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Abstract 19 

Water-level fluctuation zones (WLFZ) adjacent to rivers, lakes and reservoirs are 20 

ecologically sensitive areas, regulating water quality and maintaining ecological health. 21 

However, research on the pollution characteristics, their spatiotemporal variability and 22 

primary sources as well as the pollution-related ecological and health risks in WLFZ 23 

soils remains limited. This study developed a comprehensive dataset of soil pollutants 24 

in Chinese WLFZs, covering nearly 3,000 sampling locations across 353 sites. The 25 

findings revealed that heavy metals and polycyclic aromatic hydrocarbons (PAHs) are 26 

the key pollutants, with the Three Gorges Reservoir identified as the primary focus area. 27 

Among the heavy metals, Cd exhibited relatively severe contamination, with Monte 28 

Carlo simulations indicating a 68.5% probability of moderate or higher contamination 29 

levels. The pollution levels of heavy metals decreased in the order: Cd > As > Pb > Cu > 30 

Zn > Cr > Hg > Ni. Despite limited non-carcinogenic risks, carcinogenic risks from As 31 

and Cd are concerning. Although the non-carcinogenic risks posed by heavy metals 32 

were limited, the average carcinogenic risk indices for children due to As (1.42e-05) 33 

and Cd (2.19e-06) were relatively high and warrant attention. Some Chinese WLFZs 34 

are contaminated with PAHs, with BaP identified as the dominant carcinogenic 35 

compound. Pollution in Chinese WLFZs is primarily attributed to coal combustion, 36 

industrial and agricultural activities, and navigation. Furthermore, current research on 37 

emerging pollutants in WLFZs remains limited, and risk assessments of their impacts 38 

on ecosystems are urgently needed. Our results provide the scientific basis for 39 

developing management strategies for pollution control in Chinese WLFZs. 40 

Keywords: Water-level fluctuation zone; Soil pollution; Risk assessment; China  41 
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1. Introduction 42 

Water-level Fluctuation Zones (WLFZ) are vulnerable and sensitive transitional 43 

area between fully aquatic and terrestrial ecosystems (Keller et al., 2021; Liu et al., 44 

2024). They experience periodic submersion and exposure driven by water level 45 

fluctuations in adjacent aquatic environments and are widely distributed around rivers, 46 

lakes, reservoirs and other aquatic ecosystems (Pei et al., 2018). The WLFZ also 47 

constitutes a critical zone where organic matter and nutrients interact, migrate and 48 

transform between soils and overlying waters, exerting an important regulatory 49 

influence on material cycling and energy flow within the watershed (Bao et al., 2015; 50 

Liu et al., 2024; Liu et al., 2025). For instance, the repeated redox shifts characteristic 51 

of WLFZ soils enhance the mineralization of organic matter and the release of CO₂ and 52 

CH₄, making this zone a major hotspot of greenhouse gas emissions in reservoir 53 

ecosystems (Keller et al., 2021; Yang et al., 2020; Zhang et al., 2021). Moreover, 54 

hydrological fluctuations involving alternating wetting and drying can influence the 55 

speciation and environmental behavior of pollutants (Zhang et al., 2019; Zhang et al., 56 

2022). Under reducing conditions, heavy metals may experience valence changes that 57 

increase their mobility and bioavailability, whereas under oxidizing conditions they can 58 

be stabilized (Pei et al., 2018; Ye et al., 2021). In addition, organic contaminants such 59 

as polycyclic aromatic hydrocarbons (PAHs) may be adsorbed/desorbed under periodic 60 

wetting–drying cycles, influencing their distribution between soils and water (Han et 61 

al., 2021; Hu et al., 2017; Sun et al., 2020). Furthermore, these zones, depending on 62 

environmental conditions, can be regarded as both sources and sinks of pollutants 63 

(Zhang et al., 2019). During the non-flood season, pollutants transported from WLFZs 64 

to adjacent environments, particularly to lower-lying aquatic ecosystems, are 65 

predominantly derived from anthropogenic sources (Pei et al., 2018; Zhang et al., 2019). 66 
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These sources may include agricultural activities such as floodplain cultivation, as well 67 

as industrial discharges, municipal wastewater, and vehicular emissions (Fig. 1a). 68 

Under flood conditions, floodwaters may carry pollutants into WLFZs, where they 69 

subsequently accumulate through deposition processes (Hu et al., 2017). 70 

Human population growth and economic development have exerted substantial 71 

impacts on WLFZs, affecting both their spatial distribution and the intensity of 72 

environmental and ecological pressures they face (Keller et al., 2021; Zhang et al., 73 

2019). For example, growing demands for renewable energy have driven a global 74 

increase in the number and size of hydropower reservoirs (Fig. 1b), consequently 75 

expanding the extent of WLFZs (Soued et al., 2022). These newly created or modified 76 

zones are frequently exposed to intensified anthropogenic disturbances, such as changes 77 

in land use, pollutant inputs, and modifications to hydrological regimes, which often 78 

collectively exacerbate ecological degradation within WLFZs (Hu et al., 2017; Pei et 79 

al., 2018). Notably, China has constructed more than 97,000 dams, including nearly 40% 80 

of the world’s largest dams, with their reservoirs contributing to a substantial increase 81 

in the number and area of WLFZs (Li et al., 2018; Ye et al., 2011). For example, water 82 

levels within the Three Gorges Reservoir (TGR), the world’s largest hydropower 83 

project, fluctuate between 145 and 175 meters above mean sea level in front of the dam 84 

(Fig. 1c), creating one of the largest WLFZs in the world (Bao et al., 2015; Gao et al., 85 

2016; Yang et al., 2022). Given the substantial increases in Chinese WLFZs, 86 

establishing their soil pollution status is important for developing strategies to protect 87 

water quality and maintain ecosystem health across the nation. 88 

Previous studies have shown that due to human activities, the soils in many of 89 

China’s WLFZs are widely contaminated with heavy metals (Dong et al., 2023; Gao et 90 

al., 2016), polycyclic aromatic hydrocarbons (PAHs) (Han et al., 2021; Hu et al., 2017), 91 
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pesticides (Sun et al., 2013), and microplastics (Zhang et al., 2019). For example, in the 92 

TGR, discharges of industrial and domestic wastewater, along with agricultural runoff 93 

containing fertilizers and pesticides, are major causes of soil pollution within the 94 

reservoir’s WLFZ (Fig. 1d). Notably, heavy metal contamination has been frequently 95 

reported, with cadmium (Cd), arsenic (As), and lead (Pb) being the most typical heavy 96 

metal elements that represent significant threats to human health (Ye et al., 2011; Zhang 97 

et al., 2021). For example, a study undertaken in the Wushan and Zigui sections of the 98 

TGR’s WLFZ identified serious Cd pollution that was linked to high human health and 99 

ecological risks given that high-dose Cd exposure is associated with kidney and 100 

cardiovascular disease, as well as cancer (Huang et al., 2019a; Pei et al., 2018; Yan et 101 

al., 2022). Similarly, severe Cd pollution in WLFZ soil of Danjiangkou Reservoir 102 

(Hubei Province, Central China) as a result of industrial and agricultural practices has 103 

impacted water quality with implication for the safety of water supplies (Dong et al., 104 

2023). Detection rates of persistent organic pollutants (POPs) including PAHs, 105 

pesticides, and polychlorinated biphenyls (PCBs) in the soil of Chinese WLFZs have 106 

also been relatively high (Hu et al., 2017; Wu et al., 2016; Yuan et al., 2023). Of these, 107 

PAHs have been a primary focus of research due to their carcinogenic, teratogenic, and 108 

mutagenic properties, along with their persistence in the environment (He et al., 2019; 109 

You et al., 2024). The dominant PAH species in the WLFZs include naphthalene, 110 

phenanthrene, and fluoranthene (Han et al., 2021). Although these earlier studies have 111 

assessed soil pollution within China’s WLFZs, most have largely focused on specific 112 

geographical areas or individual pollutants. To the best of our knowledge, a 113 

comprehensive analysis of soil pollution across China’s WLFZ is still lacking. 114 

Several indices, such as the geo-accumulation index, pollution load index, 115 

Nemerow pollution index, and potential ecological risk index, have been developed for 116 
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assessing pollution levels and have been applied to evaluate soil pollution within 117 

WLFZs (Dong et al., 2023; Huang et al., 2023; Zhang et al., 2021). These indices can 118 

be employed to provide comprehensive assessments of soil pollution and associated 119 

ecological risks, facilitating development of effective management and remediation 120 

strategies for WLFZs (Hu et al., 2017; Pei et al., 2018). Despite the utility of these 121 

indices, current WLFZ soil pollution risk assessments rely entirely on deterministic risk 122 

assessment (DRA) methods, primarily considering the total concentration of pollutants 123 

and the most likely exposure parameters (Huang et al., 2023; Huang et al., 2024; Lin et 124 

al., 2023). These approaches lead to either underestimation or overestimation of the 125 

risks (Huang et al., 2024; Lin et al., 2023). In contrast, probabilistic risk assessment 126 

(PRA) applies stochastic methods such as Monte Carlo simulations to characterize 127 

uncertainty and variability in input parameters. This enables the estimation of a 128 

probabilistic range of potential outcomes and supports a more comprehensive 129 

understanding of risk under uncertainty (Guan et al., 2022; Wu et al., 2021). 130 
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 131 
Fig. 1. Schematic diagram of the water-level fluctuation zone (WLFZ) and its potential pollution sources. a. Environmental behavior of typical 132 

pollutants in the WLFZ. b. The cumulative count and area of reservoirs globally. c. Water level fluctuations and inflow/outflow rates in the Three 133 

Gorges Reservoir. d. The discharge of industrial wastewater, urban wastewater, and the application of fertilizers and pesticides in the Three Gorges 134 

Reservoir area (Source: Bulletin on the Ecological and Environmental Monitoring Results of the Three Gorges Project).  135 



8 

Addressing key knowledge gaps, this study aims to: (i) systematically summarize 136 

the research on soil pollution in China’s WLFZs, identifying the main pollutants of 137 

concern and the core geographical areas via a comprehensive literature review; (ii) 138 

assess soil pollution and related health risks in Chinese WLFZs via the application of a 139 

Monte Carlo analysis within the PRA framework, and propose a prioritized risk 140 

management catalogue; and (iii) identify potential pollution sources and key 141 

contaminants in China’s WLFZs using the positive matrix factorization (PMF) model 142 

and quantify health risks associated with each source. The study is the first to provide 143 

a comprehensive, nationwide, understanding of soil pollution in China’s WLFZs, 144 

including evaluating the associated ecological and health risks. It provides a scientific 145 

basis for developing targeted management strategies to mitigate environmental 146 

contamination and protect both human and ecosystem health. 147 

2. Materials and methods 148 

2.1 Development of a soil pollution database for China’s WLFZ 149 

A database of soil pollution in China’s WLFZs was established using peer-150 

reviewed papers retrieved from Web of Science Core Collection and the references 151 

cited by these papers (search conducted on March 18, 2024). Our search strings 152 

combined synonyms with “OR” and main elements with “AND” (Wang et al., 2024). 153 

The search terms included the following: TS (Topic Search) = ((“drawdown zone” OR 154 

“riparian zone” OR “fluctuation zone” OR “fluctuating zone” OR “water level 155 

fluctuation zone” OR “hydro-fluctuation belt” OR “littoral zone”) AND 156 

("contaminated" OR "polluted" OR "contamination" OR "pollution")). A Perl-based 157 

script for “front page filtering” (detailed in Fig. S1) was developed to screen the title, 158 

abstract, and keywords of each retrieved paper and to exclude irrelevant records (Fu et 159 

al., 2012; Yan et al., 2022). This study employed the Newcastle-Ottawa Scale to assess 160 
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the quality of each paper (Ofori et al., 2021; Yan et al., 2022), and studies lacking 161 

specific sampling location information were excluded, as the absence of such details 162 

limits effective comparison with regional soil background values. Additionally, studies 163 

focusing on deeper soil layers were also excluded, as surface soils are more 164 

representative of recent pollution inputs and have a more direct relevance to human 165 

health risk assessment (Table S1, S2) (Hu et al., 2020; Huang et al., 2019b; Yan et al., 166 

2022). As a result, a total of 54 high-quality papers containing information about soil 167 

pollution from 353 WLFZ sites within China were identified. In total, data from 168 

individual 2,959 sampling locations were reported across these sites. Each pollutant 169 

type detected at a site was counted as a separate entry, irrespective of whether multiple 170 

pollutants were reported at the same location. Notable sites encompassed both WLFZs 171 

associated with reservoirs (e.g., the Three Gorges and Danjiangkou reservoirs) and 172 

floodplain-type zones along undammed rivers, reflecting the geographic distribution of 173 

China’s major WLFZs. The following information was extracted for each paper: (i) 174 

publication information (title, keywords, publication year); (ii) sampling locations and 175 

types of pollutants; and (iii) the average values of pollutant concentration (Table S3-176 

S4). These pollution data were obtained from tables or extracted from figures using 177 

GetData Graph Digitizer software (Eftim et al., 2017). A keyword co-occurrence 178 

network was constructed to identify the main pollutants and frequently studied regions 179 

across China (Yan et al., 2022). 180 

2.2 Pollution assessment of major pollutants 181 

2.2.1 Index of geo-accumulation (Igeo) 182 

The index of geo-accumulation (Igeo) can be used to estimate contamination from 183 

anthropogenic sources by eliminating the influence of background values. It has been 184 

widely applied to assess heavy metal contamination in various environments (Barbieri, 185 
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2016; Dong et al., 2023; Pei et al., 2018; Yan et al., 2022). Igeo for each heavy metal in 186 

the soil was calculated at each WLFZ sampling location using equation (1): 187 

Igeo = log2
Cn

1.5Bn
(1) 188 

where Cn is the concentration of heavy metal element n extracted from the selected 189 

papers (Table S3); and Bn is the geochemical background concentration of that element 190 

corresponding to the Chinese province in which each sampling site is located,  191 

determined by site’s geographic coordinates (Table S5). The Igeo index was classified 192 

into seven categories (0-6), representing the degrees of pollution from practically 193 

uncontaminated to extremely contaminated, as detailed in Table S6.  194 

2.2.2 Risk quotient (RQ) of 16 PAHs 195 

The risk quotient (RQ) method, as described in equation (2) (Arias et al., 2023; 196 

Cao et al., 2010), was applied to evaluate the ecological risk of 16 individual PAHs in 197 

WLFZ soils across China. 198 

RQNCS = 
CPAH

CQV
(2) 199 

where CPAH is the exposure concentration of individual PAHs, and CQV is the 200 

corresponding quality value. PAH concentrations below the negligible concentrations 201 

(NCs) pose negligible risk, while those exceeding the maximum permissible 202 

concentrations (MPCs) pose unacceptable risk (Tables S7-S8). The RQ of NC and 203 

MPCs are defined using equations (3) and (4), respectively (You et al., 2024). 204 

RQNCS = 
CPAH

CQV(NCs)
(3) 205 

RQMPCS = 
CPAH

CQV(MPCs)
(4) 206 
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The total RQ is the sum of the RQ values for 16 individual PAH compounds, with 207 

only RQ values ≥ 1 taken into account, as shown in equations (5)-(7) (Cao et al., 2010): 208 

RQ∑ PAHs = # RQi    (RQ ≥ 1)
16

i=1
(5) 209 

RQ∑ PAHs（NCs） = # RQ(NCs)    (RQ(NCs) ≥ 1)
16

i=1
(6) 210 

RQ∑ PAHs（MPCs） = # RQ(MPCs)    (RQ(MPCs) ≥ 1)
16

i=1
(7) 211 

Based on the computed RQ_ΣPAHs values, each sample site was assigned to a 212 

specific risk class, ranging from risk-free to high risk. The classification criteria for 213 

these risk levels are summarized in Table S9. 214 

2.2.3 BaP toxic equivalent concentrations (TEQBap) 215 

TEQBap was used to assess the overall contamination levels of 16 PAHs in the soil 216 

for each of the WLFZ sampling locations. This method is based on the multiplication 217 

of the concentration of each component by its corresponding toxic equivalency factor 218 

(TEF) value, followed by summing the toxic equivalency concentrations of 16 PAHs 219 

to reflect the total toxicity (Wang et al., 2011). TEQBap was calculated following 220 

equation (8) (Wang et al., 2011; You et al., 2024): 221 

TEQBAP = #CPAH×TEFPAH (8) 222 

where CPAH is the concentration of 16 PAH compounds extracted for each site from the 223 

reviewed papers, and TEFPAH is the corresponding toxic equivalent factors (Table S10). 224 

2.3 Health risk assessments of major pollutants 225 

2.3.1 Exposure assessment 226 

The main exposure pathways to contaminated soil within WLFZ sites considered 227 

in the human health risk assessment are oral ingestion, inhalation through the mouth 228 
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and nose, and dermal absorption (i.e. skin contact) (Hemati et al., 2024). Daily 229 

exposure doses (ADD) via ingestion (ADDIngestion), inhalation (ADDInhalation), and 230 

dermal uptake (ADDDermal) were estimated using equations (9)-(11): 231 

ADDIngestion = C × 
CF × IRIngestion × EF × ED

BW × AT
(9) 232 

ADDInhalation = C × 
IRInhalation × EF × ED

PEF × BW × AT
(10) 233 

ADDDermal = C × 
CF × SA × AF × ABS × EF × ED

BW × AT
(11) 234 

where C is the concentration of specific pollutants (heavy metals and PAHs, mg/kg) 235 

obtained from the reviewed literature, and the definitions and values of the other 236 

parameters are detailed in Table S11. In addition, localized exposure parameters from 237 

the China Exposure Factors Handbook (Table S12) were incorporated into the health 238 

risk assessment for adult males and females in China, allowing for a more accurate 239 

representation of their exposure characteristics. 240 

2.3.2 Non-carcinogenic risk assessment 241 

Non-carcinogenic risk refers to the potential for negative effects on human health 242 

following exposure to pollutants through different pathways including ingestion, 243 

inhalation, and dermal absorption (Han et al., 2024; Hemati et al., 2024). The 244 

consequences of non-carcinogenic risks are associated with harmful health effects, 245 

including adverse reactions, physiological dysfunctions, and diseases affecting the 246 

neurological and cardiovascular systems (Gao et al., 2016; Huang et al., 2021; You et 247 

al., 2024). The hazard quotient (HQ) was used in this study to assess these non-cancer 248 

risk. It is defined as the ratio of daily exposure doses (ADD) to the reference 249 

concentration (RfC) as defined in equation (12) (Hemati et al., 2024; You et al., 2024): 250 

HQ = # (
ADDi

RfCi
) 	 (12) 251 
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where ADDi is the daily exposure dose of pathway i, and RfCi is the reference dose of 252 

pollutants in pathway i. The values of RfCi are shown in Tables S13-S14. The hazard 253 

index (HI), calculated by summing the HQ of each pollutant, is used to assess the 254 

overall non-carcinogenic risk (Hemati et al., 2024). If the value of the HQ or Hazard 255 

HI exceeds 1, the population may be exposed to potential non-carcinogenic risks. 256 

2.3.3 Carcinogenic risk assessment 257 

Given the potential links of many pollutants to cancer, our study included a 258 

carcinogenic risk (CR) assessment for each of the WLFZ sampling locations. Assuming 259 

no antagonistic or synergistic interactions between pollutants, the overall carcinogenic 260 

risk can be determined as the sum of the carcinogenic risks associated with exposure to 261 

various carcinogenic pollutants through different pathways (Tepanosyan et al., 2017). 262 

The CR was calculated using equation (13) (Hemati et al., 2024): 263 

CR = # (ADDi × SFi) (13) 264 

where SFi is the cancer slope factor for different pollutants via pathway i, with their 265 

values established from the literature and listed in Tables S14.  266 

2.4 Probabilistic risk modeling and sensitivity analysis 267 

The Monte Carlo method was employed for uncertainty analysis by selecting sets 268 

of model parameter values based on defined probability distributions for specific 269 

exposure factors (e.g. exposure duration, exposure frequency, ingestion rate, and 270 

inhalation rate) (Lin et al., 2023; Wu et al., 2021). This, in turn, provided probability 271 

distributions for pollutant risks for soils across the WLFZ sites. In addition, a sensitivity 272 

analysis using Monte Carlo simulation was employed to examine how a one-unit 273 

change in each individual parameter affects the model results, thereby identifying the 274 

most hazardous contaminant (Guan et al., 2022; Jafarzadeh et al., 2022). Specifically, 275 
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10,000 Monte Carlo simulations were performed with a 95% confidence level using the 276 

Oracle Crystal Ball plugin for Microsoft Excel (detailed in Text S1). The probability 277 

distribution settings for each parameter in the Monte Carlo simulation are summarized 278 

in Table S15. If the CR or TCR exceeds 1E-04, the population faces cancer risk, while 279 

values between 1E-04 and 1E-06 are considered within an acceptable range (Lin et al., 280 

2023; Wu et al., 2021). 281 

2.5 Source apportionment model PMF 5.0 282 

Positive Matrix Factorization (PMF) is a source apportionment receptor model 283 

endorsed by the US Environmental Protection Agency (EPA) (Niu et al., 2020). It 284 

operates under nonnegative constraints, does not require source spectrum, and can 285 

incorporate uncertainty estimates, thereby enhancing the practicality of the analytical 286 

results (Niu et al., 2020). Within the PMF model the sample concentration data matrix 287 

(X) is decomposed into three factor matrices as described in equation (14): 288 

X = GF + E (14) 289 

where X is the concentration dataset represented as a matrix with dimensions n × m, G is 290 

the source contribution ratio matrix (n × p), F is the source component spectral matrix (p 291 

× m), and E is the residuals matrix (n × m). Equation (14) can be transformed into equation 292 

(15) (Niu et al., 2020): And the objective function (Q) defined by residuals and 293 

uncertainties as described in Equation (16). 294 

xij = # gikfkj

p

k=1
+eij (15) 295 

Q = ## (
eij

uij
)
2m

j=1

n

i=1

(16) 296 

where uij is uncertainty of element j in sample i, and was calculated using the lowest 297 

method detection limit (MDL), the concentration of element (heavy metals and PAHs), 298 
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and an error fraction (σ). When xij ≤ MDL, uij was calculated using equation (17); 299 

otherwise, uij was obtained using equation (18) (Niu et al., 2020). 300 

uij = 
5
6

×MDL (17) 301 

uij = %（σ×xij）
2
+（0.5×MDL）

2
(18) 302 

In this study, EPA PMF 5.0 was applied to identify potential pollution sources and 303 

quantify their contributions to soil contamination in each WLFZ sampling locations. 304 

The analysis process, following the EPA PMF 5.0 User Guide (detailed in Text S2)., 305 

used concentration data and associated uncertainty data for each pollutant as inputs, 306 

with missing values replaced by the indicator (-999) and the number of runs set to 20 307 

(Sarkar et al., 2017). 308 

2.6 Statistical data analysis and visualization 309 

The Kruskal-Wallis one-way ANOVA was applied to assess the concentration 310 

differences for the different pollutants in soils of the WLFZ sampling locations (Hemati 311 

et al., 2024). The total link strength (TLS) of keywords, calculated as the sum of a 312 

keyword's link strengths, was used to identify key research areas and major pollutants, 313 

highlighting their overall connectivity and importance (Yan et al., 2022). In addition, 314 

consistent with our previous research (Yan et al., 2023a; Yan et al., 2023b), data 315 

processing and visualization were predominantly undertaken in R using the packages 316 

“readxl” (version 1.4.3), “cowplot” (version 1.1.3), “reshape2” (version 1.4.4), 317 

“ggplot2” (version 3.5.1), and “ggspatial” (version 1.1.9). 318 

3. Results and discussion 319 

3.1 Main pollutants and concentrations in soil of China’s WLFZs 320 
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This study ultimately obtained soil pollution data from 2,959 sampling locations 321 

across 353 sites within Chinese WLFZs. These sites are primarily located in the TGR, 322 

Danjiangkou Reservoir, the Yangtze and Lancang rivers, Taihu Lake and Poyang Lake, 323 

covering the major distribution of WLFZs in China (Fig. 2a, Tables S2-S4). Among all 324 

recorded pollutant entries across the WLFZ sites, heavy metals accounted for 73.2%, 325 

PAHs for 17.6%, and the remainder included pesticides, microplastics (MPs), and per- 326 

and polyfluoroalkyl substances (PFASs) (Fig. 2a) According to the keyword frequency 327 

statistics from the selected papers, heavy metals represented the highest proportion 328 

(total link strength (TLS) = 471), with Cd, Hg, Pb, and As being the primary focus of 329 

the research reported. Organic pollutants were primarily represented by PAHs, and the 330 

TGR emerged as the dominant location featuring within the selected papers (Fig. 2b). 331 

In the keyword network, heavy metals also occupied a central position, further 332 

highlighting their significance as a research focus for pollution in China’s WLFZs. 333 

The dataset revealed that the mean concentrations (mg kg-1) of the detected 334 

pollutants were as follows: As (18.00 ± 10.14), Cd (0.80 ± 1.15), Cr (80.04 ± 59.16), 335 

Cu (45.53 ± 31.07), Hg (0.06 ± 0.04), Ni (42.41 ± 44.51), Pb (44.47 ± 29.53), Zn 336 

(111.21 ± 60.87), and Σ16 PAHs (0.15 ± 0.17) (Fig. S2-S3). Compared with China’s 337 

Grade II Soil Environmental Quality Standard, the exceedance rate of Cd was 69.7% 338 

(Fig. 2c), indicating that it was the most severely polluting heavy metal. With a 339 

relatively low mean concentration of 0.80 mg kg⁻¹, Cd exhibited the highest coefficient 340 

of variation (1.44) among all of the assessed pollutants, indicating pronounced relative 341 

dispersion and substantial spatial variability, potentially driven by point-source 342 

pollution or localized geochemical conditions within the WLFZ soils. Among the 16 343 

PAHs detected in WLFZ soils at varying levels, three-ring PAHs (Acpy, Acp, Flu, PA, 344 

and Ant) and four-ring PAHs (FL, Pyr. CHR, and BaA) accounted for relatively high 345 
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proportions, with mean values of 32.1% and 28.8%, respectively. In contrast, six-ring 346 

PAHs had the lowest proportion (7.5%; Fig. S3). In general, the concentrations of major 347 

pollutants such as Cd, Cr, Cu, and PAHs in WLFZ soils followed a log-normal 348 

distribution (Fig. 2, Fig. S2), with a few sampling locations within the study sites 349 

showing extremely high concentrations, likely linked to specific, spatially discrete, 350 

pollution sources (Hu et al., 2020; Yan et al., 2022). Pollutant concentrations in WLFZ 351 

soils showed no significant differences among sampling elevations (Fig. S4), as 352 

indicated by the Kruskal–Wallis test (P > 0.05). This pattern may be attributed to 353 

varying pollutant input mechanisms across elevations (Zhang et al., 2019). Lower-354 

elevation areas are subject to periodic flooding, which enhances pollutant accumulation 355 

through sedimentation, whereas higher elevations, although not affected by flooding, 356 

may still receive inputs from atmospheric deposition and terrestrial runoff from 357 

adjacent uplands (Ye et al., 2011). These processes together may lead to comparable 358 

overall pollutant concentrations across different elevations (Ye et al., 2011; Zhang et 359 

al., 2019). The type of WLFZs did influence pollutant concentrations across different 360 

elevations (Hu et al., 2017). Taking the TGR as an example, sampling locations were 361 

categorized into three geomorphological types based on slope characteristics (Bao et 362 

al., 2015). The first type included gently sloping areas with gradients less than 15°, 363 

typically found at lower elevations and often covered by relatively thick, uniform soil 364 

layers, where pollutants such as heavy metals and organic contaminants tend to 365 

accumulate, resulting in elevated pollutant concentrations in the soil. Slopes exhibiting 366 

a distinct inflection point, where the gradient transitions from gentle to steep, and 367 

characterized by pronounced variability in soil thickness along the slope profile 368 

constituted the second geomorphological type. Pollutant concentrations in these areas 369 

were more variable, reflecting differences in soil depth and runoff patterns. The third 370 
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type consisted of steep or cliff-like zones with gradients exceeding 45°, usually 371 

associated with thin or exposed soil layers (Bao et al., 2015). These areas are susceptible 372 

to wind and water erosion, which leads to the transport and redistribution of pollutants, 373 

with pollutants more likely to be carried to lower-slope or downstream regions rather 374 

than accumulating locally (Bao et al., 2015; Hu et al., 2017). 375 
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 376 
Fig. 2. Primary pollutants and major research sites within existing studies. a. Spatial distribution of primary pollutants reported in WLFZs 377 

across China. b. Keyword frequency and co-occurrence network for existing studies. c. Histograms of log-transformed data and boxplots of soil 378 

heavy metal concentrations (BVSC: Background values for soils in China. GⅡEQSSC: Grade II environment quality standard for soils in China).  379 
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Results also indicated that concentrations of major pollutants (particularly Cd, As, 380 

Cr, and Cu) in WLFZ soil samples collected between 2010 and 2015 were significantly 381 

higher than those in samples collected before 2010 and after 2015 (P < 0.05) (based on 382 

data from broadly comparable sites to reduce spatial variability) (Fig. S4). This trend 383 

could be attributable to China’s strengthened environmental governance, including the 384 

launch of the “Water Ten Plan” in April 2015 and the “Soil Ten Plan” in May 2016. 385 

These policies were designed to reduce pollutant inputs by enforcing stricter industrial 386 

discharge regulations and improving water quality management, with several studies 387 

reporting reductions in key pollutants across various environmental media since their 388 

implementation (Huang et al., 2019b; Niu et al., 2020). 389 

3.2 Ecological risk of main pollutants in WLFZs 390 

Cd had the highest index of geo-accumulation (Igeo), with an average value of 1.69 391 

(moderately contaminated), while Cr and Ni exhibited relatively low average Igeo values 392 

of -0.70 and -0.88 (practically uncontaminated), respectively (Fig. 3a). Monte Carlo 393 

simulation results showed that mean Igeo values reduced in the order: Cd > As > Pb > 394 

Cu > Zn > Cr > Hg > Ni, with probabilities of moderate or higher contamination levels 395 

based on cumulative frequency distribution estimated at Cd (68.5%), As (8.5%), Pb 396 

(5.2%), Cu (8.3%), Zn (3.2%), Cr (0.7%), Hg (1.4%), and Ni (8.6%). 397 

The highest ecological risk level for Cd is consistent with previous findings from 398 

rivers, lakes, and sediments in China (Liu et al., 2024). The values of Igeo for other heavy 399 

metals were mostly classified as “practically uncontaminated” or “uncontaminated to 400 

moderately contaminated” and risk levels were lower than soils from industrial and 401 

mining areas and within acceptable thresholds (Guan et al., 2022). Low-ring PAHs 402 

exhibited higher risk quotients, with Nap (13.47) and Pyr (10.96) having the highest 403 

values that were classified as moderate-risk. In contrast, the risk quotients for CHR 404 
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(0.08), DBA (0.07), and BghiP (0.07) were classified as risk-free (Fig. 4a). In most 405 

sampling locations, 2-ring and 3-ring PAHs concentrations were classed as moderate-406 

risk, while high-ring PAHs were generally classified as risk-free (Fig. 4b). The total 407 

TEQBaP of soil PAHs ranged from 0.09 to 67.05 ng g-1, with a mean value of 12.12 ng 408 

g-1, 52.3% of the sampling sites fell within the low to moderate risk category, with 5-409 

ring PAHs (BbF, BaP, BkF, and DBA) contributing most to total TEQBaP (Fig. 4c). 410 

3.3 Health risks of main pollutants in WLFZs 411 

According to the probability distributions, the hazard quotient (HQ) values for 412 

individual heavy metal elements for both adults and children were, in general, below 413 

the respective thresholds and so within safe ranges (Fig. 5a). The average HI values for 414 

adults and children were 9.66e-02 and 6.38e-01, respectively. With only 9.2% of HI 415 

values for children exceeding the critical value of 1, and none for adults. In addition, 416 

the analysis incorporating localized exposure parameters demonstrated that adult males 417 

generally exhibited higher HI values than females (Fig. S6), which is likely attributable 418 

to greater body weight and a larger dermal contact surface area. Overall, the non-419 

carcinogenic risk caused by heavy metals in WLFZ soils was considered limited. 420 

Although the overall ecological risk was relatively low, previous research has shown 421 

that heavy metals in the soil of WLFZs can be released and redistributed through wet–422 

dry cycles (Bao et al., 2015). As a result, these metals could potentially enter the food 423 

chain through adsorption, deposition, or diffusion. If such exposure recurs year after 424 

year, it may pose a long-term carcinogenic risk (Hu et al., 2020). 425 

Carcinogenic risk values for the typical heavy metals considered in this study 426 

follow the descending order: As > Cd > Cr > Pb > Ni (Fig. 5b). Specifically, the average 427 

carcinogenic risk (CR) values for As in adults and children were 6.37e-06 and 1.42e-428 

05, respectively, both exceeding the US EPA threshold of 1e-06 but below 1e-04, 429 
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indicating that the carcinogenic risk was within an acceptable level. However, reliance 430 

on average values alone may obscure localized hotspots.   431 
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 432 
Fig. 3. Geo-accumulation (Igeo) indices of heavy metals in soil of China’s WLFZs. a. Class distribution of Igeo value for eight heavy metals. b. 433 

Geographical distribution of Igeo index for Cd. The donut chart represents the proportion of different Igeo index classes for Cd in the Three Gorges 434 

Reservoir. c. Cumulative probability distribution of Igeo indices of eight heavy metals based on Monte Carlo simulations.  435 
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 436 
Fig. 4. Ecological risks of PAHs pollution in soil of China’s WLFZs. a. Average risk quotients of 16 PAHs and radar chart indicating the log-437 

transformed mean values of PAHs with different ring numbers. b. Ecological risk proportions of 16 PAHs in different samples and the ranges and 438 

proportions of total risk quotients. c. Toxic equivalents of PAHs and proportions of toxic equivalents for PAHs with different ring numbers.  439 
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Probabilistic risk analysis indicated that the probabilities of exceeding the 440 

threshold were 63.4% for children and 25.1% for adults, suggesting the presence of site-441 

specific contamination sources that warrant further attention (Fig. 5b). Overall, As and 442 

Cd were the two heavy metals whose concentrations in WLFZ soils are currently a 443 

cause for concern. This finding is consistent with results from earlier studies on 444 

agricultural and industrial soils (Guan et al., 2022; Yan et al., 2022). The mobility and 445 

bioavailability of Cd and As make them more likely to enter the human body through 446 

the food chain, thereby increasing health risks (Huang et al., 2024; Lin et al., 2023). 447 

Previous studies suggest that As and Cd pollution in WLFZ soils may originate from 448 

fertilizer leaching from agricultural land and from industrial emissions (Ye et al., 2011; 449 

Zhang et al., 2021). Compared to adults, children are inherently more sensitive to heavy 450 

metal exposure due to their lower body weight and higher ingestion rates (e.g. frequent 451 

hand-to-mouth behaviors), which is reflected in the established risk assessment 452 

methodology used in this study (Huang et al., 2021; You et al., 2024). Although the 453 

overall concentrations of heavy metals in WLFZ soils were generally within acceptable 454 

limits, several sampling locations exhibited relatively high concentrations and potential 455 

health risks, particularly in the case of Cd and As. These elevated levels may reflect 456 

localized inputs from industrial activities, agricultural runoff, or historical pollution 457 

legacies, thereby emphasizing the need for site-specific monitoring and tailored 458 

remediation strategies (Hu et al., 2017). Therefore, future efforts should prioritize 459 

targeted assessment and management in higher-risk WLFZs or catchments with known 460 

anthropogenic pressures that are likely to elevate heavy metal pollution.  461 
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 462 

Fig. 5. Probability distribution of hazard quotient (HQ), hazard index (HI), 463 

carcinogenic risk (CR), and total carcinogenic risk (TCR) of soil heavy metals in 464 

China’s WLFZs. a. Probability distribution and average values of HQ for As, Cd, Cr, 465 

Cu, Ni, Pb, Zn, Hg and HI for adults and children. b. Probability distribution and 466 

average values of CR for As, Cd, Cr, Ni, and Pb, and TCR for adults and children. 467 

Notes: The green and orange dashed lines represent the mean values for adults and 468 

children, respectively, while the red dashed vertical lines indicate the hazard quotient 469 

threshold (1) and the acceptable carcinogenic risk level (1.0e-06).  470 
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Non-carcinogenic risks caused by PAHs were limited in WLFZ soils. The mean 471 

HI was 2.24e-05 for adults and 3.00e-05 for children, with soil concentrations of PA, 472 

Pyr, and Nap being the main influencing factors (Fig. 6). Ingestion (averaging 70.4%) 473 

was the dominant exposure pathway for non-cancer risks, followed by inhalation 474 

(averaging 29.5%), for both adults and children. This finding is consistent with previous 475 

studies suggesting that, despite PAH contamination in the soil, its impact on non-cancer 476 

risk is limited (Wu et al., 2021). However, although PAH contamination in the soil of 477 

China’s WLFZs has a limited impact on non-carcinogenic health risks, the carcinogenic 478 

properties of PAHs still pose a significant health risk with long-term exposure (Han et 479 

al., 2021; Hu et al.,2017). The average total carcinogenic risk (TCR) values were 2.93e-480 

07 for adults and 7.91e-08 for children. Based on probabilistic risk analysis using Monte 481 

Carlo simulations, the probabilities of exceeding the threshold value of 1e-06 were 3.1% 482 

for adults and 0.1% for children, respectively. Although the carcinogenic risk for adults 483 

was slightly higher than that for children, the overall risk is well below the acceptable 484 

threshold, with dermal contact and ingestion being the primary exposure pathways, 485 

while direct inhalation was negligible (Fig. 6). PAHs in WLFZ soils may enter water 486 

bodies during the period of seasonal water level rise, primarily through processes such 487 

as surface runoff, desorption into floodwaters, and physical erosion of contaminated 488 

soils (Hu et al.,2017; Yuan et al., 2023). In addition, the wet–dry cycles characteristic 489 

of WLFZs can alter soil physicochemical properties, such as total organic carbon 490 

content and particle size distribution, thereby enhancing the mobilization of PAHs (Han 491 

et al., 2021). Specifically, variations in particle size distribution can influence the soil’s 492 

surface area and porosity, thereby affecting the sorption and desorption of PAHs and, 493 

consequently, their concentrations. Similarly, the health risk assessment of PAHs 494 

indicated that adult males consistently had higher TCR values than females (Fig. S7), 495 
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with BaP representing a carcinogenic risk of particular concern. Although overall PAH-496 

related health risks in China’s WLFZs appear to be limited, probabilistic risk 497 

assessment revealed non-negligible exceedance probabilities at specific locations, 498 

particularly for vulnerable populations such as children. Therefore, future research 499 

should focus on targeted risk-based management strategies aimed at reducing long-term 500 

human exposure in high-risk areas. 501 
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 502 
Fig. 6. Probability distribution of hazard quotient (HQ), hazard index (HI), carcinogenic risk (CR), and total carcinogenic risk (TCR) of 503 

PAHs in soil of China’s WLFZs and risk sensitivity analysis of PAHs. a. Assessment of the sensitivity of relevant parameters to the non-504 

carcinogenic risk of PAHs. b. Probability distribution and average values of HI and HQ. c. Sensitivity analysis of effective parameters in 505 

carcinogenic risk of PAHs. d. Probability distribution of TCR and CR. The pie charts represent the proportion of carcinogenic and non-carcinogenic 506 

risks associated with different exposure pathways (blue for dermal contact, orange for ingestion, and green for inhalation).  507 
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3.4 Source apportionment of main pollutants in the WLFZs 508 

According to the results of the PMF model, the element As, which posed 509 

significant carcinogenic risk, was mainly associated with Factor 1 (40.2%), Factor 4 510 

(53.4%), and Factor 6 (6.1%), while the element Cd, which contributed to ecological 511 

risk, was predominantly associated with Factor 3 (83.2%) and Factor 4 (10.8%) (Fig. 512 

7). In addition, both Hg (54.2%) and Zn (14.0%) were associated with Factor 1, 513 

suggesting that this factor may be related to coal combustion and industrial activities 514 

(Cheng et al., 2023). Coal combustion has, for example, been shown to be a significant 515 

contributor to As and Hg pollution with studies demonstrating that As and trace 516 

amounts of Hg spread to surrounding soil and water bodies through smoke diffusion 517 

and particulate matter deposition (Hu et al., 2020; Liang et al., 2017; Pei et al., 2018). 518 

For example, previous research has demonstrated that widespread coal combustion in 519 

the regions surrounding the TGR contributes to the accumulation of heavy metals in the 520 

environment, with the TGR WLFZ serving as a representative area of other sites 521 

impacted by similar contamination (Liu et al., 2018). This may account for the elevated 522 

concentrations observed in several of the reviewed studies that focused on this region 523 

(Liu et al., 2018). The strong association between Cd and Factor 3 suggests that 524 

agricultural activities could be a potential source (Zhou et al., 2024). Moreover, Cd 525 

contamination in soils is widely recognized as being primarily linked to the long-term 526 

use of fertilizers and pesticides, particularly in intensively farmed regions of China as 527 

well as other countries (Dong et al., 2023). These source apportionment results are 528 

consistent with the environmental characteristics of WLFZs in China, as previous 529 

studies have also shown that WLFZs in many river basins are subjected to overlapping 530 

pressures from industrial emissions and agricultural activities, which jointly promote 531 

the pronounced accumulation and enrichment of pollutants in these areas (Hu et al., 532 
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2020; Ye et al., 2011). Importantly, concentrations of heavy metals in the soils of 533 

China’s WLFZs have exhibited a discernible declining trend in recent years (Fig. S4), 534 

which is plausibly attributable to the cumulative impact of successive environmental 535 

protection policies such as the “Water Ten Plan” (issued on April 2, 2015), “Soil Ten 536 

Plan” (issued on May 31, 2016), and “Environmental Protection Law of the People's 537 

Republic of China” (officially implemented from January 1, 2015), which were 538 

designed to curb emissions from coal combustion, industrial operations, and 539 

agricultural practices (Huang et al., 2024). 540 

Low-ring PAHs that pose ecological risks, including Nap (48.9%), Acp (33.7%), 541 

Flu (63.4%), and PA (32.2%), were significantly associated with Factor 1, which was 542 

possibly caused by oil spills or the incomplete combustion of gasoline (Fig. 7). 543 

Specifically, Nap is a marker of petroleum pollution, and it has been suggested that in 544 

some Chinese cases PAHs in WLFZ soils may originate from oil leaks during ship 545 

navigation (Chen et al., 2013). Additionally, some chemical enterprises located in areas 546 

adjacent to WLFZs may be sources of considerable petroleum-derived pollutants, as 547 

previously reported in the TGR region (Hu et al., 2017). High-ring PAHs with 548 

significant carcinogenic risk, including BaP (64.5%), BbF (39.3%), and BkF (41.5%), 549 

were more significantly associated with Factor 3, which again may be related to 550 

combustion processes. BaP is produced during the incomplete combustion of organic 551 

matter under high-temperature conditions (Wang et al., 2023). This inference can be 552 

evidenced by isomer ratio analysis, which indicated that the combustion of grass, wood, 553 

and coal is an important source of PAHs (Fig. S5). Given the highly carcinogenic nature 554 

of PAHs, it is essential to enhance environmental regulation and pollution control not 555 

only within WLFZs but also across adjacent catchment areas, where primary pollutant 556 

sources may be located with pollutants being subsequently transported into the WLFZs. 557 



32 

Moreover, optimizing energy utilization and minimizing incomplete combustion are 558 

widely recommended as measures to mitigate high-ring PAH pollution from 559 

combustion in general that could also contribute to tackling pollution within WLFZs. 560 

Furthermore, based on the source apportionment results, the management of soil 561 

pollution in Chinese WLFZs should be oriented toward region specific and source 562 

differentiated control strategies. In regions where industrial emissions and coal 563 

combustion are major contributors to soil contamination, it is essential to strengthen the 564 

monitoring of external pollutant inputs and to effectively implement emission reduction 565 

and permitting requirements for relevant industries, while areas influenced mainly by 566 

agricultural inputs should prioritize optimizing fertilizer and pesticide application and 567 

improving farmland management practices to reduce pollutant transport (Pei et al., 2018; 568 

Ye et al., 2011). The sustained implementation of these measures will play a critical 569 

role in reducing long-term pollutant loads in WLFZs and in safeguarding their 570 

ecological integrity (Bao et al., 2015). 571 
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 572 

Fig. 7. Source apportionment and contribution analysis of heavy metals and PAHs pollution in soils of China’s WLFZ using the positive 573 

matrix factorization (PMF) model. a. Proportion of heavy metals in different sources (factors). b. Source profiles (concentration and proportion 574 

of species) for heavy metals. c. Proportion of PAHs in different sources. d. Contribution and distribution of two factors (factors 1 and 3) to PAHs.  575 
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3.5 Characteristics of emerging pollutants in China’s WLFZs 576 

Emerging pollutants are contaminants that have not been traditionally monitored 577 

or regulated but may pose significant risks to the environment and human health (Li et 578 

al., 2022; Zhang et al., 2019; Zhang et al., 2022). Among them, emerging pollutants of 579 

particular concern in Chinese WLFZ soils include MPs, phthalate esters (PAEs) and 580 

PFASs (Fig. 2B, Table S16). The sources of emerging pollutants in WLFZ soils are 581 

diverse and complex, likely originating from agricultural practices (e.g. mulching and 582 

fertilizer application), industrial and municipal wastewater discharges, ship operations, 583 

vehicular emissions from road traffic, and atmospheric deposition of airborne 584 

contaminants derived from combustion processes and industrial activities (Zhang et al., 585 

2022). Although emerging pollutants share common sources and transport pathways 586 

with conventional contaminants, such as emissions from local activities and long-range 587 

transport via water and atmospheric currents, their unique environmental behaviors, 588 

persistence, and associated ecological risks in WLFZs warrant increased attention (Fig. 589 

8). The concentrations of emerging pollutants in WLFZ soils exhibit notable variations 590 

during water level fluctuations, and WLFZs can act as both sources and sinks for these 591 

pollutants (Table S16). However, research on the concentrations, environmental forms 592 

and transformation behaviors of these emerging pollutants in WLFZ soils remains 593 

limited. Existing studies also vary considerably in monitoring targets, analytical 594 

methods, spatial coverage and data completeness (Li et al., 2022; Zhang et al., 2019). 595 

This restricts robust studies on their ecological and health risks as well as source 596 

apportionment. Additionally, the lack of standardized analytical methods to measure 597 

such pollutants makes it difficult to compare results from different studies (Zhang et al., 598 

2019). Taken together, these limitations indicate that current research on emerging 599 

pollutants in WLFZ soils remains insufficiently comprehensive and requires further 600 
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development. In addition, targeted and methodologically consistent investigations will 601 

be essential for establishing a robust foundation for the risk assessment and source 602 

apportionment of emerging pollutants. Moreover, source-specific mitigation measures 603 

should be implemented according to the different sources of emerging pollutants, 604 

including stricter control of agricultural non-point inputs, improved industrial and 605 

municipal wastewater treatment, and stronger regulation of atmospheric emissions to 606 

reduce external pollutant loads (Zhang et al., 2022). 607 

 608 

Fig. 8. Schematic diagram of emerging pollutant sources in WLFZ soils 609 

3.6 Implications and limitations 610 

Although this study conducted a detailed analysis of soil pollution in China’s 611 

WLFZs based on extensive published literature, employing a “front page filtering” 612 

script alongside a robust step-by-step review to ensure literature quality and minimize 613 

publication bias, certain limitations remain. The data in this study were derived from 614 

many published papers, and differences in sampling designs, extraction procedures, and 615 

analytical methods across studies (Table S2) may affect the consistency and 616 

comparability of the results. In addition, since current Chinese risk screening standards 617 
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and most previous studies are established on total concentrations (Table S2), this study 618 

also relied on total concentrations to estimate human health risks. However, it should 619 

be noted that total concentrations do not fully reflect the biologically effective fractions 620 

that drive toxic responses, and may overestimate the associated health risks (He et al., 621 

2019; Yan et al., 2022). Nevertheless, we believe that this bias does not compromise 622 

the main findings of this study. This work will enhance understanding of soil pollution 623 

status and human health risks in China’s WLFZ, identify priority pollutants for control, 624 

and provide critical information for the management of these fragile and ecologically 625 

sensitive areas, serving as a valuable reference for future research and policy-making. 626 

Overall, this study identified multiple pollution hotspots, such as TGR, Lancang 627 

river, and Danjiangkou reservoir, along with key contaminants within China’s WLFZs, 628 

offering a critical foundation for elucidating spatial pollution patterns and associated 629 

environmental risks. These findings underscore the need to prioritize high-risk areas in 630 

future monitoring and regulatory initiatives and emphasize the importance of 631 

formulating targeted, region-specific pollution mitigation strategies to protect 632 

ecosystem health and ensure public safety. In addition, it is important to note that 633 

current research on the occurrence and environmental behavior of emerging pollutants 634 

in WLFZ soils remains limited, which constrains comprehensive ecological and health 635 

risk assessments. Future investigations should strengthen efforts in this area to support 636 

the development of science-based environmental policies and management frameworks. 637 

4. Conclusions 638 

In this study, a “front page filtering” script and subsequent detailed review of 639 

published papers was employed to establish a dataset of soil pollutants in China’s 640 

WLFZs that included data from 2,959 sampling locations in 353 WLFZs. The dataset 641 

included the Three Gorges Reservoir, Danjiangkou Reservoir, the Yangtze, Lancang 642 
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and Liao rivers, Taihu Lake and Poyang Lake with sampling sites representing the 643 

major WLFZ across China. Heavy metals were the main pollutants of concern, with Cd 644 

(0.80 ± 1.15 (mg kg-1) being the element responsible for the most severe contamination. 645 

Simulations based on the Monte Carlo method indicated that the probability of Cd 646 

reaching moderate pollution levels was 68.5%, whereas the equivalent probabilities for 647 

As, Pb, Cu and Ni were in the range 5-10%, and those for Zn, Cr and Hg were below 648 

5%. Non-carcinogenic risks associated with heavy metals in WLFZ soils were limited. 649 

Notably, the average carcinogenic risk indices for children for As (1.42e-05) and Cd 650 

(2.19e-06) were relatively high and should be of concern. Some PAH pollution was 651 

identified in some WLFZ soils, with Nap and Pyr having the highest risk quotients, 652 

while BaP was the primary carcinogenic pollutant. The main exposure pathways were 653 

dermal contact and ingestion, while direct inhalation could be neglected. According to 654 

the results of the PMF model, coal combustion, industrial and agricultural activities, 655 

and ship navigation are the likely major sources of pollution. Although site-specific 656 

longitudinal data were unavailable, a comparative analysis of published studies from 657 

broadly similar sampling locations suggests that concentrations of major pollutants in 658 

WLFZ soils were generally lower after 2015 compared to the 2010–2015 period, 659 

potentially reflecting the effects of strengthened environmental governance measures. 660 

Future research should further explore the environmental behavior of emerging 661 

pollutants in WLFZs and conduct comprehensive risk assessments of these pollutants 662 

for both ecosystems and human health. This study contributes to the understanding of 663 

the ecological and human health risks of soil pollutants in China’s WLFZs and will 664 

provide important guidance for the formulation of future environmental policies for 665 

these ecologically sensitive areas. 666 
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