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ABSTRACT

ABSTRACT

The Black Sea experiencedndamental environmental changes during the last glacial
interglacial transitions. During the last 670,000 years, the Black Sea was at least twelve times
connected to Mediterranean Sea, received saltwater via the Bosporus strait, and evolved to a
brackishanoxic water body. A lowered global sea level during glacials caused isolation of the
basin from the open ocean, and the Black Sea became limnic aroxygdinated. The last
glaciatinterglacial history of the Black Sea is relatively well understooddenabnstrates the
high sensitivity of this basin to global climate and environmental changes. Previous studies
particularly focussed on the evolution during the last glacial with meltwater pulses, warming
during the glacialnterglacial transition, and theedelopment from a ventilated lake to the
present euxinic/brackish water body. Apart from the interglacial warming, the Black Sea
sediments clearly recorded shtetm abrupt temperature changes associated with cooling
during Heinrich events and the Younderyas as well théglling-Allerad warming, which
occurred over the northern hemisphere. However, our knowledge about the Black Sea history
before 40,000 BP is comparatively poor even thoogitial for understanding hemisphere
wide atmospheric teleconnamt patterns and climate mechanistwsing older glacials and

interglacials.

A multiproxy approach has been applied on three gravity cores and surface sediment
from the southeastern Black Sea comprising ostracod geochemistry (Mg/Ca, Sr/Ca, U/Ca,
87SrPeSr), major and trace elements (Al, Ca, Fe, K, Ti, Mo, Re, Sr, W, Zr) and organic
biomarkers 1f-alkanes, alkenones, “§r-palaeotemperaturesglycerol dialkyl glycerol
tetraethers TEXgs-palaeotemperatures, Bifdex). The cores covehe last 134000 a and
provide new findings concerning the last and penultimate gladixglacial transitions
(12,000 0 a BP; 134,000.20,000 a BP) as well as the abrupt climate changes during the last
glacial period (64,00@0,000 a BP).

The major topics of this workra i) the penultimate glaciahterglacial transition
(SaalianEemian) i) the environment al conditions
climate oscillations of the last glacial period, iii) and the comparison of the redox evolution

during Eemian an#iolocene sapropel formation.

Two meltwater pulses caused a pronounced
the ending penultimate glacial, which originated from thetimglFennoscandian Ice Sheet

Due to unusually high radiogenic -Botope signatws of benthic ostracods, @otential



ABSTRACT

Himalayan source communicated via the Caspian iSeaso likely. During the glacial
interglacial transition the temperatures in the Black Sea increased from 9°C to 17°C and the
associated global sdevel rise allowedthe reconnection between the Mediterranean and
Black Seas around 128,000 a BP. Eemian sapropel formation started shortly after the
intrusion of saltwater and the water body became gradually euxinic. In comparison with the
Holocene sapropel, the Eemian pyaecords imply warmer and stronger euxinic conditions

and distinctly higher enrichments of redsensitive trace elements like e.g. Mo, BRedW.

Because the seawater forms the ultimate source for several trace metals, these enrichments
were most likelyfavoured by the higher salinity due to a ca. 10 m higher sea level and

enhanced Mediterranean SeBlack Sea water exchange.

Based on biomarker analyses, lake surface temperatures could be calculated for the first
time for the period between 64,000 and0®® a BP, which includes tiarine Isotope Stage
(MIS) 3. Abrupt stadial/interstadial temperature changes with amplitudes of up to 4°C in the
Bl ack S ectarlyiresaerkbie the Greenland Dansga@edchger pattern. However, an
exceptional cooling dumg the secalled Heinrich events is not evident from our cores. This
finding agrees with wdelling results propasg a deeper penetriain of regular Dansgaard
Oeschger cycles into the Eurasian contivemén compared witthe Heinrich eventsDuring
thewa m and more humid iIinterstadials, the Bl a
productive and the water level probably increased. During the colder and more arid stadials
the freshwater supply was decreased and productivity was low. Aaidlitystronger wesrly
winds favouredheinput of aeoliantransported detritus. THeng-term pattern from 64,000 to
20,000 a BP demonstratesstrong influence obrbitaldriven changes ithe Eurasian ice

volume and associated atmospheric circulation patteraisthe Black Sea region.

The present mulproxy study demonstrates thae sediments from the SE Black Sea
clearly record not only orbitabut also millenniakcale climate and environmental changes
and thus represent an important continental arcfoveclimate change bridging the North

Atlantic-Eurasian corridor.
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Das Schwarze Meer wam Zuge der Wechsel von Glazialen zu Interglazialen
fundamentalen Umweltveranderungen ausgesetzt. Wahrend der letzten 670.000 Jahre war das
Schwarze Mer mindestens zwdlfmal mit dem Mittelmeer verbunden, wodurch salzhaltiges
Wasser Uber die Meerenge des Bosporus in das Becken eintrat und ein brackischer,
anoxischer Wasserkdrper entstand. Ein niedriger Meeresspiegel wahrend der Glaziale
bedingte jedoch di Isolation des Beckens vom offenen Ozean und das Schwarze Meer
entwickelte sich erneut zu einem limnischen und durchltftetem System. Die Entwicklung des
Schwarzen Meeres wéahrend des letzten GHatelglazial Ubergangs ist weitgehend
bekannt. Es hat dicgezeigt, dass das Schwarze Meer besonders sensibel auf globale Klima
und Umweltveranderungen reagiert. In friheren Arbeiten wurde besonderes Augenmerk auf
Schmelzwasserereignisse, den Temperaturanstieg wahrend des-IGtamigdzial Ubergangs
sowie de Entwicklung von einem oxischen See zum heutigen euxinischen Brackwasserkorper
gerichtet. Abgesehen von der Erwdrmung zum Interglazial, haben die Sedimente des
Schwarzen Meeres aber auch abrupte, kurzfristige Temperaturveranderungen archiviert, die
im Zusammenhang mit denen auf der Nordhemisphare auftretenden Abklhlungen wéahrend
der Heinrich Ereignisse und der Jingeren Dryas aber auch mit der Erwarmung wéhrend des
Bolling-Allergds stehen. Jedoch ist unser Kenntnisstand hinsichtlich der Zeit vor 40.000
Jahen fur das Schwarze Medregrenzt.Die Entwicklungsgeschichte wahrenfdiiherer
Glaziale und Interglaziale ig¢dochunerlasslichflir unser Verstandnis der atmospharischen

Fernwirkung und klimatisclid’rozesse im globalen Kontext.

An drei Schwerelotkernenund Oberflachensedimenten aus dem suddstlichen
Schwarzen Meer wurde im Rahmen dieser Arbeit ein Multipimgatz angewandt, der die
Analyse der Geochemie von benthischen Ostrak@deyCa, Sr/Ca, U/C&’Srf°Sr), Haupt
und Spurenelemente (Al, Ca, Fe, K, Ti, Mo, Re, Sr, W, Zr) sowie organische Bior{rarker
Alkane, Alkenone UX $;-Palétemperatten GlycerokDialkyl-GlycerokTetraether TEXge-
Paldotemperaturen, Bllhdex) der Sedimente umfasste. Die Kerne erfasdan letzten
134.000 Jahre und liefern neue Einblicke in die letzten beiden Glatgaglazial Ubergange
(12.000 J.v.h. bis in die Gegenwart; 134.000 bis 120.000 J.v.h.). Weiterhin wurden abrupte
Klimaschwankungen wahrend des letzten Glazials im Zeitrawischen 64.000 und 20.000

J.v.h., der somit dddarine IsotopenstadiunMIS) 3 umfasst, detailliert untersucht.
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Die priméren Inhalte dieser Arbeit umfassen i) den vorletzten Gleelglazial
Ubergang (Saal&em), ii) die Umweltbedingungen des lirmohen Schwarzen Meeres
wahrend abrupter Klimaschwankungen im MIS 3 und iii) den Vergleich der Entwicklung der

Redoxbedingungen wahrend der Sapropelbildung im Eem und Holozan.

Wahrend des ausgehenden vorletzten Glazials fuhrten zwei Schmelzwassereraignisse
einer erheblichen SiRwasserzufuhr in das damalige limnische Schwarze Meer. Ahnlich des
letzten Glazials konnte dieses Schmelzwasser seinen Ursprung im schwindenden
Fennoskandischen Eisschild gehabt haben. Die Analyse von Strdstitopen in Schalen
benthischer Ostrakoden zeigte jedoch eine erheblich radiogenere Signatur an, die auf einen
zusatzlichen Beitrag von Schmelzwasser aus dem Himalaya, das Uber das Kaspische Meer

transportiert wurde, hindeutet.

Im Verlauf des vorletzten Glazishterglazial Ulergangs (Termination 1) stiegen die
Temperaturen im Schwarzen Meer von ca. 9°C auf ca. 17°C an. Der globale
Meeresspiegelanstieg fuhrte vor etwa 128.000 Jahren zur Wiederverbindung des Mittelmeeres
mit dem Schwarzen Meer. Im Zuge des Salzwassereinstromackelten sich euxinische
Bedingungen und die Bildung des sog. E®apropels setzte ein. Im Vergleich zum Holezan
Sapropel lassen die Analysen des Eeapropels warmere und starker euxinische
Bedingungen vermuten, die mit erheblich hoheren Anreicherungenredoxsensitiven
Spurenelementen wie z.B. Mo, Re oder W einhergehen. Da das Meerwasser die
entscheidende Quelle fur eine Vielzahl von Spurenmetallen darstellt, wurden diese hohen
Anreicherungen insbesondere durch den etwa zehn Meter héheren Megetsspiedem
daran gekoppelten hoheren Salzgehalt bzw. dem starkeren Wasseraustausch zwischen

Mittelmeer und Schwarzem Meer beginstigt.

Basierend auf Biomarkeknalysen konnten erstmals Oberflachenwassertemperaturen
des Schwarzen Meeres fur den Zeitraunszihen 64.000 und 20.000 J.v.h., der somit das das
MIS 3 umfasst, berechnet werden. Abrupte Stadial/Interstadsaziierte Temperatur
schwankungen mit Amplituden von bis zu 4°C spiegeln eindeutig die sog. Dansgaard
Oeschger Zyklen wider. AuBergewohnlichiekiihlungen wéahrend der sogenannten Heinrich
Ereignisse zeichnen sich in den Kernen allerdings nicht ab. Diese Beobachtung deckt sich mit
Modellergebnissen, die im Vergleich zu den Heinrich Ereignissen auf eine starkere
Ausdehnung der regularen Dansga@eschger Zyklen in den Eurasischen Kontinent
hindeuten. Die warmen und humiden Interstadiale zeichnen sich zudem durch einen

reduzierten Salzgehalt und eine erhdohte Produktivitat aus. Es ist au3erdem anzunehmen, dass
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der Seespiegel wahrend der Interstadimhstieg. Wahrend der kélteren und ariden Stadiale
nahmen SufRwasserzufuhr und Produktivitat hingegen ab. Trockenere Bedingungen und
starkere Westwinde begtinstigten aolischen Eintrag von detrischem Material. Langfristig
gesehen war das Schwarze Meer zwescb4.000 und 20.000 J.v.h. stark durch die orbital
gesteuerten Veranderungen des Eurasischen Eisschildes und den verbundenden
atmospharischen Zirkulationsmustern gepragt.

Diese Arbeit belegt, dass die Sedimente des sudostlichen Schwarzen Meeres die Klima
und Umweltveranderungen nicht nur im orbitalen sondern auch im kurzzeitigen Mal3stab
aufgezeichnet haben. Damit stellt das Schwarze Meer, inmitten des Atlgbisadischen
Sektors, ein Uberaus wichtiges kontinentales Archiv fur Klimaentwicklungen dar.



INTRODUCTION

INTRODUCTION

1. Palaeoclimate over the last 150,000 years

During the last two glacials, the Saalian and Weichselian, large parts of the northern
hemisphere were covered by continental ice sheets. During the penultimate glacial maximum
at ca. 140 k&8P (Lambeck and Nakada, 1998 Eurasian Ice Sheet extendsuisiderably
wider into the continentesulting in colder continental climate conditiofsg( 1; Svendsest
al., 2004)when compared with the last glacial maximum (LGM22t1 + 4.3ka (Shakun and
Carlson, 2010). The transitiorfsom glacials to interglaels, the secalled terminations,
involved disintegration of the ice sheets and globalleeal rise (Fig. 2 &H; e.g. Bintanja
and van de Wal, 2008; Grant et 2012)

>140 ka g v about 60 ka

Scandinavian
Ice Sheet )

55 - 45 ka BP. LGM, about 20 ka

Fig. 1: The Eurasian Ice Sheet extent dur&kigthe penultimate glacial40 ka BP (Saalian)
and its evolution during the last glacial (Weichselian) at aB)@0 ka BP,C) 5545 ka BP,
and duringD) the last glacial maximum (LGM) at about 20 ka BP (A, B, D fismendsen et
al., 2004,C from Larsen et al., 2006).

The variabiity of the global sea level in response to shrinking and growing ice sheets is
strongly related to periodical chveand qqensk oivim |t
1969; Hays et al., 1976). The interplay of the templgraarying obliquity (41 ka period) and
precession (22 ka period) of the earthoés axi
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earthoés orbit aff ¢Figt2A{ChMi |iannsko@Ydisblys et al, d076; e ar t |
Laskaret al., 2004; Ruddnan, 2006).
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Fig. 2: Orbital parametersA) eccentricity,B) obliquity and C) precession) affectindp)
insolation and climate on Earth during the last 150 ka (based on La2004; Laskar et al., 2004;
JJA: June, July, August; solar constant 1368 WAJ.i&) 0*%0 from NGRIP (North Greenland
Ice Core Project; NGRIP members, 2004).akenonebased sea surface temperatures from
the midlatitude North Atlantic (Martrat et al., 2008) and F)demonstrate warming during
the present and lashterglacial, cooling during the last two glacials, and temperature
variability during MIS 3 with Greenlandnterstadials (red numbersyarming) during
DansgaarédDeschgecycles and Heinrich Events (blue numbemgling).G) The relative sea
level (RSL) flom Grant et al. (2012) artd) the Eurasian Ice Volume from Bintanja and van
de Wal (2008) reflect the climatic variability during the last 150 $&a level above the
present Bosporus sill depth (dotted line) indicates potential entrance of Veaukten \ater

into the Black Sea, whereas a sea level bdlmvsill denotes periodsf potential isolation.
MIS denotes the Marine Isotope Stages 1
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Because othe maximum continental exteespecially the northern summer insolation
at 65° (Fig. 2 D triggers dong with varying atmospheric COlevels the temperature
variability and the buildup/disintegration of ice sheetsausing considerablesealevel
fluctuations over glaciahterglacial timescalegFig. 2 G). These variations are strongly
related to changdas the oceanic and atmospheric circulation patterns controlling the climate
dynamics over the northern hemisphere.

During the last termination (T lice sheet melting resulted in meltwater pulses and sea
level rise, but the warming was shortly interruptduring the Younger Dryas cold episode
over the northern hemisphere at around 12 ka BP Bagl et al., 1990Arz et al., 2003;
Siddall et al., 2006).A combination of a weakened Atlantic Meridional Overturning
Circulation (AMOC), an anomalous northerly flow of cold polar air masses over Europe, and
radiative cooling due to enhanced dust fluxes and reduced atmospheric greenhouse gas
concentrations to da best explains the Younger Dryas coolifgeiissen et al., 2015).
Whether such a Younger Dryéke event also occurred during the penultimate termination
(T 1) still remains controversiale.g. Sarnthein and Tiedemann, 1990; Cannariato and
Kennett, 2005Risebrobakken et al., 200€arlson, 2008 The deglacial warming initiated
the present Holocene and the Eemian interglacials. Compared to the Holocene, the Eemian
was in all probability warmer and moister and was characterised by a ca. 10 m higher sea
level (Fig.2 F, G e.g. Pailler and Bard, 2002; Grant et al., 2012; Martrat et al., 2014).

Aside from thelongterm climate changes over glaeiaterglacial cycles, the last
glacial, more precisely the Marine Isotope Stage 3 (MIS 3;-2%Ka BP), was mctuated
by pronounced (multi)millenniato centenniakcaleclimate variability expressed by severe
alternations in temperature, rainfall and wind intensity (eainrich, 1988; Bond et al., 1993;
Dansgaard et al., 199Bluber et al., 2006Sima et al.2013. The abrupt climate variations
betweencold stadials to warmer interstadiase referred to as Dansgaddéschger (DO)
cycles and wereriginally detected in Greenland ice co(€3g. 2 E, F; e.gBond et al., 1993;
Dansgaard et al., 1993)Vhile arupt interstadial warming occurred on a decadal timescale
the following cooling periods persisted on centenni@ millennial timescales (e.g.
Ganopolski and Rahmstorf, 200There is evidence, that the Bsycles affectedhe climate
over someparts of the northerand southerimemispherg(e.g. Bond et al., 1993; Dansgaard
et a., 1993Arz et al., 1998; Cacho et al., 1999; Wang et al., 2001) but it seems that strongest

tenmperature changes occurred in the North Atlantic region (e.g. GanopoldkRahmstorf,
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2001; Martrat et al., 2007). The B&imate fluctuations may have also been associated with
ice sheet and global sea level fluctuations (Arz et al., 2007).

The most plausible explanation for DO climate variability is the transition in the

st ength of the

t hher mohal.i

the associated change in ocean heat transport, which is triggered by a change in freshwater

ne circul ation of

supply from icesheets (Broecker et al., 1985; Bond et al., 1993; Gaskipand Rahmstorf,

2001; Rahmstorf, 2002; Zhang et al., 2014). Duangi st ab |l e 0

col d mode

formation is reduced and located southlag#land (Fig. 3 A;e.g. Rahmstorf, 2002). Such

weak AMOC leads to a limited ocean heat transpomnfitbe tropics to higher northern
latitudes (Ganopolski and Rahmsta2f)01; Clement and Peterson, 200Bhis situation is

explained by elevated freshwater/meltwater supply thereby decreasing surface salinity and

deep water formation (e.g. Clement and Bete, 2008).

Stadial

Interstadial

DO-cycIes;m y

Heinrich Event

“Depth(km)

o &5 W N = O

Depth (km)
A W N = O

mmmmm— surface currents

surface air temperature
C————""1 deep currents

difference relative to stadial

——»—— North Atlantic overturning
<«——— Antarctic bottom water

Fig. 3: Schemesof proposed modes in the Atlantic Meridional Overturni@gculation
(AMOC) causing the three different climate statesy Stadials (weak AMOC),B)
Interstadials (strong AMOC); an@) Heinrich Events (off mode in AMOC). ®ulations
(upper panel) are from theotsdam Institute for Climate Impact Reseaacid are slightly
modified afterGanopolski and Rahmstorf (2002). Position of the IRD belt adopted from Bard
et al.(2000). The scheme of the three different modes of the ocean circulation witing
section of the Atlantic (AC lower panelprefrom Rahmstorf (2002).

t
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During interstadials, in turn, deapater formation increases and shifted northwards into
the Nordic Seas wolving enhanced ocean heat transport and warming 8A8y Ganopolski
and Rahmstorf, 200Rahmstorf, 2002).

Another featuren the glacial climate system forms pronounced cooling episodes during
some stadials occurring on metillennial timescales that are referred to as Heinrich Events
(Fig. 2 F;e.g. Heinrich, 1988; Bond et al., 1993; Bard et al., 200B¢secooling episdes
areassociated with massive iceberg discharge from the Laurentide ice sheet through Hudson
Strait into the North Atlanticwhich is documented bglevated amounts of igafted detritus
(IRD) along the sacalled IRDbelt (Fig. 3 C;e.g.Ruddiman, 1977Heinrich, 1988; Bond et
al., 1993; Hemming, 2004)Heinrich Events are initiated by considerably increasing
freshwate supply and decreasing deegter formation, which finally results in a collapsing
AMOC (e.g. Ganopolski and Rahmstorf, 2001). Hssociated disruption of the ocean heat
transport causes pronounced cooling especially inlatiide of the North AtlanticKig. 2 F;
Heinrich, 1988; Bond et al., 199Ganopolski and Rahmstorf, 20Hemming, 2004Martrat
et al., 2007).

The (multiymillenniatscale climate variations during D€&cles and Heinrich events as
shortly outlined here, seem to have also affected the southern hemisphere, but in smaller
amplitudes and possibly asynchronous to northern hemisphere DO and HE, which is known
as the Ipolar seesaw effect (e.gStocker, 1998; Rahmster2002; Lamy et al., 2004;
Clement and Peterson, 200BRecent modeling expenientsillustrate that the Southern Ocean
may have controlled the strength and stability of the AMOC in not unimportant extént
therefore may have contributed to the individual DO cycle characteristitke North
Atlantic region (Buizert and Schmittner2015. The interhemispheric ainate variability

during the last glacial thus represents an important feature in the diatetlecsystem.

2. The Black Sea
2.1 Geography, oceanography, and modern climate in the Black Sea

The Black Sea is a seranclosed sedocated betweensoutheasternEurope and
westernAsia (Fig. 4). The mainorogens surrounding the basin are the Carpathians and
Balkans in the west, the Pontic Mountains in the south and the Caucasus in the east. Major
rivers entering the Black Sea are Danube, Dniester, Dnieper, and Don in the north and

10
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Yesilirmak, Kizilirmak,and Sakarya in the south. The Black Sea is connected to the Sea of
Asov by the Strait of Kertch and to the Marmara and Mediterranean Seas via the Bosporus

and Dardanellestraits (Fg. 4).
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Fig. 4: Maps showinghe geography of the Black Sea and main rivers entering the basin. Red
circles denote the location of the gravity cores studied in the present work. Thearmaps
created with the mapping tool fronttp://woodshole.er.usgs.gov/mapit/

The Black Sea covers area of about 4.2*P0km? andrepresents the Earth’s largest
brackish water bodwith awatervolume of 5.3*16 km® (Demaison and Moore, 1980zsoy
and Unluata, 1997). The maximum depth of the basab@it2200 mwith the flat abssyal
plain (32000 m defh) amouning to >60% of the total area (Ozsoy and Unluata, 1997).
Extensiveshelf area characterisehe northwestern part of the badirig. 4) While high
salinity watess (35.5 from Sea of Marmara enter the basin via the Bospstra#t (35 mbsl),
freshwater input occurs by precipitation ameers at whichthe Danubecontributes50-70%
of the total riverinerunoff (Fig. 5 A; Ozsoyand Unluata, 1997; Nezlin, 2008Jhe modern
Black Sea has a positive water balabeeauséhe input of feshwater is higher than the loss

of water by evaporation (Ozsoy and Unluata, 1997).

Water column stratification is caused by a pycnocline separating less denser/saltier
surface fromdeeper waterwith a higher density and salinity{g. 5 B; Ozsoy and Unluata,
1997).The pycnocline preventgertical exchange of water masses and degterventilation
thereby favouringhe formation of a pelagic redoxcline in about IED m water depthHg.

5 C; e.g. Ozsoy and Unluata, 1997; Dellwig et &010). Oxygen consumption and the
release ofhydrogen sulphidevia bacterial sulphate reduction finally results in sulphidic
(euxinic) deep waterd-his euxinic water body currently amountsaioout 87% of the water

volume and thereforghe Black Seais often considered as a modern analogue for ancient

11
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anoxic basinge.g. Demaison and Moore, 1980; Glenn and Arthur, 1985; Calvert et al., 1987,
Ozsoy and Unliiata, 1997Even though thénflow of saline watercontributesa suite of
redoxsensitivetrace metks, the volume of intruding waters is insufficient to compensate
trace metal fixation in the sulphidic waters finally leading to pronounced depletion of several
metals like Mobelow the redoxclinée.g. Algeo and Lyons, 2006)herefore, sedimentary
tracemetal signatures from the modern Black Sea sapropel may digtarctly from ancient
sapropelandBlack Shalege.g. Brumsack, 2006).
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Fig. 5: A) Schematic mss section from the Mediterraneaeffean Sea towards the Black Sea
showing inflow and outflow of watemasses with different salinitysalinities in italic
numbers from Ozsoy and Unluata, 1998).Profiles of temperature and salinity across the
entirewater column(left) and <250m (right)ndicate depttof the pycnoclie near the study
site. C) Profiles ofoxygen (Q) and hydrogen sulphide ¢8) across the water colungieft:
<1500 m, right: <250 mindicate depttof the redoxcline in the SE Black Sea (data originate
from M72/5 Meteor cruise 2007; Z2TD 1, O. Dellwig, pers comm).

A major cyclonically meandering Rim Current and several smaller anticyclonic eddies
between the Rim Current and the coakive the general circulatiomat the surface and
intermediatelayers Fig. 6; Oguzet al., 1993). The interior of the basin is dominated by a
permanent basiwide cyclonic current systerand either one elongated cell or two main
recurrent gyres separating theestern from the eastern basifhe deeper circulation is

regulated by cyclowicurrents (Oguz et al., 1993).
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Upper layer general circulation: —p permanent

47° 3+
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Fig. 6;: Schematic view of thgeneral circulation pattesnn the upper water column diie
Black Sea (after Oguz et al., 1993). Thesemap was created with the GMT mapping tool
from http://stb574.geomar.de/grmtaps.html

The climate in the Black Sea region is generally controlled by the northern hemispheric
atmospheric circulation pattern over Europe. The main atmospheric features are-the mid
high latitude westerlies, the Siberian and mhid-latitude subtropicahigh pressuresystems
the Polar Front Jet, and ti®&ubtropical JetKig. 7; Wigley and Farmer, 1982; Akcar and
Schlichter, 2005)Although more distant, the East African and Indian monsdogsther
with the Siberian high pressure system most likely contreldynamics of Mediterranean
cyclones(Wigley and Farmer, 1982Akcar and Schliichter, 2005).he impact of these
dynamic systems on the Black Sea climate varies in dependence of the position of the Polar
Front and Subtropical Jet, which shift northwardsiny summer and southward during
winter. Generally, he Black Sea climate is under Mediterranean influence with dry summers
and wet winters (Cullen and deMenocal, 2000; Lamy et al., 2006; Gokturk et al.,a2@iid)
strongly related to the North Atlant©scillation (NAO; e.g. Cullen and deMenocal, 2000;
Oguz et al., 2006; Capet et al., 2012). The NAO is expressed as the difference between the
subtropical Azores higpressure system and the subpolar Icelandic-gmgsure system
(Oguz et al., 2006). Strgngradients between these pressure systems during the positive

winter NAO causestrong westerly winds carrying cold and dry air to the Black Sea. Negative
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NAO phases are related to stronger southwesterlies, which result in milder winters and less
dry/morewet atmospheric conditions (Oguz et al., 2006).
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Fig. 7: Idealised scheme of the modern northern hemispheric atmospheric circulation patterns
with approx. position of the polar front during January and the Subtropical Jet during July
influencing regional climate in the Black Sea region (after Wigley and Farmer, 1982; Akcar
and Schluchter, 2005). The red circle denotes dbeng locationof the present work.

The base map was created with the emeric mapping tool provided by
woodshole.er.usgs.gov/mapit/index.html.

The polar front, the Siberian anticyclone, cold air masses from the Balkan Peninsula,
and the Mediterranean lepressure areadominate the winteclimate (Fig. 7; Wigley and
Farmer, 1982; Akcar and Schliichter, 2005; Deniz et al., 20il9ummer, lte northward
shift of the polar front, the Azores higitessure system, and the subtropicalcaetsemore
maritime condions (Deniz et al., 2011)The regional atmospheric circulation results in
variable climate regimesin the Black Sea (Kosarev et al., 2008Yarmer winters and a
considerably higher monthly precipitati@ame characteristic fothe eastern part (Kosarev et
al., 2008). NE Anatolia and the eastern Black Sea are the modadaim regions during
summer due to orographic precipitation in th
2009; Deniz et al., 2011). Further moisture sources are the Black 8légHksitmann et al.,

2009; Badertscher et al., 2011; Gokturk et al., 2011) and Mediterranean cyclones during
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winter humidity (Fig. 7; e.g. Wigleyand Farmer, 1982; Kwiecien et al., 200%he nean
annual air temperatuia the northwesterrBlack Seais about 10°C andeachesl4-15°C in
the southeas{Kosarev et al., 2008). Annual temperature variations are high incttilewest
and lover in the centrapartandthe southeagKosarev et al., 2008). The spatial variability is
most pronounced during wintevhen mean February temperatures-af€ in thenorthwest
and 7.5°C in theoutheasfKosarev et al., 2008).

2.2. Palaeoclimatein the Black Sea region

The environmental conditions characterg the modernBlack Seawith its stratified
brackish water body due to intruding Mediterranean waters persistatinae 8,000 to 9,000
years(e.g. Degens and Ross, 1972; Ryan et al., 2003; Bahr et al., Z8e8&}.is evidence for
at least 1Zundamental changes between braclkasd limnic periodsluring the past 670,000
yearsbecause the sea level repeatedly fell below the Bosporus sill depth of3&bmilnis|
during glacials(Fig. 2 G; Badertscher et al.,, 2011). TheBd a ¢ k S eperiods lwaré& e 0
considerablylonger than the brackish integlacials (Fig.2; Soulet et al., 2011). During the
Last Glacial Maximum (LGM; at 22.1 +4.3 ka; Shakun and Carlson, 2010) for example, the
sea level of thélack Sea was likely up to 110 m loweompared tdhe presentausinga

complete restdtion from the world's ocedffrig. 8; Constantinescu et al., 2015).

Previous studies have shown that the Black Sea reacted very sensitive to global climate
changes (Murray, 1900; Ross et al., 1970; Zubakov, 1988; Schrader, 1979; Svitoch et al.,
2000).The perhaps most prominent sediment cores recovered durimyiliveg campaign of
DSDP Leg 4 Gldnar VChallemgeéri i n  allo®@ed Bhe investigation of the
Quaternary history of the Black S@aoss et al., 1978peveralinvestigationgartly coverthe
entire Pleistocene (e.g. Ross, 1978; Stoffers et al., 1978; Degens and Paluska, 1979; Schrader,
1979; Zubakov, 1988but detailedstudies of the Black Sea histobgfore 40 ka BP are
missing.The evolution of the Black Sea during the last 40,000 yieaisortly summarised in

the following.

The clayeysedimers (lutite) deposied during the last glaciébrm the secalled Unit 111
(Degens and Ross, 1972). Lake surface temperatures during the ending lastvgliasoos
average 6°C with three periodssifongcoolingdownto 3°CduringNorth Atlantic Heinrich
eventgSoulet et al., 2011, Ménot and Bard, 2012).
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Fig. 8: The presensituation(left) with water exchange between the Mediterranean and Black
Seas showing salinitdifferences(numbersin italics) in oxic surface and euxinic deeper
wates. The glacial situation (right) under lower sea levell0m during LGM;
Constantinescu et al., 201&gusedresheninga ventilated oxic lakénally isolaied from the
Mediterranean Se&Salinity valuesare from present dayOzsoy and Unluatal997) and
during the last glacial from Shumilovskikh et &0(33). Maps were created with the GMT
mapping tool fromhttp://sfb574.geomar.de/gmtaps.htmhwith the option to set sea level to
various depths.

A Northern Anatolian speleothem recoddcumerd a signal of cooling and drying
during the Heinrich events as well (Fleitmann et al., 20@0addition to Heinrich cooling,
the stalagmite analyses clearlgvealedchanges in rainfall and temperature durthg se
called Dansgaar@®esdiger cycles

Studiesfrom the northwesterrBlack Seacould not confirmsuchclimate fluctuations
during the Greenland stadigterstadial transitionso far (Soulet et al., 2011; Ménot and
Bard, 2012; Sanchi et al., 2014), laugh overregional evidenceexists for Dansgaard
Oeschger cycles in Southern and Eastern Europe (e.g. Allen et al., 1999; Tzedakis et al.,
2004; Geraga et al., 2005; Fleitmann et al., 2009; Margari et al., 2009; Rousseau et al., 2011;
Ehrmann et al., 201&ima et al., 20133 0megi et al., 2013).
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During Termination |, the last glaciaiterglacial transition, four prominent Red Layer
intervals (1815.5 ka BP) are considered to reflect meltwateznts(e.g. Bahr et al., 2005
Soulet et al.2013. Previousstudies suggesteaimeltwaterorigin from a potential pill-out
from the Caspian Seéef by river Volga) via the Manyatkepression (Figd) andbr from the
Alpine Ice Caps by the Danube Rierg.Major et al., 2002; Ryan et al., 2003; Bahr et al.,
2005 Kwiecien et al., 2009; Badertscher et al., 20D8tailed investigations on the Red
Layers suggest to date that the meltwatewas transported by the Dniep&iver and
originated fromproglacial Lake Disnathat formed during Heinrich Stadial 1 due tbet

disintegrating Fennoscandian Ice sh&&j. 2 H; Soulet et al., 2003

Subsequent to the mel t water event s, t he
increased up to 11°C during the BgliAferad interstadial warming and decreased again to
5°C duringthe Younger Dryas cooling episode (Soulet et al., 2011). Thereafter, gradual
warming at the beginning of the Holocene interglacial and the coupled globlavséase

allowedthe MediterraneaBlack Sea reconnection.

The last glacial terminatioralsoinvolved a transition to more humid conditions in the
Black Sea region, which favourettie spreathg of forests andthe reduction of steppe
vegetation (Shumilovskikh et al., 2012). The inflow of saline wigtgrto the formation of a
pycnoclinein the Black @aand restricted deepwater ventilationfavouredthe formation of
the redoxclineThe graduallyredoxclinerise was interruptedat ca. 5.3 ka BP (Eckert et al.,
2013)and reachethe present situationith sapropel formation under euxinic conditions. The
main sapropel layedepositedbetween 7 and 2.7 ka Bfdrms theso-calledUnit Il (Degens
and Ross, 1972). After a redoxcline drop until 2.7 ka tBE Black Sea reached its present
state(Unitl)as t he worl dés | ar ge s The derelopmentto imarea c ki st
saline conditions implicatethe disappearancef limnic organisms, such as ostracods and
limnic dinoflagellates (Bahr et al.,, 2008; Shumilovskikh et al., 2012). Nevertheless,
productivity increased considerablue to the invasion ofnaine organismslike the
coccolithophorideEmiliania huxleyj whichis responsible fothe weltknown coccolith ooze
layersintroducingUnit | (Bukry, 1970; Degens and Ross, 1972; van der Meat.,e2008;
Coolen et al., 2009)rce abou.76ka BP(Lamy 4 al., 2006).
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3. Motivation and objectives

The climatic and environmental history of the Black Sea is well documented for the last
40 ka and demonstrates high sensitivity of the basin in resgonnorthern hemisphere
climate dynamicsWhen consideringhe colder Saalianglacial as well as thevarmer and
wetter Eemianinterglacial (Fig. 2; e.g. Seidenkrantz, 1993, Martrat et al., 2007; NEEM
members, 2013), it is of particular interest learnhow the Black Sea responded tte
changing climate duringhe penultimate glaciahterglacial transition (Termination ).
Furthermoreduringa 1020 m higherEemiansea level (Fig2 G; e.g. Siddall et al., 2006;
Grant et al., 2013helf areas were larg@fig. 9) and temperaturdsghermost likely leading
to considerablecological andiogeochemicatlifferencescomparedo theHolocene.

S R
Eemian sea level (+20 m)

e i

Fig. 9: Maps showing the spat.i alforteexptesenttthastf t he
glacial Gea level110 m; Constantinescu et al., 201&)d twoEemiansituations(smoothed

sea level +10 m and maximum sea level +20 m; Grant et al., 2012). Maps were created with
the GMT mapping tool from http://sfb574.geomar.defgmatps.html with the option to set

sea level to various depths.
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During R/V fiMeteo cruise M2/5 in 2007, gravity cores wereobtainedon the
Archangelsky Ridge in the SE Black Sea, whadctumentthe Black Sea historpack to

about134 ka BP. With this perspective, the followimgp majorobjectives are addressed:

1. Unravelling the climatic angég nvi r onment al response of t he

penultimate deglaciation and last interglacial warming with special focus on:

1 the magnitude and temporal developmerthefdeglacial warming

1 meltwater events artieir pathwaysas consequence mdtreating continental ice sheets
1 associated changes in the basins hydrolsalnity, andproductivity

1 theexpressiorof the penultimate MediterraneaBlack Sea reconnection

1 the redox evolution durinthe Eemian sapropel formation

The results derived from theseci will be furtherused to compardor the first time
the Black Sea evolution during the penultimate and last glext&xglacial transitioa When
considering preserday global warming and sedevel rise, knowledge about the
environmental changes during Eemian warming rakp open a window intahe future

evolution of theBlack Sea.

2. Investigation of the Black Sea climate response to Dans@aesdhger cycles and

Heinrich events during Marine Isotopta§e 3. Thiobjective involves

1 Identification of potential (multi)millenniascale climateluctuations associated with
Greenland Dansgaafdeschger cycles (DO) and North Atlantic Heinrich Events (HE)
and if so:

1 Estimation of temperature amplitudssring abrupt climate changes

1 Evaluation of the spatial temperature patterns in the North At&untiasian region for
estimation of the farfield impact of North Atlantic climate dynamics and inland
propagation of temperature variability by atmosphegieconnection

1 Assessment of the impact DO and HE and associateemperature, rainfall, and wind
patterns ortheaquatic and adjacetdrrestrialenvironment in the SE Black Sea

1 Longterm trends inthe observedclimatic and environmentathangesacross the

Marine Isotope Stages 2, 3, and 4
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With these objectives, the present study aims to unravel the climatic and environmental
history and the response of regional and global/northern hemisphere climate variability during
lacustrine and marine phasekthe Black Sea. The new results obtained in this study may
improve our process understanding of possible-tengn and abrupt climate transitions and

potenti al Ati pping pointso in the climate sy

4.Study area-th e ®Mangel sky Ri dgebd

This study bases on three gravity cores (22Z5Q2GC8, and 25G€l) and surface
sedimentsamples fron22MUC-1 retrieved during R/MiMeteoo cruise M72/52007) on the
Archangelsky Ridge in the sou#fastern Black Sea in water depétg18 m (station 25)and
around847 m 6tation 22;Fig. 10, Table ). The Archangelsky Ridge represents an uplifted
fault block in the soutkeastern continental slope regiaithin a tectonicallystill active
region. This secalled horst block is surrounddy several extensional faults (Meredith and
Egan, 2002).

The thickness of Quaternary sediments can reach up to 2,000 m (Fig. 10)o Due
relativdy low sedimentation rates in the SE Black Sea, deposits covering the penultimate
glaciatinterglacial transittn occur in depth of only ~10 m below the seafloor, whereas the
penultimate glacial deposits in the western Black Sea are found in depths >100 m (e.g. Quan
et al., 2013).

The Archangelsky Ridge separates together with the Andrusov Ridge the eastern basin
from the western Black Sea (Zonenshain and Pichon, 1986; Shillington et al., 2008; Nikishin
et al., 2015). The Black Sea itself represents a remnant of a Mesozoic marginal sea; the Para

Tethys, which once developed as a baakbasin (Zonenshain and Pich@886).
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Fig. 10: Study area showing bathymetry and seismic profiles of the Archangelsky Ridge in
the SE Black Sea and locations of cores 2Z522GC8, and 25G€L. Themapwas created

with the GMT mapping tool fronittp://sfb574.geomar.de/gmiaps.html.Seismic profiles
l-d.gener at ed deteodicrnige MR/5Vh 260®howthe morphology across the
ridge and were provided by Helge W. Arz. SSWME section (5.) across the eastern Black
Sea show the Archangelsk Ridge under influence of compressional and extensional
tectonics as well athe thickness of Quaternary sediments (slightlgdified from Meredith

and Egan2002).

5. Materialsand methods
5.1 Sediment coresind stratigraphy

The present work bases on three gravity cores covering different periods of the Black
Se a ( fAhistark (Eig.00;, Tablel). The upper-60 cm of core 22G@ encompasthe last

12,000 years and thereforestlate part of the lagflaciatinterglacial trasition (Termination |
(1811 ka BP MIS 2/1). This core was used for comparison between the penultimate and last
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terminations at the same site and water depth. Thecomtainsthe stratigraphic Units-lill

(Fig. 11, Degens and Ross, 1972) and comprises of limnic clays (Unit Ill), the Holocene
sapropel (Unit 1l), and the coccolith ooze (Unit I). The Red Layers frequently observed
Unit 1l in cores from the western Black Sea (chapter 2@ slightly observabla core
22GG3. Additionally to this core, the uppermost surface sediment samylec@) of the
multicorer 22MUC-1 was analysed. The age model of c8&G3 relies on preliminary
studies and bases on lithological correlation with the radiocarbon atatiSaash dated core
GeoB 76222 from the SW Black Sea for Unitdll(Lamy et al., 2006; Shumilovskikh et al.,
2012). The ages for the glacial part (Unit Ill) wargortedfrom the radiocarbon dated core
24GG3 from the SE Black Sea and correlated witine 22GE3 by means of higiesolution
magnetic susceptibility and XRF Ca intensity (Shumilovskikh et al., 2012). Reservoir age

correction was adopted from Kwiecien et al. (2008).

Table 1: Overviewof the three gravity cores analysed in the present study.

core latitude longitude water core length age?[kaBP]  time interval*?
depth [m] [cm]
22GC-3 42°13.53'N 36°29.55'E 838 839 <12 Termination |
(< 60)*1 (M|S 2/1)
256C1 42A06 36A37. 418 952 20- 64 MIS 2- MIS 4
(307-952)1
22GC-8 42°13.53'N 36°29.59'E 847 945 122-134 Termination Il

*1 corresponds to core section analysed in this stifdygrresponds to periods investigated in this study

The lowermost 645 cm of core 25&Cwere examined for th&ast glacial period
between 20 and 64 ka BP. This sediment a@meprisesof limnic clays and intercalated
authigenic carbonates (Fifjl). The age model of this core (Nowaczyk et al., 2012) béses
the investigated perio@dn eight AMS (accelerator mass spectrometrgdliocarbon datings on
juvenile shells of the bivalv®reissena rostriformigrom the parallel core 24GGE3 (208 m
water depth)the Campanian Ignimbrite tephra (Y5; 39.28 + 0.11@;Vivo et al., 2001),
and the Laschamp geomagnetic excursion (40.709% Ra BP; Singer et al., 2009)he
related palaeomagnetic recordscluding ChRM (characteristic remanent magnetisation)
inclination and declination as well as relative palaeointgiserved for further improvement
of the chronology(Nowaczyk et al., 2012)Finally, coastal iceafted detritus (IRD),

carbonate content, ©4RF (X-ray fluorescence) counts, and higdsolution magnetic
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susceptibility of the core were tuned to the cxydgsotope record from the North Greenland
Ice core Project on the GICCO5 timescale (NGRIP; Svensson et al., 2006, 2008). Tuning was
done with the xtgprogram (extended tool for correlation) allowing an interactive wiggle

matching routine (Nowaczyk et aR012).
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Fig. 11: Age depthimodels and stratigraphy of the gravity cores studied in the present work
based on the stratigraplpyesented in Nowzyk et al. (2012)Shumilosskikh et al. 2012,
2013a, 2013pandWegwerthet al. (2014).
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To investigaé the penultimate glaciahterglacial transition (Termination II), the
lowermost 160 cm of the sediment core 22&@ereused Similar to the cores covering Unit
[-11l, this section also comprisef limnic clays, theincomplete Eemian sapropel, and
coccolth ooze (Fig.11). The age model for the glacial part of core 22&6ases orthe
correl ati on'®Ohwdsof eren22GCH and he™ T h  d a%0 espeleothem
record of the Northern Anatolian Sofular Cave (Badertscher et al., 2011; Shumiloeslik,
2013b).For theEemian part of core 22G8, a previows age modetarried outon core 22GE
3 is usedShumilovskikh et al., 2013ayvhich bases on theorrelation ofpollen records from
this core towell-dated pollen records from loannina 284 (Tzedakis et al.,, 2003) and
Monticchio Lake (Allen and Huntley, 2009). Ages from core 22&@ere transferred to
22GG8 by correlating XRF Ca records of both coresen thoughhe Eemian sequence is
incomplete de to a hiatus between &b and 120 ka BP in both cores (Fidl), the coverage

of about 8,000 years of Eemian sapropel formgtstifies acomparison to the Holocene.

5.2 Inorganic, organic, and ostracod geochemistry

A detailed overview about the ntuproxy approach applied in the present study is

provided inFig. 12. Additional parameters used in the present study are shown in Table 2.

Total carbon (TC) was determined by using elemental analyser EA 1110 (CE
instruments). Total inorganic carbon (TI®as analysed after carbonate dissolution with 2M
HCIO4 udng elemental analyser multi E2000 (Analytik Jena). Total organic carbon (TOC)

was calculatefrom the difference between TC and TIC.

The inorganic geochemical analyses involved total acid digestions of the-fireede
and homogenised bulk sediment samples wvathmixture of HNQ@, HF, and HCIO
(Schnetger, 1997) and final dilutiaiter acid evaporation witB vol.% HNGs. Major (e.g.
Al, Ca, Fe, K, Ti) and trace (e.g. Sr, Zr) elements were measured bQESHICAP 6300
Duo, Thermo Fisher Scientific). The trace elements Mo, Re, and W were measured by ICP
MS (iCAP Q, Thermo Fisher Scientific).

For organic geochemical analyses the bulkreedi samples were separated by column
chromatography into three main fractionsalkanes, alkenones, and glycerol dialkyl glycerol
tetraet hers [ GDGTs]) after accelerated solvent
ASEE 350) . The f malkabes @amdsalkenoneas tware Mmeasuged on a
multichannel TraceUltra gas chromatograph (Thermo Scientific). The alkéased
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palaeotemperatures were calculated according to a calibration of themtsaturation index

(Prahl and Wakeham, 1987) of surfaediment (Conte et al., 2006). The fraction comprising

GDGTs were measured by higlerformance liquid chromatography/atmospheric pressure
chemical ionization mass spectrometry (HPABCI-MS; HPLCMS1100 Series, Hewlett

Packard, USA) during two stays (one rttoeach) in the Laboratory of Prof. Dr. E. Baat
CEREGE (Centre Eur op®en de Recherche et (
| 6Environnement, G ® 0 ¢ h-Marseide Ueiversity).@ToecTiEde-and o | o0 g i ¢
BIT-indices were calculated according to &aten et al. (2002) and Hopmans et al. (2004).
TEXgs-based palaeotemperatures were calculated by using the global lake calibration by
Powers et al. (2010) and the global marine subsurfac0(0m) calibration by Kim et al.

(2008).

After counting the ostad valves ofthe speciesCandona sppfrom the wetsieved
sediment samples, the cleaned valves of adult individuals (>500 |emgth) were dissolved
in 2 mL 2vol.% HNQ of suprapure quality for analysis of Ca, Mg, and Sr by-@HS (iCAP
6300Duo, Thermpand ICRMS (iCAP Q, Thermo Fisher Scientific). The concentration of U
was determined on selected aliquots by-IEIR-MS (Element Il, Thermodluring a stayn the
MicrobiogeochemistryGroup of Prof. Dr. H.J. Brumsackat the Institute for Chemistry and
Biology of the Marine EnvironmerftCBM, University of Oldenburg). For the determination
of the Sr isotope composition, ostracods were cleaned with a few dropsOef(590),
methanol, and deionised water. TH8r£Sr ratics of the ostracods were measutsd MC-
ICP-MS (Neptune Plus, Thermo) at the University of Tubingen (Department of Earth
Scienceslsotope Geochemisiry
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Material and Methods
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Fig. 12: Schematic overview of the mulproxy approach showing the main methods applied
in the present work as well as possible interpretatifggmation
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Table 2: Overviewabout additional parametefr®m the investigated sediment coresed in

the present studys well agnterpretation and responsibilities

Parameter/Methods

Interpretation

Institute and responsibility

-l
u 8Oostracods

878 r/ 868 lostracods

IRDc

TIC and TOC
(25GG1)

Climate models

| sorenieratane
0°®Mo

U°Fe

Inorganic
geochemistry
(22GG7, 22MUG2,
22GG3/Eemian

XRF (25GG1)

Palynology (pollen,
dinoflagellates)

temperature and salinity

water input source

winter strength

productivity,
preservation

temperature inland
propagation

photic zone euxinia
redox conditions

redoxcline migration

redox conditions

terrestrial input

GFZ Potsdam, B. Plessen and H. W. Arz

University of Tlbingen, I. C. Kleinhanns, M.

Wille, A. Wegwerth

GFZ Potsdam, H. W. Arz

GFZ PotsdamB. PlesserH. W. Arz, N.R.

Nowaczyk

PIK Potsdam, A. Ganopolski

ICBM Oldenburg, J. KésteS. Eckert

Leibniz UniversityHannoverS. Weyer S.

Eckert, A. Briske

Institute of Marine and Coastal Sciences,
Rutgers University, USAS. Severmann

ICBM Oldenburg, S. Eckert, B. Schnetger;H.

Brumsack

GFZ PotsdamMARUM, Bremen University, H.

W. Arz, N. R.Nowaczyk

vegetationtemperature, University of Géttingen, LS. Shumilovskikh

rainfall, salinity,
productivity

6. Manuscript outline and personal contribution

The main part of this thesisomprisesthree manuscripts publishéslibmitted to

internationalpeerreviewed journals andne manuscript in preparation. The abstracté afet

additional ceauthor publications related to the present study are presemgfeither with the

personal contribution in the pendix.

The first manuscripfi Me | t wat er

SaaliarE e mi

and environmental history of the Black Sea during the penultimate gilatgedlacial

an

events

and

t he

Me d i

transi ti obyAiWegwerthneO. Bellwvage k KaSer,ao
Ménot, E. Bard, L. Shumilovskikh, B. Schnetger, I. C. Kleinhanns, M. Wille, an/ HArz;
publishedin Earth and Planetary Science Letté2)14) @404, 124135) presents the climatic

transition between 134 ka BP and 122 ka BRe main fociare thedeglacial meltwater

events,the Termination Il and Eemian warming, the MediterraneaacBISea reonnection
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as well as a brief comparison with tAermination|. Personal contributionnvolves a
multiproxy-approach including biomarker analysis, elemetibsaon ostracods, inorganic
sediment geochemistryas well asthe datainterpretationand concept and writing of the

manuscript.

The second manuscripttitledii Bl ack Sea temperature-respot
scal e cl| i mahyA Weguverth A.l&sanogolsky @. Ménot, J. Kaiser, O. Dellwig,
E. Bard, F. Lamy, and H. W. Argublishedin Geophysical Research Lettef2015) (42,
81478154 demonstrates for the first time pronounced continental temperature variability
between 64,000 and 20,000yea ago i n the Bl ack Sea fiLakeo
DansgaaréDeschger cycles. A proxyodel comparison served, cluding otherpublished
temperature records from the North AtlantidMediterranean corridor, for estimation of the
inland propagation modes of Dansga@reschger cycles and Heinrich events. Personal
contribution includesorganic geochemistry and reconstruction of eatamperatures,
analysis of Mg/Ca ratiosn ostracods, as well as interpretation of data, concept and writing of

the manuscript.

The third manuscripfiNorthern hemisphere climate control on the environmental
dynamicsi n t he gl aci ad byB.IWegwerth,Sle Kaisefi 10alekwig, LS.
Shumilovskikh, N.R. Nowaczyk, and H. W. Arzgcurrently under reviewin Quaternary
Science Reviewsgrovides a detailed reconstruction of the dynamics in riverine and aeolian
input, salinity, and productivity inthe 8lc k Sea fAlLakeo i nRtermmand ponse
millenniatscale northern hemispheric climate chaniges late MIS 4 to early MIS .2The
analyses oh-alkane composition, counts and Sr/Ca ratin®stracods, sediment inorganic
geochemistry (except for XRF) as well as interpretation of data, concept and writing of the

manuscript wer@erformed by thauthor of this thesis

The fourth manuscripti Re d o x evolution during Eemi an
for mati on i n byA.eNedverthcSk Ecier, & 0Dellwig, J. KOster, B. Schnetger,
S. Severmann, S. WeyeA. Briske, J. KaiserH. W. Arz, and HJ. Brumsack; in
preparationrevisits the Eemian and presents the first geochemical comparison oédbr
evolution duringthe Holocene and Eemian sapropel formation in the Black Sea. Personal
contributionincludes the analyses of palaeotemperatures, ostracods geochemistry, major and
redoxsensitive trace elements, TIC, and TOC in cores 28GZ2MUG1, and the Holocene
part of 22GC3, balance calculations, adaption of gpesting age models to additional

sediment cores as well as interpretation of data, concept and writing ofatiescript.S.
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Eckert contributed inorganic geochemical data of taolial cores (Table 2). Analysis of
isorenieratene derivatives were perfomed by J. Koster and S. Eckert. Stefan Weyer and A.
Bruske measuredVio-Isotopes, and S. Servermann is responsible forlse#opes. All ce

authors were involved in interpretatiand digussion of the manuscript.

The data used in the manuscripts are stored online at the Data Publisher for Earth and
Environmental Science PANGAEA(tp://www.pangaea.de). Data already published in-peer
reviewed journals are freely acciss and all other da will be unlocked after publication or

are available upon request.

29



MANUSCRIPTS

30

MANUSCRIPTS



Meltwater events and the Migerranean reconnection at the Saali&@emian transition in the Black Sea

Meltwater events and the Mealiterranean reconnection at theSaalian
Eemian transition in the Black Sea

Antje WegwertH', Olaf Dellwig?, Jérdme Kaisér Guillemette Méndt Edouard Bary
Lyudmila ShumilovskikR, Bernhard Schnetgérlka C. Kleinhanng Martin Wille®,
and Helge W. Ar2

& Leibniz-Institute for Baltic Sea Research Warnemiinde (IOW), Marine Geology, Rostock,
Germany

b CEREGE, AixMarseille University, Collége de France, CNRS, IRD, Aix en Provence,
France

¢Department of Palynology and Climate Dynamics, University of Géttingen, Germany

d Institute for Chemistry and Biology of the Marine Environment (ICBMjiversity of
Oldenburg, Germany

®lsotope Geochemistry, Department of Earth Sciences, University of Tlbingen, Germany

published inEarth and Planetary Science Letted94, 124135 (2014)
http://dx.doi.org/10.1016/j.epsl.2014.07.030
©2014 Ebevier B.V. All rights reserved

31



Meltwater events and the Mediterranean reconnection at the Saaéarian transition in the Black Sea

Abstract

The last glacialnterglacial transition or Termination | (T 1) is well documented in the
Black Sea, whereas little is known about climate and environmental dynamics during the
penultimate Termination (T 1l). Heree present a muHlproxy study based on a sediment
core from the SE Black Sea covering the penultimate glacial and almost the entire Eemian
interglacial (133.5 +0-222.5 £1.7 ka BP). Proxies comprise-redted debris (IRD), O and
Sr isotopes as well asr/8a, Mg/Ca, and U/Ca ratios of benthic ostracods, organic and
inorganic sediment geochemistry, as well as §&xd U &; derived water temperatures. The
ending penultimate glacial (MIS 6, 133.5 to 129.9 +0.7 ka BP) is characterised by mean
annual lake surface temperatures of about 9°C as estimated from thge TEX
palaeothermometer. This period is impacted by two Black Séavater pulses (BSWHA -1
and 2) as indicated by very low Sriacodsbut high sedimentary K/Al values. Anomalously
high radiogeni’Srf%rosiracoavalues (max. 0.70945) during BSWIP2 suggest a potential
Himalayan source communicated via the Casgbea. The T Il warming started at 129.9 +
0.7 ka BP, witnessed by abrupt disappearance of IRD, incre#&dguacodvalues, and a first
TEXss derived temperature rise of about 2.5°C. A second, abrupt warming step to ca. 15.5°C
as the prelude of the Egan warm period is documented at 128.3 ka BP. The Mediterranean
Black Sea reconnection most likely occurred at 128.1 +0.7 ka BP as demonstrated by
increasing Sr/Catracodssand U/CastracodsValues. The disappearance of ostracods and TOC
contents >2% docuent the onset of Eemian sapropel formation at 127.6 ka BP. During
sapropel formation, TE% temperatures dropped and stabilised at around 9°C, whife U
temperatures remain on average 17°C. This difference is possibly caused by a habitat shift of
Thaumachaeota communities from surface towards nutnieht deeper and colder waters

located above the gradually establishing Feaid redoxcline.

Keywords: Black Sea, penultimate glacial, Termination Il, Eemian sapropel, meltwater

pulses, Mediterranean raumection
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1. Introduction

The Black Sea currently represents the Ea
Demaison and Moore, 1980; Ozsoy and Unllata, 1997). However, changes between limnic
and brackish/marine conditions occurred during the péecial cycles (Schrader, 1979).
Anoxic conditions are favoured by a pycnocline separating-$edjhity bottom waters
derived from Mediterranean inflow via the Bosporus sill and-$ainity surface waters from
excess river discharge and precipitati@zgoy and Unliiata, 1997; Kaminski et al., 2002).
Initiated by global and regional climate change;ls®al fluctuations allowed a connection to
the Mediterranean Sea for at least 12 times since 670 ka BP (Badertscher et al., 2011). While
glacial periods 1@ characterised by low global sea level and limnic conditions due to the
disconnection from the Mediterranean Sea, increasing global temperature and sea level during
glaciatinterglacial transitions, the smlled Terminations, resulted in Mediterranddack

Sea reconnections and the establishment of brackish/marine and anoxic conditions.

The last glacialnterglacial Termination | (T 1), is one of the most investigated periods
of the Black Sea, however dominatied studies in the western Black Sea (&gan et al.,
1997; Major et al., 2006; Bahr et al., 2008; Kwiecien et al., 2009; Soulet et al., 2011). Recent
exceptions are Shumilovskikh et al. (2012) and Eckert et al. (2013) presenting palynological
and geochemical data from the SE Black Sea, respéctidlthough Zubakov (1988)
provided an excellent basis for a climatostratigraphic correlation of the Black Sea record to
the global oxygetfisotope scale for the last 1Ma, allowing determination of several saline and
freshwater events coinciding with glakinterglacial cycles, detailed insights into high
resolution dynamics of older Terminations, like TII, are sparse due to the lack of well
constrained and complete sediment cores (e.g. Ross, 1978; Quan et al., 2013). By contrast, Tl
and Eemian studiesosldwide established innovative concepts for a regional and global point
of view during the last decades. For example, a possible Younger-likgas/ent shortly
after the beginning of the Eemian interglacial (Sarnthein and Tiedemann, 1990; Sanchez Goiii
et al., 1999; Bianchi and Gersonde, 2002; Cannariato and Kennett, 2005; Risebrobakken et
al.,, 2006) and/or a Termination pause during TIl (Lototskaya and Ganssen, 1999;
Risebrobakken et al., 2006) are still under debate. Several records disagree with such a
YoungerDryas like event (Carlson, 2008). Pollen records from Lake Urmia (Iran; Stevens et
al., 2012) and the Black Sea (Shumilovskikh et al., 2013b) even argue against a Termination
break. Furthermore, it seems that warming andees rise during T lloccurred earlier and

slightly more rapid than during T | as inferred mainly from foraminiferal assemblages and
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oxygen isotopes (e.g. Seidenkrantz, 1993; Ruddiman, 2006; Siddall et al., 2006; Thomas et
al., 2009).

During the R/ V iMet0Og aunmuesadimenscere (ZBBEwWaS i n 2
retrieved from the SE Black Sea covering the sedimentary record from 133.5 to 122.5 ka BP
thus comprising the late MIS 6 (Saalian) and MIS 5e (Eemian). Based on aproxiti
approach at high resolution, we aim tayde new insights into the penultimate glacial
interglacial dynamics in the Black Seagion by using sediment and ostracod (isotope)

geochemistry as well as biomarkers.

2. Environmental setting, hydrology, and climate

The Black Sea is a seranclosedepicontinental basin located in SE Europe/SW Asia
(Figs. 1A, 1B) with a maximum water depth of about 2200 m. Apart from precipitation,
freshwater input occurs mainly via rivers Danube, Don, Dnieper, and Dniester in the north
and Sakarya, Kizilirmak, Yesilnak, and Rioni in the south (FiglA). The present
connection to the Mediterranean Sea through the Bosporus s2faiin(deep) allows inflow
of saline waters, while simultaneously an outflow of brackish waters occurs in the surface
layer (Ozsoy and Unlita, 1997; Kaminski et al., 2002).

The resulting halocline which separates salty bottom wal28.4 g kg') from low
salinity surface watersD(18 g kg) (Spencer et al., 1972; Calvert et al., 1987) prevents
ventilation and oxygenation of the deeper watand favours the formation of a pelagic
redoxcline at about 10050m water depth. Initiated by intense microbial activity, about 87%
of the entire water volume is currently characterised by euxinic conditions (Ozsoy and
Unliata, 1997) finally leading toapropel formation (e.g. Brumsack, 2006 and references
therein).

The southern Black Sea region is influenced by Mediterranean climate causing hot/dry
summers and cold/wet winters with cyclonic Mediterranean moisture sources (Cullen and
deMenocal, 2000; Lamgt al., 2006; Kwiecien et al., 2009; Gokturk et al., 2011). However,
the Black Sea itself forms a considerable humidity source in the region (Fleitmann et al.,
2009; Badertscher et al., 2011; Goktirk et al., 2011). The NE Anatolian and E Black Sea
regionsare the most raHaden areas of Turkey in summer due to orographic precipitation at
the Not h Anatol i an laly2009abeniset 4l.,T20I1)k €oxpared to the
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western part of the southern Black Sea coast, less extreme temperature fhetvakanild
winters and warm summers characterise the eastern part (Deniz et al., 2011).

Fig. 1. (A) Detailed map showing the Black Sea with the core site 28G&i the
Archangelsky Ridge and the Black Sea sites discussed in the text. (B) Map showing the
region between the Mediterranean Sea and the Himalayas and the sites discussed in the text:
1. 22GC-8 this study; 2. MD042790 Black Sea (Ménot and Bard, 2012); 3.BLKSBI8¥0

Black Sea (Major et al., 2006); 4.GeoB76D8lack Sea (Bahr et al., 2008); 5.S8&ofular

Cave speleothem (Fleitmann et al.,, 2009;Badertscher et al., 2011); 6.Lake Ohrida Albani
(Lézine et al., 2010;Sulpizio et al., 2010;Vogel et al., 2010); 7.Lago Grande di Monticchio,
Italy (Brauer et al., 2007;Allen and Huntley, 2009); 8.Pantelleria, Italy (Paterne et al., 2008);
and 9.0DRPA77A-Alboran Sea, Iberian Margin (Martrat et al., 20@®007). The arrows
denote the coupled meltwater pathway of Fennoscandian (yellow) and potential Himalayan
(red) origin.
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3. Material and methods

This study bases on the lower section of gravity core 28G@45cm total length)
retrieved from thdectonically uplifted fault block Archangelsky Ridge (Meredith and Egan,
2002) in the SE Black Sea (42A13.56N, 36A29
2007 in a water depth of 847 m (FigA). The sediment core contains a waléserved
sequence 785945 cm core depth) from the Saalian glacial (MIS 6, limnic clay) to the

Eemian interglacial (MIS 5e, sapropel).

3.1. Agedepth model

The strong correspondence betwaéfOspeieohemfrom Sofular Cave located in NW
Anatolia andi*®Oosracosfrom the Back Sea for T | suggests that the Sofular isotope signature
predominantly reflects changes WfO of precipitation arriving from the Black Sea (water
vapour source effect; Badertscher et al., 2011). Following the same line of argumentour age
depth modefor TlI is derived from the correlation (four tie points) between t¥&ostracods
and the?®°Th datedi*®Osoruiarrecord (Figsl, 2; Badertscher et al., 2011; Shumilovskikh et
al., 2013b).

A 1 cm thick tephra layer centred at 855.5 cm providégriher time marker. This
tephra, identified by XRD analysis, is characterised by a high sanidine content of about 45%,
a mineral typically enriched in volcanic material. Based on the preliminary age model, it most
likely originates from the Mediterrane&antelleria eruption (R1; southern ltaly; FiglB) at
131 15 ka BP (Paterne et al., 2008). The widespreatl fephra was also observed in central
Greece (Karkanas et al., in press), SE Aegean Sea (Grant et al., 2012), Lake OhtH, (Fig.
Albania; Lézire et al., 2010; Sulpizio et al., 2010) and in the lonian Sea (Paterne et al., 2008).

Finally, for the Eemian part, the pollen record of core 2Z5Ehumilovskikh et
al.2013a, 2013b) has been correlated (two tie points corresponding to arboreal pollen
maxima) with pollen records from loannina 284 (Tzedakis et al., 2003) and Monticchio Lake
(Allen and Huntley, 2009; FigdB, 2). Ages from 22G@Q were transferred to 22G&based
on a correlation (seven tie points) of XRF Ca. For more details about the aigh thme
authors refer to Shutovskikh et al. (2013a, 2013b).

Mean squared estimates (MSEi) of age uncertainty were determined after Grant et al.
(2012) and are + 0.7 ka for the glacial part and + 1.7 ka for the interglacial part.
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Fig. 2. Age-depth relation by means of stratigraphic correlation of (1) pollen from the
sediment core (Shumilovskikh et al., 2013b) with pollen records from loannina 284 (Tzedakis
et al., 2003) and Monticchio Lake (Allen and Huntley, 2009), and (2)8ostracas With a

20Th datedi*®O speleothem record from North Anatolian Sofular Cave (Badertscher et al.,
2011; Shumilovskikh et al., 2013b). A further time marker forms the tephra layer at about
130.9 + 0.7 ka BP originating from the Mediterranean Pantelleria eruptidd;(Bouthern

Italy) originally dated at 131 + 5 ka BP (Paterne et al., 2008). Age uncertainties were
determined by the mean squared estimate (MSEi) from Grant et al. (2012, supplement) by
considering four sensitive variables (radiometric dating error of Sofular Caleotyzn,
sample spacing in th&®Ospeleothemrecord, sample spacing in the 228 0gstracodsrecord,

and extra uncertainty allowance for more ambiguougpdiats). Sedimentation rates are
given for each interval. Modified from Shumilovskikh et al.X38, 2013b).

3.2. Sediment gechemistry

Sedimentary Al, Ca, K, and Sr contents were measured from HF/HEI® digestions
(Schnetger, 1997) by ICBES (iCAP 6300Duo, Thermo). Precision and accuracy were
checked by using the international reference mat&GR1 (USGS) and were better than
3.7% and 6.9%, respectively. Total carbon (TC) was determined by using elemental analyser
EA 1110 (CEinstruments). Total inorganic carbon (TIC) was analysed after carbonate
dissolution with 2M HCIQ using elemental afyser multi EA®2000 (Analytik Jena).
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Precision and accuracy were better than 2.3% (TC) and 1.3% (TIC). Total organic carbon
(TOC) was calculated as the difference between TC and TIC.

3.3. Ostracod geochmistry and isotopic compaosition

For geochemical coposition, intact valves of adu€andonaspp. were hangicked
from wetsieved sediments (>18f, 2 cm resolution) and cleaned under a binocular
microscope with a thin brush and a few drops of deionised water. 4 to 12 valves were
dissolved in 2 mL 2 vol.9%INOs of suprapure quality for analysis of Ca, Mg, and Sr by-ICP
OES (iCAP 6300Duo, Thermo) using external calibration. Mg and Sr concentrations in
calibration solutions were corrected for contamination originating from the Ca standard
solution. Signal depgssions caused by Ca were compensated using In as an internal standard.
Possible contamination by detrital material was monitored by Al. Precision and accuracy were
checked by an external solution measured every five samples and ranged fhB%d &nd
0.2-1.1%, respectively.

Selected aliquots were investigated for U by-KR-MS (Element Il, Thermo) using
external calibration and Tl as internal standard. Sample intensities ranged between about
10,000 cps and 160,000 cps U corresponding to U concentratidims sample solutions of
0.02eg Land 0.32g L. Precision and accuracy were checked by an external solution and

were better than 2.1% and 1.9%, respectively.

For Sr isotope analyses, ostracods were cleaned with a few dropsOef(5%0),
methanol, and deionised water (Janz and Vennemann, 2005; Major et al., 2006; Vasiliev et
al., 2010). The ostracods were dissolved in 8D®f 2% HNQOs; and dried on a hot plate at
80°C. Separation of Sr from the sample matrix was achieved in miaronsl filled with
Eichrom®© Stspec resin using the HN@-0 technique. Dried Sr separates werdissolved
in 0.3 N HNQ and fully automated isotope ratio measurements were performed in static
mode on a MACP-MS (Neptune Plus, Thermo). Instrumental mass lwas corrected using
a®Srfosr ratio of 8.375209 and exponential law. External reproducibility for NBS SRM 987
(n =14) is 0.710273 + 14 (2 s.d.) for tH&rF°Sr ratio. Total procedural blank was <228 pg
for Sr.
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3.4. Organic geochemistry

Total lipids of homogenised samples@lg sediment) were extracted by accelerated
solvent extract i o o(nTehxefr mPoS EEc i3e5n0t)i fwictEh a di
methanol mixture (DCM/MeOH 9:1). The extracts were further desulphurized by activated

copper pieces

The extracts were separated over Pasteur pipettes plugged with activadedngd
neutral (hexane/DCM 1:1) and polar (DCM/MeOH 1:1) fractions. After adding
hexatriacontane as injection/internal standard the neutral (containing alkenones) fraction was
measured on a multichannel TraceUltra GC (Thermo Fisher Scientific). Peakicdéntif
was based on comparing peak retention times with a sediment standard containing alkenones.
Alkenonebased palaeotemperatures were calculated according to a calibratiof§ef U
unsaturation index (Prahl and Wakeham, 1987) of surface sediment €Cahte2006).

The polar fractions (containing glycerol dialkyl glycerol tetraethers, GDGTs) were
filtered through a 0.4&m PTFE filter after the addition of a C:46 GDGT standard. The
measurements were carried out by Roginformance liquid chromatograghtmospheric
pressure chemical ionisation mass spectrometry (HRRCI-MS; HPLCMS1100 Series,
Hewlett Packard, USA) using a Prevail Cyano column. Peak identification was performed by
single ion monitoring (see for details Ménot and Bard, 2012). The atitm# of TEXs and
BIT-indices were done according to Schouten et al. (2002) and Hopmans et al. (2004). Water
temperatures were calculated using the global lake calibration by Powers et al. (2010) (943.5
801.5 cm) and the global marine subsurfacd0 m) calibration by Kim et al. (2008)
(800.5792.5 cm). The mean standard deviation for duplicate runs is 0.003 for BIT and 0.004
for TEXge with the latter corresponding to 0.2°C.

4. Results
4.1. Sediment geochemistry

The contents of K reflecting detritalay minerals (e.g. illite) and Heldspars were
normalised to Al to eliminate dilution effects by carbonate and organic matted[MigThe
ending glacial shows two intervals (133132.7 and 13213129.9 ka BP) with strongly
elevated but also fluctuatirk/Al values. Afterwards, K/Al remains on a uniform low level of
about 0.26 corresponding to the typical lithogenic background of the Black Sea (Piper and
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Calvert, 2011). Except for the very end of the penultimate glacial at about 130.8 ka BP, total
inorganic carbon (TIC, Fig3D) remains roughly constant on a low level (1.5%) representing
detrital carbonate as determined via microscopy. Thereafter, TIC increases with values
ranging between 1.8% and 6.5% due to authigenic carbonate precipitation asedemif
microscopy. Sr/Gai values, which help to differentiate between the carbonate types, remain
low (35 -10) during the penultimate glacial and Termination Il (Fig. 3E). Thereafter, Sr/Ca
increases and shows at least two distinct maxima (>109 ot6urring parallel to elevated

TIC values indicating inorganic aragonite precipitation. Low Sr/Ca values are associated with
two coccolithdominated intervals. Total organic carbon (TOC) indicating productivity and/or
preservation is comparatively low unti27.8 ka BP (about 0.3%) but starts to increase at

127.7 ka BP and remains on a high level (about 5%) within the Eemian saprop@FjFig.

4.2. Ostracod geochemistry

The benthic ostracodCandona spp. is widely distributed in the limnic/brackish
sedimets of the Black Sea during the last glacial (RigBahr et al.2006, 2008; Major et al.,
2006; Boomer et al., 2010), thus forming contemporary witness of former climatic and
environmental conditions. The isotopic and geochemical composition of ostragtsinsay
indicate changes in e.g. temperature, precipitation, salinity, nutrients, dissolved oxygen, and
the catchment area (e.g. Chivas et al., 1986; De Deckker et al., 1999; Decrouy et al., 2011a,
2011b). Since Candona is a benthic organism and the deqtdrs of the present core is about
800 m, the geochemical signatures of their shells are expected to reflet@rnongonditions
at the sedimenivater interface rather than seasonal changes.

4.2.1. Element ratios

Mg/Castracodsfrom the glacial Black &a fALakeo mainly depends
only in the case of strong changes in water chemistry on Mgé@Bahr et al., 2008).
Generally, increasing temperature leads to enhanced incorporation of Mg into the ostracod
shells. In this study Mg/Garacds Values are almost constant at about 1.4 mmot'motil 131
ka BP (Fig.3C). Thereafter they fluctuate around 3 mmol ol finally reach 6.9mmol mol
1 at 127.6 ka BP. The lower value of the last sample containing ostracods is most likely not
repreentative due to the extremely low number of individuals and possible diagenetic

alteration, which might be also true for Sré€acodsand U/Castracods Primarily controlled by
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salinity (Wansard et al., 1998), Srisacoddeveals two periods (133E32.5 and 131.830.5
ka BP) with minimum values of about 0.8 mmol rh@Fig. 4C). After smoothly increasing
values between 130.5 and 128.1 ka BP, SklGadsabruptly reaches a maximum of 1.8 mmol

mol ™.

The U/Ca ratio of benthic carbonate shells (éogaminifera, ostracods) may provide
information about changes in salinity (Russell et al., 1994) and/or redox conditions (Ricketts
et al.,, 2001). A continuously low level is seen until 128.3 ka BP @#q. but strongly
increasing values are determineceeally with the appearance of Mediterrandgoe larval
shells fromMytilus galloprovincialis(Aral, 1999; Lamy et al., 2006). At 126.5 ka BP a thin
layer (about 1 cm) containing well preserved benthic foraminifera (Ammonia tepida; G.

Schmiedl, personal camunication) is seen.

4.2.2. Strontium isotopes

Since 8’SrP%Sr of ostracods is not affected e.g. by temperature and/or biogenic
fractionation this proxy can help to identify the impact of different water sources (e.g. Major
et al., 2006)8'Srf Srsirands Values range between 0.708945 and 0.709452 4EY. After a
certain increase between 133.32.5 ka BP,%'Srf%Srosracods reaches a maximum level
between 131-830.5 ka BP strongly exceeding the last Black Sea glacial (maximum 0.7091;
Major et al.,2006). Afterwards, th&’Srf°Srusiacossvalues decrease during Tl and increase

again at around 128.1 ka BP.

4.3. Organic geochemistry
4.3.1. GDGT

GDGTs are widely distributed in aquatic and terrestrial environments and are produced
by archaea andacteria (for a review Schouten et al., 2013). For reconstruction of past water
temperatures the TExindex (TetraEther IndeX of lipids with 86 carbon atoms) is used
(Schouten et al., 2002). In core 22@8(Cthe suitability of the TE3-derived temperatuseis
assured by BHindices being generally below 0.3 (Table S1; Hopmans et al., 2004; Weijers et
al., 2006; Castafieda et al., 2010) and a typical Thaumarcheaota-@bD@marchaeol ratio
below 2 (Table S1) excluding a potential temperature bias relatee taput of soHderived
isoprenoid GDGTs and/or shifts in the archaean populations (Schouten et al. 2002, 2013;
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Turich et al., 2007; Blaga et al., 2009 and references therein). Whilgs-tléXved water
temperatures fluctuate between-11.4°C duringhie ending penultimate glacial, Termination

Il warming shows a more gradual increasing trend (Fig. 3B). The most prominent feature
forms the pronounced increase to about 21.5°C between 128.5 and 127.9 ka BP, followed by
a decrease to ca. 15°C at 127.5 ka BB presentlay Thaumarchaeota abundances are
highest close to the redoxcline (ca. 100 m water depth; Lam et al., 2007; Wakeham et al.,
2007), the TEXs calibration for subsurface (@00 m) temperature reconstruction from Kim

et al. (2008) has been usedtween 127.3 and 122.5 ka BP (Fig. 3B). During this interval
TEXsge temperature estimates have a constant level of about 9°C.

4.3.2. Longchain alkenones

The longchain diand triunsaturated & alkenones used foft§-based temperature
reconstructions are specific compounds, which are mainly produced by the coccolithophorids
Emiliania huxleyiiand Gephyrocapsa oceani®/olkman et al., 1980; Marlowe et al., 1984;
Coolen et al., 2009) and whose concentrations relatieath other are a function of growth
temperature (Prahl and Wakeham, 1987).

The appearance ofs&zo alkenones at 127.6 ka BP marks the intrusion of marine
haptophytes in the Black Sea (Fig. 3H). The concentrations show two further intervals
reaching maximm values at 125.3 and 123 ka BP. The alkermased seaurface
temperature estimates (SST%J) are around 17°C and increase to ca. 20°C in the earliest
part of the record (Fig. 3B). As 17°C is close to the modern mean SST value during early
summer coaalithophorid blooming (Cokacar et al., 2004) and knowing that maximum
alkenone concentration currently occurs in the upper 10m of the Black Sea (Freeman and
Wakeham, 1992), the 87 proxy most likely reflects early summer surface temperature

during the Emian.
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5. Discussion

During the transitionrbm the penultimate glacial (MIS 6) into the Eemian (MIS 5e) the
Black Sea shows a complex environmental response to several important factors including the
decaying northern ice sheet, the hemisplvgde climatic amelioration, and the
Mediterranean Seaconnection related to the eustatic-kaeel rise. In the following, we
concentrate on the three major periods: (i) the end of the penultimate glaciat12932%a
BP), (ii) the warming during Termination Il (129228.1 ka BP), and (iii) the Meditermaan
Black Sea reconnection during the Eemian (1:222.5 ka BP).

5.1. Ending penultimate glacial (133.5129.9 ka BP)

The ending penultimate glacial shows several indications for cold but also relatively
unstable climate conditions in the Black Sea negithus, TEXs-derived water temperatures
reveal a pronounced variability (Fig. 3B). Although BIT and GB@drenarchaeol values
assure the suitability of the TkXpalaeothermometer, this proxy has to be interpreted
carefully as it is still under debatehether TEXs reflects summer, winter, or annual mean
temperatures. This uncertainty is also valid for the water depth from where the signals may
originate. As reviewed recently by Castaneda and Schouten (2011), several studies on
lacustrine systems suggéisat TEXge temperatures represent surface winter conditions due to
maximum archaea production at that season. On the other hand, according to Ménot and Bard
(2012) the TEXs temperatures from the last glacial likely represent summer conditions at the
lake surface (upper 30 m). The comparatively high temperature level of 9°C for the ending
MIS 6 glacial of this study argues against a temperature signal produced during winter.
Frequent formation of winter coastal ice as indicated by IRD (Fig. 3A, Nowacayk 2012;
Shumilovskikh et al., 2013b) is not compatible with the comparatively high s EX
temperature level, whereas the comparison of IRD anded Eetmperatures is certainly
limited by the lower resolution of the latter parameter. We postulate thagsT€&Xperature
estimates during MIS 6 reflect annual mean surface conditions because: (i) the global lake
calibration of TEXs was generated for mean annual surface temperatures (Powers et al.,
2010) and (ii) the mean annual SST estimates from the Medhitan Sea of about-12°C
during glacials MIS 6, 4, and 2 (Cacho et al., 2001; Martrat et al., 2004; Fig. 1B) show strong
similarity to TEXge temperature estimates considering the continental climate of the Black

Sea region. Following this suggestion, we conclude, that our lowsefdietived mean annual
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lake surface temperatures (LST) along with fluctuating IRD presence duringntheg
penultmate glacial reflect relatively cold but also unstable conditions as a prelude for the

following warming phase.

The surface temperature changes were however not strong enough to influence the
deeper water column at least until 131 ka BP. Low Mg/Ca valibserdhic ostracods (Fig.
3C) indicate relatively stable and cold conditions in the deeper Black Sea (800m) that likely
were not influenced by seasonal changes. The observed Mgica fluctuations of
maximum 0.5 mmol mdl, imply relative changes irmnperature of less than 1°C (Bahr et al.,
2008). A higher variability is seen only during the last 1000 years of the ending penultimate
glacial probably reflecting the initial TIl warming.

In accordance with the generally cold lake surface temperaturesobserve
permanently low TOC values (Fig. 3F) that may indicate limited primary productivity. The
use of bulk TOC, comprising freshly produced aquatic as well as altered terrestrial organic
matter, suffers from decomposition in the water column and sedinfert. Burdige, 2007,
Zonneveld et al., 2010) thus asking for further proxies reflecting productivity. The lack of
authigenic carbonates as an indirect proxy for phytoplankton activity (Bahr et al., 2008;
Nowaczyk et al., 2012) also argues for a generatuced productivity. Furthermore, low
dinocyst percentages (Shumilovskikh et al., 2013b) suggest a limited summer productivity
(Fig. 3G; De Vernal and Marret, 2007).

5.2. Meltwater pulses

As a prominent feature of the ending penultimate glacial, Badertscher et al. (2011)
suggested a melt water pulse from the Fennoscandian ice sheet possibly entering the Black
Sea via the Caspian Sea. The authors determined veryfigtvalues in the Sofar
speleothem in NW Anatolia between 133.30.5 ka BP (Figs. 1A, 4A) which are assumed to
reflect the isotopic composition of the Black Sea surface waters and thus the input of a large

guantity of freshwater to the Black Sea fiLak
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This meltwater pulse is most likely also documented in the SE Black Sea record
becawse i*®Oostracodsvalues show a pronounced negative excursion between-132.2 ka BP
(Fig. 4B). As thdi'®OostracodsSignal originate from benthic organisms in depths of about 800m
such strong depletion could not be caused by usual precipitation anderiwgut alone but
must have its origin in an extensive meltwater contribution. This assumption is supported by
the Sr/Castracodsp @t t er n i ndi cating a | owering of the
(Fig. 4C) for this interval. Correspondindlyw Sr/Castracodsvalues occur also between 133.5
132.5 ka BP and point to two separate meltwater pulses in contrast to the idea of a continuous
meltwater phase (Badertscher et al., 2011). These meltwater pulses are here referred to as
BSWRII-1 (133.5132.5 ka BP) and BSWR-2 (131.5130.5 ka BP) following the

nomenclature of Soulet et al. (2013)on T I

While the presence of fAred | ayerso during
source for BSWP in the NW Black Sea (e.g. Major et al., 2006r Baal., 2008; Soulet et
al., 2013, Fig. 1A), such deposits are not found at our SE study site for TIl. Nevertheless,
during both BSWHI, enhanced sedimentary K/Al indicates an input of detrital suspended
matter differing significantly from the local bleground level of about 0.26 (FiglD).
According to Piper and Calvert (2011) elevated K/Al values are caused by the deposition of
illite- and K-feldspafrich material from the northern rivers (Danube, Dniester, Dnieper) and

Azov Sea, which generally positowards a northern meltwater source.

The most remarkable feature of both BSWRire increasing’’Srf®Srostracodsvalues
(Fig. 4E). While theé?’SrP®Srosiracoaslevel of BSWRII-1 is roughly similar to the T | melt
water event (Major et al., 2006; Badiral., 2008), BSWH -2 reaches much more radiogenic
values of up to 0.70945 distinctly exceeding the T | I€abbut 0.7091; Major et al., 2006).
Closeby rock and sediment sources with radiogenic Sr might be the Anatolian/Pontic
Mountains in the southnd/or the Caucasus in the east (Fig. 1A). Unfortunately, available
87SrFeSr data are limited to specific rock types in both orogens but an aVésa§esr value
of about 0.7054 calculated from studies in the Eastern Pontides most likely excludes an
Anatolian/Pontic Mountain source (Altherr et al., 2008; Aydin et al., 2008; Kaygusuz and
Aydéen-aker, 2009). This is al sdSrfSrvatuedfor t h
about 0.7041 (Mengel et al., 1987; Lebedev et al., 2007).

While the freshwatemost likely originated directly from the Fennoscandian Ice Sheet
and from the Dnieper drainage basin (e.g. Major et al., 2006; Soulet et al., 2013) during the

last glacial melt water pulse, northern rivers hardly represent potential sources for the BSWP

47



Meltwater events and the Mediterranean reconnection at the Saadianian transition in the Black Sea

I1-2 Srisotope anomaly as their signatures are less radiogenic (av. 0.708792; Major et al.,
2006). Even though K/Al suggests illiteeh (Muller and Stoffers, 1974) northern sediments
as the source of suspended matter, the waters eroding this materitidrehelf regions may

originated from a more distant source carrying a different isotopic signature.

Page et al. (2003) reported increasingistope values in mollusc shells from the
Caspian Sea during the last 100 ka reaching a maximum leb&D&tka(0.708420.70864).
Because the Ssotope values of the rivers Volga (0.70802) and Ural (0.7082; Vasiliev et al.,
2010) north of the Caspian Sea are too low, the authors suggested that the Amu Darya river,
which currently flows into the Aral Sea, may hasantributed highly radiogenic Sr from the
Himalayas (Henderson et al., 1994 and references therein) to the Caspian Sea during periods
of elevated discharge and enhanced Himalayan runoff. Meltwater with extremely high
radiogenic Sr from lesser Himalayanestms (0.7164..023; Jacobson et al., 2002) could have
been sufficient to account for measureable changes-isofipe signatures. Therefore, we
propose that water from the Amu Darya drainage basin fed by radiogenic Sr from enhanced
western Himalayan weagring during massive deglacial melt water pulses, entered the
Caspian Sea and finally reaching the Black Sea through e.g. the Manych depressid) (Fig.

This assumption is supported by studies suggesting that the Amu Darya River directly entered
the Capian Sea at the beginning of the Holocene (Boomer et al., 2000) and that it was
strongly influenced by the western Himalayas (Leroy et al., 2013). Assuming comparable
dynamics during the penultimate glacial, the crucial prerequisite remains the CBiggian

Seas connection, which may have occurred between 135 and 130 ka BP, as suggested from
speleothem and faunal studies (Svitoch et al., 2000; Badertscher et al., 201B)Fithis
connection was likely strengthened by Fennoscandian melt water dis¢fmargée Volga

River as assumed for the last glacial.

Unf ortunatel vy, to the authorsdé b-isdopes k no wl
in the Caspian and Aral Seas and other Eurasian lakes (and between the Black Sea and
Himalayas) during this perp which would help to understand and reconstruct ancient
meltwater pathways. Future studies in these regions could also bring more light into
prominent shoreline terraces surrounding the Caspian Sea, which are up to now-dategell
but may be also pdytrelated to MIS 6 meltwater events (for review see Forte and Cowqill,
2013). Unless further studies will provide evidence for a different source of the radiogenic Sr,

our record likely demonstrates a-fegld component of Asian climate dynamics on tHadR
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Sea/Northern Anatolian region during the BSWWR at the end of the penultimate glacial

period.

5.3. Termination Il and early Eemian warming (129.9128.1 ka BP)

Termination Il marks the transition period between the penultimate late glacial and the
Eemian interglacial lasting for abol#4 ka (Fig. 2). The onset of Tll is here defined after the
last pronounced appearance of IRD at ca. 129.9 ka BP (Fig. 3A), which is in accordance with
sedimentological studies from Lake Ohrid (Fig, Albania; Vogelet al., 2010) and pollen
records from Lago Grande di Monticchio (ltaly, FiB; Allen and Huntley, 2009). The
disappearance of IRD document milder winters and a gradual increase gfddfXed LST
rising mean annual temperatures from 9°C to about C5a5128.4 ka BP in the early Eemian
comparable to present annual mean values of 15°C (Fig. 3B; Locarnini et al., 2010). Besides
further Eemian warming, the following abrupt increase to about 21.5°C within only 0.4 ka has
to be attributed to a shift in Thearchaeota productivity towards summer because an
amplitude of almost 13°C between glacial and interglacial mean temperatures appears rather
unlikely. Irrespective of aforementioned limitations caused by the used calibration, this
assumption is also in esrdance with modern summer water temperatures at the coring site of
about 23°C (Locarnini et al., 2010). Increasing summer productivity during this period is
further reflected by rising phytoplanktemduced carbonate precipitation (TIC; Fig. 3D) and
increasing percentages of freshwater and brackish dinocysts3EigShumilovskikh et al.,
2013a; De Vernal and Marret, 2007). TOC contents (Fig. 3F), however, are still low in this
interval probably due to elevated decomposition of freshly produced orgateéciah within

the oxic water column.

The TII warming also affected the deeper water body indicated by Mgktavalues
behaving similar to LST at least until 129.2 ka BP thereby implying amigkkd water
column (Fig. 3C). Decreasing Mg/gs@acodsvalues thereafter may point to a LST warming
induced thermo(haline) stratification and consequently less mixing of water masses. The
initial and a supraegional warming in our record is further supported by sharply increasing
UH¥0stracodsvalues (Fig. 4B due to enhanced temperataiéven contribution of*0 from
atmospheric precipitation (Bahr et al., 2006) as also suggested from the Sofular speleothem
record (Badertscher et al., 2011; FigB, 4A).
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The early TIl warming is characterised by a reductimisedimentation rates from an
average glacial level of 30 cm k& 20 cm k& (Fig. 2), which has to be attributed to lower
inputs of terrestrial material due to decreasing ice sheet melting and river discharge.
Additionally, decreasing K/Al an&SrP®Srosracodsvalues also document the disappearance of
northern runoff (Figs. 4D, 4E). The lower terrigenous input may further attributed to the
gradual spreading of the Anatolian vegetation, thus favouring soil stabilisation
(Shumilovskikh et al., 2013bEspecially, the spreading of oaks, which is sensitive to initial
warming in the Mediterranean region, confirms warmer and wetter conditions on land
(Shumilovskikh et al., 2013Db).

5.4. The MediterraneanBlack Sea reconnection duringhe Eemian (128.11225 ka BP)

In the course of global warming, the rising sea level allowed the Mediterr@haei
Sea reconnection via the Bosporus sill not later than about 129.5 ka BP (Grant et al., 2012,
Fig. 4H) documented by several salinigfated parameters in ougaord. Steeply increasing
values of Mg/Castracods St/Castracods 2’ SrP®Stostracods and U/Castracodsat about 128.1 + 0.7 ka
BP (Figs. 3C, 4C, 4E, 4F) clearly indicate the intrusion of salty bottom waters. The
significance of the observed time lag weén the connection as expected from the eustatic
sea level and as indicated from our Black Sea records is certainly limited due to age model
uncertainties, a potentially differing Bosporus sill depth, and transient

hydrological/environmental changes.

Eventhough, Mg/CastracodsiS generally used as a proxy for temperature, it also reflects
changing salinity if water chemistry experiences fundamental changes (Bahr et al., 2008).
87Sr/ 88S1siracoasvalues reaching the level of the modern Aegean and Blaak 709157
and 0.709133; Major et al., 2006) also support the impact of Mediterranean waters at least on
the deeper parts of the Black Sea. The higher concentration of U in seawater when compared
with freshwater (dbawatsr 3.2 €9 I Ureshwateriver 0.24 €9 I'Y; Martin and Whitfield, 1983)
may favour elevated incorporation in ostracod shells thereby representing a further salinity
proxy. Nevertheless, this assumption needs further investigation and verification. While
Russell et al. (1994) also sugted that U/Ca in benthic and planktonic foraminifera reflects
changes in seawater U concentrations; Ricketts et al. (2001) used the U/Ca ratio of ostracods

as an indicator for varying redox conditions.
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The abrupt disappearance of the ostracods after 1 ka at 127.1 ka BP suggests a salinity
exceeding the tolerance of the freshwater specaslonaspp. (68 g kg?; Aladin and Potts,
1996; Meisch, 2000) and/or the establishment of anoxic bottom watersurEdvoy rising
temperature, rapid enhancement of primary productivity and preservation, the formation of
the TOGrich Eemian sapropel started at about 127.6 ka BP 8FHy.Euxinic bottom water
conditions, however, most likely evolved not beforedlsappearance of benthic foraminifera
at 126.5 ka BPAmmonia tepidaG. Schmiedl, personal communication). AlthoWghmonia
tepidais able to survive anoxic periods its growth is generally favoured by oxic conditions
(Aksu et al., 2002). As these foranfania also suggest a bottom water salinity >7 g &gout
1.5 ka after the reconnection (Bradshaw,5.7 ; ata¢ atjal., 2009), a salinifependent
disappearance of the ostracods appears to be more likely. If not of allochtonous origin, the
occurrence oMediterraneartype larvalMytilus galloprovincialisat 128.1 ka BP may also
imply more saline surface waters (at least 15 ¢; yal, 1999). A more reliable indication
for increasing surface water salinities is given by the high percentages of maoogsthin
and the appearance of haptophyte produced alkenones at least since 127.6 ka BP (Figs. 4G,
3H).

The change in the hydrochemical conditions and biogeochemical processes after the
MediterraneasBlack Sea reconnection allowed at least two significanbge of authigenic
aragonite precipitation documented in parallel maxima of TIC and &@i/@aca. 126.9 and
124.4 ka BP (Figs. 3D, 3E). Higher temperatures and the inflow -aotlsiMediterranean
water favour precipitation of aragonite (Muller et 4B;72; Brauer et al., 2007; Milner et al.,
2012) and is typically observed after Mediterranean reconnections (e.g. Kwiecien et al.,
2008). Two layers dominated by coccoliths occur in between the aragonite layers (Fig. 3E)
being consistent with the increagin %765 alkenone/TOC predominantly derived frdm
Huxleyi(e.g. Volkman et al., 1980; Coolen et al., 2009; Fig. 3H).

Just after the reconnection, TkXemperatures decrease within 1 ka (Fig. 3B), which
might be not related to a shift in temperature fouthe associated major hydrographic and
biogeochemical changes impacting the behaviour of Thaumarchaeota. Vertical profiles from
the modern Black Sea water column show an elevated nutrient availability including
ammonium close to the redoxcline (aboutl®D m; e.g. Yakushev et al., 2006; Wakeham et
al., 2007). Since the cold intermediate layer positioned betwe&0 &0 marks the maximum
depth of the seasonal subsurface water renewals, the deeper waters at the redoxcline currently

reveal an almost constitemperature of about 8 to 9°C throughout the year (Yakushev et al.,
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2007). Indeed, elevated abundances of ammoioxidising Thaumarchaeota and
crenarchaeol (a diagnostic biomarker for Thaumarchaeota) concentrations are reported from
the redoxcline oftte Black and Baltic Seas thus strongly suggesting asd EXnhperature

signal produced in greater water depths (e.g. Wakeham et al.2003, 2007; Menzel et al., 2006;
Lam et al., 2007; Coolen et al., 2007; Labrenz et al., 2010). Therefore, we attribute this
temperature decrease in our record to a habitat change of the Thaumarchaeota community
from euphotic surface to deeper waters. When using the subsurface calibration from Kim et
al. (2008), the resulting temperature estimates are stable are@f@ (&ig. 3B)and closely
correspond to the presetiy temperature at the redoxcline (Yakushev et al., 2007; Locarnini

et al., 2010). First measurements of eight surface sediment samydles@rom the NW,

NE, and SE Black Sea (Table S1) revealed a mean moderges T&Hperature of ca. 9°C

when using the same calibration, which is also similar to the mean Eemian temperature. The
alkenonederived SST (897) of on average 17°C (Fig. 3B) are close to the predantSST

during spring/early summer coccolithophores blaogmi(Fig. 3B; Cokacar et al., 2004;
Locarnini et al., 2010), which also supports the idea that mean annual subsurface (upper
redoxcline) temperatures are estimated by the gfEXoxy in the stratified Black Sea.
Although the postulated Thaumarcheota habghtft appears plausible, a conclusive
explanation requires further microbial studies in the water column as well as biomarker

measurements including sediments and suspended matter to attain an appropriate calibration.

5.5. The last two glaciainterglacial transitions in the Black Sea

This chapter briefly compares the three major periods, i.e., glacial, Termination, and
interglacial of the last two glackabterglacial transitions in the Black Sea. Both ending
glacials reveal certain fluctuations in TkXsurface temperatures with the penultimate
showing a generally higher temperature level of about 3°C (Fig. 5A; Ménot and Bard, 2012).
Colder conditions during the penultimate glacial from other European records encompassing
the same time intervals, e.gk% reconstructions from the Iberian Margin (Pailler and Bard,
2002; Martrat et al., 2007), suggestdifference in regional climate rather than a general
difference between the last and penultimate glacial. Today, the climate pattern differs in the
NW and SE Black Sea region (e.g. Capet et al., 2012) with higher precipitation, milder
winters, and less seasonal temperature differences in the SE part (Deniz et al., 2011).
Comparable regional gradients might have been active during the late glacial peviadsypr

explaining the deviations between both time periods.
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A stronger mel twater i mpact on the Bl ack
is reflected byl*®Oostracodsand Sr/Castracods patterns with two discrete periods of intense
meltwater supply, whereas a less pronounced meltwater impact lasting about 2 ka is recorded
during the last late glacial (Figs. 5C, 5D; Bahr et al., 2006, 2008). One reason for this
difference might be the 56%arger Saalian ice sheet allowing a significantly higher
freshwater discharge during its retreat (Colleoni et al., 2009). Furthermore, extreme
radiogenic®’SrPSrsiracossSignatures especially during the penultimate BSNVP, suggest a

freshwater surpis from a potential Himalayan/Caspian source (Fig. 5E).
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Fig. 5. Comparison between the last two glagrderglacial transitions in the Black Sea

(penultimate transition: this study; last transition: literature data). Literature data from the last

trangtion are from the NW Black Sea: (A) Te&temperature (Ménot and Bard, 2012), (B)

Mg/Caustracoas(Bahr et al., 2008), (QF*¥Oostracoas(Bahr et al., 2006), (D) Sr/Gaacods(Bahr et

al., 2008), and (Ej’SrF°Srsneis (Major et al., 2006). Core namesdawater depths are given.

BSWP indicates meltwater pulses.

Relative to the timing of the Saalian (140 ka BP) and Weichselian (21 ka BP) glacial

maxima, the initial TIl warming appears later than during TI. This difference can be also
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attributed to thdarger Saalian ice sheet, expanding further to the east and south into the
Eurasian continent (Svendsen et al., 2004), having a direct impact on the regional Black Sea
climate. This could have locked the Black Sea region more systematically in a moa¢ glaci
state lagging behind the global climate change. While gfBRd Mg/Castracodspatterns (Fig.

5A, 5B) clearly document the Bgllingjllerad warming and the Younger Dryas (YD) cooling
during T | (Bahr et al., 2008; Ménot and Bard, 2012), a rather grdolutalalso less
pronounced warming is indicated by T&>turing TII. Although the drop in Mg/Garacods

may suggests a Ydike eventat the end of TIl, several proxies in the sediment record argue

against such cooling (compare Section 5.3).

Concerning the Bck Sea interglacials the TEX temperature increase was
considerably stronger and faster during the Eemian (Fig. 5A) resulting in distinctly higher
summer surface temperatures. This was probably favoured by the lack oflikeYd&yent
facilitating the unlisturbed warming. Since the Mediterranddack Sea reconnection is
coupled to the global sdavel change at the glacial Terminations the time between the onset
of the interglacials in the Black Sea and its reconnection to the Mediterranean appeears short

during TII.

6. Conclusions

This multiproxy study provides new comprehensive insights into the evolution from
the penultimate gl aci al Bl ack Sea fdLakeo to
0.7and 122.5 + 1.7 ka BP.

The ending penultimate glacial in the SE Black Sea is impacted by two melt water
pulses (BSWRI-1 and BSWHI-2). A remarkable negativé!®Oostracods €XCUrsion and
unusual high radiogenic $sotope ratios of ostracods during BSWF2 most likely indicas
a Himalayan source and enhanced discharge of the Amu Darya River entefigcth&ea
via the Caspian Sed@ermination I, identified by abrupt IRD disappearance since 129.9 + 0.7
ka BP, is characterised by a gradual warming favouring productivitycampled carbonate
precipitation.First interglacial conditions at around 128.5 + 0.7 ka BP are documented by a
rapid increase of summer SST followed by the MediterraiBdack Sea reconnection at
128.1 + 0.7 ka BP. Elevated primary productivity due tongdemperature initiated Eemian
sapropel formation at about 127.6 + 1.7 ka BP with bottom water euxinia most likely
established after the disappearance of benthic foraminifera at 126.5 k&uBRce
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temperature estimates from the penultimate late glé@ial) to the Eemian (17°C) reveal a
warming of about 8°C in the Black Sea region.

This study on the penultimate glaciaterglacial transition demonstrates the complex
relationship between global and regional climate change and the paleoceanographanevolu

of the largely isolated epicontinental Black Sea.
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Supplementary Material

Age-depth model

Pollen stratigraphic correlation from Shumilovskikh et @013) Quaternary Research 80,
349360

22GC-3 depth [cm] age [ka BP]
794 123.0
812 127.5

XRF Ca correlation between 22Gand 22GE8

22GC-3 depth [cm] 22GC-8 depth [cm] age [ka BP]
790.00 782 122.0
794.00 787 123.0
796.50 790 123.6
799.00 792 124.3
802.50 795 125.1
809.00 799 126.8
812.00 801 127.5

Correlation betweeli*®ostracodswith 2°Th datedi'®Ospeeothenfrom Sofular Cave

22GC-8 depth [cm] age [ka BP]
812.5 128.8
832.5 130.4
859.5 131.0
916.5 132.7

Final agedepth model for 22G@

22GC-8 depth [cm] age [ka BP]
782.0 122.0
787.0 123.0
790.0 123.6
792.0 124.3
795.0 125.1
799.0 126.8
801.0 127.5
812.5 128.8
832.5 130.4
859.5 131.0
916.5 132.7
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22GG8 Sediment Geochemistry

depth [cm] age [kaBP] TOC [%] TIC [%] Al [%] Ca [%] K [%] Sr [mg/kg]
784.5 122.50 4.27 5.70 3.81 19.73 1.04 907
785.5 122.70 5.10 4.86 4.08 17.43 1.14 2153
786.5 122.90 4.08 5.97 3.73 19.33 1.04 961
787.5 123.11 4.38 6.25 3.15 21.63 0.89 1303
788.5 123.32 5.37 4.18 4.83 14.07 1.35 779
789.5 123.53 5.06 2.95 5.98 9.94 1.67 504
790.5 123.79 4.88 3.28 5.76 10.90 1.65 712
791.5 124.10 3.59 4.82 4.95 15.10 1.40 1977
792.5 124.40 3.91 6.56 2.80 25.10 0.76 4830
793.5 124.69 4.10 4.40 5.01 15.75 1.33 1903
794.5 124.98 4.86 3.79 5.31 13.65 1.39 667
795.5 125.33 4.17 4.44 4.83 16.25 1.26 773
796.5 125.74 4.44 3.17 5.94 11.50 1.55 550
797.5 126.14 4.34 2.92 6.21 10.75 1.56 803
798.5 126.55 4.60 5.67 3.61 21.20 0.92 3927
799.5 126.94 4.05 6.05 3.45 20.85 0.88 3917
800.5 127.31 3.23 6.02 4.09 18.45 1.05 3110
801.5 127.56 2.58 4.84 5.01 15.30 1.27 2003
802.5 127.67 0.93 4.12 5.86 12.80 1.50 898
803.5 127.78 0.21 4.60 5.83 14.00 1.50 395
804.5 127.90 0.27 5.03 5.52 15.80 141 402
805.5 128.01 0.21 5.64 5.08 17.30 1.30 412
806.5 128.12 0.06 6.23 4.77 19.25 1.24 416
807.5 128.23 0.19 5.82 4.99 18.40 1.29 390
808.5 128.35 0.23 4.94 5.04 15.50 1.32 332
809.5 128.46 0.21 3.11 6.85 10.10 1.79 250
810.5 128.57 0.26 4.41 5.84 14.00 1.53 308
811.5 128.69 0.21 4.19 5.99 13.25 1.56 294
812.5 128.80 0.29 3.96 6.17 12.75 1.57 286
813.5 128.88 0.27 3.87 6.04 12.90 1.70 282
815.5 129.04 0.20 3.34 6.70 10.90 1.81 261
817.5 129.20 0.27 2.90 6.83 9.22 1.81 236
819.5 129.36 0.26 2.70 7.40 9.14 191 244
821.5 129.52 0.32 1.82 8.20 6.37 2.13 229
823.5 129.68 0.34 1.43 8.27 4.95 2.26 206
825.5 129.84 0.30 151 8.27 5.24 2.33 206
827.5 130.00 0.26 1.18 8.12 4.21 2.60 169
829.5 130.16 0.33 1.60 8.44 5.52 2.40 214
831.5 130.32 0.30 1.45 8.40 5.04 2.45 198
833.5 130.42 0.31 0.81 7.75 2.89 2.64 138
835.5 130.47 0.26 0.83 8.24 3.04 2.71 149
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22GG8 Sediment Geochemistfgontinued)

depth [cm] age[kaBP] TOC [%] TIC [%] Al [%] Ca [%] K [%] Sr [mg/kg]

837.5 130.51 0.29 0.89 8.11 3.29 2.86 153
839.5 130.56 0.24 1.29 8.08 4.46 2.49 176
841.5 130.60 0.19 1.28 7.77 4.53 2.47 170
843.5 130.64 0.19 1.38 7.05 4.75 2.38 162
845.5 130.69 0.23 1.40 7.12 4.84 2.37 171
847.5 130.73 0.22 1.53 8.49 5.45 2.62 219
849.5 130.78 0.36 1.76 8.66 6.31 2.70 223
851.5 130.82 0.15 2.11 8.36 7.29 2.63 244
853.5 130.87 0.17 1.46 7.36 5.18 2.50 179
855.5 130.91 0.47 0.10 5.65 1.84 2.25 1840
857.5 130.96 0.25 1.37 8.86 4.93 2.74 201
859.5 131.00 0.21 1.33 8.27 4.86 2.59 187
861.5 131.06 0.18 1.27 8.11 4.43 2.64 180
863.5 131.12 0.29 1.19 7.93 4.29 2.57 173
865.5 131.18 0.24 1.19 7.30 4.16 2.53 160
867.5 131.24 0.23 1.17 6.95 4.14 2.49 156
869.5 131.30 0.29 1.18 7.45 414 2.60 157
871.5 131.36 0.25 1.15 7.74 4.09 2.69 162
873.5 131.42 0.31 1.16 8.04 4.45 2.73 179
875.5 131.48 0.28 1.32 7.99 4.66 2.65 174
877.5 131.54 0.31 1.32 7.40 5.16 2.62 175
879.5 131.60 0.23 1.44 6.87 4.45 2.47 152
881.5 131.66 0.25 1.35 6.87 4.70 2.24 168
883.5 131.72 0.16 1.44 7.38 4.83 2.39 178
885.5 131.78 0.28 141 7.30 4.58 2.31 169
887.5 131.84 0.28 1.36 6.80 3.72 2.45 142
889.5 131.89 0.26 1.06 6.66 4.34 2.32 150
891.5 131.95 0.24 1.30 7.24 4.87 2.32 175
893.5 132.01 0.23 1.40 6.15 4.01 2.00 145
895.5 132.07 0.27 1.35 5.40 3.55 1.80 125
897.5 132.13 0.23 1.28 7.07 4.32 241 158
899.5 132.19 0.27 1.20 5.83 3.68 1.97 133
901.5 132.25 0.23 1.23 7.01 4.40 2.17 163
903.5 132.31 0.24 1.23 7.07 4.44 2.09 168
905.5 132.37 0.32 1.30 7.62 4.84 1.99 185
907.5 132.43 0.33 1.39 7.28 4.53 1.88 172
909.5 132.49 0.32 1.25 6.87 4.35 1.90 162
9115 132.55 0.36 1.30 6.56 4.56 1.88 161
913.5 132.61 0.31 141 6.94 4.60 2.23 162
915.5 132.67 0.44 1.16 6.96 4.14 231 151
917.5 132.73 0.36 1.27 7.09 4.89 2.54 165
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22GG8 Sediment Geochemistfgontinued)

depth [cm] age[kaBP] TOC [%] TIC [%] Al [%] Ca [%] K [%] Sr [mg/kg]

919.5 132.79 0.33 1.34 7.30 491 2.48 177
921.5 132.85 0.32 1.48 7.44 541 2.38 189
923.5 132.91 0.26 1.61 5.74 4.20 1.84 149
925.5 132.97 0.27 1.50 7.26 5.03 2.37 175
927.5 133.03 0.27 1.35 7.25 4.90 2.31 171
929.5 133.09 0.27 1.43 7.42 5.34 2.26 185
930.5 133.12 0.27 1.56 7.38 5.40 2.30 184
931.5 133.15 0.27 1.50 7.69 5.54 2.38 197
932.5 133.18 0.18 1.16 7.25 5.35 2.20 197
933.5 133.21 0.18 1.47 7.13 5.32 2.19 189
934.5 133.24 0.28 1.45 7.05 5.21 2.32 169
935.5 133.27 / / 7.16 5.08 2.37 170
936.5 133.30 0.30 1.29 7.53 4,72 2.36 171
937.5 133.33 / / 7.58 4.35 2.39 165
938.5 133.36 0.32 1.17 7.56 4.32 241 166
939.5 133.39 / / 7.74 4.15 2.57 167
940.5 133.42 0.22 1.34 7.31 4.42 2.47 166
941.5 133.45 / / 7.42 491 2.47 174
942.5 133.48 0.21 1.51 7.44 4.89 2.52 173
943.5 133.51 0.27 1.41 7.34 4.79 2.36 170
944.5 133.54 0.23 1.44 7.43 4.76 2.31 171
*tephra

TIC data from 806.844.5cm were published inShumilovskikh, L. S., Arz, H. W.,
Wegwerth, A., Fleitmann, D., Marret, F., Nowaczyk, N., Tarasov, P., and Behling, H.
(2013b). Vegetation and environmental changes in Northern Anatolia between 134 and 119
ka recorded in Black Sea sedime@saternary Resech 80, 343860
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22GG8 Ostracod Geochemistry

depth [cm] age [ka BP] Sr/Ca [mmol/mol] Mg/Ca[mmol/mol] U/Ca*10® &'Sr/%¢Sr

800 127.1 1.56 4.63 1.62 0.70903
802 127.6 1.84 6.94 3.18 0.70907
804 127.8 1.80 5.60 1.81 0.70907
805 128.0 1.36 /
806 128.1 1.53 3.53 1.14 0.70895
808 128.3 1.42 3.21 0.63 0.70897
810 128.5 141 3.31 / /
812 128.7 1.32 3.83 0.70 0.70895
814 128.9 1.33 3.99 0.61 /
816 129.1 1.22 411 / 0.70899
818 129.2 1.20 4.22 0.61 0.70905
820 129.4 1.18 3.03 / /
822 129.6 1.18 3.49 / /
824 129.7 1.19 2.08 / /
826 129.9 1.18 3.18 / /
828 130.0 1.20 3.19 / /
830 130.2 1.19 2.85 0.99 /
832 130.4 1.21 3.07 / /
834 130.4 111 1.90 / 0.70934
836 130.5 1.09 1.56 / /
838 130.5 1.08 1.58 / /
840 130.6 1.038 1.96 / 0.70921
842 130.6 1.05 1.73 / /
844 130.7 0.91 2.00 / /
846 130.7 0.80 1.99 / /
848 130.7 0.81 2.26 0.49 0.70932
850 130.8 0.80 2.37 0.69 /
860 131.0 0.82 1.71 / /
862 131.1 0.81 1.43 / /
864 131.1 0.83 1.19 / /
866 131.2 0.80 1.27 / /
868 131.3 0.82 1.37 / 0.70945
870 131.3 0.83 1.14 / /
872 131.4 0.81 1.38 / /
874 131.4 0.80 1.50 / /
876 131.5 0.89 1.24 / /
878 131.6 0.86 1.26 0.41 0.70925
880 131.6 0.88 1.61 0.42 /
882 131.7 0.96 1.13 / /
884 131.7 0.98 1.21 / /
886 131.8 0.97 1.43 / /
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22GG8 Ostracod Geochemistfgontinued)

depth [cm] age [ka BP] Sr/Ca [mmol/mol] Mg/Ca[mmol/mol] U/Ca*10® &'Sr/%¢Sr

888 131.9 1.04 1.57 / /
890 131.9 1.03 1.40 / 0.70917
892 132.0 1.04 1.52 / /
894 132.0 1.01 1.49 0.46 /
896 132.1 1.05 1.40 / /
898 132.1 1.12 1.47 / /
900 132.2 1.13 131 / 0.70910
902 132.3 1.08 1.26 / /
904 132.3 1.10 1.19 / 0.70915
906 132.4 1.10 1.20 0.59 /
908 132.4 0.97 1.23 / /
910 132.5 0.91 1.34 / /
912 132.6 0.89 1.36 / /
914 132.6 0.85 1.26 / /
916 132.7 0.85 1.19 / /
918 132.7 0.87 1.22 / /
920 132.8 0.85 1.42 / 0.70921
922 132.9 0.83 1.49 / /
924 132.9 0.85 1.26 / /
926 133.0 0.83 1.67 0.41 /
928 133.0 0.87 1.40 / /
930 133.1 0.81 1.34 / /
932 133.2 0.83 1.52 / /
934 133.2 0.77 151 / /
936 133.3 0.80 1.44 0.38 /
938 133.3 0.80 1.14 0.42 0.70909
940 133.4 0.83 1.39 / /
942 1335 0.89 1.42 / /
944 133.5 0.84 131 / 0.70913
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22GG8 GDGT and TEXs

depth [cm] age [kaBP] BIT TEXss GDGT-0/crenarchaeol LST[°C]' SSTo200m[°C]?

784.5 12250 0.07 0.41 1.20 / 9.0
785.5 122.70 0.06 0.41 1.23 / 8.8
787.5 123.11 0.05 0.41 1.22 / 8.9
788.5 123.32 0.06 0.42 1.26 / 9.5
789.5 12353 0.06 0.41 1.25 / 8.8
790.5 123.79 0.04 041 1.15 / 8.8
791.5 12410 0.04 0.40 1.15 / 8.3
792.5 12440 0.05 0.40 0.97 / 8.7
793.5 12469 0.02 0.40 0.86 / 8.4
794.5 12498 0.04 0.41 1.01 / 9.0
795.5 125.33 0.04 0.40 0.99 / 8.5
796.5 125.74 0.05 0.40 1.038 / 8.7
797.5 126.14 0.06 0.43 0.99 / 9.8
798.5 126.55 0.06 0.41 0.87 / 8.9
799.5 126.94 0.04 0.41 0.85 / 9.0
800.5 127.31 0.05 0.44 0.76 / 10.1
801.5 12756  0.04 0.49 0.59 14.39 /
802.5 127.67 0.04 0.52 0.41 15.80 /
803.5 127.78 0.12 0.59 0.36 19.64 /
804.5 12790 0.10 0.63 0.30 21.63 /
805.5 128.01 0.10 0.62 0.30 21.10 /
806.5 128.12 0.13 0.63 0.33 21.73 /
807.5 128.23 0.11 0.61 0.34 20.52 /
808.5 128.35 0.09 0.51 0.41 15.56 /
809.5 128.46  0.13 0.41 0.49 10.27 /
810.5 128.57 0.08 0.42 0.44 11.16 /
811.5 128.69 0.08 0.42 0.45 10.90 /
812.5 128.80 0.10 0.42 0.44 10.74 /
813.5 128.88 0.10 0.41 0.44 10.39 /
814.5 12896 0.11 0.42 0.49 10.84 /
815.5 129.04 0.13 0.42 0.46 10.79 /
817.5 129.20 0.15 041 0.46 10.20 /
818.5 129.28 0.14 0.41 0.48 10.27 /
819.5 129.36 0.13 0.40 0.44 9.73 /
821.5 129.52 0.13 0.40 0.45 9.92 /
823.5 129.68 0.13 0.39 0.44 9.48 /
824.5 129.76  0.14 0.39 0.46 9.54 /
825.5 129.84 0.14 0.39 0.44 9.16 /
827.5 130.00 0.12 0.38 0.48 8.81 /
828.5 130.08 0.14 0.39 0.44 9.19 /
829.5 130.16 0.14 0.39 0.41 9.57 /
830.5 130.24 0.13 0.39 0.43 9.47 /
831.5 130.32 0.13 0.39 0.40 9.44 /
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22GG8 GDGT and TEXs (continued)

depth [cm] age [kaBP] BIT TEXs GDGT-0O/crenarchaeol LST [°C]*  SSTo-200m[°C]?

833.5 13042 0.17 0.39 0.44 9.17 /
835.5 130.47 0.19 0.39 0.44 9.54 /
837.5 130.51 0.16 0.43 0.39 11.24 /
839.5 130.56 0.20 0.38 0.44 9.00 /
841.5 130.60 0.19 0.39 0.47 9.55 /
843.5 130.64 0.13 0.39 0.44 9.64 /
845.5 130.69 0.19 0.41 0.51 10.64 /
848.5 130.76 0.15 0.37 0.49 8.51 /
849.5 130.78 0.15 0.37 0.52 8.53 /
850.5 130.80 0.15 0.37 0.50 8.23 /
859.5 131.00 0.20 0.37 0.47 8.45 /
868.5 131.27 0.22 0.39 0.52 9.34 /
878.5 131.57 0.24 0.37 0.49 8.34 /
884.5 131.75 0.19 0.38 0.46 8.86 /
894.5 132.04 0.25 0.36 0.48 7.74 /
896.5 132.10 0.29 0.38 0.47 9.12 /
906.5 132.40 0.30 0.37 0.46 8.18 /
908.5 13246  0.28 0.37 0.46 8.58 /
916.5 13270  0.26 0.43 0.49 11.41 /
922.5 132.88 0.26 0.38 0.46 8.79 /
926.5 133.00 0.22 0.39 0.47 9.16 /
932.5 133.18 0.28 0.37 0.49 8.52 /
943.5 133.51 0.20 0.38 0.52 9.01 /

1LST = lake surface temperature; calculated after Powers(204D0)
2SST = sea surfaesubsurface temperature-200 m water depth); calculated after Kim et al.,
(2008)

Core Top Samples {0 cm sediment depth) GDGT and Tg&X

sample water Lat°N Long°E  TOC BIT TEXg GDGT-0/ SST
depth[m] [deg/min] [deg/min] [%] crenarchaeol

24 MUC1 207.7 41° 28.69'N 37°11.74E 2.2 0.03 0.40 1.05 8.3
14 MUG-7 274.9 44° 35.80'N 36°21.28'E 1.8 0.03 041 0.97 8.9
25 MUGC-2 418.1 42° 6.210'N 36°37.44E 5.4 0.03 0.40 1.08 8.5
17 MUC4 523.2 44° 41.05N 36°2.01'E 19 0.04 042 0.90 9.2
22 MUC1 844.5 43° 13.56'N 36° 29.60'E 3.8 0.05 0.40 1.06 8.6
18 MUCA4 978.9 44° 34.17'N 36°0.78E [/ 0.03 041 0.91 8.9
7 MUC-5 1531.3 43°59.96'N 32°1.76'E 3.4 0.04 0.44 0.96 10.2
20 MUG3 2047.2  43°57.26'N 35°38.47E 5.3 0.06 0.43 1.02 10.0

1 SST (6200 m water depth), calculated after Kim ef{2008)
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22GG8 Alkenones

depth [cm] age [ka BP] UK 37 SST [°C]? Car+38+3d TOC [ug/g]
784.5 122.50 0.59 16.3 37.37
785.5 122.70 0.71 19.9 12.91
786.5 122.90 0.73 20.5 47.98
787.5 123.11 0.71 20 46.99
788.5 123.32 0.67 18.8 28.75
789.5 123.53 0.65 18.2 13.44
790.5 123.79 0.62 17.1 11.30
791.5 124.10 0.57 15.7 8.64
792.5 124.40 0.53 14.6 17.68
794.5 124.98 0.56 154 43.93
795.5 125.33 0.50 13.7 60.46
796.5 125.74 0.55 15.1 39.25
797.5 126.14 0.46 12.3 14.27
798.5 126.55 0.64 17.7 3.12
799.5 126.94 0.57 15.7 11.43
800.5 127.31 0.59 16.2 6.86
801.5 127.56 0.55 14.9 3.98

1 SST calculated after Conte et 1006)
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Abstract

The Eurasian inland propagation of temperature anomdlieéag dacial millennia}
scale climaterariability is poorly understood, but this knowledge is crucial to underistand
hemispheravide atmospherideleconnection patterns and climate mechanisms. Based on
biomarkers andgeochemical paleothermometers, pronounced continental temperature
variability between 64,000 and 20,098ars ago, coinciding with th@reenland Dansgaard
Oeschger cycles, was determined in a adated sediment record from therfaerly enclosed
Black Sea. Cooling during Heinrich eventas not stronger than duringher stadials in the
Black Sea.This is corroborated by modeling results showing that regular Dansgaard
Oeschger cycles penetrated deeprgo the Eurasian continent than Heinrich events. The
pattern of coastal ieesfted detitus suggests a strorgpendence on the climate background
state, with significantly milder witers during periods of reducé&dlirasian ice sheets and an

intensified meridional atmospheric circulation.

Key Points

A | angf Ransgaar®eschger cyclesnthe Black Sea surface temperature
AAbsence of extra cooling durirdeinrich events

A ifferent modes of DO cycles and HE propagation suggestegtmxgmodel comparison
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1. Introduction

The last glacial millenniascale climate fluctuationgivolved major atmosphei@cean
reconfigurations that resulted in strong changes in temperature, precipitation, and wind fields
in the Northern Hemisphere [Bond et al., 1993; Dansgaard et al., 1993; Bard et al., 2000;
Wang et al., 2001]. Greenland ice coand marine archives from the North Atlantic provide
evidence of abrupt changes from cold stadials to warmer interstadials on a millennial
timescale, saalled Dansgaar@eschger (DO) cycles [Bond et al.,, 1993; Dansgaard et al.,
1993]. Stadials associatedth massive iceberg discharges occurring on a multimillennial
timescale, referred to as Heinrich events (HE) [Heinrich, 1988; Bond et al., 1993], were
significantly colder in some areas of the midlatitude North Atlantic [Heinrich, 1988; Bond et
al., 1993 Bard et al., 2000; Martrat et al., 2007]. These abrupt climate changes associated
with DO cycles and HE were probably caused by major reorganizations in the Atlantic
Meridional Overturning Circulation (AMOC) and strongly amplified by shifts in sea ice
expansion and other forms of climate feedback [Bond et al., 1993; Ganopolski and Rahmstorf,
2001; Van Meerbeeck et al.,, 2011; Zhang et al., 2014]. Climate model simulations
[Ganopolski and Rahmstorf, 2001; Zhang et al., 2014] suggest very different sptigahgp
of oceanic and continental temperature anomalies during DO cycles and HE in the Northern
Hemisphere. While stadials (interstadials) have been attributed to a weak (strong) AMOC
associated with decreased (increased) ocean heat transport and ehpsehkice controlled,

HE can be explained by an off mode of the AMOC [Bond et al., 1993; Ganopolski and
Rahmstorf, 2001; Van Meerbeeck et al., 2011; Zhang et al., 2014].

Proxy-based temperature records including DO cycles and HE come mainly from the
North Atlantic sector. Interstadial warming was shown to be strongest in Greenland [Kindler
et al., 2014] and HE cooling most prominent in the midlatitude North Atlantic and western
Mediterranean Sea [Bard et al., 2000; Martrat et al., 2004, 2007]. Climasssogigest that
this spatial heterogeneity in the North Atlantic climate response was transmitted to the
continental interior, with DO cycle temperature anomalies penetrating deeper into the
continent than HE&ssociated cooling [Ganopolski and Rahms®20f)1; Zhang et al., 2014].
Pollen and stalagmite records from eastern and southern Europe reveal a pronounced
variability in rainfall that coincided with DO cycles characterized by wetter conditions and
lower wind stress during interstadials [Allen et 4B99; Tzedakis et al., 2004; Fleitmann et
al., 2009; Fletcher et al., 2010] (Figure S1 in the supporting information). While studies from

the western Mediterranean Sea [Martrat et al., 2004; Allen et al., 1999] recognized distinct
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differences between HEnhd nonrHE stadials, the detailed patterns of DO cycles and HE in
the eastern Mediterranean region seem to be more ambiguous [Tzedakis et al., 2004;
Fleitmann et al., 2009; Shumilovskikh et al., 2014]. Farther to the east, in the southeastern
Asian climatedomain, the significant influence of DO cycles and HE on the monsoonal
system is evidenced through changes in precipitation and wind intensity, based on data
reconstructed from Chinese stalagmites [Wang et al., 2001] and loess deposits [Sun et al.,
2012]. Here stadials are characterized by the reduced precipitation of East Asian summer
monsoons and HE stadials by a strengthening of the winter monsoon circulation linked to an
enhanced zonality in the Northern Hemisphere atmospheric circulation [Wang 2004l;,

Sun et al., 2012]. In contrast to the hydroclimatic impacts over Eurasia, little is known about
the thermal expression of DO cycles and HE. To test climate models and thus complete our
mechanistic understanding of glacial climate oscillations regjugueantitative temperature

reconstructions.

Here we present three temperattetated proxy records from sediment core 25GC
recovered in the southeastern Black Sea, a key region bridging the Atlantic and continental
Eurasian climate realms. The recopass the period from ~64 to 20 thousand years ago (ka)
and includes Marine Isotope Stages (MIS) 4 and 2 (Figure 1b), when the global sea level was
lower and the Black Sea was disconnected from the Mediterranean Sea [Nowaczyk et al.,
2012; Shumilovskikh eal., 2014]. Based on these data, we provide ample evidence for the

impact of the MIS 3 millenniascale climate events on the Black Sea region.

2. Material and Methods

The gravity core 25GQ was retrieved during the R/V Meteor cruise M72/5 in 2007
fomthe sout heastern Bl ack Sea (Archangel sky Ri
of 418m. The sediment core contains an undisturbed sediment sequenc8079SM)
spanning the period from 64 to 20 ka (MI$ MIS 2). An initial age mdel was based ahe
absolutely dated Laschamp geomagnetic excursion (40.70 = 0.95 ka), the Campanian
Ignimbrite tephra (Y5; 39.28 + 0.11 ka), and eight accelerator mass spectrometry radiocarbon
dates [Nowaczyk et al., 2012]. Subsequently, fine tuning of the records sialcmerafted
detritus (IRQX), carbonate content, Ca XRF counts, and the -tegblution magnetic
susceptibility of core 25GQ to the GICCO05 chronology of the North Greenland Ice Core
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Project (NGRIP) resulted in a final chronology with an average sagpdisolution of about
230 years. The age model (Figure 1b) is discussed in greater detail in Nowaczyk et al. [2012].

The initial preparation for glycerol dialkyl glycerol tetraethers (GDGTSs) analysis was
carried out at the Leibniz Institute for Baltic SBa&search Warnemiinde (IOW, Rostock,
Germany). The 148 homogenized samplés$ (¢ sediment; average resolution of 0.29 ka)
were subjected to accelerated solvent extra
with a dichloromethane/methanol mixture (DCM/Mé®:1), followed by desulfurization
with activated copper pieces and GDGT separation using another dichloromethane/methanol
mixture (DCM/MeOH 1:1) over Pasteur pipettes plugged with activate@sAlAfter the
addition of a C46 GDGT standard and filtratibnrhr ough a 0. 45 em pol yt
filter, GDGTs were measured at the CEREGE (&mkProvence, France) using a high
performance liquid chromatography/atmospheric pressure chemical ionization mass
spectrometer (HPLCMS1100 Series, Hewlett Packard, Ws@)pped with a Prevail Cyano
column [Ménot and Bard, 2012]. Singten monitoring was used for peak identification. The
mean standard deviation for duplicate runs was 0.006 forsd @¢traEther IndeX of lipids
with 86 carbon atoms), corresponding to°@.3The laboratory setting was tested through two
interlaboratory comparison experiments carried out in 2009 and 2013 [Schouten et al.,
2013a]. The TEX¥s values were converted to mean annual surface temperature estimates using
the global lake calibratiorPowers et al., 2010]. The calculated temperatures are within the
calibration range of lake surface temperatures, whichi 28C [Powers et al., 2010]. The
TEXsge paleothermometer (TetraEther IndeX of lipids with 86 carbon atoms) records the
ambient wateré@mperature during the growth of Thaumarchaeota [Schouten et al., 2013b].
The TEXgs is assumed to reflect the mean nearface annual temperatures during glacial
stages of the Black Sea [Wegwerth et al., 2014].

Mg/Ca ratios of benthic ostracods were deteed at the IOW (Rostock, Germany) as
follows: Intact valves of adult Candona spp. were handpicked frorsiessed sediments
(>150 em; 135 samples with an average resol
microscope using a thin brush and a feémeps of deionized water. Up to five valves were
dissolved in 2.5 mL of 2 vol% HN{O(subboiled) and then centrifuged, followed by the
analysis of a 1 mL aliquot for Ca and Mg by inductively coupled plasma mass spectrometry
(ICAP Q; Thermo Fisher Scientific Separate calibration solutions were prepared for Mg
(six) and Ca (five) (due to contamination). Matrix effects were compensated by using Be and

Rh as internal standards. Possible contamination by detrital material was monitored by Al.
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Precision (2.2%) rad accuracy (1.4%) were checked every five samples by comparison with
the international reference material ECRM 754BAS). The Mg/Ca ratios of benthic
ostracod carbonate shells (Mgl&acody document the mean annual changes in bottom water
temperature [Bahr et al., 2008; Wegwerth et al., 2014]. The methods for the total inorganic
carbon (TIC) and IRBanalyses are described in Nowaczyk et al. [2012].

Model results were obtained using the CCSM3 fully coupled comprehensive general
circulation model ofthe National Center for Atmospheric Research. Details regarding the

experimental design are provided in Zhang et al. [2014].

3. Millennial-Scale Temperatue Variability in the Black Sea

The mean annual Black Sea surface §&E¥mperature record closely mimics the DO
oscillations seen in the NGRIP Greenland ice core [Dansgaard et al., 1993; Kindler et al.,
2014] (Figure la) and ranges between ~5°C during stadials and ~9°C during interstadials
(today: 15°C). Our TE¥ and Mg/Castracodsrecords suggest that HE and AdE stadials
cooled to about 5.5°C, with no significant difference between them. Variations in
Mg/Caostracods Which closely resemble the Tkesurface temperature record during MIS 3
(Figure 1a), correspond to termpire changes of roughly 2°C [Bahr et al., 2008] at this
intermediate water depth and confirm the -D&lated temperature changes, although we
cannot provide absolute temperature values due to the absence of an appropriate calibration
for the formerly Imnic Black Sea. The magnitude of the temperature variability for the
bottom water is therefore comparable to the amplitudes of thesHtface temperature and
suggested a generally well mixed water column at the coring site during the last glacial period
and especially during MIS 3 (Figure la). The pronounced DO patterns in our temperature
records closely parallel the humidity changes in Northern Anatolia (Figure S1), as inferred
from pollen assemblages in the same sediment core [Shumilovskikh et 4].a@@from the
well-dated Sofular stalagmite record [Fleitmann et al., 2009]. Contrasting evidence comes
from a 40 ka old sediment record in the northwestern Black Sea [Ménot and Bard, 2012],
where cooling occurred only during HE stadials and distinctpat@erns are missing (Figure
S1). This discrepancy remains largely unexplained, but it contrasts with the overregional
paleoenvironmental evidence [Allen et al., 1999; Tzedakis et al., 2004; Fleitmann et al., 2009;
Fletcher et al., 2010; Shumilovskikh &t 2014] and may in part be related to both the large
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heterogeneity in the climatic conditions and the sediment sources of the northern Black Sea
drainage basins.
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Figure 1.Cl i mat e conditions in Greenland ahd the

(6520 ka). (a) Greenlantemperature [Kindler et al., 2014] (NGRIP); Tebased mean

annual lake surface temperature (LST). The variabihtyoottom water temperature was
estimated from the Mg/ Ca of bent himatedaftlset r ac od
temperature changes [Bahr et al., 2008]. Total inorganlwooafTIC) served as a proxy for
phytoplankton productivity Winter severity was inferred from the accumulation rate of

coastal icaafted detritus (IRIp, modified [Nowaczyk et al., 2@]). The Eurasian ice volume

is shown relative to present [Bintanja and van deWal, 2008]. Red numbers and yellow bars
denote thavarm interstadials of DO cycles; HE denotes Heinrich events. (b) Age model of

core 25GC1 with absolute age control poirasdfine tuning using sedimentary parameters
[Nowaczyk et al., 2012].
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Together with enhanced concentrations of dinoflagellates [Shumilovskikh et al., 2014]
and Thaumarchaeota (Figure S1), other proxies from our core, such as the total inorganic
carbon (TIC) reord, suggest a strong environmental response with enhanced biological

productivity during interstadials.

TIC mainly reflects elevated calcite precipitation induced by augmented phytoplankton
blooms during relatively warm interstadials [Shumilovskikh et 2014] (Figure 1a) and
therefore qualitatively supports the temperature reconstructionss #Bumulation rates
(Figure 1a) also show a clear DO pattern, with ¢RDtually missing during interstadials and
high values suggesting the occurrence of exélg cold winter temperatures that favored
coastal ice formation during stadials [Nowaczyk et al., 2012]. The pronounced milennial
scale environmental changes are further supported by the enhanced content of arboreal pollen
during interstadials and a rextion thereof during the stadials in our record [Shumilovskikh
et al.,, 2014] (Figure S1), thus reflecting the pronounced response of Northern Anatolian
vegetation to the variability in temperature and especially in precipitation during DO cycles.
The enhaoed arboreal pollen content is indicative of milder and wetter conditions during
interstadials [Shumilovskikh et al., 2014]. Wetter conditions may have contributed to

enhanced planktonic activity through high inputs of macronutrients from land.

4. Long-Term Temperature Changes in the Black Sea

On amultimillennial timescale, the relatively low accumulation rates of dRIDring
MIS 3 indicate much mildewinters compared tMIS 4 andMIS 2. Furthermore, the low TIC
content duringMIS 2 suggests stronglyeducedplanktonic productivity even during DO
interstadials 3 and 4 (Figures la and S1). The milder winters dimenfirst part of MIS 3
together with the increased humidity in Northern Anatolia [Shumilovskikh et al., 2014]
(Figure S1) point to a decrsad continentality during periods of reeédccontinental ice sheet
volume[Sanchez Gofii et al., 2008; Bintanja and van de Wal, 2008; Helmens, 2014] (Figure
1a) and therefore bothséronger zonality in the atmospheric circulation and diédd impact
toward Eurasia of the North Atlanticimate. A stronger oceanic influence on continental
climate during a period of low ice sheet volume was aiéerred from palynological and
microfossil records from the Iberian continentalargin [Sanchez Goni et al., IJ).
Similarly, t h e ¥ gratientseactosd Greernlandu(NGRiPavérsusiGRIP and
GISP2 sites) durinillS 3 were related to a reduction in ice sheet volume and sea ice extent

and to changes in the atmospheirculation [Seierstad et al., 24[L
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The longterm trend in our Black Sea IRDrecord mimis the Eurasian ice sheet
volume (Figure 1a) anduggests a high impact of the Eurasian ice sheet on the severity of
winter in the Black Sea region. Shorthefore the MIS 3/MIS 2 transition (since&4-ka),

IRDc accumulation rates are relatively high not only durith§ but also during neHE
stadials, indicating lontpsting cold winters and presumably stronger seasengberature
contrasts than during MIS 3, since the mean annual surface tempeidiEdge) remain at

about the same level during stadials (Figure 1a). The progressively colder winters in the Black
Sea regionafter 34 ka presumably reflect insolatidriven longterm changes, i.e., the
expansion of Eurasian igheets [Bintanja and vate Wal, 2008] (Figure 1a) toward the Last
Glacial Maximum (LGM) and the southwanghigration of the atmospheric polar front.
Likewise, Chinese Loess Plateau records [Sun et al., 2042Hocument distinct monsoonal
changes in phase with Greenland DO cychetween 60 and 34 ka suggestreduced
sensitivity to the North Atlantic climate variability between 34 ka and the LGM, when ice
sheets expanded [Bintanja and van de Wal, 2008]. A reduced inland propag#tiemorth
Atlantic climate attimes coincidng with the presence of large ice sheets is further
corroborated by paleoclimate studiescantral and eastern Europe. These have documented
an increase in ice masses that during MIS 2 [PolatiBarron, 2003; Feurdean et al., 2014]
formed a barrier agast Atlantic air toward the east, with stromgticyclonal circulation
resulting in a continental climate over Europe. Therefore, the Black Sea records provide
additional evidence for the role of the Northern Hemispheric ice sheet in modulating the

North Atlantic and Eurasian continental climate systems.

5. Proxy- and Model-Based Assessments of Spatial Temperature Patterns in the North

Atlantic -Eurasian Region

To compare the sensitivity of DOand HErelated temperature changes inet
continental Black Sea regiamth those of the North Atlantic sector, we compiled sea surface
temperature (SST) records from tmedlatitude North Atlantic [Martrat et al., 2007] and the
western Mediterranean Sea [Martrat et al., 200%pse marine recds are consistent with
DO cycles but, unlike the Black Sea record, they show consideralulgr conditions during
some HE compared to né#E stadials [Martrat et al., 2004, 2007] (Figure 2).

Based on the temperature records, we were able to estimatdatim# propagation of

temperature anomaligelated to DO cycles, by calculating for each considered poasgd
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temperature record [Martrat et al., 2002007; Kindler et al., 2014] the temperature
amplitudes for DO cycles.
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Figure 2. Temperature vaability in the North Atlantic and Europe during the last glacial
(65'20 ka). Greenland temperatufindler et al., 2014] (NGRIP), alkeno#msed sea
surface temperature (SST) from the North Atlantic/lberian Margin [Magtrat., 2007] (core
MDO01-2444) and from the western Mediterranean Sea/Alboran Sea [Martrat et al., 2004]
(Ocean DrillingProgram (ODP) Site 977A) are shown together with the gkb&sed lake
surface temperature (LST) from the southeasBtatk Sea (core 25GC, this study). Red
numbersdenote DO interstadials, blue numbers HE.

First, the temperature amplitudes for DOy c | eps; DO G I6) were calculated
based on the difference between the averaged maximum interstadialeraged minimum
nonHE stadial temperatures (Figure 3a). Th«t ra cool i ng r@lwas ed
defined as the difference between the averaged minimum temperatures of HEG)HH@
nonHE stadials (Greenland stadials (G$)L47 ) . F ipnaan d Hygedre gompared with
the modelb a s e d temperatuidields calculated in the same way as for the proaged
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QT . Al t hough t he paxaeptfor Gieartland [Kindlér leteakc, 2014 and s
the climate model simulations reveal surface air temperatures, we assume that for perennially
sea ice freeanditions (at least in the pelagtones), the temperature changesurring on

these timescales were similar.

The proxyb a s e do (wpiipare Figures 2 and 3) deases from ~12°C over
Greenland to ~2°C toward thmi d | at i pould€sat tiledb€rian mgri n  appyd PT
2.2AC in the wester npoblfe-d.8C bor theaisolatadnBlak Sea) . A
AfLakeo is comparable with the t &Norh Attagtit ur e a
and Mediterranean Sea, suggesting a close atmospheric connectiearb#tese regions. By
contrast, the proxp a s e de ingtfie midlatitude eastern North Atlantic and western
Mediterranean Seseem to be larger as in the continental Greenland and the SE Black Sea,
which would suggest that HE coolimd not exert similar ffects on continental regions far
from the eastern North Atlantic (Figures 2 and Sypporting evidence for the different
patterns comes frotemperature anomalies calculated for the individdialand the notHE

stadials (Figure S2 in the supporting imf@tion).

A compilation of climate model simulations [Ganopolski and Rahmstorf, 20ngZh
et al., 2014] for DO cycleand HE vyields qualitatively similar temperature patterns (Figures
3b and 3c). Maximum air temperatumaomalies > 8°C associated with @¥cle warming
are located over the Nordic Seas (Figure 3b) andeaattributed to an intensification of the
AMOC, the northward shift of deep water formation areas, asigrdgficant retreat of sea ice.
Such DOtype anomalies are subsequently propagaasgiward from th&lorth Atlantic over
the entire extratropics of the Northern Hemisphere, through atmospheric circulation.
Simulated positive temperature anomalies of approximatélg°@ over both the
Mediterranean Sea arkde Black Sea point to similaemperature changes in the midlatitude
North Atlantic and on the continends determined by the proxy records (Figure 3; for
individual warmings, see Figure S3 in the supporimigrmation). HEtype cooling (i.e.,
additional cooling compared to n&tE stalials) can be attributed tosggnificant weakening
or even complete shutdown of the AMOC and a strongly reduced northward loeatan
transport [Ganopolski and Rahmstorf, 2001; Van Meerbeeck et al., 2011; Zhang et al., 2014].
It is thereforerestricted maly to the eastern subtropical Atlantic realm, with much less
penetration into the continentateriors (Figures 2, 3c, and S2).
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Figure 3. Comparison of the proxpased sea surfacend modekimulated surface air
terper atur e ampl iDO cydes and HEpdejermohed hatweegn DO cyclels’2

(@ Proxypbased T during DO cycl ewetah Rtld] (NERIF),0 r
the North Atlantic [Martrat et al., 2007] (MD&2444), the wdaern Mediterranean Sea
[Martrat et al.,2004] (ODP Si¢ 977A), and the southeastern Black Sea (28Gtis study).
T v al uheDO ftyoles were calculated #se difference between the averaged
maximum Greenland Interstadial (GIS) and minimoonHE Greenland Stadial (GSand

for HE between the averagedinimum HE and Greenland Stadial temperaty(i¢s-GS).
Error bars denote theumulative mean standard deviation. (b) Medased and proxpased

Gr

(circl eseen G andb @S. \[c) Modbhsedand proxypased (circl es)

additional cooling during HEversus nofHE stadials. Teperature patterns from warming
during DO cycles and cooling during HE were determined by compiling the modelitigs resu
obtained with the CLIMBER2 model by Ganopolski and Rahmstorf [2001] and with the
CCSM3 fully coupled compreensive general circulation modby Zhang et al. [2014].
Details regarding the experimental design are provided in the supporting information.

The modelbased temperature patterns largely resemble the differences in DO and HE

patterns observed the pdeodata and likely explain why neither Greenland nor the Black Sea

region was affected by significaextraHE cooling. Paleodata to further test these contrasting
atmospheric teleconnections are sparse rigions east of the Black Sea. While the

hydroclimatic impact, even though not well captured in moflégeyama et al., 2013], is

more obvious in, e.g., East Asian records [Wang et al., 2001; Sun et al., 2012], adequate

paleotemperature data are not yet available.
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6. Conclusion

The TEXge-based tempature record from the SW Black Sea provides ewdeof the
impact of Dansgaar@eschger cycles on the Eurasian continent. Temperature amplitudes
between stadials and interstadials wasehigh as 4°C, comparable to the values in other
midlatitude marineeacords. In contrast to the North Atlantiod western Mediterranean Sea,
cooling was not stronger during HEfjuivalent stadials than during regusaadials, which is
in line with climate models. The present record confirms a deep Eurasian inland pmopagati
of DO cyclerelated temperature changes driven by a close atmospheric teleconnection
between the NortAtlantic and Eurasia during MIS 3. Over the long term, winters were much
milder during the first part of MIS 3 he distinct cooling that started é84-ka underlines the
importance of both insolatiedriven changes in thEurasian ice volume and the associated

atmospheric circulation patterns.
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Introduction

The supplementary information provides additional informatiegarding the
contrasting temperature patterns during Dansg@easthger (DO) cycles and Heinrich events
(HE) in the southeastern (SE) and northwestern (NW) Black Sea. We also present additional
records confirming DO cycles in the Black Sea region andt maihtemperature anomalies
during individual cooling and warming events in Greenland, the North Atlantic, the
Mediterranean, and the SE Black Sea. Finally, the spatial patterns of DO cycles and HE

deduced from climate modeling are described in greatail.det

Text S1. Contrasting TEXss temperature patterns of DO cycles and HE in the NW and
SE Black Sea

As seen in Fig. S1, the Tkxtemperature record (from 40 ka BP to 9 ka BP) from the
NW Black Sea [Ménot and Bard, 2012] shows cooling during HE but o pkitern of DO
cycles, in contrast to the record from the SE Black Sea (this study). These differing
temperature records initially suggest different impacts of the climate variability of the
Greenland DO cycles on the NW and SE Black Sea that were pyahabto differences in
the regional atmospheric circulation. The DO cycle signatures from other records in these
regions [Allen et al., 1999; Tzedakis et al., 2004; Fleitmann et al., 2009; Fletcher et al., 2010;
Shumilovskikh et al., 2014], however, segg that these differences in the Black Sea

temperatures were not climadeven.

One reason might be that the NW coring site was subjected to higher terrestrial inputs
from the large and heterogeneous NW Black Sea drainage area. Thus, relatively large
amaunts of isoprenoid GDGTs derived frofhaumarchaeotdhriving in soils [Schouten et
al., 2013] could have biased the reconstructed temperatures. The Branched and Isoprenoid
Tetraether (BIT) index, defined as the normalizedljOratio between terrestriderived
branched GDGTs and crenarchaeol [Hopmans et al., 2004], is a useful tool for estimating
terrestrial organic matter input. A BIT index close to O is typical for open marine systems,
while a BIT index close to 1 characterizes terrestrial systems [Hioprat al., 2004]. BIT
values from the SE Black Sea (Fig. S1) are <0.3 during the entire investigated period,
indicative of generally low inputs of sailerived isoprenoid GDGTs and providing evidence
of the suitability of the TE¥s paleothermometer [Welijs et al., 2006]. BIT indices from the
NW region [Ménot and Bard, 2012] are in many cases, >0.3 (Fig. S1), indicating a higher
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terrigenous contribution in that region. Even though the ggB¥mperatures were BiT
corrected, the temperature record lacks stirtit DO cycle pattern but shows H&ated
cooling. A recent study [Liu et al., 2014] suggests that the branched GDGTs were derived
from the water column and/or the sediment of the brackish/marine Holocene Black Sea, thus
calling into question the appation of the BIT as proxy for the input of soliérived organic
matter. Whether this is also the case for the limnic/brackish phases of the Black Sea is

unclear.

Further TEXs temperature reconstructions from other regions of the Black Sea may
clarify the different spatial patterns of temperature. Although certain changes during HE are
indicated in other regions around the Black Sea, for example, by some but not all
pal ynol ogi cal data in Greece [Tzedakis et al
al., 2014], clear evidence of temperature changes (i.e. HE cooling) is not contained in these

records.
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Figure S1.Climate and environmental conditions in the Black Sea and northern Anatolia
during the last glacial. TEs$ mean annual lake surface temperature (LST) for the NW Black
Sea (MD042790; gray, BFtorrected [Ménot and Bard, 2012]) and the SE Black Sea, 25GC
1 (red, this study). The BIT index for the NW Black Sea (gray, [Ménot and Bard, 2012]) and
the SE Black Seadd, this study) is shown. Crenarchaeol was normalized to TOC and is an
indicator ofThaumarchaeot@roductivity (this study). The sum of all dinoflagellate cysts is a
proxy for productivity [Shumilovskikh et al., 2014]. The percentage of arboreal peflects
vegetation changes during DO cycles in Northern Anatolia [Shumilovskikh et al., 26°04].
serves as a record of Sofular stalagmiteslSand Se? [Fleitmann et al.,, 2009]. The
chronology for 25G€l was based primarily on NGRIP (GICCO05) and tHavi®042790 on

Hulu Cave speleothem record [Wang et al., 2001; Ménot and Bard, 2012].
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Text S2. Temperature anomalies during individual cooling and warming events

The pattern of the temperature anomalies during cooling events (Fig. S2) shows that
cooling wasgenerally stronger during HE than during most -hih stadials at the Iberian
Margin and in the Alboran Sea. Note that HE 5a was apparently milder than the other HE, but
this was most likely due to an umdampling during this interval.
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Figure S2. Tempeature anomalies for cooling during the individual HE (HEB)and non

HE stadials (Greenland Stadials G4) for Greenland ([Kindler et al., 2014], NGRIP); the
North Atlantic/lberian Margin ([Martrat et al., 2007], core MDP444), the western
Mediterrmmean Sea/Alboran Sea ([Martrat et al., 2004], ODP Site 977A), and the SE Black
Sea (this study). Each temperature anomaly describes the deviation during the strongest
cooling from the average temperature throughout the records between 20 and 65 ka BP. The
average temperature during the investigated perieddi®°C for Greenland, 13.9°C for the
Iberian Margin, 13.2°C for the Alboran Sea, and 7.0°C for the Black Sea record.
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By contrast, the temperature anomalies during the HE are generally within tkeeofang
those determined for nddE stadials in Greenland and the Black Sea. The individual
temperature departures from the léegn mean (average between 20 and 65 ka BP; Fig. S2)
supports the spatial pattern of the prddased HE extra cooling, as showrFig. 3a, c in the
main text. The GIS temperature anomalies (Fig. S3) show that warming was slightly stronger
during the GIS succeeding the HE. However, in contrast to the GS temperature anomalies,

this difference compared to ndtE associated GIS warmirng minor.

14
. o GlS 2
i o
_ o
12 i &
] ¢ GIS 12
_ 107 « ® * GIS 14
g - $ o * GIS 17
—> 8 i
© = ™
£ | * 5 ® GIS3
g o ® GIS5
£ ]
@
g B o
=
9 __ e C
8 44 © .
g ° .
. - e GIS10
2_ @ g @
] o 8 g 3 * GIS 11
h o B ¢ .
8 <o ® GIS13
0 o8 3 e
i 5 . o
| @® (5
2 | | \
Greenland Iberian Alboran Black Sea
Margin Sea

Figure S3.Temperature anomalies for warming during the individual Greenland Interstadials
(GIS) following HE (diamonds) and during GIS following rBIE stadials (circles) for
Greenland ([Kindler et al., 2014], NGRIP); the North Atlantic/laerMargin ([Martrat et al.,

2007], core MD012444), the western Mediterranean Sea/Alboran Sea ([Martrat et al., 2004],
ODP Site 977A), and the SE Black Sea (this study). Each temperature anomaly describes the
deviation during the strongest warming from #werage temperature throughout the records
(between 20 and 65 ka BP). The average temperature during the investigated period is
44.9°C for Greenland, 13.9°C for the Iberian Margin, 13.2°C for the Alboran Sea, and 7.0°C
for the Black Sea record.
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Text S3.Spatial patterns of DO cycles and HE deduced from climate modeling

The difference between the spatial patterns of the temperature anomalies during DO
cycles and HE was previously explained by the existence of three distinct modes of the glacial
Atlantic Meridional Overturning Circulation (AMOC) [Ganopolski and Rahmstorf, 2001].
According to Ganopolski and Rahmstorf [2001], the DO cycle pattern corresponds to the
difference between the interstadial (similar to the present) andHBostadial modes of the
AMOC, which is weaker than the interstadial mode but is also characterized by a more
southward location of the deeyater formation area in the North Atlantic and a more widely
expanded seme cover in Nordic Seas. The significant reduction of theiceaver during
the transition from a neHE stadial to an interstadial mode of the AMOC strongly amplifies
the direct temperature response to the increased meridional ocean heat transport, especially
during the winter. This concept is additionally supportgdh®e results of Li et al. [2005],
which showed (Fig. 1B) that the temperature effect oiceaemoval from the Nordic Seas is
similar to the DO pattern. The HE temperature anomaly pattern represents additional cooling
from the norHE stadial to the HEtadial. This cooling can be primarily attributed to a
significant reduction of the AMOC during HE, a conclusion supported by the larger
magnitude of the bipolar seesaw pattern during HE stadials [Margari et al., 2010]. The results
reported by Ganopolski dnRahmstorf [2001], who used a coarseolution model of
intermediate complexity (CLIMBER), were recently corroborated by those of modeling
experiments obtained with the higbsolution fully coupled general circulation model
CCSM3 of Zhang et al. [20]14Figure 1b in that paper shows annual mean temperature
di fferences between experiments of A+0. 02 S\
the difference between ndtE stadial and interstadial modes. The results are in qualitatively
good agreemenwith the warming pattern of the DO shown in Fig. 3a of Ganopolski and
Rahmstorf [2001]. In particular, simulations with the CCSM3 model showed maximum
temperature anomalies (>10°C) over the Nordic Seas as well as a large change in the
maximum sedace extat in the North Atlantic. The temperature differences between
experiments A+0.02 Svo and A+0.2 Svo (Xiao
the difference between HE st adHEasthdials.(Agamf f 06 m«
the pattern of addanal HE cooling is in agreement with the CLIMBERmModel simulations
shown in Fig. 3c [Ganopolski and Rahmstorf, 2001]. In spite of the strong additional
reduction in AMOC strength determined in this experiment, the magnitude of additional

coolingissign fi cantly smaller than the difference
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AT0. 02 Svo. Mor eover, the maxi mum of t he t
AMOC shutdown is located south of Iceland. As described by Ganopolski and Rahmstorf
[2001], a compite shutdown of the AMOC in the CCSM3 model causes only modest
additional cooling in Greenland and has a very small effect on the maximtioes®dent. It

is, however, important to note that, although the annual mean DO signal is stronger than the
additional HE cooling, it is strongest during the cold season whereas additional HE cooling is
less seasonally dependent. In addition, HE cooling occurred closer to the Equator and
therefore should have had a stronger impact on the position of the Intert@pioadrgence

Zone, which is crucial for the strength of the Southeast Asian summer monsoon. This can
explain why in the monsoon proxies HE stadials differed fromheinrich stadials [Wang et

al., 2001].

Considering the slight differences between mdumebd and proxypased temperature
changes during HE cooling (Fig. 3c), the temperature reconstructions (apart from those in
Greenland) may be biased towards summer, whilst the response to AMOC changes is stronger
during winter. This can explain why annual memaodel temperature changes are greater than

those induced from data.
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Abstract

The climate variations during the last glacial occurring on mmuliennial and
millennial timescales propagated over large parts of the Northern Hemisphere through
atmospheric teleconnections. Over the loegn, the Marine Isotope Stages (WM& and 4
were colder, drier, and windier than the MIS 3. The MIS 3 stands out due to its abrupt
changes from cold and dry stadials to warm and humid interstadials -tialesb Dansgaard
Oeschger cycles that also affected temperature and rainfall Biatle Sea region. This study
is based on a gravity core from the southeastern (SE) Black Sea that covers the last glacial
lake stage from 64 to 20 ka BP. By using the composition of major and trace elements in the
sediments, terrestrial pladerived n-alkane flux, and Sr/Ca from benthic ostracods, we
reconstruct the variability of riverine and aeolian input, salinity, and productivity in the SE
Black Sea region in response to the Northern Hemisphere climate oscillations. During colder
and drier stadialshe aeolian input increased relative to the riverine discharge, potentially due
to southward shifted and/or stronger westerly winds and due to changes in the vegetation
cover. An evaporation exceeding freshwater supply by rainfall and rivers possibly caused
higher salinity and a lower lake level. The environmental status during MIS 4 and 2 is very
much comparable with the stadial conditions during MIS 3. During warmer and more humid
interstadials, lower salinity and presumably positive lake level changeslikebg resulted
from increased precipitation and river discharge. This likely increased primary productivity
through an augmented nutrient supply. Lowest average salinities are suggested for the middle
part of MIS 3 in response to enhanced meltwater fiimendisintegrating Fennoscandian Ice

Sheet and/or by generally more humid conditions.

Keywords: Bl ack Sea 0L aleshger stidlmle and aterstatlials, riverine and
aeolian input, salinity, productivity
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1. Introduction

The Marine Isotope Stage 3 (MIS 3) was characterised by pronounced milscaial
climate fluctuations characterised by abrupt shifts from cold stadials to warmer intésstadia
the northern high latitudes (Dansgaard et al., 1993). Thesallsd Dansgaar®@eschger
cycles (DO) were originally detected in Greenland ice cores by pronounced oxygen isotope
variations occurring on a centennial to millennial timescale (Dansgefardl., 1993).
Meanwhile, proxy data and climate models provide evidence for large temperature variations
with amplitudes of €.6.5°C during DO in Greenland and northern latitudes of continental
Europe (Ganopolski and Rahmstorf, 2001; Johnsen et al., BQbEr et al., 2006; Kindler et
al., 2014). In the midatitude North Atlantic and Mediterranean regions temperature changes
during DO were smaller but amplitudes amounted on average 2°C (e.g. Martrat et al., 2004,
2007). A similar level of DO associatedntperature changes was observed also for the
continent al interior from the formerly encl
Interstadial warming and stadial cooling most likely resulted from a stronger and weaker
Atlantic Meridional Overturningcirculation (AMOC) triggered by major changes in
freshwater supply from ice sheets (e.g. Ganopolski and Rahmstorf, 2001). Several stadials,
referred to as Heinrich events (HE) mark the coldest periods in certain regions across the
northern hemisphere (Ruidaan, 1977; Heinrich, 1988; Bond et al., 1993; Bard et al., 2000).
The exceptional cooling during HE was most likely a result from amofie of the AMOC
and an associated reduced ocean heat transport (Ganopolski and Rahmstorf, 2001). The
impact of HE sems most pronounced in the rdatitude North Atlantic (Bard et al., 2000;
Ganopolski and Rahmstorf, 2001; Martrat et al., 2007).

Studies currently available investigating the climate evolution during MIS 3 in
continental Eastern Europe, apart from the BlSea, are from the Carpathians (Stevens et
al., 2011; Sumegi et al., 2013), Ukraine (Rousseau et al., 2011; Sima et al., 2013), Anatolia
(Fleitmann et al., 2009; Rowe et al., 2012), Greece (Tzedakis et al., 2004; Margari et al.,
2009), Albania/Macedoniavpgel et al., 2010), and the Aegean Sea (Geraga et al., 2005;
Ehrmann et al., 2013). These studies are in general agreement that DO interstadials were
characterised by mild and humid climate conditions, favouring growth of temperate forests
and soil develpment. In contrast, DO stadials were much colder and more arid. Together
with less dense vegetation cover, pronounced westerly winds allowed the formation of large
European loess deposits during stadials (e.g. Rousseau et al., 2011; Stevens et alm2011; S

et al., 2013; Sumegi et al., 2013). The periods of enhanced loess deposition in Europe are
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about the same as the wkiiown Chinese loess deposits (e.g. Sun et al., 2012) and suggest a

common atmospheric forcing.

The Black Sea with its sedimentary awues represents a key location for palaeoclimate
reconstructions bridging the North Atlantic and Eurasian climate realms. Over the last 670 ka,
the Black Sea was mostly a (freshwater) lake isolated from the Mediterranean Sea during
glacials (e.g. Schradet979; Badertscher et al., 2011). Previous studies focussed extensively
on the last two glacial terminations as well as on the Holocene and Eemian climatic and
environmental changes in the Black Sea (e.g. Ryan et al., 2003; Lamy et al., 2006; Major et
al., 2006; Bahr et al., 2008; Kwiecien et al., 2009; Soulet et al., 2011; Shumilovskikh et al.,
2012, 2013a, 2013b; Wegwerth et al., 2014). These studies revealed a generally strong
response of the Black Sea to global and hemisplite climate. Neverthelesapt much is
known about the impact of the pronounced climate fluctuations during Marine Isotope Stage 3
(MIS 3, the period between 57 and 29 ka BP; (Heinrich, 1988; Bond et al., 1993; Dansgaard
et al., 1993; Bard et al., 2000). In the northwestern patieoBlack Sea paleoenvironmental
data were published by Ménot and Bard (2012), Rostek and Bard (2013), and Sanchi et al.
(2014, 2015) covering the last glacial back to about 40 ka BP. Nowaczyk et al. (2012, 2013),
Shumilovskikh et al. (2014), and Wegwerth al. (2015) presented first palaeomagnetic,
palynologic, and temperature reconstructions from the seaghtern part of the basin
extending back to about 64 ka BP.

Here, we document the environmental response of the SE Black Sea to last glacial
millennialscale climate variability. By using a combination of the detrital element
composition (Al, K, Ti, Zr etc.), the terrestrial plant derive@lkane flux, and ostrado
geochemistry (Sr/Ca) data with previously published data sets including total inorganic
carbon, coastal iemfted detritus, pollen and dinoflagellate records from the same sediment
core 25GG1 (Nowaczyk et al., 2012; Shumilovskikh et al., 2014; Wegwetrth., 2015), we
reconstruct changes in riverine and aeolian input, salinity, and productivity. The results are
then set into an oveegional context and linked to major atmospheric changes across Eurasia

during the last glacial.

2. Climate and enviraamental setting of the Black Sea region

Presently, the Black Sea region is under Mediterranean influence resulting in dry
summers and humid wintef€ullen and deMenocal, 2000; Goktirk et al., 2011).
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The winter climate in the southern Black Sea and nartAeatolia is influenced by the
polar front, the Siberian anticyclone, cold air masses from the Balkan Peninsula,
Mediterranean cyclones, and northwesterly winds (Fig. 1; Wigley and Farmer, 1982;
Tolmazin, 1985, Akcar and Schliichter, 2005; Kwiecien e2@D9; Deniz et al., 2011), when

wind intensities are strongest (Staneva and Stanev, 1998).
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Figure 1: Idealised scheme of the modern atmospheric circulation patterns with broad
position of the polar front during January and the Subtropical Jet during July influencing
regional climate in the Black Sea region (modified after Wigley and Farmer, 1982; Aktar a
Schlichter, 2005). Ice sheet limits during the MIS 3 and LGM are from Larsen et al. (2006).
The red circle denotes the location of the sediment core 2Z6b@ad numbers denote the
outlets of major rivers draining into the Black Sea. The rivers are listéoe lower right

inlay. Yellow circles denote sites discussed in the text: MRP@%3 (western Mediterranean
Sea; Moreno et al., 2005), @02 (Lake Ohrid; Vogel et al., 2010), -3 (Sofular Cave;

FIl eitmann et al ., 2 00 9)lia; Rabercet aB a0d4). ahelmap wdsa | |
created with the generic mapping tool provided by woodshole.er.usgs.gov/mapit/index.html.

During summer the northward shifted polar front gives place to the Azores high
pressure system and the subtropical Jet causiagtime conditions with predominantly
southwestern and southern winds (Fig. 1; Tolmazin, 1985, Deniz et al., 2011). NE Anatolia

and the eastern Black Sea are the most summetlagen regions due to orographic

he

ey

precipitation in the Pontic and CaucasianiMMot ai ns ( St aneva and Stane

2009; Deniz et al., 2011), whereas the Black Sea itself forms an additional moisture source
(Fleitmann et al., 2009; Badertscher et al., 2011; Goktirk et al.,, 2011). Mean annual air

temperatures are aboul@°C in the northern and +14 to +15°C in the southern Black Sea
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region (Kosarev et al., 2008). The spatial variability is most pronounced during winter, when
mean February temperatures a2éC in the north and +7.5°C in the south (Kosarev et al.,
2008). h August, meanemperatures are +21.5°C in the northern and +24°C in the southern

basin (Kosarev et al., 2008).

The modern climate (i.e. air and sea surface temperatures, precipitation patterns) in that
region is strongly related to the North Atlantic Qistion (NAO). The NAO is expressed as
the difference between the subtropical Azores Jpiggssure system and the subpolar
Icelandic lowpressure system, which influence is most important for the North Atlantic
Ocean and its marginal seas (Oguz et al. 620@ositive winter NAO causes strong westerly
winds carrying cold and dry air to the Black Sea, while negative NAO phases result in milder

winters and more humid conditions (Oguz et al., 2006).

The shelf and catchment areas as well as the riverine inpubwach larger in the NW
Black Sea when compared to the SE Black Sea. The Danube River in the NW contributes to
about 56870% of the total riverine input (Fig. 1; Ozsoy and Unluata, 1997; Nezlin, 2008).
Further major rivers in this region are the Dniepat tire Dniester, whose discharge is about
one third of that of the Danube (Ozsoy and Unluata, 1997). The freshwater supply from all

remaining rivers is < 20% (Ozsoy and Unluata, 1997).

3. Material and methods

This study is based on a 952 cm long gravity core 28G@covered from the
Archangel sky Ridge (42A06.206N, 36A37.406 E;
R/V Meteor cruise M72/5 in 2007 (Fig. 1; Nowaczyk et al., 2012; Shumilovskikh et al., 2014;
Wegwerth et al., 2015). Core 25d&Ccontains a welpreserved sequence (9827 cm core
depth) from the late MIS 4 to MIS 2 and consists of detrital mud and intercalated carbonate
rich intervals (Nowaczyk et al., 2012; Nowaczyk et al., 2013; Shumilovskilkdl., 2014,
Wegwerth et al., 2015).

3.1 Agedepth model

Compared to the western Black Sea, sedimentation on the Archangelsky Ridge is
comparatively low but favours the recovery of older glacial and previous interglacial periods
from shallower sulbbottam depths (e.g. Shumilovskikh et al., 2013a, 2013b, 2014; Wegwerth
et al., 2014, 2015).
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The agedepth model of core 25GC (Fig. 2) has been determined by Nowaczyk et al.
(2012). For the investigated period, it is based on eight AMS (accelerator massmspggjr
radiocarbon datings ojivenile shells of the bivalvBreissenarostriformis from Black Sea
core 24GGE3 (208 m water depth), reaching back to 39 ka BP, the Campanian Ignimbrite
tephra (Y5; 39.28 £ 0.11 ka; De Vivo et al., 2001), and the Laschaampagmetic excursion
(40.70 = 0.95 ka BP; Singer et al., 2009). The chronology of the core was further improved
with the related palaeomagnetic records, including ChRM (characteristic remanent
magnetisation) inclination and declination as well as relatal@agointensity (Nowaczyk et al.
2012). For the final chronology between 63.4 ka BP and 20 kae®®ral sedimentary
parameters comprising coastal-iedted detritus (IRB), carbonate content, ©&RF (X-ray
fluorescence) counts, and higesolution magnetisusceptibility of the core were tuned to the
oxygen isotope record from the North Greenland Ice core Project on the GICCO5 timescale
(NGRIP, Svensson et al., 2006, 2008).

Figure 2: Age-depth model of sediment core 25@Cbetween 20 and 65 ka BP (after
Nowaczyk et al., 2012).

Tuning was done with the xforogram (extended tool for correlation) allowing an
interactive wigglematching routine (Nowaczyk et al.; 2012). Cullen et al1@ recently
published the detailed tephrostratigraphic framework from core 2bGfhere they
identified, apart from the Campanian Ignimbrite tephra, 21 additional-visdyie

cryptotephra horizons largely confirming our NGRiUed age model.

3.2 Sedinent geochemistry

Geochemical analyses were performed on aliquots of frdweé and homogenised

sediment samples. Total carbon (TC) and total organic carbon (TOC) were determined with a
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