
Marine Isotope Stage 11 in the Eastern 
Mediterranean Sea: nearest analogue to the present 

day? 
 

 

 

 

 

 

 

Dissertation 
der Mathematisch-Naturwissenschaftlichen Fakultät 

der Eberhard Karls Universität Tübingen 

zur Erlangung des Grades eines  

Doktors der Naturwissenschaften  

(Dr. rer. nat.) 

 

 

 

 

 

 

vorgelegt von 

Lea Dagmar Numberger-Thuy 

aus Flensburg 

 

 

 

Tübingen 

2010 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tag der mündlichen Qualifikation:  21.02.2011 

Dekan: Prof. Dr. Wolfgang Rosenstiel 

1. Berichterstatter: Prof. Dr. Michal Kučera 

2. Berichterstatter: Prof. Dr. Gerhard Schmiedl 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
"Chaos is found in greatest abundance wherever order is being sought. It always defeats order, 
because it is better organized."  
 
—  Sir Terry Pratchett  



 



 1

 

Abstract..................................................................................................................................... 2 
Zusammenfassung .................................................................................................................... 4 
1. Introduction ...................................................................................................................... 6 

1.1. Marine Isotope Stage 11........................................................................................... 6 
1.2. The Mediterranean Sea – a natural climate laboratory........................................... 11 

1.2.1. Oceanography and bathymetry....................................................................... 12 
1.2.2. History of the Eastern Mediterranean Sea...................................................... 15 
1.2.3. Climatology .................................................................................................... 16 
1.2.4. Sapropel development .................................................................................... 18 

1.3. Paleoceanographic methods in the Mediterranean Sea .......................................... 20 
1.3.1. Oxygen and carbon isotopes........................................................................... 20 
1.3.2. Magnesium/calcium ratio ............................................................................... 22 
1.3.3. Sediment composition .................................................................................... 23 

1.4. Biomarker proxies .................................................................................................. 24 
1.4.1. Alkenone measurements................................................................................. 24 
1.4.2. TEX86 index.................................................................................................... 25 

1.5. Microfossil assemblages......................................................................................... 25 
1.5.1. Benthic foraminifera....................................................................................... 25 
1.5.2. Planktonic foraminifera .................................................................................. 26 

2. Material and Methods..................................................................................................... 29 
2.1. Investigated sites and cores .................................................................................... 29 
2.2. Sample processing .................................................................................................. 31 
2.3. Analysis of planktonic foraminifera assemblages .................................................. 31 
2.4. Morphotype evaluation of G. ruber........................................................................ 35 
2.5. Analysis of benthic foraminifera assemblages ....................................................... 38 
2.6. Stable isotope measurements.................................................................................. 40 
2.7. XRF elemental scans .............................................................................................. 41 
2.8. Alkenone measurements......................................................................................... 42 

3. Results and Discussions ................................................................................................. 44 
3.1. Chronostratigraphic framework.............................................................................. 44 
3.2. Comparability of palaeoclimate trends and foraminifera assemblage dynamics in 
the Eastern Mediterranean between MIS 11 and MIS 1..................................................... 49 
3.3. Glacial-like winter conditions during early MIS 11 in the Eastern Mediterranean 66 
3.4. Habitats, abundance patterns and isotope signals of morphotypes of the planktonic 
foraminifer Globigerinoides ruber (d’Orbigny) in the Eastern Mediterranean Sea since the 
Marine Isotope Stage 12. .................................................................................................... 72 

4. Conclusions .................................................................................................................... 89 
Acknowledgements ................................................................................................................ 92 
A. References ...................................................................................................................... 93 
B. Appendix ...................................................................................................................... 115 
 

 

 

 

 

 

 



 2

Abstract  

 
Marine Isotope Stage 11 (MIS 11) is known to be the closest analogue to the Holocene (MIS 

1) in terms of Earth’s orbital configuration during the last 400,000 years. This has often been used as 

an argument to investigate climate trends of MIS 11, reconstructed from natural geological archives 

in order to evaluate current and future climate developments. However, the orbital configuration 

during MIS 11 was not exactly identical to that of MIS 1 and the comparability of climate trends 

during both interglacials is currently hotly debated.  

In this study, the first high resolution palaeoclimatic investigation of MIS 11 is presented 

here for the Eastern Mediterranean Sea, known to yield an especially sensitive climate archive. High-

resolution, continuous multi-proxy palaeoclimatic data have been generated from two sediment cores 

of this region (ODP Site 964: 36°16’N, 17°45’E, 3658 m; GeoTü-SL96 32°46’N, 19°12’E, 1399 m). 

The records have been tied to an absolute time scale using an age model based on stable oxygen 

isotopes, planktonic faunal abundance events and sapropel formations. As a proxy of surface water 

conditions, assemblage compositions of planktonic foraminifera were determined in 404 samples and 

supplemented with alkenone unsaturation ratios in one of the cores.  

The new MIS 11 data indicate that MIS 11 sapropel formation and onset of interglacial 

conditions in both cores correlated with the second insolation peak after Termination V. In contrast, 

the MIS 1 sapropel S1 coincides with the first insolation peak after Termination I. An alignment of 

these two sapropel formations is here considered to be the best option to evaluate future climate 

trends of the recent interglacial. The position of the oxygen isotopic peak in GeoTü-SL96 is not 

associated with a fully developed sapropel and is not clearly identifiable in the sediment record. In 

contrast, both cores show a significant sapropel layer in MIS 1, indicating a different depth for the 

oxycline during MIS 11. In addition, the size of the oxygen isotopic peak at ODP Site 964 is larger 

than in the Holocene at the same site, indicating enhanced monsoonal activity and/or Black Sea 

discharge during MIS 11, despite a weaker insolation forcing. 

The alignment of MIS 11 sapropel to the second insolation maximum of MIS 11 reveals an 

apparently delayed response of the pelagic system to deglaciation. The pre-sapropel interval of MIS 

11 is characterised by glacial planktonic foraminiferal assemblages and apparently glacial alkenone 

temperatures. Benthic foraminifera concentrations and Ba/Ca ratios in the sediment furthermore 

suggest high productivity for the pre-sapropel interval. The most likely scenario to explain the 

apparent delayed response, in stark contrast with global trends and pollen evidence from the 

Mediterranean region, is high winter productivity during relatively cool and wet interglacial 

conditions in early MIS 11, fuelled by enhanced influx of terrigenous material, leading to the 

persistence of glacial planktonic foraminifera assemblages and alkenones representing the cold 

season signal until the development of the MIS 11 sapropel. 

Within the later part of MIS 11, planktonic foraminifera assemblage compositions show three 

conspicuous phases. The assemblages occurring during these phases resemble faunas known from 
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later sapropels. As they coincide with insolation maxima and low Ba/Ca and Fe/Al values in the 

sediment, they appear to be controlled by orbitally driven maxima in seasonality and stratification 

with low productivity and thus no sapropel formation. In addition, the planktonic foraminifera 

assemblages throughout late MIS 11 remain dominated by the warm-water indicator G. ruber, 

reaching an absolute maximum in late MIS 11 and the first half of MIS 10 (~ 80 %). This pattern can 

be explained by unusually warm temperatures during the late phase of MIS 11, which is consistent 

with alkenone data, combined with extremely low productivity, as indicated by benthic foraminifera 

concentrations. 

During sample preparation, anomalies in shape and size of G. ruber were identified, which 

led to the definition of four different morphotypes within this species, in accordance with literature. 

Abundances of the morphotypes significantly change between glacials and interglacials, and in three 

of the morphotypes of G. ruber, significant offsets in stable isotope composition were found. Since 

the isotope shifts among the three G. ruber morphotypes are systematic and often exceed 1 ‰, their 

understanding is essential for the interpretation of all G. ruber – based proxy records for 

palaeoceanographic reconstructions. 

The apparent delayed reaction of MIS 11 pelagic ecosystem in the Mediterranean region to 

global trends, resulting in a sapropel formation coinciding with the second insolation peak of the 

interglacial period, makes it difficult to align MIS 11 and MIS 1 with respect to the deglaciation. The 

degree of orbital analogy between MIS 11 and MIS 1 was clearly insufficient to force analogous 

climatic trends during the two interglacials that could be used to predict the future development of 

the Holocene without human impact.  The alignment of the two interglacial periods based on 

sapropel formation as proposed here identifies a significant asymmetry between the two interglacials 

and highlights the anomalous length of MIS 11 as not necessarily representative of the course of the 

current interglacial. 

 

 

 

 

 

 

 

 

 

 

 

 



 4

Zusammenfassung 

 
Das Marine Isotopen Stadium 11 (MIS 11, ca. 400 ka vor Heute), gilt als einer der 

Zeitabschnitte, der dem heutigen Interglazial im Bezug auf die orbitalen Parameter am nächsten 

kommt. Dies wurde oft als Anlass genommen, das Klima im MIS 11 zu untersuchen um daraus 

Rückschlüsse auf aktuelle und zukünftige Klimatrends zu ziehen. Die orbitalen Parameter während 

MIS 11 und die heutigen sind jedoch nicht exakt identisch, so dass aktuell intensiv diskutiert wird, in 

wie weit die beiden Stadien überhaupt tatsächlich direkt vergleichbar sind.  

Die vorliegende Studie zeigt die erste detaillierte Untersuchung von MIS 11 im östlichen 

Mittelmeer. Hochauflösende Datensätze wurden für verschiedene paläoklimatologische Proxies an 

zwei marinen Sedimentkernen, GeoTü-SL96 (32°46’N, 19°12’E, 1399 m, größere Syrte) und ODP 

Site 964 (36°16’N, 17°45’E, 3658 m, östlich von Sizilien) erstellt. Ein zuverlässiges Altersmodel 

wurde mithilfe stabiler Isotopen, der Sapropele und signifikanter Änderungen in der 

Foraminiferenfauna entwickelt. Die Meeresoberflächentemperaturen wurden anhand von 

Transferfunktionen auf Basis von Faunenzusammensetzungen planktischer Foraminiferen an 404 

Proben rekonstruiert und durch Alkenon Messungen an einem der Kerne ergänzt.  

Beide Kerne zeigen typische Warmzeitverhältnisse im MIS 11 erst nach der Sapropelbildung, 

welche mit dem zweiten Insolationsmaximum nach Termination V zusammenfällt. Der Sapropel in 

MIS 1 fällt im Gegensatz dazu mit dem ersten Insolationsmaximum nach der letzten Eiszeit 

zusammen. Ein Vergleich der beiden Isotopenstadien ab der Sapropelbildung scheint die beste 

Möglichkeit zu sein, die beiden Stadien direkt zu vergleichen. Die Position des Peaks in der 

Sauerstoffisotopie hin zu leichteren Werten im Kern GeoTü-SL96 fällt nicht mit einem deutlich 

erkennbaren Sapropel in der Sedimentfolge zusammen. Im Gegensatz dazu liegt im MIS 1 Abschnitt 

beider Kerne jeweils ein deutlich ausgeprägter Sapropel vor. Die verschiedenen Tiefen aus denen die 

beiden Kerne kommen erklären dieses Phänomen: in MIS 11 muss die Grenzschicht zwischen 

sauerstoffreichem und sauerstoffarmen Wassern tiefer gelegen haben als zur Zeit der Bildung des 

Sapropels in MIS 1. Zusätzlich dazu zeigen die sehr leichten Isotopenwerte in ODP Site 964 im 

entsprechenden Zeitabschnitt einen extrem erhöhten Eintrag von Frischwasser durch vermehrte 

Monsunaktivität und/oder einer Öffnung zum schwarzen Meer.  

Der Abgleich der beiden Sapropele von MIS 11 und MIS 1 lässt eine scheinbar verzögerte 

Reaktion des pelagischen Systems auf das Ende der Kaltzeit erkennen. Der Zeitraum im MIS 11 vor 

dem Sapropel ist gekennzeichnet durch glaziale planktonische Foraminiferenvergesellschaftungen 

und kältere Alkenon Temperaturen. Benthische Foraminiferenhäufigkeiten und Ba/Ca Verhältnisse 

lassen zudem eine hohe Produktivität für den entsprechenden Zeitraum vermuten. Das 

wahrscheinlichste Szenario für die verzögerte Reaktion, die in starkem Kontrast zu den globalen 

Entwicklungen und auf Pollen basierenden Ergebnissen aus der Mittelmeerregion steht, ist hohe 

Produktivität im Winter mit relativ kühlen und feuchten Bedingungen, angetrieben von erhöhtem 

Eintrag terrestrischen Materials, wodurch sich eine glaziale Vergesellschaftung planktonischer 
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Foraminiferen halten konnte und die Alkenone bis zur Bildung des MIS 11 Sapropels das Signal der 

kalten Jahreshälfte widerspiegeln. 

Die Vergesellschaftungen planktonischer Foraminiferen zeigen im weiteren Verlauf von MIS 

11 drei auffällige Phasen, die mit Faunen in verschiedenen jüngeren Sapropelen verglichen werden 

können. Da diese drei Phasen mit Insolationsmaxima und niedrigen Ba/Ca und Fe/Al Verhältnissen 

im Sediment zusammenfallen, scheinen sie mit orbital gesteuerten Saisonalitätsmaxima und starker 

Stratifizierung der Wassersäule und niedriger Produktivität, und daher fehlender Sapropele, 

zusammenzuhängen. Zusätzlich dazu bleiben die Vergesellschaftungen planktonischer Foraminiferen 

im späteren MIS 11 dominiert von der tropischen/subtropischen Art G. ruber, mit Höchstwerten im 

späten MIS 11/frühen MIS 10. Dieses Muster lässt sich erklären durch außergewöhnlich hohe 

Temperaturen während dieses Zeitabschnittes, kombiniert mit sehr niedriger Produktivität. 

Während der Bearbeitung der Proben fielen Unregelmäßigkeiten in Form und Größe von G. 

ruber auf und führten zu der Definition von vier verschiedenen Morphotypen innerhalb dieser Art. 

Die Häufigkeiten dieser Morphotypen variieren deutlich zwischen Glazialen und Interglazialen und 

in drei dieser Morphotypen konnten signifikante Unterschiede in den stabilen Isotopenverhältnissen 

festgestellt werden. Da diese systematisch sind und oft mehr als 1 ‰ betragen, ist ein besseres 

Verständnis der Morphotypen von großer Bedeutung für die Interpretation von allen auf G. ruber 

basierenden paläozeanografischen Proxies.  

Die scheinbar verzögerte Reaktion des Systems im frühen MIS 11 im Verhältnis zu globalen 

Entwicklungen erschweren einen Abgleich von MIS 11 und MIS 1 bezüglich des Endes der 

jeweiligen Kaltzeit. Das Ausmaß der Ähnlichkeit der orbitalen Parameter beider Zeitabschnitte war 

definitiv zu gering um absolut vergleichbare klimatische Entwicklungen hervorzurufen. Der auf 

Sapropelen beruhende Abgleich beider Interglaziale legt eine deutliche Asymmetrie zwischen beiden 

Zeitabschnitten offen und stellt die abnormal lange Dauer von MIS 11 als nicht unbedingt 

repräsentativ für das heutige Interglazial dar. 
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1. Introduction 

 

1.1. Marine Isotope Stage 11 

 

The study of past interglacials is potentially useful to understand the natural trends 

during warm periods of earth’s history, such as the current interglacial, the Holocene. 

However, each of the nearest interglacials was different (Tzedakis, 2009) precluding an 

insightful comparison with the Holocene. The magnitude and influence on climate 

development of anthropogenic factors are subject of ongoing, controversial discussion, 

ranging between suggestions of a long warm future (BERGER & LOUTRE, 2002; LOUTRE & 

BERGER, 2003) and an already overdue glaciation (RUDDIMAN, 2003, 2007; RUDDIMAN et al., 

2005; ROHLING et al., 2010). Of the last four interglacials, the peak interglacial MIS 5e was 

significantly warmer than the present-day climate due to a different orbital configuration 

(ROHLING et al., 2004); the peaking interglacial conditions at the onset of MIS 7c did not last 

long enough to allow for meaningful comparison with the Holocene (LISIECKI & RAYMO, 

2005A; 2005B) and the orbital configuration of MIS 9 is not comparable with the Holocene 

either. In terms of greenhouse gas concentrations, MIS 9 shows some similarities with pre-

anthropogenic conditions (RUDDIMAN, 2007; 2008), but the dissimilarity of the orbital 

configurations and the shorter duration (LISIECKI & RAYMO, 2005A, 2005B) make it an 

unlikely candidate for comparisons with the Holocene.  

The periodic reoccurrence of orbital parameters with long periodicities leave MIS 11 

as the most promising candidate for studies of natural interglacial variability and a 

comparison with the Holocene (e.g. BERGER & LOUTRE, 2003; DROXLER et al., 2003 and 

references therein). Due to a minimum in the long 400 ka eccentricity cycle (e.g. 

MILANKOVITCH, 1941; IMBRIE AND IMBRIE, 1980; HOWARD, 1997), the orbital configuration 

and the associated insolation patterns during MIS 11 appear also to have been most 

analogous with the Holocene (LOUTRE & BERGER, 2003; fig. 1). This could allow evaluating 

natural future climate development in the absence of anthropogenic influence. Based on 

orbital tuning of ice-volume signals in deep-sea sediments, the interglacial MIS 11 is 

assumed to have occurred between 428 to 362 kyr B.P. (IMBRIE et al., 1984; KARNER & 

MARRA, 2003; LISIECKI & RAYMO, 2005A, 2005B). Existing records indicate that MIS 11 was 

unusually warm and exceptionally long, spanning three precession cycles (HOWARD, 1997; 

DROXLER & FARRELL, 2000; LISIECKI & RAYMO, 2005A, 2005B; JOUZEL et al., 2007; LUETHI 

et al., 2008; ROHLING et al., 2009). Statistical and modelling approaches show that, in terms 
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Figure 1: Orbital parameters for the last 450 ka: Obliquity (upper black line), precession (lower black line), 
summer insolation 30°N (upper dotted line; BERGER & LOUTRE, 1991), eccentricity (lower dotted line), black 
and white bars indicate MIS boundaries (LISIECKI & RAYMO, 2005). 
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of orbital parameters resulting in glacial-interglacial forcing insolation patterns, MIS 11 is so 

far the best known analogue to the present day climate in comparison with other related 

interglacials (BERGER & LOUTRE, 1991; LOUTRE, 2003; LOUTRE & BERGER, 2003). 

 

 

A special problem of MIS 11 climate trends, called the MIS 11 paradox (BERGER & 

WEFER, 2003), however, casts doubt on the validity of the orbital analogy: The transition 

from MIS 12 to MIS 11 is characterised by an unusually high amplitude, perhaps the largest 

change observed in the glacial records for the last 3 My (e.g. JANSEN et al., 1986; KARNER et 

al., 2002), but also by the lowest orbital forcing of the five last glacial terminations. For this 

glacial transition, the link with insolation is so weak that for example the Devil’s Hole record 

(WINOGRAD et al., 1992) has been interpreted as suggesting a decoupling of insolation and 

climate change, with Termination II preceding orbital forcing by over 10 ka. Along with the 

long duration of MIS 11, the exceptionally low insolation forcing of Termination V (BERGER 

& LOUTRE, 1991) and the complex climate evolution during Termination I impede the 

alignment of the onset of the Holocene and the MIS 11 climate optimum (LOUTRE & 

BERGER, 2000, 2003; EPICA COMMUNITY MEMBERS, 2004; BROECKER & STOCKER, 2006; 

CRUCIFIX & BERGER, 2006; RUDDIMAN, 2006A, 2007; DICKSON et al., 2009; ROHLING et al., 

2010). BERGER & WEFER (2003) explained the characteristics of MIS 11 with the 

exceptionally cold MIS 12, which must have been followed by an extremely warm 
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Figure 2: Atmospheric concentrations of the greenhouse gases CO2 (LUETHI et al., 2008) and methane 
(LOULERGUE et al., 2008) for the last 450 ka as measured in Antarctic ice cores. White and black bars indicate 
MIS boundaries (LISIECKI & RAYMO, 2005). 

interglacial due to ice-sheet feedback. Following this reasoning, however, MIS 11 should 

have been shorter.  

 

Since insolation alone does not appear sufficient to explain the duration and intensity 

of MIS 11, CO2 concentrations during MIS 11 (fig. 2) have been invoked as an explanation 

for the MIS 11 paradox (e.g. SARMIENTO & LEQUERE, 1996; HOWARD, 1997; DROXLER et al., 

1999, 2000, 2003; BERGER & WEFER, 2003). MC MANUS et al. (2003) highlighted that the 

nearly ice free chapter of MIS 11 lasted longer than those of other interglacials of this time 

interval, nearly 30.000 years after termination V. This is considered to be controlled by the 

eccentricity modulation of precession: low eccentricity leads to a dampening of the 

precessional variations, resulting in the absence of extensive cold sub stages (BERGER & 

LOUTRE, 1991; MCMANUS, 2003; DE ABREU et al., 2005). CO2, known as a major climate-

driving atmosphere component, turned out to have shown a long period of high 

concentrations (data Epica Dome Concordia ice core) during peak interglacial MIS 11 (PETIT 

et al., 1999; EPICA COMMUNITY MEMBERS, 2004; SIEGENTHALER et al., 2005, RUDDIMAN, 

2007, 2008), but not the highest among all Quaternary interglacials (RAYNAUD et al., 2005), 

as well as in the pre-industrialised Holocene (MONNIN et al., 2001, RUDDIMAN, 2007) some 

200 years ago. LOUTRE & BERGER (2003) and RUDDIMAN (2007) speculated that the warm 

oceans of MIS 11 absorbed less CO2, and reduced productivity in equatorial regions left 
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large amounts of the greenhouse gas in the atmosphere. Additionally, massive barrier-reef 

build-up in shelf areas favoured by sea-level high stands released large amounts of CO2 to 

the atmosphere (HOWARD & PRELL, 1994; SARMIENTO & LEQUERE, 1996). A modelling 

approach by KIM & CROWLEY (1994) found that non-anthropogenic CO2 emissions alone 

would have reached the critical level in the Holocene to attenuate the influence of the 100 ka 

Milankovich cycle, producing an exceptionally prolonged and warm interglacial period even 

without human influence. The settings mentioned above suggest that MIS 11 was 

sufficiently warm and long-lasting to melt the West Antarctic ice sheet (SCHERER, 2003; 

SCHERER et al., 1998) and the Greenland ice sheet (LOUTRE, 1995). 

The magnitude of ice covering during MIS 11, resulting in changing sea levels, is, 

however, controversial. On the one hand, sea-level high-stand deposits in Great Britain 

indicate a sea level about 13 m ± 2 m higher than today (BOWEN, 2003), and other authors 

suggested sea levels equal or up to 20 m higher than today for low latitudes (e.g. ORTLIEB et 

al., 2003) and for high latitudes (BRIGHAM-GRETTE, 2009). On the other hand, RAYNAUD et 

al. (2003) and RUDDIMAN (2006B) suggested ice-volume levels for the comparable time 

interval similar to present-day ones, which is also supported by stable isotopic data from Red 

Sea sediments  (ROHLING et al., 2009, 2010). Also, in respect to the presumed large sea level 

differences, global oxygen isotope values are not sufficiently depleted in the heavy isotope 

(δ18O) during MIS 11, which has often been explained by cooler ocean temperatures than 

today (E.G. DROXLER et al., 2003). Alternatively, the low oxygen isotopic values might, 

indeed, rather reflect lower sea-level and larger ice volume than generally assumed 

(BECQUEY & GERSONDE, 2002; RAYNAUD et al., 2003), a lower salinity (LEA et al., 2003), or 

a combination of both.  

From the subpolar and polar north Atlantic, HELMKE et al. (2003) reported similar 

boundary conditions for MIS 11, MIS 5.5 and MIS 1, characterized by a strong reduction of 

ice-rafted debris (IRD) and a high carbonate bioproduction. SST reconstructions in the 

western equatorial Pacific for MIS 11 show the warmest interglacial temperatures during the 

last 450 ka, up to one degree warmer than other interglacials during this time interval (LEA et 

al., 2000, 2003; ORTLIEB et al., 2003; OBA & BANAKAR, 2007). Studies off the Iberian margin 

found temperatures of MIS 11 not significantly different to those observed in the elapsed 

portion of the Holocene and came to the conclusion that, in this area, MIS 11 is comparable 

to the Holocene in terms of orbital parameters and CO2 concentrations (DEABREU et al., 

2005; MARTRAT et al., 2007). BECQUEY & GERSONDE (2002) found temperatures exceeding 

present-day values only during the MIS 11 climatic optimum in the Southern Ocean. In most 
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Figure 3: Combined topographic and bathymetric map of the Mediterranean Sea, including the Black Sea and a 
part of the north Atlantic (ETOPO 1 Global Relief Model; AMANTE & EAKINS, 2008); sediment cores studied in 
this thesis are indicated by circles. 

oceanic records (e.g. MCMANUS et al., 2003; BAUCH & ERLENKEUSER, 2003; HODELL et al., 

2003), MIS 11 temperature optimum lasted longer than the other interglacials, but sea 

surface temperatures were only slightly higher or similar to the Holocene.  

Continental records of MIS 11 do not fully match the oceanic data. Some studies 

based on continental records found warmer temperatures for MIS 11 (ROUSSEAU, 2003; 

KARABANOV et al., 2003), whereas, at other localities, the estimated temperatures were 

similar or even cooler than the Holocene ones (VIDIC et al., 2003; KUKLA, 2003). In some 

continental records, MIS 11 ended abruptly due to changes in the climate of continental Asia 

(KARABANOV et al., 2003). Data on pollen abundances in marine cores (DESPRAT et al., 2005; 

DE VERNAL & HILLAIRE-MARCEL, 2008) also appear to show considerable differences in the 

timing of the response of terrestrial vegetation to global forcing, indicating a strong regional 

modulation.  

Further, in the absence of independent stratigraphic markers, marine, terrestrial and 

ice-core MIS 11 records have normally been correlated by tuning to an orbital time scale, 

potentially introducing a circular argument in the interpretation of MIS 11 climate trends. In 

the Eastern Mediterranean, the development of sapropel layers is known to have occurred in 

pace with insolation forcing (e.g. EMEIS et al., 2000), potentially providing independent 

means for dating and stratigraphic correlation, as well as for alignment of MIS 11 climate 

trends with younger, well-studied Mediterranean sapropel events (DELANGE et al., 2008; 

ROSSIGNOL-STRICK, 1983). Therefore, the Mediterranean is a particularly promising region to 

study the relationship between regional climate and insolation forcing during MIS 11 and its 

comparison with MIS 1 trends.  
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The high resolution record from the Eastern Mediterranean Sea presented herein 

derives from two deep sea sediment cores (GeoTü-SL96: 32° 46’N, 19° 12’E, 1399 m; ODP 

Site 964; 36° 16’N, 17° 45’E´; fig.3) investigating MIS 12 to MIS 9 and MIS 2 to MIS 1. It 

is the first attempt to assess MIS 11 trends in the Eastern Mediterranean Sea on a sub-

millennial scale. The main goal is to find to what degree MIS 11 and MIS 1 are comparable 

in terms of temperature trends and duration in this area. The Eastern Mediterranean Sea was 

so far not a preferred area of MIS 11 investigations due to the lack of knowledge of suitable 

core material. However, the importance of the Mediterranean region at least for southern 

European climate is evident. Sapropel layers and oxygen isotopes provide an opportunity to 

develop an independent and reliable age model.  Here, it was taken advantage of this 

potential, determining the position of the sapropel event within MIS 11 and using the 

resulting insolation alignment to compare regional climate trends with global records on one 

hand, and with Holocene patterns on the other hand.  

 

1.2. The Mediterranean Sea – a natural climate laboratory 

 

The Mediterranean Sea is an excellent area to evaluate responses of a marine 

ecosystem to climate change. The semi-enclosed basin has a limited connection to the world 

ocean and is surrounded by topographically and climatically diverse continental regions, 

supplying different types of terrigenous sediment (e.g. CALVERT & FONTUGNE, 2001; 

LARRASOAÑA et al., 2008).  Furthermore, the region occupies an interesting position at the 

boundary between subtropical and mid/high latitude climate systems, making it highly 

sensitive to even subtle fluctuations (e.g. HAYES et al., 1999; SCHMIEDL et al., 2004; KUHNT 

et al., 2007, 2008; MILKER et al., 2009; ZIEGLER et al., 2010). Finally, it is very important to 

estimate and predict ecosystem changes, and to assess the role of anthropogenic influence in 

this region because of the high population density. Variations in climate in this region have 

impacts felt throughout Europe, Africa and the Middle East.  

Especially the Eastern Mediterranean provides ideal conditions for high resolution 

investigations of MIS 11 and other interglacials due to the excellent correlation 

opportunities, low bioturbation (LOEWEMARK et al., 2006) and sedimentation rates in the 

basin, allowing sub-millennial resolution (sedimentation rate 1.8 to 6.3 cm/kyr sediment in 

the here presented cores; EMEIS et al., 1996; EMEIS & SAKAMOTO, 1998; KROON et al., 1998; 

SAKAMOTO et al., 1998). The repeated occurrence of dark organic rich layers (sapropels) in 

the sediment record, deposited at the beginning of most interglacial periods in the Eastern 
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Figure 4: Map of the Mediterranean Sea with schematic illustration of major basin current and gyre systems and 
their seasonal variability (PINARDI & MASETTI, 2000). Dashed lines denote summer circulation, black lines 
winter circulation. Red circles denote position of the studied cores. 

Mediterranean region, facilitates excellent correlation among sediment records within the 

basin (SAKAMOTO et al., 1998; EMEIS et al., 2000, 2003; LOURENS, 2004). The construction of 

a sapropel-based astronomical timescale for the Mediterranean Sea has started with the 

pioneering work of ROSSIGNOL-STRICK (1983), who attributed sapropel formation to African 

monsoon, which, in turn, depends on the orbital configuration and changes in the wind 

system over NW Africa (e.g. ZIEGLER et al., 2010). 

 

1.2.1. Oceanography and bathymetry  

 

The Mediterranean Sea is divided into two major basins separated by the shallow sill 

of the Strait of Sicily (fig. 3). The Eastern basin can be divided into two major regions, the 

western Ionian basin and the eastern Levantine basin. The Mediterranean Sea is a 

concentration basin: evaporation exceeds precipitation and runoff (HECHT et al., 1988; 

PINARDI & MASETTI, 2000; fig. 4). The excess evaporation leads to high salinities at the 

surface which, after cooling in winter, drive the formation of intermediate water in the 

Levantine Basin and deep water in the Adriatic and Aegean Sea (e.g. CITA et al., 1977; 

VERGNAUD-GRAZZINI et al., 1977; THEOCHARIS et al., 1999). As a result, three distinct water 

mass layers have been identified in the Mediterranean  (LACOMBE & TCHERNIA, 1972; 

HECHT et al., 1988; PINARDI & MASETTI, 2000): the relatively cold (15°C) and low-salinity 
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Figure 5: Mediterranean Sea surface (0-1 m depth, average values) salinity (upper panel) and temperature 
(lower panel; MEDAR Group, 2002). 

(36.5-38.5 ‰) Atlantic Water (AW), entering from the Strait of Gibraltar in the upper 

approximately top 100 m of the water column; the high-salinity (≥ 38.5 ‰, which also 

corresponds to maximum surface water salinity) Levantine Intermediate Water (LIW), 

between 150 and 600 m depth, which is formed in the eastern Levantine basin, and the 

Eastern Mediterranean Deep Water (EMDW) filling the remaining deep parts of the basin 

(fig. 5) (BETHOUX, 1980; MALANOTTE-RIZZOLI & HECHT, 1988). The Atlantic surface waters 

drastically increase in salinity through evaporation in summer as they move eastwards. In the 

Adriatic and Aegean basins, Mediterranean deep water formation is driven through sinking 

of this high-salinity and thus denser water masses after their cooling in winter (fig. 6). In 

recent times, formation of the water masses in the Mediterranean Sea, especially of EMDW, 

changes seasonally (WUEST, 1961; LACOMBE & TCHERNIA, 1972; HECHT et al., 1988; 

PINARDI & MASETTI, 2000). 
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Figure 6: An E-W transect through the Mediterranean (position shown in inset map). The upper panel shows 
the schematic profile of the Mediterranean Sea, contouring lines denote different water masses as shown by 
salinity and temperature (NAW: North Atlantic Water; WMDW: Western Mediterranean Deep Water; LIW: 
Levantine Intermediate Water; EMDW: Eastern Mediterranean Deep Water) and the position of the 
investigated cores (modified after WUEST, 1961). The lower panels show average values of key oceanographic 
parameters taken from MEDAR Group, 2002. 
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Figure 7: Eastern Mediterranean Sea surface circulation with names of the 
main gyral structures highlighted (modified after MALANOTTE-RIZZOLI et 
al., 1997).  

Nutrient-depleted modified Atlantic Water enters the Mediterranean Sea through the 

Strait of Gibraltar, and becomes gradually saltier and warmer through evaporation while it 

flows eastwards (e.g. PINARDI & MASETTI, 2000). The outflowing intermediate water is more 

nutrient rich than the inflowing AW (fig. 6), which results in a negative nutrient balance and 

a widespread oligotrophy in the basin (BETHOUX et al., 1999).  

The Eastern Mediterranean surface circulation generates several small-scale cyclonic 

and anticyclonic gyres and eddies which, due to atmospheric forcing (MALANOTTE-RIZZOLI 

et al., 1997; PINARDI & MASETTI, 2000) and the irregular topographic structures of the basin 

(POEM GROUP, 1992) are variable in intensity and location. The Libyan Sea, for instance, 

presents a local cyclonic gyre, the Cretan gyre (KARAGEORGIS et al., 2008; fig. 7). 

This study is 

carried out between Sicily 

and the coasts of Libya. It 

is important to note that, 

despite their nearby 

position, the investigated 

cores of this study reflect 

different surface ocean 

conditions. The water 

masses above the site of 

core GeoTü-SL96 are 

dominated by the inflow 

of the modified Atlantic 

water (HECHT et al., 1988; 

PINARDI & MASETTI, 2000), whereas the central Ionian Sea is mainly influenced by the 

Eastern Mediterranean outflow at intermediate depths and Adriatic and Eastern 

Mediterranean waters at the surface (PINARDI & MASETTI, 2000). 

 

1.2.2. History of the Eastern Mediterranean Sea 

 

The Eastern Mediterranean basin is a remainder of the Mesozoic Tethys, which 

originated in the course of the disintegration of Pangaea, with the Eastern Mediterranean 

mainly influenced by Alpine tectonic evolution (DEWEY et al., 1973). The Eastern 

Mediterranean Sea forms a curved depression next to the southernmost deformation front of 
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Figure 8: Hydrological budget of the Mediterranean Sea and the Black Sea (modified after BETHOUX AND 
GENTILI, 1999; HOFRICHTER et al., 2002). 
 

the Alpine belt. The zone of interaction between the Anatolian, African and Arabian plate 

faces the easternmost end of the Mediterranean Sea (ROBERTSON, 1998). The Levant 

continental margin, Eastern Mediterranean, is usually defined as a passive margin that 

developed between the late Paleozoic and the early to mid-Mesozoic. This margin is thought 

to be composed of two segments with different structural characteristics. The southern 

segment (south of the Carmel Structure) was formed by rifting, whereas the origin of the 

northern segment remains unknown so far (SCHATTNER & BEN AVRAHAM, 2007). 

 

1.2.3. Climatology 

 

The Mediterranean region lies between the climatic system influenced by the North 

Atlantic Oscillation and the North African monsoon system (THUNELL et al., 1977; MARINO 

et al., 2009). Present-day climate conditions in the Eastern Mediterranean Sea in particular 

are mainly controlled by semi-arid climate conditions in Africa, the Arabian Peninsula and 
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Figure 9: Map schematically illustrating selected influences on Mediterranean oceanography and climate 
processes; circles denote cores of this study. 

the Near East, resulting in increased evaporation, and by fluctuations of the Intertropical 

Convergence Zone and the monsoon/ENSO/Indian Ocean dipole system (e.g. SAJI & 

YAMAGATA, 2003). (fig. 8). Winter air temperatures in the Eastern Mediterranean region 

range between 12 °C in the Greek archipelago and 16°C in the soutern part of the basin. In 

summer, air temperatures range between 24 °C in the northern part of the basin and a 

maximum value of 35 °C in the northeastern part of the basin between Turkey and Cyprus, 

corresponding to the highest temperatures measured in the entire Mediterranean region 

(HOFRICHTER et al., 2002).  

Precipitation in the Eastern Mediterranean region is very low in general and almost 

entirely restricted to the winter half of the year. It ranges between annual means of 1071 mm 

in Antalya and 25 mm in Port Said, following a northward increase in precipitation 

(HOFRICHTER et al., 2002). The Eastern Mediterranean region is dominated by northwestern 

to northern winds. Coupled with high evaporation rates, wind stress initiates the anti-

estuarine circulation (see section 1.2.1.) throughout the Eastern Mediterranean basin. 

River discharge into the Eastern Mediterranean basin mostly occurs through the Nile 

and the Po Rivers. However, monsoonal maxima over North Africa, driven by astronomical 

cyclicity, produced fluvial systems of enormous size, which repeatedly manifolded the 

freshwater inflow to the Mediterranean Sea in Earth history (e.g. ROHLING et al., 2002; fig. 

9). 
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Figure 10: Eastern Mediterranean Sea sapropel 
development scheme; upper panel shows normal 
circulation; lower panel shows conditions during 
sapropel formation phase. 

1.2.4. Sapropel development 

 

Eastern Mediterranean sediments are periodically pervaded by dark organic rich 

layers, known as sapropels (e.g. EMEIS & SAKAMOTO, 1998; EMEIS et al., 2000). The name 

sapropel is a contraction of ancient Greek words sapros and pelos, meaning putrefaction and 

mud, respectively. The word sapropel was created as a synonym for the german word 

“Faulschlamm” by POTONIÉ & KOERBER (1904). 

The first hypothesis of possible existence of these layers was formulated by BRADLEY 

(1938). The Swedish Deep-Sea Expedition first discovered the expected dark organic rich 

layers in Eastern Mediterranean sediment cores (KULLENBERG, 1952), later termed as 

sapropelic layers (OLAUSSON, 1961).  

Literature regarding sapropels is 

very abundant (NEGRI et al., 2009), and 

various hypotheses were forwarded to 

explain the formation of sapropels. While 

initial ideas highlighted stagnation as the 

driving factor behind sapropel formation 

(e.g. OLAUSSON, 1961; CAPOZZI & 

NEGRI, 2009 and references therein), 

enhanced primary production in the 

photic zone was soon forwarded as the 

principle cause of sapropel deposition 

(e.g. CALVERT, 1983). The current 

leading explanation draws on two 

observations: sapropel deposition appears 

to be associated with strong insolation 

maxima, and oxygen isotopes in 

planktonic foraminifera across the 

sapropels indicate a significant influx of freshwater (CAPOZZI & NEGRI, 2009). The 

recurrence of sapropels is related to Milankovitch precessional cycles (e.g. ROHLING & 

GIESKES, 1989; ROHLING & HILGENS, 1991; ROHLING, 1994). Sapropel formation in the 

Eastern Mediterranean is clearly driven by increased monsoonal precipitation during 

precessional minima, resulting in enhanced runoff to the Mediterranean (ROSSIGNOL-STRICK, 

1983, 1985; ROSSIGNOL-STRICK & PATERNE, 1999; ROSSIGNOL-STRICK et al., 1982). At the 
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Figure 11: Upper left panel 
shows Holocene part of ODP 
Site 964, sapropel indicated by 
red box; lower left panel shows 
MIS 11 sapropel (box, EMEIS 
et al., 1996); right upper panel 
shows Holocene part of 
GeoTü-SL96, red box denotes 
sapropel; lower panel shows 
MIS 11 area of light oxygen 
isotope peak, denoted by red 
box (pictures GeoTü-SL96: U. 
van Raden). 
 

Table 1: Geochemical and lithological records of MIS 1 and MIS 11 
sapropels in investigated sediment cores. 

beginning of sapropel formation, enhanced freshwater inflow reduces the excessive 

evaporation, which inhibits the formation of the LIW and the formation and sinking of more 

dense water masses (fig. 10). As a result, the Eastern Mediterranean becomes unventilated 

from mid-depths down to the bottom. Strong and continuous stratification allows organic 

material to permanently sink to the ground (e.g. ROSSIGNOL-STRICK, 1983; ROHLING, 2001; 

LOEWEMARK et al., 2006). In the near absence of oxygen, 

organic matter is preserved, and deposited in the form of dark, 

organic-rich layers in the sediment.  

The last Sapropel (S1, fig. 11; tab. 1), centred at ca. 8 

kyr B.P., coincides with a strong freshwater supply to the 

Mediterranean region (e.g. FONTES & GASSE, 1991; CALLOT & 

FONTUGNE, 1992; ZANCHETTA et al., 2007) and enhanced 

monsoon activity (ROHLING et al., 2002). Additionally, an 

enhanced freshwater flux from the Bosporus may have played 

a role in the formation of sapropel S1 (LANE-SERFF et al., 1997; 

SPERLING et al., 2003; VIDAL et al., 2010). The oligotrophic 

freshwater layer covers deeper water masses with high 

productivity during sapropel formation. The high productivity 

in the deeper layer is possible due to specialised diatoms, 

which are able to exploit nutrients trapped in deeper parts of 

the water column (KEMP et al., 1998, 1999). Since the late 

Pleistocene, sapropels occur throughout the whole area of the 

Eastern Mediterranean.  
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1.3. Paleoceanographic methods in the Mediterranean Sea 

 

Reconstruction of past environmental and in particular oceanographic conditions can 

be achieved through a variety of geochemical and palaeontological methods and proxies. 

The semi-isolated nature of the Mediterranean water body combined with strong gradients in 

surface water properties present a challenge to standard palaeoceanographical proxy methods 

(FERGUSON et al., 2008; CASTANEDA et al., 2010). This is particularly the case in the Eastern 

Mediterranean, which is characterised by extreme oligotrophy and surface salinities 

substantially exceeding those in the open ocean (fig. 5, 6). Despite these limitations, 

geochemical proxies based on analyses of foraminiferal shell calcite, organic biomarkers in 

sediments, geochemistry of the sediment and micropalaeontological proxies have been 

nevertheless successfully used to reconstruct surface and deep ocean palaeoceanography of 

the Mediterranean as well as patterns of sediment delivery and redox-related element cycling 

(e.g. CACHO et al., 1999, 2000, 2002, 2006; ROSSIGNOL-STRICK & PATERNE, 1999; KUHNT et 

al., 2007, 2008; ROHLING et al., 2007). 

 

1.3.1. Oxygen and carbon isotopes 

 

Analysis of stable oxygen and carbon isotopes in foraminiferal calcite has been the 

backbone of palaeoceanography for many decades (e.g. EMILIANI, 1955). Stable isotopic 

composition of planktonic foraminiferal shells is one of the most important sources of 

information in Quaternary stratigraphic and palaeoenvironmental reconstructions (e.g. 

EMILIANI, 1955; SHACKLETON, 1967; RAVELO & HILLAIRE-MARCEL, 2007). Individual 

species of planktonic foraminifera show distinct depth habitats, seasonal production maxima 

as well as biological lifestyles (e.g. presence or absence of symbionts), and these differences 

are all reflected in the isotopic chemistry of their shells (BÉ, 1982; GANSSEN & KROON, 

2000; LIN & HSIEH, 2007). Therefore, separate isotopic data from single species are required 

for meaningful palaeoenvironmental interpretations. Recent work on G. ruber (white), the 

most commonly used palaeoenvironmental indicator in tropical and subtropical regions, 

indicates a strong link between shell morphology and isotopic chemistry within this species 

(WANG, 2000; KUROYANAGI & KAWAHATA, 2004; LIN et al., 2004; KAWAHATA, 2005; 

LOEWEMARK et al., 2005; STEINKE et al., 2005). Globigerinoides ruber occurs in two colour 

variants (white and pink), which show significantly different stable isotopic signals 

(ROBBINS & HEALY-WILLIAMS, 1991; ROHLING et al., 2004) and distinct geographical 
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distributions (BÉ & HUTSON, 1977; BÉ, 1982). The white colour variety furthermore shows a 

remarkable morphological variation, which resulted in the definition of a range of species 

and subspecies within this form (D’ORBIGNY, 1826, 1839; VAN DEN BROECK, 1876; SAITO et 

al., 1981). Since morphological variability within this white variety appears rather 

continuous, it proved difficult to devise consistent criteria for differentiation between the 

individual types.  

The oxygen isotopic ratio reflects the oxygen isotopic composition of the ambient 

seawater, modified by kinetic fractionation due to temperature, and a range of biochemical 

and microhabitat-related non-equilibrium processes (RAVELO & HILLAIRE-MARCEL, 2007). 

To evaluate global ice volume in the context of palaeoclimate reconstruction, stable oxygen 

isotopes have been measured on different calcite fossil remains. This technique was 

developed by UREY (1947), who calculated thermodynamic properties and fractionation of 

isotopes. Techniques of mass spectrometry were educed by NIER (1947). MCCREA (1950), 

UREY et al. (1951) and EPSTEIN et al. (1953) developed the use of oxygen isotope 

composition in calcite as a palaeothermometer. Sea surface temperature reconstructions were 

first used to identify glacial-interglacial cycles by EMILIANI (1955). SHACKLETON AND 

OPDYKE (1973) finally established the use of marine isotope stages as a stratigraphic tool.  

Whereas in the open ocean, the stable oxygen isotope composition of surface waters 

is relatively uniform across long distances, reflecting large scale hydrological cycles (e.g. 

DUPLESSY et al., 1992), in marginal basins like the Mediterranean, the isotopic composition 

of the surface waters is much more sensitive to local processes like freshwater discharge and 

evaporation (KALLEL et al., 1997). As a consequence, stable oxygen isotopes in the surface 

water of the Mediterranean Sea mainly reflect the evaporative gradient seen in the surface 

salinity (fig. 5) with values depleted in the heavy isotope δ18O documenting the entry of the 

oceanic surface waters into the basin (ROHLING et al., 2007).  

In the past, there were sources of freshwater, in particular monsoon-driven river 

discharge and the Bosporus opening, periodically reducing surface water salinity, which can 

be traced across sapropels by distinct light isotopic peaks (e.g. ROSSIGNOL-STRICK & 

PATERNE, 1999 and references therein).  

The δ13C values of foraminiferal shells reflect the carbon isotopic composition of 

dissolved inorganic carbon (DIC) in seawater in which calcification took place. As it is 

further controlled by kinetic fractionation through relatively rapid biogenic calcification and 

by strong vital effects, the δ13C is not in isotopic equilibrium with seawater (e.g. RAVELO & 

HILLAIRE-MARCEL, 2007 and references therein). Foraminiferal shell δ13C is used to 
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reconstruct changes in the δ13C composition of DIC, which, in turn, can be related to the 

balance of photosynthesis versus respiration and relative mixture of water masses with 

different δ13C composition of DIC. In the context of sapropel formation, benthic 

foraminiferal δ13C values show a marked decrease during the early and late phase of 

sapropel formation, indicating a slow-down of deep water circulation and increased riverine 

input of isotopically light DIC from terrestrial sources into the Eastern Mediterranean 

(KUHNT et al., 2008). In general, many different factors influence the δ13C composition of 

foraminiferal shells, including changes in the global carbon cycle, changes in regional water 

mass mixing and source, photosynthesis and respiration processes but also ontogenetic and 

species-specific vital effects and even selective dissolution and thus size fraction of the 

analysed shells.  

 

1.3.2. Magnesium/calcium ratio 

 

LEA et al. (1999) established Mg/Ca ratio in foraminifera tests as an important proxy 

to reconstruct oceanic palaeotemperatures. In connection with δ18O of foraminifera calcite, 

Mg/Ca ratios allow for a decoupling of temperature and global ice volume, assuming the 

relationship of δ18O sea water and salinity is known (KALLEL et al., 1997). This proxy has 

been accordingly applied in western Mediterranean (CACHO et al., 2006). Recent studies, 

however, found that enhanced salinity might have a strong influence on Mg/Ca ratios as 

well. The Eastern Mediterranean Sea, with its present-day high salinity gradient (fig. 5) and 

relatively uniform temperatures (fig. 5), is an ideal area to test the importance of this 

influence. FERGUSON et al. (2008) indeed identified a strong apparent relationship between 

salinity and Mg/Ca ratios: in areas with salinity above the known oceanic range, Mg/Ca 

ratios in core top planktonic foraminifera were anomalously high. This finding suggests that 

Mg/Ca is not an ideal proxy for palaeotemperature estimations in the Eastern Mediterranean 

Sea and so this method has not been used in this study. 

 Other trace elemental proxies in foraminiferal shells useful for palaeoceanographic 

reconstructions include the Ba/Ca ratio, which seems to be a strong indicator for river 

outflow as shown by WELDEAB et al. (2007). In addition, Nd isotopes can be used to identify 

sources of freshwater and have been used in the Eastern Mediterranean among others by 

OSBORNE et al. (2010). In the present study, however, emphasis was put on the detection of 

freshwater, and oxygen isotopes were found to be reliable enough tracers for this purpose, all 
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Figure 12: Saharan dust supply and according elements relevant in XRF 
sediment analysis over the Mediterranean region (GUERZONI et al., 1997; 
RUTTEN et al., 2000); satellite picture: www-atm.physics.ox.ac.uk). 

the more that Nd isotopes, Ba/Ca ratios and other elements could be influenced by the same 

potential problems as Mg/Ca in the unusually high evaporative Eastern Mediterranean. 

 

1.3.3. Sediment composition 

 

Marine sediments are a mixture of a number of components derived from different 

parts of the geosphere. In particular lithogenous components, which originate from 

continental surfaces, are interesting in palaeoenvironmental reconstructions as their 

composition can be used to detect changes in the source regions which reflect climate (e.g. 

HAUG et al., 2001). The Eastern Mediterranean has essentially two sediment sources: clays 

transported fluvially from the northern borderlands or distally by the Nile, and Aeolian dust 

mainly derived from North African deserts (WEHAUSEN & BRUMSACK, 1998; fig. 12). The 

Saharan dust is mainly 

composed of quartz, 

kaolinite, palygorskite, 

illite and Fe- and Al-

oxides (e.g. GUERZONI 

et al., 1997; RUTTEN et 

al., 2000). The Nile 

River is one of the 

largest sources of 

riverine suspended 

sediment, with an 

annual runoff of ~91 

km3 and a sediment load of ~57 kt (FOUCAULT & STANLEY, 1989). The Nile water contains 

mainly weathering products of basalt (KROM et al., 1999). Smaller rivers in the Aegean Sea 

are also involved into sediment input to the basin (AKSU et al., 1995). However, apart from 

fine clay which remains long in suspension (STUUT et al. 2009), all other coarse sediment is 

trapped in local Aegean basins. 

Sediment information relevant for palaeoenvironmental reconstructions can be 

extracted in the form of elemental ratios. Variations in aeolian dust supply to the 

Mediterranean, and thus of aridity in North Africa, on a glacial-interglacial timescale were 

detected using Si/Al, Zr/Al and Ti/Al ratios (CALVERT & FONTUGNE, 2001; LARRASOAÑA et 

al., 2008), which are commonly used as grain-size proxies (CALVERT & PEDERSEN, 2007). 
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Barium is known to concentrate in organic matter during its production and deposition 

(DYMOND et al., 1992). It has therefore been successfully used as a proxy to track 

palaeoproductivity (e.g. LANGEREIS et al., 1997; MERCONE et al., 2001; THOMSON et al., 

2006). As barium remains largely unaffected by postdepositional oxidation processes, it has 

been used to identify ‘ghost-sapropels’, locating phases of high productivity and organic 

matter deposition in completely oxidised sapropels (THOMSON et al., 1995; VAN SANTVOORT 

et al., 1997). Iron is an essential nutrient for phytoplankton and is delivered to the 

Mediterranean mainly through Aeolian dust supply and riverine input (DE BAAR & DE JONG, 

2001) and can thus be used to track increased terrigenous input. Volcanic ash is mainly 

composed of feldspars and pyroxenes predominantly yielding the elements silicon, 

potassium, iron and titanium, which can therefore be used to identify ash layers in sediment 

successions (e.g. VINCI, 1985). 

 

1.4. Biomarker proxies 

 

1.4.1. Alkenone measurements 

 

The alkenone method evolved from the observation that certain microalgae of the 

class Prymnesiophyceae, notably the species Emiliania huxleyi and Gephyrocapsa oceanica 

(e.g., MARLOWE et al., 1984), and presumably other living and extinct members of the 

family Noelaerhabdaceae (e.g., MARLOWE et al., 1990), have or have had the capability to 

synthesize long-chained alkenones whose extent of unsaturation changes with growth 

temperature (e.g., MARLOWE et al., 1984; PRAHL & WAKEHAM, 1987). On the basis of this 

correlation, palaeo-SST can be calculated from the so-called ketone unsaturation index 

UK
37´ (e.g., PRAHL & WAKEHAM, 1987).  

Alkenone-based SST reconstructions were successfully performed in the Eastern 

Mediterranean (EMEIS et al. 2000, 2003; CASTANEDA et al., 2010), although alkenone 

measurements have proven challenging in the Eastern Mediterranean due to the generally 

low content of organic carbon in non-sapropel layers resulting in low abundances or the 

complete absence of long-chain alkenones in some sedimentary intervals (SCHILMAN et al., 

2003).  
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1.4.2. TEX86 index 

 

An alternative organic geochemical approach for SST reconstructions is the TEX86 proxy 

(SCHOUTEN et al., 2002). It is based on glycerol dialkyl glycerol tetraethers (GDGTs), which 

are compounds found in the membrane lipids of the Marine Group Crenarchaeota, and uses 

the correlation between growth temperature and the amount of several types of isoprenoidal 

GDGTs that are bio-synthesized (SCHOUTEN et al., 2002). Like alkenone-based proxies, the 

TEX86 approach does not seem to be influenced by changes in salinity (WUCHTER et al., 

2004). To date, TEX86-based SST reconstructions in the Eastern Mediterranean have been 

performed on Pliocene sapropels (MENZEL et al., 2006) and more recently on Quaternary 

sediments (CASTANEDA et al., 2010), where they were shown to generally parallel alkenone-

based SST reconstructions. 

 

1.5. Microfossil assemblages 

 

Species abundances of planktonic and benthic microfossils reflect environmental 

properties during their life, and if the preferences of individual species are known, their 

abundances in fossil samples can be used as proxies. Microfossils are most useful tools in 

palaeoenvironmental reconstructions because they are generally very abundant in sediment 

cores. In the Mediterranean, planktonic foraminifera (e.g. HAYES et al., 2005), calcareous 

nannoplankton (e.g. INCARBONA et al., 2008) and dinoflagellates (e.g. MUDIE et al., 2001) 

have been used for surface-water reconstructions while deep-water properties have been 

inferred from benthic foraminifera (SCHMIEDL et al., 2010 and references therein). Siliceous 

microfossils, in contrast, are rare in the Mediterranean and thus have found only limited 

application in palaeoenvironmental reconstructions. Here, emphasis was put on planktonic 

foraminifera and, to a much lesser extent, benthic foramninifera. 

 

1.5.1. Benthic foraminifera 

 

The tests of benthic foraminifera can be composed of secreted organic tectin, calcite, 

aragonite, silica or of agglutinated particles. Individual species live on the sediment surface 

or inside the uppermost centimetres of the sediment. In benthic ecosystems, diversity, 

species composition and microhabitat preferences (e.g. SCHÖNFELD & NUMBERGER, 2007) of 

foraminifera basically reflect food and oxygen availability at the sea floor and in the upper 
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surface sediment (e.g. CORLISS, 1985; JORISSEN et al., 1995; VAN DER ZWAAN et al., 1999; DE 

RIJK et al., 2000).  In the Mediterranean Sea, benthic foraminifera assemblage investigations 

as well as stable isotopic compositions were used to reconstruct deep water properties (e.g. 

MACKENSEN et al., 2000; SCHMIEDL et al., 2004; KUHNT et al., 2007; KUHNT et al., 2008; 

MILKER et al., 2009; SCHMIEDL et al., 2010). In times of sapropel formation, ventilation of 

the deep water decreases causing oxygen deficiency. Prior to sapropel formation, cool 

surface waters and high evaporation rates result in high convection and oxic deep waters 

while strong wind-induced mixing promoted surface-water production, as can be inferred 

from benthic foraminiferal assemblages (SCHMIEDL et al., 2010 in press). The progressive 

oxygen depletion at the onset of sapropel events as well as subsequent re-oxygenations and 

intermittent sapropel interruptions can all be quantitatively characterised by analyses of 

benthic foraminifera assemblages (e.g. MULLINEAUX & LOHMANN, 1981; NOLET & CORLISS, 

1990; JORISSEN, 1999; SCHMIEDL et al. 2010 in press), among others using the oxygenation 

index developed by SCHMIEDL et al. (2003) combining foraminiferal species diversity and 

the ratio between indicator taxa for high and low oxygen levels. Another important proxy for 

the residence time of deep-water masses and thus of deep-water ventilation is the δ13C signal 

of the strictly epifaunal Planulina ariminensis (KUHNT et al., 2008; SCHMIEDL et al., 2010). 

 

1.5.2. Planktonic foraminifera 

 

Planktonic foraminifera inhabit the pelagic zone of the open ocean. All known 

species have calcite tests; some species have spines and many species harbour 

photosynthetic algae symbionts (HEMLEBEN et al., 1989). The diversity of extant planktonic 

foraminifera is relatively low (~ 50 species worldwide (HEMLEBEN et al., 1989)) in 

comparison with benthic foraminifera diversity. Some species live in depths of 1000 m or 

more (BÉ & HUTSON, 1977), but most live within the photic zone of the oceans. The empty 

shells, which are abandoned after reproduction, account for up to 30 % of the ocean floor 

sediments (HEMLEBEN et al., 1989) in most areas of the ocean.  

The calcareous tests of planktonic foraminifera are widely used for stable isotopic 

composition measurements (e.g. WEAVER et al., 1997; PEARSON, 1998; NEGRI et al., 1999), e. 

g. G. ruber and G. bulloides, which, thanks to their preferred habitat in the uppermost 20-70 

m of the water column (HEMLEBEN et al., 1989), are extremely useful to reconstruct 

conditions at the sea surface. 
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The present-day Mediterranean is a semi-enclosed basin situated in subtropical 

climate which, due to the prevailing eastward surface circulation and the high evaporation 

especially in the eastern part, is characterised by a strong salinity and temperature increase 

from west to east (WUEST, 1961). Accordingly, the modern planktonic foraminifera fauna of 

the Eastern Mediterranean is dominated by assemblages with tropical to subtropical 

elements, in particular Globigerinoides ruber, while cool assemblages, comprising groups 

with cool-subtropical and subpolar (in particular Globorotalia inflata and Globigerina 

bulloides) affinities, are more common in the western basin (THUNELL, 1978).  Glacial SST 

reconstructions for the Mediterranean suggest substantially cooler temperatures than present-

day ones (e.g. HAYES et al., 2005), inducing a shift in foraminiferal composition towards 

transitional to subpolar assemblages (e.g. HAYES et al., 1999). Planktonic foraminiferal 

assemblages have been widely used as palaeoproxies in the Mediterranean for palaeoclimatic 

reconstructions (among others TODD, 1958; OLAUSSON, 1960, 1961; HERMAN, 1972; CITA et 

al., 1977; VERGNAUD-GRAZZINI et al., 1977; THUNELL, 1979; ROHLING et al., 1993, 1995; 

HAYES et al., 1999; BUCCHERI et al., 2002) and past SST in particular (THIEDE, 1978; 

KALLEL et al., 1997; GONZALEZ-DONOSO et al., 2000; SBAFFI et al., 2001; PEREZ-FOLGADO 

et al., 2003; HAYES et al., 2005; KUCERA et al., 2005) but also in order to palaeoecologically 

assess periods of sapropel deposition (e. g. THUNELL et al., 1977; THUNELL et al., 1983; 

TANG & STOTT, 1993; ROHLING et al., 1997, TRIANTAPHYLLOU et al., 2009). 

In addition, the assemblage composition of planktonic foraminifera itself is used to 

reconstruct palaeotemperatures either qualitatively through interpretation of species 

composition (e.g. HAYES et al., 1999) or quantitatively through transfer functions 

(PFLAUMANN et al., 1996; WAELBROECK et al., 1998; HAYES et al, 2005; KUCERA et al., 

2005). The basic principle of transfer functions in palaeoenvironmental reconstructions is the 

translation of a set of known variables (species abundances in a fossil assemblage) into a 

related unknown variable (palaeoenvironmental parameter to be reconstructed). Transfer 

functions are typically calibrated on surface sediment data and applied to fossil samples from 

a period in the past for which a stationarity of the species ecological preferences can be 

assumed, i.e. typically the late Quaternary (KUCERA et al., 2005). One of the transfer 

functions used for SST reconstructions in the Mediterranean is known as the “Imbrie-Kipp” 

transfer function, which uses principal component analysis to reduce species abundances to 

statistically independent end-member assemblages which are then regressed on the 

environmental factors (IMBRIE & KIPP, 1971), generating a calibration formula. Another 

approach applied in the Mediterranean Sea is the modern analogue technique, which 
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searches a database of modern assemblages in order to identify those that best resemble the 

fossil assemblage. A more precise and reliable approach for SST estimates is the artificial 

neural networks (ANN) technique which was established by MALMGREN & NORDLUND 

(1997) and MALMGREN et al. (2001). The concept of ANN is based on unsupervised learning 

of a relationship between two sets of variables. The commonly used back propagating ANN 

is based on a network of interconnected layers, the first consisting of the input variables (e.g. 

species abundances), followed by a series of hidden layers containing the processing units 

called neurons, terminated by a single neuron generating the output variable (e.g. SST). 

ANN-based STT estimates have been already successfully applied to planktonic foraminifera 

assemblages from the Mediterranean (e.g. HAYES et al., 2005). 



 29

Figure 13: a) MIS 11 sediments from ODP Site 964A; the MIS 11 sapropel is indicated by an arrow (EMEIS et 
al., 1996); b) Correlation of sapropel horizons from Eastern Mediterranean Leg 160 ODP Sites with the 
precession index (EMEIS & SAKAMOTO, 1998). The target interval of this project, containing the MIS 11 
sapropel, is highlighted  

2. Material and Methods 

 

2.1. Investigated sites and cores 

 

This study is based on the analysis of sediment sections covering Marine Isotope 

Stages (MIS) 12 to 10/9 and MIS 2 to 1 in two cores from the Eastern Mediterranean Sea. 

The gravity core GeoTü-SL96 (32° 46’N, 19° 12’E, 1399 m water depth, total core length 

8.02 m) was taken from the greater Syrte during the Meteor cruise M 51/3 in 2001 

(HEMLEBEN et al., 2003). The hydraulic piston core ODP Site 964A-3H was taken in the 

course of ODP Leg 160 in the Ionian Sea (36° 16’N, 17° 45’E´, 3658 m water depth, total 

core length 25.9 m; (SAKAMOTO et al., 1998).   
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Figure 14: Magnetic susceptibility record from core GeoTü-SL96 (on 
board measurement). The oldest peak in the core can be interpreted as 
sapropel of MIS 11, indicated by arrow, suggesting the presence of MIS 
11 sediments. 

Although MIS 11 has been recovered and identified in sediment cores dating back to 

Albatross expedition (PETTERSSON, 1946, 1947), there has been until now no detailed study 

of this interval in the Mediterranean. ROSSIGNOL-STRICK (1983) found that there is a 

sapropel in MIS 11 and speculated that it must be correlated with the 406 kyr B.P. 

insolation peak but made no detailed investigation of the core. The selection of the two 

cores was guided by the following criteria: the central Mediterranean is likely to be most 

sensitive for planktonic foraminifera fauna as it lies halfway through the Mediterranean SST 

gradient. Two cores were necessary to replicate the observed patterns and investigate the 

depth pattern of anoxia development associated with MIS 11 sapropel – this is why the 

cores have such a large depth difference.  

The selection of cores was furthermore guided by the following criteria: continuous 

sedimentation, lack of sediment disturbance, high sedimentation rate and presence of the 406 

kyr B.P. sapropel horizons. Based on these criteria, we have found that ODP Site 964 next to 

Sicily would deliver about 400 samples for the aimed interval (KROON et al., 1998), and the 

MIS 11 sapropel was clearly identifiable in section 3H1 at 104 cm in Hole A, which delivers 

the most undisturbed, continuous sediment record within this interval (MIS 11 and ancient 

transitions, section 3H1-3H3) and through high sedimentation rates (3.4 – 6.3 cm/kyr) 

displaying a very high time resolution (150-300 yrs/cm; fig. 13).  

In GeoTü-SL 96 piston core, recovered from the north of the greater Syrte, the 

presence of MIS 11 is displayed through magnetic susceptibility (on board measurements; 

fig. 14). The sections 7 (600 to 700 cm) and 8 (700 to 800 cm) were chosen from the 

material to cover MIS 11 and ancient transitions. However, the sedimentation rates of this 

core are lower (1.8 – 2.2 cm/kyr) delivering a lower time resolution of 450 – 550 yrs/cm). 

On the other hand, the core 

contains very well preserved 

sediment informations and 

microfossils comparable to 

those in ODP Site 964. 

Additionally, core sections 

to investigate the Holocene 

part of the cores were 

sampled. For this purpose, in 

ODP Site 964 it was 

necessary to use another 
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Hole than A due to high disturbances by sampling processes of the core top section in this 

part. Hole D was alternatively found to have the best preserved material during this interval. 

In GeoTü-SL96 core top sediments of section 1 are as well preserved as the rest of the core.  

 

2.2. Sample processing 

 

The selected intervals in both cores, assumed to approximately correspond to MIS 1 

to 2 and MIS 9 to 12 were sampled by U-channels (2x2 cm). The U-channeled cores have 

been continuously sampled at 1 cm intervals; altogether 525 single samples were taken (all 

samples and data are shown in Appendix). The individual 1 cm sediment slices were deep 

frozen at -30°C and subsequently freeze dried to facilitate disintegration of the sediment 

particles. The freeze dried samples were soaked in distilled water for half an hour before 

washing with tap water over a sieve with 63 µm mesh size. In order to remove clay remains 

from foraminifera shells, the residues were additionally cleaned in an ultrasonic bath for 15 s 

and washed again. The final residues were transferred onto a filter paper and dried at 40°C 

for 24 hours. The dried fraction was collected from the filters and dry sieved to obtain size 

fractions of 63-150 µm and ≥ 150 µm. All fractions and the raw sample were weighed. For 

XRF measurements, U-chanels were previously covered with a clear film, scanned on 

intervals of 0.5 to 1 cm by a AVAATECH XRF core scanner in cores of ODP Site 964 A 

and D and GeoTü-SL96 for MIS 11 and MIS 1, altogether 9 m of sediment in the two cores. 

Alkenone measurements were carried out every 5 cm of the ODP core working half (4 cm3 

each sample) and analysed (earlier analyses showed too little organic content in GeoTü-

SL96 for alkenone data during MIS 11 and ancient stages).  

 

2.3. Analysis of planktonic foraminifera assemblages 

 

The taxonomy of planktonic foraminifera follows HEMLEBEN et al. (1989).  A total of 

19 species were identified in the studied time intervals. All species of planktonic 

foraminifera were counted; fragments which represented more than half a specimen and 

were clearly identifiable were also counted.  For faunal analyses, the ≥ 150 µm fraction of 

each sample was splitted with a microsplitter until a representative aliquot with sufficient 

numbers of planktonic foraminifera for quantitative census was obtained (N> 300). 

Morphotypes of G. ruber were counted in parallel split. Altogether 425 single samples were 

counted for these purposes. Representative specimens of all identified species (tab. 2) are 
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Table 2: List of planktonic foraminifera species from the 
investigated intervals of the two cores and their respective figures on 
the plates.  

shown on plate I and II). The images were taken by the scanning electron microscope LEO 

Model 1450 VP at the University of Tübingen. Globigerinoides trilobus is considered to be a 

growth type of Globigerinoides sacculifer (see also HEMLEBEN et al., 1989) and is displayed 

only to document the occurrence of all commonly recognised morphological types of 

planktonic foraminifera in the analysed samples. As G. siphonifera and G. calida were not 

clearly distinguishable in their early adult stages, and since they appear to share similar 

habitats and physiology, these species were counted together in assemblage counts 

(HEMLEBEN et al., 1989). 

Statistical analyses of planktonic foraminifera abundances were carried out using the 

PAST version 1.82b software (HAMMER et al., 2001). To characterise trends in the 

occurrence of planktonic foraminifera species through the glacials and interglacials of this 

study, a Detrended Correspondence Analysis (DCA) was used (HILL & GAUCH, 1980). This 

method is an extension of a 

regular correspondence 

analysis, which was designed 

to extract trends in species 

abundance data and to 

represent these in a joint 

species-sample environmental 

space. Correspondence analysis 

is therefore widely used by 

ecologists to identify the main 

factors or gradients in 

ecological community data 

(e.g. WIDMARK & SPEIJER, 

1997; EBERWEIN & 

MACKENSEN, 2006). By 

detrending the correspondence 

analysis (DCA), two major problems of correspondence analyses were solved, the “arch 

effect” and the compression effect of the ends of the gradient (HILL & GAUCH, 1980; 

GAUCH, 1982). For the DCA, percentages of all counted species were used. However, in 

some cases, for example to highlight similarities with selected assemblage composition data 

according to literature (e.g. TRIANTAPHYLLOU et al., 2009), some of the rare species (Beela 

digitata, Globigerinoides conglobatus) were deleted. 
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Plate I: SEM images of planktonic foraminifera species from MIS12-MIS1 ODP Site 964. Both cores 
provide excellent preservation of foraminifera shells. However, due to the higher amount of ODP Site 964 
samples these were chosen to deliver specimens for SEM images. The pictures of one species show two 
specimens from the same sample, front and back view. A-B: Globigerinoides  ruber (d’Orbigny, 1839), 
ODP 964, 3H1, 12-13 cm; C-D: Neogloboquadrina incompta (Cifelli, 1961), ODP 964, 3H2, 119-120 cm; 
E-F: Neogloboquadrina dutertrei (d’Orbigny, 1839), ODP 964, 3H2, 119-120 cm; G-H: Globigerina 
bulloides d’Orbigny, 1826, ODP 964, 3H1, 12-13 cm; I-J: Globorotalia inflata (d’Orbigny, 1839), ODP 
964, 3H1, 12-13 cm; K-L: Globigerina falconensis Blow, 1959, ODP 964, 3H2, 29-30 cm; M-N: 
Globorotalia truncatulinoides (d’Orbigny, 1839), ODP 964, 3H1, 62-63 cm; O-P: Globigerinoides 
sacculifer (Brady, 1877) with sac chamber, ODP 964, 3H2, 29-30 cm; Q-R: Globigerinita glutinata 
(Egger, 1893), ODP 964, 3H3, 14-15 cm; S-T: Turborotalita quinqueloba (Natland, 1938), ODP 964, 
3H3, 14-15 cm. All scale bars equal 100 µm. 
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Plate II: A-B: Globigerinella siphonifera (d’Orbigny, 1839), ODP 964, 3H2, 29-30 cm; C-D: 
Globigerinella calida (Parker, 1962), ODP 964, 3H2, 9-10 cm; E-F: Globoturborotalita rubescens Hofker, 
1956, ODP 964, 3H2, 62-63 cm; G-H: Globorotalia scitula (Brady, 1882), ODP 964, 3H1, 12-13 cm; I-J: 
Globigerinoides conglobatus (Brady, 1879), ODP 964, 3H2, 11-12 cm; K-L: Beela digitata (Brady, 1879), 
ODP 964, 3H2, 11-12 cm; M-N: Neogloboquadrina pachyderma (Ehrenberg, 1861), ODP 964, 3H2, 119-
120 cm; O-P: Globoturborotalita tenella (Parker, 1958), ODP 964, 3H1, 12-13 cm; Q-R: Globigerinoides 
sacculifer (Brady, 1877) without sac (=Globigerinoides trilobus), ODP 964, 3H2, 29-30 cm; S-T: 
Orbulina universa d’Orbigny, 1839, ODP 964, 3H1, 12-13 cm. All scale bars equal 100 µm. 
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Figure 15: Drafts of typical 
representatives of G. ruber 
morphotypes showing the 
extremes of morphological 
variation. 

The assemblage counts data were subsequently reduced to the categories used by 

HAYES et al. (2005) and converted to temperatures using the Artificial Neural Networks 

developed by HAYES et al. (2005). Average annual and seasonal SST values were 

reconstructed as the average of the ten artificial neural networks trained by HAYES et al. 

(2005) specifically for each SST definition. The standard deviation of the ten network 

outputs was used as a measure of representation of the fossil assemblage in the calibration 

dataset following the concept of KUCERA et al. (2005). 

 

2.4. Morphotype evaluation of G. ruber 

 

Individual species of planktonic foraminifera show distinct depth habitats, seasonal 

production maxima as well as biological lifestyles (e.g., presence or absence of symbionts) 

and these differences are all reflected in the isotope chemistry of their shells (BÉ, 1982; 

GANSSEN & KROON, 2000; LIN & HSIEH, 2007). Therefore, isotope data from single species 

are required for meaningful palaeoenvironmental interpretations, which imply that species 

concepts are very important. Planktonic foraminifera species, however, are known to be very 

variable (e. g. SAITO et al., 1981; HEALY-WILLIAMS et al., 1985; HEMLEBEN et al., 1989; 

ROBBINS & HEALY-WILLIAMS, 1991; LOEWEMARK et al., 2005). This applies especially to G. 

ruber, which is the most important source of information on surface ocean properties and a 

dominant species in the Eastern Mediterranean (THUNELL, 1978). 

This species has been intensively investigated recently and the morphological 

variability has been subsumed into a number of distinct forms. In keeping with the broad 

taxonomical concept of PARKER (1962), individual forms of G. 

ruber analysed in recent geochemical studies have not been 

characterised taxonomically, but described as “morphotypes” 

(fig. 15). Up to six morphotypes were defined in the past in 

different studies (SAITO et al., 1981; ROBBINS & HEALY-

WILLIAMS, 1991; LOEWEMARK et al., 2005). These morphotypes 

show different habitat preferences (KUROYANAGI & 

KAWAHATA, 2004; LIN & HSIEH, 2007) reflected in their 

different stable isotope compositions (WANG, 2000; LIN et al., 

2004; KAWAHATA, 2005; LOEWEMARK et al., 2005) and Mg/Ca 

geochemistry (STEINKE et al., 2005). There are at least six 

genetically distinct types within the white variant of G. ruber 
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Plate III: SEM images of the different morphotypes of G. ruber. a-d: type d, 
“kummerform”; Fig. 3e-h: type a, “normal”; Fig. 3i-l: type b, “platys”; Fig. 
3m-p: type c, “elongate”. Specimens a-d taken out of Sample GeoTü-SL96, 
665-666 cm; e-f: ODP 964A, 3H2, 32-33 cm;  g-l: GeoTü-SL96, 684-685 
cm; m-p: ODP 964A, 3H2, 64-65 cm. Column 1: front view; column 2: right 
side; column 3: left side and column 4: back view of the different 
morphotypes. 
 

(DARLING & WADE, 2008, AURAHS et al., 2009) and it is possible that some of these 

correspond to the distinct morphotypes. The first indication for a possible correlation 

between shell morphology and genetic differences within the white colour variety of G. 

ruber was recently presented by KUROYANAGI et al. (2008), who found systematic 

morphological differences (although the sample size was very small) between the genetic 

Types II and I of G. ruber (white), which are consistent with the G. ruber s.s. and s.l. 

concept of WANG (2000).  

Whatever the exact nature of the link between genetics and morphology in G. ruber, 

it is clear that a better understanding of the isotopic behaviour and habitat preferences of its 

morphotypes are essential for meaningful palaeoenvironmental reconstructions (EGGINS et 

al., 2003; LIN & HSIEH, 

2007; SADEKOV et al., 

2008). This issue is 

particularly relevant for 

applications in the more 

distant geological past, 

where hypotheses on the 

origin of distinct 

morphotypes must 

additionally consider the 

possibility of iterative 

evolution and extinction 

of subspecies or species 

through time and in space.  

As the G. ruber-

based proxies are among 

the most important in 

palaeoceanography in 

general, and in the 

present study in 

particular, and as 

individuals of this 

species displayed considerable variation in shell morphology, it seemed inevitable to 

systematically assess morphological variability and its possible effect on isotope 
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Figure 16: 17 morphological parameters. a: test height (for size 
normalizing), b: perimeter front, c: chamber n height, d: aperture 
height, e: chamber n width, f: aperture width, g: chamber n-2 
width, h: chamber n-2 height, i: chamber n-1  height, j: chamber 
n-1 width, k: area front, l: perimeter side, m: chamber n depth, n: 
area side, o: chamber n-2 depth, p: chamber n-1 depth, q: test 
depth; representing the shape of the last three chambers and the 
shape of the entire shell for statistical analysis methods.  
 

geochemistry. In the Mediterranean, AURAHS et al., (2009) documented the presence of 

multiple genetic types. Morphotypes were not yet investigated in detail. Therefore, in this 

study emphasis was put on finding possible end members of morphological variability, 

correspond to the morphotypes, and on assessing the possible variation in stable isotopic 

composition according to morphological variability. 

In order to determine to what degree the individual morphotypes can be objectively 

separated, the morphological variability in G. ruber was first quantitatively assessed in four 

samples from MIS 11-10 in core GeoTü-SL96 (pl. III).  

In each sample, a representative split containing at least 100 specimens of G. ruber 

has been analysed. Each specimen has been assigned to one of the four morphotypes, 

mounted in standard apertural and lateral views and photographed using a Leica Z16 Apo 

stereomicroscope fitted with a Q-

imaging Micro Publisher 5.0 RTV 

video camera. A total of 17 

morphological parameters 

representing the shape of the last 

three chambers and the shape of the 

entire shell in the two views were 

manually (length measurements) or 

automatically (perimeter and area) 

extracted from the digital images 

using the Image Pro Plus version 

5.0 software (fig. 16).   

All measurements were 

normalised to shell width following MALMGREN & KENNETT (1976), and the resulting 16 

size-independent parameters were statistically analysed. Such normalisation is important 

since all individual measurements are otherwise highly correlated to each other and the 

statistical analyses will recover the pattern of size variability as the most important factor in 

the dataset. 

Statistical analyses of morphotype abundances, morphological variability and stable 

isotope offsets were carried out using the PAST version 1.82b software (HAMMER et al., 

2001). Three statistical methods for the size-independent morphometric measurements were 

used. The Principal Components Analysis (PCA) projects samples (in our case foraminifera) 

onto linear combinations of variables (in our case shell morphology), so that the resulting 
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projection captures the largest portion of the variance in the multivariate dataset. This 

method allows one to visualise the most significant trends in the morphology of the analysed 

foraminifera. However, there is no guarantee that the most significant morphological trend in 

the data is identical to the pattern of variation separating the morphotypes. Therefore, an 

additionally MANOVA CVA (multivariate analysis of variance – canonical variants 

analysis) were used, which projects the foraminifera onto synthetic variables (axes) so that 

the differences among pre-defined groups (in our case manually assigned morphotypes) are 

maximised. This will allow determining whether the manually defined morphotypes can be 

objectively distinguished by the morphometrical data used and how distinct the individual 

morphotypes are. In order to determine, whether the differences between the manually 

defined morphotypes are statistically significant, a pairwise discriminant analyses between 

all pairs of morphotypes separately for the four samples were applied. The pairwise 

discriminant analysis determines a linear combination of the morphological variables which 

maximises the distinction between two pre-defined groups and defines a threshold value 

separating optimally the two groups. This analysis also allows quantifying how many 

individuals can be objectively classified to the pre-defined morphotypes.  

To characterise trends in the occurrence of G. ruber morphotypes through the glacials 

and interglacials of this study, a Detrended Correspondence Analysis (DCA) has been used 

(HILL & GAUCH, 1980).  

 

2.5. Analysis of benthic foraminifera assemblages 

 

For ODP Site 964 and GeoTü-SL96 in MIS 11, benthic foraminifera assemblage 

counts were performed (>0.150 mm, whole sample or > 300 specimens). The picking was 

carried out by L. Walz and species determinations by Dr. A. Badawi and M. Simon. The data 

were used to determine the accumulation rates of benthic foraminifera as a measure of sea 

surface productivity and to get rough, non-quantitative information on deep sea oxygen 

availability (pl. IV; fig. 17).  Taxonomic assessment of benthic foraminifera followed 

SGARRELLA & MONCHARMONT ZEI, 1993 and JONES, 1994. 
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Figure 17: Benthic foraminifera abundances on a logarithmic scale in ODP Site 964 (left side, upper panel) and 
GeoTü-SL96 (left side, lower panel). Right side shows selected highly abundant species/families in both cores 
(upper panels show ODP Site 964 counts, lower panels GeoTü-SL96). 
 

Plate IV: SEM images of 
selected benthic foraminifera 
in GeoTü-SL96 and ODP 
Site 964. A: Bulimina 
aculeata d’Orbigny, 1826; 
B: Bulimina mexicana 
Cushman, 1922; C: 
Globobulimina affinis 
(d’Orbigny, 1939); D: 
Melonis barleanum 
(Williamson, 1858); E: 
Lenticulina sp.; F: 
Karreriella bradyi 
(Cushman, 1911). All scale 
bars equal 100 µm, SEM 
pictures by M. Simon. 
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2.6. Stable isotope measurements 

 

Stable isotope measurements on G. ruber and G. bulloides 

 

For stable isotope analyses, 10-12 specimens of either G. ruber (“normal” 

morphotype) or, where this species was too rare, G. bulloides were taken from the fraction 

315-400 µm to reach the optimal sample weight of 100-150 μg. Following earlier studies (e. 

g. ROHLING et al., 2004), G. ruber is consistently surface dwelling in the Eastern 

Mediterranean and therefore was the preferred target of this investigation. All measurements 

on this species in the long records were made on the morphotype “normal”. These analyses 

were made for every sample to achieve a 1 cm resolution record throughout. In addition to 

the long records, in 115 samples from the intervals MIS 12 to MIS 9 and MIS 2 to MIS 1, 

10-12 specimens of each of the various morphotypes of G. ruber were taken from the 

fraction 315-400 µm to reach the optimal sample weight of 100-150 μg. The abundance of 

the individual morphotypes varied significantly, and some samples thus did not yield 

enough specimens of each morphotype for isotope analysis. The stable isotope composition 

of all analysed species and morphotypes were determined at AWI Bremerhaven, Germany 

with a Finnigan MAT 251 isotope ratio gas mass spectrometer directly coupled to an 

automated carbonate preparation device (Kiel II) and calibrated via NIST 19 international 

standard to the PDB scale. All values are given in δ-notation vs. VPDB Vienna Pee Dee 

Belemnite. The precision of the measurements at 1σ based on repeated analyses of an 

internal laboratory standard (Solnhofen limestone) over a one-year period was better than 

0.08 ‰ and 0.06 ‰ for oxygen and carbon isotopes, respectively. 

In order to assess the reproducibility of the individual isotope measurements, 29 

samples (see Appendix) from ODP Site 964A-3H2 for the morphotype type a “normal” have 

been re-picked using the same criteria as above. The stable oxygen and carbon isotope 

measurements on these samples were carried out at the isotope laboratory at IFM-GEOMAR 

with a CARBO KIEL automated carbonate preparation device linked on-line to a Finnigan 

MAT 252 mass spectrometer. External reproducibility was 0.02 ‰ for δ13C and 0.03 ‰ for 

δ18O (1-sigma values), as calculated from 8 replicate analyses of the internal carbonate 

standard (Solnhofen Limestone) performed before and after the analyses of our specimens. 

The isotope data are referred to the PDB scale. The difference between the two sets of 

measurements was 0.11 +/- 0.28 for δ18O (ranging between -0.65 and 0.65), and -0.23 +/- 0.3 
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Figure 18: Offset between two different stable isotopic 
measurement series (Kiel and Bremerhaven) on planktonic 
foraminifera tests, offset of δ18O plotted against offset of δ13C 
for G. ruber (circles) and G. bulloides (squares). 

Table 3: Position of ash layers in ODP Site 964, detected by distinct elemental 
ratio peaks. The ashes, as they do not contain any coarse fraction ≥ 63 µm, were 
deleted from the record for palaeoceanographic analyses. 

for δ13C (ranging between -0.8 and 0.45). The reproducibility of the data is excellent and 

there is no systematic bias (fig. 18). 

 

2.7. XRF elemental scans 

 

In both cores, intervals 

spanning MIS 9/MIS 10 to MIS 12 

were sampled using U-channels (2x2 

cm). X-ray fluorescence (XRF) 

scans of the GeoTü-SL96 core and 

the U-channel from ODP Site 964, 

were carried out by an ITRAX core 

scanner (CROUDACE et al., 2006) 

with 1 cm resolution at MARUM, 

University of Bremen. Selected 

element ratios in cores ODP Site 964 

A and D and GeoTü-SL96 for MIS 

11 and MIS 1, normalised to Al, 

were used to reveal sediment redox changes associated with the sapropels and to assess the 

origin of terrigenous sediments. Three ash layers had previously been visually identified in 

the studied section from ODP Site 964 (EMEIS et al., 1996) and confirmed by XRF values 

(tab. 3). The Santorini volcano was the largest source of volcaniclastic sediment in the 

Eastern Mediterranean during the late Quaternary. Periodical occurrences of ash layers 

deposited as 

turbidites disturbs 

several parts of the 

record in ODP Site 

964 (e.g. AKSU et 

al., 2008) and thus 

were cut out of the record (fig. 19). There were no ash layers in GeoTü-SL96, most probably 

because it was located too far south of the eruptive centres.  
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Figure 19: Elemental ratios normalised to aluminium, grey bars denote position of ash layers. Upper panel 
shows K/Al ratio, middle panel shows Zr/Al ratio and lower panel displays Fe/Al ratio. 

 

2.8. Alkenone measurements 

 

To validate ANN temperature reconstruction by a completely independent 

palaeothermometer, alkenone measurements were done in the first place at a preliminary low 

resolution every fifth cm of the core section. At Tübingen University, the 31 samples (4 cm3) 

were freeze dried and ground and then sent to the laboratory of the section of marine geology 

at the “Leibniz Institute for Baltic Sea research, Rostock-Warnemuende, Germany” where 
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they were processed following the method described in EMEIS et al. (2003). Because of the 

generally low abundance of C37:4 alkenones in the analysed samples and for consistency with 

existing records of the North Atlantic region (e.g., ROSELL-MELE et al., 1997; VILLANUEVA 

et al., 1997, 2001;  MUELLER et al., 1998), the simplified version of the index UK
37´ (PRAHL 

& WAKEHAM, 1987; MUELLER et al., 1998) was used to calculate palaeotemperatures for the 

analysed samples: UK
37´ = [C37:2]/ [C37:2+C37:3] or SST = [UK

37´-0.044]0.033. The standard 

deviation of the alkenone values were calculated following ALTMAN & BLAND (2005). 
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Figure 20: A stratigraphic interpretation of visible sediment structures, Ba/Al profiles and oxygen isotopes by 
G. ruber (thick black line) and G. bulloides (thick grey line) and planktonic foraminifera assemblage counts in 
ODP Site 964 and GeoTü-SL96 for MIS 11 (lower panel). Ba/Al ratios in MIS 11 are denoted by thin lines for 
both cores. Upper panel shows sediment properties and oxygen isotopes of MIS 1. 
 

3. Results and Discussions 

3.1. Chronostratigraphic framework 

 

The prerequisite for palaeoceanographical and palaeoclimatological evaluation of 

the MIS 11 proxy records was the establishment of a robust chronological framework for 

the two investigated cores (GeoTü-SL96 and ODP Site 964). This framework was 

developed in three steps: the first is based on the appearance of sapropel layers, which allow 
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Table 4: List of age model tie points and ages for the two investigated cores. 
 

both the correlation between the cores and an assignment of absolute ages; the second is 

based on oxygen stable isotope stratigraphy and the third, fine-tuning step is based on the 

recognition of events recorded as quantitative changes in the planktonic foraminifera 

assemblages, allowing higher-resolution correlation between the two cores (fig. 20; tab. 4). 

The volcanic ashes found in ODP Site 964 by XRF scans and lithological evaluation were 

cut out of the sedimentological record of this core before the age model was constructed as 

there were no coarse fractions (≥ 63 µm) within these intervals (tab. 3; fig. 19). 

 

Sapropel stratigraphy 

 

In order to tune the Holocene part of the cores, the base of sapropel S1 was used (tie 

point A, tab. 4; DE LANGE et al., 2008) and the sedimentation rate between the base of the 

sapropel and the top of the core (considered to be recent) was extrapolated to MIS 2 

sediment. This approach was considered sufficient, because the MIS 2-1 interval was not 

the primary focus of this study and the data were used only to obtain a comparative value 

for the magnitude of proxy changes observed during the MIS 11 target interval. 

The first step in the tuning approach of the MIS 12- MIS 9 section was to identify 

the sapropel layers in both cores. According to the framework developed by ROSSIGOL-

STRICK (1983), the analysed sections should have contained the manifestation of sapropels 

S9 in MIS 9 and S11 in MIS 11. In core ODP Site 964, the sapropel of MIS 11 was clearly 
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Figure 21: Monsoon index peaks (ROSSIGNOL-STRICK, 1983, 
1985) plotted against sea level (ROHLING et al., 2009). Arrow 
denotes area of glacials and interglacials. 
 

Figure 22: Schematic profile of the Eastern Mediterranean 
basin, denoting position of cores ODP Site 964 and GeoTü-
SL96, showing the inferred depth of oxycline (grey bar) in MIS 
11 and MIS 1 (after DE LANGE et al., 2008). 

identifiable (tie point H, tab. 4) and the onset of the sapropel was tuned with a lag of 3 ka 

(ZIEGLER et al., 2010) after the 

second insolation maximum of MIS 

11, dated with 406 kyr B.P. 

(ROSSIGNOL-STRICK, 1983, 1985; 

ROSSIGNOL-STRICK & PATERNE, 

1999) at the onset of MIS 11 

(BERGER & LOUTRE, 1991; DE 

LANGE et al., 2008), considering 

that the first insolation peak is 

unlikely to have produced a 

sapropel due to relatively low 

insolation intensity (fig. 21).  

The sapropel of MIS 9 in 

ODP Site 964 was not recovered in the investigated section. Surprisingly, the two expected 

Sapropel layers in GeoTü-SL96 could not be identified in the sediment record by 

identification of a black layer. 

Therefore, Ba/Al profiles (fig. 20) 

for this core were inspected to help 

identify intervals of elevated 

productivity irrespective of the 

preservation of organic matter 

(THOMSON et al., 1995; VAN 

SANTVOORT et al., 1997). The 

Ba/Al results show two periods of 

elevated productivity located in 

positions consistent with the 

expected positions of the 

sapropels. For the ODP core, the 

scan confirms the position of the 

visible sapropel and the initial 

observation that the analysed sections did not contain S9. The freshwater peaks displayed in 

light stable oxygen isotopes and sapropel formation in MIS 1 and MIS 11 are highly 

comparable (fig. 20), despite the fact that GeoTü-SL96 sediment record in MIS 11 shows no 
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dark layer (fig. 11). The freshwater and Ba/Al peaks coincide with relatively large numbers 

of benthic foraminifera in this core. The most probable explanation thus seems to be a 

different depth position of the oxycline for MIS 11 than for MIS 1, rather than an oxidised 

‘ghost sapropel’. The oxycline might have been about 500 m deeper than for the Holocene 

sapropel, reaching the depth position of ODP Site 964 but not GeoTü-SL96 (fig. 22).  

It is found that sapropel formation/freshwater peak in both investigated cores seem 

to have been triggered by the second insolation peak after deglaciation in MIS 11, which is 

in conflict with the situation in MIS 1, where sapropel formation coincided with the first 

insolation maximum after deglaciation. The alignment of the two freshwater events in MIS 

11 and MIS 1 decouples the comparison of these two stages from expected similarity in 

orbital patters, and allows for an alternative matching of the two records.  

 

Isotope stratigraphy 

 

For this step of the tuning procedure, the δ18O record in both cores was used to 

correlate between the cores and with the global MIS stratigraphy. This is possible in the 

Mediterranean, because the salinity effect due to sea level change accentuates even surface 

water isotopic signals – in other words, the surface dwelling foraminifera do not only record 

SST but in fact most of the signal is due to salinity changes (e.g. GONZALEZ-MORA et al., 

2008). The δ18O values from the planktonic foraminifera G. ruber and G. bulloides tests 

show very consistent trends in the two cores, allowing the identification of major MIS 

boundaries, including MIS 11/12 (tie point J, tab. 4); MIS 11/10 (tie point E, tab. 4) and 

MIS 10/9 (tie point B, tab. 4). The exact positions of the MIS boundaries in both cores were 

located at points of the steepest gradient in isotopic change. The δ18O boundaries were 

given higher priorities than the centres of glacial and interglacial intervals because of higher 

significance in differences between the stable isotope values at the terminations. 

Ages of the terminations were tuned to LISIECKI & RAYMO (2005A, 2005B) benthic stack. 

Transition 10/9 (tie point B, tab. 4) was only recognised in core GeoTü-SL96 due to the 

further reach of this section and it was dated with 337 kyr B.P. (LISIECKI & RAYMO, 2005A, 

2005B). Transition 11/10 (tie point E, tab. 4) was found in both records and dated with 362 

kyr B.P. (LISIECKI & RAYMO, 2005A, 2005B); transition 12/11 (tie point I, tab. 4) was also 

found in both records and dated with 424 kyr B.P. (LISIECKI & RAYMO, 2005A, 2005B).  

In addition to MIS boundaries, the oxygen isotope curves showed strong negative 

anomalies corresponding in all cases exactly to the position of visible or Ba/Al-determined 
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Figure 23: Scatter plot of age model tie points, a: depth (GeoTü-SL96) against depth (ODP Site 964); b: age 
versus depth (ODP Site 964); c: age against depth (GeoTü-SL96).  

sapropels. This allows to define an additional tie point G (tab. 4) “inflectionpoint post-

sapropel-isotope-peak”, which was found right after the extremely light values (~ -1.6 ‰) 

accompanying the MIS 11 sapropel in both cores. This tie point was used to correlate both 

cores but could not be assigned any absolute age, because the duration of the MIS 11 

sapropel is not known. The oxygen isotopic peak in ODP Site 964 shows that even in this 

sapropel most of the organic rich layer is oxidised. 

 

Foraminifera Biostratigraphy 

 

Further improvements of the age model were performed by the planktonic 

foraminifera assemblage correlations within MIS 11 of the two cores. On the basis of 206 

samples from ODP Site 964 and 145 samples of GeoTü-SL96, which were quantitatively 

analysed, the correlation between the two cores was fine tuned with three biostratigraphic 

events. Tie Points C and D (tab. 4) correspond to two successive maxima in relative 

abundances (~ 80 %) of G. ruber during early MIS 10, and tie point F (tab. 4) denotes a 

maximum in G. inflata within MIS 11 (~ 20 %). 

These tie points were then used to correlate one core to the other and the common 

depth scale was then converted to age using the dated age point (fig. 23). The ages of the 

youngest and oldest samples were extrapolated using the sedimentation rate from the nearest 
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dated segment of the age model. The sedimentation rates are assumed constant between 

selected age control points and varied between 3.4 – 6.3 cm/kyr (ODP Site 964) and 1.8 – 

2.2 cm/kyr (GeoTü-SL96) 

 

3.2. Comparability of palaeoclimate trends and foraminifera assemblage dynamics in 
the Eastern Mediterranean between MIS 11 and MIS 1  

 

Stable isotope trends  

 

In order to reconstruct the climate of MIS 11 and to allow for a comparison with the 

Holocene, the corresponding parts of two Eastern Mediterranean cores were selected for 

analyses based on the position of the sapropel layer in MIS 11 or, if this layer was not 

manifested in the sediment record, based on the succession of underlying layers. Both cores 

present well preserved sapropel layers for MIS 1. ODP Site 964 shows a part of the original 

sapropel in MIS 11 but GeoTü-SL96 lacks any visible trace of sapropel in MIS 11 (fig. 11). 

As a first step, a continuous stable isotopic record based on planktonic foraminifera was 

generated.  G. ruber was analysed where available, but in MIS 12, this species was too rare 

and had to be substituted with G. bulloides during this time interval. The resulting surface 

water stable isotopic record across MIS 11 as well as the Holocene reflect distinct events of 

freshwater inflow to the basin superimposed on a general glacial – interglacial trend (fig. 

24). The oldest part of the record is represented by G. bulloides-derived values during the 

transition MIS 12/MIS 11, reflecting a change from colder temperatures as well as the 

deglacial sea-level rise and associated changes in seawater residence time in the basin into 

interglacial conditions in both cores. During interglacial conditions of MIS 11 as well as 

MIS 1, stable oxygen isotope measurements show a distinct peak in both cores with 

extremely light values corresponding to sapropel deposition, except for MIS 11 in Core 

GeoTü-SL96, where no sapropel is developed. The freshwater peak is followed by a long 

period of stable interglacial conditions during MIS 11, terminated by a moderate transition 

into the glacial MIS 10 (fig. 24); GeoTü-SL96 record displays also transition MIS 10/MIS 9 

by a sharp increase of light isotopic values.  
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Figure 24: Stable isotopic measurements (δ18O and δ13C) on the planktonic foraminifera species G. ruber 
(thick line) and G. bulloides (thin line) during the Holocene (upper panels) and MIS 9 to MIS 12 (lower 
panels) in GeoTü-SL96 (panel a and b) and ODP Site 964 (panel c and d). 

 

The interval which contains stable isotope values for both G. ruber and G. bulloides 

are available, the offset between oxygen isotope values of the two species are negligible 

whereas carbon isotopes show a considerable offset, suggesting strong disequilibrium 

fractionation. In the light of differences in habitat depth between the two species 

(HEMLEBEN et al., 1989), the nearly identical oxygen isotope values either reflect ambient 

conditions that were homogeneous irrespective of habitat differences, or a shift in habitat 

preferences in G. bulloides.   

The G. ruber derived oxygen isotopes display peak values of ~ -1.8 ‰ in ODP Site 

964 and peak values of ~ -0.6 ‰ in GeoTü-SL96 coinciding with the sapropel event in MIS 

11. Light isotopic signatures stay relatively high around +0.5 ‰ during MIS 11 after 

sapropel formation. After MIS 10 boundary, light isotopes decrease and show values around 

+ 1.2 ‰. The carbon isotope records measured on shells of G. ruber remain stable and show 

no distinct change of values at the MIS boundaries, except for the transition MIS 12/ MIS 

11, where the isotopes were measured on tests of G. bulloides. There, a significant 

difference between values of G. ruber and G. bulloides can be noticed, which may reflect 
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vital effects and/or a systematic effect. MIS 11 and MIS 1 values in GeoTü-SL96, regarding 

an alignment of the two sapropel events, show nearly equal patterns, whereas the pattern in 

ODP Site 964 shows a distinct offset of ~ 1.8 ‰ between Holocene and MIS 11 during 

sapropel formation (fig. 24). 

 

Planktonic foraminiferal assemblage dynamics 

 

The planktonic foraminifera assemblage composition for MIS 11 time interval 

reflects glacial/interglacial changes as well as environmental changes within the 

investigated glacials and interglacials (fig. 25 a-d). Both cores show highly comparable 

patterns. A total of 19 species (plate I and II) of planktonic foraminifera were identified in 

the investigated interval. An extreme glacial fauna with N. incompta, N. dutertrei, G. 

bulloides, G. glutinata and T. quinqueloba inhabited the investigated area during MIS 12. A 

similar glacial assemblage, although much less extreme in terms of the dominance of the 

glacial elements, is observed towards the end of MIS 10 in GeoTü-SL96 and also during 

MIS 2 in both cores. G. ruber increases gradually toward the end of MIS 11 into early MIS 

10 and is clearly the most dominant species during both interglacials MIS 11 and MIS 1, but 

also during early MIS 10. The most conspicuous feature of MIS 11 is the strong cyclicity in 

the abundance of G. inflata and G. truncatulinoides, which is highly consistent between the 

two cores.  
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Figure 25: Abundances of planktonic foraminifera species abundances for GeoTü-SL96 (a and b) and ODP 
Site 964 (c and d) during the investigated interval. Grey bars denote MIS boundaries and sapropel/freshwater 
peak position.  
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Figure 26: Alignment of Holocene and MIS 11 June insolation at 
30°N (left panels) and 65°N (right panels) and climatic pattern in 
the eastern Mediterranean (BERGER & LOUTRE, 1991). Upper 
panels show an alignment based on last insolation minimum 
before deglaciation; lower panels show an alignment based on 
insolation maxima linked with sapropel development; dotted 
bars denote position of MIS 11 sapropel, striped bars denote 
position of MIS 1 sapropel. 
 

Alignment of sapropel intervals between MIS 11 and MIS 1 

 

The construction of an independent age model (fig. 20; tab. 4) through orbital tuning 

allows for an independent assessment of the onset and duration of MIS 11 interglacial 

conditions in the Eastern Mediterranean. There are clearly conspicuous differences between 

MIS 12/ MIS 11 and MIS 2/ MIS 1 transitions in terms of the timing of sapropel formation: 

whereas sapropel S1 developed in the course of the first insolation maximum after 

deglaciation, the sapropel of MIS 11 coincides with the second and more intense insolation 

peak after termination V (fig. 26). 

This non-analogue situation 

suggests that an alignment of the 

two stages based on the sapropel 

formation is required when the 

intention is to extract information 

about future climate development 

decoupled from anthropogenic 

influences. Due to the high 

comparability of the two sapropel 

events, an alignment of the two 

different insolation maxima seems 

to be the best option, in spite of 

previous suggestions to align 

insolation minima (e.g. MASSON-

DELMOTTE et al., 2006, 

RUDDIMAN, 2007). Such system of 

alignment is consistent with that 

proposed by ROHLING et al. (2010) 

on the basis of sea level 

development between MIS 1 and 

MIS 11. 
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Figure 27: An alignment of stable isotopic data across the two interglacial sapropel intervals in ODP Site 964 
(left panels) and GeoTü-SL96 (right panels). Upper panel shows oxygen isotopes, lower panel carbon 
isotopes. Line with circles denotes measurements on G. ruber originated from MIS 1 in both cores. Black line 
denotes G. ruber data of MIS 11, grey line G. bulloides data of MIS 12. Grey bar denotes sapropel 
position/freshwater peak in MIS 11; striped bar sapropel position in MIS 1. 
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A direct alignment of the sapropel interval of MIS 11 and MIS 1 shows matching 

oxygen isotopic values in GeoTü-SL96 for both time intervals with peak values of ~ -0.6 ‰ 

(fig. 27). The comparison of the two stages in ODP Site 964 shows a light oxygen isotope 

peak in both, but the Holocene peak only reaches values of up to +0.2 ‰ during sapropel 

interval, whereas the oxygen isotope signal in ODP Site 964 displays a massive freshwater 

peak, with values ~ -1.8 ‰. In the light of these differences, it is astonishing that the two 

cores are just ~ 260 sea miles away from each other. Such a large stable oxygen isotopic 

gradient in the surface waters during MIS 11 would require a strong circulation-controlled 

pattern of monsoonal freshwater redistribution in the Eastern Mediterranean at that time. 

The lesser extent of the peak values at Site GeoTü-SL96 implies that this site must have 

been located directly in the way of the inflowing modified Atlantic surface water, which 

would carry normal marine isotopic signature during MIS 11, which would be in stark 

contrast to the present-day situation where ODP Site 964 is apparently more proximal to the 

inflowing modified Atlantic water (fig. 7). Apart from a monsoonal maximum and thus 

enhanced Nile runoff, freshwater inflow from the Bosporus opening could have led to the 

exceptional conditions in MIS 11, as suggested for the Holocene one (LANE-SERFF et al., 

1997; SPERLING et al., 2003; VIDAL et al., 2010).  

 

SST trends during MIS 11 and MIS 1 

 

Transfer function SST estimates based on planktonic foraminifera assemblages 

allow for a direct and methodologically consistent comparison of SST trends for MIS 11 

and MIS 1. Additional alkenone measurements from ODP Site 964 were used to verify the 

transfer function results. This is a result of the fact, that transfer functions are here applied 

to an interval more than 400 kyrs in the past, where environmental preferences of 

foraminiferal species could have changed, making the estimates less reliable (KUCERA et al., 

2005). The SST estimates in both cores show comparable trends across the MIS 12/MIS 11 

boundary, with alkenone SST values in MIS 12 and MIS 11 consistent with annual average 

SST reconstructed by transfer functions. The records show relatively low temperatures 

during MIS 12 and during the onset of MIS 11 until sapropel formation (fig. 28). During the 

MIS 11 sapropel phase, the reconstructed SST reached present-day levels (ODP Site 964: ~ 

20 °C; GeoTü-SL96: ~ 21 °C) and stayed within this range throughout MIS 11. 

Surprisingly, the transfer function SST remained high after the MIS 11/MIS 10 glacial 

inception and throughout much of MIS 10. These higher glacial SST values during MIS 10 
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Figure 28: Reconstructed temperatures of MIS 2 to MIS 1 and MIS 12 to MIS 10 in ODP Site 964 (upper 
panels) and GeoTü-SL96 (lower panels). Transfer function (ANN) based reconstructed temperatures are 
denoted by the grey filled graphs.  The upper boundary of the grey filled graph denotes summer SST, the 
middle black line denotes annual and the lower boundary winter SST. In the upper right graph, alkenone 
reconstructed temperatures were denoted by a thick black line (upper right panel). The dashed line in each 
graph shows present-day temperatures (annual average) at the very place of the two cores taken from world 
ocean atlas. Glacials are shown by light grey bars, sapropels indicated by black vertical lines. 
 

are comparable with values for MIS 2 in the investigated cores and in the results of HAYES 

et al. (2005) but substantially warmer than the reconstructed values for MIS 12.  

A Detrended Correspondence Analysis of the planktonic foraminifera assemblage 

composition confirms the observed transfer-function derived patterns (fig. 29). The pre-
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Figure 29: Detrended correspondence analyses of planktonic foraminifera abundances, highlighting the 
similarities and differences among faunas of individual glacial and interglacial stages in both investigated 
cores. First axis in ODP Site 964 explains 52.6 %, the second axis 12.2 % of the variability. In GeoTü-SL96, 
the first axis explains 41.8 % and the second 8.8 %. 
 

sapropel fauna of MIS 11 and the sapropel fauna of MIS 11 are strongly related to the fauna 

of the MIS 12 glacial, whereas sapropel S1, MIS 1 and MIS 2 faunas are consistent with the 

fauna of the post-sapropel section of MIS 11. 

 

 

MIS 11 cycles in planktonic foraminifera assemblages  

 

Three distinct periods of significant changes in planktonic foraminifera assemblage 

counts can be recognised within MIS 11 in both cores (fig. 30). Of the three foraminiferal 

cycles (phase I-III), the one labelled as phase I is characterised by high G. inflata (~ 18 %) 

abundances together with distinct peaks in G. glutinata (~ 15 %) and G. siphonifera+G.  

calida (~ 5 %). Phase II presents high G. inflata (~ 18 %) and high G. truncatulinoides (~ 

18 %), but very low G. glutinata (~ 2 %) and G. siphonifera+G. calida (~ 2.5 %) 

abundances. Phase III is characterised by high abundances of G. inflata (~ 30 %) in ODP 

Site 964 and (~ 20 %) in GeoTü-SL96, high G. truncatulinoides (~ 14 %), but also very low 

G. glutinata (~ 1 %) and G. siphonifera/G. calida (~ 1.5 %). The three foraminiferal phases 

appear to be centered at 402-394 kyr B.P., 382-373 kyr B.P. and 358-350 kyr B.P. and could 

thus theoretically be linked to the last three insolation cycles within MIS 11 and early MIS 

10, which have a much subdued magnitude compared to the preceding sapropel-triggering 

insolation maximum at 406 kyr B.P. (fig. 30) and their weakness has been previously 
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considered important for the long duration of interglacial conditions of MIS 11 (e.g. 

RAYNAUD et al., 2005). In order to establish a link between the insolation cycles and 

foraminifera species abundances, it is first necessary to understand which environmental 

conditions in the upper water column could have been responsible for the observed cyclic 

pattern in the G. truncatulinoides and G. inflata abundances. To this end, measurements of 

elemental ratios in the sediment record provide additional information about environmental 

settings during these three periods and show that the three planktonic foraminifera 

abundance peaks correlate with high Ca/Ba ratios, pointing to low productivity in the 

surface water column during this phase. The peaks are also correlated with low Fe/Al ratios 

of the bulk sediment, which points to reduced influx of terrestrial material assumably 

resulting in low productivity. As a potential consequence, benthic foraminifera 

concentrations remain low to zero throughout MIS 11. 
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Figure 30: Cycles in planktonic foraminifera 
abundances and elemental ratios during late 
MIS 11 compared to global paleoenvironmental 
trends; a: summer insolation and obliquity 
(dotted line; BERGER & LOUTRE, 1991); b: panel 
displays seasonality (June insolation minus 
December insolation) at 30°N (dotted line) and 
sea level (ROHLING et al., 2009); c: panel 
exhibits CO2 EPICA Dome C data (dotted line; 
LUETHI et al., 2008) and deuterium derived 
temperatures of EPICA Dome C (JOUZEL et al., 
2007); d: panel presents Ba/Ca elemental ratio 
in ODP Site 964 (thick black line) and GeoTü-
SL96 (thick grey line) and benthic foraminifera 
abundances in ODP Site 964 (light line) and 
GeoTü-SL96 (dark line); e: panel denotes Fe/Al 
elemental ratio in ODP Site 964 in both cores; f: 
panel reveals G. inflata abundances for both 
cores; g: panel G. truncatulinoides; h: panel G. 
glutinata and ninth panel G. siphonifera 
together with G. calida for both cores. Vertical 
grey bars denote MIS boundaries and sapropels, 
white bars denote phases I to III of foraminifera 
abundance patterns. 
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Figure 31:  Detrended correspondence analyses of planktonic foraminifera abundances during late MIS 
11/early MIS 10 in both first axis explains 11.7 % and second axis 6.3 % of the variability. 

 

A Detrended Correspondence Analysis of the planktonic foraminifera assemblage 

counts throughout the three phases highlights the differences in their faunal composition 

and shows that phase III is most distinct from the MIS 11 Phases I and II (fig. 31). 

 

Comparability of MIS 11 and MIS 1 in the Eastern Mediterranean region 

 

High resolution stable isotopic and planktonic foraminifera faunal assemblage 

counts provide new insights into Mediterranean climate history during MIS 11 as well as on 

possible future climate development without anthropogenic influence. Here, based on 
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sapropel formation patterns, an alignment of peak interglacial conditions for the second 

insolation maximum of MIS 11 with the first insolation maximum of MIS 1 is suggested.  

 

In this concept, the sea level high stand of MIS 11 (ROHLING et al., 2009, 2010) 

coincides with a similar sea level in MIS 1. The similarity between the orbital 

configurations 400,000 years ago and today has long been pointed out and analyzed 

(BERGER & LOUTRE, 1991, 2003; DROXLER et al., 2003, and references therein) on the basis 

of BERGER’S (1978) astronomical calculations. The assumption of similarity of MIS 11 and 

MIS 1 has been based on the similarity of summer insolation at 65°N (BERGER & LOUTRE, 

1991), but a perfect match of all possible orbital parameters is not given for the two time 

periods. If obliquity is the parameter of choice to align MIS 11 and MIS 1, the similarity 

would be best at 406 kyr B.P (LEE & POULSEN, 2005; CRUCIFIX & BERGER, 2006).  

 

Origin of MIS 11 climatic cycles 

 

The similarities in CO2 and CH4 concentrations of MIS 11 and MIS 1 (without 

anthropogenic influences; fig. 2) has often been discussed as the main climate-driving factor, 

in addition to orbitally driven climate development (RUDDIMAN, 2003, 2005, 2006B, 2006C, 

2007; HANSEN et al., 2008), and used to speculate that the Holocene should have already 

been terminated under natural conditions (KUTZBACH et al., 2009; ROHLING et al., 2010), in 

spite of contrasting opinions (TZEDAKIS, 2009). The sapropel alignment of this study adds an 

interesting perspective to this discussion. Whereas the alignment to the second insolation 

maximum of MIS 11 alone would support the assertions by (KUTZBACH et al. 2009; ROHLING 

et al., 2010), the climatic trends in the Eastern Mediterranean during the rest of MIS 11 

would indicate that interglacial conditions in this region could be expected to continue for 

another 30 ka, irrespective of global climatic trends (fig. 27, 28).  

The peak interglacial conditions accompanying sapropel formation during MIS 11 

introduce an extremely long period of typically interglacial conditions in the Eastern 

Mediterranean, possibly stabilized by a sequence of unusually weak insolation maxima. 

Three distinct cycles in planktonic foraminifera can be linked to these three weaker 

insolation maxima (fig. 30; phase I to III). A comparison with planktonic foraminifera 

faunas during various Mediterranean sapropel events (e.g. NEGRI & GIUNTA, 2001; 

PRINCIPATO et al., 2006; TRIANTAPHYLLOU et al., 2009, 2010) reveals an assemblage 

composition for the two first phases which is remarkably close to sapropel faunas. All three 
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phases were dominated by G. inflata, and phase II and III also by G. truncatulinoides. Phase 

I can be related to sapropel S1 fauna assemblages with high G. ruber, G. inflata, G. glutinata 

and G. bulloides abundances (PRINCIPATO et al., 2006; TRIANTAPHYLLOU et al., 2009, 2010). 

Phase II interestingly reflects a fauna as known for the interruption of sapropel S1, strongly 

dominated by G. inflata, G. truncatulinoides (PRINCIPATO et al., 2006; TRIANTAPHYLLOU et 

al., 2009, 2010) and with peaking G. trilobus (NEGRI & GIUNTA, 2001). Phase III is more 

related to sapropel S6, showing more productive and more temperate conditions than the 

other two phases (GERAGA et al., 2005). This is consistent with the position of this phase in 

the early glacial MIS 10. The comparability of the MIS 11 faunal events with sapropel-

related faunas indicate conditions in the upper water column which must have been in some 

way similar to the sapropel times. The MIS 11 faunal phases do not appear to be linked to 

changes in SST (fig. 28), freshwater influx (no isotopic peaks) or increased productivity, as 

evidenced by low barium and iron concentrations and low abundances of benthic 

foraminifera (fig. 30).  

If they are to be linked to insolation maxima, then this could only be through changes 

in upper water column structure in terms of increased stratification and/or enhanced 

seasonality and stocking circulation. This factor is common to all sapropel intervals 

(ROSSIGNOL-STRICK & PATERNE, 1999) thus corroborating the sapropel-like character of the 

planktonic foraminifera assemblages.  

This hypothesis, however, mostly relies on semi-quantitative comparison of trends in 

foraminifera abundances and geochemical evidence with previous studies on some sapropels 

of the last 400.000 years (e.g. TRIANTAPHYLLOU et al., 2009). In order to unravel factors 

controlling abundance patterns of G. inflata and G. truncatulinoides and their relationship 

with sapropel formation, more high resolution microfossil and geochemical investigations on 

sapropel events are necessary, including those not considered here, as well as near sapropel 

events or phases of enhanced stratification and/or seasonality. 
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3.3. Glacial-like winter conditions during early MIS 11 in the Eastern Mediterranean 
 
 

High-resolution stable isotope measurements on the planktonic foraminifera 

Globigerinoides ruber and Globigerina bulloides were carried out for both cores and 

revealed a highly coherent and reproducible pattern dominated by the global 

glacial/interglacial signal, with distinct excursions towards light oxygen isotope values (fig. 

20). The prominent isotope excursion in both cores in the first half of MIS 11 coincides with 

a visible sapropel layer in ODP Site 964, and with distinct peaks in Ba/Al in both cores (fig. 

20). This isotope event can thus be best explained as a manifestation of enhanced freshwater 

discharge into the Eastern Mediterranean, occurring in response to insolation-driven African 

monsoon maximum, analogous to the younger, well-studied Mediterranean sapropel events 

(DELANGE et al., 2008; ROSSIGNOL-STRICK, 1983). 

 

An age model for both cores was obtained by tuning the inflection points of the δ18O 

curves to the benthic stack from LISIECKI & RAYMO (2005A, 2005B). In this age model, the 

onset of the MIS 11 sapropel strikes 15-20 ka after the Termination V (fig. 20, tab. 4). This 

would indicate that the sapropel deposition in MIS 11 in the Eastern Mediterranean region 

was linked to the second insolation maximum of MIS 11 at 409 kyr B.P. The African 

monsoon variability responsible for freshwater forcing of sapropels in the Mediterranean 

responds to summer insolation at mid latitudes (ROSSIGNOL-STRICK, 1983). Average summer 

insolation at 30°N for MIS 11 (BERGER & LOUTRE, 1991) reveals that the insolation peak 

during Termination V at 427 kyr B.P. was exceptionally weak (fig. 26). Observations on the 

occurrence of Mediterranean sapropels in response to orbital forcing indicate that sapropel 

events are linked only to large insolation peaks (ROSSIGNOL-STRICK, 1985; SAKAMOTO et al., 

1998; EMEIS et al., 2000, 2003). The observed magnitude of the δ18O excursion associated 

with the MIS 11 sapropel (fig. 27) is similar to or even larger than that observed during the 

Holocene S1 sapropel (DELANGE ET AL., 2008). For these reasons, the possibility of aligning 

the MIS 11 sapropel with the 427 kyr B.P. insolation maximum is excluded. An alignment of 

the MIS 11 sapropel with the 409 kyr B.P. insolation peak provides an additional constrain 

on the age model (tab. 4): midpoints of sapropel deposition are known to occur 

approximately 3 kyr after insolation maxima (DELANGE et al., 2008; EMEIS et al., 2003). The 

sedimentation rates (cm/kyr) for the resulting age model vary between 0.6 and 0.8 for ODP 

Site 964 and 0.5 and 0.9 for GeoTü-SL96. An alternative alignment of the MIS 11 sapropel 

to the 427 kyr B.P. insolation peak would result in anomalously high sedimentation rates of 
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5.7 cm/kyr during early MIS 11 in both cores, further indicating that the MIS 11 sapropel 

should be linked to the 409 kyr B.P. insolation maximum. 

 

Next, in order to characterise the climatic response of the Eastern Mediterranean 

region to global forcing during the investigated period, high-resolution counts of planktonic 

foraminifera assemblages were generated throughout MIS 11 in both cores. These data were 

used to define three distinct events (G. inflata peak, G. ruber peak, G. ruber minimum) in 

MIS 11 that were used to further refine the correlation between the two cores (fig. 20). The 

position of the G. ruber peak and G. ruber minimum in MIS 10 in GeoTü-SL96 has been 

confirmed by the identification of the MIS 9/MIS 10 boundary in the δ18O record, followed 

by a distinct Ba/Al peak at 635 cm, marking the position of the MIS 9 sapropel (fig. 20). The 

faunal counts were then converted to SST using the Artificial Neural Networks transfer 

function method by HAYES et al. (2005). The foraminiferal transfer function results were 

supplemented by low-resolution alkenone data from core ODP Site 964 as an independent 

proxy for SST (fig. 28). 

 

 The results indicate a coherent SST development, both in terms of the pattern and of 

the absolute values throughout MIS 12 and MIS 11, with alkenone SST being most 

comparable to the transfer function reconstruction of annual average SST (fig. 28). Unlike 

open ocean SST records in the North Atlantic (MCMANUS et al., 1999; BAUCH et al., 2000; 

MARTRAT et al., 2007; HELMKE et al., 2008; DE VERNAL & HILLAIRE-MARCEL, 2008; STEIN et 

al., 2009), which show a warming trend in pace with global climate forcing (JOUZEL et al., 

2007; LUETHI et al., 2008; ROHLING et al., 2009), the Eastern Mediterranean SST remained 

close to the MIS 12 glacial level throughout the entire pre-sapropel portion of MIS 11 (fig. 

32). It is first during the sapropel event that the planktonic foraminifera fauna shifts to a 

typical interglacial composition, dominated by G. ruber (HAYES et al., 1999), indicating 

annual SST close to the present-day level of ~21°C (LOCARNINI et al., 2005). This shift 

occurs in phase in both cores and is mirrored by the alkenone record from ODP Site 964 (fig. 

32). Following the sapropel deposition associated with the 409 kyr B.P. insolation peak, the 

planktonic foraminifera fauna continues to be dominated by warm-water indicators 

throughout the remaining part of MIS 11, leading to high ANN SST estimates, again 

mirrored by alkenone data. In contrast, alkenone-based North Atlantic SST records 

(MARTRAT et al., 2007; STEIN et al., 2009) indicate a gradual cooling after the MIS 11 

climate optimum, which ends shortly after the Mediterranean sapropel event. Those records  
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Figure 32: Paleoclimatic records across MIS 
11 in the Eastern Mediterranean compared 
with oceanic records and global climate 
trends and location map of the different 
datasets. All alkenone and SIMMAX datasets 
were tuned to the same age scale using their 
respective stable isotopic records; a: dotted 
black line denotes obliquity; upper line 
represents summer (June) insolation at 30°N; 
lower line insolation at 65°N summer 
perihelion (BERGER & LOUTRE, 1991); b: 
stable isotopic measurements (δ18O) of core 
ODP Site 964 (thick line) and GeoTüSL96 
(thin line) in MIS 11; dark line denotes G. 
ruber derived values for ODP Site 964; light 
line G. bulloides; thick line denotes G. ruber 
derived values; d: thin line denotes G. ruber 
abundance (%) for GeoTü-SL96; thick line 
denotes G. ruber abundance (%) for ODP 
Site 964; d: thin line denotes N. incompta 
abundance (%) for GeoTü-SL96; thick line 
denotes N. incompta abundance (%) for ODP 
Site 964; e: thin line denotes ANN derived 
annual SST of GeoTü-SL96, thick line 
denotes ANN derived annual SST of ODP 
Site 964, black dots with error bars of 
standard deviation (ALTMAN & BLAND, 2005) 
denotes alkenone derived SST temperatures 
of ODP Site 964; f: thin line represent 
SIMMAX generated SST of core MD01-
2443 off the Iberian Margin (DE ABREU et al., 
2005); thick line denotes sea level 
reconstruction (ROHLING et al., 2009); g: thin 
line denotes alkenone SST from core U1313 
from north Atlantic (STEIN et al., 2009); thick 
line represents alkenone SST of core MD01-
2443 off Iberian Margin (MARTRAT et al., 
2007); h: thin line denotes EPICA Dome 
Concordia CO2 data (LUETHI et al., 2008); 
thick line represents deuterium temperature 
data (JOUZEL et al., 2007). Grey bars denote 
glacial periods and sapropel formation. 
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are in line with global climate trends, which indicate a decrease in Antarctic temperatures, 

CO2 levels and growth of continental ice sheets beginning between 425 and 427 kyr B.P. 

(JOUZEL et al., 2007; LUETHI et al., 2008; ROHLING et al., 2009; fig. 32).  

Because our records have been independently tuned to an orbital age model, the 

apparent delayed response of Eastern Mediterranean foraminiferal faunas to global forcing 

during early MIS 11 must be a real phenomenon. This is in stark contrast to global trends, 

meaning that the Eastern Mediterranean would have been decoupled from the oceanic 

system for more than 10 ka which seems unlikely. Terrestrial pollen records from Southern 

France (REILLE et al., 2000) and Greece (TZEDAKIS et al., 2003, 2006) furthermore suggest 

that the early phase of MIS 11 was cooler than one would expect for an interglacial, but 

certainly not glacial. Palynological data in the Mediterranean region show a significant 

change in vegetation after termination V, with a development of MIS 11 vegetation in two 

cycles. As Pinus and Quercus appear, signalling the deglaciation, climatic settings seem to 

be more related to interglacial conditions, but significantly cooler and wetter for the first 

insolation/vegetation cycle (indicated, among others, by Carpinus, Abies and Picea) than for 

the second cycle (as suggested by Pistacia and Olea/Fraxinus for example) (TZEDAKIS et al., 

2003). Thus, an alternative explanation for the occurrence of glacial-like foraminiferal 

assemblage composition and relatively low alkenone derived SST must be found. 

The first insolation cycle in pre-sapropel MIS 11 was accompanied by a low sea level 

(ROHLING et al., 2009) which could have prevented recolonisation of the Mediterranean, or 

at least the eastern basin, by typical interglacial assemblage either physically because of the 

shallow Gibraltar and/or Sicily sills, or indirectly because of its effect in the circulation 

regime and thus in productivity. If the Eastern Mediterranean remained highly productive 

during the first cycle, species that are normally associated with colder waters (e.g. LALLI & 

PARSONS, 1997) could become to dominate the assemblage as they are also known to be 

linked to high productivity (e.g. HEMLEBEN et al., 1989), potentially independent of 

temperature. Indeed, relatively high Ba/Al ratios coupled with high concentrations of benthic 

foraminifera (fig. 33), indicating a massive flux of organic matter to the seafloor throughout 

the early MIS 11, higher even than during MIS 10, are consistent with high productivity. 

Relatively high Ti/Al ratios (fig. 33) suggest that higher terrestrial material influx to the 

Eastern Mediterranean was a potential driving force behind the higher productivity during 

early MIS 11.  
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Figure 33: Orbital data, XRF 
elemental scans and benthic 
foraminifera count data versus age 
axis showing productivity and 
nutrient origin; a: dotted line denotes 
orbital obliquity; upper line 
represents insolation at 30°N; lower 
line insolation at 65°N summer 
perihelion (BERGER & LOUTRE, 
1991); b: benthic foraminifera counts 
per gram sediment; thin line denotes 
record of GeoTü-SL96; thick line 
denotes ODP Site 964; c: thin line 
denotes Ti/Al ratio in GeoTü-SL96 
and thick line denotes Ti/Al ratio in 
ODP Site 964; d: thin line denotes 
Ba/Al ratio in GeoTü-SL96 and thick 
line denotes Ba/Al ratio in ODP Site 
964. 

 

In order to reconcile the 

alkenone-based SST 

reconstructions with non-

glacial conditions, the 

alkenone values in early MIS 

11 would have to represent the 

cold season signal and then at 

about the sapropel time they 

would have to switch to 

represent yearly average. Thus, 

high productivity during early 

MIS 11 would have to occur during winter, biasing the alkenone signal towards the cold 

season.  

Supporting evidence comes from pollen records suggesting a long period of increased 

moisture availability through reduced summer evaporation and more equally distributed 

precipitation for the first cycle of early MIS 11 for the Mediterranean region (TZEDAKIS et 

al., 2003), leading to higher aboreal to non-aboreal ratios and thus higher biomass. Similarly 

muted seasonality coupled with high annual precipitation for early MIS 11 is suggested by 

pollen and illite records for continental interior Asia (PROKOPENKO et al., 2010). As there is 

no evidence for the appearance of a summer precipitation regime in the northern and Eastern 

Mediterranean region for early MIS 11 (TZEDAKIS et al., 2003), the most plausible scenario 
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is that of a high winter productivity fuelled by higher influx of terrestrial material through 

higher and/or more equally distributed precipitation during the winter half.  

The first sign of glacial inception in the Mediterranean records presented herein is 

observed during the MIS 11/MIS 10 transition at 362 kyr B.P., indicated by 3°C colder 

alkenone temperatures. The planktonic foraminifera fauna, however, remained dominated by 

G. ruber, which achieved exceptionally high abundances in the early MIS 10, exceeding 

80%. A typical glacial fauna only appeared in GeoTü-SL96 in the second half of MIS 10, 

following the strong 65°N summer insolation minimum at 345 kyr B.P. (fig. 32). This event 

is clearly indicated in the alkenone record from ODP Site 964, which shows a further 3°C 

cooling at that time.  

Planktonic foraminifera assemblage based SIMMAX transfer function SST record off 

Portugal (DE ABREU et al., 2005) remains close to the peak interglacial level throughout the 

late part of MIS 11, even though alkenone (MARTRAT et al., 2007) and pollen (DESPRAT et 

al., 2005) data from the same location indicate an end of the thermal optimum at 395 kyr 

B.P. (fig. 32). Next, a pollen record from ODP Site 646 (DE VERNAL & HILLAIRE-MARCEL, 

2008) places the onset of the thermal maximum of MIS 11, indicated by anomalously high 

Picea pollen abundances, to 405 kyr B.P., consistent with insolation forcing. This thermal 

maximum ends at 385 kyr B.P., although most global and ocean records show a much earlier 

onset of cooling after the MIS 11 optimum, around 395-405 kyr B.P. Finally, pollen records 

from Greece, when tuned to March and June perihelion orbital configurations seem to 

indicate a prolonged period of interglacial conditions throughout the late part of MIS 11 

(TZEDAKIS et al., 2003, 2006). 
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Figure 34: Stacked profiles of chlorophyll concentrations of one 
year along a transect between the locations (horizontal lines) of 
ODP Site 964 and GeoTü-SL96 (SeaWIFS chlorophyll data set; 
GREGG & CASEY, 2004). 

3.4.  Habitats, abundance patterns and isotope signals of morphotypes of the 

planktonic foraminifer Globigerinoides ruber (d’Orbigny) in the Eastern 

Mediterranean Sea since the Marine Isotope Stage 12.1 

 

Considering the differences of individual species in biological lifestyle reflected in the stable 

isotopic chemistry of the species’ shell (BÉ, 1982; GANSSEN & KROON, 2000; LIN & HSIEH, 

2007), isotope data from single species are required for meaningful palaeoenvironmental 

interpretations, implying that robust species concepts are at the very base of many 

palaeoceanographical proxies. In the course of this study, anomalies in shape and size of G. 

ruber were identified, which led to the definition of four different morphotypes within this 

species, in accordance with literature. As paleoceanographic techniques employed in the 

Eastern Mediterranean Sea are predominantly based on G. ruber (e.g. GONZALES–MORA et 

al., 2008), it seemed inevitable to clearly define the relevant morphotypes and systematically 

assess the stable isotopic 

geochemistry of their shell and 

explore risks of lumping the 

morphotypes and benefits of 

considering them separately in 

geochemical analysis. 

The records from the two 

cores analysed in this study allow a 

comparison of the behaviour of G. 

ruber morphotypes since the late 

Quaternary MIS 12. Their position 

in the central Mediterranean 

implies that they can monitor both 

the western and the Eastern Mediterranean G. ruber populations and their expansions or 

retractions during the glacial cycles. Importantly, despite their nearby position, the cores 

reflect different surface ocean conditions (fig. 4, 5, and 34).  

In order to quantitatively assess the degree of separation among the three analysed 

morphotypes (Plate IV), principal components analyses of the morphological variables 

measured on G. ruber (white) (fig. 16) specimens were carried out separately on four 

samples (two glacial samples from MIS 10 and two interglacial samples from MIS 11). 

                                                 
1 This chapter has been published as Numberger et al. 2009 
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Figure 35: Principal components analysis (PCA) of size-normalised morphological characters measured on 
shells of G. ruber (white) in two glacial and two interglacial samples. Small drawings show outlines of the 
actual specimens in umbilical view (all drawings are to the same scale). 
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Figure 36: MANOVA CVA analysis of size-normalised morphological characters measured on shells of G. 
ruber (white) in two glacial and two interglacial samples. 

 

The kummerform morphotypes were excluded from the analyses in order to avoid the 

bias caused by the abnormal shape of the last chamber. The analyses were carried out 

separately on each sample to minimise the effect of ecophenotypic differences between the 

samples, which is superimposed on the within-sample variability due to the morphotypes. 

The four samples were selected because they contained all morphotypes in sufficient 

abundance, cover the glacial-interglacial gradient and give one replicate for each MIS from 

the same core. For each analysis, the plane of the first and second principal components 

accounts for 70- 82 % of the total variance in the data; the first axis seems to be associated 

with size-normalised shell perimeter, which is a measure of shell lobateness, while the 

second axis tends to reflect the shape of the last chamber. The distribution of specimen 

scores in the plane of the two principal components reveals a continuous and homogenous 

morphospace in G. ruber (white) with a large degree of overlap in the morphology of the 

three analysed types. The samples from the glacial MIS 10 appear to indicate a slightly 
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higher degree of separation among the morphotypes, especially of type c “elongate” (fig. 

35). 

The continuous distribution of specimens and large overlaps between morphotypes in 

the morphospace defined by the first two principal components axes clearly indicate that the 

largest component of morphological variability in G. ruber (white) captured by the selected 

16 variables is not associated with the distinction among the morphotypes. Therefore, in 

order to determine to what degree our subjective definition and identification of these 

morphotypes can be supported by quantitative data, a MANOVA/CVA on the three 

subjectively defined morphotypes was performed in each of the four samples (fig. 36).  

The analyses (fig. 36) indicate that even when the projection of the multivariate 

morphological data is set to maximise the between-group variance, the morphospace remains 

continuous. However, in this case, specimens of the three morphotypes occupy less 

overlapping segments of the morphospace and the variable loadings on the MANOVA/CVA 

are different (more complex) than in the PCA analysis. In general, in all four analyses, the 

first axis seems to be associated with the general form of the shell (high loadings of multiple 

variables), separating the type c “elongate” and second axis reflects the form of the 

penultimate and n-2 chamber, separating the type b “platys”. Pairwise discriminant analyses 

between morphotypes carried out separately in each sample reveal that on the basis of the 16 

morphological variables 96-100% of the specimens could be correctly assigned to type c 

“elongate” and 80-90 % could be correctly assigned to type b “platys”. In all samples and 

morphotype pairs, Hotteling’s T2 tests indicate highly significant (p<0.05-0.001) differences 

in morphology.  

 

Morphotype abundances 

 

To evaluate the ecological behaviour of the individual morphotypes during glacials 

and interglacials, their mutual proportions as well as the relative abundances of all G. ruber 

types and G. ruber (pink) among all planktonic foraminifera were determined in both cores 

(fig. 37).  

The abundance of G. ruber total shows a comparable pattern in both cores. The 

transition from MIS 12 to MIS 11 marks the onset of a gradual increase continuing 

throughout MIS 11 and culminating in late MIS 11 and early MIS 10. An increase in the 

total abundance of G. ruber is seen also during the transition between MIS 2 and MIS 1, 

although the glacial background levels during MIS 2 were much higher than during MIS 12.  
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Figure 37: Census counts 
of G. ruber (white) 
morphotypes and of the 
abundance of all G. 
ruber types and G. ruber 
(pink) among all 
planktonic foraminifera 
in samples from Core 
GeoTü-SL96 and ODP 
Site 964. Morphotype 
abundance data are not 
shown for MIS 12 in 
Core ODP Site 964; due 
to the extremely low 
abundance of G. ruber, 
the total number of 
specimens available was 
less than 15. 
 

 

The abundance of G. ruber (pink) shows a pattern which is consistent not only between the 

cores, but also for both investigated glacial terminations. This variety was virtually absent 



 77

during the glacials, its abundances peaked at the onset of the sapropel S1 in both cores as 

well as in the sapropel of MIS  11 and remained low but detectable throughout MIS 11. 

Throughout the analysed interval, the abundance of kummerform specimens 

remained relatively stable, fluctuating in both cores around 10 % (fig. 37). The abundance of 

type c “elongate” increased in core GeoTü-SL96 during the transition from MIS 12 to MIS 

11, and the highest values in both cores are seen early in MIS 11, declining towards MIS 10. 

A peak abundance of this type during the early Holocene sapropel S1 is seen in both cores as 

well, but the type was more common during MIS 2 than in the Holocene (fig. 37). The two 

most abundant types a “normal” and b “platys” show mutually opposite patterns, caused by 

the closure in the data, which have to sum to 100 %. The relative proportions of these two 

types show a complex pattern, with the highest proportion of “platys” during MIS 10 at both 

sites and during MIS 2 in the GeoTü-SL96 record (fig. 37). 

 

In order to highlight the association patterns between morphotypes and 

glacial/interglacial stages, a correspondence analysis of the relative abundances of these 

types as well as of G. ruber (pink) has been carried out (fig. 38). 

Figure 38: Detrended correspondence analysis of census counts of different morphotypes in ODP Site 964 
(right panels) and GeoTü-SL96 (left panels) showing the differences between the glacials (black signs) and 
interglacials (white signs).  
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 The two first axes of the correspondence analysis explained 95.1 % of the total 

variance in the 5-variable dataset. They show a weak but interpretable pattern where the 

warm/interglacial stages are associated with G. ruber (pink) whereas the cold/glacial stages 

are characterised by higher proportions of G. ruber type b (platys).  Interestingly, 

assemblages from MIS 11 in ODP Site 964 appear “colder” than those from core GeoTü-

SL96 and the Holocene. In addition, the assemblages from MIS 12 in both cores deviate 

from both MIS 10 and MIS 2. This abundance of G. ruber during MIS 12 is generally the 

lowest of all glacials in both cores (fig. 38). 

 

Stable isotope signals of G. ruber morphotypes 

 

The stable isotope profiles from the three analysed morphotypes of G. ruber (white) 

in both cores (fig. 39) show a typical Mediterranean glacial/interglacial pattern (SPROVIERI et 

al., 1998; ROHLING et al., 2004; LOEWEMARK et al., 2006). 

 Glacial terminations are characterised by 1-2 ‰ decrease in δ18O, with distinct peaks 

towards extremely light values during the sapropels. The δ13C values show a similar trend 

with higher values during the glacials and lighter values during the interglacials, although the 

sapropel peaks are less distinct than in the oxygen isotopes and in core GeoTü-SL96 the δ13C 

values are comparatively lower during MIS 12 and extremely high during MIS 2 (fig. 39). 

These general trends in the oxygen isotope data are robust and consistent with global 

stratigraphies and were thus used to help constrain the age model for both cores (tab. 4). 

Throughout the records at both sites, there are substantial and systematic offsets in 

δ18O and δ13C values between the morphotypes. These offsets differ between the two sites 

and between glacials and interglacials. An analysis of pooled data from individual MIS 

intervals in both cores reveals that in all cases the offsets are statistically (highly) significant, 

with average offsets reaching almost 1 ‰ and individual offsets reaching almost 1.5 ‰ (tab. 

5, fig. 40). 
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Figure 39: Stable isotopic records from individual morphotypes of G. ruber (white).  

 

 

 



 80

Figure 40: Synthetic stable isotopic records calculated as averages of values for individual morphotypes 
weighted by their proportions. Histograms show offsets between these synthetic values to G. ruber (white) 
type a “normal” values.  
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Table 4: Average offsets in stable isotope measurements for different morphotypes of G. ruber during MIS 2 - 
MIS 1 and MIS 12 - MIS 9. Three stars denote p < 0.001, two stars p < 0.01 and one star p < 0.05.  

 

In core GeoTü-SL96, type b “platys” shows consistently heavier δ18O and lighter 

δ13C values than type a “normal”, whereas at ODP Site 964 the opposite pattern is observed. 

Exceptions are the offsets observed during MIS 10, which in core GeoTü-SL96 resemble the 

offset seen at ODP Site 964 and vice versa. The fewer isotope data that were available for 

the rarer type c “elongate” indicate that during MIS 1 and 2, this type exhibited the lightest 

δ18O signal at ODP Site 964 and the heaviest signal in core GeoTü-SL96. 
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Morphological variability 

 

The multivariate analyses (fig. 35, 36) indicate that the morphological variability 

within the morphospecies G. ruber (white) in the central Mediterranean was rather 

continuous during MIS 10 and 11, as far as the analysed variables are concerned. The 

MANOVA/CVA analyses in figure 36, however, confirm that the subjectively distinguished 

morphotypes represent separate segments of the morphospace and thus morphologically 

meaningful units. This is further underscored by the different occurrence patterns of the 

types during glacial and interglacial cycles and the significantly different isotope signals 

among them. The morphotypes correspond at least in part to previously described species 

(D’ORBIGNY, 1826, 1839; VAN DEN BROECK, 1876), and the merit of merging these species 

(and the morphotypes) into a broad species concept of G. ruber (white) for the sake of 

taxonomic consistency as introduced by PARKER (1962) is thus strongly challenged by our 

results. In addition, it is noteworthy that the separation of the morphotypes was stronger 

during MIS 10 than in MIS 11 (based on the pairwise discriminant analyses), suggesting that 

the morphology of the three types was not stationary through time and that the types 

responded to this climatic transition and diverged. 

Although our observations alone cannot provide a conclusive evidence for the nature 

of the morphotypes, they are consistent with the study by KUROYANAGI et al. (2008), who 

observed a link between shell morphology and genetic distinction in G. ruber (white) from 

the Pacific Ocean. In addition, the presence of a strong ecological separation among 

morphologically similar (or even identical) “cryptic genetic types” seems to be common in 

planktonic foraminifera (e.g., DARLING et al., 2006, 2007; DE VARGAS et al., 2001). Given 

these observations, preference is given to the hypothesis that the late Quaternary 

Mediterranean morphotypes as defined in this study also represent genetically and 

ecologically distinct populations. If a direct correlation between morphology and mode of 

life is assumed, it remains unclear why the types have not diverged morphologically more 

than currently observed. Either the divergence among the types is relatively recent or the 

morphology of their shells is not under a strong selective pressure. In any case, our preferred 

hypothesis would imply that the taxonomical status of G. ruber (white) has to be revised 

away from the broad concept of PARKER (1962). 
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Figure 41: Stable isotopic differences between G. ruber (white) morphotypes during MIS 1-2 and MIS 9-12. 
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In contrast to G. ruber (white), the G. ruber (pink) variety is linked to warmer 

surface waters and previous studies indicate that its range extended to the Mediterranean 

only during warm periods. For example in the western Mediterranean Sea, PÉREZ-FOGALDO 

et al. (2004) recorded G. ruber (pink) in the Holocene and MIS 5e. LINARES et al. (1999) 

investigated planktonic foraminiferal faunas from the Algerian coast of the western 

Mediterranean (ODP Sites 975 and 976) throughout the entire Quaternary and dated the first 

occurrence of G. ruber (pink) to MIS 9. In this study, the pink variety was found to be rare 

but continuously present in the central Mediterranean throughout MIS 11, which thus 

constitutes the oldest (~ 470 kyr B.P.) report of G. ruber (pink) in the Mediterranean Sea. 

 

Depth habitats and seasonal preferences of G. ruber morphotypes 

 

In order to understand the isotope offsets (fig. 41) between the morphotypes, δ18O 

values from the Holocene sections (post-sapropel values only) of both cores were converted 

to calcification temperatures. This exercise could not be carried out for type c “elongate”, 

which did not yield enough specimens for isotope analyses in the late Holocene.  

Figure 42 shows the temperature pattern for four defined depths (0 m, 30 m, 50 m 

and 100 m) during one year for the position of the two investigated sites together with 

calculated mean calcification temperatures of the morphotypes “normal” and “platys”. The 

plots reveal a clearly lower mean calcification temperature for type b “platys” for GeoTü-

SL96 than for ODP Site 964, while specimens of type a “normal” appear to have calcified at 

the same temperature at both localities.  

Given the average yearly temperature cycle at both sites (fig. 42), it is clear that the 

main growth and calcification of G. ruber (white) type a “normal” could have only occurred 

in the top 50 m of the water column during the summer/early autumn (June-October). At 

ODP Site 964, type b “platys” shows a growth maximum slightly higher in the water column 

(top 30 m) or somewhat later in the summer season (August-October). In core GeoTü-SL96, 

the calculated average calcification temperature of type b “platys” is more than 2°C colder 

than that of type a “normal” and implies a deeper habitat during the summer (around 50 m 

water depth) or an even production throughout the year, leading to a seasonally averaged 

signal in the isotope data. The latter explanation is here considered less likely as it would be 

epected to lead to a large scatter in the stable isotope data which are based on a relatively 

few specimens (10-12). 
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The seasonal salinity cycles at the location of core GeoTü-SL96 show the 

development of a strong summer halocline, which appears to be associated with low primary 

productivity (fig. 34). It would thus appear that at this site, individuals of type b “platys” 

shifted their habitat underneath the halocline to avoid the highly stratified and oligotrophic 

surface water (fig. 42). In such a scenario, type a “normal” may be bound to the surface to 

benefit from symbiont activity whereas type b “platys” could be more dependant on algal or 

zooplankton prey (HEMLEBEN et al., 1989), which would have its maximum beneath the 

halocline. This speculation would suggest differences in symbiont activity between the two 

types, which can be tested by examining their carbon isotope offsets. Indeed, the type a 

“normal” carbon isotope values are heavier in the Holocene section of core GeoTü-SL96 

than those of type b “platys” (tab. 5), which assumedly lived deeper in the water column in 

this area. The heavier carbon isotopes in type a “normal” are consistent with a stronger 

photosynthetic activity of the algal symbionts in the shallower habitat of this type. In core 

ODP Site 964, the carbon isotope offset between the two types is reversed, confirming the 

observation from oxygen isotope data that at this location, type a “normal” and type b 

“platys” occupied essentially the same portion of the water column. This observed negative 

Figure 42: Temperature and salinity of the two cores in four depths within the upper 100 m of the water 
column (ANTONOV et al., 2006, LOCARNINI et al., 2006). Mean calcification temperatures calculated from δ18O 
values (BEMIS et al., 1998; THUNELL et al., 1999) for type a “normal”, light grey box denotes calculated mean 
temperature of δ18O values, diagonal right striped box period of possible calcification; for type b platys dark 
grey  bar denotes calculated mean temperature of δ18O values, diagonal left striped box period of possible 
calcification. The cross striped section denotes the overlapping area. The boxes are +/- 1 standard deviation 
wide, the line denotes average temperature. 
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offset could thus represent a difference in the vital effect between the two types, lending 

further support to their classification as separate species. 

Habitat differences among morphotypes of G. ruber (white) have been noted in 

previous studies. HECHT & SAVIN (1972) examined “kummerform” and “normal” G. ruber 

for morphotype occurrence and stable isotope composition. They reported differing depths 

for the two G. ruber forms: 0-85 m (20 m in average) for “normal” and 0-120 m (66 m in 

average) for “kummerform”. However, this depth discrepancy is not directly comparable to 

our results as the “kummerform” type is interpreted as stress-induced ecophenotypic 

variation by HECHT & SAVIN (1972). However, the depth range for type a “normal” found in 

the present study, hardly exceeding 50 m, is significantly shallower than the range for 

kummerform specimens found by HECHT & SAVIN (1972). 

In the Pacific Ocean, WANG (2000) and LOEWEMARK et al. (2005) compared stable 

isotope signals of two G. ruber morphotypes and found that G. ruber s.l. appears to calcify 

in a deeper water layer than G. ruber s.s. LIN et al. (2004) showed that δ13C values in 

different morphotypes (G. ruber s.s. and G. ruber s.l.) reflect different nutrient availability 

due to stratification of the water column. These results were confirmed by Mg/Ca data of 

STEINKE et al. (2005), SADEKOV et al. (2008), KUROYANAGI & KAWAHATA (2004) and by 

KAWAHATA (2005) from evaluation of plankton tow samples in the seas around Japan. 

The differences in stable isotope compositions of the three morphotypes (type a 

“normal”, type b “platys” and type c “elongate”) of G. ruber highlighted in the present study 

confirm the observations of previous works concerning different depth preferences of the 

morphotypes (KUROYANAGI & KAWAHATA, 2004; LIN & HSIEH, 2007). However, the 

reversed patterns of the offset in stable isotope values in the two most abundant morphotypes 

(type a “normal” and type b “platys”) for the two cores of this study (tab. 5, fig. 41, 42) 

implies that habitat preferences of individual types may be regionally variable, depending on 

the oceanographic situation (productivity, stratification).  

 

Behaviour of G. ruber during glacial and interglacial cycles 

 

The present study is the first attempt to highlight significant changes in G. ruber 

(white) morphotype abundance and stable isotope composition for MIS 12 to 9 in 

comparison to MIS 2 and 1. The types show consistent differences between glacials and 

interglacials (fig. 37, 41) and between the two cores (fig. 39, fig. 41). The reversed sign of 

the offset in stable isotope composition between the two studied cores is systematically 
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observed both in MIS 2 and 1 and MIS 12 to 9. This strongly suggests stratigraphically 

consistent oceanographic differences between the two sites.  

The two sites in the Eastern Mediterranean basin are characterised by different 

hydrographical settings. GeoTü-SL96 off Libyan margin is influenced by the inflow of 

Atlantic waters from the western basin; ODP Site 964 comes from an area, were the 

Levantine intermediate waters leave the region in direction of the western basin (MILLOT & 

TAUPIER-LETANGE, 2005). The difference in the setting between the two Sites is reflected in 

the seasonal development of a higher salinity and temperature surface layer in the second 

half of the year at the position of core GeoTü-SL96, which is not observed at ODP Site 964 

(fig. 42). The consistent isotope offsets between the G. ruber types indicate that this 

oceanographic contrast between the two sites persisted on glacial-interglacial time scales and 

remained strong enough to influence the ecology and geochemistry of the studied G. ruber 

(white) morphotypes. 

An exception to the offset sign reversal pattern of the stages is MIS 10. The sign and 

magnitude of the offset in isotope composition was approximately similar for both cores at 

that time, which indicates more homogenous regional conditions, attenuating the 

oceanographic variations between the two studied sites. The exceptional state of MIS 10 is 

additionally illustrated by the continuous increase in the abundance of G. ruber (white), from 

late MIS 11 well into the MIS 10 glacial. 

Anomalously high sea surface temperatures in the MIS 10 glacial interval, close to 

interglacial temperatures, are found in a range of oceanic records (BASSINOT et al., 1994, 

MD90-963, equatorial Indian Ocean; MCMANUS et al., 1999, ODP Site 980, North Atlantic 

Ocean, and CORTESE et al., 2004, ODP Site 1089, subantarctic Atlantic Ocean). This study 

documents for the first time similarly exceptional conditions during MIS 10 in the Eastern 

Mediterranean Sea.  

The ecological divergence of the morphotypes strongly supports a differential 

interpretation of G. ruber (white)-based paleoceanographic proxy records for the 

Mediterranean during the late Quaternary. Separate consideration of the types avoids bias in 

palaeoclimatological signals caused by the effects of differing habitat preferences, and 

provides at the same time a new potentially powerful method to extract information of 

surface-water stratification and productivity regimes in the Eastern Mediterranean. As 

illustrated by the present study, high relative abundances of type b “platys” are indicative of 

high productivity, which in our case is normally associated with glacial conditions. In 
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addition, there is evidence for a correlation and nutrient availability and thus the degree of 

stratification. 

In order to estimate the possible magnitude of bias in isotope records due to 

morphotype lumping, a synthetic isotope record was calculated as an average of stable 

isotope composition of the morphotypes weighted by their abundance (fig. 40). The offsets 

between synthetic and “normal” morphotype δ18O values (histogram at the bottom of the 

plots in figure 40) range between -0.23 and 0.33 ‰, showing opposite signs at the two sites. 

For GeoTü-SL96 both δ18O and δ13C are predominantly lighter than the synthetic record 

whereas at ODP Site 964 the synthetic values tend to be heavier, especially during glacial 

periods (fig. 40). The magnitude of the δ18O offsets correspond to differences in temperature 

of up to 1°C (BEMIS et al., 1998; THUNELL et al., 1999). Fluctuations of such magnitude 

could potentially be extracted from bulk G. ruber (white) isotope records where abundances 

of morphotypes vary through time even in the absence of any primary environmental 

forcing. Our results indicate that isotope offsets between morphotypes and their mutual 

proportions could vary in space and through time calling for caution when interpreting 

isotope records in the Mediterranean throughout the late Quaternary. 
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4. Conclusions 

 

In order to compare the climatic trends between MIS 11 and the present interglacial 

in the Eastern Mediterranean, high resolution faunal, isotopic and sediment-property records 

have been generated for two Eastern Mediterranean sediment cores covering the entire MIS 

11 interval. An age model has been established on the basis of stable oxygen isotopes, 

planktonic faunal abundance events and sapropel formations 

The alignment of the two sapropel events in both MIS 11 and MIS 1 allows for a 

correlation of these two stages with respect to similar sea levels and preindustrial 

greenhouse gas concentrations. The first insolation peak in MIS 11 seems to have been too 

weak to trigger full interglacial conditions related to sapropel formation in this region; 

therefore alignment is based on the second insolation maximum. Thus, despite the rough 

similarity due to repeating 400 ka and 100 ka Milankovitch cycles, the assumed 

comparability of orbital settings of MIS 11 and MIS 1 is discarded for the Eastern 

Mediterranean region. 

Sapropels of MIS 11 and MIS 1 were found in ODP Site 964 as clearly identifiable 

dark layers and distinct peaks in Ba/Al ratios and/or in δ18O values (fig. 20). Sapropel 

formation in GeoTü-SL96 (1399 m), in contrast, occurred in MIS 1, but not during MIS 11 

peak interglacial conditions. Even though a freshwater peak could be detected, and enhanced 

Ba/Al ratios were observed, no dark layer in the sediment record could be found and most 

importantly there were still benthic foraminifera in relatively large numbers present. MIS 11 

and MIS 1 sapropels are differentiated by the depth of the oxycline during sapropel 

formation phases. In MIS 1 the oxycline must have been 500 m higher in the water column 

than in MIS 11. ODP Site 964 shows an extremely strong peak in light oxygen isotopes 

during MIS 11, which is difficult to reconcile with the weak insolation forcing of the MIS 11 

monsoonal maximum. It is speculated that this freshwater peak could reflect enhanced 

freshwater inflow to the Eastern Mediterranean basin due to Bosporus opening in 

combination with African monsoonal and riverine output. 

 

Foraminiferal assemblage composition analysis of MIS 11 revealed the presence of 

glacial-like assemblages, resulting in ANN-based SST estimates compatible with glacial 

conditions. Although corroborated by relatively low alkenone temperatures, these apparent 

glacial conditions in early MIS 11 are in stark contrast with global trends and pollen 

evidence from the Mediterranean region. The most probable scenario to explain this anomaly 
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is high winter productivity during relatively cool and wet interglacial conditions in early 

MIS 11, fuelled by enhanced influx of terrigenous material through high moisture 

availability and higher terrestrial biomass, leading to the persistence of glacial planktonic 

foraminifera assemblages, and alkenones representing the cold season signal until the 

development of the MIS 11 sapropel at 409 kyr B.P. Peak interglacial conditions started with 

the second, stronger, insolation maximum of MIS 11, triggering the MIS 11 sapropel event, 

and were subsequently sustained over the three following precession cycles. The later part of 

MIS 11 is characterised by muted magnitude of insolation forcing, linked to exceptionally 

low eccentricity, which could explain the stability of the regional climate. Such situation has 

also been observed during MIS 15 to MIS 13 in Lake Baikal record (PROKOPENKO et al., 

2002). The existence of glacial-like winter conditions until the development of the MIS 11 

sapropel at 409 kyr B.P. clearly discredits MIS 11 as an analogue to Holocene climate 

development, no matter how the interglacials are aligned (BROECKER & STOCKER, 2006; 

RUDDIMAN, 2005, 2006A, 2007; CRUCIFIX & BERGER, 2006). In combination with the 

observed stability of interglacial conditions throughout MIS 11, the records highlight a non-

linear response of the regional Mediterranean climate to orbital forcing, with a threshold-like 

sensitivity to the amplitude of the insolation forcing. 

As planktonic foraminifera are sources of paleoceanographic information, their 

ecological preferences and biology in the context of climate history are important factors to 

understand. High resolution planktonic foraminifera assemblage counts reflect 

environmental changes throughout the basin. Three distinct phases of benthic foraminiferal 

changes can be identified throughout the basin, coinciding with insolation maxima. The 

composition of these peaks can be related to planktonic foraminifera assemblages during 

some later sapropel formation phases. As neither productivity, nor freshwater input nor SST 

show any major trends reconcilable with the three sapropel-like foraminiferal phases in any 

meaningful way, the only possibility of relating them to the three insolation maxima is by 

invoking stratification and seasonality maxima. Such surface-water conditions are common 

to phases of sapropel deposition (ROSSIGNOL-STRICK, 1983, 1985), thus explaining the 

similarity with later sapropel assemblages.   

 The surface environment of the Eastern Mediterranean Sea during these faunal peaks 

could thus represent sapropel-like conditions with respect to the structure of the surface 

water column (stratification, seasonality), although the insolation forcing did not reach 

threshold conditions for true sapropel formation during these phases.  
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Throughout the last decades, G. ruber-based proxies have been crucial for 

palaeoclimate research. Abundances and stable isotope measurements on this species are 

important methods to reconstruct past climate. Three morphotypes of G. ruber (white) from 

late Quaternary sediments of two Mediterranean cores (ODP Site 964 and GeoTü-SL96) 

from the Eastern Mediterranean are found to show significantly different stable isotope 

compositions, reflecting different habitat preferences. The isotope offset between type a 

(“normal”) and type b (“platys”) shows opposite patterns at the two sites. An analysis of 

Holocene records suggests that type a “normal” has a constant depth habitat at both locations 

and is characterised by maximum growth in summer months in the top 50 m of the water 

column. Type b “platys” appears to share a similar habitat with type a “normal” at ODP Site 

964, only slightly shifted towards shallower waters or warmer months, but in GeoTü-SL96, 

it shows a clearly deeper signal (around 50 m in the water column), as if avoiding the 

oligotrophic surface waters that develop during the summer in the Greater Syrte. Glacials 

and interglacials from MIS 2 to 1 and MIS 12 to 9 are consistently characterised by changes 

in abundance and stable isotope composition of the morphotypes. Type b “platys” tends to 

be more abundant during glacials; type c “elongate” is more abundant during deglaciation 

and early interglacials. Separate consideration of the three studied morphotypes of G. ruber 

(white) in terms of relative abundance and stable isotope composition yields potentially 

meaningful factors for palaeoceanographic proxy records in the late Quaternary. In view of 

the strong link between morphological variability and habitat distinction in G. ruber, 

confirmed by our results, it would seem worth investigating whether such phenomena also 

occur in other species of planktonic foraminifera which show a similarly high degree of 

intraspecific morphological variability. 

 

To sum up, it can be generally concluded that the here established alignment of MIS 11 and 

MIS 1 climatic trends in the Eastern Mediterranean, based on the sapropel events in both 

intervals, provides a promising opportunity to understand the phase relationships of changes 

in climatic parameters on global and regional scales under orbital conditions similar to those 

of the present interglacial and thus to assess potential future climate developments. The 

influence of human impact on the world climate, with exorbitant greenhouse gas emissions, 

is hardly predictable. Inferrences from past analogues to predict future climatic 

developments without human impact are likely to be severely hampered by even small 

discrepancies between the investigated isotopic stages.  
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