ET AL., 2004).

Table 1.1: Scientific classification of Lophelia pertusa as found in the Integrated
Taxonomic Information System (http://www.itis.gov/).

Kingdom | Animalia (animals)
Phylum | Cnidaria (cnidarians)

Class Anthozoa (corals and sea anemons)
Order Scleractinia (stony corals)

Family Carophylliidae

Genus Lophelia

Species L. pertusa (Linnaeus, 1758)

Lophelia pertusa precipitates an aragonite exoskeleton consisting of a thick wall made
up of rhythmic bands (FREIWALD ET AL., 1997). Uniserial-erect colonies consisting

of thousands of polyps are produced with either a "zig-zag-" or dendroid-branching
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pattern (Fig. 1.2) several meters in size (FREIWALD, 1998). Upward extension
and outward thickening happen simultaneously. Average linear extension rates are
reported spanning 5.5 mm/yr (MORTENSEN & RAPP, 1998) to more than 1 cm/yr
(MIKKELSEN ET AL., 1982), whereas outward thickening shows a smaller rate of ca.
0.1 mm/yr (COHEN ET AL., 2006). Growth sequences longer than around 30 cm are
difficult to find (MORTENSEN & RAPP, 1998) and the life span of Lophelia pertusa
colonies is still not known (FOUBERT, 2007).

Figure 1.2: A: Living Lophelia pertusa with expanded tentacles, photographed by
the JAGO-Team at the Sula Ridge (Norwegian Sea) (from FREIWALD ET AL., 2004);
B: White and orange coloured L. pertusa from the Santa Maria di Leuca Reef Province
in the central Mediterranean, photographed during ROV Dive-106, station M70/1-721,
in 579.4 m water depth (from FREIWALD & SHIPBOARD SCIENTIFIC PARTY, 2006).

The distribution of Lophelia pertusa is mainly limited by temperature, salinity and
nutrient supply (FREIWALD ET AL., 2004). Also a connection to the bathymetric
range of the oxygen minimum zone (FREIWALD, 1998) as well as to a certain level of
seawater density (DULLO ET AL., 2008) has been proposed. While the main depth
distribution is within bathyal depths (ZIBROWIUS, 1980; FREIWALD, 1998), they
also occur in waters as shallow as 39 m in Norwegian fjords and as deep as 3383 m
at scamounts in the North Atlantic (ZIBROWIUS, 1980). The recorded temperature
range for Lophelia pertusa is 4-14°C and the salinity range is 35-37, although in
the Mediterranean as well as in Norwegian and Swedish fjords higher and lower
values are observed (FREIWALD, 1998). Oldest fossil samples are reported to be of
Paleogene (Eocene) age (SQUIRES, 1957) whereas the invasion of the Mediterranean
began in the Neogene after the Messinian Event (FREIWALD, 1998) and their first
appearance in Norwegian waters is estimated to have begun only recently, about
10,000 years ago (HENRICH ET AL., 1996).

1.2.3 Proxies Based on Cold-Water Coral Chemistry

Paleoceanographic research using cold-water corals as a paleoenvironmental archive

mainly focus on estimating past seawater temperatures or nutrient content from
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skeletal chemistry or on reconstructing the ventilation history of the ocean by dating
skeletal material. Their potential is mainly due to three reasons: (i) there are
no photosynthetic algae present additionally influencing cold-water coral chemistry,
(ii) they have a banded skeletal structure with the ability to record environmental
variations through time and (iii) they exhibit cosmopolitan distributions (ROBERTS
ET AL., 2006; RUGGEBERG ET AL., 2008).

A method for inferring deep-water ventilation ages using complementary cold-water
coral U/Th- and "C-studies was first proposed by MANGINI ET AL. (1998). Since
then, this method was successfully applied to recent and fossil species from the
North Atlantic (ADKINS ET AL., 1998; SCHRODER-RITZRAU ET AL., 2003) and the
Southern Ocean (GOLDSTEIN ET AL., 2001).

Only recently, MONTAGNA ET AL. (2006) observed that phosphorus incorporated
into cold-water coral species Desmophyllum dianthus is directly proportional to the
ambient seawater phosphorus concentration (DIP), making P/Ca-ratios a possible

proxy of paleoproductivity.

Past seawater temperatures are reconstructed from cold-water corals using either
Sr/Ca-ratios or stable isotopes. Most Sr/Ca-temperature relationships exist for trop-
ical, zooxanthellate coral species. The relationship is linear and invers. However,
COHEN ET AL. (2001) discovered that Sr/Ca-ratios within the daytime skeleton of
symbiont-bearing tropical coral Porites is rather related to the calcification rate than
directly to sea surface temperature. A neither constant nor predictable, but up to
65% Sr/Ca-variability in the symbiotic skeleton is related to symbiont activity (Co-
HEN ET AL., 2002). Regarding cold-water corals, MONTAGNA ET AL. (2005) found
that the temperature-dependent elements uranium and strontium did not correlate
in skeletons of Desmophyllum dianthus indicating that other factors than temper-
ature are dominant. Finally, COHEN ET AL. (2006) published a paleotemperature-
equation for Lophelia pertusa with a sensitivity twice as large as for tropical species
and four times higher for inorganic aragonite, but stated that only about 25% of the

Sr/Ca-variability are driven by temperature changes.

MORTENSEN & RAPP (1998) found a correlation between §'3C, 80 and seawater
temperature within Lophelia pertusa, although cold-water corals do not precipitate in
equilibrium with seawater. They concluded that isotopic fractionation is controlled
by kinetic isotope effects and declared that a relationship between growth rate and
temperature exists. While MCCONNAUGHEY (2003) also prefers the kinetic model to
explain the linear relationship between carbon and oxygen isotopes, ADKINS ET AL.
(2003) proposed a mechanism for vital effects based on a thermodynamic response
to a biologically induced pH-gradient in the calcifying region. SMITH ET AL. (2000)

found a linear function of temperature with a precision of about 1.0°C investigating
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18 species of azooxanthellate corals from different latitudes and depths. LUTRINGER
ET AL. (2005) improved the precision to 0.7°C using a micro-sampling technique
published in ADKINS ET AL. (2003). However, the method is problematic since an
estimate of the isotopic composition of seawater is needed to apply the equation.
Because annual banding is difficult to identify and skeletal 5**O varies by almost 3%
in a non-systematic manner, sampling for 'time series’ is not realizable at present

(SMITH ET AL., 2002).

Relationships between temperature and stable calcium isotopes (6*4/4°Ca) have been
developed for foraminifera (NAGLER ET AL., 2000; GUSSONE ET AL., 2003; GUS-
SONE ET AL., 2005), sclerosponges (HAASE-SCHRAMM ET AL., 2003), and tropical
scleractinian corals (BOHM ET AL., 2006). A recent investigation of Lophelia per-
tusa showed no clear temperature-dependent fractionation of calcium isotopes (A.

Riiggeberg, personal communication).

The most recent and promising method to reconstruct past seawater temperatures
from cold-water corals is the use of stable strontium isotopes (6%/%°Sr). FIETZKE &
EISENHAUER (2006) developed a bracketing standard method for the determination
of stable strontium isotopes in carbonates and showed, that the isotopic fractionation
during precipitation of inorganic calcite and aragonite is temperature-dependent.
The dependency was verified for the tropical coral species Pavona clavus. Using this
approach, RUGGEBERG ET AL. (2008) showed a temperature-dependency for stable
strontium isotope fractionation in Lophelia pertusa, indicating a similar fractionation

process to take place in both symbiotic and non-symbiotic corals.
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1.3 Research Area / Setting

Sample material was collected during three different research cruises: R/V Po-
seidon cruise P325 (12.07.-03.08.2005) to the so far known northernmost coral
reef complexes in the Norwegian Sea, R/V Alkor cruise AL275 (24.03.-30.03.2006)
to the aphotic coral reef ecosystems in the NE-Skagerrak and R/V Meteor cruise
M70/1 (24.09.-18.10.2006) to the central Mediterranean Sea. Additionally, sam-
ple material include two fossil cold-water coral samples (Lophelia pertusa) from the
central Mediterranean collected during R/V Urania cruises CORSARO (20.04.-
06.05.2006) and SETE-06 (06.05.-23.05.2007).

1.3.1 Norwegian Sea and NE-Skagerrak

Water samples collected during P325-cruise originate from two areas of the Nor-
wegian Sea: the Rgst Reef area (station 373) and the Sveinsgrunnen Slope
(stations 383 & 386) (Fig. 1.3). The first area is a large reef complex along the
back wall of a giant submarine slide (Traenadjupet Slide) that is about 35 km to
40 km long and 300 m to 400 m deep and shows a complex and rugged seabed
topography. The Sveinsgrunnen Slope is described as a flat outer shelfbank with a
steep slope resembling a slide escarpment (FREIWALD & SHIPBOARD SCIENTIFIC
PARTY, 2005).

According to SKARPHAMAR & SVENDSEN (2005), relatively cold and low-salinity
Norwegian Coastal Water (NCW; S < 35) stretches like a wedge out over the shelf
edge, merging with Atlantic Water (AW; S > 35) on the shelf and shelf-slope area
off the North Norwegian coast. Increasing in thickness from 50 m during summer to
200 m during winter, the NCW is present above the more saline AW. The AW itself
is underlain by Norwegian Sea Deep Water (NSDW; S < 34.95; T < 0°C), filling
the Lofoten basin below about 800 m. During P325, FREIWALD & SHIPBOARD
SCIENTIFIC PARTY (2005) observed an increase in thickness of the NCW from 50
m to 250 m from 66°N to 71°N.

The cruise AL275 concentrated on two areas characterized by about 7 nm-long
inlets of the Oslofjord, located to the east and west of the S@ster Islands (Fig.
1.3). These inlets, which connect the main Oslofjord Trough and the Norwegian
Channel, show complex seabed topography with steep inclined rock outcrops, mud-
rich troughs and drumlins. Water samples investigated in this study were collected
in the Eastern Oslofjord Inlet (EOI) (stations 420 & 425) consisting of 140 m to
200 m deep troughs separated by narrow thresholds generally less than 120 m deep
(RUGGEBERG & FORM, 2007).
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Figure 1.3: Location of water samples collected during cruises P325 and AL275.

Hydrographic investigations conducted during AL275-cruise show a well-stratified
water column at the EOI-site with surface waters low in temperature and salinity
(1-2°C; 24-27) and uniform T and S below 25 m water depth (about 7°C; about 36)
(RUGGEBERG & FORM, 2007). Seasonal changes in winter and summer tempera-
tures and salinities of these Atlantic waters lie between about 7°C and 8.5°C, and 35
and 36, respectively (PFANNKUCHE & SHIPBOARD SCIENTIFIC PARTY, 2004).

1.3.2 Central Mediterranean Sea

Coral and seawater samples from the central Mediterranean Sea were collected in
three different areas during M70/1-cruise: the southern Adriatic Sea, the north-
ern Ionian Sea, and the Strait of Sicily (Fig. 1.4).

In the southern Adriatic Sea samples originate from three locations (Fig. 1.5).

The first, the Gondola Slide (GS) (station 752), represents an 18-km-wide slump
scar which is about 600 m to 700 m deep and characterized by large blocky slide
deposits, up to 500 m across and up to 40 m thick. ROV Dive-111 discovered
giant olistholiths derived from the upper shelf that still contain Late Pleistocene
sedimentary sequences. Some of these blocks serve as substrate for coral colonies

and thus are covered by fossil coral fragments and various shell debris. Live solitary
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Figure 1.4: Location of samples collected during M70/1.

and colonial corals (Desmophyllum dianthus, Madrepora oculata, Lophelia pertusa)
preferentially colonize overhangs or flanks in clusters or individually. The seafloor
at station 752 is characterized by soft sediment with sandwaves (1 m wavelength, 20
cm height), boulders and pebbles. The second location, the Bari Canyon (BC)
(stations 735, 745-750), is a large canyon system representing an asymmetric east-
west striking feature that consists of two major parallel oriented canyon heads. While
the shelf above the canyon lies in 200 m water depth, the slope steeply declines into
depths of 1000 m with an inclination of more than 30°. Thus the steep slope acts
as a barrier against dense water masses coming from the North. Sediments found
here are bioturbated sandy muds, covered with boulders up to 50 c¢m in size that
are colonized by serpulids, sponges or corals. The last study site in the southern
Adriatic is the Bari Seamount (stations 736, 740), a seamount rising about 200 m
above the seafloor (FREIWALD & SHIPBOARD SCIENTIFIC PARTY, 2006).

The Santa Maria di Leuca Reef Province (SML) (stations 705, 709, 710,
712, 721-728) in the northern Ionian Sea is a well studied cold-water coral province
(TAVIANI ET AL., 2005b). It is located on a gently inclined shelf ramp to the south of
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Figure 1.5: Sampling locations in the southern Adriatic Sea (M70/1).

the Apulian coast (Fig. 1.6). During ROV Dive-106 at station 721 an E-W oriented
transect was investigated, that included two bigger mound structures about 50 m in
height and some smaller elevations. Corals are mainly concentrated on the eastern
flanks and on the top of the mounds, forming upright growing coral thickets in a
dense framework. The biocoenosis is characterized by a high species variety and an
orange coloured, flourishing Lophelia pertusa colony was first recorded here (Fig. 1.2,
6). Patch reefs, centimeters to meters across, occur as mainly dead, Fe-Mn-coated,
in situ frameworks of mainly Madrepora oculata and Lophelia pertusa. On top of
the dead framework and coral rubble live Madrepora oculata and Lophelia pertusa,
generally 10 cm in height, can be found. On the sediment, upright growing colonies
are predominantly fan-shaped while dead framework serves as substrate for various
organisms. The seafloor consists of highly bioturbated sandy mud, in places with
colonized boulders, 15 c¢cm in size (FREIWALD & SHIPBOARD SCIENTIFIC PARTY,
2006).

Within the sea area between the Strait of Sicily and the islands of Sicily and Malta,

samples were collected at seven stations in three different areas (Fig. 1.7).

In the northwesternmost area, a steep NW-SE striking slope of the eastern spur of
the Urania Bank (UB) was investigated (stations 677-679). The slope, being of

volcanic origin and covered by Neogene carbonate sequences, covers a bathymetric
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Figure 1.6: Sampling locations in the northern Ionian Sea (M70/1).

range from 800 m to 200 m water depth. ROV Dive-100 at station 677 was con-
ducted along a cliff with steep flanks, about 50 m in height. Live colonial corals
densely colonize the edges of the overhangs of the cliff while at the cliff base high
amounts of coral debris accumulate on highly bioturbated sediment. The overhangs
themselves are covered with dead oysters and corals, their framework serving as
substrate for live solitary and colonial corals (Madrepora oculata, Lophelia pertusa,
Corallium rubrum). Because the cliff is partially formed steplike with huge colony
fragments in its horizontal areas, the live coral assemblages show a “hanging gar-
den” growth pattern, frequently observed in the Strait of Sicily (FREIWALD & SHIP-
BOARD SCIENTIFIC PARTY, 2006). The Malta Trough (stations 655, 675) is the
easternmost deep-sea trough in the Strait of Sicily, striking NW-SE. As the central
deep-sea trough in the strait, the Linosa Trough (stations 668, 669) is character-
ized by steep margins representing block-faulted horst and graben structures rich
in volcanic and sedimentary sequences. A small sector at the southern slope of the
trough, about 6 nm east of Linosa Island was investigated. Here the seabed shows
three morphological steps in the west (1200-500 m, 500425 m, 425-350 m) that
merge into one nearly vertical escarpment further east. Box corer samples collected
in the Linosa Trough consisted of hemipelagic sediment (FREIWALD & SHIPBOARD
SCIENTIFIC PARTY, 2006).
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Figure 1.7: Sampling locations in the Strait of Sicily (M70/1).

1.3.3 Hydrography of the Central Mediterranean Sea

The semi-enclosed Mediterranean Sea is characterized by a thermohaline-driven,
anti-estuarine circulation pattern. In the surface layer Atlantic Water (AW; T =
15-16°C, S = 36-37, oy = 26-27)"? flows through the Strait of Gibraltar into the
eastern basin, continuously being modified while flowing within the Mediterranean.
The modification is due to evaporation, precipitation and mixing with other water
masses. Sinking and formation of intermediate or deep Mediterranean Waters gen-
erally takes place in the northern parts of the two major basins due to two reasons:
(i) in some subbasins, densified AW mixes offshore with denser waters underneath,
forming subbasin-specific water masses and (ii) having only a small reservoir of
heat, waters on the shelves are markedly cooled during winter. Continuously being
mixed, these Mediterranean Waters then circulate and finally outflow at Gibraltar

as a homogeneous water mass that is recognized at 1000-1200 m in most of

1 Here, o refers to the density p of a sample of seawater at atmospheric pressure. It can either
be determined from its temperature measured in situ, known as the density anomaly (o), or
from its potential temperature (0), known as the potential density anomaly (cg) (BEARMAN,
2002):

o = (p — 1000)kg/m?

2 The potential temperature (©) is defined as the temperature that a fluid would attain if brought
adiabatically to a pressure of 100 kPa, whereas in situ temperature is the temperature at its
actual height or depth (BEARMAN, 2002).
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Figure 1.8: Water masses and circulation in the central Mediterranean Sea. On the left hand, orange arrows show the surface water circulation
of (modified) Atlantic Water. Continuous lines indicate main paths, whereas dashed lines indicate mesoscale (seasonal) currents. On the right
hand, green arrows = Levantine Intermediate Water, violet arrows = Adriatic Deep Water, blue arrows = Aegean Deep Water, brown arrows =
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(compiled after MILLOT (1999), ASTRALDI ET AL. (2002b), and MILLOT & TAUPIER-LETAGE (2005)).
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the northern Atlantic Ocean. About 90% of the AW inflow at Gibraltar is trans-
formed into intermediate and deep waters, among which ca. 3/4 are formed in the
eastern basin and which exhibit average residence times of 50-100 years (MILLOT

& TAUPIER-LETAGE, 2005).

Detailed reviews of the circulation in both the western and eastern basin have been
published (e.g. MILLOT, 1999; HAMAD ET AL., 2005).

Water masses of importance within the central Mediterranean are: Levantine In-
termediate Water (LIW), Aegean Deep Water (AeDW), Adriatic Deep
Water (AdDW), and Tyrrhenian Dense Water (TDW) (Fig. 1.8).

LIW is the warmest and saltiest water mass of the Mediterranean sea with the largest
volume. Tracked below AW in mainly 100-500 m water depth, LIW forms mainly
in the northern Levantine, then flows westwards along the northern continental
slopes of both basins and is involved in the offshore formation of all Mediterranean
Deep Waters (Fig. 1.8). In the southern Aegean Sea, LIW mixes with AW to
form AeDW during winter. Continuing to circulate in the Ionian Sea, part of LIW
penetrates into the southern Adriatic Sea, where it mixes in winter with AW to
form AdDW. The remainder flows alongslope into the Strait of Sicily, where most
of it flows out into the Tyrrhenian Sea, circulating at 200-600 m depth. Finally
the water masses either flow out through the Strait of Gibraltar or bypass it and
progress eastward alongslope off Africa. Because LIW is involved in winter processes,
it is expected to display everywhere an increasingly complex seasonal variability
(MILLOT & TAUPIER-LETAGE, 2005). After MILLOT (1999) LIW has typical values
of T = 13.2-14.0°C and S = 38.5-38.7, what is more or less confirmed by ASTRALDI
ET AL. (2002a) for the central Mediterranean (© = 13.5-14.4°C, S = 38.55-38.76).

AeDW and AdDW have similar densities, whereas AeDW is saltier and warmer
than the latter. Before outflowing through various openings and filling the eastern
basin, both deep waters accumulate in the deep troughs in depths of 1000-1500 m
(MiLLOT & TAUPIER-LETAGE, 2005). Due to the Coriolis effect they circulate
alongslope below the LIW mean level, describing a counterclockwise basin-wide
gyre (MILLOT & TAUPIER-LETAGE, 2005). It was found that the hydrological
characteristics of the densest bottom waters in the eastern basin vary interannually
(LACOMBE ET AL., 1985), while the less dense part must flow out through the
Strait of Sicily into the western basin. This outflow, which occurs mainly on the
Tunisian side in the deeper part of the Strait, is denser than the water residing in
the Tyrrhenian. Hence the bottom waters mix with Tyrrhenian waters and form
TDW which then circulates within the western basin (MILLOT & TAUPIER-LETAGE,
2005). TDW is reported to have values of © = 13.1-13.2°C and S = 38.50-38.56
within the central Mediterranean (ASTRALDI ET AL., 2002a).



1.3 Research Area / Setting 17

The cold-water coral habitats encountered during M70/1-cruise occur in different
depth windows, but the environmental parameters were found to be relatively con-
stant (Tab. 1.2). Within the Strait of Sicily reef-building L. pertusa and M. oculata
thrive in waters influenced by LIW and eastern Mediterranean deep waters, while
AdDW prevails at the SML-reefs, and at BC the reefs occur at the mixing depth of
LIW and AdDW (FREIWALD & SHIPBOARD SCIENTIFIC PARTY, 2006).

Table 1.2: Environmental parameters of investigated living reef-building coral habi-
tats in the central Mediterranean Sea (from FREIWALD & SHIPBOARD SCIENTIFIC
PARTY (2006)).

’ Area \ Strait of Sicily \ SML \ BC H Overall ‘
Z |m] 450-800 560-750 315-650 315-800
T [°C] 13.7-13.9 13.5-13.8 13.4-13.7 13.4-13.9
S 38.68-38.72 38.65-38.67 | 38.62-38.66 || 38.62-38.72
O, [ml/]] 3.75-3.84 3.98-4.54 4.24-4.54 3.75-4.54
o; |kg/m?] 29.08-29.11 29.07-29.12 | 29.07-29.13 || 29.07-29.13
pH 8.19-8.22 8.20-8.23 8.17-8.21 8.17-8.23
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2 Methodology

2.1 Sampling and Sample Preparation

Apart from the two fossil coral samples (CORSARO, SETE-06), sample material
includes four recent cold-water coral specimens of species Lophelia pertusa (M70/1).
In addition box corer samples (M70/1), water samples (M70/1, P325, AL275), and
CTD (Conductivity, Temperature, Depth) datasets (M70/1) were included. An
overview of the sampling locations is given in the appendix (Tab. A.1). Sampling

and sample preparation procedures are described below.

2.1.1 Coral Samples

Recent corals were collected during M70/1-cruise using the remotely operated ve-
hicle (ROV) "QUEST 4000m”, which is operated by MARUM, Center for Marine

Environmental Sciences at the University of Bremen, Germany.

All coral samples were investigated for the distribution of the major elements Ca,
Mg, Sr, and S within the coralline aragonite. In addition, stable carbon (§*C)! and
stable oxygen (6'¥0)? isotope analyses performed in 2007 by Matthias Lopez Correa
(GZN-IPAL, Erlangen) were evaluated.

A list of the coral samples is given in the appendix (Tab. A.2).

Longitudinal sections of the coral samples used were embedded in epoxy prior to
this study from which they were cut out using a dremel (Proxxon Micromot 40/E).
After that they were reembedded in 2 cm long rigid PVC tubes, 1”7 in diameter,

using epoxy resin and hardener (Buehler EpoThin). Subsequently samples were

1 The é-notation reports the fractionation between the stable isotopes '3C and '?C within a
sample compared to that within a standard material, reported in parts per thousand (%o):

(130/120)samplc - (130/120)standard

513 —
¢ (130/120) standard

x 1000

2 Analogous to the calculation of carbon isotope ratios 680 reports the fractionation between
stable isotopes '#O and '60.
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polished to provide an even surface for electron-probe microanalyses (EPMA). This
was accomplished using three different alumina suspensions (6 pm @, 1 ym @, 0.05
pm ), in that order) for approximately 10 minutes each on a grinding disc (Buehler

Ecomet 4). Finally the surface was coated with carbon vapor.

2.1.2 Box Corer Samples (GKG)

During M70/1-cruise a box corer (GKG) with a box size of 50x50 cm and 50 cm
height was used for the sampling of undisturbed surface sediments. 8 of 10 box-
cores were successful and recovered an average of 40 cm sediment (FREIWALD &
SHIPBOARD SCIENTIFIC PARTY, 2006). Subsamples of the uppermost 1 cm of the
sediment column, 8 X8 c¢m in size were taken for benthic foraminifera studies, stained

with rose bengal and stored at 4°C.

Five of these samples, their sampling locations being in the vicinity of the coral
sampling locations, were chosen for stable isotope analysis of living foraminifera.
The samples are listed in Tab. A.3. Stable isotope analysis was performed on
five specimens of the two epibenthic species Cibicidoides wuellerstorfi and Cibicides

kullenbergi taken from the >250-500 pm fraction.

2.1.3 Water Samples

Water was sampled during all three research cruises. During M70/1-cruise samples
were taken within the water column and 10 m above seafloor with water sampler bot-
tles (Niskin-type, 10 1) mounted on a rosette housing. Sampling during cruises P325

and AL275 was identical except for sampling seawater 13 to 15 m above seafloor.

At coral sampling locations, water samples were taken using a Niskin bottle
attached to the ROV, or, in case of AL275-cruise, with a 5 1 Niskin bottle attached
to submersible JAGO (IFM-GEOMAR, Kiel, Germany). Tab. A.4 gives an overview

of all water samples analyzed in this study.

Samples were filled on board into 125 ml glass bottles, poisened with 200 ul of
saturated mercury chloride (HgCly) to prevent further degradation or oxidation, and
sealed for stable isotope analysis (6O, ). For major and trace element analyses,
samples were filtered (0.2 pm), filled into 20 ml plastic vials and acidified with 200
pl of concentrated nitric acid (65% HNOj3) to prevent oxidation.
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2.1.4 CTD Data Acquisition

On research cruise M70/1 a SeaBird Electronics (model 911 plus type) CTD system
was used to measure oceanographic parameters (conductivity, temperature, pressure,
dissolved oxygen, sound velocity) at 36 stations. The CTD stopped approximately
10 m above seafloor (bottom alarm) and then returned to the surface. Data were
recorded continuously but were averaged per meter depth. Only the "downcast”-
datasets of conductivity (salinity), temperature, and pressure (depth) measurements

were used for evaluation.

Another CTD sensor was installed on the ROV for direct measurements at sam-
pling locations. Salinity calculated from conductivity recorded with this device
showed a constant offset of 0.31 (16=0.01) to the rosette-CTD values. Therefore
salinity values from the ROV-CTD were corrected by adding this offset to the orig-

inal value.
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2.2 Methods

2.2.1 Electron-Probe Microanalysis (EPMA)

Coral aragonite was investigated for the distribution of major elements using the
Jeol JXA-8200 EPMA (Electron Probe Microanalyzer) at IFM-GEOMAR, Kiel. X-
ray detection took place using the device’s wavelength dispersive X-ray spectrometer

(WDS).

Element mappings were performed on an area of approximately 2 mm? within the
longitudinal sections from the inside to the outside of the thecal wall. A resolution
of 3x3 pm was used to determine the distribution of the elements Ca, Mg, Sr, S and
P. Measurement was carried out with an acceleration voltage of 15 kV, 200 ms dwell
time, a beam current of 50 nA, and a beam diameter of 1 ym. The spectrometer

configuration is listed in Tab. 2.1.

Table 2.1: EPMA-configuration of the wavelength dispersive X-ray spectrometer
system for element mappings.

Element | Crystal Spectral
Position [nm]
Ca TAPH 107.687
Mg PETH 172.131
Sr PETJ 107.563
S TAP 75.140
P PETH 197.088

Quantitative measurements were carried out as discrete profile measurements
within the previously mapped area to later calibrate the element mappings. An ac-
celeration voltage of 15 kV, a beam current of 10 nA and a beam diameter of 10 pym
were set. A sampling interval of 20 pum across the thecal wall was chosen, starting
at the outer rim. The element mappings showed that concentrations of phospho-
rus were within the limits of detection (LOD), so manganese was tested instead,
but the results showed that Mn-concentrations were also within LOD. Smithsonian
microbeam standards (JAROSEWICH, 2002) were used as reference. Peak and back-

ground counting times as well as used standards are listed in Tab. 2.2.

A comparison between the measurements conducted on the microbeam standards
and published data yields good deviations of ca. 1% for calcium- and magnesium-
concentrations and moderate deviations of ca. 5% for the concentrations of sulfur
(Tab. A.5).

Problems occurred with the chosen EPMA-configuration for the determination of

strontium-concentrations. The reason for this is the general problem, that no mi-



2.2 Methods

22

Table 2.2: EPMA-configuration for quantitative measurements.

Element | Standard | Crystal | Peak Cnt. | BG Cnt.
Time [s] | Time [s]
C Calcite LDE1H 10 20
Ca Calcite PETJ 10 20
Mg VG-2 TAP 10 20
Mn VG-2 PETJ 15 30
S VG-2 PETH 20 40
Sr KAN-1 TAP 30 60

crobeam standards are available for carbonate materials, which can be used to deter-
mine Sr-concentrations. The common procedure for Sr-determination using EPMA
is the calibration against the KAN-1-standard, a feldspar mineral (anorthoclase)
containing also a great amount of silicon. Spectral positions for silicon and stron-
tium are too close to precisely measure Sr within minerals like carbonates containing
no silicon. In this case carbonate samples had too low Sr-concentrations by a factor
of 2.

Results were calculated as wt.% of the corresponding oxides. Outlying data have
been corrected for further processing, although mean total oxid masses were always
> 95 wt.%. Variations in the total oxid masses are mainly due to carbon being
vaporized from the sample surface by the electron beam, which normally does not
influence measurement of the other elements. However, this was further controlled
by means of the precision of the CaO-results. Thus, data were classified as outlying
and removed from the dataset when the CaO-results were not within the interval of

51-55 wt.%, as was the case for 10 out of 676 quantitative measurements.

To obtain molar element ratios, first oxid masses of the elements were normalized
to the total oxid masses and then converted into mol% (Eq. 2.1). They could then
simply be calculated as fractions of element-mol% relative to calcium and are given

in units of mmol/mol.

( Owid;[wt. %) )
. zid;[g/mol])-S " Oxid; [wt.%
Ovidifmol %] = | — Ol Snale ) o

Z (M(Om’di [g/mol])-zi Ozxid; [wt. %]

(2.1)

Correcting Inaccurate Determinations of Strontium

Sr-concentrations were determined on the basis of an internal carbonate standard
using the same measurement configuration as for the coral samples. The standard
material, a carbonate powder (A-2 modern coral standard, provided by H. Elder-

field, Univ. Cambridge) containing crystals > 500 pm in diameter, was pressed,
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embedded with epoxy and polished. EPMA-measurements were conducted on the
visible crystals only. Concentrations of strontium within this material have been

determined by OHDE ET AL. (1978) using neutron activation analysis.

Because EPMA-analysis provided high-precision values for SrO (2.7%RSD, N = 19)
with a deviation of -54% of the Sr-concentration to the published value, a correction

factor of
F=2194+0.06

could have been calculated. This factor was then used to correct the quantitative
measurements for Sr conducted on the cold-water coral samples. Results are in ac-
cordance with LA-ICP-MS measurements carried out by Paolo Montagna (ICRAM,
Rome, Italy) at ANU-RSES, Canberra, Australia, in 2007 on the same coral sam-
ples.

Processing of EPMA-Data

To generate high-resolution profiles of molar Mg/Ca-, Sr/Ca-, and S/Ca-ratios, the
element mappings were further processed. For each sample three parallel profiles, 50
pm apart from each other, were laid on the mappings at the location of the quanti-
tative measurements, roughly perpendicular to the coral’s growth banding, applying
the EPMA-software. Measured intensities of the elements Ca, Mg, Sr, and S along
the profiles were then converted into concentrations. This was accomplished using
a linear fit between the minimum, maximum, and mean values of the measured in-
tensities (mappings) and the measured concentrations (quantitative measurements).
Molar element ratios were then calculated as fractions of the element concentrations
and finally an average of the three profiles was generated. To eliminate the noise
in the data, which reflect a sampling interval of 3 gum, a 10 point-smoothing (10pt)
was applied to the calculated ratios, thus averaging the data over a distance of 27

pm.

To find periodicities eventually hidden within the high-resolution profiles of the mo-
lar element ratios, spectral analysis was performed. Therefore the Blackman-Tukey
method (BLACKMAN & TUKEY, 1958) was applied to the unsmoothed average pro-
files using the program "Analyseries” (V.2.0.4.2). Results are given as power spectra

over units of length.

2.2.2 ICP-MS

Water samples were analyzed for trace element concentrations using an Agilent
7500cs Quadrupol ICP-MS at the Institut fiir Geowissenschaften (IfG), Universitét
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Kiel. Measured elements were "Li, 83Rb, 8Sr, %Mo, '2!Sb, 133Cs, 3¥Ba, and 238U.
The experimental set-up consisted of a pneumatic nebulizer, an Ar-plasma, an inter-
face made of Ni-Ce-cones, and a collision cell working in He-mode. Analysis included

3 replicate measurements per sample.

12 water samples representing different water depths in low saline North Atlantic
and high saline Mediterranean waters were analyzed. Sample preparation included
an adding of 9200 pl of diluted HNO3 (2%) to 800 ul of the original sample, resulting

in a dilution of 1:12.5, as well as an addition of an internal standard (BIR?).

In order to assess analytical accuracy and precision, blanks, a IAPSO seawater stan-
dard, and one duplicate sample were measured. Blanks are made of ultrapure water
(ELGA, 18.2 M)/cm), acidified with 200 pl of HNO3 (2%). Results for analytical
assessment show a contamination of the used IAPSO with barium, moderate to poor

(4-10%) accuracy and good to moderate (0.5-5%) precision of the measurements

(Tab. A.6, A.7).

2.2.3 ICP-OES

Determination of major and trace element concentrations within the water samples
was performed using an Spectro Ciros CCD SOP ICP-OES at the Institut fiir Ge-
owissenschaften, Universitit Kiel. The determination of Ca, Mg, Sr, B, and Ba,

included 5 replicate measurements per sample.

Sample preparation of 45 analyzed water samples included a 1:50 dilution of 200 pul
of the original sample with 9800 ul of diluted HNOj3 (2%).

Calibration of the measured intensities (counting rates) into element concentrations
had to be done manually. This was accomplished by calculating calibration factors

from the measurements of 3 calibration standards.

Blanks, a IAPSO seawater standard, and five duplicate samples were measured to
evaluate analytical assessment. As for the ICP-MS, results show a contamination of
the used IAPSO seawater standard with barium. Accuracy for calcium is excellent
(0.02%), whereas accuracy for magnesium and strontium is moderate (3-4%), and
poor for boron (17%). The precision of the measurements lies between 1 and 6%,

except for barium with an insufficient precision of up to 116% (Tab. A.8, A.9).

The calculation of molar element ratios is based on element concentrations. Here,
accuracy for Mg/Ca and Sr/Ca is moderate (3%), and poor for B/Ca (18%). Pre-
cision for Mg/Ca and Sr/Ca is excellent (<0.53%), good to moderate for B/Ca

3 Beryllium Indium Rhenium
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(<4%) and insufficient for Ba/Ca with up to 70% RSD. Therefore results for molar
Ba/Ca-ratios were not evaluated (Tab. A.10, A.11).

2.2.4 U/Th-Dating

Dating of fossil corals was carried out by Malcolm McCulloch (ANU-RSES, Research
School of Earth Sciences, The Australian National University, Canberra, Australia)
in 2006/07 using the U/Th-method.

The method is well described in the literature (e.g. EDWARDS ET AL., 1987; COBB
ET AL., 2003; TUREKIAN & BACON, 2003) and provides reliable 2**Th-ages for deep-
sea corals (ADKINS ET AL., 1998; CHENG ET AL., 2000). As carbonates accumulate
(i) from seawater that is essentially free of ?°Th, and (ii) without a large degree
of fractionation of thorium from uranium, it is based on radioactive incorporation
of 22°Th into the coral skeleton over time toward secular equilibrium with 2**U and
2341, Ages can be calculated from radiogenic ?°Th, 24U, and 238U activities, if the
coral remains a closed system with respect to U and Th. With current measure-
ment techniques this method yields accurately determinable ages as great as 550 ka
(TUREKIAN & BACON, 2003).
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2.3 Paleotemperature Reconstructions

2.3.1 Sr/Ca-Ratios

Seawater temperature and strontium content of both inorganically precipitated and
coral aragonite show an inverse relationship (LEA, 2003). Consequently there have
been several attempts to develop paleotemperature equations based on coral Sr/Ca
and seawater temperature. However, Sr/Ca-ratios in coral aragonite are known to
be influenced by (i) growth rate and symbiont activity (e.g. DE VILLIERS ET AL.,
1994; COHEN ET AL., 2001; COHEN ET AL., 2002), and (ii) secular shifts in seawater
Sr/Ca on glacial-interglacial timescales (e.g. STOLL & SCHRAG, 1998). Following
COHEN ET AL. (2002) the main influence on the slope and therefore the temperature

sensitivity of these linear equations might be due to algal symbionts.

Most calibrations are available for zooxanthellate coral species Porites (e.g. DE VIL-
LIERS ET AL., 1994; GAGAN ET AL., 1998; SINCLAIR ET AL., 1998; COHEN ET AL.,
2001; COHEN ET AL., 2002), while there are only few calibrations for inorganically
precipitated aragonite (KINSMAN & HOLLAND, 1969; COHEN ET AL., 2006) or cold-
water coral species (COHEN ET AL., 2002; COHEN ET AL., 2006).

In this study the Sr/Ca-temperature relationship from COHEN ET AL. (2006) for

cold-water coral species Lophelia pertusa was used:

Sr/Ca[mmol /mol] = —0.18 x T[°C] + 11.44 (2.2)

The slope in Eq. 2.2 represents the temperature-sensitivity estimated for Sr/Ca-
variations in Lophelia pertusa. Dividing the residual Sr/Ca of the mean Sr/Ca by

this slope thus results in a temperature anomaly.

2.3.2 "Lines Technique”

If a 6'3C vs. 60 regression line from an individual coral could be generated, the
oxygen isotope ratio (6'%0;) corresponding to the carbon isotope ratio of dissolved
inorganic carbon (6'3Cp;c) and corrected for the oxygen isotope ratio of seawater

(6'804,) is a linear function of temperature (SMITH ET AL., 2000):

_ 0"80; — 680, — 4.97
- —0.25

T[°C) (2.3)
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Figure 2.1: Principle of the "lines technique™method: First a §'3C vs. §'%0 regres-
sion line for sample M70/1-721 Dive-106 (RED) is generated. Then the §'%0; value,
corresponding to 6'3Cpyc is retrieved. This value is assumed to be equal or close to
the 680 value of isotopic equilibrium with seawater, and, corrected for §'8Qy,, is a
linear function of temperature (SMITH ET AL., 2000; LUTRINGER ET AL., 2005).

The principle of this method, also known as the "lines technique”, of how to retrieve

the §'80; value from the regression line is illustrated in Fig. 2.1.

Coral 6*3C, coral 680 and §'3Cpc are reported against the PDB* standard, while
the 680 value of the ambient water is reported against the SMOW? seawater stan-
dard. Annual average 6'¥Qy,, can be retrieved from the NASA-GISS global seawater
oxygen-18 database (SCHMIDT ET AL., 1999).

If the isotopic composition of the seawater is not known as is the case for the fossil

coral specimens, SMITH ET AL. (2000) give the following equation, assuming that
(513CD[C’:(51803U,:02

080, —4.51

el —0.22

(2.4)

4 A carbonate standard material, referring to a belemnite from the Peedee Formation of South
Carolina, USA (e.g. COPLEN ET AL., 1983).
5 Standard Mean Ocean Water
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§'80; is assumed to be equal to the §'8O-value of isotopic equilibrium (IE) with
seawater. Recent isotopic equilibria for oxygen (6'*0;g) in skeletal aragonite can be
calculated using the temperature-fractionation relationship of BOHM ET AL. (2000),
who worked on the Caribbean coralline sponge Ceratoporella nicholsoni, that pre-

cipitates close to oxygen isotopic equilibrium:

200 - Tann.mean [o C]
4.42

580, = 680, = + 50, (2.5)

Here, §'%0,, is the 60 value of the aragonite sample versus PDB, and T is the
annual mean temperature, which can be retrieved from the eWOCE oceanographic

atlas (http://www.ewoce.org/).

The calculation of carbon isotopic equilibrium with seawater (6'*C;g) followed the
result of ROMANEK ET AL. (1992), where aragonite-HCO3 fractionation is indepen-

dent of temperature and the enrichment factor for aragonite averages 2.7%0 PDB:

5130[E - 5130D[C —|— 27%0 (26)

Oceanographic data to calculate paleotemperatures at coral sampling locations using
the equations from SMITH ET AL. (2000) are listed in Tab. 2.3. In this table all
61804, are taken from STENNI ET AL. (1995), except for the Urania Bank location,
which is taken from PIERRE ET AL. (1986). The values are close to that of the
analyzed water samples collected directly at the coral sampling locations, which
were used in the calculations. However, no water samples were directly collected at
the Urania Bank coral sampling location. Consequently the §'80,,, value in Tab. 2.3
is that of water sample M70/1-678 (620 m) sampled within the immediate vicinity

and within the same depth interval as the coral specimen.

In Tab. 2.3 6'3Cp;c is the §'3C value of the epibenthic foraminifera C. wuellerstorfi
from the box corer samples. GKG sample M70/1-712-1 was assumed to best repre-
sent the 63Cpy¢ at the coral sampling locations in the Bari Canyon, Gondola Slide,
and Santa Maria di Leuca Reef Province (recent coral specimens), while the BChrc
at the location of sample CR-22L (12.4 ka) is reflected by GKG sample M70/1-710-
2. The stable carbon isotope value for DIC at the Urania Bank sampling location
is mirrored by GKG sample M70/1-668-2 (Tab. 2.3, Tab. A.14).

Annual mean temperatures used in the calculations are from the eWOCE oceano-
graphic atlas, that are also close to the observed temperatures during M70/1 cruise
(Tab. 2.3).


http://www.ewoce.org/
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Table 2.3: Recent oceanographic data and isotopic equilibria for aragonite at coral

sampling locations.

Location 680, [Y%o0 SMOW] | §¥Cpe Tannmean |°C|
NASA M70/1 [%0 PDB] | e WOCE M70/1
SE06-13L 1.62 X 1.56 13.3 13.6
CR-22L 1.47 X 1.63 12.9 13.8
M70/1—721 Dive-106 1.42 1.39 1.56 13.5 13.6
M70/1-752 Dive-111 1.51 1.40 1.56 13.3 13.5
M70/1-677 Dive-100 1.65 1.26 1.54 13.7 14.0
Location RO IBCrp
[%0 PDBJ|* | [%0 PDB]J®
SE06-13L 3.14 1.26
CR-221, 3.07 4.33
M70/1-721 Dive-106 2.86 4.26
M70,/1-752 Dive-111 2.92 4.26
M70,/1-677 Dive-100 2.69 4.24

a calculated after BOHM ET AL. (2000)

b

calculated after ROMANEK ET AL. (1992)
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3 Results

3.1 Dating Results

U/Th-dating resulted in ages of 17550456 calendar years before 1950 (denoted by
cal. yr BP, or 17.6 ka) for coral sample SE06-13L collected in the Bari Canyon,
and of 12435476 cal. yr BP (12.4 ka) for coral sample CR-22L originating from the
Santa Maria di Leuca Reef Province. Fossil coral samples therefore lived in times of

the late glacial period and the Younger Dryas cold interval.

3.2 Distributions of Elements and Isotopes in

Coral Aragonite

3.2.1 Element Mappings

Element mappings were carried out to investigate the distribution of major elements
within the coralline aragonite in order to (i) find suitable locations for quantitative

measurements and (ii) to generate high-resolution profiles of molar element ratios.

For each coral sample the figures showing the mappings of the elements Mg, Ca, S,

and Sr are given in the appendix.

In sample SE06-13L (17.6 ka) magnesium-concentrations vary between 0.059 mol%
and 0.371 mol%, with a mean of 0.123 mol% (Tab. 3.1). Magnesium content in-
creases with increasing distance from the outer rim and shows a maximum in the
upper right corner of the mapping (Fig. A.1). Here a lineation of bright white car-
bonate crosses the mapping area. Optical dense (opaque) banding structures, diffi-
cult to identify in photographs or by optical microscope is indicated in the mapping
by slightly higher Mg-concentrations. Calcium shows concentrations of 45.8-51.6
mol% (=49.6 mol%), with increasing values towards the outer rim. Structures
like the opaque bandings cannot be clearly identified, but areas characterized by
lower Ca-concentrations to a small degree reflect areas of higher Mg-concentrations.
Concentrations of sulfur (0.220-0.319 mol%; =0.269 mol%) and strontium (0.464-
0.580 mol%; =0.515 mol%) are more homogeneously distributed, but the content
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of sulfur is slightly decreasing towards the outer rim. While strontium shows a max-
imum in the lower right corner of the mapping, sulfur-concentrations are minimal at
the same location. Variations within the concentration of both elements indicating
other structures are not clearly visible, but areas of higher S and Sr content reflect

areas of higher Mg content.

Table 3.1: Average concentrations of Mg, Ca, S, and Sr as determined by the quan-
titative measurements of the coral specimens.

Sample ID N Mg Ca S Sr
[mol%| [mol%] [mol%| [mol%]

SE06-13L (17.6 ka) 145 | 0.123 49.6 0.269 0.515

CR-22L (12.4 ka) 101 | 0.132 49.0 0.265 0.484

M70/1-721 Dive-106 (RED) | 143 | 0.161  49.3  0.314  0.490
M70/1-721 Dive-106 (WHITE) | 92 | 0.145  49.8  0.300  0.488
M70/1-752 Dive-111 95 | 0.163 505  0.309  0.494
M70/1-677 Dive-100 90 | 0.149  49.7  0.306  0.497

Concentrations of Mg in sample CR-22L (12.4 ka) vary between 0.060 mol% and
0.212 mol% (z=0.132 mol%) and are therefore on average higher than in sample
SE06-13L (17.6 ka) (Tab. 3.1). Maximal Mg-concentrations are observed within
the inner part of the theca, again along a line of bright white carbonate (Fig. A.2).
Higher magnesium contents reflecting the opaque bands are more clearly visible here
than in the previous sample. The pattern is also visible in the mapping of Ca, but in
terms of lower instead of higher concentrations within the opaque bands. Variations
lie between 45.3 mol% and 51.2 mol% (12=49.0 mol%) and minima are observed at
the outer rim as well as at the location of the bright white carbonate lineation to the
outer right of the mapping. Sulfur contents (0.232-0.309 mol%; =0.265 mol%) also
show a local maximum here and the banding pattern is indicated to a small degree
with higher S-concentrations in the bandings. Anyway the distribution of S and Sr
is again more homogeneously than that of Mg and Ca. Strontium-concentrations
(0.431-0.523 mol%; 11—0.484 mol%) are lower than in sample SE06-13L (17.6 ka)

and also show a maximum to the right of the mapping.

The aragonite skeleton of Lophelia pertusa in sample M70/1-721 Dive-106 (RED)
shows homogeneously distributed concentrations of calcium (47.4-51.3 mol%; 1—=49.3
mol%) and sulfur (0.243-0.346 mol%; =0.314 mol%) with extrema on the inner
rim of the theca (Fig. A.3, Tab. 3.1). Thus, sulfur is more concentrated within this
sample than in both fossil samples. High Ca-values are concentrated on the inner
rim, while S is depleted. Mg-contents (0.047-0.230 mol%; a=0.161 mol%) again
reflect the opaque bands with increased concentrations within the bands. Overall
Mg is higher concentrated than in the fossil specimens and minimum concentrations
are observed on the inner rim. As calcium, strontium-concentrations (0.433-0.567

mol%; =0.490 mol%) show highest values on the inner rim and also an area roughly
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500 pm apart from the outer rim has slightly higher concentrations. In this part of

the skeleton also Mg has lower-than-average concentrations.

Sample M70/1-721 Dive-106 (WHITE) is characterized by Mg-concentrations of
0.052-0.244 mol% (f=0.145 mol%), Ca-concentrations of 45.8-51.7 mol% (=49.8
mol%), S-concentrations of 0.205-0.342 mol% (=0.300 mol%), and Sr-concentrations
of 0.420-0.534 mol% (f=0.488 mol%) (Tab. 3.1). Contents of Mg and S are lowest at
the inner rim, where Ca- and Sr-concentrations show a maximum (Fig. A.4). While
sulfur is distributed homogeneously, magnesium, calcium and to a small extent also
strontium reflect the opaque banding pattern. Mg-concentrations are higher within
the bandings, whereas Ca and Sr show lower concentrations there. The shape of the

banding pattern is unregularly curved.

Mg-concentrations in sample M70/1-752 Dive-111 are 0.163 mol% on average with a
variation between 0.073-0.274 mol% (Tab. 3.1). Opaque banding is clearly reflected
by increased Mg content (Fig. A.5). Apart from two areas in the vicinity of the inner
rim with strong magnesium-concentrations, content of Mg is decreasing towards the
outer rim, while a minimum is observed at the inner rim. This pattern is reflected
in concentrations of sulfur (0.265-0.355 mol%; j1=0.309 mol%) and mirrored in con-
centrations of strontium (0.448-0.544 mol%; =0.494 mol%). Ca has concentrations
of 48.6-52.0 mol% (z=>50.5 mol%) and runs parallel to the distribution pattern of
Mg, with lowest values within the areas of the opaque banding and highest values

at the inner rim.

In contrast to the other samples, mappings of sample M70/1-677 Dive-100 from the
Urania Bank show more inhomogeneous distributions of S and Sr (Fig. A.6). While
concentrations of sulfur vary between 0.252-0.347 mol% (71—0.306 mol%) and that
of strontium between 0.435-0.567 mol% (i1—0.497 mol%), their distribution pattern
is directly opposite of each other. Sulfur contents increase toward the outer rim
and are minimal in the vicinity of the inner rim where a narrow lineation with in-
creased S content additionally crosses the mapping. As it is shown in the mapping
of magnesium, which reflects the distribution pattern of sulfur, increased concen-
trations of Mg and S reflect the opaque banding of the coral. Mg-concentrations
vary between 0.048-0.293 mol% with an average of 0.149 mol% (Tab. 3.1). Calcium
on the other hand reflects the distribution pattern of strontium with concentrations
varying between 47.6-51.1 mol% (f=49.7 mol%).

Interestingly, in all samples the distribution patterns of calcium and strontium and
of magnesium and sulfur are similar, while distribution patterns of magnesium and
strontium seem to be opposite. This was quantitatively verified by performing cor-

relation analyses of linear dependency between the element concentrations obtained
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from the quantitative measurements. Tab. 3.2 summarizes the results of these anal-
yses, giving the Pearson product-moment correlation coefficient (PMCC, denoted
by r) with a confidence level of 95%.

Table 3.2: Results of correlation analyses (linear regression) of element concentrations
obtained by the quantitative measurements of the coral specimens. Confidence level

of r is 95%.

Sample ID N | Cavs. Mg vs. Mg vs.
Sr S Sr
SE06-13L (17.6 ka) 145 | 0.221 0.508 0.482
CR-22L (12.4 ka) 101 | 0.448 0.418 0.088
M70/1-721 Dive-106 (RED) 143 | 0.410 0.341 -0.055
M70/1-721 Dive-106 (WHITE) | 92 | 0.426 0.251 -0.212
M70/1-752 Dive-111 95 | 0.144 0.320 -0.235
M70/1-677 Dive-100 90 | 0.344 0.372 -0.635

3.2.2 High-Resolution Profiles of Molar Element Ratios

The profiles described in the following part reflect a high-resolution signal of molar
Mg/Ca-, Sr/Ca-, and S/Ca-ratios from the outer rim to the internal of the coral
theca, roughly perpendicular to the corals’ opaque banding, which is best indicated
by the mapping of magnesium-concentrations. A summary of the mean values and
standard deviations (1o) of the molar ratios observed within the coral specimens is

given in Tab. 3.3.

Comparing averages and standard deviations of the ratios within the different sam-
ples give the following results: regarding Mg/Ca and S/Ca, averages are lower for
the fossil than for the recent coral specimens, while the Sr/Ca-average is highest for
the 17.6 kyr-old sample (Tab. 3.3). Standard deviations of Mg/Ca and Sr/Ca are
also greater in the recent corals than in the fossil ones, whereas no trend can be

observed for 1o of S/Ca-ratios.

Table 3.3: Average values (it1lo) of Mg/Ca-, Sr/Ca-, and S/Ca-ratios as observed
within the high-resolution profiles of the coral specimens.

Sample ID N Mg/Ca Sr/Ca S/Ca
[mmol/mol] [mmol/mol| [mmol/mol]
SE06-13L (17.6 ka) 973 | 2.47+048  10.33£0.15  5.3240.20
CR-22L (124 ka) 680 | 2.63+0.31 9.77+0.17 5.41+0.13
M70/1-721 Dive-106 (RED) 981 | 3.12+£0.52 9.75+0.23 6.1140.20
M70/1-721 Dive-106 (WHITE) | 570 | 2.8340.52 9.5940.21 5.77+0.24
M70/1-752 Dive-111 635 | 3.30£0.67 9.77+0.18 6.1940.20
M70/1-677 Dive-100 602 | 3.09+0.60 10.0840.26  6.00+0.17
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Fig. 3.1 shows the variation of molar ratios within sample SE06-13L (17.6 ka).
Mg/ Ca varies between 1.40-5.25 mmol/mol with an average of 2.47 mmol/mol (Tab.
3.3) and increases progressively towards the inner rim of the theca. The maximum
of 5.25 mmol/mol is reached where the formerly described lineation of bright white
carbonate crosses the mapping (Fig. 3.1). Sr/Ca varies less extensive than Mg/Ca
between 9.85-11.06 mmol/mol (=10.33 mmol/mol). Although the maximum value
is reached at the same location as for Mg/Ca, a general trend of increasing or
decreasing values towards the inner rim cannot be observed. Rather the smoothed
10pt-curve (p. 23) reflects a cyclic variation of Sr/Ca-ratios about the average
within the lo-boundaries of 0.15 mmol/mol. Like Mg/Ca-ratios, S/Ca-ratios show
a trend of increasing values towards the inner rim. Variation lies between 4.78-
5.97 mmol/mol with an average of 5.32 mmol/mol, but a single maximum clearly
reflecting the carbonate lineation in the inner part of the skeleton, as observed for
Mg/Ca and Sr/Ca, is not visible. A cyclic pattern of the S/Ca-curve is indicated,

but not as clear as for the Sr/Ca-curve.

In sample CR-22L (12.4 ka) the average values are higher for Mg/Ca (i=2.63
mmol/mol) and S/Ca (z=5.41 mmol/mol) and lower for Sr/Ca (=9.77 mmol/mol)
than in sample SE06-13L (Tab. 3.3). While variations of Mg/Ca lie between 1.72-
3.60 mmol/mol, a general trend of variation within the carbonate is not as clear as in
the previous sample. Local extrema reflect the opaque banding pattern visible in the
Mg-mapping, most obviously on the inner rim, where the maximum is reached (Fig.
3.2). This is again not the case for Sr/Ca and S/Ca, which vary between 9.28-10.33
mmol/mol and 5.03-5.85 mmol/mol, respectively. Periodicity of the signals seems
to be present in all ratio-profiles, but is most imminent for Sr/Ca with an almost
stable variability of the 10pt-curve within lo-boundaries of +0.17 mmol/mol. For
S/Ca the maximum is reached at the outer rim of the theca and a trend of increasing

values towards this rim is indicated.

Both, Mg/Ca- and S/Ca-ratios in sample M70/1-721 Dive-106 (RED) are on average
higher (z=3.12 mmol/mol; g=6.11 mmol/mol) than in the two fossil specimens
(Tab. 3.3). The mean Sr/Ca-value (1=9.75 mmol/mol) is smaller than that of
sample SE06-13L (17.6 ka) but almost equal to that of sample CR-22L (12.4 ka).
Mg/Ca varies between 1.12-4.41 mmol/mol, Sr/Ca between 9.18-10.57 mmol/mol,
and S/Ca between 5.13-6.62 mmol/mol. Extrema are observed on the inner rim,
with a maximum for Sr/Ca and minima for Mg/Ca and S/Ca (Fig. 3.3). The
variability of the 10pt-Sr/Ca-curve lies within 1o-boundaries of +0.23 mmol/mol.
Again, Sr/Ca and S/Ca inhibit a cyclic pattern that is more clear for Sr/Ca and
only weakly present for Mg/Ca.
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In sample M70/1-721 Dive-106 (WHITE) Mg/Ca-ratios vary between 1.56-4.32
mmol/mol and are on average smaller (=2.83 mmol/mol) than in sample M70/1-
721 Dive-106 (RED), but the average is still higher than in both fossil samples (Tab.
3.3). The same is the case for S/Ca-ratios that vary between 4.71-6.50 mmol/mol
having an average around 5.77 mmol/mol. Sr/Ca lies between 8.97-10.39 mmol /mol
with a mean value of 1=9.5940.21 mmol/mol (1o). As indicated in Fig. 3.4 the
cyclicity for Sr/Ca- and S/Ca-ratios is not as imminent in the 10pt-curves as in
the previous samples. Furthermore, Sr/Ca mirrors to a small degree the pattern of
Mg/Ca, which clearly reflects visible skeletal structures as can be seen in the map-
ping of Mg-concentrations. Thus, Sr/Ca shows local maxima, where local minima
for Mg/Ca are present. The opposite can be observed for S/Ca, where local maxima
correspond to maxima in Mg/Ca, but within a smaller variability. However, general
trends of higher or lower values towards any direction cannot be identified in any of

the profiles.

Sample M70/1-752 Dive-111 from the Gondola Slide has Mg/Ca-ratios that vary
between 1.64-4.96 mmol/mol (z=3.30 mmol/mol), Sr/Ca-ratios between 9.26-10.39
mmol,/mol (z=9.7740.18 mmol/mol, 1), and S/Ca-ratios between 5.47-6.81 mmol/
mol (z=6.19 mmol/mol) (Tab. 3.3). Fig. 3.5 shows highest values for Mg/Ca
at the location of the two opaque bands visible in the Mg mapping. Within the
approximately 0.9 mm wide area characterized by these bands, Sr/Ca and S/Ca
also show stronger-than-average variations. Interestingly the maximum in Mg/Ca
at a distance of about 1.3 mm from the outer rim corresponds to maxima of Sr/Ca
and S/Ca, while the Mg/Ca maximum at a distance of about 1.6 mm from the outer
rim corresponds to local minima in both Sr/Ca and S/Ca. Periodicities within the

signal of all three ratio profiles can not be clearly identified at first glance.

Urania Bank sample M70/1-677 Dive-100 shows an average Sr/Ca value of 10.08
mmol/mol (£0.26 mmol/mol, 1o) that lies between that of the recent coral spec-
imens and that of sample SE06-13L (17.6 ka) (Tab. 3.3). However, Sr/Ca varies
between 9.36-10.98 mmol/mol and its smoothed 10Pt-curve is characterized by a
clear periodicity of the signal (Fig. 3.6). Mg/Ca lacks this periodicity in terms of a
stable variation. The signal varies between 1.68-5.42 mmol/mol with an average of
3.09 mmol/mol. Highest values are observed at locations of opaque bands. Towards
the inner rim ratios abruptly decrease at a distance of about 1.3 mm from the outer
rim. At the same location a minimum is present in S/Ca-ratios, but no global ex-
tremum can be observed for Sr/Ca. S/Ca-ratios are increasing towards the outer
rim from their minimum at 1.3 mm, varying between 5.49-6.45 mmol/mol (=6.00
mmol/mol). It might be of importance, that from 0.6-1.2 mm distance from the
outer rim Sr/Ca-ratios drop below average and show less intense variation, while

Mg/Ca-ratios are highest from 0.8-1.2 mm distance from the outer rim. Here,
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S/Ca-ratios show no abnormal variations.

Results of linear correlation analyses between the obtained (unsmoothed) high-
resolution profiles of molar ratios is given in Tab. 3.4. As for the correlation
analyses of element concentrations (Tab. 3.2), the Pearson product-moment cor-
relation coefficient is calculated with a confidence level of 95% and shows similar

results.

Highest correlation coefficients are found for linear regressions between Mg/Ca and
S/Ca, with positive values only, ranging from 0.076 to 0.594. r is also positive for
correlations between Mg/Ca and Sr/Ca in fossil corals, but it is negative for recent
specimens. Maximum positive values are found for fossil sample SE06-13L (17. 6 ka)
(r=+0.305) and maximum negative values are present for both recent corals from
the Santa Maria di Leuca Reef Province (r=-0.349, r=-0.347; Tab. 3.4). Except
for sample M70/1-721 Dive-106 (RED) where r is negative (-0.244), correlation
coefficients are positive for correlations between Sr/Ca and S/Ca in recent and fossil

coral specimens, ranging from 0.032 to 0.207.

Table 3.4: Results of correlation analyses (linear regression) of molar element ratios
from the high-resolution profiles of the coral specimens. Confidence level of r is 95%.

Sample ID N | Mg/Ca vs. Mg/Ca vs. Sr/Ca vs.
Sr/Ca S/Ca S/Ca
SE06-13L (17.6 ka) 073 | 0.305 0.594 0.135
CR-22L (12.4 ka) 680 | 0.028 0.076 0.107
M70/1-721 Dive-106 (RED) | 981 |  -0.349 0.389 -0.244
M70/1-721 Dive-106 (WHITE) | 570 |  -0.347 0.114 0.154
M70/1-752 Dive-111 635 -0.002 0.530 0.207
M70/1-677 Dive-100 602 -0.105 0.202 0.032
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Sample ID:
M70/1-752 Dive-111, Gondola Slide
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Sample ID:

M70/1-677 Dive-100, Urania Bank
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3.2.3 Spectral Analysis

Within the high-resolution profiles of molar ratios a frequency interval of 0-25 mm™!

was investigated with a sample rate of 0.05 mm™*, corresponding to a range of 0.040—
20 mm. Only 7 of a total of 113 maxima in spectral power found within the profiles

have a periodicity that is greater than 300 pm.
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Figure 3.7: Spectral analysis of high-resolution Mg/Ca-ratio profiles.

The Blackman-Tukey power spectrum of the Mg/Ca-profiles of the analyzed coral
specimens is shown in Fig. 3.7. Strongest maxima are found for sample M70/1-721
Dive-106 (WHITE) at 189 um and 128 pum and for sample M70/1-677 Dive-100 at
194 pm and 118 pm. Weaker maxima are found at 92 ym and 66 pm for the white
L. pertusa and at 83 pm for the specimen from the Urania Bank. At 200 pym an
extremum is observed for fossil sample SE06-13L (17.6 ka), as well as at 136 um and
85 um. For the second fossil sample, CR-22L (12.4 ka), weak extrema are present at
148 pm and 88 pm. Close to these values are extrema for sample M70/1-721 Dive-
106 (RED): 132 pm, 91um, and 74 pm. Only one maximum could be identified for
sample M70/1-752 Dive-111 from the Gondola Slide (102 pm).

Extrema reflecting periodicities within the Mg/Ca-profiles, that are present in more
than one sample, group within three intervals: 189-200 pm (Bari Canyon, SML
WHITE, Urania Bank), 118-148 pm (all samples except for the Gondola Slide spec-
imen), and 83-102 pm (all samples).

Spectral power of the maxima, found within the Sr/Ca-profiles, is by a factor of

10 lower than in the Mg/Ca-profiles and lowest values are observed within samples
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Figure 3.8: Spectral analysis of high-resolution Sr/Ca-ratio profiles.

CR-22L (12.4 ka) (at 126 pm, 83 pm, 68 um) and M70/1-752 Dive-111 (at 233 pum,
111 pm, 87 pm, 69 pm). Most maxima are present for sample M70/1-721 Dive-106
(RED) (194 pm, 134 pm, 110 pm, 91 pm, 74 pm, 62 pm), while the remaining
samples only show three distinguishable extrema (Fig. 3.8): SE06-13L (17.6 ka) at
200 pm, 136 pm, and 92 pm, M70/1-721 Dive-106 (WHITE) at 163 pm, 113 pm,
and 73 pum, and the specimen from the Urania Bank at 155 pum, 90 pum, and 71
.

A grouping of maximum values is observable: 194-200 pm (SE06-13L (17.6 ka),
M70/1-721 Dive-106 (RED)), 126-155 pum (all samples except the white L. pertusa
from SML and the specimen from the Gondola Slide), and 83-92 pm (all samples
except for sample M70/1-721 Dive-106 (WHITE)).

The power spectrum observed for the S/Ca-ratio-profiles is comparable to that for
Sr/Ca regarding spectral power. The strongest peak is found for sample M70/1-721
Dive-106 (WHITE), at 145 pm, while a minor one is present at 71 pm (Fig. 3.9).
Second in strength are extrema for fossil sample SE06-13L (17.6 ka), at 190 pm, 142
pm, and 85 pm, followed by the red L. pertusa from SML with maxima at 211 pm,
137 pm, 88 pm, and 67 pm. Only weak undulations are found within the curves
representing samples CR-22L (12.4 ka) (at 192 pm, 116 pm, 87 pm) and M70/1-677
Dive-100 (at 185 pm, 117 gm, 80 pm), while the Gondola Slide specimen shows

maxima at 127 pym and 90 pm.

The peaks within the power spectrum of S/Ca concentrate in three intervals, like
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Figure 3.9: Spectral analysis of high-resolution S/Ca-ratio-profiles.
peaks for Mg/Ca and Sr/Ca: 185-211 pum (SE06-13L (17.6 ka), CR-22L (12.4 ka),

M70/1-721 Dive-106 (RED), M70/1-677 Dive-100), 116-145 pm (all samples), and
80-90 pm (all samples except for the white L. pertusa from SML).
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3.2.4 Stable C- and O-lsotopes

Of the six cold-water coral specimens investigated in this study, both fossil and two
of the recent examples were investigated for distributions of stable carbon (§'3C)
and stable oxygen (6'®0) isotopes. Analyses were carried out in 2007 by Matthias
Lopez Correa (GZN-IPAL, Erlangen) along profiles across the thecal wall, up to 7
mm in length and with a sampling resolution of 100 ym and in one case of about
73 pum. Results can be found in the appendix (Tab. A.13).

As can be seen in Fig. 3.10 linear relationships between carbon and oxygen isotopes
are present in all of the coral samples with both isotopic ratios becoming more

positive towards the outer rim.

While in sample SE06-13L (17.6 ka) 6'3C varies between -4.14%0 and +3.72%0
(i=+1.70%0), the average in sample CR-22L (12.4 ka) is more negative (g=-1.41%0)
as is the range of variation (-5.09%o to +1.32%0). The recent coral specimens are
even more negative regarding the content of stable carbon isotopes, i.e. 2C is
more enriched in relation to the PDB-standard: ji=-3.50%0 (-7.39%¢ to +0.86%) in
sample M70/1-721 Dive-106 (RED), and ji=-2.66%0 (-6.89%¢ to +1.25%0) in sample
M70/1-752 Dive-111.

Similar trends can be observed for 6'*O with average values being more positive in
the fossil samples (Fig. 3.10), indicating that '®O is more enriched in relation to the
PDB-standard. These vary between -1.71%0 and +2.16%0 (7=+0.35%0) in sample
M70/1-721 Dive-106 (RED) and between -0.92%0 and+2.59%0 (ji=-+0.99%0) in the
Gondola Slide coral sample. In the fossil specimen from SML (12.4 ka) an average
of 1=+2.82%¢ varying within a range of +0.96% to +4.06%¢ is observed and in
the oldest sample, SE06-13L (17.6 ka), values are even more positive ranging from
+2.33%0 to +5.50%0 (f=-+4.53%0).
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Figure 3.10: Profiles of stable C- and O-isotopes across the theca of two fossil and
two recent cold-water coral specimens starting at the outer rim. The measurements
were carried out by Matthias Lopez Correa (GZN-IPAL, Erlangen) in 2007. Note the
different scaling of the abscissae within the graphs.



3.3 Element Concentrations in Water Samples 48

3.3 Element Concentrations in Water Samples

3.3.1 Trace Elements (ICP-MS)

Trace elements, i.e. elements with average concentrations of less than 100 mg/1, have
been determined within water samples collected in the Norwegian Sea (P325-cruise),
NE-Skagerrak (AL275-cruise), and central Mediterranean Sea (M70/1-cruise).

Depth profiles representing the concentrations of the elements lithium, rubidium,
strontium, and molybdenum are illustrated in Fig. 3.11, and illustrated in Fig. 3.12
for the elements antimony, caesium, barium, and uranium. Results of the analyses
are listed in the appendix (Tab. A.15).

All elements except Sb and Ba show a similar distribution pattern: lowest element
concentrations are observed for the AL275-samples with a high variation between
10-85 m water depth, while P325- and M70/1-samples are characterized by almost
constant concentrations within the depth ranges of 170-600 m and 200-1200 m,
respectively, but always with higher element concentrations in water samples from
the Mediterranean (Figs. 3.11, 3.12).

Alkali Metals

Variations of Li lie between 133-166 ug/1 (AL275), 164-174 ug/1 (P325), and 188-
201 pg/l (M70/1), similar to that of Rb varying between 96-123 pug/l (AL275),
124-126 ug/l (P325), and 134-144 pg/l (M70/1). Concentrations of Cs are by a
factor of 400 smaller, ranging between 0.244-0.303 ug/1 (AL275), 0.297-0.303 ug/1
(P325), and 0.324-0.336 pg/1 (M70/1).

Alkaline Earth Metals

Sr shows highest concentrations of the investigated trace elements: 6351-8391 ug/1
(AL275), 8489-8528 ug/l (P325), 9210-9768 ug/l (M70/1), while alkaline earth
metal Ba only varies between 7.51-9.96 ug/1 (AL275), 5.70-6.05 ug/1 (P325), and
8.47-9.92 pg/l (M70/1). Concentrations of barium are higher in AL275-samples
than in P325-samples and close to that in M70/1-samples, what is not observed for

the other elements.
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Figure 3.11: Depth profiles of trace elements Li, Rb, Sr, and Mo.

The transition element Mo has concentrations similar to that of Ba, ranging between
9.7-12.6 pg/l (AL275), 12.7-12.8 g/l (P325), and 13.5-14.4 pg/1 (M70/1), while
concentrations of the metalloid Sb are close to that of Cs: 0.186-0.210 ug/1 (AL275),
0.187-0.236 ug/1 (P325), 0.213-0.239 pug/1 (M70/1). Although concentrations of
antimony are higher within M70/1-samples than in water samples from AL275- and

P325-cruises, variations observed are stronger than for the other elements. Finally,
actinid metal U was found to have concentrations between 2.57-3.23 ug/l (AL275),
3.20-3.26 pg/1 (P325), and 3.47-3.59 ug/1 (M70/1).
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Figure 3.12: Depth profiles of trace elements Sb, Cs, Ba, and U.

3.3.2 Major and Trace Elements (ICP-OES)

Results for concentrations of the major elements calcium and magnesium, as well as

for the trace elements strontium and boron, determined by ICP-OES, are listed in
the appendix (Tab. A.16) and shown as depth profiles in Fig. 3.13.

The distribution pattern found for the ICP-MS-determined trace element concentra-

tions is again observable. Highest element concentrations are found in Mediterranean

water samples and lowest in water samples from AL275-cruise, although the depth
range for M70/1-samples is extended (20-2510 m).
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Figure 3.13: Depth profiles of major and trace elements Ca, Mg, Sr, and B.
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Calcium-concentrations vary between 320-415 mg/1 (AL275), 407-423 mg/1 (P325),

and 413-472 mg/1 (M70/1), while highest concentrations are found for Mg, ranging
between 1017-1331 mg/l (AL275), 1312-1364 mg/l (P325), and 1331-1510 mg/]

(M70/1). Sr-concentrations are lower by a factor of 200: 5973-7866 g/l (AL275),
7709-8044 g/l (P325), 77028912 pg/1 (M70/1).

Interestingly, concentrations of strontium determined by ICP-OES are 5% to 15%

lower than those determined by ICP-MS. However, analytical assessment documents
that concentrations obtained by ICP-OES are more accurate (-2.38% vs. +9.38%
deviation from published IAPSO-value) but less precise (5.80% vs. 1.31% RSD)
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than concentrations determined by ICP-MS. This can not be explained by a con-
tamination of the TAPSO seawater standard, but possibly by a systematical error
regarding the calculation of Sr-concentrations from the ICP-MS-measured intensi-
ties of this element. It is therefore possible that all ICP-MS-obtained results are

defective.

Metalloid Boron

Boron is characterized by low concentrations in the investigated seawater samples,
ranging between 3644-4791 pg/1 (AL275), 4588-4929 ug/1 (P325), and 4768-5342

pg/1 (M70/1).

Molar Ratios

Molar element ratios of the ICP-OES-determined element concentrations only vary
to a small degree within the analyzed water samples. A distribution pattern with
respect to sampling locations as for the element concentrations is not observed.

Results are also found in the appendix (Tab. A.16).

The range of Sr/Ca-variation lies between 8.47-8.59 mmol/mol (AL275), 8.60-8.62
mmol/mol (P325), and 8.44-8.58 mmol/mol (M70/1). That of B/Ca is slightly
greater, with 42.2-42.7 mmol/mol (AL275), 41.7-43.1 mmol/mol (P325), and 40.2—-
43.3 mmol /mol (M70/1), while that of Mg/Ca is by a factor of 100 greater: 5.20-5.24
mol/mol (AL275), 5.26-5.28 mol/mol (P325), 5.19-5.27 mol/mol (M70/1).
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4 Discussion

4.1 Paleotemperature Reconstructions

4.1.1 Sr/Ca-Ratios

To calculate paleotemperatures (Ts,/cq), equation 2.2 (p. 26) was applied to the
(unsmoothed) high-resolution Sr/Ca-profiles of the coral specimens. The results are
summarized in Tab. 4.1. Additionally, the residual Sr/Ca from its arithmetic mean
was divided by the slope in equation 2.2, thus generating high-resolution records
of a paleotemperature anomaly (T-anomaly), reflecting the Sr/Ca-variability (Figs.
3.1 to 3.6, pp. 34 to 42).

As indicated in Tab. 4.1, average and standard deviation of Tg, ¢, are lowest for
17.6 kyr-old sample SE06-13L (6.240.8°C). Temperatures vary between 2.1°C and
8.8°C or rather -4.1°C to +2.6°C by means of the T-anomaly (Fig. 3.1). Variability
in fossil sample CR-22L (12.4 ka) is similar with a T-anomaly ranging from -3.1°C
to +2.7°C (Fig. 3.2), i.e. a Tg,/cq-variation between 6.2°C and 12.0°C about an
average of 9.3+0.9°C (1o).

Table 4.1: Average values (it1o) of calculated paleotemperatures after applying
the temperature equation of COHEN ET AL. (2006) to the generated high-resolution
Sr/Ca-profiles of the coral specimens, as well as observed water temperatures at coral
sampling locations. Note that the standard deviation also reflects the variability of
the temperature anomaly.

Sample ID N Tsrjca  Tas. AT
¢l PCl ]

SE06-13L (17.6 ka) 973 | 6.240.8 X X

CR-22L (12.4 ka) 680 | 9.340.9 X X

M70/1-721 Dive-106 (RED) 981 | 9.4+1.3 13,6 -4.2
M70/1-721 Dive-106 (WHITE) | 570 | 10.3+1.2 13.6 -3.3
M70/1-752 Dive-111 635 | 9.3+£1.0 13.5 -4.2
M70/1-677 Dive-100 602 | 7.6£14 140 -64

Recent coral specimens show a higher variability of the T-anomaly than the fossil
corals, but all averages of T, ¢, are offset from observed in situ temperatures at

coral sampling locations. Observed temperatures (Tab. 2.3, p. 29) are all higher
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than the mean of the calculated paleotemperatures, with differences (AT) up to -
6°C, and even within 20-boundaries T'g,/c, do not match the observed temperatures
(Tab. 4.1).
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Figure 4.1: High-resolution paleotemperature-profiles of recent coral specimens.

T )cq is highest for sample M70/1-721 Dive-106 (WHITE) (10.3£1.2°C) and lowest
for sample M70/1-677 Dive-100 (7.6+£1.4°C). However, the variability of the T-
anomaly is similar for all recent samples, ranging from -4.6°C to +3.1°C for sample
M70/1-721 Dive-106 (RED) (16=1.3°C), from -4.5°C to +3.4°C for sample M70/1-
721 Dive-106 (WHITE), from -3.4°C to +2.8°C for sample M70/1-752 Dive-111
(160=1.0°C), and from -5.0°C to +4.0°C for sample M70/1-677 Dive-100 (Fig. 4.1).

It is therefore evident, that the Sr/Ca-temperature relationship for Lophelia per-
tusa from COHEN ET AL. (2006) is not applicable to samples of the same species
from the central Mediterranean. However, considering Mediterranean intermediate

waters to be relatively stable with respect to their environmental parameters at
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coral sampling locations (Tab. 1.2, p. 17), the smoothed curves of the T-anomaly,
mainly plotting within lo-boundaries of the unsmoothed dataset, reflect realistic
changes in seawater temperature. This is supported by analytical assessment of the
EPMA-measurements. Here, the precision for Sr/Ca and thus for the T-anomaly
is only about 3%RSD, indicating that the undulations of the T-anomaly reflect a
true signal. Furthermore, the range of absolute coral Sr/Ca-variation in the in-
vestigated recent coral specimens is similar to that observed within the coral that
was used by COHEN ET AL. (2006) to generate the published Sr/Ca-temperature
relationship. Lower average Sr/Ca-content of the Mediterranean corals, indicating
higher temperatures, further implies that the T-sensitivity (slope of the equation)
might be correct, while the offset is not. Thus a local temperature calibration is
needed for the Mediterranean Lophelia pertusa. Remaining questions are to what
extent changes in temperature account for the observed Sr/Ca-variability and to
what degree the relationship between coral Sr/Ca and temperature stays constant
in time and space. COHEN ET AL. (2006) provide an answer to the first question

and give an estimate of about 25%.

4.1.2 "Lines Technique”

Paleotemperatures were calculated using the "lines technique”-method published by
SMITH ET AL. (2000) for fossil samples SE06-13L (17.6 ka) and CR-22L (12.4 ka),
and for recent coral specimens M70/1-721 Dive-106 (RED) and M70/1-752 Dive-
111.

First, §13C vs. §'80 regression lines were created for coral samples, based on stable
isotope analyses. Linear regression was performed with a confidence level of 95%
and resulted in linear equations with similar slopes ranging between 0.370 and 0.440
and in high coefficients of determination (0.827<R?*<(0.989) (Tab. 4.2). From these
regression lines the 60, values, corresponding to the §*C values of DIC at the

sampling locations, were obtained afterwards.

Together with the oceanographic data listed in Tab. 2.3 (p. 29) single paleotem-
perature estimates were then calculated using equation 2.3 (p. 26) for the recent

specimens and equation 2.4 (p. 27) for the fossil coral samples. Results are listed in

Tab. 4.2.

For the recent samples, the reconstructed temperatures range from 14.3°C for sample
M70/1-752 Dive-111 to 15.1°C for sample M70/1-721 Dive-106 (RED). These values
are within an error of £1.0°C (SMITH ET AL., 2000) very close to the observed
temperatures of 13.5°C and 13.6°C, respectively. The obtained temperatures for

fossil coral samples are lower with respect to the recent samples: 5.1°C for sample
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Table 4.2: Summary of important variables for applying the "lines technique”™method
published by SMITH ET AL. (2000). R? is the coefficient of determination of the linear
regression with a confidence level of 95%. §'80; is in %o PDB.

| Sample ID | N | Slope Intercept R? %0, T [°C]|
SE06-13L (17.6 ka) 68 | 0.370 3.90 0.933 3.90 2.8
CR-22L (12.4 ka) 31 | 0.395 3.38 0.827 3.38 5.1
M70/1-721 Dive-106 (RED) | 49 | 0.440 1.89 0.933 2.58 15.1
M70/1-752 Dive-111 16 | 0.428 2.13 0.989 2.80 14.3

CR-22L (12.4 ka) and 2.8°C for sample SE06-13L (17.6 ka), while SMITH ET AL.
(2000) give here an error estimate of £1.1°C.

Fig. 4.2 shows that neither the investigated fossil nor the recent cold-water corals
precipitated their carbonate in isotopic equilibrium with seawater. However, the
assumption that 0*20; is equal or close to the §'**O;p with seawater is verified for
the two recent specimens. The main uncertainty for the calculation of §'%0; for
the fossil samples arises from the fact that the isotopic composition of the seawater
is not known. Equation 2.4 therefore assumes that 6*Cp;c—=06'%0,,=0, although
oxygen isotope ratios of seawater are assumed to be more positive during glacial
times than at present due to the build-up of ice-sheets. This is consistent with shifts
towards lighter carbon and lighter oxygen isotopes within the coral skeletons since
17.6 ka (Fig. 4.2), and the result of CACHO ET AL. (2006) who suggest a dominance
of a heavier water end member during glacial times in the western Mediterranean

Sea.
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Figure 4.2: Linear correlations between stable C- and O-isotopes observed within
the cold-water coral specimens.
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4.2 Seawater Composition

4.2.1 T- and S-Relationships

Results of correlation analyses (linear regression) between element concentrations
and recorded environmental parameters within a confidence level of 95%, are listed
in Tab. 4.3 and Tab. 4.4.

Except for elements Sb and Ba coefficients of determination for the ICP-MS-analyses
of trace elements vary between 0.782 and 0.856 regarding temperature and between
0.902 and 0.965 regarding salinity. All slopes of the resulting linear equations are
positive. In contrast, R? is <0.5 for correlation analyses between trace element

concentrations and water depth (Tab. 4.3).

Table 4.3: Correlation analyses (linear regression) between concentrations of trace
elements from the ICP-MS analyses of the water samples and water temperature,
salinity, and depth. Confidence level of the coefficient of determination is 95%.

[R*(95%) [IN| T S  Depth |

Li 12 1 0.843 0.902 0.502
%Rb 12 1 0.830 0.936  0.320
86Sr 12 1 0.814 0.948 0.329
%Mo 12 1 0.782 0.940 0.299
1219 12 1 0.397 0.492 0.481
133Cs 12 1 0.856 0.965 0.306
138Ba 121 0.232 0.030  0.093
238U 12 1 0.798 0.958 0.371

ICP-OES-derived analyses produce the same result regarding correlations between
element concentrations, temperature, and salinity, although coefficients of deter-
mination are smaller (Tab. 4.4). Here, R? varies between 0.342 and 0.406 with
reference to temperature and between 0.689 and 0.755 for salinity. Again R? is
higher for linear relationships between element concentration and salinity than for
those involving temperature, of which all are positive. Contrary to these results,
coefficients of determination are <0.1 for correlations between (i) element concen-
trations and water depth, (ii) molar ratios and all environmental parameters, and

(iii) molar ratios among each other, indicating absent linear relationships.

Apparently, concentrations of trace and major elements in the analyzed water sam-
ples, except for Sb and Ba, are related to variations in seawater temperature and
salinity, while salinity accounts for most of the observed change. At least for stron-
tium and calcium this is supported by DE VILLIERS ET AL. (1994) who investigated
the variability of both elements in seawater from the Pacific Ocean. For both ele-

ments they report conservative behaviour that is clearly related to salinity.
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Table 4.4: Correlation analyses (linear regression) between concentrations and ratios
of major and trace elements from the ICP-OES analyses of the water samples and water
temperature, salinity, and depth. Confidence level of the coefficient of determination
is 95%.

|R*(95%) |[N| T S Depth | Mg/Ca Sr/Ca B/Ca |

Ca 451 0.388 0.738  0.086 X X X
Mg 451 0.390 0.755  0.080 X X X
Sr 451 0.342 0.689  0.068 X X X
B 451 0.406 0.689 0.048 X X X
Mg/Ca 451 0.000 0.019 0.030 X 0.052  0.071
Sr/Ca 45 0.127 0.025  0.099 0.052 X 0.007
B/Ca 451 0.000 0.028 0.072 0.071 0.007 X

The difference between depth-distribution patterns of Sb and Ba and those of the
other elements, cannot be explained by means of analytical precision. Here, other
factors than T and S must be responsible for the observed values. A possible expla-
nation might be that both elements are related to biological productivity, which in

the literature is at least considered for fluxes of particulate barium (e.g. DYMOND

& COLLIER, 1996).

While element concentrations are different in the Norwegian Sea, in the NE-Skagerrak,
and in the Mediterranean region, all molar ratios are found to be within the same
range of spatial and depth variability. Regarding Sr/Ca-ratios, this observation is
consistent with the investigation of DE VILLIERS ET AL. (1994) and DE VILLIERS
(1999) that seawater Sr/Ca shows spatially gradients of 2-3% globally. The range of
variation is equivalent to a seawater Sr/Ca-amplitude of 1-2% that arise by reason

of Quaternary sea level changes (STOLL & SCHRAG, 1998).

Furthermore DE VILLIERS ET AL. (1994) and DE VILLIERS (1999) announce a deple-
tion of Sr/Ca in oligotrophic surface waters, while deep waters and surface waters
in upwelling regions and at high latitudes are enriched. The fact that seawater
Sr/Ca-values are highest in samples from P325 cruise (67-70°N) supports this. The
assumption of DE VILLIERS ET AL. (1994) that water samples from areas character-
ized by river runoff should be depleted in Sr/Ca is also confirmed. Of the analyzed
water samples, sample AL275-425-2#63, collected in 10 m depth of low-salinity
water from the Oslofjord, has second-lowest values regarding Sr/Ca and Mg/Ca.

On the other hand, a ’labile nutrient-like’ behaviour of Sr/Ca (DE VILLIERS, 1999)
is not observed. However, this cannot be concluded with certainty, considering an
analytical precision for Mg/Ca of up to 0.50%RSD, for Sr/Ca of up to 0.53%RSD,
and for B/Ca of up to 3.6%RSD. DE VILLIERS (1999) explains her observed vertical
Sr gradient within the upper 200 m of the water column with the production of

celestite skeletons of surface-dwelling acantharia and calcium carbonate cycling.
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4.2.2 Correlations Between Coral- and Water-Chemistry

To find relationships between the chemical compositions of the coral specimens and
the water samples, correlation analyses (linear regressions) were performed between
molar element ratios and environmental parameters with a confidence level of 95%.
Results are listed in Tab. 4.5.

The database is represented by the arithmetic means of the molar ratios of the
recent cold-water coral specimens obtained by the quantitative EPMA-analyses, the
ICP-OES-determined molar ratios of the seawater samples collected directly at the

coral sampling locations, and records of temperature and salinity.

Table 4.5: Correlation analyses between molar element ratios obtained from the
quantitative analyses of the coral samples and the ICP-OES analyses of the water
samples, as well as water temperatures and salinities. Confidence level of the coefficient
of determination is 95%.

R? (95%) N | Water Water Water | T S
Mg/Ca Sr/Ca B/Ca

Coral Mg/Ca | 4 | 0.184 0.003  0.056 | 0.244 0.291
Coral Sr/Ca | 4 0.137 0.193 0.444 | 0.783 0.788
Coral S/Ca 4 0.044 0.020 0.007 | 0.002 0.007

Results show highest coefficients of determination for relationships between coral-
Sr/Ca and seawater temperature (0.783) and between coral-Sr/Ca and seawater
salinity (0.788) (Tab. 4.5). However, both resulting linear equations are character-
ized by positive slopes. Applying the Sr/Ca-temperature relationship to the mean
Sr/Ca-ratios observed within the fossil coral samples results in paleotemperatures
of +14.6°C for sample SE06-13L (17.6 ka) and of +13.7°C for sample CR-22L (12.4
ka), respectively. These are similar to the present annual mean temperatures at the
sampling locations, which can be retrieved from the eWOCE oceanographic atlas.
Same is the case for the Sr/Ca-salinity relationship, producing paleosalinities for
samples SE06-13L (17.6 ka) and CR-22L (12.4 ka) of 38.80 and 38.67, values similar

to recently observable salinities within the central Mediterranean.

Coral-Mg/Ca-temperature relationships (R?=0.244) and coral-Mg/Ca-salinity re-
lationships (R?=0.291) have negative slopes. For fossil coral samples they result
in paleotemperatures and paleosalinities close to that retrieved by the T- and S-
relationships for Sr/Ca. Calculated paleo-values for sample SE06-13L (17.6 ka) are
T=14.1°C and S=38.73, and T=13.9°C and S=38.71 for sample CR-22L (12.4 ka).
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Figure 4.3: Correlations between coral and water Mg/Ca-ratios. Recent coral spec-
imens are represented by black dots and fossil samples by open circles. Horizontal
error bars stand for the standard deviation (1o) of the Mg/Ca-signal determined by
quantitative EPMA-analysis, whereas vertical error bars illustrate the precision of the
ICP-OES-measurement for the particular water sample. For comparison the average
and standard deviation (20) determined within all seawater samples from the respec-
tive cruises are shown. Note that the mean of the Mg/Ca-ratio observed within the
fossil samples is projected onto the regression line, which is calculated for the recent
coral specimens only.

Only few of the remaining coefficients of determination in Tab. 4.5 lie between 0.18
and 0.5. These are (i) coral Mg/Ca vs. water Mg/Ca, (ii) coral Sr/Ca vs. water
Sr/Ca, and (iii) coral Sr/Ca vs. water B/Ca.

The linear relationship between coral and water Mg/Ca-ratios is negative and char-
acterized by a R? of 0.184 (Fig. 4.3). Interestingly a recent seawater Mg/Ca vari-
ability of about 5.18-5.29 mol/mol is reflected by a recent coral Mg/Ca-variability
of only about 1.8-4.2 mmol/mol. Projecting the mean Mg/Ca-ratios of the fossil
coral samples onto the regression line results in water paleo-Mg/Ca-ratios of 5.25
mol/mol for sample CR-22L (12.4 ka) and of 5.27 mol/mol for sample SE06-13L
(17.6 ka). These values are within the observed variability of Mg/Ca-ratios of all of
the analyzed water samples. In Figs. 4.3, 4.4, and 4.5, this variability is represented
by the standard deviation (20) of the ratios observed within all water samples of

the respective cruises.
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Figure 4.4: Correlations between coral and water Sr/Ca-ratios. For explanations see
Fig. 4.3.

Coral- and water-Sr/Ca-ratios are positively correlated with a R? of the linear re-
gression of 0.193 (Fig. 4.4). Recent coral specimens are slightly enriched in Sr/Ca
(ca. 9.4-10.5 mmol/mol) with respect to seawater (ca. 8.41-8.65 mmol/mol). Ap-
plying the linear relationship, paleo-water-Sr/Ca-values calculated for the sample
CR-22L (12.4 ka) and the sample SE06-13L (17.6 ka) are 8.49 mmol/mol and 8.51
mmol/mol. These values are very similar to the ratios determined within the water
samples collected at the sampling locations of the recent coral specimens. They are

also within the range of Sr/Ca-ratios observed within analyzed seawater samples
from cruises AL275 and M70/1.

A coefficient of determination, that is twice as great as for the previous relationship
is present for a linear correlation between coral-Sr/Ca-ratios and water-B/Ca-ratios
(R?=0.444) (Tab. 4.5). As can be seen in Fig. 4.5, the slope of the equation is
negative and produces paleo-water-B/Ca-ratios of 42.1 mmol/mol for sample CR-
22L (12.4 ka) and of 38.2 mmol/mol for sample SE06-13L (17.6 ka). While the first
value is close to that of the recent water samples, the value for the paleo-water-
B/Ca-ratio related to the fossil coral from the Bari Canyon is not within the range

of recently observable water-B/Ca-ratios (ca. 40.3-43.8 mmol/mol).
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Figure 4.5: Correlations between coral Sr/Ca- and water B/Ca-ratios. For explana-
tions see Fig. 4.3.

There are several limitations regarding the conducted correlations between recent
coral- and water-chemistry. First, there is the assumption, that the average values
of the obtained molar ratios of the coral skeleton best represent the environmental
conditions in which carbonate precipitation took place. Considering the observed
relative stability of Mediterranean intermediate waters, this might be a realistic
background. Second, for a distinct calibration function between the parameters in-
volved, these should span a wide range to eliminate uncertainties. This is definitely
not the case here with molar ratios of the investigated coral specimens varying within
the same small interval and molar ratios of the investigated water samples varying
within analytical precision. Third, with only four recent coral samples involved,
the total number of count is far from being sufficient for an accurate linear regres-
sion analysis. Finally, performed correlation analyses are methods to find linear
relationships only between the involved parameters. Thus, the obtained correla-
tion coefficients do not reveal whether there are non-linear relationships present.
Therefore, the paleo-water-values inferred from the calibration functions should be
considered with caution. This becomes most obvious from the fact that the dis-
covered relationships (i) between temperature and coral-Sr/Ca-ratios are positive,
and (ii) between temperature and coral-Mg/Ca-ratios are negative. For most coral

species the exact opposite is reported (e.g. LEA, 2003).
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If the relationships between coral- and water-chemistry are correct, both fossil coral
samples would have precipitated their aragonite skeleton in waters slightly enriched
in Mg/Ca. The coeflicient of determination, however, is very small (0.184), in-
dicating an absent linear relationship. Anyway, the obtained paleo-water-Mg/Ca-
values are within the range of recently observable water-Mg/Ca-ratios and within
measurement-precision. Hence, a clear difference between recent and paleo-Mg/Ca-

ratios cannot be stated.

Ratios of Mg/Ca in corals appear to serve as paleothermometers (LEA, 2003). For
example, SINCLAIR ET AL. (1998) found a linear correlation between Mg/Ca and
sea surface temperature (SST) in tropical shallow-water coral species Porites, but
with a greater variability of the annual seasonal variation in comparison with other
elements. If temperature also applies as the primary control on incorporation of
Mg in the skeleton of L. pertusa, then the on average smaller Mg/Ca-ratios in fossil
samples SE06-13L (17.6 ka) and CR-22L (12.4 ka) indicate lower temperatures.

Given a low R? of 0.193 of the relationship between Sr/Ca-ratios of coral and water
samples, fossil samples experienced water Sr/Ca-ratios that are not different from
those that are recently observable. However, regarding Sr/Ca, shelf recrystallization
fluxes during glacial maxima have the potential to change seawater Sr/Ca by 1-2%
(STOLL & SCHRAG, 1998). Thus, at least for the end of the last glacial period, an
increase of seawater Sr/Ca should be observable. This is indicated by the fact that
the fossil sample SE06-13L (17.6 ka) has on average higher Sr/Ca-values than the
other specimens, but can also be interpreted by means of lower temperatures. As a

result, the calculated relationship must be considered inaccurate.

HART & COHEN (1996) report B/Ca-ratios in zooxanthellate species Porites to be
100 times lower than in seawater, showing seasonal variation trends, and a positive
co-variation with coral Sr/Ca-ratios. SINCLAIR ET AL. (1998) developed B/Ca-
ratios in this species as a proxy of SST, characterized by a negative correlation, and
only recently a similar relationship was discovered by MONTAGNA ET AL. (2008) for
Mediterranean cold-water coral species Cladocora caespitosa. Regarding the results
for the relationship between coral-Sr/Ca-ratios and water-B/Ca-ratios, the fossil
sample SE06-13L (17.6 ka) would have thrived in waters depleted in B/Ca, while
the sample CR-22L (12.4 ka) would have not (R?=0.444).

B/Ca-ratios being lower in coral aragonite than in seawater indicate a biological
control on incorporation of boron, rather than changes in the amount of boron in
seawater. Consequently, if incorporation processes of B are similar in cold-water

coral L. pertusa, lower seawater B/Ca-ratios at 17.6 ka remain speculation.
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4.3 Cold-Water Corals as Paleoenvironmental

Archives

4.3.1 High-Resolution Mappings and Profiles

Mechanisms responsible for the observed element distributions and the variations of
the molar element ratios within the coralline aragonite are either a thermodynamic
temperature effect or a biomineralization effect. The question is to what extent

element incorporation in coral skeletons is linked to calcification.

Results of the correlation analyses amongst element concentrations from the quan-
titative measurements, and amongst molar element ratios along the high-resolution
profiles, indicate (i) co-variant incorporation of magnesium and sulfur, (ii) co-variant
incorporation of calcium and strontium, (iii) a relationship between Mg/Ca and
S/Ca, (iv) a relationship between Sr/Ca and S/Ca, and (v) an inverse relation-
ship between Mg/Ca and Sr/Ca. However, most of the obtained Pearson product-
moment correlation coefficients have values of r<0.5 (Tab. 3.2, p. 33; Tab. 3.4,
p. 39), equal to coefficients of determination (R?) smaller than 0.25, and thus they
only weakly indicate linear correlations. Considering Mg/Ca and Sr/Ca as pale-
othermometers in L. pertusa would explain the inverse relationship between Mg/Ca
and Sr/Ca. Then, however, it is not clear why r is negative for correlations between
Mg/Ca and Sr/Ca (and Mg vs. Sr) in recent coral specimens only, while fossil

samples are characterized by positive values.

At present, no records or paleoceanographic proxy studies exist for S/Ca-ratios
within the cold-water coral Lophelia pertusa. WILLENZ ET AL. (2006) report a tem-
perature effect and significant latitudinal influence on incorporation of Mg and S
to be evident in juvenile wide-ranged temperate starfish Asterias rubens (Echino-
dermata). The correlation is positive and is assumed to be linear. If S/Ca can be
confirmed being a paleothermometer in cold-water corals as well, this would explain
the co-variant incorporation of Mg and S, the positive correlation between Mg/Ca
and S/Ca, and the negative correlation between Sr/Ca and S/Ca in sample M70/1-
721 Dive-106 (RED). However, it would not explain that in all other investigated
coral samples the correlation between Sr/Ca and S/Ca is positive (Tab. 3.4, p.
39).

An additional argument for the assumption that incorporation of Mg, Sr and S is to
some extent temperature-dependent is apparent, when comparing the average values
of the investigated fossil and recent coral specimens. Fossil samples are characterized
by on average lower Mg/Ca-ratios and S/Ca-ratios, and sample SE06-13L (17.6 ka)
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by higher Sr/Ca-ratios (Tab. 3.3, p. 33). This could be explained by assuming
that intermediate water temperatures were lower in the late glacial period and the
Younger Dryas cold interval than at present. This assumption is supported by
on average more positive §'*0 values in both fossil corals (chapter 3.2.4, p. 46),
indicative of the presence of continental ice sheets and /or lower temperatures. That
Sr/Ca-ratios in fossil sample SE06-13L (17.6 ka) are higher than in fossil sample
CR-22L (12.4 ka), with values in the 12.4 kyr-old sample being similar to those
observed within the recent coral specimens, could be explained by a reduced or even
absent influence of shelf recrystallization fluxes on seawater Sr/Ca-ratios during the

Younger Dryas cold interval.

There is evidence, however, that element ratios are more linked to calcification pro-
cesses. An experimental precipitation study showed that Sr/Ca-ratios and Mg/Ca-
ratios in abiogenic aragonite decrease with increasing temperature (GAETANI &
COHEN, 2006). COHEN ET AL. (2006) found a dependence of Sr/Ca on temper-
ature, as well as an inverse correlation between Sr/Ca and Mg/Ca in L. pertusa
and therefore concluded that the influence of temperature on partitioning is not
the primary control on skeletal chemistry. This is consistent with results of SHIRAI
ET AL. (2005) who found only weak correlations between temperature and Mg/Ca-
ratios and between temperature and Sr/Ca-ratios in deep-sea coral taxa Flabellum
sp. and Caryophillia sp. They observed large variations among individuals col-
lected from similar temperatures and explained these by means of calcification as
controlling factor (SHIRAI ET AL., 2005).

If Sr/Ca is considered as a reliable proxy for paleotemperature in L. pertusa, then
both recent specimens derived from the Santa Maria di Leuca Reef Province from
almost the same spot, should exhibit equivalent Sr/Ca-profiles, at least, on a relative
scale. As both corals must have experienced changing environmental parameters
simultaneously, both Sr/Ca-profiles should show co-variant behaviour. This is not
the case and can also not be observed for Mg/Ca nor S/Ca (Fig. 3.3, p. 38; Fig.
3.4, p. 40; Fig. 4.1, p. 54). A possible explanation for this might be intra-species
differences between orange and white coloured L. pertusa, which by now have not
been investigated. Another possibility to explain the absent co-variant behaviour
of all three ratios, when comparing both coral samples, are the selected locations
for the EPMA-measurements. Samples M70/1-721 Dive-106 (RED and WHITE)
were probed on areas located between two different polyps (Fig 3.3, p. 38, and Fig.
3.4, p. 40). FREIWALD ET AL. (2004) reported that in living L. pertusa each new
polyp generation coincides with the formation of a new incremental calcareous layer,
secreted around the skeleton of the older polyps as well. Thus, both samples may
have recorded signals of at least two different polyps, making a comparison between

Sr/Ca-profiles impossible by means of paleothermometry. To prevent interferences
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of this kind, it is reommended to probe horizontal cross sections of single polyps

only.

S/Ca-ratios and Mg/Ca-ratios can also be assumed to be influenced by calcification
processes. Although not verified by microstructural data, PINGITORE ET AL. (1995)
interpreted sulfur in coral carbonate as SO7 ions being substituted for CO3 . On
the contrary, sulfur is interpreted by DAUPHIN (2001) as organic sulfated polysac-
charides. This is also favoured by CUIF & DAUPHIN (2005) who report that coral
fibres are built by superimposition of a few micron-thick growth layers, which are
made of mineral nanograins densely packed within an organic component containing
sulfur bearing glycoproteins. If this applies to L. pertusa as well, a link to calci-
fication can be established, but until now no investigations concerning this matter

exist.

However, it would not explain why S/Ca-ratios are on average lower in the fossil
coral samples than in the recent specimens. Reminding the result of PINGITORE
ET AL. (1995), a possible explanation would be lower concentrations of SO7 ™ in
seawater, which then are incorporated into the coral aragonite. Lower seawater
SO3F -concentrations would then be a result of (i) a higher pH, as SO3~ is produced
by dissociation of sulfuric acid (H2SOy), (ii) less oxidized sulfur compounds from
decomposed organic matter indicating a relationship to primary productivity, or
(iii) less anoxic conditions due to stronger ventilation of intermediate water masses.
Evidence supporting the second and third argument comes from CACHO ET AL.
(2000) and BARCENA ET AL. (2001) who worked on sediment cores from the Alb-
oran Sea (western Mediterranean). Results of CACHO ET AL. (2000) indicate that
rapid changes in the western Mediterranean thermohaline circulation occurred in
parallel to SST oscillations with enhanced deep water ventilation occurring during
cold intervals between 20-50 kyr BP. Analyses of windblown particles, diatom as-
semblages and total organic carbon (TOC) suggest intensified winds and an increase
in paleoproductivity during the Younger Dryas cold interval compared to 17.6 ka
(BARCENA ET AL., 2001), which then would explain the slightly higher average val-
ues of S/Ca in sample CR-22L (12.4 ka). However, the findings of CACHO ET AL.
(2000) and BARCENA ET AL. (2001) must not consequently apply for the central

Mediterranean.

Assuming that all sulfur in seawater is present in the form of SO3~, the S/Ca-
ratio in standard seawater is about 2.75 mol/mol (MILLERO ET AL., 2008). Thus,
coral S/Ca-ratios are depleted by a factor of 1000, indicating that incorporation
of sulfur does not occur in equilibrium with seawater. This further implies that
incorporation of S, like Mg and Sr, is to some extent influenced by factors controlling

calcification.
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Regarding Mg/Ca, results of MEIBOM ET AL. (2004) indicate a biological control
on the crystallization process in coral fibrous tissues, investigated in tropical species
Pavona clavus. Concerning cold-water corals, ADKINS ET AL. (2003) found that
Mg/ Ca-variability in skeletons of D. cristagalli and L. pertusa exceeds what can be
explained by influence of physiological processes. This indicates that these species
are also linked to the biomineralization process. This is consistent with the conclu-
sion of SINCLAIR ET AL. (2006) that similar vital effects in tropical and deep-sea
corals are associated with internal structure and that bio/geochemical processes frac-
tionate trace elements. GAGNON ET AL. (2007) explain inverse Mg/Ca and Sr/Ca in
D. dianthus by Rayleigh fractionation implying a closed system during precipitation,

which lacks to explain large increases of Mg/Ca in optical dense bands.

Extraordinary variations occurring synchronously in all three ratios within a coral
specimen would give additional evidence of calcification processes influencing ele-
ment incorporation. This can be observed in sample M70/1-721 Dive-106 (RED)
(Fig. 3.3, p. 38). In this sample Mg/Ca clearly reflects the coral’s opaque bands,
but the banding within the inner 0.7 mm of the thecal wall also seems to influ-
ence Sr/Ca-ratios and S/Ca-ratios. Here the variability of the 10pt-Sr/Ca-curve is
stronger than in the outer part of the profile and it is out of the lo-boundaries
of £0.23 mmol/mol, while S/Ca-ratios like Mg/Ca-ratios rapidly decrease towards
the inner rim. A similar observation can be made for sample M70/1-677 Dive-100.
While Mg/Ca-ratios are highest from 0.8 mm to 1.2 mm distance from the outer
rim, Sr/Ca-ratios drop below average from 0.6-1.2 mm (Fig. 3.6, p. 42). Although
S/Ca-ratios show no abnormal variations within this interval, Mg/Ca and S/Ca
both rapidly increase from 1.3 mm to 1.2 mm while Sr/Ca decreases. The maxi-
mum in Mg/Ca at about 1.3 mm distance from the outer rim in sample M70/1-752
Dive-111 corresponds to maxima of Sr/Ca and S/Ca, while the Mg/Ca-maximum
at about 1.6 mm distance from the outer rim corresponds to local minima in both
Sr/Ca and S/Ca (Fig. 3.5, p. 41). All these examples show extraordinary variations
which could be interpreted by means of strong calcification influences on element

incorporation.

Further evidence comes from the results of the spectral analyses (chapter 3.2.3).
Comparing the location of the extrema found within the ratios for each sample
shows interesting similarities: in sample SE06-13L (17.6 ka) maxima for Mg/Ca and
Sr/Ca are present at 200 um and at 136 pm, and for Mg/Ca and S/Ca at 85 pm.
A grouping can be detected for the intervals 190-200 pm, 136-142 pum, and 85-92
pm, where all three ratios are simultaneously present. The same is observable for
sample CR-22L: although periodicities are not identical within any ratio, all are
present within 83-88 pm, and Sr/Ca- and S/Ca-maxima can be found between 116
pm and 126 pym. Extrema for Mg/Ca and Sr/Ca in sample M70/1-721 Dive-106
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(RED) coincide at 91 pm and 74 pm, while intervals containing peaks of all ratios
are observed at 132-137 um, 88-91 pm, and 67-74 pm. Sr/Ca-maxima and S/Ca-
maxima are present between 194 pm and 211 pm. Correlations are not obvious
for samples M70/1-721 Dive-106 (WHITE) and M70/1-752 Dive-111. While in the
former sample all ratios are present only within the range of 66-73 pm, in the
Gondola Slide sample Sr/Ca-peaks and S/Ca-peaks are only found between 87 pm
and 90 pum. Spectral maxima in sample M70/1-677 Dive-100 from the Urania Bank
are observed between 185-194 pm and 117-118 pm for Mg/Ca and S/Ca, while

extrema for all ratios are present within 80-90 pm.

Thus, it is obvious that all ratios in all samples are affected simultaneously and that
the incorporation of Mg, Sr and S is related to each other and occurrs periodical.
Significant periodicities in fossil and recent corals are similar and can be grouped
into three intervals: ca. 80-100 pm, ca. 120-150 pm, and ca. 180-200 ym. Assuming
the 120-150 pm interval to reflect an annual signal, then the 80-100 pm interval will
reflect a time interval of 8 to 9 months and the 180-200 pm interval a time interval

of 17 to 19 months, if coral growth occurs at a constant rate.

Comparable to that result, COHEN ET AL. (2006) also found highest Mg/Ca-ratios
and lowest Sr/Ca-ratios in opaque bands across the thecal wall of Lophelia pertusa
and state an average thecal "thickening” rate of about 100 pum/yr if these oscilla-
tions are annual. On the contrary, DE VILLIERS ET AL. (1994) found that variations
in skeletal Sr/Ca-values in the zooxanthellate species Pavona clavus are associated
with variable extension and possibly variable calcification rates, with higher values
associated with slower extension rates. Therefore, it is also possible that these in-
tervals reflect phases of slower calcification. To verify whether the results of the
spectral analyses reflect an annual periodicity or different extension rates, it is nec-
essary to provide an "age-model” based on high-resolution dating across the corals’

thecal wall and to conduct in situ observations of cold-water coral calcification.

4.3.2 Temperature Reconstructions and Climatic

Implications

Climatic implications can be made by assuming that (i) paleotemperatures calcu-
lated by applying the "lines technique” reflect realistic temperatures, and (ii) that the
temperature anomaly calculated by applying the Sr/Ca-temperature relationship of

COHEN ET AL. (2006) reflects a realistic temperature variability.

The stable isotope composition of accumulated ice is assumed to reflect paleotemper-
ature, because colder air masses are more depleted of heavy water (containing 80

or ?H) and produce lighter precipitation (containing 'O or 'H) (e.g. DANSGAARD,
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Figure 4.6: GISP2 ice core record (Greenland) of oxygen isotopes between 11 and 18
cal. kyr BP. Dated fossil corals are represented by red squares, while durations of cold
and warm periods are highlighted by different grey shadings. The temperature scale
was created by applying the glacial-interglacial calibration of CUFFEY ET AL. (1995)
to the §180-record of GROOTES & STUIVER (1997).

1964). Ice cores from central Greenland are exceptionally robust and independent
paleothermometers (ALLEY, 2000) and a paleotemperature relationship for oxygen
isotope ratios measured in Greenland Ice Sheet Project 2 core (GISP2) has been
published by CUFFEY ET AL. (1995).

Paleotemperatures in central Greenland from 11,000-18,000 cal. yr BP have been
reconstructed by applying the relationship of CUFFEY ET AL. (1995) to the '*O-
record of GROOTES & STUIVER (1997). The result is illustrated in Fig. 4.6. Ice-core
data are available on "The Greenland Summit Ice Cores CD-ROM”, 1997, National
Snow and Ice Data Center, University of Colorado at Boulder, and the World Data
Center-A for Paleoclimatology, National Geophysical Data Center, Boulder, Col-

orado (http://www.ngdc.noaa.gov/paleo/ icecore/greenland /summit /index.html).

Fig. 4.6 shows that temperatures in central Greenland were about -15°C to -20°C
colder than at present (ca. -30°C) when fossil coral samples were alive. The GISP2-
record indicates that temperatures were even lower at 12.4 ka BP (ca. -50°C) than

at 17.6 ka BP (ca. -46°C).

For the Adriatic Sea it could have been shown that paleoclimatic changes during the
last 370 kyr appear in phase with the North Atlantic climate system (PIVA ET AL.,
2008a), although results of CACHO ET AL. (2001) show a shorter cooling phase for
the Younger Dryas cold interval (700 years) in the western Mediterranean Sea than
that observed in the North Atlantic region (1200 years).

The fact that temperatures were colder in the past than at present is supported by
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the results of the "lines technique” temperature reconstruction. Paleotemperature
estimates of intermediate water masses in the central Mediterranean are +2.8°C for
sample SE06-13L (17.6 ka) and +5.1°C for sample CR-22L (12.4 ka). Thus, in con-
trast to paleotemperature reconstructions from central Greenland, the sample from

the Younger Dryas cold interval appears to have lived in warmer water masses.

The reconstructed values for both fossil samples are calculated by assuming that
0B3Cpre=0"%0,,=0, because the isotopic composition of seawater is not known.
However, a shift towards lighter carbon and towards lighter oxygen isotope ratios
from the 17.6 ka to the 12.4 ka old sample is observable (Fig. 4.2, p. 57). This indi-
cates that the reconstructed temperatures are to some unknown extent inaccurate

and that temperatures at 12.4 ka could as well have been colder.

On the other hand, BARCENA ET AL. (2001) report 2-3°C higher SST in the Alboran
Sea at 12.4 ka compared to 17.6 ka based on alkenone-SST-studies. However, they
confirmed the trend towards lighter oxygen isotope ratios. Higher SST at 12.4
ka is also consistent with results of PIVA ET AL. (2008a) who presented alkenone-
derived SST-values of about 8°C at 17 ka and of about 11°C at 12 ka in the central
Adriatic Sea. On the contrary, CACHO ET AL. (2006) stated that even deep-water
temperatures were about 11°C at 17.6 ka and at 12.4 ka, based on Mg/Ca-analyses
of benthic foraminifera in a sediment core from the Alboran Sea. These values
are significantly higher than those reconstructed by the "lines technique’™method
and those reconstructed by applying the Sr/Ca-temperature relationship of COHEN
ET AL. (2006) (Tab. 4.1, p. 53). Thus, paleotemperatures from the Alboran Sea

might not be comparable to those of the central Mediterranean Sea.

Direct comparisons between fossil and recent coral specimens living at same loca-
tions indicate that temperature variability recorded in cold-water corals has been
lower during glacial periods. While the fossil sample from the Bari Canyon (SE06-
13L, 17.6 ka) is characterized by a temperature anomaly of £0.8°C (Tab. 4.1, p.
53), the recent coral sample from the Gondola Slide (M70/1-752 Dive-111) has a
value of £1.0°C. Same is observable for corals from the Santa Maria di Leuca Reef
Province. The fossil sample CR-22L (12.4 ka) has a temperature anomaly of +0.9°C
while samples from M70/1-721 Dive-106 have values of +1.3°C and £1.2°C, respec-
tively (Tab. 4.1, p. 53). That corals can record changes in seasonal temperature
cycles has been shown for zooxanthellate species Porites from the Red Sea, indicat-
ing increased seasonality during the last interglacial period (FELIS ET AL., 2004).
Furthermore, PIVA ET AL. (2008b) inferred from assemblages of planktonic and ben-
thic foraminifera in sediment cores from the Adriatic Sea that production of LIW (p.
16) was weakened during colder and wetter intervals of the last 6000 years. Thus,

it is possible that also the fossil cold-water corals from the central Mediterranean
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recorded a lower temperature variability of intermediate water masses at 17.6 ka and
at 12.4 ka. The reason for this observation might be linked to lower inter-seasonal
temperature changes and reduced production of intermediate water masses in the
central Mediterranean during the late glacial period and the Younger Dryas cold

interval.

It is very interesting that both fossil coral samples lived in times characterized
by a cool climate. For the last 50,000 years CACHO ET AL. (1999) found that
SST-oscillations in a sediment core from the Alboran Sea show strong parallelism
to Dansgaard-Oeschger events (D/O-events)!. Furthermore, based on abundances
of planktonic foraminifera species Neogloboquadrina pachyderma sinistral and the
isotopic record, they present evidence of significant SST drops (4°C) in association
with Heinrich events (HE-events)? recorded in the GISP2 ice core (CACHO ET AL.,
1999).

Sample SE06-13L is dated to 17.6 ka. This is very close to the time interval of
HEI in the Alboran Sea of about 16-17 kyr BP (CACHO ET AL., 1999; PEREZ-
FOLGADO ET AL., 2003). Thus, it is possible that cold-water corals colonize the
Mediterranean in a batch-wise manner only during intervals of cold climates. This
argument is strengthened by the result of MCCULLOCH ET AL. (2006) that prolific
growth of Mediterranean cold-water corals ended abruptly at about 11 ka, although
they flourished during the glacial-like conditions of the Younger Dryas. Their demise
was probably due to the combined effects of a rapid 6-8°C rise in ocean temper-
atures at the end of the Younger Dryas and unusually high sediment influx from
increased river discharge (MCCULLOCH ET AL., 2006). The argument is further-
more consistent with the assumption that low latitude cold-water coral ecosystems
are important speciation centers and glacial refugia in the deep sea (DE FORGES
ET AL., 2000; ROBERTS ET AL., 2006).

1 Dansgaard-Oeschger (D/O) events are large-amplitude, abrupt climate changes that have oc-
curred with a periodicity of about 1,500 years during the past 120,000 years. They are charac-
terized by an initial rapid warming of 5-10°C in Greenland ice cores (RAHMSTORF, 2002).

2 Heinrich events (HE) are climatic events that occurred at irregular intervals of the order of
10,000 years, mostly in the latter half of the last glacial. Distinct layers of ice-rafted debris
in sediments from the North Atlantic are characteristic for these events. It is suggested that
Heinrich events reflect massive episodic iceberg discharges leading to a subsequent breakdown
of the Atlantic thermohaline circulation (RAHMSTORF, 2002).
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5 Conclusions and Recommendations

This study shows that high-resolution mappings and profiles of major and trace
elements can be produced for fossil and recent specimens of cold-water coral species
Lophelia pertusa from the central Mediterranean Sea using electron-probe microanal-
ysis (EPMA). A procedure to correct inaccurate EPMA-determinations of strontium
in marine carbonate has been successfully developed by applying an internal car-

bonate standard.

Interpretation of the obtained high-resolution mappings and profiles indicates that
element incorporation in coral aragonite of L. pertusa is linked to both, biologi-
cally controlled calcification processes and environmental parameters. Co-variant
behaviour of Mg/Ca and S/Ca as well as an inverse relationship between Mg/Ca
and Sr/Ca is partially explained by temperature-dependency. This is consistent
with the observation of significant differences of average element composition when
comparing fossil and recent coral specimens. However, high-resolution element pro-
files of recent coral samples collected within immediate vicinity of each other show
no similarities, and thus do not confirm a possible application as high-resolution pa-
leothermometers. Since there remains the problem that locations sampled on these
specimens can not be clearly attributed to one single polyp, it is recommended for
future studies to sample horizontal cross sections of the coral theca that can be

attributed to a single polyp.

S/Ca-ratios seem to reflect growth layers containing organic compounds, but an
influence of temperature, primary productivity and ventilation of intermediate water

masses on S/Ca-ratios is suggested as well.

Results of spectral analyses indicate a dominant control of kinetic vital effects on
calcification processes, as variations of element ratios occur synchronously and peri-
odically. Periodicities found are similar in fossil and recent coral specimens and occur
within three distinct intervals (80-100 pm, 120-150 pm, and 180-200 gm). These
intervals are assumed to reflect either constant growth rates, with coral growth oc-
curring annual and in cycles of 8 to 9 months, and of 17 to 19 months, respectively,
or, to reflect phases of slower calcification. These assumptions remain unproofed
until high-resolution dating techniques are applied to the coral skeleton and until in

situ observations of calcification are conducted on L. pertusa.
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It is the main conclusion of this study that more fundamental research is needed
regarding element incorporation processes in Lophelia pertusa and possibly in other
calcifying organisms. As long as it is not clear to what extent calcification in-
fluences element incorporation and specifically what controls S/Ca, the obtained
high-resolution profiles should be regarded as reflecting paleoenvironmental records

rather than specific parameters like temperature.

Reconstructions of paleotemperature using the ”lines technique™method (SMITH
ET AL., 2000) generates single paleotemperature estimates which indicate that the
temperature of intermediate water masses in the central Mediterranean were colder
at 17.6 ka and at 12.4 ka than at present. This is consistent with paleotemperature
data from ice cores. As the estimates are calculated without knowledge of the sea-
water isotopic composition they are to an unknown extent inaccurate. However, the
temperature difference between 17.6 ka and 12.4 ka is similar to a difference in sea
surface temperature observed at the same time in the Alboran Sea and the Adriatic
Sea, although deep-water temperatures in the western Mediterranean seem to have

been significantly higher.

Applying the Sr/Ca-temperature relationship of COHEN ET AL. (2006) shows that
this relationship can not be applied to samples of L. pertusa from the central
Mediterranean and it is therefore recommended to generate a regional Sr/Ca-calibra-
tion for this species. Anyway, the generated temperature anomaly seems to mirror a
realistic picture of the relative temperature variability of intermediate water masses.
This variability seems to have been lower within cold intervals, possibly due to a

decreased seasonality and/or reduced production of intermediate water masses.

To verify the obtained paleotemperature estimates it is necessary to apply different
proxies of temperatures. Regarding cold-water coral L. pertusa, the most promising
proxy are stable strontium isotopes (6%%/%6Sr). Thriving in about 14°C warm wa-
ters, specimens from the Mediterranean could extend the temperature relationship
published by RUGGEBERG ET AL. (2008) which only covers a range between 6-9°C.
Additionally, this proxy could be evaluated as to whether it is possible to obtain

high-resolution records of paleotemperature.

The second aim of this study was to determine concentrations of major and trace
elements in seawater samples. It is shown that this is possible using ICP-MS- and
ICP-OES-techniques. It is inferred from analytical assessment of the ICP-OES mea-
surements, that accuracy and precision were poor for element boron and even in-
sufficient for element barium. It is therefore recommended for future studies to use

dilutions smaller than 1:50 or to measure these elements in undiluted samples.

Except for elements antimony and barium it is shown that salinity accounts for

most of the observed concentration changes. There is the possibility that the ele-
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ments Sh and Ba are influenced by biological productivity, which should be further

investigated.

Element ratios are found to be more stable than element concentrations by means
of their variability, and to be independent of temperature, salinity, and depth. For

Sr/Ca, the published global spatial and depth variability has been confirmed.

The conducted correlations between coral- and water-chemistry are found to be in-
significant, mainly because of statistical limitations. Thus, the reconstructed values

for paleo-water-chemistry should be considered with caution.

On behalf of these conclusions and because of the fact that only two fossil coral
specimens of different age were investigated, it is not possible to reconstruct the
distribution of intermediate water masses in the central Mediterranean during the
late glacial period and during the Younger Dryas cold interval. But it is possible to
assume that cold-water corals colonize the Mediterranean in a batch-wise manner
during cold climates and that low latitude ecosystems act as glacial refugia in the

deep sea.
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A Appendices

A.1 Lists of Stations and Samples

Station List

Table A.1: List of M70/1-, AL275-, and P325-stations.

Cruise & Area Coordinates at Bottom Type of
Station Lat. [°IN] ‘ Long. [°E] ‘ Depth | Sample
M70/1-655 Malta Trough | 35°50.802" | 14°05.294" | 1000 m | Water, CTD
M70/1-668-2 | Linosa Trough | 35°46.740" | 12°59.120" | 372 m | GKG
M70/1-669-1 | Linosa Trough | 35°46.510" | 12°59.790" | 362 m | GKG
M70/1-675 Malta Trough | 36°28.776" | 13°15.780" | 1694 m | Water, CTD
M70/1-677 | Urania Bank 36°50.340" | 13°09.390" | 644 m | Coral
M70/1-678 Urania Bank 36°50.344° | 13°09.303" | 615 m | Water, CTD
M70/1-679-2 | Urania Bank 36°50.365" | 13°09.344" | 643 m | GKG
M70/1-705 SML 39°20.429° | 18°30.808" | 1013 m | Water, CTD
M70/1-708 SML 39°37.291° | 18°04.815" | 823 m | Water, C'TD
M70/1-709 SML 39°37.260° | 18°04.719" | 871 m | Water, CTD
M70/1-710-2 | SML 39°36.762" | 18°04.726" | 977 m | GKG
M70/1-712-1 | SML 39°37.500" | 18°04.998" | 584 m | GKG
M70/1-721 SML 39°33.888" | 18°27.123" | 633 m | Coral, Water
M70/1-722 SML Transect | 39°08.902" | 18°05.441" | 2482 m | Water, CTD
M70/1-723 SML Transect | 39°23.757" | 18°20.227" | 1195 m | Water, CTD
M70/1-724 SML Transect | 39°27.934" | 18°24.190" | 764 m | Water, CTD
M70/1-725 SML Transect | 39°32.193 | 18°26.181" | 627 m | Water, CTD
M70/1-726 SML Transect | 39°36.315" | 18°27.343" | 624 m | Water, CTD
M70/1-727 | SML Transect | 39°39.361° | 18°28.457" | 466 m | Water, CTD
M70/1-728 SML 39°33.298" | 18°27.385" | 623 m | Water
M70/1-735 Bari Canyon 41°17.477 | 17°16.624’ | 663 m | Water
M70/1-736 Bari Seamount | 41°30.036" | 17°30.531" | 1079 m | Water, CTD
M70/1-740 Bari Seamount | 41°34.642" | 17°28.018" | 1167 m | Water, CTD
M70/1-745 Bari Seamount | 41°17.810" | 17°10.470" | 557 m | Water
M70/1-746 Bari Canyon 41°19.499° | 17°04.022" | 195 m | Water, CTD
M70/1-747 | Bari Canyon 41°18.976" | 17°07.003" | 417 m | Water, CTD
M70/1-748 Bari Canyon 41°18.498" | 17°10.025" | 524 m | Water, CTD
M70/1-749 Bari Canyon 41°18.000" | 17°14.009" | 629 m | Water, CTD
M70/1-750 Bari Canyon 41°16.983" | 17°24.016" | 874 m | Water, CTD
M70/1-752 Gondola Slide | 41°43.510" | 17°02.780" | 710 m | Coral, Water
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Cruise & Area Coordinates at Bottom Type of
Station Lat. [°’N] | Long. [°E] | Depth | Sample
AL275-420-14#59 | East Sgster Isl. | 59°05.770’ | 10°47.910° X Water
AL275-425-2462 | East Sgster Isl. | 59°05.900" | 10°50.000’ X Water
AL275-425-24#63 | East Sgster Isl. | 59°05.700" | 10°47.900° X Water
P325-383-2 Sveinsgrunnen | 69°43.009’ | 16°07.477 X Water
P325-386-2 Sveinsgrunnen | 69°42.457" | 16°14.020° X Water
P325-373-2 Rgst Reef 67°31.510" | 09°29.402 X Water




Coral Samples

Table A.2: List of cold-water coral samples.

Sample ID Area Lat. Long. Depth | Species Age®
°N] °E] [YBP]
SE06-13L° Bari Canyon 41°22.060" | 17°06.720" | 423 m | Lophelia pertusa 17550+56
CR-22L° Santa Maria di Leuca | 39°50.000” | 17°37.750” | 1102 m | Lophelia pertusa 12435476
M70/1-721 Dive-106 (RED) Santa Maria di Leuca | 39°33.888’ | 18°27.123" | 633 m | Lophelia pertusa (RED) X
M70/1-721 Dive-106 (WHITE) | Santa Maria di Leuca | 39°33.888" | 18°27.123’ | 633 m | Lophelia pertusa (WHITE) X
M70/1-752 Dive-111 Gondola Slide 41°43.510° | 17°02.780° | 710 m | Lophelia pertusa X
M70/1-677 Dive-100 Urania Bank 36°50.340” | 13°09.390’ | 644 m | Lophelia pertusa X

a U/Th-Dating by Malcolm McCulloch (ANU-RSES, Canberra) in 2006,/2007
collected by Marco Taviani (CNR-ISMAR, Bologna) during R/V Urania cruise SETE-06.
collected by Marco Taviani (CNR-ISMAR, Bologna) during R/V Urania cruise CORSARO.

b
c

soorpuaddyy

G6



Box Corer Samples

Table A.3: List of box corer (GKG) samples used in this study.

Sample ID | Area Lat. Long. Depth | Remarks
°N] "E]
M70/1-668-2 | Linosa Trough 35°46.7407 | 12°59.120" | 372 m | Recovery: 55 cm; hemipelagic sediment
M70/1-669-1 | Linosa Trough 35°46.5107 | 12°59.790" | 362 m | Recovery: 44 cm; hemipelagic sediment,
one piece of Madrepora
M70/1-679-2 | Urania Bank 36°50.365" | 13°09.344" | 643 m | Recovery: >55 cm; overpenetration,
hemipelagic sediment
M70/1-710-2 | Santa Maria di Leuca | 39°36.762’ | 18°04.726" | 977 m | Recovery: 32 cm; hemipelagic sediment with
very few coral fragments
M70/1-712-1 | Santa Maria di Leuca | 39°37.500’ | 18°04.998" | 584 m | Recovery: 32 cm; hemipelagic sediment

soorpuaddyy
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Water Samples

Table A.4: List of analyzed water samples. 680, is in %o SMOW.

Cruise & Observations Type of
Station Depth | T [°C] | S [psu] | 6'®O,, | Analysis
M70/1-655 1007 m 13.85 38.68 1.29 | ICP-MS, ICP-OES
M70/1-655 250 m 14.69 38.74 1.27 | ICP-MS, ICP-OES
M70/1-655 100 m 16.25 38.11 1.21 | ICP-OES
M70/1-675 1728 m 14.00 38.68 X ICP-OES
M70/1-678 623 m 13.98 38.70 1.24 | ICP-MS, ICP-OES
M70/1-678 620 m 13.98 38.71 1.26 | ICP-OES
M70/1-705 1015 m 13.60 38.65 X ICP-OES
M70/1-705 1000 m 13.61 38.65 X ICP-OES
M70/1-705 920 m 13.67 38.65 X ICP-OES
M70/1-705 880 m 13.73 38.64 X ICP-OES
M70/1-705 500 m 13.90 38.68 X ICP-OES
M70/1-705 200 m 14.27 38.71 X ICP-MS, ICP-OES
M70/1-705 50 m 15.34 38.27 X ICP-OES
M70/1-705 20 m 23.30 38.04 X ICP-OES
M70/1-708 Dive-105 | 823 m | 13.76gov | 38.67rov X ICP-MS, ICP-OES
M70/1-709 882 m 13.75 38.66 X ICP-OES
M70/1-709 600 m 13.71 38.66 X ICP-OES
M70/1-709 460 m 13.80 38.67 X ICP-OES
M70/1-709 280 m 14.06 38.71 X ICP-OES
M70/1-709 50 m 15.34 38.48 X ICP-OES
M70/1-709 20 m 22.15 37.82 X ICP-OES
M70/1—721 Dive-106 633 m 13-58ROV 38.6630\/ 1.39 ICP—OES
M70/1-722 2513 m 13.87 38.65 1.20 | ICP-OES
M70/1-723 1198 m 13.61 38.64 1.18 | ICP-MS, ICP-OES
M70/1-724 760 m 13.60 38.65 1.19 | ICP-OES
M70/1-725 624 m 13.63 38.66 1.09 | ICP-OES
M70/1-726 620 m 13.59 38.65 X ICP-OES
M70/1-727 456 m 13.69 38.65 1.18 | ICP-OES
M70/1-728 Dive-107 | 623 m | 13.60goy | 38.66rov | 1.38 | ICP-OES
M70/1-735 Dive-108 | 663 m | 13.54goy | 38.64rov | 1.33 | ICP-OES
M70/1-736 1078 m 13.12 38.61 X ICP-OES
M70/1-740 1068 m 13.08 38.61 X ICP-OES
M70/1—745 Dive-110 557 m 13-58ROV 38.6430\/ 1.37 ICP-OES
M70/1-746 188 m 13.93 38.66 1.14 | ICP-OES
M70/1-747 408 m 13.63 38.63 1.03 | ICP-OES
M70/1-748 518 m 13.55 38.62 1.13 | ICP-OES
M70/1-749 620 m 13.55 38.63 1.32 | ICP-OES
M70/1-750 874 m 13.22 38.61 1.36 | ICP-OES
M70/1-752 Dive-111 | 710 m | 13.46goy | 38.63goy | 1.40 | ICP-OES
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Cruise & Observations Type of
Station Depth | T [°C] | S [psu] | §**0,,, | Analysis

AL275-420-1#59 | 85 m 7.00 35.20 X ICP-MS, ICP-OES

AL275-425-2#462 | 25 m 6.70 34.50 X ICP-MS, ICP-OES

AL275-425-2#63 | 10 m 2.10 28.40 X ICP-MS, ICP-OES

P325-383-2 593 m 4.10 35.08 X ICP-MS, ICP-OES

P325-386-2 175 m 7.45 34.84 X ICP-MS, ICP-OES
X

P325-373-2 298 m 7.06 35.25 ICP-MS, ICP-OES
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A.2 Tables for Analytical Assessment

Accuracy of the EPMA

Table A.5: % deviation between analyzed and published standard values for EPMA-

analyses.
Oxid Calcite USNM 136321 Reference
fptlo; N=30 publ. dev. [%]
CaO [wt.%] 55.284+1.46 56.10 -1.46 | JAROSEWICH & MACINTYRE (1983)
COq |wt.%] 44.57+1.44 44.01 +1.27 | JAROSEWICH & MACINTYRE (1983)
Oxid VG-2 USNM 111240 Reference
ftlo; N=30 publ. dev. [%]
CaO [wt.%] 10.994+0.12 11.12 -1.18 | JAROSEWICH ET AL. (1980)
MgO [wt.%)] 6.79£0.10  6.71 +1.19 | JAROSEWICH ET AL. (1980)
SrO [wt.%] 0.106+0.009 X X | X
SO; [wt.%] | 0.3164+0.012 0.335 -5.48 | DIXON ET AL. (1991)
Oxid KAN-1 Reference
ftlo; N=30 publ. dev. [%]
CaO [wt.%| | 0.609+0.027 0.540 +12.7 | REAY ET AL. (1993)
SrO [wt.%| | 0.2574+0.009 0.267 -3.92 | REAY ET AL. (1993)
Oxid A-2 Modern Coral Standard | Reference
fptlo; N=19 publ. dev. [%]
CaO [wt.%] 52.7940.53 X X | x
MgO [wt.%] | 0.126+0.025 X X | X
SrO [wt.%] 0.432+0.012 0.946 -54.3 | OHDE ET AL. (1978)
SO3 [wt.%] 0.33440.032 X X | X
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Accuracy of the ICP-MS

Table A.6: % deviation between analyzed (ICP-MS) and published IAPSO seawater

standard values.

Element IAPSO Reference
ptlo; N=2 publ. dev. [%)]

Li [ug/]] 1814325 174  +4.02 | BURTON (1996)

%Rb [ug/l] 1324148 120  +10.0 | BURTON (1996)

86Sr [ug/]| 8696+466 7950 +9.38 | MILLERO ET AL. (2008)
%Mo |ug/]] 12.840.35 X x| x

121Sh [ug/1] | 0.251+0.001 X X | x

13305 [ug/1] | 0.306£0.001 0.290  1+5.66 | BURTON (1996)

138Ba [ug/1] 154+0.85 14.0 +1000 | BURTON (1996)

28U [ug/l] | 3.05+£0.07 3.30  -7.70 | BURTON (1996)

Precision of the ICP-MS

Table A.7: Relative standard deviation (RSD, 1o) in % to assess the precision of the
ICP-MS measurements.

Element M70/1-723, 1198 m

Rep.1 Rep.2 RSD [%]
TLi [ug /1] 201 183 182 4.76
SRb [ug/l] | 134 139 136 1.71
86Sr [ug/]| 9210 9497 9283 1.31
Mo [ug/l] | 135 141  13.9 1.57
12165 (g /1] | 0.230  0.239  0.239 1.84
B3Cs [ug/l] | 0.328  0.334  0.337 1.11
588, [ug/l] | 8.81 867  8.89 1.01
285U [ug/l] | 357 359  3.61 0.54
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Accuracy of the ICP-OES (Concentrations)

Table A.8: % deviation between analyzed (ICP-OES) and published IAPSO seawater

standard concentrations.

Element TIAPSO Reference

ftlo; N=16 publ. dev. [%]
Ca [mg/l1] 4124£10.3 412 -0.02 | MILLERO ET AL. (2008)
Mg [mg/1] 1333+31.1 1284 +3.84 | MILLERO ET AL. (2008)
Sr ug/]| 7761£216 7950 -2.38 | MILLERO ET AL. (2008)
B [ug/]] 5266+£145 4489 +17.3 | MILLERO ET AL. (2008)
Ba [ug/]| 151+10.6  14.0 +979 | BURTON (1996)

Precision of the ICP-OES (Concentrations)

Table A.9: Relative standard deviation (RSD, 1o) in % to assess the precision of the
ICP-OES measurements for element concentrations.

Element M70/1-655, 1007 m M70/1-705, 920 m

1:50 Rep.1 Rep.2 RSD |%] Rep.1 Rep.2 RSD [%]
Ca [ug/l] 9206 8938 8955 1.66 | 9210 8282 8852 5.33
Mg [ug/1] | 29350 28657 28655 1.39 | 29460 26609 28267 5.09
St [ug/1| 173 168 168 1.90 173 154 165 5.80
B |ug/]| 104 101 101 2.01 101 94.5 98.4 3.14
Ba [ug/1] | 0.0499 0.353 0.214 73.8 | 0.117 0.791 0.331 83.5
Element M70/1-709, 50 m M70/1-735, 663 m

1:50 Rep.1 Rep.2 RSD [%] Rep.1 Rep.2 RSD [%]
Ca [ug/l] 8259 8693 9137 5.05 | 8533 9290 9159 4.50
Mg [ug/1] | 26629 28000 29191 4.59 | 27477 29769 29191 4.14
Sr [ug/]| 154 163 171 5.24 159 175 171 4.74
Blug/l] | 954 100 99.1 246 | 99.8 102 103 2.13
Ba [ug/l] | 0.816 0.570 0.089 75.1 | 0.687 0.076 0.119 116
Element AL275-425-24#62, 25 m

1:50 Rep.1 Rep.2 RSD [%]
Ca [ug/l] | 7470 7507 7616 1.00
Mg [ug/1] | 23938 24072 24300 0.76
Srlug/ll | 140 141 143 0.93
Blug/l] | 858 846 87.3 1.58
Ba [ug/l] | 0.440 0.594 0.026 83.0
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Accuracy of the ICP-OES (Ratios)

Table A.10: % deviation between analyzed (ICP-OES) and published IAPSO seawa-

ter standard ratios.

Ratio

TAPSO
ptlo; N=16 publ. dev. [%]

Reference

Mg/Ca [mol/mol|
Sr/Ca [mmol/mol|
B/Ca [mmol/mol]
Ba/Ca [pmol/mol|

5.29£0.02  5.14 +2.94
8.54£0.03  8.82 -3.19
47.5+1.07 404 +17.7
109+£9.50  9.92 +1000

MILLERO ET AL. (2008)
MILLERO ET AL. (2008)
MILLERO ET AL. (2008)
BURTON (1996)

Precision of the ICP-OES (Ratios)

Table A.11: Relative standard deviation (RSD, 1o) in % to assess the precision of
the ICP-OES measurements for element ratios.

Ratio

M70/1-655, 1007 m
Rep.1 Rep.2 RSD [%]

M70/1-705, 920 m
Rep.1 Rep.2 RSD [%]

Mg/Ca [mol/mol]
Sr/Ca [mmol/mol|
B/Ca [mmol/mol|
Ba/Ca [pmol/mol|

5.21 5.24  5.23 0.28
854 853 849 0.32
420 419 416 0.50
6.55 16.2 11.8 42.0

0.23 5.25 5.22 0.31
8.54  8.46 8.47 0.53
40.3 422 41.1 2.33
8.61 32.2 15.6 64.3

Ratio

M70,/1-709, 50 m
Rep.1 Rep.2 RSD [%)]

M70/1-735, 663 m
Rep.1 Rep.2 RSD [%)]

Mg/Ca [mol/mol|
Sr/Ca [mmol/mol|
B/Ca [mmol/mol|
Ba/Ca |[pmol/mol|

2.27 527  5.23 0.49
846 850  8.49 0.23
427 425  40.0 3.60
33.1 23.6  7.80 59.4

2.27 524 521 0.50
8.48 853 848 0.33
429  40.7 415 2.67
219 733 870 78.5

Ratio

AL275-425-2#62, 25 m
Rep.1 Rep.2 RSD [%]

Mg/Ca [mol/mol|
Sr/Ca [mmol/mol|
B/Ca [mmol/mol|
Ba/Ca [pmol/mol|

5.24 524  5.22 0.26
8.52  8.51 8.51 0.09
425 417 424 1.08
219 275 5.99 60.4
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A.3 Results

Mappings
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Figure A.1: Element mappings of sample SE06-13L (17.6 ka).
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Sample ID:
R-22L, Santa Maria di Leuca (12.4 ka)
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Figure A.2: Element mappings of sample CR-22L (12.4 ka).
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Figure A.3: Element mappings of sample M70/1-721 Dive-106 (RED).
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Sample ID:
M70/1- Dive-106 (WHITE), Santa Maria di Leuca

Mg Level Area% Ca Level Area%
75 4000 ’

71 3971
67 3943
63 3915
60 3887
56 3859
52 3831
49 3803
45 3715
411 3746
38 3718
34 3690
30 3662
27 3634
23 3606
19 3578

16 3550
36 ' Ave 3677

e

Magnesium

0
0
0
0.
0
0
1
2

~ A = O O O O O O O

O W o~ B 0 R 0 W W o W N R e O OO
W~ W W N WO ! = N =0 O O

S Level Area
60 0.

57
54
51
48
45
43
40
37
34
31
29
26
23
20
17 53

15 50
33 ’ 66

Sr Level Area
112 '

108
104
100
96
92
88
84
81
11
73
69
65
61
57

_ W = O O O O O O 0O

Strontium

O N O N © O W W & W W & ~ v N ©O OO

Figure A.4: Element mappings of sample M70/1-721 Dive-106 (WHITE).
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Sample ID:
M70/1-752 Dive-111, Gondola Slide
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Figure A.5: Element mappings of sample M70/1-752 Dive-111.
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Sample ID:
M70/1-677 Dive-100, Urania Bank
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Figure A.6: Element mappings of sample M70/1-677 Dive-100.
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Quantitative EPMA-Analyses

Sample ID: SE06-13L, Bari Canyon, (17.6 ka)

Table A.12: Results of quantitative EPMA-analyses of coral samples.

Dist. from Mg/Ca Sr/Ca S/Ca | Dist. from Mg/Ca Sr/Ca S/Ca
Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]
0 X X X 720 1.61 10.42 5.09
20 2.54 11.49 5.14 740 1.75 9.61 4.86
40 2.24 10.06 5.49 760 1.74 10.88 5.17
60 2.00 10.10 5.18 780 1.96 10.25 4.58
80 2.40 10.12 5.23 800 1.83 10.32 5.44
100 2.36 10.65 5.37 820 1.80 9.76 5.35
120 1.81 9.31 4.86 840 1.90 11.16 4.64
140 2.01 10.53 5.13 860 1.46 10.66 5.00
160 1.95 10.50 5.29 880 1.70 10.26 4.96
180 1.70 10.27 4.90 900 1.84 9.97 5.31
200 1.76 10.51 5.38 920 1.47 9.75 5.27
220 2.04 10.56 4.74 940 2.45 9.91 5.15
240 1.76 10.24 4.45 960 2.13 9.85 4.99
260 2.47 10.41 4.74 980 1.84 9.89 4.76
280 1.77 10.59 5.26 1000 2.06 10.04 5.10
300 1.99 9.98 5.08 1020 2.77 10.66 5.89
320 1.64 10.60 5.09 1040 2.57 10.15 5.84
340 2.44 10.34 4.79 1060 3.27 10.62 5.63
360 2.07 10.21 5.20 1080 3.58 10.81 5.66
380 2.25 9.95 4.91 1100 3.40 9.65 5.06
400 1.92 10.26 5.26 1120 1.46 10.11 5.02
420 1.64 9.93 5.21 1140 1.84 10.32 5.46
440 2.81 10.43 5.12 1160 1.59 9.76 4.72
460 3.12 10.07 5.40 1180 2.12 10.21 5.52
480 2.90 10.44 5.10 1200 1.55 10.71 5.01
500 2.18 10.23 5.18 1220 2.30 9.89 5.21
520 1.97 10.27 4.61 1240 3.27 10.42 5.75
540 1.61 9.91 5.05 1260 2.78 10.26 5.18
560 2.31 9.99 4.96 1280 2.35 9.86 5.52
580 2.45 10.62 5.33 1300 2.17 9.76 4.94
600 1.93 11.12 4.74 1320 2.94 10.38 5.89
620 1.55 11.10 4.64 1340 2.77 10.01 5.46
640 1.21 9.95 4.69 1360 2.92 10.18 5.45
660 1.19 10.49 5.07 1380 2.91 9.84 4.80
680 1.88 10.41 4.77 1400 2.82 10.44 5.32
700 2.53 10.34 4.98 1420 2.89 10.19 5.67
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Dist. from Mg/Ca Sr/Ca S/Ca

Dist. from Mg/Ca Sr/Ca S/Ca

Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]

1440 2.22 10.24 5.58 2200 2.74 10.81 5.79
1460 2.40 10.02 5.06 2220 2.33 10.35 5.70
1480 2.14 10.76 5.42 2240 1.58 10.00 5.28
1500 2.68 10.66 5.25 2260 2.00 10.35 5.95
1520 3.17 10.68 5.18 2280 2.46 10.14 5.48
1540 2.45 10.30 5.79 2300 2.59 10.28 5.76
1560 3.08 10.48 5.62 2320 2.67 10.77 5.82
1580 2.70 10.28 5.69 2340 2.78 11.00 5.98
1600 3.33 10.64 5.54 2360 3.23 10.69 5.80
1620 241 10.24 5.80 2380 2.47 10.14 5.73
1640 2.98 10.14 5.54 2400 2.25 10.14 5.95
1660 1.62 9.60 5.21 2420 1.93 9.89 5.86
1680 2.06 11.02 5.48 2440 X X X

1700 2.72 10.12 6.27 2460 2.79 10.90 5.77
1720 3.11 10.29 5.55 2480 2.88 10.34 6.05
1740 2.80 10.33 5.64 2500 3.09 10.58 6.13
1760 3.06 10.41 5.84 2520 2.59 10.27 5.65
1780 2.21 10.01 5.60 2540 2.68 9.99 6.05
1800 2.24 10.03 5.44 2560 2.82 10.56 6.07
1820 2.46 10.75 5.92 2580 3.13 10.56 5.72
1840 2.22 10.59 5.74 2600 2.80 10.81 6.16
1860 2.52 10.09 5.79 2620 1.96 10.39 5.43
1880 1.89 10.41 5.19 2640 1.63 9.64 5.13
1900 2.55 10.26 5.36 2660 2.24 10.30 6.03
1920 2.51 10.26 5.70 2680 3.15 10.73 5.82
1940 2.22 10.49 5.46 2700 3.07 11.03 5.73
1960 1.83 10.33 5.36 2720 3.50 10.60 5.97
1980 2.52 10.13 5.51 2740 4.75 10.60 6.04
2000 3.13 10.37 5.76 2760 3.17 10.74 6.28
2020 2.27 10.04 5.84 2780 2.64 10.16 6.26
2040 3.13 10.70 6.03 2800 3.46 10.75 5.84
2060 2.56 10.45 5.38 2820 3.25 10.43 5.71
2080 2.32 10.20 5.05 2840 3.31 11.16 6.12
2100 2.42 10.10 5.94 2860 7.45 11.38 6.08
2120 2.47 10.21 5.56 2880 6.82 12.05 5.77
2140 2.21 10.39 5.77 2900 2.71 11.12 5.79
2160 2.58 11.03 5.33 2920 3.90 11.34 5.64

2180 2.68 10.70 5.56
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Sample ID: CR-22L, Santa Maria di Leuca, (12.4 ka)

Dist. from Mg/Ca Sr/Ca S/Ca

Dist. from Mg/Ca Sr/Ca S/Ca

Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]

0 2.00 9.53 5.70 800 2.66 9.95 5.70
20 3.02 9.86 5.27 820 2.09 9.78 5.47
40 2.93 10.00 5.45 840 2.17 9.85 5.16
60 2.75 9.71 5.34 860 2.39 10.18 5.64
80 3.12 10.80 5.55 880 1.95 10.22 5.03
100 2.28 10.34 5.49 900 2.15 10.10 5.19
120 3.46 9.76 5.27 920 3.06 10.18 5.17
140 2.44 9.77 5.31 940 2.83 9.96 5.72
160 2.94 9.56 4.86 960 2.66 9.92 5.67
180 3.08 9.84 5.31 980 2.84 10.20 5.57
200 2.93 10.05 5.52 1000 2.73 10.37 5.84
220 3.15 9.92 6.19 1020 3.01 9.69 5.77
240 3.29 10.51 5.90 1040 2.89 10.07 5.53
260 2.25 9.96 5.64 1060 X X X
280 2.08 9.77 5.24 1080 3.19 10.20 5.45
300 2.94 9.74 5.67 1100 2.19 9.41 5.27
320 2.70 9.77 5.09 1120 2.58 9.57 5.40
340 3.04 10.01 5.89 1140 2.18 9.36 5.68
360 2.83 10.10 5.06 1160 2.25 10.15 5.44
380 2.51 9.65 5.48 1180 3.22 9.45 5.73
400 2.04 9.83 5.16 1200 3.33 10.03 5.84
420 3.00 10.11 5.37 1220 3.73 9.62 5.46
440 3.04 9.44 5.29 1240 2.80 10.02 5.69
460 1.59 10.13 4.89 1260 2.11 10.48 5.38
480 3.17 10.01 5.72 1280 2.53 10.07 5.74
500 2.73 10.25 5.80 1300 2.00 9.50 5.29
520 3.19 9.99 5.54 1320 2.19 9.97 5.35
540 2.54 10.47 5.73 1340 3.04 9.27 5.64
560 2.57 9.64 5.33 1360 1.88 9.82 5.10
580 X X X 1380 2.68 10.44 5.71
600 2.53 10.01 5.61 1400 3.30 10.20 5.55
620 2.54 9.74 5.14 1420 2.47 9.58 5.27
640 2.21 9.99 5.43 1440 1.80 9.60 5.38
660 2.59 9.98 5.31 1460 2.26 10.08 5.08
680 2.71 9.88 5.20 1480 1.46 9.72 5.34
700 2.46 9.25 4.99 1500 3.40 9.14 5.47
720 2.56 9.60 5.23 1520 2.21 9.59 5.07
740 2.97 10.46 5.47 1540 3.20 9.19 5.22
760 2.28 9.58 5.24 1560 3.20 9.34 5.63
780 2.49 9.16 5.57 1580 3.43 10.43 5.69
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Dist. from Mg/Ca Sr/Ca S/Ca

Dist. from Mg/Ca Sr/Ca S/Ca

Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]

1600 2.21 9.38 5.34 1840 4.47 10.00 5.58
1620 1.70 9.93 4.72 1860 3.80 9.89 5.68
1640 1.91 9.70 5.04 1880 3.88 9.27 5.15
1660 2.50 9.73 5.31 1900 2.97 10.24 5.25
1680 2.04 9.44 5.29 1920 3.29 9.95 5.66
1700 2.73 9.64 5.56 1940 3.17 10.05 5.50
1720 3.29 10.33 5.42 1960 3.05 9.92 5.00
1740 3.50 9.74 5.55 1980 2.84 9.95 5.05
1760 3.64 9.60 5.67 2000 1.60 9.70 5.31
1780 3.68 10.39 5.87 2020 1.19 10.34 5.19
1800 3.81 10.73 5.52 2040 1.54 9.88 4.87
1820 3.23 10.16 5.24 2060
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Sample ID: M70/1-721 Dive-106 (RED), Santa Maria di Leuca

Dist. from Mg/Ca Sr/Ca S/Ca

Dist. from Mg/Ca Sr/Ca S/Ca

Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]

0 3.23 9.73 6.29 800 3.08 10.17 6.34
20 3.41 9.27 6.13 820 3.55 9.59 6.36
40 4.09 10.04 6.51 840 2.87 10.02 6.25
60 3.07 10.12 6.51 860 3.16 10.03 6.27
80 2.33 9.79 6.39 880 3.16 10.08 6.90
100 2.96 9.92 6.80 900 1.47 10.42 6.02
120 3.03 9.55 6.20 920 3.25 10.18 6.48
140 3.56 10.34 6.11 940 3.47 9.82 6.49
160 3.11 10.12 6.37 960 3.16 9.63 6.24
180 3.02 9.87 6.59 980 2.63 9.92 6.87
200 2.03 9.00 6.06 1000 2.66 9.90 6.44
220 2.73 9.22 5.90 1020 3.34 9.80 6.35
240 2.56 8.84 6.86 1040 3.36 9.97 6.73
260 3.58 9.78 6.35 1060 3.89 9.80 6.50
280 3.57 9.87 6.65 1080 3.23 9.99 6.54
300 2.97 9.93 6.21 1100 3.08 10.11 6.53
320 2.80 9.73 6.62 1120 2.83 9.67 6.36
340 1.95 9.37 6.65 1140 3.45 9.66 6.52
360 3.08 10.05 6.42 1160 3.93 9.90 6.71
380 2.51 9.91 6.03 1180 3.49 9.82 6.69
400 2.50 9.77 6.72 1200 4.09 10.13 6.47
420 2.37 10.30 6.40 1220 3.11 9.99 6.20
440 3.30 9.81 6.39 1240 4.56 9.74 6.34
460 2.89 9.84 6.59 1260 3.60 9.20 6.36
480 3.66 9.78 6.34 1280 3.67 10.06 6.49
500 3.35 9.35 6.53 1300 3.50 10.54 6.45
520 2.00 9.48 6.11 1320 3.72 9.93 6.54
540 2.99 10.25 6.26 1340 3.32 9.63 6.88
560 3.23 9.67 6.10 1360 3.05 9.86 6.35
580 2.00 9.79 6.33 1380 3.07 10.05 6.43
600 2.98 10.07 6.93 1400 3.26 9.78 6.36
620 3.32 10.12 6.83 1420 2.99 9.50 6.35
640 2.89 10.46 6.76 1440 2.68 10.17 6.46
660 2.43 10.28 6.59 1460 3.47 9.89 6.29
680 X X X 1480 3.46 9.93 6.55
700 2.42 9.81 6.05 1500 4.09 9.58 6.56
720 3.30 9.31 5.82 1520 2.66 9.55 6.30
740 2.79 9.80 6.35 1540 3.09 9.40 6.27
760 3.10 9.41 6.55 1560 3.04 10.18 6.19
780 2.75 9.60 6.48 1580 2.68 9.82 6.33
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Dist. from Mg/Ca Sr/Ca S/Ca

Dist. from Mg/Ca Sr/Ca S/Ca

Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]

1600 3.65 9.67 6.66 2260 3.60 11.16 6.26
1620 2.91 10.09 6.90 2280 3.43 10.93 6.31
1640 3.47 9.91 6.79 2300 3.21 10.08 6.21
1660 2.98 9.74 6.52 2320 3.73 10.64 5.88
1680 3.09 9.68 6.46 2340 3.89 11.51 6.52
1700 2.93 8.94 5.60 2360 3.30 10.78 6.06
1720 3.35 9.94 6.11 2380 3.65 10.86 6.16
1740 3.64 9.78 5.85 2400 3.38 11.05 6.28
1760 3.54 10.20 6.44 2420 4.21 9.95 6.11
1780 4.49 10.16 6.18 2440 4.04 9.81 6.41
1800 3.63 9.99 5.54 2460 3.78 9.89 6.31
1820 4.44 9.60 6.39 2480 4.04 10.20 6.87
1840 3.87 10.29 6.77 2500 2.83 9.72 6.42
1860 4.68 10.08 6.43 2520 3.33 9.81 6.11
1880 4.03 9.60 6.43 2540 3.19 10.06 6.39
1900 4.32 9.62 5.97 2560 3.49 9.59 6.34
1920 X X X 2580 3.16 9.34 6.47
1940 3.90 9.85 6.57 2600 3.42 9.30 6.47
1960 3.71 9.56 6.83 2620 3.65 9.32 6.52
1980 3.87 10.18 6.60 2640 4.60 9.84 6.70
2000 3.36 9.76 6.22 2660 4.57 10.48 5.94
2020 3.34 10.03 6.03 2680 4.03 10.36 6.64
2040 3.95 9.83 6.43 2700 4.68 9.58 6.15
2060 2.82 10.01 6.94 2720 4.04 9.77 6.31
2080 4.12 10.40 6.96 2740 3.98 9.39 6.18
2100 3.52 9.44 6.60 2760 2.45 9.86 5.80
2120 4.59 9.68 6.50 2780 1.21 10.34 4.92
2140 2.88 9.76 6.43 2800 X X X

2160 3.70 9.72 6.55 2820 1.20 10.48 5.57
2180 4.45 9.94 6.45 2840 1.18 9.93 5.19
2200 4.23 9.50 6.43 2860 0.95 10.86 5.73
2220 3.79 9.71 6.76 2880 1.50 10.44 5.69
2240 3.17 10.89 6.23 2900 2.46 10.97 5.56
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Sample ID: M70/1-721 Dive-106 (WHITE), Santa Maria di Leuca

Dist. from Mg/Ca Sr/Ca S/Ca | Dist. from Mg/Ca Sr/Ca S/Ca
Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]
0 2.37 9.71 6.93 800 2.82 9.60 6.38
20 1.98 10.24 5.88 820 3.55 9.19 6.29
40 2.23 10.22 5.59 840 2.57 9.49 5.64
60 3.08 9.74 6.15 860 3.62 9.54 6.40
80 2.66 10.22 5.80 880 3.13 10.35 6.38
100 2.66 9.42 6.32 900 3.18 9.87 5.81
120 3.16 9.72 6.01 920 1.68 9.72 6.07
140 2.84 9.63 6.14 940 2.81 9.33 591
160 3.05 9.83 6.12 960 2.53 9.59 5.98
180 2.39 9.95 6.18 980 2.65 9.88 6.35
200 1.87 10.85 6.45 1000 1.84 9.96 6.04
220 2.28 10.53 5.91 1020 2.61 9.67 6.50
240 2.12 9.44 5.86 1040 2.98 9.21 6.16
260 1.98 9.61 6.10 1060 2.93 9.16 6.29
280 2.95 9.90 6.38 1080 3.63 9.57 6.22
300 3.22 9.80 6.51 1100 3.56 9.49 6.28
320 2.72 9.52 6.56 1120 3.30 9.48 6.06
340 2.76 9.49 6.01 1140 3.55 9.64 6.39
360 2.32 10.47 5.68 1160 3.29 9.66 6.48
380 1.84 10.58 6.04 1180 4.21 9.31 6.17
400 2.09 9.56 6.06 1200 4.46 9.71 5.86
420 2.06 10.23 5.78 1220 4.89 9.60 6.17
440 2.97 9.80 6.31 1240 3.19 9.63 6.62
460 3.68 9.88 5.73 1260 2.93 9.18 6.08
480 2.48 10.27 6.02 1280 4.58 9.34 6.46
500 2.63 10.25 6.05 1300 2.55 9.76 6.00
520 2.72 10.53 6.43 1320 2.56 9.57 5.69
540 2.19 9.52 5.56 1340 2.60 9.96 6.34
560 2.72 9.73 5.81 1360 4.31 9.56 5.88
580 3.52 10.34 6.47 1380 4.83 10.05 6.17
600 2.97 10.74 6.82 1400 3.36 9.84 4.45
620 2.78 10.58 6.37 1420 3.64 9.81 5.68
640 2.72 10.20 6.59 1440 4.32 10.23 6.16
660 3.63 9.77 591 1460 4.05 9.28 6.10
680 3.43 10.06 5.76 1480 4.56 9.02 5.04
700 3.44 9.30 6.27 1500 4.29 9.76 6.16
720 3.72 9.76 6.18 1520 4.74 10.05 6.46
740 3.81 9.41 6.06 1540 3.24 9.65 5.91
760 2.99 9.67 6.08 1560 2.60 10.37 5.14
780 3.04 9.65 6.13 1580 1.69 10.20 5.52
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Dist. from Mg/Ca Sr/Ca S/Ca | Dist. from Mg/Ca Sr/Ca S/Ca

Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]
1600 1.00 9.08 5.36 1720 1.88 9.10 5.97
1620 1.66 10.65  5.43 1740 3.22 9.95 5.87
1640 2.01 9.58 6.16 1760 2.48 10.05 5.26
1660 2.46 9.44 5.92 1780 1.42 9.87 5.69
1680 2.26 9.39 5.74 1800 1.43 10.52 5.25
1700 2.36 9.78 5.48 1820 2.43 10.27 5.75
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Sample ID: M70/1-752 Dive-111, Gondola Slide

Dist. from Mg/Ca Sr/Ca S/Ca

Dist. from Mg/Ca Sr/Ca S/Ca

Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]

0 2.96 9.96 5.65 800 2.04 9.82 5.84
20 3.06 10.30 6.21 820 3.08 9.59 6.00
40 2.91 10.30 5.95 840 2.34 9.40 591
60 3.71 10.00 6.00 860 2.70 9.80 6.22
80 2.15 9.85 6.37 880 X X X
100 X X X 900 1.50 9.51 5.65
120 3.23 9.77 6.26 920 2.75 9.69 6.62
140 3.36 10.06 5.94 940 3.28 9.68 6.09
160 2.68 9.83 5.83 960 3.08 9.66 6.14
180 3.46 9.59 5.99 980 2.64 10.23 6.13
200 3.09 10.01 6.07 1000 3.15 9.46 6.06
220 3.20 9.65 6.29 1020 3.12 9.36 6.13
240 2.96 9.55 6.76 1040 3.52 9.66 5.97
260 2.96 10.38 6.20 1060 2.83 10.87 6.02
280 3.20 9.76 5.98 1080 3.32 10.55 6.35
300 3.50 9.76 6.20 1100 4.34 10.11 6.19
320 3.37 9.97 6.32 1120 X X X
340 2.43 9.77 6.09 1140 3.68 10.16 6.20
360 2.55 9.89 6.22 1160 3.69 10.47 6.16
380 2.62 10.17 6.18 1180 3.88 10.02 6.66
400 1.84 10.25 6.05 1200 3.87 10.63 6.05
420 2.08 10.15 5.86 1220 3.60 9.79 6.31
440 2.28 10.03 6.41 1240 4.41 10.32 6.63
460 1.95 10.28 6.34 1260 3.86 10.40 6.29
480 3.41 10.08 6.57 1280 3.23 11.01 6.49
500 2.89 10.53 6.52 1300 3.86 10.34 6.86
520 2.92 9.88 6.13 1320 4.48 9.57 6.59
540 1.75 9.62 6.00 1340 5.39 9.90 6.36
560 2.43 9.83 5.79 1360 3.26 9.63 6.19
580 2.61 9.77 6.08 1380 3.40 10.12 6.13
600 2.30 9.67 6.11 1400 2.48 9.32 5.87
620 1.72 10.11 5.73 1420 2.91 9.51 6.08
640 2.11 9.54 5.54 1440 3.42 9.54 6.19
660 3.12 9.44 6.61 1460 2.16 9.54 6.01
680 2.72 9.59 5.77 1480 2.23 9.24 5.95
700 2.94 9.40 597 1500 3.96 9.22 6.01
720 2.41 9.09 6.07 1520 3.83 9.45 6.09
740 3.24 9.57 6.16 1540 4.17 9.69 6.07
760 2.99 10.30 6.40 1560 4.11 9.31 591
780 3.21 9.71 6.32 1580 4.34 9.57 6.08
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Dist. from Mg/Ca Sr/Ca S/Ca

Dist. from Mg/Ca Sr/Ca S/Ca

Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]
1600 4.41 9.54 5.90 1780 3.60 9.79 6.14
1620 5.24 9.23 6.22 1800 4.96 9.11 6.15
1640 3.87 8.98 5.97 1820 4.88 9.44 6.35
1660 5.44 9.30 5.82 1840 4.86 9.19 6.26
1680 5.04 9.68 5.74 1860 2.84 8.83 6.06
1700 4.82 9.29 5.89 1880 2.96 9.13 5.61
1720 3.56 9.30 6.62 1900 2.00 9.98 5.65
1740 4.16 9.36 7.24 1920 1.45 10.40 5.27
1760 5.32 9.95 6.55 1940 1.99 10.32 5.43
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Sample ID: M70/1-677 Dive-100, Urania Bank

Dist. from Mg/Ca Sr/Ca S/Ca

Dist. from Mg/Ca Sr/Ca S/Ca

Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]

0 3.30 9.79 6.54 800 4.14 9.65 6.69
20 2.26 10.40 6.49 820 3.72 10.06 6.18
40 3.40 10.13 6.92 840 4.29 10.34 6.35
60 2.91 10.43 6.62 860 3.77 9.72 6.39
80 2.92 10.87 6.60 880 3.83 9.75 6.14
100 2.64 10.39 6.71 900 1.90 10.08 5.40
120 2.84 9.60 6.58 920 3.97 9.62 6.25
140 2.50 9.73 6.50 940 5.11 9.46 6.05
160 3.22 9.39 6.15 960 4.31 9.28 6.32
180 3.30 10.51 6.65 980 4.36 9.51 6.44
200 2.46 10.28 6.52 1000 5.04 9.31 6.46
220 2.80 10.07 6.51 1020 5.45 9.60 6.18
240 3.06 9.90 6.84 1040 4.91 9.68 6.31
260 2.22 10.64 5.99 1060 4.28 10.18 6.59
280 3.27 9.57 6.63 1080 4.39 10.47 6.62
300 2.85 9.47 6.91 1100 4.87 10.11 6.32
320 3.04 10.43 5.93 1120 5.24 9.26 6.28
340 2.39 10.50 6.15 1140 5.65 941 6.05
360 2.56 10.24 6.11 1160 4.95 9.19 5.99
380 2.87 10.06 6.86 1180 4.96 9.34 6.17
400 2.83 10.20 6.56 1200 5.97 9.10 5.50
420 3.46 9.85 6.56 1220 5.54 9.63 6.20
440 2.44 10.15 6.51 1240 3.99 9.93 6.45
460 2.08 9.72 6.34 1260 1.04 9.52 5.08
480 2.09 10.78 6.63 1280 1.75 10.45 5.26
500 2.73 10.12 6.22 1300 1.72 9.64 5.42
520 2.56 9.40 6.43 1320 1.75 11.27 5.40
540 2.34 10.00 6.85 1340 1.82 9.66 5.39
560 2.54 9.75 5.99 1360 1.40 10.81 5.46
580 3.27 9.67 5.93 1380 1.02 10.64 5.71
600 3.33 9.63 6.25 1400 1.23 10.31 5.75
620 3.35 9.74 6.55 1420 2.54 10.08 6.44
640 2.60 10.38 5.82 1440 1.95 10.01 5.84
660 2.75 10.26 6.63 1460 1.85 10.63 5.92
680 2.13 9.50 6.44 1480 1.61 10.87 5.51
700 3.35 9.10 6.72 1500 0.96 10.97 6.13
720 2.76 9.89 6.23 1520 1.38 10.64 5.71
740 4.12 9.68 6.18 1540 1.46 10.05 5.54
760 3.57 9.36 6.49 1560 1.35 10.34 5.54
780 3.98 9.83 6.74 1580 5.66 8.91 6.43
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Dist. from Mg/Ca Sr/Ca S/Ca

Dist. from Mg/Ca Sr/Ca S/Ca

Rim [pm] [mmol /mol] Rim [pm] [mmol /mol]
1600 2.13 10.12 6.58 1700 1.73 11.29 5.50
1620 2.03 10.91 5.16 1720 1.91 10.48 2.67
1640 1.94 11.12 2.58 1740 2.57 10.09 2.67
1660 2.03 10.05 5.66 1760 1.83 10.55 D.77
1680 1.36 10.11 5.65 1780 2.29 9.46 5.85
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Coral §*C- and §'®*O-Analyses

SAMPLE ID: SE06-13L, Bari Canyon (17.6 ka)

Table A.13: Results of stable isotope analyses of coral samples performed by Matthias
Lopez Correa (GZN-IPAL, Erlangen).

Dist. from ¢°C+lc %0+l | Dist. from §PC+lc §°0=x1o
Rim [gm| [%o PDB| [%o PDB| | Rim [um| [%o PDB| [%o PDB]|
200 3.52+0.01 5.1240.05 3600 1.804+0.01 4.5040.02
300 3.15+0.01 4.9940.05 3700 1.42+0.01 4.3940.03
400 2.64+0.01 4.93+0.06 3800 0.54+0.01 4.1740.03
500 2.884+0.01 4.99£0.05 3900 -0.64+0.01 3.5040.02
600 3.561+0.01 5.4540.02 4000 -0.744+0.00 3.7040.04
700 3.561+0.02 4.984+0.06 4100 0.58+0.02 3.8240.03
800 3.71£0.02 5.5040.05 4200 1.75+0.01 4.6940.03
900 3.41+0.01 4.80+0.07 4300 0.99+0.01 4.2840.03
1000 3.494+0.01 5.4740.04 4400 -0.064+0.01 3.9240.01
1100 3.41+0.02 5.3140.03 4500 -0.13+£0.02 3.7540.03
1200 3.40+0.01 5.3540.02 4700 0.66+0.01 3.7340.09
1300 3.22+0.01 5.2140.03 4800 1.94+0.01 4.8940.03
1400 3.29+0.02 5.3840.02 4900 2.424+0.01 5.04+0.05
1500 3.4240.01 5.3840.05 5000 1.8840.01 4.2340.06
1600 3.50+0.01 5.3640.04 5100 0.86+0.01 4.4140.04
1700 3.61+0.01 5.2140.03 5200 0.64+0.02 4.0940.04
1800 3.72+0.01 5.3340.02 5300 1.12+0.00 4.6540.03
1900 3.69£+0.01 5.2740.02 5400 1.90+£0.01 4.8940.03
2000 3.57£0.01 5.0740.03 5500 2.254+0.01 4.9940.02
2100 3.57£0.01 5.3440.04 5600 1.6940.01 4.4240.05
2200 3.43+0.01 4.6940.07 5700 1.02+0.01 3.9140.06
2300 3.43+0.02 4.784+0.08 5800 0.88+0.01 4.1540.04
2400 3.41+0.01 4.93+0.04 5900 0.80+£0.00 4.4640.02
2500 3.48+0.01 4.95+0.04 6000 0.58+0.00 4.3040.03
2600 3.4940.01 5.0440.05 6100 0.18+0.01 3.9140.06
2700 3.45+0.01 5.1940.04 6200 0.05+0.01 4.2340.03
2800 3.324+0.01 5.0840.04 6300 0.24+0.01 4.0040.02
2900 3.15+0.01 5.1340.03 6400 -0.164+0.01 3.97+0.02
3000 3.08+0.02 5.1140.05 6500 -1.23+£0.01 3.6540.03
3100 2.11+£0.01 4.51+0.03 6600 -2.4940.01 2.7440.06
3200 1.964+0.01 4.4140.02 6700 -3.05+0.01 2.8140.03
3300 2.054+0.02 4.61£0.03 6800 -3.77+£0.01 2.6540.03
3400 2.644+0.01 4.98+0.03 6900 -3.89+0.01 2.3340.02
3500 2.56+0.01 4.88+0.03 7000 -4.14+0.01 2.3740.03
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SAMPLE ID: CR-22L, Santa Maria di Leuca (12.4 ka)
Dist. from §°C+1lc §®0=+1c | Dist. from ¢63C+loc §%0=£1lo
Rim [pm]|  [%o0 PDB|  [%o PDB| | Rim [um| [%¢ PDB| [%o PDB]|
73 -0.454+0.01 2.9940.05 1238 -2.514+0.01 2.584+0.02
146 -0.90+0.01 3.1840.05 1311 -2.07+0.00 2.66+0.03
218 -1.7240.01 2.714+0.05 1383 -1.55+0.02 2.7040.02
291 -1.724+0.01 2.6040.04 1456 -2.364+0.01 2.8240.03
364 -1.74+0.01 2.5640.04 1529 -2.8240.01 2.5140.03
437 -1.7840.01 2.904+0.04 1602 -1.5540.01 3.004+0.05
510 -1.4240.01 2.53+0.02 1675 -2.06+0.01 2.85+0.03
583 -0.834+0.00 3.23+0.02 1748 -2.014+0.02 2.30+0.07
655 -0.74+0.01 3.2440.02 1820 -0.94+0.02 2.9340.05
728 0.51+0.03 3.104+0.08 1893 -1.314+0.01 2.88+0.04
801 1.324£0.01 4.06+0.03 2039 -2.7740.01 2.634+0.03
874 0.70+0.01 3.6640.05 2112 -5.09+0.01 0.9640.04
947 0.53+0.01 3.29+0.03 2184 -3.76+0.01 1.62+0.05
1019 -0.35+£0.01 3.4040.04 2257 -1.59+£0.01 2.7440.04
1092 -1.004+0.01 3.2240.01 2330 0.07+0.02 3.36+0.05
1165 -1.7940.03 2.2840.09
SAMPLE ID: M70/1-752 Dive-111, Gondola Slide
Dist. from §°C+1lc §®0=+1c | Dist. from §3C+loc §¥0=x10o
Rim [pm|  [%o PDB| [%o PDB| | Rim [um| [%o0 PDB| [%0 PDB]
100 1.09+£0.01 2.56+0.04 900 -1.104+0.00  1.8740.04
200 0.15+0.01 2.08+0.03 1000 -1.514+0.00 1.4440.05
300 -2.464+0.01  1.04-0.06 1100 23.164+0.01  0.93+0.04
400 ~1.4540.02  1.36+0.04 1200 -5.5640.01 -0.24+0.04
500 1.25+0.01  2.59+0.03 1300 -6.8940.01 -0.6840.05
600 0.754+0.00 2.584+0.04 1400 -6.8140.01 -0.7540.04
700 -1.234+0.01 1.87+0.04 1600 -6.81+0.01 -0.9240.05
800 -2.074+0.01 1.05%0.06 1600 -6.804+0.00 -0.8640.04
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SAMPLE ID: M70/1-721 Dive-106 (RED), Santa Maria di Leuca

Dist. from ¢3C+loc §®O=£lc | Dist. from ¢é3C+loc §%0+£lo

Rim [pm|  [%o PDB]  [%o¢ PDB| | Rim [pm| [%o PDB| [%¢ PDB]|
100 -2.1440.00 1.01+0.04 2600 -3.614+0.01 0.38+0.04
200 -2.76+0.02  0.38+0.04 2700 -3.03+0.01  0.8040.02
300 -2.5440.01 0.78+0.04 2800 -2.414£0.01  0.51+£0.02
400 -2.804+0.01  1.15£0.00 2900 -2.68+0.01  0.52+0.03
500 -3.164+0.01 0.56+0.04 3000 -3.61£0.00  0.41+0.03
600 -2.1940.01 1.00+0.02 3100 -4.364+0.01 0.13+0.04
700 -1.73+£0.00 1.34%0.04 3200 -4.76+0.00 -0.22£0.03
800 -1.3240.01  1.75£0.01 3300 -4.34+0.01  0.07+£0.02
900 -0.8440.00 2.02+0.02 3400 -4.26+£0.00  0.16+0.03
1000 -0.30+0.01 1.76+0.03 3500 -4.38+0.02  0.05+0.03
1100 0.43+£0.01 2.1640.04 3600 -4.504+0.01 -0.02+0.02
1200 0.86+0.01  2.0440.04 3700 -4.314+0.01  0.0840.03
1300 0.75+0.03  1.60+0.07 3800 -4.20£0.01  0.16+0.04
1400 0.374£0.00  1.93+0.02 3900 -4.07£0.01  0.13+0.06
1500 -1.03+0.01  0.94+0.04 4000 -4.20+0.01 0.11+0.03
1600 -2.2740.01 0.45+0.04 4100 -4.5440.01 0.00+0.02
1700 -3.544+0.01 0.33£0.03 4200 -5.13+0.01 -0.3140.02
1800 -4.61£0.01 -0.27+0.03 4300 -5.08£0.01 -0.12+0.01
1900 -5.17£0.00 -0.62+0.03 4400 -5.77+£0.01 -0.65+0.03
2000 -5.05+0.01 -0.54+0.05 4500 -6.67+£0.02 -0.984+0.02
2100 -4.404+0.01 0.05+0.03 4600 -7.1740.02 -1.4940.03
2200 -3.464+0.01 0.45+0.04 4700 -7.03+0.01 -1.714+0.04
2300 -3.13+0.01  0.584+0.04 4800 -7.3940.01 -1.62+0.03
2400 -3.43+0.01 0.51£0.03 4900 -6.91+0.01 -1.16+0.02
2500 -3.794+0.01 0.5140.01

Box Corer §'3C- and §'*0O-Analyses

Table A.14: Results of stable isotope analyses of epibenthic foraminifera in box corer

(GKG) samples.

Sample ID | Area Species dBC+10 | 6®¥0=*10

[%0 PDB| | [%0 PDB]
M70/1-668-2 | Linosa Trough C. wuellerstorfi | 1.54+0.02 | 1.5840.03
M70/1-668-2 | Linosa Trough C. kullenbergi 1.38+0.01 | 1.67£0.02
M70/1-669-1 | Linosa Trough C. wuellerstorfi | 1.61+£0.01 | 1.70£0.01
M70/1-679-2 | Urania Bank C. kullenberg: 0.56+0.01 | 1.76£0.02
M70/1-710-2 | Santa Maria di Leuca | C. wuellerstorfi | 1.634+0.01 | 1.90+0.02
M70/1-712-1 | Santa Maria di Leuca | C. wuellerstorfi | 1.564+0.01 | 3.58+0.02




ICP-MS Analyses

Table A.15: Results of ICP-MS-analyses.

soorpuaddyy

Sample ID i SRb Sr Mo 12'Sb Cs *Ba 22U

lug/Nl ee/l (pg/ll ug/ll [ug/l (pe/ll [pg/l]  [pe/l]
M70,/1-655, 1007 m 197 140 9548 140 0.239 0330 992 3.50
M70/1-655, 250 m 196 144 9768 144 0.237 0.336 847  3.59
M70/1-678, 623 m 193 143 9723  14.1 0.228 0.335 947  3.47
M70/1-705, 200 m 190 139 9566 14.1 0.213 0.336 8.66 3.54
M70/1-708, 823 m 188 140 9509 14.0 0.222 0.324 948  3.49
M70/1-723, 1198 m 201 134 9210 135 0230 0.328 881  3.57

AL275-420-1#59, 85 m | 166 123 8391 126 0.192 0.303 7.51  3.23
AL275-425-24#62, 25 m | 150 112 7610 114 0.210 0.283 797  2.98
AL275-425-2#63, 10 m | 133 96.3 6351 9.70 0.186 0.244 996  2.57

P325-383-2, 593 m 168 124 811 127 0236 0.297 5.70  3.22
P325-386-2, 175 m 164 124 8489 12.7 0.187 0.303 6.05  3.20
P325-373-2, 298 m 174 126 8528 128 0.192 0.298 5.76  3.26

vcl



ICP-OES Analyses

Table A.16: Results of ICP-OES-analyses.

Sample ID Ca Mg Sr B Ba Mg/Ca Sr/Ca B/Ca Ba/Ca
[mg/1] [mg/l] [pg/]] [pg/l] [pg/l] | [mol/mol] [mmol/mol] [mmol/mol] [umol/mol]

M70/1-655, 1007 m 460 1467 8670 5225 2.49 5.21 8.54 42.0 6.55
M70/1-655, 250 m 472 1510 8912 5204 X 5.24 8.57 40.8 X
M70/1-655, 100 m 459 1463 8636 5183 X 5.21 8.54 41.8 X
M70/1-675, 1728 m 442 1412 8275 4979 13.4 5.23 8.50 41.7 13.6
M70/1-678, 623 m 442 1417 8292 5051 22.0 5.25 8.51 42.3 19.1
M70/1-678, 620 m 440 1407 8244 4813 15.6 5.23 8.50 40.4 15.1
M70/1—705, 1015 m 449 1439 8446 4992 10.1 5.24 8.53 41.1 11.4
M70/1-705, 1000 m | 448 1434 8428 5151 16.0 5.23 8.53 42.5 15.2
M70/1-705, 920 m 461 1473 8672 5027  5.83 5.23 8.54 40.3 8.61
M70/1-705, 830 m 445 1426 8366 4847  25.3 5.24 8.53 40.2 21.2
M70/1-705, 500 m 458 1465 8624 5076 X 5.23 8.54 40.9 X
M70/1-705, 200 m 456 1459 8590 5189 5.44 5.23 8.55 42.1 8.40
M70/1-705, 50 m 467 1494 8832 5303 X 5.23 8.58 42.0 X
M70/1-705, 20 m 452 1449 8500 5192 5.07 5.24 8.53 42.5 8.21
M70/1-708, 823 m 433 1393 8117 4920 35.2 5.26 8.50 42.0 28.1
M70/1-709, 882 m 445 1429 8371 4958 14.4 5.25 8.54 41.2 14.2
M70/1-709, 600 m 442 1423 8326 5091 19.7 5.26 8.54 42.6 17.7
M70/1-709, 460 m 437 1407 8206 4968 20.8 5.27 8.52 42.1 18.6
M70/1-709, 280 m 431 1381 8052 4827  29.1 5.24 8.47 41.4 24.1
M70/1-709, 50 m 413 1331 7702 4768  40.8 5.27 8.46 42.7 33.1
M70/1-709, 20 m 418 1346 7790 4884 364 5.26 8.45 43.3 29.8
M70/1-721, 633 m 437 1401 8170 5079 24.8 5.25 8.49 43.1 21.2
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Sample ID Ca Mg Sr B Ba Mg/Ca Sr/Ca B/Ca Ba/Ca
[mg/1] [mg/l] [pg/]] [pg/l] [pg/l] | [mol/mol] [mmol/mol] [mmol/mol] [pmol/mol]

M70/1-722, 2513 m 443 1413 8234 5029 26.6 5.22 8.44 42.0 22.1
M70/1-723, 1198 m 456 1463 8572 5115 26.4 5.25 8.53 41.5 21.5
M70/1-724, 760 m 453 1449 8487 5216  11.2 5.23 8.51 42.7 12.0
M70/1—725, 624 m 444 1428 8345 5179 24.1 5.26 8.52 43.2 204
M70/1-726, 620 m 431 1387 8080 4820  26.1 5.26 8.51 41.3 22.2
M70/1-727, 456 m 448 1440 8425 5181 9.66 5.25 8.53 42.8 11.2
M70/1-728, 623 m 439 1411 8232 5015 25.4 5.26 8.51 42.3 21.5
M70/1-735, 663 m 427 1374 7972 4938  34.3 5.27 8.48 42.9 27.9
M70/1-736, 1078 m 443 1421 8297 5025 19.6 5.25 &8.50 42.0 17.6
M70/1-740, 1068 m 456 1466 8568 5192 16.3 5.26 8.53 42.2 15.1
M70/1-745, 557 m 457 1467 8616 5300 7.01 5.25 8.55 42.9 9.36
M70/1-746, 188 m 452 1452 8516 5163 17.0 5.26 8.55 42.3 15.7
M70/1-747, 408 m 453 1455 8537 5164  8.35 5.25 8.55 42.2 10.3
M70/1-748, 518 m 464 1489 8758 5288  3.66 5.24 8.56 42.1 7.25
M70/1-749, 620 m 447 1439 8410 5106 20.2 5.26 8.54 42.3 17.8
M70/1-750, 874 m 451 1447 8481 4977 14.5 5.24 8.53 40.8 14.1
M70/1-752, 710 m 469 1489 8786 5342 X 5.19 8.50 42.1 X
AL275-420-1#59, 85 m 415 1331 7866 4791 X 5.24 8.59 42.7 X
AL275-425-2#62, 25 m 374 1197 7016 4288 22.0 5.24 8.52 42.5 21.9
AL275-425-2#63, 10 m 320 1017 5973 3644  28.1 5.20 8.47 42.2 30.0
P325-383-2, 593 m 407 1312 7709 4588 94 5.28 8.60 41.7 11.6
P325-386-2, 175 m 423 1360 8031 4929 X 5.26 8.61 43.1 X
P325-373-2, 298 m 423 1364 8044 4805 X 5.27 8.62 42.0 X
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