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HIGHLIGHTS

e Less than 100 studies investigated the REE distribution in marine organisms.

e Binding sites onto biological surfaces partition traces relative to aqueous phase.

e MREE show larger affinity towards surfaces of S. spallanzanii than the other REE.

e Zr and Hf accumulation on studied tissues can occur through siderophore-like binding sites.
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The Zr, Hf, Y and lanthanide (REE) distribution in biological tissues of Sabella spallanzanii and Styela
plicata species collected from two harbours from the northern Sicily is studied for providing information
regarding the Zr, Hf and REE uptake from the environment. Previous studies determined the fraction-
ation of dissolved REE scavenged on binding sites onto biological surfaces. By comparing the recognised
shale-normalised REE patterns of studied samples with evidence from reference data, the observed
behaviour of these elements in biological tissues of Sabella spallanzanii and Styela plicata is interpreted to
result from the preferential uptake of intermediate REE onto carboxylic sites. Moreover, the relationship
observed between the Fe content and Zr/Hf ratio suggests that preferential Hf accumulation occurs via
siderophore-like binding sites. Features of the REE bioaccumulation factors (BAF), in addition to the
absolute La, Ce and Sm contents and Zr-Hf fractionation, allow definition of the different origins of
studied elements in the investigated localities. Higher BAF values for La and Ce associated with larger REE
contents and lower Zr/Hf values strongly suggest that the environmental REE distribution in the Termini
Imerese harbour is influenced by the delivery of particles from industrial sources and power plants. On
the contrary, the REE contents of biological tissues collected in the Cala tourist harbour are affected by
the dust dissolution from automotive traffic. These results suggest that the geochemical behaviour of REE
and Zr/Hf signature can be used in environmental studies of biological tissues for reconstructing the
nature of anthropogenic contaminations.
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1. Introduction configuration and a similar chemical coherence. Although 4f elec-

trons are not considered to contribute to chemical bonding (Cotton,

The rare earth element (REE) family is usually divided into light
REE (LREE) from La to Sm, medium REE (MREE) from Eu to Dy and
heavy REE (HREE) from Ho to Lu. The REE are a unique group of
elements in that they have the same external electronic
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2006), the progressive filling of the 4f orbital provides subtle
changes in ionic dimension and polarizability (i.e. charge-to-radius
ratio) of elements from La to Lu (De Baar et al., 1985). The latter
characteristic determines a different affinity of REE towards solid
surfaces during aqueous processes in heterogeneous phases, and
causes fractionations along the REE series (Klinkhammer et al.,
1983) that can be utilised for investigating the geochemical
mechanisms of solid-liquid interface processes. These and other
REE properties are well known and represent the corner stone of
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aqueous geochemistry of REE, together with Y-Ho fractionations
during these processes that are induced between elements having
similar ionic radii and different external electronic configurations,
such as Y-Ho and Zr-Hf (see Byrne and Sholkovitz, 1996; Bau, 1996
for a comprehensive discussion).

The growing exploitation of REE in technological and medical
fields provides a progressive increase of the REE content in the
environment (Weinmann et al., 1984; Runge and Parker, 1997;
Thakral and Abraham, 2007; Kulkarni et al., 2006; Moreno et al.,
2008; Andrianov et al., 2011; Moriwaki et al., 2013; Herrmann
et al., 2016). As a consequence, several geochemical studies have
focussed on REE as tracers of particular environmental conditions
(Kulaksiz and Bau, 2011, 2013; Delgado et al., 2012; Censi et al,,
2007, 2017). Despite this wide spectrum of research, only a few
studies have investigated REE bioaccumulation in selected living
organisms by analysing a limited number of REE concentrations in
some organisms (Gonzalez et al., 2014 and references therein).
Consequently, the study of REE distribution in ecosystems, both in
biological tissues and in coexisting environmental fluids (Censi
et al.,, 2013, 2015; 2017), remains limited. An assessment of the
geochemical behaviour of REE during processes involving the target
biota in its ecosystem are therefore needed in order to understand
how REE behave during their transfer from environmental fluids to
organisms living therein.

Although REE and other trace elements, such as Zr and Hf, are
not considered nutrients (Goecke et al., 2015), their transfer from
the environment to biota can occur via reaction with other mole-
cules, transport through cell membranes, association with specific
receptors and blocking some ion-channels of cell membranes
(Brown et al., 1990; Wang et al., 2003). However, the strong affinity
towards biological surfaces makes REE uptake the most important
process to explain their bioaccumulation (Herrmann et al., 2016).
This process can result through coulombic processes, where
charged dissolved REE complexes interact with negatively charged
biological surfaces, or through surface REE complexation with
specific bonding groups occurring on biological surfaces (KKim et al.,
1991; Takahashi et al., 1997, 2005; 2007, 2010; Censi et al., 2013;
Merschel et al., 2017). In particular, the latter process produces
elemental partitioning along the REE series that can provide in-
formation about the interaction mechanism between dissolved REE
complexes and biological tissues. This approach to the REE distri-
bution in aquatic organisms is less frequently studied compared to
REE bioaccumulation (Gonzalez et al., 2014 and references therein).

Zirconium and hafnium show a similar behaviour to REE during
geochemical processes and are considered to be geochemical twins
during magmatic crystallisation (Bau, 1996). This coherence is ab-
sent during aqueous processes due to the different grades of Zr and
Hf hydrolysis and dissolved complexation in natural waters (Aja
et al, 1995; Veyland et al., 1998; Byrne, 2002; Hagfeldt et al.,
2004; Messner et al.,, 2011a; 2011b; Inguaggiato et al., 2015, 2016;
Censi et al., 2017). Aqueous environments usually make Hf more
surface-reactive than Zr, which changes the associated Zr/Hf with
respect to the range of values recognised in rocks and minerals and
provides a useful signature of solid-liquid processes. We therefore
propose a closer investigation into the geochemical behaviour of
REE uptake onto biological tissues of aquatic organisms and envi-
ronmental fluids and their relation to Zr/Hf values in these
materials.

Our study is primarily focussed on the tubiculus species Sabella
spallanzanii, which was selected based on its capacity to bio-
accumulate a wide spectrum of trace elements (Bocchetti et al.,
2004; Fattorini and Regoli, 2012; Bellante et al, 2016) and
because its structure consists of soft tissues filled in a mineralised
tube of lithogenic particles cemented by organic mucus. Moreover,
S. spallanzanii implements a series of adaptive responses to

chemical and environmental stress and is therefore considered a
good bio-indicator for environmental monitoring (Gerhardt et al.,
2006). In order to compare geochemical results (e.g. REE behav-
iour, Zr/Hf values) of S. spallanzanii with those from another marine
organism, geochemical analyses were extended to the tunicate
Styela plicata that lives in the same ecosystem.

2. Materials and methods
2.1. Collection sites and sample description

Five Sabella spallanzani specimens were collected in the tourist
harbour at Palermo (locally called Cala) (Fig. 1). Four tubes and five
branchial crown samples were obtained from these organisms.
Several individual Styela plicata were recognised at the same
location and five of these organisms were collected. Three seawater
samples from the Cala harbour were then collected and treated, as
described in the following section. The Cala harbour attracts sailing
activities although it also has a few old sewage outlets that flow
into its waters.

Four S. spallanzani specimens and related branchial crown and
tube samples were also collected from the Termini Imerese
harbour, 50 km east of Palermo on the Tyrrhenian coast (Fig. 1). The
Termini Imerese site is a commercial harbour that is used to
transport goods and is positioned between Termini Imerese and the
nearby industrial area. As a consequence, the delivery of atmo-
spheric fallout particles represents a significant anthropogenic
source of trace elements into the marine ecosystem.

Sabella spallanzanii is a sedentary species of the Mediterranean
polychaetes family that usually lives on rocky bottoms mixed with
sand, as well as artificial environments or eutrophic areas. This
organism implements a series of adaptive responses to chemical
and environmental stress and is therefore also considered a good
bio-indicator for environmental monitoring. S. spallanzanii effi-
ciently filters suspended particulates and lives inside a tube con-
structed of a mixture of mucus, faeces and sediments (Dales, 1961;
Fitzsimons, 1961). As a consequence, studies of trace element bio-
accumulation in this organism are able to obtain both biogeo-
chemical data from organic tissues of the branchial crown and bio-
lithogenic materials that form the tube structure. The crown con-
sists of radials and pinules used for respiration and food filtration.
The animal's mouth is located on its base where chemical com-
pounds can be accumulated and play an anti-predation role. The
tube is a bio-lithogenic structure formed by the mixing of faeces,
pseudo-faeces and lithic fragments cemented by mucus, which
both protects S. spallanzanii and adsorbs metabolites from the
surrounding environment.

Styela plicata is a benthic filter feeder and good indicator of
water quality because it is resistant to a wide variation of salinity
and temperature conditions. This organism accumulates, owing
also to the presence of vanadocytes, various substances in its tis-
sues including heavy metals and hydrocarbons (Cammarata et al.,
2007, 2008). In biogeochemical analyses of S. plicata, tests are
conducted on the hepatopancreas because it modulates the basic
metabolic processes for the organism's life cycle, accumulation of
foreign substances and production of molecules involved in its
defence.

2.2. Samples preparation and analysis

Adult specimens of S. spallanzani were collected in 2015 from
the Cala (38°12'10.01”N, 13°37’02.89”E) and Termini Imerese
(37°58'41.37"N-13°42/39.41”E) harbours from depths between 5
and 10 m using scuba equipment, or from depths between 3 and
5 m from the ropes of mooring lines. Adult specimens of S. plicata
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Fig. 1. Geographic sketch map of studied sites. The enlarged map depicts Palermo and the gradient filling represents the most urbanised area.

were collected from the Cala harbour. Seawater samples were
collected from both Cala and Termini Imerese in order to measure
the distribution of elements in the ecosystems of the investigated
species. After collection, organisms were transferred to the labo-
ratory and stored at —20 °C until the experimental treatment. First,
the mucous envelopes were removed and specimens were cleaned
of epiphytes by washing with distilled water, dried at 40 °C for 24 h,
placed in a muffle furnace to remove the residual humidity and
then completely homogenised by grinding in an agate mortar.

About 0.150 g of each sample was put in a Teflon PFA™ vessel.
3 ml of HNO3 70% aqueous solution and 4 ml of H,O, 30% solution
were added and the container was sealed and put in a microwave-
assisted oven (CEM MARS-5). The obtained solution was trans-
ferred into a 50 ml Nalgene™ flask and diluted with ultra-pure
water for trace element measurements.

1 L of each seawater sample from the investigated sites was
collected, immediately filtered using a 0.45-um filter membrane,
acidified with 1% HNOs ultrapure solution to attain pH = 2 and
then stored in previously cleaned polyethylene bottles. In order to
separate the elements of interest from the remaining solution in
both fractions, a NH4OH (25%) solution was added to attain pH = 8
and then an excess of FeCls (1%) solution was added to induce the
precipitation of solid Fe(OH)s. REE, Zr and Hf were scavenged onto
the surface of the crystallising Fe(OH)s and separated from the
remaining liquid. In order to be sure that the Fe hydroxide crys-
tallisation was complete, the solution was left in a closed flask for
48 h and Fe hydroxide then collected onto a membrane filter
(Millipore™ manifold filter, 47 mm diameter, 0.45 pm pore size). Fe
hydroxide was dissolved in 6 M HCI. The obtained solution was
diluted by 1:6 and analysed using a quadrupole inductively coupled
plasma mass spectrometer (ICP-MS) (Agilent 7500 cc) with an
external calibration procedure (Raso et al., 2013).

Extensive evaluation of the REE spectral and isobaric in-
terferences was carried out according to Darrah et al. (2009) and
Raso et al. (2013). The precision and accuracy of these procedures
were evaluated by analysing five different aliquots (from F; to Fs) of

the INCT-OBTL-5 standard reference material (tobacco leaves from
the Poland Institute of Nuclear Chemistry and Technology,
Samczynski et al.,, 2012), following the same procedure as the
biological samples. Results are reported in Table S1 of the online
supplementary material and compared with the INCT-OBTL-5
reference data. The relative error (E,) was assessed according to:

_G-C

(1)
where C; is the measured concentration of a given element and C is
its reference value.

The assessment of critical values (L¢), detection limits (Lp) and
quantifications limits (L) of elemental concentrations was carried
out on seawater analyses for which increased precision and accu-
racy were required due to Zr, Hf and REE contents occurring on the
ng L' scale. L¢, Lp and Lq were calculated according to the Envi-
ronmental Protection Agency (EPA) procedures (EPA, 2005). Ob-
tained L¢ values range between 0.12 and 0.83, Lp values between
0.24 and 1.65 and Lq fall within the range of 0.74—5.12 ng L~! for Sm
and Zr, respectively. These values and relative errors measured
during the chemical analyses are listed in Table S1.

3. Results

Chemical analyses of studied samples are reported in Table S2 of
the online supplementary material. REE contents in S. spallanzanii are
10—20 times higher in the tubes than in branchial crowns. Moreover,
REE are more abundant in samples from the Termini Imerese site
than those collected from Palermo harbour with consistently higher
concentrations in S. spallanzanii than those measured in S. plicata. The
most abundant element of the REE series is Ce with contents ranging
from 27.2 to 41.8 mg kg~ ! at Termini Imerese, while the least abun-
dant REE measured is Lu (0.04—0.07 mg kg™ 1).

Branchial crown samples show lower REE contents than tubes
with the same sequence of abundance: Ce > La > Nd > Pr > Sm >
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Gd > Dy > Er>Yb>Eu>Tb>Ho>Tm = Lu.Y contents are slightly
lower than La. REE abundances in the studied samples are similar to
those recognised in lithospheric materials (Taylor and McLennan,
1995). The Y/Ho weight ratios are nearly homogeneous in tube
samples from S. spallanzanii from both sites where they are clus-
tered around 30. These values are slight lower (up to 25.7 + 3.0) in
branchial crown samples.

Zr and Hf contents in the studied samples do not follow the
same pattern as REE. For example, samples from Cala harbour show
higher Zr and Hf contents than those in Termini Imerese, contrary
to REE. In any case, Zr and Hf contents are lower in branchial crown
samples relative to tubes. Another intriguing difference between
these materials is the Zr/Hf weight ratio signature, which is close to
34 in tubes from S. spallanzanii and S. plicata samples but has a
value of 24.2 + 1.6 in branchial crown samples.

The typical approach employed in environmental investigations
of trace elements in biological materials and organisms aims to
assess trace element bioaccumulation (Weltje et al., 2002). This can
be evaluated according to the amplitude of the bioaccumulation
factor (BAF), which is defined as the concentration ratio for each
investigated element i in the studied sample (sa) and environ-
mental medium (env):

[REE]{*
BAF = ——— L 2

(Luo et al., 2016 and references therein). For aquatic organisms,
the BAF represents the REE content of studied samples normalised
to the composition of local seawater. For example, BAFrgg values
(Table S2) for S. spallanzanii specimens collected in the Cala harbour
were calculated according to the composition of local seawater. The
related patterns are shown in Fig. 2.

Substantially different BAF values along the REE series can occur
and are defined as anomalies, analogous with shale-normalised
REE contents. The extent of such anomalies in a given BAFggg
pattern can be assessed according to:

BAFREE,» o 2 x BAFREE,» (3)
BAFpg:  BAFgeg,,, + BAFReg,

where BAFggg, is the BAF value for a given REE, and BAFggg,,, and

i+1)
BAFggg, ,, are those calculated for the previous and following
element along the REE series, respectively. A negative BAF anomaly

. . .- BAFgex, .. . . .
is assigned if zaroi < 1, whereas a positive anomaly is assigned if
BAFrer

o
i

BAFgex;
BAF gee:
i

Analogously, REE anomalies in shale-normalised patterns can be
calculated according to:

>1.

REE;
REE;

(Alibo and Nozaki, 1999) where [REE];, [REE]i;1) and [REE].1)
are the shale-normalised concentrations of a given REE, that of the
previous element and that of the following element along the REE
series, respectively. BAF patterns obtained from S. spallanzanii
samples collected in the Cala harbour are characterised by La
depletion and a positive Ce anomaly close to 2.2 in both tube and
branchial crown samples. From Nd to Lu, patterns show a pro-
gressive decrease of BAFrgg values. BAFgrgg patterns in tube samples
show larger values than those obtained in branchial crowns and are
almost linear in shape, whereas they are downward convex in the
latter. BAFggg patterns measured in S. plicata samples show a similar
shape to those from S. spallanzanii samples. Limited differences are
observed with regards to a wider range of the Ce anomaly

2 xREE)
- [REE]i 1) + [REE];_y, @

Sabella spallanzanii
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10
108 n
Tube (Termini Imerese harbour)
107
10°
10°

S Branchial crown (Cala harbour)
10

BAF, ..

10

10°

10[- Tube (Cala harbour)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Styela plicata
10°
N ,M\_...,:*-Q\\
10° M\\
10°

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 2. Bioaccumulation factors of REE in samples from different studied sites.

(2.15—2.4) and a larger downward convexity of MREE values.

BAFgge values in S. spallanzanii samples from the Termini
Imerese harbour were calculated according to the REE content of
local seawater (Table S2). Related patterns are depicted in Fig. 2 and
show higher BAFggg values than those obtained from Cala harbour
samples, positive Ce anomaly values larger than 3.5 and an almost
linear decrease of values along the REE series.

REE concentrations of studied organisms were also normalised
to post-Archean Australian Shale (PAAS), as defined by Taylor and
McLennan (1995). Shale-normalised values were calculated ac-
cording to:

[REEi]sn

[REE, = [REE;|paas

(5)
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where [REE;], is the normalised content of a given element along
the REE series, and [REE;]s; and [REE;]paas are the measured con-
tents of the studied element along the REE series and PAAS,
respectively (Alibo and Nozaki, 1999). We show in Fig. 3 that the
shale-normalised patterns are very similar in shape for both
branchial crown and tube of S. spallanzanii samples collected from
both sites, and only a wider range of concentrations is observed in
branchial crown samples collected in the Cala harbour. These pat-
terns are characterised by limited MREE enrichments relative to
LREE. Fig. 3 highlights the larger MREE to HREE fractionation and
variability in S. spallanzanii branchial crown samples compared to
tube samples. Fig. 4 summarises features of the shale-normalised
REE patterns and assesses LREE, MREE and HREE fractionations in

Sabella spallanzanii

101} Branchial crown (Cala harbour)
102}

107

10°
Tube (Cala harbour)

N
< 10°
g Branchial crown (Termini Imerese harbour)
1
a
=
/B 10!
=
o
e
102
10° Tube (Termini Imerese harbour)
10
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er TmYb Lu
10(- Styela plicata
107-
10F.
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er TmYb Lu

Fig. 3. Shale-normalised REE contents in studied samples relative to PAAS (Taylor and
McLennan, 1995) in samples from different studied sites.

terms of shale-normalised [Gd/Yb]sy and [La/Sm]sy ratios. Fig. 4
also shows the large MREE-HREE fractionation of branchial crown
samples in both study sites relative to tube samples. At the same
time, S. plicata samples show more homogenous REE features and
larger MREE to LREE fractionation than other studied samples.

The REE patterns measured in biological tissues of both
S. spallanzanii and S. plicata reflect the uptake of these metal ions
from seawater. On the contrary, the shape of REE patterns in tube
specimens is related to the REE content in lithogenic particles and
the cementing mucus. Soft and mineral tissues therefore show
different geochemical REE behaviour, which is discussed in the
light of recent studies regarding REE uptake in marine organisms.
Moreover, the results presented here can only represent a prospect
for understanding the geochemical behaviour of Zr and Hf as there
are no previous studies regarding Zr and Hf distribution in the soft
tissue of marine organisms.

4. Discussion

The distribution of BAFggg values measured in this study shows a
dependence on the composition of local seawater, which renders
little use for comparison with REE distributions in samples of the
same species collected from areas with different seawater compo-
sitions. Indeed, a strong Ce affinity towards the surfaces of
S. spallanzanii samples is observed in specimens collected from
Termini Imerese, whereas this evidence was not found in samples
from the Cala harbour (Fig. 2). Although the hypothesis that the
occurrence of preferential Ce scavenging from seawater to biolog-
ical tissues only in the Termini Imerese site cannot be ruled out, the
observed positive Ce anomaly could be an artefact of the stronger
amplitude of the negative Ce anomaly in local seawater (Ce/
Ce x SN = 0.24) relative to that occurring in the Cala harbour
seawater (Ce/Ce x SN = 0.70). As a consequence, we suggest that
the calculation of BAF values are less interesting for comparing REE
data from different environmental sites from a geochemical view-
point, and the normalisation of REE contents to the shale compo-
sition is preferred.

The more intriguing results found in this study are the frac-
tionation of MREE relative to LREE and HREE evidenced from shale-
normalised patterns (Fig. 3). Additionally, Zr/Hf and Y/Ho values fall
almost entirely outside of the characteristic composition range of

6 © Oi
o ©° e
g 4 3% O ep ' o
S i
SN *
v N
0 — N I
0 0.4 0.8 1.2

[La/Sm]

Fig. 4. Fractionation of REE contents in studied samples in terms of Gd/Yb vs. La/Sm
shale-normalised ratios.
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lithogenic solids (Fig. 5) determined by crystal-chemical rules (Bau,
1996). The arrangement of Zr/Hf and Y/Ho values in Fig. 5 indicates
that REE uptake in the investigated samples is not a radius sensitive
process. We suggest that the different MREE fractionation between
branchial crown and tube samples of S. spallanzani samples is a
result of the fully biological nature of the former materials,
compared to the latter where lithogenic solids coexist with organic
mucus. This different nature of S. spallanzani also affects trace
element accumulation, which is found to be higher in tubes relative
to mucus and implies a detritic origin from lithogenic and/or
anthropogenic sources.

Although the ability of REE to be transported through cellular
membranes along Ca®* ionic channels has been recognised (Goecke
et al., 2015 and references therein), this mechanism is not consid-
ered the main process determining the bioaccumulation of REE, Zr
and Hf in biological tissues. On the contrary, the uptake of REE, Zr
and Hf is determined by the significant affinity of these metal ions
towards organic surfaces (Balistrieri et al., 1981; Sholkovitz et al.,
1994; Kuss et al., 2001; Censi et al., 2010; Christenson and Schijf,
2011; Luquet, 2012; Bosco-Santos et al., 2017). The uptake of Zr,
Hf and REE in S. spallanzanii can be easily favoured by the filtration
role of the branchial crown, whereas Zr, Hf and REE scavenging in
tube samples could occur by way of the bio-polymeric nature of the
mucus, which provides a wide spectrum of available binding sites.
These hypotheses explain the larger MREE enrichment recognised
firstly in the branchial crown samples and secondarily in tubes of
S. spallanzanii (Figs. 2 and 3). The greater extent of MREE frac-
tionation observed in the branchial crown is probably driven by the
wider disposal of biological surfaces relative to the tube, where
both biological and lithogenic materials coexist.

The same MREE fractionation observed in the present study was
recently observed in plankton from the northwestern Mediterra-
nean (Strady et al., 2015). This evidence suggests that preferential
MREE uptake from seawater can be considered characteristic of
interactions between aqueous REE complexes and biological sur-
faces, consistent with previous studies of dissolved REE and sus-
pended particulate matter in the Atlantic Ocean (Kuss et al., 2001).
MREE enrichment onto biological surfaces is also consistent with
previous studies that demonstrate a large MREE affinity of bacterial
colonies and/or humate and fulvate natural polymers to biological
surfaces (Takahashi et al.,, 2005, 2007; 2010). This affinity is

60 | Sabella spallanzanii Cala harbour
[ ] (tube)
Sabella spallanzanii Cala harbour
O ranchiat erown)
Sabella spallanzanii Termini Imerese O
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Fig. 5. Distribution of Zr/Hf and Y/Ho ratios analysed in studied samples. The grey area
indicates the field of Zr/Hf and Y/Ho values recognised in lithogenic materials (data
from Bau, 1996).

apparently driven by the capability of some binding tags to extract
REE from the aqueous phase (Marsac et al., 2011; Martinez et al.,
2014; Park et al., 2016 and references therein).

According to Pourret and Martinez (2009), the difference in
scavenging capabilities of binding surface groups occurs between
‘weak’ carboxylic sites, where about 80% of available REE are
uptaken, and ‘strong’ phenolic or phosphate sites where the
remaining REE fraction was also scavenged. Takahashi et al. (2010)
demonstrated that REE uptake through weak or strong sites is a
factor that fractionates MREE and is influenced by the ratio be-
tween dissolved REE contents and the number of available binding
sites. Moreover, (multi)phosphate sites fractionate HREE under
acidic conditions and low dissolved REE contents, whereas car-
boxylic sites are the most promising under alkaline conditions in
seawater with high dissolved REE contents. Our results therefore
suggest that the large MREE fractionation under seawater condi-
tions occurs mainly along carboxylic sites, and depends on the
metal loading available in the investigated localities.

Additionally, REE features of the shale-normalised patterns are
generally similar for both site localities with lower REE contents
and Zr/Hf values (Fig. 6) found in samples collected in the Cala
harbour compared to the Termini Imerese harbour. Both features
are considered characteristic for atmospheric particulates and
sediments contaminated by products derived from oil refineries or
fossil fuel combustion (Georgakopoulos et al., 2002; Kulkarni et al.,
2006, 2007; Moreno et al., 2008; Font et al., 2010). Therefore, a
possible source of the trace elements measured in the Termini
Imerese harbour samples is the fallout of atmospheric particulates
from the nearby industrial sites. The extent of the anthropogenic
contribution to the leached REE budget during the dissolution of
atmospheric fallout in the site localities can be estimated in Fig. 7
by comparing the composition of the samples studied here with
the distribution of La, Ce and Sm contents in lithogenic and
anthropogenic solids (Moreno et al., 2008; Censi et al., 2011, 2017).
The findings of Fig. 7 show that the compositions of the investi-
gated samples fall within an area characterised by the occurrence of
both anthropogenic and lithogenic contributions, close to the REE
content representative of road dust (Dongarra et al., 2003). This
evidence suggests that anthropogenic REE contribution also occurs
in the Cala harbour and is probably delivered by the leaching of
dust particles from automotive traffic.
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Fig. 6. Distribution of Zr/Hf values vs. sum of REE contents in samples for different
sites.
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Fig. 7. LREE contents in studied samples compared with typical composition of crustal
and anthropogenic products (from Moreno et al.,, 2008; Censi et al.,, 2011). La and Sm
concentrations are multiplied for two and ten, respectively due to their natural
geochemical abundances. The composition of road dust is reported as reference from
Dongarra et al. (2003). The composition of crustal materials comes from Taylor and
McLennan (1995), anthropogenic sources from Moreno et al. (2008).

At the same time, our results indicate that the uptake of Zr and
Hf onto biological tissues of S. spallanzanii from seawater involves
only limited decoupling between these elements, which results in a
larger Hf affinity relative to Zr and the occurrence of Zr/Hf values
slightly lower than lithogenic values (Fig. 6). This indication is
consistent with Zr and Hf behaviour in seawater where the larger
Hf affinity for biological surfaces (e.g. suspended biological partic-
ulates, Firdaus et al., 2011; humate polymers, Stern et al., 2014) is
demonstrated.

Determination of the interaction mechanism of Zr and Hf with
biological surfaces cannot be defined without spectroscopic tech-
niques and is beyond the aim of this research. On the other hand,
dissolved Zr and Hf speciation is driven by the formation of hy-
droxyl complexes with different degrees of hydrolysis (Byrne,
2002). Several studies suggest the formation of [Zr(H;0)4(OH)4]°
and [Hf(H,0)3(0OH)s]~ species in seawater (Aja et al., 1995; Veyland
et al,, 1998; Byrne, 2002; Ekberg et al., 2004; Qiu et al., 2009).
Because biological surfaces are negatively charged (Borrok et al.,
2004), their larger affinity towards Hf rather than Zr can be ruled
out and interactions between dissolved Zr and Hf species could
occur through surface complexation. Similarly, the surface
complexation of Zr and Hf through phosphate groups is not
reasonable considering their larger affinity for Zr over Hf. On the
contrary, the observed inverse relationship of Fe content and Zr/Hf
(Fig. 8) suggests that the accumulation of these elements in bio-
logical samples can occur through siderophore-like binding sites
that usually prefer Hf and Fe to Zr (Yoshida et al., 2004). This hy-
pothesis is consistent with limited Zr-Hf decoupling induced by
bioaccumulation onto biological tissues (Kraemer et al., 2015).

5. Conclusions

The results of this study confirm the capacity of the REE distri-
bution to present a robust environmental probe for discriminating
the sources and nature of solids determining the environmental
composition throughout their dissolution. The observed
geochemical behaviour of REE in soft and mineralised tissues of two
benthic marine species suggests that carboxylic groups are
responsible for the uptake of REE from the aqueous phase by Sabella
spallanzanii and Styela plicata. Our results also demonstrate that Zr
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Fig. 8. Zr/Hf vs. Fe concentration relationship in studied products.

and Hf are affected by the delivery of these elements from seawater
to biological tissues and show a larger affinity of Hf over Zr during
uptake. The Zr/Hf signature is lower than that of characteristic
lithogenic solids and reduced Zr/Hf values are shown to be related
to increasing Fe content. This evidence suggests that siderophore-
like binding sites are responsible for Hf and Zr uptake onto the
surfaces of S. spallanzanii and S. plicata. The very limited knowledge
about Zr and Hf behaviour in environmental systems where organic
surfaces and aqueous phase coexist explicates the need for further
investigation.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.chemosphere.2017.07.023.
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