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Data collected during this study indicate that dissolved Y and REE (rare earth element) behaviour can
be monitored through shale-normalised ratios. Relationships occurring between these ratios suggest that
leaching from lithogenic materials is the main source of REE in the studied area. This process involves
riverine detrital matter in the inner area of the Gulf of Palermo. Features of shale-normalised patterns
and the relationship recognised between dissolved Fe and Y /Ho suggest that REE are released from Fe-
rich coatings of atmospheric dust. Observed similarities between dissolved Fe and chlorophyll-« content
suggest that leaching of Fe-rich atmospheric particulates induces a fertilisation of shallow water layers
influencing the dissolved organic content. In turn, the increasing chlorophyll-« content causes a progressive
decrease in amplitude of the negative Ce anomaly in seawater that is also observed in water in the Central
Mediterranean Sea, suggesting that organic matter generally plays a key role in REE behaviour at the solid-
liquid interface. Shale-normalised REE features recognised in suspended particulate matter (SPM) indicate
the occurrence of three different fractions from lithogenic matter, biogenic carbonates and authigenic
components, respectively. The latter is formed during REE scavenging onto the surface of detrital biogenic
particles and is mainly recognised in inner gulf waters.

Keywords: rare earth elements; chlorophyll-o; Ce anomaly; Mediterranean Sea

1. Introduction

The geochemical processes controlling rare earth elements (REES) and Y migration and deposi-
tion in the Earth’s surface environment have been intensively investigated in recent years [1-5]. In
marine systems, these processes mainly occur in shallow water layers, where atmospheric fallout
represents the main source of trace elements, and in coastal waters, where the effects of trace ele-
ment delivery from the surroundings can be observed. Along continental margins, the simultaneous
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presence of atmospheric fallout occurring in open water conditions is accompanied by the delivery
of different materials from large rivers and local watersheds. Under these conditions, processes
involving Y and REEs were investigated and an evaluation of their fate and dynamics was carried
out [5-9]. The occurrence of anthropogenic pressure is a further complication when defining REE
sources and processes that involve them. This is a very important topic in the study of epicontinen-
tal basins such as the Mediterranean Sea, where strong anthropogenic pressure occurs in coastal
areas. Y and REE have only rarely been investigated in Mediterranean coastal systems [10,11] in
order to identify their sources and the processes occurring along the water column.

Therefore, the aim of this research was to investigate Y and REE behaviour under natural
seawater conditions in a coastal system in the Central Mediterranean Sea. The Y and REE inves-
tigation is associated with the evaluation of Fe and chlorophyll-a concentrations occurring in a
dissolved pool in order to identify possible relationships. Moreover, features of shale-normalised
REE patterns are used as proxy to recognise sources of these elements and processes involving
them along the water column by means of an innovative graphical approach based on an evaluation
of light, medium and heavy REE contents (LREE, MREE and HREE, respectively) expressed
as a percentage of the whole REE content. The studied area was chosen as being a good exam-
ple of a coastal system exposed to strong anthropogenic pressure, which causes the dissolved
organic concentration to be higher than in the oligotrophic conditions usually occurring in the
Mediterranean Sea.

2. REE in aseawater system

Shale-normalised concentrations are a classical method to present REE data and investigate pro-
cesses involving these elements. The typical features of the distribution of shale-normalised REE
concentrations, [REE;],, calculated according to the expressions:

B [REE?ample]
[REEPAAS]
with respect to Post Archean Australian Shales (PAAS; [11]), consist of enrichment in HREE

concentrations, compared to LREE and the occurrence of a negative Ce anomaly [12-15], defined
as [16]:

[REEi]n s (1)

Ce 2[Ce]n 9

Cex [La], +[Pr],’ @
This behaviour is justified by a progressive decrease of ionic radius with increasing atomic number
observed along the lanthanide series. This phenomenon is responsible for slight differences in REE
behaviour and enables fractionation processes among LREE, MREE and HREE mainly during
interface processes occurring between the dissolved phase and suspended solids (for a detailed
discussion see [17]). Therefore the progressive increase of shale-normalised REE concentrations
with atomic number, except for Ce, is a consequence of the increasing stability of REE dissolved
carbonate complexes from La to Lu [18-19]. In coastal systems, normalised REE patterns can
exhibit different features due to particular environmental conditions and processes occurring
therein [5, 20-24]. In general, shale-normalised REE patterns can show:

e A monotonous increasing behaviour along the REE series with a negative Ce anomaly, typical
of oceanic environments (type 1).

e Astronger HREE enrichment than type 1, explained by the degradation of a particulate organic
carbon (POC) or by increased HREE complexation [24].

e [La/Sm], > [La/Lu], > [Th/Lu], that involves LREE enrichment with respect to type 1
behaviour (type 3). These features are usually explained by the existence of an LREE enriched
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source from the weathering of lithogenic materials that can be recognised in areas exposed
to the effects of a large delivery of lithogenic particulate matter from atmospheric or riverine
sources [25].

Similarly, shale-normalised REE distributions in SPM usually show some classical features:

e SPM with high REE content and a nearly flat shale-normalised REE pattern mirrored by
[La/Sm], ~ [Tb/Lu], ~ [La/Lu],. According to the detrital source of these SPM, the Y /Ho
molar ratio should be clustered around ‘crustal’ values (about 50 molar ratio).

e SPM with lower REE concentrations can present a higher authigenic fraction. In these materials
positive Ce anomalies and LREE enrichment over HREE are often recognised due to preferential
oxidative scavenging of Ce(IV) and LREE onto an authigenic fraction with respect to HREE
that are more stable in the dissolved phase [25]. This material corresponds to surface coatings on
detrital suspended particles, often related to the presence of organic particulates [26]. Detailed
measurements of Y /Ho in SPM from oceanic seawater report ratio values intermediate between
‘crustal’and ‘marine’ values, suggesting a similar behaviour forY and Ho in SPM, mainly driven
by similar valence and ionic radii [27].

3. Sampling strategies and analytical procedures

3.1. Sampling

Samples were collected in ten sampling stations along the Tyrrhenian coast of Sicily in the Gulf
of Palermo, during the early summer of 2001 during the ANSIC 2001 cruise, aboard the R.V.
‘Urania’ (Figure 1). The sampling location was selected in order to gain knowledge on the delivery
of terrestrial materials from the area surrounding the location, with sampling sites located close
to the coastline named ‘inner stations’ (SS-01, 02, 03, 04, 05, 06), whereas sites located far from
the coastal area, considered as reference sites with more classical marine conditions, were named
‘outer stations’ (SS-07, 08, 09, 10).

long. East

@ lat. North

¢

SS-07@

Figure 1. Location of the sampling sites. The satellite image showing the Gulf of Palermo was provided by
http://visibleearth.nasa.gov/view_ detail.php?id=1868.
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The sampling system consisted of a Neil-Brown CTD rosette frameanda 24 x 12 L Teflon-lined
GoFlo bottle. Upon recovery, water samples were immediately filtered through 0.2 um Millipore®
filters using a Teflon filtering manifold and acidified to pH 1-2 with HNO3 (Merck ULTRAPUR®).

To minimise contamination, all material used for collecting and manipulating water samples
was plastic-ware and previously cleaned using 1:10 hot high purity HNO; solutions (Merck
ULTRAPUR®). Manipulations in the laboratory were carried out in a laminar flow clean bench.

3.2. Seawater analysis

In situ chlorophyll-o measurements were carried out by means of a SBE 911 CTD profiler
and a SeaTech fluorometer enclosed in the G.O. rosette manifold. The SeaTech (Corvallis, OR)
chlorophyll-o. fluorometer was equipped with filters optimised for chlorophyll-o. in seawater
(Aex = 330 NM; Aem = 450 nm; bandwidth = 60 and 65 nm, respectively). Oceanographic data
were acquired at the maximum frequency of 24 Hz using a PC running Windows XP and Sea-
Bird’s Seasave Version 5.33 for Windows software. During collection of these data, the sequence
of recognised salinity values allowed two main water layers to be identified: a shallow layer above
70 m with salinity of 37.8, and a bottom layer from 70 m to about 300 m with a higher salinity.
Water samples were collected using a 24-position SBE 32 Carousel sampler with 12 litre water
sample bottles at different depths. Lanthanide analyses in the dissolved phase were carried out
on filtered seawater samples. The optimisation of the seawater REE analysis was performed
by pre-concentrating 2000 mL seawater samples with CHELEX 100® (200-400 mesh) chelat-
ing resin. pH, measured according to the methods of Butler et al. [28], Dickson [29,30] and
Millero et al. [31], was adjusted to 6.0 with CH3COONH, and the sample was loaded into
an 8cm long column filled with CHELEX-100 cleaned and conditioned previously [32,33].
REEs were eluted by 5mL of HNO3; 3.5M vyielding a 400-fold enrichment factor. Accuracy
and precision of chemical analyses have been assessed according to the following procedure
[34]: ten litres of a seawater batch solution were passed twice onto CHELEX-100 resin to
remove originally contained Y and REE. Five one-litre aliquots of this solution were used for
seawater samples in order to assess the effects of chemicals used during seawater manipula-
tion as procedural blanks (PB) to evaluate the critical values (Lc), the detection limits (Lp)
and the limits of quantification (Lg) for the investigated trace elements, according to the Water
Research Centre Procedure for the Determination of Lc, Lp (and ISO/IUPAC determination of Lg)
(see http://www.epa.gov/waterscience/methods/det/faca/techworkgroup/WRCP.pdf). Their anal-
yses are reported in Supplementary Table S1 (online only) and represent the contribution to
analytical error larger than that due to instrumental sources. Furthermore, 500 L of standard
solution of known REE concentration was added to 5 L of REE-free seawater batch solution and
other five 1L aliquots were obtained (EL 1-5) to measure the recovery of each REE and Y, esti-
mated from the analysis of the five replicate samples. The result of the estimated recovery for
each REE is reported in Supplementary Table S1 and range from 88% for Er to 96% for Ce.

3.3. Suspended particulate matter (SPM)

SPM (about 0.0159) was collected on a 0.2 m filter from approximately 6 L of seawater.
After weighing (0.01 mg accuracy), SPM was digested to collect the labile fraction containing
trace elements in the exchangeable phases, bounded to carbonates and Fe, Mn oxyhydroxides
[35,36]. Extraction was carried out using a microwave oven (CEM Mars 5) equipped with
TFM™ fluorurated polymer vessels, adding 25 mL of HNO3; 0.01 M ULTRAPUR®. Solutions
were analysed directly by a ThermoFinnigan ELEMENT 2 ICP-SFMS after the addition of Rh
as the internal standard (0.97 nmol L™1), without any further dilution.
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All the measurements reported in this paper were carried out in a high resolution mode allowing
the signal from the elements to be separated from those of most isobaric interferences, such
as BaO™.

4, Results

Sampling depth, temperature, salinity, chlorophyll-«, iron, yttrium and REE contents measured
in seawater collected at sampling sites are reported in Supplementary Table S2 (online only).
Sampling depth, weight of collected particulates, Y and REE contents in SPM are reported in
Supplementary Table S3 (online only). Salinity in seawater from the Gulf of Palermo ranges from
37.8-38.6 in the first 300 m of depth, whereas the potential temperature ranges from 14-26°C.
Both in shallow and bottom waters, the distribution of chlorophyll-« is similar over the whole
gulf area. Chlorophyll-« is widely scattered, with values from about 0.5-1.1 g L~ in shallow
water, reaching values close to 2 g L~ at about 80 m and decreasing to 0.4 g L1 in the deeper
part of the water column. These values are higher than those reported in other coastal waters of
the Central Mediterranean Sea.

Iron, ranging from 664-920 pmol L™, is an essential micronutrient for phytoplankton growth
and plays a limiting role for primary productivity [37-39]. The values found in the studied area
are in agreement with those reported by Bonnet and Guieu [40], showing Fe concentrations from
200-1200 pmol L1, respectively, in lower spring and summer. Figure 2 shows that both iron
and chlorophyll-o concentration have similar profiles, suggesting a large Fe bioavailability in
the dissolved phase. According to Visser et al. [41], this may indicate that more soluble poorly
crystalline materials provide dissolved Fe in seawater. Unexpectedly, no significant statistical
relationships occur in the studied area between dissolved Fe and chlorophyll-o concentrations,
suggesting the existence of several iron sources.

4.1. Dissolved fraction

The distribution of shale-normalised REE concentrations are shown in Figure 3, where the compo-
sition of the oligotrophic Levantine Intermediate Water (LIW; [42]), is reported as a reference. In

Fe (pmol L) Chlorophyll-o (ug L™)
700 800 900 04 038 1.2 1.6
50
100
~~
150 é
=
N
o
]
200 { A
250

Figure 2. Distribution of Fe and chlorophyll-ox concentration along the studied water columns. A: Inner gulf waters.
W Outer gulf waters.
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Figure 3. Shale-normalised (PAAS) REE patterns of the analysed seawater samples at different depths [11]. Red path
represents REE concentrations measured in LIW [41].

the investigated area, all the samples show LREE depletion, a negative Ce anomaly and Gd enrich-
ment, especially in inner waters. We also found that outer gulf waters have a lower REE than inner
waters that are relatively enriched in LREE compared to the LIW. This evidence implies that the
shape of shale-normalised REE patterns from inner gulf waters span between type 1 (Figure 4a) and
type 3 (Figure 4c) distributions, as evidenced by trend (1) in Figure 4d. On the contrary, low LREE
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Figure 4. REE patterns usually recognised in seawater. a: type 1, b: type 2, c: type 3. d: distribution of investigated
seawater samples in terms of La/Sm vs. La/Lu shale-normalised ratios. Trend (1) and trend (11) in diagram (d) indicate
evolution of features of shale-normalised behaviour from type 1 to type 2 and from type 1 to type 3, respectively.

content and different features of shale-normalised patters of the outer-gulf waters with respect to
the sample collected in the inner gulf area are evidenced in terms of (La/Sm), and (La/Lu), ratios
that range from type 1 (Figure 4a) to type 2 (Figure 4b) along the water column (Figure 4d). These
trends suggest that in inner gulf waters there exists a LREE-enriched source, whereas in outer
gulf waters, LREE-depleted materials are dissolved, probably represented by an Fe-rich coating of
atmospheric dust, the dominant external input of iron to seawater [43]. This process, correspond-
ing to an evolution along trend (111) from type 1 to type 3, agrees with the observed relationship
between Y /Ho ratio and Fe concentration in outer gulf waters. The increase of Fe concentration
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Figure 5. Dissolved Fe concentration and Y /Ho ratio measured in studied seawater. The dashed area represents typical
Y /Ho values measured in other areas of the Mediterranean Sea [10,41,43]. Symbols as in Figure 4d. The dashed curve
represents a hypothetical mixing array.

from typical values recorded in Mediterranean seawater [10, 44] to higher values is associated to a
progressive decrease of Y /Ho values in outer gulf waters only (Figure 5). This evidence suggests a
progressive dissolution of Fe-rich materials that are usually characterised by lowY /Ho ratios [45].

4.2. Suspended particulate matter (SPM)

Shale-normalised SPM patterns, displayed in Figure 6, show two different features: a “flatter’
pattern, often associated with higher REE contents that can be recognised in materials collected
closest to Palermo (SS-01, SS-02 and SS-03 in Figure 6a), and a LREE-enriched pattern, char-
acterised by lower REE concentrations that occur in other collected materials (Figure 6a, b).
Both types of pattern show positive Ce anomalies. These two patterns can also be recognised
in La/Luy,—La/Smy, space, where the studied SPM show two different linear trends (Figure 6c).
SPM from the outer gulf area mainly have lower La/Lu, and La/Sm, values falling on the left
side of both trends, whereas SPM from the inner gulf area show higher values of both ratios.
This evidence suggests that La enrichment, previously recognised in the dissolved phase from
inner gulf waters, also occurs in suspended materials. Therefore, trends suggest that the observed
features in shale-normalised SPM patterns can be explained in terms of reciprocal differences
in LREE, MREE and HREE in suspended materials. Therefore, we calculated the fractions rela-
tive to LREE, MREE and HREE as percentages of the whole shale-normalised concentration of
each SPM sample and plotted them in Figure 7. This figure shows that SPM spans between the
MREE-HREE enriched area, where biogenic marine carbonates are deposited as corals [46] and
planktonic foraminifera [47], and the LREE corner. Outer gulf SPM are mainly clustered close
to biogenic carbonate compositions, whereas inner gulf SPM samples evidence variable LREE
enrichments. These shale-normalised SPM features indicate that, in the suspended matter in the
studied area, there occurs a lithogenic and biogenic carbonatic contribution, whereas progressive
LREE enrichments are suggestive of an authigenic component produced by LREE scavenging as a
coating on detrital-biogenic particles [48]. According to this viewpoint, the most LREE-enriched
SPM are those collected in the inner gulf area, falling along trends A and B for higher [La/Sm],
and [La/Lu], ratios. On the contrary, suspended matter collected along the water column of outer
gulf is less affected by LREE enrichment, falling closer to the origin in Figure 6c.



12: 03 15 January 2011

Downl oaded At:

Chemistry and Ecology 131

d
2
&
o
)
=
S~
=
5
3
g
i =)
0
B oo
~~
=
5
o
o
&
10+

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

107 SS-05
: = 4 -
| A N , C

[La/Sm],= 0.55[La/Lu] + 0.1 A
u r=0.82;n=40

La/Sm

A

yype A
[La/Sm] = 0.1[La/Lu] +0.52
r=0.75n=18 -

-
_A A typeB

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

o A
A=
S5}

— suface T 15m  —— 25m ¢ 38-50m  —A— 64-80m —@—86-130m —— 180m —@—210m —Q— 260m

Figure 6. Shale-normalised REE patterns of the SPM samples at different depths. a: Inner gulf area (black symbols);
b: outer gulf area (red symbols); c: distribution of investigated SPM in terms of La/Sm vs. La/Lu shale-normalised ratios.
The observed evolutions on the latter ratios along two calculated linear trends are reported (colour online).

5. Discussion

The evaluation of amplitudes of LREE, MREE and HREE shale-normalised concentrations, both
in the dissolved phase and in suspended materials, is based on the identification of two main
sources for released REE in seawater and three different contributions to the SPM budget in
the studied area. In particular, shale-normalised REE distributions, Fe concentrations and Y /Ho
ratios in the dissolved phase suggest that shallow outer gulf waters receive Fe-rich products
and their dissolution influences both the Fe concentration and REE fractionations along the water
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Figure 7. Percent LREE, MREE and HREE contents calculated in SPM. Symbols as in Figure 6. Point representative
of mean concentration of Upper Continental Crust (UCC) from [11] (colour online).

column. On the contrary, this process is not evidenced in inner gulf waters, where shale-normalised
dissolved REE distributions show a progressive increase of LREE enrichment from deeper to
shallower waters, suggesting an additional source of trace elements probably of riverine nature.
Observed similarities between Fe and chlorophyll-a concentrations suggest that leaching of
Fe-rich atmospheric particulates induces a fertilisation of shallow water layers under oligotrophic
conditions [43,49-52]. The increase of dissolved organic content, in terms of chlorophyll-«, is
related to this process and can play an important role in determining REE dissolved behaviour in
less oligotrophic coastal systems. This suggestion comes from the observed relationship between
the amplitude of the Ce anomaly and chlorophyll-« concentration (Figure 8) in the studied waters,
indicating that the dissolved organic carbon can influence the fate of Ce during scavenging pro-
cesses, as proposed by experimental studies on the effects of dissolved organic contents and the
amplitude of the Ce anomaly in water [53-56]. Also, samples collected in the Strait of Sicily
between the surface and a 300 m depth [10,57] fall on the same trend reported in Figure 8. This
evidence suggests that the Ce/Ce* vs. chlorophyll-« relationship can have general significance, at
least for oligotrophic systems such as the Mediterranean Sea. This evidence could indicate that Ce
oxidation is avoided in the presence of higher chlorophyll- « concentrations, or that CeO, which

2.0

n A
=11)
=
151 %
=
=
o
2
1.0 %
(@)
0.5
Ce/Ce*

0.2 0.4 0.6 0.8 1.0

Figure 8. Relationship between chlorophyll-o and Ce anomaly in seawater. Symbols are reported in Figure 2. Full
circles (o) represent seawater samples collected in the Strait of Sicily [10]. The linear trend is calculated on all the samples
of this study.
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is formed is progressively scavenged onto a colloidal organic fraction and cannot be recognised
with the usual filtration procedures [58].

The occurrence of an authigenic LREE-enriched SPM fraction mainly occurring in inner gulf
areas, where the largest REE and Fe concentrations are measured, both in dissolved and suspended
fractions, explains the observed lack of correlation between Fe and Y /Ho values in inner gulf
waters (Figure 5). This additional source of REE is probably related to riverine input of organic
stabilised Fe-rich colloids that coagulate under high salinity conditions [23]. After colloidal coag-
ulation, LREE are enriched in SPM due to their high particle reactivity, whereas MREE and
HREE are enriched in the dissolved phase. In this phase the recognition of positive Gd anomaly
values suggests an anthropogenic signature, Gd organic compounds, being widely used as con-
trast medium in magnetic resonance imaging [9, 59-61]. Moreover, LREE enrichment observed
in shale-normalised SPM patterns represents a further effect of anthropogenic pressure [62] and
agrees with the organic-rich nature of the authigenic SPM fraction [63].

6. Conclusions

This study shows that REEs in the investigated coastal area are influenced by the delivery of
lithogenic materials both from atmospheric and riverine sources. Due to the strong anthropogenic
pressure in surrounding coastal areas, the studied site is a less oligotrophic system compared to the
usual conditions occurring in the Mediterranean basin. In the studied area, water masses from the
inner Gulf are more influenced by the effects of the delivery of terrestrial anthropogenic input,
which is recognised especially by positive Gd anomalies in the dissolved phase. On the contrary,
the effect of the dissolution of Fe-rich atmospheric dust is evidenced by the relationship between
the dissolved Fe concentration and Y /Ho molar ratio. As monitored in terms of chlorophyll-«
concentration, iron dissolution fertilises the shallow water masses in the external gulf area and
influences the phytoplankton production. This process enables a modification of Ce behaviour
during oxidative scavenging that is reflected by the limited amplitude of the recognised Ce anomaly
values in seawater. This work highlights the role played by chlorophyll-a concentration on REE
distribution in coastal water systems.

Acknowledgements

This work was supported by PROREPLUS ALIF (lAboratori di testing per dispositivi elettroacustici, sensorl
oceanograFici e metodologie finalizzati al monitoraggio dello stato delle risorse biologiche del mare) and ICT-3E funds
from CIPE (Italy) and the Italian National Research Council (CNR). We wish to thank the R/V Urania crew for helping
us during the sampling cruise. Moreover, the authors are very grateful to Rosa Cidu and two anonymous reviewers for
their careful and dedicated job of critical revision of a first version of the manuscript.

References

[1] D. Aubert, P. Stille, A. Probst, F. Gauthier-lafaye, L. Pourcelot, and M. Del nero, Characterization and migration of
atmospheric REE in soils and surface waters, Geochim. Cosmochim. Acta 66 (2002), pp. 3339-3350.

[2] P. Stille, M. Pierret, M. Steinmann, F. Chabaux, R. Boutin, D. Aubert, L. Pourcelot, and G. Morvan, Impact of
atmospheric deposition, biogeochemical cycling and water-mineral interaction on REE fractionation in acidic
surface soils and soil water (the Strengbach case), Chem. Geol. 264 (2009), pp. 173-186.

[3] R. Cidu and R. Biddau, Transport of trace elements under different seasonal conditions: Effects on the quality of
river water in a Mediterranean area, Appl. Geochem. 22 (2007), pp. 2777-2794.

[4] D. Merten, E. Kothe, and G. Buchel, Studies on microbial heavy metal retention from uranium mine drainage water
with special emphasis on rare earth elements, Mine water Environ. 23 (2004), pp. 34-43.

[5] M. Kikuchi, H. Hidaka, K. Horie, and F. Gauthier-Lafaye, Redistribution of REE, Pb and U by supergene weathering
studied from in-situ isotopic analyses of the Bangombé natural reactor, Gabon, Geochim. Cosmochim. Acta 71
(2007), pp. 4716-4726.



12: 03 15 January 2011

Downl oaded At:

134 P. Censi et al.

[6] R.E. Hannigan and E.R. Sholkovitz, The development of middle rare earth element enrichments in freshwater:
weathering of phosphare minerals, Chem. Geol. 175 (2001), pp. 495-508.

[7] M. G. Lawrence and B. S. Kamber, The behaviour of the rare earth elements during estuarine mixing-revisited,
Mar. Chem. 100 (2006), pp. 147-161.

[8] K. H. Johannesson and D. J. Burdige, Balancing the global oceanic neodymium budget: Evaluating the role of
groundwater, Earth Plan. Sci. Lett. 253 (2007), pp. 129-142.

[9] S. Kulaksiz and M. Bau, Contrasting behaviour of anthropogenic gadolinium and natural rare earth elements in
estuaries and the gadolinium input into the North Sea, Earth Plan. Sci. Lett. 260 (2007), pp. 361-371.

[10] F. Elbaz-Poulichet, J.L. Seidel, and C. Othoniel, Occurrence of an anthropogenic gadolinium anomaly in river and
coastal water of southern France, Water Res. 36 (2002), pp. 1102-1105.

[11] P. Censi, P. Zuddas, D. Larocca, F. Saiano, F. Placenti, and A. Bonanno, Recognition of water masses according to
geochemical signatures in the Central Mediterranean sea, Y/Ho ratio and Rare Earth Elements behavior, Chem.
Ecol. 23 (2007), pp. 139-155.

[12] S.R. Taylor and S.M. McLennan, The Continental Crust, Its Composition and Evolution, Blackwell Scientific
Publications, Oxford, 1985.

[13] H. Elderfield and M.J. Greaves, The rare earth elements in seawater, Nature 296 (1982), pp. 214-219.

[14] H. Elderfield, On understanding sediment geochemistry, Appl. Geochem. 3 (1988), p. 110.

[15] C.J. Bertram and H. Elderfield, The geochemical balance of the rare earth elements and neodymium isotopes in the
oceans, Geochim. Cosmochim. Acta 57 (1993), pp. 1957-1986.

[16] D.S. Alibo and Y. Nozaki, Rare earth elements in seawater, Particle association, shale-normalization, and Ce
oxidation, Geochim. Cosmochim. Acta 63 (1999), pp. 363-372.

[17] R. H. Byrne and E.R. Sholkovitz, Marine chemistry and geochemistry of the lanthanides, in The Handbook on the
Physics and Chemistry of the Rare Earths, KA. Gschneidner, Jr. and L. Eyring, eds., Elsevier, Amsterdam, 1996,
pp. 497-593.

[18] J.H. Lee and R.H. Byrne, Examination of comparative rare earth element complexation behavior using linear
free-energy relationships, Geochim. Cosmochim. Acta 56 (1992), pp. 1127-1137.

[19] FJ. Millero, Stability constants for the formation of rare earth inorganic complexes as a function of ionic strength,
Geochim. Cosmochim. Acta 56 (1992), pp. 3123-3132.

[20] M.R. Palmer and H. Elderfield, Rare earth elements and neodymium isotopes in ferromanganese oxide coatings of
Cenozoic foraminifera from the Atlantic Ocean, Cambridge Earth Sciences Series, Contribution No. 651, Geochim.
Cosmochim. Acta 50 (1986), pp. 409-417.

[21] K.H.Johannesson and X. Zhou, Origin of middle rare earth element enrichments in K.H. acid waters of a Canadian
high arctic lake, Geochim. Cosmichim. Acta 63 (1999), pp. 153-165.

[22] R.M. Sherrell, M.P. Field, and G. Ravizza, Uptake and fractionation of rare earth elements on hydrothermal plume
particles at 9°45’N, East Pacific Rise, Geochim. Cosmochim. Acta 63 (1999), pp. 1709-1722.

[23] E.R. Sholkovitz, H. Elderfield, R. Smymczak, and K. Casey, Island weathering: River sources of rare earth elements
to the Western Pacific Ocean, Mar. Chem. 68 (1999), pp. 39-57.

[24] B.A. Haley, G.P. Klinkhammer, and J. McMnus, Rare earth elements in pore waters of marine sediments, Geochim.
Cosmichim. Acta 68 (2004), pp. 1265-1279.

[25] K. Tachikawa, M. Roy-Barman, A. Michard, D. Thouron, D. Yeghichenyan, and C. Jeandel, Neodymium isotopes in
the Mediterranean Sea, comparison between seawater and sediment signals, Geochim. Cosmochim. Acta 68 (2004),
pp. 3095-3106.

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

[27] J. Kuss, C.-D. Garbe-Schonberg, and K. Kremling, Rare earth elements in suspended particulate material of North
Atlantic surface waters, Geochim. Cosmochim. Acta 65 (2001), pp. 187-199.

[28] R.A. Butler, A.K. Covington, and M. Whitfield, The determination of pH in estuarine water. Il. Practical
considerations, Oceanologica Acta 8 (1985), pp. 433-439.

[29] A.G. Dickson, pH buffers for sea water media based on the total hydrogen ion concentration scale, Deep-Sea Res.
40 (1993), pp. 107-118.

[30] A.G. Dickson, The measurement of sea water pH, Mar. Chem. 44 (1993), pp. 131-142.

[31] F.J. Millero, J.Z. Zhang, S. Fiol, S. Sotolongo, R.N. Roy, K. Lee, and S. Mane, The use of buffers to measure the pH
of sea water, Mar. Chem. 44 (1993), pp. 143-152.

[32] A.J. Paulson, The effects of flow rate and pre-treatment on the analyses of trace metals in estuarine and coastal
seawater by Chelex-100, Anal. Chem. 58 (1986), pp. 183-187.

[33] P. Mdller, P. Dulski, and J. Luck, Determination of rare earth elements in seawater by inductively coupled plasma-
mass spectrometry, Spectrochim. Acta, 47B (1992), pp. 1379-1393.

[34] P. Censi, M. Sprovieri, D. Larocca, P. Arico, F. Saiano, S. Mazzola, and P. Ferla, Anomalous Y/Ho ratios in coastal
water of the Central Mediterranean Sea, Geochim. Cosmochim. Acta 71 (2007), pp. 5405-5422.

[35] A. Tessier, P.G.C. Campbell, and M. Bisson, Sequential extraction procedure for speciation of particulate trace
metals, Anal. Chem. 51 (1979), pp. 844-851.

[36] H. Obata, H. Karatami, M. Matsui, and E. Nakayama, Fundamental studies for chemical speciation of iron in
seawater with an improved analytical method, Mar. Chem. 56 (1997), pp. 97-106.

[37] J.H. Martin, K.H. Coale, K.S. Johnson, S.E. Fitzwater, R.M. Gordon, S. Tanner, C.N. Hunter, V.A. Elrod, J.L.
Nowickl, T.L. Coley, R.T. Barber, Lindley, A.J. Watson, K. Van Scoy, C.S. Law, M.I. Liddicoat, R. Ling, T. Stanton,
J. Stockel, C. Collins, A. Anderson, R. Bidigare, M. Ondrusek, M. Latasa, F.J. Millero, K. Lee, W. Yao, J.Z. Zhang,
G. Friederich, C. Sakamoto, K. Buck, Z. Kolber, R. Greene, P. Falkowski, S.W. Chisholm, F. Hoge, R. Swift,



12: 03 15 January 2011

Downl oaded At:

Chemistry and Ecology 135

J. Yungel, S. Turner, P. Nightingale, A. Hatton, P. Liss, and N.W. Tindale, Testing the iron hypothesis in ecosystems
of the equatorial Pacific Ocean, Nature 37 (1994), pp. 123-129.

[38] K.H. Coale, K.S. Johnson, S.E. Fitzwater, R.M. Gordon, S. Tanner, F.P. Chavez, L. Ferioli, C. Sakamoto, P. Rogers,
F. Millero, P. Steinberg, P. Nightingale, D. Cooper, W.P. Cochlan, M.R. Landry, J. Constantinou, G. Rollwagen, A.
Trasvina, and R.A. Kudela, Massive phytoplankton bloom induced by an ecosystem-scale iron fertilization experiment
in the equatorial pacific ocean, Nature 383 (1996), p. 495.

[39] P.W.Boyd, A.J. Watson, C.S. Law, E.R. Abraham, T. Trull, R. Murdoch, D.C.E. Bakker, A.R. Bowie, K.O. Buesseler,
H. Chang, M. Charette, P. Croot, K. Downing, R. Frew, M. Gall, M. Hadfield, J. Hall, M. Harvey, G. Jameson, J.
LaRoche, M. Liddicoat, R. Ling, M.T. Maldonado, R.M. McKay, S. Nodder, S. Pickmere, R. Pridmore, S. Rintoul,
K. Safi, P. Sutton, R. Strzepek, K. Tanneberger, S. Turner, A. Waite, and J. Zeldis, A mesoscale phytoplankton bloom
in the polar southern ocean stimulated by iron fertilization, Nature 407 (2000), pp. 695-702.

[40] S. Bonnetand C. Guieu, Atmospheric forcing on the annual iron cycle in the western Mediterranean Sea: A 1-year
survey, J. Geoph. Res. C 111 (2006), C09010.

[41] F. Visser, L.J.A. Gerringa, S.J. Van Der Gaast, H.J.W. De Baar, and K.R. Timmermans, The role of the reactivity and
content of iron of aerosol dust on growth rates of two Antarctic diatom species, J. Phycol. 39 (2003), pp. 1085-1094.

[42] M. Bau, P. Méller, and P. Dulski, Yttrium and lanthanides in Eastern Mediterranean seawater and their fractionation
during redox cycling, Mar. Chem. 56 (1997), pp. 123-131.

[43] T.D. lJickells, Z.S. An, K.K. Andersen, A.R. Baker, C. Bergametti, N. Brooks, J.J. Cao, PW. Boyd, R.A. Duce,
K.A. Hunter, H. Kawahata, N. Kubilay, J. LaRoche, P.S. Liss, N. Mahowald, J.M. Prospero, A.J. Ridgwell, I. Tegen,
and R. Torres, Global iron connections between desert dust, ocean biogeochemistry, and climate, Science 308 (2005),
pp. 67-71.

[44] G. Sarthou and C. Jeandel, Seasonal variations of iron concentrations in the Ligurian Sea and iron budget in the
Western Mediterranean Sea, Mar. Chem. 74 (2001), pp. 115-129.

[45] M. Bau, A. Kolschinsky, P. Dulski, and J.R. Hein, Comparison of the partitioning behaviours of yttrium, rare earth
elements, and titanium between hydrogenetic marine ferromanganese crusts and seawater, Geochim. Cosmochim.
Acta 60 (1996), pp. 1709-1725.

[46] S. Al-Mikhlafi, Rare earth elements in modern coral sands: An environmental proxy, Environ. Geol. 54 (2008),
pp. 1145-1153.

[47] B.A. Haley, G.P. Klinkhammer, and A.C. Mix, Revisiting the rare earth elements in foraminiferal tests, Earth Plan.
Sci. Lett. 239 (2005), pp. 79-97.

[48] J. Nelson, S.A. Wood, and J.L. Osiensky, Partitioning of REE between solution and particulate matter in natural
waters: A filtration study, J. Sol. State Chem. 171 (2003), pp. 51-56.

[49] P. Frogner, S.R. Gislason, and N. Oskarsson, Fertilizing potential of volcanic ash in ocean surface water, Geology
29 (2001), pp. 487-490.

[50] M. Ozturk, O. Vadstein, and E. Sakshaug, The effects of enhanced phytoplankton production on iron speciation
and removal in mesocosm experiments in a landlocked basin of Hopavagen, Norway, Mar. Chem. 84 (2003),
pp. 3-17.

[51] P.C. Frogner Kockum, R.B. Herbert, and S.R. Gislason, A diverse ecosystem response to volcanic aerosols, Chem.
Geol. 231 (2006), pp. 57-66.

[52] M.T. Jones and S.R. Gislason, Rapid releases of metal salts and nutrients following the deposition of volcanic ash
into aqueous environments, Geochim. Cosmichim. Acta 72 (2008), pp. 3661-3680.

[53] M. Davranche, O. Pourret, G. Gruau, and A. Dia, Impact of humate complexation on the adsorption of REE onto Fe
oxyhydroxide, J. Colloid Interface Sci. 277 (2004), pp. 271-279.

[54] M. Davranche, O. Pourret, G. Gruau, A. Dia, and M. Le Coz-Bouhnik, Adsorption of REE(I11)-humate complexes onto
MnO3, Experimental evidence for cerium anomaly and lanthanide tetrad effect suppression, Geochim. Cosmochim.
Acta 69 (2005), pp. 4825-4835.

[55] M. Davranche, O. Pourret, G. Gruau, A. Dia, D. Jin, and D. Gaertner, Competitive binding of REE to humic acid
and manganese oxide, impact of reaction kinetics on development of cerium anomaly and REE adsorption, Chem.
Geol. 247 (2008), pp. 154-170.

[56] J.E. Sonke and V.J.M. Salters, Lanthanide-humic substances complexation. I. Experimental evidence for a lanthanide
contractio effect, Geochim. Cosmochim. Acta 70 (2006), pp. 1495-1506.

[57] P. Censi, S. Mazzola, M. Sprovieri, A. Bonanno, B. Patti, R. Punturo, S.E. Spoto, F. Saiano, and G. Alonzo, Rare
Earth Elements distribution in seawater and suspended particulate of the Central Mediterranean Sea, Chem. Ecol.
20 (2004), pp. 323-343.

[58] O.Pourret, M. Davranche, G. Gruau, and A. Dia, New insights into cerium anomalies in organic-rich alkaline waters,
Chem. Geol. 251 (2008), pp. 120-127.

[59] P. Méller, P. Dulski, M. Bau, A. Knappe, A. Pekdeger, and C. Sommer-von Jarmersted, Anthropogenic gadolinium
as a conservative tracer in hydrology, J. Geochem. Explor. 6970 (2000), pp. 409-419.

[60] T.OgataandY. Terakado, Rare earth element abundances in some seawaters and related river waters from the Osaka
Bay area, Japan: Significance of anthropogenic Gd, Geochem. J. 40 (2006), pp. 463-474.

[61] P. Mdller, E. Rosenthal, S. Geyer, J. Guttman, P. Dulski, M. Rybakov, M. Zilberbrand, C. Jahnke, and A. Flexer,
Hydrochemical processes in the lower Jordan valley and in the Dead Sea area, Chem. Geol. 239 (2007), pp. 27-49.

[62] J. Zhang and C. Liu, Major and rare earth elements in rainwaters from Japan and East China Sea: natural and
anthropogenic sources, Chem. Geol. 209 (2004), pp. 315-326.

[63] Y. Hara, H. Obata, T. Doi, Y. Hongo, T. Gamo, S. Takeda, and A. Tsuda, Rare earth elements in seawater during an
iron-induced phytoplankton bloom of the western subarctic Pacific (SEEDS-11), Deep-Sea Res. Part Il 56 (2009),
pp. 2839-2851.



