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Abstract: Different hypotheses have been tested about the fractionation and bioavailability of rare
earth elements (REE) in mangrove ecosystems. Rare earth elements and bioavailability in the
mangrove ecosystem have been of significant concern and are recognized globally as emerging
pollutants. Bioavailability and fractionation of rare earth elements were assessed in Jazan and
AlWajah mangrove ecosystems. Comparisons between rare earth elements, multi-elemental ratios,
geo-accumulation index (Igeo), and bio-concentration factor (BCF) for the two mangroves and the
influence of sediment grain size types on concentrations of rare earth elements were carried out. A
substantial difference in mean concentrations (mg/kg) of REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu) was established, except for mean concentrations of Eu, Gd, Tb, Tm, and
Lu. In addition, concentrations of REEs were higher in the Jazan mangrove ecosystem. However,
REE composition in the two mangroves was dominated by the lighter REE (LREE and MREE), and
formed the major contribution to the total sum of REE at 10.2-78.4%, which was greater than the
HREE contribution of 11.3-12.9%. The Post Archean Australian Shale (PAAS) normalized values
revealed that lighter REE (LREE and MREE) were steadily enriched above heavy REE. More so, low
and negative values of Ry vy were recorded in the Al Wajah mangrove, indicating higher HREE
depletion there. The values of BCF for REEs were less than 1 for all the REEs determined; the recorded
BCF for Lu (0.33) and Tm (0.32) were the highest, while the lowest BCF recorded was for Nd (0.09).
There is a need for periodic monitoring of REE concentrations in the mangroves to keep track of
the sources of this metal contamination and develop conservation and control strategies for these
important ecosystems.
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1. Introduction

The Red Sea is a channel that forms a linkage between the Mediterranean Sea (north)
and the Indian Ocean (south). The sea is a marine biodiversity hotspot with a high
abundance of coral reefs, mangroves, and sea grass [1,2]. In aquatic ecosystems such
as the Red Sea, suspended sediments and particulate matter may account for almost 90%
of metal burden [3].

Rare earth elements (REEs) are a collection of seventeen chemical elements in the
periodic table and are generally trivalent elements, excluding Ce and Eu, which tend to
exist as Ce (IV) and Eu (II). REEs starting from La and ending with Sm are considered
light rare earth elements (LREEs), while those ranging between Gd and Lu are considered
heavy rare earth elements (HREEs) [4]. The light rare earth elements (LREEs) and heavy
rare earth elements (HREEs) have analogous geochemical behaviors. They give a better
understanding of complex procedures of a geochemical nature that single proxies cannot
readily discriminate due to their coherent and expectable characteristics [4,5].

REEs do not occur in pure metal form even though they occur in nature, although
Promethium, the rarest, only occurs in trace quantities in natural materials as it has no stable
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or long-term isotopes [6]. Globally, REEs are recognized as emerging micro-pollutants
in aquatic ecosystems [7,8]. Modern technologies, on the other hand, utilize REE for its
unique physicochemical properties in high-tech applications [9]. For example, AgInSe;
(AIS) is one of the most attractive materials in thin film solar cell applications because
of its high optical absorption coefficient [10]. As a result, it is unlikely that REE would
spread naturally in most coastal habitats such as mangroves because they have already
been impacted by anthropogenic activities [8,11,12].

Mangroves are important intertidal coastal systems that provide multiple ecological
functions. They regulate material exchange at the interfaces between land, atmosphere, and
marine ecosystems [13,14]. Mangrove ecosystems are dynamic in nature, often subjected to
rapid changes in physicochemical properties such as water content, pH, salinity, texture,
and redox conditions due to tidal flushing, and the associated flooding could influence
metal contamination. Flooding may develop redox cycles in the aquatic environment,
with alternating periods of oxidizing and reducing conditions [12,15-17]. Therefore, the
application of REE can be useful in tracing the channels and processes in which these
elements are involved, particularly in contaminated environments such as those found in
the Jazan and AlWajah mangrove ecosystems and their biota.

Notably, there are few or no studies providing a comprehensive investigation of the
bioavailability of rare earth elements in the mangrove ecosystems of Jazan and AlWajah in
the northern and southern central Red Sea. As a result, this study will open the way for
periodic monitoring of REE concentrations in mangrove ecosystems, as well as tracking the
sources of metal contamination, allowing for the development of policies for the control
and conservation of these important ecosystems.

2. Results
2.1. REE Composition in Sediment and Influence of Grain Sizes

In this study, the results for REE composition in sediment showed significant variation
(t-test, p < 0.05) between the two mangrove ecosystems investigated (Table 1). A substantial
difference in mean concentrations (mg/kg) of REEs (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu) was also recorded; however, except for the mean concentrations
of Eu, Gd, Tb, Tm, and Lu, significantly higher concentrations of REEs were recorded in
sediment samples collected from the Jazan mangrove ecosystem (Table 1). Generally, the
concentrations of REEs were lowest in the Al Wajah mangrove ecosystem. The sum of REEs
(ZREE = 112.54 + 10.48 mg/kg) recorded at the Jazan mangrove was about double that
of Al Wajah (}_REE = 78.47 £ 7.89 mg/kg). Nevertheless, the REE composition in the two
mangroves was dominated by the lighter REEs (LREE and MREE) and formed the major
contribution to the total sum of REEs at 10.2-78.4%, which was greater than the HREE
contribution of 11.3-12.9%. In addition, the sum of LREEs (La, Ce, Pr, Nd) was about seven-
and eight-fold that of the composition of MREEs (Sm, Eu, Gd) and HREEs (Tb, Dy, Ho, Er,
Tm, Yb, Lu), respectively (Table 1).

Table 1. Rear earth elements” composition (mg/kg) and fractions in northern and southern central
Red Sea mangroves.

AlWajah Jazan AlWajah Jazan
Sediment Average p-Value  Leaves Average p-Value
La 12.67 +£1.73 17.95 +2.32 15.31 + 2.64 0.007 La 070 £0.11 0864012 0.7840.08 0.887
Ce 28.59 £ 2.68 38.35 +4.46 33.47 +4.88 0.004 Ce 148 £0.13 1.644+020 1.56+0.06 0.776
Pr 3.61 £0.23 5.73 £0.12 4.67 £1.06 0.001 Pr 0.18£0.02 0344001 0.26%+0.07 0.766
Nd 16.62 £2.14 22.60 & 3.59 19.61 £2.99 0.002 Nd 0.63+0.09 0794003 0.71+£0.06 0.775
Sm 3.62 £0.29 5.65 £ 0.19 4.64 £1.02 0.020 Sm 0.17£0.01 0324+0.04 025+0.05 0.895
Eu 0.96 &+ 0.05 2.34 +0.06 1.65 £ 0.69 0.318 Eu 0.06 £0.01 0214001 0.14+£0.05 0.448
Gd 3.43 £0.30 545 £0.21 444 £1.01 0.449 Gd 0.15+£002 0324004 0.2440.07 0.669
Tb 0.58 £ 0.04 0.89 £0.03 0.74 £0.16 0.496 Tb 0.05+001 0214001 0.1340.07 0.768
Dy 3.324+0.31 5.09 4+ 0.06 4.214+0.89 0.001 Dy 0124+0.02 0284002 0.20+0.06 0.557
Ho 0.66 £ 0.07 0.94 £ 0.02 0.80 £0.14 0.004 Ho 0.05+001 02240.01 0.1440.09 0.975
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Table 1. Cont.

AlWajah Jazan AlWajah Jazan

Sediment Average p-Value  Leaves Average p-Value
Er 1.92 £0.20 3.27 +0.02 2.60 & 0.68 0.001 Er 0.094+0.02 0244001 017 £0.04 0.856
Tm 0.32 £0.03 0.52 +0.01 0.42 £0.10 0.128 Tm 0.05+001 0244001 0.1540.03 0.368
Yb 1.89 £0.20 3.2540.02 2.57 + 0.68 0.001 Yb 0.074+0.02 0224001 0.15+0.08 0.697
Lu 0.29 £ 0.02 0.51 +£0.01 0.40 £0.11 0.136 Lu 0.05+001 0214001 0.1340.04 0.849
Y REE 7847 £7.89 112.54 1048  95.51 +£17.04 0.001 - 384+076 594+£091 4984022 0.568
(La/Yb)n 0.49 4 0.02 0.41 £ 0.01 0.45 £ 0.04 0.008 - - - - -
(Sm/La)n 1.96 £ 0.04 2.17 +0.02 2.07 +0.12 0.005 - - - - -
(Yb/Sm)n 1.03 £ 0.01 113+ 0.01 1.08 & 0.05 0.006 - - - - -
RM/L) 0.25 £ 0.01 0.28 £0.03 0.27 £0.12 0.043 - - - - -
R(H/M) —0.02 £0.01 0.030 & 0.001 0.005 £ 0.030 0.004 - - - - -
5Ce 0.97 £0.11 0.86 £ 0.09 0.92 £ 0.06 0.023 - - - - -
dEu 1.27 £ 0.46 1.98 £0.39 1.63 £ 0.36 0.015 - - - - -

The values in the table are mean + standard error.

The principal component analysis biplot revealed the influence of sediment grain size
types on REE concentrations in sediment and the site’s contribution to the total variation
(Figure 1A). The relationship revealed by the PCA was based on component 1 (52.3%)
and component 2 (16.7%), accounting for the total variation of 69.0% (Figure 1A). The
coarse sediment correlation grain size and clay silt grain size showed a positive correlation
with REEs (Figure 1A,B). The PCA loadings further confirm the positive relationship
between the coarse sediment (r = 0.04) and clay silt sediment (r = 0.58) with the REEs
to be true (Figure 1B). In addition, clay silt sediment (r = 0.58) has more influence on
the concentrations of REEs in the sediment than the other sediment grain sizes; this is
revealed to be true in Figure 1B. Relationship analysis based on the site revealed that the
Jazan mangrove ecosystem is more influenced by rare earth elements than the Al Wajah

mangrove ecosystem.
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Figure 1. Principal component analysis biplot (A) and loadings (B) for the relationship between
rare earth elements in AlWajah and Jazan mangrove ecosystems. G—Gravel, CSTP—Clay and Silt
particles, CS—Coarse sandy.

2.2. Fractionation of REE and Sediment Quality Index

The Post-Archean Australian Shale (PASS) (Taylor and McLennan, 1985) normalized
REE patterns of the sediments for the two mangrove ecosystems plotted provide a better
understanding of the pattern of accumulation of REE in this study (Figure 2). The results
reveal ) REE relative enrichment and comparative trends of fractionation for REE. The
fraction (La/Yb)n was higher (0.49) in the Al Wajah mangrove than the Jazan mangrove
(0.41), with an average of 0.45 =+ 0.04 for the two mangroves (Table 1). For the fractions
using (Sm/La)n, a significantly higher value (2.17) was revealed at Jazan, while the lowest
value was recorded in Al Wajah sediment samples. The average value for the (Sm/La)n
fraction was 2.07, which is the highest median proportion when compared to other fractions,
revealing a significant LREE and MREE accumulation (Figure 2; Table 1). The Al Wajah
mangrove had the lowest value (1.03) of (Yb/Sm)n, while a significantly higher value (1.13)
was recorded for sediment sampled from the Jazan mangrove ecosystem. The average for
(Yb/Sm)n in the two mangrove ecosystems was 1.08.

The multi-elemental ratios R(M/L) and R(H/M) indicate positive values correspond-
ing to patterns of fractionation with average MREE enrichment and average HREE deple-
tion. This was supported by the positive range values for R(H/M), the very low positive
value for R(H/M) in Jazan, and the negative value at the Al Wajah mangrove, and also a
range value from negative to positive (Table 1). There was more enrichment of MREEs at
Jazan, with the highest value of R(M/L) (0.28). The low values of R(H/M) and the negative
value for Al Wajah indicate HREE depletion, with even more depletion at the Al Wajah
mangroves. There exists a significant difference (¢-test; p < 0.05) in the multi-elemental
ratios (R(MM/L) and R(H/M)) between the two mangrove ecosystems. Ce and Eu anomalies
in the two mangroves were revealed by computing the anomalies during the normal and
expected shale-normalized REE concentrations, to enable quantification of the probable
anomalous concentration. The result revealed a small negative anomaly for Ce, as the
average value was almost equal to one. Congruent with the average value, the values of
Ce in Al Wajah (0.97) and Jazan (0.86) are still small and negative, with that of Al Wajah
being slightly lower. In contrast, the Eu anomaly is small and positive (1.63), with slightly
lower (1.27) and higher (1.98) Eu anomaly values at the Al Wajah and Jazan mangroves,
respectively (Figure 2; Table 1).
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Figure 2. Rare earth elements/Post-Archean Australian Shale (REE/PAAS) patterns for sediments of
northern and southern central Red Sea mangrove ecosystems. Values are mean + standard error.

The sediment quality index used in this study was the geo-accumulation index (Igeo),
which has seven classes of enrichment as described by Muller (1969). Using the Igeo,
sediments from the two mangroves were strong to extremely contaminated (4 < Igeo > 5)
with La, Ce, Pr, Nd, Sm, and Gd, and moderately to strongly contaminated (1 < Igeo > 3)
with Dy, Er, and Yb (Figure 3). In addition, Igeo revealed that the sediment was not
contaminated (<0) with Eu, Tb, Ho, Tm, or Lu, with negative Igeo values (Figure 3).

Geo-accumulation Index (I,,,)

" AlWajah
- Jazan
104
5 fgﬂ(, Class 6
Loy Class 5
\\ /,\\\ l
0 \-/ y Class 1
fa e B Nd S Lu Ca B 1y 1% Er\{..}/Yb\Hl =
Elements
-5
-10-

Figure 3. Geo-accumulation index of rare earth elements at Al Wajah and Jazan mangrove ecosystems.
Values are mean =+ standard error.

2.3. REEs in Mangrove Avicennia Marina and Bio-Concentration Factor (BCF)

The REE concentration in A. marina leaves was not significant (t-test; p > 0.05) between
the two mangrove ecosystems assessed (Table 1). However, a similar pattern of REE
distribution in A. marina leaves and mangrove sediment was established, with higher
concentrations in Jazan mangrove leaves. The higher sum total of REEs in A. marina leaves
from the Jazan mangrove was about 1/18 of the total sum in sediment, while the lowest
value for A. marina leaves in the Al Wajah mangrove was about 1/20 of the sum total in
sediment (Table 1). This indicates that the ) REE in the Al Wajah and Jazan mangrove
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Concentration

sediments were 20- and 18-fold that of the }_REE in their A. marina leaves, respectively.
This is supported by the distribution of REEs in sediment and leaves presented in Figure 4,
with higher distributions in sediment than leaves and in the Jazan and Al Wajah mangrove
ecosystems. For specific REEs in A. marina leaves and sediment, the heat map shows that
all the concentrations of the 14 REEs determined in A. marina leaves are associated (0.0-0.5)
with the concentrations in the sediment (Figure 5). However, the BCF values are less than 1
for all the REEs determined; the recorded BCF values for Lu (0.33) and Tm (0.32) were the
highest, while the lowest BCF recorded was for Nd (0.09) (Figure 6).
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Figure 4. Box and violin plot for distribution of REE in mangrove sediment (A) and A. marina (B). The
boxplot for each mangrove displayed the distribution based on the minimum, median, and maximum
value, while the violin plot depicts the distribution and density of variables for each mangrove.
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Figure 5. Heat map for the relationship between rare earth elements in sediment and A. marina.
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Figure 6. Bio-concentration factor (BCF) for REE composition in northern and southern central Red
Sea mangrove ecosystems. Values are mean =+ standard error.

3. Discussion
3.1. Influence of Sediment Grain Size on REE Concentrations and Fractionation

Studies indicate that sediment grain size type is a vital factor for REE accumulation
in sediments from the Al Wajah and Jazan mangrove ecosystems; this was supported by
results from the two mangroves subjected to data analysis. Aquatic ecosystems encompass
a combination of diverse products of physicochemical processes functioning in various
aspects of drainage basins [18]. This could be linked to or support the influence of grain
size types on elements concentrations and distribution, which has also been reported
previously to partly reflect the impacts of the hydrodynamic environment [19]. It is impor-
tant to note that transportation, resuspension, and deposition of allochthonous sediments
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into an aquatic environment such as the mangrove ecosystem could be influenced by
hydrodynamics [19,20]. However, the fractionation of REEs is largely due to mineralogical
controls and the diversity of sediment detrital minerals composed of different grain size
types triggered by the complex nature of patterns for drainage weathering and hydro-
dynamic sorting [21,22]. In other studies, different minerals were reported to compose
specific REE characteristics due to different grain size types, and differentiation in sizes
during transportation and sediment deposition caused some level of differentiation in
mineralogy [18,21].

Fine-grain particles have large surface area as one of their properties that can influence
an increase in element sorption [23,24]. As such, it is reasonable to hypothesize that there
exists a positive correlation between clay silt sediment particles and concentrations of
REEs. This could constitute a reason for or enable a better understanding of the correlation
between the sediment grain size types and concentrations of REEs in this study [25,26].
Variations in metal concentrations and distribution and their relationship with sediment
grain size types have been reported elsewhere, and notably, these studies demonstrated
that fine-grain sediment in mangroves possess the capacity for adsorption of REEs [27,28].

The Jazan mangrove is a coastal area open to the public with lots of industrial activities
and other anthropogenic activities, and this together with changes in sediment nature
(grain size) could form a major reason for higher concentrations of REEs [12,29]. Notably,
Y_REE in Jazan mangrove sediment was almost two-fold that of the }_ REE determined in Al
Wajah mangrove sediment, which is a natural reserve area with rare or few anthropogenic
activities. Elsewhere, in the assessment of REEs in six mangrove ecosystems in the central
Red Sea [19], the average of }_REE (42.56 mg/kg) was lower than (about 1/3 of) the value
reported from Jazan mangrove (112.54 mg/kg) in this study was established. In another
study on the Egyptian coast of the Red Sea [30], the }_REE (47.55 mg/kg) reported was
about 1/2 of the }_ REE (112.54 mg/kg) in the Jazan mangrove ecosystem. The depletion of
HREES relative to the lighter ones observed in this study is similar to previous observations
elsewhere on the assessment of REEs in mangroves and mangrove soil profiles [11,24,31].
HREE depletion in benthic sediment could be as a result of their greater tendency towards
the formation of soluble carbonates in a stable state and complexes of organic forms with
ligands than the lighter REEs (LREE and MREE) [32]. HREEs have a high tendency towards
being less reactive than LREEs and MREEs, and are well adapted or linked with phases
in solid states because they have more pronounced complexation together with ligands
located on surfaces of colloids and particles [19,33]. The removal and/or preference of
LREEs could also be based on this phenomenon [11].

3.2. REE Fractionation and Sediment Quality Index (Igeo)

The utilization of Post-Archean Australian Shale (PAAS) [34] in the normalization
of REE concentrations in sediments of marine ecosystems is vast and quite vital in re-
vealing the comparative fractionation of REEs and the source of REEs, and enables an
easy comparison of various findings in ecosystems. The results of REE fractionation are
widely utilized as tracers for the determination of the effect of contamination sources and
mangrove sediment on flora and fauna diversity, and determination of the chemistry of the
environment [8,19].

The use of REE fractionation in the determination of detailed LREE, MREE, and
HREE enrichment is vital in the assessment of REEs in an ecosystem, even though direct
computation using the sum of the concentrations is measured initially. It is important to
note that (La/Yb)n, (Sm/La)n, and (Yb/Sm)n fractions of Post-Archean Australian Shale
(PAAS) normalized values were used as a model for REE fractionation and represent LREESs,
MREESs, and HREEs, respectively [12,24]. Higher fractions of PAAS normalized (Sm/La)n
were recorded in Al Wajah (1.96) and Jazan (2.17) compared to (Yb/Sm)n, and the average
(Sm/La)n (2.07) being higher than the average (Yb/Sm)n (1.08) is an indication of the
predominance of lighter REEs (LREEs and MREEs) over HREEs in sediments, and more
precisely, the levels of lighter REEs (LREEs and MREEs) in Jazan are higher than those of
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the Al Wajah mangrove. However, the higher fraction (La/Yb)n (0.49) at Al Wajah than
(La/Yb)n (0.41) is an indication of the predominance of LREEs at Al Wajah, while MREEs
and HREEs were predominant at the Jazan mangrove, as reflected by the higher values of
(Sm/La)n (2.17) and (Yb/Sm)n (1.13).

Fractionation of REEs has also been defined by some authors using a scale of 1; a
ratio equal to 1 was stated to be an indication of no fraction, whereas a ratio < 1 indi-
cates depletion, and a ratio > 1 implies enrichment of REEs [12,35]. In support of the
aforementioned, multi-elemental ratios R(M /L) and R(H/M) with positive and negative
values signify fractionation patterns enriched with lighter rare earth elements (MREEs and
LREEs), and depletion of HREEs [36,37]. In another study, in the Pichavaram mangrove
ecosystem, similar findings were reported on REE fractionation, with an insight into higher
concentrations of lighter REEs being linked to clay-silt sediment composition in the man-
grove ecosystem [37,38]. This was supported by the positive correlation (r = 0.58) between
the clay silt grain size type and the lighter REEs. Nonetheless, it is critical to note that
deposition of sediment in a high-sediment regime and rapid burial could lead to a reduced
time frame of exposure to REEs in dissolved form with sediment. This causes a restriction
in the capacity of adsorption of the sediment and the possibility of REE depletion, leading
to dissimilarities in concentrations of REEs in mangrove sediment [11,37].

Geo-accumulation index (Igeo) is an important sediment quality index used for the
determination of the extent of contamination of metal and the role of human activities in
sediment metal accumulation [29,39,40]. Anthropogenic sources such as industrialization
and chemicals or substances from anthropogenic activities such as pesticides and fertilizers
contained in agricultural waste could form the key reason for strong to extreme contamina-
tion (4 <Igeo > 5) of certain REEs determined in this study [41-44]. Notably, REEs are often
used as fertilizers, which is a direct approach or application to plant/sediment interphase
for the purposes of growth, yield, and quality improvement. However, this process or
usage of REEs could increase their concentration and sediment or soil contamination [9].

The use of the various applications in several technologies for different materials’
production and finished products involves the exploitation of REEs; this has led to pristine
ecosystem contamination as a result of poor methods of industrial effluent disposal [9,19].
Dy, Er, and Yb might have originated primarily from anthropogenic activities and crustal
material due to their moderate to strong (1 < Igeo > 3) contamination of the sediment.
Conversely, the negative Igeo (Igeo < 0) values for Eu, Tb, Ho, Tm, and Lu suggest
possible sources of these REEs to be local and natural [19,45]. Similarly, in China, high REE
contamination was linked to anthropogenic activities such as industrial activities, with iron
and steel smelting as the major activities [29,46].

3.3. Bio-Concentration Factor (BCF) and REE in Avicennia Marina

Bioaccumulation of metals in plants due to the interaction between plants and sed-
iment is commonly evaluated using Bio-Concentration Factor (BCF) [19,24]. The values
for BCFs for all the REES determined in this study were less than 1 (BCFs < 1); this either
signifies hypo-accumulation of the REEs by A. marina mangrove or the role of an effective
mechanism that is involved in detoxification or exclusion of chemicals in A. marina [19,47].
Elsewhere, in islands of Indian Sundarban and some mangroves stands in the central Red
Sea, results of BCFs reported from these mangroves were in line with our findings with
BCFs for REEs less than 1 (BCFs < 1). However, the highest BCF (0.33) determined in this
present study was almost three-fold that of the highest value of BCF (0.10) established in
Indian Sundarban [12], and 0.01 times greater than the highest BCFs previously determined
in six mangroves from the central Red Sea [19].

The composition of bioavailability forms of sediment REEs and the presence of an
efficient mechanism or capacity for REE uptake in the plant can significantly affect the
phytoextraction of REEs [19,48]. The major reason for the substantial dissimilarity in REE
composition in A. marina leaves could be due to the bioavailable REE content in the two
mangroves investigated. Previous studies have established a positive correlation between
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increased REE phytoextraction, the concentration of REE in sediment, and environmental
variations due to anthropogenic influence or weathering of chemical nature, with the
tendency of affecting REE sequestration [19,49].

4. Materials and Methods
4.1. Study Area

The Red Sea of Saudi Arabia encompasses an area of mangroves of approximately
135 Km?, and the mangroves are disseminated to the northern boundary at 28.207302° N [50].
The arid environment with high temperatures and sparse rainfall is associated with the
central Red Sea. In the central Red Sea of the kingdom of Saudi Arabia, some mangrove
habitats appear as a narrow fringe supporting halophytes. These mangroves could at times
be flooded [26,51]. The abundance of mangroves and levels of anthropogenic activities were
used as criteria in the selection of the mangrove ecosystems investigated. Two (2) mangrove
ecosystems in Jazan and AlWajah (Figure 7) were selected to accomplish our objectives.
In the Jazan mangrove (16°56'38.3” N, 42°32/31.9” E), there are various anthropogenic
activities, with less control in the catchment, while the Al Wajah mangrove (25°18'25.9” N,
37°06'51.1" E) is a reserved area with fewer anthropogenic activities and control of such
activities. These two mangrove ecosystems are dominated by monospecific stands of the
Avicennia marina.

Jordan

Kenya
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Ir aq Iramn

Kuw it Tty S

Riyadh
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Yemen

Addis Ababa -
= Somalia

Ethiapia

Mogadishu
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Figure 7. Map showing Al Wajah and Jazan mangrove ecosystems in northern and southern Central
Red Sea.
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4.2. Sampling and Determination of REE

Thirty (30) samples in each mangrove ecosystem (a total of 60 samples) were collected
from two mangrove ecosystems in the northern and southern central Red Sea, Saudi Arabia.
A. marina leaves and mangrove surface sediments between 0-20 cm were sampled twice
monthly from May 2020 to April 2021 from Jazan and Alwajah mangrove ecosystems. At
the time of sample collection, variation in the water depth was from 1 to 11 m. For each
ecological unit, 15 sediment samples and leaf samples each from 15 mangrove trees were
collected in replicate. Van Veen grab-250 cm? was utilized in the collection of sediment
samples, which were kept in zip lock bags inside an icebox to be transferred to the laboratory
for further analyses. For sediment samples, 0.4 g was weighed into a digestion vessel of
50 mL capacity, and 8 mL HNO3:HCI (1:1) for acid digestion was added. An Anton-
Paar PE Multiwave 3000 microwave oven was then used for the digestion of samples at
200 °C for 1 h [52]. Digested samples were kept in a volumetric flask at room temperature,
and topped up to 50 mL with Ultrapure Millipore Q water, shaken, and allowed to sit
overnight. Filtration of the solution was done using a GF/F filter (Whatman), which was
then analyzed for concentrations of rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, and Lu) using an Agilent 7700x dual pump Inductively Coupled
Plasma-Mass Spectrometer (ICP-MS) [53].

For leaf samples, samples were cleaned using deionized water. Both leaf and sediment
samples were dried in an oven at 40-45 °C for 48 and then crushed into powder form
with agate mortar and pestle and sieved through 53 um nylon mesh. The leaf sample
was acid digested in HNO3:H,O; (3:1) at 180 °C for 45 min using 0.2 g of the sieved
samples. The formation of calibration curves was achieved by analyzing standard mixture
solutions comprising 14 elements at concentrations of 0.5, 1, 5, 10, 20, 50, and 100 pg/L,
with 0.999 linear fitting rates. The analytical method for quality control was assessed
using standard reference materials GSS-1 and GSV-2 for sediments and leaves, respectively.
To confirm repeatability and sensitivity, the solutions of known concentrations used as
standard solutions were placed into the sequence of samples for every eight samples. The
repossessions of REEs in percentage from the accuracy of the analytical method ranged
from 92.68-103.21% and 81.82-116.67% for sediment and leaves, respectively (Table S1,
Supplementary Materials). The acceptance of analytical precision and accuracy was based
on when the standard deviation was <5% for the rare earth elements from the results of the
replications of measurements of the samples and standards.

4.3. Grain Size Analysis in Sediment

The total weight of the oven-dried sediment was measured. Fragmentation of so-
lidified aggregates was done by soaking the dried sediments in distilled water for 24 h.
The sediments were washed and separated into fractions of gravel (>2 mm), coarse grain
(0.063~2 mm), and mud (clay and silt, <0.063 mm) after passing through 0.063 mm and
2 mm sieves. The computation of percentages of sediment grain sizes relative to the
total weight was achieved after the fractions from the residue were dried at 40 °C and
weighed [26,38,54].

4.4. Sediment Quality Index and Bio-Concentration Factor (BCF)

The geo-accumulation index based on seven enrichment classes (Table S2,
Supplementary Materials) [55] was utilized as the sediment quality index, and was used
to measure REE contamination levels in the sediment of the two mangroves investigated
using the following formula:

leeo = log2 {M} 1)

where C;, = Concentration of a particular REE in the sediment, B, = Geochemical back-
ground level of that REE obtained for sedimentary rocks (Shales) as described by Turekian
and Wedepohl [56], and 1.5 = Correction factor [57] to reduce the effect of variations as a
result of sediment lithology.
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The bioavailability of REE in A. marina was determined using the bio-concentration
factor (BCF) to reveal the efficiency of the mangrove to accumulate REEs using the
following formula:

BCF = M 2)
Csediment

where Cigprand Coegiment = Concentrations of a given REE in leaves and sediment, respectively.

4.5. Data Analyses

The Student’s t-test was used for comparison between mean REE concentrations in
sediments, leaves, BCF, Igeo, and sediment grain sizes of the two mangrove ecosystems.
Principal component analysis (PCA) biplot and loadings were used to determine the
relationship between sediment grain sizes and REE concentrations in sediments, while a
heat map was used to determine the relationship between REEs in sediment and A. marina
leaves. The data were analyzed using R for Windows (v. 4.0.3).

The pattern of distribution and REE bioavailability were categorized using fraction
ratios (La/Yb, Sm/La, and Yb/Sm) after the concentrations of REE were normalized (1) to
the Post-Archean Australian Shale (PAAS) [34]. The calculation of multi-elemental ratios
was done as described by Duvert et al. [36] and Noack et al. [58] using the formulas below:

R o l MREEn o (Gdn + Tby + D}/n)/?) 3
(/1) = P08 TREE, %8| (Wan + Pro+ Ndy) /3 ©)
o HREEn o (Tmn+Ybr1+Lun)/3
Ry = log rppp =108 [ (Gdn + Ty 1 Dyn) /3] @)

where R(yr) = Ratio between medium and light REEs, Ry/\y) = Ratio between heavy and
medium REEs, and 7 refers to PAAS-normalized concentrations.

The non-inclusion of Ce and Eu in the formulas is because of their potential to exhibit
an oxidation state. However, a geometric method was used to compute the anomalies of Ce
and Eu; this was achieved by assuming that the closest neighboring elements act linearly
on log-linear plots [36,59]. The formulas below were used to compute the anomalies:

2Cey,

5Ce = Lo 1 br. ®)
2Eu,
Eu=_——-"""_
ORU = 5= Gd, ©)

where 6Ce and 0Eu are the measure of the anomalies for Ce and Eu, and n refers to PAAS
normalized concentrations.

5. Conclusions

Fractionating causes a significant enrichment of lighter REEs over HREEs in Al Wajah
and Jazan mangroves. This is supported by positive and negative multi-elemental ratios
R(M/L) and R(H/M), and the enrichment of lighter REEs over the HREEs is attributed
to HREEs having a high tendency towards being less reactive than LREEs and MREEs,
and the preference for removal of the lighter REEs. However, a higher fraction (La/Yb)n
(0.49) at Al Wajah than (La/Yb)n (0.41) is an indication of the predominance of LREEs at Al
Wajah, while MREEs and HREEs were predominant at the Jazan mangrove, as reflected
by the higher values of (Sm/La)n (2.17) and (Yb/Sm)n (1.13). In addition, the anomalies
of Eu were negative for the two mangroves investigated, possibly as a result of dominant
reducing conditions in mangrove sediments.

The REE concentrations in Al Wajah and Jazan mangrove ecosystems were significant,
with higher concentrations in the Jazan mangrove ecosystem. Different anthropogenic
impacts in these two mangroves could form the key reasons for the differences recorded.
Clay silt sediment grain size type influences increase REE concentration; however, BCF
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reveals hypo-accumulation potential or capacity of REE by A. marina, with similarity in
REE distribution patterns in sediment and A. marina. In addition, using the scale of Igeo,
based on six classes of classification of the level of contamination, the mangrove sediments
were not significantly different and were strong to extremely contaminated with La, Ce, Pr,
Nd, Sm, and Gd, and moderately to strongly contaminated with Dy, Er, and Yb, but not
contaminated (<0) with Eu, Tb, Ho, Tm, or Lu, showing negative Igeo values. In addition,
BCFs for all the REEs determined in this study signify hypo-accumulation of the REEs by
A. marina mangrove or the role of an effective mechanism that is involved in detoxification
or exclusion of chemicals in A. marina. There is a dire need for periodic monitoring of REE
concentrations in the mangroves investigated, especially the Jazan mangrove ecosystem.
This is to keep track of sources of this metal contamination and to develop strategies for
control and conservation of these important ecosystems.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390 /molecules27144335/s1. Table S1: Analytical results achieved
on certified reference materials for sediment and leaves; Table S2: Classification of Sediment quality
(Geo-Accumulation Index).

Author Contributions: M.O.A. and A.B.A. designed the study and carried out the field surveys and
laboratory analysis. A.B.A. performed statistical analyses. M.O.A. and A.B.A. contributed to the
initial and final drafting of the manuscript, improvement, and approval for submission. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Deanship of Scientific Research at King Abdulaziz University,
Kingdom of Saudi Arabia (grant number D-1443-986-130), and The APC was also funded by Deanship
of Scientific Research at King Abdulaziz University, Kingdom of Saudi Arabia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data can be shared upon personal request to the authors.

Acknowledgments: The authors acknowledge with thanks the Deanship of Scientific Research at
King Abdulaziz University for their technical and financial support. Our appreciation is extended to
the editor for handling the process and to the reviewers for their review and valuable comments.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds studied are available from the authors.

References

1. Pan, K, Lee, O.O,; Qian, P-Y.; Wang, W.-X. Sponges and sediments as monitoring tools of metal contamination in the eastern
coast of the Red Sea, Saudi Arabia. Mar. Pollut. Bull. 2011, 62, 1140-1146. [CrossRef] [PubMed]

2. Roberts, C.M.; McClean, C.J.; Veron, ].E.N.; Hawkins, J.P,; Allen, G.R.; McAllister, D.E.; Mittermeier, C.G.; Schueler, EW.; Spalding,
M.; Wells, FE. Marine biodiversity hotspots and conservation priorities for tropical reefs. Science 2002, 295, 1280-1284. [CrossRef]
[PubMed]

3. Amin, B,; Ismail, A.; Arshad, A.; Yap, C.K.; Kamarudin, M.S. Anthropogenic impacts on heavy metal concentrations in the coastal
sediments of Dumai, Indonesia. Environ. Monit. Assess. 2009, 148, 291-305. [CrossRef] [PubMed]

4. Sukumaran, P.V. Elements that rule the world: Impending REE metal crisis. ]. Geol. Soc. India 2012, 80, 295. [CrossRef]

5. Johannesson, K.H.; Cortés, A.; Leal, ].A.R.; Ramirez, A.G.; Durazo, J. Geochemistry of rare earth elements in groundwaters
from a rhyolite aquifer, central México. In Rare Earrth Elements in Groundwater Flow Systems; Springer: Cham, Switzerland, 2005;
pp. 187-222.

6. Castor, S.B.; Hedrick, J.B. Rare earth elements. Ind. Miner. Rocks 2006, 1, 769-792.

7. Gonzalez, V.; Vignati, D.A.L.; Leyval, C.; Giamberini, L. Environmental fate and ecotoxicity of lanthanides: Are they a uniform
group beyond chemistry? Environ. Int. 2014, 71, 148-157. [CrossRef]

8. Bosco-Santos, A.; Luiz-Silva, W.; da Silva-Filho, E.V.; de Souza, M.D.C.; Dantas, E.L.; Navarro, M.S. Fractionation of rare earth
and other trace elements in crabs, Ucides cordatus, from a subtropical mangrove affected by fertilizer industry. J. Environ. Sci.
2017, 54, 69-76. [CrossRef]

9.  Balaram, V. Rare earth elements: A review of applications, occurrence, exploration, analysis, recycling, and environmental impact.

Geosci. Front. 2019, 10, 1285-1303. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules27144335/s1
http://doi.org/10.1016/j.marpolbul.2011.02.043
http://www.ncbi.nlm.nih.gov/pubmed/21453933
http://doi.org/10.1126/science.1067728
http://www.ncbi.nlm.nih.gov/pubmed/11847338
http://doi.org/10.1007/s10661-008-0159-z
http://www.ncbi.nlm.nih.gov/pubmed/18274874
http://doi.org/10.1007/s12594-012-0144-6
http://doi.org/10.1016/j.envint.2014.06.019
http://doi.org/10.1016/j.jes.2016.05.024
http://doi.org/10.1016/j.gsf.2018.12.005

Molecules 2022, 27, 4335 14 of 15

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Pathak, D.; Bedi, RK,; Kaur, D. Characterization of laser ablated AgInSe?2 films. Mater. Sci. 2010, 28, 199.

de Freitas, T.O.P,; Pedreira, RM.A.; Hatje, V. Distribution and fractionation of rare earth elements in sediments and mangrove soil
profiles across an estuarine gradient. Chemosphere 2021, 264, 128431. [CrossRef]

Mandal, S.K;; Ray, R.; Gonzalez, A.G.; Mavromatis, V.; Pokrovsky, O.S.; Jana, T.K. State of rare earth elements in the sediment and
their bioaccumulation by mangroves: A case study in pristine islands of Indian Sundarban. Environ. Sci. Pollut. Res. 2019, 26,
9146-9160. [CrossRef] [PubMed]

Sholkovitz, E.; Szymczak, R. The estuarine chemistry of rare earth elements: Comparison of the Amazon, Fly, Sepik and the Gulf
of Papua systems. Earth Planet. Sci. Lett. 2000, 179, 299-309. [CrossRef]

Hoyle, ].; Elderfield, H.; Gledhill, A.; Greaves, M. The behaviour of the rare earth elements during mixing of river and sea waters.
Geochim. Cosmochim. Acta 1984, 48, 143-149. [CrossRef]

Wasserman, J.C.; Figueiredo, A.M.G.; Pellegatti, F,; Silva-Filho, E.V. Elemental composition of sediment cores from a mangrove
environment using neutron activation analysis. . Geochem. Explor. 2001, 72, 129-146. [CrossRef]

Censi, P.; Sprovieri, M.; Saiano, F.; Di Geronimo, S.I.; Larocca, D.; Placenti, F. The behaviour of REEs in Thailand’s Mae Klong
estuary: Suggestions from the Y/Ho ratios and lanthanide tetrad effects. Estuar. Coast. Shelf Sci. 2007, 71, 569-579. [CrossRef]
Silva-Filho, E.V,; Sanders, C.].; Bernat, M.; Figueiredo, A.M.G.; Sella, S.M.; Wasserman, J. Origin of rare earth element anomalies
in mangrove sediments, Sepetiba Bay, SE Brazil: Used as geochemical tracers of sediment sources. Environ. Earth Sci. 2011, 64,
1257-1267. [CrossRef]

Garzanti, E.; Ando, S.; France-Lanord, C.; Censi, P,; Vignola, P.; Galy, V.; Lupker, M. Mineralogical and chemical variability of
fluvial sediments 2. Suspended-load silt (Ganga-Brahmaputra, Bangladesh). Earth Planet. Sci. Lett. 2011, 302, 107-120. [CrossRef]
Alhassan, A.B.; Aljahdali, M.O. Sediment Metal Contamination, Bioavailability and Oxidative Stress Response in Mangrove
Avicennia marina in Central Red Sea. Front. Environ. Sci. 2021, 9, 185. [CrossRef]

Liu, S.; Zhang, H.; Zhu, A.; Wang, K.; Chen, M.-T.; Khokiattiwong, S.; Kornkanitnan, N.; Shi, X. Distribution of rare earth elements
in surface sediments of the western Gulf of Thailand: Constraints from sedimentology and mineralogy. Quat. Int. 2019, 527,
52-63. [CrossRef]

Wu, K;; Liu, S.; Kandasamy, S.; Jin, A.; Lou, Z,; Li, J.; Wu, B.; Wang, X.; Mohamed, C.A_; Shi, X. Grain-size effect on rare earth
elements in Pahang River and Kelantan River, Peninsular Malaysia: Implications for sediment provenance in the southern South
China Sea. Cont. Shelf Res. 2019, 189, 103977. [CrossRef]

Zhang, X.; Zhang, H.; Chang, F; Xie, P; Li, H.; Wu, H.; Ouyang, C.; Liu, F; Peng, W.; Zhang, Y. Long-range transport of
aeolian deposits during the last 32 kyr inferred from rare earth elements and grain-size analysis of sediments from Lake Lugu,
Southwestern China. Palaeogeogr. Palaeoclim. Palaeoecol. 2021, 567, 110248. [CrossRef]

Prasad, M.B.K.; Ramanathan, A.L. Sedimentary nutrient dynamics in a tropical estuarine mangrove ecosystem. Estuar. Coast.
Shelf Sci. 2008, 80, 60—-66. [CrossRef]

Alhassan, A.B.; Aljahdali, M.O. Fractionation and Distribution of Rare Earth Elements in Marine Sediment and Bioavailability in
Avicennia marina in Central Red Sea Mangrove Ecosystems. Plants 2021, 10, 1233. [CrossRef] [PubMed]

Shi, X,; Liu, S.; Fang, X.; Qiao, S.; Khokiattiwong, S.; Kornkanitnan, N. Distribution of clay minerals in surface sediments of the
western Gulf of Thailand: Sources and transport patterns. J. Asian Earth Sci. 2015, 105, 390-398. [CrossRef]

Aljahdali, M.; Alhassan, A.B.; Zhang, Z. Environmental Factors Causing Stress in Avicennia marina Mangrove in Rabigh Lagoon
along the Red Sea: Based on a Multi-Approach Study. Front. Mar. Sci. 2021, 8, 328. [CrossRef]

Caetano, M.; Prego, R.; Vale, C.; de Pablo, H.; Marmolejo-Rodriguez, J. Record of diagenesis of rare earth elements and other
metals in a transitional sedimentary environment. Mar. Chem. 2009, 116, 36-46. [CrossRef]

Chaudhuri, P; Nath, B.; Birch, G. Accumulation of trace metals in grey mangrove Avicennia marina fine nutritive roots: The role
of rhizosphere processes. Mar. Pollut. Bull. 2014, 79, 284-292. [CrossRef]

Aljahdali, M.O.; Alhassan, A.B. Saudi Journal of Biological Sciences Ecological risk assessment of heavy metal contamination in
mangrove habitats, using biochemical markers and pollution indices: A case study of Avicennia marina L. in the Rabigh lagoon,
Red Sea. Saudi J. Biol. Sci. 2020, 27, 1174-1184. [CrossRef]

El-Taher, A.; Badawy, WM.; Khater, A.E.M.; Madkour, H.A. Distribution patterns of natural radionuclides and rare earth elements
in marine sediments from the Red Sea, Egypt. Appl. Radiat. Isot. 2019, 151, 171-181. [CrossRef]

Brito, P.; Malvar, M.; Galinha, C.; Cagador, I.; Candrio, J.; Aradjo, M.F,; Raimundo, J. Yttrium and rare earth elements fractionation
in salt marsh halophyte plants. Sci. Total Environ. 2018, 643, 1117-1126. [CrossRef]

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

Sholkovitz, E.R. The geochemistry of rare earth elements in the Amazon River estuary. Geochim. Cosmochim. Acta 1993, 57,
2181-2190. [CrossRef]

Taylor, S.R.; McLennan, S.M. The Continental Crust: Its Composition and Evolution. United States. 1985. Available online:
https:/ /www.osti.gov/biblio /6582885 (accessed on 23 January 2022).

Sow, M.A.; Payre-Suc, V.; Julien, F.; Camara, M.; Baque, D.; Probst, A_; Sidibe, K.; Probst, J.L. Geochemical composition of fluvial
sediments in the Milo River basin (Guinea): Is there any impact of artisanal mining and of a big African city, Kankan? . Afr. Earth
Sci. 2018, 145, 102-114. [CrossRef]


http://doi.org/10.1016/j.chemosphere.2020.128431
http://doi.org/10.1007/s11356-019-04222-1
http://www.ncbi.nlm.nih.gov/pubmed/30715704
http://doi.org/10.1016/S0012-821X(00)00112-6
http://doi.org/10.1016/0016-7037(84)90356-9
http://doi.org/10.1016/S0375-6742(01)00158-3
http://doi.org/10.1016/j.ecss.2006.09.003
http://doi.org/10.1007/s12665-011-0942-y
http://doi.org/10.1016/j.epsl.2010.11.043
http://doi.org/10.3389/fenvs.2021.691257
http://doi.org/10.1016/j.quaint.2018.08.010
http://doi.org/10.1016/j.csr.2019.103977
http://doi.org/10.1016/j.palaeo.2021.110248
http://doi.org/10.1016/j.ecss.2008.07.004
http://doi.org/10.3390/plants10061233
http://www.ncbi.nlm.nih.gov/pubmed/34204369
http://doi.org/10.1016/j.jseaes.2015.02.005
http://doi.org/10.3389/fmars.2021.646993
http://doi.org/10.1016/j.marchem.2009.09.003
http://doi.org/10.1016/j.marpolbul.2013.11.024
http://doi.org/10.1016/j.sjbs.2020.02.004
http://doi.org/10.1016/j.apradiso.2019.06.001
http://doi.org/10.1016/j.scitotenv.2018.06.291
http://doi.org/10.1016/S0016-7037(00)00518-4
http://doi.org/10.1016/0016-7037(93)90559-F
https://www.osti.gov/biblio/6582885
http://doi.org/10.1016/j.jafrearsci.2018.05.009

Molecules 2022, 27, 4335 15 of 15

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

Duvert, C.; Cendén, D.I; Raiber, M.; Seidel, J.-L.; Cox, M.E. Seasonal and spatial variations in rare earth elements to identify
inter-aquifer linkages and recharge processes in an Australian catchment. Chem. Geol. 2015, 396, 83-97. [CrossRef]

Andrade, G.R.P; Cuadros, J.; Barbosa, ]. M.P,; Vidal-Torrado, P. Clay minerals control rare earth elements (REE) fractionation in
Brazilian mangrove soils. CATENA 2022, 209, 105855. [CrossRef]

Prasad, M.B.K.; Ramanathan, A.L. Distribution of rare earth elements in the Pichavaram mangrove sediments of the southeast
coast of India. J. Coast. Res. 2008, 24, 126-134. [CrossRef]

Aljahdali, M.O.; Alhassan, A.B. Spatial Variation of Metallic Contamination and Its Ecological Risk in Sediment and Freshwater
Mollusk: Melanoides tuberculata (Miiller, 1774)(Gastropoda: Thiaridae). Water 2020, 12, 206. [CrossRef]

Godwyn-Paulson, P.; Jonathan, M.P,; Rodriguez-Espinosa, P.F.; Rodriguez-Figueroa, G.M. Rare earth element enrichments in
beach sediments from Santa Rosalia mining region, Mexico: An index-based environmental approach. Mar. Pollut. Bull. 2022,
174,113271. [CrossRef]

Ghosh, S.; Ram, S.S.; Bakshi, M.; Chakraborty, A.; Sudarshan, M.; Chaudhuri, P. Vertical and horizontal variation of elemental
contamination in sediments of Hooghly Estuary, India. Mar. Pollut. Bull. 2016, 109, 539-549. [CrossRef]

Aljahdali, M.O.; Alhassan, A.B. Metallic pollution and the use of antioxidant enzymes as biomarkers in Bellamya unicolor (Olivier,
1804) (Gastropoda: Bellamyinae). Water 2020, 12, 202. [CrossRef]

Alhassan, A.; Balarabe, M.; Gadzama, I. Assessment of some heavy metals in macobenthic invertebrate and water samples
collected from Kubanni reservoir Zaria, Nigeria. FUW Trends Sci. Technol. ]. 2016, 1, 55-60.

Aljahdali, M.O.; Alhassan, A.B. Heavy metal accumulation and anti-oxidative feedback as a biomarker in seagrass Cymodocea
serrulata. Sustainability 2020, 12, 2841. [CrossRef]

Balaram, V. Recent advances in the determination of elemental impurities in pharmaceuticals-Status, challenges and moving
frontiers. TrAC Trends Anal. Chem. 2016, 80, 83-95. [CrossRef]

Zhou, H.; Chun, X;; Lii, C.; He, J.; Du, D. Geochemical characteristics of rare earth elements in windowsill dust in Baotou, China:
Influence of the smelting industry on levels and composition. Environ. Sci. Process. Impacts 2020, 22, 2398-2405. [CrossRef]
[PubMed]

Cluis, C. Junk-greedy greens: Phytoremediation as a new option for soil decontamination. BioTeach ]. 2004, 2, 1-67.

Cao, X.; Chen, Y,; Wang, X.; Deng, X. Effects of redox potential and pH value on the release of rare earth elements from soil.
Chemosphere 2001, 44, 655-661. [CrossRef]

Mleczek, P.; Borowiak, K.; Budka, A.; Niedzielski, P. Relationship between concentration of rare earth elements in soil and their
distribution in plants growing near a frequented road. Environ. Sci. Pollut. Res. 2018, 25, 23695-23711. [CrossRef] [PubMed]
Rasul, NM.A.; Stewart, I.C.F. Oceanographic and Biological Aspects of the Red Sea; Springer: Cham, Switzerland, 2018;
ISBN 3319994174.

Almahasheer, H.; Duarte, C.M.; Irigoien, X. Nutrient limitation in central Red Sea mangroves. Front. Mar. Sci. 2016, 3, 271.
[CrossRef]

The U.S. Environmental Protection Agency. Method 3051A: Microwave assisted acid digestion of sediments, sludges, soils, and
oils. In SW-846 Methods A; The U.S. Environmental Protection Agency: Washington, DC, USA, 1994; Volume 3051, p. 1997.
Kawabata, K.; Kishi, Y.; Kawaguchi, O.; Watanabe, Y.; Inoue, Y. Determination of rare-earth elements by inductively coupled
plasma mass spectrometry with ion chromatography. Anal. Chem. 1991, 63, 2137-2140. [CrossRef]

Aljahdali, M.O.; Munawar, S.; Khan, W.R. Monitoring Mangrove Forest Degradation and Regeneration: Landsat Time Series
Analysis of Moisture and Vegetation Indices at Rabigh Lagoon, Red Sea. Forests 2021, 12, 52. [CrossRef]

Muller, G. Index of geoaccumulation in sediments of the Rhine River. Geojournal 1969, 2, 108-118.

Turekian, K.K.; Wedepohl, K.H. Distribution of the elements in some major units of the earth’s crust. Geol. Soc. Am. Bull. 1961, 72,
175-192. [CrossRef]

Stoffers, P.; Glasby, G.P.; Wilson, C.J.; Davis, K.R.; Walter, P. Heavy metal pollution in Wellington Harbour. N. Z. |. Mar. Freshw.
Res. 1986, 20, 495-512. [CrossRef]

Noack, C.W.; Dzombak, D.A.; Karamalidis, A.K. Rare earth element distributions and trends in natural waters with a focus on
groundwater. Environ. Sci. Technol. 2014, 48, 4317-4326. [CrossRef] [PubMed]

Lawrence, M.G.; Greig, A.; Collerson, K.D.; Kamber, B.S. Rare earth element and yttrium variability in South East Queensland
waterways. Aquat. Geochem. 2006, 12, 39-72. [CrossRef]


http://doi.org/10.1016/j.chemgeo.2014.12.022
http://doi.org/10.1016/j.catena.2021.105855
http://doi.org/10.2112/05-0533.1
http://doi.org/10.3390/w12010206
http://doi.org/10.1016/j.marpolbul.2021.113271
http://doi.org/10.1016/j.marpolbul.2016.04.043
http://doi.org/10.3390/w12010202
http://doi.org/10.3390/su12072841
http://doi.org/10.1016/j.trac.2016.02.001
http://doi.org/10.1039/D0EM00273A
http://www.ncbi.nlm.nih.gov/pubmed/33237075
http://doi.org/10.1016/S0045-6535(00)00492-6
http://doi.org/10.1007/s11356-018-2428-x
http://www.ncbi.nlm.nih.gov/pubmed/29872986
http://doi.org/10.3389/fmars.2016.00271
http://doi.org/10.1021/ac00019a013
http://doi.org/10.3390/f12010052
http://doi.org/10.1130/0016-7606(1961)72[175:DOTEIS]2.0.CO;2
http://doi.org/10.1080/00288330.1986.9516169
http://doi.org/10.1021/es4053895
http://www.ncbi.nlm.nih.gov/pubmed/24628583
http://doi.org/10.1007/s10498-005-4471-8

	Introduction 
	Results 
	REE Composition in Sediment and Influence of Grain Sizes 
	Fractionation of REE and Sediment Quality Index 
	REEs in Mangrove Avicennia Marina and Bio-Concentration Factor (BCF) 

	Discussion 
	Influence of Sediment Grain Size on REE Concentrations and Fractionation 
	REE Fractionation and Sediment Quality Index (Igeo) 
	Bio-Concentration Factor (BCF) and REE in Avicennia Marina 

	Materials and Methods 
	Study Area 
	Sampling and Determination of REE 
	Grain Size Analysis in Sediment 
	Sediment Quality Index and Bio-Concentration Factor (BCF) 
	Data Analyses 

	Conclusions 
	References

