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Volcanogenic Sediments of the Adriatic Sea
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"Université Paris-Saclay, CNRS, GEOPS, Orsay, France, 2Laboratoire des Sciences du Climat et de L'environnement,
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Abstract The neodymium isotope signatures (¢Nd) of the authigenic fraction have been extensively used to
reconstruct past seawater éNd and hydrological circulation. Among the various methods, sequential extraction
of hydrogenic ferromanganese oxyhydroxides from bulk sediments represents a rapid and straightforward
approach that may potentially induce artifacts due to the potential release of non-seawater-derived Nd during the
extraction procedure. Here we investigated different methods for extracting past seawater Nd isotope
compositions from a core collected in the Adriatic Sea whose tephra layers have been previously well
documented. We analyzed eNd in planktonic foraminifera samples and in non-decarbonated sediment leachates
obtained with three solutions commonly used in the context of the Mediterranean Sea: (a) 0.02 M
hydroxylamine hydrochloride (HH) solution, (b) 1N HCI, and (b) a 25% (v/v) acetic acid (AA). Our results show
that (a) the foraminiferal éNd remains unaffected by the diagenesis of tephra content; (b) all three methods
indicate significantly more radiogenic éNd values in tephra levels (up to 1.5 eéNd unit), which is attributed to
tephra dissolution accounting for 2.7% of extracted Nd; (c) of the three leaching methods applied to samples
with low tephra content, hydroxylamine hydrochloride (HH) yields eNd values that are more consistent with
those obtained on planktonic foraminifera; (d) the eNd values of planktonic foraminifera in core MD90-917
remained constant indicating that the Adriatic deep water primarily reflects the local Nd isotope composition
over the last 20 kyr.

Plain Language Summary Neodymium isotope signatures (¢Nd) from the authigenic fraction of
sediments are commonly used to reconstruct past ocean circulation and seawater composition. A common
method involves extracting ferromanganese oxyhydroxides from bulk sediments, which is quick and
straightforward but may introduce contamination from non-seawater sources of neodymium during the process.
In this study, we tested different methods for extracting eNd from a sediment core in the Adriatic Sea, known for
its tephra layers, by comparing data from foraminifera and sediment leachates using three solutions:
hydroxylamine hydrochloride (HH), HCI, and acetic acid (AA). We found that: (a) foraminiferal eNd is
unaffected by tephra dissolution; (b) all methods showed more radiogenic ¢éNd in tephra layers due to tephra
dissolution; (c) the HH solution gave eNd values closest to foraminifera in low-tephra samples; (d) foraminiferal
eNd has remained stable over the last 20,000 years, indicating Adriatic deep water reflects local neodymium
isotope composition.

1. Introduction

The dissolved neodymium isotope composition (‘**Nd/'**Nd) of seawater (expressed as eNd), has been
demonstrated to be a useful proxy for tracing the provenance of water masses within the ocean (Frank, 2002;
Goldstein & Jacobsen, 1987; Goldstein & Hemming, 2003; Jeandel et al., 2011; Tachikawa et al., 2003; von
Blanckenburg & Igel, 1999). The residence time of Nd is relatively short, ranging from approximately 500 to
1,000 years (Siddall et al., 2008; Tachikawa et al., 1999). This is considerably less than the global turnover time of
the ocean, which is estimated to be approximately 1,500 years (Broecker & Peng, 1982). Consequently, through
lithogenic inputs with various Nd isotope compositions, intermediate- and deep-water masses acquire eNd from
downwelling surface water. Indeed, the eNd values of water masses may be modified away from those of mixing
water masses (Robinson et al., 2021; Tachikawa et al., 2017) by reversal scavenging and dissolution of particulate
matter in the water column from riverine or aeolian inputs (Grenier et al., 2022; Siddall et al., 2008). Besides these
“up-to-down” processes, another “bottom-up” model has also been developed. To balance the Nd isotope budget
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of the ocean, it has been proposed that a process called “boundary exchange” occurs, which corresponds to the
exchange of REEs between water masses and sediments deposited on the oceanic margins (Lacan & Jean-
del, 2005a, 2005b; Wilson et al., 2013). In addition, recent studies have demonstrated that the benthic flux of Nd
significantly modifies the Nd isotope compositions of bottom water in some oceanic regions, including the
northwest Pacific Ocean (Abbott, Haley, & McManus, 2015, Abbott et al., 2019, 2019; Du et al., 2016).
Moreover, tephra layers can significantly affect authigenic Nd isotope compositions in marine sediments through
diagenetic processes. Volcanic materials in tephra, such as glass shards and minerals with highly radiogenic Nd
isotopic compositions, can dissolve and release Nd into pore waters and bottom waters, altering the authigenic
signal intended to reflect past seawater composition (Gieskes et al., 1990; Spivack & Staudigel, 1994; Pichler
et al., 1999; Morin et al., 2015). These processes highlight the non-conservative characteristic of Nd isotopes, a
factor which should be considered when applying eNd proxies to reconstruct past hydrological conditions of
water masses. However, in areas far from the continental margins and regions associated with strong benthic flux,
the only way to alter the initial isotopic composition of a water mass is for it to mix with other water masses
characterized by different isotopic compositions. Consequently, eNd can be considered as a quasi-conservative
tracer.

In the Mediterranean Sea, the seawater eNd values display a large range from —11 to —5. Atlantic surface water
(AW) is characterized by unradiogenic eNd (—11), which contrasts strongly with the radiogenic intermediate and
deep waters from the Levantine basin (=5). The latter have acquired radiogenic isotopic composition through
water exchanges with the particularly high radiogenic sediments of volcanic origin on the southern and eastern
margins of the Levantine basin (Henry et al., 1994; Montagna et al., 2022; Tachikawa et al., 2004; Vance
et al., 2004). The distribution of seawater éNd values exhibits a distinct correlation with salinity, with contrasted
differences in eNd signatures observed between the different surface, intermediate, and deep-water masses. This
reflects the large-scale basin circulation of the Mediterranean Sea (Montagna et al., 2022).

Although some questions regarding the Nd budget of the Mediterranean Sea, including the role of boundary
exchange, benthic flux, and biological cycling still remain, the éNd proxy has been used over the past decade to
reconstruct past circulation changes at different time scales in the Mediterranean Sea (Colin et al., 2021; Cor-
nuault et al., 2018; Dubois-Dauphin et al., 2017; Duhamel et al., 2020; Jiménez-Espejo et al., 2015; Osborne
et al., 2010; Wu et al., 2019). Past eNd of water masses in the Mediterranean Sea have been extracted using
several analytical procedures, many of which remain a subject of debate within the scientific community. Nd
isotope compositions have been obtained from fish debris/teeth (Wu et al., 2019), planktonic foraminifera (Colin
et al., 2021; Cornuault et al., 2018; Duhamel et al., 2020; Jiménez-Espejo et al., 2015; Osborne et al., 2010;
Scrivner et al., 2004; Vance et al., 2004; Wu et al., 2019), cold-water corals (Dubois-Dauphin et al., 2017) and
authigenic oxy-hydroxides, using various analytical procedures such as bulk sediment leached with 1 M HCI
(Freydier et al., 2001; Wu et al., 2019) and hydroxylamine hydrochloride leaching of non-decarbonated samples
(Cornuault et al., 2018; Tachikawa et al., 2004).

Each method has inherent advantages and inconveniences, and the results may be affected by potential bias
mainly due to contamination from lithogenic Nd of the detrital fraction (e.g., Wilson et al., 2013) or early
diagenetic overprinting (e.g., Skinner et al., 2019). Ideally, foraminifera or fish fragments should be hand-picked
from marine sediments in order to reconstruct the most reliable and continuous deep-water Nd isotope signatures
over time scales of thousands of years. However, foraminifera and fish teeth fragments are often not available in
sufficient quantities, particularly in the Mediterranean Sea, to carry out consistent studies for the reconstruction of
seawater eNd at high temporal resolutions. Similarly, although deep-sea corals allow for strong age control and
high temporal resolution, they mainly thrive at mid-depths, rendering continuous temporal coral-based coverage
unachievable. To overcome these shortcomings, alternative archives should be considered. In this regard, the
extraction of deep seawater-derived Nd from hydrogenic Fe-Mn oxyhydroxides of bulk sediments represents a
highly advantageous approach, as it can be applied to a large variety of sediments (not constrained by the
abundance of foraminifera or fish debris) and is much less time-consuming. In their studies, Wilson et al. (2013)
and Blaser et al. (2016) have reassessed the reliability of different approaches for extracting Nd isotopes preserved
in Fe-Mn coatings. They propose that short leaching times and high sediment/solution ratios permit the extraction
of seawater eNd from sediments and could be considered as a reliable method for reconstructing past seawater
eNd. Nevertheless, it is essential to evaluate the analytical procedure on a case-by-case basis rather than applying
it as a standardized method across all sites.
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Figure 1. Bathymetric map of the Mediterranean Sea showing the location of core MD90-917 (41°17N; 17°378E; 1,010 m water depth). The simplified modern
Mediterranean water circulation is broadly indicated (Rogerson et al., 2012; Rohling et al., 2015). The dashed dark line represents the deep-water circulation, while the
solid gray line depicts the intermediate water circulation. The red triangles indicate the locations of volcanoes in Italy. The map was generated using Ocean Data View
software. Location of cores MS27PT, MD04-2797CQ, SL114 and BC19 discussed in this study have also been reported.

The central part of the Mediterranean Sea is a key area for reconstructing past water mass exchange; it has been
characterized by contrasted eNd values between the Eastern and Western Mediterranean basins, with the Siculo-
Tunisian Strait acting as a conduit for this exchange. Additionally, the relative contributions through time of the
Adriatic Sea and Aegean Sea to the production of deep-water masses in the Eastern basin is a topic of interest,
with studies such as those conducted by Cornuault et al. (2018) and Colin et al. (2021) contributing to our un-
derstanding of this process. Furthermore, the central part of the Mediterranean Sea is affected by the deposition of
abundant ash layers (Ayuso et al., 1998; D’ Antonio et al., 2007; Siani et al., 2004), which have the potential to
alter the Nd isotope composition by the easy dissolution of volcanic glass during the diagenesis process or during
the sequential extraction of authigenic Fe-Mn oxy-hydroxides (Crovisier et al., 1987; Kent et al., 1999; Schacht
et al., 2008).

The central-southern Adriatic Sea is an ideal region for the preservation of tephra layers allowing detailed
tephrochronological studies (Bourne et al., 2010; Calanchi & Dinelli, 2008; Matthews et al., 2015; Paterne
et al., 1988; Siani et al., 2004; Totaro et al., 2022) due to the fact that it is currently downwind of Italian volcanic
sources (i.e., Somma-Vesuvius, Campi Flegrei, Mt. Etna, Ischia and Lipari islands) that were active during the
Quaternary and show a high sedimentation rate of the sedimentary sequence.

In this study, we extracted seawater Nd isotope composition (eNd) from planktonic foraminifera and authigenic
ferromanganese oxyhydroxides using three different analytical procedures previously used in the Mediterranean
Sea (non-decarbonated sediment leached with HCl, acetic acid and hydroxylamine hydrochloride); our focus is a
core from the South Adriatic Sea where 14 tephra layers have been previously well determined (Siani et al., 2004).
The objective was to evaluate how the diagenesis and dissolution of volcanic tephra impacts the Nd isotope
composition of the authigenic Fe-Mn oxyhydroxide phases. Furthermore, the study aims to determine how
detrital and volcanic materials may have modified the eNd signal extracted using the three different analytical
methods.

2. Materials and Methods
2.1. Sediment Samples

Core MD90-917 was collected during the PROMETE II expedition in 1990 by the French R/V Marion Dufresne
in the South Adriatic deep basin (41°17N; 17°378E; 1,010 m water depth, Figure 1). The lithology of the core
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consists of 21 m of gray to brown carbonaceous clays, including a black layer in the upper part of the core between
229 and 257 cm, referred to as the S1 sapropel. The sapropel S1 deposition is divided in two by a thin horizon of
white hemipelagic ooze between 239 and 247 cm. The relative abundance of glass shards was assessed by Siani
et al. (2004) and allowed the identification of 14 ash layers. In the present study, 21 samples were selected in the
first 7 m of the core. Of these samples, 11 were collected from the tephra layer and an additional 10 samples were
collected from sediments devoid of ashes. The objective was to investigate the influence of tephra on authigenic
Nd isotope compositions extracted from the samples using a different analytical method.

The age model of the core has been established by Siani et al. (2004, 2010). '*C dating was performed on
monospecific planktonic foraminifera in the more than 150 pm size fraction and was corrected to a surface marine
14C reservoir age of 400 years, except for the early deglaciation, where this value is doubled (Siani et al., 2000,
2001). The presence of 14 ash layers identified along the first 7 m of the core allowed the chronology to be refined
(Siani et al., 2004). Here, we provide an updated version of the previous age model, which has been revised using
the calibration based on IntCal20 (Reimer et al., 2020). The mean sedimentation rate of the studied interval is
approximately 40 cm.kyr™" which allows us for the first time to establish a high temporal resolution of the eéNd
record of the last 20 cal kyr for the deep water of the Adriatic Sea.

2.2. Methods
2.2.1. REE Concentration Analyses

Rare Earth Element (REE) concentrations were analyzed using a single collector sector field high resolution
inductively coupled plasma mass spectrometer (HR-ICP-MS) Thermo Element XR at PANOPLY's analytical
facilities hosted at the Laboratoire Géosciences Paris-Saclay (GEOPS), the University Paris-Saclay, France.
REE concentrations were calculated using the uFREASI software (Tharaud et al., 2015). All samples were
analyzed at a Ca concentration of 5 ppm in order to avoid significant matrix effects. The accuracy of the
determination of REE concentrations was validated by analysis of two geological standards, BCR-2 and BHVO?2,
prepared at various dilutions with offsets systematically lower than 5%. Blank contributions are considered
negligible for all REEs since analysis of chemical blanks (spike solutions before and after chemistry) revealed a
REE signal systematically lower than 1% (most often less than 1%o) compared to REE signals measured for each
sample. Finally, our measurements were characterized by analytical uncertainties that were systematically below
10% (20) for all REEs.

REEs were normalized to Post Archean Australian Shale (PAAS, Nance & Taylor, 1976) to evaluate the REE
pattern. The following parameters were used (all PAAS normalized values, after Martin et al., 2010):
LREE = La + Pr + Nd, MREE = Gd + Tb + Dy, HREE = Tm + Yb + Lu, MREE/MREE* = 2xMREE/
(LREE + HREE), Ce/Ce* = 2xCe/(La + Pr).

2.2.2. Nd Isotope Composition Analyses

Nd isotope composition analyses were carried out on the siliciclastic fraction, planktonic foraminifera samples
and on leachate of authigenic ferromanganese oxyhydroxides using different leaching procedures, namely 0.02 M
hydroxylamine hydrochloride (HH) solution, 1N HCI, and a 25% (v/v) acetic acid (AA).

Nd isotope compositions were firstly analyzed on the siliciclastic fraction of core MD90-917. Sediment samples
were then treated with acetic acid (25%) and hydrogen peroxide (33%) to remove carbonate and organic matter,
respectively.

Nd isotope compositions were also analyzed on ~30 mg mixed planktonic foraminifera from the >150 pm size
fraction, with no oxidative-reductive cleaning procedure, as this approach has been demonstrated to be suitable
for extracting deep-water Nd isotope compositions (e.g., Tachikawa et al., 2014; Wu et al., 2015). The forami-
nifera samples were gently crushed between two glass slides under the microscope to open all chambers, and then
ultrasonicated for 1 min in MilliQ water before pipetting off the suspended particles. This step was repeated until
the water was clear and free of clay particles. The remaining foraminifera were dissolved using weak leaching
with stepwise 100 pl nitric acid (0.5 M HNO,). The dissolved samples were centrifuged and the supernatant was
immediately transferred to Teflon beakers to prevent leaching of any possible remaining solid phases.
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Several studies have been carried out to test the reliability of seawater-derived Nd extraction from bulk sediments
involving different leaching procedures (Bayon et al., 2002; Gutjahr et al., 2007; Wilson et al., 2013). In
accordance with Wilson et al. (2013) and Blaser et al. (2016), no removal of the carbonate fraction of the bulk
sediments was performed, and short leaching times and large sample size/leachate ratios were adopted for our
sample processing. In this study, a sequential analysis was then carried out on ground samples of 1 g, which were
simply rinsed with deionized water and then directly leached with 7 ml 0.02 M hydroxylamine hydrochloride (HH
solution) for 2 min. In addition, two sets of 100 mg of bulk sediments were leached with 10 ml of IN HCl and 25%
(v/v) acetic acid (AA), respectively, for 30 min. For the three analytical procedures, the extracted leachate was
ultra-centrifugated and the supernatant was transferred to Teflon beakers and dried on a hot plate before the Nd
purification step.

Neodymium was then separated following the analytical procedure described by Copard et al. (2010). Briefly,
samples were loaded in 2 ml of 1 M HNOj; into pre-conditioned columns (with 83 mg of TRUspec™ resin).
Unwanted cations were eluted using five portions of 0.5 ml of 1 M HNO;. The TRUspec™ columns were then
placed over the LNspec™ columns. The light REEs were eluted from the upper columns to the LNspec™ col-
umns using seven portions of 0.05 M HNO;. After decoupling from the TRUspec™ columns, La, Ce, and most of
the Pr were rinsed from the LNspec™ columns with 2.5 ml of 0.25 M HCIl. Neodymium was then eluted with an
additional 3.25 ml of 0.25 M HCL

The '**Nd/"**Nd ratios of purified Nd fractions were measured by Multi-Collector Inductively Coupled Plasma
Mass Spectrometry (MC-ICP-MS, Thermo Fisher Neptune”™™) at PANOPLY's analytical facilities hosted at the
Laboratoire des Sciences du Climat et de I’Environnement (LSCE, France) at the University Paris-Saclay, France.
The solutions were analyzed at a concentration of 10-15 ppb. The mass-fractionation correction was made by
normalizing '“*Nd/"**Nd to 0.7219 (O'Nions et al., 1977), applying the exponential-fractionation law. During the
analysis, every group of three samples was bracketed with the JNdi-1 standard with Nd concentrations similar to
those of the samples. Replicate analyses of the JNdi-1 standards yielded mean '**Nd/'*Nd ratios of
0.512108 = 0.000009 (20, n = 32), closely matching the accepted value of 0.512115 £+ 0.000006 (Tanaka
et al., 2000). The external reproducibility (2s) of the eNd values obtained from repeated measurements of the
JNdi-1 standard ranged from 0.2 to 0.4 ¢Nd units for the different analytical sessions. The reported analytical
uncertainty is a combination of the external reproducibility of the within-session standards and the internal
measurement error of each sample. Total blanks were <30 pg and can be ignored as they represent <0.1% of the
sample characterized by the lowest amount of Nd. Neodymium isotope compositions are expressed as
eNd = [("PNd/"™Nd)gympie/( PNA/**Nd)cyyur-11 X 10,000, with the present-day ('**Nd/"**Nd)cyyr of
0.512638 (Jacobsen & Wasserburg, 1980).

3. Results
3.1. REE Concentrations

The PAAS-normalized REE patterns exhibit enrichment of MREE with MREE* values exceeding 1.5 for all
samples obtained from the three leaching procedures, regardless of the presence or absence of tephra (Table 1 and
Figure 2). In general, the transition from LREE to MREE is less pronounced in samples containing tephra
compared to samples without tephra, while the REE concentrations are slightly higher for samples in tephra layers
for all three leaching methods (Figure 2).

The HREE/LREE ratios vary from 0.79 to 1.29. Overall, samples with high volcanic ash content exhibit ratios
below 1 suggesting relative enrichment of LREE, whereas other samples have ratios above 1 indicating HREE
enrichment (Table 1). The Ce* values of the three leaching methods show variation but remain consistently below
1, indicating a negative anomaly (Table 1, Figure 2).

3.2. ¢Nd of Foraminifera, Bulk Sediment Leaching, and Detrital Fraction

The eNd values of the foraminifera show a narrow range from —6.46 + 0.27 to —5.85 %+ 0.36 (Table 3, Figure 3a).
Conversely, the eNd values obtained by the three leaching methods display large variations, with HCI leaching
yielding values between —4.51 £ 0.31 and —7.29 £ 0.25, AA leaching yielding values between —5.12 £ (.12 and
—7.09 £ 0.31, and HH leaching yielding values between —5.00 + 0.13 and —6.95 + 0.2. The detrital material
shows a more unradiogenic range of eNd values, varying from —5.14 £ 0.13 to —9.61 = 0.14 (Table 2).
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Table 1

Rare Earth Element Results of Leachate Obtained for 1 N HCI Leachate, 25% Acetic Acid Leachate and 0.02 M Hydroxylamine Hydrochloride (HH) Leachate From

Samples Collected in Core MD90-917

0.02 M hydroxylamine 25% (v/v) acetic acid (AA)
hydrochloride (HH) leachate 1IN HCI leachate leachate

Depth (cm) Age (yr) Carbonate content % Tephra content % Ce* HREE/LREE MREE* Ce* HREE/LREE MREE* Ce* HREE/LREE MREE*

18
75
1335
1525
167.5
205
237.5
252.5
285
305.5
365
3935
410.5
430
460
510
530.5
575
635
665
701

939
2,423
4,046
4,554
5,018
6,510
8,097
8,739

11,861
12,316
13,486
13,945
14,928
15,319
16,086
17,831
18,945
20,468
21,413
22,350
23,444

279
254
28.2
275
24.1
12.7
27.8
273
31.6
17.5
304
24.1
23.8
243
37.6
31.2
114
30.0
339
21.3
23.1

33 1.01 1.22 1.65 0.90 1.14 1.63 092 1.14 1.67
2.7 0.96 1.27 1.55 098 1.14 1.63 095 1.00 1.87
20.6 0.95 0.95 1.71 0.93 0.88 1.78  0.90 0.93 1.74
66.8 0.92 0.97 1.64  0.95 0.78 1.82  0.90 0.82 1.75
65.4 0.86 0.94 1.59 092 0.75 1.71 0.91 0.84 1.64
5.4 0.89 1.20 1.88  0.93 1.15 1.90 093 1.13 1.83
9.1 0.90 0.97 1.70  0.94 1.05 1.74  0.89 1.02 1.78
25.4 0.88 1.35 1.69  0.93 0.99 197 089 1.09 1.91
1.5 0.93 0.99 L77  0.89 0.94 1.89  0.86 1.03 1.77
67.0 0.89 0.89 1.53 094 0.69 1.65 092 0.74 1.69
1.6 0.90 1.08 1.78  0.94 0.92 200 093 1.02 1.87
84.9 0.92 0.90 1.60 091 0.81 1.56 091 0.79 1.62
69.7 0.89 0.89 1.50  0.94 0.82 1.68 091 0.88 1.53
2.4 0.94 1.15 1.63 092 0.94 1.84  0.92 0.89 1.81
1.8 0.90 1.24 1.64  0.90 0.95 1.91 0.95 1.04 1.80
0.6 0.91 1.18 1.82  0.88 1.00 2.01 0.88 1.09 1.82
16.3 0.88 0.78 1.41 0.89 0.54 133 092 0.87 1.54
0.8 0.89 1.07 1.88  0.89 1.06 1.84 095 1.09 1.82
6.0 0.90 1.09 1.68  0.83 0.97 1.77  0.89 1.01 1.79
2.3 0.88 1.16 1.79  0.88 1.07 1.85  0.86 1.09 1.83
6.6 0.89 1.08 1.59  0.85 1.00 1.77  0.89 1.00 1.87

Note. LREE = La + Pr + Nd, MREE = Gd + Tb + Dy, HREE = Tm + Yb + Lu, MREE/MREE* = 2xMREE/(LREE + HREE), Ce/Ce* = 2xCe/(La + Pr).

The eNd values obtained with the three leaching methods and the carbonate-free fraction on the same sediment are
more radiogenic as the tephra content increases (Table 2 and Figure 3). On the contrary, the eéNd values obtained
from the foraminiferal samples are not modified by the presence of tephra and remain constant throughout the
core (Figure 3a). However, foraminiferal eNd values are consistently more negative than those obtained for the
three leachates for samples within tephra layers, whereas they are more radiogenic for samples outside tephra
layers (Figure 3 and Table 2). Of the three leaching methods, HH-leaches display éNd values closest to those of
the foraminiferal samples, although there is a slight offset. This offset is definitively more important when using
AA-leaches. The HCl-leaches show the greatest divergence from foraminiferal eNd (Figure 3b).

Positive correlations between tephra contents and leachate éNd are observed for samples located within tephra
layers (#* = 0.22 for HH-leaches, 0.33 for AA-leaches and 0.34 for HCl-leaches), where ¢éNd becomes more
radiogenic with higher tephra contents (Figures 4a, 4c, and 4e). However, tephra contents and Nd concentrations
do not show any correlation for these samples (Figures 4a, 4c, and 4¢). On the contrary, samples collected outside
the tephra layers showed no significant correlations between tephra contents versus either éNd values or Nd
concentrations (Figures 4b, 4d, and 4f). On the other hand, an evident correlation was observed between leachate
eNd versus carbonate content (r2 = 0.55 for HH-leaches, 0.32 for AA-leaches and 0.29 for HCl-leaches) and
between Nd concentrations versus carbonate content (> = 0.64 for HH-leaches, 0.72 for AA-leaches and 0.69 for
HCl-leaches) (Figures 5a, 5c, and 5e). In general, for samples taken from tephra layers, eNd exhibits a trend
toward more radiogenic values while Nd concentration increases with decreasing carbonate content. However, no
significant relationships between carbonate contents and eNd or Nd concentrations can be observed for samples
collected outside the tephra layers (Figures 5b, 5d, and 5f).
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Figure 2. PAAS-normalized Rare Earth Element patterns obtained on 25% Acetic Acid leachate, IN HCl leachate, and 0.02M
hydroxylamine hydrochloride (HH) leachate from samples collected in tephra layers (red curves, a, ¢ and e) and non-tephra
layers (blue curves, b, d and f).

4. Discussion

Tachikawa et al. (2014) have shown that the Nd-rich phases associated with foraminifera mainly consist of Fe-Mn
oxides adhered to calcite surfaces, and Fe oxide/oxyhydroxide phases found within the pores and internal
chambers of foraminifera. The Fe-Mn coating predominantly records the signal from bottom water conditions
and/or pore water (Piepgras & Wasserburg, 1987; Roberts et al., 2010; Stoll et al., 2007; Tachikawa et al., 2014).

Core-top samples of foraminifera from core MD90-917 have an eNd value (—6.10 = 0.35; Figure 3a) that is
slightly more radiogenic than modern deep-water from nearby stations (eNd between —7.57 £ 0.50 and
—7.31 £ 0.50, St. Arcadia, St. 64PE374-8 and St. 64PE374-9; Montagna et al., 2022). The eNd values recorded
for the three weak acid-leaches (—6.79 + 0.16 for HH-leaches, —6.95 + 0.25 for HCl-leaches, and —6.59 + 0.25
for AA-leaches, Figure 3b) display a slight negative offset compared to the foraminiferal eNd value (Figure 3b).

Authigenic eNd can be influenced by processes occurring during early diagenesis (e.g., Elderfield et al., 1981;
Elderfield & Sholkovitz, 1987; Grousset et al., 1988). This could therefore be partly due to remobilization of Nd
from authigenic and lithogenic fractions during diagenesis (Bayon et al., 2004). The detrital fraction of core
MD90-917 shows a large range of eéNd values between the tephra (mean of about —5) and non-tephra layers
(mean of about —9) (Table 2 and Figure 3a). This implies that the éNd values of the detrital fraction result from the
mixing of unradiogenic crustal material deriving mainly from the surrounding small rivers and the major Po River
(eNd of —11, Malusa et al., 2017; Weldeab et al., 2002) and from radiogenic volcanic material (from —1.0 £ 0.1 to
+3.2 + 0.2, D'Antonio et al., 2016).

4.1. Potential Role of Tephra in Authigenic Fe-Mn

The analytical procedure of sediment-leaching has great potential to provide extensive spatial coverage and high
temporal resolution, especially in marine sediments where the amount of foraminifera is insufficient for Nd
isotope composition analyses (Crocket et al., 2011; Piotrowski et al., 2004, 2008; Rutberg et al., 2000), such as the
low carbonate content of the tephra layers of core MD90-917 (Table 1).

GAO ET AL. 7 of 20

85UB017 SUOWILLIOD BA1810 8|qedl|dde U Aq pausenob ase sajo e YO ‘88N JO San. 1o A%eiq1T8Ul|UO AB]IM UO (SUOIPUOD-PUE-SWS)/WI0 A8 1M Alelq 1 [eu[Uo//Stiy) SUORIPUOD pue swie | 8L 8es *[6z02/70/2e] uo Areiqiauliuo Ao|im ‘dig suberp.ig a11usD Jewely| Aq 266TT00DYZ02/620T OT/I0pA00"AB|im AreiqipuljuosgndnBe//sdny woly pepeojumod ‘f ‘G202 ‘220252ST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems

10.1029/2024GC011992

100
B &Nd, detrital -
® =Nd, foraminiferal -80

e

-@H
@
@
H@H
@
@
L 2
@
I
AN
=}

eNd
&

= AJ. WS [
600 700

400 500 800
Depth (¢cm)

Po River and
Apennine rivers

'10 T T
0 100

Asher layer content %

I I
200 300

100

A Nd. 0.02 M hydroxylamine
hydrochloride (HH) Leachate L

&Nd, 25% AceticAcid Leachate

&
A Na INHCI Leachate -80

A -60

>ipt
»

eNd
&

Asher layer content %

Po River and
Apennine rivers

104
0 100

I
300 400 500 600 700 800
Depth (cm)

T
200

Figure 3. (a) Variations of the eNd obtained on mixed planktonic foraminifera (pink circles) and carbonate-free fraction (blue
squares) along with the content of the tephra layer; (b) variations of the eNd obtained acid leachate (yellow and purple
triangles) and 0.02 M hydroxylamine hydrochloride (HH) (orange triangles) with the content of the tephra layer for core
MD90-917; the pink bar is the signature of foraminiferal eNd (MD90-917). The modern AeDW ¢Nd have also been reported
for the south Adriatic Sea and the Northern Ionian Sea (Garcia-Solsona et al., 2020; Montagna et al., 2022). The detrital
sediment eNd of Po River is from (Malusa et al., 2017) and Apennine River is from (Weldeab et al., 2002). We have also
reported (dark line) the relative abundance of glass shards by Siani et al. (2004), which allows us to identify several ash
layers.

The distinctive normalized-REE patterns obtained in leachates can provide information on the specific extracted
phase, as different phases exhibit their own characteristic REE patterns (Gutjahr et al., 2007; Palmer, 1985;
Palmer & Elderfield, 1986; Pattan & Parthiban, 2007; Piotrowski et al., 2012; Shields & Webb, 2004; Tachikawa
et al., 2013). The normalized-REE pattern of the leachates without tephra has been compared to that of seawater,
which exhibits a negative Ce anomaly and enrichment in HREE (Bau et al., 1997; Censi et al., 2007), the ash layer
(which exhibits LREE enrichment, Ayuso et al., 1998), the detrital component (which exhibits a flat normalized-
REE pattern, Wu et al., 2018), the planktonic foraminifera (which exhibit MREE enrichment, Halay et al., 2004)
and the ferromanganese nodules (which exhibit MREE enrichment, Pattan & Parthiban, 2007) (Figure S1 in
Supporting Information S1). The samples from all three leaching methods, within or outside a tephra-layer,
exhibit a significant MREE enrichment pattern suggesting that Fe-Mn coatings are the primary phase present in
the extracted leachate (Figure 2). However, the samples located in the tephra layers exhibit a slight enrichment in
LREE compared to non-tephra layers, suggesting that the tephra could also be extracted during the leaching
process (Table 1). These findings are consistent with the correlation trend observed between leachate eNd and
tephra contents, whereby more radiogenic éNd values are associated with a greater proportion of tephra (Figures 4
and 5). This confirms the hypothesis that a detrital radiogenic volcanic component can also modify the Nd isotope
signature of leachates (Elmore et al., 2011; Roberts et al., 2010; Vance et al., 2004).
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Table 3
Nd Isotope Compositions Obtained on Mixed Planktonic Foraminifera in Core MD90-917 (Colin et al., 2021 and This Study)
Mixed planktonic foraminifera

Depth (cm) Age (yrs) 193N d/*Nd +2sigma eNd +2sigma

18 960 0.512325 0.000018 —6.10 0.35 Colin et al., 2021

61 1,997 0.512333 0.000016 —5.96 0.32 Colin et al., 2021

100 3,094 0.512329 0.000011 —6.02 0.21 Colin et al., 2021

130 3,934 0.512328 0.000009 —6.05 0.18 Colin et al., 2021

179 5,630 0.512326 0.000012 —6.09 0.22 Colin et al., 2021

205 6,525 0.512314 0.000017 —6.33 0.34 Colin et al., 2021

235 7,899 0.512315 0.000019 —6.29 0.37 Colin et al., 2021

249 8,548 0.512331 0.000013 —6.00 0.26 Colin et al., 2021

260 9,708 0.512338 0.000019 —5.85 0.36 Colin et al., 2021

285 11,861 0.512325 0.000013 —6.11 0.25 Colin et al., 2021

310 12,575 0.512349 0.000022 —5.65 0.43 Colin et al., 2021

365 13,486 0.512317 0.000012 —6.26 0.23 Colin et al., 2021

430 15,326 0.512315 0.000014 —6.30 0.28 Colin et al., 2021

460 16,086 0.512311 0.000012 —6.38 0.24 Colin et al., 2021

510 17,831 0.512316 0.000013 —6.29 0.25 Colin et al., 2021

530 18,969 0.512317 0.000013 —6.27 0.25 This study

550 19,823 0.512313 0.000011 —6.35 0.21 Colin et al., 2021

575 20,468 0.512310 0.000013 —6.40 0.25 This study

595 20,768 0.512324 0.000013 —6.12 0.25 This study

635 21,415 0.512307 0.000014 —6.46 0.27 This study

665 22,350 0.512323 0.000013 —6.14 0.25 This study

701 23,444 0.512330 0.000015 —6.01 0.28 This study
The distribution of eNd values of leachate obtained on tephra layers and non-tephra layers with the three leaching
procedures used in this study can probably be interpreted as: (a) changes in the Nd isotope compositions of pore
water and subsequently authigenic fractions during early diagenesis processes; and (b) extraction of lithogenic Nd
from the detrital fraction during the sequential leaching procedure.
Recent studies have demonstrated that diagenesis of sediment can induce benthic flux and even modify the
concentrations and isotope compositions of dissolved Nd in bottom water in certain oceanic regions (Abbott,
Haley, & McManus, 2015, Abbott et al., 2019; Arsouze et al., 2009; Bayon et al., 2011; Haley et al., 2004). The
eNd values of pore waters may differ from those of the bottom waters due to the release of Nd through desorption
from particles, reduction of authigenic phases, or dissolution of detrital particles (Abbott, Haley, McManus,
etal., 2015, 2019; Haley & Klinkhammer, 2003; Sholkovitz, 1989). Given that volcanic glass shards can be easily
dissolved in marine sediments (Schacht et al., 2008), tephra can release lithogenic radiogenic Nd into pore water,
which can then diffuse into the sediment and reach the water-sediment interface (Randazzo et al., 2012). Through
changes in the oxydo-reduction conditions in the sediment, the radiogenic Nd can be trapped in the Fe-Mn
coating, as evidenced by the leaching results.
However, the eNd values of the Fe-Mn coating adhered to planktonic foraminifera showed no variations in
relation to the detrital eNd values (Figure 3a). Unfortunately, most of the ash layers, which have a low carbonate
content (from 10% to 30%), do not contain enough foraminifera to allow for a systematic analysis of the Nd
isotope composition of planktonic foraminifera at the same level as samples that have been leached. Nevertheless,
a few foraminiferal eéNd values of core MD90-917, obtained in tephra layers at 170, 250, 310 and 595 cm, indicate
similar values (within the 2¢ error bars) to those of foraminifera samples located in non-tephra layers (Figure 3).
The narrow range of authigenic eNd values suggests that the glass-shards in the tephra are not significantly
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Figure 4. Relationship between tephra content with eNd and [Nd] Nd concentration. (a, c, and e): tephra content vs. [Nd] and
eNd for samples within the tephra layers; (b, d, and f): tephra content vs. [Nd] and eNd for samples outside the tephra layers.
HH: hydroxylamine hydrochloride; AA: Acetic Acid.

affected by the diagenesis process or dissolution of the tephra. This is consistent with the morphoscopic obser-
vations and geochemical analyses of tephra, which indicate that the tephra is unaltered and has not undergone
dissolution (Siani et al., 2004).

The other mechanism involves leaching conditions that extract a minor portion of detrital material by dissolution.
The extraction of ferromanganese oxyhydroxides from bulk sediments can induce artifacts due to the potential
release of non-seawater-derived Nd during the experimental procedure (Bayon et al., 2004; Blaser et al., 2016;
Elmore et al., 2011; Molina-Kescher et al., 2014; Roberts et al., 2010; Wilson et al., 2013). During conventional
leaching, the volcanogenic fraction of sediments is known to behave as a source of contaminants that has never
been quantitatively estimated beforehand (Elmore et al., 2011).

In our study, we used a simple model to quantitatively estimate the contribution of the dissolution of volcanic and
non-volcanic detrital materials to the leachate (See Supporting Information S1 for more detail). This contribution
is quite low for the tephra layers with an average of 1.4%, 2.0% and 3.8% for the HH, AA and HCI leaching
methods, respectively. Moreover, the slightly negative éNd values of leachates for the samples collected on non-
tephra layers suggest that the unradiogenic detrital mineral also dissolves during the leaching process (Figure 3b).
The average dissolution percentage of unradiogenic detrital minerals is less than 0.2%. By counting the
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Figure 5. The relationship between carbonate content with éNd and [Nd] concentration. (a, ¢, and e): carbonate content vs.
[Nd] and eNd for samples within the tephra layer; (b, d, and f): carbonate content versus [Nd] and eNd for samples outside the
tephra layer. HH: hydroxylamine hydrochloride; AA: Acetic Acid.

dissolution of unradiogenic detrital material, the previous contribution of the dissolution of tephra slightly rises to
an average of 2.1%, 2.5% and 4.4% for the HH, AA and HCI, respectively.

Interestingly, evidence of an inverse correlation between the extracted Nd concentration and both carbonate
content and eNd is observed for samples taken from tephra layers (Figures 5a, 5c, and Se). This can be attributed
to the preferential dissolution of carbonates in the sediment, which impedes the effective reaction between the
leaching solution and volcanogenic components. These findings are corroborated by previous studies indicating
that the dissolution rate of basaltic glass can vary by a factor of more than one order of magnitude between pH 4
and pH 7, with the extent of this variation being dependent on the CaCOj; content of the sample (e.g., Gislason &
Oelkers, 2003). Our newly acquired results indicate an inverse correlation between the carbonate content versus
the percentage contribution of tephra dissolution in the leachate (with a lower contribution when the carbonate
contents are higher) (Figures 5a, 5c, and 5e, and 6). This demonstrates that the presence of carbonate helps to
prevent volcanic glass dissolution. This finding is consistent with the previous study by Wilson et al. (2013),
arguing that the volcanogenic material is a minor reactive component. Regarding changes in eNd values, even
slight dissolution of volcanogenic material (average 2.7%) can result in a noticeable modification of éNd values of
the leachate since there is a significant disparity between the volcanogenic material and the bottom water signal
(AeNd,1anic-MD90-917 core top foraminiferal T€AChINg to 7 unit). In conclusion, the slight dissolution of highly
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Figure 6. Carbonate content versus the contribution of dissolved tephra (%) on the 1 N HCl leachate (light and dark blue
symbols and dashed lines), 25% Acetic Acid leachate (pink and purple symbols and dashed lines) and 0.02 M hydroxylamine
hydrochloride (HH) leachate (orange and yellow symbols and dashed lines) from samples collected in tephra layers.

radiogenic tephra under the leaching conditions can modify the éNd values of acid leaches. The process becomes
far more pronounced as the carbonate content decreases.

4.2. Evaluation of the Leaching Procedure in Non-Tephra Layers

In the absence of tephra layers, the diagenesis of unradiogenic detrital minerals, such as feldspar dissolution and
authigenic clay formation, can result in the enrichment of Nd in pore water. This is followed by the exchange of
Nd with authigenic Fe-Mn and phosphate phases (Abbott et al., 2019; Bayon et al., 2015; Caetano et al., 2009;
Freydier et al., 2001; Ohr et al., 1994; Schacht et al., 2010; Uysal & Golding, 2003; Wu et al., 2019; Zhong &
Mucci, 1995). An offset of —2 epsilon Nd units is observed between the eNd values of the leachate and detrital
components, with no change in leachate éNd observed with changes in detrital eNd (Figure 3b). This indicates that
the detrital components are not the main phase extracted. Notably, a slight discrepancy exists between the eNd
values of planktonic foraminifera and sediment leachates, with the latter exhibiting more unradiogenic values.
This suggests that the leachate ¢Nd is influenced by partial extraction of unradiogenic detrital components
(average 0.2%). Moreover, there was a slight difference in the dissolution proportion of the three leachates. The
average dissolved proportion is 0.18%, 0.31% and 0.4% for the HH, AA and HCl leaching procedures, respec-
tively. The comparison of foraminiferal eNd with those obtained from the three leaching methods reveals that the
discrepancy between HCl-leaches ¢éNd and those of the foraminifera is the most pronounced with —0.52, followed
by —0.46 for AA-leaches, and a minor value of —0.30 for HH-leaches (Figure 3). In addition, taking experimental
error into account, HH-leaches align closely with the values of the foraminifera, while HCI HCl-leaches deviate
further away. This suggests that the chemical conditions employed in this study (non-decarbonated samples, weak
acid treatment, short leaching time; Blaser et al., 2016; Wilson et al., 2013) are effective in extracting signatures of
authigenic Fe-Mn coatings. We can therefore conclude that the HH leaching method applied to bulk sediment
from samples taken outside the tephra layers can be successfully used to reconstruct past seawater eéNd.

4.3. Seawater eéNd Record of the Deep-Water of the Adriatic Sea

The occurrence of sapropel deposition between 6.1 and 10.2 cal kyr BP in the eastern Mediterranean Sea (De
Lange et al., 2008) indicates a significant shift in hydrological circulation patterns over this period (Cramp &
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Figure 7. Comparison of ¢éNd records obtained in this study (core MD90-917, purple circles and line, Colin et al., 2021 and
this study) and previous eNd records obtained in the EMS and WMS for the last 16 cal kyr BP: core MS27PT (31°47.90’N,
29°27.700E; water depth 1,389 m, orange circles and line) from Duhamel et al. (2020); core MD04-2797CQ (36°57°N, 11°
40’E; 771 m water depth, green diamonds and line) from Cornuault et al. (2018); cores BC19 (33°47.9' N, 28°36.5" E; water
depth 2,750 m, blue diamonds and line) from Tachikawa et al. (2004) and SL114 (35°17.2" N, 21°24.5" E; water depth
3,390 m, yellow diamonds and line) from Wu et al. (2019).
O'Sullivan, 1999; Emeis et al., 1991, 2000; Rossignol-Strick, 1983; Rohling, 1994; Rohling et al., 2015; Schmiedl
et al., 2010; Siani et al., 2013; Ziegler et al., 2010) found sapropel S1 deposition in core MD90-917, suggesting
similar oxygen-depleted conditions across the Eastern Mediterranean Sea, including the Adriatic Sea. For the core
MP27PT (N31°47'90; E29°27'70; water depth 1,389 m, Figure 1), located off the Nile River mouth, the
planktonic foraminiferal eNd became more radiogenic during the deposition of S1 as a result of the input of the
Nile River and/or the boundary exchange with radiogenic sediments of the eastern Levantine margin (Figure 7;
Duhamel et al., 2020). Core BC19 (N33°47.9'; E28°36.5'; water depth 2,750 m, Figure 1; Tachikawa et al., 2004),
located in the western Levantine Basin, core SL.114 (N35°17.2'; E21°24.5'; water depth 3,390 m, Figure 1; Wu
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et al., 2019) located in the Ionian Sea, and core MD04-2797CQ (N36°57'; E11°40'; water depth 771 m, Figure 1;
Cornuault et al., 2018) located in the central Mediterranean Sea, exhibited a similar trend with the bulk sediment
leachate éNd becoming more radiogenic during the sapropel S1 deposition (Figure 7).

Previous studies in the EMS have shown that the radiogenic volcanic Nile River sediments decrease sharply
westward from the river's mouth toward the Mediterranean Ridge situated near Crete (Blanchet, 2019; Krom
et al., 1999; Weldeab et al., 2002). The radiogenic éNd value observed in all the records of the EMS and Tyr-
rhenian Sea between 600 and 2,500 m water depth is the result of the circulation of the radiogenic eNd of the LIW
to both basins of the Mediterranean Sea coupled with a decrease of the deep-water ventilation in the EMS
inducing a longer time of contact between seawater and the radiogenic sediments of the eastern and southern
margins of the Levantine Basin (Colin et al., 2021; Wu et al., 2018).

However, the planktonic foraminiferal eNd of core MD90-917 remains almost constant during the last 20 kyr
(Figure 7), indicating that it records a local signature. The Adriatic Sea is surrounded by unradiogenic sediment
margins (Ayache et al., 2016). This suggests that the radiogenic LIW, which have already been strongly modified
by mixing with more unradiogenic water masses above (MAW) and below, cannot impact the deep-water Nd
isotope compositions formed in the Adriatic Sea. This is consistent with the modern seawater éNd profiles, which
do not display any discernible radiogenic eNd LIW in the southern Adriatic Sea (Montagna et al., 2022).
Consequently, the low deep-water ventilation state during the sapropel S1 could be also favorable for greater
exchanges between seawater and sediment and induced a local seawater Nd isotope composition with stable
unradiogenic Nd isotope composition in the Adriatic Sea and more radiogenic one for the Southeastern Levantine
Basin where the main detrital source near the Nile deep-sea fan derive mainly from the radiogenic volcanic
material from the Blue Nile River (from 0 to +7, Garzanti et al., 2015). The contribution of the latter increases at
15 cal ka BP with the onset of the african humid period and peaks during the sapropel S1 deposition (Revel
et al.,, 2010, 2014) which also particiape to increased the eNd gradient of deep-water masses between the
Southeastern Levantine Basin and the western Mediterranean Sea (Figure 7).

After the sapropel S1 deposition, the planktonic foraminiferal eNd of core MP27PT was similar to that of core
MD90-917. This finding suggests the presence of active ventilation in the EMS and deep-water masses, which are
primarily sourced from the Adriatic Sea (Filippidi et al., 2016; Schmiedl et al., 2010; Siani et al., 2013) (Figure 7).
In general, the bulk sediment leachate ¢éNd records obtained in the EMS display a similar tendency despite a
higher degree of variability and absolute ¢éNd values that may be attributed to the potential contribution of detrital
sediments during leaching processes.

5. Conclusion

We investigated the impact of volcanic tephra layers on authigenic neodymium isotope composition (¢Nd)
extracted by different analytical procedures of a sedimentary sequence of the South Adriatic deep basin with well-
identified tephra layers to evaluate the different analytical procedures. Authigenic eNd have been extracted from
mix planktonic foraminifera samples and non-decarbonated sediment leachates obtained with three solutions
commonly used in the context of the Mediterranean Sea: (a) 0.02 M hydroxylamine hydrochloride (HH) solution,
(b) IN HCI, and (c) a 25% (v/v) acetic acid (AA).

The normalized-REE patterns exhibit a MREE enrichment pattern, suggesting that Fe-Mn coatings are the pri-
mary phase present in the extracted leachate. However, the leachates' eNd and high HREE/LREE ratio indicate
the dissolution of the tephra layers in the extracted phase. These findings indicate that sediments with higher
tephra contents result in more radiogenic Nd signatures of the authigenic fraction extracted from acid-leachates.
Interestingly, despite the extensive accumulation of ash layers in the Adriatic Sea sediments, the eNd values of
foraminifera exhibit no discernible variations over the past 20 kyr BP. This suggests that diagenesis of volcanic
ash deposits is unlikely to be the main process responsible for the more radiogenic eéNd values observed in the
acid-leachates. Instead, it appears that sequential extraction may be capable of dissolving a minor amount of
tephra during weak acid attacks, resulting in slightly more radiogenic leachate values.

We emphasized the importance of considering the different leaching methods and their associated biases when
extracting seawater eNd from sediments. A comparison of the leaching results with the foraminiferal eNd values
revealed that the hydroxylamine hydrochloride (HH) leaching method was particularly effective, closely
matching the foraminiferal eNd. In contrast, leaching with HCI displayed a greater deviation, indicating the need
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for careful evaluation of leaching procedures on a site-specific basis. In summary, our results confirm that the
most reliable analytical leaching method involves non-decarbonated samples, weak acid treatment, and a short
leaching time in sediment sequences characterized by abundant deposits of tephra layers.

The foraminiferal eNd values of core MD90-917 remain constant over the last 20 cal kyr BP, suggesting that the
Adriatic deep-water predominantly reflects local characteristics since the last glacial period. A comparison of
foraminiferal eNd records of the southeastern Levantine Basin and the Adriatic Sea reveals a large gradient, which
is consistent with the hypothesis of low ventilation and local Nd isotope signature resulting from the dissolution of
radiogenic volcanic material in the southeastern Levantine Basin and unradiogenic sediments along the Adriatic
Sea margin. The time interval following the deposition of sapropel S1 is characterized by a homogeneous
unradiogenic eéNd value for deep-water across the Eastern Mediterranean Sea, indicating active ventilation and
deep-water masses originating mainly from the Adriatic Sea.
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Data supporting this paper are available in the following Data Repository: Gao et al. (2024), https://doi.org/10.
17632/c7xbkzvs9y.1.
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