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Abstract: Dissolved heavy metals (HMs), derived from natural and anthropogenic sources, are an
important part of aquatic environment research and gain more international concern due to their
acute toxicity. In this study, the geochemistry of dissolved HMs was analyzed in the upper Three
Gorges Reservoir (TGR) of the Yangtze River (YZR) watershed to explore their distribution, status,
and sources and further evaluate the water quality and HM-related risks. In total, 57 water samples
were collected from the main channel and tributaries of the upper TGR. The concentrations of eight
HMs, namely V, Ni, Cu, Zn, As, Mo, Cd, and Pb, were measured by ICP-MS. The mean concentrations
(in ug/L) of eight HMs decreased in the order: As (1.46), V (1.44), Ni (1.40), Mo (0.94), Cu (0.86),
Zn (0.63), Pb (0.03), and Cd (0.01). The concentrations of most HMs were 1.4~8.1 times higher than
that in the source area of the YZR, indicating a potential anthropogenic intervention in the upper
TGR. Spatially, the concentrations of V, Cu, As, and Pb along the main channel gradually decreased,
while the others were relatively stable (except for Cd). The different degrees of variations in HM
concentrations were also found in tributaries. According to the correlation analysis and principal
component (PC) analysis, three PCs were identified and explained 75.1% of the total variances.
combined with the concentrations of each metal, PC1 with high loadings of V, Ni, As, and Mo was
considered as the main contribution of human inputs, PC2 (Cu and Pb) was primarily attributed
to the contribution of mixed sources of human emissions and natural processes, and Zn and Cd in
PC3 were controlled by natural sources. Water quality assessment suggested the good water quality
(meeting the requirements for drinking purposes) with WQI values of 14.1 £ 3.4 and 11.6 & 3.6 in
the main channel and tributaries, respectively. Exposure risk assessment denoted that the health
effects of selected HMs on the human body were limited (hazard index, HI < 1), but the potential
risks of V and As with HI > 0.1 were non-negligible, especially for children. These findings provide
scientific support for the environmental management of the upper TGR region and the metal cycle in
aquatic systems.

Keywords: heavy metals; river pollution; source identification; risk evaluation; upper Yangtze
river watershed

1. Introduction

With the acceleration of economic globalization, it becomes more and more difficult to
balance the excessive utilization of water resources and high-efficiency water environmental
protection schemes [1,2]. Given the current status of the global hydrosphere, it is of great
significance to evaluate the contamination of river ecosystems (watershed scale), which is
beneficial for the arrangement of water resources [3-5]. Heavy metal (HM) pollution is one
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of the most common contamination problems in aquatic environments [6,7]. Characterized
by bioaccumulation, non-biodegradability, and acute/chronic toxicity [8-12], HMs are
harmful to the aquatic ecological environment and even threaten human health [13]. Both
anthropogenic inputs (e.g., industrial /domestic wastes) and natural processes (e.g., rock
weathering and soil erosion) can contribute to the riverine HMs [14,15]. Moreover, the
occurrences of HMs in water bodies include dissolved loads, riverbed sedimentary loads,
and suspended loads [16].

Among these three occurrences, dissolved HMs are considered to be more harmful to
humans or aquatic organisms due to more potential exposure pathways [17,18]. The two
main exposure routes of HMs are direct ingestion (drinking water) and dermal absorption
(via skin) [19,20]. According to previous studies, chemical carcinogens resulted in 90% of
cancers, and the ingestion of drinking water is a significant route of these chemicals [21].
Obviously, HM contamination in rivers has a high correlation with the human health risk.
In addition, low doses of HMs can also be detrimental to the human body during long-
term exposure [22]. Therefore, numerous watershed-scale studies have been carried out on
dissolved HMs in rivers all over the world. The results show that there is high heterogeneity
with regard to the state of heavy metal compositions and their environmental /risk effects in
the aquatic environment [20,23-26]. Under the background of anthropogenic disturbances,
the river becomes quite sensitive to pollution at the watershed scale, which makes the
river a reflection of the impact of both human disturbance and natural processes, and it
further reflects the potential risks or negative effects on life [27]. Beside this, the re-released
processes of HMs from the suspended /bed sediments are also significant if the ambient
conditions (e.g., pH) change. Therefore, understanding and identifying the contamination,
sources, and risks of HMs in river water is important and beneficial for efficient and
sustainable water resources management.

As the largest watershed in Asia, the Yangtze River watershed (YRW) originates from
the Tibetan Plateau, breeds a variety of ecosystems, and provides freshwater resources
for hundreds of millions of people. However, the YRW is highly sensitive to climate
change and human perturbations (pollution) [21,28]. Due to the abundant river flow and
appropriate natural elevation drop, YRW is an ideal place for hydropower generation.
Therefore, more than 50,000 reservoirs/dams distribute throughout the YRW, such as the
Three Gorges Reservoir (TGR) and Gezhouba Dam [29,30], which powerfully support
the local economy. Reservoir development and other human activities (e.g., urban emis-
sion and agricultural production), have significantly changed hydrodynamic conditions
(e.g., hydraulic residence time, HRT) and further affected river environmental processes
and biogeochemical cycles [31,32]. For example, the water isotope-based damming effect of
intensive reservoirs have not only influenced the water cycle [33], but also changed the bio-
community structure within the watershed. A long-term (>30 years) observation found that
the cascade reservoir significantly increased the amount of bioavailable nutrients (mainly
N and P) due to the high density of phytoplankton induced by HRT and the nitrate reduc-
tion caused by deep hypoxia (nitrate to ammonium) [34]. As another important nutrient,
carbon transport and biogeochemistry are also highly controlled by reservoir-influenced
hydrodynamic conditions (mainly HRT) [35]. Moreover, the studies on HMs in dissolved
loads and sediments exhibited obvious spatial variations of HM concentrations in typical
commissioned reservoirs from upstream to downstream [36,37]. Since 2003, the operation
of impoundment of the TGR has notably changed the hydrodynamic conditions, which
directly led to the alteration of HM distribution and circulation. Therefore, continuous
reporting of the current status, contamination, risks, and sources of HMs in the TGR region
and the reasonable analysis are necessary.

To determine the distribution, status, and sources of HMs of river water in the upper
reaches of the Three Gorges Reservoir in the Yangtze River watershed, 57 river water
samples were systematically collected from June to July 2020 in the first flood season after
the pandemic. The aims of this study were: (1) to clarify the distribution, status, and
contamination of HMs in the upper TGR area; (2) to distinguish the potential sources of
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HMs; (3) to evaluate water quality and HM-related risks. This study delivers basic data
for better management in the upper TGR region and provides a reference for hydropower
development and related eco-environmental issues in riverine systems.

2. Materials and Methods
2.1. Study Region

The TGR, the largest hydropower engineering project in the world, was constructed on
the Yangtze River (within Yichang City, Hubei Province) with a dam of 2.3 km length and
185 m height [38]. The upper TGR region, from Chongging City to Yichang City (660 km)
was covered by reservoir water (Figure 1) [39]. There are More than 20 cities and counties
located within the upper TGR region [21], which are potential pollution sources of HMs
and threats due to urbanization and industrialization. The upper TGR region is affected
by a humid subtropical monsoonal climate, with the average annual air temperature of
18.9 °C and the annual rainfall from 1000 to 1800 mm [40]. The lithology of the upper TGR
region is composed of carbonate rocks, clastic rocks, metamorphic rocks, and evaporate
rocks (Figure 1) [40]. The land use of the upper TGR region mainly consists of water area,
urban area, grassland, unused land, cropland, and forest land.
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Figure 1. The lithology distribution and sampling sites of the upper TGR region.

2.2. Sampling and Chemical Analysis

A systematic sampling survey was adopted from June 25 to 21 July 2020. In the survey,
57 sampling sites including the main channel (S1-539 and S57) and tributaries (540-556)
were selected in the upper TGR region based on natural features (e.g., lithology) and
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human disturbances. In total, 57 river water samples were collected at the depth of ~50 cm.
Then, 0.22 pm cellulose acetate membranes were used to filter the water samples. For HMs
analysis, the water samples were acidified to pH < 2 via the pre-purified nitric acid and
then sealed in clean polyethylene bottles and kept in a refrigerator until measurement.
Eight HMs of river water samples were selected and measured by ICP-MS (Elan DRC-e,
PerkinElmer, Waltham, MA, USA), at the IGSNRR, Chinese Academy of Sciences. The
analysis was conducted using replicates, standard reference materials, and procedural
blanks in order to maintain the standard quality. The measured result of replicate sample
suggested acceptable repeatability for HMs (the relative standard deviation was from 0.1%
for Ni to 3.5% for V). The standard reference material (GSB04-1767-2004) was applied to
ensure the quality assurance for HMs analysis, which presented the recovery percentage
range of 98.3% (Cd) to 101.3% (V). The measurement results (all HMs) of procedural blanks
were below the limit of detection, which also clearly proved the reliability of measurements
during laboratory analysis.

2.3. Assessment Method

The Water quality index (WQI) is a useful method to assess the total quality of surface
water and groundwater, particularly for drinking water [25,41]. The WQI is the sum of the
water quality index of individual variable (WQ)I;) and can be calculated as Equation (1):

WQI = Z[W; x (Ci/S;) x 100] 1)

where the Wj is the relative weight (W; = w;j/Xwj;). Wj ranges from 1 (minimum) to 5 (max-
imum) based on the relative important effects of variables on human beings and the related
aquatic ecological effect [42]. C; and S; are the concentrations/limited concentrations of
variables in river water and drinking water guidelines. The limit values and weights are
listed in Table 1. Here, 17 variables, including 10 water quality parameters (EC, TDS, F, Cl,
NO3-N, SOy, Na, K, Mg, and Ca) [40] and 7 heavy metals (excluding V due to no official
limit value) were incorporated in the WQI calculation. The pH of river water was not
applied in the WQI calculation due to the fact that all measured pH levels were within the
allowable limit (6.5-8.5).

Table 1. Relative weight and limit values of individual variable, and the calculated average WQI;.

Variable Drinking Water Guidelines ? Weight (w;) Relative Weight (w;) Average WOI;
EC 1500 puS/cm 4 0.062 1.93
TDS 1000 mg/L 4 0.062 1.62
F 1mg/L 5 0.077 1.97
Cl 250 mg/L 3 0.046 0.57
NO3-N 10 mg/L 5 0.077 1.40
SOy 250 mg/L 5 0.077 0.59
Na 200 mg/L 3 0.046 0.47
K 12mg/LP 2 0.031 0.76
Mg 50 mg/L P 2 0.031 0.63
Ca 75mg/LP 2 0.031 1.72
Ni 20 ug/L 5 0.077 0.54
Cu 1000 ug/L 2 0.031 0.00
Zn 1000 pg/L 3 0.046 0.00
As 10 ug/L 5 0.077 1.13
Mo 70 pg/L 5 0.077 0.10
Cd 5pg/L 5 0.077 0.01
Pb 10 pg/L 5 0.077 0.02

Notes: @ According to the Chinese drinking water standards (GB 5749-2006); b from [42].
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To evaluate the health risk of HMs in the upper TGR area, the widely used hazard
quotient (HQ) and hazard index (HI) were calculated as in previous studies [41-43]. Two
main exposure pathways, namely ingestion and dermal absorption [44], were integrated
in the HQ and HI calculations. HQ is defined as the ratio between exposure dose (single
pathway) and reference dose (RfD), while HI s the sum of all pathways” HQs. If the value
HQ or HI is >1, the human health risk/adverse effects are non-negligible. The calculation
of HQ and HI were as follows [25] Equations (2)—(6):

ADDjpgestion = (Cw x IR x EF x ED)/(BW x AT) 2)
ADDgermal = (Cw X SA x Kp x ET x EF x ED x 1073)/(BW x AT) 3)
HQ = ADD/RfD 4)

RfDgermal = RfD X ABSgy @)

HI = ZHQs (6)

ADDjngestion and ADDgermal are the mean daily doses by two exposure pathways. Cy,
BW, IR, EF, ED, AT, SA, ET, K, RfD, and ABS are the river metal concentration, body
weight of adults/children, ingestion rate, exposure frequency, exposure duration, average
time, exposed skin area, exposure time, dermal permeability coefficient (in water) of metal,
reference dose, and gastrointestinal absorption factor [25,45], respectively. The detailed
values and units of these parameters were obtained from previous studies [25,45,46] and
can be found in Table S1.

2.4. Software

The principal component and correlation analyses (PCA /CA) were carried out for
statistics and potential HMs sources identification using SPSS 21.0. The detailed operation
information of SPSS can be seen in [20,47]. All data were graphed using Microsoft Office
2010 and Origin 8.1.

3. Results and Discussion
3.1. HMs Concentrations and Distribution
3.1.1. HMs Concentrations

The statistical results of selected HM concentrations in the upper TGR area are dis-
played in Table 2. According to the Kolmogorov-Smirnov statistics test, most HM con-
centrations are normally distributed, suggesting that the average concentration of each
HM is suitable for comparison. This is also supported by the similar mean values and
median values of these HMs (Table 2). Therefore, the mean concentrations (in pg/L) of
eight HMs in the upper TGR area decreased in the order: As (1.46), V (1.44), Ni (1.40),
Mo (0.94), Cu (0.86), Zn (0.63), Pb (0.03), and Cd (0.01). As, V, and Ni are the three most
abundant metals in the study area. All HM concentrations are in the range of the allowable
concentrations of corresponding metals for drinking purposes recommend by the drinking
water guidelines of China and the World Health Organization (WHO), except for V due
to the lack of limit value (Table 2). Cu, Zn, As, Cd, and Pb are also of Grade I of Chinese
surface water standard (Table 2), suggesting very clean water from the perspective of
these metals in the upper TGR area. It is noteworthy that the maximum concentration of
As (3.23 ug/L) is relatively close to the limit value of Chinese drinking water guidelines,
which can be defined as a potential pollutant at the corresponding sampling site, revealing
the relatively high human emissions of the local region [20], such as agriculture-derived
As emission [48]. Compared to the background values of eight HMs in the source area
of the YRW [49], the V and Ni concentrations in the Upper TGR area are significantly
high (Table 2), i.e., 8.0 and 7.8 times higher than the background values. Moreover, the
concentrations of Cu, As, and Mo are also relatively high, i.e., 1.4, 1.7, and 1.8 times the
background values, revealing the potential anthropogenic inputs of these metals from
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the source area to the TGR. For historical comparison, we compared our results with the
published data of the study area from 2007 to 2015. The Ni concentration in 2020 (1.4 nug/L)
was comparable to the historical data, slightly higher than that in 2007 (1.2 ug/L) and 2012
(1.3 ug/L) [28,50]. The Pb concentration in 2020 (0.03 ng/L) significantly decreased from
2007 (0.86 pg/L) but was similar to the one in 2015 (0.04 ng/L) [28,51]. The concentrations
of Cu (0.86 ng/L), Zn (0.63 nug/L), and Cd (0.01 pg/L) in 2020 also declined relative to
those of Cu (1.2-10.4 pug/L), Zn (3.3-13.0 ug/L), and Cd (0.09-1.48 ng/L) during 2007-
2015 [28,50-52]. The As concentration in 2020 (1.46 pg/L) was obviously decreased from
2007 to 2012 (2.1-7.2 ug/L), but on par with that of 2013 (1.5 ng/L) [28,50,52].

Table 2. HM concentrations, pH, electric conductivity, and total dissolved solids of river water in the upper TGR area and

related limit values of drinking water guidelines.

Unit Upper TGR Area Source Area of Drinking Water Guidelines Surface Wager
Min Max Mean SD Median YRW # China? China? WHO ¢ WHO ? g:::;i;j c
\% ug/L 0.51 3.19 1.44 0.55 1.45 0.18
Ni ug/L 0.98 2.19 1.40 0.21 1.38 0.18 20 70
Cu pg/L 0.33 1.50 0.86 0.24 0.93 0.63 1000 2000 10
Zn ug/L 0.00 7.90 0.63 1.14 0.33 0.68 1000 50
As ug/L 0.45 3.23 1.46 0.57 1.48 0.86 10 10 50
Mo ug/L 0.33 2.20 0.94 0.31 0.98 0.52 70 70
Cd ng/L 0.00 0.02 0.01 0.00 0.00 0.02 5 3 1
Pb ug/L 0.00 0.10 0.03 0.03 0.02 0.76 10 10 10
pH d — 7.26 8.19 7.81 0.17 7.81 6.5-8.5
ECd uS/ecm 212 734 471 134 470
TDSY  mg/L 119 410 264 75 263 1000

Notes: ? is Chinese drinking water standards (GB 5749-2006), b js WHO drinking water guidelines, ¢d is the limited values of Grade I of
Chinese surface water standard.

3.1.2. Spatial Distribution

Spatially, the concentrations of the HMseach HM along the main channel of the upper
TGR area presented different degrees of variations (Figure 2). Overall, in the river water of
the main channel, a gradually decreasing trendstrend of V, Cu, As, and Pb concentrations
were observed from upstream to downstream (Figure 2), with higher concentrations in
upstream sites (51-54, except for the highest Pb at S9). Moreover, the concentrations of V,
Cu, and As increased again after the import of tributary X]J. In contrast, the concentrations
of Ni and Zn were maintained at a stable level with relatively slight variations, and the
highest concentrations of Ni and Zn were observed after the import of tributaries TJ and X]J,
respectively. The Mo concentration was also maintained at a stable concentration level and
subsequently declined to the lowest concentration after the import of tributary WJ, and
then increased again after the import of tributary XJ. The Cd concentration was the most
varied metal along the main channel with the highest concentration at S20 (JL] import).
The spatial distributions of the metals in six main tributaries (M], TJ, JLJ, W], XJ, and SNR)
are shown in Figure 3. Compared to the average concentrations of HMs in tributaries,
the highest V, Ni, As, and Mo were consistently observed in tributary TJ, indicating the
potential input of these metal-related pollutants in T]. The highest concentrations of Cu,
Cd, and Pb were found in tributary JLJ, while the highest Zn concentration was exhibited at
SNR. In contrast, the lowest concentrations of V, Cu, As, and Pb were displayed in tributary
WJ, Ni in tributary MJ, and Zn, Mo, and Cd in tributary X]. These results reveal the high
heterogeneity of HM concentration distributions and the differences of HM characteristics
in each tributary.

3.1.3. Potential Controlling Factors of Spatial Variations of HMs

The dissolved HMs in river water are affected by various factors. For river water pH,
lower pH values could increase the competition between metals and hydrogen ions in bind-
ing sites and accelerate the dissolution of metal-carbonate complexes in suspended/bed
sediments, which further release free metals into the river water [20,53]. In the upper TGR
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area, the lowest observed pH value was 7.26 (weakly alkaline water) without a significantly
low pH value. Therefore, the pH values are not the main factor affecting the distribution of
HM concentrations, which can also be supported by the insignificant correlation (p > 0.05)
between pH values and the concentrations of individual HMs. Besides, water temperature
can affect series of physicochemical processes (e.g., adsorption, formation of complexes,
and ion exchange), and it resulted in the variation of dissolved heavy metal concentrations
in water [23,54]. However, the significant variations generally occurred between different
seasons (e.g., summer and winter). In this study, all samples were collected during the
flood season (with negligible temperature variations); thus, the physicochemical process
related to temperature was not the predominant factor. Moreover, the secondary tributary
hydropower stations/dams in the upper TGR area have potentially changed the hydrody-
namic condition, such as the hydraulic residence time (HRT) [29,32], and further caused the
re-release of HMs from the suspended/bed sediments or gravels (product of soil erosion)
due to the relatively long residence time [55-57]. Due to the lack of HRT-related studies,
the secondary tributary hydropower stations/dams can only be considered as a potential
explanation for the spatial variation of dissolved HMs, which may lead to the variation of
concentration of some dissolved HMs in tributaries and even in the main channel.

In addition to the above-mentioned factors, source variation can be considered as
the most crucial factor in the spatial distribution of dissolved HMs in river water, and it
is a combination of the natural and anthropogenic sources [58-60]. In this study, large
variations and high heterogeneity of HM concentration distributions were observed in
both the main channel and tributaries (Figures 2 and 3), which could be attributed to
anthropogenic inputs that alter their distributions or assuage the spatial variations via such
a large catchment area with different landscape setting and geologic setting (natural source)
in the upper TGR area. Natural sources of HMs are soils and rock weathering [60-62], and
the anthropogenic sources mainly include the emission of industries, agriculture, and fossil
fuel combustion [25,41,63], as discussed below.
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Figure 2. Spatial variations in concentrations of eight HMs at 40 sampling sites along the main channel of upper TGR area.
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Figure 3. Spatial distribution of concentrations of eight HMs in tributaries of the upper TGR area.

3.2. Sources Identification of HMs

According to the overall coherence of the dataset, the correlation analysis could be
applied to explore the relationships between different variables [64]. Here, the correlation
matrix was calculated to distinguish associations among the eight HMs of river water in the
upper TGR area (Figure 4a). Significant positive correlations (p < 0.01) were found between
the V and Ni (R = 0.55), As (R = 0.0.94), and Mo (R = 0.78); Ni and Mo (R = 0.66); As and
Mo (R = 0.81). Generally, the dissolved HMs with high correlation coefficients presented
similar transport processes, hydrochemical behaviors, and sources [25]. Therefore, V, Ni,
As, and Mo are derived from the certain co-emission sources and discharged into the river
through similar chemical processes. Moreover, the moderate positive correlations were
observed between Cu and V (R = 0.34), As (R = 0.44), Mo (R = 0.27), and Cd (R = 0.35);
Zn and Cd (R = 0.40); Pb and As (R = 0.33), Mo (R = 0.28), and Cd (R = 0.32) (Figure 4a),
indicating the interaction effect (e.g., mixing processes) of their potential co-origins and
the strong spatial heterogeneity of these HMs sources. The relatively low and insignificant
correlation coefficients between the pairs of some HMs (e.g., As and Zn; Figure 4a) revealed
these HMs may have completely different sources.
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Figure 4. The correlation analysis (a) and principal component analysis (b) of eight HMs of river water in the upper TGR

area. ** p < 0.01; * p < 0.05.

PCA was employed to further identify the HMs associations and their potential
sources. three principal components (PC) with eigenvalues exceeding 1 were identified,
which can totally account for 75.1% of the total variance. The PCA results are plotted
in Figure 4b and listed in Table 3. most of the HMs showed a strong loading in their
corresponding PC (loading value exceed 0.75 [65]). The first PC accounted for 38.0% of total
variance with the significant loading of V (0.92), Ni (0.78), As (0.86), and Mo (0.88). The
second PC explained 20.2% of total variance and was mainly contributed by Cu and Pb with
high loadings of 0.63 and 0.83, respectively. The third PC including Zn (0.91) and Cd (0.67)
accounted for 16.9% of total variance. However, the total PC loadings (75.1%) were slightly
lower than those in previous studies, such as 86.4% and 79.3% PC loadings for 14 HMs
and 13 HMs in the Dan River and Huaihe River, respectively [25,41]. The significance of
KMO and Bartlett’s sphericity test was less than 0.001, indicating the results of PCA were
reliable. As mentioned in the correlation analysis, four HMs (V, Ni, As, and Mo) with
strong positive loadings in PC1 may from the same sources; combined with the consistently
high concentrations (0.94-1.46 ug/L on average, Table 2), we concluded that PC1 is mainly
contributed by human inputs in the upper TGR. For example, Ni-containing pollutants
were widely distributed in the wastewater of metal-processing dominated industries [63];
coal industry and agricultural activities were the main human sources of dissolved Mo
in rivers [66]; As-containing pollutants were mainly derived from agricultural activities
(e.g., overuse of fertilizers, pesticides, and herbicides) [48]. In contrast, Zn and Cd in
PC3 were weakly correlated to HMs in PC3 (As, Mo, V, and Ni), revealing significantly
different sources of HMs in PC1 and PC3. Moreover, the concentrations of Zn and Cd
were relatively low (with the average concentrations lower than the background value
of the source area of the YRW [49], Table 2); hence, we infer that PC3 is attributed to the
contribution of natural sources (e.g., rock weathering). In addition, regarding Cu and Pb
in PC2, although Cu could be derived from industrial activities and Pb could come from
fossil fuel combustion [63,67], given the moderate positive correlation between these two
HMs and other HMs, as well as the moderate concentration of Cu, we attribute Cu and Pb
to mixed origins of human emissions and natural processes. In summary, human emission
sources controlled or affected most of the HMs in the upper TGR area.



Water 2021, 13, 2078 10 of 15

Table 3. Varimax rotated component matrix for dissolved HMs of the upper TGR area.

Variable PC1 PC2 PC3
Eigenvalues 3.04 1.62 1.35
Variance (%) 38.0 20.2 16.9

\% 0.92 0.20 —0.01
Ni 0.78 —0.10 0.16
Cu 0.23 0.63 0.16
Z/n 0.08 —0.07 0.91
As 0.86 0.40 0.05
Mo 0.88 0.23 0.15
Cd 0.16 0.52 0.67
Pb 0.06 0.83 —0.06

3.3. Assessment of Water Quality and Health Risk

The WQI of different sampling sites in the study area was calculated, as plotted
in Figure 5. The average WQI value of the whole upper TGR area was 13.4 & 3.6, and
the site average values of WQI in the main channel and tributaries of upper TGR area
were 14.1 &+ 3.4 and 11.6 £ 3.6, respectively, indicating a better water quality of tributaries.
According to the result of each site, all the sampling sites had excellent water quality
(WQI < 25, Figure 5) except for site S3, which presented a WQI that exceeded 25 (good
water quality). For the main channel, the WQI values decreased overall from upper to
lower reaches with a WQI range from 8.9 (S33) to 28.5 (S3). The WQI values of tributaries
also showed a variation from 7.5 to 18.1. The lowest WQI value was observed in tributary
XJ (549), while the highest was found in tributary TJ (S42). These results reveal that the
water quality of the main channel was improved with the influx of tributaries (relatively
better water quality) due to the potential dilution effects and the assuaging effect of varying
landscape setting [20,68]. This dilution can also be supported by the decrease of TDS
from the upper (400 mg/L) to lower reaches (200 mg/L) that reported previously [40].
It is noteworthy that the WQI was mainly contributed by the water quality parameters
of EC, TDS, F, NO;3-N, and Ca (with the site average WQJ; value of 1.40-1.97), while the
contribution of heavy metals was relatively low, since only As showed an average WQL
value of 1.13 (Table 1). Cl was also an important contributor of the WQI in the main channel
(e.g., S1-519, Figure 5), and the contribution of SO, to the WQI was also non-negligible
at 510-519, reflecting the source variation characteristics of these components (e.g., the
human emission intensity and differences in rock weathering) [40,69]. Compared with large
rivers of China and the polluted urban rivers, such as Zhujiang River (WQI = 1.3-43.9) [20],
Langcangjiang River (WQI = 1-25) [37], and Terme River (WQI = 37.3-86.0) [42], the
assessed results in the upper TGR area during the study period were pretty good. In
summary, the river water in the upper TGR area met the requirements for drinking purposes
based on the assessment of main water quality parameters and heavy metals, but it is still
necessary to pay more attention to As.

The average concentration-based HQ and HI values of the HMs for adults and children
in the main channel and tributaries in the upper TGR area were calculated, as plotted in
Figure 6. The calculated HQjngestion, HQgdermal, and HI values of all HMs for adults and
children were less than 1, revealing that the investigated metals exposure via ingestion and
dermal absorption were all below the harmful level. the health effects of the studied HMs
on human beings are limited. Among the calculated results, the HQingestion values of most
metals (except V) contributed more to HI than HQge;mq) values (Figure 6). It is noteworthy
that the calculated HQ and HI values of all metals for children were greater than those for
adults, indicating that a higher potential exposure risk of HMs for children existed, which
was similar to the calculated results in other Chinese large rivers, such as Zhujiang River
and Lancangjiang River [20,37]. There were no obvious differences between the HI and
HQ values of the main channel and tributaries due the similar average HM concentrations.
Moreover, a previous study suggested that the potentially risky effects may also occur if
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HI for children is >0.1 [44]. The HI values of V and As for children exceeded 0.1 in this
two metals were not completely negligible,

study (Figure 6b,d); therefore, the risk of these
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(d) HI values for children in tributaries.
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4. Conclusions

The concentrations of heavy metals of river water in the upper TGR area exhibited
significant spatial heterogeneity in both the main channel and tributaries. As, V, and Ni
were the most abundant metals with the mean concentrations exceeding 1.40 ug/L, which
were about eight times higher than the background values of the source area of the Yangtze
River. All heavy metal concentrations were within the allowable values of drinking water
guidelines. The water quality and health risk assessment indicated a good water quality
and low risk level in the study area. Source identification suggested that V, Ni, As, and Mo
were mainly contributed by anthropogenic inputs, Cu and Pb were primarily attributed
to the contribution of mixed origins of human emissions and natural processes, and Zn
and Cd were mainly controlled by the natural sources. Overall, good water quality was
observed in the upper TGR area during the flood season, but the estimation of HM fluxes
and the seasonal variations of HMs are still unclear. Moreover, the understanding of
water /particle interaction of HMs (in dissolved and suspended loads) is also limited. Thus,
high-frequency sampling (seasonally or monthly sampling) of both water and suspended
load samples is a future concern.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/w13152078 /51, Table S1: The detailed values and units of the parameters for the calculation
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