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Abstract: Rare earth element (REE) concentrations in river water reflect both local geological back-
ground and the intensity of anthropogenic activities. The increasing demand for high-tech appli-
cations is accompanied by an increase in REEs in water environments, especially in urban regions.
Therefore, the dissolved REEs in a typical urban river (Yongding River) were analyzed to reveal
the influence of anthropogenic inputs. It was found that the sum of dissolved REE (ΣREE) con-
centrations in river water were 6.27~86.26 ng L−1 (mean 31.05 ng L−1). The spatial distribution of
REEs is significantly affected by both natural processes and human activities. To eliminate the effect
of upstream land use on downstream measurements, this study established a 500 m buffer zone
alongside the river and identified the anthropogenic origin of REEs through correlations among
land use proportions within the buffer zone, the population density, and REEs. The Post-Archean
Australian Shale (PAAS)-normalized REEs revealed pronouncedly positive Gd anomalies in the
range 0.30~20.16 in all river samples. Spearman correlation analysis indicated that the proportion
of cultivated land was positively correlated with most of the REEs. A three-dimensional tracer
system was established via Gdanth, NO3

−/Na+ and Cl−/Na+ to characterize the impact of sewage
treatment plants, hospitals and agricultural activities on river water. The results indicate that with
the acceleration of urbanization, abnormal REEs can be considered as a sensitive indicator to assess
the influence of anthropogenic activities on water ecosystems.

Keywords: rare earth elements; Yongding River; agricultural activities; urban sewage; land use;
anthropogenic Gd

1. Introduction

Rare earth elements (REEs) generally comprise fifteen Lanthanide elements from
Lanthanum (La) to Lutetium (Lu) [1] and Scandium (Sc) and Yttrium (Y) [2–4]. This group
of elements exhibit similar chemical properties and geochemical behaviors [3,5,6]; however,
Cerium (Ce) and Europium (Eu) are two particular elements which can stably exist under
certain environmental conditions at the valence of +4 and +2, respectively [2,7–9]. REEs
enter the water, soil and sediments mostly via denudation (a geological process eroding
the land’s surface via moving water, wind, ice, and waves), transportation, weathering,
and deposition of hydrocarbon-source rocks [10–12]. In addition, REEs are also regarded
as key technology elements that are widely applied in electric vehicle engines, catalytic
converters, agriculture, biomedicine, and other modern industrial fields [13–15]. Therefore,
the worldwide demand for REEs has grown rapidly in the past decade [16,17], resulting in
increasing amounts of REEs being released to the environment [18,19].

The REEs released into the environment are ecologically toxic. They can further ac-
cumulate in the food chain and be absorbed by the human body through food intake.
Therefore, long-term exposure/ingestion of low-dose REEs may have adverse effects on
the metabolic processes of the human body [20]. For example, excessive REEs consumption
could cause abnormal biochemical indications in the blood and lead to the elevation of
cholesterol [21]. In addition, recent works have revealed that some Gd chelates decomposed
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in vivo are enriched in tissues, bones and the human brain [22,23]. Song et al. (2017) re-
ported positive anomalies of Gd associated with anthropogenic origins and slightly positive
anomalies of La and Sm from point source pollution in the Han River, South Korea [24]. It
is likely that excessive human-derived REEs alter the original REEs distribution pattern
in aquatic ecosystems, leading to harmful consequences [25,26]. For instance, Gd can
bioaccumulate in freshwater bivalve tissues and trigger a brief biochemical reaction [27].
In addition, Gadoteric acid is a medical MRI contrast agent. Although it does not cause
lethal effects at an exposure level of around 200 mg/L, Gd may inhibit the growth zebrafish
cell lines at levels as low as 20 ng/L [28]. Bispo et al. (2021) observed the REE concen-
trations of topsoils in Brazil and found that the divergence of REEs content in cultivated
soil resulted from the variation of land use and agricultural inputs such as phosphate
fertilizer [29]. The variability in soil REE concentration is influenced by parent material,
land use, pedogenic processes and biomes [29]. In addition, cultivated soils could poten-
tially be polluted by REE via the input of phosphate fertilizers. Phosphate rock is the raw
material for the manufacture of phosphate fertilizers and are widely applied as a source
of phosphorus [30]. Phosphates naturally contain REEs, and thus may be of great concern
for environmental contamination [31]. Liu et al. (2022) also reported the degree of REE
anomalies in 13 artificial lakes and the relationships between artificial REE concentrations
in lakes and the surrounding environment. They accurately characterized the impact of
sewage treatment plants, hospitals, factories and agriculture on lakes [32]. Therefore, a
detailed investigation on anthropogenic-derived REEs is rather urgent to protect the human
health of local residents.

Tianjin and Beijing are two famous mega cities in north China with a total of more than
30 million residents [33]. By 2020, the permanent population had reached 18.33 million,
including an urban population of 14.81 million (accounting for 80.80%) and a rural popu-
lation of 3.65 million (19.91%). However, the study area is a typical low-flow urban river
with poor capacity for self-purification [34]. Although recently restoration measures have
been undertaken in river ecosystems by the Chinese government [35], the water quality of
the study region is still far from satisfactory due to inadequate investigation of urban water
pollution and a tremendous quantity of point/non-point pollution sources [36]. Therefore,
the mixed toxicity of various REEs and the water quality in this typical urban river are still
unclear at present and require more attention. This study collected 17 water samples in
the Yongding River and analyzed the geochemical characteristics of dissolved REEs. The
main aims of the study are to (1) determine the variation in and spatial distribution of REE
content in the Yongding River, (2) identify the influence of population, land use, hospitals
and other factors on the abnormal concentration of REEs, and (3) track the pollution sources
in this typical urban river via REEs and hydro-chemical indicators.

2. Materials and Methods
2.1. Study Area

The Yongding River is 747 km in length with an area of 47,016 km2 and drains through
Inner Mongolia and Hebei Province before finally entering Bohai Bay (Figure 1) [37]. The
Sanggan River and the Yang River are referred to as the headwaters [38]. The basin is in a
semi-humid/semi-arid transition zone and has a temperate continental monsoon climate
with an average temperature of 12.4 ◦C and precipitation of 513 mm annually [39]. The
main land use types include woodland, cropland, grassland, urban land, wetland and
unused land, of which grassland and farmland occupy 34.33% and 42.86% of the basin
area, respectively [37]. The mountainous upstream areas are rich in mineral resources and
are also an important energy base, renewable energy demonstration area in China as well
as an important area for production of food and vegetables. The central part of the basin
has the densest population and highest urbanization rate. This area will become a cluster
of high-quality service industries, technology and modern manufacturing in the future.
Furthermore, the New Coastal District of Tianjin city is also regarded as a development base
of manufacturing, modern service industries and scientific and technological innovation,
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which will become the northern shipping logistics center and an important economic
development zone in the future.
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Figure 1. Sampling sites on the Yongding River.

2.2. Sampling and Analysis

A systematic sample collection process was conducted at the depth of 0~50 cm in
the Yongding River in August 2021, among which 16 sampling points were located in the
mainstream with one from the tributary. In total, 17 river sites were sampled and filtered via
a 0.22 µm cellulose membrane. The samples were then acidified via ultra-purified HNO3 to
pH < 2 and sealed in pre-cleaned polyethylene bottle in a refrigerator for later measurement.
The samples were then prepared for analysis at the Surficial Environment and Hydrological
Geochemistry Laboratory (SEHGL, class 1000). First they were concentrated through
evaporation at 60 ◦C for 10–30 min and then re-dissolved in distilled 2% HNO3), together
with 2 blank samples and 1 reference sample (SLRS-6, certified natural water) [40]. The REE
concentrations of the Yongding River samples were analyzed using Agilent 7850 ICP-MS at
the Key Lab of the Groundwater Circulation and Environmental Evolution (GCEE). The
5-point calibration of standards including the blank was conducted using the multi-element
solution GSB 04-1789-2004 (100 mg/L) through a gravimetrically quantitative dissolution
process. The concentration ranges of calibrations were prepared in distilled 2% HNO3 as
follows: 10 µg/L, 1 µg/L, 100 ng L−1, and 10 ng L−1. The instrumental drift was corrected
by the automatic addition of internal standard solution (ISTD), and the quality control was
performed via the calibration standard of 1 ug/L (medium concentration). The diluent
2% distilled HNO3 was regarded as the sample of the continuing calibration blank (CCB),
which periodically repeated during the whole sequence. The accuracy of repeated analysis
(10 times) ranged from 0.2% (Ce) to 15.1% (Lu) of the standard materials, with an average
of 5.3%, and the relative standard deviation of the REE concentrations was <6% on average
for the individual analyses.

The REE contents were normalized to the Post-Archean Australian Shale (PAAS)
standard in order to remove the influence of the Oddo–Harkins rule that results in a typical
zigzag shape of the lanthanides’ abundance in logarithmic plots of content versus atomic
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number [41]. δCe, δEu, δGd are the Ce, Eu, and Gd anomalies, respectively. δCe, δEu, δGd,
and Gdanth can thus be calculated through the following formulas [42–44]:

δCe = CeN/Ce* = CeN/(LaN × NdN)1/2 (1)

δEu = EuN/Eu* = EuN/(SmN × GdN)1/2 (2)

δGd = GdN/Gd*N = GdN/(0.33SmN + 0.67TbN) (3)

Gdanth = Gdmeasured − Gd*N × GdPAAS (4)

Here, the subscript of N and * are the normalized value relative to PAAS and the
geologic background value, respectively. Gdanth, Gdmeasured, and GdPAAS are sthe Gd
concentrations originating from anthropogenic sources, the measured Gd value, and the
Gd concentration in PAAS, respectively.

3. Results and Discussion
3.1. The Content of REEs

The contents of all rare earth elements and the total REE (∑REE) concentrations in the
Yongding River samples are presented in Tables 1 and 2. It is clear that the ∑REE content
was generally low, with a range of 6.27~86.26 ng L−1 (average 31.05 ng L−1), which is far
lower than the global average of 532 ng L−1 and other rivers such as the Yangtze River and
the Connecticut River [1,37,45]. However, compared with other urban rivers, the ∑REE
concentration in the Yongding River was higher than in the urban river in Guiyang city and
lower than concentrations the Han River, the Pearl River and the Rhine River [24,46–48].

Table 1. Dissolved REE contents in the Yongding River (in ng/L).

Site La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

YD-1 1.53 3.77 0.90 4.94 1.08 0.75 5.15 0.30 3.08 0.72 2.49 0.48 4.58 0.90
YD-2 5.79 5.67 1.78 8.81 1.90 0.83 11.84 0.42 4.01 1.04 3.32 0.53 4.01 0.83
YD-3 2.61 3.42 0.84 4.02 0.96 0.63 4.44 0.21 2.07 0.39 1.71 0.39 3.54 0.81
YD-4 15.79 14.50 3.35 15.71 3.71 1.74 8.50 0.65 6.94 1.65 5.18 0.88 6.38 1.29
YD-5 5.43 5.46 4.87 16.19 0.71 0.50 12.45 0.15 1.65 0.44 1.74 0.29 2.98 0.71
YD-6 5.85 8.20 1.51 7.25 2.35 0.77 7.46 0.45 4.28 0.92 2.91 0.50 4.81 1.19
YD-7 4.41 4.71 1.43 6.50 1.16 0.60 4.29 0.27 2.15 0.54 1.73 0.30 1.67 0.30
YD-8 2.24 3.35 0.57 2.60 0.66 0.78 7.81 0.12 0.87 0.24 0.81 0.15 1.05 0.24
YD-9 1.28 3.81 0.66 2.71 0.74 0.36 3.40 0.15 1.58 0.36 1.34 0.21 1.49 0.27
YD-10 0.87 0.99 0.33 1.53 0.45 0.54 0.96 0.09 0.81 0.24 0.78 0.12 0.75 0.09
YD-11 3.98 5.93 1.05 3.92 0.39 0.30 20.51 0.06 0.51 0.15 0.45 0.09 0.57 0.15
YD-12 0.99 1.61 0.24 0.90 0.15 0.27 1.37 0.03 0.24 0.06 0.15 0.03 0.15 0.09
YD-13 1.35 2.93 0.36 1.44 0.33 0.30 2.18 0.03 0.27 0.03 0.15 0.03 0.15 0.06
YD-14 1.70 2.62 0.36 1.43 0.21 0.27 0.48 0.03 0.30 0.06 0.09 0.03 0.12 0.03
YD-15 1.96 3.75 0.60 3.01 0.74 0.57 4.43 0.15 1.64 0.39 1.64 0.27 1.99 0.48
YD-16 2.07 3.93 0.66 3.63 0.69 0.54 5.22 0.21 2.01 0.48 1.98 0.30 2.49 0.51
YD-17 0.89 2.08 0.65 3.59 0.98 0.53 19.83 0.27 3.53 0.98 3.53 0.65 6.61 1.66
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Table 2. Element anomalies of water samples from the Yongding River.

Sample ∑REE LREE/HREE LaSN/YbSN δCe δGd δEu Gdanth Cl− NO3− Na+ pH DO

ng L−1 ng L−1 mg/L mg/L mg/L mg/L

YD-1 30.66 0.29 0.02 0.61 3.42 1.50 4.83 223.90 11.59 178.60 7.72 2.65
YD-2 50.77 0.41 0.11 0.35 5.38 0.83 11.37 226.81 10.50 184.60 7.73 2.95
YD-3 26.01 0.45 0.05 0.47 3.99 1.44 4.20 176.10 10.31 148.80 7.64 2.75
YD-4 86.26 0.63 0.18 0.41 2.34 1.46 7.72 261.42 9.34 212.30 7.75 3.18
YD-5 53.57 0.90 0.13 0.26 15.73 0.80 12.28 211.04 3.96 164.30 7.59 1.83
YD-6 48.45 0.57 0.09 0.56 3.05 0.87 6.93 270.95 3.33 224.90 7.58 2.85
YD-7 30.06 0.62 0.20 0.39 3.06 1.26 3.99 125.22 4.44 96.33 7.79 4.90
YD-8 21.48 0.57 0.16 0.62 11.74 1.62 7.66 46.00 0 35.05 8.67 6.76
YD-9 18.35 0.39 0.06 0.91 4.21 1.06 3.22 169.41 0 177.40 9.04 8.00

YD-10 8.53 0.46 0.09 0.38 1.97 3.87 0.85 79.97 8.14 50.88 8.45 8.10
YD-11 38.05 0.60 0.52 0.67 58.70 0.50 20.43 75.31 5.78 62.16 8.77 9.41
YD-12 6.27 0.94 0.49 0.77 8.49 2.79 1.34 55.50 19.04 55.53 8.24 8.24
YD-13 9.60 1.28 0.66 0.94 10.31 1.66 2.14 80.23 14.38 77.11 8.56 8.69
YD-14 7.72 1.84 1.05 0.75 2.68 4.00 0.44 25.18 24.15 23.77 8.32 11.07
YD-15 21.61 0.37 0.07 0.69 5.50 1.47 4.26 123.62 2.88 120.80 8.63 8.78
YD-16 24.72 0.33 0.06 0.64 5.03 1.34 5.00 142.11 2.80 140.70 8.60 6.79
YD-17 45.77 0.13 0.01 0.52 14.72 0.57 19.54 141.75 5.74 125.40 8.20 7.00

Previous studies have reported that ecological factors, such as microorganisms, aquatic
plants, and the area of weathering surfaces, affect the overall mobility of REEs [49]. There-
fore, lower REE concentrations in the Yongding River may result from the increase in
vascular plants from spring to summer, leading to a dramatic ∑REE decrease [49] since
aquatic plants can produce stable REE complexes via unsaturated groups from the surface
of a large number of organic colloids [50]. Seasonal redox, hydrological process and sus-
pended load may also affect ∑REE and the relationship among each element. During the
sampling period in the summer of 2021, extreme rainfall occurred in Beijing. Therefore, the
rainwater would have diluted the river water and reduced the REEs concentration [51–54].
Furthermore, it is reported that a multi-point ecological water replenishment was con-
ducted in the Yongding River in the spring of 2021 to relieve the pressure on the water
storage of the Guanting Reservoir and the whole Yongding River. Therefore, the runoff
increased to levels 1.3~6.6 times the annual average monthly runoff [55], and this alteration
of river runoff caused by supplementary ecological water releases may have been a reason
for the lower REE contents [55,56].

3.2. Spatial Variation Patterns of REEs

Figure 2 illustrates the spatial variation of ∑REE contents in the Yongding River.
The distribution of ΣREE contents displayed a certain regularity and significant spatial
variations. Compared with the upper stream, the concentration of ΣREE was higher in the
middle/lower reaches and the estuary. The relatively lower concentrations at the estuary
(YD-1) result from salt-induced flocculation which eliminate the colloidal-bond REEs when
the river water mixes with seawater. In addition, the influence of estuarine salinity may
also deplete the total concentration of dissolved REEs [57].
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The ΣREE distribution in the Yongding River may also be linked to the input of sedi-
ment from upper tributaries and the supplementary water released in some reaches. Since
the Yongding River flows through urban, industrial and agricultural areas, REEs in the river
water may also be related to anthropogenic activities (industrial and medical wastewater,
domestic sewage, fertilizer and pesticide usage) in addition to natural processes [24,58].
According to this study, the ΣREE content is relatively high in lower reaches, exactly where
the river flows through densely populated urban areas. Therefore, we speculate that the
REE concentrations in the downstream reaches of the Yongding River are closely related to
urban development and may increase under further intense development of the city. In
addition, sites YD-4, YD-5 and YD-6 are adjacent to a large number of coal-fired power
plants and thermal-related industry plants. Studies have indicated that large amounts of
artificial REEs are contained in the fly ash produced by coal-fired power plants [59], which
may fall into the river water via wind and lead to high dissolved REE contents in adjacent
river water.

3.3. REE Anomalies
3.3.1. Ce and Eu Anomalies

The δCe of the river water samples from the Yongding River was <1.0 with an average
of 0.59, exhibiting a weak negative Ce anomaly (Figures 3 and 4). As shown in Equation
(5), Ce3+ can be readily oxidized to Ce4+ in alkaline environments:

Ce3+ + 4OH− − e− = CeO2 + 2H2O (5)
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Under oxidation conditions, Ce3+ forms more stable Ce4+ and CeO2, which is insoluble
in water, leading to a negative abnormality of Ce in alkaline water where it absorbs to Fe-Mn
oxides and other substances. In this study, δCe exhibited an obvious variation between sites
YD-1~YD-2 and YD-9~YD-10 with values in the ranges 0.35~0.61 and 0.38~0.91, respectively.
The mixing of river water and seawater near YD-1 and the inflow of tributaries may be
the reason of the increasing variability of Ce/Ce* values. Xu and Han (2009) revealed a
negative relationship between Ce anomalies (δCe) and pH in river water [60]. However,
this phenomenon is not obvious in this work due to slight pH variations in the Yongding
River. Meanwhile, more negative δCe was found together with low DO concentrations,
indicating a redox potential and geochemical processes such as rock weathering.

As shown in Figure 4, river water in the Yongding River displayed positive Eu anoma-
lies and a weak negative anomaly (δEu = 0.50~4.00), which are lower than those in the
Nanming River (δEu = 5.85~16.18) [48] and the Zhujiang River (δEu = 1.23~6.53) [61],
but higher than those in the Huainan coal mining area (δEu = 0.23~1.23) [1]. The main
mineral assemblages in this area are potassium feldspar and plagioclase. Since Eu could
be infiltrated into plagioclase preferentially in the reduced form Eu (II) to replace Ca in
reduced magma [62], the Eu enrichment level in plagioclase is higher than that in other
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REE-bearing primary minerals [60]. In addition to natural sources, human activities may
also make contributions to REE anomalies. Considering that Eu has been widely applied as
an activator of barium fluoride in medical X-ray sensitization screens [63], the discharge of
medical wastewater is a potential origin of the increase in Eu concentration observed in the
Yongding River.

3.3.2. Gd Anomalies and Anthropogenic Gd Contribution

Small positive Gd anomalies (<1.4) are generally common in seawater because of
the tetrad effect, which is attributed to the semi-filling of 4f electrons in its orbital shell
and is unrelated to normalization [42]. All samples in the Yongding River exhibited
pronounced positive Gd anomalies of 1.97~58.70. Therefore, it is unlikely that the abnormal
Gd is of natural origin. Gd compounds are commonly applied as contrast agents in
magnetic resonance imaging (MRI) in medical examination. Because of the toxicity of
Gd2+, the Gd2+-based contrast agents are formed as hydrophilic compounds, which are
not only highly stable but also quickly and completely released from the body without
being metabolized [64]. However, the patients’ excreta are not regarded as medical waste
generally, and thus, directly enter urban sewage treatment plants as domestic sewage
(including both residents’ and hospital domestic sewage). Traditional sewage treatment
plants cannot eliminate these compounds and discharge them into water environments,
causing serious Gd pollution. In this study, the content of anthropogenic Gd ranged
from 0.30 to 20.16 µg L−1 with an average value of 5.29 µg L−1. Compared with the
anthropogenic Gd content in other urban rivers located in megacities, our results were
lower than the average of 41.35 ng L−1 in the Rhine River and 110.67 ng L−1 in the Han
River [24,46]. However, the potential pollution from nearby hospitals should still be taken
into account.

3.4. Relationship between Land Use and Anthropogenic REE

The anthropogenic factors of land use and population density are presented in Table 3
and Figures 5 and 6 and show obvious spatial variations. Factories and hospitals are
mainly distributed in the middle reach (YD-9~YD-12) and lower reach (YD-5~YD-6) of
the mainstream. It is worth noting that the proportion of urban land and cultivated land
increases in the middle reach and reaches a highly stable proportion in the lower reach. The
urban land use proportion is highly consistent with the distribution of population density.
This finding indicates that the middle/lower reaches of the river are strongly disturbed by
human activities.

Table 3. Proportion of land use types in the Yongding River basin.

Buffer
Zone Woodland Grassland Cropland Urban

Land
Unused

Land Wetland

1 0.11 0.50 0.27 0.05 0.07 0.00
2 0.17 0.55 0.19 0.03 0.05 0.00
3 0.15 0.53 0.21 0.04 0.06 0.01
4 0.24 0.50 0.17 0.04 0.05 0.00
5 0.14 0.50 0.21 0.08 0.06 0.00
6 0.28 0.37 0.16 0.13 0.06 0.00
7 0.27 0.32 0.17 0.16 0.07 0.00
8 0.26 0.27 0.21 0.17 0.08 0.00
9 0.25 0.23 0.28 0.15 0.08 0.00

10 0.23 0.21 0.35 0.14 0.08 0.00
11 0.20 0.17 0.39 0.15 0.08 0.00
12 0.19 0.17 0.39 0.17 0.08 0.00
13 0.19 0.16 0.39 0.17 0.09 0.00
14 0.18 0.15 0.41 0.16 0.09 0.01
15 0.17 0.14 0.41 0.18 0.09 0.01
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River buffer zones have become a widely-accepted management tool in identifying
diffused pollution. To eliminate the influence of land use in the upstream are on the
downstream site, the first 500 m buffer zone was established along the river bank from
headwater to the most upstream site, and the second buffer zone was established from
headwater to the second upstream site. The remaining buffer zones were successively
set up as above. Finally, fifteen buffer zones in total with a width of 500 m were set up
along the mainstream via the buffer zone function of ArcGIS, except for YD-3 which is
on a tributary of the Yongding River. Furthermore, we applied the land use datasets
in 30 m resolution (2020) (http://landsat.datamirror.csdb.cn, accessed on 20 December
2022) and the population density of 2020 (https://www.satpalda.com/landscan, accessed
on 20 December 2022) for the analysis of anthropogenic response factors. The land use

http://landsat.datamirror.csdb.cn
http://landsat.datamirror.csdb.cn
https://www.satpalda.com/landscan
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datasets were summarized as six types: woodland, cropland, grassland, urban area, unused
land, and wetland.

The degree of human-derived REEs could be identified and correlated with the propor-
tions of land use. As human activity indicators are continuous numerical variables which
do not follow a normal distribution, the Spearman correlation analysis is more suitable in
this study. The correlations between land use proportion and artificial REE concentration
are presented in Table 4. The results indicate that cultivated land is significantly correlated
with Gdanth and REE concentrations, and urban land use is significantly related to the con-
centration of most REEs. With the extensive use of chemical fertilizer, the agriculture within
the basin is relatively developed [65]. Other researchers have also reported that various
REE contents in cultivated soil could originate from agricultural sources (i.e., phosphate
fertilizers) and land use [29]. Therefore, intensive agricultural activities and phosphate
input enriched in REEs may be regarded as the potential sources of anthropogenic REEs in
the Yongding River basin.

Table 4. Spearman correlations of anthropogenic Gd and REE concentrations with land use in the
Yongding River (** p < 0.01; * p < 0.05).

Cropland Urban Land Grassland Woodland

La 0.59 * 0.24 −0.55 * −0.01
Ce 0.51 * 0.38 −0.60 ** 0.12
Pr 0.69 ** 0.51 * −0.74 ** 0.05
Nd 0.72 ** 0.55 * −0.78 ** 0.03
Sm 0.73 ** 0.58 * −0.74 ** 0.04
Eu 0.68 ** 0.51 * −0.71 ** 0.04
Gd 0.45 * 0.37 −0.56 * 0.15
Tb 0.74 ** 0.56 * −0.74 ** −0.06
Dy 0.80 ** 0.55 * −0.76 ** −0.13
Ho 0.80 ** 0.59 * −0.76 ** −0.16
Er 0.80 ** 0.58 * −0.77 ** −0.15
Tm 0.79 ** 0.56 * −0.76 ** −0.14
Yb 0.78 ** 0.59 * −0.76 ** −0.15
Lu 0.78 ** 0.58 * −0.75 ** −0.18

∑REE 0.65 ** 0.51 * −0.74 ** 0.06
Gdanth 0.44 * 0.33 −0.54 * 0.17

However, agricultural activities are not the only anthropogenic source of Gd and
other REEs. Previous studies have revealed that a potential reason for high anthropogenic
Gd abnormalities in river water is the application of Gd-based compounds in magnetic
resonance imaging (MRI) at hospitals, and the dense population is positively related to
the number of MRI [24,43,66]. Samples with abnormally high Gd (YD-5, YD-8, YD-11,
YD-13, YD-17) were also observed in the middle and lower reaches with high population
density in this study. The sewage treatment plants in this area may receive sewage from
hospitals, and the patients’ excretions defined as domestic water could also directly enter
urban sewage treatment plants and eventually be discharged to the river, leading to high
anthropogenic Gd in river water.

Studies have shown that the REE content of topsoil in different land use types
varies [67]. For instance, the REE contents of urban soil and agricultural soil are sig-
nificantly higher than those in forest soil [68]. The pollution sources for these land use types
are also different. The main sources of metal pollution in urban areas are traffic emissions
and urban sewage. For agricultural soil, the main source is the intensive use of manure
and fertilizer, and atmospheric deposition [69]. This is similar to the source of REEs in river
water, indicating that the concentrations of rare earth elements in river water are closely
related to the land use type.
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3.5. Identification of REE Contamination by Co-Indicators

Gdanth and two traditional contamination tracers (NO3
−/Na+, Cl−/Na+) were se-

lected as co-indicators to investigate the potential traceability of anthropogenic REEs.
Traditional sewage treatment plants are designed to treat traditional pollutants, but a series
of new pollutants could pass the treatment process and enter the environment through
sewage systems. Numerous studies have shown that artificial Gd generally comes from
hospital wastewater, and Gdanth can thus be used as a highly sensitive tracer for medical
sewage and sewage from treatment plants, since it cannot be effectively removed in conven-
tional processes and would enter the aquatic ecosystem from treatment plants. Some forms
of industrial activities and agricultural production discharge water with high NO3

−/Na+

and Cl−/Na+. In addition, domestic wastewater also exhibits high Cl−/Na+ [70]. There-
fore, we take the NO3

−/Na+ and Cl−/Na+ ratios in river water as an indicator of the
agricultural and industrial impacts [71].

Three distribution patterns of the river water samples were determined based on three
co-indicators (Figure 7). Cluster 1 is located in the mainstream and has low concentrations
of Gdanth with high NO3

−/Na+ and Cl−/Na+ ratios. The mainstream area includes two
megacities, Beijing and Tianjin, with developed agriculture and industry and a population
of more than 37 million [72]. Previous work found that the water quality in downstream
regions is significantly lower than upstream regions [34,73]. This may result from the
increase in untreated industrial wastewater and urban sewage from the upper reaches
where Beijing and Tianjin are located, two highly urbanized and industrialized areas.
Besides, a large number of sewage treatment plants and industrial parks (using mechanical,
chemical and metallurgical processes) are also located in the downstream region. Therefore,
Cluster 1 refers to the sites impacted by domestic sewage and industrial wastewater in this
typical urban area.
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Cluster 2 includes sites in the middle to lower reaches of the mainstream which
have high concentrations of Gdanth, high Cl−/Na+ and low NO3

−/Na+. As discussed
above, a significant positive relationship exists between the number of MRI instruments
and Gdanth concentrations. In this study, the hospital density near YD-5 and YD-8 is
high, and Gdanth may originate from medical wastewater discharged to nearby sewage
treatment plants. However, no hospital was found near YD-2, so the high concentrations
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may be attributed to the leakage of urban underground pipes and the direct release of
untreated sewage. High ratios of Cl−/Na+ may also originate from domestic sewage [74].
Therefore, Cluster 2 corresponds to the sites with surface water affected by urban sewage
and medical wastewater.

Cluster 3 is located in the upper-middle reach and displayed high Gdanth, low Cl−/Na+

and high NO3
−/Na+. Much higher Gdanth levels were found near YD-11 and YD-17,

which may result from strong point source pollution such as the discharge of medical
wastewater. Low ratios of Cl−/Na+ indicate that this area is rarely affected by urban
sewage. Besides, high ratios of NO3

−/Na+ may be associated with frequent agricultural
activities within this area, since the proportion of cultivated land within this region has
increased based on local land use statistics (Table 3). Research has reported that nitrogen
fertilizer made up >50% of nitrate pollution in river water, and excessive application
of nitrogen fertilizer in agricultural activities within the basin has resulted in a total of
96 kg hm−2 nitrogen loss, leading to the increases in the nitrate content of river water in
this region [75]. Therefore, Cluster 3 was considered to be affected by agriculture rather
than industrial and urban sewage.

3.6. REE Toxicological Risk for Humans and Aquatic Life

The toxicity and concentration of rare earth elements are positively correlated. In
addition, the toxicity of rare earth elements is also closely related to the exposure time and
leakage mode [20]. Studies have shown that when the concentration of rare earths reaches
a constant value, it can harm aquatic organisms and humans. For example, sea urchin
(embryos and sperms) were exposed to Ce (IV) and La (III) for 72 h and 1 h, respectively, at
a concentrations from 10−8 to 10−5 M. The results showed full mortality following exposure
to Ce (IV) at a concentration of 10−5 M and full developmental defects with no mortality
when exposed to La (III) at 10−5 M. At the highest concentration (10−5 M), sperm exposed
to Ce (IV) and La (III) had a decreased success rate in fertilization [76].

In this study, we mainly consider the impact of artificial Gd concentrations on aquatic
organisms and humans. Concentrations of individual lanthanides measured in the Yongding
River are much lower than the REEs reported in other eco-toxicological studies [77]. We
also conclude that the total amount of all dissolved REEs with same patterns is also lower
than the levels reported elsewhere [78]. Therefore, this study infers that the toxicological
risk of dissolved REEs in the Yongding River to human and aquatic organisms is limited.

4. Conclusions

This work explored the spatial characteristics of REEs in a typical urban river (Yongding
River) and the correlations between land use and human-derived REEs in river water. The
ΣREE contents of river water were 6.27~86.26 ng L−1, with an average value of 31.05 ng L−1.
The PAAS-normalized REE patterns exhibited Gd anomalies, varying from 1.73 to 14.97
and revealed pronounced Gdanth in all river samples from 0.30 to 20.16, confirming the
occurrence of anthropogenic Gd and its origin in the MRI diagnostic systems of hospitals.
Correlation analysis revealed that the proportion of cultivated land was positively related
to most REE concentrations, which are derived from applications of fertilizers containing
artificial REEs in agricultural activities. By applying Gdanth, NO3

−/Na+ and Cl−/Na+ as
co-indicators, the relative impacts of sewage treatment plants, hospitals and agriculture
on river water were accurately identified. Combined with hydro-chemical indicators and
artificial REEs, this study revealed the influence of urban human activities on the river
system and accurately tracked the source of man-made pollutants throughout the urban
river basin.
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