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The distribution of rare earth elements and yttrium (REEs + Y) has been investigated in box-core sedi-
ments recovered from four stations in the Sicilian coastal zone seawards of Augusta, one of the most
industrialized and contaminated areas in the Mediterranean region. Shale-like REE patterns and low Y/
Ho ratios (close to the chondritic ratio) suggest a dominant terrigenous (geogenic) source for REE. Slight
enrichment of LREE over the HREE is interpreted as due to preferential adsorptive transfer of LREE from
seawater to sediment particles. Samples from offshore cores exhibit slightly positive Gd and negative Ce
anomalies. It is here hypothesized that main drivers of anthropogenic Gd flux towards the offshore are
dredged contaminated materials that, recovered from the Augusta Bay, have been repeatedly discharged
offshore. Consistent with the redox-chemistry of Ce, these anomalous sedimentary inputs induce a
decrease of O, concentration in the sediment, which in turn triggers Ce regeneration.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The stable rare earth elements (REEs), from La to Lu, and Y be-
have as an unusually coherent group of elements, exhibiting lim-
ited mobility and fractionation during most geologic processes
(McLennan, 1991; Rolinson, 1993). Despite partitioning related to
specific geochemical conditions produces Eu?* and Ce**, the REEs
are generally trivalent under a wide range of oxygen fugacity, show
small differences in chemical and physical properties and exhibit a
systematic decrease in ionic radius (Byrne and Kim, 1993; Byrne
et al.,, 1996; Johannesson et al., 1999 among others). Consequently,
the REEs have been widely used as geochemical tracers in a variety
of processes involving cosmo-chemistry, igneous petrology, tec-
tonic setting (Hanson, 1980; Henderson, 1984; Taylor and Mclen-
nan, 1985) and for investigations of water-rock interaction and
weathering processes including transport of weathering products
to the oceans (e.g., Nesbitt, 1979; Sholkovitz, 1995; Byrne and
Liu, 1998; Sholkovitz et al., 1999; Sholkovitz and Szymczak,
2000; Leybourne et al., 2006). Previous studies of REE geochemis-
try in marine systems have shown that the REE distribution can
be a useful tool for clarifying depositional and diagenetic processes
(Cullers et al., 1987; McLennan, 1991; Bellanca et al., 1997; Piper
et al., 2007).
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Recent work has addressed the use of REEs in investigating the
environmental impact of human activity and demonstrated that
the REE natural distribution in water, soil, and sediment from den-
sely industrialised and populated regions can be altered by anthro-
pogenic influences (Bau and Dulski, 1996a; Fuganti et al., 1996;
Nozaki et al., 2000a; Elbaz-Poulichet et al., 2002; Oliveira et al.,
2003; Kulaksiz and Bau, 2007; Rabiet et al., 2009). Many of these
investigations have explored REE patterns in estuarine zone and la-
goonal systems (Szefer et al., 1999; Nozaki et al., 2000b; Borrego
et al., 2004), whereas relatively few studies have focused REE re-
cords in terms of environmental markers in coastal marine sedi-
ments (Yusof et al., 2001). In particular, minor attention has been
centred on REE composition of offshore sediments, although the
environment quality in deeper water regions is a major concern,
especially in a semi-enclosed basin such as the Mediterranean Sea.

The Augusta area (Fig. 1) along the Ionian Sea coast (SE Sicily)
has been recognized to be a site of high environmental risk by
the World Health Organization (Martuzzi et al., 2002) and Italian
Government (GURI, L. 426/1998). Here, the combination of indus-
trial, agricultural and urban effluents, as well as dry and wet depo-
sition, plays a determining role on the evolutionary process of
chemical characteristics in the Augusta marine system. Since
1950s, electric power generation and chlor-alkali plants, fertilizer,
magnesite, and cement factories, oil refineries, and sewage dis-
posal have been established along the Augusta Bay, that is also
the location of Sicily’s major port. The effects of the most recent
industrial activities are recorded in coastal and offshore sediments
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Fig. 1. Location of sampling stations in the Augusta area together with core length, water depth and geographic parameters at each station (modified after Di Leonardo et al.,

2008).

for which Di Leonardo et al. (2007, 2008) documented high con-
taminant levels, especially Hg (0.02-1.67 pug g~ '), and a significant
impact on benthic foraminiferal communities.

This paper presents REE and Y concentrations of four sediment
cores collected along a transect coast-offshore in front of the Au-
gusta industrial area (Fig. 1). These data are used in conjunction
with other geochemical tracers (major and trace elements, Total
Organic Carbon) to identify the origin of REE anomalies and to
evaluate the potential impact of the REE input on coastal to off-
shore marine sediments. The importance of previous documenta-
tion is that the REE behaviour can be analyzed in a well-defined
sedimentary and environmental context.

2. Materials and methods

Four box-cores were collected, using a United States Geological
Survey (USGS)-modified Naval Electronics Laboratory (NEL) box-
corer sampler, in the Sicilian coastal zone seawards of the indus-
trial area of Augusta (Fig. 1). Sampling was carried out during
two oceanographic cruises on board the oceanographic R/V “URA-
NIA”, in the summers of 2003 and 2004, along a west-east transect.
Sediments were immediately sub-sampled on board using an ac-
rylic tube, sealed in polyethylene flasks, and stored at —20 °C until
analysis. On return to the laboratory, the cores have been sliced at
1 cm intervals with a stainless steel bandsaw, oven dried at 40 °C,
and powdered manually in an agate mortar prior to geochemical
analyses.

REE analyses have been performed on 47 selected samples by
inductively coupled plasma-mass spectrometry (Perkin Elmer Elan
6000), after digesting 0.5 g of sediment with a mixture of hydroflu-
oric, nitric, and perchloric acids. Certified reference materials
(GXR-1, GXR-2, GXR-4, GXR-6) have been used for quality control.
Detection limits are 0.05 pug g~ for Eu and 0.1 pg g~ ! for other REE
and Y.

REEs concentrations are normalized to the average of North
American, European and Russian shale composites adopted in pre-
vious studies (Piper, 1974; Gromet et al., 1984; De Baar et al., 1985;

Sholkovitz, 1988; Murray et al., 1991). Y concentrations are nor-
malized to North American Shale Composite (NASC). The Ce and
Gd anomalies are defined by Ce/Ce*= 2(Ce,)/(La, + Pr,;) and Gd/
Gd* = Gd,/(0.33 Sm,, + 0.67 Th,,), respectively. Ce* and Gd* are the
expected Ce and Gd values from the linear smooth trend across
the lanthanide series and the subscript “n” represents shale- nor-
malized REEs. Negative or positive anomalies are defined as Ce/
Ce* or Gd/Gd* smaller or greater than 1, respectively.

Bulk mineralogy of the box-cores from the Augusta area is doc-
umented by Di Leonardo et al. (2008). The coastal core BX1 con-
tains alumino-silicates and quartz associated to biogenic
carbonate, which becomes more abundant in the shallower sedi-
ments; in the sites BX2, BC2 and BC3 dominant phases are alumi-
no-silicates and quartz. Cores BX1 and BX2 have been previously
dated using 21°Pb and '*’Cs specific activities (Di Leonardo et al.,
2007); the bottom sediments at the two sites are approximately
45 years old. Although 2'°Pb activities measured for cores BC2
and BC3 do not permit the estimation of a net sediment accumula-
tion rate, their patterns have been interpreted as indicative of a ra-
pid accumulation rate due to variations in sediment source/
composition (Di Leonardo et al., 2008).

3. Results

Total REE +Y concentrations of the Augusta sediments range
from 107 to 271 ng g~ ', showing lower values in the coastal station
BX1 and higher and more variable values in the offshore cores BC2
and BC3 (Table 1). Shale-normalized REE abundances decrease sys-
tematically from La to Lu with slightly positive Gd anomalies
(Fig. 2). The REE patterns of Augusta sediments are quite similar
to that of the Atlantic Ocean carbonate terrigenous mud (re.
Fig. 2). Variations in behaviour across the REE series are indicated
by the degree of light rare earth elements (LREE) enrichment with
respect to heavy rare earth elements (HREE), here defined as the
ratio of Lan/Ybn = (Lasample/Lashale)/(Ybsample/Ybshale)- The Lan/Ybn ra-
tios exhibit mean values of 1.7 for cores BX1 and BX2, 1.9 for BC2
and 2.0 at site BC3, consistent with the enrichment of LREE over
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Table 1

REE + Y concentrations (ug g ') and shale-normalized REE index ratios of the box-cores from the Augusta area.

Depth La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu REE+Y LREE/ La,/ Laex Y/
HREE Yb, Ho

Box-core BX1
BX1 0-1 0.5 255 400 58 229 39 10 44 05 26 173 06 15 02 14 02 1277 8.7 1.6 15.7 57.2
BX1 1-2 1.5 296 48.1 69 246 41 11 39 05 28 190 07 15 02 1.5 02 1447 10.1 1.7 122 533
BX1 2-3 2.5 226 421 55 204 41 09 41 05 29 157 06 16 0.112 12 01 1224 8.6 1.6 135 526
BX1 3-4 35 29.5 62.1 80 267 56 14 48 09 36 197 07 22 03 1.6 03 1674 9.2 1.6 163 549
BX1 4-5 4.5 314 60.1 7.1 245 44 10 39 05 31 169 06 18 03 1.5 02 1573 10.8 1.8 114 56.0
BX1 6-7 6.5 314 634 69 268 52 11 50 07 30 157 07 20 03 1.7 03 164.2 9.8 1.6 16.8 45.0
BX1 7-8 7.5 253 499 6.1 222 42 09 37 05 29 141 06 15 02 1.2 01 1333 10.1 1.8 12.0 479
BX1 8-9 85 233 466 57 207 40 09 36 05 27 137 05 15 02 1.1 01 1251 10.0 1.8 112 564
BX19-10 9.5 314 684 80 272 59 14 47 09 36 176 07 21 03 1.7 03 1742 10,0 1,6 16,6 49,8
BX110-11 105 269 534 66 236 47 10 45 06 32 175 06 16 02 13 02 1459 9.5 1.8 131 578
BX111-12 115 304 558 64 266 48 10 47 06 27 148 07 18 02 1.6 02 1523 10.0 1.6 165 429
Box-core BX2
BX2 1-2 1.5 424 740 98 361 57 15 64 07 39 238 09 21 05 22 03 2103 9.9 1.6 13.1 50.5
BX2 3-4 35 373 765 9.1 324 62 13 6.0 07 42 210 08 23 03 1.8 0.2 200.1 10.0 1.8 139 508
BX2 4-5 4.5 456 832 97 394 66 15 77 10 39 222 10 26 05 25 03 2276 9.6 1.6 21.0 427
BX2 6-7 6.5 448 823 11.0 382 62 17 74 09 44 240 1.0 24 05 24 03 2294 9.6 1.6 13.0 49.2
BX2 7-8 7.5 371 762 92 323 63 13 64 07 43 213 08 23 03 1.9 02 2015 9.6 1.7 104 533
BX29-10 9.5 369 763 90 320 61 13 61 07 43 213 09 22 03 1.9 02 199.6 9.7 1.7 10.5 4538
BX210-11 105 327 689 84 296 58 12 58 07 41 189 08 22 03 1.7 02 1814 9.2 1.6 113 464
BX211-12 115 291 630 76 278 53 11 52 07 37 169 07 20 03 1.5 02 165.1 9.3 1.7 10.7 48.0
BX213-14 135 482 874 106 409 67 16 80 10 43 242 10 25 05 25 04 2397 9.7 1.6 184 46.2
BX215-16 15.5 395 809 96 339 64 14 69 09 44 219 09 24 03 1.9 02 2113 9.6 1.8 11.0 46.8
BX218-19 185 231 484 62 219 44 09 39 05 43 154 07 1.7 093 1.5 02 1324 8.7 13 3.7 443
BX221-22 215 386 813 109 338 64 17 61 09 46 238 09 25 05 23 03 2145 9.6 14 46 505
Box-core BC2
BC2 1-2 1.5 541 1211 149 469 92 20 85 12 54 257 10 29 06 24 04 2964 11.1 1.9 19.3 488
BC2 3-4 35 271 563 72 257 52 10 48 06 35 190 07 19 03 14 0.1 1509 9.1 1.7 6.7 435
BC2 5-6 55 541 969 129 458 72 18 85 09 48 286 11 25 05 26 03 2683 10.4 1.8 193 48.7
BC2 6-7 6.5 314 646 80 285 55 11 53 07 38 174 07 20 03 1.6 02 1711 9.5 1.7 72 493
BC2 7-8 7.5 275 590 72 256 52 10 47 06 36 169 07 19 03 1.5 0.1 1558 9.3 1.6 3.8 480
BC2 8-9 8.5 500 111.0 133 417 85 19 74 12 52 270 10 3.0 06 24 04 2746 10.7 1.8 152 51.0
BC2 10-11 10.5 358 746 89 314 61 12 60 07 40 181 08 20 03 1.5 02 1915 10.2 2.0 8.1 445
BC2 13-14 135 542 1144 120 465 86 16 88 1.1 42 208 10 28 05 24 04 2793 11.2 1.9 19.4 403
BC2 14-15 145 369 78.1 93 327 64 12 60 07 38 175 07 20 03 1.5 01 197.2 10.9 2.1 10.1 49.6
BC2 16-17 16.5 512 914 110 432 70 15 80 09 39 227 09 24 03 23 03 2471 10.8 1.9 164 484
BC2 18-19 185 488 953 100 401 72 14 77 10 39 199 10 27 05 24 04 2421 10.4 1.7 233 388
BC2 19-20 19.5 474 849 112 403 63 15 72 07 43 262 09 22 05 22 03 2361 10.5 1.8 12.6 55.0
Box-core BC3
BC3 0-1 0.5 393 843 101 354 69 13 72 09 41 182 08 21 03 14 01 2123 10.5 24 142 4438
BC3 3-4 3.5 42.0 87.1 102 358 69 14 68 07 40 193 08 20 03 1.5 01 2187 113 24 13.6 471
BC3 5-6 55 451 878 117 400 67 17 74 09 46 234 09 24 05 22 03 2355 10.1 1.8 10.6 49.7
BC3 7-8 7.5 75 793 92 324 63 12 63 07 39 195 08 20 03 1.6 02 2022 10.5 2.1 104 475
BC3 8-9 85 443 80.1 105 382 61 14 74 07 41 231 09 22 05 21 02 2218 10.0 1.8 10.7 493
BC39-10 95 266 57.1 72 259 51 1.0 47 06 34 142 07 17 03 1.3 01 1498 9.6 1.7 74 413
BC3 10-11 10.5 523 955 110 445 73 15 88 10 43 228 10 27 05 25 03 2559 10.1 1.8 175 438
BC3 12-13 125 483 978 126 403 71 18 75 10 49 265 09 26 0.6 23 03 2545 10.3 1.8 13.5 55.6
BC3 14-15 145 230 462 60 214 42 08 36 05 28 119 06 15 02 1.2 01 1239 9.7 1.6 79 417
BC3 16-17 16.5 308 632 7.7 269 54 11 52 06 35 166 07 19 03 14 01 1653 9.9 1.9 92 472
BC317-18 175 474 1018 125 392 7.7 17 69 10 50 251 09 27 05 2.1 03 2547 10.9 1.9 12.6 53.0
BC3 18-19 185 446 847 112 371 12 15 69 07 43 239 09 22 05 21 03 2271 10.3 1.8 9.8 507

HREE (Fig. 2). Moreover, these values are greater than the value of
1.3 reported by Sholkovitz (1990) for terrigenous particulate
matter.

The Augusta sediments exhibit on average Ce/Ce* values close
to 1 (Fig. 3). However, the Ce/Ce* depth profile for single core is
irregular, exhibiting a weakly negative Ce anomaly for some hori-
zons (Ce/Ce* down to 0.81). In particular, the core BX1 shows lower
Ce/Ce* values in the surface layers. To exclude that observed Ce
anomalies are an artificial reflection of anomalous La abundances
(see Bau and Dulski, 1996b; and Olivier and Boyet, 2006 for a dis-
cussion), Ce anomalies have been evaluated by the Pr/Pr* ratio [Pr,/
(0.5Ce, + 0.5Nd,,)]. Pr/Pr* values higher than 1 suggest real Ce
anomalies for the Augusta sediments.

Gd/Gd* ratios for the four cores vary in the range 1.0-1.7; at the
coastal station BX1, the Gd/Gd* depth profile exhibits a clear up-
core increasing trend (Fig. 3). Y/Ho atomic ratios range from 39

to 58 (Table 1), with fluctuating values throughout the cores and
showing averagely higher values at the coastal station BX1.

4. Discussion

Sediments from the Augusta area show generally decreasing
concentrations of REEs in contrast with increasing Ca-carbonate
contents. Clay-rich sediments from offshore cores BX2, BC2 and
BC3 have major capacity of REE preservation owing to the great
availability of clay minerals to incorporate REEs into their crystal-
line structure and/or to adsorb REEs onto their surfaces. Contrarily,
coastal sediments of the box-core BX1 have a lower potential to
immobilize REEs owing to their coarser-sized fabric including
abundant carbonate phases. Thus appreciably lower REE concen-
trations at station BX1, compared to more distal sites, suggest that
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Sample/Shale
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—4A— data from Dubinin (2004)

0.1

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu
Fig. 2. Average shale-normalized REE + Y distribution patterns for the box-cores
from the Augusta area. NASC-normalized carbonate-terrigenous mud pattern from

the Atlantic Ocean (Dubinin, 2004; St. 3840; 0-2 cm) is reported for comparison.
The grey band marks REE + Y distribution patterns for all analyzed samples.

the carbonate diluting effect is an important factor controlling the
bulk REE distribution.

The shale-normalized REE + Y patterns of Augusta sediments do
not display particular spikes that could reflect significant contam-
ination by individual REE. The patterns reflect a dominant terrige-
nous derivation of rare earth elements because sediments derived
from land particles carried into the ocean basins have generally a
flat shale-normalized pattern. To evaluate the amount of La in ex-

Ce/Ce* Gd/Gd*
0.5 1.0 15 05 1.0 1.5 20 0

04 08 12 16 20 0

cess of the La inventory supported by detrital inputs, the compo-
nent La., has been calculated according to Murray et al. (1992):

Lan = Lasample - [Alsample * (LaNASC/AlNASC)}

where Lanasc and Alyasc values are those reported in Gromet et al.
(1984). Low values of Laey (on average 13%; Table 1) suggest that a
large proportion of La is derived by detrital material and that a LREE
terrigenous source is to be assumed. On the other hand, the esti-
mated excess of La is consistent with La,/Yb, values for the Augusta
sediments slightly higher than the value reported for terrigenous
particulate matter (see above). This moderate enrichment in LREEs
with respect to HREEs reflects the fractionation of HREE/LREE,
occurring through the water column, as LREEs are preferentially ad-
sorbed onto particle surfaces (e.g., Koeppenkastrop and De Carlo,
1992; Sholkovitz et al., 1994), whereas HREEs are preferentially re-
tained in solution, due to the increasing stability of solvated com-
plexes of the heavier members of REE series, depending on their
smaller ionic radii (Sholkovitz et al., 1994; Byrne and Sholkovitz,
1996).

4.1. Y/Ho ratio

The Y/Ho ratio is commonly used as proxy of terrestrial contri-
bution to sediments, because Y behaves in accord with Ho and no
fractionation between the two elements occurs terrestrially while
Y fractionates from Ho in marine reaction systems. Despite their
similar seawater speciation and although these elements have sim-
ilar ionic radii, Y distinctly deviates from Ho due to the competitive
reactions during scavenging by marine particulate matter (Zhang
et al., 1994; Nozaki et al., 1997; Bau, 1999). Owing to Y being less
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effectively scavenged from seawater than Ho, marine Y/Ho atomic
ratios (i.e. 90-120) are approximately two times higher than the
chondrite and shale Y/Ho atomic ratios (~55) (Zhang et al., 1994;
Bau et al., 1995; Nozaki et al., 1997). The relatively low Y/Ho ratios
of the Augusta sediments (on average 48.6), close to the chondritic
ratio, indicates large contribution of terrestrial detritus. Similar
values of the Y/Ho ratio (on average close to 43) have been mea-
sured by Censi et al. (2007) for suspended particulate matter in
the Ionian Sea and interpreted in terms of delivery of pyroclastic
products from the explosive activity of Mount Etna.

Unexpectedly, Y/Ho ratios do not correlate with Al (not shown)
and Zr (Fig. 4) which are commonly thought to represent detritus
input by riverine and aeolian sources, respectively (Wehausen
and Brumsack, 2000). The lack of correlation between Y/Ho ratios
and Al and Zr, coupled with wide fluctuations of the Y/Ho ratios
throughout the cores, markedly for the more distal cores BC2 and
BC3, could reflect heterogeneous provenance of sedimentary mate-
rials. Consistently, at offshore core sites, substantial proportions of
land-derived organic material have been documented by Di Leo-
nardo et al. (2008) who suggested that the region has experienced
changes in natural sediment source/composition induced by re-
peated discharge of contaminated dredged materials.

4.2. Ce/Ce*

Cerium may change the oxidation degree in natural processes
and consequently fractionate from other rare earth elements. Be-
cause in the pe-pH range of seawater Ce behaves differently from
La and Pr, the value of Ce anomaly is thought to be indicative of re-
dox state (see Elderfield, 1988; Byrne and Sholkovitz, 1996, for a
review). In the marine environment, Ce is present in two oxidation
states: Ce>" and Ce**. In coastal and shallow-water sediments, Ce**
is reduced to Ce3" which is mobile through the porewater (Sholko-
vitz and Elderfield, 1988) and then subjected to lateral transport
toward the open ocean. In contrast, in oxidizing environment Ce
occurs as Ce** in the insoluble form CeO,, that tends to be more
rapidly removed by particle scavenging than other REEs (Nozaki
et al., 2000b). Consequently, fractionation of Ce relative to other
REEs is expected to occur in the presence of strong redox gradients.

In the studied cores, the Ce/Ce* values generally close to 1,
which is the value reported for the average shale (Haskin and Ha-
skin, 1966; Murray et al., 1991), match the shale-like REE patterns
and low Y/Ho ratios indicating dominant contribution of detrital
particles to sediments of the Augusta area.

The upcore increasing negative Ce/Ce* anomaly observed at site
BX1 (Fig. 3) could be ascribed to a decrease in detrital contribution,
the carbonate phases (essentially biogenic calcite) being dominant

60
.
.
.
55 X LN o
o X N
] X ° »
50 T X
X L0 e
o n - n
s 45 ‘* X0 5
o °
X ox
40 o
o
35
—o— BX1 —m— BX2 —o— BC2 —*— BC3
30 - T T T
0 50 100 150 200 250

Zr(ug g™

Fig. 4. Diagram showing the relationship between Y/Ho ratio and Zr (ug g~') in the
box-cores from the Augusta area.

component at the top of the core (CaCOs = 63%; Di Leonardo et al.,
2007). Marine carbonate is recognized to tend to inherit the seawa-
ter Ce anomaly. However, if the Ce depletion is attributed to en-
hanced deposition of marine carbonate, a more pronounced
negative Ce anomaly should be expected for the BX1 core profile.
In this coastal core, organic matter may play an important role in
scavenging dissolved REEs. Recent experimental studies on the
competition between carbonate and organic matter for REE com-
plexation prove that in a wide range of natural conditions dis-
solved organic REE complexes are more important than
carbonates complexes (re. Pourret et al., 2007 and references
therein). According to the model of Haley et al. (2004), organic
matter, Fe-oxide, Ce-oxide, and Mn-oxide are major carriers of
REEs in oxic sedimentary environments. In the water column, fol-
lowing organic particulate degradation, precipitating Fe-oxide effi-
ciently scavenges REEs, then sinking together with Ce-oxide to the
sediment where they accumulate in the presence of sufficient oxy-
gen for their stabilization. This model could explain a partial com-
pensation for Ce depletion resulting from abundant carbonate in
shallower sediments of the core BX1. At this station, upcore
increasing Fe/Al ratios (from 0.46 to 0.69; Di Leonardo (2007))
are consistent with this reasoning. Moreover, based on the
decreasing trend in the TOC profile (Fig. 3), it seems reasonable
to suppose that good oxygenation conditions occurred at shallower
sediment depth in the coastal area of the Augusta area. Interest-
ingly, the core BX2 displays lower values of Ce/Ce* in coincidence
with relatively high values observed in TOC and Hg profiles
(Fig. 3) at 1.5, 6.5 and 13.5 cm, respectively. For cores BC2 and
BC3, even if REE dataset is not complete, concurrence of lower
Ce/Ce* values with higher TOC and Hg concentrations has been re-
corded at 5.5 and 16.5 cm and at 5.5 cm, respectively. Exclusively
at 5.5 cm in both BC2 and BC3 cores, these lower Ce/Ce* values
are concurrent with very pronounced Mn peaks. Di Leonardo
et al. (2008) ascribed these brief Hg and TOC excursions to re-
peated discharge of material dredged in the Augusta Bay, primarily
enriched in Hg deriving presumably from the nearby chlor-alkali
plant. By using the Mn patterns across the offshore cores BX2,
BC2 and BC3 as a proxy for redox conditions, these authors argue
that the emplacement of dredged contaminated materials induced
a decrease in O, concentration at the sediment-water interface.
Based on the reasoning that at the sediment-water interface or
in porewater of oxygen-poor sediments Ce in the trivalent state
is rapidly regenerated relative to the neighbouring LREEs (Haley
et al., 2004), the negative values of Ce anomaly in cores BX2, BC2
and BC3 would mark human-induced modifications of the sedi-
ment redox environment at offshore core sites in the Augusta area.

4.3. Evaluation of anthropogenic REE input

In southern-eastern Sicily, the settlement of an industrial area
in the Augusta coastal belt since the middle of the 20th century
has enormously contributed to degrading of delicate marine and
terrestrial ecosystems. Coastal and offshore sediments became
strongly contaminated due to indiscriminate discharge of pollu-
tants, especially Hg among other trace metals, used and probably
unloaded by a chlor-alkali plant located in the Augusta Bay. This
strong industrialisation has certainly altered the natural fluxes of
elements in the coastal sedimentary environment over time and
surprisingly changed the natural sediment source/composition
even at water depth of up to 2200 m and at 16 nautical miles from
the coast (Di Leonardo et al., 2007, 2008).

The versatility and specificity of the REEs make them important
from the technological, environmental, and economic point of view
(Mitchell et al., 2002; Adachi et al., 2004; Wei-Qiang et al., 2005).
In fact, environmental applications of REEs have increased mark-
edly over the past three decades (Fuganti et al., 1996; Fedele
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et al.,, 2008). Gd oxide is used for many different high-technology
applications, such as infrared absorbing automotive glass, petro-
leum fluid-cracking catalyst, Gd-Y garnets, microwave applica-
tions, and colour tube phosphors screens. It can also be used in
optical glass manufacturing and in the electronic industry (Pedre-
ira et al., 2004). In densely populated and highly industrialized
countries, pronounced positive Gd anomaly suggests an anthropo-
genic source of the element, which commonly is derived from the
use of phosphate fertiliser and/or Gd complexes utilized as con-
trast medium in magnetic resonance imaging for medical diagnosis
(Bau and Dulski, 1996a; Kiimmerer and Helmers, 2000; Elbaz-
Poulichet et al., 2002; Kulaksiz and Bau, 2007; Rabiet et al.,
2009). Another potential anthropogenic REE source can be ascribed
to zeolites doped with REEs, which have been used as fluid-crack-
ing catalysts in petroleum industry since the 1960s (Kulkarni et al.,
2006). These cracking catalysts, produced from two major REE ore
minerals, bastnasite and monazite, record an REE signature distinct
from that of the crust, with large enrichments in La, Ce, Nd, and Sm,
as detected in offshore sediments by Olmez et al. (1991).

In contrast to the uniform concentrations of MREEs and HREEs
throughout the investigated Augusta cores, the LREEs exhibit a
large range of concentrations. However, the REE patterns appear
to be moderately enriched in LREEs relative to the average shale
(Fig. 2). Even if sporadic LREE enrichments over the shale are reg-
istered by some sediment layers of BX2, BC2 and BC3, coastal and
offshore sediments of the Augusta area do not provide evidence of
a chemical signature of petrochemical and refining operations.

In the coastal core BX1 the Gd/Gd* ratio is 1.3 at the bottom sed-
iments dated, taking into account errors on the core dating, as ca
1940-1950 and becomes as high as 1.53 at the topcore. The in-
crease of the positive Gd/Gd* anomaly in surface sediments, that
matches high Hg concentrations (more than 30 times the back-
ground value), potentially toxic PAH concentrations and a signifi-
cant incidence of various morphological abnormalities in the
foraminiferal tests (Di Leonardo et al., 2007), could be interpreted
as proxy for input of anthropogenic Gd. However, owing to the
coincidence with an enrichment in carbonate from benthic and
planktonic shells which was presumably precipitated in equilib-
rium with seawater, it cannot be excluded that these anomalies
are natural Gd/Gd* anomalies. In fact, uncontaminated seawater
displays slight positive Gd anomaly (Gd/Gd*: 1.2-1.6; De Baar
et al,, 1985; Kim et al., 1991). On the other hand, the fact that
Gd/Gd" ratios of core BX2 exhibit a similar trend of upcore increas-
ing values argues in favour of the hypothesis of a recent anthropo-
genic Gd input in the Augusta area. Intriguingly, cores BX2, BC2
and BC3 display slightly positive Gd/Gd* anomalies at the same
depth where negative Ce/Ce* anomalies were found and concur-
rent with high TOC and Hg concentrations that, as above discussed,
mark episodes of terrestrial contamination. These peaks in the Gd/
Gd* profiles might be seen as anthropogenic Gd anomalies. The
anthropogenic Gd might be supplied from sedimentary materials
dredged during the 1980s in the Augusta Bay, a semi-closed basin
strongly affected by anthropogenic disturbance, and repeatedly
discharged offshore of the Augusta area.

5. Conclusions

This study reveals that REE + Y concentrations are mainly con-
trolled by the contribution of detrital (geogenic) material to the
sediment and by the proportion of fine particles (clay minerals
and Fe-oxides). Consistently, Y/Ho ratios are close to the chondritic
ratio and their variability is interpreted to represent heterogeneous
provenance of sedimentary materials. REE + Y distribution patterns
do not provide clear evidence of a chemical signature of human
activities. However, repeated anthropogenic inputs of heavily con-

taminated materials, dredged from the Augusta Bay and
discharged into the offshore area, have modified the REE
distribution by producing slight positive Gd and negative Ce
anomalies.
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