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Abstract

Rare earth elements are sedimentary pollutants of increasing health concern, yet the effect of global warming on their bio-
availability and toxicity is unknown. To test this, we applied the diffusive gradients in thin films technique to assess the
bioavailability of 15 rare earth elements, including lanthanides and yttrium, in sediments at temperatures ranging from 0 to
40 °C. We modeled the ecotoxicological risk to aquatic organisms using the species sensitivity distribution—probabilistic risk
assessment—inclusion—exclusion principle. Results show that the bioavailability of all rare earth elements decreases by 40% to
70% as temperature increases from O to 40 °C, indicating reduced mobility and enhanced sediment adsorption. Similarly, the
calculated ecotoxicological risk is reduced from 1.75 to 0.08%. This is the first evidence of temperature-driven attenuation of
rare earth element risk in sediments, suggesting that global warming should decrease the toxicity of some rare earth elements.
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Introduction

Rare earth elements, including lanthanides and yttrium (Y),
are critical components in many modern technologies due to
their unique chemical properties [1-3]. These elements are
widely used in electronics, renewable energy technologies,
and various industrial processes [1, 2, 4, 5]. However, their
increasing production and utilization have led to their release
into the environment, where they can accumulate in soils,
water bodies, and sediments [2, 6, 7]. Coastal sediments, in
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particular, serve as key sinks for rare earth elements and may
pose ecological risks to aquatic ecosystems [2, 8, 9]. Yet,
the ecological implications of rare earth elements in these
environments remain insufficiently understood.

Climate change introduces an additional layer of com-
plexity, particularly in coastal zones, which are both biodi-
versity hotspots and human activity hubs [10—14]. Rising
temperatures are expected to alter the environmental behav-
ior of pollutants, including rare earth elements, by affecting
processes such as speciation, mobility, and bioavailability
[15-17]. However, the specific effects of temperature on rare
earth elements bioavailability and associated ecotoxicologi-
cal risks to aquatic organisms remain largely unexplored.

The ecotoxicological risks of rare earth elements are
directly related to their bioavailable fractions, which are
influenced by sediment characteristics and environmental
conditions such as pH, redox potential, and temperature [9,
18-21]. Among these, temperature is particularly significant
in the context of global climate change. Despite increasing
recognition of rare earth elements as emerging contami-
nants, few studies have addressed how temperature fluctua-
tions impact their bioavailability in marine sediments.

This study addresses this gap by applying the diffusive
gradients in thin films (DGT) technique to assess the bioavail-
ability of 15 rare earth elements (yttrium [Y], lanthanum [La],

@ Springer


http://orcid.org/0000-0003-2314-0463
http://crossmark.crossref.org/dialog/?doi=10.1007/s10311-025-01864-1&domain=pdf

22

Environmental Chemistry Letters (2026) 24:21-25

cerium [Ce], praseodymium [Pr], neodymium [Nd], samarium
[Sm], europium [Eu], gadolinium [Gd], terbium [Tb], dyspro-
sium [Dy], holmium [Ho], erbium [Er], thulium [Tm], ytter-
bium [Yb], and lutetium [Lu]) in the coastal sediments of Daya
Bay under a temperature gradient (0 °C —40 °C). The objective
is to quantify the relationship between temperature and rare
earth element bioavailability and to evaluate the associated
ecotoxicological implications. These findings will contribute
to understanding pollutant dynamics under climate change and
support the development of effective environmental manage-
ment strategies.

Experimental

This study investigated the effects of rising temperatures on
the bioavailability and ecological risks of rare earth elements
in coastal sediments. Surface sediment samples collected from
24 sites in Daya Bay were subjected to temperature-controlled
laboratory experiments. The bioavailable fractions of rare
earth elements were determined using the DGT technique.
Ecotoxicological risks were evaluated using an integrated
risk assessment model (referred to as the SPI model), which
combines species sensitivity distribution (SSD), probabilistic
risk assessment (PRA), and the inclusion—exclusion principle
(IEP) (Fig. S3). Detailed descriptions of the sampling pro-
cedures, sediment particle size analysis, experimental setup,
DGT deployment and retrieval, laboratory analyses, SPI model
procedures, model calculations, and statistical methods are
provided in the Supplementary Material.

Results and discussion

Temperature effect on the bioavailability of rare
earth elements

Details of the particle size distribution of surface sediment
samples are provided in supplementary material (section
S1.3). This study applied DGT technology to analyze the vari-
ation in bioavailability of rare earth elements in Daya Bay sedi-
ments with temperature changes. The bioavailability of these
rare earth elements progressively decreased as the temperature
increased from O to 40 °C (Table 1, Table S2, Fig. S4). This
trend was evident across all analyzed rare earth elements, indi-
cating that temperature was a key environmental factor affect-
ing their bioavailability.

To quantitatively assess this trend, a quadratic polynomial
Eq. (1) was fitted to the experimental data.

y=a+bx+cx’ @))]
where y represents the bioavailability of a specific rare earth

element, x is the temperature (°C), and a, b, and ¢ are the
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Table 1 Regression Element R2

equations and coefficients of

determination (R?) for the linear Y 0.98

relat%onsh.ips b.etween diffusive La 1.00

gradients in thin films (DGT)-

measured bioavailability and Ce 1.00

temperature (0 to 40 °C) of rare Pr 0.97

earth elements in Daya Bay Nd 0.99

sediments Sm 0.98
Eu 0.96
Gd 0.99
Tb 0.94
Dy 0.98
Ho 0.96
Er 0.96
Tm 0.97
Yb 0.97
Lu 0.96

fitting constants (Table 1, Table S2, Fig. S4). The fitting
results showed that all rare earth elements’ equations had
high R? values (R%>0.94), demonstrating a strong cor-
relation between temperature and rare earth element bio-
availability (Table 1). These high R? values confirmed the
reliability of the quadratic model in predicting changes in
rare earth elements'bioavailability under varying tempera-
ture conditions. These findings further confirmed that, with
global warming and rising ocean temperatures, the rare
earth elements in Daya Bay coastal sediments became more
stable, with decreased bioavailability. This reduction in
bioavailability suggests a lower potential for rare earth ele-
ment uptake by benthic organisms, which may alter biogeo-
chemical cycling and trophic transfer within the ecosystem.
This trend might have been related to temperature-induced
changes in chemical equilibrium within the sediments, such
as alterations in the adsorption—desorption behavior of rare
earth elements at the sediment—water interface. Addition-
ally, temperature changes might have affected the chemical
composition of pore water in sediments, further altering the
solubility and biological availability of rare earth elements.

Importantly, this study provides the first quantitative evi-
dence that increasing temperature significantly reduces the
combined probabilistic ecotoxicological risk of rare earth
elements in sediments, as assessed by in situ DGT tech-
niques. Specifically, the risk probability declined sharply
from 1.75 at 0 to 0.08% at 40 °C, highlighting temperature
as a key modulator of ecological risk under climate warm-
ing scenarios.

Furthermore, these findings have practical implications
for environmental risk assessment and management. Under-
standing the temperature dependence of rare earth element
bioavailability can help predict the mobility and ecological
impact of rare earth elements under future climate change
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scenarios. Therefore, such knowledge is crucial for regula-
tory frameworks related to rare earth element contamination
and for developing strategies to mitigate potential ecological
risks in coastal ecosystems.

Temperature effect on the ecotoxicological risk
of rare earth elements to aquatic biota

The risk probabilities for each rare earth element to aquatic
biota at temperatures of 0° C, 10, 20, 30, and 40 °C are
detailed in Fig. S5. This figure illustrates a gradual decrease
in risk probability with increasing temperature, which is
further depicted in Table 2, Table S4, and Fig. S6. The eco-
logical risk trends for these elements could be fitted using a
linear model, while the remaining rare earth elements also
showed a decreasing trend. This reduction in risk probability
was likely due to increased adsorption of rare earth elements
at the sediment—water interface with higher temperatures,
which reduced their solubility and bioavailability. Elevated
temperatures may have also altered the chemical equilibrium
in sediment pore water, such as reducing the ion exchange
capacity of rare earth elements or modifying their interac-
tions with organic matter and inorganic particles. Addition-
ally, temperature-driven changes in microbial activity and
redox conditions within sediments may have influenced rare
earth element speciation, leading to enhanced precipitation
or complexation, further lowering their bioavailable frac-
tions. These changes likely further decreased rare earth ele-
ment solubility and bioavailability, thereby reducing their
ecological risk. These findings underscore the critical role of
temperature as an environmental variable in regulating rare
earth element bioavailability and ecological risk, highlight-
ing its importance for predicting the environmental behav-
ior and potential impacts of these elements under climate

Table 2 Regression Element R2

equations and coefficients of

determination (R?) for the Y 0.11

linear Felatlopshlp.s between La 0.19

ecotoxicological risk of

individual rare earth elements Ce 0.45

and temperature (0 to 40 °C) of Pr 0.13

rare earth elements in Daya Bay Nd 0.45

sediments Sm 075
Eu 0.92
Gd 0.88
Tb 0.21
Dy 0.73
Ho 091
Er 0.94
Tm 091
Yb 0.87
Lu 0.82

change scenarios. From a practical perspective, these results
provide valuable insights for environmental risk assessments
and regulatory decision-making. By integrating temperature-
dependent risk models, policymakers and environmental
managers can better anticipate potential changes in rare earth
element contamination risks and implement adaptive strate-
gies to protect aquatic ecosystems in a warming climate.

Combined ecotoxicological risk decreases
with temperature

The combined probabilistic ecotoxicological risk of 15
rare earth elements to aquatic biota in Daya Bay sediments
was assessed at various temperatures (0 °C, 10, 20, 30, and
40 °C), yielding risk probabilities measured at 1.74, 1.01,
0.34, 0.68, and 0.08%, respectively (Fig. 1; Figs. S7-S9).
This clear temperature-dependent decline in combined risk
underscores the significant role of thermal conditions in
modulating sediment-associated rare earth element toxicity
at the ecosystem level. The observed trend of decreasing risk
with increasing temperature suggests that higher tempera-
tures may enhance the adsorption of rare earth elements to
sediment particles, particularly finer sediments with higher
silt and clay content, thereby reducing their bioavailability
(Fig. 2; Fig. S2).

These findings highlight the significance of temperature
as a modulating factor in the ecological risk assessment of
rare earth elements. Given that finer sediments typically
exhibit greater adsorption capacities for pollutants, the pre-
dominance of silt in the studied sediments (22.17 to 79.97%)
may contribute to the observed decrease in rare earth ele-
ment bioavailability at elevated temperatures. Elevated tem-
peratures could potentially alter the physical and chemical
interactions within sediments, leading to reduced bioavail-
ability and ecological risk. Specifically, increasing tempera-
ture may promote stronger binding of rare earth elements
with sedimentary organic matter and iron or manganese
oxides, reducing their mobility. Moreover, temperature-
driven changes in sediment characteristics, particularly in
finer-grained sediments, may further influence the retention
and desorption dynamics of rare earth elements. Further-
more, temperature-induced shifts in microbial metabolism
and enzymatic activity may influence biogeochemical
cycling processes, indirectly impacting the speciation and
bioavailability of rare earth elements.

This insight emphasizes the importance of accounting
for temperature effects in environmental models, particu-
larly under scenarios of global climate change, which may
influence the mobility and toxicity of rare earth elements in
marine ecosystems. Considering the diverse grain size dis-
tribution of the sediment samples—where clay ranged from
2.49 to 26.99%, silt from 22.17 to 79.97%, and sand from
2.42 to 75.34%—future studies should further explore how

@ Springer



24

Environmental Chemistry Letters (2026) 24:21-25

40 A o
i( ) Tm Exposure values 0C
Yb Exposure values
34 Red polygon Showing
5 Combined Risk (1.74%)
o
E Y Exposure values
= 2
Tm Toxicity Values
Y Toxicity Values
11 Yb Toxicity Values
0 'ru/ L —I T T — T T
0 2 4 6 8

LogC

40 ] (B)

Ce Exposure values 40°C
Y Exposure values

L
s -~

A\
AN

Yb Exposure values

Tm Exposure values

Red polygon Showing
Combined Risk (0.08%)

Normpdf

Tm Toxicity Values
Yb Toxicity Values

Y Toxicity Values

LogC

Fig. 1 Combined probabilistic ecotoxicological risk of rare earth elements to aquatic biota in Daya Bay sediments at temperatures 0 °C (A) and
40 °C (B). LogC: base-10 logarithm of exposure/toxicity concentration; Normpdf: normal probability density function
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Fig.2 Relationship between combined risk and temperature. The
results illustrate a clear decrease in combined probabilistic ecotoxi-
cological risk with rising temperature (y=1.642-0.037 x, R*=0.89)

temperature interacts with sediment grain size in influenc-
ing the bioavailability of rare earth elements. From an envi-
ronmental management perspective, understanding these
mechanisms is crucial for refining risk assessment frame-
works and developing adaptive mitigation strategies. Future
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studies should integrate temperature-dependent adsorption
models and biogeochemical simulations to improve predic-
tions of rare earth element behavior under changing climatic
conditions.

Conclusion

This study demonstrates that rising temperatures reduce
the bioavailability of 15 rare earth elements in coastal sedi-
ments, enhancing their adsorption to sediment particles and
lowering their mobility. Consequently, the ecotoxicological
risk of rare earth elements to aquatic biota decreases with
increasing temperature. These findings highlight the critical
role of temperature in modulating the ecological risk of rare
earth elements and underscore the need for incorporating
temperature effects into environmental risk assessments.
As global temperatures rise, understanding these interac-
tions will be essential for developing effective management
strategies and regulatory guidelines for rare earth element
contamination in marine environments.
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