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Abstract: Understanding the behavior and fate of PAHs in karst systems is crucial, as their 14 

distinctive geological features could facilitate rapid pollutant transport and complex source-15 

sink dynamics. Previous studies have predominantly concentrated in PAHs transport at the 16 

sediment-water interface using fugacity theory, but these lack an integrated approach that 17 

couples multiple environmental factors to further quantify the source-sink transformation 18 

processes of PAHs. In this study, PAHs in sediment and water of a typical karst wetland were 19 

determined during both wet and dry seasons. Results suggest that average PAHs concentrations 20 

increased by 10.6% in water and by 46.0% in sediment from wet seasons to dry seasons. A 21 
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significant difference was also observed between the two seasonal source apportionments, 22 

suggesting that transport processes of PAHs in multiphase media should be integrated with 23 

source estimates. Increased secondary release potential of PAHs (3 rings and 4 rings) at the 24 

sediment-water interface was captured in dry seasons by both fugacity model and linear mixed 25 

effect models. PAHs transport was strongly affected by seasonal effects and the presence of 26 

labile organic carbon. From wet to dry seasons, PAHs in sediment shifted from acting a “sink” 27 

to “secondary source” as suggested by a Bayesian Gaussian regression and Bayesian network 28 

modeling. This study provides valuable insights into the source - sink dynamics processes of 29 

PAHs in a typical karst wetland.  30 

Keywords: Polycyclic aromatic hydrocarbons; Huixian Wetland; Water-sediment exchange; 31 

Source-sink processes;  32 

1. Introduction 33 

Lakes serve as a critical role of aquatic ecosystems, contributing to water purification, 34 

climate regulation, and regional biodiversity conservation (Zhang et al., 2025a). Furthermore, 35 

lakes function as environmental geochemistry reactors, mediating the occurrence, 36 

transformation, and biogeochemical cycling of both nutrients (e.g., nitrogen and phosphorus) 37 

and organic contaminants (Dippong et al., 2024; Lahens et al., 2024). Importantly, pollutants 38 

that accumulate in lake sediment could undergo cycles of transport, deposition, and secondary 39 

release under changing environmental conditions (Jiang et al., 2022). Generally, pollutant 40 

source apportionment based on data from sediments or overlying water samples overlooks the 41 

changes resulting from their phase transport and fractionation effects, which could compromise 42 



 

 

the effectiveness of pollution control strategies (Tobiszewski and Namiesnik, 2012). Therefore, 43 

it is essential to incorporate the redistribution dynamics of pollutants into source apportionment 44 

frameworks.  45 

Polycyclic aromatic hydrocarbons (PAHs) are prevalent in lake systems raising concerns 46 

owing to their adverse effects (carcinogenic, teratogenic, and mutagenic) and high 47 

bioaccumulation potential (Sun et al., 2022). PAHs can be released into the environment by 48 

natural processes (volcanic eruptions, forest wildfires, and diagenesis) and anthropogenic 49 

activities (industrial combustion, residential coal combustion, biomass burning, vehicle 50 

emissions, and coking production) (Liu et al., 2025b; Xing et al., 2023). Previous studies have 51 

suggested that the latter was responsible for more than 90% of the annual emissions of PAHs 52 

(Shen et al., 2013). High levels of accumulation of PAHs (exceeded the United States 53 

Environmental Protection Agency guideline value, 200 ng·L-1) have been reported in lake water 54 

and sediments based on previous studies (Gong et al., 2022; Guo et al., 2012; Zhang et al., 55 

2025a). Evidence suggests that PAHs contamination of lakes has shown significantly declines 56 

as a result of the implementation of stricter environmental regulations and improved pollution 57 

control measures (e.g., enhanced industrial emission standards and better wastewater treatment 58 

technologies) (Han and Currell, 2017; He et al., 2020). Nevertheless, residual PAHs in 59 

sediments and their secondary release potential suggest that continued monitoring and 60 

management are warranted. 61 

A principle challenge in evaluating the transport and secondary release potential of PAHs 62 

from sediments is conducting sampling that accurately reflects the spatial and temporal 63 



 

 

variability of complex aquatic environmental systems (Moran et al., 2024). Mackay (1979) 64 

developed a fugacity-based model to predict the distribution and transport of chemical 65 

pollutants across various environmental media under non-steady-state, non-equilibrium, and 66 

advective flow conditions (Lu et al., 2024). Mass balance fugacity models allow for the 67 

estimation of pollutant transport trends when parameterized appropriately (Zhang et al., 2025b). 68 

Although the transport flux, enrichment, and fate of PAHs can be quantified in lakes, the 69 

potential mechanisms of PAHs migration remain unclear. Generally, PAH transport is 70 

influenced by hydrodynamic conditions, presence of organic matter, hydro chemical 71 

composition and presence of multiple micropollutants (Liu et al., 2025b; Zhang et al., 2025a). 72 

In particular, organic carbon (OC) cycling in aquatic environments plays a critical role in 73 

governing the environmental fate of PAHs by via sorption, retention and remobilization 74 

(Nybom et al., 2024). Current studies, however, often consider OC as a bulk parameter, without 75 

distinguishing between its physiochemically distinct components under seasonally varying 76 

conditions. This limits our insight into the mechanisms by which different carbon fractions 77 

affect PAHs behavior in aquatic systems.  78 

Karst lake wetlands systems have been characterized by unique hydrological and 79 

geological features, including soluble bedrock and high connectivity between surface water and 80 

groundwater, complicating the fate and transport of contaminants (Cheng et al., 2021; Li et al., 81 

2024a). Recently, increasing attention has been given to the behavior of PAHs because the thin 82 

soil cover and high permeability typical of karst terrains could accelerate migration of 83 

contaminants and reduce natural attenuation capacity, especially at the sediment-water interface 84 
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(Luo et al., 2025; Miao et al., 2023). Accordingly, understanding the dynamics of PAH behavior 85 

in karst lake wetlands is of paramount importance for environmental management and 86 

sustainable development. This study aims to investigate the occurrence and spatial-temporal 87 

distribution of PAHs in a typical Karst wetland across seasons to enhance the accuracy of source 88 

quantification arising from fractionation and phase transport. This will help to elucidate the 89 

potential mechanisms of sediment-water exchange and source-sink dynamics of PAHs using 90 

fugacity and probabilistic modeling techniques.  91 

 92 

2. Materials and methods  93 

2.1 Study areas and sampling  94 

Huixian wetland is the most prominent natural karst wetland located in the Guilin of 95 

Guangxi Province, south China. It serves as a globally representative model of karst wetland 96 

ecosystems, and plays a critical role as a primary water source for Guilin. Huixian wetland is 97 

often referred to as “the kidney of Guilin” owing to its extensive ecological and multifunctional 98 

ecosystem services (Xiao et al., 2025). Previous studies have explored the heavy metal 99 

accumulation and organochlorine pesticides (OCPs) contamination in both the water and 100 

sediment of the wetland (Ba et al., 2022; Xiao et al., 2019). However, limited information was 101 

available regarding the transport and transformation of pollutants in the water-sediment system. 102 

In this study, field sampling was conducted in the Huixian wetland during the dry and wet 103 

seasons, respectively (Fig. 1).  104 

Based on the distinct hydrological characteristics, 29 sampling sites (labeled HW1-1 to 105 



 

 

HW1-29) were selected during the dry season to collect water samples (W1-1 to W1-29) and 106 

their corresponding surface sediment (SD1-1 to SD1-29). In the wet season, 28 sampling sites 107 

(HW2-1 to HW2-29) were designated for the collection of water samples (W2-1 to W2-28) and 108 

corresponding sediment samples (SD2-1 to SD2-28). All water samples were stored in pre-109 

cleaned lightproof amber glass bottles (2 L) and kept at -4 °C until analysis. For sediment 110 

sampling, a stainless-steel grab sampler was used to collect three samples (0-10cm) at each 111 

sampling point. All sediment samples were immediately wrapped in aluminum foil and sealed 112 

in clean polyethylene bags for preservation. 113 

 114 

Fig. 1 Research area map, (a): Guangxi Province; (b): Guilin City; (c): Location of sampling 115 

sites in the dry season; (d): Location of sampling sites in the wet season 116 



 

 

2.2 Chemical analysis  117 

The analytical procedures for PAHs in water and sediment have been reported in previous 118 

studies (Hu et al., 2021; Xing et al., 2020). Briefly, sediment and water samples were extracted 119 

through a Soxhlet extractor and liquid-liquid extraction. Both extracts were purified on a gel 120 

column padded with alumina/silica. Subsequently, the rotary evaporator (Heidolph 4000, 121 

Germany) was utilized for evaporation and concentration, reducing the extract to 0.2 mL under 122 

a gentle nitrogen stream (purity ≥ 99.999%). Prior to instrumental analysis (GC-MS, Agilent 123 

6890N-5975MSD, equipped with a DB-5MS capillary column, America), a known quantity of 124 

hexamethylbenzene (HMB) with 1000ng (Dr. Ehrensorfer, Germany) was added to the final 125 

eluate as an internal standard. Detailed sample extraction, purification procedures, and 126 

chromatographic conditions are described in Text S1 and Table S2. Sediment organic carbon 127 

(OC) and total nitrogen (TN) were measured by the vario TOC cube analyzer (Elementar, 128 

Germany) (Xing et al., 2023). Meanwhile, OC was characterized by labile OC (LOC) and 129 

residual OC (ROC) based on pyrolytic temperature and carbon dioxide content (Hare et al., 130 

2014).  131 

2.3 Quality assurance and control 132 

Quality assurance and quality control measures were strictly carried out in all sample pre-133 

processing. These included parallel samples, process blanks, method blanks, and surrogates. A 134 

parallel and a blank sample were added to each batch to detect losses during the experiment. 135 

The average recovery of surrogates including Nap-d8, Ace-d10, Phe-d10, Chr-d12 and Pery-d12 in 136 

all samples were 71.00±8.93%, 83.66±10.52%, 107.16±12.10%, 101.55±14.37% and 137 
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91.36±20.86%, respectively. The target can be detected in the blank sample. However, the 138 

concentration was far lower than the sample content, and the relative deviation of parallel 139 

samples is within effective limits (< ±5%). 140 

2.4 Data processing and statistical analyses 141 

2.4.1 Source apportionment of PAHs 142 

A positive matrix factorization (PMF) model was used for source identification of PAHs 143 

which is a multivariate factor analysis tool that decomposes a matrix of speciated sample data 144 

into two matrices: factor contributions (G) and factor profiles (F). Bootstrap was applied to 145 

estimate the stability of the results by selecting different factors (2-6) to find the optimal number 146 

of sources with a random seed in 20 iterations in each run. The analytical residuals of the 147 

selected chemical species were mainly distributed in the range of -3 to 3, which indicated that 148 

the modeling was representative. The selected results were evaluated by running different 149 

Fpeak strength (±05、±1、1.5) to assess the stability of the operating results of the selected 150 

source factors. For observed /predicted scatter plot section from the PMF model, the correlation 151 

was high between observed and predicted seeing that R2 of the selected species was >0.9. More 152 

information was presented in Text S2.  153 

2.4.2 Fugacity fraction calculation 154 

Fugacity aims to quantify the chemical potential or partial pressure of a chemical 155 

substance between media (Zhang et al., 2021), and it has been widely applied to the study of 156 

multi-medium diffusion equilibrium. The fugacity formula used in this study is as follows: 157 

𝑓𝑓𝑠𝑠 = 𝐶𝐶𝑠𝑠𝜌𝜌𝑠𝑠
𝑍𝑍𝑠𝑠

= 𝐶𝐶𝑠𝑠𝜌𝜌𝑠𝑠⋅𝐻𝐻
𝐾𝐾OC⋅𝑓𝑓𝑂𝑂𝑂𝑂

                                                                    (2-1) 158 



 

 

𝑓𝑓𝑤𝑤 = 𝐶𝐶𝑤𝑤
𝑍𝑍𝑤𝑤

= 106𝐶𝐶𝑊𝑊⋅𝐻𝐻
𝑃𝑃mol

                                                                    (2-2) 159 

ffsw = 𝑓𝑓𝑠𝑠
𝑓𝑓𝑠𝑠+𝑓𝑓𝑤𝑤

= 𝑓𝑓𝑠𝑠/𝑓𝑓𝑤𝑤
𝑓𝑓𝑠𝑠/𝑓𝑓𝑤𝑤+1

                                                                (2-3) 160 

where, ffsw is the fugacity fraction, fs and fw (Pa) are the fugacity of PAHs in sediment and 161 

water, respectively; CW and CS are PAH concentration in water (ng∙L-1), sediment (ng∙g-1 ), 162 

respectively; H is the Henry’s law constant (Pa·m3∙mol-1); fOC is the organic carbon content (g∙163 

g−1). 164 

The organic carbon normalized partition coefficient (Koc) is extensively used to analyze 165 

the partitioning behavior of PAHs between water and sediment. The equilibrium partitioning 166 

coefficient (Koc) determines the sediment-water partitioning degree (Kong et al., 2023). It can 167 

be predicted by using the n-octanol/water partition coefficient (Kow) as follows (Chen et al., 168 

2007) : 169 

log𝐾𝐾𝑂𝑂𝑂𝑂 = 1.0823log𝐾𝐾𝑂𝑂𝑂𝑂 + 0.2447                                                      (2-4) 170 

where Koc is the organic carbon adsorption equilibrium coefficient, and Kow is the octanol-171 

water partition coefficient (Ha et al., 2019). 172 

Importantly, when ffsw = 0.5 it represents sediment-water equilibrium; in other words, the 173 

net diffusion flux is zero; thus, ffsw > 0.7 indicates net migration from sediment to water. Values 174 

of ffsw < 0.3 represent net deposition to sediment, which can be explained by the fact that the 175 

sediment acts as a sink for the PAHs. Due to occasional calculational uncertainties of ffsw, values 176 

of the ffsw between 0.30 and 0.70 are treated as water-sediment equilibrium (Hong et al., 2016; 177 

Zhao et al., 2021). 178 



 

 

2.4.3 Cosine theta similarity metric (cos θ) 179 

The cosine theta similarity metric (cos θ) is widely used to assess the degree of similarity 180 

of PAH congener profiles between two media. The angle cosine between two multivariate 181 

vectors was calculated, in this case, the two 1 × 16 matrixes formed by the 16 PAH congeners. 182 

The cos θ is derived from the product of the Euclidean magnitudes of the two vectors, as follows: 183 

cos𝜃𝜃 = ∑ （𝑥𝑥𝑘𝑘⋅𝑠𝑠𝑘𝑘）𝑛𝑛
𝑘𝑘=1

�∑ 𝑥𝑥𝑘𝑘2𝑛𝑛
𝑘𝑘=1 �∑ 𝑠𝑠𝑘𝑘2𝑛𝑛

𝑘𝑘=1

                                                             (2-5) 184 

where xk and sk are the concentration of congener k in one of water, or sediment samples, 185 

n is the number PAH congeners analyzed. 186 

2.4.4 Data statistics and analysis 187 

In this study, the linear mixed effect model, Bayesian Gaussian regression model, and 188 

Bayesian network model was undertaken using R studio 2024 (Posit, USA) (R package “lme4”, 189 

“brms”, and “bayesplot”). Bayesian Gaussian regression and Bayesian network models can reveal 190 

causal relationships and probabilistic structures among variables, making them well-suited for 191 

handling highly uncertain, multi-source data in environmental systems (Lin et al., 2025; Shihab, 192 

2008). The former was performed to validate the results of the linear mixed effects model. Posterior 193 

distributions and 95% credible intervals were employed to assess the uncertainty of the Bayesian 194 

network model. Different modeling frameworks were used to examine the robustness and accuracy 195 

of the model construction by Log-likelihood (-1230.6), BIC (954.3), accuracy (89.4%). PAHs and 196 

LOC were classified into three categories (low, medium, and high concentrations) based on their 197 

distribution probabilities. Other statistical analyses were performed using Origin Pro 2024 198 

(OriginLab Corp., USA). 199 



 

 

3. Results and discussion  200 

3.1 PAHs occurrence and distribution 201 

3.1.1 Water 202 

As shown in Table S1 and FigS1, the concentrations of the Σ16PAHs in water ranged from 203 

48.29 to 425.05 ng·L-1 in dry seasons and 10.01 to 856.39 ng·L-1 in wet seasons (coefficient 204 

variations: 0.167 -1.468 in dry seasons and 0.191 - 16.359 in wet seasons), with mean values 205 

of 181.82 ± 70.88 ng·L-1 in the dry season and 164.44 ± 163.55 ng·L-1 in the wet season. A 206 

significant spatial heterogeneity of PAHs levels was observed, particularly in wet season. Nap 207 

and Phe were the two main species of Σ16PAHs in water during both two seasons. Nap 208 

accounted for 21.48% and 34.90% of Σ16PAHs in the dry and wet seasons, respectively, while 209 

Phe contributed 34.57% and 31.31%. PAHs levels in the dry season were higher than in the wet 210 

season. This pattern may be attributed to the effects of wet deposition, where rainfall 211 

contributed to the dilution of PAHs and transported PAHs into the karst system (Qi et al., 2023). 212 

During the dry season, intensified anthropogenic activities, such as wood and coal burning, 213 

contributed additional PAHs that accumulated alongside those transported during the wet 214 

season. These combined effects resulted in elevated PAHs concentrations in Huixian Wetland 215 

waters (Wu et al., 2021), suggesting that anthropogenic inputs exceeded the natural ‘self-216 

purification’ capacity of the environment (Semenov et al., 2019).  217 

A similar pattern was presented in both wet and dry seasons, with PAHs distributed in the 218 

order: 3-ring > 2-ring > 4-ring > 5-ring > 6-ring. Meanwhile, the significant difference of 4-219 

rings (p < 0.001), 6-rings (p < 0.01), 2-rings and 5-rings (p<0.05) between wet and dry seasons 220 



 

 

was observed in Fig 2, which attributed to the differences in emission sources and 221 

environmental factors. This implies that 3-ring PAHs have always played a dominant role in 222 

aquatic environments. Compared to other wetlands, the PAHs levels of overlying water in the 223 

Huixian wetland were higher than the previously reported concentraions, such as, Anzali 224 

wetland, Iran (5.14 - 253.37 ng·L-1 ) (Yuan et al., 2014), a karst spring systems from Western 225 

Hubei, China ( 4.56 - 11.4 ng·L-1 ) (Chen et al., 2022). These findings indicate that the 226 

occurrence of higher PAHs in Huixian wetlands in karst systems probably occurred due to the 227 

thinner soil layer and more developed fissures, which facilitated the rapid infiltration and 228 

accumulation of pollutants in water environment.  229 

3.1.2 Sediment 230 

Phe was the most abundant species in sediment, accounting for 14.47% and 11.27% of 231 

∑16PAHs in the dry and wet seasons, respectively. Distinct temporal variations of PAHs 232 

concentrations in sediment were more evident, such as the higher spatial variation of ∑16PAHs 233 

in sediment (coefficient variations: 0.100 ~ 36.638 in wet seasons and 0.126 ~ 41.177 in dry 234 

seasons). Contrary to the results from water, PAHs levels in sediment of dry seasons presented 235 

higher spatial heterogeneity, implying a distinct environmental fate of PAHs at sediment-water 236 

interface driven by seasonal transitions. ∑16PAHs percentage was in the order of 4-ring PAHs 237 

(33.58%) > 3-ring PAHs (23.81%) > 5-ring PAHs (21.13%) > 6-ring PAHs (19.99%) > 2-ring 238 

PAHs (1.50%) in the dry season. As for the wet season, the distribution was 4-ring PAHs 239 

(39.78%) > 5-ring PAHs (22.13%) > 3-ring PAHs (19.93%) > 6-ring PAHs (16.63%) > 2-ring 240 

PAHs (1.55%). It is worth noting that medium molecular weight (MMW, 3-rings and 4-rings) 241 



 

 

PAHs and high molecular weight (HMW, 5-rings and 6-rings) PAHs were predominant in 242 

sediment. Their dominance may be attributed to their specific physicochemical properties, 243 

including lower water solubility, greater hydrophobicity, and higher partition coefficients 244 

compared to low molecular weight (LMW) PAHs (PAUZI, 2006). These results were consistent 245 

with previous findings in Laolongdong underground river system (Lan et al., 2016) and the 246 

Guozhuang karst groundwater system (Shao et al., 2014), where the lower vapor pressure and 247 

water solubility of HMW-PAHs contributed to their accumulation in sediments. 248 

Generally, PAH concentrations in the Huixian Wetland were much higher than those 249 

previously reported for many other wetlands, including the Ashtamudi wetland from southwest 250 

coast, India (158.23 - 202.81 ng·g-1) (Li et al., 2015; Sreedevi and Harikumar, 2023), wetland 251 

habitats in Northern Adriatic, Italy (310 - 1550 ng·g-1) (Guerra, 2012), Anzali Wetland, Iran 252 

(212 - 2674 ng·g-1) (Yuan et al., 2014), the Wang Lake wetland, China (13.8 - 568 ng·g-1) (Shi 253 

et al., 2022), the Dajiuhu Sub-alpine Wetland, China (7.30 - 191.48 ng·g-1) (Xing et al., 2020). 254 

Additionally, PAH concentrations increased from the wet to dry season at 72.4% of sediment 255 

sampling sites, whereas 62.06% of overlying water sites showed a decrease. The seasonal 256 

differences suggested complex secondary release processes and accumulation of PAHs in 257 

Huixian wetlands, which may be influenced by seasonal hydrological conditions and intensified 258 

anthropogenic inputs.  259 



 

 

 260 

Fig. 2 The PAHs levels at different sites between wet and dry seasons in water (a) and in sediment (b). 261 

 262 

3.2 Variations in source identification  263 

PMF models have previously been performed to identify potential sources of PAHs. 264 

Previous studies have shown that PAHs sources in overlying water differ significantly from 265 

those in sediments (Hu et al., 2022; Liu et al., 2023). As a result, total concentrations of PAHs 266 

(TPAHs) of multiphase media (air + particle for atmosphere samples; water + sediment for lake 267 

samples) should be used since their levels may change due to the environmental fate of these 268 

compounds (such as phase transport and secondary release) (Tobiszewski and Namiesnik, 269 

2012). In this study, the concentration of PAHs in sediment (SPAHs) and multiphase media 270 

(water + sediment) were employed separately to investigate their potential sources, with an 271 



 

 

optimal four-factor solution was provided with a minimum Q value. As shown in Fig S2, the 272 

main loadings representing each factor remained consistent for both SPAHs and TPAHs across 273 

wet and dry seasons. In brief, F1 exhibited high loading of Nap (>60%), which is usually 274 

regarded as indicators of petroleum-related products (Li et al., 2024b). F2 was characterized by 275 

the BaA, Chr, BbF, BkF, BaP, IcdP, DahA, and BghiP. Generally, Chr, BbF, and BkF were 276 

associated with the diesel-powered vehicles and BaP, DahA, IcdP, and BghiP could be 277 

represented the gasoline-powered vehicles emissions (Ashayeri et al., 2018; Harrison et al., 278 

1996). Therefore, F2 was labeled as vehicles emissions. F3 exhibited the high loading of Acy, 279 

Ace, and Flu, wherein Flu and Ace were regarded as typical indicators of biomass-burning 280 

sources (Deng et al., 2024; Ma et al., 2020). F4 was heavily weighted by Phe, Ant, Fla, and Pyr. 281 

Phe, Fla and Pyr are good indicators of coal combustion, as suggested by previous research 282 

(Zhang et al., 2024).  283 

 284 

Fig.3. Results of the PMF model: Source profiles of four factor based on TPAHs and SPAHs in wet (a) 285 

and dry seasons (b). 286 
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Using the results of the PMF model the concentration and percentage of the four source 287 

types across wet and dry seasons are shown in Fig 3. The primary source of PAHs was attributed 288 

to vehicles emissions (VE) between wet and dry seasons agreeing with previous study (Deng 289 

et al., 2024). The source contributions from volatilization of petroleum and related products 290 

(VP) and coal combustion (CC) presented significant difference (greater than 50%) from 291 

SPAHs to TPAHs in wet seasons, revealing that these PAH originating from VP and CC were 292 

mainly influenced by transport at the sediment-water interface. However, the contribution of 293 

CC could be underestimated if only SPAHs was used for source identification, which could 294 

potentially lead to the inappropriate management measures. Similar patterns of PAH originating 295 

from VP were also presented in dry seasons. There were varying degrees of difference (greater 296 

than 10%) in VE and biomass burning (BB) between SPAHs and TPAHs. VE showed a 297 

maximum increase from wet to dry seasons, which could be attributed to more stable flow rates 298 

and higher atmospheric deposition during the dry season (Jiang et al., 2018; Xu et al., 2019). 299 

The decrease of CC could be caused by the reduction of industrial coal-fired emissions from 300 

wet to dry seasons (Ore et al., 2023). In summary, the transport process of PAHs in multiphase 301 

media should be combined with source apportionment. Identifying potential sources through 302 

TPAHs could be more accurate for the development and implementation of pollution control 303 

measures.  304 

 305 

3.3 Sediment-water exchange 306 

The potential for transport (and direction) of PAHs between sediment and overlying water 307 



 

 

are influenced by sources of emission and the effect of the physicochemical properties of 308 

sediment and water, particularly under considerable seasonal variation. For this study the cosine 309 

theta similarity metric (cos θ) was used to capture the similarity of PAHs profile between water 310 

and sediment (Shi et al., 2022). Generally, higher cos θ value (approaching 1) demonstrate 311 

substantial similarity. As shown in Fig S3, the similarity of PAHs between water and sediment 312 

in dry seasons was clear, with 34.48% of sample sites exhibiting higher cos θ values (exceeding 313 

0.80). In contrast, a reduced similarity of PAHs levels was present in wet seasons, suggesting 314 

that transport potential of sediment to overlying water in the dry seasons was greater than in 315 

the wet seasons.  316 

The fugacity fraction (ffsw) between water and sediment was calculated through the 317 

fugacity model theory to further understand the behavior and fate of PAHs, with the results 318 

presented in Fig 4. ffsw values of most PAHs in wet seasons ranged from 0.3 to 0.7, revealing 319 

the equilibrium between sediments and overlying water. Regarding the HMW-PAHs in dry 320 

seasons, most of the ffsw was below 0.3, showing the unsaturated condition for sediment and net 321 

transport from the water to the sediment. This may be attributed to their hydrophobic properties 322 

since HMW-PAHs are more strongly adsorbed in sediment (Wang et al., 2011). In general, the 323 

ffsw values presented a gradual decline in average value with increasing molecular weight of 324 

PAHs, similar to previously published results (Liu et al., 2021). However, the ffsw of PAHs in 325 

current study was slightly higher than for other areas, e.g. Yangtze River Delta, China(Liu et 326 

al., 2021), Taige Canal, China(Kong et al., 2023), Dajiuhu subalpine wetland, China(Hu et al., 327 

2022). A potential reason for this is that the soluble carbonate rocks in karst areas have poor 328 
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ability of blocking and purifying pollutants (Zhou et al., 2023).  329 

 330 

Fig.4. Fugacity fraction of PAHs between sediment and water (ffsw) in wet(a) and dry seasons(b). 331 

Results from this study showed that sediment contained more PAHs in dry seasons than in 332 

wet seasons. Closer hydrological connectivity between sediment and overlying water is usually 333 

prevalent in wet seasons (Chen et al., 2023; Jiang et al., 2018; Zhang et al., 2021). Consequently, 334 

it was assumed that PAHs in sediment and water systems in wet seasons tend towards 335 

equilibrium. We explored the relationship between different WPAHs/TPAHs and their LogKow 336 

and calculated the gap (as shown in Fig 5, area of shaded part) between the two fitting curves 337 

for wet and dry seasons to expressing the re-release potential of PAHs. The result suggested 338 

that the sediment PAHs which accumulate in dry seasons could be considered as secondary 339 

emission source. Meanwhile, the difference of secondary release potential between wet and dry 340 

seasons (∆WPAHs/TPAHs) was strongly dependent on the physicochemical properties of PAHs 341 

in Fig S4. PAHs with 3-rings and 4-rings PAHs (4<Log Kow<6) showed a higher secondary 342 

release potential. Similar to these findings, previous studies have also reported that LMW-PAHs 343 

tend to migrate from surface water to sediment, and yet the observed release from porewater to 344 

overlying water provided a greater input of 3-rings and 4-rings PAHs at the sediment-water 345 
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interface (Moran et al., 2024). Potential reasons were the stronger interaction between dissolved 346 

organic matter (humic acid-like substances) and 3-rings and 4-rings PAHs (Phe, Fla, Chr, and 347 

BkF) (Sun et al., 2023). Above all, these results reinforce the need to include seasonality when 348 

assessing re-release potential of PAHs across the sediment-water interface. 349 

 350 

Fig.5. Re-release potential of 16PAHs in the Huixian wetland in wet and dry seasons. 351 

 352 

3.4 Understanding for the source-sink processes of PAHs 353 

As discussed above, a significant difference in the re-release potential of PAHs between 354 

wet and dry seasons was observed. However, sediment physicochemical properties were 355 

equally important to determine the dominant factors of PAHs transport in sediment-water 356 

interface beyond the physicochemical characteristics of PAHs (Xu et al., 2020). A linear mixed 357 

effect model was employed to identify the key driver of PAH accumulation in sediment and to 358 

estimate both the fixed effects (FE) and random effects (RE) of PAHs transport in sediment-359 

water interface (Xie et al., 2023). Specifically, fixed effects often express the correlation of 360 

pollutant and explaining variable, while random effects account for variability of pollutants and 361 



 

 

sites (such as pollutant source emissions) (Buscemi and Plaia, 2020). Results showed that 362 

season effects and LOC played a significant role in PAH transport in Fig 6. LOC was more 363 

easily influenced by the attachment to suspended particles, which facilitated the adsorption and 364 

transport of PAHs at the sediment-water interface. LOC is more effective for the multi-media 365 

transport of LWM-PAHs (Liu et al., 2025a). Meanwhile, a higher contribution of ROC for 366 

HWM-PAHs sorption was evident compared to LWM-PAHs, which was attributed to more 367 

adsorption sites and higher bond energy between HWM-PAHs and ROC (Cui et al., 2025; Yu 368 

et al., 2024). The effect of seasonal variation on LWM-PAHs was significantly higher than that 369 

for HWM-PAHs. Both physicochemical parameters of PAHs compounds and environmental 370 

factors (temperature, hydrodynamics, and rainfall) made a notable variation in the extent of 371 

influence on the transport of PAHs, meaning that LWM-PAHs were more labile than HWM-372 

PAHs (Huang et al., 2019).  373 

Additionally, the interaction effect (IE) of season and LOC was also quantified in this 374 

study, in which IE served as the important part of FE (Fig 6c). The contribution of IE for PAHs 375 

with 2 rings to 6 rings was similar to the result for the sediment-water exchange patterns 376 

observed in Fig 6. 3 rings and 4 rings PAHs presented higher interaction potential at the 377 

sediment- water interface. The potential mechanism underlying the association between 378 

molecular weight difference and multi-media transport of PAHs was sorption to the labile 379 

fraction of organic matter. Specifically, the LOC fraction often includes the humic acid (HA) 380 

and fulvic acid (FA). The availability of 3 ring and 4 ring PAHs were strongly correlated with 381 

HA and FA owing to their strong affinity (Ukalska-Jaruga and Smreczak, 2020). As a result, the 382 



 

 

seasonal fluctuations of LOC determined the higher secondary release potential of PAHs at the 383 

sediment-water interface.  384 

 385 

Fig.6. The percentage of physicochemical parameters of sediment (a), fixed effects, random effects, 386 

variance (b), and interaction effects (c) based on the linear mixed effect model.  387 

 388 

A more detailed investigation into the source-sink process of PAHs at the sediment -water 389 

interface was conducted using a Bayesian network model. Firstly, a Bayesian Gaussian 390 

regression model was applied to validate the results of the linear mixed effect model in Fig S5. 391 

A significant negative effect of wet seasons on PAHs occurrence (estimate= -1371.36, 95% 392 

confidence interval [-2494.97, -287.13]) revealed the potential transport of PAHs from water to 393 

sediment during high-flow conditions. This could be attributed to the changes of hydrodynamic 394 

conditions as PAHs may be diluted by enhanced runoff and water exchange (Yuan et al., 2015). 395 

Meanwhile, a significant positive interaction between seasons and LOC (estimate= 336.55, 95% 396 

confidence interval [44.60, 649.30]) revealed a synergistic effect influencing the migration of 397 

PAHs. The conditional effect of seasons and LOC (in Fig S6) further suggested that the dynamic 398 



 

 

changes in sediment LOC may enhance the release of PAHs during dry seasons. Additionally, 399 

a robust probabilistic framework was provided to capture the heterogeneous interactions 400 

between PAHs and environmental factors, as illustrated in Fig S7. The Bayesian network model 401 

results indicated that lower PAH concentrations were observed in the overlying water in Fig 7, 402 

while PAHs in sediment were dominated by high concentrations in wet seasons, revealing a 403 

significant “sink” effect of sediment on PAHs. In contrast, concentrations of PAHs in water 404 

increased and the proportion of high PAHs levels in sediment decreased during dry seasons. 405 

There was, therefore, a release process of PAHs from sediment to overlying water, with 406 

sediment becoming a potential “secondary source”. Previous studies have also observed the 407 

similar pattern using diffusion models, with higher PAH concentrartions accumulating in 408 

sediment during rainy seasons with increased PAHs concentration in water during dry seasons 409 

(Zhang et al., 2024). Zhang et al. (2021) have also reported that sediment acted as a secondary 410 

emission source of PAHs in dry-wet cycle using fugacity calculations, supporting the temporal 411 

transfer patterns observed by this study. However, the Bayesian approach allowed for a detailed 412 

expression of uncertainty and complex interaction effect between PAHs and environmental 413 

factors. Therefore, a deeper insight into the source-sink processes of PAHs was provided by 414 

this study. Meanwhile, these seasonal differences suggest that the migration and transport 415 

mechanism of PAHs at the sediment-water interface changes under wet and dry seasons, which 416 

is of importance for water pollution control.  417 



 

 

 418 

Fig.7. PAHs levels of different medium during dry and wet seasons based on the results of Bayesian 419 

network model.  420 

4. Conclusion and environmental significance  421 

PAHs occurrence, source apportionment, sediment-water exchange, and source-sink 422 

processes have been studied in detail in a typical karst wetland. The average concentration of 423 

PAHs in overlying water were 181.82 ± 70.88 ng·L-1 in the dry season and 164.44 ± 163.55 424 

ng·L-1 in the wet season. PAH concentrations in sediment exhibited seasonal variation, with an 425 

average of 948.86 ± 59.08 ng·g-1 in the dry season and 649.88 ± 39.09 ng·g-1 in the wet season. 426 

Four potential sources of PAHs were identified. However, significant differences in source 427 

identification based on TPAHs and SPAHs were presented, implying that the transport 428 

dynamics of PAHs in multiphase media should be combined with an assessment of source 429 

apportionment. Higher re-release potential of PAHs (3 rings and 4 rings) in dry seasons was 430 

captured using a traditional fugacity model aproach. Meanwhile, the results of a linear mixed 431 

effect model revealed the contribution of both fixed and random effects. Seasonal effects and 432 

LOC were found to play a significant role in PAHs transport. Similarly, the interaction effect of 433 



 

 

3 rings and 4 ringed PAHs presented a higher contribution to variability. A Bayesian network 434 

model was used to predict the source-sink exchange for PAHs. A significant “sink” effect of 435 

sediment on PAHs was captured in wet seasons, yet sediment became a potential “secondary 436 

source” in dry seasons.  437 

This study provides novel insights into how seasonal variations, carbon fractions (e.g., 438 

LOC and ROC), and multiphase transport processes influence the redistribution of PAHs 439 

between sediment and overlying water. By integrating Bayesian modeling approaches, the 440 

findings help quantify secondary release dynamics and source- sink transformation processes. 441 

Seasonal effects and LOC played a significant role in PAHs transport across sediment- water 442 

interface. These results are essential for improving risk assessment frameworks and supporting 443 

effective management of organic pollutants in karst environments, and inform targeted 444 

pollution control strategies. 445 
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