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ABSTRACT

The Black Sea is connected to a large drainage area including the European Russian Plain, part of the Alps and
southeastern Europe. To study the hydrological changes in this basin over the last 40,000 years, we measured
specific terrigenous biomarkers for wetland vegetation in well-dated sediments from the northwestern Black
Sea, spanning the last glacial period (lacustrine phase) and the Holocene (marine phase). Low abundances of
these biomarkers are observed during the North Atlantic ice melting and cooling events known as Heinrich
Events 4 to 2, the Last Glacial Maximum and the Younger Dryas Event. Increased biomarker inputs characterize
the mild climate phases known as Dansgaard-Oeschger Interstadials, the Bglling/Allered and Preboreal
Warmings indicating increased erosion due to permafrost degradation, higher primary productivity and/
or wetland extension in the drainage basin. The final retreat of the Fennoscandian Ice Sheet from the
Russian Plain occurs during the early part of Heinrich Event 1 and is characterized by increased biomarker
concentrations in a typical series of four deglacial clay layers. For the last glacial period, the correspondence
in timing between the biomarker records and the atmospheric CH, record from ice cores, suggests an important
CH,4 contribution due to boreal permafrost thawing and wetland emission.

© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.

Introduction

Well-dated and high-resolution studies of eastern Europe envi-
ronmental conditions during the last deglaciation are still very
scarce, in particular those relating to the development of wetlands
and peatlands following the decay of the Fennoscandian Ice Sheet
and its drainage through the river system. After the thawing of
carbon-rich permafrost soils during the last deglaciation, major
peat zones accumulated between 50 and 67°N in northeastern
Europe (Gorham, 1991; Gajewski et al., 2001; Yu et al., 2010). Varia-
tions of atmospheric CH4 concentrations recorded in Greenland ice
cores (Chappellaz et al., 1990, 1993; Blunier et al., 2007; Loulergue
et al., 2008) suggest an important contribution from wetlands and
permafrost thawing over the full glacial-interglacial cycle (Fischer
et al., 2008; Baumgartner et al., 2012).

In order to study these processes and their timing, we investigate
well-dated sediments from the Black Sea by analyzing a suite of terrige-
nous biomarkers. Our objective is then to compare these new records
with other regional and global climate records to follow the deglacial dy-
namics in northeastern Europe. Specific n-alkan-2-ones and n-alkanes
are used as indicators for peat-forming Sphagnum mosses which develop
especially in boreal areas with cool temperatures, positive water balance
and more than 500 mm of annual precipitation (Halsey and Vitt, 2000).
The abundances of these biomarkers are shown to covary with climate,
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hydrology/erosion, the dynamics of the Fennoscandian Ice Sheet and
local environmental changes throughout the Black Sea drainage basin.
The comparison between biomarker records and the CH4 concentrations
in Greenland ice cores illustrates the CH,4 contribution from wetland and
permafrost from northeastern Europe.

Modern and past environments in the Black Sea drainage basin

Together with the northern European Plain, the Russian Plain is the
largest lowland landscape in Europe. Numerous peat bogs and one of
Europe's biggest swamp areas (Polesia) are situated in the center of
the Russian Plain and are drained by the tributaries of the Dnieper
River (Gottlich, 1990; Struk, 1993). The vegetation in the Black Sea
drainage basin is composed by a cool temperate forest zone north of
50°N and by a dry steppe zone between 50°N and the northeastern
Black Sea coast. In the Black Sea lowland, branches of the Dnieper flow
through muddy flatlands with islands of deciduous forests, wet
meadows, lakes and swamps. The mountain regions (Alps and
Carpathians) are covered by closed boreal forests (Struk, 1993) and
are drained by the Danube and Dniester Rivers, respectively.

During the last glacial period, the northwestern part of the Russian
Plain was covered by the Fennoscandian Ice Sheet (Svendsen et al.,
2004; Rinterknecht et al., 2006). Its maximum southern extent occurred
during the Last Glacial Maximum (LGM) and corresponded to a perma-
frost extension as far south as 47°N (Velichko et al., 2002; Renssen and
Valderberghe, 2003; Wohlfahrth et al,, 2007). Pollen analyses show that
most of the ice-free areas (south of 50°N) in the Russian Plain were
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occupied by large periglacial tundra- and forest steppes in the northern
part, and periglacial steppes to semi-deserts in the central and southern
parts (Rousseau et al, 2001; Sidorchuk et al., 2001; Simakova, 2006;
Wohlfahrth et al,, 2007; Markova et al.,, 2009). Palynological reconstruc-
tions for the LGM show that Sphagnum moss was abundant in the north-
ern vegetation zone closest to the Fennoscandian Ice Sheet and
decreased towards the southern drier steppic zones (Markova et al.,

2009).

In the Alps, glaciers extended to their maximum limit before 21,000
to 19,000 yr ago (Florineth and Schliichter, 2000; Ivy-Ochs et al., 2006)
and the continuous permafrost limit lowered about 600 m during the
LGM and the Younger Dryas (YD), (Sailer and Kerschner, 2000; Gruber

and Reitner, 2007).

Rapid climate instabilities like Dansgaard-Oeschger Events (DO;
Dansgaard et al., 1993) and Heinrich Events (HE; Bond et al., 1992;
Heinrich, 1988) left a near-global imprint in the ocean (Broecker
et al.,, 1992; Clark et al., 2001; Hemming, 2004), on the continents
in European pollen and lake sediment records (Tzedakis et al., 2002;
Ménot and Bard, 2012), and in loess and soil deposits (Vanderberghe
and Nugteren, 2001; Antoine et al, 2009). For the Russian Plain,
paleoclimate studies are based on ice sheet relicts (Rinterknecht et al.,
2006), paleoriver terraces (Sidorchuk et al., 2001), loess/soil sequences
(Rousseau et al., 2001) and palynological data bases (Wohlfahrth et al.,
2007; Markova et al., 2009). These records are of limited resolution
because periglacial processes hamper a continuous recording of

millennial-scale climate variations.

Relicts from large meandering paleochannels and their hydro-
morphological reconstructions for the last deglaciation show that per-
mafrost soils on the Russian and the Romanian Plains were drained
and eroded by river channels and water flows several times larger and
stronger than those of today (Sidorchuk et al, 2001; Howard et al.,
2004). After the main melting processes, parts of these periglacial chan-

nels developed into floodplain lakes and peat bogs.

50°N

20°

E

The NW Black Sea collected these large volumes of water and sedi-
ment which were transported by the Dniester and Dnieper Rivers
from the European Russian Plain and by the Danube River from the
Alps and southeastern Europe. Consequently, sediments from the
northwestern Black Sea are an ideal archive for the reconstruction of
climate-related variations in hydrology and erosion in this large drain-
age basin (Fig. 1).

Today the Black Sea is connected to the Marmara Sea and to the Med-
iterranean Sea via the Bosphorus (sill depth: —35 m). During the last
glacial periods this connection was interrupted several times due to
global sea-level lowering and changes in the precipitation/evaporation
budget (Degens and Ross, 1974). During periods of low sea level,
the hydrology of the northwest Black Sea “lake” was mainly con-
trolled by fluvial input from the Dniester and especially from the
Dnieper which was more sizeable than it is today (Bahr et al., 2005,
2006). Today the largest sediment and freshwater water input to
the Black Sea derives from the Danube River (Jaoshvili, 2002; Panin
and Jipa, 2002).

Complementary to continental morphological, soil and pollen cli-
mate proxies, lacustrine/marine sediments record paleoenvironmental
changes continuously and at high resolution. Land plant-derived bio-
markers transported by rivers document useful information about re-
gional climate, hydrology and erosion through the strength of river
runoff, and about the main vegetation changes in the drainage basin.

Biomarker proxies for peatlands and wetlands

Long-chain n-alkan-2-ones with strong odd over even dominance
have been found in various environments such as soils and paleosoils
(Xie et al., 2003, 2004), peat deposits (Lehtonen and Ketola, 1990, 1993;
Xie et al,, 2004; Zheng et al., 2010, 2011), lacustrine and marine sediments
(Volkman et al., 1983; Cranwell, 1984) as well as in modern plant leaves
and roots and in blue-green algae and macrophytes including seagrass

40°E

Figure 1. Drainage basin of the Black Sea (white contour), major tributary rivers and the position of Core MD04-2790 (ASSEMBLAGE cruise, 44°13'N/30°59’E, 28 m core length, 358 m

water depth, MS = Marmara Sea).
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(Wenchuan et al., 1999; Baas et al., 2000; Hernandez et al., 2001; Nichols
and Huang, 2007; Jansen and Nierop, 2009; Ortiz et al., 2011). Together
with indices based on mid- to long-chain n-alkanes (C23 to C27),
n-alkan-2-ones are interpreted to reflect peat-forming plant inputs,
especially from Sphagnum mosses (Lehtonen and Ketola, 1990,
1993; Pancost et al., 2002; Nichols and Huang, 2007; Bingham
et al., 2010; Ortiz et al., 2010). Sphagnum grows in very wet and
nutrient-poor areas and is abundant in the top layer of peat bogs
and in moist tundra areas. Commonly, the C27 numbered homologue
is the dominant n-alkan-2-one reported in peat plants and in peat or
organic matter-rich soils (Rieley et al., 1991; Hernandez et al., 2001;
Xie et al., 2003; Nichols and Huang, 2007; Ortiz et al., 2010; Huang
etal, 2012).

In several studies long-chain n-alkan-2-ones have been interpreted
as degradation products of n-alkanes and fatty acids due to increased mi-
crobial oxidation or decarboxylation, respectively (Albaigés et al., 1984;
Cranwell et al.,, 1987; Rieley et al.,, 1991; Xie et al., 2004; Jansen and
Nierop, 2009; Andersson and Meyers, 2012). In these studies, similar
chain length distributions are reported for n-alkanes and n-alkan-2-
ones. In peat sequences in China, the presence of n-alkan-2-ones is
interpreted both as an authentic terrestrial biomarker from Sphagnum
and during warmer and drier periods as a mixed signal of enhanced mi-
crobial oxidation of n-alkanes and direct plant input (Zheng et al., 2010,
2011).

The origin of mid- to long-chain n-alkanes as ubiquitous lipids in
sediments is generally allocated to the input of higher plant epicuticular
waxes (Eglinton and Hamilton, 1963). These leaf wax compounds are
known to be resistant to degradation (Prahl et al., 1997) and represent
valuable biomarkers for climate reconstructions (Nichols et al., 2006;
Bingham et al., 2010; Ortiz et al., 2010). While terrestrial plants such
as trees, grasses and shrubs are characterized by long-chain n-alkanes
(C27 to C31), odd mid-chain length n-alkanes are attributed to sub-
merged or floating macrophytes (C21 to C25), and to Sphagnum mosses
(€23, C25) (Baas et al., 2000; Nott et al., 2000; Pancost et al., 2002; Xie
et al., 2003, 2004; Nichols et al., 2006; Vonk and Gustafson, 2009;
Huang et al.,, 2012). Some Sphagnum species show a bimodal distribu-
tion with a second maximum at the C31 n-alkane (Nott et al., 2000;
Pancost et al., 2002; Nichols et al., 2006).

In paleoenvironmental studies of peat sequences, different n-alkane
indices have been proposed to reflect humidity around tropical lakes
(P,q index; Ficken et al., 2000), dominant vegetation in peat bogs (Aver-
age Chain Length (ACL) index; Pancost et al., 2002), and the presence of
sub-arctic Sphagnum species based on the C25/(C25 + C29) ratio
(Vonk and Gustafson, 2009). Interestingly, the C23 n-alkane has been
found to be predominant in peat bogs and in numerous Sphagnum spe-
cies (Baas et al., 2000; Nichols et al., 2006; Bingham et al., 2010; Ortiz
et al., 2010). Consequently, the C23/C29 or C23/C31 ratios have been
used to discriminate between the dominance of Sphagnum versus
other higher terrestrial plants (Nott et al., 2000; Nichols et al., 2006;
Bingham et al,, 2010).

Material and analytical methods

Core MD04-2790 is 2800 cm long and was taken on the NW shelf
of the Black Sea at 352 m water depth (Fig. 1; 44°12.79'N; 30°59.61’
E, Assemblage I cruise, 2004). Core MD04-2790 provides a continuous
record of the three main sediment units of the last glacial to the Holo-
cene Period in the northwestern Black Sea (Ross and Degens, 1974;
Soulet et al., 2011a). The lacustrine sediments consist of homogenous,
partly laminated muddy clay with low carbonate (CaCOs: 8-13%) and
total organic carbon (TOC: 0.3-0.5%), a series of characteristic red clay
layers and two authigenic carbonate layers (CaCO3: <65%; TOC:
<2%). Marine sediments consist of a 75 cm thick sapropelic layer with
a TOC content of 15% due to enhanced preservation of organic matter
in a stratified and oxygen-poor water column. The sapropelic layer is
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overlain by late Holocene laminated coccolith ooze (Soulet et al.,
2011a).

Using the facilities at CEREGE, biomarker analysis was carried out
every 10 cm from 2800 to 900 cm core depth and every 5 cm from
900 cm to the core top. One to five grams of freeze-dried and mortar-
ground sediment was extracted with an accelerated solvant extraction
system ASE200 (Dionex) using an extraction temperature of 120°C, a
pressure of 100 bars and a mixture of dichloromethane/methanol (v/v:
9/1) as extraction solvant (Pailler and Bard, 2002). Gas chromatographic
(GC) analyses were performed using a FID-equipped Fisons Instrument
GC8065 and a Thermo Electron Trace GC, a 60 m x 0.25 mm x 0.1 pm
non-polar fused-silica column DB-5-MS (J&W) fitted with a
2.5 m x 0.53 um deactivated retention gap and using hydrogen as the
carrier gas. GC oven parameters were 45-200°C at 17°C/min and
200-300°C at 3°/min. Biomarker concentrations were determined in
comparison to an internal standard (ethyl triacontanoate). Several sam-
ples were measured by GC-MS using a Trace GC coupled to a DSQ quad-
rupole mass spectrometer (Thermo Electron) with similar GC conditions
but using helium as the carrier gas. The identification of C23 to C33
n-alkanes and C23 to C31 n-alkan-2-ones is based on full scan analy-
sis (40-650 amu) and the selection of single ion traces with the
characteristic masses of m/z 59 for n-alkan-2-ones and m/z 57 for
n-alkanes, respectively (Fig. 2; Lehtonen and Ketola, 1990). Typical
single-ion trace chromatograms demonstrate a strong odd over
even distribution of the carbon chain lengths in both biomarkers
(Fig. 2).

Analysis of total organic carbon (TOC) was carried out at the CEREGE
for the same depths as the biomarkers (Soulet et al., 2011a). The analyt-
ical method is described elsewhere (Pailler and Bard, 2002).

In order to take into account the dilution effect due to enhanced ac-
cumulation and/or enhanced preservation of TOC, the C27 n-alkan-2-
one (Ket27) and C23 n-alkane (C23) concentrations (in ng/g) are nor-
malized to %$TOC (Ket27/TOC and C23/TOC, respectively in Figs. 3c,d).
The C23/C31 ratio (Fig. 3e) illustrates the relative concentration differ-
ences between the odd mid-chain length n-alkanes (C23 and C25) and
the odd long-chain n-alkanes (C27, C29 and C31) and represents the
abundance of Sphagnum versus vascular land plant vegetation.

Core chronology

The detailed chronology for core MD04-2790 is based on 30 radio-
carbon ages and was refined by varve counting and tuning to climatic
records dated independently (Soulet et al, 2011ab). For the last
17,700 yr a high-resolution XRF-Ca and the TOC record were tuned to
the Hulu Cave 980 record (Wang et al., 2001). In the red clay layers
the chronology was refined by varve counting. From 17,700 to
32,000 yr ago, a lake temperature record for core MD04-2790 based
on the TEX86 paleothermometer (Ménot and Bard, 2012) was tuned
to the 8'80 record of the Hulu Cave (Wang et al., 2001). The comparison
between radiocarbon ages and tuned ages allowed the reconstruction of
a high-resolution reservoir age record for the last glacial Black Sea
“Lake” (Soulet et al., 2011a). For this study, the core stratigraphy was ex-
trapolated from 32,000 yr at 22 m to the core base at 28 m, giving an
age of 39,850 yr, by assuming a constant sedimentation rate.

Throughout the paper and figures, we will refer to ages obtained in
core MD04-2790 with this combination of geochronological techniques.
These ages are thus equivalent to calendar ages before present (1950)
obtained by the U-Th method or by calibrating '“C ages. In order to
avoid using the term “cal yr BP” that is restricted to calibrated 'C
ages, we will simply refer to these ages as years (or yr ago).

Results
Figure 2 reveals differences in chain length distribution of n-alkanes

and n-alkan-2-ones in the lacustrine sediments. The n-alkanes are max-
imizing at the C31 (Fig. 2a; average chain length ACLcp3_31: 28.8, st.dev.
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Figure 2. Single-ion traces of the typical masses of (a) n-alkanes (m/z 57) and (b) n-alkan-2-ones (m/z 59) and mass spectra of (c) with molecular ion masses of C23 n-alkane (M 324)
and (d) of C27 n-alkan-2-one (M* 394) and M-18 (376) and M-15 (379). The sample is from a core depth of 260 cm and corresponds to an age of 13,577 yr. The difference in the chain
length distribution of n-alkanes and n-alkan-2-ones and high carbon preference index (CPI) values (CPlcys_33 > 6 for n-alkanes and CPlges-31 of 4 for n-alkan-2-ones) makes it unlikely
that the latter are exclusively a degradation product due to c-oxidation of n-alkanes (Meyers and Ishiwatari, 1993; Andersson and Meyers, 2012).

0.24,n = 342) whereas the n-alkan-2-ones maximize at the C29 homo-
logue (Fig. 2b; ACLket23-31: 28.1, st.dev. 0.44, n = 344).

The carbon preference index (CPI) indicates the degree of diagenesis
(Meyers and Ishiwatari, 1993). The mean CPl¢,s_33 value for n-alkanes
in the lacustrine sediments of Core MD04-2790 is 6.6 (st.dev. 1.2;
n = 342) and the mean CPlgercos-c31 is 4 (st.dev. 1.1; n = 344) for
the n-alkan-2-ones. Typical n-alkane CPI values for non-mature lake
sediments from mid-latitude are higher than 5 (Huang et al., 2004)
and higher than 3.7 in surface sediment from a periglacial paleoriver
transect from northeastern Siberia (Vonk et al., 2010). In the latter, de-
graded sediments show CPI values lower than 2.5. Therefore the rela-
tively high CPI values for n-alkanes and n-alkan-2-ones in the Black
Sea sediments suggest that these biomarkers are not strongly affected
by diagenesis.

The C23/TOC and Ket27/TOC records show a relatively tight concor-
dance suggesting a common origin (Figs. 3c,d). The ratio C23/C31 is flat-
ter in the lower part of the core but bears a resemblance to the C23/TOC
and Ket27/TOC records in the upper core part.

Discussion
Hydrological and vegetation changes in the Black Sea drainage basin

The glacial period

Figure 3 shows the terrigenous biomarker records in comparison to
the 9'80 NGRIP ice core record reflecting Greenland air temperatures.
The glacial interval of Core MD04-2790 between 39,850 and 17,400 yr
is characterized by homogenous mud and shows major variations of ter-
restrial organic matter input as demonstrated by the Ket27/TOC and C23/
TOC records. Intervals with lower biomarker ratios between 39,850 and
38,200 yr, 31,200 and 29,900 yr, and between 26,200 and 23,700 yr cor-
respond stratigraphically to the North Atlantic cooling phases Heinrich
Events HE4, HE3 and HE2, respectively and those between 23,700 and

https://doi.org/10.1016/j.yqres.2013.07.003 Published online by Cambridge University Press

17,400 yr corresponds to the LGM. The low biomarker ratios during
these cold periods suggest that permafrost extended over the Russian
Plain stabilizing the soil and that erosion was decreased.

Between HE4 and HE3 (38,200-31,200 yr ago) and between HE3
and HE2 (29,900-26,200 yr ago) increased biomarker variability corre-
sponds to the Dansgaard-Oeschger Interstadials DO 8-5 and DO 4-3
(Figs. 3c,d). During these warm phases, permafrost thawing phases oc-
curred in the Black Sea drainage basin, decreasing the soil stability and
increasing erosion in the wetlands.

During the glacial period the Black Sea drainage basin was strongly
reduced because its northern part was covered by the Fennoscandian
Ice Sheet. Riverine transport through the different environments and
vegetation zones integrates a biomarker signal from the border of the
ice sheet to the Black Sea. The northern periglacial tundra- and forest
steppe zone were humid and rich in organic matter with abundant
Sphagnum moss (Markova et al., 2009). In this area, the increased mobi-
lization and runoff of soil organic matter during the DO events was most
likely limited by the frozen sub-surface layer (Vonk et al., 2010). By con-
trast, the soils of the southern dry steppic zone contained less organic
matter which diluted the river-eroded material as it flowed to the
Black Sea.

The Ket27/TOC and C23/TOC biomarker records suggest that during
the last glacial period, permafrost on the Russian Plain was affected by
millennial-scale climate variability of the North Atlantic region probably
via atmospheric circulation patterns (Broccoli and Manabe, 1987;
Florineth and Schliichter, 2000).

In contrast, the relatively constant C23/C31 ratios (between 0.06
and 0.2; mean: 0.12, st.dev. 0.04, n = 220) show no clear relation-
ship to millennial-scale climate variability (Fig. 3e) during this time
period. This suggests that only limited changes in vegetation compo-
sition occurred in the Black Sea drainage basin. Interestingly stable
and persisting ecosystems on the Russian Plain during the last glacial
period have been attested from palynological studies (Markova et al.,
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Figure 3. High-resolution paleoclimate records of Core MD04-2790 compared to (a) the 3'0 record of NGRIP ice core (Andersen et al,, 2004) and to (b) the composite atmospheric CH,4
record from Greenland (Blunier et al., 2007). (c) C23/TOC, (d) Ket27/TOC and (e) C23/C31 as an indicator for vegetation changes in the Black Sea drainage basin. The geochemical subunits
of the Black Sea sediments are given below panel (e) with Black Sea Unit II: S = Sapropel; A = Aragonite layer; T = Transitional layer; C1 = Carbonate peak 1 with up to 65% authigenic
CaC0s; GT1 = Glacial sediment Type 1: homogenous lacustrine mud with low TOC and detrital carbonates; C2 = Carbonate peak 2 with up to 45% authigenic CaCOs; GT2 = Glacial sed-
iment Type 2 as described for GT1; RL = Red Layers; Black Sea Unit Ill: G = Glacial sediment as described for GT1 (Bahr et al., 2005; Soulet et al., 2011a).

2009) and from recent vegetation modeling (Huntley et al., 2013).
Consequently, for the glacial period, the biomarker ratios suggest
mainly soil destabilization during DO events due to permafrost deg-
radation and increased erosion, but no major vegetation changes.

The early part of the deglaciation

During the deglaciation between 17,400 and 15,600 yr, the Ket27/
TOC and C23/TOC records show very distinct increases concomitant
with the deposition of four red clay layers (RL; Fig. 3). These “Red
Layers” are described as typical features in several cores from the west-
ern Black Sea (Bahr et al., 2005, 2006; Major et al., 2006). The deposition
of each Red Layer took place over about 200 yr and was interrupted by
typical glacial sediments for about 100 to 300 yr (Soulet et al., 20113,

https://doi.org/10.1016/j.yqres.2013.07.003 Published online by Cambridge University Press

2013) with lower values of the three biomarker ratios. The deposition
of the Red Layers is concomitant with the early part of HE1.

The origin of the Red Layers in the Black Sea sediments is probably
related to a sporadic overflowing of a proglacial lake which formed at
the southern edges of the Fennoscandian Ice Sheet (Soulet et al.,
2013). Accordingly, the important and conspicuous increases of
Ket27/TOC and C23/TOC in the Red Layers are related to the emerging
meltwater masses which were drained through large meandering
paleochannels, eroding and transporting fine argillaceous particles
and terrestrial organic matter into the Black Sea. The C23/C31 ratio in-
creases systematically in the Red Layers, suggesting an important in-
crease of Sphagnum vegetation in the floodplains of the paleochannels
during the deglaciation.
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The particularly strong imprint of HE1 in the Black Sea is entirely re-
lated to the collapse of the Fennoscandian Ice Sheet with extremely
strong fluvial erosion processes. The strong correlation of C23/TOC,
Ket27/TOC and C23/C31 with changes in abrupt meltwater input
manifested by inorganic geochemical proxies (Soulet et al., 2013) sug-
gests that the biomarker ratios reflect hydrological processes and vege-
tation changes. In contrast, for the older Heinrich Events, low biomarker
ratios suggest that the Fennoscandian Ice Sheet was stable and that riv-
erine activity was reduced.

The youngest part of HE1 between 15,400 and 14,800 yr is charac-
terized by typical glacial sediment (GT2; Fig. 3) and biomarker ratios
as low as those observed in the older Heinrich Events, reflecting cold cli-
mate conditions with strengthened permafrost and reduced erosion.

The biomarker records show that the onset of the melting of the
Fennoscandian Ice Sheet on northeastern Europe occurred at 17,400 yr.
This is within the error limits of '°Be moraine dating (19,000 +
1600 yr) (Rinterknecht et al., 2006), but about 3600 yr later than on
the western European continent where the deglaciation started early at
about 21,000 yr ago (Ménot et al., 2006). The abrupt decrease of bio-
marker ratios in the younger part of HE1 is compatible and concomitant
with the rerouting of ice-sheet meltwater towards the Baltic Sea
(Kvasov, 1979; Ehlers and Gibbard, 2004; Mangerud et al., 2004; Soulet
et al,, 2013) and concomitant with an extreme cooling in this second
phase of HE1 (Bard et al., 2000; Denton et al., 2006).

The Bolling Warm Period between 14,800 and 14,300 yr is expressed
by a sharp increase of Ket27/TOC whereas C23/TOC stays low. As men-
tioned above, the southern edge of the Fennoscandian Ice Sheet drained
into the Baltic and the Arctic Seas at that time. Therefore a considerable
input to the Black Sea came through the melting of the alpine ice domes
(Darnault et al,, 2011) which contributed to tributaries of the Danube
River. Increasing lake temperatures and greater productivity led to
authigenic calcite precipitation (C2; Fig. 3; Bahr et al., 2005). In addition,
a higher lake level could have built a favorable environment for aquatic
macrophytes and algae in the extended Danube and Dnieper floodplains
and on the flooded shelf of the northwestern Black Sea. Macrophytes and
algae could represent an additional local source of n-alkan-2-ones
(Wenchuan et al, 1999; Hernandez et al, 2001) explaining the
decoupling between Ket27/TOC and C23/TOC.

During the Allergd Period between 13,900 and 12,900 yr, low bio-
marker ratios suggest lower alpine meltwater input and/or reduced
soil erosion due to reforestation (Bahr et al.,, 2005). Slightly increased
(23/C31 ratios during the Belling/Allered (B/A) suggest a relative in-
crease of wetland vegetation in the Black Sea drainage basin.

The late part of the deglaciation

During the YD Cold Event between 12,900 and 11,500 yr, Ket27/TOC,
(23/TOC and C23/C31 show minimum values (Fig. 3). Typical glacial sed-
iment (GT1; Fig. 3) and low biomarker ratios point to re-extending dry
and cold permafrost conditions (Renssen and Valderberghe, 2003;
Gruber and Reitner, 2007) and decreasing soil erosion in the Black Sea
drainage basin.

At the abrupt beginning of the Preboreal warming (PB) at 11,600 yr
increasing lake temperature, productivity and lake level led again to
authigenic calcite precipitation (C1; Fig. 3). Ket27/TOC, C23/TOC and
(23/C31 ratios increase (Fig. 3) indicating a relative increase of wetland
vegetation. However, river input and terrigenous sediment supply
remained low during this time interval (Bahr et al.,, 2005; Soulet et al.,
2011a). This paradox can be explained by a major extension of boreal
peat areas in the now ice-free regions (Gajewski et al.,, 2001; Yu et al.,
2010) and/or by increased aquatic macrophyte growth in the extended
Danube Delta and Dnieper Estuary regions due to lake-level rise. Indeed,
pollen analyses from the Black Sea region confirm an increasing pres-
ence of freshwater marshes and swamps related to warm and humid
climate conditions (Mudie et al., 2007).

Due to global sea-level rise during the mid-Holocene, the Black Sea
started reconnecting to the Mediterranean Sea via the Marmara Sea
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9000 yr ago (Soulet et al., 2011b). The marine phase is characterized
by low Ket27/TOC and C23/TOC due to increased TOC values related to
marine productivity and to the preservation of organic matter in a
euxinic water column. The inflow of marine water led to intense
water-column stratification and euxinic conditions at water depth
>400 m and resulted in the deposition of a sapropelic layer (Bahr
et al., 2006; Major et al., 2006; Soulet et al., 2011a,b).

Permafrost degradation on the Russian Plain and the atmospheric CHy
record

Ice-core analyses show that atmospheric methane (CH,4) concentra-
tion has varied by a factor of about two (350-800 ppbv) on orbital and
millennial time scales during the last 800,000 yr, following the
Dansgaard-Oeschger cycles closely during the last glacial period
(Chappellaz et al, 1990, 1993; Blunier et al, 2007; Loulergue et al,
2008). These past CH, variations are mostly attributed to emissions
from wetlands, a third of which are located in the boreal zone
(Chappellaz et al., 1990, 1993; Fischer et al., 2008; Loulergue et al,
2008). A recent study shows that the inter-hemispheric difference in
CH4 has been relatively stable over the last 40,000 yr and that boreal
wetland sources were never completely shut off during the glacial pe-
riods (Baumgartner et al., 2012). In addition to continental wetlands, a
further contribution could have come from the flooding of the continen-
tal shelves in the tropics and subtropics during periods of rapid sea-level
rise (Ridgwell et al., 2012).

In order to fingerprint the wetland and permafrost contributions
from northeastern Europe to global atmospheric CH4 concentrations,
we compare the biomarker record from the Black Sea with the CH,4 re-
cord from ice cores (Figs. 3b,c). For the last glacial period between
40,000 and 25,000 yr, Ket27/TOC and C23/TOC maxima correspond to
warmer/more humid DO interglacial events, concomitant with atmo-
spheric CH4 increases. The correspondence suggests that permafrost
thawing, subsequent soil availability and wetland areas on the Russian
Plain potentially may have represented a boreal CH4 source during DO
events. During the cold LGM, Ket27/TOC, C23/TOC and CH,4 are low
and stable suggesting permafrost stability due to low air temperatures.
Our results for the DO events and the LGM are compatible with the cal-
culated CH4 source distribution — tropical or northern hemisphere wet-
lands — reconstructed from polar ice-core records (Baumgartner et al.,
2012).

The time period of HE1 is of particular interest because North Atlantic
sea-surface temperature records suggest extremely cold temperatures
(Bond et al., 1992; Bard et al., 2000). However, due to increasing insola-
tion continental ice sheets and mountain glaciers diminished in volume
and snowlines retreated (Denton et al.,, 2006; Williams et al., 2012). In
addition, global sea level rose during the same period (Bard et al.,
1990; Peltier and Fairbanks, 2006; Carlsen and Clark, 2012). Atmospheric
CHy,4 starts to increase at the onset of HE1 at about 17,400 yr and is ac-
companied by prominent biomarker increases (Fig. 3). This abrupt start
also corresponds to the deposition of the Red Layers, which mark the be-
ginning of the melting of the eastern Fennoscandian Ice Sheet.

By contrast, during the younger part of HE1 (corresponding to H1a;
Bard et al., 2000) between 15,600 and 14,700 yr, Ket27/TOC and C23/
TOC decrease to glacial values suggesting similar dry and cold condi-
tions on the Russian Plain to those of the older HE. Interestingly atmo-
spheric CH4 did not drop but rather paused at a value of 450 ppbv
above the glacial level of 350 ppbv (Fig. 3). This may be linked to a
CH,4 contribution from the shelves, flooded due to rapid sea-level rise
(Ridgwell et al.,, 2012) and to the now larger ice-free areas on the
continents.

Greenland temperatures, atmospheric CH,4 and Black Sea biomarker
ratios increase abruptly at the beginning of the warm Bglling Period at
14,800 yr. This suggests a causal relationship between northern hemi-
sphere temperature increase, permafrost degradation and/or wetland
extension and CH4 emission. Due to the increasing contribution of
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both boreal and tropical sources, the atmospheric CH4 concentrations
increase to typical full interglacial values (Chappellaz et al., 1997) and
exhibit a larger interhemispheric difference (Baumgartner et al.,
2012). The correspondence of the records suggests that the final retreat
of the Fennoscandian Ice Sheet from the eastern European Plain contrib-
utes to increasing global CH4 concentrations by increasing wetland
areas or thaw lakes.

The shutdown of CH4 emissions to low values during the Younger
Dryas is related to the re-extension of stable permafrost (Fischer et al.,
2008) and is mirrored by low values of biomarkers (Fig. 3). By contrast,
the abrupt Early Holocene temperature increase led to deep thawing of
large boreal permafrost areas, and CH4 emissions increased rapidly to
full interglacial values. The lowering of atmospheric CH4 concentrations
in the Mid-Holocene results from a drying period of the tropics
(Fliickiger et al., 2002) whereas the concomitant decrease in biomarkers
in the Black Sea record is mainly related to sea-level rise and the
reconnection of the Black Sea with the Mediterranean Sea.

Conclusions

Long-chain n-alkan-2-ones (Ket27/TOC) and n-alkanes (C23/TOC)
in Black Sea sediments are useful indicators for the variation of perma-
frost thawing and/or of wetland extension as well as for fluvial
periglacial soil erosion in its drainage basin during the last 40,000 yr.

During the last glacial period, the biomarker records correlate clearly
with paleohydrological changes in eastern Europe due to millennial cli-
mate variations known as Dansgaard-Oeschger and Heinrich events.
DO interstadials are characterized by biomarker increases whereas bio-
markers decrease during the LGM and cold Heinrich events 4 and 2.

During the last deglaciation, the biomarker ratios increase precisely
with the start of the Fennoscandian Ice Sheet retreat during the oldest
part of HE1 which is accompanied by the deposition of the typical series
of Red Layers. During the youngest part of HE1 between 15,500 and
14,800 yr, the biomarker ratios are compatible with rerouting of ice
sheet meltwaters toward the Baltic Sea. Further biomarker variations
are coherent with subsequent climatic phases such as the Bglling/
Allered, the Younger Dryas and the Preboreal periods.

The comparison between the Black Sea terrigenous biomarkers and
the global atmospheric CH,4 record for the last 40,000 yr suggests that
boreal wetland and permafrost changes contributed to global atmo-
spheric CH, variations over the glacial and deglaciation periods.
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