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Abstract
In aquatic environments, metals tend to sink into sedimentary beds, but under different redox conditions
they might be released to the water column. Oxic and anoxic microcosm experiments were conducted
using an automatic microcosm apparatus to investigate how redox potential (Eh) affects the release of
rare earth elements (REEs) in an estuary sediment sample. Results indicated that REEs mobility increases
in both oxic and anoxic conditions although the average amount of REEs mobilization was higher in oxic
conditions than anoxic conditions. Lu and Sm were the most mobile elements while Ce showed the
lowest amount of release. REEs release is influenced by a mix of controlling factors including dissolution
of Fe-Mn oxyhydroxides, low pH condition, and increase in dissolved organic carbon (DOC) under anoxic
condition. An increase in Eh caused a decreasing pH from 8.08 to 6.80 and increasing DOC from 18.93 to
425 mg/l which resulted in the release of REEs. Enrichment factors (EFs) revealed that Musa estuary is
threatened with Ce, Dy, La, Nd, Pr, and Sm. The high ecotoxicology effects of soluble REEs calling for
potential environmental risks in Musa estuary.

1 Introduction
Rare earth elements (REEs) consist of 15 lanthanides (La-Lu), scandium (Sc), and yttrium (Y) (Prego et
al., 2019; Romero-Freire et al., 2019). They are subdivided into two categories based on the ionic radius.
Light rare earth elements (LREEs) with a larger ionic radius include La, Ce, Pr, Nd, Sm, and Eu and heavy
rare earth elements (HREEs) with smaller ionic radius include Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu (Consani
et al., 2020; Wang et al., 2019). They are used widely in many high-tech industrial processes. As a result,
REEs have been discharging and transferring to aquatic ecosystems and food chains in recent years
(Mihajlovic and Rinklebe, 2018).
Sediments serve as a major repository of REEs and also represent a potential secondary source for REEs
(Trifuoggi et al., 2018). REEs mobility is controlled by environmental factors such as redox potential, pH,
temperature, organic matter (OM), Fe, Mn, and Al contents (Edahbi et al., 2018; Mihajlovic et al., 2019).
Soluble forms of REEs, unlike their insoluble forms, have shown high toxicity (Romero-Freire et al., 2018;
Trifuoggi et al., 2018). Therefore the increasing release of REEs to the environment may have
ecotoxicological effects on humans and other organisms.
Several studies around the world have been carried out on the influence of redox potential variation on
the release of REEs in soils with different characteristics. For example, Cao et al. (2001) reported that by
the decrease in Eh, REEs (La, Ce, Gd, and Y) were released. Similarly, in wetland soils, REEs were released
under anoxic conditions (Davranche et al., 2011; Grybos et al., 2007). Mihajlovic et al. (2017) found that
an increase in Eh enhanced the release of REEs in floodplain soil. Davranche et al. (2011) and Grybos et
al. (2007) observed that dissolved organic matter plays a key role in the release of REEs, while Mihajlovic
et al. (2017) reported Fe-Mn oxides are the major source of released REEs. Therefore REEs mobilization
differs generally relying on the soil/sediment characteristics and water factors.
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Musa estuary (latitude of 30° 15′ to 30° 32′ and longitude of 49° to 49° 20′) is located in the northwest of
Persian Gulf (Keshavarzi et al., 2018). Petrochemical plants which are known to be a source of REEs
(Kabata Pendias, 2010) are located to the north of this estuary. Marun and Amirkabir olefin units utilize
cracking operations for the production of ethylene and propylene. REEs in the surrounding environment
stem from zeolite and other catalysts which are widely used in cracking, as a common process, in
petrochemical plants. (Kulkarni et al., 2006).
The recovery capacity of the Musa estuary is insignificant (Ravanbakhsh et al., 2020) as low water
flushing time (3–5 y) causes the pollutants to have a long residence time in this area (Jaafarzadeh
Haghighi Fard et al., 2017). Due to the high accumulation of OM due to the great volume of wastewater
discharge and high productivity rate in the water body anoxic conditions may be favored, particularly in
deeper zones of the area. On the other hand, part of the sediments are subjected to dissolved oxygen in
tidal zones and shallow parts of the area. Also, sediments can be exposed to the atmospheric oxygen,
e.g. under dredging and reclamation in the open air which lead oxic condition to be predominant.
Since there are sources of REEs contaminating the Musa estuary sediments and varying redox
conditions, it is necessary to study the behavior of REEs in such environmental conditions. Besides, the
impact of pre-definite redox conditions on the release of REEs in estuary sediments has not been
assessed yet. Thus, this study aimed to investigate the effect of redox potential changes on the
(im)mobilization of REEs in sediments in this region and to elucidate the biogeochemical mechanism of
REEs release.

2 Methods/experimental

2.1 Sampling
The study area and sampling locations are shown in Fig. 1. Surface sediment samples were collected
from 12 sampling sites in May 2017, by a Van Veen Grab. Subsamples were taken with a plastic spoon
from the uppermost 20 cm in the middle part of the grab. Twelve samples were used to prepare a
representative composite sample. The samples were kept in polyethylene bags and maintained at 4 °C
and transported to the laboratory in a cool box. Two gallons of petrochemical effluent water were also
collected. The containers were first washed with diluted hydrochloric acid and distilled water and then
rinsed three times with estuary water before sampling.

2.2 Redox experiments
Water samples filtered using a filter paper (No. 41, Macherey-Nagel, Germany) and a vacuum pump to
remove particulate particles, then used in wet-sieving and experiments. The sediment sample was sieved
through a 2 mm and characterized for physicochemical properties. Then the samples were wet-sieved
through a 63 μm sieve and used in the microcosm experiments. Sieved sediment samples were
homogenized by hand mixing.
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357 g of wet sediment (44% H2O, 200 g dry weight) and 2000 ml of estuary water were transferred to a
glass vessel, sealed with an air-tight lid, and continuously stirred with a magnetic stirrer to achieve
homogeneity. A 10:1 ratio (w/w) of water to dry sediment was examined according to Yu and Rinklebe
(2011). Also, wet sediment was used in the microcosm experiments because the drying process would
change the redox potential (Frémion et al., 2017; Kelderman and Osman, 2007). The vessel was wrapped
with aluminum foil to protect algae growth and photo-oxidation (Rinklebe et al., 2016).
Oxic and anoxic experiments were carried out in an automated microcosm (Fig. 2). The system consists
of a thermometer, a pH electrode, two platinum (Pt) electrodes coupled with a calomel reference electrode,
inlet tubes for N2 gas and air, and an outlet that was submerged in water to prevent atmospheric oxygen
diffuse into the microcosm.
In the anoxic experiment, sediments were subjected to a decrease in redox potential (Eh around -150 mV)
to simulate natural anoxic conditions under organic matter degradation. To do so, N2 gas was injected
into the microcosm. N2 gas was effective in purging oxygen. When the set potential is reached, the meter
relay activates an air pump to hamper the redox potential decreasing below the set value. At low redox
potentials, the airflow should be lower than approximately one bubble per second.
In the oxic experiment, sediments were subjected to an increase in redox potential (Eh around +200 mV).
To achieve this, synthetic air was injected into microcosm to be indicative of the oxic condition under
dredging and sanitation measures in practice. The air pump flow was regulated to 0.5-2.0 ml/min for
slow oxidation of the suspension. When the suspension reached the proper oxidation level, the meter
relay automatically turned off the air pump.
The pre-set Eh windows were maintained for 4 days. Because usually the redox potential became
stabilized after 4 days (Miao et al., 2006). Subsequently, an amount of slurry (60 ml) was collected from
the microcosm by a syringe at three levels of Eh windows: initial condition (after 1 h stirring the
microcosm), -150, and +200 mV. The sediment/water ratio remained constant throughout the experiment.
The suspension was centrifuged for 15 min at 3000 rpm. The supernatant was immediately filtered into
brown-glass borosilicate vials and acidified to pH < 2 with phosphoric acid (H3PO4) and kept at -20 °C for
determination of dissolved organic carbon (DOC). The solid phase was kept in 15 ml polypropylene
cryogenic vials at 4 °C until digestion.

2.3 Chemical analyses
As regards the physical and chemical properties of sediments affect the (im)mobilization of metals, so
what contributed to a better comprehensive were measured. The loss on ignition (LOI), cation exchange
capacity (CEC), and sediment pH were measured according to ASTM-D7348-08, USEPA-9081, and USEPA9045D. A laser particle size analyzer (HORIBA, LA950) was used for grain size distribution. Major mineral
phases in sediment and chemical components were identified by X-ray diffraction (XRD) and X-ray
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fluorescence (XRF) analyses (Philips, PW1480 and Philips, PW1800). DOC was measured using a TOCanalyzer (Shimadzu, TOC-V CP).
The pre-dried solid phase (40 °C), digested with aqua regia (HCl/ HNO3, 3:1 v/v). After digestion, the
samples were filtered and diluted to a volume of 100 ml. Metals concentration (Fe, Mn, Al, and REEs) was
analyzed using inductively coupled plasma mass spectrometry (ICP-MS, ELAN DRC-e, Perkin Elmer).

2.4 Quality assurance/quality control
For reliability of the results, blank samples were used and the digestions and measurements were carried
out in triplicate. The relative standard deviation (RSD) between replicates was below 5%. All reagents
were of ultra-pure quality (Merck) and all labware used was either new or pre-cleaned and acid-washed
before utilization. Geological Sample of sediment standard MAG-1 (marine sediment) was used for
quality assurance of the extraction and analysis efficiency. The comparison between the measured
concentrations with the certified data is presented in Table 1. The recovery ranged from 88 to 103%
depending on the studied element.
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Table 1
Values of the certified reference material MAG-1 and results obtained for
major and rare earth elements.
Element

Certified

Measured

Recovery efficiency (%)

8.66

8.47

98.00

Fe

4.58

4.47

98.00

Mn

0.08

0.07

88.00

88.00

87.00

99.00

Dy

5.20

4.86

93.00

Er

3.00

2.84

95.00

Eu

1.55

1.51

97.00

Gd

5.80

5.89

102.00

La

43.00

42.70

99.00

Lu

0.40

0.38

95.00

Nd

38.00

37.36

98.00

Pr

9.30

9.54

103.00

Sm

7.50

7.32

98.00

Tb

0.96

0.90

94.00

Tm

0.43

0.40

93.00

Yb

2.60

2.42

93.00

Al

Ce

%

mg kg-1

2.5 Enrichment factor (EF) index
The enrichment factor (EF) was presented by Buat Menard and Chesselet (1979). It is a practical tool in
estimating the level of anthropogenic contamination. EF is calculated according to the following
equation:

where C is the concentration of REEs, Al was used to normalize the metal concentrations, and the mean
earth’s crust was considered as background. The background metal concentrations (Al and REEs) used in
this study were those reported by Taylor (1964). Enrichment intensity based on EF is given in Table 2.
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Table 2
Classification of enrichment factor.
EF

Enrichment intensity

<2

Depletion to minimal enrichment

2-5

Moderate enrichment

5 - 20

Significant enrichment

20 - 40

Very high enrichment

> 40

Extreme enrichment

3 Results And Discussion

3.1 Characterization of the studied sediment
Table 3 summarizes the main physicochemical characteristics in the studied sediment. XRD analyses
demonstrated that the sample is principally composed of calcite, quartz, and dolomite, as well as XRF
results, showed CaO, SiO2, and Al2O3 were the main compounds in this sediment.
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Table 3
Physicochemical properties of the studied sediment.
Characteristics

Value

Sediment mineralogy (%)

Particle size distribution (%)

CaO

30.9

SiO2

22

Al2O3

5.2

Fe2O3

4.2

MgO

4.2

Sand

0

Silt

100

Clay

0

pH

8.14

LOI (%)

27

CEC (meq/100 g dry sediment)

35

Al (%)

3.19

Fe (%)

2.07

Mn (mg kg -1)

377

According to grain size analyses the sample classified as silt, showing the dominance of fine texture. The
sediment pH (pH of 8.14) was slightly alkaline which might be due to the presence of carbonate shells
and the discharge of industrial effluents into the estuary. Percentage LOI was 27% in sediment. The high
OM in the sediment is related to the high organic content of bituminous limestone and organisms
remains and also may be due to the high level of petrochemical effluents. The CEC in the sediment was
35 meq/100 g. The high CEC can be related to the high organic content and the sediment fine texture
(between 2-75 μm in diameter). Total Al, Fe, and Mn contents were 3.19%, 2.07%, and 377 mg kg -1,
respectively.
As REEs effectively sorb onto sediment Al/Fe/Mn oxides, organic matter, and clay minerals in neutral/
basic waters (Mandal et al., 2019; Mihajlovic and Rinklebe, 2018) and the sorption capacity is a function
of cation exchange capacity (Edahbi et al., 2018) the studied sediment expected to have a high capability
for REEs sorption.

3.2 REEs concentration
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The ΣREE, ΣLREE, and ΣHREE content in the studied sediment were 340.38 mg kg−1, 317.48 mg kg−1, and
22.90 mg kg−1, respectively. These values were considerably higher than those of the mean world
sediments, Ligurian Sea sediment, Ipojuca River sediment, and Thailand Gulf sediment however they
were quite similar to that reported for Poyang Lake sediment (Table 4). It can be inferred that REEs
content in the sample are quite high and from anthropogenic sources.
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Table 4
-1)

Comparison of REEs concentration (mg kg
in the sediment sample with other catchment areas and
mean world sediments.
Ligurian
Sea

Ipojuca
River

Poyang
Lake

Thailand Gulf

Mean world
sediments

Musa
estuary

La

4.95

29.86

60.90

22.00

28.30

62.00
(18%)

Ce

12.10

59.39

101.60

45.00

58.90

151.00
(44%)

Pr

1.76

11.47

12.70

4.70

6.52

19.66
(5.8%)

Nd

8.01

21.63

45.40

18.00

24.90

71.60
(21%)

Sm

2.58

4.27

9.40

3.50

4.23

11.78
(3.5%)

Eu

0.63

0.52

1.40

0.50

0.86

1.44
(0.4%)

Gd

2.92

3.03

7.80

2.60

3.61

10.17
(3.0%)

Tb

0.44

0.64

1.00

0.40

0.60

1.26
(0.4%)

Dy

2.31

0.88

5.50

2.20

3.61

6.17
(1.8%)

Er

0.98

0.58

3.00

1.10

2.19

2.96
(0.9%)

Tm

0.13

0.02

0.60

0.20

0.31

0.36
(0.1%)

Yb

0.76

0.41

3.20

1.20

2.14

1.70
(0.5%)

Lu

0.10

0.06

0.50

0.20

0.33

0.28
(0.1%)

∑ REE

37.67

132.76

253.00

101.60

136.50

340.38

∑ LREE

30.03

127.14

231.40

93.70

123.71

317.48

∑ HREE

7.64

5.62

21.60

7.90

12.79

22.90

∑ LREE /
∑ HREE

3.93

22.62

10.71

11.86

9.67

13.86

Reference

(Consani
et al.,
2020)

(da Silva et
al., 2018)

(Wang et
al., 2019)

(Kritsananuwat
et al., 2015)

(Taylor and
McLennan,
2001)

Present
study
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LREE: light rare earth elements, HREE: heavy rare earth elements, REE: total rare earth elements

The LREEs content were much higher than that of HREEs in the sample (Table 4). More specifically the
LREE/HREE ratio was 13.86. This LREEs enrichment pattern is found to occur in other catchment areas
and the mean world sediments. This could be associated with that in the fluvial environments, the
enrichment of LREEs has been related to high adsorption on clay minerals, whereas HREEs are reported
to form stable soluble complexes (da Silva et al., 2018).
According to Table 4 Ce, Nd, and La were the abundant REEs, accounting for 44%, 21%, and 18% of the
total REEs concentration, respectively. Among the HREEs, Gd had the highest concentration. These results
are in agreement with those concentrations measured in other areas and the mean world sediments.

3.3 REEs enrichment in sediment by EF index
The enrichment factor (EF) of REEs was used for evaluating the effect of anthropogenic sources. The
obtained EF values for various REEs were between minimal enrichment and significant enrichment. The
maximum EF value belongs to Nd (EF = 6.59) and the minimum EF value is seen for Lu (EF = 1.44).
According to Fig. 3, Lu, Tm, and Yb are classified as minimal enrichment with EF values of 1.44, 1.93, and
1.46, respectively which suggests they may be due to crustal materials or natural weathering processes in
sediment. Er, Eu, Gd, and Tb exhibit a moderate enrichment. For Ce, Dy, La, Nd, Pr, and Sm the enrichment
factor is significant (5 < EF < 20) indicating the effect of anthropogenic sources in the area.

3.4 Dynamics of pH, DOC, and Fe-Mn under pre-set redox
conditions
With Eh changes pH fluctuated. During oxic and anoxic incubations, pH decreased from the initial
condition (8.08) to 6.66 under the anoxic condition and 6.80 under oxic condition (Fig. 4). The low pH in
anoxic conditions might be related to the presence of CO2 and organic acids from microbial activities and
decomposing OM (Shaheen et al., 2020, 2018). This probability is approved by the increase of DOC under
anoxic/acidic conditions. Oxic condition also causes the reduction of pH, which could be related to the
presence of protons (H+) (Mihajlovic et al., 2017; Zhu et al., 2018). Therefore, various mechanisms might
have contributed to pH dynamics in the current experiment.
DOC increased from the initial value (18.93 mg/l) to 704.84 mg/l in the anoxic experiment and 425 mg/l
in the oxic experiment (Fig. 5). During anoxic conditions, DOC increased which might have several
possible explanations. The reductive dissolution of Fe-Mn oxyhydroxides made by anoxic conditions may
dissolve organic carbon bound to Fe-Mn oxyhydroxides, production of dissolved organic metabolites
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during microbial activity, and reductive fermentation and hydrolysis of complex organic matter to DOC
(Shaheen et al., 2016; Shaheen and Rinklebe, 2017). A decrease in DOC along with the increase in Eh is
commonly observed (e.g., Beckers et al., 2019; Han et al., 2019). However, in this study during oxic
experiment, the increase in Eh was accompanied by an increase in DOC value. The observed increase in
DOC could be interpreted as being a result of organic matter desorption from solid phases (Grybos et al.,
2009, 2007).
The lowest concentrations of Fe and Mn in sediment were measured in the anoxic experiment and they
were highest in the oxic experiment (Fig. 6). Consequently, at high Eh the soluble Fe and Mn
concentrations decreased, and conversely, at low Eh they increased. An increase in soluble Fe and Mn
concentrations with decreases in redox potential suggests that reductive dissolution of Fe and Mn
(hydr)oxides have occurred (Leyden et al., 2016). In addition, it might be due to the decrease in pH
(Shaheen et al., 2017). High redox status would cause the precipitation of Fe3+, Mn3+, and Mn4+ oxides
and a decrease in the concentration of soluble Fe and Mn (Antić-Mladenović et al., 2017a, 2017b).

3.5 Release dynamics of REEs under pre-set redox
conditions
REEs released from sediment in both oxic and anoxic experiments expect for Ce in oxic condition (Fig. 7).
The release of REEs under oxic conditions can be due to a decline in pH and an increase in DOC.
Dissolution of Fe-Mn oxyhydroxides, low pH conditions, and increase in dissolved organic carbon (DOC)
under anoxic conditions cause the mobilization of REEs to increase. Ce adsorbed to sediment in oxic
condition. This is because the Ce4+ is formed and Ce4+ is removed from the solution to the sediment by
scavenging onto sediment compounds (Suja et al., 2017). Similar observations were reported by other
researchers (Cao et al., 2001; Davranche et al., 2011; Grybos et al., 2007; Mihajlovic et al., 2017).
The average amount of REEs mobilization in oxic condition was 39.40% and it was 27.86% in anoxic
condition. All REEs released to a greater extent in oxic conditions than anoxic conditions except for La,
which was released equally in both cases (16.1%). Lu and Sm are the most mobile elements while Ce has
the lowest amount of release (Fig. 7). Since HREEs form soluble complexes more easily, they had higher
mobility than LREEs (Duncan and Shaw, 2003; Mihajlovic and Rinklebe, 2018).
In practice, REEs release from sediments may be expected whenever these sediments are subjected to
oxygen in air, e.g. under dredging operations and sediment reclamation in the open air (such as land
farming) or when they are subjected to oxygen-free conditions in the bottom of the aquatic environment
due to the accumulation of organic matter.

4 Conclusions
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This study aimed to investigate the impact of pre-definite redox conditions on REEs mobility and
dynamics. Results revealed that redox fluctuation significantly affected the mobilization of REEs. The
average amount of REEs mobilization in oxic condition was 39.4% and it was 27.9% in anoxic condition.
The high potential mobility of REEs would raise environmental risk and health issues in the studied area.
This study provides a better realization of biogeochemical processes in Musa estuary for future
environmental management in the area. However, future research is required to concentrate on the
methods decreasing the mobilization of REEs under dynamic redox conditions in Musa estuary
sediments.
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Figure 1
The study area and the location of sampling stations. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 2
Schematic of microcosm components, MC: Microcosm.
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Figure 3
Results of enrichment factor index.

Figure 4
Impact of Eh conditions on pH.
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Figure 5
Impact of Eh conditions on DOC.

Figure 6
Fe and Mn concentration in sediment in different Eh conditions.
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Figure 7
REEs release from sediment sample according to the Eh.
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