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Dipartimento DISTEM
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Via Archirafi, 36
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Dear Sir,

please, find enclosed a copy of the manuscript “Zr/Hf RATIO AND REE BEHAVIOUR: A
COUPLED INDICATION OF TERRESTRIAL INPUT IN MARGINAL BASINS AND DEEP-
SEA BRINES?” that has been just submitted to Deep-Sea Research II hoping that it can be enclosed
in the Eastern Mediterranean special issue.

In our manuscript we report original results about REE, Zr and Hf distributions in the eastern
Mediterranean. Our data show the impact of the delivery of airborne particles on the composition of
the shallowest water column in the Kryos basin. The extent of this effect can be assessed according
to the evolution of Zr/Hf ratio and the features of shale-normalised REE patterns along the water
column. At the same time, our research also focuses how the change of Zr/Hf ratio and the REE
distribution can be influenced through the dissolution of evaporite sediments responsible of Eastern
Mediterranean deep-sea brines in Thetis, Medee and Tyro basins. Therefore, taking in account the
novelty of this paper in terms of geochemical approach, we hope that this can be positively
considered for the publication on the Eastern Mediterranean special issue of Deep-Sea Research II.

Sincerely yours,
Paolo Censi 7
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Abstract

The distribution of the dissolved Zr and Hf concentrations in the Eastern Mediterranean
seawater column was measured in the Kryos basin to evaluate the contribution of the delivery of
lithogenic materials from the continent represented by the atmospheric dust from Sahara and Arabian
deserts and by the concurrent input from the Nile river.

We found that in shallow waters the Zr/Hf ratio shows sub-chondritic values corresponding to
the dissolution of Hf enriched products, represented by Mn-rich varnish coating desert particles. In
deeper waters, the Z/Hf recorded value is mainly chondritic or slight higher corresponding to the
different Zr and Hf aqueous-complex stability and surface reactivity onto surfaces of authigenic
suspended particles. The Zr/Hf value of the lower seawater column up to 3300m corresponds to the
value found in the Atlantic Ocean.

The REE distribution in the Kryos seawater displayers a negative Ce anomaly and a positive
La anomaly along the shallow waters above 75 m depth while they do not appear in the seawater
below 75 m. Further analyses of Zr, Hf and REE concentration measured in the anoxic deep-sea

brines from Tyro, Medee and Thetis basins indicate that the dissolution of evaporite Messinian levels

1



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

are responsible of the high salt contents of these brines and influence the Zr-Hf fractionation in
aqueous phase.

The larger affinity of Hf towards surfaces of several sedimentary minerals as salts and Fe-
oxyhydroxides relative to Zr and the observed shale-normalised REE features suggest that the
leaching of Zr, Hf and REE from Fe-rich coatings of desert particles in shallow seawater and from
Messinian evaporites in deep-sea brine can be responsible of the observed distribution of Zr/Hf values

and REE behaviour in studied Eastern Mediterranean seawater.

1. INTRODUCTION

The distribution of the Zr/Hf values in seawater has been right now investigated by about twenty
studies focused on methodology (Firdaus et al., 2007; 2018; Raso et al., 2013), on the composition
of estuaries and coastal waters (McKelvey and Orians, 1998; Godfrey et al., 1996; 2008; 2009; Rickli
et al., 2014; Firdaus et al., 2015; Censi et al., 2018) and on the distribution of Zr/Hf in open ocean
water (Firdaus et al., 2011). Recently, Firdaus et al. (2018) studied seawater samples from Atlantic,
Indian Oceans and coastal areas from the Thailand Gulf and Andaman sea. Obtained results suggest
that the aqueous Zr-Hf fractionation can be significantly influences by coastal input of terrestrial
solids.

At the same time, several researches investigated the different Zr and Hf behaviour at the
dissolved pool - Mn-, Fe-oxyhydroxides interface (Koschinsky and Hein, 2003; 2017; Bau and
Koschinsky, 2009; Hein et al., 2013; Schmidt et al., 2014; Hein and Koschinsky, 2014) since these
are among the most significant authigenic marine sediments and a potential source of REE and other
trace elements.

Mn-, Fe-oxyhydroxides are an important component of the atmospheric dust and it is
considered a significant source of trace elements for seawater also in open ocean (Tachikawa et al.,

1997; 1999; Greaves et al., 1999; Guieu, 1999; Guieu et al., 2018; Louis et al., 2018; Richon et al.,
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2018 and references therein). But the impact of the dissolution of atmospheric dust on the distribution
of Zr, Hf and REE in seawater is poorly studied.

In order to address such lack of knowledge, this study was carried out focusing its interest on
the water column of Kryos basin in the Eastern Mediterranean Sea where the Sahara and Arabian
deserts represent a good source of atmospheric dust particles rich in Mn-, Fe-oxyhydroxides.
Moreover, the Eastern Mediterranean Sea is probably one of the best examples of a marginal basin
where the effect of riverine input from Nile, one of the largest rivers worldwide, can be studied.
Moreover, REE distribution in Mediterranean was mainly studied in Western and Central basins
(Greaves et al., 1991; 1994; Censi et al., 2004; 2007; 2010) rather than in the Eastern area (Schijf et
al., 1995; Bau et al., 1997). Moreover, in the Eastern Mediterranean basin sometimes the oxic water
column lies over depressed seafloor areas filled by the accumulation of brines coming from the
dissolution of Messinian evaporites (Cita, 2006 and references therein). This process is a further
example of a lithogenic contribution likely to influence the geochemical behaviour of dissolved Zr,
Hf and REE in seawater that deserves further attention in order to improve the knowledge of the

geochemical behaviour of these elements in Eastern Mediterranean.

2. MATERIALS AND METHODS

In the Eastern Mediterranean basin two submerged mountain chains ranging from Ionian Sea
to Levantine Basin occur. While crests reach about 1500 m below the sea surface, abyssal plans are
located between 3500 and 4000 m depth (Camerlenghi, 1990). The alternating occurrence of basins
and ridges allowed to a particular seafloor topography probably induced by presence of Messinian
evaporites lying immediately below thin hemipelagic sediments (Ryan et al., 1973; Hsu et al., 1978).
In some depressions of this topography deep lakes filled by hypersaline brines were discovered from
1983 below natural oxygenated seawater (Camerlenghi, 1990 and references therein) and others
undiscovered brine lakes probably also occur in the same area (Medriff Consortium, 1995). In this

context, during the oceanic cruise MAMBA 2010, carried out with RV Urania, other anoxic brines
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were investigated in the Bannock (collection point Thetis and Medea) and Tyro basins. Collections
of oxic seawater samples were carried out in the Bannock basin where a whole deep oxic water
column was collected in the Kryos area and a seawater samples immediately up the oxic-anoxic
interface was collected in the Thetis basin. Locations of investigated areas are reported in Figure 1.

The sampling system of seawater samples consisted of a Neil-Brown CTD rosette frame and
24x12 1 Teflon-lined GoFlo bottles. Upon recovery of the GoFlo bottles, water samples were
immediately filtered through 0.45 um Millipore® filters in order to reduce further dissolution of the
labile particulate fraction, using a Teflon filtering manifold, and acidified to pH 1-2 with HNO3
(Baker Ultrex [I®). All the water samples were processed in a laminar flow clean bench to minimise
contamination and all sampling materials were previously cleaned with high purity grade reagents
(Baker Ultrex II®). All the materials used to collect and manipulate water samples were plasticware
and were acid cleaned with 1:10 hot high purity HNOj; solutions.

Therefore, collected seawater samples (4 litres) were added with Fe standard solution and pH
was adjusted to 8.0 using concentrated ammonium hydroxide solution. To allow the homogenization
and the precipitation of Fe-hydroxide, the treated sample was continuously stirred for two hours and
left to mature for two days. Then, the obtained precipitate was filtered and the Fe-hydroxide removed
by filtration, washed with ultra-pure water, and subsequently dissolved in HCl 6 mmol ml-!. After a
further dilution in high purity grade water (p>18.2 MQ) the sample solution was analysed in Q-ICP-
MS (Agilent 7500). All used products were high purity grade chemicals (Baker chemicals). Extensive
chemometric investigations on the used methods and related uncertainly are reported in Raso et al.
(2013).

The above-mentioned method allowed to obtain simultaneous determinations of REE, Zr and
Hf from the same seawater aliquot coprecipitating requested elements onto freshly-formed Fe(OH);.
Therefore, the new methodology was pointed out and extensively described in Raso et al. (2013).
This method exploits the affinity of all the studied elements as regards of the coprecipitation in

presence of Fe(OH); in order to separate REE, Zr and Hf from the highly saline seawater matrix
4
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enriching them onto a freshly-formed Fe(OH); solid. Therefore, the co-precipitation of these elements
onto Fe(OH); was carried out in presence of an excess of ammonium ions avoiding the precipitation
of Zn?*, Ni?*, Cu? * and Co?*, due to the formation of complexes with ammonia [Co(NH;)4]*",
[Ni(NH3)6]**, [Zn(NH;),4]**, as well as precipitation of alkaline earth metal.

The shale normalised REE concentration was assessed with respect to Post Archean Australian

Shale (PAAS; Taylor and McLennan, 1995) by the equation:

[REE]sq
[REE]pass (1)

[REE]sn =
where [REE];, is the concentration of each rare earth measured in the analysed samples and

[REE]paas is the concentration of the same element measured in PAAS. The extent of Ce depletion

(or accumulation) recognised from the normalised concentrations are defined in terms of “anomaly”

as follows:
Ce 2 X [Ce]sn
Ce_* = [Lalsn + [PT]sn (2)

(Alibo and Nozaki, 1999). For Gd, the anomaly assessment is carried out according to the equation:

Gd JIHOlsn x [Gd] 5
Gar = ma @

(Moller et al., 2007). In both equations the “sn” suffix indicates shale-normalised concentrations.

3. RESULTS

3.1 Oxic waters

These analyses correspond to the seawater column in Kryos basin from 25 to 3238 m depth.
Moreover, a sample from the deep seawater column was collected in Thesis basin at 3305 m depth.
The composition of studied elements in water samples are reported in Tab. 1.

Zirconium and Hf concentrations span within 188 - 231 pmol 1! and 2.2 - 5.6 pmol 1! ranges,
respectively. As a consequence, related Zr/Hf values start from 40.8 at 25 m depth, 60.1 at 50 m depth

falling close the range of chondritic values (68.9) at 75 m depth. Below 75 m depth Zr and Hf
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concentrations fall within narrow ranges: 187.7-206.7 and 2.2-2.6, respectively. Zr/Hf values are
almost always above the range of chondritic values, between 92.6 and 78.5 with the maximum found
at 200 m depth. So, Zr/Hf ratio remains quite constant along the whole oxic water column and limited
changes are observed only in deepest water layers (Fig. 2).

Highest REE concentrations are usually found in shallowest water layers, whereas these values
progressively decrease with depth. Below 75 m depth, the overall dissolved REE concentrations range
between 326 and 555 pmol I''with a maximum occurring close to 500 m depth. In general, shale-
normalised REE patterns show depletion of light REE (LREE) relative to medium and heavy REE
(MREE and HREE, respectively), variable extent of Ce anomaly and the progressive growth of
normalised concentrations up to Gd. Then, the growth of shale normalised REE concentrations is
slighter and the shape of normalised patters are often flat in shape from Ho to Lu. The main difference
observed among the features of shale-normalised patters is the extent of Ce anomaly. It does not occur
or is few discernible in seawater samples above 75 m depth and progressively along the water column
(Fig. 3A). Values of Gd anomaly fall within 1.0 and 1.5 in shallowest waters where a zig-zag
behaviour is observed to about 600 m depth. Therefore, Gd anomaly progressively decreases to about
1.2 along the bottom water column where another abrupt growth is observed at close to 3200 m depth.
The Y/Ho ratio ranges between 70.5 and 91.4 along the oxic water column. The lowest values are
recorder in shallowest water layers between the surface and 75 m depth, whereas the largest is reached

in the bottom water between 3000 and 3238 m depth.

3.2 Deep-sea anoxic brines

The related analyses were carried out in deep-sea brines collected in Medee (3078 m depth) and
Thetis (3457 m depth) basins where the oxic water column is directly in touch with the underlying
anoxic brine. Analyses of brine waters are reported in Tab. 1. In Tyro basin the interface between
oxic and anoxic water consists of two layers (upper and lower interface at 3379 and 3380 m depth,

respectively) overlying the anoxic brine that was sampled at 3482 m depth.
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In Tyro basin Zr and Hf show higher concentrations in lower brine relative to the upper brine
layer. The Zr and Hf concentration further decrease from the lower brine to the brine as such. Similar
behaviour is shown by Zr/Hf ratio. Zr/Hf ratio is 46.2 in the upper interface. It increases to 72.8 in
the lower interface and then decrease and then decreases up to 41.9 in the brine as such. The lowest
Zr/Hf value up to 19.5 is observed in the Thetis brine, whereas in Medee brine a Zr/Hf values of 90.5
was measured.

REE concentrations in anoxic deep-sea brines were always higher that in oxic seawater (Fig. 2,
Tab. 1). In Tyro basin, the sample from the upper layer of the seawater-brine interface collected at
3379 m depth show a REE concentration close to 3596 pmol kg'!. This value further increases one
meter below up to 3731.34 pmol kg!. Then, the REE concentration falls to 1442.6 pmol kg'! in the
brine at 3482 m. In Thetis basin the REE concentration in the brine is 2361.25 pmol kg at 3482 m.
This value is strongly higher than that found in the lower seawater layer at 3305 m depth that is
2361.25 pmol kg'!. In Medee basin only a brine sample was collected. There, the REE concentration
is 2084.89 pmol kg'!.

In Tyro basin Y/Ho values progressively decrease from superchondritic to slight subchondritic
values from the upper brine interface to the brine as such. Other brines from Thetis and Medee basins
always show Y/Ho values lower than the chondritic signature (Fig. 2).

Shale-normalised REE patterns in these brines are very different in shape relative to oxic
seawater. In Tyro brine, Ce/Ce* > 1 values were found from 1 to 1.5, whereas slight negative Ce
anomalies were shown both in Thetis and Medee brines (Fig. 3B). The extent of Gd anomaly values
(0.9 <Gd/Gd* < 1.3) is narrower than that recognised in oxic waters with largest value found in Tyro
brine (Table 2). The range of Zr/Hf values in brines is wider than that found in oxic waters with higher

value found in Tyro brine and lower in Medee.

4. DISCUSSION

4.1 Oxic waters
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Figure 4A shows that Zr and Hf concentrations measured along the seawater column below 100
m depth depict a statistically significant linear trend with Zr/Hf = 124 that is intermediate between
that characteristic of Upper Crust (71; Rudnick and Gao, 2005) and that the distribution of Zr and Hf
concentrations in Eastern Atlantic (156; Godfrey et al., 2009). Recent analyses carried out in Northern
Atlantic and Indian Oceans recognised a mean Zr/Hf value close to 402 (Firdaus et al., 2018). This
suggests that the Zr-Hf relationship in Eastern Mediterranean seawater can be influenced by
interactions between seawater and lithogenic materials delivered to the basin according to different
mechanisms. This hypothesis agrees with recent oceanographic data reporting a Zr-Hf relationship
characteristic for Marginal seas with Zr/Hf average slope close to 115 for samples collected in the
Andaman sea and Gulf of Thailand (Firdaus et al., 2018). On the contrary, shallow waters up to 100
m depth show Zr and Hf concentrations seem falling along a trend with lower slope close to 9. In any
case, all the measured Zr/Hf values below 75 m depth in Kryos basin are higher relative to the
chondritic values corresponding to 71.4 = 5.6 (Jochum et al., 1986; 1989) and to the Zr/Hf values of
Upper Crust clustered around 71 (Rudnick and Gao, 2005). On the contrary, Zr/Hf values from the
shallow waters up to 75 m depth falling on the right side of the trend described by Zr and Hf
concentrations measured in other oxic waters in Kryos basin (Fig. 4A).

Taking in account that a significant input of lithogenic products to seawater from continent is
represented by the atmospheric fallout (Greaves et al., 1999), a chondritic-to-slight superchondritic
signature of Zr/Hf ratio is expected in coastal waters and in the shallowest layers of seawater column
(Firdaus et al., 2008; 2018). But the observed dissolved subchondritic Zr/Hf values in shallow
seawater layers suggests that the dissolution of a hafnium-enriched solids can occur therein.
Thiagarajan and Aeolus-Lee (2004) proposed two suitable mechanisms explaining how Fe-Mn-
phosphorous- rich coating of desert particles can be formed (the so-called “Desert varnish). Several
studies evidence that mainly Fe-oxyhydroxides are usually enriched in Hf relative to Zr for the
different affinity of Zr and Hf dissolved complexes towards the surface of those solids (Koschinsky

and Hein, 2003: 2017; Bau and Koschinsky, 2006; Hein et al., 2013). Since Fe-oxyhydroxides are a
8
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main component of the desert varnish (Dorn, 2007; Nash, 2011; Macholdt et al., 2017), the leaching
of desert varnish delivered to the Mediterranean surface water from Sahara and Arabian deserts
(Guieu et al., 2002; 2005; Censi et al., 2007; Wagener et al., 2008; Goldsmith et al., 2014; Richon et
al., 2018; Censi et al., 2015; 2018) can easily determines the observed Hf enrichment of the shallow
water layer at Kryos. This agrees with values of Y/Ho ratio that closely behave with Zr/Hf assuming
superchondritic (Y/Ho > 52; Nozaki et al., 1997) values characteristic of preferential Ho scavenging
onto authigenic suspended particles along the seawater column relative to Y (Nozaki et al., 1997;
Censi et al., 2004; 2005; 2007).

Zr/Hf and Y/Ho ratios measured in seawater samples above 75 m depth from Kryos basin fall
along a trend connecting analyses of desert varnish samples (Thiagarajan and Aeolus-Lee, 2004) and
Zr/Hf and Y/Ho values measured in seawater samples below 75 m depth (Fig. 5). This feature
contributes to depict a scenario where Zr-Hf and Y-Ho fractionation along the seawater column in
Kryos basin is coherent with the dissolution of Fe-rich coating of atmospheric particles and the
leaching of these elements in aqueous phase. Here, Zr, Hf, Y and Ho dissolved distribution is a
consequence of the equilibrium between the stability of their aqueous complexes and their reactivity
towards surfaces of suspended particles along the water column.

The lack of negative Ce anomaly and the concurrent LREE enrichment occurring in the
shallowest seawater layer (Fig. 3) represent another clue of the influence of dissolution of
atmospheric particles in shallow seawater layers. With any probability, the dissolution of lithogenic
particles is also responsible of some positive La anomalies observed along the seawater column
around 750 m depth (Fig. 6). According to Tachikawa et al. (2004), the dissolving suspended
particulate responsible of these positive La anomalies could be originated by the Nile plume.

Previous studies postulated that LREE enrichments and lack of positive Ce anomaly in shale-
normalised patterns of Mediterranean seawater could be explained in terms of dissolution of particles
suspended along the seawater column (Spivack and Wasserburg, 1988; Censi et al., 2007). In order

to assess how much this hypothesis can be reasonable, the shale-normalised REE patterns of the

9
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shallowest water layers from Kryos basin were compared with that recognised in the shallowest water
layer of the sampling site S-470 located in the Strait of Sicily where the atmospheric fallout of desert
dust was recognised (Censi et al., 2004). Figure 7 highlight that both these waters show very similar
shale-normalised patterns from Nd to Lu, whereas some differences occur as regard of the distribution
of LREE. This evidence suggests that this different LREE distribution in shallow waters from Kryos
basin and S-470 site can be induced by the dissolution of atmospheric fallout particles since LREE
are usually enriched in crustal materials (Haskin and Paster, 1979; Henderson, 1984; Taylor and
McLennan, 1995). Accordingly, starting from data reference data the REE concentration of a mixture
up to 50 ug kg! of lithogenic solids formed by desert dust and varnish from Arabian Desert
(Goldsmith et al., 2014) was calculated and added to the REE concentration of the shallow water
layer from S-470 site. The related shale-normalised pattern was calculated and reported in Fig. 7.
Comparing this pattern with that representative of the shallow seawater from Kryos basin, we found
that the shallow seawater layer is progressively enriched eastward in LREE easily released by
dissolving dust particles coming from Sahara and Arabian deserts (Erel et al., 2013; Ben-Israel et al.,

2015).

4.2 Deep-sea brines

Zr and Hf values in brines fall within a linear trend with slope 66.5 within the range of
chondritic Zr/Hf values (Fig. 4B) indicating that deep-sea brine in Eastern Mediterranean results from
dissolution of evaporitic terrains outcropping in seafloor (Cita, 2006 and references therein).

Zirconium and Hf concentrations in brines are distributed similarly to measured concentrations
of Zr and Hf both in saltworks and Dead Sea (Censi et al., 2017) confirming the hypothesis that the
studied brines can be formed by percolation of current seawater through the sediment and dissolution
of Messinian evaporites On the other hand, the hypothesis that some Eastern Mediterranean deep-sea
brines can also represent relics of evaporated seawater (Vengosh and Starinsky, 1993) cannot be ruled

out.
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Figure 3B shows almost “flat” shale-normalised REE patterns in studied deep-sea brines
collected in Thetis, Medee and Tyro basins where positive Ce anomalies are observed. This requires
the possible Ce input from the oxic seawater into the upper interface reflecting the complex transition
mechanism between oxic and anoxic waters in Tyro basin Waters (Schijf et al., 1995; Bau et al.,
1997). We propose that Ce-enriched oxyhydroxide particles settling through the oxic seawater are
dissolved a contact with the oxic-anoxic interface leading to the observed positive Ce anomalies in
the upper interface zone of Tyro brine and are responsible for the Ce flux from oxic seawater to the
brine. Our data indicate that the positive Ce anomaly disappears in the Tyro brine and this evidence
disagrees with data from Bau et a. (1997) where Ce/Ce* =1.7 is shown. The phenomenon is not shown
in the deep-sea brine body probably due to the different sampling depth in this study (3482 m) and in
Bau et al. (1997) (3400 m).

The extent of Ce and Pr anomaly allows us to illustrate the effects of the delivery of suspended
particles from atmospheric fallout to the oxic shallow seawater, their sinking through the oxic water
column up to the oxic-anoxic interface (Fig. 6). The classical Ce/Ce* vs Pr/Pr* values in studied
waters (redrawn by Bau and Dulski, 1996) shows that:

e Dboth the shallowest water layer from Kryos seawater and the Medee brine are free from either
La or Ce anomalies.

e Positive La anomalies are observed in Thetis and Medee brines, in oxic water at 750 and 2500
m depth.

e Positive Ce anomalies are reported in the brines from the lower and upper interfaces in Tyro
basin.

e Negative Ce anomalies are observed in other samples from the oxic seawater at Kryos.

The lack of Ce and La anomaly in shallowest Kryos seawater can be determined by the strong
contribution of Ce*" released during the dissolution of atmospheric dust particles coupled to the
Mn/Fe ratio in Ce-bearing particles forming the desert varnish. Takahashi et al. (2007) show that the

Ce concentration in Fe-Mn crusts is determined by their Mn/Fe ratio. As previously discussed, the
11
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positive La anomalies recognised at 750 and 2500 m depth can be explained by the dissolution of
lithogenic suspended particles delivered through the Nile plume (Tachikawa et al., 2004). Positive
Ce anomalies recognised in Tyro brines are determined by the dissolution under reducing conditions
in brines of solid CeO, enriched in suspended oxic particulate (Saager et al., 1993; Schijf et al., 1995;
Bau et al., 1997; Kashiwabara et al., 2018). Negative Ce anomalies through the oxic water are

characteristic of the geochemical Ce behaviour in oxic waters.

5. CONCLUSION

The results of this study suggest the occurrence of a relationship between the extent of the Zr/Hf
ratio in seawater and nature and origin of the atmospheric dust delivered to the shallow seawater
layers where influence the growth of positive La anomalies or the disappearance of negative Ce
anomalies typical in marine environment. In Mediterranean, mainly in the eastern basin, the
significance of Zr, Hf and REE contribution as atmospheric dust particles is strong, although some
evidence of riverine contribution from Nile cannot ruled out.

Mainly the Zr/Hf ratio seems suitable to recognise the origin of deep-sea brine filling the anoxic
trenches in Thetis, Medee and Tyro basins as due to the dissolution of evaporites from Messinian
sequences outcropping in the seafloor. This process determines Zr/Hf values close to the signature
characteristic of crustal rocks of slight lower, probably as consequence of the larger Hf affinity
towards the surface of salt minerals relative to Zr. In general, Eastern Mediterranean seawater shows
larger dissolved Zr, Hf and REE concentrations than Atlantic. Taking in account that Eastern
Mediterranean is the basin where the outflow current to Atlantic Ocean is forming, the overall

Mediterranean Sea represents a source of the studied trace elements for the Atlantic.
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TABLE CAPTIONS
Table 1 — Trace element concentrations, selected ratios and anomalies measured in studied samples

collected at different sampling depth from studied sites.

FIGURE CAPTIONS

Figure 1 — Schematic sketch map of studied sites.

Figure 2 — Distribution of the overall REE concentration, values of Zr/Hf and Y/Ho ratios and extent
of Gd and Ce anomaly values along the studied oxic seawater column in Kryos basin (A),
through the interface between seawater and underlying brine in Tyro (B) and Thetis basins (C),
in the deep-sea brine in Medee basin (D).

Figure 3 — Shale-normalised REE patterns calculated relative to Post Archean Australian Shale
(PAAS) (Taylor and McLennan, 1995). A: Oxic seawater from Kryos and Thetis basins. B:
Brines from Tyro, Thetis and Medee basins. Red patterns represent waters collected above 75
m depth.

Figure 4 — A: Zr vs. Hf concentrations in seawater samples above 100 m depth (red dots) and seawater
samples below 100 m depth (black dots) compared with representative data collected in
Northern, Eastern Atlantic, Indian Ocean and related marginal basins (Andaman Sea and Gulf
of Thailand) by Firdaus et al. (2018). B: Zr vs. Hf concentrations in brine samples analysed in
this study (red dots) compared with analyses carried out in saltworks and Dead Sea brines (blue
full squares) by Censi et al. (2017).

Figure 5 — Zr/Hf vs. Y/Ho values measured in seawater samples above 100 m depth (red dots) and in
seawater samples below 100 m depth (black dots) compared with values calculated from desert
varnish samples reported in Thiagarajan and Aeolus-Lee (2004).

Figure 6 — Ce/Ce* vs. Pr/Pr* values depicted for discriminating samples showing positive or negative

Ce and La anomalies (from Bau and Dulski, 1996).
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490  Figure 7 - Shale-normalised REE pattern relative to the composition of the shallow seawater at 25 m

491 in Kryos basin compared with the composition of the shallow seawater in the S-470 station
492 from the Strait of Sicily (Censi et al., 2004).

493 e (S-470/10) analysed concentrations

494 e (DV-10) analysed concentrations added with 10 ug kg! of desert varnish obtained by
495 Goldsmith et al. (2014);

496 e (DV-30) analysed concentrations added with 30 pg kg' of desert varnish obtained by
497 Goldsmith et al. (2014).

498 e (DV-40) analysed concentrations added with 30 ug kg! of desert varnish obtained by
499 Goldsmith et al. (2014).
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Table 1 - Trace element concentrations, selected ratios and anomalies measured in studied samples collected at different sampling depth from studied sites.

Kryos
Kryos
Kryos
Kryos
Kryos
Kryos
Kryos
Kryos
Kryos
Kryos
Kryos
Kryos
Kryos

Tyro upper
interface

Tyro lower
interface
Tyro brine
Thetis SW

Tethis brine
Medee
brine

depth

25
50
75
100
200
300
500
750
1500
2500
3000
3190
3238

3379

3380

3482
3305
3457

3079

232.0
2193
221.0
239.0
233.8
229.4
244.0
2239
205.1
2154
214.0
205.5
213.1

1349.2

992.2

319.7
216.7
815.4

608.6

La

78.4
46.5
75.8
42.4
44.7
42.5
41.0
94.4
28.8
48.5
35.1
45.6
41.9

480.9

550.4

285.1
48.8
581.3

395.7

130.5
423
73.2
334
31.6
30.0
242
91.0
18.9
384
25.1
35.0
28.1

1065.1

1387.1

479.1
29.7
476.6

566.0

Pr

11.0
8.8
10.0
8.4
9.1
9.1
7.8
10.6
6.0
54
6.5
6.9
6.5

70.0

80.0

40.9
7.4
44.9

54.4

Nd

36.4
29.3
333
28.7
29.7
28.3
27.5
45.1
20.3
30.1
243
29.7
24.7

255.0

3329

135.7
27.5
149.7

176.2

Sm

10.4
9.1
9.3
8.5
8.8
8.5
7.9
9.1
6.1
6.1
6.1
6.4
6.3

64.7

68.7

31.9
7.5
47.7

53.1

Eu

2.6
2.1
1.8
2.0
1.8
1.8
1.9
1.8
1.7
1.7
1.6
1.6
1.6

18.0

16.3

10.5
1.9
12.0

13.5

Gd

133
11.0
11.8
10.8
11.9
10.7
10.5
11.9
8.0
9.7
9.1
12.0
8.8

75.4

88.7

37.5
9.2
58.0

60.3

Tb

23
1.7
1.5
1.6
1.6
1.5
1.6
1.4
1.4
1.4
1.4
1.3
1.4

143

12.0

6.6
1.6
9.5

10.0

Dy

pmol Kg'!

14.2
10.8
10.6
11.3
11.4
11.0
11.8
10.7
10.0
10.2
10.1

9.5

9.9

72.9

71.2

32.7
10.3
58.7

44.7

Ho

33
2.8
2.6
2.7
2.7
2.7
2.8
2.6
24
2.5
23
23
2.5

19.3

17.7

8.8
2.6
13.7

12.5

Er

9.6
8.4
8.2
9.0
9.0
8.7
9.3
8.9
8.0
8.2
8.3
7.6
8.0

49.6

52.2

22.1
8.4
40.5

34.7

Tm

1.4
1.2
1.2
1.3
1.2
1.3
1.3
1.2
1.1
1.2
1.1
1.1
1.1

8.9

7.4

43
1.2
6.1

6.5

Yb

8.7
7.6
7.3
8.0
7.9
8.2
8.4
7.9
7.3
7.6
7.4
7.3
7.2

43.7

45.7

22.1
7.8
39.6

41.8

Lu

1.3
1.1
1.0
1.2
1.2
1.2
1.2
1.2
1.1
1.2
1.1
1.1
1.1

9.3

8.7

53
1.2
7.6

6.9

Hf

5.6
33
3.0
2.6
2.5
2.4
2.5
2.5
23
2.5
2.2
23
23

33.6

39.5

12.5
2.6
6.2

10.5

Zr

228.6
200.5
209.6
200.6
231.4
195.7
208.3
207.0
187.7
200.3
193.9
202.3
197.8

1556.8

2874.2

522.2
249.1
121.7

954.4

REE Y/Ho

555.2
402.0
468.7
408.3
406.2
394.8
401.3
521.8
326.3
387.5
353.4
372.9
362.3

3596.4

3731.3

1442.6
381.8
2361.2

2084.9

70.5
79.5
84.9
87.3
87.4
854
87.1
85.1
87.0
85.9
91.4
89.2
86.1

69.9

55.9

36.2
83.3
59.5

48.8

Zr/Hf Ce/Ce*

40.8
60.1
68.9
78.5
93.5
80.1
82.9
84.0
81.5
80.3
86.4
86.7
85.0

46.4

72.8

41.9
97.6
19.5

90.5

1.0
0.5
0.6
0.4
0.4
0.4
0.3
0.6
0.3
0.5
0.4
0.4
0.4

1.3

1.5

1.0
0.4
0.6

0.9

Gd/Gd*

1.0
1.2
1.5
1.3
1.5
1.4
1.3
1.7
1.1
1.4
1.3
1.9
1.2

0.9

1.3

1.0
1.1
1.1

1.0
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