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Rare earth elements (REEs) or lanthanides are often found together in nature,

and they are used in multiple anthropogenic activities from green energy and

medical technologies to telecommunications and defense systems. However,

the current understanding on the concentration and behavior of REEs in

oceans and marine organisms is limited, and no regulatory information or

limits have been settled. Here, we present a review of the concentrations of

lanthanides in marine waters and biota. REEs reach aquatic ecosystems mainly

by continental contributions, and the maximum reported concentrations of

REEs are found on the platform surface near the coast due to their continental

origin. For coastal waters, we findmaximum REE levels in the surface water that

decrease with depth until a certain stability. Their concentrations diminish as

they move toward the open ocean, where concentrations tend to increase

vertically with depth in the water column. Only cerium (Ce) showed different

patterns from other REEs caused by Ce different redox states: III and IV,

reflecting the oxidation of dissolved Ce (III) to particulate Ce (IV) when

reacting with the O2 to form CeO2. In seawater, heavy REEs tend to remain

in solution forming complexes usually unavailable for organisms, while light

REEs are most likely to be assimilated by them, posing potential biological

implications. Bioaccumulation of REEs decreases as marine trophic level

increases, showing a trophic dilution pattern. Generally, higher

concentrations are found in organisms such as phytoplankton, zooplankton,

and algae species, while the lowest concentrations are found in mollusks,

corals, and fish species. According to the current trend in the REE industry, the

increasing anthropogenic emissions are a fact; therefore, more studies will be

needed regarding their fractionation, the transformation processes with which

they become bioavailable, and their pathways in marine systems.
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GRAPHICAL ABSTRACT
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Introduction: the rare earth
elements

The lanthanides (Group VI of the Periodic Table of

Elements), lanthanum (La), cerium (Ce), praseodymium (Pr),

neodymium (Nd), promethium (Pm; synthetic, made in the

laboratory), samarium (Sm), europium (Eu), gadolinium (Gd),

terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er),

thulium (Tm), ytterbium (Yb), and lutetium (Lu) and the two

transition elements scandium (Sc) and yttrium (Y), are classified

as rare earth elements (hereinafter REEs) for their similar

physicochemical properties and their economic importance

(Fisher and Kara, 2016) as well as for being usually found

together in the same ore deposits in nature. These elements

can be divided essentially into three subgroups depending on

their atomic numbers: the light REEs (LREEs), with the lowest

atomic number (from La to Pm), the medium REEs (MREEs)

(generally from Sm to Gd), and the heavy REEs (HREEs) (from

Tb to Lu, as well as Sc and Y). Also frequently, their division is

limited only to two classifications, LREE and HREE groups

(Zepf, 2013). The term “rare” is not due to their low abundance,

since many of the REEs are more widespread in the Earth’s crust

than other elements commonly used in our daily life but because

of the difficulty of separating the different elements and the lack

of economically exploitable ore deposits, which are concentrated

mainly in China (>90%) (Dushyantha et al., 2020). Within the

REE group, 14 elements corresponding to the lanthanides

(excluding Pm and Sc) are considered technology-critical

elements (TCEs) (Cobelo-Garcıá and Filella, 2017), given their

importance in emerging technologies. Those are the elements

described in the following review.

During the following review, we will break down the

available information, to date, on the concentrations of the

REEs in marine ecosystems, specifically in the field-collected
Frontiers in Marine Science 02
water column and organisms. Data on REEs in marine

ecosystems will be surveyed and gathered from existing

scientific literature from a search by keywords (REE/

lanthanides AND marine environment/biota/water) in the

Web of Science database. Based on the data collected, we will

provide an evaluation of the current gaps in knowledge on these

elements in marine systems and we will indicate directions for

future research. In the next sections, only the REEs belonging to

the TCEs will be further discussed but discarding the transition

element Y.
Natural and anthropogenic sources
of rare earth elements

In nature, REEs do not exist as individual native metals but are

found in a wide range of minerals (Balaram, 2019), and their

presence is generally associated with alkaline magmas such as

peralkaline silicate rocks and carbonatites (Chakhmouradian and

Wall, 2012). Usually, data on different REEs are represented

together, as they appear in the environment. REE representation

follows a zigzag pattern (effect of Oddo–Harkins rule), being Ce the

element with the highest content in the group. Thus, to interpret

data and find specific anomalies, they are frequently normalized

using both abiotic and biotic samples, with the REE content in

natural shale crust as reference. To date, different shale

compositions are commonly used, such as the European Shale

(EUS) published in the 1930s (but improved in the 1960s), the

North American Shale Composite (NASC) from the 1960s, and the

Post-Archean Australian Shale (PAAS) from the 1970s, with an

average content of total REEs (including Y but discarding Pm) of

246, 194, and 211 mg/kg, respectively (Bau et al., 2018). Even

though they were not studied further in the past, like other

elements, the reported contents of different REEs are significantly
frontiersin.org
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higher than those of the most common studied metals, e.g., Ce with

an average content of 63 mg/kg in the continental crust that is 2-

fold more abundant than Cu (Rudnick and Gao, 2003).

The use of REEs in industry, medicine, and agriculture has

increased exponentially during the last decades (Geagea et al.,

2007). Therefore, a parallel increase in their demand and

production is expected. The total worldwide production was

81 kt/year in 2000 and 126 kt/year in 2016, while it increased to

280 kt/year in 2021 (an increase of more than 100% in the

worldwide production in only 5 years) (Survey USG, 2022).

REEs are key components of modern life, as they are part of basic

high-tech applications and green technologies (Wen et al., 2006).

Some examples of the most important technological applications

of REEs are energy-efficient lighting, permanent magnets for

wind turbines, batteries for hybrid and electric vehicles, digital

cameras, optical glasses, catalysts, or metal alloys (Brioschi et al.,

2013). Among them, the LREEs (La, Ce, Pr, and Nd) are the

most commonly used group (Massari and Ruberti, 2013).

Moreover, REEs are also used in phosphate-based fertilizers

for soil amendment (Zhang and Shan, 2001), which, like other

fertilizer compounds, would finish in aquatic systems. Their

application in fertilizers, bactericides, supplements for animal

husbandry, and aquaculture food has been widely extended in

China since the early 1970s (Sun et al., 1994; Fang et al., 2007)

with questionable short-term success for plant and animal

growth and constituting an important route of entry of

anthropogenic REEs into the environment and the trophic

chain (Gwenzi et al., 2018). Another important use of REEs is

in geology as tracers of geochemical processes (Bau and Dulski,

1996; Olıás et al., 2018). Despite their coherent behavior as a

group, the geochemical processes may affect the REE

distribution depending on their atomic number (Elderfield

et al., 1990). Thus, REEs will show fractionation depending on

the chemical circumstances of the environment (Akagi et al.,

2004). In addition, the analysis of the REE series allows, among

other utilities, to infer the past conditions and rebuild

biogeochemical cycles or water masses’ origin.

In recent years, elevated REE levels have been widely

reported in different natural systems, e.g., Ce distinctive

positive anomalies mainly in the warm surface layer of the

Black Sea (Schijf and de Baar, 1995). In aquatic systems, the

most frequently detected anthropogenic REE is Gd, which has

been particularly studied since the mid-1990s when it was for the

first time reported anthropogenic influence in the Gd natural

distribution (Nozaki et al., 2000; Elbaz-Poulichet et al., 2002; Bau

et al., 2006; Kulaksiz and Bau, 2007; Lawrence, 2010; Kulaksiz

and Bau, 2011; Kulaksiz and Bau, 2013; Hatje et al., 2014; Tepe

et al., 2014; Merschel et al., 2015). The observation of Gd

anomalies is highly correlated with the use of this metal in

contrasting agents for magnetic resonance imaging (MRI),

especially in densely populated areas with developed medical

and healthcare systems (Bau and Dulski, 1996; Nozaki et al.,

2000; Bau et al., 2006; Kulaksiz and Bau, 2007; Kulaksiz and Bau,
Frontiers in Marine Science 03
2011). Positive anthropogenic Gd anomalies can be used as a

pseudo-natural tracer of water discharge from wastewater

treatment plants with emerging microcontaminants since Gd

cannot be removed by common sewage treatment technologies

(Bau et al., 2006; Kulaksiz and Bau, 2007; Lawrence et al., 2009;

Lawrence, 2010; Tepe et al., 2014). In addition to Gd, other

anthropogenic REEs, such as La and Sm, are also found in

industrial wastewater and rivers from catalyst production for

petroleum refining (Kulaksiz and Bau, 2013). According to the

current scientific interest in REEs, an increase in the use of REEs

as tracer elements for monitoring their natural and

anthropogenic processes in water systems is expected, which

will serve to enhance our understanding of REE inputs and their

behavior in marine systems.
Presence and fractionation of
rare earth elements in
marine environments

The composition of seawater is determined by the rate of

supply and removal of elements from the oceans. In oceans,

REEs come mainly from continental weathering, being

transported through rivers (Figure 1). The riverine REE

transport is strongly controlled by particulate matter; higher

concentrations are commonly found in the particulate matter

transported by rivers than dissolved, with around 30 Gt/year of

suspended sediments being transported to the oceans (Pearce

et al., 2013). Thus, the impact of the continental supply of REEs

from rivers to the oceans depends strongly on the fate of the

particulate and colloidal materials during river and seawater

mixing, since they are the major component of the riverine REE

flux (Elderfield et al., 1990). The REE patterns for the majority of

rivers span a wide range depending primarily on local geology,

with, in general, enrichment in HREEs in the dissolved phase

(Goldstein and Jacobsen, 1988; Elderfield et al., 1990; Nozaki

et al., 2000). The fractionation of REEs compared with the

continental crust reflects the geochemical processes that

occurred during their transport, with physicochemical

parameters [e.g., pH, redox (Eh) conditions, and complexation

with organic and inorganic ligands] being the most important

factors for establishing the REE composition in rivers (Goldstein

and Jacobsen, 1988; Elderfield et al., 1990; Olıás et al., 2018;

Cánovas et al., 2021; Jalali and Lebeau, 2021).

In aqueous solution, REEs predominantly exist in the

trivalent oxidation state (3+) (Elderfield and Greaves, 1982),

the only exceptions are Ce (4+) and Eu (2+) (Olıás et al., 2005;

Olıás et al., 2018), although Eu can be reduced (2+) or oxidized

(4+) depending on the media conditions (Hatje et al., 2014). The

concentration of REEs in rivers is pH-dependent, with usually

lower concentrations at higher pH values and more fractionation

of the elements with a major abundance of HREEs (Sholkovitz,
frontiersin.org
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1995). On the contrary, acidic pH values lead to increasing

concentrations of REE, such as those observed in acid mine

drainage environments, with concentrations several orders of

magnitude higher than those in natural waters (e.g., Noack et al.,

2014; Cánovas et al., 2021). Generally, riverine inputs of REEs to

the oceans can be classified as follows: 1) suspended terrigenous

particles that usually present an LREE-enriched relative to shale;

2) colloidal material predominant in most river waters, with

shale-like pattern although slightly enriched in MREE; and 3)

dissolved REEs that account for a minor contribution and whose

fractionation is strongly controlled by the filtration strategy

(Elderfield et al., 1990). It is generally considered that filtration

below 0.22 µm removes notably the presence of suspended

particles and colloids. Another source of REE from the

continents to the oceans is aeolian dust (Figure 1), which may

be transported and solubilized in contact with seawater.

However, the fluxes of REE associated with riverine inputs and

aeolian dust are not accurately known due to intense removal

and remobilization processes in estuaries and unknown

dissolution rates of REEs in contact with seawater, respectively

(van de Flierdt et al., 2004). There is also an important vertical

flux supply in the open ocean to surface waters dependent on

upper ocean stratification that inhibits or limits vertical mixing

that could be two orders of maginitude larger than terrestrial

(riverine/dust) inputs (Chen et al., 2013).

Different processes take place along the continent–ocean

interface, known as boundary exchanging, which leads to

changes in REE abundances, speciation, and normalized

patterns from their terrigenous source to open oceans. In this

interface, estuaries play a major role in acting as biogeochemical

reactors where riverine fluxes of inorganic and organic matter

affect the transfer of elements to the oceans (Andrade et al.,

2020). A general removal of dissolved REEs is observed during
Frontiers in Marine Science 04
the mixing of river water with seawater at low salinities due

mainly to the salt-induced coagulation of Fe-rich organic

colloids (e.g., Elderfield et al., 1990; Sholkovitz, 1995). Much

effort has been put into characterizing the particulate REEs

formed by estuarine removal; however, the products of

estuarine mixing processes are commonly masked by

terrigenous material, transported by the rivers, like in the case

of Fe (Elderfield et al., 1990). This removal of dissolved REEs

also coincides with the fractionation of REEs enhanced by a

change in speciation. Thus, HREEs are predominantly bound by

stable carbonate complexes, while LREEs exhibit a greater

proportion of free metal ions and tend to be more reactive

than the MREEs, especially by sorption processes (Sholkovitz,

1995). This fractionation of dissolved REEs during estuarine

mixing leads to the characteristic HREE enrichment NASC-

normalized seawater (e.g., Alibo and Nozaki, 1999; Crocket et al.,

2018), although some processes can modify this fractionation

pattern. For instance, high pH values and complexation with

organic ligands may inhibit this fractionation (Adebayo et al.,

2018). On the other hand, the opposite process is sometimes

observed at high salinities in estuaries; REE is released back into

the water column from sediments and particulate matter (e.g.,

Andrade et al., 2020). As reported by Andrade et al. (2020) at the

Paraguaçu estuary (Brazil), these desorptive and diffusive

processes may also alter the REE fractionation according to

the enrichment in MREEs and LREEs over HREEs, opposite to

that observed at low salinities.

As the REEs are transported to the oceans via estuaries, the

coastal waters exhibit intermediate concentrations and patterns

between those of river and ocean waters (Elderfield et al., 1990).

Once these elements come out from estuaries, the combination

of lateral mixing and gradients in particle fluxes predominates,

leading to enhanced deposition and fractionation of particle-
FIGURE 1

Sources, transport, and sink pathways of lanthanides in seawater, including sediment–seawater exchange and biota interaction.
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reactive elements and the boundary exchanging (particle-

dissolved processes) from continental margins to the open sea

(Lacan and Jeandel, 2005). In this sense, sediment–seawater

interaction during boundary exchange on continental margins

(Figure 1) can be a major control on REE composition of

oceans, with differences observed worldwide depending on the

particulate characteristics and distance from the continental

margin, being most important in nearshore environments

(Pearce et al., 2013).

The higher pH and water residence times in oceans render

REEs less concentrated and more fractionated than those in

rivers (Sholkovitz, 1995). The distribution of dissolved REEs

along the water column of oceanic waters has also been well

studied. Vertical profiles indicate that REE concentrations

increase with depth (except for Ce), although this increase is

not similar for all REEs; whereas LREEs increase almost linearly

with depth, HREEs exhibit more nutrient-like profiles (Nozaki

et al., 2000). This distribution of REEs along the water column

has been traditionally explained by the dominance of vertical

processes affecting the input, scavenging, and release of REEs

from particles to the water column. Based on studies about Nd

isotopes, Siddall et al. (2008) reported that such REE distribution

could be explained by a combination of lateral advection and

reversible scavenging (sorption and desorption from particles).

However, recent studies also point to biological drivers of REE

solubility control in oceans. The dissolution of diatoms may be a

major pathway of REE transport to deeper layers (Figure 1), as

observed in the water column of the North Pacific Ocean,

characterized by high diatom productivity (Akagi, 2013).

These authors reported that the concentration of dissolved

silica in surface water was close to zero, while REE

concentrations were notably reduced. This finding highlights

the role of diatoms in the solubility control of REEs in surface

oceanic waters. In addition, spatial differences in REE

concentrations are observed in oceanic waters, with an overall

increase from the North Atlantic to the North Pacific (van de

Flierdt et al., 2004; Siddall et al., 2008) depending on the water

age and residence time. However, other different sources and

processes may alter the distribution and fractionation of REEs in

oceans. For instance, Schijf et al. (2015) suggested that

manganese oxides may be the dominant scavenger of REEs

throughout the abyssal ocean and perhaps even in the upper

water column but also supported the need for more

sophisticated kinetic models for the redox-driven scavenging

of Ce (III). On the other hand, pore fluids from bottom

sediments have been previously hypothesized as an REE

source in deep waters in some areas of the ocean (Abbott

et al., 2015). This finding would support the importance of

sediments and pore waters as an oceanic REE source, as recently

discussed by Haley et al. (2017). Abbott et al. (2019) move a step

forward pointing to authigenic clays as the main mineral phase

responsible for benthic REE fluxes. According to these authors,
Frontiers in Marine Science 05
the high correlations previously reported in the literature

between Fe and REEs in marine sediments would be not

related to REE sorption onto ferromanganese oxides but to Fe-

rich clay minerals like glauconite. On the other hand,

hydrothermal plumes can also act as sources and sinks of

REEs in oceans (Figure 1). In this sense, it has been reported

that hydrothermal plumes do not contribute significantly to the

dissolved seawater REE budget due to a fast REE removal at the

vent site (Siddall et al., 2008). These processes have been even

quantified by other researchers. For example, Stichel et al. (2018)

reported a significant Nd depletion in hydrothermal plumes

equivalent to around 70% of the combined river and dust inputs

according to these authors (6%–8% of the global REE flux).

Nevertheless, different attempts to quantify REE fluxes based on

a mass balance approach of Nd isotopes, a conservative tracer in

seawater, identified a missing source of Nd (and REE) that could

be due to volcanic arcs (Siddall et al., 2008). Considering that

volcanic ashes are much more easily dissolved than materials

coming from continental margins (Taylor and McLennan,

1985), volcanic arcs (Figure 1) may play a major role in the

distribution of REEs in oceans.

The above-commented sources/sinks and processes strongly

control the distribution and concentration of REEs in marine

systems. The observed natural concentrations of REEs in

seawater are usually in orders of pmol/kg (Bruland and Lohan,

2003), making the determination of REEs in natural seawater a

laborious task compared with continental ones where the

concentrations are higher (Hatje et al., 2014). For this reason,

and due to constraints of measuring a salt matrix, there is a

predominance of studies carried out in continental waters in

comparison with marine ones. For the determination of REEs in

aquatic systems, multielement quantification is needed, with

high precision and sensitivity, over a wide concentration range

(Hatje et al., 2014). Despite the difficulties and limitations,

detectable levels of REEs have been reported worldwide in

rivers, lakes, groundwater, coastal and open ocean seawater,

and tap water (Akagi et al., 2004; Kulaksiz and Bau, 2007; Tepe

et al., 2014; Merschel et al., 2015). Nevertheless, the

implementation of international programs in the last years

(e.g., Anderson, 2019) is improving the data coverage in

marine systems, providing a valuable global dataset of trace

element distribution. A bibliography review of the REE contents

in seawater can be consulted in Table 1 and extended in Table

SI.1. From the limited number of existing studies on REEs in

seawater, the highest values have been found for Ce (778 pmol/

kg), followed by Gd (181 pmol/kg), La (180 pmol/kg), and Nd

(118 pmol/kg) (Akagi and Edanami, 2017) studying of REE

concentrations in three port areas of Japan where water samples

were taken from 10 cm above the seabed (Table SI.1). However,

according to the REE contents observed in open waters and far

away from anthropogenic sources, these values in general

decrease and the data obtained in Japanese ports could be
frontiersin.org
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TABLE 1 Minimum and maximum values of REEs (pmol/kg) were observed in different marine waters according to a bibliography revision.

Location Sampled depths (m) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Analytical Method Reference

3.2 Mass spectrometer Elderfield and Greaves, 1982

5.2

3.5 0.6 Mass spectrometer Piepgras and Jacobsen, 1992

11.1 2.0

1.3 0.2

10.7 1.9

14.0 2.4

3.6 0.6 Mass spectrometer Bertram and Elderfield, 1993

8.5 1.3

2.1 0.3

8.1 1.5

2.1 0.3

7.5 1.9

1.8 0.3

8.1 1.7

2.5 0.5

8.1 1.5

1.8 0.5

7.3 1.2

3.14 11.3 1.8 ICP-MS Lawrence and Kamber, 2006

15.3 2.7 ICP-MS Kulaksiz and Bau, 2007

24.0 4.1

7.5 1.3

9.0 1.5

1.34 8.5 1.3 HR-ICP-MS Hatje et al., 2014

1.82 12.0 1.9

0.24 1.3 0.2

1.4 0.1 ICP-MS Luong et al., 2018

7.7 1.4

3.49 25.9 5.5 ICP-MS Akagi and Edanami, 2017

5.24 46.6 10.2

0.24 1.3 0.1

3.14 24.0 4.1

N
e
ira

e
t
al.

10
.3
3
8
9
/fm

ars.2
0
2
2
.9
2
0
4
0
5

Fro
n
tie

rs
in

M
arin

e
Scie

n
ce

fro
n
tie

rsin
.o
rg

0
6

North Atlantic 0–>4,000 min 13.0 16.8 12.8 2.7 0.6 3.4 4.8 3.6

max 54.4 66.3 45.8 8.3 1.2 8.3 6.8 5.3

Northwest Pacific Basin 0–>4,000 min 22.6 6.4 15.9 2.9 0.8 4.0 4.7 4.2

max 61.6 8.4 44.4 8.6 2.2 11.7 12.4 10.

Western North Pacific 0–>4,000 min 5.8 4.0 5.4 1.1 0.3 1.8 2.1 1.8

max 53.7 5.7 35.0 6.5 1.7 9.3 10.8 10.

Eastern North Pacific >4,000 mean 79.8 13.0 62.8 12.6 3.2 15.8 16.8 13.

Seychelles Bank (South Indian) 100–>4,000 min 15.2 4.8 10.8 2.1 0.6 3.5 4.1 3.9

max 29.0 8.0 27.5 5.1 1.5 7.5 8.6 7.9

Mascarene Islands (South Indian) 0–>4,000 min 8.6 3.3 7.2 1.7 0.5 2.2 2.9 2.5

max 41.6 6.1 28.8 5.6 1.3 7.2 8.1 7.5

Madagascar Basin (South Indian) 0–>4,000 min 9.7 2.2 7.8 1.6 0.5 2.5 3.2 2.7

max 42.7 8.0 2.5 4.8 1.2 7.2 8.4 8.2

Somali Basin (South Indian) 0–>4,000 min 8.2 3.1 6.9 1.4 0.4 2.3 3.0 2.5

max 43.2 5.5 28.4 5.2 1.3 7.4 8.3 7.5

Arabian Sea (North Indian) 0–>4,000 min 11.7 4.9 11.3 2.4 0.6 3.4 3.4 3.1

max 12.3 13.9 24.6 4.4 1.3 6.7 7.3 7.5

Gulf of Oman (North Indian) 0–2,000 min 12.5 4.0 10.2 2.1 0.6 3.3 3.7 2.9

max 23.4 11.3 15.2 2.9 0.7 4.7 6.0 1.5

Queensland Estuary (Australia) ≈0 mean 78.9 85.5 15.1 79.0 22.0 17.9 3.8 23.2 6.6 16.

Weser Estuary (Germany) ≈0 min 42.0 42.3 8.3 38.9 9.3 2.5 45.1 2.1 14.9 3.9 13.

max 68.2 106.0 16.6 75.0 19.0 4.8 94.8 3.7 26.5 6.7 23.

North Sea (Germany) ≈0 min 20.6 16.6 4.4 20.2 5.0 1.3 11.2 1.3 8.8 2.3 7.4

max 26.8 33.2 6.0 25.8 6.5 1.9 14.1 1.6 10.5 2.5 9.0

San Francisco Bay Plume (USA) ≈0 min 31.4 26.6 6.4 31.6 7.3 2.0 10.7 1.6 11.3 2.9 9.2

max 41.0 34.6 7.4 36.6 9.1 2.4 14.8 2.0 14.4 3.7 12.

North Pacific ≈0 mean 10.9 6.2 1.6 8.5 2.4 0.4 2.2 0.3 2.3 0.6 1.9

East China Sea 4–1,840 min 4.8 0.3 0.8 4.1 1.2 0.2 1.7 0.3 1.8 0.7 2.0

max 42.5 19.8 7.3 32.2 7.9 2.1 11.2 1.8 3.2 3.2 9.4

Japanese Ports* 10 cm above seabed min 21.0 99.9 13.2 52.9 10.2 2.6 56.5 2.5 16.2 4.6 19.

max 180.0 777.9 39.5 117.8 22.7 6.9 180.6 5.4 35.7 9.2 34.

min 4.8 0.3 0.8 2.5 1.2 0.2 1.7 0.3 1.8 0.6 1.5

max 79.8 106.0 16.6 79.0 22.0 4.8 94.8 3.8 26.5 6.7 23.

*Defined as polluted areas and not used for the minimum and maximum average calculation. min, minimum; max, maximum.
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highly influenced by pollution and the proximity to the seabed.

In less human-influenced waters , the highest REE

concentrations appear in surface samples taken near the coast,

as the case of the Weser Estuary (Kulaksiz and Bau, 2011) and

the Queensland Estuary (Lawrence and Kamber, 2006). In these

sampling points, however, the Ce content decreased drastically

compared to that in Japan ports (more than 7 times), while for

the other elements, lanthanide contents are around 1.5–2.3 times

lower. It is interesting to remark that a high concentration of

REEs was detected in deepwater oceanic samples, specifically in

the bottom waters from the Eastern North Pacific Ocean

(Piepgras and Jacobsen, 1992) with the highest value of La

reported (79.8 pmol/kg), discarding the comparison with

values observed in Japan ports. In summary, the distribution

of REEs in marine aquatic systems follows a complex process

and depends on various factors such as salinity, ionic strength,

and especially pH (Cantrell and Byrne, 1987; Elderfield

et al., 1990).

According to compiled data, values of REEs are higher near

the coast and in deep oceanic waters (Table SI.1). The first case

should be explained due to the continental origin of REEs,

previously commented, with the main sources of entry to the

marine environment being rivers, runoff from soils, terrestrial

landfills or mine wastes, and discharge or runoff from

industrial effluents or wastewater systems (Gwenzi et al.,

2018). Therefore, the highest REE levels are usually found in

semienclosed coastal or port areas (i.e., estuaries), decreasing as

we move to the open ocean. On the other hand, the distribution

of REEs in the ocean water column follows an increasing

pattern with depth, as commented before, with a maximum

concentration of HREEs at around 3,000 m, while the LREE

maximum can be found even deeper (Piepgras and Jacobsen,

1992) due to moderation by scavenging processes in the upper

ocean (Bertram and Elderfield, 1993). However, it must be

remarked that this behavior was different for Ce, with

decreasing concentration according to depth (but discarding

in the deepest waters). The distribution of REEs in seawater is

generally dependent on the oceanographic parameters of the

area (Cantrell and Byrne, 1987; Piepgras and Jacobsen, 1992)

and mixing processes in estuaries (Lawrence and Kamber,

2006). During their transport, REEs tend to form complexes

mainly with carbonates but also form sulfate, chloride, silicate,

and fluoride complexes (Cantrell and Byrne, 1987; Soli and

Byrne, 2017). Finally, the lowest values tend to appear in

surface oceanic water samples, except for Ce, despite

terrestrial inputs due to subsequent mixing and scavenging.

However, it is important to remark that the lowest REE

concentrations were registered in the most recent paper

(Luong et al., 2018), which suggests that they can be

influenced by the development of analytical techniques.

Nevertheless, a similar increase in Ce concentration with

water depth is also observed in this recent publication, and

therefore this issue deserves further investigation.
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Biological functions and
accumulation in marine organisms
Several chemical elements have been defined as essential

macronutrients or micronutrients for living organisms. In the

case of trace elements, the classification is not yet clear, and even,

in some cases, the biological functions are extremely complicated

because they require synergistic action of different elements to

act, both, with positive and negative effects (Gumienna-

Kontecka et al., 2017). To date, the biological roles of REEs are

still unknown, and they are now grouped as non-essential

elements (Blinova et al., 2018; Malhotra et al., 2020). However,

several studies have reported that REEs can have both beneficial

and adverse biological effects (Blinova et al., 2018; Romero-

Freire et al., 2019; Jalali and Lebeau, 2021), which implies

potential interactive effects and, therefore, they should be

studied also as a group and not only individually. The REEs

exist in all environmental compartments, and the background

contents of REEs in living organisms have been reported

(Blinova et al., 2018). Recent findings demonstrated that REEs

possess biological functions in a broad range of enzymes and

microorganisms, eliciting the need for research on the role of

lanthanides in genetic regulation (Picone et al., 2019). REEs such

as Ce3+ and La3+ have been discovered to be required by some

bacteria for the methanol oxidation for carbon and energy (Hibi

et al., 2011). Moreover, symbionts of deep-sea chemosynthetic

mussels living near seepage sites have an enzyme La-dependent

involved in converting methane to biomass and carbon dioxide

(Wang et al., 2020). These results have promoted the interest in

the understanding of connections between REE and

microorganisms, such as REE mobilization from solids or

immobilization from liquids by metabolic reactions and

sorption by biomass processes, respectively (Brandl et al.,

2016; Jalali and Lebeau, 2021). The biological properties of

REEs derive from their similarity to other ions such as

calcium, having been suggested displacement of the divalent

charged Ca by the trivalent REE in Ca-binding sites in biological

molecules (Jalali and Lebeau, 2021). In this context, the

replacement of Ca2+ by Ln3+ ions in biological systems is a

well-known strategy in medicine, and these ions’ similarities

were the precursor of studies on their potential use in medicine

(Wieszczycka et al., 2019).

Current literature data indicate that REEs are present in

almost all parts of the human body (Wieszczycka et al., 2019),

suggesting that they could have a biological role, although a low

level of REEs in human tissues and fluids indicates minimal

transfer through the food chain. The concentration of REEs by

a factor of 7 in drinking water has been suggested to potentially

risk human health (Khan et al., 2017). The pertinent data are

scarce in the literature for living organisms or terrestrial

compartments, and indeed no information is yet published for

marine environments; therefore, the possible role of REEs in
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marine organisms still needs to be clarified. More studies about

their potential biological role and their non-essential classification

will be a further discussed topic in the following years.

Table 2 summarized REE contents in marine organisms

(extended information can be consulted in Table SI.2). The

highest concentrations for all REEs studied were in algae.

Maximum values for all REEs were discovered in algae species

collected in the Marine Protected Area of the Ligurian Sea

(Squadrone et al., 2017) that despite being a preserved area is

heavily influenced by the proximity of an industrial and

commercial harbor with a high shipping traffic. The highest

content in algae is in accordance with the data observed in a

review performed by Squadrone et al. (2019), where the highest

values of total REE accumulation were found in seaweed

(macroalgae), reaching 62 mg REEs/kg, from Peninsular

Malaysia. Seaweed species display the highest values for all

REE series and also can accurately reflect the source of REEs,

seawater solution or silicate particles (Fu et al., 2000). Some

mollusks are also characterized by high REE accumulation,

especially in tissues. Mollusk bivalves, as filtering organisms,

obtain more uptake from food and water than from water alone

due to metal exposure occurring in both food (particulate) and

solution (Luoma, 1983). Drabaek et al. (1987) reported that the

Ce concentration in the mussel Mytilus edulis was up to 3,000

µg/kg, while Riget et al. (1996) reported the baseline

concentration for different elements in the same mussel

species, having a Ce average concentration of 4,700 µg/kg,

which is between 2.7 and 3.5 higher than for other extensively

studied metals (i.e., Pb, Cd, and Cr). In the case of crustaceans,

REE contents were, in general, lower for the maximum but

higher for the minimum values reported for mollusks. Also low,
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in ranges of 0.098 to 0.001 µg/kg, were the values discovered in

coral species collected in the overseas regions of Bermuda North

Rock and particularly in the Tarawa atoll, Kiribati (Sholkovitz

and Shen, 1995). In addition, exceptionally low (<0.015 µg/kg)

were REE concentrations in marine fish species collected from

local markets and supermarkets ready for human consumption

in the Shandong province of China, located in the Yellow Sea

(Yang et al., 2016). Therefore, the lowest REE values were found

in wild coral and even lower in fish species. On the other hand, it

is interesting to remark that it has been recently found that the

macroalgae Gracilaria gracilis was able to effectively remove and

recover REEs from low-concentration wastewater (Jacinto et al.,

2018), whereas Andrès et al. (2003) also found promising results

in REE removal with the use of microbial biomass.

Given these results, we can infer that REEs can be

accumulated in marine organisms, and their accumulation

could be dependent on the trophic level, while no

biomagnification seems to occur. Concentrations in organisms

generally decrease with increasing trophic levels therefore,

biomagnification of REEs was not expected. Producer organisms

(algae) show the highest REE levels because they absorb the metals

present in the water column directly through the cell surface. As

we go, shellfishes (mollusks and crustaceans) have lower

concentrations compared to those of algae species, whereas

corals and fishes are the organisms with the lowest contents of

REEs. The bioaccumulation of REEs in living organisms has been

started to be studied in the last years. For aquatic organisms in a

temperate lake, Amyot et al. (2017) observed that the REE

contents are higher in zooplankton and benthos than those in

fish, which implies again that REEs tend to undergo trophic

dilution along with food webs. These are in accordance with the
TABLE 2 Concentrations (maximum, minimum, and mean content) of REEs in different marine species. More detailed information is in Table SI.2..

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ∑REE
Species Content (µg/kg)

Algae max 4,300 8,800 1,100 4,100 870 170 870 220 640 220 320 80 270 78

min 290 640 70 310 60 10 70 10 40 10 20 2 13 2

mean 1,926 3,588 442 1,765 361 78 373 67 274 71 143 27 114 23 9,252

Mollusks max 2,690 3,190 177 855 290 290 230 27.6 144 27.3 77.5 9.84 59.5 10.2

min 9.92 7.18 1.29 5.59 0.75 0.14 0.97 0.11 0.79 0.19 0.69 0.11 0.19 0.1

mean 451 551 47 209 60 27 52 6 36 7 20 2 14 2 1,485

Crustaceans max 182 186 41.7 180 47.9 10.8 59.7 9.55 60.2 12.4 35.5 5.02 29.1 4.49

min 24.9 19.5 4.84 20.9 5.48 1.63 6.59 1.12 6.98 1.58 4.45 0.637 6.95 0.618

mean 85 77 17 76 20 5 26 4 25 5 15 2 16 2 376

Corals max 1,360 3,250 14.8 570 160 27 10.9 1.47 8.81 1.8 5.54 0.71 4.34 0,614

min 0.007 0.017 0.234 0.007 0.004 0.001 0.006 0.057 0.005 0.105 0.004 0.054 0.002 0.001

mean 68.59 159.86 3.78 34.89 8.62 1.82 2.58 0.48 2.20 0.66 1.40 0.25 0.98 0.16 286

Fishes max 21.20 15.40 3.36 15.80 4.53 6.44 7.16 0.98 6.09 1.82 3.26 0.60 2.13 0.30

min 0.002 0.004 <0.001 0.002 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

mean 3.126 3.706 0.546 2.301 0.566 0.489 0.754 0.155 0.563 0.149 0.314 0.065 0.308 0.046 13
frontier
min, minimum; max, maximum.
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observed values in this review; however, no transfer studies have

been performed in marine environments yet.

Finally, it is an interesting remark that thinking about the

possibility of doing studies of risk assessment for REEs could be

an interesting point, giving not only REE content values in

marine organisms but also (bio)concentration factors (CFs). In

this sense, the International Atomic Energy Agency (IAEA)

(2004) report recommended CF values for some REEs,

specifically from the TCEs, Ce, Sm, Eu, Gd, Tb, Dy, Tm, and

Yb for different marine organisms. For fishes, CF values reported

by IAEA (2004) were between 50 (Ce) and 300 L/kg (other

studied REEs); for crustaceans, from 1,000 (Ce) to 4,000 L/kg; for

mollusks, from 2,000 (Ce) to 7,000 L/kg; whereas for macroalgae,

values were between 5,000 (Ce) and 3,000 (other studied REEs).

In this revision, CF values were not reported in the papers

consulted; however, next studies about REEs should have in

consideration to add also the bioconcentration factor that will be

very helpful for applying risk assessment models for REE.
Biochemistry transfer and potential
effects of rare earth elements in
marine systems

Nowadays, REEs are not considered a risk in aquatic systems

at the current levels they appear in aquatic flora and fauna

(Supplementary Table S2), but according to different observed

hot spots, the increasing use of these elements could shift this

situation in the near future. A high bioaccumulation level has been

detected in phytoplankton, suggesting the relevant release of REEs

into the aquatic environment (Khan et al., 2017). Detectable

concentrations of anthropogenic REEs were already found in

the shells of mussels in rivers in Europe and North America

(Merschel and Bau, 2015), proving their bioavailability and

potential to enter and accumulate into the food chain. The

possible risk of REEs to the environment resides mainly in their

bioavailability. To estimate REE accumulation in organisms, it is

useful to measure the concentration of REEs at which organisms

have a response, which will be directly related to REE availability

(Fang et al., 2007). However, we should keep in mind that REEs

tend to fractionate depending on the chemical conditions (Shan

et al., 2003; Wang et al., 2004). As previously mentioned, it was

stated that in seawater, HREEs tend to remain in solution, while

LREEs tend to be assimilated by organisms or adsorbed onto

surfaces (Goldstein and Jacobsen, 1988; Byrne and Kim, 1990;

Elderfield et al., 1990; Sholkovitz, 1995; Nozaki et al., 2000). Thus,

the fate of REEs in aquatic organisms has shown a higher level of

LREEs thanMREEs and HREEs (Khan et al., 2017). This is due to

the small ionic radii of HREEs that allow them to remain stable in

solution through the formation of strong complexes (Piepgras and

Jacobsen, 1992; Sholkovitz, 1995). Fractionation of REEs is also
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observed when their concentrations in organisms are studied,

being the free form of REEs preferably assimilated by the

organisms (Strady et al., 2015). In solution, there is a small

fraction of free REEs, mostly free LREEs, readily to be

incorporated into organisms (Strady et al., 2015; Yang et al.,

2016; Li et al., 2016; Squadrone et al., 2017) and thus rendering

LREEs a potential major biological impact. Another explanation

for the REE fractionation in seawater points to diatom

involvement (Akagi, 2013). According to this, diatoms absorb

REEs on the surface and carry them down; once in deep water,

REEs are released from the opal by dissolution and LREEs are

preferentially scavenged by carbonate/oxide particles. These two

processes (incorporation into opal and carbonate/oxide

scavenging) would be responsible for the characteristic HREE-

enriched composition in ocean waters.

The complexation of REEs with anthropogenic compounds

may also increase the bioavailability in marine systems. For

example, Schijf and Christy (2018) measured the stability of

gadopentetic acid (Gd–DTPA), commonly used as a magnetic

resonance imaging contrast agent, in the presence of Mg and Ca

at seawater ionic strength, reporting that competition from Mg

and Ca releases a significant amount of this bound Gd (up to

15%). This release back would have significant implications for

the bioavailability of this toxic element in sensitive nearshore

ecosystems. However, the form in which anthropogenic Gd (Gd-

DTPA) is presented is extremely stable in its dissolved form, but

several studies demonstrated that it is bioavailable to different

marine organisms under exposure concentrations much greater

than environmentally relevant levels (e.g., Pereto et al., 2020).

The abundance of REEs in marine organisms is related to the

composition of sediments or suspended particles and not only to

the amount of REEs dissolved in seawater, unless filtering

organisms (Akagi and Edanami, 2017). REEs can also be

fractionated between the colloidal and the dissolved phase in

aquatic systems; e.g., Sholkovitz (1992) observed that colloidal

phases are systematically enriched in LREEs relative to HREEs.

There is lacking knowledge on the biochemical transfer of

REEs in nature and more specifically in marine systems. Some

works have recently studied the bioaccessibility of REEs through

passive samplers such as diffuse gradients in thin films (DGTs)

in estuarine waters and sediments (Gu et al., 2007; Cánovas et al.,

2021; Huang et al., 2021); however, these devices have been

scarcely applied in open sea for REE determination. Chevis et al.

(2015) studied the flux of REEs in a sandy subterranean estuary,

and their results revealed that sediment characteristics (e.g.,

mineralogy or Fe content) can constrain REE transport. REEs

can form strong complexes with many different ligands, and the

environmental parameters will affect their distribution and,

therefore, their availability in the different natural

compartments (Armand et al., 2015). More recently, Amyot

et al. (2017) studied the REE transfer in abiotic and food web

components of several temperate lakes in Canada and observed
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that the dissolved organic carbon and oxygen, as well as the REE

contents in sediments, were the potential drivers of REE transfer.

Additionally, they detected a trophic dilution of REEs along food

webs. The REE biochemical cycle in marine systems and their

transfer to marine organisms have been reported in two

publications in the currently existing scientific literature.

Strady et al. (2015) measured, for the first time, REEs in

plankton, and they observed that although REE content in

plankton was not justified by REE content in seawater, it was

well correlated with calculated REEs3+ ions, whereas Macmillan

et al. (2017) studied REE contents in different compartments,

including marine environments, and observed that the highest

REE contents were found in biota at the base food web

(belonging to terrestrial and freshwater systems) followed by

marine invertebrates (sea urchins and blue mussels). They

further mentioned that REE contents decrease with trophic

level across the marine ecosystem. Both observed that there

was accumulation of many REEs in different biota, but a

phenomenon of biomagnification did not appear to occur.

The knowledge about the different REE natural cycles will

be essential to predict the possible risks associated with

REE transfer and will help to better understand REE

anthropogenic pollution, but unfortunately, few studies

are published addressing the biochemical transfer of REEs in

marine systems. Therefore, as an emerging field of research and

according to the anthropogenic increase of REEs and the

observed potential REE bioaccumulation, more studies about

their transfer into the food chain are apparently needed.

Currently, there are substantial gaps in our understanding of

the potential adverse effects of REEs on living organisms and

human health (Balaram, 2019). The multiple REE-associated

adverse effects have been studied in a large number of species

from mammals to microbes. Nevertheless, there are also a few

studies pointing to the beneficial (hormetic) effects of REEs

(Pagano et al., 2019). According to some investigations, REEs

may pose a potential hazard to human and animal health (Rim

et al., 2013; Pagano et al., 2019). But to date, only a few papers

dealing with regulatory levels for REEs (in freshwaters) have

been published (Sneller et al., 2000). In general, the existing

studies have mainly focused on the acute toxicity of selected

lanthanides in fresh aquatic invertebrates or aquatic plants

(Mayfield and Fairbrother, 2015). However, Blinova et al.

(2018) stated that acute toxicity data of REEs are not reliable

and that more chronic tests should be performed. Nevertheless,

concentrations due to anthropogenic input do not normally

reach levels that induce ecotoxicity in a standard laboratory

test performed (Romero-Freire et al., 2019). Therefore, the

lack of key ecotoxicological data hinders the assessment of

environmental impact and the attainment of environmental

guidelines for REEs (Macmillan et al., 2017). Another

constraint is that, usually, toxicity tests are performed mostly

for individual elements, with a special emphasis on La, Ce, and
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Gd effects (González et al., 2015; Pagano et al., 2015). To date,

information about the toxicity of other less studied REEs

remains relatively scarce (Gong et al., 2019). Also, studies on

the mixture toxicity of REEs are not very frequent (Romero-

Freire et al., 2018). A final remark in this regard is that nearly no

s tud ies examine the aquat i c tox ic i ty o f REEs to

marine organisms.

Rogowska et al. (2018) in a review of the gadolinium toxicity

(one of the most studied REEs) calculated from a bibliography

review (using different living organisms) its ecotoxicological

risk assessment and deduced that with the current Gd

concentrations in waters, there is little risk to organisms

living in the aquatic environment. On the other hand,

Henriques et al. (2019) in a chronic test (28-day duration)

with Gd and the mussel Mytilus galloprovincialis determined

that although no mortality was observed during the test, the

exposure to Gd strongly affected the biochemical performance

of the mussels. Therefore, we cannot discard elevated Gd levels

(or other REEs) in marine environments that could easily

represent human risks in species such as M. galloprovincialis

that are commercialized for direct consumption. González et al.

(2015) studied the toxicity of three REEs (Ce, Gd, Lu) for

different aquatic organisms, among them, a marine bacterium,

Aliivibrio fischeri, which is one of the most used living

organisms for acute toxicity testing. The observed results

could be used as representative for marine organisms because

the test medium is water enriched with NaCl. They found

effective REE concentrations causing a 50% reduction in the

luminescence of the bacteria (EC50) of >3,200 µg/L for Lu and

>6,400 µg/L for Ce and Gd. However, these values are far higher

than those observed in marine environments (Ce, 777.9 pmol/

kg; Gd, 180.6 pmol/kg; Lu, 10.2 pmol/kg; S.I. Table 1). In

another study using the same bacteria, from the observed

toxicity of a mixture of the same three lanthanides, it was

deduced that REE mixtures induced greater toxicity than

individual components (potential synergistic effect) (Romero-

Freire et al., 2019). Although the obtained information is

extracted from an acute toxicity test and the calculated

threshold is high compared to real marine contents, these

findings suggest that there are differences observed between

elements if they are studied as a group or individually, which

will play a key role in the understanding of potential

toxic effects.
Conclusion and future
research priorities

REEs or “technology metals” were coined by the US

Department of Energy, a group of 17 elements found in the

Earth’s crust. These chemical elements are vital and irreplaceable

to the world of technology owing to their unique physical,
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chemical, and light-emitting properties, all of which are beneficial

in modern healthcare, telecommunication, and defense. REEs are

relatively abundant in the Earth’s crust, with critical qualities to

the device’s performance. The reuse and recycling of REEs

through different technologies can minimize impacts on the

environment; however, there are insufficient data about their

biological, bioaccumulation, and health effects. The increasing

usage of REEs has raised concerns about environmental toxicity,

which may further cause harmful effects on human health. The

study aims to review the toxicity analysis of these REEs

concerning aquatic biota, considering them to be the sensitive

indicators of the environment. Based on the limited reports of

REE effects, the review highlights the need for more detailed

studies on the hormetic effects of REEs. Aquatic biota is a cheap,

robust, and efficient platform to study REE toxicity, mobility of

REEs, and biomagnification in water bodies. REE diverse effects

on aquatic life forms have been observed due to the lack of safety

limits and extensive use in various sectors. Following the available

data, we have put in efforts to compile all of the relevant research

results in this paper related to the topic. This review approaches a

vision on the concentrations of REEs in marine ecosystems with

special attention to the water column and marine organisms,

critically reviewing the existing information and the prospects of

this new area of research.

One important feature of the REEs is their fractionation,

showing different accumulation patterns in media between

LREEs and HREEs, which reflect the geochemical processes that

occurred during their transportation from land to sea. In

seawater, LREEs are preferentially assimilated or adsorbed

while HREEs tend to remain in solution. This fractionation

depends on the physicochemical parameters, especially the

media pH and the nature of the particulate matter. The

distribution of REEs tends to display higher values near

the coast compared with ocean waters mainly due to

the continental origin of REEs. In the water column, the

concentration increases with depth in ocean waters, which can

be explained by sedimentary inputs and remineralization

processes. For coastal waters, we find a surface maximum that

decreases with depth until a certain stability. These observed

trends, however, were not reflected in the case of Ce, which, in

general, the lowest values tend to appear in surface oceanic water

samples, and its content increases with water depth.

A biological role for REEs is still unknown, although they

exist in all environmental compartments. REEs are accumulated

in marine organisms, depending on the trophic level, but no

biomagnification has been observed yet, which leads us to think

that REEs may undergo trophic dilution. There is a lack of

studies on the biological transfer from one trophic level to

another, especially in the marine environment. Also important

is the potential interactive effects of multiple REEs as a group in

biological processes, as most of the existing studies, in soils and

continental waters, are performed using just one element.
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REE use is nowadays constantly increasing and may represent

a significant environmental and human health risk. However, our

current understanding of REEs as emerging contaminants is still

limited, and no regulatory thresholds for REE concentrations have

been set yet. We must be aware that when the contents of REEs

presented in the environment or food go beyond a certain

threshold (although it is not yet defined), they can display toxic

effects. A well-grasped knowledge on the biochemical processes

and fate of REEs in marine environments (one of the final sinks of

pollutants) and mitigation strategies for REE pollution are needed

for the safe development of high-tech sectors using these elements.

Future research about the presence and effects of REEs in

marine environments should pay special emphasis to the

following: 1) novel techniques to determine and monitor REE

concentrations and bioavailability in marine systems; 2) the

individual fractionation of REEs in marine systems, specifically

Ce; 3) the potential biological functions of REEs; 4) the trend of

REEs to undergo trophic dilution along with marine food webs

(trophic transfer); and 5) the potential harmful effects to marine

organisms due to the future increase of REE depositions caused

by anthropogenic activities.
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González, V., Vignati, D. A. L., Pons, M., Montarges-Pelletier, E., Bojic, C., and
Giamberini, L. (2015). Lanthanide ecotoxicity: First attempt to measure
environmental risk for aquatic organisms nica gonz a ver o. Environ. pollut. 199,
139–147. doi: 10.1016/j.envpol.2015.01.020

Gumienna-Kontecka, E., Rowińska-Zyrek, M., and Luczkowski, M. (2018).
Recent Advances in Trace Elements, Chapter 9: The Role of Trace Elements in
Living Organisms. doi: 10.1002/9781119133780.ch9

Gu, T., Shi, C., Pu, W., Yan, W., Liu, M., and Yan, M. (2007). New progress on
certified reference materials for platinum group elements. Jour. Geostand. Geoanal.
Res 31 (2), 125–132. doi: 10.1111/j.1751-908X.2007.00837.x

Gwenzi, W., Mangori, L., Danha, C., Chaukura, N., Dunjana, N., and
Sanganyado, E. (2018). Sources, behaviour, and environmental and human
health risks of high-technology rare earth elements as emerging contaminants.
Sci. Total Environ. 636, 299–313. doi: 10.1016/j.scitotenv.2018.04.235

Haley, B. A., Du, J., Abbott, A. N., and McManus, J. (2017). The impact of
benthic processes on rare earth element and neodymium isotope distributions in
the oceans. Front. Mar. Sci. 4. doi: 10.3389/fmars.2017.00426

Hatje, V., Bruland, K. W., and Flegal, A. R. (2014). Determination of rare earth
elements after pre-concentration using NOBIAS-chelate PA-1 ® resin: Method
development and application in the San Francisco bay plume.Mar. Chem. 160, 34–
41. doi: 10.1016/j.marchem.2014.01.006

Henriques, B., Coppola, F., Monteiro, R., Pinto, J., Viana, T., Pretti, C., et al.
(2019). Toxicological assessment of anthropogenic gadolinium in seawater:
Biochemical effects in mussels mytilus galloprovincialis. Sci. Total Environ. 664,
626–634. doi: 10.1016/j.scitotenv.2019.01.341

Hibi, Y., Asai, K., Arafuka, H., Hamajima, M., Iwama, T., and Kawai, K. (2011).
olecular structure of La3+-induced methanol dehydrogenase-like protein in
Methylobacterium radiotolerans. J Biosci Bioeng 111 (5), 547–49. doi: 10.1016/
j.jbiosc.2010.12.017

Huang, J., Hills, J., Teasdale, P. R., Panther, J. G., Wang, F., and Welsh, D. T.
(2021). Evaluation of the chelex-DGT technique for the measurement of rare earth
elements in the porewater of estuarine and arine sediments. Talanta 230, 122315.
doi: 10.1016/j.talanta.2021.122315

IAEA (2004). Sediment distribution coefficients and concentration factors for
biota in the marine environment. International Atomic Energy Agency.

Jacinto, J., Henriques, B., Duarte, A. C., Vale, C., and Pereira, E. (2018). Removal
and recovery of critical rare elements from contaminated waters by living gracilaria
gracilis. J. Hazard. Mater. 344, 531–538. doi: 10.1016/j.jhazmat.2017.10.054

Jalali, J., and Lebeau, T. (2021). The role of microorganisms in mobilization and
phytoextraction of rare earth elements: A review. Front. Environ. Sci. 9.
doi: 10.3389/fenvs.2021.688430

Khan, A. M., Bakar, N. K. A., Bakar, A. F. A., and Ashraf, M. A. (2017). Chemical
speciation and bioavailability of rare earth elements (REEs) in the ecosystem: a
review. Environ. Sci. pollut. Res. 24, 22764–22789. doi: 10.1007/s11356-016-7427-1

Kulaksiz, S., and Bau, M. (2007). Contrasting behaviour of anthropogenic
gadolinium and natural rare earth elements in estuaries and the gadolinium
input into the north Sea. Earth Planet. Sci. Lett. 260, 361–371. doi: 10.1016/
j.epsl.2007.06.016

Kulaksiz, S., and Bau, M. (2011). Anthropogenic gadolinium as a
microcontaminant in tap water used as drinking water in urban areas and
megacities. Appl. Geochem. 26, 1877–1885. doi: 10.1016/j.apgeochem.2011.06.011
Frontiers in Marine Science 13
Kulaksiz, S., and Bau, M. (2013). Anthropogenic dissolved and colloid /
nanoparticle-bound samarium , lanthanum and gadolinium in the Rhine river
and the impending destruction of the natural rare earth element distribution in
rivers. Earth Planet. Sci. Lett. 342, 43–50. doi: 10.1016/j.epsl.2012.11.033

Lacan, F., and Jeandel, C. (2005). Neodymium isotopes as a new tool for
quantifying exchange fluxes at the continent-ocean interface. Earth Planet. Sci.
Lett. 232, 245–257. doi: 10.1016/j.epsl.2005.01.004

Lawrence, M. G. (2010). Detection of anthropogenic gadolinium in the Brisbane
river plume in moreton bay, Queensland, Australia. Mar. pollut. Bull. 60, 1113–
1116. doi: 10.1016/j.marpolbul.2010.03.027

Lawrence, M. G., and Kamber, B. S. (2006). The behaviour of the rare earth
elements during estuarine mixing — revisited. Mar. Chem. 100, 147–161.
doi: 10.1016/j.marchem.2005.11.007

Lawrence, M. G., Ort, C., and Keller, J. (2009). Detection of anthropogenic
gadolinium in treated wastewater in south East Queensland, Australia. Water Res.
43, 3534–3540. doi: 10.1016/j.watres.2009.04.033

Li, J. X., Zheng, L., Sun, C. J., Jiang, F. H., Yin, X. F., Chen, J. H., et al. (2016).
Study on ecological and chemical properties of rare earth elements in tropical
marine organisms. Chin. J. Anal. Chem. 44, 1539–1546. doi: 10.1016/S1872-2040
(16)60963-5

Luoma, S. N. (1983). Bioavailability of trace metals to aquatic organisms. A
review. Sci. Total Environ. 28, 1–22. doi: 10.1016/S0048-9697(83)80004-7

Luong, L. D., Shinjo, R., Hoang, N., Shakirov, R. B., and Syrbu, N. (2018). Spatial
variation in dissolved rare earth element concentrations in the East China Sea water
column. Mar. Chem. 20, 1–15. doi: 10.1016/j.marchem.2018.07.004

Macmillan, G. A., Chételat, J., Heath, J. P., Mickpegak, R., and Amyot, M. (2017).
Rare earth elements in freshwater, marine, and terrestrial ecosystems in the eastern
Canadian Arctic. Environ. Sci. Process. Impacts 18, 1336–1345. doi: 10.1039/
C7EM00082K

Malhotra, N., Hsu, H.-S., Liang, S.-T., Roldan, M. J. M., Lee, J.-S., Ger, T.-R., et al
(2020). An updated review of toxicity effect of the rare earth elements (rees) on
aquatic organisms. Animals 10, 1663. doi: 10.3390/ani10091663

Massari, S., and Ruberti, M. (2013). Rare earth elements as critical raw materials:
Focus on international markets and future strategies. Resour. Policy 38, 36–43.
doi: 10.1016/j.resourpol.2012.07.001

Mayfield, D. B., and Fairbrother, A. (2015). Examination of rare earth element
concentration patterns in freshwater fish tissues. Chemosphere 120, 68–74.
doi: 10.1016/j.chemosphere.2014.06.010

Merschel, G., and Bau, M. (2015). Rare earth elements in the aragonitic shell of
freshwater mussel corbicula fluminea and the bioavailability of anthropogenic
lanthanum, samarium and gadolinium in river water. Sci. Total Environ. 533, 91–
101. doi: 10.1016/j.scitotenv.2015.06.042

Merschel, G., Bau, M., Baldewein, L., Dantas, E. L., Walde, D., and
Bühn, B. (2015). Tracing and tracking wastewater-derived substances in
freshwater lakes and reservoirs: Anthropogenic gadolinium and geogenic REEs
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