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Impact of Eurasian Ice Sheet and North Atlantic Climate
Dynamics on Black Sea Temperature Variability During
the Penultimate Glacial (MIS 6, 130-184 ka BP)

Antje Wegwerth' (), Jérome Kaiser’, Olaf Dellwig', and Helge W. Arz'

"Department of Marine Geology, Leibniz Institute for Baltic Sea Research Warnemiinde (IOW), Rostock, Germany

Abstract Understanding hemisphere-wide millennial-scale temperature variability during past glacials
in response to ice sheet dynamics and orbital forcing is one of the key targets for Quaternary climate
research. While an inland propagation of abrupt temperature changes into Eurasia from the North
Atlantic realm during the last glacial (Weichselian) receives increasingly broad support, much less is
known regarding the penultimate glacial (Saalian) temperature variability, especially from a continental
interior perspective. Here, we present a TEXg4-derived lake surface temperature (LST) record from

the former Black Sea “Lake” covering nearly the entire Marine Isotope Stage (MIS) 6. While
orbital-scale LST cooling likely relates to meltwater discharge from the retreating Eurasian Ice Sheet
during insolation maxima, millennial-scale LST variability suggests interstadial warming in phase with
Greenland and northern Mediterranean Sea temperature records during the first half of MIS 6.
Although summer insolation reached an interglacial-like level during this period, we propose that the
reduced extent of the Eurasian Ice Sheet associated with northward shifted atmospheric fronts was
ultimately responsible for the inland propagation of Dansgaard-Oeschger-like temperature variability.
During the second half of MIS 6, temperature patterns across the North Atlantic-Eurasian corridor
were more variable and less comparable with each other, likely because of the larger continental ice
sheet weakening northern hemisphere atmospheric teleconnections. Temperature records across the
North Atlantic-Eurasian realm suggest a weaker atmospheric teleconnection during MIS 6 compared to
MIS 3, likely related to a stronger imprint of the Eurasian Ice Sheet on the continental and regional
climate.

1. Introduction

Marine Isotope Stage 6 (MIS 6; 191-130 ka BP; Lisiecki & Raymo, 2005) represents the latest period of the
penultimate glacial (Saalian glaciation) that was one of the largest glaciations during the Quaternary char-
acterized, by a 56% larger continental ice sheet compared to the last Weichselian glaciation (Batchelor
et al., 2019; Colleoni et al., 2009; Hughes & Gibbard, 2018; Margari et al., 2014). The maximum Eurasian
Ice Sheet (EIS) thickness during the Saalian exceeded the Weichselian one by 1,500 m (Lambeck, 1996;
Lambeck et al., 2006). With the most southern ice sheet component, the Dnieper lobe, the Saalian ice sheet
extended much deeper into the continental interior associated with a southward shifted atmospheric polar
front (Figure 1; Colleoni et al., 2016; Ehlers & Gibbard, 2007; Hughes & Gibbard, 2018; Marks et al., 2018;
Svendsen et al., 2004).

There is strong evidence for pronounced millennial-scale temperature variability during MIS 3, not only at
the iconic sites from the North Atlantic and Greenland (e.g., Bond et al., 1993; Dansgaard et al., 1993;
Martrat et al., 2007; McManus et al., 1999) but also from the Eurasian continental interior including the
Black Sea, confirming a deep inland propagation of temperature anomalies through atmospheric telecon-
nections (e.g., Fleitmann et al., 2009; Tzedakis et al., 2004; Wegwerth et al., 2015). In contrast to
stadial-interstadial temperature changes during the so-called Dansgaard-Oeschger (DO) cycles, the extra
cooling during Heinrich stadials was most likely restricted to the eastern midlatitude North Atlantic (e.g.,
Ganopolski & Rahmstorf, 2001; Martrat et al., 2007). This was explained by a substantially weakened or com-
plete shutdown of the Atlantic Meridional Overturning Circulation (AMOC) associated with a reduced
northward ocean heat transport (Ganopolski & Rahmstorf, 2001; Van Meerbeeck et al., 2011; Zhang
et al., 2014).
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Eurasian Ice Sheet extension --- last glacial (MIS 3) ~55 - 45 ka BP
— penultimate glacial (MIS 6) >140 kaBP ... last glacial maximum (MIS 2) ~20 ka BP
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Figure 1. Map showing Eurasia and the Black Sea with core site of MSM 33 (yellow star), regions discussed in the text
(yellow circles), and the maximum extent of the Eurasian Ice Sheet during the Saalian (MIS 6; modified from Svendsen
et al., 2004) and Weichselian (MIS 2 and 3; modified from Larsen et al., 2006). AC = Abaliget Cave; AeS = Aegean
Sea; AS = Alboran Sea; BS = Black Sea; CS = Caspian Sea; GL = Gulf of Lions; IM = Iberian Margin; LV = Lake Van;
MD = Manych Depression; MS = Marmara Sea; SC = Sofular Cave. Map modified from Wegwerth et al. (2019).

During MIS 6, millennial-scale temperature variability affected climate patterns in Greenland, the midlati-
tude North Atlantic, and the Western Mediterranean Sea (e.g., Barker et al., 2011; Cortina et al., 2015;
Margari et al., 2014; Martrat et al., 2004; Martrat et al., 2007). The synthetic 8180 Greenland record derived
from the Antarctic ice core record suggests, for example, large amplitude temperature changes particularly
between 180 and 160 ka BP attributed to an intermediate climate state comparable to MIS 3 (Barker
et al., 2011). For the North Atlantic and Western Mediterranean Sea, alkenone-based temperature recon-
structions show DO-like temperature changes with amplitudes similar to MIS 3 (Martrat et al., 2004;
Martrat et al., 2007). However, the temperature history of the Eurasian interior is largely unknown for the
penultimate glacial, when orbital setting and ice sheet configuration were substantially different. Apart from
the larger EIS extent during MIS 6, orbital cycles fluctuated on a higher amplitude resulting in an
interglacial-like northern hemisphere summer insolation (NHSI; Berger & Loutre, 1991). Quantitative tem-
perature reconstructions are sparse for continental southern Europe during the entire MIS 6 (Sinopoli
et al., 2019; Wainer et al., 2013). A stable isotope flowstone record from SW France covering the early MIS
6 documents five stadial-interstadial cycles between 177 and 165 ka BP (Wainer et al., 2013). Likewise, paly-
nological reconstructions from north-western Greece suggest at least millennial-scale temperature varia-
tions between 185 and 155 ka BP with frequent warm periods and thereafter even colder conditions than
during MIS 3 (Roucoux et al., 2011). For the second half of MIS 6 pollen data suggest strong cooling followed
by a warmer phase toward the Eemian interglacial (Sinopoli et al., 2019). A long continuous pollen record
from Lake Padul at the southern Iberian Peninsula covering the last two glacial-interglacial cycles mainly
reveals orbital-scale changes in vegetation forced by insolation with a striking warmer period between 178
and 168 ka BP (Camuera et al., 2018, 2019). Most recently, Rousseau et al. (2020) documented DO-like cycles
during MIS 6 for the Bulgarian Harletz loess sequence as reflected by alternation between paleosol and loess
with the first representing warmer and more humid interstadials. Although less obvious than during the last
glacial (MIS 4-2), u-XRF Ca oscillations observed in a new sedimentary sequence from the Sea of Marmara
covering the last 171 kyr suggest stadial-interstadial variability during MIS 6 (Cagatay et al., 2019). Despite
these data, high-resolution quantitative temperature reconstructions for the Eurasian continent during the
entire MIS 6 are missing.
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Figure 2. Age-depth model of the composite core from the Black Sea between
184 and 124 ka BP. KPT = Kos Plateau Tuff; UAT = Upper Acigol Tuff (from

Wegwerth et al., 2019).

To test the effect of the different boundary conditions on
climate variability on the Eurasian continent during MIS 6 and
MIS 3, we have reconstructed surface water temperature by means
of the TEXge (TetraEther IndeX of lipids with 86 carbon
atoms; Schouten et al., 2013) paleothermometer from a composite
sediment core covering the penultimate glacial phase of the former
SE Black Sea “Lake.” We further included the content of coastal
ice-rafted detritus (IRD¢), which has been proven a further valuable -
temperature-related proxy (Nowaczyk et al, 2012; Wegwerth
et al., 2014, 2015, 2019).

2. Materials and Methods
2.1. Sediment Cores and Chronology

This study is based on a composite core recovered from the Archangelsky Ridge in the SE Black Sea during
RV Maria S. Merian cruise MSM33 in 2013 (Figure 1; Arz et al., 2014). The composite core (MSM33, 593 cm
length) comprises three gravity cores (MSM33/60-1GC, MSM33/57-1GC, and MSM33/56-1GC) derived from
about the same location at water depths ranging between 374 and 499 m. The age model of the composite
core primarily bases on fine-tuning of the Black Sea 8"80 ostracods record (Figure 2; Wegwerth et al., 2019)
to 810 records of 2*°Th dated speleothems from Northern Anatolia and Hungary (Badertscher et al., 2011,
Koltai et al., 2017). Additionally, the Kos Plateau Tuff (KPT, 161 + 2 ka; Bachmann et al., 2010; Smith
et al., 1996) and the Upper Acigol Tuff (UAT; 163 + 7 ka, Schmitt et al., 2011) assisted as tephra markers that
confirmed the stratigraphy. The composite core covers almost the entire MIS 6 (130-184 ka BP), which cor-
responds in the Black Sea to the climatostratigraphic unit Geroevskoe II within the middle part of the
Karangatian (300-50 ka BP) (Zubakov, 1988). Relative high mean sedimentation rates of 12 cm/kyr allowed
reconstructing the paleotemperature variability with a mean resolution of 0.3 kyr.

2.2. Sample Preparation and GDGTs Analysis

In total 180 samples taken every 3-4 cm were analyzed for glycerol dialkyl glycerol tetraethers (GDGTS).
The method for lipid extraction and separation has been previously described in Kaiser and Arz (2016).
The sample preparation involved accelerated solvent extraction (Thermo Scientific™ Dionex™ ASE™
350) of previously freeze-dried and homogenized sediments (4-6 g) with a mixture of dichloromethane
and methanol (DCM/MeOH 9:1, v:v). The isolation of the polar fraction containing the GDGTs was done
using column chromatography in a Pasteur pipette plugged with activated Al,03; and a DCM/MeOH (1:1,
v:v) mixture as eluent. After the addition of a C46 GDGT internal standard for quantification and the fil-
tration of the fractions through a 0.45 um polytetrafluorethylene filter, GDGTs were analyzed by high per-
formance liquid chromatography atmospheric pressure chemical ionization mass spectrometry (HPLC
APCI-MS) as described in Kaiser and Arz (2016) except for a small modification. Following Hopmans
et al. (2016), the separation of the individual GDGTs was achieved on two UHPLC silica columns (BEH
HILIC, 2.1 mm X 150 mm, 1.7 pum; WatersTM) in series, fitted with a pre-column of the same material
(WatersTM), and maintained at 30°C. Using a flow rate of 0.2 ml/min, the gradient of the mobile phase
was first held isocratic for 25 min with 18% solvent B (n-hexane:isopropanol, 9:1, v:v) and 82% solvent
A (n-hexane), followed by a linear gradient to 35% solvent B in 25 min, followed by a linear gradient to
100% solvent B in 30 min. The column was further equilibrated with 18% solvent B for 20 min before
the next run. Peaks were identified by single-ion monitoring (SIM) at m/z 1,021.6-1,022.4 (GDGT-Ia),
1,035.6-1,036.4 (GDGT-IIspze), 1,049.6-1,050.4 (GDGT-IIspe), 1,291.9-1,292.7 (cren and cren’), 1,295.9-
1,296.7 (GDGT-3), 1,297.9-1,298.7 (GDGT-2), 1,299.9-1,300.7 (GDGT-1), and 1,301.9-1,302.7 (GDGT-0).
The global lake calibration with error bars of +3.7°C (Powers et al., 2010) was used to convert the
TEXge values into mean annual lake surface temperature (LST) estimates. The mean standard deviation
of measurements of an in-house TEXgs standard was 0.008 (0.4°C, with the calibration of Powers
et al., 2010; n = 16). The TEXgq4 is expected to mirror mean near-surface annual temperatures during
the glacial stages of the Black Sea (Wegwerth et al., 2014; Wegwerth et al., 2015). The Branched and
Isoprenoid Tetraether (BIT) index represents the relative abundance of terrestrial tetraether lipids to cre-
narchaeol and was calculated according to Hopmans et al. (2004). The methane index (MI) was used for
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Figure 3. Organic proxies in the Black Sea during MIS 6: (a) the TEXgg-based lake surface temperature (LST; after
Powers et al., 2010), (b) the Branched and Isoprenoid Tetraether (BIT) index = (GDGT-Ia + GDGT-1Isp;e + GDGT-
Ispe)/(cren + GDGT-1a + GDGT-11sp0 + GDGT-11l551e) (Hopmans et al., 2004), (c) the GDGT-0/crenarchaeol ratio,
(d) the methane index (MI) = (GDGT-1 + GDGT-2 + GDGT-3)/(GDGT-1 + GDGT-2 + GDGT-3 + cren + cren’) (Zhang
et al., 2011), (e) the sedimentary content of crenarchaeol, and (f) the sum of brGDGTs.

estimating the potential influence of isoprenoid GDGTs produced by methanotrophic Euryarchaeota on
the TEXgq index (Zhang et al., 2011).

2.3. Northern Hemisphere Temperature Records Covering MIS 3 and MIS 6

To assess the importance of the different orbital setting and the ice sheet configuration for atmospheric tele-
connection and temperature patterns during the last two glacial periods MIS 6 and MIS 3, we have compared
the 51808ymh4 Greenland record with available paleotemperature records in the North Atlantic-Eurasian
region and the Black Sea “Lake” record (MIS 3: Wegwerth et al., 2015; MIS 6: this study). Included study sites
are Lake Van (Anatolia; On & Ozeren, 2018), the Gulf of Lions (NW Mediterranean Sea; Cortina et al., 2015),
the Alboran Sea (Western Mediterranean Sea; Martrat et al., 2004), and the Iberian Margin (eastern North
Atlantic; Margari et al., 2014; Martrat et al., 2007). The records from the Mediterranean Sea and the North
Atlantic are alkenone-based sea surface temperatures (SSTs), whereas data from the Gulf of Lions represent
spring-winter SST and the remaining spring-summer conditions (Cortina et al., 2015; Margari et al., 2014;
Martrat et al., 2004; Martrat et al., 2007). The Lake Van record bases on an independent component analysis
(On & Ozeren, 2018) of various data comprising, for example, XRF element intensities of Ca, Fe, K, Mn, and
Si, as well as TOC, CaCOs3, and color reflectance (Kwiecien et al., 2014; Stockhecke et al., 2014, 2016), and
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Figure 4. Climate conditions in the Black Sea “Lake” during Marine Isotope Stage 6 (184-130 ka BP). (a) Orbital
parameters of insolation and precession (Berger & Loutre, 1991) and the Eurasian Ice Sheet (EIS) volume relative to
present (msle = m sea level equivalent; note reversed scale; Bintanja & van de Wal, 2008); (b) 518005tracods record from
the Black Sea reflecting Black Sea water pulses (BSWP; blue shaded); (c) TEXge-based mean annual lake surface
temperature (LST); (d) number of coastal ice-rafted detritus (IRD(); reversed scale; (e) total organic carbon (TOC);

(f) total inorganic carbon (TIC) and Ca XRF-counts. Gray solid lines in (c)—(f) indicate long-term trends obtained by fast
Fourier transformation with cutoff frequencies at 0.107 (c, e, f) and 0.245 (d). (b) and (d)-(f) from Wegwerth et al. (2019).
Triangles indicate tephra layers (Wegwerth et al., 2019).

thus reflects qualitatively warming and cooling without a quantitative temperature reconstruction.
Although the average resolution of 7 kyr of an alkenone-based U5, record from an additional study of
Lake Van (Randlett et al., 2014) during MIS 6 limits the comparison with the other temperature data sets
used here, we added it to the independent component analysis data as temperature estimates. For better
comparison between the individual MIS 6 records, we modified the age model for the SST record from the
Alboran Sea by tuning the 5180p1ankmnic record from the Alboran Sea to the already age model-corrected
5180plankwmc record from the North Atlantic (Supporting Information Figure S1; Margari et al., 2010,
2014; Martrat et al., 2004).
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Figure 5. Temperature conditions during the last two glacials (MIS = Marine Isotope Stages 6-5e and 4-2). (a) Orbital parameters of northern hemisphere
summer insolation and precession (Berger & Loutre, 1991) and the Eurasian Ice Sheet (EIS) volume relative to present (msle = m sea level equivalent; note
reversed scale; Bintanja & van de Wal, 2008); (b) 880 variations of a Greenland ice core with filled circles and vertical dashed lines representing predicted DO
events proposed by Barker et al. (2011); blue = core NGRIP with filled diamonds and vertical dashed lines representing DO events (North Greenland Ice Core
Project members, 2004); violet = synthetic Greenland core (Barker et al., 2011, speleo-age timescale); (c) number of ice-rafted detritus (IRD) from the northern
North Atlantic (reversed scale, Barker et al., 2015); (d) alkenone-based sea surface temperature (SST) from the North Atlantic/Iberian Margin (Margari et al., 2014;
Martrat et al., 2007); (e) alkenone-based sea surface temperature (SST) from the Alboran Sea (Western Mediterranean Sea; Martrat et al., 2004; MIS 6:

gray = original; green = modified age model; see Supporting Information); (f) alkenone-based sea surface temperature (SST) from the Gulf of Lions (NW
Mediterranean Sea; Cortina et al., 2015); (g) TEXge-based mean annual lake surface temperature in the Black Sea “Lake” (LST, last glacial LST from Wegwerth
et al., 2015); MIS 6: detrended LST (this study); and (h) temperature estimations for Lake Van based on independent component analysis (ICA) of various data
from the lake (On & Ozeren, 2018, and references therein) and alkenone-based uk 37 index for estimations of warming and cooling (Randlett et al., 2014).
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3. Results

The TEXgs mean annual LST record in the Black Sea during MIS 6 ranges between 2.6°C and 9.6°C (mean of
6°C; Figure 3a). The largest amplitudes of LST occur during the periods 184-160 and 145-130 ka BP.
Pronounced millennial-scale temperature variability is superimposed to the long-term trend, which shows
lower values during NHSI maxima (Figures 4a and 4c). Coldest conditions occurred around 173, 153, and
131 ka BP. For a more suitable estimation of the temperature changes on a millennial timescale, we removed
the orbital-scale long-term pattern by applying a Savitzky-Golay filter (Savitzky & Golay, 1964) and added
the average LST to the resultant temperature deviation (Figure 5g). The resultant record reveals largest
amplitudes along with more frequent warmer conditions until 160 ka BP.

4. Discussion
4.1. Reliability of the TEXg; Temperature Proxy in the Glacial Black Sea “Lake”

Although TEXgs can be biased by different factors not related to water temperature, previous studies have
shown that the proxy reflects LST changes during former limnic stages of the Black Sea (Ménot &
Bard, 2012; Soulet et al., 2011; Wegwerth et al., 2014, 2015). In the present MIS 6 record, the relatively
low BIT index with a mean value of 0.3 + 0.1 (mean and standard deviation values; Figure 3b) excludes a
significant input of soil-derived isoprenoid GDGTs that may biased the TEXg4 values for most of the record
(Castafieda & Schouten, 2011; Hopmans et al., 2004; Weijers et al., 2006). However, some individual outliers
occurring at 183-180, 169, 161-159, 157, 154, 152, 137-135, and 131-129 ka BP have BIT values >0.4, which
may relate to an enhanced contribution by terrestrial GDGTs potentially biasing TEXgs values. However, it
has been shown that the BIT index may not always be a suitable proxy for terrestrial input (Fietz et al., 2011;
Schmidt et al., 2010; Smith et al., 2012). Indeed, the similar pattern of crenarchaeol and brGDGTs concen-
trations (n = 180, = 0.55, p < 0.01; Figures 3e and 3f) suggests mostly an in situ production of
brGDGTs and not a terrestrial origin. By contrast, the patterns of the BIT index and brGDGTs share less simi-
larities (n = 180, r* = 0.11, p < 0.01; Figures 3b and 3f). Similarly, TEXgs shows a relation neither to BIT
(n =180, ¥* = 0.05, p < 0.01) nor to MI (n = 180, r* < 0.01, p = 0.80; Figure 3). Therefore, we consider no
significant impact of terrestrial GDGTs on the TEXgs paleothermometer record of the glacial Black Sea
“Lake.”

Furthermore, the permanent presence of benthic ostracods, low contents of total organic carbon, and lack of
enrichment of redox-sensitive trace metals during MIS 3 and MIS 6 strongly suggest that the Black Sea water
column was not affected by oxygen deficiency or methanogenic activity, which could have impacted habitat
depths and/or phylogeny of the archaeal community and potentially biased TEXg4 values (Hurley et al., 2016;
Kusch et al., 2016; Qin et al., 2015; Wegwerth et al., 2014, 2016, 2018, 2019). This is further evidenced by a
GDGT-0/crenarchaeol mean ratio <2 (0.6 + 0.1; Figure 3c), which is typical for Thaumarchaeota and further
suggests that methanogens are negligible as additional source of isoprenoid GDGTs (Blaga et al., 2009;
Schouten et al., 2002, 2013; Turich et al., 2007). As well, the mean value of the MI (0.2 + 0.03; Figure 3d;
Zhang et al., 2011) suggests that the contribution of isoprenoid GDGTs produced by methanotrophic
Euryarchaeota was low enough to not bias the TEXgq temperatures. Considering all these evidences,
TEXge is very likely a suitable temperature proxy for the Black Sea surface water during MIS 6, as well as
during MIS 3 (Wegwerth et al., 2014, 2015).

4.2. Orbital-Scale Temperature Trends in the Black Sea “Lake” During MIS 6

The long-term TEXg4-based LST pattern in the Black Sea “Lake” record during MIS 6 resembles both the pat-
tern of orbital configuration and that of the EIS volume (Figures 4a and 4c; Berger & Loutre, 1991; Bintanja
& van de Wal, 2008; Laskar et al., 2004). During NHSI maxima, a retreated EIS suggests generally milder
conditions (Figure 4a; Berger & Loutre, 1991; Bintanja & van de Wal, 2008; Laskar et al., 2004). However,
unlike as might be expected, the Black Sea LST indicates colder conditions during these periods. At
~173 ka BP, that is, when insolation was on an interglacial-like maximum and EIS volume was on a mini-
mum level, the LST dropped by up to 2.6°C and were more than 2°C lower compared to MIS 3 minimum
values (Figures 5a and 5g; Wegwerth et al., 2015).

There are three cooling periods centered at 173, 153, and 131 ka BP, and the first was the coldest period.
Nevertheless, these three periods coincide with a smaller EIS volume (Figures 4a and 4c; Bintanja & van
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de Wal, 2008) and were most likely affected by long-lasting meltwater discharge into the Black Sea “Lake”
(Badertscher et al., 2011; Shumilovskikh et al., 2013; Wegwerth et al., 2014, 2019). The pronounced negative
excursions of 8'®0 of benthic ostracods in these periods suggest an input of cold freshwater with an isotopi-
cally lighter signature (Figure 4b; Shumilovskikh et al., 2013; Wegwerth et al., 2014, 2019). Therefore, the
long-term LST cooling episodes during the insolation maxima likely reflect the thermal impact of the melt-
water derived from the disintegrating EIS directly and via the Caspian detour (Wegwerth et al., 2019).

Previously, it has been shown that the abundance of coastal IRD¢ in glacial sediments of the Black Sea
reflect winter severity (Nowaczyk et al., 2012; Wegwerth et al., 2015, 2019). The IRD¢ record during MIS
6 (Wegwerth et al., 2019) resembles the LST pattern and suggests stronger winters during periods of lower
annual mean LST. This is mostly true for both the individual IRD¢ and LST data points and the recon-
structed long-term trends (solid gray lines, Figures 4c and 4d) with a clear exception during 184-178 ka
BP. The diverging long-term trends can be explained by the larger variability and amplitude in the IRD¢
record that likely impacts the trend more strongly compared to the LST, with the latter being also most likely
overprinted by meltwater as discussed above. The complete absence of frequent IRD( during the first half of
MIS 6 implies ice-free conditions and significantly milder winters at the southern coast of the Black Sea
(Figures 4c and 4d) during a period of generally increased insolation and a retreated EIS. Thus, despite a pos-
sible overprint by meltwater, the IRD¢ and LST records suggest warmer conditions during the first part of
MIS 6 (180-160 ka BP). Such warmer conditions likely favored a slightly increased primary productivity
in the Black Sea “Lake” as seen by higher sedimentary contents of TOC (Figure 4e; Wegwerth et al., 2019).
This relationship has already been described for the MIS 3 Black Sea “Lake” sediments (Wegwerth
et al., 2016).

The warmer period during the first half of MIS 6 in the Black Sea coincides with the formation of the
so-called cold sapropel S6 in the Mediterranean Sea (Bard et al., 2002; Rohling et al., 2015; Schmiedl
et al., 2003). It further corresponds to a warmer and wetter phase in the entire Mediterranean Sea, as indi-
cated by increased arboreal pollen and alkenone-based SSTs, as well as a pronounced 8*®0 excursion in spe-
leothems (Bard et al., 2002; Emeis et al., 2003; Tzedakis et al., 2003).

The second half of MIS 6 shows generally colder conditions in temperature records from the North Atlantic
toward the Black Sea (Figure 5; Cortina et al., 2015; Margari et al., 2014; Martrat et al., 2004, 2007; On &
Ozeren, 2018). Cold conditions in the northern North Atlantic are further confirmed by maximum IRD
amounts at around 154 and 131 ka BP (Figure 5c; Barker et al., 2015). Else than during the first meltwater
period in the Black Sea (BSWP-6-1), the partial retreat of the EIS concomitant to the second large MIS 6 melt-
water phase (BSWP-6-2; 160-145 ka BP; Figures 4a and 4b) resulted in massive meltwater discharge into the
North Atlantic (Toucanne et al., 2009). This may have triggered a weakened AMOC and pronounced cooling
during the long-lasting 158-152 ka BP Heinrich stadial (Figures 5c and 5d; Barker et al., 2015; Boswell
et al., 2019; Margari et al., 2014; Martrat et al., 2007; Penaud et al., 2009; Toucanne et al., 2009) that affected
temperatures in the North Atlantic and the Mediterranean Sea and possibly also slightly in the Black Sea
region.

In the context of weakened AMOC and temperatures, Cortina et al. (2015) pointed out that during the
last glacial-interglacial cycles, SST in the Gulf of Lions were strongly driven by NHSI, whereas SST
records from the Alboran Sea and Iberian Margin (Martrat et al., 2004, 2007) seem less affected by
NHSI and are more related to AMOC variability. The authors further noted that the correspondence
between SST in the Gulf of Lions and NHSI was lower during glacials (including MIS 6) because of a
stronger influence of the EIS on the SST. In particular, during periods of increased ice extent and lower
amplitude NHSI (such as during the second half of MIS 6), the intensity of northwesterly winds was
higher and the atmospheric polar front migrated southward both resulting in colder conditions in the
Gulf of Lions (Cortina et al., 2015). In this regard, the cooling episode in the Black Sea during
Termination II at around 131 ka BP coinciding with the North Atlantic Heinrich stadial 11 likely reflects
both a meltwater cooling impact and a cooling by the general northern hemisphere cold conditions due to
a weakened AMOC transferred by the westerly winds to the continent interior. While we suggest that all
three MIS 6 cooling periods were mainly caused by a regional meltwater input, we assume an additional
cooling effect due to a weakened AMOC at least for the younger two periods of MIS 6 since these coincide
with North Atlantic Heinrich stadials.
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4.3. Millennial-Scale Temperature Variability in the Black Sea “Lake” During MIS 6

Both temperature-related records, that is, LST and IRD¢, from the Black Sea reflect warming and cooling
that nearly coincide with DO events during MIS 6 as predicted from the Greenland synthetic 8*%0 ice core
record (Figures 4c, 4d, 5b, and 5g; Barker et al., 2011). The new Black Sea “Lake” LST detrended record
(Figure 5g) is also consistent with DO-like temperature variability as recorded in the North Atlantic, the
Western Mediterranean Sea, and the Anatolian Lake Van (Figures 5d-5h; Cortina et al., 2015; Margari
et al., 2010, 2014; Martrat et al., 2004, 2007; On & Ozeren, 2018). However, it has to be noted that the com-
parison of the temperature records covering MIS 6 is slightly hampered because of the different and large age
uncertainties of the individual regional records reaching up to +4 kyr. For the Black Sea MIS 6 record, for
example, mean squared estimates (MSEi) of age uncertainty determined after Grant et al. (2012) range
between +0.7 and +1.8 kyr (Wegwerth et al., 2019). Similarly, the record from the North Atlantic
(Margari et al., 2014) was aligned to the synthetic Greenland record (Barker et al., 2011), which in turn
was tuned to the Chinese speleothem age scale showing age uncertainties of about 1.5 kyr for MIS 6
(Wang et al., 2008). The age model of the temperature record from the Gulf of Lions (Cortina et al., 2015)
is based on tuning to the LR04 benthic stack (Lisiecki & Raymo, 2005) from which age uncertainties of up
to +4 kyr were reported. Despite these age uncertainties, the similar temperature patterns suggest a close
atmospheric teleconnection along the North Atlantic-Eurasian corridor during MIS 6. However, strong
DO-like temperature variability in the Black Sea region during MIS 6 is somewhat puzzling, because the
EIS was considerably larger and covered a much wider area into the continent compared to the last glacial
(Figure 1; Colleoni et al., 2009; Colleoni et al., 2016; Hughes & Gibbard, 2018; Marks et al., 2018; Svendsen
et al., 2004). While a smaller continental ice sheet resulted in an increased meridional atmospheric telecon-
nection across the North Atlantic and Eurasia, as for MIS 3, a larger ice sheet should weaken such connec-
tion by acting as a barrier for the westerly winds reducing the strength and/or deflecting the frontal systems
southward (Feurdean et al., 2014; Pollard & Barron, 2003; Wegwerth et al., 2015).

However, similar to the synthetic 880 record for Greenland, the Black Sea stadial-interstadial temperature
changes show higher amplitudes and frequencies along with more frequent warmer periods during the first
half of MIS 6, which is probably associated with the higher NHSI and retreated EIS (Figures 5a, 5b, and 5g).
Warmer interstadials during the first half of MIS 6 are also suggested by the Lake Van and the
Mediterranean records. The SST pattern from the North Atlantic is lacking a typical stadial/interstadial pat-
tern but reveals a few prominent stadial cooling events corroborated by an IRD record from the northern
North Atlantic (Barker et al., 2015) (Figures 5c and 5d). The difference between the temperature records
of the North Atlantic and the Mediterranean/Black Sea region may reflect different responses to atmo-
spheric and oceanic forcing on temperature variability in the oceanic North Atlantic realm and over the
Eurasian continent. The different regional MIS 6 temperature records suggest that sites close to the North
Atlantic are more sensitive to cooling, whereas continental sites are rather sensitive to warming.
Accordingly, millennial-scale North Atlantic SST minima during MIS 6 are likely related to an AMOC weak-
ening, whereas the observed continental temperature patterns are more directly influenced by NHSI and
especially by EIS dynamics (Cortina et al., 2015); these latter being two important factors controlling the
atmospheric circulation patterns across Eurasia. Similar differences are evident also for MIS 3, where cool-
ing events in the North Atlantic and the Western Mediterranean Sea are much more pronounced (Martrat
et al., 2004, 2007) compared to the concomitant stadial SSTs at more continental sites (Figure 5; Cortina
etal., 2015; On & Ozeren, 2018; Wegwerth et al., 2015). An exception is the TEXgq-based temperature record
from the western Black Sea during MIS 3 (Ménot & Bard, 2012), where interstadials are less obvious than
cooling related to Heinrich stadials as discussed by Wegwerth et al. (2015). Although reconstructions show
a generally much larger EIS extent into the Eurasian interior during MIS 6 (Colleoni et al., 2009, 2016;
Hughes & Gibbard, 2018; Marks et al., 2018; Svendsen et al., 2004), the almost exclusive occurrence of
DOs across the North Atlantic-Eurasian corridor during the first part of MIS 6 potentially benefited from
the interglacial-like NHSI maximum and a pronounced northward waning of the continental EIS to a
volume comparable to the early MIS 3.

The bundled DO successions separated by pronounced Heinrich stadial cooling in MIS 3 (Bond et al., 1993;
Heinrich, 1988), the so-called Bond cycles, are not evident during MIS 6, and the timing and nature of the
DO-like temperature changes is more variable between the various records. One reason is most likely the

WEGWERTH ET AL.

90f13



Ay

NI Paleoceanography and Paleoclimatology 10.1029/2020PA003882

ADVANCING EARTH
AND SPACE SCIENCE

Acknowledgments

The authors thank the captain and crew
of RV Maria S. Merian for their support
during the MSM33 Black Sea cruise in
2013. Assistance during preparation
and analyses of the biomarker samples
by Nadine Hollmann and Melanie
Schiifiler is greatly acknowledged. The
authors thank Stephanie Kusch and
one anonymous reviewer for
constructive comments improving the
manuscript and Matthew Huber for
editorial handling. This work was
funded through DFG grants to A.
Wegwerth (WE 6136/1-1; BlackPearl)
and to J. Kaiser (KA 3228/2-1;
TETRABAL). Open access funding
enabled and organized by Projekt
DEAL.

larger uncertainties of the individual age models compared to the partly radiocarbon dated MIS 3 records.
Another reason is probably related to the stronger regional impact of the large amplitude changes in
NHSI and the EIS volume. Lower amplitudes during MIS 3 probably favored a stronger zonal atmospheric
teleconnection across the North Atlantic-Eurasian corridor causing less regional differences and a stronger
imprint of northern hemisphere climate in general (Wegwerth et al., 2015, 2016).

During the insolation maximum within MIS 3, all regional temperature records show DO interstadials being
generally longer in duration than interstadials during lower insolation (Figure 5). The insolation maximum
at ~55 ka BP during MIS 3 is comparable with the second insolation maximum during MIS 6 at ~148 ka BP.
Although Barker et al. (2011) predicted at least two interstadials during the second insolation maximum
within MIS 6 for Greenland (Figure 5b), the individual temperature patterns across the North
Atlantic-Eurasian corridor are less clear and show shorter interstadials (Figure 5). A much larger volume
and areal extent of the EIS during the middle part of MIS 6 (Figure 5a) may explain the considerably different
temperature patterns compared to MIS 3. However, during the first and more pronounced insolation max-
imum within MIS 6 at ~173 ka BP, the EIS was reduced considerably to a volume comparable to that at
~55 ka BP (Figure 5a; Bintanja & van de Wal, 2008). Therefore, the retreated ice sheet associated with a
northward migration of the atmospheric polar front and the subtropical jet likely caused the generally
milder conditions in the midlatitudes. After a short cooling during Heinrich stadial 11, all compared tem-
perature records show pronounced warming since ca. 130 ka BP (Figure 5) most likely related to the final
retreat of the EIS at the penultimate glacial-interglacial transition (Termination II), allowing again a deeper
inland propagation of the milder North Atlantic climate.

5. Conclusions

The TEXg4-based surface temperature record from the Black Sea “Lake” covering nearly the entire MIS 6
documents pronounced temperature variability on an orbital and millennial scale. Else than expected, tem-
peratures are lower during NHSI maxima, which is most likely related to the long-lasting discharge of colder
meltwater into the Black Sea “Lake” from the retreating EIS during these periods. Removing this long-term
trend, the temperature-related LST and IRD proxy records clearly point to millennial-scale variability coin-
ciding, within the uncertainty of dating, with predicted Greenland DO cycles particularly during the first
part of MIS 6. After ~160 ka BP, the Black Sea was more “locked” in a stable colder condition due to the
expansion of the EIS and the southward migration of the atmospheric polar front over the Black Sea region.
During the first half of MIS 6, temperature records from the North Atlantic, the Mediterranean Sea, and the
Black Sea region share common millennial-scale features with stadial cooling and interstadial warming
most likely favored by a retreated EIS during the interglacial-like insolation maximum. Although NHSI
was as high around 150 ka BP as during the MIS 3 peak at ~55 ka BP, interstadials were weaker and colder
during the second half of MIS 6. We propose that the larger continental extent of the EIS ultimately con-
trolled the weaker inland propagation of DO-like temperature changes to the Black Sea region. Overall,
we suggest that the spatial extent of the southern and eastern margins of the EIS into the Eurasian continent
probably played a crucial role for the propagation of temperature from the North Atlantic toward Eurasia.

Data Availability Statement

The data used in the present study are available online as Supporting Information Data Set S1 and at Zenodo
(http://doi.org/10.5281/zenodo.3906001).
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