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Abstract

Paleoclimatic changes during MIS7 and MIS6 remain poorly described in the Near
East. We quantified source-specific biomarkers in Lake Van sediments during the
interglacial/glacial cycle MIS7/MIS6. Long-chain n-alkanes produced by land-derived
vegetation, as well as long-chain alkenones and sterols (namely brassicasterol and dinosterol)
produced by aquatic algae were investigated. Stable hydrogen isotopic measurements (5%H)
on n-Cog alkanes were used as a proxy for aridity and revealed three wetter periods interrupted
by two drier intervals during MIS7. In contrast, during the MIS6 glaciation, a generally drier
climate was predominant. During the warmer and wetter periods of MIS7, a higher input of
aquatic organic matter to Lake Van sediments was recorded by higher concentrations of long-
chain alkenones, dinosterol and brassicasterol. Long-chain alkane abundances do not show a
pattern related to aridity and were observed in higher concentrations in wetter as well as drier
periods. Generally, in the Eastern Mediterranean, a wetter interglacial interrupted by drier
episodes followed by a dry glacial period was the common feature observed during the
MIS7/MIS6 interglacial/glacial cycle. However, in comparison to the last interglacial/glacial
cycle the extreme dry glacial period registered around Lake Van from MIS5d to MIS2 was

apparently unique and not equaled by a similar event within the last 250 ka.

Keywords: Lake Van, Quaternary, Middle East, Paleohydrology, Biomarkers, Compound

specific hydrogen isotopes, Paleoclimatology, Organic geochemistry
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1. Introduction

The Near East is a region where paleoenvironmental data are limited. Most available
data focus on short geological timescales or are temporally discontinuous around the
Mediterranean Sea (Gasse et al., 2011; Litt et al., 2014a; Rossignol-Strick and Paterne, 1999;
Torfstein et al.,, 2009; Vaks et al., 2007; Miebach et al., 2019). Few studies from inland
continental archives document climatic changes continuously over several interglacial/glacial
cycles (e.g. Djamali et al., 2008). To enhance the knowledge of paleoclimatic variations in this
region, the International Continental Drilling Project (ICPD) drilled several long sediment cores
in Lake Van in 2010 (Litt et al., 2014b).

Located on the high plateau of eastern Anatolia near the border with Iran, Lake Van is
the largest water body in Turkey and the largest (by volume) soda lake in the world (Litt et al.,
2014b). Lake Van is a perfect site to reconstruct recent and past hydroclimatic variations for
several reasons. First, sea level pressure anomalies promote northerly (and/or southerly)
winds over Turkey (Eshel and Farrell, 2000), which document a direct linkage between North
Atlantic climate variability and hydroclimatic shifts in the Eastern Mediterranean ideal to study
past global climate changes. Second, since Lake Van is endorheic, its water level directly
reflects the precipitation to evaporation ratio (Litt et al., 2009; Randlett et al., 2017). Finally, the
recovered 220 m long sediment record from Ahlat Ridge is exceptionally well dated and spans
the last 600 ka, corresponding to the last 15 marine isotope stages (MIS1-15; Litt et al., 2014a;
Stockhecke et al., 2014a).

Previous work on the Lake Van ICDP cores has focused on the last 100 kyrs at high
resolution, including precise sediment descriptions (Stockhecke et al., 2014b), pollen analysis
(Litt et al., 2014a) and isotopic measurements on carbonates (Kwiecien et al., 2014). Those
studies indicated cold and dry glacial periods and wet and warm interglacial periods. A high-
resolution hydroclimatic reconstruction based on geochemical and color data, in agreement
with a transient model, revealed that the hydrological changes recorded in the sediments are
mainly controlled by the Atlantic Meridional Overturning Circulation (AMOC; Stockhecke et al.,
2016). To better understand the organic carbon signal in the sediments, Randlett et al. (2014,
2017) measured source-specific biomarker abundances, i.e., long-chain n-alkanes produced
by land-derived vegetation, and long-chain alkenones (LCAs) from aquatic algae. These
biomarker abundance data, along with measurements of their hydrogen isotopic compositions
(82H), revealed a dry period between 110 and 10 ka. Whereas the earlier study focused on the
last interglacial/glacial cycle, the current study focuses on the preceding interglacial/glacial
cycle (MIS7/MISG6).

In this paper, we used source-specific biomarkers (i.e., long chain n-alkanes, LCAs and

sterols, produced by land-derived vegetation and algae, respectively) to illuminate
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paleoenvironmental changes. Those changes include aquatic productivity in the lake,
vegetation in the catchment, lake level and salinity changes. Additionally, we measured &?H
values of long-chain n-alkanes to reconstruct paleohydrological variations such as changes in
precipitation, evaporation, and water sources during MIS7 and MIS6. We focus on this
penultimate interglacial/glacial cycle (from 250 ka to 130 ka) since this time period is poorly
studied, not only around Lake Van, but also globally (Cheng et al., 2006), and the Lake Van
sediment record presents a unique opportunity to provide new insight on this enigmatic time

period from a climatically important region.

2. Setting

Defined as a soda lake, Lake Van (38°N, 43°E, 1650 m a.s.l., Fig. 1A) water is highly
alkaline (pH of 9.8) and saline (psu 19-22) (Reimer et al., 2009; Tomonaga et al., 2017). It has
a volume of 607 km? and a maximal water depth of 460 m. Since Lake Van has no outflow, its
water level directly reflects the ratio between freshwater input and evaporation, both of which
are ultimately controlled by the Subtropical High Pressure Belt and mid-latitude westerly winds.
In the Lake Van catchment, precipitation and river discharges are estimated at 2 to 4 km? a"
and evaporation at approximately 4 km3a-' (Degens et al., 1978; Reimer et al., 2009).

The local climate can be defined as continental with dry summers and precipitation
mainly occurring in spring, autumn and winter (van Zeist et al., 1978). Maximum air
temperatures of approximately 20°C occur between July and September (Fig. 1B). Details of
meteorological data including temperatures, amount and &?H values of precipitation
(0?Hprecipitation) are available for Erzurum (39°54’N, 41°16'E, 1758 m a.s.l.) and Senyurt
(40.20°N, 41.50°E, 2210 m a.s.l., IAEA/WMO, 2014). Maximum precipitation of 75 mm month-!
falls in late spring/autumn (Fig. 1C) and &?Hprecipitation Values show a seasonal variability of 120
%o (IAEA/WMO 2014). Randlett et al. (2017) identified a correlation between 8?Hpecipitation and
air temperatures, with higher &2Hpecipitation Values corresponding to warmer temperatures
(IAEA/WMO 2014).

The Lake Van catchment covers a surface of 16 000 km? (Degens and Kurtman, 1978).
A strong gradient of annual precipitation is observed in this area. The southwestern region
receives on average 600-800 mm precipitation, whereas the Northeast receives only half of
this amount (van Zeist et al., 1978). This directly influences the type of vegetation: in the
southwestern region, a Kurdo-Zagrosian oak forest is present whereas the northeastern region
is characterized by remnants of an oak forest related to the high altitude plateau steppe (van
Zeist et al., 1978; Wick et al., 2003).
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3. Methods
3.1. Chronology and sediment samples

In 2010 the ICDP retrieved a long sediment core from Ahlat Ridge (AR; 38°40’N-
42°40’E) at 350 m water depth (Fig. 1E; Litt et al., 2014b). A precise depth-age model was
built using climatostratigraphic alignment, varve chronology, tephrostratigraphy, argon-argon
single-crystal dating, radiocarbon dating, magnetostratigraphy and cosmogenic nuclides
(Stockhecke et al., 2014a; 2016). The composite sedimentary profile of Lake Van spans the
last 600 ka, corresponding to MIS1 to 15 (Stockhecke et al., 2014a). All chronological data
from Lake Van, including the age model, are illustrated and published in Stockhecke et al.
(2016). The age model was confirmed recently with new “°Ar/3**Ar measurements on tephra
from 133 ka to 251 ka revealing consistent inverse isochronal ages of five volcanoclastic layers
(V-81, V-111, V-145, V-149 and V-185; Engelhardt et al., 2017).

3.2. Lipids

For lipid analyses, 103 sediment samples were selected at a millennial time scale,
focusing on the penultimate interglacial/glacial cycle from 250 ka to 130 ka. Sediment was
freeze-dried, homogenized, and an internal standard mix (5a-cholestane, 3-eicosanone, and
n-Cqg-ol) was added for biomarker quantification. Total lipids were extracted from Lake Van
sediment using a SOLVpro Microwave Reaction System (Anton Paar, Graz, Austria) and a
mixture of dichloromethane (DCM)/methanol (MeOH; 15 mL; 7:3 v/v) during a run of 5 minutes
at 70°C (plus 2 minutes of heating up to 70°C). The total lipid extract (TLE) was isolated from
the sediments by centrifugation. Salts were removed from the TLE in a separation funnel
containing 20 mL of a 5 % sodium chloride (NaCl) solution. The salt free extract was extracted
from this solution with 3 x 10 mL DCM. The TLE was saponified with 3 mL of 1 N KOH in MeOH
at 80°C for 3 hours. At the end of the reaction, 2 mL of solvent-extracted nanopure H,O was
added to stop the reaction. The neutral lipids were extracted by liquid-liquid extraction using 3
x 1 mL of hexane (Hex). They were further separated by solid phase extraction, using 500
mg/6 mL Isolute Si gel columns (Biotage, Uppsala, Sweden). Four different fractions of
increasing polarity were prepared. The first fraction contained the n-alkanes, eluted with 4 mL
Hex; the second fraction contained the long chain alkenones (LCAs) eluted with 4 mL of 1:2
(v/v) Hex/DCM; the third fraction contained the sterols recovered with 4 mL of 95:5
(DCM:MeOH) and the last fraction with the remaining polar compounds were eluted with 4 mL
MeOH. The LCA fraction was treated using a silica gel impregnated with silver nitrate,
according to the protocol of d’Andrea et al. (2007). This additional separation was necessary
for a robust identification and quantification of the LCAs. Nevertheless, this treatment might
have led to higher uncertainties in concentration measurements, although recoveries were

between 87 and 100 percent.
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3.3. n-Alkanes, LCA, and Sterols

n-Alkanes, LCA, and sterols were identified by gas chromatography-mass spectrometry
(GCMS-QP2010 Ultra, Shimadzu) and an external standard containing Cq4 to C4o n-alkanes
(Sigma-Aldrich). Compounds were injected using an AOC-20i autosampler (Shimadzu)
through a split/splitless injector operated in splittess mode at 280°C. The GC column, an
InertCap 5MS/NP (0.25 mm x 30 m x 0.25 um; GL Sciences, Japan) was heated from 70°C to
130°C at 20°C/min and further to 320°C at 4°C/min (20 min hold) for n-alkanes and sterols.
LCA were run on an Agilent VF-200MS column (0.25 mm x 60 m x 0.10 ym) and the oven was
heated from 50°C (held for 1 min) to 255°C at 20°C/min, to 300°C at 3°C/min, and then to
320°C at 10°C/min (held for 10 min, Longo et al., 2013). Once compounds were identified, they
were quantified by gas chromatography coupled with a flame ionization detector (GC-2010
Plus, Shimadzu, Kyoto, Japan) under the same analytical conditions. Compound abundances
were quantified using peak areas relative to those of the respective internal standard (50-

cholestane for n-alkanes, 3-eicosanone for alkenones, and C4g n-alkanol for sterols).

3.5. 5%H and &'3C measurements

0'3C and &2H values from long-chain n-alkanes (from n-C,sto n-Cs3) were measured in
duplicate, using a Trace GC-Ultra gas chromatograph attached to a Thermo Fischer Delta-V
isotope ratio mass spectrometer (irMS) via a combustion/reduction and pyrolysis interface,
respectively (GC Isolink, Thermo Fischer). The GC coupled to the irMS was equipped with a
30 m DB-5MS fused silica capillary column (i.d. 0.25 mm; 0.25 pym film thickness). The oven
temperature was programmed from 70°C to 300°C at a rate of 4°C/min, followed by an
isothermal period of 15 min. Helium was used as a carrier gas. The samples were injected in
splittess mode at 275°C. Raw isotope values were initially converted to the international
standard VSMOW scale (hydrogen) and VPDB (carbon) using Thermo Isodat 3.0 software and
pulses of a reference gas that was measured at the beginning and end of each analysis.
Sample 8°H values were further normalized using known values of n-alkane standard mixes,
which were run at the beginning and end of each sequence, as well as after every 6 to 8
injections. This standard of n-alkanes (n-Ci7, n-C49, n-Cs4, n-C,3, and n-C,s) from Arndt
Schimmelmann (Indiana University) with known isotopic composition was analysed daily prior
to each sample batch in order to monitor the system performance. Analytical reproducibility
was 0.2 %o for 8'3C and 2-3 %o for ?H. The C,9 n-alkane had the highest median concentration

in all the samples; hence we show &?H values only for this compound.
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4. Results
4.1. Organic carbon and nitrogen concentrations

Total organic carbon concentrations varied between 0.1 and 2.6% in sediments
deposited during MIS7 and MIS6 (Fig. 2; Stockhecke et al., 2014b). Highest values were
detected between 240-231 and 222-210 ka in MIS7, and between 200-185 ka in the transition
from MIS7 to MIS6. However, we also found some single spikes with higher concentrations at
172 and 176 ka. Very low concentrations were found around 228 ka and 135-142 ka. TOC

concentrations increased towards the transition to MIS5.

4.2 C/N ratio

C/N ratios (total organic carbon/total nitrogen weight ratios) were calculated from
previous data (Stockhecke et al. 2014b). It varied between 5.4 and 35.7 with an average of
12.6 indicating a huge and dynamic range between autochthonous and allochthonous organic
material in Lake Van sediments (Fig. 2). There was usually no strong correlation observed
between TOC and C/N values, but around 240 and 230 ka and between 220 and 205 ka higher

TOC values coincide with higher C/N values.

4.3. Land-derived biomarkers

Long chain n-alkanes (n-C,7+ n-Cy9+ n-Cz4) were measured as indicators for land-
derived input to Lake Van sediments. Concentrations varied between 12 and 307 ug/g
sediment with higher values except for some single spikes found only between 250 and 236
ka (Fig. 2). Additionally, the average chain lengths (ACL) and carbon preference index (CPI)
were calculated.

ACL values defined as ACL = Z (C,, x n)/ Z (C,,) (chain lengths of 21 to 33 were used in
this study), as a tool for characterizing the source of long-chain n-alkanes. Longer chain
lengths (from n-C,; to n-Cs3) are generally produced by land-derived vegetation, whereas
intermediate chain lengths (from n-C,3 to n-C,5) are present in aquatic plants (Meyers, 2003).
In Lake Van sediments, ACL showed stable values around 28 to 29 that are typical for land-
derived vegetation (Meyers, 2003) from 250 to 220 ka (Fig. 2). Then, ACL dropped to 25
between 218 and 210 ka. After a short increase to 28, values dropped again at 198 ka and
stayed low interrupted only by two higher values between 193 and 191 ka before reaching
finally values up to 29 from 175 to 130 ka.

Paq is defined as Paq = (n-Cp3+n-Cys)/(n-Ca3+n-Cystn-Cagtn-Csy4) and was introduced by
Ficken et al. (2000). Five main peaks higher than 0.4 were identified from 242 to 230 ka, from
220 to 208 ka, from 200 to 192 ka, from 190 to 180 ka and at 170 ka (Fig. 2). Except for those
peaks, P,q stayed at values around 0.2 (Fig. 2).
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The CPI, first proposed by Bray and Evans, (1961), is defined as CPI = [Z,44 (C21.33) +
20dd (C2335)) (2*Zeven C22.34) @nd is used as a degradation index. More specifically, a CPI>1
reflecting a predominance of odd over even chain length n-alkanes, indicates a land-derived
plant source and thermal immaturity of the source rock (Bray and Evans, 1961). In contrast,
low CPI values (around 1) reflect degraded OM, potentially related to significant bacterial
activity (Chaffee et al., 1986; Stefanova et al., 1995). Through the investigated period, the
average CPI was around 8 with variations between 3 and 12. These high values throughout
the whole core interval reveal a good preservation of organic material and a low degradation
of these biomarkers over the last 250 ka. It should be noted that the CPI followed the variations
of ACL and Paq that is interpreted as a combination of higher aquatic plant input and variation
in degradation.

We measured &°H values on long-chain n-alkanes (n-Cs; n-Cy7; n-Cag; n-C31 and n-
Cs3) produced by land-derived vegetation. 8?H values of n-C,s, n-Cy7, n-Cyg, n-C31 and n-Cs3
alkanes were highly correlated (Spearman test; rho=0.78; p value=2.10-'6). Since n-C,y was
the most concentrated long-chain n-alkane in all Lake Van sediment samples, we only show
&?H variations for this n-alkane (Fig. 3A). 8°H values over the whole investigated timescale
varied from -164 to -182%., similar to the range measured in a much lower resolution from 130
to 600 ka (Randlett et al., 2017). &°H values were more stable in MIS6 compared to MIS7,
when higher fluctuations occurred. In MIS7 between 235 and 232 ka and between 220 and
210 ka, lighter values were measured (Fig. 3A).

Over MIS7 and MIS6 5'3C values of n-C,9 generally fluctuated vary little: between -29.7
and 31.4%o in MIS7 and on average a little lower between -30.2 and -31.4%. during MIS6 (Fig.
3B).

4.4. Aquatic biomarkers

Concentrations of source-specific biomarkers produced by aquatic algae were
determined with a focus on short chain n-alkanes (n-Cis+ n-C4;+ n-Cy9) (Meyers, 2003),
brassicasterol (24-methyl cholest-5,22-dien-33-ol) mainly produced by diatoms (Volkman,
1986; 2016), dinosterol (4a,23,24-trimethyl-5a-cholest-22E-en-33-ol) mainly produced by
dinoflagellates (Whiters, 1983), and alkenones (ketones with 37 or more carbon atoms)
produced by haptophytes (Brassell et al., 1986). Short chain n-alkane concentrations varied
between 1 and a maximum of 148 pg/g sediment with higher values from 244 to 236 ka and
between 190 and 184 ka (Fig. 2). A major peak of brassicasterol was measured around 235
ka (180 pg/g) at the beginning of MIS7, at a time when North et al. (2017) also measured high
diatom concentrations in the sediments. The second highest concentrations of brassicasterol
were recorded at the end of MIS6 and beginning of MIS5 (around 135-130 ka), reaching a

maximum value of 46 pg/g. Higher concentrations around 10 pg/g were measured around 228
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ka, 203 ka, 169 ka and from approximately 161 ka to 147 ka as well. Other than from these
intervals, brassicasterol concentrations were at or below the detection limit (Fig. 2).

In addition to brassicasterol we also quantified dinosterol, primarily attributed to
dinoflagellates, but also occurring to a limited extent in other phytoplankton like diatoms
(Whiters, 1983, Volkman et al., 1993). Dinosterol was much less abundant than brassicasterol
or alkenones (and detected only in 40 samples) with values well below 20 ug/g and only some
higher values up to 160 ug/g at 220, 200, 160 and 134 ka (Fig. 2). Dinosterol mainly occurred
at depths where brassicasterol was also abundant, indicating that both likely originated from
diatoms or that dinoflagellate and diatom blooms occurred at the same time.

LCAs are exclusively produced by haptophytes, and represent another family of
biomarkers considered to reflect aquatic productivity in Lake Van waters (Fig. 2). Cs; to Cyq
alkenones were identified in Lake Van sediments: MeCs;.4, MeCs7.3, MeCsz.5, MeCasg.5, MeCag.y,
EtCss.4, EtCags, EtCas.0, MeCyg.3, MeCyoo and MeC,o.1. Abundances of these compounds were
correlated over the penultimate period (Spearman test; rho=0.85; pyaue=2.10-18), therefore only
MeCs;7.43, are shown (Fig. 2). MeCs;74 and MeCj;7.3 were most concentrated in Lake Van
sediments. This feature is generally observed in freshwater lakes, with a predominance of
MeCj7.4 alkenones (Longo et al., 2018; Song et al., 2016). Generally, MeCj;; concentrations
were higher between 250 and 230 ka (above 21 pg/g). From 250 to 240 ka, MeCj7.4 had higher
concentrations. At 240 ka, a decrease of all MeC3; was recognized, whereas from 240 to 230
ka MeCj;;.3 became more abundant (Fig. 2). This could be explained by a change of salinity
(Song et al., 2016) without or with a haptophyte community change. In our case, it involves a
change in haptophyte communities identified by DNA analyses taking place at the same time
(Randlett et al., 2014). Indeed, before 240 ka, phylotypes closely related to /sochrysis and
Pseudoisochrysis (Coolen et al., 2009) were characterized in Lake Van sediments (Randlett
et al.,, 2014). According to Coolen et al. (2009), Isochrysis and Pseudoisochrysis mostly
produce MeCj7.4. After 240 ka, another species of haptophytes was recorded but not precisely
identified by Randlett et al. (2014). This species potentially produced mainly MeCs;;.5 with very
high values of 57 ug/g. At around 232 ka, the sum of MeCj; alkenone concentrations
decreased to values under 1 ug/g, reaching again values of 4 ug/g at 220 ka before declining
to zero around 215 ka. At 200 ka, another small rise of LCAs concentration to around 2 ug/g
was detected. During MIS6, MeC3; alkenone concentrations were close to zero, except around
180, 170, 160 and 150 ka. At the end of MIS6 and the start of a new interglacial (MIS5) with

warmer temperatures, MeCj;; increased to 4 ug/g.
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5. Discussion
5.1 Land-plant input and phytoplankton productivity in MIS7 and MIS6

TOC was much more variable during MIS7 than during MIS6, which only shows higher
TOC values at the beginning of the termination and at the end towards the warmer MIS5 (Fig.
2). The bulk organic carbon composition was not consistent and showed higher C/N values,
which means more land-derived OM at the first two high TOC events, whereas the last higher
TOC eventin MIS7 was characterized by lower land-derived input. For MIS6, higher C/N ratios
were only documented at the beginning and then were in general much more stable and lower,
indicating a higher aquatic OM input. Stockhecke et al. (2014b) pointed out that an increase in
lake level would broaden the anoxic zone and hence would lead to a better preservation of
organic carbon and higher TOC values. However, this might only partly be true since higher
TOC values during some time spans in MIS7 but also in MIS6 could be explained also by an
increased land-derived input. Beside C/N ratios, we measured the concentrations of long chain
n-alkanes that are an important constituent of plant leaf waxes. With this higher plant input
indicator, we see higher concentrations between 250 and 230 ka at 160 ka and around 145
ka. From all these time events, only the peak around 240 ka and around 160 ka are in line with
higher TOC values. This means that other times with high TOC values were most likely
influenced by a higher aquatic input. They will be discussed below.

Several researchers have calculated averaged chain lengths of n-alkanes to evaluate
whether ACL can be an indicator for plant species or plant groups (Bush and Mclnerney, 2013,
2015; Ficken et al., 2000). Although early results looked promising, it is now confirmed that
only Sphagnum mosses (Bush and Mclnerney, 2013, 2015; Ficken et al.,, 2000) and
submerged aquatic plants (Ficken et al., 2000) with lower ACL values of around 23 and 25
carbons, can be clearly distinguished with this metric. Another indicator is called P,q = (n-
Co3+n-Cys)/(n-Cy3+n-Cys+n-Cogtn-Csq) and was proposed by Ficken et al. (2000) based also
on the chain length of lipids (n-alkanes). Values of 0.01-0.23 should be indicative of land-
derived plants, 0.07-0.61 for emerged plants, and 0.48-0.94 for submerged/floating plants. In
the Lake Van sediment core, this would characterize the times between 220 and 205 ka and
around 185 ka as periods with higher submerged/floating plant inputs since P,q and ACL were
high and low respectively. The rest of the core would be interpreted as dominated by land-
derived plants. Interestingly, the two time windows with high P,, and low ACL were times at
which higher arboreal plant pollen were counted (Fig. 2; Litt al. 2014a). Pollen and molecular
biomarkers were described to register different paleoenvironmental signals (e.g. Zhang et al.,
2018). Although both reflect land-derived vegetation, pollens are easily transported over long
distances by wind and accumulate in sediments, reflecting more the regional scale. In contrast,

biomarkers coming mainly from leave waxes are less susceptible to long-distance aeolian
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transport and provide a local picture of the land-derived vegetation (Leopold et al., 1982;
Schwark et al., 2002).

High pollen abundances and high concentrations of aquatic input reflecting biomarkers
could also be explained by the fact that the aquatic production was even higher than the land-
derived input.

Nonetheless, also the aquatic input indicating organic compounds do not always
coincide. For instance, between 240 and 234 ka and around 185 ka, short-chain n-alkane
concentrations as an indicator for aquatic organic material were high, although no indication
from Paqg or ACL is given for a higher aquatic plant input between 240 and 234 ka. At 185 ka,
the higher concentration of short-chain n-alkanes are in line with the Paq and ACL indices and
might indicate an algal bloom. On the other hand, between 220 and 205 ka when Paq and ACL
is indicating a higher aquatic plant input, short chain n-alkane concentrations stayed low (Fig.
2).

Recent research showed that ACL might be an indicator for changes in temperatures
and hydrological conditions (Bush and Mclnerney, 2015; Hoffmann et al., 2013). Hence, in the
Lake Van region, this could mean that between 220 and 205 ka and around 185 ka, average
ACL values in plants living in the Lake Van catchment changed because the temperature or
hydrological conditions changed significantly. Indeed, strong precipitation anomalies leading
to drier and wetter conditions have been described during this time (Stockhecke et al., 2016).
Bush and Mclnerney, (2015) showed a correlation of increased ACL with higher temperature
and argued that during periods of warmer temperatures, longer chain length n-alkanes on leaf
surfaces would be more stable. In the context of our study, we could argue that the two periods
of low ACL values could be explained by a colder and drier climate, rather than a higher
submerged aquatic plant input. It has, however, also been shown that different plant species
react differently to hydrological changes, i.e., with either increasing or decreasing chain length
(Hoffmann et al. 2013). Hence, an argument about wetter, drier or colder, warmer climate is
difficult, if not impossible, to make based on ACL values alone.

To link ACL to climate despite the aforementioned difficulties, we compared ACL to a
principal component analysis of sediment reflectance color, TOC, CaCO3;, potassium and silica
contents (Stockhecke et al., 2016). Positive values of the first principal component (PC1) are
associated with high reflectance color, anomalously low Si and K, high TOC and CaCO;
concentrations and were interpreted as anoxic conditions due to intensified stratification,
higher productivity, an increased shore-line distance by increased runoff and forested
vegetation in the watershed during lake-level rises. In conclusion, all those effects were
interpreted as the result of higher run-off (i.e., higher precipitation/evaporation ratios) and
wetter climate (Stockhecke et al., 2016). When comparing ACL to PC1, it is evident that the

two times (220 to 205 ka and around 185 ka) at which low ACL were measured, the PC1 was
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also high (Fig. 2). Hence, a wetter climate could have triggered plants to build shorter chain
lengths as described in Bush and Mclnerney (2015). Additionally, an increased lake surface
due to higher run-off might also initiated a higher supply of submerged plants also leading to
shorter ACL values.

Aquatic proxies covary at key time intervals in the Lake Van record. Higher LCA
concentrations (i.e., higher abundance of coccolithophores, assuming LCA /coccolithophore
concentrations stayed similar) occurred at the transition from MIS8 to MIS7 (Fig. 2). The same
is true for brassicasterol concentrations, indicating greater diatom abundance, and both LCA
and brassicasterol concentrations were high in the first wetter phase from 240 to 230 ka. This
has also been recognized by counting diatoms fragments with higher abundances between
238 to 236 ka (North et al., 2017). In the following drier phase identified from PC1, both proxies
showed low concentrations. This indicates that the slightly colder and drier stadial was not the
preferred climate for phytoplankton growth, similar to tree pollen, which decreased dramatically
during this time. Whereas the proxy for dinoflagellates was low during this time interval, it then
increased at the beginning of the warmer phases at 220 and 200 ka. In this interval,
brassicasterol stayed low and hence became uncoupled from the dinosterol signal. If these
biomarker concentrations reflect diatom and dinoflagellate populations following the standard
interpretative model, this suggests that dinoflagellate and diatom populations responded to
changes at this time in different ways. Alternatively, if the dinosterol in Lake Van sediments is
diatom derived, then the diatom species distribution must have changed.

During MIS6 all three indicators for phytoplankton stayed rather low with some single
peaks at 170 ka (both dinosterol and brassicasterol, i.e., dinoflagellates and diatoms or diatoms
producing both markers) and 155 ka (only brassicasterol which showed a similar signal as at
200 ka with different diatom species or dinoflagellates). A high brassicasterol signal then
occurred at the end of MIS6, when higher TOC values also indicate higher phytoplankton
productivity. Interestingly, the highest diatom peak in MIS7 around 235 ka (consistent with
diatom analyses; North et al. 2017) might be related to a high input of silica at 237 to 233 ka,
which was found by XRF scanning of the core (Kwiecien et al., 2014) and related to a fresh-
water period (e.g., decreased diatom dissolution) and likely a hydrologically open lake system
(North et al., 2017). Comparing the LCA concentrations with a temperature record from the
Mediterranean Sea from 250 to 130 ka based on LCA temperature estimates (Emeis et al.,
2003), it is possible to see that higher LCA concentrations in Lake Van usually occurred when
temperatures in the Mediterranean were also higher. One exception is the time around 220 ka
when temperatures in the Mediterranean were cold but we see the second highest LCA
concentrations in Lake Van. At this time, a so-called “cold” sapropel (S8) was formed in the
eastern Mediterranean and was related to a high extant of ice sheets at high latitudes (Lisiecki

& Raymo, 2005). The colder climate is also seen in the pollen record, which shows very low
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concentrations of arboreal pollen around 220 ka (Litt et al., 2014a). In general, with the
aforementioned exception, the LCA concentration follows temperature changes in Lake Van,
even if Randlett et al. (2014) showed that the numerous changes of haptophyte communities
prevents an estimation of local paleotemperatures using LCAs. Overall, in MIS6 in the Lake
Van area was most likely a dry and cold stage with very little phytoplankton productivity
compared to MIS7, although in MIS7 we also found colder phases with no or very little

phytoplankton remains in the sediments.

5.2. Paleohydrological changes during the penultimate period around Lake Van

Randlett et al. (2017) and Tomonaga et al. (2017) used source-specific markers (5°H
on n-alkanes, LCAs) and pore-water salinity, respectively to reconstruct paleohydrological
changes at Lake Van during the last 600 ka. However, quantitative reconstruction of pore-
water salinity was only possible back to 250 ka (Tomonaga et al., 2017), and the resolution of
0%H values on n-alkanes and LCAs earlier than 130 ka was very low (over the timescale
investigated here only 11 values are available). Furthermore, paleoconductivity and lake-level
reconstructions based on diatom species are limited to low-alkaline (high lake-level) periods
due to poor frustule preservation in high-alkaline lake water (North et al., 2017). Hence, in
order to extend the timespan and increase continuity of previous quantitative reconstructions
of paleohydrological changes around Lake Van, we measured &?H on long-chain n-alkanes
from 250 ka to 130 ka.

Before deriving any paleohydrological information from plant wax &?H values, it is
important to exclude other factors that might influence those values. One factor that could
influence the interpretation of 82H values from plant waxes could be the variation of vegetation,
for instance, a change from C; plants to C,4 plants for example. Whereas n-alkanes from Cj
plants have &'3C values around -34.7%., C4 plants have higher values of around -21.4%o
(Castafeda et al., 2009). '3C values of plant waxes in Lake Van sediments lie in a very small
range of -29.7 and 31.4%o indicating a C; dominated vegetation (Fig. 3B). Another hint could
be the linear correlation between 6'3C and &?H (Fig. 3C), which could be interpreted as a
stomatal constraint on leaf gas-exchange mediated by water supply rather than a change in
plant type, a mechanism occurring in sub arid regions (Kahmen et al., 2013a; Kahmen et al.,
2013b; Zech et al., 2015). This supports the idea that 8°H values from plants that produced
these compounds may indeed be driven primarily by water stress, and therefore that the °H
record over MIS7 to MIS6 can be interpreted to reflect changes in paleohydrology, i.e., the
precipitation and evaporation balance.

When comparing the interglacial and glacial period, MIS7 shows a higher range and
oscillation of the 8°H values indicating a fluctuation between wetter and drier times than MIS6

during which &°H values stayed around -170%o (+3%o), indicating a drier climate. In MIS7,
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especially two (three) time slices between 215 to 210 ka and 197 to 185 ka (and 244 to 235
ka; not as strong) indicate a wetter climate. A climate, which was wetter in MIS7, is also
supported by an increasing lake level from 470 m below present lake level in MIS8 to about
only 270 m below present sea level around 230 ka (Cukur et al., 2014). Cukur et al. (2014)
also identify a lake level decrease to 310 m below present lake level at MIS6, which supports
our estimation that MIS6 was rather dry at Lake Van. In general, it can be concluded that the
differences in climate between MIS7 and MISG6 are a drier climate in MIS6 and an overall wetter
with some drier phases in MIS7, similar to MIS5. For MIS6, our data shows that it was not as
dry as the timespan from 110 to 10 ka investigated on the same core (Randlett et al., 2017),

when a very dry climate prevailed in the Lake Van area.

5.3. Paleohydrological changes during MIS7 and MIS6 in the Mediterranean

The underlying mechanism for the hydroclimatic changes in the Eastern Mediterranean
and its relationship to Northern hemispheric ice-sheet dynamics, the Atlantic Meridional
Overturning Circulation (AMOC) and reorganization of atmospheric circulation was previously
scrutinized by Stockhecke et al. (2016). It was shown that cooling and aridity in the Eastern
Mediterranean resulted from enhanced North Atlantic glacial iceberg calving and weaker
AMOC for a period of large ice-sheets and low sea level. Increasing precession led to an
enhancement of spring to early summer precipitation, as well as winter precipitation through
the enhancement of the winter storm track, which caused overall increased rainfall and lake
level rise during periods of small ice-sheets and high sea-level (Stockhecke et al., 2016).

To obtain a regional overview of paleohydrological changes during the penultimate
interglacial/glacial we compared our Lake Van paleoclimatic/paleohydrological record,
meaning the 6°H measurements on long-chain n-alkanes, first to other parameters derived
from Lake Van sediments like the PC1 hydroclimatic reconstruction from Stockhecke et al.
(2016) and lake level reconstruction from Stockhecke et al. (2014b), and second to
paleoclimatic records from around the Mediterranean and the Arabian peninsula (Fig.1D and
4). This comparison includes: (i) an East Mediterranean sapropel record (Rossignol-Stick and
Paterne, 1999); (ii) speleothems from Oman (Burns et al., 2001); (iii) speleothem clusters from
the Negev caves (Vaks et al., 2010), and (iv) tree pollen from North East Greece (Tzedakis et
al., 2006). All records registered quite similar paleohydrological variations during the
investigated period (Fig. 4).

During MIS7, three wetter episodes from 197 to 185 ka, 215 to 210 ka, and 244 to 235
ka could be identified from the hydrogen isotope profile by more negative 8°H values of Cyg n-
alkanes. We observed a strong correlation to previously measured parameters from Lake Van,
where wetter conditions were identified by positive values of the hydroclimatic reconstruction

PC1 (Stockhecke et al., 2016). Furthermore, two of the above-mentioned periods fall into
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periods when high lake water level prevailed, i.e., around 250-230 ka and 220-210 ka
(Stockhecke et al., 2014b). Around those times, sapropel layers (7, 8, and 9, Langereis et al.,
1997) were formed in the Mediterranean, more specifically the Tyrrhenian Sea (Emeis et al.,
1991). However, the climate interpretation based on pollen from these sapropels is not the
same for all three (Rossignol-Stick and Paterne, 1999). Whereas during sapropel 7 and 9, the
pollen percentage of deciduous oak (Quercus) was high (above 30%), and that of sage-brush
(Artemisia) was low (10%), indicating a warmer and wetter climate. During sapropel 8, the
concentrations for sage-brush were high (above 60%), and for oak low (15-20%), revealing a
colder and drier climate. The same pollen distribution exists in sapropel 6 (around 176 ka in
MIS6) in the Mediterranean Sea. The difference in pollen distribution in the sapropels in MIS7
at the times when sapropels (7, 8, and 9) were deposited was not seen in our hydrogen isotope
record, which shows rather similar values over all three time slices and hence similar
conditions. An investigation about sapropel formation in the Mediterranean concluded that in
general sapropels coincided with a warming trend at a regional (Emeis et al., 2003) and global
scale (Lisiecki & Raymo, 2005). In this interpretive model, warming surface waters prohibited
deep convection and hence anoxic water layers leading to sapropels were formed. This
warming and a wetter climate are in line with 8°H values on n-C,g alkanes at 197 to 185 ka and
244 to 235 ka. However, a colder climate as deduced from &80 values of the ice core LR04
(Lisiecki & Raymo, 2005) and from LCAs in the Mediterranean Sea (Emeis et al., 2003) cannot
be seen in 8?H values on n-C,g alkanes (which is similar) at the time when sapropel 8 (215 to
210 ka) was formed.

During the time when sapropel 6 was deposited the d?H values on n-C, alkanes in
Lake Van showed rather heavy values, indicating a drier and colder climate in contrast to the
time when the other three sapropel layers were deposited. A colder and drier climate was also
suggested in the Mediterranean for the time when sapropel 6 (“a glacial sapropel”’) was
deposited, although this contradicts the general feature of sapropel deposition during warmer
times (Emeis et al., 2003).

In stark contrast to our findings, the Dead Sea area was characterized by wetter climate
during glacial period MIS6 and drier climate during the MIS7 interglacial period (Torfstein et
al., 2009; Waldmann et al., 2010). Although the main moisture source was most likely the
Mediterranean Sea, additional southern sources were suggested since sporadic deposition of
travertines and speleothems occurred in the Negev Desert and Arava Valley during past
interglacials (Waldmann et al., 2010). On the other hand, reconstructions from sediments from
the Yammouneh basin (Northern Lebanon) described a wetter early-mid interglacial MIS7 with
forested areas and a drier glacial MIS6 (also getting wetter during this stage) with more open
vegetation (Gasse et al., 2011) in accord with our results. This drier and colder MIS6 in the

Dead Sea basin was at least confirmed from pollen analysis during the later stage (147-130
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ka) of MIS6 (Chen and Litt, 2018). Hence, there are contrasting reports for the area south of
Lake Van with both similar and opposing findings to those from Lake Van.

Interestingly, in the Middle East (Oman) the growth of speleothems was described for
the period 200 to 180 ka, revealing wetter climate in this region (Burns et al., 2001). Further to
the west in a cave in Yemen, speleothems were also found during 245 to 230 ka (Fleitmann et
al., 2011). Speleothem growth was found during the so-called Negev humid period 2 (between
220 and 190 ka; Vaks et al., 2010) in the Negev desert south of the Dead Sea basin, indicating
wetter conditions. All these findings record wetter conditions in the area from the
Mediterranean Sea up to the Middle East. In Lake Van we clearly see also the wetter period
from 245 to 230 ka found in Yemen (Fleitmann et al., 2011). Instead of the wetter period from
220 to 190 ka in the Negev desert (Vaks et al., 2010) and the coinciding wetter period in Oman
from 200 to 180 ka, Lake Van shows two distinct wetter periods from 220 to 210 ka and from
195 to 185 ka, interrupted by a dry period from 210 to 195 ka. This dry period is actually one
of the driest periods in MIS7 and MIS6 in the Lake Van area indicated by very heavy &?H values
on n-Cygalkanes. A pollen record from Greece over the last 1.35 million years shows, similarly
to the Lake Van &2H profile, a dry period between 225 and 230 ka whereas the rest of MIS7
shows a high pollen abundance interpreted as a wetter climate (Tzedakis et al., 2006).
Interestingly in this pollen record, MIS6 was described as having a rather harsh climate with a
strong decrease in tree abundance in comparison to other glacial periods and only MIS12
showed a stronger decline in tree abundances. This is very similar to Lake Van sediments with
very little arboreal pollens in MIS6 (Litt et al., 2014a). Hence, it looks like the climate was very
similar from the Mediterranean over Greece, Lake Van and further to the Middle East
(Yemen/Oman), whereas reports from the Dead Sea basin either are in line with or completely
oppose our findings. Findings that show opposite signals to ours in the Dead Sea Basin might
be related to the fact that this area lies in the rain shadow of the Judean Mountains and hence

recorded different climatic signals (Gasse et al., 2011).

5. Conclusion

In order to understand paleoenvironmental and climatic changes during the second to
last interglacial/glacial cycle (MIS7 and MIS6) in the Near East, we quantified source-specific
biomarkers in sediments of Lake Van. To quantify the input of land-derived organic material
we measured the concentration of long-chain n-alkanes (n-C,; to n-Cs,), whereas for organic
material originating from autochthonous source we measured the concentration of long-chain
ketones (LCAs) and sterols, representing different algae classes. Additionally, we determined
0%H values of the long-chain n-C,9 alkane to reveal information about precipitation and/or
evaporation. The glacial period MIS6 was generally drier and colder and the interglacial period

MIS7 wetter and warmer around Lake Van. During MIS7, the &?H values of n-C,9 alkanes
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indicated a climatically unstable period with warmer and wetter periods interrupted by cooler
and drier episodes. During warmer and wetter intervals of the penultimate interglacial, a higher
input of aquatic organic matter to Lake Van sediment was recorded by higher concentrations
of LCAs and brassicasterol (indicating haptophytes and diatoms, respectively). The highest
input of diatoms around 235 ka may be related to freshening of the lake water and high run-off
that delivered silicate as a substrate for diatom growth and allowed their preservation in Lake
Van. During the first wetter period (242 to 235 ka), the input of land-derived organic material
(long-chain n-alkanes) was also higher.

In general, in accordance with other studies, it looks like the climate has been very
similar from the Mediterranean to Northern Greece, the Lake Van area and further to the Middle
East (Yemen/Oman) during MIS7 and MIS6. A comparison with MIS5 to MIS2, showed that
the extremely arid period recorded between 110 and 10 kyrs (Randlett et al., 2017) was an
exceptional event registered around Lake Van over the last 245 ka, not seen during MIS6 or
MIS7.
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574  Figure captions

575

576  Figure 1: A) Bathymetry map and surrounding of Lake Van. (B) Annual temperature (°C) and
577 (C) precipitation (mm/month) recorded in Erzurum and Senyurt around Lake Van
578 (IAEA/WMO 2014). D) Locations of climate reconstruction records in the Eastern
579 Mediterranean region.

580

581  Figure 2: Profile of TOC (%, Stockhecke et al. 2014b), C/N ratios, sum of long-chain n-alkanes
582 (ug/g sediment), sum of short-chain n-alkanes (ug/g sediment), average chain length
583 of n-alkanes (ACL), Paq, the arboreal pollen record from Litt et al. (2014a),
584 concentrations of brassicasterol (ug/g sediment), dinosterol (ug/g sediment),
585 alkenones (ug/g sediment), and the hydroclimatic record (PC1) from Stockhecke et
586 al. (2016).

587

588  Figure 3: 8?°H and &'3C values of the long-chain n-alkane C,gand the correlation between both
589 parameters.
590

591  Figure 4: Records of climate reconstructions globally and in the Eastern Mediterranean:5'30

592 of the ice core LR04 (Lisiecki & Raymo, 2005) with the difference between June and
593 December insolation at 39°N (Laskar et al., 2004), a regional temperature record from
594 the East Mediterranean Sea (Emeis et al., 2003), sapropels identified in the East
595 Mediterranean (Rossignol-Strick and Paterne, 1999), speleothems recorded from
596 Oman (Buns et al., 2001), percentage of tree pollen quantified from the Philippion basin
597 in Greece (Tzedakis et al., 2006), speleothem clusters found in Negev Caves (Vaks et
598 al., 2007), periods of high lake-water levels defined by Stockhecke et al. (2014), PC1 a
599 paleohydrological reconstruction modeled by Stockhecke et al. (2016), and the &°H
600 values of the long-chain n-alkane C,g from this study.
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