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Abstract: As emerging contaminants, rare earth elements (REEs) have undergone signif-
icant anthropogenic enrichment in aquatic systems. This study investigates the REE
concentrations, major metal elements, and grain size in surface sediments from the
East Tiaoxi (ETX) River in eastern China, a small urban river subjected to substantial
anthropogenic influences. Total REE concentrations of surface sediments ranged from
133.62 to 222.92 mg/kg with MREE enrichment and HREE depletion. REE concentration
and fractionation were strongly correlated with Ca, Fe, Mg, and Mn, which may reflect
the control of clay minerals, Fe-Mn oxides, and specific heavy minerals, and differences in
REE behavior between riparian sediments and riverbed sediments highlighted the impact
of hydrodynamic sorting and chemical weathering on REE distribution. Anthropogenic
activities, particularly urbanization, were found to increase REE concentrations, especially
at urban-adjacent sites (e.g., RBS2 and RS2), while natural processes such as soil transport
and chemical weathering primarily contributed to REE variation at other sites. The en-
richment factor and ecological risk assessment revealed that the enrichment and moderate
risks associated with REEs occurred in river sediments adjacent to urbanized areas, though
agricultural impacts were less pronounced. The findings emphasize the combined influence
of urbanization and natural processes on REE distribution and ecological risks in the ETX
River basin and underscore the need to prioritize urban-derived REE contamination in
environmental management strategies.

Keywords: REE fractionation patterns; source identification; emerging contamination;
ecological risk; river sediments

1. Introduction
The rare earth elements (REEs), including La–Lu, exhibit coherent geochemical be-

haviors. Over the past 60 years, the study of REEs has been central to earth sciences [1],
with these elements serving as powerful proxies for investigating the genesis of rocks,
sediments, ocean water, and other geological formations [2–4]. Additionally, REEs have
been instrumental in unraveling geochemical reactions and weathering processes within
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aquatic systems [5]. Concurrently, REEs have attained significant strategic importance,
being designated as a critical metal by numerous nations. In recent decades, the demand
for REEs has increased substantially in high-tech industries and agricultural applications,
especially in green energy and military sectors [6]. The effluent discharge associated with
these was identified as a potential risk factor for environmental contamination. For exam-
ple, Gd is commonly used in magnetic resonance imaging, and REEs have been widely
used in electronic products worldwide and as fertilizer additives in China and Brazil [7–9].
Consequently, the accumulation of anthropogenic REEs in the surficial environment is
associated with the increasing number of electronics, manufacturing, medical facilities,
technology industries, renewable energy, fertilizers, livestock feeds, etc. [10–12].

Recently, REEs have been identified as emerging contaminants, emphasizing their
significance in ecotoxicological effects, such as trophic bioaccumulation [11]. This phe-
nomenon has been observed in cultivated soils [9] and aquatic ecosystems, such as river
water and sediments [13,14]. However, within the expansion of urban and agricultural
areas, the integrated natural and anthropogenic influence of REEs in fluvial systems re-
mains unclear. Since the solid phases are the primary loads of REEs in aquatic systems,
the abundance and characteristics of REEs in the sediments can offer insights into their
provenance, weathering processes, and anthropogenic contributions, particularly in regions
significantly impacted by urban, industrial, and agricultural activities.

The geochemical characteristics of REEs in local soils and sediments are determined
mainly by the characteristics of the parent rocks [15]. For instance, higher concentrations
of REEs have been observed in river sediments draining from metamorphic and igneous
terranes over those from sedimentary or volcanic rocks [16]. Furthermore, REE fractiona-
tion occurs during water–particle interaction, hydrodynamic sorting, and river sediment
transport processes, making it challenging to determine sediment provenance [17]. In
general, the mobilization and fractionation of REEs undergo various processes in aquatic
systems, including water–particle sorption/desorption, co-precipitation, and solution and
surface complexation [11]. REE compounds and ions with positive charges can be strongly
adsorbed by clay minerals (such as illite and smectite), organic colloids, and inorganic col-
loids (especially the Fe/Mn oxyhydroxides) due to their negative charges or large specific
surface area [18]. At a pH of approximately 7.5, greater than 95% adsorption of REEs can
be achieved by clay, implying its significance as an important control on the transport and
enrichment of REEs in sedimentary systems [19]. Additionally, the behavior of REEs in
aquatic systems is sensitive to environmental factors such as pH, redox potential, and salin-
ity, thereby controlling their behavior in the water–particle interaction [16]. Consequently,
bedrock weathering, the geochemical properties of sediment particles, and sediment trans-
port dynamics influence the river sediments’ REE cycles. However, with the anthropogenic
inputs and disturbance, the alteration of REE abundance and fractionation patterns has
been observed in modern riverine sediments, which raises concerns regarding emerging
contaminants and provides insight into the REE geochemical knowledge [20,21].

The present study focuses on the East Tiaoxi (ETX) River, located in eastern China, a
paradigm of a small river subject to multiple anthropogenic influences, including urban,
industrial, and agricultural activities and hydraulic engineering construction. The pollution
of urban and agrarian effluence has resulted in the variation of solutes in the West Tiaoxi
River water [22], highlighting the profound impact of anthropogenic activities on regional
aquatic ecosystems. The objectives of this study are (1) to determine the distribution of
REE concentrations and the fractionation in different types of surface sediments; (2) to
identify the control of major elements and texture on REE concentration and fractionation
to discuss the influence of sources and transport; and (3) to evaluate the enrichment and
ecological risk levels of REEs in surface sediments from the ETX River basin. This study
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provides a reference for exploring REE origins, transport, and fractionation processes
in fluvial sediments under multiple anthropogenic influences, especially urbanization
and agriculture.

2. Materials and Methods
2.1. Study Area

The ETX River (30.11–30.96◦ N, 119.19–120.48◦ E), a typical small urban river, is located
south of the Taihu Lake basin, flowing through Hangzhou, a third megacity in eastern
China, and Huzhou City (Figure 1a). The ETX River originates from Tianmushan Mountain,
with a main channel length of approximately 158.36 km and a basin area of 2265.1 km2.
The average annual rainfall is about 1460 mm, with approximately 75% occurring between
mid-May and mid-July (Meiyu period) and between August and September (typhoon
season). To manage upstream flood during the rainy season and divert the Taihu Lake
water back during the dry season, two significant hydraulic engineering projects were
constructed in the mainstream: a right-bank (east-bank) river levee in the middle reaches
and a diversion project in the lower reaches; these two separate the ETX catchment area
from the Hang-Jia-Hu Plain. The ETX River plays a crucial role in maintaining the balance
of aquatic ecosystems due to its strong hydrological connection with the Taihu Lake and
the Hang-Jia-Hu Plain’s waterway network, ultimately flowing into the Changjiang River
and Qiantang River. For example, 56.8% of the suspended sediment output from Taihu
Lake flows out via the Changdougang River and Daqiangang River, which are the terminal
branches of the ETX River [23].
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Figure 1. (a) The location and elevation map of the Hang-Jia-Hu area. (b) The 30 m land cover map
in 2023 [24]. (c) The simplified lithology map of the ETX basin.

Over the past few decades, rapid industrialization, urbanization, and agricultural
production within the ETX basin and surrounding areas have posed significant risks to
water quality and aquatic ecosystems. Two critical industrial clusters are situated in the
upper and lower reaches of the ETX River, and four wastewater treatment plants (WWTP;
>50,000 t/d) are distributed along its main channel (Figure 1a). The dominant land-cover
types in the ETX watershed are forest land, cropland, and construction land, totaling
approximately 98.2% in 2023 [24]. Cropland and construction land (37.4%) are primarily
concentrated along the main channel of the ETX River (Figure 1b), and paddy cultivation
is the most important agricultural activity in the watershed. Additionally, the lithological
map indicates that the ETX basin is dominated by felsic silicates (mainly referring to
acidic lava, rhyolite, and biotite granite), clastic sedimentary rocks (primarily referring to
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sandstone, siltstone, and mudstone), and carbonates (referring to limestone and dolomite),
with no evaporite outcrops (Figure 1c). Consequently, the ecological environment of the
ETX River, particularly in its mainstream, is significantly influenced by natural conditions
and anthropogenic disturbance, including hydrological connectivity, land-use types, and
bedrock composition.

2.2. Sampling and Measurement

In August 2023, 14 surface fluvial sediment samples (0–5 cm) were collected along the
main channel of the ETX River (Figure 1), including 10 river sediments and four paddy
field sediments. Among the river sediments, five riverbed sediments (RBSs) were sampled
on the bridges using a grab sampler, and five riparian sediments (RSs) were collected
using a shovel at the riverbank in the upper and middle sections where RBSs were absent.
Notably, RS sampling sites were located in areas where the water depth was less than 20 cm
and were situated on the left bank to avoid the influence of river levee construction. The
paddy field sediments, including two paddy soils and two of their adjacent ditch sediments,
were collected using a shovel in the middle reaches. The outer layers of the samples in
contact with a grab sampler or shovel were removed using a ceramic knife, and individual
sediment samples were sealed in clean polyethylene bags. All samples were stored at
approximately 4 ◦C and transported to the laboratory for freezing the same day.

The samples were freeze-dried in the laboratory and sieved to less than 2 mm
(10 mesh). Sample pH values (sample/water ratio of 1/2.5) were determined using a
pH meter (SX836, Sanxin, Shanghai, China) with a precision of ±0.01. For grain size analy-
sis, 1.0 g of each sample was treated with 30% H2O2 and 2 mol/L HCl to remove organic
and calcareous cementation, then dispersed in a 51 g/L (NaPO3)6 solution using an ultra-
sonic oscillator. Grain size was measured using a laser particle size analyzer (LAP-W2000H,
EAST, Xiamen, China). Particles were classified as clay (<5 µm), silt (5–63 µm), and sand
(63 µm–2 mm).

For metal element analysis, the samples were ground to 250 mesh powder using
an agate mortar. Major metal elements and REEs were analyzed at the Institute of Geo-
graphic Sciences and Natural Resources Research, Chinese Academy of Sciences, China.
Approximately 50 mg of each sample was digested with a mixture of HNO3-HCl-HF in
a Teflon vessel using a microwave digestion system (Multiwave PRO, Anton Paar, Graz,
Austria) [14]. The digested samples were dried and redissolved in a 3% v/v HNO3 solution.
Major metal elements concentrations (Al, Ca, Fe, K, Mg, Mn, Na, and Ti) were determined
using inductively coupled plasma optical emission spectroscopy (ICP-OES, Optima 5300DV,
PerkinElmer, Waltham, MA, USA), and REE concentrations were measured using induc-
tively coupled plasma mass spectrometry (ICP-MS, ELAN DRC-e, Perkin Elmer, Waltham,
MA, USA). The measurement methods followed those described in a previous study for
suspended sediments [25]. A certified soil reference material, GBW07449 (Institute of
Geophysical and Geochemical Exploration, Langfang, China), was prepared and analyzed
using the same procedure to ensure analytical accuracy. The duplicates, laboratory blanks,
and standard reference materials, GBW(E)081531 (National Institute of Metrology, Beijing,
China) and GBW07449, were used to ensure the data quality. The measurement accuracy
was within ±5% for major metal elements and REEs compared to the standards.

2.3. Indication of REE Parameters and Enrichment Assessment
2.3.1. REE Fractionation and Anomaly Parameters

Several geochemical parameters were used to describe REE fractionation and anoma-
lies. Total REEs (ΣREE), light REEs (ΣLREE), middle REEs (ΣMREE), and heavy REEs
(ΣHREE) were defined as the sum of La–Lu, La–Nd, Sm–Dy, and Ho–Lu, respectively [26].
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REE concentrations in sediments were normalized using the Post-Archean Australia Shale
(PAAS) [27], reflecting the upper crust’s average abundance. Normalized values (e.g.,
LaN) were calculated as the ratios of sample REE concentrations to PAAS values. Ratios
such as (La/Yb)N, (La/Sm)N, and (Sm/Yb)N were used to describe fractionation among
LREE, MREE, and HREE, which were defined using Equations (1)–(3) [28], respectively.
Ce/Ce* and Eu/Eu* were used to assess Ce and Eu anomalies, which were defined using
Equations (4) and (5) [29–31].

(La/Yb)N = (Lasample/LaPAAS)/(Ybsample/YbPAAS) (1)

(La/Sm)N = (Lasample/LaPAAS)/(Smsample/SmPAAS) (2)

(Sm/Yb)N = (Smsample/SmPAAS)/(Ybsample/YbPAAS) (3)

Ce/Ce* = CeN/(0.5LaN + 0.5PrN) (4)

Eu/Eu* = EuN/((SmN × GdN)0.5) (5)

2.3.2. Assessment of Enrichment and Ecological Risk

The enrichment factor (EF) was used to evaluate elemental enrichment relative to
background levels and identify the influence of natural and anthropogenic processes on
elemental concentrations. The EF of a single REE was calculated as follows [32]:

EFi = (Ci/CAl)sample/(Ci/CAl)ref (6)

where EFi represents the enrichment factor for REE i, Ci is the concentration of REE i, CAl is
the aluminum mass concentration, and ref refers to the reference material. Al was chosen as
a conservative element less affected by anthropogenic sources [33]. The upper continental
crust (UCC) [34] and the deep soil geochemical baseline values of China (CDS) [35] were
used as reference material since the regional values of the geochemical background were
unavailable. Meanwhile, this study’s surface paddy soil (PS1) was used as a contrast. The
concentrations of REEs and Al in these references are listed in Table 1. EF was categorized
into <1, 1–2, 2–5, 5–20, 20–40, and >40, referring to non-enriched and slightly, moderately,
significantly, strongly, and extremely enriched, respectively [28,36].

Table 1. REEs and Al concentrations of the UCC, CDS, and PS1 in this study.

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ∑REE Al

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg %

UCC 1 30.00 64.00 7.10 26.00 4.50 0.88 3.80 0.64 3.50 0.80 2.30 0.33 2.20 0.32 146.37 8.04
CDS 2 32.00 62.00 7.40 27.40 5.10 1.10 4.50 0.70 4.30 0.80 2.40 0.40 2.50 0.40 151.00 6.30
PS1 3 36.01 73.63 8.22 30.35 5.86 1.18 5.03 0.71 3.86 0.76 2.30 0.33 2.15 0.33 170.71 6.19

Notes: 1 UCC denotes the upper continental crust [34]. 2 CDS denotes the deep soil geochemical baseline values
of China [35]. 3 PS1 denotes the paddy topsoil sample (PS1) in this study.

The potential ecological risk index (PERI) method [37] was used to assess the ecological
hazards of REEs in sediments based on abundance and release effect [38,39]. The PERI for a
single REE (Eri) and the comprehensive potential ecological risk index (RI) were calculated
as follows:

Eri = Tri × (Ci)sample/(Ci)ref (7)

RI = ΣEri (8)
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where Tri is the toxicity index of the ith REE, assigned values of 1, 1, 5, 2, 5, 10, 5, 10, 5, 10, 5,
10, 5, 20 for La–Lu, respectively [38]; Ci represents the measured concentration of REE i in
the samples or reference level, with the UCC [34] used as the reference.

Single-factor potential ecological risk was classified based on Eri values: mild (<20),
moderate (20–40), strength (40–80), strong (80–160), and very strong (>160) [37,38]. In this
study, the measured REEs omitted Y. Therefore, the adjusted RI for the “mild ecological
risk” was set to 110, calculated as RI = 150 × (94/133), and taken as the integer. The overall
potential ecological risk was classified into four levels: mild (<110), moderate (110–220),
strength (220–440), and strong (≥440).

2.4. Statistical Analysis and Visualization

Spearman’s rank correlation coefficients were calculated to analyze the relationship
between REEs and other geochemical parameters. Hierarchical clustering analysis was
conducted to classify samples based on individual REE concentrations or PAAS-normalized
ratios. Variables were standardized through Z-score transformation, and the average
linkage method with squared Euclidean distance metric was employed.

Maps of the ETX basin were created using ArcMap 10.6. Data analysis was performed
using Microsoft Office Excel 2019 and IBM SPSS Statistics 26. Graphs were generated using
Origin 2021 and Python 3.11.4.

3. Results and Discussion
3.1. Characteristics of REEs in Surface Sediments
3.1.1. Distribution Characteristics of REE Concentration

The REE concentrations in various surface sediment types within the ETX basin are
summarized in Table 2 and illustrated in Figure 2. The ΣREE concentrations in river sedi-
ments ranged from 133.62 to 222.92 mg/kg, averaging 186.30 mg/kg (182.10 mg/kg for
RSs and 190.50 mg/kg for RBSs). These values exceed the mean concentration reported for
the UCC (146.37 mg/kg) [34], Chinese catchment deep sediments (149.67 mg/kg) [40], CDS
(151.00 mg/kg) [35], and the paddy field sediments in this study (151.53–170.01 mg/kg,
with a mean value of 160.03 mg/kg), comparable to those of PAAS (184.77 mg/kg) [27] and
Changjiang River sediments (186.59 mg/kg) [41]. These findings indicate that no significant
REE pollution occurred in the surface sediments from the ETX basin. However, the ΣREE
concentrations at sites RS2 (204.71 mg/kg), RBS2 (222.92 mg/kg), RBS3 (211.15 mg/kg),
RBS4 (195.13 mg/kg), and RBS5 (189.68 mg/kg), flowing through the industrial clusters
and high-density population areas (Figure 1), were close to those from a typical human-
impacted river, the Mun River in northeast Thailand (averaged in 197.15 mg/kg) [14], and
an anthropogenic-contaminated Tagus estuary in Portugal (18–210 mg/kg) [21], suggest-
ing that these sites may be influenced by anthropogenic inputs such as industrial and
urban wastewater.

Table 2. Statistics of REEs, major metal element concentrations, and other geochemical parameters of
the surface sediments in the ETX basin.

Component Units Riparian Sediments (RSs) Riverbed Sediments (RBSs) Paddy Field Sediments RSs +
RBSs

Avg 1 Max 2 Min 3 Avg Max Min Avg Max Min Avg

La mg/kg 39.08 44.17 36.81 40.20 44.72 30.16 33.59 36.01 31.15 39.64
Ce mg/kg 79.13 89.69 73.40 82.31 97.02 56.31 69.80 73.63 65.22 80.72
Pr mg/kg 8.80 9.65 8.49 9.22 10.25 6.76 7.66 8.22 7.41 9.01
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Table 2. Cont.

Component Units Riparian Sediments (RSs) Riverbed Sediments (RBSs) Paddy Field Sediments RSs +
RBSs

Avg 1 Max 2 Min 3 Avg Max Min Avg Max Min Avg

Nd mg/kg 31.67 35.12 30.25 33.25 38.73 23.03 27.96 30.35 26.38 32.46
Sm mg/kg 5.92 6.67 5.43 6.53 7.99 4.23 5.40 5.86 5.18 6.22
Eu mg/kg 1.15 1.47 0.92 1.25 1.46 0.74 1.15 1.19 1.07 1.20
Gd mg/kg 5.06 5.76 4.30 5.58 6.82 3.54 4.64 5.03 4.36 5.32
Tb mg/kg 0.74 0.86 0.63 0.80 1.04 0.54 0.66 0.71 0.62 0.77
Dy mg/kg 4.07 4.44 3.57 4.56 6.01 3.15 3.62 3.86 3.33 4.32
Ho mg/kg 0.81 0.87 0.72 0.88 1.18 0.60 0.71 0.76 0.67 0.85
Er mg/kg 2.47 2.63 2.26 2.62 3.48 2.00 2.14 2.30 2.03 2.55
Tm mg/kg 0.35 0.38 0.33 0.38 0.50 0.29 0.31 0.33 0.30 0.37
Yb mg/kg 2.48 2.78 2.21 2.54 3.24 1.96 2.06 2.15 1.95 2.51
Lu mg/kg 0.37 0.39 0.35 0.38 0.51 0.30 0.32 0.34 0.30 0.37

∑REE mg/kg 182.10 204.71 169.67 190.50 222.92 133.62 160.03 170.71 151.53 186.30
∑LREE mg/kg 158.68 178.63 148.94 164.98 190.70 116.27 139.01 148.21 130.16 161.83
∑MREE mg/kg 16.94 19.19 14.84 18.72 23.32 12.20 15.48 16.63 14.67 17.83
∑HREE mg/kg 6.48 6.89 5.89 6.80 8.90 5.15 5.54 5.87 5.26 6.64

(La/Yb)N
4 1.17 1.23 1.02 1.18 1.32 1.02 1.21 1.28 1.08 1.17

(La/Sm)N
4 0.96 1.01 0.90 0.91 1.03 0.81 0.90 0.97 0.86 0.93

(Sm/Yb)N
4 1.22 1.31 1.02 1.30 1.45 1.10 1.33 1.39 1.26 1.26

Ce/Ce* 4 0.98 1.00 0.96 0.98 1.05 0.91 1.00 1.04 0.99 0.98
Eu/Eu* 4 0.98 1.12 0.89 0.97 1.08 0.89 1.08 1.18 1.01 0.98

Al wt% 6.23 6.91 5.63 5.60 6.31 4.47 5.79 6.19 5.31 5.91
Ca wt% 0.60 0.95 0.31 1.03 2.17 0.31 1.18 2.93 0.36 0.82
Fe wt% 3.12 3.41 2.74 3.06 3.56 1.90 3.04 3.90 2.41 3.09
K wt% 1.35 2.41 0.86 1.01 1.87 0.63 1.25 1.34 1.16 1.18

Mg wt% 0.69 0.81 0.45 1.04 2.51 0.24 0.61 0.83 0.36 0.87
Mn wt% 0.10 0.12 0.04 0.09 0.13 0.05 0.16 0.45 0.04 0.09
Na wt% 0.77 1.13 0.67 0.88 0.98 0.77 0.64 0.73 0.48 0.83
Ti wt% 0.33 0.37 0.25 0.34 0.42 0.16 0.40 0.43 0.33 0.33

Clay % 52.78 60.72 35.04 39.26 53.86 30.68 43.74 67.79 32.23 46.02
Silt % 38.22 41.81 29.36 53.79 67.38 31.47 55.90 66.75 32.21 46.01
pH 4 7.31 7.61 6.85 7.64 7.93 7.31 7.04 7.51 6.26 7.47

Notes: 1 Avg refers to the average of each component. 2 Max refers to the maximum of each component. 3 Min
refers to the minimum of each component. 4 Dimensionless parameters.

The average concentration (mg/kg) of individual REEs in river sediments followed
the order: Ce (80.72) > La (39.64) > Nd (32.46) > Pr (9.01) > Sm (6.22) > Gd (5.32) > Dy (4.32)
> Er (2.55) > Yb (2.51) > Eu (1.20) > Ho (0.85) > Tb (0.77) > Tm (0.37) = Lu (0.37). A similar
trend, albeit with reduced concentration, was observed in paddy field sediments: Ce (69.80)
> La (33.59) > Nd (27.96) > Pr (7.66) > Sm (5.40) > Gd (4.64) > Dy (3.62) > Er (2.14) > Yb (2.06)
> Eu (1.15) > Ho (0.71) > Tb (0.66) > Lu (0.32) > Tm (0.31). Notably, ΣREE concentrations
increased progressively from paddy field sediments to RSs and RBSs, while the relative
abundance of individual REEs remained consistent.

In river sediments, ΣLREE, ΣMREE, and ΣHREE accounted for 85.55–87.78% (mean
86.90%), 8.75–10.46% (mean 9.53%), and 3.28–3.99% (mean 3.57%), respectively. Similarly,
paddy field sediments exhibited proportions of 85.90–87.52% (mean 86.85%), 9.15–10.35%
(mean 9.68%), and 3.32–3.75% (mean 3.46%) for ΣLREE, ΣMREE, and ΣHREE, respec-
tively. This indicates pronounced LREE enrichment and HREE depletion in the ETX basin
sediments, a pattern consistent with global estuarine and riverine systems [42].

3.1.2. REE Fractionation Patterns and Anomalies

PAAS-normalized REE distribution patterns revealed distinct fractionation trends
among RSs, RBSs, and paddy field sediments (Figure 3). For RSs, LaN, SmN, and YbN
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had ranges of 0.96–1.16 (mean 1.02), 0.98–1.20 (mean 1.07), and 0.78–0.99 (mean 0.88),
respectively. In RBSs, these values were 0.79–1.17 (mean 1.05), 0.76–1.44 (mean 1.18), and
0.69–1.15 (mean 0.90), respectively. Paddy field sediments exhibited lower normalized
ratios: LaN 0.82–0.94 (mean 0.88), SmN 0.93–1.06 (mean 0.97), and YbN 0.69–0.76 (mean
0.73). Relative to PAAS, RSs and RBSs displayed MREE enrichment and HREE deple-
tion, very close to the Changjiang River sediments [41], whereas paddy field sediments
showed slight LREE depletion and pronounced HREE depletion. Notably, site RSB2 was
significantly enriched in MREE and HREE (Figures 2 and 3b), indicating the additional
anthropogenic inputs.
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erage PAAS-normalized REE patterns in the RSs, RBSs, paddy field sediments, Changjiang River
sediments [41], and Mun River sediments [14].

The fractionation ratios (La/Yb)N and (Sm/Yb)N further quantified REE partitioning.
For RSs, these ratios had ranges of 1.02–1.23 (mean 1.17) and 1.02–1.31 (mean 1.22); for
RBSs, 1.02–1.32 (mean 1.18) and 1.10–1.45 (mean 1.30); and for paddy field sediments,
1.08–1.28 (mean 1.21) and 1.26–1.39 (mean 1.33). The hierarchy (Sm/Yb)N > (La/Yb)N > 1
underscores preferential HREE separated from sediments into the dissolved phase during
the weathering processes due to higher dissolution of HREE over LREE under neutral and
alkaline conditions [43].

Ce/Ce* and Eu/Eu* reflect the specific decoupling of Ce and Eu from the other REEs
in the geological and environmental processes due to the special electron configuration in
the outer shell and different valence states [44]. Ce/Ce* ranged from 0.91 to 1.05 (mean
0.99), while Eu/Eu* ranged from 0.89 to 1.18 (mean 1.01). Average Ce/Ce* values for RSs,
RBSs, and paddy field sediments were 0.98, 0.98, and 1.00, respectively; corresponding
Eu/Eu* values were 0.98, 0.97, and 1.08. The Ce/Ce* and Eu/Eu* values are almost equal
to 1, representing no apparent Ce and Eu anomalies. However, a weak positive Eu anomaly
in PS2 (1.18) and DS2 (1.12) likely reflects lithological inheritance from felsic volcanic
rocks (Figure 1c), where Eu2+ substitution in plagioclase is common during magmatic
processes [45]. In contrast, the absence of Eu anomalies in PS1 and DS1 (clastic sedimentary
rock settings) may be related to Eu loss during sericite alteration.

3.2. Impacts of Geochemical Composition on REE Concentrations and Fractionation

All surface sediments in the ETX basin exhibited strong inter-element REE correlations
(r = 0.46–0.99; p < 0.05, except Eu vs. Lu), consistent with natural sediment behavior [20].
The data of major elements and texture for all samples are shown in Table S1. To identify key
controls on REE concentrations and fractionation in river sediments, Spearman’s rank corre-
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lation analyses were performed between REE parameters (ΣREE, ΣLREE, ΣMREE, ΣHREE,
Ce/Ce*, Eu/Eu*, (La/Yb)N, and (Sm/Yb)N) and geochemical composition (Figure 4a). Gen-
erally, the REE concentration and fractionation of river sediments were primarily related to
Ca, Fe, Mg, Mn, and silt content but were weakly influenced by pH. The neutral to slightly
alkaline condition of river sediments, with a pH between 6.8 and 7.9, is mainly related to
the relatively high carbonate content. For example, carbonate (calcite/magnesium calcite
and dolomite) in the floodplain sediments is about 1–4% adjacent to the middle reaches of
the ETX River [46] and 6.8 wt% in the Changjiang River sediments [41]. However, REEs
are depleted in carbonate minerals, thus causing the effect of dilution in sediments. In
other words, the significant positive correlation between REE and Ca or Mg was induced
by other Ca-rich minerals rather than carbonate. The positive correlation between REE
and silt content for river sediments reflects the higher grain size and REE concentrations
for RBSs, rather than the silty fractions enriching REEs, due to their weak correlation with
RSs or RBSs. In the lower Changjiang River, major components of sediments are quartz,
feldspar, and clay minerals, with about 3% being heavy minerals [41]. Among them, clay
fractions can be a major host of REEs (>80%), followed by major and heavy minerals (<20%);
in particular, REE-rich minerals such as zircon, sphene, apatite, monazite, and allanite
form less than 10% of the heavy mineral fraction, highlighting their importance in hosting
REEs [41]. The clay fractions consist of illite, kaolinite, chlorite, and smectite, in addition
to Fe–Mn oxides/hydroxides, whose chemical components correspond to the positive
correlation of REEs with Ca, Fe, Mg, and Mn [41,47]. Moreover, the PAAS-normalized REE
distribution patterns in the ETX River sediments, i.e., MREE enrichment over LREE and
HREE depletion, also suggest the control of clay fractions instead of silt fractions [16]. The
positive (Sm/Yb)N-silt% correlations suggest that silt content is essential in the fractiona-
tion between MREE and HREE [48]. Previous studies show that the enrichment of MREE
may be governed by the substitution mechanism of Ca2+ by MREE [49] and reactive iron
minerals such as goethite and hematite [50]. Therefore, the primary REE-hosting mineral
phase in the ETX River sediments may refer to clay fractions, especially clay minerals (illite,
kaolinite, chlorite, and smectite) and Fe–Mn oxides/hydroxides. The role of REE-rich heavy
minerals such as zircon, sphene, apatite, monazite, and allanite is non-negligible.
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The grouped correlation analyses revealed divergent controlling factors for RSs and
RBSs (Figure 4b,c). Although RSs had slightly higher clay content (35.04–60.72%), with
an average grain size of 6.1Φ (median: 7.8Φ), than that of RBSs (30.68–53.86%), with



Water 2025, 17, 1279 11 of 17

an average grain size of 6.0Φ (median: 7.2Φ), REEs in RBSs had a positive correlation
(r = 0.80) with clay content, while it was weak for RSs. These indicate the disparity of
the grain-size component controlling REE concentration in RSs and RBSs. For RSs, the
REE concentrations (particularly ΣHREE) and Eu anomaly were mainly regulated by Ca,
Mg, and Mn, in addition to a moderate positive REE-silt% correlation, suggesting a more
important role of silty fractions, such as heavy minerals, in the REEs of RSs. Moreover,
negative (La/Yb)N correlation with clay content likely reflects HREE preferential adsorption
onto clay minerals, driven by increasing surface complexation constants with atomic
numbers [51,52]. In contrast, Ca, Fe, Mg, Mn, and clay content were the main controlling
factors of REE concentration in RBSs, which indicates the significant role of clay minerals,
particularly Fe-containing fine minerals. For example, secondary minerals such as Fe-
Mn (oxyhydr)oxides, illite, chlorite, and smectite can strongly adsorb REEs due to their
negative charges or large specific surface area [18]. The shared Ca-Mg-Mn signatures
and different textures that control REEs in RSs and RBSs suggest hydrodynamic sorting
and chemical weathering during sediment transport from floodplains to riverbeds. These
findings align with studies of Changjiang River floodplain sediments [53,54], emphasizing
the dual controls of source lithology and weathering processes on REE distribution.

3.3. Distribution and Degree of REE Enrichment
3.3.1. Spatial Distribution Characteristics

Despite similar REE fractionation patterns across the ETX basin (Figure 3), marked
spatial heterogeneity in ΣREE concentrations emerged (Figure 2), signaling potential eco-
logical risks for local terrestrial and aquatic systems. Hierarchical cluster analysis of 15 REE
concentrations and PAAS-normalized ratios yielded congruent groupings (Figure 5): Group
1 (RBS2, i.e., highest ΣREE), Group 2 (RBS1, i.e., lowest ΣREE), Group 3 (RS2, RBS3–RBS5,
i.e., moderately high ΣREE), and Group 4 (remaining sites, i.e., soil-influenced). Cluster
coherence implies shared provenance within groups [15]. Elevated ΣREE in Groups 1
and 3 likely reflect the addition of anthropogenic inputs, whereas Group 2 represents
pristine bedrock signatures. Group 4’s intermediate values suggest mixed soil and fluvial
sources. Given the ETX River’s role as a regional water resource and the basin’s intensive
land use, these spatial disparities necessitate comprehensive enrichment and ecological
risk assessments.
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3.3.2. Degree of REE Enrichment and Potential Source

Although the previous study indicates that REE concentrations in sediments are often
higher than maximum soil background concentrations by more than 10% [55], some river
sediments in this study, including RS2 and RBS2–RBS5, seem to exceed this range, which
suggests anthropogenic influences. To evaluate the degree of REE enrichment relative to
the lithological background, EF values for all sediments were calculated using the UCC
as a reference and ranged from 1.19 to 2.66 (mean 1.63), indicating slight to moderate
enrichment. Notably, EF values showed a stronger enrichment of MREE and LREE over
HREE (Figure 6a), in accord with the soils from a karst catchment in southwest China [56]
and the soils from southern Konya in Turkey [57]. These areas distribute many carbonate
rocks, and the enrichment of MREE may be governed by the substitution mechanism of
Ca2+ [49]. Notably, RBS2 exhibited EF values comparable to multiple-anthropogenically
influenced sediments from the Jiulong River estuary [42] but lower than agrarian-impacted
Mun River sediments [14], which indicates potential anthropogenic inputs (perhaps urban
and/or agricultural influences).
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Given the inherent variability in natural metal concentrations, the UCC and world
average soils have not been used as the background values to assess anthropogenic enrich-
ment [58]. Here, the regional baselines, i.e., CDS values, were prioritized for contamination
assessment, and EF > 1.5 indicates pollution sources from anthropogenic activities [59]. EF
values relative to CDS ranged from 0.80 to 1.82 (mean 1.15), reflecting slight depletion to
slight enrichment (Figure 6b). RBS2 showed pronounced anthropogenic influence, while
RS2 and RBS5 exhibited minor LREE contamination. Further, to exclude agricultural im-
pacts, EF was recalculated against local paddy topsoil PS1 (Figure 6c). Only RBS2 displayed
clear anthropogenic pollution in this case, with minor REE enrichment in RS2 and other
RBS sites. Notably, it was observed that RSB2, adjacent to Deqing County, shows an obvious
enrichment of MREE and HREE relative to local paddy topsoil, indicating the urban and
industrial influence. Near-unity EF at RS3–RS5, PS2, DS1, and DS2, proximal to extensive
paddy fields, suggests shared provenance between agricultural soils and adjacent river
sediments. In summary, anthropogenic activities, particularly urbanization, drove marked
REE enrichment at RBS2 and minor enrichment at RS2 and RBS5, while REEs at other sites
were likely governed by soil and sediment transport and hydrodynamic sorting.

Single-element ecological risk indices (Eri) for river sediments followed the order Lu
(23.29) > Eu (13.64) > Tb (11.98) > Tm (11.09) > Ho (10.57) > Gd (7.00) > Sm (6.92) > Pr (6.35)
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> Dy (6.17) > Yb (5.70) > Er (5.54) > Nd (2.50) > La (1.32) > Ce (1.26) (Figure 7). Paddy
field sediments exhibited identical trends with reduced values: Lu (20.00) > Eu (13.04)
> Tb (10.36) > Tm (9.40) > Ho (8.90) > Gd (6.11) > Sm (6.00) > Pr (5.39) > Dy (5.18) > Yb
(4.68) > Er (4.65) > Nd (2.15) > La (1.12) > Ce (1.09). It was observed that Lu, Eu, and
Tb largely contributed to the REE ecological risk in this study, consistent with the beach
sediments from the Santa Rosalia mining region, Mexico [39], and slightly different from
the order of Lu, Ho, Tb, and Eu in the Yellow River-estuary-bay sediments, China [20], and
Lu, Tb, and Ho in the Mun River sediments, Thailand [14]. These regions have experienced
the impacts of mining, urbanization, and industrial and agricultural activities. Thus, the
ecological risks to Lu and Tb in river sediments from anthropogenic impacts are the most
significant concern.
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Lu posed a moderate ecological risk at all sites except RBS1, PS2, and DS2. LREE
(La–Nd), MREE (Sm–Dy), and HREE (Ho–Lu) contributed 8.85–10.75% (mean 10.08%),
36.83–43.01% (mean 40.55%), and 46.57–53.05% (mean 49.37%) to the total potential eco-
logical risk index (RI), respectively, highlighting greater ecological risks from MREE and
HREE, though their absolute concentrations (12.22–14.45%) are lower than LREE. MREE
and HREE, such as Sm, Eu, Gd, Tb, Dy, and Lu, are widely used for magnets, battery alloys,
electronic devices, phosphors, medical imaging, and so on [12], and are indispensable
to modern society. Comprehensive RI values had ranges of 83.18–149.02 (mean 113.32)
for river sediments and 94.06–103.45 (mean 103.45) for paddy field sediments, indicating
elevated REE-associated risks in fluvial systems, particularly at the urban-influenced sites
(RS2, RBS2–RBS5), which exhibited moderate risk. Lu, Eu, Tb, Tm, and Ho collectively
contributed 52–94% of RI in river sediments and 59–64% in paddy field sediments. The
accumulation of MREE and HREE in river sediments, particularly in urbanized and indus-
trialized areas, may cause negative impacts on local aquatic ecological security through
the food chain and pose a potential human health risk [60]. Considering the complex
anthropogenic influence across the ETX watershed, particularly the industrial clusters and
urban areas along the main channel, and reducing the impact of industrial and domestic
wastewater discharges on surface water and sediments is essential for water resource man-
agement. These findings underscore urbanization, instead of agriculture, as the primary
driver of REE-related ecological risks in the ETX basin.
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4. Conclusions
This study analyzes and discusses the characteristics and controlling factors of the

REE concentrations and fractionation of surface fluvial sediments and assesses the degree
of REE enrichment in a typical urban small basin, the ETX River in eastern China. The main
conclusions of the study are as follows.

The total REE concentrations (La–Lu) in surface sediments ranged from 133.62 to
222.92 mg/kg. The average ΣREE concentrations were 186.30 mg/kg for all measured
sediments, 182.10 mg/kg for RSs, 190.50 mg/kg for RBSs, and 160.03 mg/kg for paddy
field sediments, showing an increasing trend with a similar order among single REE
concentrations. The comparison with the PAAS reveals that RSs and RBSs were enriched in
MREE but depleted in HREE, while paddy field sediments were slightly depleted in LREE
and markedly depleted in HREE. The relationship (Sm/Yb)N > (La/Yb)N > 1 demonstrated
that the measured surface sediments of the ETX basin exhibited the evident depletion of
HREE, since the preferential removal of HREE resulted from higher dissolution of HREE
over LREE under neutral and alkaline conditions. The correlation analysis showed that
the key factors controlling the concentrations and fractionation of REEs in river sediments
include Ca, Fe, Mg, Mn, and grain size. The primary REE-hosting mineral phase in
the ETX River sediments may refer to clay fractions, especially the clay minerals (illite,
kaolinite, chlorite, and smectite) and Fe–Mn oxides/hydroxides, and the role of REE-rich
heavy minerals, such as zircon, sphene, apatite, monazite, and allanite, is non-negligible.
Differences in REE behavior between RSs and RBSs were attributed to variations in the
mineral composition of the clay fraction, particularly the Fe-containing minerals. These
results emphasize the impact of hydrodynamic sorting and chemical weathering on REE
distribution in the ETX basin. Nevertheless, to better understand the controls and effects of
mineral phases on REEs in riverine sediments, mineralogical evidence should be included
in future studies.

The clustering and EF analyses indicated that the evident REE enrichment observed
in site RBS2 and the slight REE enrichment in sites RS2 and RBS5 are attributable to
anthropogenic activities, specifically urbanization. In contrast, the REEs in sites RS1 and
RS3–RS5 are primarily attributed to the transport of soils. By comparison, the slight REE
enrichment in RSB1, RSB3, and RBS4 may be attributed to the accumulation during the
chemical weathering processes and hydrodynamic sorting. Moreover, three EF analyses
underscore that using regional and local soils as a reference is recommended. The single-
factor potential ecological risk degree was mild, except for Lu, which exhibited a moderate
risk at the sites that exclude RBS1, PS2, and DS2. The river sediments of the ETX basin
exhibited a higher comprehensive ecological risk of REEs compared to paddy soils, and
a moderate degree of ecological risk at the sites RS2 and RBS2–RBS5 was attributed to
the urban distribution. In conclusion, the potential ecological risks of REEs in surface
sediments of the ETX basin were primarily attributed to urban distribution as opposed
to agriculture.
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