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A B S T R A C T

Seawater rare earth element (REE) concentrations and Nd isotopic composition (εNd) are increasingly applied as valuable tracers of oceanographic processes such as
water mass mixing and lithogenic inputs to seawater. However, their measurements are basically lacking in the Mediterranean Sea water column. This study analyzes
9 seawater stations around the central Mediterranean Sea to clarify the relative importance of external sources, vertical (biogeochemical) processes and lateral water
mass transport in controlling REE and εNd distributions. Concentrations of REE do not show nutrient-like profiles with depth, likely indicative of relatively young
waters with limited accumulation of remineralized REE. Light REE (LREE) present a non-conservative behavior, which largely peak at surface waters and rapidly
decrease with depth. The negative correlation of surface LREE enrichment with offshore distance highlights the influence of continental input from the western
Italian coast to the Tyrrhenian surface waters. In contrast to other regions with reported boundary exchange, this process does not modify the εNd values here. On the
other side, distributions of dissolved heavy REE (HREE) and εNd display a conservative behavior that can be explained by mixing of western- (MAW and WMDW) and
eastern- (LIW and EMDW) originated waters. We test this hypothesis with an Optimum Multi-Parameter Analysis (OMPA) including HREE and εNd parameters. Even
though the limited data set, consistent results of water mass fractions are obtained for the four main water masses although with some particularities. While LIW takes
on major importance when considering HREE in the model, EMDW fractions are preferentially detected with εNd. This latter finding implies a noticeable deep water
flux across the Sicily Strait into the Western Mediterranean that was not clearly evidenced before.

1. Introduction

Geochemical approaches to trace Mediterranean Sea (MS) water
masses, their paths and properties are critical to characterize
Mediterranean thermohaline circulation and become a powerful tool to
understand the sensitivity of this system to modern and past climatic
changes. The central MS (here including the Tyrrhenian Sea, Sicily
Strait and Western Ionian Sea) is considered to play an essential role in
the dynamics of the MS circulation because it’s the place where the
main water masses from western and eastern basin origin converge and
intense mixing processes take place (Astraldi et al., 2002; Fuda et al.,
2002; Falco et al., 2016). Indeed, the region is characterized by sig-
nificant dynamical processes covering the full spectrum of temporal and
spatial scales (Sorgente et al., 2003). However, it remains poorly un-
derstood in respect to many of its physical, chemical and biological
features. The present study aims at shedding light on these aspects by
describing for the first time the seawater distribution of dissolved Rare
Earth Elements (REE) and Nd isotopes in the central MS.

1.1. Hydrography of the central Mediterranean Sea

Low salinity Atlantic Water (AW) enters the Mediterranean through
the Strait of Gibraltar forming meanders towards the east gradually
while increasing its salt content (Millot, 1985) and forming the so-
called Modified Atlantic Water (MAW). In the central Mediterranean,
the MAW splits in two veins, one flowing through the Strait of Sicily
into the eastern Mediterranean and the other entering the Tyrrhenian
Sea (TYS; Fig. 1), occupying the entire surface layer of the TYS from the
surface to 200 m depth (Millot, 1999; Millot and Taupier-Letage, 2005).
The underlying intermediate layer, usually found between 200 and
700 m depth, is composed of Levantine Intermediate Water (LIW). It
originates in the eastern Mediterranean as a result of intense water-
cooling and evaporation processes that confer it a characteristic salinity
maximum. LIW enters the western basin through the shallow sills of the
Sicily Strait and is then deviated towards the northeast (Millot and
Taupier-Letage, 2005). Both surface and intermediate currents in the
TYS follow basically a cyclonic circulation pattern along the Sicilian
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and Italian shelves (Astraldi and Gasparini, 1994) although small but
quasi-permanent gyres are also present (e.g. Bonifacio gyre; Vetrano
et al., 2010; Iacono et al., 2013). A denser and less salty water mass
called Western Mediterranean Deep Water (WMDW) is present between
700 m down to bottom waters (Serravall and Cristofalo, 1999). It is
formed in the Gulf of Lion and feeds the TYS through the Sardinia
Channel (Millot, 1999). Produced in the southern Adriatic and filling
the eastern basin from about 700 m to the bottom, the Eastern Medi-
terranean Deep Water (EMDW) is present along the Ionian western
boundary. The upper portion may be considered as transitional EMDW
and is thought to cross the Sicily Strait sills to reach the western basin
(Sparnocchia et al., 1999; Astraldi et al., 2001) although this has not
been clearly established in the literature (Robinson et al., 2001). In the
Tyrrhenian basin, another deep water mass termed Tyrrhenian Deep
Water (TDW) is defined to be a mixing product of the WMDW and the
LIW above it (Rhein et al., 1999) flowing out from the TYS basin (at
700–1000 m) through the Sardinia-Sicily section above the WMDW.
However, the processes responsible of the formation of this TDW and
the actual water masses involved are still subject of debate (Astraldi and
Gasparini, 1994; Millot, 2009, Vetrano et al. 2010; Falco et al., 2016).

1.2. Systematics of Rare Earth elements and Nd isotopes in seawater

Rare Earth Elements (REE) are a group of 14 particle reactive che-
mical elements (from Lanthanum Z = 57 to Lutetium Z = 71) with
similar chemical properties and mostly found in the 3+ oxidation state.
Their relative distribution in seawater is sensitive to oceanic processes
such as lateral advection of water masses and the effects of biogeo-
chemical cycling like particle scavenging or remineralization
(Elderfield, 1988; Sholkovitz et al., 1994; Hathorne et al., 2015; Zheng
et al., 2016). Continent-ocean interface processes can also be important
sources or sinks of REE to seawater (Jeandel et al., 2011). REE con-
centrations are generally normalized using Post Archean Australian
Sedimentary rock (PAAS; Taylor and McLennan, 1985) to approximate
the composition of the continental crust. When doing so, REE dissolved
in seawater are characterized by a relative enrichment of the heavy REE
(HREE: from Tb to Lu) compared to the light REE (LREE: from La to Gd;
e.g. Bertram and Elderfield, 1993). This is attributed to the lanthanide

contraction (Zhang and Nozaki, 1996) and the HREE building more
stable carbonate complexes in seawater (Byrne and Kim, 1990). As a
result of having a higher free metal ion concentration in seawater, the
LREE are more particle reactive and are preferentially removed by
scavenging processes (Sholkovitz et al., 1994). Another characteristic
feature of the oceanic dissolved REE pattern is the oxidative removal of
Ce due to formation of insoluble Ce4+. It can be quantified by the ‘‘Ce
anomaly”, which represents the ratio between the measured dissolved
Ce concentration and the predicted Ce concentration that would occur
without this oxidative removal process (here calculated by inter-
polating between normalized Pr and Nd neighbors; Garcia-Solsona
et al., 2014). Negative Ce anomalies are indicated by values smaller
than 1, the smaller the value, the stronger the negative anomaly.

The particular use of Nd isotopic composition as a water mass tracer
in oceanographic and paleoceanographic studies (Rickli et al., 2009;
Piotrowski et al., 2012; Martin et al., 2012; Stichel et al., 2012) is possible
because of its quasi-conservative behavior within distinct intermediate
and deep water masses far from continental margins and the absent
biological fractionation of Nd isotopes (Frank, 2002; Goldstein and
Hemming, 2003). Nd isotopic variations are expressed in epsilon notation
as εNd=([(143Nd/144Nd)sample/(143Nd/144Nd)CHUR] − 1)*10000, where
CHUR stands for the Chrondritic Uniform Reservoir and represents a
present-day average Earth value: (143Nd/144Nd)CHUR = 0.512638;
Jacobsen and Wasserburg, 1980).

1.3. Objectives of the study

The goal of the present study is to document, for the first time, the
distribution of dissolved REE and Nd isotopes in the Central
Mediterranean sea. Previous data on these geochemical tracers has been
published for only few stations in the eastern MS basin (εNd: Tachikawa
et al., 2004; Vance et al., 2004) and the western basin (REE: Greaves
et al., 1991; unfiltered εNd: Henry et al., 1994; εNd and REE: Tachikawa
et al., 2004; Garcia-Solsona and Jeandel, 2020). Both REE and Nd
isotopes have been applied as geochemical tracers in the marine en-
vironment of a variety of processes such as water mass mixing, litho-
genic supplies, particle-seawater interactions and modern and past
ocean circulation (Elderfield, 1988; Tachikawa et al., 2003; Grenier

Fig. 1. Map of the central Mediterranean Sea (right panel) with sampled stations in colored dots. The dashed light green line indicates the NW-SE section used to
display the distribution of water column salinity (left-bottom panel; note that Y scale is stretched at the top). Black arrows indicate Modified Atlantic Water (MAW),
grey lines represent Levantine Intermediate Water (LIW) from the eastern basin and black dashed line shows Western Mediterranean Deep Water (WMDW). Potential
temperature vs salinity diagrams showing the main water masses are illustrated at the top-left panel: MAW, LIW, WMDW and Eastern Mediterranean Deep Waters
(EMDW). Black diamonds specify the location of water type end-members.

E. Garcia-Solsona, et al. Progress in Oceanography 185 (2020) 102340

2



et al., 2018). Indeed, Nd isotopic composition recorded by authigenic
and biogenic fractions have been successfully used to trace the past
Mediterranean circulation (Cornuault et al., 2018; Dubois-Dauphin
et al., 2017; Jiménez-Espejo et al., 2015; Osborne et al., 2008, 2010;
Scrivner et al., 2004). Improving the understanding of the MS biogeo-
chemical cycling of these selected trace elements and isotopes is a key
issue to better comprehend the processes affecting dissolved con-
stituents in the water column. Processes such as scavenging onto sus-
pended particles, remobilization or redox-induced reactions do exert an
essential role in seawater biogeochemistry.

The specific aims of this research are to i) test the applicability of
dissolved REE and neodymium isotopes (εNd) as conservative water
mass mixing tracers in the present day Mediterranean Sea, and ii) detect
external lithogenic influences in the central MS from the Western Ionian
Sea, Strait of Sicily and Tyrrhenian Sea. From the limited data existing
in other parts of the MS, it is clearly not solved whether dissolved REE
concentrations and εNd values in the water column are predominantly
reflecting advective transport, external inputs or both (Greaves et al.,
1991; Henry et al., 1994; Tachikawa et al., 2004; Ayache et al., 2016;
Garcia-Solsona and Jeandel, 2020). In addition, water mass exchange
between the eastern and western basins through the Sicily Strait remain
still under debate, in particular, concerning deep waters (Robinson
et al., 2001). On the other hand, it is known that land-to-ocean transfer
of material controls significantly the chemical composition of seawater
and the global element cycles. Being a semi-enclosed basin sets the MS
with a continent-to-ocean contact ratio two orders of magnitude higher
than open oceanic regions (e.g., coastal length versus seawater volume
of 3·10-4 km·km−3 for the Atlantic and 1·10-2 km·km−3 for the MS; The
World Factbook 2016–2017; de Walle et al., 1993). In this regard, REE
and Nd isotopes can be significant tools to detect and characterize re-
levant external lithogenic inputs in the central MS. This kind of ap-
proach has already underlined the importance of taking into account
continental margins as a source of elements to the ocean in other re-
gions (Jeandel, 2016).

2. Sampling and methods

Seawater samples were collected from nine stations around the
Tyrrhenian Sea, Strait of Sicily and Western Ionian Sea (central MS)
during the NextData Cruise on the CNR-Minerva Uno research vessel
(June 11th to 29th, 2016; Fig. 1; Table 1). Six stations were sampled at
6 depths (St. 1, 2, 4, 6, 7 and 8), one station at 4 depths (St. 3) and the
two shallowest stations at 3 depths (St. 5 and 9). Seawater was collected
from Niskin bottles on a CTD rosette and immediately filtered through
0.45 μm Acropak Supor filter membranes into acid-clean 10L cubitai-
ners, followed by acidification at pH = 2 with ultrapure Optima HCl
and stored until analysis in the home laboratory. Incidentally, half of
the sample from 800 m depth at station 2 (one of the two 5L container)
was not filtered before acidification, what could induce release of REE
from particles to the dissolved phase during the chemical treatment.

2.1. Analytical methods

For the Nd isotopic analyses, filtered seawater (9–9.5 L per sample)
was pre-concentrated using SEP-PAK C18 cartridges impregnated with
HDEHP.H2.MEHP complexing agent (Shabani et al., 1992). Major
fraction of barium was eliminated with HCl 0.01 M and REE eluted with
HCl 6 M. After evaporation, a chromatographic extraction using ca-
tionic resin (Dowex AG 50WX8) was used to separate the REEs from
major ions and a final purification with anionic Ln resin was performed
(Pin and Zalduegui, 1997).

Measurements of εNd were carried out in the Centros Científicos y
Tecnológicos de la Universidad de Barcelona (CCiTUB) on a new
Plasma 3 Multi Collector Inductively Coupled Plasma Mass
Spectrometer (Nu Instruments). Samples (dissolved in 2% Optima grade
HNO3) were injected into the plasma source through a Cetac Aridus 2

desolvating device. Signals for the background, procedural blanks and
isobaric Sm interferences were appropriately subtracted. The proce-
dural blanks ranged from 15 to 25 pg, three orders of magnitude lower
than the typical Nd abundance in our seawater samples (13–28 ng), and
their effects on the final sample uncertainty were negligible. The mass
bias correction of the 143Nd/144Nd ratios was carried out using the
exponential model (Wombacher and Rehkämper, 2003) applying the
reference 146Nd/144Nd value of 0.7219. Isotopic compositions
(143Nd/144Nd) were determined using the sample-standard bracketing
technique with the JNdi-1 reference standard (0.512115 ± 0.000007;
Tanaka et al., 2000). Uncertainties in εNd values were estimated from
the external reproducibility (2 sd) determined by repeat JNdi-1 mea-
surements from each session. They range from 7 to 14 ppm (i.e., from
0.14 to 0.28 epsilon units). Duplicate samples from the same depth but
different Niskin bottles (n = 3) were not significantly different within
0.28 epsilon unit.

Subsamples for dissolved REE analyses were collected in 500 ml
acid-clean polypropylene bottles in the laboratory, where they were
spiked with commercial 150Nd (97.84%) and 172Yb (94.9%). A purified
Fe solution was also added and the pH was increased to 7–8 with ul-
trapure NH4OH to induce REE co-precipitation with iron hydroxides.
The bulk of the supernatant was discarded and the remaining pre-
cipitate carefully rinsed and centrifuged several times to eliminate salts.
The recovered REE-Fe(OH)3 were redissolved and loaded on an anion
exchange column (AG1x8 resin) to isolate REE from Fe (Lacan and
Jeandel, 2001). Samples were finally dissolved in HNO3 1.5% and
doped with In and Re internal standards for instrumental drift correc-
tion.

The Inductively Coupled Plasma Mass Spectrometer (ICP-MS) used
for the dissolved REE concentration analyses was an Agilent 7500 CE.
All REE were determined by the external standard method, whereas Nd
and Yb were additionally determined by isotope dilution, following
Lacan and Jeandel (2001). The analytical recoveries ranged from 79%
to 95%. Signals from procedural blanks ranged from 0 to 1% for all the
REE and sample-to-background signal ratios ranged from 100 to 18000.
The percentages of oxide and hydroxide formations (from 0 to 4% for
all the REE) were accurately subtracted. Results of duplicate samples
from the same depth but different Niskin bottles (n = 3) differed by 1 to
6%. Accuracy assessed from measurements of the intercalibrated Ber-
muda Atlantic Time-Series Station (BATS 15 m; van de Flierdt., 2012)
resulted in 1–3% for all the REE.

2.2. Optimum Multi parameter analysis (OMPA)

In this study, we applied a modified version of Optimum Multi
Parameter Analysis (OMPA) method (Poole and Tomczak, 1999) to
identify the relative abundances of the different water masses re-
cognized over the central Mediterranean area. This method is a con-
strained non-negative least squares solution to the fraction of water
types for a given depth and location based on observed conservative
hydrographic properties and the assignment of the “end-member”
characteristics of the individual water types. We considered standard
hydrographic parameters such as potential temperature, salinity and
dissolved oxygen together with HREEn (PAAS-normalized HREE) and
εNd (Table 2; see the Discussion section 4.3. for more details). The
method is “constrained” in that the fractional water type contribution
must be zero or positive and less than unity. We chose to use proximal
(i.e., from our set of data) end-members because using distal ones
would require accounting for mixing with other potential water types.
Thus, we are mindful of selecting more distal end-members would de-
rive in different proportions (Jenkins et al., 2015). Since we do not
measure all the tracers with the same precision, we need to weight the
different equations thereby adjusting the contribution of each tracer
equation (and the conservation equation) to the least squares con-
straint. Weighting of the equations is an important consideration
(Glover et al., 2011; Poole and Tomczak, 1999) although within
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Table 1
Concentrations of Rare Earth Elements (in pmol/kg of water), Ce anomalies (Ce/Ce*) and the isotopic composition of Neodymium (expressed as εNd) in the dissolved
fraction of seawater samples from the NextData 2016 cruise. Averaged precisions (2rsd) for REE concentrations ranged from 1 to 5%. The provided uncertainties in
εNd are estimated from the external reproducibilities (2sd) of the JNDi-1 measurements run over each analytical session. Ratios of PAAS-normalized Yb versus Nd are
also given (Ybn/Ybn).

St. depth (m) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ce/Ce* εNd ± 2sd Ybn/Ndn

St. 1 38°11′55.29′'N, 18°07′44.47′'E
2718 20.33 8.35 4.26 19.19 4.43 1.28 6.52 1.09 8.29 2.09 7.05 1.05 6.77 1.21 0.27 −6.65 ± 0.28 5.1
800 22.03 9.51 4.64 21.34 5.10 1.45 7.35 1.23 9.18 2.30 7.73 1.12 7.31 1.29 0.29 −7.17 ± 0.25 4.9
300 24.29 9.64 5.11 23.74 5.47 1.53 8.25 1.36 10.10 2.52 8.16 1.20 7.73 1.33 0.27 −6.60 ± 0.25 4.7
200 25.49 14.15 5.35 25.01 5.72 1.56 8.55 1.38 10.21 2.54 8.25 1.18 7.68 1.32 0.39 −7.29 ± 0.25 4.4
85 25.06 17.48 5.39 24.93 5.67 1.54 8.38 1.35 9.95 2.48 8.04 1.15 7.42 1.28 0.47 −7.76 ± 0.25 4.3
25 27.17 26.71 5.80 26.73 6.02 1.62 8.66 1.39 10.09 2.47 7.92 1.14 7.38 1.26 0.66 −9.05 ± 0.16 4.0

St. 2 36°15′36.91′'N, 17°44′59.17′'E
3611 23.49 6.83 4.82 22.03 5.05 1.44 7.20 1.19 8.78 2.28 7.50 1.11 7.19 1.25 0.20 −6.73 ± 0.25 4.7
800 27.16 14.73 5.74 25.97 6.02 1.69 8.52 1.39 10.20 2.58 8.36 1.20 7.75 1.36 0.36 −7.12 ± 0.16 4.3
280 25.15 10.42 5.34 24.82 5.65 1.62 8.65 1.41 10.56 2.62 8.63 1.25 7.91 1.38 0.28 −6.41 ± 0.25 4.6
200 25.85 14.01 5.48 25.39 5.73 1.62 8.65 1.40 10.40 2.56 8.45 1.20 7.62 1.32 0.37 −7.19 ± 0.25 4.3
130 24.94 18.12 5.34 24.60 5.63 1.53 8.29 1.34 9.88 2.46 7.93 1.14 7.42 1.26 0.49 −7.91 ± 0.25 4.3
40 24.66 23.00 5.26 24.32 5.50 1.50 8.20 1.29 9.54 2.36 7.68 1.09 7.03 1.21 0.63 −8.12 ± 0.25 4.2

St. 3 36°31′18.09′'N, 13°14′40.91′'E
1692 20.77 8.51 4.06 18.68 4.29 1.27 6.52 1.09 8.38 2.18 7.28 1.07 6.93 1.22 0.30 −7.04 ± 0.25 5.3
300 23.69 8.33 4.95 22.60 5.24 1.45 7.86 1.28 9.58 2.40 7.77 1.16 7.26 1.28 0.24 −7.01 ± 0.25 4.6
120 23.74 15.27 5.04 23.50 5.35 1.43 7.79 1.25 8.93 2.20 7.11 1.00 6.45 1.11 0.44 −8.90 ± 0.25 4.0
75 25.06 19.33 5.43 24.78 5.68 1.55 7.81 1.20 8.42 2.03 6.52 0.90 5.47 0.94 0.50 −9.52 ± 0.25 3.2

St. 4 39°21′23.10′'N, 13°54′03.60′'E
3497 22.13 6.34 4.50 20.47 4.79 1.34 6.71 1.10 7.85 1.96 6.45 0.93 5.87 1.04 0.20 −8.54 ± 0.25 4.1
1500 22.84 7.86 4.70 21.26 4.84 1.41 6.94 1.13 8.15 2.00 6.71 0.97 6.31 1.09 0.23 −8.20 ± 0.25 4.3
900 21.29 7.69 4.27 19.34 4.53 1.24 6.57 1.09 7.92 1.99 6.69 0.97 6.18 1.07 0.25 −7.68 ± 0.25 4.6
400 22.65 8.31 4.59 20.60 4.93 1.46 7.20 1.16 8.64 2.17 7.22 1.02 6.60 1.19 0.25 −7.62 ± 0.25 4.6
95 27.41 15.42 5.57 24.97 5.82 1.56 8.25 1.29 9.31 2.26 7.37 1.05 6.43 1.13 0.38 −8.61 ± 0.25 3.7
25 28.69 26.61 6.07 27.00 6.29 1.72 8.70 1.31 9.16 2.21 6.96 0.99 5.97 1.03 0.59 −9.16 ± 0.16 3.2

St. 5 42°03′39.96′'N, 11°14′44.94′'E
360 25.34 10.10 5.22 23.04 5.14 1.52 7.25 1.19 8.73 2.19 7.20 1.03 6.84 1.18 0.26 −7.72 ± 0.25 4.3
240 26.31 10.38 5.43 24.36 5.51 1.56 7.73 1.29 9.31 2.30 7.48 1.07 7.00 1.20 0.26 −7.81 ± 0.25 4.1
40 38.32 35.43 7.95 34.35 7.40 2.00 10.01 1.51 10.32 2.45 7.69 1.06 6.69 1.15 0.58 −8.70 ± 0.16 2.8

St. 6 43°32′42.59′'N, 08°50′14.94′'E
2264 22.60 7.28 4.80 21.94 5.19 1.56 7.07 1.14 8.36 2.08 6.79 0.98 6.41 1.11 0.21 −8.68 ± 0.14 4.2
1000 23.15 7.24 4.69 20.97 4.95 1.48 6.79 1.14 8.10 2.01 6.70 0.95 6.13 1.08 0.21 −8.61 ± 0.14 4.2
580 24.15 7.61 4.87 22.06 5.22 1.58 7.11 1.20 8.67 2.12 7.19 1.01 6.68 1.17 0.22 −8.26 ± 0.14 4.4
350 24.79 7.32 5.05 22.83 5.27 1.48 7.36 1.23 8.90 2.23 7.20 1.04 6.63 1.18 0.20 −8.24 ± 0.16 4.2
140 28.10 9.88 5.79 25.92 5.77 1.71 8.14 1.30 9.43 2.27 7.61 1.05 6.81 1.13 0.23 −8.84 ± 0.16 3.8
45 27.44 13.98 5.57 24.73 5.73 1.68 8.19 1.24 8.99 2.19 7.00 1.00 6.29 1.09 0.34 −8.97 ± 0.16 3.7

St. 7 40°55′49.11′'N, 10°37′26.63′'E
2293 20.52 6.52 4.15 19.36 4.48 1.21 6.53 1.04 7.78 1.96 6.42 0.94 6.14 1.10 0.23 −8.30 ± 0.16 4.6
1000 20.25 7.81 4.05 18.91 4.32 1.17 6.43 1.07 7.85 2.02 6.67 0.97 6.31 1.15 0.28 −9.38 ± 0.16 4.8
400 23.76 8.32 4.88 21.96 5.13 1.57 7.41 1.23 8.82 2.23 7.34 1.08 6.87 1.20 0.24 −7.60 ± 0.28 4.5
240 24.63 9.44 5.15 23.13 5.38 1.56 7.85 1.25 9.33 2.32 7.59 1.09 6.96 1.20 0.25 −7.77 ± 0.28 4.3
100 28.53 14.73 5.85 26.23 5.93 1.69 8.51 1.35 9.49 2.34 7.30 1.08 6.89 1.21 0.35 −8.33 ± 0.16 3.8
50 28.12 21.37 6.89 29.50 6.00 1.63 8.45 1.32 9.37 2.11 6.83 0.96 6.22 1.03 0.40 −8.86 ± 0.16 3.0

St. 8 38°47′00.63′'N, 10°42′26.70′'E
2409 23.49 6.29 4.56 20.97 4.64 1.34 7.17 1.10 8.00 1.99 6.49 0.92 6.01 1.08 0.20 −8.49 ± 0.28 4.1
1000 21.23 7.75 4.13 19.59 4.54 1.35 6.15 1.03 7.62 1.83 6.14 0.88 5.96 1.00 0.28 −7.78 ± 0.28 4.4
300 24.22 7.85 4.76 22.63 5.10 1.59 7.28 1.18 8.71 2.04 6.91 0.97 6.70 1.11 0.25 −7.60 ± 0.28 4.3
100 26.27 11.13 5.37 25.40 5.73 1.83 8.59 1.32 9.53 2.26 7.24 1.01 6.88 1.16 0.31 −9.31 ± 0.16 3.9
60 24.80 14.44 5.00 23.24 5.22 1.40 7.76 1.23 8.94 2.21 7.25 1.03 6.51 1.15 0.42 −8.79 ± 0.28 4.0
25 26.53 22.99 5.45 25.21 5.64 1.48 8.08 1.26 9.03 2.19 7.06 0.98 6.25 1.09 0.61 −9.39 ± 0.28 3.6

St. 9 38°00′00.12′'N, 11°47′00.30′'E
1036 19.94 6.67 4.01 18.70 4.29 1.17 6.44 1.04 7.84 1.99 6.61 0.95 6.21 1.10 0.24 −9.04 ± 0.28 4.8
400 21.52 7.98 4.31 20.15 4.66 1.30 7.16 1.19 8.99 2.31 7.58 1.11 7.15 1.27 0.27 −7.12 ± 0.28 5.1
25 27.14 30.01 5.94 27.73 6.30 1.65 8.57 1.30 8.82 2.10 6.57 0.89 5.48 0.94 0.74 −9.89 ± 0.16 2.8

Table 2
Locally chosen properties (proximal end-members) of the four water mass endmembers used in the OMPA analysis for this study. For potential temperature, salinity
and dissolved oxygen, errors represent the estimated 1 sigma scatter of the parameters averaged over the considered depth interval (from CTD data). For HREEn and
εNd, errors represent 1 sigma of external reproducibility in the sample analyzed in each layer (specific depth provided). Potential density data for the layers
considered is also included.

water mass station depth interval (m) pot. density (kg·m−3) pot. temp. (°C) salinity O2 (mg·L-1) depth (m) HREEn εNd

MAW 3 50–80 27.43–27.82 16.00 ± 0.14 37.467 ± 0.020 7.76 ± 0.10 75 2.35 ± 0.01 −9.52 ± 0.12
LIW 2 200–300 28.80–28-95 15.72 ± 0.11 38.990 ± 0.030 6.93 ± 0.09 280 3.16 ± 0.02 −6.41 ± 0.12
EMDW 2 2000–3600 29.19–29.20 13.45 ± 0.03 38.731 ± 0.003 6.12 ± 0.01 3600 2.77 ± 0.02 −6.73 ± 0.12
WMDW 8 1500–2400 29.11–29.11 13.04 ± 0.07 38.513 ± 0.017 5.91 ± 0.08 2400 2.40 ± 0.06 −8.49 ± 0.14
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reasonable limits, the exact choice does not strongly affect the outcome
(Jenkins et al., 2015). The weights for each tracer equation are calcu-
lated considering the deviation of property values from their average
and the largest source water variance among the end-members (fol-
lowing Frants et al 2013), here leaving MAW aside due to the strong
variations in physico-chemical properties of these surface waters. A
weight for the mass conservation equation cannot be calculated in the
same way because it is not based on any measurements although it
ensures that mass conservation is well represented in the solution. The
weighting of the conservation equation denotes the degree to which the
sum of the water type contributions may not be exactly 1. Since the
other tracer constraints are properly standardized and the water mass
mixing model is structured from the interpretation of the θ-S diagrams,
we have adopted the criteria of accepting a 1% uncertainty on the
unity-sum constraint, i.e., a weighting factor of 100.

3. Results

The θ-S diagrams (Fig. 1) mainly highlight the presence of four
water masses: fresher MAW in the upper layer, intermediate westward
flowing salty LIW, EMDW in the Ionian stations and WMDW in the
Tyrrhenian and Ligurian Sea stations. A salinity section from St. 6 to St.
1 (comprising the stations, from NW to SE, 6, 5, 7, 4, 8, 9, 3, 2 and 1) is
also illustrated in Fig. 1. Lowered surface temperatures at St.9 and St.3
confirm the direct influence of the MAW in the Strait of Sicily area. LIW
coming from the eastern basin can be delineated by their salinity
maximum at intermediate depths (from St. 1 to St.7).

3.1. Dissolved Rare Earth element concentrations: Vertical profiles

Dissolved concentrations of REE (Table 1) globally show variations
from 30 to 50%, excepting Ce that varies more than a 100%. Total
ranges (in pmol·kg−1) fluctuate from 20 to 38 for La, 19 to 34 for Nd, 6
to 10 for Gd, 8 to 11 for Dy or 5 to 8 for Yb and they fall within typical
open-ocean ranges (Haley et al., 2014). An exception is cerium given
that it reaches particularly high levels in surface waters of our central
MS stations (up to 35 pmol·kg−1; Fig. 2; de Baar et al., 2018). The REE
behavior generally observed in the open ocean reflects a “nutrient-like”
shape, with increasing concentrations with depth (Elderfield, 1988,
Jeandel et al., 2013, Abbot et al., 2015; Schijf et al., 2015). However,
our dissolved REE vertical profiles in the central MS do not show such a
pattern, likely reflecting the circulation of relatively young water
masses (e.g., WMDW estimated age ranges from 20 to 35 y; Rhein and
Hinrichsen, 1993; Flecha et al., 2019) with limited time to accumulate
remineralized loads of dissolved REE (Crocket et al., 2018). Reasonably
discriminated vertical profiles are displayed for LREE with comparison
to HREE.

Concerning LREE, their contents are elevated in uppermost waters
and rapidly decrease below, maintaining rather constant values with
depth, sometimes recovering a bit (Fig. 2). An exception is the sample at
800 m depth of St. 2 where a significant increase is observed for LREE.
Since half of the sampled water could not be filtered, this feature likely
reflects LREE release from suspended particles to the dissolved fraction
during the chemical treatment. The importance of filtration is hence
highlighted in order to accurately interpret the obtained results. Dis-
solved cerium (Ce+3) exhibits unique redox properties because it tends
to be oxidized to the more particle reactive Ce+4 in seawater and thus
scavenged. Consistently, measured dissolved Ce concentrations display
surface maxima in all the stations, followed by a rapid decrease un-
derneath. From intermediate waters (approx. 500 m depth) to the
bottom, cerium remains pretty homogeneous everywhere (overall
average 7.9 ± 2.0 pmol·kg−1).

As for HREE, they exhibit lower levels at the surface and they peak
at intermediate waters to decrease again with depth (Fig. 2). While
concentrations of LREE are less variable in the whole set of sampled
stations, HREE reveal a gradual increase towards the east (Fig. 2). Given

the similarity within individual LREE and HREE vertical distributions,
we will discuss the concentrations of all the LREE together and the same
for the HREE.

3.2. Dissolved Rare Earth element concentrations: shale-normalized
patterns

The patterns obtained after normalizing the REE data to the PAAS
reference (Taylor and McLennan, 1985) are depicted in Figure S1 of
Supplementary material (both in linear and log scales). They all reveal
enrichments in HREE relative to LREE and negative cerium anomalies,
consistent with the oceanic REE behaviors result of the balance between
sorption/solution complexation and additional redox transformations
in the case of Ce. PAAS-normalized REE patterns with depth within a
given station are more similar in the Ionian Sea (St.1 and St. 2) and the
Ligurian Sea (St. 6) than the rest of stations from the TYS and the Sicily
Strait, where water masses from different origins mix. A particular
scattered pattern is obtained for LREE in surface waters of the St. 5
(coastal station), where marked higher concentrations compared to the
rest of the water column and the other stations are evidenced. Negative
cerium anomalies are weak (higher values) at surface waters in all the
stations, ranging from 0.34 to 0.74, likely reflecting the influence of
terrigenous input. Negative Ce anomalies become promptly stronger
with depth, averaging 0.25 ± 0.05 (1sd) from 500 m depth to the
bottom, more typical of open ocean values (de Baar et al., 2018).

3.3. Isotopic compositions of Nd (εNd)

Nd isotopic compositions (εNd) are reported in Table 1 and Fig. 2. In
surface waters, εNd range from −8 to −10, with the most unradiogenic
values measured at the Strait of Sicily stations (St. 3 and St. 9). These
signals evolve to more radiogenic values at intermediate depths, where
εNd vary from −6 in the Ionian (St. 2) to −8 in the Ligurian (St. 6)
stations. Deep waters (>1000 m) are isotopically differentiated in two
groups with values around εNd = -6.8 ± 0.2 in the easternmost stations
(St.1, 2 and 3) and εNd = -8.5 ± 0.5 in the westernmost stations (St. 6,
7 and 8). The closest stations to the Strait of Sicily (St. 3 and St. 9) do
not exhibit as radiogenic values as those simulated by Ayache et al.,
2016 (εNd up to −5.8 at the intermediate layer).

4. Discussion

4.1. Lithogenic imprint

In concordance with much proximal continental input sources in the
MS than in other open ocean waters, the influence of lithogenic input is
reflected in the measured high concentrations of dissolved LREE at
surface waters. This is supported by the large enrichments in dissolved
cerium and the extremely weak negative cerium anomalies (values up
to 0.74), probably indicating the influence of dissolved REE release
from particulate material characterized by positive or absent Ce
anomalies (e.g., de Baar et al., 1985; Sholkovitz et al., 1994; Bayon
et al., 2004; Freslon et al., 2014). More particularly, the station closest
to the continental shelf margin (i.e., St. 5 at only 38 km from the central
Tyrrhenian coast) shows the strongest LREE excess in surface waters,
with enrichments relative to surface waters of all the other stations
ranging from 20% to 54% (Fig. 2). All these features provide evidence
of LREE input from shelf sediments of the Italian coast. Since water is
well oxygenated (dissolved O2 from 5.7 to 8.2 mg·L−1), release of LREE
from reduction of Fe-Mn oxides in the water column can be ruled out.
Another possibility comprises an atmospheric input of LREE, which is
indeed expected to happen and influence the water column in the
central MS, as it has been documented for the western basin (Henry
et al., 1994). Dust inputs in the central Mediterranean Sea come largely
from the Sahara region and take place as pulse events (Guerzoni et al.,
1997) and thus, their imprint in surface waters would not result in the
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obtained direct negative correlation of LREE with distance to the closest
continental shelf for each station (not the African continent; Fig. S2,
R = -0.95; p = 0.014). In addition, the average composition of Saharan
dust of εNd = −13.2 ± 0.5 (Aarons et al., 2013) is significantly dif-
ferent than our surface waters (from −8.7 to −9.2). Although likely of
minor influence, locally originated dust inputs could indeed derive in
the observed continental margin-dependence pattern. Another potential
source of LREE could be the Submarine Groundwater Discharge (SGD)
to the coastal zone (Johannesson et al., 2011). However, the lack of
studies on SGD in the central Tyrrhenian continental shelf do not allow
us to constrain any significant flux of dissolved REE associated to this
process. In addition, dissolved patterns of REE in SGD fluxes do not
show any LREE enrichment, but the opposite. Nevertheless, observa-
tional evidences of local submarine springs in the Southern TYS have
been recently provided (Buongiorno Nardelli et al., 2017).

Therefore, the hypothesis of dissolved LREE release from con-
tinental margin sediments is the most plausible source to explain sur-
face LREE excess, although a minor fraction of local dust inputs cannot
be ruled out. Such submarine weathering of lithogenic material has
been revealed to affect chemical budgets in other regions and for other
chemical elements although not satisfactorily studied yet (Jeandel,
2016; Charette et al., 2018). Overall, the role of particulate material
dissolution in seawater may be most significant in the cycles of spar-
ingly soluble elements, which are more concentrated in particulate
material (Jeandel and Oelkers, 2015). This is certainly in accordance
with our results, where surface excess is observed for the more particle-
reactive light REE in contrast to the largely soluble HREE.

During the hypothesized particulate-seawater exchange in this
study, no significant seawater εNd modification is attained, contrarily to
most studies reporting boundary exchange processes that drive to Nd
isotopic shifts in contiguous seawater (Jeandel, 2016, van de Flierdt
et al., 2016). This apparent controversy needs to be contrasted with the
Nd signal in coastal sediments. Indeed, reported εNd values measured in
continental margin sediments and rocks of the Italian coast in the
Tyrrhenian Sea average −8.7 ± 2.5 (n = 194; Ayache et al., 2016),

entirely comprising the εNd variation we have measured in surrounding
surface waters (εNd from −8.7 to −9.2 in St. 4, 5, 6 and 7). Therefore,
despite the occurrence of continental inputs in the region, no significant
modification of εNd in MAW should be expected.

4.2. Tracing water masses: Tracer signals

From intermediate to deep waters, dissolved REE patterns display
stronger negative cerium anomalies (Ce/Ce* from 0.20 to 0.30; Table 1)
and a higher degree of HREE enrichment, e.g. PAAS-normalized Yb/Nd
ratios (Ybn/Ndn) ranging from around 3 in surface waters to 4 or 5 at
deep waters (Table 1). As mentioned above, vertical profiles of LREE
(Fig. 2) suggest that LREE distributions are more sensible to external
input sources and biogeochemical reactions in the water column than to
horizontal water mass mixing. On the other hand, both HREE and εNd

exhibit rather analogous vertical profiles pointing to the same process
predominantly affecting them: lower HREE concentrations and un-
radiogenic εNd at surface waters, higher HREE concentrations and more
radiogenic εNd values at intermediate depths and returning to lower
HREE and more negative εNd values at deep waters. These changes are
concordant with the presence of the different water masses in the re-
gion, as illustrated by the εNd section (Fig. 3).

These structures seem to indicate that water mass mixing is gov-
erning the HREE and isotopic Nd distributions in the central MS. For
example, the inflow of LIW from the Strait of Sicily to the Tyrrhenian
Sea can be outlined through a HREE enrichment and a distinct radio-
genic signal, with the purest end-member found in St. 2
(εNd = −6.41 ± 0.25; 280 m depth), as expected for its location
(Fig. 1). The enhancement of HREE indicates older waters since HREE
have longer residence times than LREE in the water column (Fowler
et al., 1992), the latest being more particle reactive. Concerning the
radiogenic isotopic Nd signal of LIW, it may reflect either partial dis-
solution of Nile river particles (Tachikawa et al., 2004) or the rock
signature in the LIW formation zone (Ayache et al., 2016). Globally
considering the MS water column, an addition of radiogenic Nd has

Fig. 2. Water column profiles of dissolved LREE and HREE concentrations (pmol·kg-1of water) and isotopic composition of Nd (εNd). At 800 m depth in St. 2, half of
the sampled water was not filtered and this could be the reason for the relative LREE peak.
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been advocated in the literature given that Nd isotopic composition of
Atlantic inflowing waters (−11.8; Spivack and Wasserburg 1988) is
distinctly more negative (unradiogenic) than the Mediterranean Out-
flow Waters (MOW; εNd = −9.5; Henry et al., 1994, Tachikawa et al.
2004), thus implying a source of radiogenic Nd into Mediterranean
waters.

Additionally, the measured HREE and εNd at deep samples provide
with a distinct signal between the two deep water masses: EMDW are
imprinted by average εNd = -6.9 ± 0.2 and present a 13% enrichment
in HREE compared to WMDW, whose isotopic signal averages
εNd = −8.5 ± 0.5. WMDW is thought to flow into the TYS via the
deepest part of the Sardinia-Sicily cross-section, where it gets overlaid
with exiting modified TDW that leave the TYS between 700 and 1000 m
(Astraldi and Gasparini, 1994). Looking at our closest station to the
later region (St. 8), we observe non-significantly different HREE con-
centrations at 1000 m (TDW) and 2400 m (WMDW), but an isotopic Nd
signal more radiogenic at 1000 m (εNd = −7.78 ± 0.28) than at
2400 m (εNd = −8.49 ± 0.28) and non-significantly different from the
St. 4 signal at 900 m (εNd = −7.68), where it would be likely to find
TDW. Unfortunately, our limited set of data does not allow us to go
further in this distinction.

4.3. Tracing water masses: Multi-parameter mixing model

In order to examine the tentative conservative behavior of HREE
(Zheng et al., 2016; Crocket et al., 2018) and εNd (Goldstein and
Hemming, 2003; Lambelet et al., 2016) as water mass tracers in the MS,
we used the multi-parameter water mass analysis (OMPA method) de-
scribed above to estimate the contributions of the four water masses
recognized in the central MS. The properties of locally chosen water
types (end-members) within the studied region are given in Table 2 and
the resulting OMPA weights were of 15.8, 11.2, 5.7, 11.2 and 2.0 for
potential temperature, salinity, dissolved oxygen, εNd and HREEn
equations. From our θ-S diagrams, we have identified 4 different
proximal water mass end-members and their potential temperature,
salinity and dissolved oxygen properties averaged from the CTD casts
(1 m resolution) as follows: MAW from 50 to 80 m depth in St. 3, LIW
from 200 to 300 m in St. 2, WMDW from 1500 to the bottom (2410 m)
in St. 8 and EMDW from 2000 down to the bottom (3600 m) in St.2.
Concerning the HREEn and εNd values for these end-members, we have
considered the sample of the same station that fell into the depth range
of each end-member (Table 2). The TDW has not been considered as an
independent water mass because it is formed by mixing of water masses
already included in the analysis (Millot, 2009, Vetrano et al. 2010;
Falco et al., 2016). Since we have 4 different water masses, the OMPA
method allows estimating water mass fractions with a minimum of

three conservative tracers. Therefore, we can compare water mass
fractions obtained in four scenarios i) considering the three oceano-
graphic tracers alone (potential temperature, salinity and oxygen; TSOx
only), ii) adding εNd (with εNd) to the analysis, iii) including HREEn
(with HREEn) and iv) considering the five parameters together (all). The
obtained water mass fractions are displayed in Fig. 4 for MAW and LIW
and Fig. 5 for WMDW and EMDW (data given in Table S1). Globally, the
four scenarios show similarities in the distributions of the water mass
fractions, in particular for the MAW. The congruent results give proof of
the suitability of εNd and HREE as conservative tracers for water mass
mixing in the central MS. Residuals are kept very low in all the stations
and depths, averaging 0.6 ± 1.6% and only reach 9% at uppermost
waters of St. 9 (Table S1). Sensitivity tested by decreasing the weighting
factor for the mass conservation in one order of magnitude indicated
averaged variations in water mass fractions from 2% to 14%.

Consonant to the general circulation pattern (Millot, 1999), Mod-
ified Atlantic Waters are preferentially detected around the Strait of
Sicily (St. 3 and 9) and the easternmost part of the TYS (St. 4), with
fractions of this water mass as high as 80–100% in uppermost waters
(Fig. 4; Table S1). Indeed, this water mass is detected in all the sampled
stations with the weakest influence in the Ionian Sea ones (St. 1 and St.
2). At intermediate depths, LIW seems to be reasonably traced also
when including the εNd and HREEn parameters in the analysis and it
appears as a delineated tongue at 200–800 m depth at the entire section
of the central MS. This LIW layer seems to be tighter delimited when
including both εNd and HREEn as tracers (LIW all in Fig. 4) compared to
TSOx only simulations. In particular, this narrowing is basically driven
by εNd (LIW with εNd in Fig. 4) since the sole inclusion of HREEn (LIW
with HREEn) provides with a broader extension of LIW. This eastern-
originated water mass spreads from the Ionian Sea stations (with con-
tributions of 80%) to the western MS, with representative fractions
from 20 to 40% in the interior of the Tyrrhenian Sea (St. 4; Table S1).
The distribution patterns for EMDW and WMDW fractions (Fig. 5; Table
S1) also resemble in the four scenarios of the OMPA although some
discrepancies have emerged when comparing OMPA results from the
TSOx only setting and those obtained when including εNd and/or
HREEn. Concerning WMDW fractions derived when using all the
parameters (WMDW all) and with εNd (WMDW with εNd; Fig. 5), they are
alike and display the highest percentage of WMDW at the bottom of the
TYS and Ligurian (>80%) while intermediate fractions (50–60%) are
obtained in the TYS between 1000 and 2000 m depths. WMDW frac-
tions in the TSOx and with HREEn scenarios are very similar and show
greater WMDW contributions in the entire TYS water column (Fig. 5). It
is to highlight that the presence of WMDW in the eastern basin is ba-
sically zero in all instances. The OMPA fractions obtained for EMDW
(Fig. 5) are predominantly underlined in the Ionian Sea stations (St. 1

Fig. 3. Water column section of seawater εNd values measured in the present study in the central MS.
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and St. 2) with proportions from 60 to 90%, regardless of the con-
servative equations used. However, weak water column resolution
hampers a better design of this water mass structure in that basin. The
EMDW all and EMDW with εNd scenarios give very comparable patterns,
again indicating the greater influence of isotopic Nd, with EMDW
fractions of up to 70% at 1000 m depth in the TYS. Both the TSOx only
and with HREEn scenarios provide with minor EMDW presence in the
TYS (basically < 40% at 400 m and 0% at 1000 m). Contrarily to
WMDW that is not detected in the eastern basin, the OMPA analysis
prescribes the presence of the EMDW in the western basin and at dif-
ferent proportions depending on the setting, with opposite variations of
the LIW and EMDW contributions among scenarios. Thereby, a more
restricted LIW tongue in the western basin matches a wider and more
prominent presence of EMDW crossing the Strait of Sicily when in-
cluding εNd in the OMPA analysis (all and with εNd fractions compared
with TSOx only and with HREEn scenarios). This again gives evidence of
the isotopic Nd importance in the model, at least at the studied con-
figuration of selected end-members and weighted equations. Indeed,
from the correlation between salinity and seawater εNd, Tachikawa
et al., (2004) already suggested that εNd has a strongly conservative
behavior in the Mediterranean Sea. Our results would contradict the
traditional thesis of isolation between deep eastern and western MS

basins maintained by some studies (Lascaratos et al., 1999). On the
contrary, the significant contribution of EMDW in deep waters of the
southeastern TYS is consistent with previous studies concluding that
such a EMDW sinking process through the Strait of Sicily is possible
because it is denser than the Tyrrhenian LIW (σθ = 29.10 versus 29.05;
Astraldi et al., 2001). Moreover, the present study would reinforce the
hypothesis of a substantial Bernoulli aspiration in the Strait of Sicily of
eastern deep waters involving the Ionian waters down to 1000 m
(Iudicone et al., 2003). This would imply that deep layers of the eastern
MS are renewed more efficiently than previously thought.

In order to check the global performance of the multiple regression
analysis, we have used the OMPA-derived fractions including all the
tracers to predict the values for the most conservative variables (po-
tential temperature, salinity and dissolved oxygen) and compare them
with the actually measured (Fig. 6 c, d and e). The agreement is no-
ticeable except for surface waters, which are probably affected by either
i) additional processes other than pure seawater mass mixing (e.g. li-
thogenic inputs or redox/scavenging processes occurring in the water
column) or ii) a more challenging end-member characterization. The
same approach can be applied to predict the seawater εNd values, in this
case assuming OMPA fractions obtained without accounting for εNd so
as to clearly separate the variables. The mean difference between

Fig. 4. MAW (left) and LIW (right) fractions in the central MS derived from the OMPA analysis considering as conservative tracers: potential temperature, salinity
and dissolved oxygen (TSOx only), adding normalized HREE and εNd to the TSOx (all), TSOx plus normalized HREE (with HREEn) and TSOx plus εNd (with εNd).
Sampled depths are indicated in yellow dots.
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observed and predicted εNd values is almost zero (Fig. 6 a) and residual
values present a normal distribution (Fig. 6 b). Again, the major dis-
crepancies (from 1.5 to 2 units) are depicted for surface waters close to
the continental shelf (e.g. St. 5) and also at some bottom waters (e.g.,
St. 1 and St. 7), likely reflecting local/regional detrital influences.

5. Conclusions

We presented dissolved Rare Earth Elements (REE) and Nd isotopes
from nine stations over the central Mediterranean Sea (MS). Although it
consists of a limited data set, it is the first time that these geochemical
tools are used in the region in order to better understand their con-
servative or non-conservative behavior in the MS. The obtained water
column profiles of REE concentrations and εNd in the central MS point
to a general REE enrichment of Atlantic waters within their circulation
around the basin, while becoming more radiogenic due to eastern-ori-
ginated waters. Our data demonstrate a reasonable conservative be-
havior of HREE and εNd and substantial non-conservative behavior of
LREE and hence a decoupling of [Nd] and εNd in all water masses of the
central MS below the thermocline. We have revealed release of LREE
from continental margin sediments on the Italian coast influencing
surface waters close to the continent without a significant shift in εNd

during this process. Both HREE and εNd displayed distinguished signals
for the three water masses below the thermocline: LIW, EMDW and
WMDW. The conservative behavior of these tracers for water mass
mixing in the central MS has been successfully tested through a multi-
parameter mixing method, a modified OMPA analysis, and the relative
contributions of water masses estimated using proximal end-members.
We have applied recognized oceanographic tracers such as potential
temperature, salinity and dissolved oxygen but also including the HREE
and the isotopic composition of neodymium. Although with a limited
data set, coherent water mass fractions have been derived in all the
scenarios with some particularities included by the new tracers.

Water mass fractions derived from oceanographic parameters alone
(potential temperature, salinity and dissolved oxygen) gave similar
results than when considering HREE and/or εNd. MAW waters are
quantified at surface waters (<50 m) through the whole section with
proportions ranging from 30% in the Ionian Sea to 100% in the Strait of
Sicily, in accordance to their known pathway and with weak variations
among OMPA scenarios. The eastern–originated intermediate waters
(LIW) flow to the central basin where we can find them with propor-
tions of 20–40%. This LIW layer is wider when traced via only TSOx
parameters and when including HREEn in the model. Conversely, iso-
topic Nd produces a narrowing of LIW, favoring a stronger presence of

Fig. 5. WMDW (left) and EMDW (right) fractions in the central MS derived from the OMPA analysis considering as conservative tracers: potential temperature,
salinity and dissolved oxygen (TSOx only), adding normalized HREE and εNd to the TSOx (all), TSOx plus normalized HREE (with HREEn) and TSOx plus εNd (with
εNd). Sampled depths are indicated in yellow dots.
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EMDW in the Tyrrhenian Sea. In this context, we propose that isotopic
Nd helps the traditional oceanographic tracers in better defining the
intrusion of radiogenic EMDW and reasonably locating them below the
LIW. As expected, WMDW are only present at the western basin, irre-
spective of the set of tracers used in the OMPA analysis. However, their
fractions are generally lower when including εNd in the OMPA. Some
unexpected WMDW significant fractions are obtained close to the sur-
face, what probably reflects the limitation of the model when including
thermocline (MAW) waters in the OMPA analysis.
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