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The Black Sea underwent dramatic changes in salinity from the last glacial maximum to Holocene as
it evolved from a large inland lake to become a part of the global ocean due to post-glacial sea level
rise. However, the detailed history of the re-connection of the Black Sea to the Mediterranean and
the resulting Black Sea salinity variations have been heavily debated. We take advantage of our recent
study on alkenones from phylogenetically classified haptophyte groups and their association with variable
salinity levels in modern environments to reconstruct detailed salinity changes in the Black Sea over

Keywords: the past 16,000 years. We report the first discovery and documentation of alkenones from Group I
Black Sea Isochrysidales in relation to past salinity changes in the Unit Il sediment. Our data indicate that the
alkenones Black Sea surface salinity gradually increased from near fresh at ~16 ka (~1-2 psu) to oligohaline (~ 5-6
salinity psu) at ~ 9.4 ka, the time of initial marine inflow, suggesting a negative regional hydrological balance.
Isochrysidales Although the IMI (initial marine inflow) occurred at 9.4 ka, the relatively low surface water salinity
2151317[) . levels persisted to the beginning of sapropel formation at 7.6 ka, suggesting a strongly positive regional

hydrological balance. Alkenone profiles also indicate a period of significantly reduced salinity between
3.5 and 1.6 ka, differing from the previous proposed peak salinity at 2.7 ka based on alkenone hydrogen
isotope values. We demonstrate that the mismatch originates from the predominance of previously
unidentified Group II Isochrysidales over E. huxleyi during this time interval, and when species-specific
hydrogen isotopic fractionation of alkenones is taken into consideration, the isotope-inferred salinity
between 3.5 and 1.6 ka is consistent with our proposal. Our new assessment of the Black Sea salinity
evolution since the last glacial shows broad agreement with other regional records and provides a new
basis for evaluating the impact of regional hydrological changes on Neolithic human migrations to Europe.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The Black Sea contains a rich sedimentary archive for studying
the paleo-environmental history of the eastern Mediterranean, one
of the key centers of the agriculture revolution and civilization in
the world (Giosan et al,, 2012; Turney and Brown, 2007). The suc-
cessional changes in the environments of the Black Sea have been
proposed to be the key trigger of the Neolithic culture transition in
Europe (Ryan and Pitman, 1998; Turney and Brown, 2007). There
are three litho-stratigraphic units (Unit I, Unit Il and Unit III) of
the Black Sea sediment during the late Quaternary (Ross and De-
gens, 1974), corresponding to major phases of its environmental
evolution. Before the reconnection to the Mediterranean, the Black
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Sea is indicated to have existed as a fresh to brackish lake (Ross
and Degens, 1974; Yanchilina et al,, 2017). Due to the post-glacial
sea level rise, the Black Sea Lake was reconnected with Mediter-
ranean when the Bosporus sill was breached between 7,000 and
10,000 years ago (Aksu et al., 2002; Ballard et al., 2000; Herrle
et al., 2018; Major et al., 2006; Ross and Degens, 1974; Soulet et
al., 2011; Yanchilina et al.,, 2017; Ankindinova et al., 2019). Dis-
agreements related to the proposed timing of reconnection of the
Black Sea and the Mediterranean are primarily due to uncertain-
ties in dating and reservoir ages, although more recent literature
puts the reconnection (the initial marine inflow, IMI) at around
9.4 - 9 ka (Major et al.,, 2006; Coolen et al., 2013; Soulet et al.,
2011; Yanchilina et al., 2017). A sapropel layer, known as Unit II,
started deposition at around 7.6 ka. This Unit deposited for ~4,800
years ending at ~ 2.7 ka. A transitional sapropel layer deposited
between 2.7 and 1.6 ka separates the first and last invasions of
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Emiliania huxleyi, with the last invasion marked by the microlam-
inated coccolithophore ooze (Hay et al.,, 1991; Jones and Gagnon,
1994; Ross and Degens, 1974). The boundary between Unit I and
Unit II was set at 2.7 ka by Hay et al. (1991), or at 1.6 ka by Ross
and Degens (1974).

There remain major disputes concerning the salinity history of
the Black Sea. For example, a cataclysmic flood event has been pro-
posed to have resulted from the marine reconnection between the
Black Sea and the open ocean, with the water level of the Black Sea
rising abruptly for more than 100 meters within a few years (Ryan
et al., 1997) or a few decades (Yanchilina et al., 2017). This hypoth-
esis gained significant popular press as it was suggested to have in-
spired the biblical flood legend (Ryan and Pitman, 1998). However,
other studies have proposed a more gradual reconnection to the
ocean between 9.4 and 7.5 ka (Major et al., 2006; Yanko-Hombach
et al., 2007; Coolen et al., 2013; Giosan et al., 2012). The key dis-
agreement arises from different proxies used for reconstructing the
water level of the Black Sea and, to a lesser extent, age model un-
certainties (Aksu et al., 2002; Giosan et al., 2012; Hiscott et al.,
2007; Hiscott and Aksu, 2002; Konikov et al., 2007; Yanchilina et
al., 2017). Salinization of the Black Sea Lake was proposed to be
gradual rather than abrupt according to micropaleontological and
ancient sedimentary DNA (sed aDNA) reconstructions (Aksu et al.,
2002; Coolen et al., 2013; Mertens et al., 2009; Soulet et al., 2011,
2010).

Based on 880 values of the foraminifera Turborotalita quin-
queloba, Aksu et al. (2002) estimated the salinity of the Black Sea
Lake to be 16 - 17 psu in Unit IIl. Similarly, the record of the di-
noflagellate cyst Lingulodinium machaerophorum suggests that the
Black Sea salinity ranged from 12 to 15 psu during the Unit III de-
position, and 14 to 17 psu during the past 10,000 years (Mertens
et al,, 2012). However, these proposals contradict the freshwater
biota fossils found in the Black Sea Unit Il deposition period (e.g.,
Filipova-Marinova et al., 2013; Marret et al., 2009; Yanchilina et
al., 2017), as well as ostracode-inferred salinity of 5 to 8 psu in
the Unit III (Briceag et al., 2019). High salinity in Unit IIl was also
contradicted by sed aDNA data, which revealed a predominance
of freshwater plankton and fauna in Unit Il sediments between
11.4 and 9.4 ka BP, mixed with a small percentage of DNA from
typically marine plankton (Coolen et al., 2013). Moreover, salinity
reconstruction using hydrogen isotopic (D) values of long chain
alkenones (LCA) suggests a peak salinity of ~ 30 psu at 2.7 ka
(Coolen et al., 2013; Giosan et al., 2012; van der Meer et al., 2008).
This éD-reconstructed salinity peak was 10 psu higher than the
salinity estimated by Aksu et al. (2002) and Mertens et al. (2012).
One caveat of the alkenone §D estimate is that the reconstruction
assumed that alkenones were predominantly produced by Emilia-
nia huxleyi during the past 5200 years (Coolen et al., 2013). The
latter study used a targeted sed aDNA approach to reconstruct the
calcified as well as non-calcified haptophyte composition in the
Black Sea since the onset of sapropel deposition ~7.5 ka BP but
may have failed to identify the full range of possible alkenone pro-
ducers, notably the brackish Group II Isochrysidales.

Systematic analysis of haptophyte culture samples has re-
vealed major molecular features that allow quantitative or semi-
quantitative assessment of changes in the Isochrysidales species in
environmental samples (Zheng et al., 2019). New analytical meth-
ods for the detection and separation of alkenones were applied to
sediments from Black Sea core GGC18 (sed aDNA results from this
core published by Coolen et al., 2009, 2013). We use the Baltic Sea
surface sediment study by Kaiser et al. (2019) as the framework
for interpreting Black Sea salinity changes over the last 16 Kkyr.
The Baltic Sea is characterized by a large horizontal pelagic salin-
ity gradient (0 to 35 psu) over 2000 km, encompassing the full
habitat salinity ranges of Group I, Il and III Isochrysidales (Theroux
et al,, 2010; Longo et al., 2016; Weiss G. et al., 2020). Changes in
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alkenone distributions along the modern Baltic Sea salinity gradi-
ent are primarily dictated by sea surface salinity and can be used
to infer past salinity changes in the Black Sea since the last glacial.

2. Materials and methods
2.1. Samples

Sediments for this study were taken from the Giant Gravity
Core GGC18 collected from the western basin of the Black Sea
(42°46.569”N; 28°40.647"E; Fig. S1) in September 2006. This core
was recovered from a water depth of 971 m during cruise AKO6 on
the R/V Akademik (Fig. S1, Coolen et al., 2009).

We use the Unit division points as defined in Hay et al. (1991).
The total length of the sediment core is 337 cm, spanning Unit [ (0
- 48 cm), Unit II (48 - 123 c¢cm) and Unit III (123 - 337 cm) of the
Black Sea. We subsampled 1 cm slices (~ 3 cc) from every other
1 cm-interval for the present study. A total of 167 samples were
collected, including 24 samples from Unit I, 37 samples from Unit
Il and 106 samples from Unit III.

2.2. Age model

A few studies have been conducted previously to investigate the
Unit I and II sections of GGC18 (Coolen, 2011; Coolen et al., 2013,
2009; Filipova-Marinova et al., 2013; Giosan et al., 2012). Thirteen
samples from the top 120 cm (Unit I and II) of the GGC 18 core
were dated using radiocarbon dating of bulk sediment (Coolen et
al., 2009). In order to build an age model of the complete sediment
core and be consistent with the age model published by Coolen
et al. (2009), we collected six 5 cc samples at depths of 131 cm,
153 cm, 162 cm, 206 cm, 262 cm and 334 cm for '4C AMS dating
of bulk organic carbon at the National Ocean Sciences Accelerator
Mass Spectrometry (NOSAMS) at WHOI (Table 1; Fig. S2). We cal-
ibrated these six new dates from Unit IIl of the Black Sea using
the IntCal13 curve (Reimer et al.,, 2013), and calibrated the thir-
teen published dates from Unit I and II of the Black Sea (Coolen
et al., 2009) using the Marine13 curve from the Bacon 2.2 pack-
age (Blaauw and Christen, 2011) taking into consideration the 14C
reservoir age offsets from Yanchilina et al. (2017) (Table 1).

2.3. Sample preparation and analysis of alkenones by GC-FID and
GC-MS

All sediment samples were processed following established
methods (e.g. Zheng et al., 2017). The samples were freeze-dried
and extracted with a Dionex accelerated solvent extraction (ASE)
system. After extraction, alkenones and alkenoates were isolated
from total extracts using a silica gel column (SiO, 40-63 pm).
The DCM fractions were further cleaned up using a silver thio-
late silica gel column in a glass pipette (Wang et al., 2019; Zheng
et al., 2017). We focused on analyses of alkenones in this study
and did not quantify alkenoates, because some alkenoates eluted
in different solvent fractions during silver thiolate silica gel sepa-
rations. GC-FID analyses were performed using an Agilent 7890N
Series instrument fitted with a Restek RTX-200 GC column (105
m x 250 pmx 0.25 pm) (Zheng et al., 2017). The structures of
the alkenones/alkeonates were confirmed using an Agilent 6890 -
5973N GC-MS system.

2.4. RIK37, C3gme/C3gE: ratio, and %C37:4

The ratio of C37 isomeric ketones, or RIK3; (Longo et al.,
2016), is computed as C37:3a/(C37:3a + C37:3p), where C37:3, is the
tri-unsaturated C37 alkenone with the double bond positions at
AT1421 and C37.3p is the tri-unsaturated C3; alkenone with the
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Table 1
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Radiocarbon and calendar ages determined from bulk organic matter in 19 samples of GGC18.
Reservoir ages are from Yanchilina et al. (2017). The date at the depth of 123 cm is excluded in

the age model due to '*C age reversal.

Depth  Unit 'Cage  '“Cageerror Calibr. age  Calibr. age error  '#C reservoir
(cm) (yrs)
25 1 1060 30 214 361 460
22.5 1 1910 30 1029 101 437
345 1 2390 30 1465 929 435
36.5 1 2450 25 1671 78 435
40.5 1 2890 30 2084 97 439
44 1 3120 35 2369 96 418
46 I 3150 35 2499 108 418
59 11 3700 30 3169 149 413
69 11 4200 30 3764 130 391
83 11 4990 30 4825 270 378
107 11 6420 30 6524 228 351
114 11 6840 40 6980 142 342
116 11 6910 30 7119 100 341
123 m 9680 40 - - -
131 11 9230 40 8886 348 1074
153 Il 10750 50 12852 320 38
162 11 11650 70 13124 182 648
206 11 12550 85 14284 380 281
262 Il 13450 920 15155 465 788
334 11 14600 110 16037 451 1704

double bond positions at A1421.28 C3an10/Cagg ratios are computed
by dividing the concentration of C3g methyl ketones by the con-
centration of Csg ethyl ketones. %C37:4 refers to the percentage
abundance of C37.4 alkenone relative to the sum of C37.5, C37.3 and
C37.4 alkenones: %C37:4 = C37.4 [(C37:2 + C37:3 + C37.4). In general,
the order of %C37:4 in different groups of Isochrysidales is: Group
[ (>50 to 60%) > Group II (~5 to 50%) > Group Il (<5%).

3. Results

3.1. Alkenone and alkenoate distributions in different units of Black Sea
sediment core

In the present study, we analyzed alkenones and alkenoates in
all three Units of the Black Sea sediments. Coolen et al. (2009)
studied haptophyte biomarkers (i.e., ancient DNA and alkenones)
from the same core but only from the organic-rich sediments
of Units I and II. In a broader ancient DNA survey, these au-
thors reported ancient plankton DNA (incl. trace amounts of Group
Il Isochrysidales) in Unit Il sediments as old as 9.4 ka BP but
alkenones were not studied in parallel (Coolen et al., 2013). This
study is the first report of the alkenones and alkenoates in the
Unit Il sediments, as a result from application of a new suite of
analytical methods (Wang et al., 2019; Zheng et al., 2017). Notably,
alkenone concentrations are 20 - 384 ng/gdw (gram dry weight) in
Unit I, 33 - 230 pg/gdw in Unit I and in much lower concentration
of 0 - 35 pg/gdw in Unit III sediments (Fig. S3).

Alkenone and alkenoate profiles show distinctive changes at
different depths and units in the GGC18 core (Fig. 1). Based on
the culture experiments and comprehensive compilation of pub-
lished culture data (Zheng et al., 2019), we divide succession of
alkenone and alkenoate distributions in GGC18 into six distinct
phases (Fig. 1):

Phase I (334 - 123 cm; ~ 16.6 to 7.6 ka BP): The distinctive
feature of this phase is the presence of double bond positional
isomers for C37 and Csg alkenones (Dillon et al., 2016), and ab-
sence or very low concentration of alkenoates (Fig. 1f). The ratio of
C37 isomers, RIK37 (Longo et al., 2016), shows relatively low val-
ues around 16 ka BP, but increasing slowly to 1 around the Unit
III to Il boundary at 7.6 ka. The ratio of C3g methyl over C3g ethyl
alkenones is ~ 0.5 at 16.5 ka, but steadily decreases to ~ 0.1 at

the Unit III - II boundary at 7.6 ka (Fig. 2). %C37:4 is 15 to 55%,
with highest values around 15 ka (Fig. 3d).

Phase II (123 to 113 cm; ~7.6 to 6.9 ka BP): Around the bound-
ary of Unit II and Unit III (123 c¢m), we found a section of distinc-
tive alkenone distributions between 123 to 108 cm, characterized
by very low C3g Me/Csg Et ratios (~ 0.05), with a near absence of
tri-unsaturated C3; and Csg alkenones but presence of alkenoates
(Fig. 1e). This alkenone/alkenoate profile is consistent with a pre-
dominance of Group II haptophytes (Zheng et al., 2019).

Phase IIl: Group III E. huxleyi type alkenones were found be-
tween 113 to 66 cm depth (or 6.9 to 3.5 ka BP) (Fig. 1d), with the
presence of both Csg methyl to Csg ethyl alkenones and absence of
C37.3 isomer. The CzgMe/CsgEt ratio is relatively high (0.9 to 0.5),
suggesting a relatively high salinity level (> 11 psu).

Phase IV (66-42 cm; 3.5-2.2 ka BP): A change in the alkenone
profile occurs at 66 cm, 3.5 ka (Fig. 1c¢), where E. huxleyi type
alkenones are replaced by the very unusual type of ethyl alkenones
possessing double bond positions at A'#1° (conventional di-
unsaturated alkenones have double bonds at A'#421) with the
most abundant homologue being Csg.2Et (Fig. 1c; Xu et al., 2001).
Tri-unsaturated alkenones are generally absent in this interval. The
most important feature of alkenones in this horizon is the absence
of C3gMe or CsgEt. This feature is consistent with Group II, brack-
ish alkenone producers (Zheng et al., 2019). These unusual shorter
chain alkenones have been proposed to be biosynthesized through
B oxidation of A2! monounsaturated parent alkenones, followed
by desaturation at A'® (Zheng et al., 2016). They have been pre-
viously found in the Baltic Sea (e.g., Warden et al., 2016), and the
Florida Bay (van Soelen et al., 2014) where salinity is significantly
lower than open ocean. Notably, the structures of these Black Sea
shorter chain alkenones differ from shorter chain alkenones (dou-
ble bond positions at A1%19 with both methyl and ethyl substitu-
tions for C3g alkenone derivatives) produced by a mutant species
of E. huxleyi (Prahl et al., 2006). Biosynthetically, Zheng et al. (2016)
proposed that E. huxleyi type shorter chain alkenones are produced
by B oxidation of A1#42! di-unsaturated parent alkenones.

Phase V (42 - 36 cm; 2.2 to 1.6 ka BP): The shorter chain
type of alkenones were gradually replaced by regular brackish
Group II alkenones at ~42 cm. C3g Me and Czg Et are still ab-
sent, alkenoates are abundant (Fig. 1b), whereas %C37:4 is 15 to 20
(Fig. 3d). This is the period of the transitional sapropel between the
first invasion and the initiation of final invasion of coccolithophore
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Fig. 1. Examples of GC-FID chromatograms for the six typical phases (a to f) of long
chain alkenones and alkenoates in the GGC18 sediment samples of the Black Sea,
deposited over the past 16.6 kyr. The depth ranges (Phase I: 334-123 cm or 16.6 to
7.6 ka BP; Phase II: 123-113 cm or 7.6 to 6.9 ka BP; Phase III: 113-66 cm or 6.9 to
3.5 ka BP; Phase IV: 66-42 cm or 3.5-2.2 ka BP; Phase V: 42-36 cm or 2.2 to 1.6
ka BP; Phase VI: 36-0 cm or 1.6 ka BP to present) of the six phases in core GGC18
are graphically depicted and proportionally marked on vertical column on the right
of the exemplary chromatograms. The chain length of alkenones and alkenoates
ranges from C37 to C40. Alkenones are designated with C;Me or C,Et, where n is
the carbon number, and Me and Et represent methyl and ethyl alkenones respec-
tively. Similarly, Alkenoates are designated with C3s0Me or C350Et where OMe and
-OEt are methyl and ethyl esters respectively. Numbers 4, 3 and 2 on top of in-
dividual peaks denote the number of double bonds. 3a and 3b are tri-unsaturated
double bond positional isomers. The double bonds number 2’ for the alkenones and
alkenoates in the Phase IV represents the shorter chain alkenones with double bond
positions at A'#19, Phase V is the transitional sapropel layer defined in Hay et al.
(1991). (For interpretation of the colors in the figure(s), the reader is referred to the
web version of this article.)

E. huxleyi in the Black Sea (Hay et al, 1991), indicating Group II
Isochrysidales species were predominant producers of alkenones
(Zheng et al., 2019; Kaiser et al., 2019).

Phase VI (36 - 0 cm; 1.6 ka BP to present): Alkenones in this
interval are similar to those in Phase IIl. The relatively high abun-
dance of C3gMe and CsgEt indicates that the dominant alkenone-
producing haptophyte was the Group Il marine haptophyte E. hux-
leyi (green profile; Fig. 1a), consistent with sed aDNA data (Coolen
et al., 2009).

3.2. Ratio of Csg methyl and Csg ethyl alkenones

Group II brackish haptophytes do not produce (or only produce
very trace amounts of) C3g methyl alkenones (hence this ratio is
~zero), whereas Group Il marine haptophytes (E. huxleyi mainly)
have high values (0.6 to 0.9), and Group I haptophytes intermedi-
ate values (~0.5) (Zheng et al., 2019; Kaiser et al., 2019). Because
Group I Isochrysidales occurs in freshwater and oligohaline envi-
ronments (Longo et al., 2016), it is most likely to mix with Group
Il in low salinity brackish waters. Similarly, Group IIl can mix with
Group II in brackish environments such as the Baltic Sea (Kaiser
et al,, 2019). Therefore, C3gMe/C3gEt ratio (Fig. 2d) can be used to
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assess the degree of mixing for all three different Isochrysidales
groups, and subsequently to constrain salinity ranges.

In Unit III of the Black Sea (alkenone Phase I), the ratio of
C3gMe/CsgEt fluctuates around 0.25-0.5 between 16.3 and 14 Kka,
then decreases progressively to nearly zero at the Unit III and
Il boundary, 7.6 ka (Fig. 2d). Because all samples in this interval
contain tri-unsaturated alkenone isomers, and C3gMe/CsgEt ratio is
below 0.5, this is a clear case of mixing of Group I and Group II
alkenones. The relative contributions from Group II increasing from
16 ka to the Unit Il and Unit I boundary, suggesting slowly rising
salinity. Mixing of Group I and II Isochrysidales is also illustrated
by significant correlation between RIK37 and C3gMe/C3gEt ratios in
the Unit Il sediment (Fig. S4). Between 7.6 ka and 6.9 ka (alkenone
Phase II), the ratio of C3gMe/CsgEt is close to 0 and alkenoates
are present. This profile indicates that the Group II haptophytes
were the dominant alkenone producer. C3gMe/C3gEt alkenone ra-
tio increases abruptly from O to 0.9 at 6.9 ka, then decreased
progressively to ~ 0.5 at 3.5 ka. This pattern is consistent with
dominant input by marine Isochrysidales (E. huxleyi) during this in-
terval (alkenone Phase III). This is in agreement with a gradual re-
placement of freshwater by marine plankton through non-specific
parallel sed aDNA profiling of eukaryotes in general (Coolen et al.,
2013). Around the boundary of Unit I/II, there is an interval (1.6
ka to 3.5 ka, alkenone Phase IV and V) with dominant input from
Group II brackish haptophytes as the ratio of C3gMe/CsgEt is close
to 0. At 1.6 ka, marine Group IIl alkenones replaces the brackish
Group II alkenones abruptly and remains dominant until present
(alkenone Phase I).

3.3. Paleosalinity of Unit III

RIK37 has been proposed as a salinity indicator for fresh to
oligohaline waters since this ratio is not temperature sensitive
(Longo et al., 2016). A surface sediment calibration of the RIK37
index in the freshwater and brackish Baltic Sea yielded the fol-
lowing correlation with salinity: RIK37 = 0.0677* salinity + 0.532;
R? = 0.7, RMSE = 0.914 psu (Kaiser et al., 2019). Baltic Sea salinity
changes gradually from 0 to 35 psu, with broad regions of rela-
tively uniform mean salinity levels for comparison with alkenone
distributions. As we expected, RIK37 value increases with salinity
as the contribution from Group II haptophytes increase relative to
Group I haptophytes (Fig. 2).

Between 16.6 and 13 ka, RIK37 averages around 0.7 with high
frequency fluctuations between ~0.6 to 0.8. This RIK37 range indi-
cates oligohaline waters with surface salinity fluctuating between
1 to 3 psu in the Black Sea. From 13 ka to the Unit III/Il bound-
ary at 7.6 ka (alkenone Phase I), gradually increasing RIK3; ratios
signify a slowly rising salinity from 2 to 6 psu. Following the ter-
mination of Unit IIl at 7.6 ka and between 7.6 and 6.9 ka (alkenone
Phase II), RIK37 stays high (fluctuating between 0.95 to 1), suggest-
ing a brackish water environment with salinity occasionally higher
than 6 psu. This RIK37 inferred salinity level is consistent with the
brackish conditions inferred from C3gMe/CsgEt ratios, whose de-
creasing trend from 16.6 to 6.9 ka is consistent with increasing
Group II relative to Group I haptophytes (Zheng et al., 2019; C3gMe
alkenones are produced by Group I but not Group II haptophytes)
(Fig. 2). The RIK37 ratio for the past 6.9 kyr is 1, indicating the
salinity has exceeded the maximal tolerance level for Group I hap-
tophytes (~ 6 psu; Longo et al., 2016; Fig. 2a, b, c).

4. Discussions

4.1. Black Sea lake salinity during the deposition of Unit IIl: 16.6 - 9.4
ka BP

This phase of the Black Sea represents Unit IIl deposition before
IMI. The IMI has been identified to occur at ~ 8.5-9.4 ka, depend-
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Fig. 2. (a) RIK37 record for GGC 18 core; (b) relative Group I input computed based
on the linear scaling of RIK3;, assuming two endmembers: RIK3; = 0.55 when
Group I Isochrysidales input is 100%, and RIK37 =1 when Group I input is zero; (c)
reconstructed salinity based on Baltic Sea salinity calibration (Kaiser et al., 2019).
Marine regressions and transgressions during the glacial and interglacial cycles in
Baltic Sea have similar characteristics to those in Mediterranean and Baltic Sea.
Therefore, the RIK37-salinity calibration developed in Baltic Sea is likely well suited
for reconstructing Black Sea salinity changes; (d) Variations in the ratio of C3gMe
and CsgEt for GGC 18. All data points are plotted against calendar ages. Black trian-
gles are radiocarbon dates from Coolen et al., 2009; the red triangles are the new
radiocarbon dates from this study.

ing on variable reservoir age corrections (Coolen et al., 2013; Her-
rle et al,, 2018; Major et al., 2006; Soulet et al., 2011; Yanchilina
et al., 2017; Ankindinova et al., 2019). To simplify our discussion,
we define the timing of the IMI to 9.4 ka, based on combined ev-
idence of strontium isotope excursion (Fig. 3h; Major et al., 2006)
and parallel sed aDNA profiling performed on this core (Coolen et
al., 2013).

Our RIK37 record suggests an overall progressively rising salin-
ity from 16.6 to 9.4 ka, ranging from 1 to 6 psu (Figs. 2c & 3b),
which is in good agreement with published results. For example,
the chloride content and §'80 values of sediment interstitial wa-
ter suggest that in this late glacial period the Black Sea lake was
fresh with salinity ~ 1 psu (Soulet et al., 2010). Similarly, Yan-
chilina et al. (2017) found that the entire mollusk assemblage in
the cores on the shelf was composed of oligohaline species, in-
dicating the salinity in Unit IIl was in the range of 1 to 5 psu.
Filipova-Marinova et al. (2013) analyzed the same sediment core
as used in the present study, and observed fresh- to brackish-
water species (i.e., Spiniferites cruciformis and Pyxidinopsis psilata)
dominant in the dinoflagellate cyst assemblage in the Unit III sed-
iment from 12 to 7.6 ka (Fig. 3e). Mudie et al. (2004) associated
Spiniferites cruciformis with low salinity (3-7 psu), oligohaline wa-
ters. Recent data based on ostracode species also indicate a low
salinity (5 - 8 psu) during the last glacial maximum, but with
lower salinity (0 - 5 psu) during the first Meltwater Pulse dur-
ing Heinrich Stadial 1 (Briceag et al., 2019).

Between 16.6 and 13 ka, both the RIK37 and C3gMe/C3gEt ratios
indicate large salinity fluctuations between fresh and oligohaline
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Fig. 3. Various proxy records of the Black Sea salinity for the past 16.6 kyr: (a) §D
values of C37 and Csg alkenones from GGC18 and inferred salinity record (Giosan
et al.,, 2012), (b) RIK37-inferred salinity for GGC18; (c) ratio of Csgne/C3gge; (d): per-
centage of C37:4 alkenones; (e) records of fresh-brackish dinocyst S. cruciformis (3 -
7 psu) and eurohaline dinocyst L. machaerophorum (>10 psu) from Filipova-Marinova
et al. (2013); (f) dinocyst-assemblage inferred salinity from Mertens et al. (2012),
(g) 8'80 values of seawater reconstructed based on planktonic foraminifera from
the Marmara Sea (Vidal et al., 2010); (h): 87Sr/86Sr record from Major et al. (2006).
IMI refers to Initial Marine Input, as defined by Major et al. (2006).

waters in the Black Sea (Fig. 4). Such rapid fluctuations between
fresh and oligohaline conditions are likely related to major pulses
of meltwater inputs to the Black Sea from the Fennoscandian Ice
Sheet (FIS), the world’s second largest ice sheet at the time, and
icecaps at the Alps (Major et al., 2006; Soulet et al., 2013; Yan-
chilina et al., 2019). During the deglaciation, these continental ice
formations have been suggested to strongly affect the Black Sea
salinity by discharging freshwater via the Danube, Berezina and
Dniepr Rivers (Soulet et al., 2013; Yanchilina et al., 2019). Specifi-
cally, Soulet et al. (2013) found periods of strong meltwater pulses
by using the BIT (branched and isoprenoid tetraether) index and
Cy5 n-alkane/TOC ratios, and neodymium isotopes (Fig. 4b, c, d).
Yanchilina et al. (2019) demonstrated that massive amounts of
melt water (>25,000 km?) along with red-brown clay were deliv-
ered to Black Sea lakes between 16.35 and 15.4 ka BP. We find pe-
riods of low salinity as inferred from RIK37 and C3gMe/CsgEt ratios
(Figs. 4a, 4b; Fig. S4), which show general overlap with inferred
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Fig. 4. Comparison of the RIK37-reconstructed salinity from GGC18 with other proxy
records between 8 and 16.6 ka; (a) deglaciation meltwater records from Soulet et al.
(2013), where b, ¢, d refer to BIT, or branched vs isoprenoid tetraether index, TOC-
normalized Cps n-alkane abundance, and epsilon Nd, respectively; (e) strontium
isotope record from Major et al. (2006); (f) GISPII ice core §'80 record (Dansgaard
et al., 1993). IMI refers to Initial Marine Input, as defined by Major et al. (2006).

stronger meltwater pulses (Soulet et al., 2013), and/or strontium
isotope fluctuations (Fig. 4e; Major et al., 2006). We therefore sur-
mise that the gradually rising salinity level after 13 ka until the
time of IMI at 9.4 ka in the Black Sea (Coolen et al., 2013) is due
to a regional negative hydrological balance, leading to the evapo-
rative enrichment of salt content in the Black Sea lake.

Our RIK37 and C3gMe/CsgEt records do not display any sign of
salinity reversal associated with the Younger Dryas (12.9 to 11.7
ka) cold interval as the Black Sea surface salinity continued to
climb by ~ 2 psu during this time (Figs. 4). Similar (i.e., small
increasing) trend is also recently proposed by Briceag et al. (2019)
based on ostracode assemblages. This suggests that the overall hy-
drological balance in the Black Sea basin did not show abrupt
changes during this episode. We do observe, however, a relatively
large increase in Black Sea salinity (to ~ 4 psu) at ~ 14.7 ka
during the Bolling/Allered (Fig. 4). Warm and dry conditions at
B/A period for the Mediterranean region would have caused the
enhancement of the evaporation/precipitation (E/P) ratio, which re-
duced the river runoff of the Black Sea catchment as well (Fig. 3g;
Vidal et al., 2010). Our data are consistent with the records of re-
gional hydrological balance suggesting that, prior to 14.7 ka (23 to
14.7 ka), the Black Sea catchment has a relatively high P-E and was
overflowing to the Marmara Sea: similar §'80 values of carbonate
in the Black Sea and the Marmara Sea support their surface water
connectivity (Figs. 3 & 4; Bahr et al., 2006; Vidal et al., 2010).

4.2. Black Sea lake salinity variations between 9.4-7.6 ka

From 9.4 (IMI) to 7.6 ka (the start of sapropel deposition), the
Black Sea surface salinity was in the range of 5 to 6 psu (near
the upper limit of the RIK3; index; Fig. 3 & 5). The relatively low
surface salinity during this interval is surprising, since strontium
isotope data (Major et al., 2006; Ankindinova et al., 2019) and
an increase in the relative abundance of sed aDNA from marine
eukaryotes (Coolen et al., 2013), clearly indicate the introduction
of Mediterranean Sea water (Fig. 5). However, quantitative salin-
ity data cannot be inferred from these geochemical and genomic
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Fig. 5. (a) Sea surface salinity variation of the Black Sea reconstructed from RIK37;
(b) record of C3gMe/CsgEt ratio of the Black Sea; (c) record of salinity anomaly
from Aegean Sea based on phytoplankton transfer function (Herrle et al., 2018); (d)
combined records for the establishment of Neolithic farmers across southeastern
Europe during the Holocene (Turney and Brown, 2007). IMI refers to Initial Marine
Input, as defined by Major et al. (2006).

markers and we attribute the low salinity of the Black Sea dur-
ing this time interval to a major increase in regional hydrological
balance. Positive regional hydrological balance is supported by re-
cently published record of Aegean Sea salinity anomaly by Herrle
et al. (2018), indicating freshening of the Aegean Sea surface water
from 11 to 7.6 ka (Fig. 5).

Our data may imply the inflow of marine water to the Black Sea
starting from 9.4 ka coincided with major rise in regional rainfall,
leading to a subdued salinity level of the Black Sea surface wa-
ter. At present, the Black Sea is connected with the Marmara Sea
through the Bosporus Strait, which is 30 km long with a maximum
width of 3.7 km and minimum width of 750 m, and a depth rang-
ing from 36.5 to 124 m (Fig. S1). On the surface and particularly
in the center of the Bosporus strait, there is a rapid current flow
from the Black Sea to the Marmara Sea, but a countercurrent be-
low the surface carries water of greater density from the Marmara
Sea to the Black Sea. We surmise similar configuration may have
existed between 9.4 and 7.6 ka.

We note the rise of the earliest southeastern European agricul-
ture starts from ~ 9.6 ka (Turney and Brown, 2007), peaking at
around 7.6 ka (Fig. 5), consistent with our hypothesis of greatly
enhanced regional rainfall in the catchment of the Black Sea. The
sea level rise resulting from retreat and collapse of the Laurentide
Ice Sheet may have caused flooding of coastal areas of the Black
Sea, leading to the sudden loss of land favored by early farmers
and initiated an abrupt expansion of migrating Neolithic peoples
across Europe.

4.3. Mid to late Holocene (Unit I and II): 7.6 ka to present

There was a transition period from 7.6 to 6.9 ka characterized
by brackish type Group II alkenones with low C3;gMe/CsgEt ratio,
and occasionally Group I alkenones were also present (alkenone
phase II; Figs. 2e & 3). E. huxleyi only became the dominant hap-
tophyte from 6.9 ka, with a sudden jump of C3;gMe/C3gEt ratio
(alkenone phase III; Fig. 2d). As the minimal threshold salinity for
E. huxleyi observed in modern ocean is ~ 11 psu (Coolen et al.,
2013), our results imply that the Black sea surface salinity ranged
from 6 to 11 psu between 7.6 to 6.9 ka. The relatively low salin-
ity during this 700-year interval is surprising, since the Black Sea
was already fully connected with the Mediterranean Sea. Possible
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reasons for the relatively low surface salinity in the Black Sea be-
tween 7.6 and 6.9 ka include high influx of river run-off due to
the positive regional hydrological balance, with high salinity wa-
ters flowing into the Black Sea as a bottom current through the
Bosporus. As a result, the Black Sea surface salinity may have not
increase dramatically until sufficient amounts of saline water had
been mixed from bottom up.

Published salinity reconstructions in the past 7.6 kyr have con-
siderable disagreements, depending on proxies used (Aksu et al.,
2002; Giosan et al., 2012; Mertens et al., 2012; van der Meer et
al., 2008). The most recent Black Sea salinity reconstruction for
the past 7.2 kyr is based on alkenone §D values. The §D values
of C37 and Cszg alkenones suggest a progressive increase in salin-
ity from 6.8 to 2.6 ka to a maximum above 30 psu (but note 5D
data are absent between 3.1 and 2.6 ka), followed by a subsequent
progressive freshening of surface water to 19 psu (Fig. 3a; Coolen
et al,, 2013; Giosan et al,, 2012; van der Meer et al., 2008). How-
ever, the alkenone hydrogen isotope-based salinity reconstruction
disagrees with more conventional records. For example, sedimen-
tological and paleontological data do not suggest peak salinity at
~ 2.5 ka and there is no evidence for progressive freshening of sur-
face water during the late Holocene interval of coccolith deposition
(Unit I) (Fig. 3; Aksu et al., 2002; Mertens et al., 2012). Filipova-
Marinova et al. (2013), using the exact same sediment core, GGC
18, as used in our study and used for hydrogen isotope analysis
(Giosan et al., 2012), found an increase in fresh- to brackish- water
dinoflagellates (e.g., Spiniferites cruciformis and Pediastrum simplex
var. simplex) around 2.7 ka BP, when the percentage of the eury-
haline marine species (e.g., Lingulodinium machaerophorum) greatly
diminished, even disappeared (Fig. 3e). This period of decrease in
surface salinity is attributed to increased river inputs into the Black
Sea from Danube, Dniester, Dnieper and Don (Filipova-Marinova et
al., 2013). Therefore, the results from dinoflagellate assemblages
support an opposite conclusion as inferred from alkenone hydro-
gen isotopic ratios, i.e., there is a salinity trough, rather than a
peak, around 2.7 ka in the mid to late Holocene, although the
absence of alkenone 8D measurements between 3.1 and 2.6 ka
(Giosan et al., 2012) may have contributed to the discrepancies.

Our comprehensive alkenone and alkenoate profiling in Phases
IV and V is consistent with dinoflagellate-based salinity reconstruc-
tion indicating significant surface water freshening between 3.5
and 1.6 ka (Fig. 3e, f; (Filipova-Marinova et al., 2013; Mertens et
al., 2012). Between 3.5 and 1.6 ka, there was a major change in
haptophyte speciation in the Black Sea: the prior dominance of
marine E. huxleyi type alkenones was replaced by Group II brackish
haptophytes (Fig. 3¢, d). This interval stratigraphically matches the
interval of the disappearance (after a brief initial appearance) of
E. huxleyi coccolith fossils, and is termed the “Transition sapropel”
layer (2.7 - 1.6 ka) (Hay et al.,, 1991; Jones and Gagnon, 1994),
suggesting a reduced salinity that impeded growth of E. huxleyi.
This contradicts the results of our parallel sed aDNA study, which
revealed that E. huxleyi was the sole source of alkenones during
the transition sapropel (Coolen et al., 2013). Interestingly, a more
in depth parallel sed aDNA survey from this core GGC18 with the
aim to elucidate 7000 years of co-evolution of E. huxleyi and its
coccolithoviruses, revealed the development of a unique E. hux-
leyi genotype that most likely represented a non-calcified strain
that escaped prior microscopic detection in the transition sapropel
(Coolen, 2011). Namely, coccolithoviral infection requires the pres-
ence of a calcified stage and coccolithoviral DNA was only absent
in this coccolith devoid transition sapropel (Coolen, 2011). Our cur-
rent study shows that reduced rather than maximum salinity must
have selected for this non-calcified E. huxleyi that co-existed with
a predominance of previously overlooked (the detection approach
may have been too specific) non-calcified Group II Isochrisadales
as the main source of alkenones. Salinity minima at ~ 3.5 to 1.6
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ka in the Black Sea in the past 6.8 kyr is also supported by recon-
struction from the Marmara Sea based on planktonic foraminifera
8180 values and alkenone inferred SST (Fig. 3g; Vidal et al., 2010).
The estimated 8180 of seawater at the Marmara Sea shows a pe-
riod of lower values from 2 to 4 ka BP, suggesting this period was
the freshest in the Marmara Sea during the Holocene (Vidal et al.,
2010). Many studies (e.g., Aksu et al., 2002 and references therein)
have suggested a constant outflow of Black Sea surface water to
the Marmara Sea in the past 6.8 kyr. Combining all the evidence
above, we conclude that the Black Sea surface water experienced a
period of low salinity between 3.5 and 1.6 ka, probably as a result
of major increase in regional hydrological balances.

Our alkenone and alkenoate profiles in Phase IV and Phase
V also provide a rational explanation for results from alkenone
8D measurements (Fig. 1). Culture growth experiments using E.
huxleyi and I galbana have found large differences in hydrogen
isotope fractionation values, with the later brackish Group II hap-
tophyte fractionating by 50 - 100% less than E. huxleyi (M’'boule
et al.,, 2014; Chivall et al., 2014). Therefore, the unusually high 6D
values of alkenones between 3.5 and 1.6 ka primarily originated
from changes in the dominant alkenone-producing haptophytes.
When the salinity reconstructions reported by van der Meer et
al. (2008) and Giosan et al. (2012) are corrected using an average
75%o fractionation factor difference (estimated based on M’boule
et al,, 2014), there would be an isotopic minimum between 3.5 -
1.6 ka. Because growth rates and other environmental factors can
strongly affect the specific isotopic fractionation factors (M’boule et
al., 2014; Chivall et al., 2014), we cannot quantitatively reconstruct
the salinity during this interval, unfortunately.

4.4. Rate of surface salinity changes during marine transgression

Neither RIK37 nor CzgMe/CsgEt indices display abrupt sea sur-
face salinity changes at the time of IMI at 9.4 ka (Figs. 2 & 4). We
do not see an abrupt replacement of freshwater and brackish water
Group I and Group II alkenones by the marine Group III alkenones
at the Unit III and II boundary (7.6 ka). Instead, from 7.6 to 6.9 ka,
we observe a persistence of Group II brackish water alkenones for
~ 700 years between 7.6 and 6.9 ka (Fig. 2), before the complete
and abrupt change to marine Group III alkenones.

Absence of abrupt surface salinity changes inferred by alkenone
profiles also agrees with our parallel sed aDNA study targeting
eukaryotes (Coolen et al., 2013), and the recent salinity reconstruc-
tion from the Aegean Sea (Herrle et al., 2018), suggesting gradually
declining surface water salinity between 9.4 and 6.9 ka (Fig. 5).
Freshening in the Aegean Sea could only occur if the surface in-
put from the Black Sea and the Marmara Sea had lower salinity
values during this interval. Relatively low salinity in the Black Sea
surface waters between 9.4 and 6.9 ka, which is counter-intuitive
given this is the time when the Black Sea lake reconnected with
the salty Mediterranean Sea water, would have only been possi-
ble if there was a major increase in the hydrological balance in the
Black Sea catchment (Herrle et al., 2018; Ankindinova et al., 2019).
The increase in precipitation and the consequent river runoff, coin-
cidentally, drove major agricultural innovations in the southeastern
Europe (Fig. 5; Turney and Brown, 2007). We note that Aksu et al.
(2002), Hiscott and Aksu (2002) and Mudie et al. (2004) have also
presented evidence that there was persistent outflow of brackish
water from the Black Sea into the Marmara Sea before the global
sea level reached the Bosporus sill at early Holocene, and there-
fore marine transgression of the Black Sea was a gradual process
with seawater mixing slowly with the Black Sea Lake through the
bottom water flows.
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5. Conclusions

Detailed alkenone and alkenoate analysis reveals a complex his-
tory of Isochrysidales species successions in the past 16,000 years
in the Black Sea. For the first time, alkenones are found through-
out the Unit Il sediment of the Black Sea using a new suite of
analytical methods. The Unit III alkenones contain variable mix-
ture of Group I and Group II alkenones, allowing the use of RIK37
and C3gMe/CsgEt indices to quantitatively assess the salinity his-
tory. From 16.6 to 9.4 ka, we show that the Black Sea lake evolved
from a near freshwater to oligohaline lake (~ 5 psu). The overall
increase in salinity in the closed basin lake during this deglacial
period suggests a negative regional hydrological balance in the
Black Sea catchment. Deglacial meltwater pulses from Fennoscan-
dian Ice sheet may have served as key freshwater inputs to reduce
the Black Sea surface salinity between 16.6 and 14 ka.

The Black Sea surface salinity remained subdued around 6-7
psu between IMI (9.4 ka) and Unit II and III depositional boundary
(7.6 ka). In fact, brackish water conditions (7 - 11 psu) persisted
for another 700 years post Unit II and Il boundary. Together with
the most recent evidence indicating freshening Aegean Sea and
major rise of agricultural activities in the southeastern Europe dur-
ing this interval, we conclude a major increase in regional hydro-
logical balance in the Black Sea catchment is the culprit for main-
taining the relatively low surface salinity conditions of the Black
Sea. Our salinity reconstructions are inconsistent with an abrupt
surface salinity rise at the time of reconnection (~ 9.4 ka) be-
tween the Mediterranean Sea and the Black Sea through Bosporus
sill. More saline, near modern surface salinity was only attained
later at ~6.9 ka. We propose that the water exchange between the
Black Sea and the Marmara Sea has already attained conditions
similar to modern configurations between 9.4 and 7.6 ka.

In the past 6,900 years (Unit II and I), we identified one pe-
riod of time lasting 1,900 years between 3.5 to 1.6 ka, when Black
Sea surface water salinity declined significantly, allowing Group II
Isochrysidales to become the dominant alkenone producer. This
period partially overlaps with the transitional sapropel layer pre-
viously identified (Hay et al., 1991; Jones and Gagnon, 1994; Ross
and Degens, 1974). Our proposal contradicts with earlier salinity
reconstruction based on alkenone hydrogen isotopic values, which
suggest that Black Sea salinity peaked at this interval. Absence of
alkenone §D measurements between 3.2 and 2.6 ka, as well as the
large differences in hydrogen isotope fractionation between Group
II Isochrysidales and E. huxleyi readily reconcile the difference be-
tween inferred salinity levels based on alkenone/alkenoate profiles
and alkenone hydrogen isotopic values. A combination of increased
river inputs, regional runoff and higher regional P-E balance could
have been the causes for this period of Black Sea salinity decrease.
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