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This study reports the results of geochemical investigations carried out in the Strait of Sicily (Central
Mediterranean Sea) during the oceanographic cruise BANSIC 2000, focusing on the area around
the Pantelleria Island. We evaluate the interface processes between dissolved phase and suspended
particulate matter in the water columns on the basis of Y/Ho ratio and rare earth elements and
yttrium distributions that are suitable to trace the occurrence of different water layers in Central
Mediterranean Area. The main source of trace elements to the sea water system was recognized in
the atmospheric fallout, while different scavenging mechanisms among Y and rare earth elements
occur. Cation exchange at the dissolved phase—suspended media interface is driven by their exter-
nal electronic configurations as monitored through the Y/Ho ratios, shape, and amplitude of the
tetrad effects calculated along the water columns. The shape and amplitude of the tetrad effects
in bottom waters suggest that the preferential Y scavenging from deep water layers depends on
the hydrothermal activity in the seafloor. Here, Y is surface-complexed through the formation of
inner-sphere complexes; Ho and other heavy rare earth elements are sorbed onto suspended partic-
ulate matter surfaces as weak outer-sphere complexes; these materials have a montmorillonite like
nature; and preferential incorporation medium rare earth elements in crystal structures of biogenic
carbonates is suggested by the relationship between the Eu anomaly and the nutrient contents of
water masses.

Keywords: Rare earth elements; Tetrad effect; Y/Ho ratio; biogenic carbonates; Central Mediterranean

1. Introduction

The distribution of rare earth elements and yttrium (REY) in sea water allowed several
researchers in the last 25 yr, to carry out interesting studies to:

(1) recognize fractionation processes between dissolved and suspended phases [1-4];
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(2) examine the capability of REY to depict evidence of anthropogenic input in river and
coastal waters, with a special emphasis on countries surrounded by highly populated
areas [5];

(3) evaluate the mechanisms of input of these elements in the sea-water system for atmospheric
or riverine loads [6-8].

In the Mediterranean Sea, these studies have been poorly developed and have focused espe-
cially on the distribution of heavy metals in highly populated areas [9, 10]. In the stategic area
of the strait of Sicily, only the water mass exchange between the eastern and western basin was
investigated. In addition, it has been partially investigated during the European Community
EROS program, with only a few studies on REY distributions along the water column [11]
having been carried out. Few papers investigate rare earth element (REE) distributions in the
Mediterranean System, in western [12, 13] and eastern basins [14—16] as a powerful geochem-
ical tool to evaluate solid-water chemical exchange processes and complexation phenomena
[1,17]. REY distributions have a large interest to investigate occurrences of hydrothermal
submarine activities that can be represented in the Strait of Sicily due to its geological context.
The Strait of Sicily is a submarine continental rift formed by transtensional tectonics which
have affected the northern margin of the African plate since the Late Miocene, in response
to the opening of the Tyrrhenian Sea and a differential anti-clockwise rotation of Sicily with
respect to Africa [18-20]. The rift system is marked by a series of en-echelon axial grabens,
trending N120°, widening to the south-east, and ranging in depths. This is a very interest-
ing area in which active volcanism and tectonically related thermal processes occur in the
Pantelleria area and can occur also in the surrounding seafloor [21].

Therefore, several extensive oceanographic cruises have been carried out in this previously
poorly studied area [7,22] with a particular emphasis on filling the gaps of knowledge in
this area.

The aims of this research are:

(1) to evaluate the capability of REY to track the different water masses in the Strait of Sicily,
with special emphasis on the westward flow of Levantine Intermediate Water (LIW) and
the Eastern Mediterranean Deep Water (EMDW) through this area;

(2) to recognize the effects of solution complexation—surface complexation processes as
drivers of REY distributions in the different components of water masses,

(3) to evaluate the possible occurrence of seafloor thermal activity close to Pantelleria Island,
on the basis of the modifications of geochemical characters of the bottom water masses
induced by external inputs suitable for inducing variations in Y/Ho ratio values and
shale-normalized REY behaviour in dissolved media and suspended particulate matter
(SPM).

2. Material and methods

2.1 Studied area

Sea water was collected from six sampling stations along the central area of the Strait of Sicily
in the early summer of 2000 during the BANSIC 2000 oceanographic cruise, aboard the RV
Urania (figure 1).

The sampling system consisted of a Neil-Brown CTD rosette frame and 24 x 12 1 Teflon-
lined GoFlo bottles. Upon recovery of the GoFlo bottles, water samples were immediately
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Figure 1. Location of the sampling sites and study area.

filtered inside the shipboard through 0.2-p.m Millipore® filters (using Teflon tubing apparatus,
in order to avoid dissolution of labile particulate fraction [23]) and then acidified to pH 1-2
with HNO3; Merck ULTRAPUR®. All the water samples were treated under a laminar air
flow clean bench to minimize contamination, and the sampling materials were cleaned with
high-purity-grade reagents (Merck ULTRAPUR®).

2.2 Dissolved phase

In order to increase the signal/noise ratio in the studied sea waters, 1000 ml of each sample
was pre-concentrated with CHELEX 100® (200400 mesh) chelating resin:

e The pH of each sea-water sample was set to 6.0 with CH;COONH,4 [24], and each sea-water
sample was passed along a 8-cm-long column filled with CHELEX-100 previously cleaned
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and conditioned [25], using a Supelco™ 12 visiprep SPE vacuum manifold equipped with
12 polypropilene columns (12 mL in volume).

e REE were eluted with 5 ml of HNO3 3.5 M, giving a 200-fold enrichment factor. Details of
the used procedures are reported in Moller et al. [24] and Paulson [25].

REY recoveries were monitored using two artificially prepared sea-water standard solutions
at 1 wgl~! and 20 wg1~! and ranging from 94.89% and 99.89% for Y and Tm, respectively.
For precision and accuracy see Censi et al. [7, 8].

The eluted fractions were analysed with a high-resolution ICP-MS Finnigan Element 2
from the University of Catania using 100 ng 1-! Rh as an internal standard. The measurements
were carried out in high-resolution mode, allowing the signal of the elements to be separated
from those of most isobaric interferences as BaO™. Analytical blanks were obtained with
50 ml of HNO3 Merck ultrapure in Millipore ultrapure waters, and their concentrations were
negligible compared with the measured REE concentrations. All methodologies were carried
out as extensively described in previous publications [7, 8, 26].

2.3 Suspended particulate matter

Particulate matter was collected on a Millipore® filter from sea water (approximately 6 1).
After weighing with a £0.01 mg analytical balance, the recovered fractions were digested
as reported previously [7] using a microwave oven CEM® Mars 5 equipped with TFM®
vessels to which an acid solution had been added, with proportions HCl: HNO;:HF=4:4:4
(total volume=12 ml). The containers were accurately sealed, put into the carousel, and heated
with 100% power (1200 W), with a pressure ramp of 30 min, and then maintained at a constant
pressure (2.76 MPa) and temperature (220 °C) for 2 h.

After complete dissolution, the acid excess was removed up to incipient dryness using a
microvap™ apparatus, and 5 ml of nitric acid (65 % v/v) was added. The sample solutions were
then diluted to 100 ml with Millipore® water and transferred into clean 100-ml polycarbonate
bottles. The obtained solutions were directly analysed after 1:50 dilution with 5% HNOj;
Merck ULTRAPUR® solution adding 100 ng1~! Rh solution as internal standard.

3. Results

The distribution of REY has been investigated in dissolved phase and suspended particulate
matter from the water masses of the Strait of Sicily. This investigation was carried out through
a detailed NW-SE sampling approach to follow the geological structures in the seafloor and to
investigate the vertical distributions of trace elements along the water columns. The dissolved
REY concentrations at the seven stations together with the main hydrographic parameters
(potential temperature and salinity) and geographical locations are listed in table 1, and the
REY concentrations in SPM are given in table 2.

Because of the presence of hydrothermal activity around the Pantelleria Island, the oceano-
graphic investigations were carried out in the deepest area of the Strait of Sicily, close to the
island, to recognize occurrences of a ‘crustal contribution’ on the basis of the features of REE
and yttrium shale-normalized concentrations. The REE normalized concentrations, [REEiSN 1,
were calculated according to the expressions:

[REE?ample ]

REESN] = ——
(REE [REE["*S]



Table 1. Sampling location, depth (m), and REY contents (pmol 17!) studied in the dissolved phase.
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Longitude Latitude  Depth Salinity Fluorometry Y La Ce Pr Nd Sm  Eu Gd Tb Dy Ho Er Tm Yb Lu

S-620 13°11.695 36°38.687 10 37.56 0.09 236.27 2931 11.06 3.61 2024 359 097 416 080 849 245 544 128 893 141
30 37.60 0.08 22825 2048 1348 345 1740 4.07 1.05 3.63 0.78 815 244 607 1.02 725 1.16

200  38.70 0.09 204.56 2293 1520 3.76 2240 431 1.17 567 127 957 228 686 097 724 1.20

S-775  12°12.095 36° 52.294 26 3725 0.18 160.85 22.15 13.58 3.66 1836 376 096 377 0.78 641 176 626 1.13 731 1.08
40 3731 0.23 196.98 21.84 861 339 2023 410 073 386 086 736 208 642 106 752 120

180  38.72 0.15 195.00 21.53 14.89 3.80 23.12 423 108 413 096 853 217 640 1.11 755 1.16

800  38.78 0.04 187.88 22,50 13.56 4.70 15.87 399 052 386 098 864 233 7.04 109 774 124

S-784  12°50.991 36° 34.294 25 37.51 0.36 225.64 2572 998 354 1923 446 057 420 1.00 877 227 601 106 726 1.13
40 3752 0.20 199.26 2328 14.67 3.64 1977 4.60 081 407 0.72 736 214 7.79 1.11 6.68 0091

90  38.06 1.33 23249 2265 899 373 18.08 342 101 413 087 887 243 735 124 825 124

145 38.61 0.17 182.56 21.85 10.62 3.20 18.05 560 042 283 086 733 196 8.14 139 949 147

500  38.76 0.13 137.18 2790 1050 3.82 16.03 3.07 1.00 395 1.00 8.18 2.03 633 101 7.02 1.10

710  38.77 0.22 160.18 2435 13.78 291 1848 448 071 459 087 832 225 744 128 848 127

920  38.78 0.14 17677 2290 11.13 4.02 1828 461 107 503 112 869 230 726 120 823 1.28

S-830 12°9.5485 36° 48.830 19 3723 0.18 211.06 3329 1638 281 1925 399 0.71 431 099 1024 232 727 112 773 121
50  37.29 0.43 21798 2338 886 3.54 1493 493 051 295 057 724 229 896 142 954 145

130 38.23 0.76 17394 2274 1428 470 1976 3.76 039 385 095 688 179 6.18 107 7.74 125

605  38.76 0.14 16421 2352 978 3.65 1937 477 080 523 1.07 7.67 218 692 1.14 777 120

860  38.77 0.14 171.56 28.82 1645 4.84 1846 320 062 518 088 735 2.09 727 100 7.05 1.12

1100 38.75 0.16 15338 22.62 1027 479 16.84 350 072 397 099 7.67 211 671 118 792 120

S-942  12°4.4596 36° 41.902 10 37.28 0.17 22305 3138 13.65 3.02 1690 376 0.77 4.18 093 9.69 221 6.86 099 639 094
25 3720 0.20 221.08 2532 16.11 322 1939 435 062 373 092 785 231 884 137 890 131

50 3721 0.28 225.64 2254 1028 350 1594 320 049 4.00 0.73 802 243 923 120 9.06 1.52

100 37.86 0.65 201.10 29.71 18.62 293 1620 390 042 353 092 779 206 7.07 095 639 098

515 3877 0.30 156.29 27.19 16.17 3.12 18.04 449 090 4.18 0.80 824 221 692 109 803 132

700  38.77 0.33 166.82 2392 12.06 4.10 1670 3.12 051 3.69 0.68 8.14 2.09 752 1.15 8.12 130

S-945 12°17.412  36° 35.902 10 37.26 0.16 19472 25.09 8.00 3.90 1670 329 1.00 490 095 829 198 923 143 977 1.51
25 37.27 0.17 21548 2398 880 3.55 2080 4.09 072 412 091 7.2 225 7.7 116 7.82 120

50 3731 0.22 171.16 2345 1287 3.55 1733 426 062 377 069 641 192 646 104 736 1.18

200  38.74 0.15 23549 30.00 1294 450 2773 423 087 419 0.75 853 243 814 151 995 149

465 38.77 0.43 19831 23.81 13,59 3.99 2221 443 079 413 09 8.17 213 7.14 121 839 132

605 38.76 0.03 137.18 2489 13.71 337 1736 429 061 426 101 881 211 697 110 751 1.16

805  38.75 0.24 173.94 2490 10.71 3.55 17.33 387 098 503 1.06 7.19 192 638 1.10 7.78 1.24

1000  38.75 0.13 150.80 2390 9.00 3.55 1535 456 078 478 084 637 181 7.08 128 874 135

1255 38.75 0.14 171.68 2376 1427 451 1687 423 070 487 083 799 216 7.04 1.15 857 143

SSSDUL A2IDM O UOIUS0I2Y
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Table 2. Sampling depth (m), Cd/Sc ratio, and REY contents (ugkg~") in the SPM samples studied.
Depth Cd/Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
S-620 10 1.70 4.15 9.65 20.27 1.84 5.59 1.03 0.27 0.76 0.13 0.86 0.14 0.30 0.05 0.29 0.05
30 1.50 3.79 9.22 27.97 222 6.03 0.76 0.24 0.65 0.10 0.60 0.11 0.30 0.05 0.26 0.05
200 0.84 21.95 16.40 32.42 4.15 17.19 3.80 1.01 3.26 0.48 2.45 0.49 1.31 0.16 0.87 0.10
S-775 26 18.55 35.87 79.02 9.57 33.03 6.99 1.75 4.29 0.64 2.92 0.55 1.31 0.16 1.01 0.20
40 1.20 4.23 9.88 25.99 3.16 9.14 1.23 0.33 0.89 0.10 0.73 0.13 0.31 0.05 0.28 0.05
180 1.47 15.50 51.61 183.60 15.77 34.19 5.00 1.01 2.31 0.35 1.93 0.37 0.83 0.11 0.60 0.08
800 1.39 23.41 77.79 92.22 9.32 25.80 4.95 1.50 4.60 0.71 2.60 0.51 1.32 0.21 1.27 0.15
S-784 25 3.82 25.99 109.78 10.42 29.47 3.84 0.54 0.75 0.10 0.58 0.13 0.36 0.05 0.37 0.06
40 1.53 1.69 3.82 11.17 1.10 3.34 0.45 0.09 0.28 0.04 0.26 0.06 0.17 0.03 0.17 0.03
90 1.56 5.55 31.24 108.62 9.66 29.24 2.57 0.35 0.69 0.11 0.78 0.18 0.48 0.07 0.51 0.08
145 1.16 14.40 20.22 54.54 5.37 19.92 3.10 0.79 1.67 0.25 1.44 0.34 0.94 0.15 0.81 0.13
500 0.35 4.06 8.81 20.00 2.62 8.70 1.64 0.40 0.80 0.09 0.42 0.07 0.16 0.13 0.02
710 1.37 21.30 42.34 67.64 7.75 28.96 4.36 1.15 2.92 0.39 241 0.42 1.08 0.14 0.65 0.11
920 1.08 22.82 31.24 88.08 8.12 28.45 4.84 0.92 2.28 0.39 2.13 0.37 0.86 0.08 0.38 0.06
S-830 19 0.83 8.10 34.74 67.61 5.76 22.70 3.05 0.43 0.82 0.14 0.91 0.28 0.79 0.17 1.21 0.15
50 1.58 6.65 57.73 129.58 9.51 31.43 2.71 0.61 1.50 0.20 0.85 0.21 0.65 0.10 0.79 0.10
130 1.91 9.58 16.97 47.84 6.51 22.61 3.19 0.75 1.96 0.26 1.32 0.26 0.59 0.07 0.36 0.05
605 1.12 111.78 63.79 91.62 12.24 46.70 9.80 2.90 10.37 1.73 10.49 1.96 4.01 0.33 1.59 0.25
860 0.15 44.50 34.68 48.74 5.52 26.16 4.62 1.25 3.56 0.62 3.30 0.67 1.72 0.20 1.15 0.14
1100 1.28 7.54 14.28 38.70 2.47 6.60 1.22 0.21 0.59 0.08 0.50 0.11 0.30 0.04 0.17 0.03
S-942 10 1.07 9.29 19.50 52.09 2.68 9.31 1.79 0.36 0.72 0.12 1.03 0.26 0.92 0.16 1.15 0.16
25 1.13 7.54 11.34 32.87 1.98 6.57 1.06 0.24 0.66 0.12 0.88 0.22 0.48 0.08 0.47 0.07
50 0.65 13.69 49.43 119.33 4.42 16.26 3.09 0.84 2.26 0.25 1.87 0.47 1.35 0.21 1.31 0.23
100 1.96 2.81 5.95 22.00 1.99 5.78 0.82 0.19 0.56 0.08 0.46 0.08 0.15 0.02 0.10 0.02
515 1.55 7.39 8.83 17.80 1.88 5.39 0.99 0.24 0.73 0.11 0.63 0.14 0.38 0.05 0.28 0.04
700 1.67 27.88 40.25 94.26 8.60 36.25 6.26 1.73 4.93 0.76 3.37 0.65 1.77 0.17 0.97 0.13
S-945 10 1.19 8.69 42.97 67.10 2.98 8.52 2.02 0.51 1.15 0.18 1.36 0.30 0.85 0.12 0.72 0.12
25 0.80 7.64 33.86 63.13 3.40 11.76 2.14 0.41 0.77 0.13 0.93 0.23 0.75 0.13 0.72 0.13
50 1.39 8.86 46.53 108.83 6.75 20.54 3.14 0.61 1.04 0.14 1.20 0.29 0.81 0.16 1.21 0.17
200 1.24 11.92 13.36 42.79 4.25 16.68 2.67 0.87 2.66 041 1.99 0.30 0.70 0.09 0.46 0.06
465 1.81 14.75 23.13 70.12 7.07 21.79 3.60 0.95 2.57 0.37 1.89 0.36 0.92 0.12 0.64 0.09
605 0.03 29.74 31.22 35.89 4.54 17.63 4.17 1.15 3.74 0.61 3.11 0.61 1.31 0.12 0.60 0.09
805 1.42 39.66 49.82 91.25 7.46 27.52 5.29 1.78 4.70 0.64 3.06 0.75 1.57 0.20 1.15 0.13
1000 0.16 5.87 9.22 28.70 3.04 5.52 1.06 0.23 0.75 0.08 0.44 0.09 0.26 0.03 0.16 0.03
1255 0.43 24.45 24.82 94.79 13.20 33.43 6.14 1.98 5.21 0.71 3.67 0.36 0.72 0.08 0.34 0.05

124!
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Table 3. Amount of REY released during sample treatments (PB).

AB-1 AB-2 AB-3 AB4 AB-5 Mean o+ PB-1 PB-2 PB-3 PB4 PB-5 L. Lp Lo
pmol pmol pmol pmol pmol pmol pmol pmol pmol pmol pmol pmol pmol pmol pmol EL-1 EL-2 EL-3 EL-4 EL-5 Mean o+
L S R R | L A L L R S S S % % % % % % %

Y 134 089 193 133 209 152 049 345 497 754 495 582 027 054 1.66 90.52 9400 9296 9395 91.16 9252 1.60
La 104 216 129 056 163 134 060 156 127 242 071 113 033 066 206 9514 9240 96.09 9228 92.87 9375 1.74
Ce 235 194 286 297 164 235 058 213 336 253 227 328 037 075 232 9725 93.80 101.14 9221 96.56 96.19 3.44
Pr 1.80 312 093 3.04 1.8 217 092 197 295 250 227 364 062 124 386 90.67 9228 8799 9047 90.38 90.36 1.53
Nd 025 026 025 029 025 026 002 065 032 086 044 054 013 027 082 9234 9494 9154 9567 9637 9417 2.12
Sm 208 263 246 295 307 264 040 0.67 052 112 040 059 021 042 129 96.78 9839 9756 9233 9291 9559 2.78
Eu 229 198 237 133 280 215 055 065 084 144 091 091 0.12 024 073 90.18 9338 92.83 87.60 91.11 91.02 2.30
Gd 141 116 155 203 146 152 032 1.17 102 211 132 141 025 049 152 91.82 89.18 90.07 87.04 9148 8992 193
T 0.09 032 009 047 038 027 017 185 349 3.08 245 375 020 039 121 93.06 9644 9393 9124 96.74 9428 232
Dy 0.10 037 010 038 039 027 0.5 218 353 244 202 359 055 110 342 9395 96.63 88.89 9427 96.85 94.12 321
Ho 077 110 086 1.03 142 104 025 204 303 259 235 311 014 027 084 9346 89.61 9540 88.56 89.51 9131 296
Er 026 030 028 025 031 028 003 193 313 267 200 303 045 090 278 9140 8690 90.60 90.82 8221 88.38 3.88
Tm 193 278 244 349 334 280 064 172 357 273 216 377 042 085 263 9230 9519 9452 9025 9640 93.73 245
Yb 227 175 259 1.62 298 224 057 171 334 305 215 295 019 039 121 9322 9853 98.67 95.14 9143 9540 3.20
Lu 0.09 034 009 040 039 026 0.16 216 321 3.06 208 351 048 096 298 9447 9385 89.87 89.28 9536 92.57 2.79

Note: With these values, the calculation of critical values (L.), detection limits (Lp), and limit of quantification (L) for the used procedures was evaluated. EL-1+EL-5 denotes the recovery measured for the
analysed elements with ion-exchange resin.

SSSDUL A2IDM O UOIUS0I2Y
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where [REE™5] is the content of each REE in the Post Archean Australian Shales (PAAS)
from Taylor and McLennan [27].

The evaluation of anomalous depletions or enrichments of selected REE in shale-normalized
distribution can be expressed in terms of ‘anomalies’ defined as:

[REE;] 2*[REE;],
[REE;]*  [REE;_i], + [REE;1 1],

where [REE;], represents the normalized content of some REE, and [REE,_, ], and [REE, ],
represent the REE contents of the previous and the next REE [2].

This information was collected and discussed in the light of the stratigraphy of investi-
gated water masses, independently evaluated according to the recorded salinity values and
four different water layers recognized: surface layer (0—50 m depth), first intermediate layer
(50-200 m depth), second intermediate layer (200-800 m depth), and bottom water layer
(down to 800 m depth). The behaviour of salinity along the water column can be seen as
lower values are attained in the shallow waters; the salt contents slowly increase to 200 m
depth and attain a maximum, close to 39% at about 400 m depth (table 1). Also, the REY

behaviour along the water columns is evaluated in terms of the shale-normalized distributions
(figure 2).

1.E-06 1.E-06
121 )
< 2
£ g
5 -
§ 1.LE-07 % 1.E-07
Shallow layer First intermediate layer
1.E-08 | E-0§ ———m———— —
Y LaCe Pr NdSmEuGdTbDyHoEr TmYbLu Y LaCe Pr NdSmEuGdTbDyHoEr TmYbLu
1.E-06 - 1.E-06
o
2 2
£ g
2 1LE07] g 1LE-07
Second intermediate layer Bottom layer
1.E-08 1.E-08
Y LaCe Pr NdSmEuGdTbDyHoEr TmYbLu -

Y LaCe Pr NdSmEuGdTbDyHoEr TmYbLu

—1—830 ——o942 ——945 —O—LIW
—9—620 —A—775 —h—784 —@— EMDW

Figure 2. Shale-normalized REY patterns calculated for the average concentrations measured in the dissolved phase
of the different water layers. Patterns of LIW and EMDW are given from Bau et al. [16].
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3.1 Dissolved phase

3.1.1 Surface layer (0-50m). The REE behaviour in surface waters show a negative Ce
anomaly, typical of the sea-water environment, strong HREE enrichments with respect to
LREE, and a negative Eu anomaly, which is larger in samples from the Pantelleria area (figure
2). Moreover surface waters from stations S-620, S-775, and S-784 show:

e a similar REE behaviour in terms of shale-normalized concentrations with differences
among the several sampling sites only in terms of Eu concentrations;

e shale-normalized behaviours similar to those calculated for Eastern Mediterranean Deep
Water (EMDW) and Levantine Intermediate Water (LIW) [16] in terms of light REE (LREE)
and HREE contents, respectively;

e a medium REE depletion especially with regard to Eu and Gd in stations far from the
Pantelleria area; and

e Stronger negative Eu anomalies, low Gd and Tb contents.

3.1.2 First intermediate layer (50-200m). In the first intermediate water layer, immedi-
ately beneath the surface waters, the REE behaviour suggests a larger scattering of normalized
Eu contents with negative anomalies larger than that reported for LIW, EMDW, and shallow
waters (figure 2), while the Ce anomaly values are similar to those measured in different water
layers.

The occurrence of strong Eu anomalies are well enhanced in shale-normalized distributions
of 830 and 942 sampling sites, close to Pantelleria Island.

3.1.3 Second intermediate layer (200-800 m). In the 200—-800 m depth layer, the shale-
normalized pattern of the dissolved phase shows a moderate yttrium depletion and similar
contents in LREE from the waters with respect to both LIW and EMDW, lower medium REE
contents, from Sm to Dy (MREE), and a light depletion in HREE. Similarly as reported above
for samples from surface waters, Eu strong negative anomalies are reported, while the negative
Ce anomaly is similar to that reported for EMDW (figure 2).

3.1.4 Bottom layer (down to 800 m). In the deepest layer, the shale-normalized patterns
are very similar to those of the second intermediate layer, with the same LREE contents
of EMDW and yttrium depletion, and both MREE and HREE contents are lower than those
reported in the eastern Mediterranean waters. Negative Eu anomaly values are also recognized
in sampling sites close to Pantelleria Island (figure 2).

3.2 Suspended particulate matter

3.2.1 Surface layer (0-50m). The shale-normalized REE distributions of SPM samples
(figure 3) show a flat behaviour with positive Eu anomalies (Eu/Eu* > 1) and scarce evidence
of positive Ce anomalies.

3.2.2 First intermediate layer (50-200 m). In this first intermediate layer, the REE con-
tent is very similar to that in the upper layer. Sometimes slightly positive Ce anomalies can
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Figure 3. Shale-normalized REY patterns calculated for the average concentrations measured in SPM in the
different water layers.

be detected in investigated SPM, expecially in samples with lower REE contents. Shale-
normalized patterns are more regular features suggesting LREE/HREE fractionation and a
flat behaviour for HREE (figure 3). Eu positive anomalies are less enhanced in this water layer.

3.2.3 Second intermediate layer (200-800 m). Shale-normalized REE patterns reported
by SPM samples from this water layer illustrate the main feature of these materials:

e a general absence of positive Ce anomalies;

e the occurrence of positive Eu anomalies;

e MREE enrichments attaining a maximum with Eu, sometimes associated with a decrease
in La—Ce and Yb-Lu;

o higher REE and yttrium contents recognized in sampling stations close to Pantelleria Island
(figure 3).

3.2.4 Deep layer (down to 800 m). Only three sampling stations from the Pantelleria area
report SPM samples from this deep layer and show very regular shale-normalized patterns,
free from Ce anomalies. In contrast, Eu positive anomalies are reported in shale-normalized
patterns that show a flat behaviour with scarce LREE/HREE fractionation.
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4. Discussion

The main evidence that is presented in the previously reported data is that the release of trace
elements from atmospheric fallout and their uptake into suspended particulate matter is the
most important process to describe the fate of REY in the water columns.

If atmospheric fallout has a lithogenic origin, its REY content and distribution are driven
by their charges and ionic radii because these characteristics are responsible for the trace-
element distributions in minerals, allowing them to occupy the crystal lattice sites of minerals
(CHarge-and-RAdius-Controlled processes).

As REY are released in the dissolved phase, they will be involved in chemical reactions, and
their behaviour is basically controlled by differences in electronic external configurations (non-
CHARAC processes) For instance, under these conditions, yttrium and holmium in marine
environments suffer a decoupling effect due to differences in electronic external configurations
between Y3+ and Ho*, [Kr]4d® and [Xe]4f!?, respectively. Therefore, whereas in crustal and
chondritic materials, the Y/Ho ratio is clustered around 28 [28], in the marine environment
the Y/Ho ratio attains values greater than 45-50 (weight/weight ratios).

Fractionation processes among LREE and HREE can be evaluated in the terms of shale
normalized behaviour and using the variation of [La/Yb]gy ratio and in the amplitude of tetrad
effects.

These are the sub-partition of REE shale normalized patterns into four ‘segments’ called
tetrads (La—Nd, Pm-Gd, Gd-Ho, Er—Lu) [29, 30]. This evidence is called the ‘tetrad effect’
and is usually associated with adsorption, co-precipitation, dissolution, complexation, and/or
ligand-exchange reactions [20-30]. Upward concave, W-shaped tetrad effects are observed
during solid-liquid heterogeneous reactions when the covalent nature of the lanthanide ion—
ligand products during the process is weaker. On the contrary, upward convex, M-shaped
tetrad effects are explained in reverse mode with the increasing covalency of the REE-O bond
onto a solid surface and related Racah parameters lower than in the aquo-complex. Moreover
the tetrad effect can be quantified by the equation [30]:

~ |IREE], x [REE[5
"7V [REE], x [REE],’

where ¢; is the proportion of tetrad effect and [REE];_4 denotes the normalized REE concen-
trations of the first, second, third, and fourth elements of a given tetrad. ¢; is larger for a convex
tetrad effect and smaller for a concave feature. These effects are induced by differences in
the covalent character of the involved ions and represent another feature of the processes that
cause Y-Ho decoupling. Usually, the amplitude of tetrad effect is evaluated according to the
features of normalized concentrations only for Gd—Ho (#3) and Er—Lu (#4) intervals because
the La—Nd (7)) interval is affected by Ce anomalies, and the Pm—Gd (#,) interval is not valuable
for the natural occurrence on Pm.

Moreover, REY distributions in the water layers will be affected by the mass balance
between the authigenic, often organic, component and the lithogenic, more chemically resis-
tant, component of suspended particulate matter. In the present study where selective digestion
procedures suitable for discriminating between the chemical signatures of these two SPM
components were not carried out, the qualitative evaluation of the abundance of biogenic and
lithogenic particulate components was obtained through the Cd/Sc ratio. Usually, the Cd/Al
ratio is considered a useful indicator of authigenic, organic contents in suspended matter of
water columns [31], with Cd being a typical ‘biogenic indicator’ [31-33] and Al a typical
element whose fate is mainly associated with a lithogenic origin. We suggest that Sc can sub-
stitute Al to evaluate the detrital signature of SPM being less involved than Al in secondary
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processes [34]. Therefore, because of these processes, recognizable signatures in terms of
REE and yttrium distributions are attained in the different water layers.

In shallow water masses, the features of Y/Ho variation vs. salinity (figure 4a) suggest the
occurrence of a mixing among different water masses as Modified Atlantic Water (MAW),
EMDW, and LIW. With increasing depth, a preferential Y scavenging occurs, suggesting
preferential yttrium removal onto montmorillonite like surfaces in the suspended particulate—
water interface [35] or the occurrence of hydrothermal sources sites in the seafloor that act as
sinks for dissolved yttrium [36].

Scavenging allows to a progressive decrease on Y/Ho values with depth (figure 4b) and is
in agreement with measurements carried out in the S-830 sampling site whose deeper samples
fall along a mixing hyperbola connecting a dissolved term with a ‘normal’ marine Y/Ho ratio
of around 50 [37] and a deep dissolved term with an Y/Ho around 35. At the same time, the
Y/Ho values measured in the SPM are clustered around 28, thus confirming the important
contribution of detrital materials in the shallow waters. Furthermore, this influence, probably
of Saharan origin [38], is shown by the occurrence of positive Eu anomalies in suspended
particulate matter, whereas in the dissolved phase, Eu/Eu* mainly falls close to 1 or less. This
phenomenon is also influenced by the preferential incorporation of Eu (III) in newly formed
carbonates through the formation of a Eu, (CO3)3;—CaCOj solid solution [39], or its biosorption
in the presence of selected microorganisms [39], leaving a signature in the dissolved phase in
terms of Eu/Eu*.
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Figure 4. (a) Y/Ho ratio vs. salinity in dissolved phase. (b) Y/Ho ratio vs. sampling depth in dissolved phase.
The mixing curves are calculated among a shallow end-member (Y/Ho=55; depth=10m) and several hypothetical
end-members, at a depth of 1300 m, whose Y/Ho ratios are reported along the curves for depth. Values for MAW,
LIW, and EMDW are given for reference. Open circles: shallow waters; open squares: first intermediate waters; full
circles: second intermediate waters; full squares: bottom waters.
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Figure 5. (a)Distributions of Eu/Eu* values calculated in the dissolved phase (open circles) and SPM (full circles).
(b) Distributions of fluorometry values along the water column. (c¢) Behaviour of Cd/Sc values in SPM along the
water depth. (d) Distribution of Y/Ho ratio measured in the dissolved phase (open circles) and SPM (full circles).

Europium uptakes is facilitated by the similarity of ionic dimension between Eu** and Ca?*
that allows Eu(III) to maintain the same sixfold coordination of Ca?* without involving the
distortions of a local calcite crystal lattice [39]. Such a process is easily responsible for the
MREE enrichment reported in several foraminifera species [40] and influences the occurrence
of Eu anomalies along all the water column in the dissolved phase (figure 5a).

Along the intermediate water layers, the largest productivity of water columns is recorded
in terms of chlorophyll a content and is expressed as fluorometry (figure 5b). Its maxima
agree also with the Cd/Sc ratio in SPM and show the same behaviour along the water depth
(figure 5c). Furthermore, the covariance between Cd/Sc ratio in SPM and Fluorometry of
water column demonstrate as this ratio is able to monitor the authigenic, labile fraction in
suspended particulate (figure 6a). In the same layers, the covariance between Cd/Sc and
[La/Yb]sn occurring in SPM (figure 6) suggests that lower [La/Yb]sn values are a signature of
a low lithogenic fraction in SPM, while higher [La/Yb]gn values can indicate more important
lithogenic contributions in SPM, as reported by Kuss et al. [41].
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Figure 6. (a) Distributions of fluorometry values in the water columns vs. Cd/Sc ratio. (b) [La/Yb]sn vs. Cd/Sc
values in SPM.
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In deeper water layers, Y/Ho ratios progressively increase with depth, suggesting prefer-
ential yttrium scavenging onto suspended matter during the formation of an authigenic SPM
fraction (figure 5d). This hypothesis disagrees with the larger affinity of REE than yttrium
for SPM surfaces during simple sorption processes, and it suggests the occurrence of sur-
face complexation reactions during which more covalent interactions are involved, and the
stronger character of ‘hard’ Y>* ion is preferred with respect to the ‘softer’ Ho’* charac-
ter [42] (figure 7). In the bottom waters Y/Ho ratios furthermore increase, suggesting the local
presence of hydrothermal vent sites acting as sinks for dissolved Y [43], located at seafloor of
S-830 sampling site, near the Pantelleria area.

As previously discussed, the Cd/Sc ratio is suitable for recognizing the presence of the
authigenic labile fraction in SPM, but it is not a tracer clay contribution to the authigenic
suspended matter. Therefore, we suggest improving this evaluation by considering both shape
and amplitude of tetrad effects because:

o the REE adsorption onto the clay suspended fraction occurs only through weak interactions
without tetrad effects [44];

e REE uptake onto organic matter has a M-shaped tetrad effect resulting from an inner-sphere
interaction [45].

To test this hypothesis, the REE behaviour of the apparent distribution coefficients between
suspended particulate and dissolved phase was calculated. Their features show that in sam-
ples showing Cd/Sc ratios less than 1.2, W-shaped tetrad effects are weak and mainly
reported in both Gd-Ho and Er-Lu intervals (figure 8a). On the contrary, in SPM with
Cd/Sc ratios larger than 1.2, many samples show M-shaped tetrad effects (figure 8b). There-
fore, low Cd/Sc ratios in SPM indicate the presence of a lithogenic or a clay authigenic
fraction, whereas larger Cd/Sc values represent an indicator of larger organic contents
of the authigenic fraction of SPM, but if the suspended matter has a detrital origin, the
REE behaviour of the apparent distribution coefficients should be free from any tetrad
effects.

Usually the tetrad effect is observed when REE are scavenged through the formation of
inner sphere complexes, such as during their adsorption on the surfaces of clay. In contrast,
the tetrad effect disappears when REE are weakly sorbed as outer sphere complexes [42, 46].
Therefore, Kd behaviour suggests that REE are released by lithogenic particulates in shallow
waters (M-tetrad effects), whereas their removal through the formation of weakly, outer sphere
complexes occurs in deeper waters where W-tetrad effects are rare. When the hydrated ion is
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Figure 7. Y/Ho ratio vs. sampling depth in SPM. Symbols as in figure 4.
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Figure 8. Amplitude of tetrad effect calculated from K4 values for Gd—Ho (#3, open circles) and Er-Lu (#4, full
circles) intervals, according to equation (3). The gradient of the background describes the increasing significance of
the values of tetrad effects according to Monecke et al. [30].

the main REE species in the aqueous phase, the tetrad effect is observed because the sorbed
REE easily forms inner sphere complexes whose formation is accompanied by the release of
hydrated water. If the main REE species are carbonate complexes, the surface complexation
as REE inner-sphere complexes is more difficult in sea water, and outer-sphere complexes
will be enhanced [45].

In contrast, in deep waters, REE removal occurs as weak outer sphere surface complexes,
and this leads to an increase in the Y/Ho ratio in SPM due to preferential scavenging of yttrium
because it is involved in stronger inner sphere surface complexes [46] (figure 5d).

5. Conclusions

The input of lithogenic materials is the most important source of lanthanides in sea water,
especially in the central Mediterranean area, where riverine inputs are negligible. In the Strait
of Sicily, the REY behaviour in the water masses is driven by these inputs, mixing of water
masses that takes place in shallow water layers, and release-scavenging processes at the
dissolved phase—suspended matter interface.

These aforementioned abilities to elucidate geochemical characteristics and processes in
scawater, through the development of unique distributions of both REE and yttrium, have
allowed us to identify the behaviour of several water layers in the examined area. The evalua-
tion of the nature of suspended particulate in the water column and the mechanisms of surface
complexation through stronger inner-sphere complexes were evaluated in terms of the shape
of tetrad effects and the Y/Ho ration.

This study demonstrates that marine processes like water mass mixing, nutrient disposal in
the water column, occurrence of hydrothermal sources in seafloor or trace element scavenging
at the solid-liquid interface, can be successfully described by the combination of geochemical
tracers constituted by REY distribution, tetrad effect feature and amplitute, Y/Ho and Cd/Sc
rations and Eu anomaly.
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