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A bstract: The research focuses on determination of geochemical characteristics and distribution of Rare
earth elements (REEs) in Makirina Bay sediments. The overall REEs concentrations in Makirina Bay sediments sam-
ples detected during study ranged from 123.94 ppm to 188.74 ppm. REEs content showed a gradual increase towards
the depth of sediments. The average UCC-normalized REEs pattern pointed out negative dCe values and positive Eu
values, indicating reductive conditions prevailing in Makirina Bay sediments. Calculated enrichment factor values are
in the range of natural variability with no addition of different anthropogenic components. According to sequential
extraction procedure results, the studied fractions can be followed from highest to lowest percentage of REEs as: oxi-
dizable > exchangeable > reducible+residual > reducible > water soluble fraction. The calculated transfer factor val-
ues generally confirmed the sequential extraction procedure results. The concentrations of all studied REEs are higher
in above-ground than in below-ground biomass of seagrass Cymodocea nodosa.
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INTRODUCTION

Rare earth elements (REEs) are a group of 15
elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Tu, Yb and Lu) that occur together in the
periodic table. REEs are characterized by simmilar
chemical and physical properties, owing princi-
pally to the same electronic configuration (Hender-
son, 1984; Taylor and McLennan, 1985; Tyler,
2004; Tranchida et al., 2011; Morgan et al., 2012;
Jung et al., 2012).

REEs are divided in two subgroups; lantha-
num to samarium are light REEs (LREEs); and
europium to lutetium are heavy REEs (HREEs).
Several of the REEs are not very ‘rare’ and occur
widely dispersed in a variety of forms (Tyler,
2004). The abundance of Ce is almost the same as
the more studied environmental Cu and Zn, and

some of them (Lu and Tm) are even more abun-
dant in the earth’s crust than Cd and Se (Tyler,
2004). REEs are mainly trivalent, with the excep-
tion of Ce and Eu, which occur also in tetra- and
divalent oxidation states, and often show greater
fractionation relative to the other REEs (Tyler,
2004; Mao et al., 2011; Tranchida et al., 2011;
Mao et al., 2014).

REEs have been applied widely to trace geo-
chemical processes and anthropogenic disturbance
in natural systems (Taylor and McLennan, 1985;
Morgan et al., 2012; Jung et al., 2012; Prego et al.,
2012). In marine sediments, REEs have been con-
firmed as a reliable tool for determining deposi-
tional processes and sediment provenance, pre-
cisely because of their conservative behaviour
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(Taylor and McLennan, 1985; Jung et al., 2012).
REEs can also be used to evaluate the relative con-
tribution of various positions of a study area, and
as potential indicators of environmental pollution
(Xu et al., 2012).

In the past few years, several geochemical
studies of Makirina Bay (Republic of Croatia)
sediments have been performed (Sparica et al.,
1989; Vreca, 1998; Dolenec et al., 2002; Lojen et
al., 2004; Vreca and Dolenec, 2005; Sparica et al.,
2005; Miko et al., 2007; Miko et al., 2008). Vreca
(1998) studied REE (La, Ce, Nd, Sm, Eu, Yb and
Lu) distribution in Makirina Bay sediments, and
found that the average concentration of the above-
mentioned REEs in surficial sediment (0—5cm) is
148 ppm, they increase gradually with depth and
there is a good correlation between REEs and clay
minerals.

According to Makirina Bay sediments or-
ganoleptic properties these sediments are treated as
peloid or healing mud and therefore could be used
for various therapeutic and wellnes related pur-
poses (Sparica et al., 1989). Precisely because of
potential application of these sediments in balneo-
therapy the detailed assessment of their contamina-
tion status is needed.

When studying the environmental impacts of
REEs present in sediments, the most important

factor is to evaluate their mobility (Kabata-Pendias
and Pendias, 2001). The physical and chemical
behaviour of REEs in the environment strongly
depends on their chemical forms or binding type
(Tessier et al., 1979; Li et al., 2000; Yu et al.,
2001; Yuan et al.,2004; Ebrahimpour and Mushri-
fah, 2008; Yan et al., 2010) and can be determined
by various sequential extraction procedures
(Tessier et al., 1979; Filgueiras et al., 2002; Sahu-
quillo et al., 2003; Dean, 2007; Rao et al., 2008).

A determination of the total REE concentra-
tion in sediments cannot provide sufficient infor-
mation about REEs’ mobility, bioavailability, and
consequently, an assessment of the environmental
risk to the marine ecosystem (Li et al.,2001; Ebra-
himpour and Mushrifah, 2008; Gao et al., 2010;
Zhang et al., 2012). Therefore, the following work
is a detailed study of REEs present in Makirina
Bay sediments. The objectives of this research are:

— to characterize the concentration and distri-
bution of REEs in Makirina Bay sediments.

— to analyze REEs’ chemical speciation by
employing a sequential extraction procedure.

— to calculate the REEs’ enrichment factor
(EF) values.

— to define the REEs’ transfer factor (TF) val-
ues from sediments to seagrass C. nodosa.

EXPERIMENTAL SECTION

Environmental setting and sampling methods

Makirina Bay is located in northern Dalmatia
(Republic of Croatia), 18 km NW of Sibenik city.
It is a small bay, approximately 1,250 m long and
300 m wide, and represents the SW prolongation
of Pirovac Bay (Fig. 1). The depth of the sea rarely
exceeds 0.5 m in the southern part of the bay and
increases in the seaward direction to a depth of 4.5
m. The bottom of the bay is covered by 0-3 m
thick sediment, overgrown mostly by seagrass
(Cymodocea nodosa) and benthic algae (Codium
bursa) (Sparica et al., 1989).

The bay’s surroundings are cultivated (olives,
gardens, vineyards) and sparsely populated. The
only larger settlement near Makirina Bay is Pi-
rovac city, with approximately 2,000 inhabitants,
located on the eastern side of Pirovac Bay.

The wider area of Makirina is built mostly of
early and late Cretaceous carbonate rocks and Qua-
ternary sediments (Sparica et al., 1989). According
to the lithological features and microfossil assem-
blages, Ivinj dolomites (Albian—Cenomanian),

Makirina limestones and dolomites (Cenomanian—
Turonian), Kamena rudist limestones (Early Seno-
nian), and Ivinj Draga deluvial deposits (Quater-
nary) lithostratigraphic units have been discerned
(Sparica et al., 2005).

Sediment core samples (o) were collected in
summer 2010, from 10 different sites in the central
part of the bay (Fig. 1), with hand-driven plexi-
glass core samplers (40cm long, 3.5cm inner di-
ameter). They were immediately frozen until further
analysis. In the laboratory, cores were first divided
into 5-cm-long sections and air-dried. Before the
geochemical analyses, non-representative debris
(large rocks and organic debris) were removed with
sieving, and samples were homogenized to a fine
powder (< 63 um) in an agate mortar.

Samples of seagrass C. nodosa were hand-
picked in the same location as sediment cores; i.e.
in the central part of the bay (Fig. 1) at a depth of
about 0.5 m, and transferred to polyethylene bags.
In the laboratory, seagrass samples were washed
with distilled water, and sediment particles were
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removed carefully with a nylon brush. Seagrass
individuals were dissected into two different com-
partments: below-ground and above-ground bio-
mass. Afterwards, samples were dried to a constant
weight and then ground and homogenized to a fine
powder in an agate mill.
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Fig. 1.

REFE concentrations in sediments and seagrass

Sediments samples were analyzed for REE
concentrations in a certified commercial Canadian
laboratory (Acme Analytical Laboratories), by In-
ductively Coupled Plasma mass spectrometry
(ICP-MS), following an extraction for 1 h with 2-
2-2-HCI-HNO3-H,O at 95 °C. The analytical pre-
cision and accuracy were better than £ 5% for the
investigated elements. This was assessed with in-
house reference materials (STD SO-18) and by the
results of the duplicate measurements of six sedi-
ment samples, as well as duplicate measurements
of reference material samples.

REE concentrations in seagrass samples were
determined in the certified commercial laboratory
Actlabs (Activation Laboratories, Canada) by high-
resolution ICP-MS and microwave digestion. Dry
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ash samples were dissolved in acid (Aqua Regia
solution). The quality of the analysis was assessed
using standard materials, NIST 1575a and SLRS-5.
Measurements of samples were also duplicated.
The results indicated that the analytical precision
and accuracy were within £10% for the analyzed
elements.

Main statistic parameters (mean, median,
minimun, maximum and standard deviation) and
Pearson R correlation analyses were performed,
using the STATISTICA 10 software program.

Sequential extraction procedure

One sediment core was analyzed for the
chemical partitioning (binding forms) of REEs, by
employing a sequential extraction procedure de-
vised by Acme Analytical Laboratories, Canada.

Within this procedure the sequential extrac-
tion scheme included a water-soluble fraction F1,
an exchangeable and carbonate fraction F2, an or-
ganic (oxidizable) fraction F3, a reducible fraction
F4 and a residual + reducible fraction F5. Reagents
used per one gram of sample are:F1) - demineral-
ized water, F2 — 1M ammonium acetate, F3 — 0.1
M sodium pyrophosphate, F4 — 0.1 M (cold)
hydroxylamine hydrochloride and F5 — 0.25 M
(hot) hydroxylamine hydrochloride.

After the sequential extraction procedure, the
concentration of the analyzed elements in the solu-
tions was measured by ICP-MS. A QA/QC proto-
col incorporated a sample duplicate to monitor the
analytical precision, while a reagent blank was
used to measure the background, and an aliquot of
in-house reference material to monitor appropriate
accuracy.

For sketching the graph, values below the de-

tection limit were replaced with LOD/ 2 (Ver-
bovsek, 2011).

Enrichment and transfer factor calculation

In order to evaluate the contribution of REEs
to Makirina Bay sediments from other than natural
origins, the enrichment factors were calculated
(Salomons and Forstner, 1984; Grousset et al.,
1995; Ravichandran et al., 1995; Saraee Khadijeh
et al., 2009). In this study, concentrations of aver-
age Upper Contintental Crust (UCC), adopted by
Taylor and McLennan (1985), were used as the
background values, since average UCC is an ap-
propriate general estimate of average source rock
composite (Mao et al., 2014). EF values for REEs
were calculated by equation:
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EF = (REE/Al)gmpie/ (REE/Al)ycc

(Salomons and Forstner, 1984; Ravichandran et al.,
1995; Saraee Khadijeh et al., 2009). In this study,
aluminium (Al) was used as the reference element,
because the concentrations of Al in weathering
products and their parent material are generally
comparable (Zhang and Liu, 2002). An EF value
ranging between 0.5 and 2 can be considered in the
range of natural variability, while an EF value
greater than 2 indicates the addition of anthropo-

genic component and/or a biogenical enrichment
procesess (Grousset et al., 1995).

To investigate the transfer values of REEs
from sediments to seagrass C. nodosa, the transfer
factors (TF) were calculated as follows: TF= cg,.
grass/Csediments (Dean, 2007). According to Kalfaka-
kou and Akrida-Demertzi (2000), TF > 1 indicates
REE bioaccumulation in aquatic organisms. The
higher the TF value, the more mobile and available
the REE is in the surrounding ecosystem (Dean,
2007).

RESULTS AND DISCUSSION

REFE concentrations in sediments

The concentrations of REEs in Makirina Bay
sediments and average UCC (Taylor and McLen-
nan, 1985) are presented in Table 1.

The concentrations of REEs in Makirina Bay
sediment samples detected during this study ranged
from 123.94 ppm to 188.74 ppm, indicating a
gradual increase towards the depth of sediment
cores. Ce, La and Nd were the most abundant ele-

Table 1

ments in all sediment samples. Light REEs
(LREEs) accounted for 90% of the total REE con-
tent in the investigated sediments samples, with the
ratio of LREEs to HREEs (Heavy REEs) reaching
up to 9.36. This is simmilar to the LREE/HREE
ratio in average UCC (Taylor and McLennan,
1985), and in agreement with Tyler (2004), who
reported that LREEs are usually more abundant in
the earth’s crust than HREEs.

REE concentrations in Makirina bay sediments and seagrass C. nodosa (Taylor and McLennan, 1985)

Depth, La Ce Pr Nd Sm Eu

Gd Tb Dy Ho Er

Tm Yb Lu | YREE YLREE YHREE LREEH

cm mg/kg

REE

0-5 26.20 52.72 5.99 22.11 429 0.87 3.73 0.56 3.08
5-10  33.04 66.93 7.60 28.91 5.32 1.10 4.74 0.69 3.93
10-15  36.38 75.04 8.49 31.76 6.00 1.23 524 0.77 441
15-20  38.68 78.99 8.80 33.51 6.09 1.32 537 0.80 4.47
20-25 39.64 80.89 9.00 34.63 6.36 1.32 5.52 0.81 4.40

0.59 1.69 026 1.61 0.24 12394 111.31 12.63 8.82
0.75 2.11 032 1.93 0.31]157.69 141.80 1589 8.92
0.81 236 0.36 2.25 0.33175.42 157.66 17.76  8.88
0.85 2.43 036 2.38 0.34184.37 166.06 1831 9.07
0.86 2.42 037 2.19 0.33188.74 170.53 18.21 9.36

Mean  34.79 70.91 7.98 30.18 5.61 1.17 4.92 0.73 4.06
Med. 36.38 75.04 8.49 31.76 6.00 3.73 5.24 0.77 4.40
Min.  26.20 52.72 5.99 22.11 429 0.87 3.73 0.56 3.08
Max.  39.64 80.89 9.00 34.63 6.36 1.32 5.52 0.81 4.47
SD 543 11.49 1.23 5.00 0.83 0.19 0.73 0.11 0.59

0.77 220 0.33 2.07 0.35:166.08 149.47 16.60 9

0.81 236 036 2.19 0.33:17542 157.66 17.76 8.88
0.59 1.69 0.26 1.61 0.31:124.16 111.31 12.85 8.66
0.86 2.43 037 2.38 0.46:188.74 170.53 1831 9.31
0.11 031 0.05 0.31 0.06:26.28 2398 232 1034

Seagrass C. nodosa

Below-
ground- 0.86
biomass

Above-
ground-
biomass

1.8 0.17 0.71 0.15 0.03 0.1 0.02 0.08

1.47 3.05 0.29 1.16 0.25 0.05 0.16 0.03 0.15

0.015 0.05 0.005 0.04 0.005 4.04 370 034 10.88

0.025 0.08 0.008 0.06 0.008| 6.80 6.22  0.58 10.72

uccH

30.00 64.00 7.10 26.00 4.50 0.88 3.80 0.64 3.50 0.80 230 0.33 220 0.32|146.37 131.60 14.77 891
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The REE distribution in marine sediments is a
consequence of detritial fraction derived from con-
tinental land as a result of weathering processes
and a biogenic/authigenic component removing
REEs from the water column (McLennan, 1991;
Tranchida et al., 2011). REE concentrations in
most coastal sediments are also closely related to
grain size; they are generally enriched in the clay
and silt fraction, but depleted in the sand fraction
(Gromet, 1984; Fleet, 1984; Yang et al., 2002;
Jung et al., 2012) because of dilution by quartz and
carbonate minerals (Fleet, 1984; Yang et al., 2002).

The granulometric analysis of Makirina Bay
sediments showed that sediments are represented
mostly by sandy silt. The major proportion of sand
is in the top 5 cm of sediment cores, while mud
(silt+clay) content indicates a gradual increase to-
wards depth of sediment cores (Komar et al., in
press). This confirms REE enrichment in lower,
more muddy sediment layers, and the depletion of
REEs in the top 5 cm of sediments, where there is
a relatively high percentage of sand fraction and
abundant carbonate bioclasts.

According to XRD analysis, the mineral
composition of Makirina Bay sediments is charac-
terized by high quantities of dolomite and quartz,
followed by illite/muscovite, aragonite, halite, cal-
cite, and pyrite (Komar et al., in press). Previous
studies (Sparica et al., 2005) also revealed the
small percentage of heavy mineral fraction (e.g.
garnet, amphibole, pyroxene and zircone) originat-
ing from Eocene flysch, located approximately 6
km NE of Makirina (Sparica et al., 2005), which
could be a source of HREEs, whereas the femic
minerals preferentially concentrate on HREEs
(Laveuf and Cornu, 2009).

The Pearson correlation analysis (Table 2) re-
vealed a highly significant correlation among
REEs themselves and between the REEs, Al and
K. These findings confirm the aforementioned re-
sults, that REEs have simmilar input sources and
are most probably associated with alumino-
phyllosilicates (mainly clay minerals), indicating a
large contribution of REEs from weathering back-
grounds.

Table 2
The Pearson correlation matrix analysis between REEs, Al and K
(marked correlations are significant at p < 0.05)
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm  Yb Lu Al K
La 1.00 1.00 1.00 1.00 099 1.00 099 1.00 097 1.00 099 099 095 096 096 095
Ce 1.00  1.00 1.00 1.00  1.00 1.00 1.00 1.00 098 1.00 099 099 095 09 097 0.96
Pr 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00 1.00 095 097 0.98 0.97
Nd 1.00 1.00 1.00 1.00 099 1.00 1.00 1.00 098 1.00 099 099 094 096 096 0.95
Sm 099 1.00 100 099 1.00 099 1.00 1.00 098 099 099 099 094 09 097 0.96
Eu 1.00 1.00 1.00 1.00 099 100 099 1.00 098 1.00 099 099 096 097 097 097
Gd 099 1.00 1.00 1.00 1.00 099 1.00 1.00 099 1.00 099 1.00 095 098 098 097
Tb 1.00  1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00 0.99 096 097 097 097
Dy 097 098 099 098 098 098 099 099 1.00 0.99 1.00 1.00 097 0.99 1.00 0.99
Ho 1.00 1.00 1.00 1.00 099 100 1.00 1.00 099 1.00 099 099 095 098 097 096
Er 099 099 100 099 099 099 099 1.00 1.00 0.99 1.00  1.00 097 099 099 099
Tm 099 099 1.00 099 099 099 1.00 099 1.00 0.99 1.00 1.00 097 098 0.99 0.99
Yb 095 095 095 094 094 09 095 096 097 095 097 097 1.00 097 098 099
Lu 096 096 0.97 096 096 097 098 097 099 098 0.99 098 097 1.00 1.00 0.99
Al 096 097 098 096 097 097 098 097 1.00 097 099 099 098 1.00 1.00 1.00
K 095 09 097 095 096 097 097 097 099 096 099 099 0.99 099 1.00 1.00
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In order to better understand the REE distri-
bution patterns in the sediment samples (to elimi-
nate Oddo-Harkins effect), the average UCC (Tay-
lor and McLennan, 1985) has been used to normal-
ize the REEs concentrations of Makirina Bay
sediment samples. The average UCC-normalized
patterns of Makirina Bay sediments are shown in
Fig. 2.

Rock/Upper Cont. Crust-UCC Taylor-McLennan 1985-REEs
10

I I I I I I I I I ! I I I I
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Y¥Yb Lu

Fig. 2.

Anomalies of REEs, especially Eu and Ce,
are important proxies in the normalized patterns
(Mao et al., 2014). The Ce anomaly is an indicator
of redox conditions (Mao et al., 2014). When in-
soluble Ce*" is reduced to soluble Ce*', a relative
depletion of Ce in sediments will occur. This leads
to depletions in sediment Ce and enrichments in
dissolved Ce (Hanningan et al., 2010). Therefore
the sedimentary Ce anomaly is more negative
within the reducing part of the sediments (Och et
al., 2014). Eu anomalies may be a result of a re-
duction of Eu’" to Eu®" or simply the interaction of
the solution with minerals such as feldspars (Cull-
ers and Graf,1984). Negative SEu values reflect the
oxidation of Eu*" to Eu’",and consequently a loss
of Eu from sediments (Hanningan et al., 2010).

Table 3

Eu and Ce anomalies were calculated by the
formulas:
3Eu = Eun/(Smy*Gdy)"?
and
3Ce = Cen/(Lay*Pry)"?,

where Euy, Smy, Gdy, Cey, Lay and Pry are aver-
age UCC-normalized values.

The average UCC-normalized REEs pattern
of Makirina Bay sediments revealed negative 6Ce
values (6Ce = 0.96-0.98) and positive SEu values
(0Eu = 1.02-1.08), indicating reductive conditions
in Makirina Bay sediments. Results of Eh meas-
urement in our previous study (Komar et al., in
press) showed a highly reductive sedimentary envi-
ronment, even at the sediment/water interference
(Eh = 430 mV), attributed to processes accompa-
nying the decomposition of sedimentary organic
matter (Lojen et al., 2004). A positive Eu anomaly
in sediments was also reported by Hanningan et al.
(2010), who studied Chesapeake Bay sediments,
which showed similar redox (reducing) conditions
as Makirina Bay sediments.

Average UCC-normalized REEs for Makirina
Bay sediments are < 1 for the top 5 cm of sedi-
ments, implying REE depletion with respect to
average UCC. In deeper sediment layers, average
UCC-normalized REEs are > 1, meaning REE en-
richment according to average UCC. These find-
ings are most probably linked to more coarse-
grained sediments in the top 5 cm of cores as had
been mentioned above.

Makirina Bay sediment samples have a sim-
milar average UCC-normalized REE pattern,
showing a simmilar provenance of sediment sam-
ples and controlling geochemical factors.

Enrichment factor (EF)

Calculated EF values for REEs in Makirina
Bay sediments are presented in Table 3.

Calculated enrichment factors (EF), transfer factors (TF) and translocation factors (*TF) values

EF La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
0-5 cm 1.6 1.5 1.6 1.6 1.8 1.8 1.8 1.6 1.6 1.4 1.4 1.5 1.4 1.4
5-10 cm 1.7 1.6 1.6 1.7 1.8 1.9 1.9 1.6 1.7 1.4 1.4 1.5 1.3 1.5
10-15 cm 1.6 1.6 1.6 1.7 1.8 1.9 1.9 1.6 1.7 1.4 1.4 1.5 1.4 1.4
15-20 cm 1.7 1.7 1.7 1.7 1.8 2.0 1.9 1.7 1.7 1.4 1.4 1.5 1.5 1.4

20-25 cm 1.8 1.8 1.8 1.8 2.0 2.1 2.0 1.8 1.7 1.5 1.5 1.5 1.4 1.4
TF o0t 0.03 003 0.03 003 0.03 004 0.03 003 0.03 0.03 003 0.02 003 0.02
TF Leaves 0.06 006 0.05 005 0.06 006 0.04 006 005 0.04 005 0.03 004 0.03

TF* 1.7 1.7 1.7 1.6 1.7 1.6 1.7 1.8 1.7 1.7 1.8 1.5 1.5 1.5

Geologica Macedonica, 28 (2), 127-137 (2014)



Geochemical characteristics and distribution of rare earth elements in Makirina Bay sediments (N Dalmatia, Republic of Croatia)

133

According to Grousset (1995), the calculated
EF is in the range of natural variability with no
addition of anthropogenic component. EF values
interpreted after Birth (2003) and Chen et al.
(2007), revealed minor enrichment (EF < 3). EF
values show increasing trends towards depth of
sediment cores, confirming the association with the
granulometric composition of sediments.

REE mobility and bioavailability

In the applied sequential extraction procedure,
the labile/residual fractions considered were: (1)
water soluble fraction; (2) exchangeable fraction;
(3) oxidizable fraction; (4) (easily) reducible frac-
tion; and (5) reducible + residual fraction.

REEs extracted in the first fraction (1), by
H,O0, are relatively labile, and thus may be poten-
tially bioavailable to the surrounding ecosystem
(Filgueiras et al., 2002).

The next phase, (2) exchangeable fraction, in-
cludes: weakly adsorbed REEs retained on the
solid surface by relatively weak electrostatic inter-
action; REEs that can be released by ion-exchange
processes; and REEs that can be coprecipitated
with carbonates present in many types of sedi-
ments. Changes in the ionic composition which
influence adsorption—desorption reactions or lower
the pH could cause remobilization of REEs from
this fraction (Filgueiras et al., 2002).

(3) The oxidizable fraction corresponds to
REEs bound to organic matter and sulfides. REEs
associated with oxidizable phases are assumed to

remain in sediments for longer periods, but may be
mobilized by decomposition processes (Filgueiras
et al., 2002).

(4) The (easily) reducible fraction is linked to
amorphous manganese hydroxides, which are
thermodynamically unstable under anoxic circum-
stances.

The reducible + residual fraction (5) is linked
to amorphous Fe hydroxides (moderately reducible
part). The residual fraction includes naturally oc-
curring crystalline Mn hydroxide minerals. REEs
in this fraction are retained within their crystal lat-
tices and are regarded as stable, and not susceptible
to remobilization under normal environmental
conditions (Filgueiras et al., 2002; Forghani et al.,
2009).

REEs can be strongly controlled by pH, redox
conditions, aqueous, and surface complex reac-
tions. Their chemical fractions depend on redox or
other environmental conditions as they will control
or influence the adsorption, desorption, complexa-
tion, or co-precipitation of chemical fractions (Au-
bert et al., 2004; Xu et al., 2012).

In Makirina Bay sediments, all REEs were
associated predominantly with the oxidizable frac-
tion (3), followed by exchangeable fraction (2)
(Fig. 3). The studied fraction can be ranked from
highest to lowest percentage of REEs as follows:
oxidizable (3) > exchangeable (2) > reduci-
bletresidual (5) > reducible (4) > water soluble
fraction (1).
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According to the sequential extraction proce-
dure, the majority of REEs in Makirina Bay sedi-
ments are bound to the oxidizable fraction or or-
ganic matter. The C,, content in Makirina Bay
sediments varies from 4.08 to 5.53% (Komar et al.,
in press). It has already been reported that REEs
tend to be adsorbed by organic matter, and thus
indicating their distribution in the sediments (Ty-
ler, 2001; Nie et al., 2014). REEs can be compli-
cated by humic substances at a near-neutral pH
(Pourret et al., 2007; Morgan et al., 2012), and in
Makirina Bay sediments pH ranges from 7.95 to
6.94 (Komar et al., in press).

The exchangeable fraction is unstable under
natural conditions and only a change in pH could
cause the remobilization of REEs from this frac-
tion. Exchangeable REEs are most probably elec-
trostatically adsorbed onto clay minerals, and be-
cause of their high specific surface area, clay min-
erals are particulary prone to adsorption (Och et
al., 2014). Adsorption onto clay minerals depends
on the nature of the clay mineral, the pH and the
ionic strenght (Coppin et al., 2002; Laveuf and
Cornu, 2009; Och et al., 2014). REEs readily sorb
to clay minerals under neutral conditions, and can
be released from the surface of these minerals un-
der acidic conditions (Fleet, 1984; Morgan et al.,
2012).

A very low percentage of REEs exists in the
watersoluble fraction. However, a five-step se-
quential extraction procedure showed an important
proportion of REEs in an exchangeable fraction.
REEs in this fraction are not fixed in mineral lat-
tices, and consequently have a potential impact on
the environment. Cao et al.(2001) reported that the
REE release increased with the decrease in pH
value. The pH of Makirina Bay sediments is near-
neutral, which reduces REEs’ mobility. REEs
bounded in oxidizable fraction are not fully mobile
and bioavailable to the surrounding ecosystem, but
can be released into the environment under oxidiz-
ing conditions (Filgueiras et al., 2002).

REESs concentrations in C. nodosa

REEs concentrations in below-ground (roots
and rhizomes) and above-ground biomass (leaves)
of C. nodosa seagrass are presented in Table 2.

REEs are often used in fertilizers. Therefore,
their accumulation and uptake by plants have been
studied more in terrestrial than in aquatic plants,
and only a few investigations have been performed
on the effects of REEs on the aquatic flora and

fauna (Redling, 2006). In Makirina Bay it can be
shown that concentrations of all studied REEs are
higher in above-ground () REEs=6.8 ppm) rather
than in below-ground (3_REEs=4.04 ppm) biomass
of C. nodosa. This is dissimilar to the typical dis-
tribution pattern of REEs reported in plants with
main accumulation in roots (Redling, 2006).
Higher concentrations of REEs in the above-
ground biomass of C. nodosa suggests their prefer-
ential uptake from the water column or can be as-
sociated with their translocation from the below-
ground biomass.

Transfer factor (TF)

TF wvalues from sediment (0—5cm) to C.
nodosa are presented in Table 3.

Generally, low sediment-seagrass TF (0.02—
0.04) values have been calculated for REEs, indi-
cating low concentrations of REEs in seagrass,
which is in agreement with Tyler (2004), who re-
ported that transfer from soil to plant is usually
low. TFcaves was found to be above TF,os. The TF
results more or less confirmed the sequential ex-
traction procedure results, showing the majority of
REEs bounded in the oxidizable fraction.

The principal uptake routes of trace elements
into seagrasses are the sediment-to-root/rhizome
and water-to-leaf/epiphyte pathways (Schlacher-
Hoenlinger and Schlacher, 1998; Sanz-Lazaro et
al.,, 2012; Richir, 2012). Trace elements can be
translocated after uptake among the seagrass parts
(Sanz-Lazaro et al., 2012). Their uptake and trans-
location in seagrasses differs depending on the
trace elements and plant tissue. This specificity
depends on the chemical properties of each trace
element (Sanz-Lazaro et al., 2012). Several studies
have shown that some trace elements accumulate
preferentially within the photosynthetic tissues,
rather than in the below-ground plant parts of vari-
ous species of seagrass (Luy et al., 2012; Sanz-
Lazaro et al., 2012; Richir, 2012), and most likely,
this also applies to REEs.

A plant’s ability to accumulate elements from
the roots to the shoots is measured using the trans-
location factor, which is defined as the ratio be-
tween the element concentrations accumulated in
the leaves divided by the element concentrations
accumulated in the roots (Yoon et al., 2006).
Translocation factor values are also presented in
Table 3. Translocation factors >1 indicate that the
C. nodosa translocates REEs effectively from the
roots to the shoots.
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CONCLUSION

REE concentrations in Makirina Bay sedi-
ments ranged from 123.94 ppm to 188.74 ppm,
indicating a gradual increase towards the depth of
sediment cores. REE distribution is associated
mainly with sediment mineralogical and granu-
lometric composition. The results of EF reveal that
the Makirina Bay sediments have minor enrich-
ment and natural origins. Therefore, REE content
in the sediments are not a consequence of anthro-
pogenic activity. Results of the sequential extrac-
tion method showed the majority of REEs are
bounded in an oxidizable fraction, meaning that
REEs are not fully mobile and bioavailable to the

surrounding ecosystem. TF values from sediment
to seagrass C. nodosa confirmed the sequential
extraction results, and were generally low, indicat-
ing a weak accumulation of REEs. REE concentra-
tions in C. nodosa were higher in its above-ground
biomass, linked with their effective translocation
from the below-ground biomass.
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Knyunu 360opoBu: enementu Ha perku 3emju (REE); 3amuB Makupuna; cekBeHIMjaaHa eKCTPaKIHja;
TpaHcep-dakTop; Mopcka TpeBa Cymodocea nodosa

Hcrpaxyamero ce Gokycupa Ha onpezendaTa Ha reo-
XEMHCKHTE KapaKTepUCTHKU Ha QUCTpUOYyLHMjaTa Ha eJIeMeH-
tute Ha petku 3emju (REE) Bo cenumenture of 3amuBotr Ma-
kuprHa. BrkynHata xonnentpammja Ha REE Bo ceammentute
0J1 3aIMBOT MaKkuprHa yTBpJICHA BO PAMKHUTE Ha OBa MPOYTy-
Bame ce aBikene og 123.94 ppm no 188.74 ppm. Ce nokaxa
neka coppxkunara Ha REE nocreneno ce sronemysa co 3roie-
MyBame Ha jnabounHara Ha ceaumenture. Cpeauuor UCC-
HopManm3upad Mozes Ha REE mokaka HeraTuBHH BpPEIHOCTH
Ha 0Ce ¥ MO3UTHUBHM BpeAHOCTH Ha JEu, yKaxyBajku Aeka BO
CEJMMEHTHTE O] 3aMBOT MakMpHHA NpeoBIIagyBale peryK-
LUOHM yCIOBH. [IpecMeTaHmTe BpemHOCTH 3a (aKTOPOT Ha
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300raTyBame Ce BO paMKHUTE Ha MPUPOJIHA BapHjabUITHOCT O3
JOIaTOK Ha Pa3HOBHMIHU AHTPOIIOT€HHM KOMIOHEHTH. Bo cor-
JIACHOCT €O PEe3YNTATHTE OJ NPOLEAYPHUTE Ha CEKBCHIUjaIHA
eKCTpaKIHja, MPOYIyBaHUTE (PaKIUH MOXKAT Oa ce Mpocie-
JaT Of HAajBUCOKONPOIEHTHHTE [0 HAajHUCKOIPOIEHTHUTE
REE xako: OKCHUAUpPAYKH > Pa3MEHIUBH > peAyLHpauku +
OCTaTOK > pexyHUpadky > BO BOJAA PACTBOPIMBU (hPaKIUH.
[IpecmeranuTe BpeaHOCTH 32 TpaHChep-GakTop reHepaiHo TH
MOTBpAWja pe3yNTaTUTE Ha INpoleaypaTa Ha CeKBEHIMjasiHa
excrpakiuja. Konnenrpamunte Ha cure npoyuyBanu REE ce
MOBUCOKH BO HaJ3eMHATa OTKOJIKYy BO TIOJ3eéMHaTa Guomaca
Ha Mopckarta TpeBa Cymodocea nodosa.






