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The recurrent deposition of organic-rich sapropel layers in the eastern Mediterranean Sea (EMS)
has been attributed to deep-water stagnation and enhanced biological production. However, the
underlying climatic interactions, paleoceanographic processes, and associated ventilation dynamics are
still debated. Here, we present a basin-wide reconstruction of circulation systematics during sapropel S1
formation (~10.8-6.1 kyr BP), using the Nd isotope composition (enq) as paleo-seawater tracer. Our
eng data from fish debris and foraminifera tests are remarkably radiogenic compared to today, and
spatially and temporally constant. These results predominantly reflect enhanced Nile versus Atlantic
contributions, and indicate that EMS deep-water stagnation prevailed below ~800 m water-depth during
S1 formation. Additional eyng records obtained from bulk sediment leachates show that such stagnation
was preconditioned thousand(s) of years prior to S1 initiation by intensified Nile flooding, whereas it
terminated with a basin-wide, deep-water renewal. In addition, decoupling of deep waters between the
EMS and western Mediterranean Sea (WMS) is evident for the S1-period. Using a box-model for Nd in
the EMS, the observed enq distribution can be most adequately explained by a 2-fold increase in Nile
discharge, and a 50% decrease in the EMS-WMS exchange that was mostly limited to the surface waters
alone. The corresponding circulation during S1 was more sluggish and shallow for the EMS, but largely
unaffected for the WMS. This implies that deep-water stagnation is a prerequisite for sapropel formation.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Mediterranean circulation as related to sapropel formation

The semi-enclosed Mediterranean Sea has a thermohaline cir-
culation, similar to that of the global ocean (Roether et al., 1996;
Pinardi and Masetti, 2000). Driven by a negative freshwater bal-
ance, the anti-estuarine circulation transforms the surface inflow
of relatively low-density Atlantic waters (i.e. Modified Atlantic
Water, MAW) into deeper outflow of saltier intermediate water
(i.e. Levantine Intermediate Water, LIW). Eastern Mediterranean
Deep Water (EMDW) is formed regularly when sufficient cool-
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ing takes place in the mixture of surface water and LIW in the
Adriatic and Aegean seas (Pinardi and Masetti, 2000) (Fig. 1).
This circulation is highly sensitive to climate change, as wit-
nessed by a recent shift in the deep-water formation (e.g. Roether
et al., 1996). Variations in the Mediterranean circulation have
been reported to play a role in the Atlantic Meridional Overturn-
ing Circulation (e.g. Jiménez-Espejo et al., 2015), and are closely
linked to the repetitive occurrence of organic-rich sapropel lay-
ers in Mediterranean sediments (see review by Rohling et al,
2015). Sapropel formation has been attributed to stagnating deep-
water conditions and increased biological production, as a result
of enhanced freshwater and nutrient inputs during minima of
the orbital precession cycle (Rossignol-Strick, 1983; Rohling, 1994;
Emeis et al,, 2000; De Lange et al., 2008; Schmiedl et al,, 2010;
Ziegler et al., 2010). However, many aspects of the complex in-
teractions between climatic and paleoceanographic processes as
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Fig. 1. a) Bathymetric map of the Mediterranean Sea showing the cores investigated in this study (red-circles: Table 1) and the sites of published data (EMS, purple-squares:
Freydier et al., 2001; Scrivner et al., 2004; Cornuault et al., 2018; WMS, yellow-squares: Jiménez-Espejo et al., 2015; Dubois-Dauphin et al., 2017). Modern seawater stations
are also indicated (white-triangles: Henry et al., 1994; Tachikawa et al., 2004; Vance et al., 2004). Generalized oceanography with Modified Atlantic Water (MAW), formation
sites and pathways of Levantine Intermediate Water (LIW), and Eastern Mediterranean Deep Waters (EMDW) after Pinardi and Masetti (2000). b) A west-east transect
summarizing the dissolved Nd concentration ([Nd] italics, in pmol/kg) and isotope composition ([eng] bold). Orange data and arrows represent the MAW (<200 m depth),
whereas magenta indicate the LIW (200-800 m depth) (Spivack and Wasserburg, 1988; Henry et al., 1994; Tachikawa et al., 2004; Vance et al., 2004). Typical eynq signatures
for Nile River (Scrivner et al., 2004; Wu et al.,, 2016) and Saharan Dust (Frost et al., 1986; Scheuvens et al., 2013) are also shown. (For interpretation of the colors in the

figure(s), the reader is referred to the web version of this article.)

related to circulation dynamics and sapropel formation, are still
highly debated.

The knowledge of sapropel formation is mostly based on the
last, 14C-datable sapropel S1 (~10.8-6.1 kyr BP; after De Lange
et al., 2008), coinciding with the most-recent African Humid Pe-
riod. This sapropel was deposited in the eastern- (EMS) but not
in the western-Mediterranean Sea (WMS). Surface-water freshen-
ing is thought to have inhibited deep-water formation, thereby
preconditioning S1 formation, as evidenced by proxies of ben-
thic foraminifera (Kuhnt et al., 2008; Schmiedl et al., 2010; Tesi
et al, 2017) and redox-sensitive elements (Jilbert et al., 2010;
Hennekam et al,, 2014; Tachikawa et al, 2015; Matthews et al.,
2017). Using planktonic foraminiferal §'80 to spatially estimate
surface salinity changes and consequent circulation during S1;
however, different hypotheses emerged: 1) a similar west-east gra-
dient as today but weaker (Rohling and De Rijk, 1999; Emeis et
al., 2000), 2) reversed to an estuarine-type pattern (Thunell and
Williams, 1989), and 3) changed to a flat field, i.e. no gradient and
not reversed (Kallel et al., 1997).

This discrepancy is mainly because of insufficient constraints
on freshwater sources during sapropel formation. Physical-oceano-
graphy models have revealed that a higher freshwater input causes
a stronger stagnation, yet that changes in the freshwater sources
can modulate this effect (Myers et al., 1998; Myers, 2002). The as-
tronomically induced freshwater forcing seems tightly correlated
with the monsoon-related Nile flooding (Rossignol-Strick, 1983;
Ziegler et al, 2010; Hennekam et al., 2014; Revel et al., 2015);
while the reactivated North-African paleo-rivers and increased
runoff from the northern borderlands could represent consider-
able inputs as well (Scrivner et al., 2004; Osborne et al., 2010;
Filippidi et al., 2016; Wu et al.,, 2016, 2017; Tesi et al, 2017).
A progressively increasing inflow of Atlantic waters was proposed
to contribute to the initial onset of S1-related anoxia (Grimm et
al., 2015). However, simulations of timing and extent for deep-
water stagnation and sapropel deposition, and of related circula-
tion changes in both EMS and WMS have yielded inconsistent -
sometimes conflicting - results (Rohling, 1994; Myers et al., 1998;
Stratford et al., 2000; Bianchi et al., 2006; Grimm et al., 2015;
Cornuault et al.,, 2018).
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All of these knowledge gaps strongly urge for a systematic re-
construction of the Mediterranean thermohaline circulation during
the S1-period, based on water-mass properties rather than on in-
directly derived parameters.

1.2. Nd isotopes as a water-mass tracer in Mediterranean archives

Neodymium isotope composition is conventionally expressed
as: ena = [(“’Nd/"™Nd)sampte/("*Nd/"*Nd)ciur — 11 x 10%,
where CHUR (chondritic uniform reservoir) is 0.512638 (Jacobsen
and Wasserburg, 1980). Seawater Nd isotopes have proven to be
a quasi-conservative water mass proxy, thereby being a reliable
tracer for ocean circulation (Tachikawa et al., 2017; and refer-
ences therein). Commonly, observed dissolved &g values originate
from the mixing of water masses, while the interaction between
dissolved and particulate phases may be considerable near con-
tinental margins (Lacan and Jeandel, 2005). In addition, particle
scavenging was proposed to explain the decoupling of Nd concen-
trations and isotopes in the open ocean (Siddall et al., 2008).

In the modern Mediterranean, the dissolved eyq becomes in-
creasingly radiogenic from west to east, with averaged water-
column values ranging from ~—11 to —8.5 in the WMS and
~—7.5 to —5 in the EMS (Spivack and Wasserburg, 1988; Henry
et al.,, 1994; Tachikawa et al., 2004; Vance et al., 2004). This gradi-
ent has been attributed to a mixing between the inflowing MAW
(west-to-east: ~—11.4 to —8.4) and the more radiogenic underly-
ing LIW (east-to-west: ~—5.7 to —9.4), which acquire their eng
signatures from the Atlantic water (~—12 to —10) and the Nile
discharge (~—3 to —1), respectively (Fig. 1). Specifically, the par-
tially dissolved Nile particles that mostly accumulate in the east-
ernmost EMS, rather than the river water itself, were reported to
be the dominant radiogenic Nd source (Tachikawa et al., 2004;
Ayache et al., 2016). The fractional dissolution of Saharan dust
(eéng: ~—13 to —10), the contributions of which are distributed
uniformly over the EMS, is the major external source of unradio-
genic Nd (Frost et al., 1986; Freydier et al., 2001; Tachikawa et al.,
2004). The EMDW ¢&yng composition is rather homogeneous, char-
acterized by values of ~—7.5 to —6.5 (Tachikawa et al., 2004).

Although the application of seawater &nq is particularly ap-
propriate to study deep-water processes, to date, only a few
Nd-related paleoceanography studies exist for the Mediterranean
(Freydier et al., 2001; Scrivner et al., 2004; Osborne et al., 2010;
Jiménez-Espejo et al., 2015; Dubois-Dauphin et al., 2017; Cornuault
et al, 2018). This is probably because of the challenges to ex-
tract preserved enq signals from reliable archives using appropriate
approaches (cf. Tachikawa et al, 2014, 2017), especially for the
sapropel-related periods characterized by redox-changing condi-
tions.

Above all, biogenic apatite of fish debris/teeth has been rec-
ognized as the most reliable recorder of bottom-water eyg com-
position, even though its occurrence is not constant and barren
samples are not uncommon (Martin and Scher, 2004; Martin et
al., 2010; Horikawa et al.,, 2011; Tachikawa et al., 2014). Dur-
ing sapropel formation, fortunately, biogenic apatite may make
up the bulk phosphorus inventory due to the anoxic bottom-
water conditions (Schenau and De Lange, 2000; Slomp et al., 2002;
Kraal et al., 2010). This allows a sufficient amount of fossil fish de-
bris to be well preserved in un-oxidized sapropel S1 sections of
some EMS cores (Slomp et al., 2002; De Lange et al., 2008).

The authigenic ferromanganese oxides precipitated in foramini-
feral tests are also considered a generally robust archive (Roberts
et al, 2012; Tachikawa et al, 2014; Wu et al, 2015; Blaser et
al.,, 2016). However, there may be sedimentary environments un-
der which the bottom-water eng signature is not preserved by
planktonic foraminifera (Roberts et al, 2012). Additionally, sev-
eral attempts were made to extract the biogenic calcite eng from

cleaned planktonic foraminifera using oxidative-reductive leaching
techniques, aiming to reflect changes in the EMS surface waters
during sapropel times (e.g. Scrivner et al., 2004; Vance et al., 2004;
Osborne et al., 2010).

However, recent studies have indicated that such oxidative-
reductive cleaning cannot totally remove all of the authigenic Nd,
because of the Nd concentration in the calcite lattice itself is orders
of magnitude lower than in Fe-Mn oxides, causing indistinguish-
able eng between cleaned and uncleaned foraminiferas (Roberts et
al., 2012; Tachikawa et al., 2014; Wu et al,, 2015). On the other
hand, the fact that the predominance of authigenic Nd relative to
biogenic Nd phases allows bulk carbonate fraction to be widely an-
alyzed for Nd isotopes as a water-mass tracer (e.g. Freydier et al.,
2001; Gourlan et al., 2008, 2010; Le Houedec et al., 2012, 2016).
This is especially for pelagic, carbonate-rich sediments, due to the
protective effect of carbonates during Nd extraction (cf. Blaser et
al., 2016). It has been shown that carbonates act effectively as a
buffer preventing acid-induced Nd mobilization from possible con-
taminations, such as volcanogenic matter, pre-formed continental
Fe-Mn oxides, and labile detrital material (Wilson et al., 2013;
Wu et al.,, 2015; Blaser et al., 2016).

Here, we present a basin-wide reconstruction of Mediterranean
circulation patterns at the time of S1 formation, on the basis of
bottom-water engq data from 9 EMS cores (Table 1; Fig. 1). Our
data are mainly derived from fish debris, and supplemented with
those from foraminiferal tests (Table 2). Having a geographic and
bathymetric coverage, these data allow us to constrain the changes
in sources and mixing of water masses, driven by distinct devi-
ations in the Mediterranean thermohaline circulation during the
S1-period compared to the present-day. This is the first time that
data for the deep-water proxy, eng of fish debris, are reported for
the Mediterranean Sea. In addition, data of bulk sediment leachates
that have shown to be appropriate archives for paleo-seawater enq,
are interpreted for 4 Mediterranean cores (Freydier et al., 2001;
Tachikawa et al., 2004; Table 3). Furthermore, a box model is used
to support more quantitative assessments of the Nd budget for
the EMS (Fig. 5). All together these provide a solid basis to out-
line seawater-eng changes and associated hydrological variations
throughout the S1-equivalent period in the EMS and WMS.

2. Material and methods
2.1. Cores and chronologies

Nine cores with sapropel S1 layers are selected to give a geo-
graphic and bathymetric coverage of the EMS, plus one diagnostic
core from the WMS (Table 1; Fig. 1). The age models for these
cores are based on '“C datings on planktonic foraminifera, and
the well-established S1 boundaries as indicated by organic car-
bon, Ba/Al and Mn/Al (cf. De Lange et al., 2008). In terms of these
sapropel indicators, all the EMS cores display differences between
the early phase (S1a) and late phase (S1b) of sapropel S1, inter-
rupted by the “8.2-kyr-BP event”. This widespread cooling event
was recorded as a re-ventilation in the EMS, and sapropel deposi-
tion was generally more enhanced during early phase (cf. Rohling
et al., 2015). For details see Supplementary information.

2.2. Nd isotope analyses

2.2.1. Fish debris and foraminiferal tests

A total of 15 samples were handpicked from the >150-pum size
fraction of wet-sieved sediments, and the analyses were done at
ICBM, Oldenburg (Table 2).

Fish debris (~0.2-2 mg), including teeth, bones, and fragments,
were processed after Martin et al. (2010) using ultraclean reagents.
Samples were ultrasonicated in methanol for 10 s, before pipetting
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Table 1
General information of the investigated cores over the Mediterranean Sea.
Site Corer Location Water depth Cruise
(m)
CP10 Box 34°32.7'N, 16°34.0'E 1501 RV Pelagia 2011
BP15 Box 32°46.7'N, 19°52.6'E 665 RV Pelagia 2001
AP1 Gravity 39°13.0'N, 19°06.8'E 811 RV Urania 1998
BCO7 Box 33°40.0'N, 32°40.0'E 893 RV Marion Dufresne 1994/5
GC21° Gravity 34°21.9'N, 20°02.1'E 3250 RV Bannock 1988
SL139 Box 34°16.1'N, 19°49.8'E 3293 RV Logachev 1999
SL114 Box 35°17.2'N, 21°24.5'E 3390 RV Logachev 1999
ABC26 Box 33°21.3'N, 24°55.7'E 2150 RV Tyro 1987
BC19 Box 33°47.9'N, 28°36.5'E 2750 RV Marion Dufresne 1991
SL29 Box 33°234'N, 32°30.2'E 1587 RV Logachev 1999
MT15° Piston 38°53.8'N, 04°30.6'E 2373 RV Tyro 1993

@ Collected from a permanent anoxic, brine basin (Bannock Basin).
b Collected from the western Mediterranean Sea (WMS).

Table 2

Neodymium isotope composition of fish and foraminifera samples from the eastern Mediterranean Sea for the S1-period.
Core Depth Age Material® 143Ng 144 NdP eng £ 2SDC

(cm) (cal. kyr BP)

CP10 20.5-21.5¢ 6.1 Fish 0.512367 (15) —53+03
CP10 24.5-25.0¢ 7.2 Fish 0.512382 (22) —5.0 +£ 04
CP10 26.0-26.5 75 Fish 0.512380 (12) —5.0 £ 03
CP10 28.0-28.5 7.8 Fish 0.512380 (12) —5.0+03
CP10 30.0-30.5 8.3 Fish 0.512393 (10) —-48 +£0.3
CP10 34.5-35.0 9.6 Fish 0.512399 (15) —4.7 £ 03
BP15 32.5-33.0° 8.8 Foraminifera 0.512324 (27) —6.1 £ 05
AP1 31.0-32.0 9.6 Fish 0.512389 (06) —49 +03
GC21 40.8° 9.0 Fish 0.512375 (15) —51+03
SL139 27.5-28.5 9.3 Foraminifera 0.512374 (05) —52+03
SL114 32.75-34.25 9.6 Fish 0.512384 (19) —5.0 £ 04
ABC26 15.95-16.25¢ 71 Fish 0.512384 (04) —5.0+03
ABC26 20.45-20.75 8.9 Fish 0.512395 (10) —48 £ 03
BC198 24.5-275 9.3 Foraminifera 0.512406 (13) —45 + 0.3
SL29 28.5-29.5 9.5 Fish 0.512398 (10) —4.7 £ 03

4 0.2-2 mg of fish debris, including teeth, bones, and fragments; ~30 mg of mixed planktonic foraminifera tests, predominance of G. ruber, with G. sacculifer & G. bulloides

(see Section 2.2.1).

b Normalized to the JNdi-1 value of "3Nd/!#4Nd = 0.512115 (Tanaka et al., 2000), with 2SD in brackets.
¢ Propagated errors, i.e. square root from the sum of squared internal and external errors.

4 Samples taken from oxidized sapropel intervals.

€ The relatively large error is due to the small amount of Nd that was analyzed, caused by its low concentration in foraminiferal calcite (Roberts et al., 2012).
f The same values from nearby cores but with different seafloor environments substantiate the bottom-water signatures of planktonic foraminifera in this study (see

Section 3).

& Similar values from bulk sediment leachates are given (sample at 25.5-25.75 cm depth: —4.1 £ 0.3 enq; sample at 27-27.25 cm depth: —4.5 + 0.3 eng; Table 3 and see

also Supplementary information).

the fluids to waste. This step was subsequently applied in deion-
ized water, and repeated until the water became clear and free
of suspended particle. Potentially remaining detrital particles were
checked under microscope and removed using an eyelash brush.
Thereafter, the samples were leached in a closed Teflon beaker
with 30% H,0, at 80°C for ~2 min, dried down at 90 °C, followed
by the digestion in a mixture of concentrated HNO3 and HCl (1:1)
at 140°C for 4 min in open Teflon beakers.

For the cores where no fish debris was found, approximately
30 mg of mixed planktonic foraminifera (dominated by G. ruber,
with G. sacculifer & G. bulloides) were used after the general pro-
tocols (Tachikawa et al., 2014; Wu et al., 2015). The shells were
crushed between glass plates to open all chambers, and then ul-
trasonicated in deionized water for 2 min before pipetting off the
supernatant. This step was repeated until the water remained clear
and free of clay. The cleanliness was checked under microscope
and any contaminant grains were removed. First, 0.5 ml of deion-
ized water was added to cover the foraminiferal fragments; then
the dissolution was performed using stepwise additions of 100 pl
aliquots of 1 M acetic acid, until the reaction stopped.

Subsequently, all samples were purified by column chromatog-
raphy. Rare earth elements (REE) were isolated using TRU-Spec
columns, collected in 1 M HCl. Neodymium was then separated

from other REE using Ln-Spec resin on volumetrically calibrated
columns, with 0.25 M HCl as eluent (Wu et al, 2016). The
Nd isotopes were analyzed using a Thermo Scientific® Neptune
Plus multi-collector inductively coupled plasma mass spectrom-
eter at ICBM. Instrumental mass bias was corrected by normal-
izing 146Nd/"4Nd to 0.7219 using an exponential law. Measured
143Nd/144Nd ratios were normalized to the certified JNdi-1 value
of 0.512115 (Tanaka et al., 2000). The 2SD external reproducibil-
ity based on analyses of JNdi-1 (n = 17) interspersed between the
samples was better than 0.3 &ynq-units (Table 2). Blank levels were
insignificant in all cases (<100 pg Nd).

2.2.2. Bulk sediment leachates

To reconstruct temporal changes across the S1-equivalent pe-
riod, Nd isotope data of 4 cores along a west-east transect
throughout the Mediterranean Sea are assembled and provided
with new age models (Freydier et al., 2001; Tachikawa et al,,
2004; Table 3). The analyses for these data were done on the au-
thigenic/biogenic fraction of (~100 mg) bulk sediment leached
with (10 ml) 1 M HCl, thus including carbonate, organic mat-
ter, and Fe-Mn oxyhydroxide phases (e.g. Freydier et al., 2001;
Gourlan et al.,, 2008, 2010; Le Houedec et al., 2012, 2016). The
leaching and analyses were mostly conducted at CEREGE following
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Table 3
Neodymium isotope composition of bulk sediment leachates from the Mediterranean Sea over the S1-equivalent period.
Sample depth AgeP end £ 2SD Carbonate® Sourced Sample depth AgeP end £ 2SD Carbonate® Source
(cm)? (cm)?
BCO7 (33°40.0' N, 32°40.0'E; 893 m) 32.25 111 —4.8 £ 0.2 49% 1
0.25 0.8 —4.6 + 0.2 73% 1 34.95 12.0 —55+02 62% 1
325 26 —62+02 Ggf 1 ABC26 (33°21.3'N, 24°55.7'E; 2150 m)®
10.25 4.4 —5.5+ 0.2 54% 1
/ 1.0 (BCO3; 1 M HCl) ~1 —71+02 75% 2
15.25 6.1 —48 £ 0.2 64% 1
2025 79 _58 402 61% 1 1.0 (BCO3; HH) ~1 —64 + 0.2 n.d. 2
) . y . > 5.6 (ABC26; 1 M HCI) 2.7 —-72+£02 62% 2
22.25 8.6 —-59+ 0.2 61% 1 o
/ 12,5 (SL125; 1 M HCl) ~6 —57 +02 66% 2
24.25 93 —.9+02 2% 1 12.5 (SL125; HH) ~6 —3.6 £ 0.2 n.d 2
26.25 10.0 —44 £ 0.2 54% 1 . ’ . . -
29.75 112 —5.0 £ 0.2 56% 1 SL114 (35°17.2'N, 21°24.5’E; 3390 m)
31.75 12.0 —4.7 £ 0.2 54% 1 0.25 0.1 —78 £ 02 72% 2
36.25 13.5 —42 £ 0.2 58% 1 15.55 4.0 —70+£ 0.2 61% 3
40.25 149 —4.6 £ 0.2 67% 1 24.05 6.8 —5.0 £ 0.2 68% 3
48.25 17.8 —43+0.2 66% 1 28.05 8.1 —58 £ 0.2 58% 3
BC19 (33°47.9'N, 28°36.5'E; 2750 m) 3205 94 —>0+£02 63% 3
o 34.05 10.1 —6.4 £ 0.2 62% 3
0.25 (1 M HCl) 0.9 —63 £ 0.2 68% 2 39.05 117 69 + 02 56% 3
0.25 (HH) —55+02  nd 2 49.20 150 82402  52% 3
3.75 (1 M HAl) 2.0 —73+£02 69% 2 - y
3.75 (1 M acetic acid) —75+ 02 69% 2 MT15 (38°53.8'N, 04°30.6'E, WMS; 2373 m)
3.75 (25% acetic acid) 76+ 02 68% 2 0.25 (1 MHC) 0.9 -93 402 5% 2
575 2.8 75+ 02 64% 1 0.25 (25% acetic acid) —93 £ 0.2 S%A 2
7.25¢ 34 52402  67% 1 025 (HH) —92+£02  nd 2
o 20.25 31 —88 + 0.2 67% 3
12.75 5.1 —78 £ 0.2 70% 1
o 50.25 6.4 —-93+£0.2 60% 3
15.75 6.1 —5.0+ 0.2 66% 1 5
19.25 71 50 + 0.2 70% 1 80.25 9.6 —-92 +£0.2 58% 3
_ . - - N 90.25 10.7 -91+£02 57% 3
2075 76 —54 £02 S1% 1 100.25 1138 —9.5 402 47% 3
23.25f 83 —41+£02 58% 1 108.00 127 -9.8 £ 02 48% 3
25.75 9.1 —41+02 53% 1 114.00 133 -89+ 0.2 51% 3
27.25 9.6 —4.5 + 0.2 55% 1 118.00 13.8 —9.6 +£ 0.2 54% 3
29.25 10.1 —43 £ 0.2 50% 1 120.25 14.0 —-91+£0.2 58% 3
30.25 104 —43 £+ 0.2 52% 1 140.00 16.1 —-93+0.2 49% 3

1 = Freydier et al. (2001), 2 = Tachikawa et al. (2004), 3 = this study.
The sample is likely affected by Santorini tephra, and thus not shown in Fig. 4.

@ .~ an T

the analytical procedures described previously, having an over-
all 2SD data uncertainty of 0.3 eng-unit (Freydier et al., 2001;
Tachikawa et al., 2004). For evaluating the leaching performance,
weight loss after leaching was calculated to represent carbonate
content, of which the validity was confirmed by direct carbon-
ate determinations done at Utrecht (Table 3). Different leaching
agents such as 1 M HCl, 1 M and 25% acetic acid, and hydroxy-
lamine hydrochloride (HH) of decarbonated samples were tested
and the results have been reported (Tachikawa et al., 2004), and
re-evaluated with other data here (Table 3).

The eng data for cores BCO7 and BC19 and for the core-top
samples of SL114 and MT15 have been published (Freydier et al.,
2001; Tachikawa et al., 2004), whereas all other SL114 and MT15
data are reported here (Table 3).

3. Results

An overview and information on investigated cores is given (Ta-
ble 1; Fig. 1). Our results (Tables 2 and 3) are plotted against
water-depth in Fig. 2, along longitude in Fig. 3, and versus time
in Fig. 4.

Overall, the eng values from all EMS cores below 800 m water-
depth are characterized by very homogeneous bottom-water sig-
natures for the S1-period: —5.3 to —4.5 £+ 0.3 (Fig. 2). In addi-
tion, these eng data show a small but systematic increase from
west to east (Fig. 3). By contrast, the sample from core BP15, lo-
cated at a water-depth of 665 m, has a much less radiogenic value
(—6.1 £+ 0.5) (Figs. 2 and 3). The somewhat larger error of BP15
sample is because of the small amount of Nd that was analyzed

Selected samples were done with different leaching agents. Note that HH (i.e. hydroxylamine hydrochloride) was performed on decarbonated samples.
Ages (in cal. kyr BP) are newly provided in this contribution (see Supplementary information).
Weight loss after leaching is calculated to approximately represent carbonate content; n.d. = not determined.

For these samples, normalized REE patterns are presented to confirm the seawater origin of leachate eng signals (see Supplementary information).
Data of nearby cores BCO3 (33°22.5'N, 24°46.0'E; 2180 m) and SL125 (33°39.4'N, 24°33.0'E; 1946 m) are reported.

(Table 2). Notably, the foraminiferal and fish samples from cores
SL139 and GC21, respectively, which have nearly identical location
and water-depth, give the same eng values (Tables 1 and 2). This
supports the validity of bottom-water enq signatures from plank-
tonic foraminifera herein.

During the whole S1-period, the eng (fish debris) of core CP10
varies within the analytical uncertainty (—5.3 to —4.7 £+ 0.3)
(Fig. 4). Yet, these values seem to be slightly more radiogenic in
the S1a than S1b intervals. At the end of sapropel S1 formation
(~6.1 kyr BP), CP10 reports the lowest eng value of —5.3 £+ 0.3.
Similarly, the ABC26 fish-debris derived record may have a decline
within S1-period; and this is especially obvious when considering
the leachate eyng data-point at S1 termination from nearby core
SL125 (Tachikawa et al., 2004; Tables 2 and 3) (Fig. 4).

This S1a-S1b difference is also observed in the leachate data of
core BC19 (Freydier et al., 2001; Tachikawa et al., 2004; Tables 2
and 3). Therefore, although this trend is within error for each core,
it appears to be systematic for all EMS cores (Fig. 4). Note that
some S1b samples were taken from the post-depositionally oxi-
dized section; this is unlikely to affect the eng signature preserved
in fish debris/teeth (Martin and Scher, 2004) (Table 2), and neither
for those recorded in our leachates as revealed by the negative Ce
anomaly (see Supplementary information).

Furthermore, cores SL114, ABC26, and BC19 show distinct dif-
ferences between S1 and non-S1 sediments (Freydier et al., 2001;
Tachikawa et al., 2004; Tables 2 and 3). The leachate enq values are
more radiogenic during S1-period (—5.8 to —4.1) than during the
intervals before and after (—8.2 to —5.5) (Fig. 4). By contrast, core
BCO7 located at the easternmost Levantine, displays a generally de-
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Fig. 2. Paleo-seawater eng signatures for the sapropel S1 time, compared to modern in-situ seawater data. (a) Average eng values for the S1-period, from the EMS (red-circles:
Table 2; purple-squares: Freydier et al., 2001; Scrivner et al., 2004; Cornuault et al., 2018), and WMS (yellow-squares: Jiménez-Espejo et al., 2015; Dubois-Dauphin et al.,
2017; Table 3). Note that sapropel S1 is absent in the WMS, thus the data refer to a S1-equivalent age. For the archives of paleo-seawater &g data see the legend of Fig. 4.
The colored triangles indicate seawater stations, corresponding to the colored vertical profiles in (b). (b) Average seawater-gng values of the S1-period versus water-depth
for the integrated EMS (red-circles), compared to the modern seawater depth-profiles (Henry et al., 1994; Tachikawa et al., 2004; Vance et al., 2004). The integrated WMS
profile (yellow-squares) and other published S1 data (purple-squares) are also shown. Note that nearby stations are combined to give representative depth-profiles for the
Nile deep-sea fan (GeoB77_13/16/18; Vance et al., 2004) and for the waters across the Strait of Gibraltar (St. B&C; Tachikawa et al., 2004). The BAOR was combined from
seawater samples of 100, 200, 400, and 800 m depths, monitoring the westward-flowing LIW through the Strait of Sicily (Henry et al., 1994).

creasing trend over the past 18 kyr (leachate eng: —6.2 to —4.2)
(Freydier et al., 2001; Tachikawa et al., 2004) (Table 3; Fig. 4). For
the WMS, core MT15 shows relatively invariant changes with no
discernible pattern throughout the Holocene (leachate eng: —9.6
to —8.8) (Freydier et al., 2001; Tachikawa et al., 2004; Table 3)
(Fig. 4).

Notably, Table 3 summarizes both new and published eng data
(Freydier et al., 2001; Tachikawa et al., 2004), with ages newly
given. Detailed data sources refer to Table 3. The EMS &yg mod-
eling results are shown in Fig. 5, with parameters motivated in
Supplementary information.

4. Discussion
4.1. Diagnostic sources of Nd for the Mediterranean Sea

Available seawater data for the recent Mediterranean (Fig. 1b)
suggest that the dissolved Nd concentration and eng composition

of the west-to-east flowing waters through the straits of Gibral-
tar and of Sicily are lower and less radiogenic than those flowing
east-to-west (Spivack and Wasserburg, 1988; Henry et al., 1994;
Tachikawa et al.,, 2004). A substantial source of radiogenic Nd is
thus required to explain this basin-wide imbalance in Nd con-
centration and isotope distribution. Firstly, the generally higher
dissolved Nd concentration of surface-compared to deep-waters in-
dicates that this source may be related to partial dissolution of
aeolian or riverine particles; secondly, the west-east gradients in
dissolved Nd- and &ng-values suggest a radiogenic end-member
source in the east (Frost et al., 1986; Spivack and Wasserburg,
1988; Henry et al., 1994; Tachikawa et al., 2004; Vance et al., 2004;
Ayache et al., 2016).

Saharan dust is the dominant detrital component of recent
Mediterranean sediments. However, considering its rather unradio-
genic enq signatures (~—13 to —10; Frost et al., 1986; Scheuvens
et al., 2013), its relatively low Nd content and low fractional
solubility, an aeolian Nd contribution is considered insignificant
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Dubois-Dauphin et al., 2017; Cornuault et al., 2018; Tables 2 and 3). The data ranges
and/or 2SD errors are shown. Note that red regression-line is for our S1-period
EMS data alone (i.e. excluding other S1 data). Yellow regression-line and its pro-
longed black stippled-line indicate the link between WMS and the shallow EMS
core BP15 during S1-period. Blue triangles and trend-line indicate a progressive
west-east increase in dissolved eyg of modern seawater; blue error-bars depict the
end ranges of >200 m water-column (Henry et al., 1994; Tachikawa et al., 2004;
Vance et al., 2004).

(Tachikawa et al., 2004; Ayache et al., 2016). This must especially
be true for the humid sapropel intervals, characterized by largely
decreased dust fluxes (Wu et al., 2017; also see Supplementary in-
formation).

By contrast, the Nile is the only known source that could de-
liver accountable amounts of radiogenic Nd to the Mediterranean.
At present, the most-radiogenic dissolved eng values (—4.8 to
—4.5) were found at >200 m water-depth in the easternmost
Levantine (Tachikawa et al., 2004; Vance et al., 2004), thought
to relate to Nile-derived material (Freydier et al., 2001; Scrivner
et al., 2004). The partially dissolved Nile particles, rather than
the river water itself, were reported to provide large amounts
of radiogenic Nd to the EMS; however, the EMS dissolved eng
value calculated from estimated Nile-related fluxes was less ra-
diogenic than the observed data for the modern EMS (Tachikawa
et al., 2004). The missing radiogenic source could be either from
changes in dissolved-particulate interaction on the Nile deep-sea
fan, or on other margins that are characterized by relatively ra-
diogenic enq ranges, such as Aegean and western lonian (Ayache
et al, 2016). The high-resolution modeling including all potential
margin-interactions, however, obtained too radiogenic values not
only for deep- but for all modern Mediterranean waters (Ayache et
al.,, 2016). As the combined observations of Nd concentration and
isotope composition rather point to a dominant shallow, eastern
source, this can only relate to the Nile (Fig. 1b).

Indeed, the west-east increasing trends in dissolved Nd- and
eng-values for both present-day and S1-period indicate a two-
end-member mixing between the radiogenic Nile runoff in the
east, and the less radiogenic Atlantic waters inflow from the west
(Figs. 1 and 3). This is also corroborated by our modeling results
of the Nd budget, exhibiting a present-day EMS situation consis-
tent with the modern seawater data (Fig. 5a). Therefore, to the
first order, seawater-eng changes can be interpreted as changes in
the Nile contribution relative to the Atlantic-derived contribution
to the EMS.

4.2. EMS seawater enq as related to S1 deep-water stagnation

The &ng values from all EMS cores below ~800 m water-
depth are very radiogenic and homogeneous (—5.3 to —4.5 £
0.3) during the S1-period, indicating a uniform bottom-water sig-
nature during that time (Table 2; Fig. 2). This is in contrast to
the much less radiogenic and more heterogeneous &g values re-
ported for the modern EMS deep waters (—7.8 to —6.4 for basin-
wide >800 m depth, except about —5 for the Nile deep-sea fan;
Tachikawa et al., 2004; Vance et al., 2004) (Fig. 2b). The differ-
ences in seawater-gnq values and in associated west-east gradients
between present-day and S1-period indicate that the ratios for
the fluxes of more radiogenic Nile-derived Nd relative to less ra-
diogenic Atlantic-origin Nd were augmented during the S1-period
(Figs. 2 and 3). Moreover, the spatially and temporally constant
eng Values correspond to a longer residence time for the deep-
water masses (Tables 2 and 3; Figs. 2-4). These results are in good
agreement with the sluggish circulation, reduced ventilation, and
stagnant, anoxic deep-water conditions, as reported for the EMS
during S1 formation (e.g. Rossignol-Strick, 1983; Rohling, 1994;
Emeis et al., 2000; De Lange et al., 2008).

The S1 sample from core BP15, located at a water-depth of
665 m, has an intermediate &g value (—6.1 &+ 0.5) (Table 2; Fig. 2).
This may reflect paleodrainage runoff from the wider North-African
margin during the S1-period (Figs. 1 and 2). In sapropel times,
precession-forced intensified monsoon precipitation could have re-
activated fossil river/wadi systems over the Libyan-Tunisian re-
gions (Scrivner et al., 2004; Osborne et al., 2010; Wu et al., 2016,
2017). However, such enhanced runoff and sediment transport
should also have had a prominent impact on the &yg at site CP10
(1501 m depth), which was not observed (Wu et al., 2016). Thus,
although this effect cannot be fully excluded, it is unlikely to be a
major factor.

Alternatively, combined with the basin-wide homogeneous
deep-water &Ng signature, the deviating eng value of BP15 may
indicate a boundary in the EMS, between more stagnant waters
below and waters with more frequent renewal above ~800 m
depth. This interpretation is consistent with various proxy and
simulation reconstructions for the S1-period. Reduced, depth-
dependent ventilation conditions were shown for a water column
of ~700-2300 m depth for the eastern Levantine (Tachikawa et
al,, 2015). Benthic foraminiferal investigations have also revealed a
basin-wide shallowing of vertical convection during the S1 phase,
but superimposed by local signals (Schmiedl et al., 2010).

In fact, the S1 dysoxic/anoxic conditions could have existed
at shallower depths on the Nile deep-sea fan, as revealed by
the intense anaerobic microbial activity at 1155 m depth seafloor
(Bayon et al., 2013). This is corroborated by redox-proxy studies,
showing that persistent S1-anoxia may reach depths as shallow
as ~900 m in this area (Matthews et al., 2017), and the fluc-
tuating redox states during S1 as inferred from a 550 m-depth,
Nile-fan record (Hennekam et al., 2014). These observations may
be shallower than the reported anoxic boundary at ~1800 m
depth throughout the EMS (De Lange et al., 2008), due to en-
hanced Nile runoff and nutrient inputs. This not only caused a
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Fig. 4. Reconstructed seawater-eng changes in the studied cores (CP10, ABC26, SL114, BC19, and MT15; Tables 2 and 3; Fig. 1) over the S1-equivalent period, in comparison
with existing records in the Mediterranean Sea (Freydier et al., 2001; Scrivner et al., 2004; Tachikawa et al., 2004; Jiménez-Espejo et al., 2015; Dubois-Dauphin et al., 2017;
Cornuault et al.,, 2018). The data from different archives are distinguished by different symbols, and 2SD error bars are shown. Note that the ABC26 record is composed of
data from three nearby cores (ABC26, BC03, SL125; Table 3). Longitude and water-depth of the records are indicated in legend. Nearest seawater enq data, are taken from an
approximate depth at the closest available location to the cores/sites (Henry et al., 1994; Tachikawa et al., 2004; Vance et al., 2004).

locally more stratified water column but also high organic-matter
fluxes and related high oxygen-consumption rates, i.e. oxygen-
depleted conditions (Stratford et al., 2000; Bianchi et al., 2006;
Schmiedl et al., 2010).

Taking all together, we argue for a deep-water stagnation be-
low ~800 m depth over the EMS during most of the S1-period.
This was likely accompanied by local and/or regional differences in
water-column ventilation, which for coastal areas with enhanced
river runoff (e.g. Nile) may have been shallower than elsewhere.
We further propose that the &yg signal could be related to the
degree of EMS deep-water stagnation, to a certain extent. This

is based on the assumption that the intensity of the Nile runoff
predominantly delivering radiogenic Nd into the EMS is directly
related to the strength of the deep-water stagnation during sapro-
pels, as supported by paleoceanographic modeling (Myers et al.,
1998; Myers, 2002).

4.3. Variability of EMS stagnation and circulation over the S1-period

Despite the complexity in extracting seawater-enq signals from
different archives via various approaches, the reliability of our data,
in particular for those from bulk sediment leachates has been ex-
plicitly verified. Several lines of evidence are provided from two
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Fig. 5. Modeling results of Nd in the EMS for sapropel S1 formation. (a) Sensitivity tests of the EMS seawater-enq as a function of Nd fluxes from the WMS (EMS inflow,
i.e. MAW) and from the Nile River during pre-S1/S1 time (for details see Supplementary information). With the present-day EMS baseline yielded (i.e. Nilex1, Dustx 1)
that is well consistent with the seawater-engq data (Tachikawa et al., 2004), three S1-scenarios with different Nile discharges are tested: x2, x3, x4 (Grimm et al., 2015),
along with a constant Saharan dust flux (25% of today; Wu et al., 2017) over the S1-period. (b) The 3D plot of three S1-scenarios with different Nile discharges, showing
a black-surface of averaged S1-seawater eng (—5.3 to —4.5 £ 0.3; Table 2). A modeled time of 1000 yr is shown. The most realistic scenario of Nilex2 is elaborated from
different perspectives in the following plots: (c) Time vs. EMS inflow, (d) EMS seawater-eng vs. EMS inflow, and (e) EMS seawater-gyng vs. time.

aspects. Firstly, data comparison has been thoroughly performed, with the WMS during S1a than S1b. This is supported by various

such as comparing data between different archives, different leach- micropalaeontological and geochemical studies, indicating more
ing methods, and between our leachate-gng values of core-top sed- frequent ventilation pulses in EMS areas at 500-2300 m depth
iments and data of modern in-situ seawater. Secondly, results for a after 8.2 kyr BP (e.g. Kuhnt et al, 2008; Schmiedl et al., 2010;
variety of analyses are presented to evaluate the leaching perfor- Revel et al., 2015; Tachikawa et al., 2015; Matthews et al., 2017;

mance, thereby confirming the applicability of seawater-derived Nd Tesi et al, 2017), and even more so after 7.5 kyr BP (Filippidi
extraction for the Mediterranean carbonate-rich sediments. This et al, 2016). Although the S1a-S1b difference is not clearly ob-
includes bulk carbonate contents, as well as Nd isotopes, Nd con- served for deep-water site SL114 (Fig. 4), it has been reported for
centrations, and REE patterns of both the leachate and residue a 3400 m-depth EMS core in terms of the mean frequency of vari-
fractions. The evidence and detailed arguments are presented in able ventilation rate (Jilbert et al., 2010)

Supplementary information, which allows changes in the deep- The BC19 ABC26. and SL]]4,8 4 records display distinct dif-
water stagnation and EMS circulation across the S1-period to be ferences bet\‘/veen S 1’ and non-S1 I:e diments (Fig. 4). Before and

reconstructed. . . . .
Based on fish debris/teeth, the bottom-water gnq record of core after the S1-period the much less radiogenic values reflect efficient
' deep-water ventilation in the EMS. By contrast, the more radio-

CP10 (—5.3 to —4.7 £ 0.3) indicates that the EMS stagnation may ; - . - > . 3
have persisted throughout the S1-period (Table 2; Fig. 4). The eyg  8€MIC éna during and immediately prior to the S1-period point to
intensified Nile runoff and reduced EMS circulation that may have

values seem to be more radiogenic in the S1a than S1b, and de-

crease towards the end of S1 formation (Fig. 4). Although this trend initiated thousand(s) of years before S1 formation started (Fig. 4).
is within the analytical uncertainties, it is systematically shown in This observation not only coincides with the onset of Nile flood-
archived eyg records of cores BC19 and ABC26/BC03 (Freydier et ~ ing ~2-5 kyr prior to the S1 onset (Hennekam et al., 2014, 2015;
al., 2001; Tachikawa et al., 2004; Tables 2 and 3) (Fig. 4). In other Revel et al,, 2015; Tachikawa et al., 2015), but also with a 3-kyr
words, these consistent differences may indicate a higher degree precession lag of sapropels, related to the occurrence of North At-
of EMS deep-water stagnation, and thus a more limited exchange lantic cold events (Ziegler et al., 2010).
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This pre-S1 conditioning observed in our &yq records, is also
consistent with reported oxygen-depleted conditions for bottom
waters (500-2300 m depth) starting around 16-11 kyr BP in the
Nile and Adriatic areas (Schmiedl et al., 2010; Grimm et al., 2015;
Tachikawa et al., 2015; Tesi et al., 2017). During the precondition-
ing period, the circulation and deep-water formation were con-
tinuously weakening but still active, allowing the radiogenic eng
signature of the enhanced Nile fluxes to be transferred to the
deep water. Accordingly, the Nile-derived eng imprinted the wa-
ter column from deep to shallow before the S1 onset. Due to the
stagnating conditions, this signal remained in the deep water, only
to be altered by re-ventilation events.

The synchronous S1 onset across the entire EMS suggests a
basin-wide triggering mechanism - a weakening of the LIW which
hampered dense water formation (De Lange et al., 2008; Schmiedl
et al,, 2010; Tesi et al., 2017). Subsequently, the deep-water stag-
nation maintained over the whole S1-period, and ended syn-
chronously with the S1 termination (Fig. 4). This abrupt renewal of
deep waters at the S1 ending, as observed in BC19, ABC26/SL125,
and SL114, is in line with the simultaneous recovery of ben-
thic ecosystems in >1800 m-depth areas (De Lange et al., 2008;
Schmiedl et al., 2010; Tachikawa et al., 2015).

By contrast, for the cores close to the Nile deep-sea fan, no dis-
cernable differences between the pre-S1, S1, and post-S1 intervals
are observed (Fig. 4). The cores include BCO7 (Freydier et al., 2001),
ODP967 (Scrivner et al., 2004), and MD04-2722 (Cornuault et al.,
2018), although their seawater-enq records were derived from dif-
ferent archives and methods. This can be attributed to a direct and
persistent control of the Nile discharge on the easternmost Lev-
antine, as confirmed by the small eyg differences between the S1
data, core-top samples, and modern seawater for the areas east of
~30°E, which are all characterized by spatially variable enq signa-
tures (Fig. 3). Being spatially specified, the large engq range for this
small area may further reflect the variable influence of surface-
water currents (Hennekam et al., 2015).

The average, S1-aged enq values for core MD04-2797CQ in the
Strait of Sicily are in agreement with our basin-wide EMS signa-
ture (Figs. 2 and 3). However, the core-top value is more radiogenic
than that of the corresponding modern seawater, as reported in
previous studies (Henry et al., 1994; Tachikawa et al., 2004) and
in Cornuault et al. (2018) (Figs. 3 and 4). One possible explana-
tion is that some EMDW was entrained with the outflowing LIW
and is recorded in the deepest parts of the Strait of Sicily (771 m
depth). This is likely because of the shallower S1 boundary of in-
termediate/deep waters, despite a weaker LIW, as discussed above.
If so, this suggests minor exchange of deep waters to the WMS
during the S1-period (also see Section 4.5). Further investigations
are needed to substantiate this hypothesis.

4.4. EMS-¢eng modeling of Nile versus Atlantic contributions

Based on the balances in terms of water mass, Nd, and Nd iso-
topes, we set up a box model (after Tachikawa et al., 2004) to
investigate the first-order variability of the Nd budget, as related
to riverine supplies to the EMS (i.e. Nile forcing) and water ex-
change between the EMS and WMS (i.e. circulation effect). Either
or both of these changes are required to obtain the more radio-
genic and homogeneous deep-water enq signatures (—5.3 to —4.5
+ 0.3; Table 2) during the S1-period compared to the present, as
found in this study. Specifically, along with partially dissolved Sa-
haran dust fluxes that were largely reduced during the S1-period,
a radiogenic Nile input, and an unradiogenic Atlantic-derived WMS
input are considered major Nd sources to the EMS.

All modeling experiments are initialized with the Nd budget
and general settings which resemble the present-day EMS. This
practice, the same as done in various EMS modeling studies (e.g.

Myers et al, 1998; Stratford et al., 2000; Bianchi et al., 2006;
Grimm et al,, 2015; Cornuault et al., 2018), is supported by our
data, especially those from sediment-leachates of the EMS deep-
water sites (i.e. BC19, SL114, and ABC26/BC03/SL125). These &ng
values are not only similar for the pre-S1 and post-S1 intervals,
but are also distinctly different between non-S1 and S1 periods
(Table 3; Fig. 4).

A present-day baseline fully consistent with the EMS in-situ
seawater data (Tachikawa et al., 2004) is simulated, justifying the
parameters used in the model (Fig. 5a). For the S1-period, three
scenarios with different Nile discharges are tested: x2, x3, x4
(Grimm et al., 2015), accompanied by a constant Saharan dust flux
(25% of today; Wu et al., 2017). Coherent with other studies, a 2%
partial Nd dissolution is used for Saharan dust (Tachikawa et al.,
2004) and Nile particles (Cornuault et al., 2018). Validity of the
modeling settings and scenarios is motivated in detail in Supple-
mentary information.

The modeling (Fig. 5) shows that with a 2-fold (or 3-fold) in-
creased Nile discharge, a 40-65% (or 10-45%) reduction of inflow-
ing MAW is needed to account for the observed seawater-eng in
a basin-wide EMS during the S1-period. These results are consis-
tent with a reduced but continued MAW inflow, as revealed by the
weaker but still existing west-east gradients in seawater-eyng data
(Table 2; Fig. 3) and in planktonic foraminiferal 5’80 (Rohling and
De Rijk, 1999; Emeis et al., 2000) for S1 than today. For the antici-
pated most-extreme scenario — a 4-fold increased Nile input - this
would still correspond to an average 10% (0-25%) reduction of the
EMS inflow. Indeed, recent ocean-biogeochemical modeling study
has also suggested that enhanced freshwater and nutrient inputs
from the Nile alone cannot explain the deep-water anoxic condi-
tions necessary for S1 formation (Grimm et al., 2015).

The Nd input of Nilex2 is considered to be the most-realistic
scenario, rather than that of Nilex3, which is mainly because the
potential maximum values for dissolved Nd fluxes from the Nile
are used in the modeling (see Supplementary information). Firstly,
the pre-Aswan Nile, including sediment- and water-fluxes, is used
as the baseline (Grimm et al., 2015). Secondly, a relatively high
dissolution rate (2%) is used, causing a predominantly particle dis-
solved Nd (~90%) for the total Nile-related Nd fluxes (Cornuault et
al., 2018). Thirdly, the upper limit of the Nile water dissolved Nd
concentration (100-400 pmol/kg; Scrivner et al., 2004) is taken.
Most importantly, for S1 scenarios, the sediment-related flux is as-
sumed to be proportional to the Nile water flux. This is probably
not the case, as the S1 sediment flux may have been similar as
today due to the monsoon-generated denser vegetation cover on
the Nile-particle source areas (Hennekam et al., 2014, 2015). In
addition, the offshore Nile-sediment spreading must be limited to
within the eastern Levantine, being mostly deposited on the Nile
delta (Hennekam et al., 2015; Wu et al,, 2016, 2017). This may
have resulted in the small differences in eygq values between the
S1-period and the present-day (and other non-S1 intervals) for the
area east of 30°E (Figs. 3 and 4).

Assuming the Nd oceanic cycle to be fully conservative, the
Nilex2 scenario gives a residence time for the EMS seawater
of ~140 + 40 yr during the S1-period, compared to the esti-
mates of 45 + 15 yr for the present (Tachikawa et al., 2004;
Rohling et al., 2015) (Fig. 5c-e). For modeling-related details see
Supplementary information.

4.5. EMS-WMS exchange with implications for circulation dynamics

To sum up, our results and associated interpretations give a rep-
resentative and fully consistent picture of the EMS dynamics and
composition, in view of the following: 1) our study has basin-wide
core/sample coverage in the EMS (Table 1; Fig. 1); 2) our data are
mainly based on fish debris/teeth recognized as the most-reliable
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bottom-water eyg archive, supplemented with foraminiferal tests
and bulk sediment leachates (Tables 2 and 3); 3) the various
archives used, give mutually consistent eyng values and have proven
to faithfully record the paleo-seawater composition (Figs. 2-4);
and 4) the differences between non-S1 and S1 samples, and the
west—east gradient observed in our seawater-eng data are paleo-
ceanographically consistent (Figs. 3 and 4), and are quantitatively
supported by modeling results (Fig. 5).

At present, deep waters in the EMS and WMS seem largely cou-
pled, as observed from a rather continuous gradient in modern
seawater-&ng across both basins (Figs. 2 and 3). By contrast, the
deep waters for EMS and WMS appear mostly decoupled during
the S1-equivalent period (but a minor exchange may have existed;
see Section 4.3). The WMS, compared to the EMS, has a more het-
erogeneous water column and a stronger west-east gradient with
respect to the eng signature (Figs. 2 and 3). Consequently, the S1
gradients in seawater-eng are distinctly different between the EMS
and WMS, resulting in a stepwise trend separated by the Strait of
Sicily (Fig. 3).

In the WMS, only invariant changes are observed over the past
20 kyr (eng: —10 to —8.5; Fig. 4). This reflects the predomi-
nance of the Atlantic-derived signature for the western WMS in
particular, with minor EMS contributions irrespective of water-
depth and age. Small variability of the WMS-wide &ng over the
Holocene is consistently observed for all records, except for that
of shallow-water site RECORD23 (Jiménez-Espejo et al., 2015;
Dubois-Dauphin et al.,, 2017) (Fig. 4).

Comparing sites RECORD23 (414 m depth) located at the east-
ernmost WMS and BP15 (665 m depth) from the EMS suggests a
linkage across the Strait of Sicily during the S1-period (Figs. 1-3).
Such interaction is revealed by the progressively developing, LIW-
related eng values from BP15 via RECORD23 data-points towards
those in the westernmost WMS (Fig. 3). Exchange for the upper
waters alone is in agreement with a shallower interface between
the MAW and LIW and stagnation of the deeper water masses in
the EMS (Fig. 2b). This inference corresponds with a weakening
of the anti-estuarine circulation cell with convection depths down
to 200-450 m at most, i.e. approximately the base of the LIW
(Kallel et al., 1997; Myers et al., 1998; Rohling and De Rijk, 1999;
Stratford et al., 2000; Bianchi et al., 2006).

Furthermore, the RECORD23 record displays &ng values of
~—8.5 to —7.5 within the S1a phase, but with more radiogenic
values (~—8 to —6) for the arid, late-Holocene interval (Fig. 4).
These changes have been suggested to reflect a replacement of in-
termediate waters (Dubois-Dauphin et al., 2017), or an increased
inflow of Atlantic waters (Grimm et al., 2015) during the S1-period.
In view of our findings and discussion above, this seems rather to
be related to variability of the LIW flowing from the EMS to WMS.
Due to surface-water freshening in the EMS, the LIW sinking into
the WMS may have been shallower during S1 than at present, as-
sociated with a shift of intermediate- and deep-water formation to
the Ionian Sea (Emeis et al., 2000). In fact, the lack of change in
end signature during S1-equivalent age for all other WMS records
is in line with a smaller LIW inflow, an accordingly smaller Atlantic
inflow, and a relatively similar WMS circulation as today.

5. Conclusions

Based on the seawater-eyng data — a direct water-mass proper-
ties proxy - we provide unequivocal evidence for a severe EMS
deep-water stagnation below ~800 m depth. Enhanced Nile runoff
and associated preconditioning of deep-water stagnation appear to
start up (at least 1 kyr) prior to S1 formation. This stagnation per-
sisted during S1 formation, and terminated synchronously with a
basin-wide, deep-water renewal at the end of S1 formation.

The more radiogenic and homogeneous eng signatures observed
for the S1-period can be most-adequately attributed to a 2-fold in-
tensified Nile discharge and a 50% (40-65%) reduced EMS-WMS
water exchange. The reduction corresponds to a decreased EMS in-
flow, and a decreased outflow from the EMS at shallower depths
than at present. All evidence together indicates diminished forma-
tion of intermediate water, and strongly reduced or even ceased
formation of deep water in the EMS. This is consistent with a slug-
gish and shallower circulation, and thus a longer residence time for
EMS seawater during the S1-period (140 & 40 yr). Conversely, the
WMS circulation must have persistently functioned.

This contrasting EMS-WMS circulation dynamics may result
from different controls on deep-water formation between the two
basins (Rohling et al., 2015). The continued deep-water ventilation,
i.e. oxygenation in the WMS but not in the EMS, is in line with
sapropel formation in the latter but not in the former. This sup-
ports the vision that deep-water stagnation is a prerequisite for
sapropel formation.
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