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Dam construction has a far-reaching impact on trace metal accumulation and the metal-induced quality of the
aquatic environment. However, the long-term impacts of dam construction and impoundments on the spatial
distribution of trace metals and water quality remain poorly understood. Here, we found that the concentrations
of trace metals in the mainstream water of the world’s largest reservoir, Three Gorges Reservoir (TGR), decreased
after impoundment, while their concentrations and contamination in the sediments of the water-level fluctuation
zone increased significantly, especially for anthropogenic sources of metals such as cadmium, lead, and zinc. The
spatial and temporal variations of anthropogenic metals in the sediments revealed increased anthropogenic
dominance in their distribution under current hydrological management, especially for the urban area of the
upper TGR. Sediment fluxes, particle composition, and extreme climate modulated the distribution of trace
metals in the sediments. The results demonstrate that human activities have increasingly determined the dis-
tribution and contamination state of trace metals in the mainstream TGR. However, in contrast to our previously
thought, the anthropogenic discharge of trace metals did not adversely affect water quality. Our results indicate
that dam construction in riverine systems attenuates trace metal contamination in water through sediment

sorting and deposition.

1. Introduction

Dam construction can evidently modulate the accumulation, distri-
bution, and transportation of trace metals in riverine systems by altering
factors such as the flow velocity, sediment discharge, deposition,
retention, and sorting (Nilsson et al., 2005; Grill et al., 2015; Wang et al.,
2016; Maavara et al., 2020). This can potentially affect water quality
and human health in the catchment (Yang et al., 2012; Huang et al.,
2021). According to the International Commission on Large Dams
(ICOLD), more than 58,000 large dams had been built on the world’s
major rivers by 2020, and 40.6% of dams in China is large dam. The
Yangtze River is one of Asia’s largest rivers. A large number of dams
have been built in the upper Yangtze River in the last few decades, and
more dams are under construction or being planned (Yang et al., 2011;
Xu et al., 2013; Tian et al., 2021). The Three Gorges Dam (TGD) in the
upper Yangtze River is the world’s largest hydroelectric dam, and the
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construction of the TGD has posed a profound impact on material
transfer and the aquatic environment in the Three Gorges Reservoir
(TGR), as well as downstream in the Yangtze River (Feng et al., 2014;
He et al., 2020; Xiang et al., 2021).

One of the main characteristics of the TGR is the anti-seasonal water-
level operation, which features the lowest water level (145 m) in the
summer and wet seasons and the highest (175 m) in the winter and dry
seasons. This results in a marked difference in the discharge of water and
sediment into the reservoir relative to other flow-managed and free-
flowing rivers (Tang et al., 2018a; Grill et al., 2019). Moreover, the
anti-seasonal water-level operation forms a unique geomorphological
unit of the water-level fluctuation (WLF) zone, which is characterized by
a vertical height of 30 m and a total area of 349 km?, and is one of the
main zones for sediment accumulation in the TGR (Bao et al., 2015).
Specifically, the impoundment stage in the winter and dry seasons can
facilitate clear dispersal and deposition of sediments in the WLF zone,
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relative to the recession stage in the summer and wet seasons, which
features a relatively higher duration, frequency, and magnitude of
flooding. Although water recession may scour the riverbed and carry
away a certain amount of sediment that was originally deposited at the
impoundment stage, the WLF zone tends to maintain a stable and rela-
tively high sediment trapping rate (Tang et al., 2016, 2018b). In addi-
tion to the variable sediment loads, the special flow regime under dam
operation also affects sediment sorting and thus modulates sediment
redistribution in the WLF zone. For example, the preferential settling of
coaster particles has been observed in backwater sections that have a
relatively low flow velocity (Bing et al., 2019a; Tang et al., 2018b).
Sediments are the predominant sinks of trace metals in rivers, and
their dynamics and fluxes determine the biological availability, distri-
bution, and environmental accessibility of trace metals in aquatic
environment to a large extent (Du Laing et al., 2009; Baborowski et al.,
2012; Zhang et al., 2014). Under annual cyclic exposure and inundation,
the WLF zone in the TGR mainstream faces many strong anthropogenic
and natural disturbances, such as secondary geological disasters, soil
erosion, and tillage (Bao et al., 2015; Xu et al., 2013), which may cause
the migration of accumulated sediments from the WLF zone and increase
the release of trace metals to the overlying water. Moreover, sediment
fluxes in the WLF zone are appreciably influenced by sediment man-
agement strategies in the TGR, such as the cascade reservoirs that were
constructed in the upper Yangtze River, sediment regulation policies,
and soil and water conservation projects in the catchment (Yang et al.,
2018; Ren et al., 2020; Ren 2021). Relative to the pre-dam period, the
sediment input into the TGR decreased sharply from 2003 to 2012 and
decreased further to approximately zero from 2013 to 2017 (Yang et al.,
2011, 2014; Dai et al., 2014; Tian et al., 2021). This potentially de-
termines the distribution and ecological risk of trace metals in the sed-
iments (Gao et al., 2019; Bing et al., 2019a). In addition, the ecological,
environmental, and geomorphological conditions in the WLF zone of the
TGR mainstream over the post-dam period are still highly dynamic
under the special flow regime and increasing anthropogenic disturbance
(Bao et al., 2015), which directly affects sediment dynamics and the
metals associated with them. A recent modeling study predicted that it
would take 320—560 years to reach the sedimentation balance in the
TGR under current water-sediment conditions (Chen et al., 2021).
Therefore, a long-term and continuous focus on trace metal contami-
nation in sediments is necessary to control the water quality in the TGR.
Anthropogenic disturbances along rivers are distinctly position-
dependent, yet current frameworks or models of environmental
impact assessment generally render all river reaches equally important
irrespective of habitat suitability or local human influence (Xenopoulos
and Lodge, 2006; Grill et al., 2015), which may cause uncertainty in the
prediction of dam-induced environmental impacts. Spatiotemporal in-
formation on trace metal contamination in riverine systems provides a
proxy for anthropogenic disturbance. Because of its non-degradation
and toxicity to aquatic organisms and human health, the contamina-
tion of trace metals in the aquatic environment of the TGR has been a
concern since the construction of the TGD (Yang et al., 2012). Many
previous studies have found that after the full operation of the TGR,
trace metals such as Cd, Cr, Cu, Pb, and Zn in the water did not exceed
the quality standards of drinking water and/or surface water in China,
whereas the contamination of some metals such as Cd, Pb, and Zn in the
sediments reached a moderate or even high level (Bing et al., 2016; Gao
etal., 2016; Lin et al., 2020). Meanwhile, the spatial distribution of trace
metals in the sediments has changed markedly with periodic flow
management; moreover, the changes in geomorphological characteris-
tics, local human activities, and sediment fluxes in the WLF zone have
been regarded as the main drivers of spatial variations in trace metal
distribution (Bing et al., 2019a; Gao et al., 2019; Lin et al., 2020).
However, the majority of these studies mainly consider either a short
time scale (i.e., one or two impoundment periods), or the relatively
small spatial scale as the study unit, thereby overlooking the long-term
and large-scale spatial variations in the contamination of trace metals in
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the water and/or sediments at all phases of the dam’s life. As such, the
direction and magnitude of trace metal contamination in space and time,
as well as the underlying drivers, are still unclear and deserve to be
comprehensively explored. In addition, extreme climate and flooding in
the upper basin of the Yangtze River have become increasingly anom-
alous and more frequent in recent years (Li et al., 2021; Zhou et al.,
2021). This is believed to not only affect the river runoff and sediment
transfer, but also regulate the distribution and contamination of trace
metals in the WLF zone of the TGR. Overall, in terms of the global surge
in dam construction (Grill et al., 2015; Zarfl et al., 2015), it is of para-
mount importance to consider the spatial and temporal variations of
trace metal contamination in the water and sediments of dammed rivers
over the long term in order to improve aquatic quality; this would also
provide insights into the dynamics of trace metals in the water-sediment
system under long-term and periodic flow management, as well as
extreme climate change.

In combination with other short-term or single monitoring of trace
metals in the water and/or sediments of the TGR mainstream, this study
explored the impact of long-term hydrological management with TGD
construction on the dynamics of trace metals in the sediments and
overlying water. To achieve this, the WLF zone in the entire mainstream
of the TGR was selected to measure six trace metals including Cd, Cr, Cu,
Ni, Pb, and Zn in the water and sediments during 2014-2020. The main
objectives were to: 1) plumb the spatial and temporal variations in the
distribution and contamination of trace metals in the water and sedi-
ments, 2) identify the anthropogenic effects on the accumulation of trace
metals by the spatiotemporal distribution and Pb isotopic ratios, and 3)
decipher the effects of sedimentary dynamics on the variations in trace
metals and aquatic environment quality. We expected that local
anthropogenic sources of trace metals would become increasingly
dominant in the aquatic environment because of decreasing sediment
inputs from the upper Yangtze River. As a result, the increased trace
metals might negatively affect the quality of the overlying water; how-
ever, the particle composition could play a vital role in regulating the
contamination of trace metals in the TGR.

2. Materials and methods
2.1. Study area

The region of the TGR (28°28'—31°44'N, 105°49'—~110°12'E) covers
the upper Yangtze River between Chongqing and Yichang, with a total
water surface area of 1080 km? and a storage capacity of 39.3 billion m>
at a water level of 175 m (Fu et al., 2010). The study area spanned the
entire mainstream of the TGR, with a length of more than 660 km
(Figure S1). The climate in the TGR region is mainly controlled by a
humid subtropical monsoon with the mean annual temperature and
mean annual precipitation of 16-19 °C and 1000-1200 mm, respec-
tively. There were three major types of bedrock in the study area: purple
and red rocks (74%), carbonate (19%) and other rocks (7%) (Bao et al.,
2015; Tang et al., 2016).

2.2. Sample collection and preparation

In the summer season, at the time of the lowest water level (145 m) in
2014, 2016, 2018 and 2020, the same sites (except one site, Banan, in
2014) in the WLF zone below 150 m were campaigned to collect surface
sediments (0-20 cm). A two-year sampling interval allowed us to obtain
the newly deposited sediments because of the high sedimentation rate
and flow regulation in the TGR (Tang et al., 2016; Zhu et al., 2019). At
each site, at least three 10 x 5 m plots were randomly selected with the
distance between each greater than 20 m, and at each plot, five samples
were collected with a plastic shovel and mixed into one sample on site.
To remove the sediments below 20 cm, we first collected sediment
blocks with 10 x 5 x > 20 cm and then excluded the sediments below
20 cm. In total, 312 sediment samples, comprising 81, 63, 78, and 90 in
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2014, 2016, 2018, and 2020, respectively, were collected in the WLF
zone. In 2016, 2018, and 2020, one background site (Zhutuo) outside
the TGR was selected to sample additional sediments (n = 3 per year)
according to the same method. All samples were stored at 4 °C in the
field, and after returning to the laboratory, the samples were
freeze-dried and sieved to < 2 mm to remove coarse particles and plant
residues. One portion of the sample was used to analyze the sediment
properties, and the other was pulverized using an agate mortar to pass
through a 100-mesh nylon screen for the analysis of element concen-
trations and trace metal fractions.

Surface water samples were collected in the TGR mainstream when
collecting the sediment samples in 2016 (n = 18) and 2020 (n = 29).
Three repeated samples (0-50 cm) were collected at each site using a
depth-keeping water sampler made of polymethyl methacrylate, and
then mixed into one sample on site. The samples were acidified with
HNOs3 solution (volume ratio of water: HNO3 = 100:1) and stored in
polyethylene bottles at 4 °C according to the Technical Regulation of the
Preservation and Handling of Samples of China (HJ 493-2009). Once in
the laboratory, the water samples were passed through a 0.45 pm filter
membrane for further analysis of the dissolved metal concentrations.

2.3. Chemical analysis

Sediment grain sizes (clay, < 4 pm; silt, 4-64 pm; sand, > 64 pm)
were measured using a Mastersizer 2000 Laser Grain-size Meter after the
removal of carbonates and organic matter using HCl and Hy0», respec-
tively. A grain size of less than 64 pm was defined as fine particles. The
pH was analyzed using a pH meter after mixing the sediments and
deionized water at a ratio of 1:2.5 for 30 min. The organic matter con-
tent was determined using the loss on ignition (LOI) test. A known
amount of sample was burned at 550 °C for 4 h in a muffle furnace, and
the percentage of weight loss was recorded.

The fractions of trace metals (Cd, Cr, Cu, Ni, Pb, and Zn) in the
sediments were analyzed following the European Standard, Measure-
ments, and Testing program, formerly the Community Bureau of
Reference (BCR) method, which includes acid-soluble (or exchangeable
and carbonate-bound fraction), reducible, oxidizable, and residual
fractions (Rauret et al., 1999). The acid-soluble fraction of trace metals,
defined as the labile fraction, was analyzed in this study to reveal the
metals’ mobility and ecological risk in sediments. The sediment samples
used for the analysis of total metal concentrations were digested with a
mixture of concentrated acids, comprising HF, HNO3, HCIO4, and HCl
(Bing et al., 2014). The concentrations of the major elements (Al Ca, Fe,
Mg, Mn, and Ti) in the digestion solution were measured using an
inductively coupled plasma atomic emission spectrometry, and the
concentrations of trace metals were determined using inductively
coupled plasma mass spectrometry (ICP-MS). Quality control was
ensured by the analysis of blanks, duplicate samples, and reference
materials (GSD-9 and GSD-11). The precision and accuracy were
routinely below 5% according to the relative standard deviation (RSD)
of the repeated samples and standard reference materials. The concen-
trations of the trace metals in the filtered water were measured using
ICP-MS. The calibration blank and independent verification standard
were analyzed every five samples to calibrate the precision of the in-
strument. The concentration of the blanks was < 1% for all metals, and
the analysis precision of the triplicate samples was < 5% for the RSD.

The Pb isotopic ratios of 2°8Pb/2°Pb and 2°°Pb/2°7Pb in the sedi-
ments were determined using ICP-MS (Agilent 7700 x) to identify the
anthropogenic contribution to Pb and the metals that had similar sour-
ces as Pb. Standard reference materials from the United States National
Institute of  Standards and Technology SRM 981
(2°8pb,/296pp = 2.1681 + 0.0008; 2°7Pb/2%Pb = 0.9146 + 0.0003) were
used for instrument calibration and quality control. With multiple
measurements of the standard SRM 981, 208py, /206py, (2.135 + 0.0016)
and 2°7Pb/2%°Pb (0.869 + 0.0009) were analyzed with a precision (RSD)
of < 0.07% and < 0.12%, respectively.
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2.4. Contamination indices

The geoaccumulation index (Ig,) was used to assess the contami-
nation levels of trace metals in the sediments (Muller, 1969).

Lo = l0g2(Ci / 1.5Cy) @

where C; is the concentration of a metal, Cy is its background in the soils
of Chongqing Municipality (Cd, Cr, Cu, Ni, Pb, and Zn: 0.084, 50.5, 19.1,
23.9, 21.4, and 51.7 mg/kg, respectively) (Chen et al., 2015), and the
coefficient 1.5 is used to detect natural background influence (Loska
et al., 2004). Seven classes were divided according to Iy,: uncontami-
nated (Ig, < 0), uncontaminated to moderately contaminated (0 < I, <
1), moderately contaminated (1 < Ig, < 2), moderately to heavily
contaminated (2 < Ig, < 3), heavily contaminated (3 < Iy, < 4), heavily
to extremely contaminated (4 < Ig, < 5), or extremely contaminated
(geo > 5).

The integrated pollution load index (PLI) was used to assess the
overall contamination state of the sediments by all the metals (Luo et al.,
2012).

PLI = (PI; X Pl x PI; x ... x PL,)"" @)

where PI = C;j/Cp and n is the metal number. Contamination was clas-
sified as: background (PLI = 0), uncontaminated (0 < PLI < 1), un-
contaminated to moderately contaminated (I < PLI < 2), moderately
contaminated (2 < PLI < 3), moderately to highly contaminated (3 <
PLI < 4), highly contaminated (4 < PLI < 5), or very highly contami-
nated (PLI > 5).

2.5. Statistical analysis

One-way analysis of variance (ANOVA) was applied to examine the
differences in the concentrations and contamination levels of trace
metals in the sediments and water, while the Spearman correlation
analysis (two-tailed) and regression analysis were applied to establish
the relationships between the studied variables. Fisher’s test was used to
examine significant differences at p < 0.05. Finally, linear and non-
linear regression were used to display the spatial distribution patterns
of sediment properties and the concentrations and contamination
indices of trace metals in the water and sediments. All statistical ana-
lyses were performed using the SPSS 19.0 and Origin 8.0 for Windows.

3. Results
3.1. Basic characteristics of sediments

The basic properties of the sediments, including grain size, organic
matter, pH, and major elements during 2014-2020 are presented in
Table S1. Relative to other properties in the sediments, we observed
marked spatiotemporal variations in the contents of grain size, Al, and
Fe. Specifically, fine particles, including clay and silt, dominated the
grain sizes of the sediments, and their contents increased from 2014 to
2018, but then decreased in 2020 to the levels of 2014 and 2016
(Fig. 1a). Similarly, the concentrations of Al and Fe in the sediments also
increased evidently from 2014 to 2018, and then decreased in 2020
(Fig. 1b, c). Spatially, the contents of fine particles, Al, and Fe showed an
evident increase towards the dam, and their contents increased mark-
edly from 2014 to 2018 with increasing distance towards the dam,
although they decreased again in 2020 (Fig. 1d, e, f).

3.2. Spatiotemporal distribution of trace metals in the sediments and
surface water

Compared with the early stage of the impoundment in 2010, the
concentrations of trace metals (especially Cd, Pb, and Zn) in the sedi-
ments increased markedly since the full operation of the TGR (since
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2012), although a slight fluctuation in the concentrations existed for
specific metals (Fig. 2). Among the four years in this study, significantly
higher concentrations were observed for Cd in 2018, Cu in 2014, and Ni
in 2018 and 2020, while lower values were observed for Cr in 2016 and
Zn in 2014. No significant changes in Pb concentrations were observed
over the four years. In contrast, there was marked spatial variation in the
metal concentrations in the sediments during 2014-2020 (Fig. 3). In
2014, the concentrations of all trace metals (except Cu) showed an
increasing trend towards the dam. However, although the concentra-
tions of Cr (except in 2016) and Ni continued to increase towards the
dam following 2016, other trace metals changed their spatial distribu-
tion patterns. In 2016 and 2020, the concentrations of Cd, Cu, Pb, and Zn
showed an increasing trend in the upper section of the TGR (approxi-
mately 550 km away from the dam) and then decreased appreciably
despite a slight increase in the WLF zone near the dam. In 2018, Cu did
not show a marked variation along the TGR, while a significant decrease
in the concentrations of Cd, Pb, and Zn towards the dam was observed.

Owing to the low mobility of Cr and Ni in the sediments, the con-
centrations and percentages of labile Cr (< 1.0 mg/kg and < 1% of total
Cr) and Ni (< 2.0 mg/kg and < 5% of total Ni) were very low according
to the BCR method. Thus, we only displayed the spatiotemporal varia-
tions in the concentrations and percentages of labile Cd, Cu, Pb, and Zn.
The labile Cd concentrations showed an increasing trend from 2014 to
2018 and then decreased in 2020. The percentage of labile Cd to total Cd
exceeded 50%, and was significantly higher in 2016 and 2018, followed
by 2020 and then 2014 (Fig. 4A). The labile Cu concentrations decreased
from 2014 to 2020, and the percentage showed a similar trend as its
concentrations, varying between 10% and 15% in 2014, and between
5% and 10% in other years. The labile Pb concentrations were signifi-
cantly higher in 2014 and 2018, followed by 2016 and then 2020, and its
percentage was higher in 2014 (> 5%) than in other years (< 5%). The
labile Zn concentrations were significantly higher in 2016, 2018, and
2020 than in 2014, while its percentage was higher in 2016 and 2018
(15-20%) than in 2014 and 2020 (10-15%). Spatially, the distribution
of labile metals was similar to that of the total metals (Fig. 4B), except
for Cu, Pb, and Zn in 2014, which were relatively higher in the upper
section of the TGR.

The concentrations of trace metals in the surface water were very low
in 2016 and 2020, far below the standards of drinking water quality and
surface water quality (I type) in China (Table 1). Meanwhile, the con-
centrations of trace metals decreased notably from 2008 to 2020, except
for Zn, which exhibited marked annual fluctuations. Spatially, the
concentrations of trace metals in the water were generally consistent
with their concentrations in the sediments (Figure S2). The concentra-
tions of Cd, Cu, Pb, and Zn were relatively higher in the upper section of
the TGR (except Pb in 2020), while an increasing trend of Cr and Ni
towards the dam was observed despite the marked decrease in their
concentrations in 2020. Similar spatial distribution patterns of trace
metals existed in the water and sediments, whereas a significant corre-
lation of the concentrations between the water and the sediments was
not observed, except for Zn (Adj.R? = 0.110, p = 0.013). In contrast, the
concentrations of Cd, Cu, Pb, and Zn in water were significantly corre-
lated with their labile fractions in the sediments (Figure S3).

3.3. Contamination state of trace metals in the sediments

According to the Ig, Cd contamination was significantly higher
(moderate to high level) than other metals, followed by Zn (moderate
level), and Cr, Cu, Ni, and Pb with nil to moderate contamination
(Table 2). Compared with other years, the contamination of trace metals
was evidently higher for Cd (high level) in 2018, Cr and Ni in 2018 and
2020, Cu in 2014, and Zn in 2016, 2018, and 2020, while Pb contami-
nation did not show a temporal difference. Moreover, the spatial dis-
tribution of I, was generally similar to that of the metal concentrations
(Figure S4). The PLI results showed that the sediments were moderately
to highly contaminated by all metals, and the contamination in 2018
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was relatively higher than that in 2016 and 2020. Spatially, the
contamination increased significantly towards the dam in 2014, yet the
opposite case was observed in 2018; in 2016 and 2020, the contami-
nation increased towards the dam in the upper section of the TGR and
then decreased markedly (Fig. 5).

The percentage of labile metal concentration to its total concentra-
tion, known as the risk assessment code (RAC), provides an index to
assess the risk of trace metals in the sediments for aquatic organisms
(Singh et al., 2005). The RAC classification was defined as: < 1%, no
risk; 1-10%, low risk; 10-30%, moderate risk; 30-50%, high risk; >
50%, extremely high risk. According to this classification, the risk of Cd
in the sediments for aquatic organisms reached an extremely high level
each year, Zn had a moderate risk, Cu (except in 2014, moderate risk),
Ni, and Pb had a low risk level, and Cr had no risk (Fig. 4A).

3.4. Isotopic ratios of Pb in the sediments

Although the concentrations of Pb in the sediments did not show a
significant difference during 2014-2020, its isotopic ratios were rela-
tively low for 2°°Pb/2%7Pb in 2020 and 2°®Pb/2%pPb in 2018 (Table S2).
Meanwhile, there was a marked spatial variation in the Pb isotopic ratios
among the four years. The ratio of 2°Pb/2%7Pb did not change signifi-
cantly along the mainstream in 2014 (p = 0.114), despite the relatively
low values in the upper section, while it showed significantly different
distribution patterns in the other three years (p < 0.001, Fig. 6A);
particularly, the ratio of 2°°Pb/2’Pb in 2016 evidently decreased from
the upper section, and then increased again in the area near the dam,
while the ratio in 2018 displayed a prominent increase towards the dam.
Further, the ratio in 2020 decreased largely in the upper section,
increased again in the middle section, and then remained stable.

According to the diagram of 2°°Pb/2%7Pb versus 2°8Pb/2%Pb in the
sediments and potential source materials, we observed three main
characteristics (Fig. 6B). First, there was a significant correlation be-
tween 2°6Pb/207Pb and 2°®pb,/2%Pb over the four years, and the signif-
icance increased markedly from 2014 to 2020, indicating a much clearer
anthropogenic versus natural signal in the sediments. Second, the ab-
solute slopes of the fitting lines evidently increased from 2014 to 2020,
and according to the Pb isotopic ratios, more plots with much lower
206pp,/207ph and higher 2°%Pb/2%5Pb were close to anthropogenic end-
members in 2018 and 2020 than in the other years (see the sub-figure in
Fig. 6B). Third, the ratios in most of the plots overlapped with those in
ores, coal emissions, and air dust or aerosols in southern China, but not
in natural endmembers (e.g., background soils in southern China’s
mountains) or vehicle emissions. Meanwhile, the ratios of 206pt, /207pp
and 2°8pb/2%°pb in the sediments, especially in 2018 and 2020, were
close to those in the mosses from southern China’s mountains where Pb
was identified from anthropogenic sources (Bing et al., 2019b).
Furthermore, because the 2°°Pb/2%7Pb ratio has been widely used to
identify Pb sources in the environment (Chen et al., 2005; Cheng and
Hu, 2010), we also compiled the ratios from various archives in southern
and southwestern China. The results further support that Pb in the
sediments was mainly from anthropogenic sources, including ore mining
and smelting, fossil fuel combustion, and atmospheric deposition
(Table S2).

3.5. Relationship of trace metals with sediment variables

There was a clear difference in the correlation of trace metals in the
sediments between sampling years (Fig. 7). Although a significant cor-
relation was observed between trace metals (except Cr and Zn in 2014)
in 2014 and 2016, the correlation coefficients between Cd, Cu, Pb, and
Zn increased significantly in 2016. In 2018, Cd, Pb, and Zn were
significantly and positively correlated with each other, whereas they
showed a negative or non-significant correlation with Cr and Ni, which
correlated significantly with each other. A positive correlation between
Cu and all other metals, except Cd, was observed in 2018. In 2020, the
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Fig. 3. Spatial and temporal distribution of trace metals in the sediments of the WLF zone. The fitting curves highlight the spatial variation trend of each metal

towards the dam. **, p < 0.01, ***, p < 0.001.
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correlations of Cd, Pb, and Zn were still significant, and a similar case
was also observed for Cr and Ni; however, the correlations of Cd, Pb, and
Zn with Cr and Ni were not significant, except for a weak correlation
between Cr and Pb. Copper showed a significant positive correlation
with all other metals in 2020.

The correlation between trace metals and sediment properties was
metal- and year-specific (Fig. 7). Except for Cd and Zn in 2014, which
were positively correlated with fine particles, Cd, Pb, and Zn showed a
non-significant or negative correlation with fine particles, and they did
not positively correlate with LOI and pH (except Pb in 2014) in any year.
Moreover, Cd, Pb, and Zn had no or a negative correlation with other
major elements (except Mn) in the sediments sampled from 2016 to

300

200 100 0

2020, whereas they showed a significant and positive correlation with
Al, Fe, and Mg in 2014. In contrast, Cr and Ni correlated significantly
and positively with fine particles, Al, and Fe each year (except Cr vs. Al
in 2016). Copper had a weak correlation with fine particles, LOI, pH, and
Al each year, and it correlated significantly with other major elements
(except Fe) in 2016.
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Concentrations of trace metals (mean =+ SE, pg/L) in the water of the TGR mainstream in 2016 and 2020. The data in other reports and the relevant standards of water

environmental quality in China are also presented.

Sampling time cd Cr Cu Ni Pb Zn Refs
2016 0.023+0.001" 0.869-+0.014" 1.324+0.03% 2.73+0.03" 0.019+0.001" 1.1140.03" This study
(n=18)
2020 0.026+0.001" 0.134+0.004" 0.835+0.015" 0.460+0.004" 0.017+0.001" 3.56+0.11"
(n=29)
2008 1.475 - 10.369 - 15.025 - Gao et al. (2016)
2013 0.771 - 3.013 - 7.893 10.431 Gao et al. (2016)
2015 (dry season) 0.045 0.490 1.735 - 0.526 128.0 Zhao et al. (2017)
2015 (rainy season) 0.031 0.453 1.744 - 1.637 128.5 Zhao et al. (2017)
2015-2016 0.003-0.368 0.13-5.20 0.22-18.8 - 0-8.98 1.91-103.7 Zhao et al. (2020)
2015-2016 0.02 0.47 1.21 - 0.04 12.98 Lin et al. (2020)
The standards of water quality in China
Drinking water quality * 5 50 1000 20 10 1000 GB5749-2006
Surface water quality (I type) " 1 10 10 - 10 50 GB3838-2002

@ Standards for drinking water quality, China (GB5749-2006).
b National surface water environmental quality standards (GB3838-2002).

The different lowercase letters represent significant differences in trace metal concentrations between 2016 and 2020 (p < 0.05). The data of the water sampled in
2008 and 2013 include the sites in upper Yangtze River and the tributary rivers of the TGR, and the specific information can be found from Gao et al. (2016).

Table 2
Contamination characteristics of trace metals in the sediments during
2014-2020.

Variables 2014 2016 2018 2020
(n=81) (n=60) (n=175) (n=87)
Geoaccumulation index (Ige,)
Cd 2.86+0.06 2.93+0.08 3.32+0.08 2.74+0.05
b b a b
Cr 0.28+0.03  0.21+£0.02  0.344+0.02  0.34+0.01
b c ab a
Cu 1.164+0.06  0.78+0.04  0.86+0.02  0.72+0.02
a be b c
Ni 0.16+0.03  0.12+0.03  0.274+0.02  0.26+0.02
b b a a
Pb 0.73+0.06  0.73+£0.05  0.82+0.03  0.72+0.04
a a a a
Zn 1.03+0.03 1.214+0.05 1.2240.02 1.27+0.05
b a a a
Integrated 3.16+0.08  3.06+0.08  3.33+0.05  3.06+0.05
contamination index ab b a b
(PLD)

The different lowercase letters represent significant differences in each variable
over the four years (p < 0.05).

4. Discussion

4.1. Increasing anthropogenic dominance on trace metal contamination
during dam operation

Dam construction can dramatically slow down flow velocity and
increase water retention time, causing the subsequent capture of sedi-
ments in reservoirs (Feng et al., 2014; Latrubesse et al., 2017; Tian et al.,
2021; Xiang et al., 2021), which may enrich trace metals in aquatic
environment because of sediment adsorption effects. As expected, we
observed an evident increase in the concentrations of trace metals in the
sediments of the WLF zone after the full impoundment stage since 2012
when compared with the pre-dam period (before 2002, Xu et al. (1999))
and the early stage of the post-dam period (2003-2012, Fig. 2). Mean-
while, the concentrations of trace metals in the sediments after the full
impoundment exceeded their local background of > 10-fold for Cd, 3- to
4-fold for Zn, 2- to 3-fold for Cu and Pb, and nearly twice for Cr and Ni
from 2014 to 2020, and the values of each metal exceeded their indi-
vidual threshold effect level for aquatic organisms (MacDonald et al.,
2000). As such, the sediments were moderately to highly contaminated
with the trace metals and featured a high potential risk (Table 2).
However, there was a marked difference in the contamination levels for
specific trace metals in the sediments, which was characteristic of

relatively high contamination for Cd, followed by Cu, Pb, and Zn, and
then Cr and Ni (Table 2, Fig. 4A). This indicates that Cd should be of
great concern in the WLF zone of the TGR over the long term in terms of
its high toxicity to aquatic organisms. Meanwhile, trace metals in the
sediments can likely be characterized by distinctly different anthropo-
genic versus natural sources.

The correlation analysis clearly identified three groups of trace
metals in the sediments, along with temporal variations from 2014 to
2020 (Fig. 7). The first group, including Cd, Pb, and Zn, showed a
consistent positive correlation with each other in any year, whereas they
had a non-significant and even negative correlation with fine particles,
Al, and Fe in 2018 and 2020 relative to 2014 and 2016, which suggests
an increasing anthropogenic contribution to these metals. Although the
concentrations of Pb in the sediments did not increase significantly
during 2014-2020, which may be related to the large range of Pb con-
centrations at such a large spatial scale that affects the statistical sig-
nificance, the marked increase in Pb concentrations since the full
operation of the TGR (e.g., since 2014) supports the increased anthro-
pogenic influence (Fig. 2). Moreover, the Pb isotopic ratios further
confirmed the increasingly evident anthropogenic signal of Pb in the
sediments, which exhibited an increase in the correlation coefficients
from 2014 to 2020 and an overlap of the plots in the sediments with
multiple anthropogenic endmembers in 2018 and 2020 (Fig. 6B).
Meanwhile, increasing human activities in the catchment have also
increased pollutant emissions under intensifying industrial production
(Figure S5b-c). Recent studies have reported that trace metals such as
Cd, Pb, and Zn in the sediments and/or water of the TGR are related to
anthropogenic emissions from the catchment, including industrial
emissions involved in coal utilization and ore smelting, agricultural
emissions such as chemical fertilizers and herbicides, and shipping-
related emissions (Gao et al., 2019; Zhao et al., 2020). Although our
Pb isotopic ratios did not reveal the agricultural and vehicle/shipping
fuel-oil sources of Pb, the ratios in the sediments overlapped with those
in air dust or aerosols, indicating the complicated and mixed anthro-
pogenic sources of Pb and metals that correlated significantly with Pb.
The second group included Cr and Ni, which were significantly and
positively correlated with each other from 2014 to 2020, but not with
Cd, Pb, and Zn in 2018 or 2020, also had a significant correlation with
the fine particles and mineral elements (e.g., Al, Fe, Ca, and Mg) despite
a small difference among the years. This suggests that Cr and Ni have
different sources of Cd, Pb, and Zn, and are mainly from natural origins.
Copper, as the third group, generally had a close correlation with all
other trace metals, indicating a mixed source from both anthropogenic
and natural origins. In addition to the difference in the metal sources,
the significant correlation of Fe, Mn, Ca, and Mg with specific trace
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Fig. 7. Correlation of trace metals with each other and with sediment properties according to the Spearman correlation analysis.

metals also indicates that redox conditions and carbonates play an
important role in the behavior of trace metals and affect their distribu-
tion in the sediments (Rinklebe et al., 2019; Shaheen et al., 2016).
Spatial information on regional human activities indirectly reflects
anthropogenic effects on trace metal contamination in sediments. The
higher concentrations and contamination levels of Cd, Pb, and Zn in the
sediments were mainly centralized in the upper section of the TGR from
2016 to 2020 (Fig. 3), which corresponds to the main urban area of
Chonggqing City. Relatively, low ratios of 2°°Pb/?’Pb, which commonly
represent anthropogenic signals in China, were also observed in this area
(Fig. 6A). Chongqing City is one of the most developed cities and in-
dustrial centers where there are many medium-sized enterprises
involved in electroplating, machinery manufacturing, mineral mining,
smelting, etc., and coal is one of the main industrial fuel and energy
sources in urban areas (Wang et al., 2006). Consequently, the discharges
of industrial and municipal sewage from the main urban area were
markedly higher than those from other areas in the TGR region
(Figure S5a), which strongly supports the anthropogenic contribution of
Cd, Pb, and Zn in the sediments. Moreover, we also sampled the sedi-
ments in the upper, outside the TGR (the background site at Zhutuo)
from 2016 to 2020, and the results showed that the concentrations of all

10

Water Research 217 (2022) 118419

0.8
0.6
104

0.2

=]

-l
Clay&Silt .
LOI

=

a <

0.8
. 0.6
to.4

0.2

i
Pb.

trace metals in the sediments were notably lower at the background site
than in the WLF zone, despite a small temporal difference (Table S3).
This indicates that the distant inputs of trace metals from the upper
Yangtze River had a limited contribution to metal contamination in the
sediments of the TGR relative to the main urban area. In addition,
relatively high contamination levels of trace metals were observed in the
middle section of the TGR during 2016-2020 and in areas near the dam
in 2014 and 2020 (Fig. 5). Agricultural and animal husbandry industries
may have caused trace metal accumulation in the sediments of the
middle section, which features a relatively flat and wide area via runoff
and/or seepage. However, the high values in the areas near the dam
were possibly associated with the high geological background levels of
the trace metals in the host rock (limestone), considering the fewer cities
and less-developed industries (Bao et al., 2015; Zhao et al., 2020).

4.2. Regulation of sedimentary dynamics on the spatiotemporal
distribution of trace metals

In this study, we observed that the concentrations and contamination
of trace metals in the sediments increased markedly after the full
impoundment stage of the TGR relative to the early stage, especially for
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Cd, which reached its highest contamination in 2018 and then decreased
in 2020 (Fig. 2, Table 2). As discussed above, the sediments from the
upper Yangtze River commonly contain fewer trace metals and are
regarded as a “clean” provenance, in that they limit the contribution of
trace metals to the WLF zone of the TGR. Therefore, the decreased
distant inputs of sediments and their bound trace metals from the upper
Yangtze River further enlarges the role of anthropogenic contribution in
the urban area in metal accumulation in the sediments. This was also
supported by the negative or non-significant correlation of anthropo-
genic metals (e.g., Cd, Pb, and Zn) with Al and Fe in 2018 and 2020
(Fig. 7). However, sediment inputs from the upper Yangtze River may
have two contrasting effects on the accumulation of anthropogenic
metals in the sediments, as was observed for 2018 and 2020. According
to the sediment discharge data from the monitoring stations, there was a
marked increase in the fluxes of sediment discharge in both 2018 and
2020, and the fluxes were much higher in 2020 than in 2018 (Figure S6).
Thus, we infer that the increased sediment fluxes along with the finer
grain size in 2018 accelerated the adsorption and deposition of
anthropogenic metals in the WLF zone, while the higher sediment inputs
and a slightly coarser grain size in 2020 relative to those in 2018 diluted
the concentrations of these metals. This is also supported by the non-
significant difference in Pb concentrations between 2018 and 2020,
but the significantly lower 2°°Pb/207Pb ratios in 2020 relative to those in
2018 (Fig. 2, Table S2).

Spatially, three distribution patterns of anthropogenic metals (Cd,
Pb, and Zn) were observed in the sediments of the WLF zone over the
four years (Fig. 3). Although human activities in the urban area of the
TGR have become the major driver of trace metal accumulation in the
sediments, the variations in the particle composition of sediments are
considered to drive the trace metal distribution in the WLF zone. This is
because fine-grained sediments have a relatively large specific surface
area (Beckingham et al., 2016), and they can adsorb and transport trace
metals at further distances. Our previous study found that with a
decrease in the grain sizes, the fine particles in the sediments, which
consisted of scattered coatings in a squama shape with more ridges,
channels, and pores, tended to be more complex in terms of surface
morphology and structure (Wang et al., 2020). In the present study, we
also observed that the proportion of fine particles in sediments increased
significantly with increasing impoundment time. Moreover, the contents
of fine particles, Al, and Fe (relatively high element composition in
mineral) displayed a clear spatial variation with distance to the dam
from 2014 to 2020 (Fig. 1). Namely, their contents gradually increased
from upstream to downstream of the TGR in 2014, while relatively
higher contents appeared further from the dam after 2014, especially in
2018, when higher values were observed in the middle and upper sec-
tions. Considering that the sediments entering the TGR decreased
sharply, but the runoff did not vary significantly in 2014 (Figure S6), the
sampled sediments in 2014 probably recorded the signal before 2014
with the higher contents of relatively coarse particles when compared
with other years. As a result, the fine particles were transported long
distances to the near-dam areas, resulting in the high deposition of
bound trace metals. With the continuous sediment interception by the
cascade reservoirs and the water and soil conservation measures
implemented in the upper Yangtze River and the increasing fine parti-
cles under the decrease in flow velocity in the middle and upper sections,
the trace metals emitted by local human activities can be adsorbed by
fine-grained sediments and promptly deposited in the WLF zone.

Overall, anthropogenic emissions in the main urban area of the TGR
have become a main driver of the spatial distribution of trace metals in
the sediments of the WLF zone, while sediment composition regulates
the transportation and deposition of anthropogenic metals. Recently,
increasing research with model prediction has revealed a decreasing
trend of sediment inputs into the TGR (Tian et al., 2021), which may
stress the human disturbance on trace metal accumulation in sediments.
However, two issues must be noted when evaluating the sedimentary
dynamics of trace metal distribution in the sediments of the WLF zone.
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First, fluvial sediments can store substantial trace metals, which may
introduce a lag period into the transport and deposition of trace metals.
Thus, legacy metal contamination in the sediments may have affected
their spatial distribution. It should be noted that we have considered this
issue by collecting surface sediments every two years. Second, extreme
climate events and their induced flooding in the upper Yangtze River
have evidently increased in recent years (Li et al., 2021), therefore also
significantly affecting the runoff and sediment discharges in the TGR
region. For example, relative to the periods before 2014, the annual
precipitation in the TGR area generally increased according to the local
weather stations (Figure S7 A and B). More importantly, extreme pre-
cipitation events increased markedly in the summer, although the
annual precipitation did not change significantly or even decreased
(Figure S7 C and D). In particular, rainfall in 2020 caused five flooding
events with discharges over 50,000 m®/s in the Yangtze River basin (Xia
and Chen, 2021), and the station of Cuntan in the upper Yangtze River
recorded the second highest water level since 1892 (Bulletin of the
Sediments in the  Yangtze River, http://www.cjw.gov.
cn/zwzc/bmgb/2020 gb/). These extreme events have resulted in
evident variations in runoff and sediment discharges in the TGR
(Figure S6), which is a potential driver of the changes in the deposition
and distribution of anthropogenic metals. Therefore, in addition to
long-term monitoring of sediment inputs from the upper Yangtze River,
the annual sediment dynamics regulated by extreme climate must be
considered to prevent trace metal contamination in the aquatic
environment.

4.3. Attenuation of trace metal contamination in water driven by
sedimentary dynamics

The TGR operation features an anti-seasonal water-level regulation,
with the lowest in the wet seasons and the highest in the dry seasons,
which may cause trace metals in the sediments to be released to the
overlying water via diffusion, dissolution, and exchange, especially at
high water levels and relatively anaerobic conditions. The positive
relationship between anthropogenic metals in the water and their labile
fractions in the sediments confirms the direct contribution of trace metal
release from sediments to the overlying water (Figure S3). However,
according to the trace metal concentrations in the water, water quality is
generally at an acceptable level for aquatic organisms in the TGR
(Table 1). When compared with other reports using the health risk index
(Zhao et al., 2017, 2020), there was no potential health risk of the
studied trace metals for the local population. Meanwhile, we also
observed a decreasing trend of the trace metal concentrations since dam
construction, and the decrease was much more significant after the full
impoundment stage (Table 1), which indicates that dam construction
may be unexpectedly conducive to improving the water quality away
from trace metal contamination. In contrast, we found the opposite case
of trace metal accumulation in the sediments after dam construction
(Fig. 2). This suggests that the decrease in trace metals in the water may
be closely associated with the sedimentary dynamics under the current
flow regulation of the TGR, which has altered the hydrological condi-
tions and sediment deposition (Deng et al., 2016; Zhu et al., 2019), and
the migration and accumulation of trace metals in the aquatic envi-
ronment. After the full impoundment operation of the TGR, the flow
velocity of the water decreased notably (Tang et al., 2016; Xiang et al.,
2021), which increased the retention time of the sediments in the water
and the sediment sorting and deposition. The recent study found that the
suspended sediment concentration has declined by an order magnitude
(from ~1.0 to 0.1 kg/m®) in the heavily dammed Changjiang fluvial
system in recent three decades (Sun et al., 2021). In this study, the
increased content of fine-grained sediments from 2014 to 2020 also
supports the increased deposition of fine particles in the TGR (Fig. 1).
Considering the high adsorption capacity of fine particles for the ele-
ments, the decreasing concentrations of trace metals in the water are
mainly attributed to the elevated water retention time and sediment
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adsorption of the metals.

Although the spatial distribution of trace metals was similar in the
water and sediments, the concentrations of individual metals were not
significantly correlated between the water and the sediments, especially
for anthropogenic metals (except Zn). On the one hand, the higher
concentrations of trace metals such as Cd, Pb, and Zn in the water of the
upper TGR further confirm the complex effects of anthropogenic emis-
sions on their accumulation in the sediments. On the other hand, dy-
namic variations in the fluxes and particle composition of sediments
may modulate the deposition of fine particle-adsorbed metals. Specif-
ically, the content of fine-grained sediments in the middle and upper
sections of the TGR increased from 2014 to 2020 (Fig. 1). The trace
metals emitted by local human activities can be adsorbed in these fine-
grained sediments and dynamically deposited in the WLF zone, espe-
cially in the high water-level season with decreased flow velocity and
subsequent backflow (Bao et al., 2015), which is a probable reason for
the non-significant relationship of each metal between the water and the
sediments. Therefore, the sedimentary dynamics in the TGR have great
potential for regulating trace metal contamination in water. Meanwhile,
our results indicate that under the effects of the cascade dams con-
structed in the upper Yangtze River, the decrease in the sediment fluxes
(mainly the decreased sediments with large grain sizes) and the increase
in the fine sediment content contributed to the good water quality in the
TGR.

5. Conclusions

In this study, we found a significant decrease in trace metal con-
centrations in the water of the TGR mainstream, especially since the dam
operation, whereas the concentrations and contamination of anthropo-
genic metals (e.g., Cd, Pb, Zn, and Cu) in the sediments of the WLF zone
increased notably. As expected, spatiotemporal variations in the
contamination of these metals highlighted the importance of human
activities in the urban area of the TGR. Moreover, the dynamic varia-
tions in the fluxes and composition of sediments under periodic and anti-
seasonal flow regulation, as well as extreme climate, modulated the
distribution patterns of trace metals in the sediments. In contrast to our
previously thought, the higher anthropogenic contribution to trace
metals relative to natural inputs did not negatively affect water quality,
which may be closely related to the fine sediment composition with
increasing impoundment time. Our results suggest that large dam con-
struction in riverine systems, such as the TGR, probably prevents trace
metal contamination from the water environment by regulating the
fluxes and composition of sediments. However, the adsorption and
release capacity of sediments for the trace metals over the long term still
needs to be considered under in situ periodic water-level fluctuations in
the future. Our results can serve as a foundation for future environ-
mental impact assessments resulting from dam-induced river fragmen-
tation and hydrological alterations, as well as for advanced management
strategies to mitigate trace metal contamination in large reservoirs.
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