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ARTICLE INFO ABSTRACT

Keywords: The historical sedimentary and evolutionary characteristics of persistent organic pollutants and
Three Gorges reservoir endocrine disruptors in typical regions of the Three Gorges Reservoir are scarcely studied. Herein,
POPs

the 96-year data on contaminated sediment history were reconstructed using Caesium 137
isotope dating. Polychlorinated biphenyl concentrations in the involved sediment cores ranged
from non-detected (ND) to 11.39 ng/g. The concentrations of polycyclic aromatic hydrocarbons
ranged from ND to 2075.20 ng/g and peaked in the 1970s owing to natural, agricultural and
human activities. Further, phthalate esters (PAEs) and heavy metals (HMs) were detected at
concentrations ranging from ND to 589.2 ng/g and 12.10-93.67 pug/g, respectively, with highest
values recorded in the 1980s owing to rapid industrialisation and insufficient management during
China’s early reform and development stages. PAE and HM concentrations have increased in
recent years, suggesting the need to focus on industrial and agricultural activities that have
caused this impact. Although current pollutant concentrations in sediments do not pose a risk to
the aquatic ecosystem, they should be continuously monitored.
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1. Introduction

Persistent organic pollutants (POPs), including polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and
organochlorine pesticides (OCPs), accumulate via food webs and adversely affect human health and the environment [1-3]. Endocrine
disrupting chemicals (EDCs), including phthalates (PAEs) and heavy metals (HMs) such as lead (Pb), cadmium (Cd) and mercury (Hg),
are exogenous compounds that can interfere with the endocrine systems of humans and animals, thus adversely affecting them and
their offspring [4]. POPs and EDCs are partly produced via incomplete combustion of natural organic substances and human activities

[5].
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Sediments are crucial in the circulation, transfer and storage of these pollutants in aquatic ecosystems, acting as both a sink and
source [6]. Caesium 137 (}*Cs)—an artificial radionuclide produced during nuclear weapon testing—is widely used for sediment
dating [7]. Yang et al. used 21°Pb, 22°Ra and 13’Cs to measure the concentration and deposition flux of PAHs and indicated an increase
in the contribution of anthropogenic sources from the bottom to the top of sediment cores in the East Lake in Wuhan [8]. Singh et al.
established a temporal sequence of sediment cores via 13”Cs analysis, studied the sediment accumulation rate in India’s Lake Pikala and
estimated that Lake Pikala existed for approximately 514.08 years [9]. Zhou et al. measured polychlorinated dibenzo-p-dioxins
(PCDDs) and polychlorinated dibenzofurans (PCDFs) in sediment cores obtained from Xiangxi River, a tributary of the Three
Gorges, using 1%’Cs and 21°Pb radionuclides. They found higher concentrations of PCDDs and PCDFs in 1960-1990 compared with
those in other years, confirming remarkable differences in each sediment layer [10]. Current studies primarily focus on dating sedi-
ment cores in shallow lakes and rivers and analysing the corresponding typical pollutant concentration and distribution. Compared
with those corresponding to shallow lakes and rivers, the flow velocities in front of reservoir dams are lesser owing to dam interception.
Moreover, sediments have a higher deposition rate; therefore, reservoirs are commonly regarded as the primary origin of and accu-
mulation sites for POPs and EDCs in the natural environment [11]. Indicators such as total nitrogen, 210ph, and 37Cs have been
previously used to assess nutrient sources and reservoir sedimentation rates [12,13]. However, the historical deposition and evolution
of pollutants in large deep-water reservoir sediments are scarcely studied because of sampling constraints and harsh conditions.

The Three Gorges Reservoir (TGR) is the world’s largest water conservancy project with a dam height of 181 m and storage capacity
of 3.93 x 10'° m3 [14]. The condition of the water environment in the Three Gorges region of the Yangtze River directly influences the
ecological environments of the basin and the adjacent coastline. The quality and stability of the water environment determine the
extent of biodiversity, the health status of aquatic ecosystems, and the stability of surrounding ecosystems in this area. Consequently,
maintaining the favorable condition of the water environment in the Three Gorges region is of paramount importance for preserving
basin ecological equilibrium and ensuring coastal ecological security. Wang et al. found that the PAHs concentrations varied from 13.8
to 97.2 ng/L, primarily in the upper reaches of the dam and in regions around the dam; the pCB levels ranged from 0.08 to 0.51 ng/L,
with the highest concentration near the dam, whereas OCPs were more uniformly distributed at 2.3-3.60 ng/L in the TGR water bodies
[15]. Lin et al. found higher concentrations of PAHs and PAEs in surface water and sediments during impoundment compared to
discharge periods [16]. Floehr et al. confirmed PAHs as the primary pollutants in the TGR that caused genetic toxicity damage to fish
[17]. However, the historical deposition and evolution characteristics of pollutants such as POPs and EDCs in TGR sediments and their
environmental impact have not been reported yet but are crucial for water environment management and optimal TGR dispatching
plans.

This study aimed to analyse sediment samples from representative locations in the TGR to reconstruct historical pollution levels and
assess the environmental quality. To this end, the '*’Cs isotope was considered to analyse the dating of sediment cores, and the
occurrence characteristics and chronological vertical-distribution patterns of POPs and EDCs were studied. Moreover, the sources and
primary environmental factors of POPs and EDCs were analysed, and ecological risk assessment of sediment was performed. Overall,
this study can provide valuable insights for analysing the accumulation characteristics of the sediment in front of large reservoir dams,
vertical-distribution characteristics of sediment POPs and EDCs and associated ecological risks. This research provides essential data
and technical support for the operational management of large-scale hydraulic engineering projects and the management of POPs and
EDCs.

A Sampling Sites
E O Cy
A Main River
Tributary Stream
Wujiang Ri\{ej ? T

0 20 40 60
km

_ Chishui River

Fig. 1. Sampling sites in the TGR during the low-water-level operation period.
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2. Materials and methods
2.1. Research area

The TGR is approximately 760-km long and 1.1-km wide, with a total area of 1080 km?; it has a water storage capacity of
approximately 400 x 10® m®, making it the largest water conservancy and hydropower project globally [18]. The operational timeline
of the TGR can be categorised into four water periods: impoundment (September-October), high-water-level operation (Novem-
ber-April), discharge (May-June) and low-water-level operation (June-August) [19]. Although the exact durations of these periods
may vary slightly each year, the water level remains relatively stable at 145 m from June to August. In September-October, the water
level in the reservoir gradually increases from 145 to 156 m and then rapidly increases to approximately 175 m. From November to the
end of April of the following year, the reservoir consistently maintains a high water level. Commencing in May, the water level within
the reservoir area starts decreasing, reaching 145 m by early June [20].

2.2. Monitoring location and sample collection

The Bureau of Hydrology, Changjiang Water Resources Commission, published the hydrology and sediment deposition monitoring
results of the TGR for a long time series. Based on their report, five sampling sites were established in August 2022 (during low-water-
level operation) to study the distribution characteristics of pollutants in the surface sediments in four typical siltation regions: Fuling
(FL, S1), Zhongxian (ZX, S2), Fengjie (FJ, S3) and Zigui (ZG, S4) in the TGR and Baixia (BX, S5) in the vicinity of the underground
power plant on the right bank of the Three Gorges Power Station under the dam. The layout of the sections and their latitudes and
longitudes are presented in Fig. 1 and Table S1, respectively. FL, ZX, FJ, ZG and BX are ~392, 296, 148, 5 and 6 km away from the
Three Gorges Dam, respectively. The surface sediment was collected using a grab sampler.

Columnar sediment samples were collected using a shipboard geological exploration core drill rig (Fig. 1). Columnar sediments
were drilled up to the riverbed rock layer in Zigui (S4), with a sampling depth of 23 m. Sediment cores were collected using a stainless-
steel pipe with a pre-installed diameter of 10 cm. A total of 23 columnar samples were collected (1 m in length), where the corre-
sponding depth ranges of the first and last columnar samples were 0.0-1.0 and 22.0-23.0 m, respectively. For '*’Cs dating analysis, 23
sampling points (Z1-Z23) were set vertically and the cross-section was divided into one layer every 1.0 m. Specific sampling points
corresponding to the vertical depth are shown in Table S2. The surface and columnar sediment samples were stored in a refrigerator at
0°C-4°C and transferred to the laboratory for further analysis, where they were stored at —20 °C. Detailed analysis of the conventional
physicochemical parameters and HMs is given in Text S1, Supplementary material.

The pre-treated sediment core samples were analysed using a high-purity germanium gamma-ray spectrometer
(GEM-C7080-LB-C, ORTEC, USA). The peak area corresponding to a'>’Cs gamma energy of 661.6 keV (85 %) in the energy spectrum
was calculated. Specific analysis sediment dating using 13Cs is described in Text S2, Supplementary material.

2.3. POP and PAE analyses

The chemicals and reagents used herein are detailed in Text S3, Supplementary material. Ultrapure water was obtained using an
ultrapure-water system (Milli-Q Direct 8, Millipore, USA). OCPs, PCBs, PAHs and PAEs were separated, identified and quantified
through gas chromatography (Shimadzu, GC2010Plus), gas chromatography-mass spectrometry (Shimadzu, GCMS-QP2010SE) and
gas chromatography-mass spectrometry (Aglent, 7890B/5977A), respectively. The specific extraction conditions and instrument
analysis for POPs and PAEs in sediments are described, respectively, in Texts S4 and S5, Supplementary material.

2.4. Quality assurance and control

The quality assurance and control requirements for sample analysis adhered to the Regulation for Water Environmental Monitoring
(SL-2013). The mixed-external-standard method was employed for the quantitative analysis of PCBs, OCPs, PAHs and PAEs in the
samples. The correlation coefficients of the standard curves were all >0.99. After 10 consecutive sample analyses, the relative standard
deviation from the initial concentration of the standard solution to the middle concentration point on the analysis curve was <15 %.
The retest results of the concentration verification points in the middle of the analysis curve and the concentration results of the
parallel samples met the requirements (<15 %). The limit of detection (LOD) was evaluated by calculating the signal-to-noise ratio
three times. The LODs of 4 OCPs, 18 PCBs, 16 PAHs and 6 PAEs in sediments were 0.05-0.09, 0.03-0.14, 0.08-0.78 and 0.25-1.85 ng/
g, respectively. By conducting recovery experiments wherein the corresponding standard solutions were added to the sediment
samples, the recovery rates of 4 DDTs, 18 PCBs, 16 PAHs and 6 PAEs in the sediment were measured as 67.2%-103.2 %, 62.7%-96.7 %,
59.9%-80.7 % and 63.9%-75.5 %, respectively.

2.5. Data processing

All figures were drawn using Origin (version 2021), AutoCAD (version 2020) and ArcGIS (version 10.1). Distance-decay re-
lationships (DDRs) were derived and variation partitioning analysis (VPA) was performed using the R programming language (Version
3.6.3); the specific operation process is presented in Text S6, Supplementary material. All samples were evaluated in triplicate, and the
results were presented as the mean values. When calculating the concentrations of OCPs, PCBs, PAHs and PAEs, any data below the
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LOD were considered non-detected (ND).
3. Results
3.1. Sediment characteristics

The average deposition rate of sediments in Zigui (S4) in front of the TGR dam was determined via isotope dating as 0.233 m/a, and
the sediment core covered a time range from 1924 to 2019. The changes in the '*’Cs activity in the sediment core is shown in Fig. 2a.
The distribution of organic matter (OM) in the sediment core is shown in Fig. 2b. The OM concentration in the sampling site was
between 0.6 and 30.4 g/kg, with an average of 15.0 g/kg. The OM concentration showed a clear upward trend from 2002 to 2019,
indicating that this period was considerably affected by human influence. The correlations between OM and different types of organic
pollutants are discussed in subsequent sections.

3.2. Occurrence characteristics of POPs

3.2.1. DDTs

DDTs, the primary representative of OCPs, including o,p’-DDT, p,p’-DDD, p,p’-DDT and p,p’-DDE, were not detected in the surface
sediments in Fuling (S1), Zhongxian (S2), Fengjie (S3) and Zigui (S4) in the TGR and the Baixia (S5) under the dam. DDTs were
detected in the sediment core of Zigui (S4) in the range of ND-1.14 ng/g (Table S3). The correlation analysis results indicated that no
statistically significant correlation was observed between DDT and OM concentrations, which was in line with previous research
outcomes [21-23].

3.2.2. PCBs

PCBs were detected in the surface sediments in Fuling (S1), Zhongxian (S2), Fengjie (S3) and Zigui (S4) in the TGR. The con-
centrations of ) PCBs were high in Fuling (S1, 2.16 ng/g), Fengjie (S3, 1.97 ng/g) and Zigui (54, 1.83 ng/g), with the least value being
in Baixia (S5, 0.09 ng/g) (Table S4). Previous study showed that sediments were sinks rather than secondary sources of PCBs [24].
PCBs resulting from dam construction as well as industrial and agricultural activities enter the reservoir through surface runoff and
atmospheric sedimentation and are gradually deposited with sediments [25]. Consequently, the distribution of PCB concentrations
was higher in the reservoir area than under the dam. These findings illustrated that the PCB concentrations in the four typical sections
(S1-S4) of the TGR ranged from 0.75 to 2.16 ng/g; only PCB28 and PCB169 were detected therein. The PCB concentration was
considerably lower in the TGR than those in densely populated and industrial areas, such as the Yangzte Estuary (1.86-148.22 ng/g)
[26] and Zhoushan Islands (9.09-614.90 ng/g) [27].

The sediment core in Zigui (S4) was collected and PCB concentration was detected. Based on the data presented in Table S5,
PCB169 and PCB52 emerged as the dominant contaminants in the sediment core, with concentrations of ND-8.18 ng/g (mean: 1.40
ng/g) and ND-6.27 ng/g (mean: 1.13 ng/g), respectively. The detection rates of PCB169 and PCB52 were >95 %, and those of other
PCBs were <20 %. Moreover, PCB123, PCB118, PCB114, PCB126 and PCB189 were not detected. Correlation analysis revealed that
>_PCB and OM concentrations were not correlated.

3.2.3. PAHs

As shown in Table S6 and 16PAHs were detected in varying concentration in the surface sediment samples obtained from Fuling
(S1), Zhongxian (S2), Fengjie (S3) and Zigui (S4) in the TGR, with the detection rate of 81.25%-100 %; the detection rate of samples in
Zigui (S4) reached 100 %. However, a low concentration of PAHs was detected in Baixia (S5), namely Phe, Fla and Pyr, with a detection
rate of 18.75 %. In the survey area, the PAH concentration ranged between 136.18 and 662.88 ng/g (mean: 408.57 ng/g) in the TGR.
Notably, higher concentrations of Fla, Phe, BbF and Pyr were observed therein.
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Fig. 2. 137¢g specific activity (a) and OM dating distribution (b) in sediment cores.
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PAH concentrations in the TGR were higher than those in the Manwan dam in the middle of Lancang River, China (14.4-137.7 ng/
g, mean 71.51 ng/g) [28], Yuvacik Lake (36.97-81.38 ng/g) [29] and Itapicuru estuary (1.98-43.1 ng/g) [30]. These values were
lower than the previously detected values for the Danjiangkou Reservoir area and Hanjiang River Basin, China (86.23-2514.93 ng/g,
mean 365.43 ng/g) [31] as well as rivers, lakes and reservoirs in other parts of China, such as the Taihu Basin (26-5294 ng/g, mean
649 ng/g) [32], Fengshuba Reservoir (364.40-743.71 ng/g, mean 506.81 ng/g) [33] and Dahuofang Reservoir in Northeast China
(323-912 ng/g, mean 592 ng/g) [34].

The PAH concentration in the reservoir area (S1-S4, average 408.57 ng/g) was significantly higher than under the dam (S5, mean
13.54 ng/g), possibly because of frequent human activities around the reservoir area. This caused the emission of PAHs from vehicle
exhaust into the reservoir area via atmospheric deposition [35]. In addition, the flow velocity in the reservoir area was low, and PAHs
easily settled and accumulated after sediment adsorption once they entered the water body [36]. Overall, PAH pollution was minimal
in the TGR, indicative of good water quality.

The concentrations of PAHs in the sediment core are presented in Table S7. The detection rates of Phe, Fla, Pyr, BaA and Chr were
the highest at 86.96 %. The concentration range of Y "PAHs was ND-295.84 ng/g (mean: 18.19 ng/g). The concentrations of 4-5-ring
PAHSs with high molecular weights, such as BbF, Fla and Pyr, were high, whereas those of 2-3-ring PAHs with low molecular weights,
such as Nap, Ace and Acy, were low. This implied that 4-5-ring PAHs accounted for the largest proportion, 46.4 % and 24.5 %,
respectively, whereas 2-ring PAHs accounted for the least, only 1.7 % (Fig. S1a). The involved vertical distribution (Z1-Z23) indicated
that the distribution of 4-ring PAHs was the most extensive, and they were accumulated in all vertical sections, accounting for 28.32%—
65.44 % (mean 38.53 %). However, 2-ring PAH concentrations were relatively low, accounting for ND-14.58 % (mean 4.52 %)
(Fig. S1b). This is because PAHs with lower molecular weights, such as 2-ring PAHs, have high solubility in the aqueous phase, which
decreases with biodegradation and volatilisation; in addition, PAHs with high molecular weights (4-5 rings) are easily adsorbed into
sediments [37]. Correlation analysis revealed no significant correlation between PAHs and OM. However, a notable positive corre-
lation was observed between PAHs and Pb (r = 0.468, p < 0.05), indicating that they may have the same source [38]. Furthermore, the
coexistence of PAHs and Pb may cause greater genotoxicity to sediments [39], necessitating the monitoring of the ecological impact of
their coexistence.

3.3. Occurrence characteristics of EDCs

3.3.1. PAEs

The detection results of PAEs in the TGR are presented in Table S8, with DBP and DEHP as major contributors. PEHP was detected
in all sampling sites, whereas DBP was only distributed in Zigui (S4) and Fengjie (S3). The concentration of Y 'PAEs in the reservoir
area was 88.31-257.90 ng/g, with the highest value being in Fengjie (S3). Similar to the spatial distributions of PCBs and PAHs, the
PAE concentration was considerably higher in the reservoir area (mean 167.53 ng/g) than under the dam (S5, 39.92 ng/g), possibly
due to the interception of the dam and the discharge of domestic sewage and industrial wastewater [40]. The PAE concentrations in the
surface sediments of the TGR were comparatively lower than those in other basins across China such as Haihe River (45.9-1474.1
ng/g) [41] and Jiaozhou Bay (462.1-15133.2 ng/g) [42].

Analysis of the PAE distribution in the sediment core (Table S9) revealed that the concentration of DEHP (mean: 127.6 ng/g) was
generally higher than that of DBP (mean: 38.9 ng/g). Moreover, DEHP was detected in most samples, with detection rates of >90 %,
indicating that it was more widely distributed. This finding agrees with those reported for Pearl River Delta, China [43]. The corre-
lation analysis revealed no significant relationship between PAEs and OM, which aligns with the previously reported findings [43,44].

3.3.2. HMs

Three HMs were primarily detected in the reservoir area (Table S10)—cadmium (Cd), mercury (Hg) and lead (Pb). Cd, Hg and Pb
were detected in all sampling sites, indicating that they were widely distributed. The total concentration of the three HMs (> HMs)
ranged from 34.18 to 68.87 pg/g, with a mean of 51.01 pg/g. The concentration of Pb was the highest, ranging from 34 to 68 pg/g, with
amean of 50.5 pg/g. The concentrations of Y HMs in Zigui (S4) and Fuling (S1) were high, 68.87 and 62.70 ug/g, respectively, because
these regions were densely populated, with good industrial and agricultural developments [45]. The concentration of HMs under the
dam (S5) was 54.66 pg/g, which was close to that in the reservoir area. Overall, the concentrations of the three HMs in the reservoir
area were in close agreement with the correlation values detected for the sediments in the TGR (mean values of 56.7 and 1.14 pg/g for
Pb and Cd, respectively) [46] and Yangtze River Estuary (mean values of 30.47 + 11.22, 0.15 + 0.09 and 0.05 =+ 0.02 pg/g for Pb, Cd
and Hg) [47]. However, these values were slightly lower than those in other areas such as Dongting Lake (average concentrations of Pb,
Cd and Hg were 54.82, 4.39 and 0.19 pg/g, respectively) [48] and Kallar Kahar Lake in Pakistan (mean concentrations of Cd and Pb
were 0.59-0.89 and 7.6-18.6 ng/g, respectively) [49]. In summary, HM pollution was observed in the reservoir area.

In the sediment cores (Table S11), > "HM concentration was ND-93 pg/g, with a mean of 16.12 ug/g. The concentrations of Cd, Hg
and Pb were 0.09-1.43 pg/g (mean: 0.47 pug/g), ND-0.42 ng/g (mean: 0.09 pg/g) and 12-93 ng/g (mean: 47.79 pug/g), respectively.
Thus, the concentration of Pb concentration was relatively higher, probably because it resulted from human activities. Correlation
analysis revealed a significant correlation between Y "HMs and OM (r = 0.671; p < 0.01). The study indicated that OM could play a role
in the complexation and chelation of HMs, influencing their migration, transformation and accumulation [50]. In particular, the
concentrations of Hg and Pb were significantly correlated with that of OM (r = 0.419, p < 0.05; r = 0.672, p < 0.01, respectively),
indicating that Hg and Pb were considerably affected by OM. In addition, Cd and Pb exhibited a strong significant correlation,
indicative of their possible common source, i.e. industrial activities [51]. Moreover, the source of Hg could be agricultural activities
[52].
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4. Discussion

The majority of the TGR is situated within karst landforms, where rocky hills cover approximately 90 % of the area. The landscape
type has changed from human-dominated farmland to naturally driven woodland and shrub land. The Jurassic red-bed sandstone on
both banks constitutes an unstable slope [53]. The vertical-distribution patterns of pollution age, pollution sources, environmental
factors and ecological risks of DDTs, PCBs, PAHs, PAEs and HMs are discussed herein.

4.1. Vertical-distribution pattern and source
4.1.1. POPs
(1) DDTs

DDTs are important OCPs, including o,p’-DDT, p,p’-DDD, p,p’-DDT and p,p’-DDE. Herein, only p,p’-DDE was detected in the con-
centration range of ND-1.14 ng/g, with a mean of 0.10 ng/g (Fig. 3a). Compared with other regions and countries, the concentration of
DDTs in sediment cores (Zigui, S4) in the TGR was lower (e.g. the concentration of DDTs in the sediment cores of Chaohu Basin, China
(0.176-16.534 ng/g) [541, Daya Bay, China [55], and the Sunderban Wetland sediment cores, India [56]). DDT concentration was first
observed after mid-1980s (sediment core depth: 8-9 m) and reached its highest concentration in the 2010s (sediment core depth: 1-3
m) (Fig. 3a), which was consistent with the use of pesticides in China. DDT pesticides have been employed in China since the 1950s;
from 1960 to 1980, DDT pesticides were used in China. The production and use of DDT accounted for >50 % of the total pesticide
production in China [57]. In 1983, China began to completely ban DDT. However, from mid-1990s to mid-2000s, DDT concentrations
also increased (sediment core depth: 4-6 m), possibly due to the use of a new DDT ((triclodicarbocide)-containing insecticides) to
control mites and destroy mite eggs [54]. With stringent control measures, no DDTs were detected after 2010, fostering remarkable
pollution prevention.

(2) PCBs

The concentration of } PCBs in the sediment core was ND-11.39 ng/g (Fig. 3b); it reached its peak in the early 1930s (sediment
core depth: 20-21 m), possibly because PCBs were commercially manufactured since 1929. Various power capacitors containing PCBs
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Fig. 3. Concentration distributions of Y DDTs, > PCBs, > PAHs and > PAEs determined at the research sites.
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were introduced in China via international imports, considerably increasing the PCB concentration [58]. Subsequently, PCB con-
centration decreased and showed a brief gap in the 1950s. However, it sharply increased in the 1960s and 1970s (sediment core depth:
13-14 m). China likely started producing PCB-containing capacitors in 1965. However, as their initial production and management
process was chaotic, PCB emissions were high [58]. From the mid-1970s to the end of the 1990s (sediment core depth: 6-12 m), the
PCB concentration decreased because most factories in China stopped the production of PCBs in 1974 until it was completely stopped
in the early 1980s. However, until the end of the 1990s, large amounts of electrical equipment containing PCBs were still used in China
[59]. PCB concentrations increased in the early 2000s (sediment core depths of 3-4 m), consistent with findings in sediment cores from
Yangtze River Estuary and the adjacent East China Sea. This was possibly because e-waste recycling activities in some cities generated
new sources of PCBs [60]. PCB concentrations decreased from the mid-2000s (sediment core depth: 2-3 m) and stabilised in the
2010-2020s (sediment core depth: 0-3 m), partly due to the Chinese government’s ban on e-waste imports and measures to control
pollution [60]. Furthermore, the sediment core was analysed to determine the composition of PCBs (Fig. 4). Among the eighteen
analysed PCBs, twelve were detected: of which there were tetrachlorobiphenyls (Tetra-PCBs), including PCB52, PCB81 and PCB77;
pentachlorobiphenyls (Penta-PCBs), including PCB101 and PCB105; hexachlorobiphenyls (Hexa-PCBs), including PCB138, PCB153,
PCB167, PCB156, PCB157 and PCB169, and heptachlorobiphenyls (Hepta-PCBs), including PCB180.

The concentrations of Tetra-PCBs (ND-6.27 ng/g) and Hexa-PCBs (ND-8.18 ng/g) were the maximum. Percentage contribution
analysis (Fig. S2) revealed that during the study period (1924-2019), the concentrations of Tetra-PCBs and Hexa-PCBs were ND-71.38
% (mean: 42.59 %) and ND-84.93 % (mean: 51.56 %), respectively. PCB52 and PCB169 accounted for the largest proportions in Hexa-
PCBs and Hexa-PCBs, respectively.

The changes in PCB profile at different sediment depths reflected possible sources at different time periods (Figs. and Fig. 4). In the
1920s-1940s (sediment core depth: 19-22 m) and 1990-2010s (sediment core depth: 3-5 m), the proportion of Hexa-PCBs was
significantly higher than that of Tetra-PCBs. PCB169 (a typical representative of Hexa-PCBs) was one of the most abundant PCB
homologues released from secondary aluminium and copper metallurgies; therefore, PCBs might have originated from the
manufacturing industry during the time [25]. After PCBs were produced in China in 1960s-1970s (sediment core depth: 10-13 m) and
mid-2010s-2020s (sediment core depth: 0-2 m), the proportion of Tetra-PCBs was relatively high. On one hand, it might be the input
of industrial wastewater [61]; on the other hand, the long half-life (15 years) of PCB52 (a typical representative of Tetra-PCBs) might
also have a certain impact [62].

(3) PAHs

PAHs typically enter the environment through forest fires, volcanic eruptions, biomass burning and vehicle exhaust [63]. Herein,
PAH concentration in the sediment core was ND-2075.20 ng/g; the results are presented in Fig. 3c. In 1960s-1970s (sediment core
depth: 12-15 m), China underwent rapid industrialisation, and large amounts of forest wood were burned as fuel for steel production,
increasing the PAH concentration [64]. Within the scope of this research, the concentration of PAHs began to increase sharply after the
1970s and reached its maximum at 2075.20 ng/g. This trend was in line with the development in the region at that time. The rapid
industrialisation and urbanisation increased the energy consumption, and PAHs were primarily generated owing to such natural,
agricultural and human activities. In 2000-2020s (sediment core depth: 0-3 m), the PAH concentration continued to increase, possibly
due to economic growth and the resulting automobile exhaust emissions [65].

Moreover, the specific compositions of PAHs and their isomer ratios in each sample were analysed to differentiate between po-
tential origins [66,67]. When the Ant/(Ant + Phe) ratio was <0.1, PAHs were mainly derived from petroleum sources. When the ratio
was >0.1, PAHs were primarily derived from combustion sources [66]. When the Fla/(Fla + Pyr) ratio was <0.4, PAHs were mainly
derived from petroleum. When the Fla/(Fla + Pyr) ratio was between 0.4 and 0.5, PAHs were derived from the combustion of liquid
fossil fuels (vehicles and crude oil). When the Fla/(Fla + Pyr) ratio was >0.5, PAHs were derived from the combustion of biofuels such
as coal, grass and wood [67]. When the BaA/(BaA + Chr) ratio was <0.2, petroleum was the primary source of PAHs, the combustion
source was >0.35 and the mixed source was between 0.2 and 0.35 [66].
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Fig. 4. Composition distribution of PCBs in the sediment core in the TGR.
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The changes in PAH profile based on different sediment depths reflected the possible sources in different periods (Fig. 5). In the
monitored data, the Ant/(Ant + Phe) ratio was >0.1 and the BaA/(BaA + Chr) ratio was >0.35 at most sampling points. This shows
that the PAHs were primarily obtained from a combustion source. Further analysis showed that the Fla/(Fla + Pyr) ratios in most
sampling sites were >0.5, indicating that the combustion of grass, wood and coal significantly contributes to PAHs in this particular
region [68]. However, the Fla/(Fla + Pyr) ratio in some sampling sites was between 0.4 and 0.5, indicating that the oil source also
made a certain contribution. Analysis of the overall source distribution showed that the majority of PAHs in sediments was obtained
from the combustion of biomass and coal, with petroleum combustion emerging as the subsequent source.(see Fig. 6)

The primary contributor to PAHs in the TGR was biomass combustion, encompassing activities such as household cooking and
burning of crop straw in rural regions. In addition, local petrochemical industries, transportation vehicles (predominantly gasoline
combustion), agricultural machineries (primarily diesel combustion) and long-range atmospheric transport play a role in the emission
of PAHs derived from petroleum combustion [68]. In recent years, PAH concentrations have continuously increased (Fig. 3c). To
address this issue, the adoption of clean-production methods using new energy sources such as photovoltaic and nuclear powers.
Moreover, efforts should be made to reduce biomass combustion from coal, petroleum, farmland grass and wood, as well as to control
traffic-related oil and gas emissions [69,70].

4.1.2. EDCs

Compared with POPs (DDTs, PCBs and PAHs), EDCs such as PAEs (DBP and DEHP) and HMs (Pb, Cd and Hg) were found in higher
concentration and detection frequency in the sediment cores of the TGR.

The vertical distribution of PAEs (Fig. 3d) showed that the concentration of PAEs gradually increased from mid-1960 to mid-1980
(sediment core depth: 9-13 m) and reached its peak in 1984 (589.2 ng/g), possibly due to the rapid development of industrialisation.
Particularly in the mid-to-late 1980s, numerous rural industries emerged in China. However, substantial amounts of PAEs were emitted
because of outdated equipment and technology, resulting in a peak ~PAE concentration around 1980s [71]. Notably, the PAE con-
centration substantially fluctuated in 1980s and 1990s, possibly due to floods [71] or the industrial wastewater control laws and
regulations implemented in the early 1990s [72]. Between 2000s and 2020s (specifically, a sediment core depth of 0-3 m), the overall
concentration of PAEs noticeably increased due to factors such as population growth, urbanisation and industrial and agricultural
developments, such as building products, plastic production and processing, paint and coating manufacturing, ink manufacturing, car
products, food packaging and medical devices [73].

The vertical concentration distributions of DBP and DEHP are shown in Fig. S3. The DEHP concentration sharply increased in the
1980s, similar to £PAEs, because DEHP was the primary contributor to PAEs. DBP gradually increased from the late 2000s to the 2020s
(sediment core depth: 0-3 m) and peaked in 2019 (220.5 ng/g), possibly due to the continued discharge of industrial wastewater [72].

The vertical concentration distribution of HMs is shown in Fig. 6 and S4. In the early stage, the concentrations of Cd and Hg were
relatively stable but significantly decreased in 1960s, possibly owing to the slow social development and decline in industrial capacity
[74]. From 1970 to 1990s (sediment core depth: 7-12 m), the concentration of HMs was stable and low compared to those in other
years. Cd sharply increased in the early 2000s, reaching its peak, possibly due to serious Cd pollution caused by human activities
(including mining development and urbanisation) [75]. The main sources of Pb included agricultural non-point source runoff and
industrial sewage; however, Pb concentration increased in the past two years, indicating that human activities were still affecting the
deposition of HMs. For example, Zhongxian County is located in the central part of Chongqing and is rich in mineral resources,
including coal, sulphurous iron ore, copper, lead, alluvial gold, etc. Therefore, it can be assumed that industrial activities such as
mining and smelting are an important source of heavy metal contamination in this tributary. HM pollution must be controlled [76].
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Fig. 6. Composition of Cd, Hg and Pb in the sediment core of the TGR.

4.1.3. Distance-decay relations

To further analyse the distributions of POPs and EDCs in the sediment core, the vertical DDRs of POPs and EDCs were determined
using the vegan package in R programming (Version 3.6.3). As shown in Fig. 7, the dissimilarity matrices of POPs and EDCs signif-
icantly increased with increasing depth distance (POPs: r = 0.19, p = 0.025; EDCs: r = 0.20, p = 0.032), i.e. the similarity of POPs and
EDCs significantly decreased with increasing depth distance in the sediment core. Therefore, a DDR exists in the vertical spatial
distribution of POPs and EDCs, which is commonly observed in natural environments [77].

4.2. Effects of environmental factors

4.2.1. Correlation analysis

The correlations between POPs (DDT, PCBs and PAHs), EDCs (PAEs and HMs) and other environmental factors (nitrogen and
phosphorus) are shown in Fig. 8a. A significant correlation existed between DDT and NO; (r = 0.786, p < 0.01). In addition, significant
correlations existed between PAHs, Pb, TN and NH3-N. The correlation coefficients of PAH-TN, PAH-NH3-N, Pb-TN and Pb-NH3-N
were 0.724 (p < 0.01), 0.509 (p < 0.05), 0.897 (p < 0.01) and 0.863 (p < 0.01), respectively. A significant correlation existed between
PAHSs and Pb (r = 0.468, p < 0.01). Nitrogen elements (TN and NH3-N) were primarily obtained from urban and industrial wastewater
and agricultural land, indicating that the sources of PAHs and Pb were closely related to human activities [78].

Owing to long-term accumulation, sediments gradually release phosphorus into water and cause endogenous pollution. Total
phosphorus (TP) represents the pollution degree and the release risk of phosphorus in sediments, calcium-bound phosphorus (HCI-P)
gets easily deposited in organisms and their bioutilisation is difficult. However, iron- or manganese-bound phosphorus (NaOH-P) is
easily decomposed and bioutilised. Therefore, the correlation between HCl-P, NaOH-P and TP in sediments was analysed. The results
showed that HCI-P, NaOH-P and TP were strongly correlated; however, POPs and EDCs exhibited a weak correlation, indicating that
they were not affected by phosphorus (Fig. 8a).
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Fig. 7. Changes in the dissimilarity of (a) POPs and (b) EDCs (Euclidean distance) between different depths of sediment core along the depth
distance. r and p indicate the Mantel correlation coefficient and significance of a relationship.
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Fig. 8. Correlation analysis (a) and PCA results (b) of POPs, EDCs and other environmental factors in the sediment core.

4.2.2. Principal component analysis

The principal-component-analysis (PCA) double plot is shown in Fig. 8b. The variance percentages of the first and second axes were
32.47 % and 23.21 %, respectively. OM, TN, TP, HCI-P, NH3-N and PAHs exhibited a robust positive correlation with the first axis. In
contrast, TP, HCI-P, NaOH-P and PCBs displayed a strong positive correlation with the second axis, whereas DDT, PAEs, Pb, Cd, Hg
and NO, demonstrated a significant negative correlation with the second axis. The sediment core samples significantly varied (Fig. 8b).
The analysis of the correlation between sampling sites and environmental factors revealed that Z-5 and Z-6 were primarily affected by
DDT and Z-3 and Z-16 were mainly affected by TN, NH3-N and OM. Z-19-Z-23 were distributed far away from other sampling sites,
indicating that the bottom sediments were primarily affected by biogenic elements such as phosphorus (TP, HCI-P and NaOH-P) and
less disturbed by organic pollutants. However, other sampling sites were affected by POPs, EDCs and environmental factors (nitrogen
and phosphorus) and did not exhibit significant differences.

4.2.3. VPA

The effects of nitrogen, phosphorus and OM on the distribution patterns of POPs (DDT, PCBs and PAHs) and EDCs (PAEs and HMs)
were assessed via VPA, wherein the unique and shared interpretation rates of POPs and EDCs were calculated for TN, TP and OM. The
total-interpretation rate of POPs by environmental factors was 67.2 %, among which the single-interpretation rate of TN was the
highest (48.0 %) and posed a significant effect (F = 18.8, P = 0.003). OM also had a significant effect on POPs (F = 6.79, P = 0.02), with
a separate interpretation rate of 15.6 %, whereas the interpretation rate of TP to POPs was negligible (Fig. 9a). This showed that POPs
were mainly affected by TN and OM, whereas the influence of TP was very limited. The total-interpretation rate of environmental
factors to EDCs was only 12.5 %, and the influence of each environmental factor was not significant, indicating that EDCs were
negligibly affected by TN, TP and OM (Fig. 9b).

(b) EDCs

Residuals =95.4

Residuals =53.9

Fig. 9. Venn diagram showing the unique and shared contributions of TN, TP and OM to (a) POPs and (b) EDCs in the sediment core. Values < 0 are
not shown and residuals represent unexplained fractions. * indicates significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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4.3. Ecological risk assessment

Based on the recorded pollutant levels in surface sediments at various sampling locations and sediment core at different depths in
Zigui in the TGR (Table S12), the regulatory standards set by the United States’ National Oceanic and Atmospheric Administration and
the Canadian Council of Ministers of the Environment were implemented [79]. In summary, the ecological risk of POPs and EDCs in
typical sections and sediment cores of the TGR were low.

Furthermore, the ecological risk of PAHs can be assessed by calculating the risk quotient (RQ) based on a previously described
method [80]. This method involves quantifying the potential adverse effects of PAHs on the environment and comparing them to
appropriate threshold levels (Tables S13 and S14). The RQncs and RQypcs of each PAH monomer were calculated using the formulas
RQncs = Cpans/Covnes) and RQupcs = Cpans/Covmvpcs), respectively, where Coyncs) is the concentration standard that can be ignored
and Cqv(mpcs) is the maximum allowable concentration standard. After examining the PAH concentration in the surface sediment from
various sampling sites (Table S13), the RQnc;s values of Ace, Chr, BaP and DahA were determined to be < 1. PAHs did not pose any
ecological risk, while those of the other PAH monomers (including Nap, Phe, Ant, Fla, Acy, Pyr, BbF, InP, BaA, Flu and BghiP) were at
1 < RQncs < 800 and RQypcs < 1, indicating a low ecological risk. Further analysis of PAHs in the sediment core in Zigui showed that
the RQncs of Acy, Chr, BaP and DahA were <1, indicating no ecological risk associated with these PAH monomers. However, other PAH
monomers such as Flu, Phe, Ant, Pyr, Fla, BaA, Ace, BbF, InP, Nap and BghiP had RQcs values ranging from 1 to 800 and RQppcs
values of <1, indicating a low ecological-risk level (Table S14).

To assess the ecological risk associated with PCBs in surface sediments at various sampling points and the sediment core in Zigui in
the TGR (Table S15), the PERI method [81] was utilised. Cif = Ci/Ci1 and Ei =T; x Cif, where Cl is the concentration of a single pollutant
in the sediment, Cl, is the concentration of the same pollutant before globalisation (0.1 mg/kg) and T; is the response parameter of a
single pollutant, defined as 40 for PCBs. Using this parameter, E! was calculated for individual PCBs to be well below the limiting
threshold of 40, indicating a low potential ecological risk.

The SQGQ method [82] was used for the ecological risk assessment of DDTs (Table S16), the PEL quotient (PELQ;) = C;/PEL, SQGQ
= 31 ,PELQi/n, SQGQ = Y ,PELQi/n, where C; is the concentration of pollutant i, which was measured and compared to the
corresponding PEL of 51.7 ng/g [83]. The amount of OCPs is represented by n. The resulting SQGQ value was <0.1, indicating no
potential ecological risk.

The ecological risk posed by PAEs and HMs was assessed by calculating RQ [84]: RQ = Cpc)/PEL, where PEL is the possible effect
concentration of the corresponding pollutant [85,86]. The RQ of DBP was <1, indicating no ecological risk, whereas that of DEHP was
>1, indicating a certain ecological risk (Table S17). For HMs, the RQs of Cd and Hg were <0.01, indicating almost no ecological risk,
whereas that of Pb was >1, indicating a certain potential ecological risk (Table S18), which must be addressed.

5. Conclusions

This study focused on the historical deposition and evolution characteristics of POPs (DDTs, PCBs and PAHs) and EDCs (PAEs and
HMs) in the typical watersheds of the TGR. Surface sediments in the TGR exhibited higher concentrations of PCBs, PAHs, PAEs and
HMs compared with those under the dam because of dam interception as well as industrial and agricultural activities. PAHs were the
most widely distributed POPs in the reservoir area, sourced from biomass and coal burning, whereas PAEs, specifically DEHP and DBP,
were prominent among EDCs. Pb exhibited the highest concentration among HMs, indicating its origin from human population, urban
development and intensified industrial and agricultural practices. The overall ecological risk of POPs and EDCs in the TGR was
relatively low, with DEHP and Pb warranting special attention. The vertical-distribution pattern of POPs was primarily influenced by
TN and OM, whereas EDCs were minimally affected by these factors. Additionally, a DDR was observed for both POPs and EDCs,
indicating a decrease in similarity with increasing sediment core depth. These findings offer valuable insights for environmental
planning and management of large-scale watersheds.

In recent years, the concentration of certain pollutants in PAE and HM has shown an upward trend, sparking our utmost concern. To
address this observed trend, we have proposed several mitigation measures. Controlling the source is crucial, and we should aim to
reduce the use of PAE and heavy metals, or seek alternative materials to replace them. Additionally, environmental monitoring and
ecological restoration hold utmost importance. We need to strengthen monitoring efforts and formulate corresponding ecological
restoration measures. By doing so, we can more effectively tackle this environmental issue.
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