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a b s t r a c t

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 O2 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 Eu2+ and Ce4+, 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).
ll rights reserved.

x: +39 091 6168376.
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

http://dx.doi.org/10.1016/j.chemosphere.2009.08.021
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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).
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for which Di Leonardo et al. (2007, 2008) documented high con-
taminant levels, especially Hg (0.02–1.67 lg g�1), 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 lg g�1 for Eu and 0.1 lg g�1 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(Cen)/(Lan + Prn) and Gd/
Gd� = Gdn/(0.33 Smn + 0.67 Tbn), 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 210Pb and 137Cs specific activities (Di Leonardo et al.,
2007); the bottom sediments at the two sites are approximately
45 years old. Although 210Pb 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 lg g�1, 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



Table 1
REE + Y concentrations (lg g�1) 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/
HREE

Lan/
Ybn

Laex Y/
Ho

Box-core BX1
BX1 0–1 0.5 25.5 40.0 5.8 22.9 3.9 1.0 4.4 0.5 2.6 17.3 0.6 1.5 0.2 1.4 0.2 127.7 8.7 1.6 15.7 57.2
BX1 1–2 1.5 29.6 48.1 6.9 24.6 4.1 1.1 3.9 0.5 2.8 19.0 0.7 1.5 0.2 1.5 0.2 144.7 10.1 1.7 12.2 53.3
BX1 2–3 2.5 22.6 42.1 5.5 20.4 4.1 0.9 4.1 0.5 2.9 15.7 0.6 1.6 0.112 1.2 0.1 122.4 8.6 1.6 13.5 52.6
BX1 3–4 3.5 29.5 62.1 8.0 26.7 56 1.4 4.8 0.9 3.6 19.7 0.7 2.2 0.3 1.6 0.3 167.4 9.2 1.6 16.3 54.9
BX1 4–5 4.5 31.4 60.1 7.1 24.5 4.4 1.0 3.9 0.5 3.1 16.9 0.6 1.8 0.3 1.5 0.2 157.3 10.8 1.8 11.4 56.0
BX1 6–7 6.5 31.4 63.4 6.9 26.8 5.2 1.1 5.0 0.7 3.0 15.7 0.7 2.0 0.3 1.7 0.3 164.2 9.8 1.6 16.8 45.0
BX1 7–8 7.5 25.3 49.9 6.1 22.2 4.2 0.9 3.7 0.5 2.9 14.1 0.6 1.5 0.2 1.2 0.1 133.3 10.1 1.8 12.0 47.9
BX1 8–9 8.5 23.3 46.6 5.7 20.7 4.0 0.9 3.6 0.5 2.7 13.7 0.5 1.5 0.2 1.1 0.1 125.1 10.0 1.8 11.2 56.4
BX1 9–10 9.5 31.4 68.4 8.0 27.2 5.9 1.4 4.7 0.9 3.6 17.6 0.7 2.1 0.3 1.7 0.3 174.2 10,0 1,6 16,6 49,8
BX1 10–11 10.5 26.9 53.4 6.6 23.6 4.7 1.0 4.5 0.6 3.2 17.5 0.6 1.6 0.2 1.3 0.2 145.9 9.5 1.8 13.1 57.8
BX1 11–12 11.5 30.4 55.8 6.4 26.6 4.8 1.0 4.7 0.6 2.7 14.8 0.7 1.8 0.2 1.6 0.2 152.3 10.0 1.6 16.5 42.9

Box-core BX2
BX2 1–2 1.5 42.4 74.0 9.8 36.1 5.7 1.5 6.4 0.7 3.9 23.8 0.9 21 0.5 2.2 0.3 210.3 9.9 1.6 13.1 50.5
BX2 3–4 3.5 37.3 76.5 9.1 32.4 6.2 1.3 6.0 0.7 4.2 21.0 0.8 2.3 0.3 1.8 0.2 200.1 10.0 1.8 13.9 50.8
BX2 4–5 4.5 45.6 83.2 9.7 39.4 6.6 1.5 7.7 1.0 3.9 22.2 1.0 2.6 0.5 2.5 0.3 227.6 9.6 1.6 21.0 42.7
BX2 6–7 6.5 44.8 82.3 11.0 38.2 6.2 1.7 7.4 0.9 4.4 2.40 1.0 2.4 0.5 2.4 0.3 229.4 9.6 1.6 13.0 49.2
BX2 7–8 7.5 37.1 76.2 9.2 3.23 6.3 1.3 6.4 0.7 4.3 21.3 0.8 2.3 0.3 1.9 0.2 201.5 9.6 1.7 10.4 53.3
BX2 9–10 9.5 36.9 76.3 9.0 32.0 6.1 1.3 6.1 0.7 4.3 21.3 0.9 2.2 0.3 1.9 0.2 199.6 9.7 1.7 10.5 45.8
BX2 10–11 10.5 32.7 68.9 8.4 29.6 5.8 1.2 5.8 0.7 4.1 18.9 0.8 2.2 0.3 1.7 0.2 181.4 9.2 1.6 11.3 46.4
BX2 11–12 11.5 29.1 63.0 7.6 27.8 5.3 1.1 5.2 0.7 3.7 16.9 0.7 2.0 0.3 1.5 0.2 165.1 9.3 1.7 10.7 48.0
BX2 13–14 13.5 48.2 87.4 10.6 40.9 6.7 1.6 8.0 1.0 4.3 24.2 1.0 2.5 0.5 2.5 0.4 239.7 9.7 1.6 18.4 46.2
BX2 15–16 15.5 39.5 80.9 9.6 33.9 6.4 1.4 6.9 0.9 4.4 21.9 0.9 2.4 0.3 1.9 0.2 211.3 9.6 1.8 11.0 46.8
BX2 18–19 18.5 23.1 48.4 6.2 21.9 4.4 0.9 3.9 0.5 4.3 15.4 0.7 1.7 0.93 1.5 0.2 132.4 8.7 1.3 3.7 44.3
BX2 21–22 21.5 38.6 81.3 10.9 33.8 6.4 1.7 6.1 0.9 4.6 23.8 0.9 2.5 0.5 2.3 0.3 214.5 9.6 1.4 4.6 50.5

Box-core BC2
BC2 1–2 1.5 54.1 121.1 14.9 46.9 9.2 2.0 8.5 1.2 5.4 25.7 1.0 2.9 0.6 2.4 0.4 296.4 11.1 1.9 19.3 48.8
BC2 3–4 3.5 27.1 56.3 7.2 25.7 5.2 1.0 4.8 0.6 3.5 1.90 0.7 1.9 0.3 1.4 0.1 150.9 9.1 1.7 6.7 43.5
BC2 5–6 5.5 54.1 96.9 12.9 45.8 7.2 1.8 8.5 0.9 4.8 28.6 1.1 2.5 0.5 2.6 0.3 268.3 10.4 1.8 19.3 48.7
BC2 6–7 6.5 31.4 64.6 8.0 28.5 5.5 1.1 5.3 0.7 3.8 17.4 0.7 2.0 0.3 1.6 0.2 171.1 9.5 1.7 7.2 49.3
BC2 7–8 7.5 27.5 59.0 7.2 25.6 5.2 1.0 4.7 0.6 3.6 16.9 0.7 1.9 0.3 1.5 0.1 155.8 9.3 1.6 3.8 48.0
BC2 8–9 8.5 50.0 111.0 13.3 41.7 8.5 1.9 7.4 1.2 5.2 27.0 1.0 3.0 0.6 2.4 0.4 274.6 10.7 1.8 15.2 51.0
BC2 10–11 10.5 35.8 74.6 8.9 31.4 6.1 1.2 6.0 0.7 4.0 18.1 0.8 2.0 0.3 1.5 0.2 191.5 10.2 2.0 8.1 44.5
BC2 13–14 13.5 54.2 114.4 12.0 46.5 8.6 1.6 8.8 1.1 4.2 20.8 1.0 2.8 0.5 2.4 0.4 279.3 11.2 1.9 19.4 40.3
BC2 14–15 14.5 36.9 78.1 9.3 32.7 6.4 1.2 6.0 0.7 3.8 17.5 0.7 2.0 0.3 1.5 0.1 197.2 10.9 2.1 10.1 49.6
BC2 16–17 16.5 51.2 91.4 11.0 43.2 7.0 1.5 8.0 0.9 3.9 22.7 0.9 24 0.3 2.3 0.3 247.1 10.8 1.9 16.4 48.4
BC2 18–19 18.5 48.8 95.3 10.0 40.1 7.2 1.4 7.7 1.0 3.9 19.9 1.0 2.7 0.5 2.4 0.4 242.1 10.4 1.7 23.3 38.8
BC2 19–20 19.5 47.4 84.9 11.2 40.3 6.3 1.5 7.2 0.7 4.3 26.2 0.9 2.2 0.5 2.2 0.3 236.1 10.5 1.8 12.6 55.0

Box-core BC3
BC3 0–1 0.5 39.3 84.3 10.1 35.4 6.9 1.3 7.2 0.9 4.1 18.2 0.8 2.1 0.3 1.4 0.1 212.3 10.5 2.4 14.2 44.8
BC3 3–4 3.5 42.0 87.1 10.2 35.8 6.9 1.4 6.8 0.7 4.0 19.3 0.8 2.0 0.3 1.5 0.1 218.7 11.3 2.4 13.6 47.1
BC3 5–6 5.5 45.1 87.8 11.7 40.0 6.7 1.7 7.4 0.9 4.6 23.4 0.9 2.4 0.5 2.2 0.3 235.5 10.1 1.8 10.6 49.7
BC3 7–8 7.5 7.5 79.3 9.2 32.4 6.3 1.2 6.3 0.7 3.9 19.5 0.8 2.0 0.3 1.6 0.2 202.2 10.5 2.1 10.4 47.5
BC3 8–9 8.5 44.3 80.1 10.5 38.2 6.1 1.4 7.4 0.7 4.1 23.1 0.9 2.2 0.5 2.1 0.2 221.8 10.0 1.8 10.7 49.3
BC3 9–10 9.5 26.6 57.1 7.2 25.9 5.1 1.0 4.7 0.6 3.4 14.2 0.7 1.7 0.3 1.3 0.1 149.8 9.6 1.7 7.4 41.3
BC3 10–11 10.5 52.3 95.5 11.0 44.5 7.3 1.5 8.8 1.0 4.3 22.8 1.0 2.7 0.5 2.5 0.3 255.9 10.1 1.8 17.5 43.8
BC3 12–13 12.5 48.3 97.8 12.6 40.3 7.1 1.8 7.5 1.0 4.9 26.5 0.9 2.6 0.6 2.3 0.3 254.5 10.3 1.8 13.5 55.6
BC3 14–15 14.5 23.0 46.2 6.0 21.4 4.2 0.8 3.6 0.5 2.8 11.9 0.6 1.5 0.2 1.2 0.1 123.9 9.7 1.6 7.9 41.7
BC3 16–17 16.5 30.8 63.2 7.7 26.9 5.4 1.1 5.2 0.6 3.5 16.6 0.7 1.9 0.3 1.4 0.1 165.3 9.9 1.9 9.2 47.2
BC3 17–18 17.5 47.4 101.8 12.5 39.2 7.7 1.7 6.9 1.0 5.0 25.1 0.9 2.7 0.5 2.1 0.3 254.7 10.9 1.9 12.6 53.0
BC3 18–19 18.5 44.6 84.7 11.2 37.1 1.2 1.5 6.9 0.7 4.3 23.9 0.9 2.2 0.5 2.1 0.3 227.1 10.3 1.8 9.8 50.7
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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 [Prn/
(0.5Cen + 0.5Ndn)]. 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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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-
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where LaNASC and AlNASC values are those reported in Gromet et al.
(1984). Low values of Laex (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 Lan/Ybn 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: Ce3+ and Ce4+. In coastal and shallow-water sediments, Ce4+

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 Ce4+ in the insoluble form CeO2, 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
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Fig. 4. Diagram showing the relationship between Y/Ho ratio and Zr (lg g�1) in the
box-cores from the Augusta area.
component at the top of the core (CaCO3 = 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 O2 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; Kümmerer 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.

Acknowledgments

This research is part of the PhD thesis of RDL supported by the
European Social Fund. Additional financial support comes from
MIUR grants to AB. Constructive reviews by two anonymous
reviewers greatly improved the manuscript.

References

Adachi, G., Imanaka, N., Kang, Z.G., 2004. Binary Rare Earth Oxides. Springer,
Netherlands.

Bau, M., 1999. Scavenging of dissolved yttrium and rare earths by precipitating iron
hydroxide: experimental evidence for Ce oxidation, Y–Ho fractionation, and
lanthanide tetrad effect. Geochim. Cosmochim. Acta 63, 67–77.

Bau, M., Dulski, P., 1996a. Anthropogenic origin of positive gadolinium anomalies in
river waters. Earth Planet. Sci. Lett. 143, 245–255.

Bau, M., Dulski, P., 1996b. Distribution of yttrium and rare-earth elements in the
Penge and Kuruman iron-formations, Transvaal supergroup, South Africa.
Precambrian Res. 79, 37–55.

Bau, M., Dulski, P., Moller, P., 1995. Yttrium and holmium in South Pacific seawater:
vertical distribution and possible fractionation mechanisms. Chem. Erde 55, 1–
5.

Bellanca, A., Masetti, D., Neri, R., 1997. Rare earth elements in limestone/marlstone
couplets from the Albian-Cenomanian Cismon section (Venetian region,
northern Italy): assessing REE sensitivity to environmental changes. Chem.
Geol. 141, 141–152.

Borrego, J., López-González, N., Carro, B., Lozano-Soria, O., 2004. Origin of the
anomalies in Light and middle REE in sediments of an estuary affected by
phosphogypsum wastes (south-western Spain). Mar. Pollut. Bull. 49, 1045–
1053.

Byrne, R.H., Kim, K.-H., 1993. Rare earth precipitation and coprecipitation
behaviour: the limiting role of PO3�

4 on dissolved rare earth concentrations in
seawater. Geochim. Cosmochim. Acta 57, 519–526.

Byrne, R.H., Sholkovitz, E.R., 1996. Marine chemistry and geochemistry of the
lanthanides. In: Gschneidner, K.A., Jr., Eyring, L. (Eds.), The Handbook on the
Physics and Chemistry of the Rare Earths, vol. 23. Elsevier, Amsterdam, the
Netherlands, p. 497—593.

Byrne, R.H., Liu, X.W., 1998. A coupled riverine–marine fractionation model for
dissolved rare earths and yttrium. Aquat. Geochem. 4, 103–121.

Byrne, R.H., Liu, X., Schijf, J., 1996. The influence of phosphate coprecipitation on
rare earth distributions in natural waters. Geochim. Cosmochim. Acta 60, 3341–
3346.

Censi, P., Sprovieri, M., Larocca, D., Aricò, P., Saiano, F., Mazzola, S., Ferla, P., 2007.
Alteration effects of volcanic ash in seawater: anomalous Y/Ho ratios in coastal
waters of the Central Mediterranean sea. Geochim. Cosmochim. Acta 71, 5405–
5422.

Cullers, R.L., Barrett, T., Carlson, R., Robinson, B., 1987. Rare earth element and
mineralogic changes in Holocene soil and stream sediment: a case study in the
West Mountains, Colorado. USA. Chem. Geol. 63, 275–297.

De Baar, H.J.W., Brewer, P.G., Bacon, M.P., 1985. Anomalies in rare earth distribution
in seawater: Gd and Tb. Geochim. Cosmochim. Acta 49, 1961–1969.

Di Leonardo R., 2007. Geochemical and eco-toxicological evaluations in box-core
sediments from the Sicilian coast, Central Mediterranean. Ph.D. Thesis,
University of Palermo, Palermo, 113 pp.

Di Leonardo, R., Bellanca, A., Capotondi, L., Cundy, A., Neri, R., 2007. Possible impacts
of Hg and PAH contamination on benthic foraminiferal assemblages: an
example from the Sicilian coast, Central Mediterranean. Sci. Total Environ.
388, 168–183.

Di Leonardo, R., Bellanca, A., Angelone, M., Leonardi, M., Neri, R., 2008. Impact of
human activities on the central Mediterranean offshore: evidence from Hg
distribution in box-core sediments from the Ionian Sea. Appl. Geochem. 23,
3756–3766.

Dubinin, A.V., 2004. Geochemistry of Rare Earth Elements in the Ocean. Lithology
and Mineral Resources 39 (4), 289–307 (Translated from Litologiya i Poleznye
Iskopaemye, No. 4, 2004, pp. 339—358).

Elbaz-Poulichet, F., Seidel, J., Othoniel, C., 2002. Occurence of an anthropogenic
gadolinium anomaly in river and coastal waters of southern France. Water Res.
36, 1102–1105.

Elderfield, H., 1988. The oceanic chemistry of rare-earth elements. Philos. Trans.
Roy. Soc. London 325, 105–126.

Fedele, L., Plant, J.A., De Vivo, B., Lima, A., 2008. The rare earth element distribution
over Europe: geogenic and anthropogenic sources. Geochem. – Explor. Env. A. 8,
3–18.

Fuganti, A., Möller, P., Morteani, G., Dulski, P., 1996. Gadolinio ed altre terre rare
usabili come traccianti per stabilire l’eta il movimento ed i rischi delle acque
sotterranee: esempio dell’area di Trento. Geologia Tecnica & Ambientale 4, 13–
18.



784 R. Di Leonardo et al. / Chemosphere 77 (2009) 778–784
Gazzetta Ufficiale Della Repubblica Italiana (GURI), 1998.Legge 9 dicembre 1998,
no. 426. Nuovi interventi in campo ambientale. Serie Generale no. 291 Roma, 14
Dicembre.

Gromet, L.P., Dymek, R.F., Haskin, L.A., Korotev, R.L., 1984. The ‘‘North American
Shale Composite”: its Compilation, Major and Trace Element Characteristics.
Geochim. Cosmochim. Acta 48, 2469–2482.

Haley, B.A., Klinkhammer, G.P., McManus, J., 2004. Rare earth elements in pore
waters of marine sediments. Geochim. Cosmochim. Acta 68, 1265–1279.

Hanson, G.N., 1980. Rare earth elements in petrogenetic studies of igneous systems.
Earth Planet. Sci. Lett. 8, 371–406.

Haskin, M.A., Haskin, L.A., 1966. Rare earths in European shales: a redetermination.
Science 154, 507–509.

Henderson, P., 1984. Rare Earth Element Geochemistry. Elsevier, Amsterdam.
Johannesson, K.H., Farnham, I.M., Guo, C., Stetzenbach, K.J., 1999. Rare earth

element fractionation and concentration variations along a groundwater flow
path within a shallow, basin-fill aquifer, southern Nevada, USA. Geochim.
Cosmochim. Acta 63, 2697–2708.

Kim, K.H., Bryne, R.H., Lee, J.H., 1991. Gadolinium behaviour in seawater: a
molecular basis for gadolinium anomalies. Mar. Chem. 36, 107–120.

Koeppenkastrop, D., De Carlo, E.H., 1992. Sorption of rare earth elements from
seawater onto synthetic mineral particles: an experimental approach. Chem.
Geol. 95, 251–263.

Kulaksiz, S., Bau, M., 2007. Contrasting behaviour of the gadolinium and natural rare
earth elements in estuaries and the gadolinium input into the North Sea. Earth
Planet. Sci. Let. 260, 361–371.

Kulkarni, P., Chellam, S., Fraser, M.P., 2006. Lanthanum and lanthanides in
atmospheric fine particles and their apportionment to refinery and
petrochemical operations in Houston. TX. Atmos. Environ. 40, 508–520.

Kümmerer, K., Helmers, E., 2000. Hospital effluents as a source of gadolinium in the
aquatic environment. Environ. Sci. Technol. 34, 573–577.

Leybourne, M.I., Peter, J.M., Layton-Matthews, D., Volesky, J., Boyle, D.R., 2006.
Mobility and fractionation of rare earth elements during supergene weathering
and gossan formation and chemical modification of massive sulfide gossan.
Geochim. Cosmochim. Acta 70, 1097–1112.

Martuzzi, M., Mitis, F., Buggeri, A., Terracini, B., Bertollini, R., Gruppo Ambiente e
Salute Italia, 2002. Ambiente e stato di salute nella popolazione delle aree ad
alto rischio di crisi ambientale in Italia. Epidemiol. Prev. 26, 1–53.

McLennan, S., 1991. Rare earth elements in sedimentary rocks: influence of
provenance and sedimentary processes. In: Lipin, B., McKay, G. (Eds.),
Geochemistry and Mineralogy of Rare Earth Elements, Reviews in Mineralogy,
21. Mineral. Soc. Am., Washington, pp. 169–200.

Mitchell, D.T., Lee, S.B., Trofin, L., Li, N., Nevanen, T.K., Söderlund, H., Martin, C.R.,
2002. Smart nanotubes for bioseparations and biocatalysis. J. Am. Chem. Soc.
124, 11864–11865.

Murray, R.W., Buchholtz Ten Brink, M.R., Gerlach, D.C., Ruth III, G.P., Jones, D.L.,
1991. Rare earth, major, and trace elements in chert from the Franciscan
Complex and Monterey Group, California: assessing REE sources to fine-grained
marine sediments. Geochim. Cosmochim. Acta 55, 1875–1895.

Murray, R.W., Buchholtz Ten Brink, M.R., Gerlach, D.C., Russ, G.P.III., Jones, D.L.,
1992. Interoceanic variation in the rare earth, major, and trace element
depositional chemistry of chert: Perspectives gained from the DSDP and ODP
record. Geochim. Cosmochim. Acta 56, 1897–1913.

Nesbitt, H.W., 1979. Mobility and fractionation of rare earth element during
weathering of granodiorite. Nature 279, 206–210.

Nozaki, Y., Zhang, J., Amakawa, H., 1997. The fractionation between Y/Ho in the
marine environment. Earth Planet. Sci. Lett. 148, 329–340.

Nozaki, Y., Lerche, D., Alibo, D., Tsutsumi, M., 2000a. Dissolved indium and rare
earth elements in three Japanese rivers and Tokyo Bay; evidence for
anthropogenic Gd and In. Geochim. Cosmochim. Acta 64, 3975–3982.

Nozaki, Y., Lerche, D., Alibo, D.S., Snidvongs, A., 2000b. The estuarine geochemistry
of rare earth elements and indium in the Chao Phraya River, Thailand. Geochim.
Cosmochim. Acta 64, 3983–3994.
Oliveira, S.M.B., Larizzatti, F., Favaro, D.I.T., Moreira, S.R.D., Mazzilli, B.P., Piovano,
E.L., 2003. Rare earth element patterns in lake sediments as studied by neutron
activation analysis. J. Radioanal. Nucl. Chem. 258, 531–535.

Olivier, N., Boyet, M., 2006. Rare earth and trace elements of microbialites in Upper
Jurassic coral- and sponge-microbialite reefs. Chem. Geol. 230, 105–123.

Olmez, I., Sholkovitz, E.R., Hermann, D., Eganhouse, R.P., 1991. Rare earth elements
in sediments of southern California: a new anthropogenic indicator. Environ.
Sci. Technol. 25, 310–316.

Pedreira, W.R., da Silva Queiroz, C.A., Abrão, A., Pimentel, M.M., 2004. Quantification
of trace amounts of rare earth elements in high purity gadolinium oxide by
sector field inductively coupled plasma mass spectrometry (ICP–MS). J. Alloys
Compd. 374, 129–132.

Piper, D.Z., 1974. Rare earth elements in the sedimentary cycle: a summary. Chem.
Geol. 14, 285–304.

Piper, D.Z., Perkins, R.B., Rowe, H.D., 2007. Rare-earth elements in the permian
phosphoria formation: paleo proxies of ocean geochemistry. Deep-Sea Res. Pt. II
54, 1396–1413.

Pourret, O., Davranche, M., Gruau, G., Dia, A., 2007. Competition between humic acid
and carbonates for rare earth elements complexation. J. Colloid Interf. Sci. 305,
25–31.

Rabiet, M., Brissaud, F., Seidel, J.L., Pistre, S., Elbaz-Poulichet, F., 2009. Positive
gadolinium anomalies in wastewater treatment plant effluents and aquatic
environment in the Hérault watershed (South France). Chemosphere 75, 1057–
1064.

Rolinson, H.R.,1993. Using Geochemical Data: Evaluation, Presentation,
Interpretation. Longman Scientific Publications.

Sholkovitz, E.R., 1988. Rare earth elements in the sediments of the North Atlantic
Ocean, Amazon delta, and East China sea: Reinterpretation of terrigenous input
patterns to the ocean. Am. J. Sci. 288, 236–281.

Sholkovitz, E.R., 1990. Rare-earth elements in marine sediments and geochemical
standards. Chem. Geol. 88, 333–347.

Sholkovitz, E.R., 1995. The aquatic chemistry of rare earth elements in rivers and
estuaries. Aquat. Geochem. 1, 1–34.

Sholkovitz, E.R., Elderfield, H., 1988. Cycling of dissolved rare earth elements in
Chesapeake Bay. Global Biogeochem. Cycles 2, 157–176.

Sholkovitz, E.R., Szymczak, R., 2000. The estuarine chemistry of rare earth elements:
comparison of the Amazon, Fly, Sepik and the Gulf of Papua systems. Earth
Planet. Sci. Lett. 179, 299–309.

Sholkovitz, E.R., Landing, W.M., Lewis, B.L., 1994. Ocean particle chemistry — the
fractionation of rare-earth elements between suspended particles and
seawater. Geochim. Cosmochim. Acta 58, 1567–1579.

Sholkovitz, E.R., Elderfield, H., Szymczak, R., Casey, K., 1999. Island weathering: river
sources of rare earth elements to the Western Pacific Ocean. Mar. Chem. 68, 39–
57.

Szefer, P., Glasby, G.P., Stüben, D., Kusak, A., Geldon, J., Berner, Z., Neumann, T.,
Warzocha, J., 1999. Distribution of selected heavy metals and rare earth
elements in surficial sediments from the polish sector of the Vistula Lagoon.
Chemosphere 39, 2785–2798.

Taylor, S.R., McLennan, S.M., 1985. The Continental Crust: its Composition and
Evolution. Blackwell Scientific Publications, Oxford.

Yusof, A.M., Akyil, A.K., Wood, H., 2001. Rare earth elements determination and
distribution patterns in sediments of a polluted marine environment by
instrumental neutron activation analysis. J. Radioanal. Nucl. Chem. 249, 333–
341.

Wei-Qiang, H., Liju, W., Yimei, Z., 2005. Formation and oxidation state of CeO2�x

nanotubes. J. Am. Chem. Soc. 127, 12814–12815.
Wehausen, R., Brumsack, H.-J., 2000. Chemical cycles in pliocene sapropel-bearing

and sapropel-barren eastern Mediterranean sediments. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 158, 325–352.

Zhang, J., Amakawa, H., Nozaki, Y., 1994. The comparative behaviors of yttrium and
lanthanides in the seawater of the North Pacific. Geophys. Res. Lett. 21, 2677–
2680.


	Distribution of REEs in box-core sediments offshore an industrial area in SE Sicily, Ionian Sea: Evidence of anomalous sedimentary inputs
	Introduction
	Materials and methods
	Results
	Discussion
	Y/Ho ratio
	Ce/Ce?
	Evaluation of anthropogenic REE input

	Conclusions
	Acknowledgments
	References


