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Abstract  20 

The Three Gorges Reservoir (TGR) plays a crucial role providing electricity for mega-21 

cities across China. However, since the impoundment was completed in 2006, attention 22 
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to environmental concerns has also been intensive. In order to determine the distribution, 23 

sources and pollution status of trace elements in the water fluctuation zone of the TGR 24 

following ten years of repeated “submergence” and “exposure”, we systematically 25 

collected 16 paired surface sediment samples (n=32) covering the entire main body of 26 

the TGR in March 2018 (following six months of submergence) and September 2018 27 

(after six months of exposure), and quantitatively analyzed 13 elements (e.g., Mn, Fe, 28 

V, Cr, Ni, Cu, Zn, As, Sr, Y, Zr, Ba and Pb) using X-ray fluorescence spectrophotometry 29 

(XRF). The results showed that, except for Sr, concentrations of trace metals following 30 

submergence were generally higher than those after exposure, due to the less settling of 31 

suspended solids at the faster flow velocity during the drawdown period. Assessment 32 

using enrichment factors (EFs) and a geo-accumulation index (Igeo) both characterized 33 

a relatively serious anthropogenic pollution status of metals in the upper reaches of the 34 

TGR with respect to the middle-lower reaches. Source apportionment by positive 35 

matrix factorization (PMF) analysis indicated that agricultural activities (24.8% and 36 

24.3%, respectively) and industrial emissions (24.5% and 22.9%, respectively) were 37 

the two major sources in these two periods, followed by natural sources, domestic 38 

sewage and ore mining. Ecological risk assessment showed that the metalloid arsenic 39 

(As) could be the main potential issue of risk to aquatic organisms and human health. 40 

A new source-specific risk assessment method (pRI) combined with PMF revealed that 41 

agricultural activities could be the major source of potential ecological risk and should 42 

be prioritized as the focus of metal/metalloid risk management in the TGR. 43 
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Introduction 46 

As one of the largest water storage projects in the world, the Three Gorges 47 

Reservoir (TGR) has multiple functions including flood control and power generation, 48 

thereby enhancing and altering water resource utilization of the Yangtze River (Dai et 49 

al. 2018). The water level of TGR varies through an annual impoundment and release 50 

cycle with water levels rising to 175 m in the submergence period (October to April) 51 

and falling back to 145 m in the exposure period (May to September). This creates a 52 

substantial water-level-fluctuation zone (WLFZ) between Chongqing Municipality and 53 

Hubei province with an area of ~ 350 km2 (Bao et al. 2015). Through changing flow 54 

velocities and sediment deposition of TGR, there is a significant impact on the 55 

environment of WLFZ. Sources of contamination to this zone, including domestic 56 

sewage, ore mining and fertilizer and pesticide applications in riparian regions along 57 

the TGR have been recognized (Sun et al. 2013; Zhu et al. 2019). Specifically, the upper 58 

section is located in Chongqing city, which is strongly influenced by contaminants 59 

discharged from anthropogenic activities such as residential life, shipping and industry 60 

(Deyerling et al., 2014; Gao et al., 2016). Industrial parks are intensively distributed in 61 

the middle section, where industrial wastewater and exhaust gas flow into nearby 62 

tributaries and migrate to the mainstream (Tang et al., 2017). In the downstream with 63 

developed agriculture and animal husbandry, chemical fertilizers and pesticides have a 64 

great impact on the pollution of WLFZ. Besides, the parent material in this area is 65 

mainly limestone, making the trace elements have a relatively high natural background 66 



value with geological conditions (Li et al., 2019; Zhao et al., 2020). 67 

Metals and metalloids such as Cr, Cu, Zn, As and Pb (hereafter trace elements/ 68 

metals) have aroused attention within the environment on account of their toxicity and 69 

bio-accumulation, which have been a focus of concern in the TGR (Sang et al. 2019; 70 

Yan et al. 2020). Recently, Zhao et al. (2020) investigated As, Cr, Cd, Pb, Cu and Zn in 71 

sediments during 2015 to 2016, finding a higher health risk to humans at low water 72 

level compared with high water level; while Gao et al. (2019a) calculated that between 73 

8.5% and 25.5% of trace metals in sediments of TGR were of anthropogenic origin 74 

between 2015 and 2017 by establishing a regional geochemical baseline. Ye et al. (2011) 75 

assessed the metal pollution status of sediments in the WLFZ between 2008 and 2009, 76 

revealing that Hg, Cd, and Pb were the primary pollutants during submergence, while 77 

during exposure, it was As and Cd. These metals were found to have entered the TGR 78 

via municipal sewage, industrial wastewater and atmospheric deposition, where they 79 

were adsorbed onto clay particles and complexed with organics or oxidized, before 80 

being deposited in sediments (Chien et al. 2019). In view of the importance of sediment 81 

environmental quality in TGR to the health of both humans and aquatic organisms, 82 

temporal-spatial distribution, source identification and ecological risk of metals have 83 

all been investigated (Bing et al. 2019). However, most of these studies have only been 84 

undertaken on tributaries of the Yangtze River or in local areas of the main body of the 85 

TGR, and /or involved only a few metals. Compared with the tributaries, the 86 

distribution of sediments along the main body of the TGR is more susceptible to 87 

hydrodynamic conditions, more intense human activities and inputs from direct 88 



deposition. Therefore, a study on metal pollution in WLFZ of the whole TGR area, 89 

would provide valuable data on their abundance, distribution and source variation after 90 

ten years of impoundment. 91 

Methods including principal component analysis/multiple linear regression 92 

(PCA/MLR) and factor analysis (FA) have been used to analyze the sources of metals 93 

in TGR (Gao et al. 2019b; Wang et al. 2017b). Isotopic labeling has also been used to 94 

distinguish natural and anthropogenic sources of Pb and Hg (Liu et al. 2018). However, 95 

to date, there have been no reports on source analysis of trace metal pollution in the 96 

TGR using positive matrix factorization (PMF). As a receptor model, the source profiles 97 

and contributions obtained from PMF have explanatory and reliable statistical 98 

significance (Sun et al. 2020). A combination of source analysis methods for metals in 99 

the sediments of the TGR under the cyclical changes of high and low water levels would 100 

therefore provide improved information on sources affecting the whole reservoir. In this 101 

study, thirteen trace metals (Mn, Fe, V, Cr, Ni, Cu, Zn, As, Sr, Y, Zr, Ba and Pb) were 102 

analyzed in 16 paired surface sediment samples (n=32) across the WLFZ of the entire 103 

TGR. These samples were collected in March 2018 (following six months of 104 

submergence) and September 2018 (after six months of exposure). The major purpose 105 

of this study was to 1) identify the different sources of trace metals in the WLFZ using 106 

a combination of PCA-MLR and PMF; 2) assess the ecological risk of these trace 107 

metals using different methods, thereby providing scientific datasets for environmental 108 

management of TGR. 109 

Materials and methods 110 



Study area and sample collection 111 

The Three Gorges Reservoir zone (106°50'~111°50' E, 29°16'~31°25' N) is located 112 

at the tail of the upper reaches of the Yangtze River, between the Zhutuo Hydrographic 113 

Station in Chongqing and the Three Gorges Dam (TGD) in Yichang, Hubei Province. 114 

Its storage capacity and flood control capacity are 39.3 km3 and 22.1 km3, respectively 115 

(Tang et al. 2016). The total length of the reservoir is 665 km, and the total submerged 116 

surface area is 1084 km2 (Ye et al. 2019). This region is dominated by mountains (74%) 117 

and hills (22%), and belongs to the subtropical humid climate, with annual temperature 118 

of 14.9-18.5°C and annual precipitation of 1100-1400 mm (Li et al. 2019). The WLFZ 119 

accounts for about 32% of the total area of the TGR. 120 

In this study, sampling was undertaken in March 2018 and September 2018, when 121 

the water level dropped from 175m to 163m and rose from 145m to 163m, respectively. 122 

In each of these two periods, 16 paired surface sediment samples (n=32, 0-5cm) were 123 

collected using a stainless-steel sampler (Peterson, 5 cm diameter and 30 cm length) 124 

along the TGR. The sampling sites were selected based on the geographical and 125 

hydrological characteristics of the WLFZ from upstream to downstream in the TGR 126 

and included Jiangjin (JJ), Xipeng (XP), Beibei (BB), Tongjiaxi (TJX), Chaotianmen 127 

(CTM), Jiguanshi (JGS), Tangjiatuo (TJT), Yuzhui (YZ), Changshou (CS), Fuling (FL), 128 

Fengdu(FD), Zhongxian (ZX), Wanzhou (WZ), Yunyang (YY), Wushan (WS) and 129 

Zigui (ZG) and as shown in Fig. 1 (Ye et al. 2011; Zhao et al. 2020). All sampling sites 130 

were away from traffic, industrial parks, sewage outlets and agricultural pollution to 131 

avoid direct human influence on heavy metal pollution. At each site, five sampling plots 132 



(2 m ×2 m) were randomly selected in a 200 m2 area. Then, five surface sediment 133 

samples were pooled to provide a composite sample for each plot. All samples were 134 

stored dark, in sealed bags and shipped to the laboratory at 4 °C for further analysis. 135 

Chemical analysis 136 

Plant residue and debris greater than 2 mm were removed by sieving the freeze-137 

dried samples in the laboratory. After being ground into homogenous particles in an 138 

agate mortar, the samples were screened through a 100-mesh nylon screen and 139 

transferred to polythene (PE) bags (Bing et al. 2019). Two grams (accurate to 0.0001g) 140 

of the ground samples were weighed into nylon pots with a Mylar film base and 141 

compressed. The concentration of elements (e.g., Fe, Mn, V, Cr, Ni, Cu, Zn, As, Sr, Y, 142 

Zr, Ba, Pb and Ti) were measured by X-ray fluorescence spectrophotometry (Rigaku 143 

NEX CG EDXRF), a well-established method for the determination of commonly 144 

heavy metals in solid samples such as soil and sediment (Rose et al. 2020; Cao et al. 145 

2021; Zupancic et al. 2021). It has the advantage of non-destructive, making the same 146 

sample can be repeatedly measured with good reproducibility; In addition, the sample 147 

does not need too complicated pretreatment, reducing the influence of human factors 148 

(Masri et al. 2021). To verify the method accuracy, a certified reference sediment 149 

sample of similar mass was measured in each analytical run (Canadian Certified 150 

Reference Materials Project; LKSD-2), with mean recovery rates ranging from 96.6% 151 

(Ba) to 114.4% (Mn). For the target elements, the relative standard deviation was less 152 

than 12%. To reconfirm the quality analysis, a portion of the soil samples (n=11) were 153 

subjected to a second round of XRF analysis, which showed a high correlation (r2>0.99). 154 



After every 10 samples, the blank samples were measured to check for instrument 155 

background and possible contamination. All blank samples were below the limit of 156 

detection (LOD). The LODs for Fe, Mn, V, Cr, Ni, Cu, Zn, As, Sr, Y, Zr, Ba, Pb and Ti 157 

were 6.5, 6.3, 14.8, 4.8, 1.5, 1.9, 0.9, 1.2, 1.1, 0.9, 1.3, 73.0, 1.2 and 15.3 mg·kg-1, 158 

respectively. 159 

Analysis of physicochemical properties 160 

Physical and chemical properties of the sediments were determined by national 161 

standard methods as have been shown in Han et al. (2021). Sediment pH was 162 

determined using a pH S-2F digital acidity meter (Leici, Shanghai, China) with a 163 

soil/water ratio of 1:5 after being fully shaken. Sediment organic matter (OM) was 164 

measured by loss-on-ignition at 550 °C (LOI550) for 3 h (Fu et al., 2020). After 165 

acidifying soil samples with excessive hydrochloric acid, total organic carbon (TOC) 166 

was determined by total carbon analyzer (TOC-L, Shimadzu, Japan) under the 167 

combustion catalytic oxidation method at 680 °C, which was obtained by subtracting 168 

inorganic carbon (IC) from total carbon (TC) (Gao et al., 2019). All samples were 169 

analyzed in triplicate, and the relative standard deviation was less than 5%. After the 170 

sediment samples were screened through a 2mm sieve, the grain-size distribution of the 171 

sediments (clay: < 4 μm; silt: 4~63 μm; sand: 63~2000 μm.) (Zhu., et al., 2019) was 172 

measured by a dynamic image analyzer (QICPIC/L02-OM, Sympatec, Germany) 173 

following ISO 13322-1 and ISO 13322-2. All samples were analyzed in triplicate with 174 

the relative standard deviation of particle size distribution less than 3% and median 175 

grain size less than 2%. 176 



Data analysis 177 

PCA-MLR 178 

PCA-MLR is a multivariate analysis method that extracts a factor load matrix F 179 

(to identify pollution sources) and a factor score matrix G (to calculate source 180 

contribution rate) of samples based on a least-squares method. Prior to multivariate 181 

analysis, data were standardized to minimize the impact of differences in measurement 182 

units (Johnson et al. 2002). Kaiser-Meyer-Olkin (KMO) and Bartlett’s sphericity test 183 

were applied to examine the suitability of the data for PCA (Helena et al. 2000). 184 

Positive matrix factorization (PMF) 185 

As a receptor model, PMF has been widely used to identify the sources of 186 

anthropogenic pollutants in different environmental media (Vu et al. 2017; Niu et al. 187 

2020). The basic principle of PMF is to decompose the original matrix (X) into two 188 

factor matrices (source composition matrices G and source factor matrices F) and a 189 

residual matrix (E), which can be described as follows (eq 1): 190 

                                                        Xij= ∑ GikFkj+Eij

p

k=1

                                                (1) 191 

where Xij refers to the measured content of the ith element in the jth sample; Gik 192 

refers to the content of the ith element in the source factor k; Fkj refers to the contribution 193 

of source factor k to the jth sample; Eij refers to the residual for the corresponding 194 

species/sample. 195 

The optimal matrices G and F are obtained by means of iterative computation 196 

using a weighted least square method and continuous decomposition of the acceptor 197 

matrix, so that the objective function Q reaches the minimum value. The calculation of 198 



Q is as follows (eq 2): 199 

                                                        Q= ∑ ∑ (
Eij

Uij

)

2

                                                 (2)

m

j=1

n

i=1

 200 

where Uij refers to the uncertainty of the ith element in the jth sample. In this study, 201 

the concentrations of metals were all above the method detection limit (MDL), so the 202 

uncertainty value is calculated as (eq 3): 203 

                                                    Uij=√(δ×C)2+(0.5×MDL)2                                     (3) 204 

where δ is the analytical precision and C is the measured concentration. In this 205 

study, the signal-to-noise ratio (SNR) of all elements exceeded 6.0, meeting the 206 

requirements of model calculation, and the "robust" mode was adopted to reduce the 207 

influence of possible outliers on the PMF solution (Chen et al. 2016). In order to 208 

determine the best solution, the model was run for 20 iterations and the initial points 209 

with different factor numbers (3~7) were randomly selected (Wang et al. 2015). By 210 

comparing the Q value, residual analysis and correlation coefficients between observed 211 

and predicted concentrations, we determined an optimal factor number of five, which 212 

best explains the information contained in the original data and best meets the needs of 213 

the source analysis. 214 

Source-specific analysis of potential ecological risk 215 

The potential ecological risk index (RI) could be used to reflect the potential harm 216 

caused by metals to an ecosystem (Hakanson 1980; Bing et al. 2019). It takes into 217 

account the concentrations of different metals, their ecological and toxicological effects 218 

and biological sensitivity. Details of this method can be found in Text S3. Based on this, 219 

in order to assess the contribution of each source to potential ecological risk, a new risk 220 



assessment method combining RI and PMF was adopted in this study. The source-221 

specific risk can be expressed as follows (eq 4 and eq 5): 222 

                     Er(p)
i

=Ti×(Ci(p)/Si)                                (4) 223 

                     pRI= ∑ Er(p)
i                                     (5) 224 

where Er(p)
i

 refers to the potential ecological risk coefficient of the metal i in the 225 

source factor p; Ci(p) is the concentration of the metal i contributed by factor p; Si is 226 

the background values of the metal i and shown in Table 2; Ti is the toxic response 227 

coefficient of metal i, and the Ti value of each element is: As = 10 > Ni = Cu = Pb = 228 

5 > V = Cr = 2 > Mn = Zn = 1 (Hakanson 1980; Fan et al. 2016). pRI is the integrated 229 

source-specific risk from factor p. Considering that the concentrations of each element 230 

were distributed among the 5 factors through PMF source apportionment, the 231 

classification of pRI was calculated according to RI. The result of pRI can be classified 232 

into five levels: low risk (pRI < 10), moderate risk (10 < pRI < 20), considerable risk 233 

(20 < pRI < 40) and high risk (pRI ≥ 40). 234 

Statistical analysis 235 

Paired-samples T test was used to compare the temporal distribution variation of 236 

the metals. Pearson correlation analysis was performed to assess the relationships 237 

different among metals and soil properties in the samples. All statistical analyses in this 238 

study were performed using the software packages SPSS 21.0 and Origin Lab 2018. 239 

Results and discussion 240 

Concentrations and composition of trace metals 241 

The trace metal data for each sample are summarized in Tables S2. Average 242 



concentrations for the 13 trace metals (in mg·kg-1) are presented in Table 2. The 243 

concentrations for the whole TGR, after periods of both submergence and exposure 244 

were in the order: Fe > Mn > Zr > Ba > Sr > Zn > V > Cr > Pb > Cu > Y > Ni > As. 245 

Overall, the average concentrations of metals after submergence were higher than those 246 

before submergence. Only Sr was an exception, with its concentrations of 165.8 mg·kg-247 

1 and 170.3 mg·kg-1, respectively. For Ba, the concentration before submergence was 248 

lower than the background value for Chinese soils suggested by Wei et al. (1991); while, 249 

for Ni, V and Cr, concentrations before submergence were slightly lower than the soil 250 

background values for the TGR area suggested by Tang et al. (2008). By contrast, Zn 251 

and Zr concentrations for the two periods were approximately two times higher than 252 

the soil background values. Compared with metals data from previous reports for 253 

sediments in TGR, the mean concentrations of Mn and Fe in this study (838.9 and 254 

37262.6 mg·kg-1, respectively) were higher than those measured in 2009 (390 and 255 

24205 mg·kg-1 respectively) (Ye et al. 2013), while compared with Mn and Cu from 256 

2017 (763.6 and 34.6 mg·kg-1, respectively) (Xiong et al. 2020), these two metals did 257 

not show significant difference. These data therefore suggest that metal concentrations 258 

have generally increased over the past decade but that the rate of this increase has 259 

slowed down in recent years. As suggested by Lindstrom (2001) and Zhang et al. (2020), 260 

this increase in concentrations may be caused by the intensification of anthropogenic 261 

activities, such as, industrial wastewater discharge and fertilizer usage along the TGR. 262 

Considering these high concentrations and their potential effects on biota, it is 263 

reasonable to suggest that the fate and cumulative effects of metals in the TGR deserve 264 



further study. 265 

Concentrations of trace metals from some other reservoirs of the world are also 266 

shown in Table 2. Compared with reservoirs and dams globally, Mn, Fe, Cr, Cu, Ni, Zn 267 

and Pb in the TGR are in the mid- to high level. Taking Pb as an example, the mean 268 

concentration was 45.0 mg·kg-1 and 36.2 mg·kg-1 following submergence and exposure, 269 

respectively, which was lower than that in Manwan Dam, China and Reservoir 270 

Klingenberg, Germany (59.6 and 134 mg·kg-1, respectively) (Hahn et al. 2019; Li et al. 271 

2019), but higher than El Guájaro Reservoir, Colombia and Sulejów Reservoir, Poland 272 

(5.5 and 13.6 mg·kg-1, respectively) (Aleksandra et al. 2020; Ana et al. 2018). With a 273 

mean of 77.9 and 67.2 mg·kg-1 following submergence and exposure in the TGR, 274 

respectively, the concentrations of Cr were much higher than that in Aswan High Dam, 275 

South Africa and Hoedong Reservoir, Korea (11.8 and 28.7 mg·kg-1, respectively) 276 

(Farhat et al. 2018; Lee et al. 2017), but lower than that in Insukamini Reservoir, 277 

Zimbabwe and the Keban Dam Reservoir, Turkey (Trevor et al. 2019; Varol 2020). 278 

Furthermore, the remarkably high concentrations of Mn and Fe in TGR, were more than 279 

10 times higher than those in Bontanga Reservoir, Ghana (11.7 and 262.8 mg·kg-1, 280 

respectively) (Asare et al. 2018).  281 

Temporal-spatial variation of trace metals 282 

The physical and chemical parameters of sediments are summarized in Table 1. In 283 

these two periods, the sediments in the WLFZ were weakly alkaline, with a pH range 284 

of 7.3-7.9. This could relate to the purplish red soil evolved from the widely distributed 285 

sandstone and shale in the upper-middle section, and the carbonate rock composed of 286 



limestone and dolomite near the dam area (Bao et al., 2015). The exposed period had a 287 

relatively higher content of OM (36.4 mg·g-1) with respect to the submergence period 288 

(35.3 mg·g-1). In summer, abundant terrestrial vegetation and active microorganisms 289 

are more suitable for the accumulation of OM (Kallenbach et al., 2016). However, the 290 

TOC was higher after submergence, which was related to the strong reduction condition 291 

during the water impoundment period (Han et al., 2021). In general, the content of sand 292 

and silt at each site in the submergence period was higher than that in the exposure 293 

period (Table 1). During submergence, the water flow becomes slow and the water 294 

erosion effect is weakened, favoring to the settlement of fine particles (Zhu et al. 2019). 295 

Sediment particle sizes, TOC and OM had no significant correlation with metal 296 

concentrations, indicating that they hardly have effect on the spatial distribution. 297 

Fig. 2 shows the spatial distribution of trace metals at the 16 sites for the two 298 

sampling periods. The concentrations of metals upstream (Chongqing City–Fuling) are 299 

generally higher than middle (Fuling-Wanzhou) and downstream (Wushan-Zigui), 300 

possibly owing to intensive industrial and agricultural activities and shipping 301 

transportation in the upstream region (Tang et al. 2014). However, a few metals (e.g., 302 

Cr, Ni, Sr and Ba) in the midstream and downstream areas were still relatively high and 303 

did not obviously show this spatial trend. These results could be influenced by the 304 

natural weathering of soil material as suggested by Ye et al. (2011). Following the 305 

submerged period, the highest concentrations of most metals existed near the urban area 306 

of Chongqing, with Fe, V, Cr, Ni, Cu, Zn, As, Y and Pb concentrations at YZ, reaching 307 

48900, 105, 105, 35.7, 68.9, 322, 15.2, 38.3 and 79.1 mg·kg-1, respectively; while 308 



highest Zr and Ba, concentrations were at TJX and CTM (668 and 572 mg·kg-1, 309 

respectively). The exceptions were Mn and Sr, for which the highest concentrations 310 

occurred at CS and WZ, 1380 and 199 mg·kg-1, respectively. The lowest concentrations 311 

of most metals were located in the middle and lower reaches, with the exceptions of Zr 312 

and Ba. The lowest concentrations of Mn, Fe, V, Ni, Zn, As, Y and Pb were all at WS, 313 

where they were 442, 31000, 61, 24.6, 65.8, 5.98, 27.3 and 24.3 mg·kg-1, respectively. 314 

Located in the border zone between Chongqing and Hubei province, WS is 315 

underdeveloped with respect to industry and agriculture, resulting in a low level of 316 

release for these metals (Li et al. 2017). 317 

The exposed period showed a number of differences in spatial distributions. 318 

Concentrations of Mn, Fe, V, Ni, Y and Ba were highest at XP (1270, 43800, 93, 34.7, 319 

34.6 and 584 mg·kg-1 respectively); while Zn and As concentrations were highest at 320 

JGS and TJX (186 and 12.1 mg·kg-1, respectively). With regard to the other five metals, 321 

the highest concentrations were all in the middle reaches with Cr, Cu and Pb reaching 322 

highest concentrations at ZX (82, 51.5 and 58.4 mg·kg-1, respectively). Extensive use 323 

of chemical fertilizers and pesticides in agricultural production in this area could result 324 

in this distribution (Ye et al. 2011). 325 

A comparison of the 13 metals, TOC and OM between submerged and exposed 326 

periods are presented in Fig. S1. Suspended matter in the water column usually settles 327 

naturally to cover the surface of the submerged zone to form sediments. However, 328 

during the water drawdown period, metals may be released more quickly into the water 329 

as a result of faster flow velocity, resulting in reduced deposition of suspended solids 330 



and reduced metal content. Using a paired-sample T-test, the content of Fe and Y 331 

decreased very significantly (p<0.01), while Cr and Ni decreased significantly (p<0.05). 332 

With the rise in water level during the flood period, the WLFZ in the TGR was gradually 333 

submerged. As a result, transport and exchange of material between the banks and upper 334 

areas of the catchment is frequent, so that allochthonous material may be transported 335 

into the TGR system. These imported sediments include metals from point source 336 

emissions in urban areas and non-point source emissions from agriculture (Bing et al. 337 

2019), inevitably affecting the environmental quality of sediments deposited during the 338 

submerged period. 339 

Assessment of metal contamination  340 

Enrichment factor (EF) is a parameter used to evaluate the influence of human 341 

activities on metals in soil and sediment (Barbieri et al. 2016). EF calculation are 342 

summarized in Text S1. Elements with stable geochemical properties have been widely 343 

used as reference elements, such as Al, Fe, Li, Sc, Ti and Zr (Loska et al. 1997; Reimann 344 

et al. 2005). Ti was selected for this study due to its reduced mobility in soils and 345 

sediments and weak differentiation during weathering and soil formation (Churchman 346 

et al. 2012). Local background values for the metals in this study are shown in Table 2 347 

following Wei et al. (1991) and Tang et al. (2008). 348 

Fig. 3a compares the EFs of 13 metals between the submerged and exposed periods. 349 

EFs for each metal and associated statistical characteristics are also summarized in 350 

Tables S3 and S4. According to Sutherland (2000), there are five levels of EFs ranging 351 

from <2 indicating natural sources and minimal pollution, through to EFs >40 352 



indicative of extreme pollution. In this study, the EFs of Fe, V, Cr, Ni, Ba and Y in all 353 

samples, and Sr in the submerged period were less than 1.5, indicating that they were 354 

from natural sources, such as weathering of crustal rocks (Zhang et al. 2002). For 355 

samples taken following submergence, metals at TJT, YZ and CS had higher EFs than 356 

other sites. The average EFs of Zn and Zr were higher than 1.5, indicating some 357 

anthropogenic activity. For Zn, the sites from TJT to CS were moderately enriched 358 

(EF>2), while 62.5% of the sites were slightly enriched (1<EF<2). For Zr, TJT and ZG 359 

were moderately enriched (EF>2), while the rest of sites were slightly enriched 360 

(1<EF<2). EF>1.5 were also observed in the upper reaches for Mn, Cu, As and Pb. In 361 

particular, Mn at CS and Pb at TJT showed moderate enrichment (EF>2). Following 362 

the period of exposure, the metals at XP, BB, JGS, TJT, YY and WS showed relatively 363 

high enrichment with respect to other sites. The average EFs of most metals were less 364 

than 1.5 except for Zr. EFs of Zr in BB, YY and JGS to FL were moderately enriched 365 

(EF>2), while the other sites were slightly enriched (1<EF<2). In contrast to the 366 

submerged samples, As, Sr and Pb at some sites of the middle and lower reaches (e.g., 367 

ZX, YY, WS and ZG) following exposure were affected by human activities, with 368 

EF>1.5. In general, the order of average EFs following submergence was Zr ≈ Zn >> 369 

Pb ≈ Mn ≈ As ≈ Cu ≈ Y >> Fe ≈ Sr >> V ≈ Ni ≈ Ba ≈ Cr; while after exposure, the 370 

order was Zr >> Zn ≈ Mn ≈ Pb ≈ As ≈ Y ≈ Sr ≈ Cu ≈ Fe >> Ba ≈ Ni ≈ V > Cr. 371 

Aside from EFs, the geo-accumulation index (Igeo), has also been widely used to 372 

assess the extent of metal pollution in soils and sediments caused by human activities 373 

(Muller 1969). Calculation of Igeo is summarized in Text S1. The associated statistical 374 



characteristics are summarized in Tables S5 and S6. Fig. 3b compares the Igeo of 13 375 

metals between the submerged and exposed periods. According to Muller (1969), there 376 

are seven levels of Igeo ranging from uncontaminated (≤ 0) to extremely contaminated 377 

(> 5). The Igeo of V, Cr, Ni and Ba in all samples were < 0, while for Mn, Fe, Cu, As, Sr 378 

and Y, the Igeo < 1. With a mean of 0.8 and 0.7, the Igeo of Zr was the highest of all 379 

metals, except for TJT, YZ where Zn was highest, XP (Pb) and CS (Mn) during 380 

submergence, and for XP (Mn) and WS (Sr) during exposure. For Zn, 62.5% of the 381 

sampling sites for both submerged and exposed periods were slightly contaminated; 382 

while moderate contamination was only observed in TJT and YZ following 383 

submergence. For Pb, most of the sampling sites were either uncontaminated or slightly 384 

contaminated, with the exception of YZ where moderate contamination was observed 385 

during the submerged period. 386 

According to the EFs and Igeo calculated above, most HMs had a similar degree of 387 

enrichment although slight differences in the sequencing of some metals may be 388 

observed. Reimann et al. (2000) reported that study elements and reference elements 389 

should have a similar geochemical migration and cycling characteristics during soil 390 

formation. However, the geochemical characteristics of some metals in this study may 391 

be different from the selected reference element Ti and this would slightly affect the 392 

calculated EFs. Even so, the spatial distribution of the EFs was basically the same as 393 

that of Igeo (Tables S4 and S6) and both indicated that, except for Zr, contamination in 394 

the upper reaches of the TGR is generally more serious than those in the middle and 395 

lower reaches. 396 



Source identification of metals using PCA-MLR and PMF 397 

Based on previous studies, it could be found that metals in the sediments of the 398 

TGR have combined source characteristics (Gao et al. 2019b; Liu et al. 2018).  399 

Different trace metals may come from multiple sources, and source contributions vary 400 

over time. In order to identify metal pollution sources and compare the source 401 

contribution of the two models, we selected 9 common metals (e.g., Mn, Fe, V, Cr, Ni, 402 

Cu, Zn, As and Pb). According to the results of Kaiser-Meyer-Olkin and Bartlett’s 403 

sphericity test, the correlations between the variables were sufficiently significant for 404 

subsequent PCA (Zhou et al. 2007). Three principal components (PCs) were extracted 405 

in the PCA, accounting for 90.7% and 87.6% of the total variance during submergence 406 

and exposure, respectively. During the submerged period, PC1 had high loadings of Cu, 407 

Pb and Zn, accounting for 33.6% of total variables. Pb is widely present in sewage 408 

irrigation, whereas Cu and Zn are often applied in aquaculture feed additives and 409 

thereby entering sediments through faeces (Kabata-Pendias et al. 1992; Wang et al. 410 

2013). Zn also is widely applied to crops and vegetables as a component of some 411 

fungicides (Chen et al. 2016) and has many possible sources including mining, smelting 412 

and industrial processing of zinc-bearing ore (Kaya et al. 2020). Therefore, PC1 was 413 

identified as multiple sources of agricultural activities and ore mining, such as use of 414 

fertilizers, livestock feeding, sewage irrigation and zinc-bearing ore. With high loadings 415 

of Mn and As, PC2 contributed 32.2% of total variables. The proven reserves of 416 

manganese ore in Chongqing is the second highest nationally, and is mainly used in 417 

industries including metallurgy, electronic manufacture and chemical engineering. Ye 418 



et al. (2011) found that As is related to the discharge of domestic sewage. Samples with 419 

high concentrations of Mn and As were mainly collected from areas near electronic 420 

industries, such as BB and ZX, and therefore PC2 was assigned to industrial emissions 421 

and domestic sewage. PC3 had relatively high loads of V, moderate loads of Fe and Ni, 422 

contributing 24.9% of the total variables. Fe is the typical element in natural geological 423 

environment and mainly come from soil erosion and mineral weathering as well 424 

(Matthews et al. 1983). Significantly, the EFs of Fe, V and Ni were lower than 1.5 in 425 

all samples (Table S3) and therefore PC3 could be assigned as natural sources. 426 

Following exposure, PC1 accounted for 41.4% of the total variation and had 427 

significant loadings from Cu, Pb and Zn. We therefore assign this to the same sources 428 

(agricultural activities and ore mining) as for the submerged period. With a contribution 429 

of 20.3% of the total variation, PC2 is mainly characterized by As and V. As mainly 430 

derives from domestic sewage, and V is widely used in iron and steel industry as an 431 

alloying agent as well as present in many oil combustion products (Ali et al. 2020; Han 432 

et al. 2020). High concentrations of As and V were mainly in samples collected in sites 433 

close to industrial centres, such as YF, CS and JGS. Therefore, PC2 was considered 434 

indicative of multiple sources of domestic sewage and industrial emissions. Accounting 435 

25.9% of the total variation, PC3 has high loadings of Cr, moderate loadings of Ni and 436 

Fe, with their EFs < 1.5 (Table S3). Thus, PC3 was assigned as natural source. 437 

Multivariate linear regression (MLR) was applied to calculate the contributions of 438 

three identified sources of metals based on the PCA factor scores. The source categories 439 

and factor scores are shown in Fig. 4a. The formula for source contribution rate were 440 



described in Text S2. By contrast, PMF resulted in five source categories as shown in 441 

Fig. 4b. The relative contributions from these categories are summarized in Table 3. It 442 

could be seen that PMF apportionment can better show the complex pollution in the 443 

TGR area. For V, Cr and Ni, industrial emissions and natural sources are major 444 

contributors. Cu and Pb primarily come from agricultural activities and industrial 445 

emissions, while Zn is mainly derived from ore mining and agricultural activities. After 446 

submergence, factor 1 was responsible for 6.3% of the measured metals and has a high 447 

loading for Zn (56% of the factor 1 loading) and therefore factor 1 may represent ore 448 

mining and processing. Factor 2 contributed 21.7% and had highest loadings from As. 449 

Based on PCA identification, factor 2 could be associated with domestic sewage. Factor 450 

3 explained 24.5% of the measured metals. Its main loading is Cr and highly weighted 451 

on Ni and Cu. As important components of mining, steel and chemical industries, Cr 452 

and Ni could enter the TGR through atmospheric deposition and surface runoff (Chen 453 

et al. 2016; Zhao et al. 2020). Factor 3 could be regarded as industrial emissions. Factor 454 

4 contributed 24.8% of the metals. It was predominantly weighted by Cu and Pb. 455 

Sewage and fertilizer applications result in a large number of heavy metals such as Cu 456 

and Pb being applied to agricultural soils (Han et al. 2018). Furthermore, Cu is widely 457 

used as an insecticide for fruit trees in the form of CuSO4 and as a feed additive to 458 

accelerate the growth of livestock (Chen et al. 2016). Thus, factor 4 could be considered 459 

as indicative of agricultural activities. Factor 5 accounted for 22.8% of the metals. It 460 

was mainly loaded by Fe, V, Cr and Ni. Fe is a relatively abundant in the Earth’s crust 461 

and it should be noted that the EFs of Fe, V, Cr and Ni were all lower than 1.5 (Table 462 



S3). Factor 5 was therefore assigned natural sources. 463 

Five similar source categories were also identified for the samples taken following 464 

exposure, but the contribution ratios varied for each (Fig. 4b). Therefore, we conclude 465 

that agricultural activities (24.8% and 24.3%, respectively) and industrial emissions 466 

(24.5% and 22.9%, respectively) were the two major sources in both periods, followed 467 

by natural sources (22.8%) after submergence, and ore mining (21.5%) after exposure. 468 

Domestic sewage accounted for 21.7% after submergence, but following exposure it 469 

was only 14.0%. During the submersion period, metals such as As in domestic sewage 470 

are more likely to enter the reservoir and deposit in the sediments due to the lower flow 471 

velocity. The source contribution from ore mining and processing varied considerably 472 

between the two periods, and also forms part of industrial activities in the region. In 473 

this study, ore mining is mainly represented by zinc-bearing ore during the submerged 474 

period; but during the exposed period, it could also include iron and manganese ore, as 475 

well as arsenic pollution caused by processing and smelting (Barcelos et al. 2020; Fry 476 

et al. 2020). These combined contamination pathways therefore need to be taken into 477 

account when considering abatement strategies for reducing trace metal pollution in the 478 

unique cyclical environment of the WLFZ of the TGR. 479 

Potential ecological risk from metals in the TGR 480 

The Er
i  and RI of the eight metals for the two periods are summarized in Fig. 5 481 

and Table S7. Between the two periods, only the Er
i  of Cr and Ni showed a significant 482 

difference (p<0.05). Following submergence, the Er
i  of As varied between 10.2 and 483 

26.0 through the TGR, with a mean of 17.5; while during exposure, it varied between 484 



9.0 and 20.7, with a mean of 14.7, both characterizing a moderate potential ecological 485 

risk. Total RI values varied between 30.3 and 74.7, with a mean of 48.7 following 486 

submergence; while after exposure, it ranged from 31.1 and 52.3, with a mean of 41.0. 487 

The total RI was significantly higher after submergence than after exposure (p<0.05). 488 

Apart from Cr and Ni, the average Er
i  values of other metals in the two periods 489 

were lower than 10, suggesting a low potential ecological risk. However, As showed a 490 

high potential risk level at TJX, YZ and CS after submergence and at TJX after exposure, 491 

but at other sites there was only a moderate risk except at YY after exposure. A moderate 492 

potential ecological risk was identified for Pb at JGS to CS, JJ, XP, BB (the upstream 493 

areas) and at JJ, JGS, ZX following submergence and exposure periods, respectively. 494 

Moderate ecological risk from Cu was observed at JJ, XP, TJT, YZ and at ZX following 495 

submergence and exposure periods, respectively. For the other metals, they pose only a 496 

rather low potential risk for both periods. Although Cr (2.0 and 1.7, respectively) and 497 

Ni (5.2 and 4.8, respectively) posed a low ecological risk, there is great need to pay 498 

attention on their geochemical behavior and ecological risk in sediments due to the 499 

reduced sediment load from the upper reaches and the rapid urbanization in the TGR 500 

area (Wang et al. 2017a). 501 

A new source-specific ecological risk method (pRI), which is combined with PMF, 502 

was used to analyze the risk contributions from different sources, and the results are 503 

shown in Fig. 6. Due to the different toxic response coefficients of each toxic element, 504 

the concentration proportion of the source may not be consistent with the corresponding 505 

risk level. In this study, following submergence, agricultural activities and domestic 506 



sewage contributed the majority risk of metals in surface sediment (31.4% and 24.9%, 507 

respectively), and both imposed the moderate ecological risk (15.3 and 12.1, 508 

respectively). During the high-water-level period, toxic metals from pesticides and 509 

fertilizers application and residual domestic wastes in surrounding areas will be brought 510 

into the water environment (Tang et al. 2014). At the same time, low water velocity is 511 

not conducive to the diffusion of pollutants, leading to further deterioration of the water 512 

environment (Fu et al. 2010). Industrial emissions accounted 20.0% for the total risk, 513 

which was close to the moderate ecological risk (pRI = 9.7). Following exposure, all 514 

the sources exhibited a relatively low risk (pRI < 10). Nevertheless, industrial emissions 515 

and agricultural activities were both close to the moderate source-specific risk (9.3 and 516 

9.0, respectively), and constituted a significant part of the risk to the reservoir. Sources 517 

dominated by highly toxic metals (e.g., As and Pb) were likely to pose more ecological 518 

risks than those dominated by low toxic heavy metals (e.g., Mn and Zn). 519 

Conclusion 520 

The average concentrations of 13 metals following submergence were generally 521 

higher than those after exposure. Based on comparisons with previously study, the 522 

concentrations of metals in the WLFZ of TGR have increased over the past decade. The 523 

metals in the upper reaches of the TGR was generally higher than those in the middle 524 

and lower reaches, but Cr, Ni, Sr and Ba did not show obviously similar spatial variation 525 

trend. The average EFs of metals were in the order: Zr ≈ Zn >> Pb ≈ Mn ≈ As ≈ Cu ≈ 526 

Y >> Fe ≈ Sr >> V ≈ Ni ≈ Ba ≈ Cr following submergence; while following exposure 527 

it was Zr >> Zn ≈ Mn ≈ Pb ≈ As ≈ Y ≈ Sr ≈ Cu ≈ Fe >> Ba ≈ Ni ≈ V > Cr. The Igeo also 528 



showed an obvious contamination from Zr. PCA-MLR apportioned three source 529 

categories: agricultural activities/ore mining, industrial emissions/ domestic sewage 530 

and natural sources, with contributions of 37.8%, 39.3% and 22.9% following 531 

submergence and 50.9%, 22.8% and 26.3% after exposure, respectively. PMF identified 532 

5 sources and indicated that the highest contributor for metals was agricultural activities, 533 

contributing 24.8% following submergence and 24.3% after exposure. Potential 534 

ecological index suggested that trace metals in sediments had a low to moderate 535 

potential eco-risk. A new source-specific risk method pRI identified that the major 536 

integrated ecological risk was from agricultural activities. 537 
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Table 1 Sediment parameters in the water-level-fluctuation zone of the Three Gorges Reservoir, China. 795 

 pH OM TOC Clay Silt Sand  pH OM TOC Clay Silt Sand 

  (mg/g) (mg/g) (%) (%) (%)   (mg/g) (mg/g) (%) (%) (%) 

 (a) After submergence  (b) Before submergence 

JJ 7.78  45.53  19.90  1.04  36.30  62.66   7.89  47.28  8.92  0.48  30.82  68.71  

XP 7.29  46.75  27.12  0.93  36.82  62.25   7.32  40.74  14.92  1.48  59.68  38.84  

BB 7.45  53.87  27.11  0.85  19.31  79.84   7.54  28.12  14.74  0.35  10.10  89.55  

TJX 7.48  31.80  19.29  0.36  14.30  85.34   7.88  30.68  10.48  0.64  29.80  69.57  

CTM 7.81  35.27  30.97  0.54  24.79  74.67   7.44  33.48  11.03  0.05  1.89  98.06  

JGS 7.76  30.45  38.37  1.81  43.63  54.56   7.33  26.76  15.44  0.56  20.46  78.99  

TJT 7.88  33.96  23.72  1.66  53.19  45.16   7.87  24.88  8.15  0.40  20.51  79.09  

YZ 7.79  24.80  27.91  0.49  13.88  85.64   7.59  45.50  10.51  0.32  12.59  87.09  

CS 7.51  40.25  50.09  0.73  22.90  76.37   7.57  25.86  14.18  0.51  21.04  78.46  

FL 7.45  30.13  37.65  0.60  21.20  78.20   7.44  57.78  9.78  0.22  8.04  91.74  

FD 7.48  35.46  18.21  0.55  14.78  84.67   7.52  39.24  11.74  0.23  5.43  94.34  

ZX 7.51  34.36  22.00  0.98  18.14  80.88   7.65  29.86  10.86  0.09  3.80  96.11  

WZ 7.78  20.33  21.49  1.77  43.67  54.56   7.76  40.90  11.21  0.08  2.46  97.47  

YY 7.29  37.24  31.12  0.30  5.39  94.32   7.49  15.32  9.78  0.08  2.06  97.87  

WS 7.88  44.24  21.85  0.37  6.45  93.18   7.81  51.14  8.45  0.09  1.29  98.62  

ZG 7.81  20.12  20.59  0.48  24.92  74.61   7.78  45.54  10.26  0.19  6.82  92.99  

 796 

  797 



Table 2 Mean trace metal concentrations in the Three Gorges Reservoir and a comparison with other studies and guidelines (mg·kg-1). 798 

Region Mn Fe V Cr As Ni Cu Zn Sr Y Zr Ba Pb Reference 

Soils in the TGR 

Agricultural Soil (2013.03) - - - 66 - 8.5 52.2 149 - - - - 13 Liu et al. 2015 

Typical agricultural soil in WLFZ1 - - - 81.5 7.4 31.5 - 71.6 - - - - 25.3 Cheng et al. 2017 

Soil (2017.07) - - - 112.9 - - 53.8 117.3 - - - - 37.3 Zhang et al. 2019 

Sediments in the TGR 

Background values 482 27300 76.4 78.0 5.4 29.5 25.0 67.7 121 21.8 237 450 23.9 Wei et al. 1991; Tang et al. 2008 

WLFZ 2 (2008.10) - - - 42.0 22.2 - 29.8 76.6 - - - - 35.4 Ye et al. 2011 

WLFZ 1 (2009.03) - - - 44.7 6.6 - 35.7 88.1 - - - - 42.9 Ye et al. 2011 

WLFZ 2 (2009.06-2009.09) 390.0 24205.0 - 41.2 3.6 - 27.0 75.4 - - - - 32.4 Ye et al. 2013 

Xiangxi River (2017.11) 763.6 - - 56.5 - 17.4 34.6 96.3 - - - 655.3 - Xiong et al. 2020 

Main stream of the entire TGR1 (2018.03) 885.9 39406.3 81.2 77.9 10.3 30.8 41.5 150.3 165.8 34.3 599.8 462.4 45.0 This study 

Main stream of the entire TGR2 (2018.09) 792.0 35118.8 72.4 67.2 8.6 28.2 34.7 121.5 170.3 31.8 582.4 439.7 36.2 This study 

Sediments in Other Reservoirs 

Manwan dam in Lancang River, China1 - - - 44.2 47.8 - 48.5 175.2 - - - - 67.8 Li et al. 2019 

Manwan dam in Lancang River, China2 - - - 55.3 42.3 - 42.4 164.6 - - - - 51.5 Li et al. 2019 

Klingenberg Reservoir, Germany 630.0 30700.0  23.1 99.5 23.5  431.0     134.0 Hahn et al. 2019 

El Guájaro Reservoir, Colombia  - - - - - - - - - - 78.7 - 5.5 Ana et al. 2018 

Sulejów Reservoir, Poland1 - - - 16.5 - - - - - - - - 13.6 Aleksandra et al. 2020 

Asaker of Aswan High Dam, South Africa1 225.5 26575.0 - 11.8 - 45.0 46.5 68.7 - - - - 8.0 Farhat et al. 2018 

Hoedong Reservoir, Korea - - - 28.7 - 17.2 56.7 247.8 - - - - 60.5 Lee et al. 2017 

Keban Dam Reservoir, Turkey 588.3 61697.7 - 143.6 15.0 106.6 34.5 76.7 - - - - 10.6 Varol 2020 

Bontanga Reservoir, Ghana 11.7 262.8 - 0.6 - - 0.1 0.1 - - - - - Asare et al. 2018 

1: after submergence; 2: before submergence 799 
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Table 3 Source contribution (%) of sediment metals in study area using positive matrix factorization (PMF) method. 801 

(a) After submergence  (b) Before submergence 

Parameters 
Ore 

mining 

Domestic 

sewage 

Industrial 

emissions 

Agricultural 

activities 

Natural 

sources 
 Parameters 

Ore 

mining 

Domestic 

sewage 

Industrial 

emissions 

Agricultural 

activities 

Natural 

sources 

Mn 4.8  31.9  9.6  29.3  24.4   Mn 26.5  13.4  25.6  20.2  14.2  

Fe 1.8  25.2  30.4  15.2  27.4   Fe 21.1  12.5  23.2  18.9  24.3  

V 2.8  25.7  29.1  12.0  30.3   V 19.6  19.4  23.0  12.2  25.9  

Cr 0.0  9.2  46.7  5.4  38.7   Cr 17.3  11.2  20.6  22.3  28.6  

Ni 0.3  27.2  30.1  14.3  28.1   Ni 18.9  17.6  21.2  16.1  26.3  

Cu 5.4  18.8  31.1  43.5  1.2   Cu 11.7  0.0  34.2  40.1  14.0  

Zn 31.8  4.3  12.3  25.8  25.8   Zn 38.3  8.3  14.0  39.3  0.1  

As 5.0  33.9  8.3  25.9  26.8   As 25.5  43.1  15.1  0.0  16.2  

Pb 4.8  18.6  22.4  51.9  2.3   Pb 14.3  0.4  29.2  49.9  6.2  
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 803 

Fig. 1 Location of the sampling sites in the water-level-fluctuation zone of Three 804 

Gorges Reservoir (TGR). 805 
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 807 

Fig. 2 The spatial and temporal distribution of 13 metals, total organic carbon (TOC) 808 

and soil organic matter (OM) in the WLFZ of the TGR. ("U" means upstream in TGR; "M" 809 

means midstream in TGR; "D" means downstream in TGR.) 810 
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 812 

Fig. 3 Box plots of enrichment factors (EFs) and the geo-accumulation indices (Igeo) 813 

of metals in the WLFZ of the TGR. 814 
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 817 

Fig. 4 Contribution rates of different sources for metals in the TGR by PCA-MLR and 818 

PMF methods. 819 
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 821 

Fig. 5 The spatial distribution of the potential ecological risk of trace metals in WLFZ 822 

of the TGR. 823 
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 825 

Fig. 6 The source-specific ecological risk (pRI) and its corresponding contribution of 826 

trace metals in WLFZ of the TGR. 827 
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