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Abstract 26 

The resource, environment, and ecological value of drinking reservoirs have received 27 

widespread concerns due to the pollution of persistent organic pollutants such as 28 

polycyclic aromatic hydrocarbons (PAHs). Therefore, we comprehensively studied the 29 

occurrence, source, distribution and risk assessment of representative PAHs in 30 

Fengshuba Reservoir (FSBR) (large drinking reservoir, China). The total concentrations 31 

of 16 USEPA PAHs in the water phase, porewater phase, sediment phase and soil phase 32 

were in ranges of 109.72-393.19 ng/L, 5.75-35.15 μg/L, 364.4-743.71 μg/kg and 33 

367.81-639.89 μg/kg, respectively. The naphthalene (Nap) was the dominant PAHs in 34 

the water phase, while it was Nap and phenanthrene (Phe) in porewater, sediment and 35 

soil phase. The main sources of PAHs in FSBR were biomass combustion. Redundancy 36 

analysis indicated that, the NTU, NO2
-, NH4

+, Chl-α and IC were the dominant factor 37 

influencing the PAHs distribution in water phase and the PAHs in sediment phase was 38 

affected by T and NO3
-. Pseudo-partitioning coefficients indicated that the PAHs in the 39 

porewater phase was more likely to migrate to the sediment phase. Risk assessment 40 

indicated that the PAHs both in the water and sediment phases were generally in a Low-41 

risk state, while the PAHs in the soil phase were in a Moderate-risk state and the Nap 42 

was in a High-risk state, and exposure to the PAHs in FSBR through drinking and skin 43 

exposure had little impact on consumers' health. In summary, Nap could be used as a 44 

key indicator to evaluate the existence and potential risk of PAHs in FSBR. 45 

Key Word: Polycyclic aromatic hydrocarbons; Fengshuba Reservior; Occurrence; 46 

Risk assessment; Indicator. 47 



1. Introduction 48 

Polycyclic aromatic hydrocarbons (PAHs) are persistent pollutants that contain two 49 

or more fused rings (Cao et al., 2017, El-Saeid et al., 2015), and are widely present in 50 

various environmental media (Han et al., 2019, Saeedi et al., 2012, Mojiri et al., 2019, 51 

Bianco et al., 2020). Due to their carcinogenicity, teratogenicity and mutagenicity and 52 

the ability to migrate over long distances (He et al., 2020, Tobiszewski and Namiesnik, 53 

2012), PAHs has attracted much attention for the harm to ecological environment and 54 

human health (Lu et al., 2019). The United States Environmental Protection Agency 55 

(USEPA) lists 16 kinds of PAHs as priority pollutants (Keith and Telliard, 1979), and 56 

the International Agency for Research Cancer (IARC) lists many PAHs such as benzo 57 

(a) pyrene (Bap) as carcinogenic pollutants. The sources of PAHs include natural 58 

processes such as forest fires, as well as anthropogenic processes such as incomplete 59 

combustion of fossil fuels and biomass (Dat and Chang, 2017), which can enter the 60 

natural environment such as water body through a variety of ways (Palm et al., 2004). 61 

With the world's socio-economic development and increasing demand for energy, the 62 

high emissions of PAHs pose an increasing threat to global health (Idowu et al., 2019, 63 

Kim et al., 2013). 64 

The PAHs in the water environment tend to adsorb in the sediment due to the high 65 

PAHs stability, low solubility and strong hydrophobicity (Doong and Lin, 2004). At the 66 

same time, due to the frequent substances exchange between the sediment phase and 67 

the aqueous phase (including the water and porewater phase), the adsorbed PAHs in 68 

sediment phase will also be released into water for biological utilization, resulting in 69 



secondary pollution and harm to ecological environment and human health (Hussain et 70 

al., 2016, Yim et al., 2007, Han et al., 2020). The importance of drinking water 71 

reservoirs to human beings is self-evident. However, the reports of PAHs in the water 72 

environment are mainly focused on rivers (Doong and Lin, 2004, Sun et al., 2009), 73 

lakes (Li et al., 2017, Qiao et al., 2006) and oceans (Araghi et al., 2014, Yuan et al., 74 

2015). There are few comprehensive studies on PAHs in reservoir systems, especially 75 

large drinking water reservoirs (Jiao et al., 2009, Seopela et al., 2020) and the soil phase 76 

of the water level drop zone of the reservoir. The Fengshuba Reservoir (FSBR) is 77 

located at the source of the Dongjiang River Basin in southern China, providing 78 

drinking water sources for nearly 40 million people in surrounding cities (Longchuan, 79 

Guangzhou and Shenzhen). With the rapid economic development of Dongjiang River 80 

Basin (He et al., 2013), the FSBR may be polluted by PAHs, which will threaten the 81 

ecological environment and human health in the basin (Zheng et al., 2013). Hence, 82 

assessing the occurrence and risk levels of PAHs in the FSBR will become crucial. 83 

The purpose of this study is to systematically explore the occurrence, source, and 84 

distribution of 16 USEPA PAHs in water phase, porewater phase, sediment phase and 85 

soil phase in FSBR, and at the same time to evaluate the risks of the PAHs in water 86 

phase and solid phase of the reservoir to ecology and human health. The relationship 87 

between the PAHs and environmental parameters in different environmental media, and 88 

finally determined the potential applicability of this potential indicator in the 89 

management and control of the PAHs pollution in drinking water reservoirs. These 90 

studies contribute to a better understanding of the PAHs environmental behavior in 91 



reservoir systems and are expected to enrich the study of the PAHs in the water 92 

environment. 93 

2. Materials and Methods 94 

2.1 Study area and sampling 95 

The main water collecting sources of FSBR are Beiling River (basin area: 2363 km2) 96 

and Xinwu River (basin area: 2697 km2). The water surface area of FSBR is about 16.45 97 

km2, and the water depth is between 70 m and 100 m (Chen et al., 2017). Table S1 98 

showed the hydrological information of the reservoir in detail. Samples were taken from 99 

five sampling sites (S1-S5) from July 18 to 20, 2015 (summer), November 25 to 27, 100 

2015 (autumn) and March 14 to 16, 2016 (spring), respectively. For the water phase, 3 101 

L of water samples were taken from the surface (50 cm below the water surface), the 102 

middle (half of the water depth) and the bottom (2-4 m from the bottom), respectively. 103 

And then the three water samples were mixed to form 9 L of water samples (S1-S5) at 104 

the point. For sediment phase, a gravity sedimentation sampler was used to take 105 

sediment samples (S1-S5) about 15 cm from the bottom of the water. In addition, only 106 

in March 2016 (spring), when the water yield of the reservoir increased, that is, the 107 

water level of the reservoir decreased, the surface soil samples (15 cm below the surface) 108 

were taken from the water level drop zone at the same sampling point (S1-S5) (Chen et 109 

al., 2020). In order to minimize sampling errors, samples were collected three times at 110 

each sampling site. In addition, the samples were immediately transferred to the 111 

laboratory after collection and stored in acidic plastic drums at -20 ℃. 112 

2.2 Chemicals and standard products 113 



This study involves the detection and quantification of 16 representative PAHs listed 114 

by USEPA. PAHs Standards were classified according to the number of rings: 2-ring 115 

PAHs (naphthalene (Nap)), 3-ring PAHs (acenaphthylene (Acy), acenaphthene (Ace), 116 

fluorene (Flo), phenanthrene (Phe), anthracene (Ant)), 4-ring PAHs (fluoranthene (Fla), 117 

pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr)), 5-ring PAHs 118 

(benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), 119 

dibenz[a,h]anthracene (DahA)), 6-ring PAHs (indeno[1,2,3-cd]pyrene (IcdP), 120 

benzo[g,h,i]perylene (BghiP)). Standard Solution of the PAHs Isotope Tracer: 121 

naphthalene-d8 (Nap-d8), acenaphthylene-d10 (Ace-d10), phenylene-d10 (Phe-d10) 122 

and pyrene-d12 (Pyr-d12) were soluble in Methanol. All the abovementioned 123 

compounds were purchased from Dr.Ehrenstorfer (Augsburg, Germany). Quantitative 124 

internal standard: Anthracene-d10 was purchased from German DR Company as the 125 

quantitative internal standard on machine. All the organic reagents in this experiment 126 

were chromatography-grade, and the solid phase extraction HC-C18 column was 127 

purchased from Shanghai Anpu Experimental Scientific Instrument Co., Ltd. The 128 

physical and chemical properties of these 16 USEPA PAHs were listed in Table S2. 129 

2.3 Environmental Factor Detection 130 

The sediment samples were centrifuged at 5000 rpm for 10 min and the supernatant 131 

was collected. Porewater is known as the filtrate obtained by filtered the supernatant 132 

through a 0.45 μm glass fiber filter. Using Hydrolab multi-parameter water quality 133 

analyzer (Hash, USA), the temperature (T), oxidation reduction potential (ORP), 134 

dissolved oxygen (DO), pH, electrical conductivity (EC), chlorophyll-α (Chl-α) and 135 



turbidity of the water samples and porewater samples were measured. Other 136 

environmental parameters were measured according to the national standard methods: 137 

dissolved total nitrogen (DTN), dissolved organic carbon (DOC), total phosphorus. In 138 

addition, the sediment and soil samples were freeze-dried, and then ground and passed 139 

through 100-mesh sieve. According to other studies, the basic environmental 140 

parameters of the solid phase are T, EC, ORP, pH, total organic carbon (TOC), total 141 

nitrogen (TN), total phosphorus (TP), and the percentage of clay, sand and silt. 142 

2.4 Sample handling and analysis  143 

2.4.1 Solid phase extraction of water samples 144 

The water samples (1 L in triplicate) were filtered by 0.45 μm aqueous phase filter 145 

membrane, and the filtrate was transferred into brown bottles, and 5 mL of methanol 146 

was added to each bottle, and then a certain amount of standard solution of isotope 147 

tracer was added and fully mixed before use. 5 mL of N-hexane: Dichloromethane (1:1), 148 

5 mL of methanol, and 5 mL of distilled water were respectively used to activate the 149 

HC-C18 column for 3 min. After connected the large-capacity sampling tube, 150 

maintained the flow rate of 3-5 mL/min for water sample enrichment. After sample 151 

enrichment was completed, the inner wall rinsed by ultrapure water and continued the 152 

enrichment. and then use the vacuum pump to drain it after the completion 30min. Then, 153 

use 5 mL of n-hexane: dichloromethane (1:1), and 5 mL of dichloromethane were used 154 

for elution successively, and the elution was performed for about 3 minutes each time. 155 

The eluent was collected in the test tube. Then, when the eluent was concentrated to 156 

about 1 mL with a nitrogen blower, transferred to a quantitative concentration tube, and 157 



added 3 mL of n-hexane: acetone (1:1) as the conversion solvent, continued to use the 158 

nitrogen blower to concentrate to about 0.3 mL, added 50 μL internal standard 159 

anthracene-d10 (800 μg/L) made the final concentrated solution 80 μg/L, and finally 160 

calibrated to 0.5 mL with n-hexane: acetone (1:1), and then transferred to a brown 161 

machine vial for later use. 162 

2.4.2 Solid phase extraction of water samples 163 

For the solid samples (sediment and soil samples), first freeze-dried for 24 hours, 164 

ground them in a mortar and pass through a 100-mesh sieve, and then collected them 165 

for later use. Then, took 1 g of the treated samples and 5 g of diatomite and mixed them 166 

thoroughly, and put them into a 0.45 μm glass fiber membrane accelerated solvent 167 

extraction cell, a certain amount of internal tracer markers was added and left overnight 168 

before an accelerated solvent extractor was added. Then put it into an accelerated 169 

solvent extraction instrument for extraction. Extraction conditions: the extraction 170 

solvent was dichloromethane: acetone: n-hexane (1:1:1, V/V/V) mixed solution, 171 

pressure 1500 psi, temperature 100°C, 5 min of preheating equilibrium time, 6 min of 172 

static extraction time, the elution volume was 60% of the volume of the extraction tank, 173 

the nitrogen purge time was 60 s, and 2 cycles of extraction process. Finally, the 174 

extracted solution was subjected to the same concentration process as the above water 175 

sample. 176 

2.4.3 GC-MS instrumental analysis conditions 177 

Gas chromatographic conditions: the temperature of the injection port was 280 ℃, 178 

and splitless sampling; the carrier gas was high-purity helium with a flow rate of 1.0 179 



mL/min; heating program: kept at 60 °C for 2 min, then increased to 210 ℃ at the rate 180 

of 15 ℃/min and kept for 2 min, and increased to 300 ℃ at the rate of 3 ℃/min and 181 

kept for 2 min, and ran at 315 °C for 5 min. Mass spectrometry conditions: the 182 

temperature of the quadrupole was 150 °C, the temperature of the ion source was 230 °C, 183 

and the temperature of the transmission line was 300 °C, and the ionization energy was 184 

70 eV. Data collection method: adopt ion scanning mode, in which the solvent delay 185 

time was 5 minutes, the peak time of the target compound, the quantification ion and 186 

the qualifier ion were listed in Table S3. 187 

Establishment of standard curve: with reference to the above conditions of instrument 188 

analysis within the standard method of quantitative, and established standard curves of 189 

internal standard method. The quantitative analysis of water samples: the sample was 190 

carried out according to the above-mentioned instrument analysis conditions, and 191 

quantitative analysis using internal standard method with the curve, and used the tracer 192 

recovery rate as the correction factor, and divided by the concentration factor of 2000, 193 

which was the actual concentration (ng/L) of water samples. The quantitative analysis 194 

of solid samples: samples with reference to the above analysis instrument analysis 195 

conditions. The internal standard method was used to mark the curve for quantitative 196 

analysis, and the tracer recovery was used as the correction factor. The concentration in 197 

the sample divided by the concentration ratio was the actual concentration in the 198 

sediment (μg/kg). 199 

2.5 Sources of PAH 200 

A large number of studies have shown that the ratio isomers of the PAHs is of great 201 



significance for study the source of the PAHs (Hartmann et al., 2004, Zhang et al., 2006, 202 

Yunker et al., 2002, Sarria-Villa et al., 2016). These ratios such as Fla/(Fla + Pyr), 203 

Phe/Ant, Nap/Phe, Ant/(Ant + Phe), Fla/(Fla + Pyr), InP/(InP + BghiP) can be used to 204 

study the sources of the PAHs in water, sediment and soil (Budzinski et al., 1997, 205 

Tobiszewski and Namiesnik, 2012). Since no high-ring PAHs such as IcdP and BghiP 206 

were detected in the water phase, the ratio of Fla/(Fla + Pyr) and Ant/(Ant + Phe) were 207 

used to study the main sources of water and solid phase of FSBR. The ratio of Fla/(Fla 208 

+Pyr) < 0.4 (De La Torre-Roche et al., 2009) indicates that petroleum sources are 209 

dominant, and the ratio of Flu/(Flu +Pyr) between 0.4 to 0.5 indicates that liquid 210 

petrochemical combustion is dominant, and the ratio of Fla/(Fla +Pyr) > 0.5 indicates 211 

that biomass burning such as grass, wood, and coal is dominant. The ratio of Ant/(Ant 212 

+ Phe) < 0.1 (Pies et al., 2008) indicates that the petroleum source is dominant, and the 213 

ratio of Ant/(Ant + Phe) > 0.1 indicates that the pyrolysis source is dominant. 214 

2.6 Risk assessment 215 

Ecological risk assessment: the risk quotient (RQ) method was used to evaluate the 216 

ecological toxicity of the PAHs in the FSBR (Cao et al., 2010, Zhang et al., 2017, Yu et 217 

al., 2021). The risk level of the PAHs was characterized by the RQ, which was defined 218 

as follows: 219 𝑅𝑄 = CPAHs𝐶𝑄𝑣                                                          (1) 220 

CPAHs and CQV in the above formula were expressed as the actual concentration of 221 

certain PAHs in each medium and the corresponding quality value of certain PAHs in 222 

each medium. The ratio of the actual concentrations (ACs) of the PAHs to the negligible 223 



concentrations (NCs) and maximum permissible concentrations (MPCs) of the PAHs 224 

in the corresponding medium was used to evaluate the risk level of the PAHs in water, 225 

sediment and soil phase, which was defined as follows: 226 𝑅𝑄𝑁𝐶𝑠 = CACsCNCs                                                       (2) 227 𝑅𝑄𝑀𝑃𝐶𝑠 = CACsCMPCs                                                     (3) 228 

Furthermore, according to the current research, the following formulas (4), (5) and 229 

(6) were used to calculate RQ∑PAHs, RQ∑PAHs (NCs) and RQ∑PAHs (MPCs) in various 230 

environmental medium, which were defined as follows: 231 𝑅𝑄∑𝑃𝐴𝐻𝑠 = ∑ RQ16𝑖=1  (RQ > 1)                                          (4) 232 𝑅𝑄∑𝑃𝐴𝐻𝑠(𝑁𝐶𝑠) = ∑ RQNCs16𝑖=1  (RQNCs > 1)                                 (5) 233 𝑅𝑄∑𝑃𝐴𝐻𝑠(𝑀𝑃𝐶𝑠) = ∑ RQPMCs16𝑖=1  (RQMPCs > 1)                              (6) 234 

Health risk assessment: the incremental lifetime cancer risk (ILCRs) recommended 235 

by USEPA combined with toxic equivalent of BaP (TEQBaP) was used to quantitatively 236 

characterize the potential carcinogenic risk of human body by the PAHs in the water of 237 

FSBR (Nadal et al., 2004, Meng et al., 2019, Yu et al., 2021). Human body are mainly 238 

exposed to the PAHs in surface water and groundwater bodies through ingestion and 239 

skin contact, resulting in potential carcinogenic risks. The calculation formulas (3), (4) 240 

and (5) are as follows: 241 TEQBaP = ∑ Ci16𝑖=1 × TEF                                             (7) 242 ILCRsingestion = TEQBaP×IRW×CSFi×EF×ED𝐵𝑊×𝐴𝑇                                  (8) 243 ILCRsskin contact = TEQBaP×SA×Kp×ABS×ET×CSFi×EF×ED𝐵𝑊×𝐴𝑇                        (9) 244 

where TEQBaP represents the toxicity equivalent concentration (ng/L), ILCRsingestion 245 



represents the incremental lifetime cancer risk caused by ingestion and ILCRsskin contact 246 

represents the incremental lifetime cancer risk caused by contact. 247 

2.7 Data analysis 248 

Before the statistical analysis of the data, first of all, SPSS 26.0 (IBM, USA) Shapiro-249 

Wilk test was used to check whether the measured data met the normal distribution, and 250 

then the One-way ANOVA test (for normal distribution) or the Kruskal-Wallis test (for 251 

non-normal distribution) were used to analyze the inherent correlation of the data. Use 252 

Origin 9 software (Originlab, USA) and R language (Microsoft, USA) for data 253 

visualization. Use Canoco 5 (Microcomputer Power, UBA) software and R language 254 

(Microsoft, USA) to perform redundancy analysis (RDA) and ANOSIM analysis on the 255 

measured data of PAHs. If P value is involved, then P ≤ 0.05 or P ≤ 0.01 indicates that 256 

the test results of the measured data were statistically significant. 257 

3. Result and discussions 258 

3.1 Distribution of the PAHs 259 

3.1.1 The PAHs in aqueous phase 260 

The concentrations of 16 PAHs in the water samples from FSBR were shown in the 261 

Fig. 2 (A) and Table S4. Among the 16 PAHs, 6 of the PAHs were not detected (5-ring: 262 

BbF, BkF, BaP, IcdP; 6-ring: DahA, BghiP), the detection rate of BaA was 50%, and 263 

the detection rate of the remaining PAHs were 100%. The total concentrations of 10 264 

remaining PAHs (∑10PAHs) ranged from 110.04 ng/L to 389.88 ng/L, with an average 265 

of 213.14 ng/L and a median of 198.37 ng/L. Therefore, it can be seen from the results 266 

that the FSBR as a source of drinking water had been contaminated. Among these 10 267 



PAHs, the concentration of Nap ranged from 62.09 to 256.44 ng/L (average: 125.72 268 

ng/L, median: 138.44 ng/L), which was significantly higher than others, indicating that 269 

Nap abound in the reservoir. The possible reason was that Nap has the highest solubility 270 

in water (Tobiszewski and Namiesnik, 2012). In addition, the 5-ring and 6-ring PAHs 271 

were not detected in any water samples because of their extremely low solubility in 272 

water, which makes it easier for high-ring PAHs to be enriched in the solid phase. This 273 

phenomenon also occurs in the Moscow River, Russia water body, which the high-ring 274 

PAHs were not detected (Eremina et al., 2016). Comparing with other studies, the total 275 

concentration of the PAHs in the water phase of FSBR was similar to the total 276 

concentration of the PAHs in Luan River Basin, China (∑PAHs: 9.75-309.75 ng/L) (Li 277 

et al., 2010), which was higher than that in River Tiber, Italy (23.9-72.0 ng/L) 278 

(Patrolecco et al., 2010), Ili-Balkhash Basin, arid Central Asia (7.58-70.98 ng/L) (Shen 279 

et al., 2021), and lower than that in Loskop dam, South Africa (0.150-49.8 μg/L) 280 

(Seopela et al., 2020). 281 

In porewater samples (Fig. 2 (B) and Table S4), except for the detection rate of IcdP 282 

and DahA at 93.3%, the detection rate of the remaining 14 PAHs was 100%. The total 283 

concentrations of the 16 USEPA the PAHs (∑16PAHs) ranged from 5.75 μg/L to 34.96 284 

μg/L, with an average of 18.33 μg/L and a median of 18.56 μg/L. These data were 285 

significantly higher than those in the water phase, mainly because of sediments. The 286 

sediment phase was also a sink of the PAHs in the water body, and the porewater was 287 

obtained by centrifugation of the sediment phase (Bigus et al., 2014, Guo et al., 2017). 288 

In fact, this was consistent with what has been reported by other studies (Maskaoui et 289 



al., 2002). Similar to the aqueous phase, the concentration of Nap was also the highest 290 

(average: 9.42 μg/L, median: 10.16 μg/L), followed by Phe (2.80 μg/L, 2.88 μg/L) in 291 

porewater phase of FSBR. Looking at the water and porewater phase, it can be inferred 292 

that the PAHs in the water phase were an important source of PAHs in the porewater 293 

phase. Comparing with other studies, the total concentration of the PAHs in the 294 

sediments of FSBR was higher than that in Lake Taihu, China (∑16PAHs: 2.01-19.90 295 

μg/L) (Zhang et al., 2011), and lower than that in Lanzhou Reach of Yellow River, 296 

China (48.2-206 μg/L) (Yu et al., 2009). 297 

3.1.2 PAHs in solid phase 298 

As shown in Fig. 2 (C) and Table S4, all 16 PAHs were detected in all sediment 299 

samples. The total concentrations of these 16 PAHs (∑16PAHs) ranged from 364.4 300 

μg/kg to 743.71 μg/kg, with an average of 506.81 μg/kg and a median of 470.22 μg/kg. 301 

Similar to the occurrence of the PAHs in the porewater phase, the concentration of Nap 302 

(114.43 μg/kg, 120.77 μg/kg) and Phe (112.26 μg/kg, 74.57 μg/kg) were significantly 303 

higher than the others. Due to the occurrence of the PAHs in aqueous phase, Nap and 304 

Phe may have a tendency to accumulate from aqueous phase to sediment phase (Han et 305 

al., 2020). Comparing with other studies, the total concentration of the PAHs in the 306 

sediments of FSBR higher than that in Chenab River, Pakistan (∑16PAHs: 7.41-600 307 

μg/kg) (Hussain et al., 2016), Gorgan Bay, Caspian Sea (107.87-516.18 μg/kg) (Araghi 308 

et al., 2014), and lower than that in Dianchi Lake, China (210-11070 μg/kg) (Zhao et 309 

al., 2014) and Loskop dam, South Africa (61.6-2618 μg/kg) (Seopela et al., 2020). 310 

For the solid phase (Fig. 2 (D) and Table S4), the 16 PAHs were detected in all 311 



samples. The total concentration of these 16 PAHs (∑16PAHs) ranged from 367.81 312 

μg/kg to 639.89 μg/kg, with an average of 485.18 μg/kg and a median of 453.29 μg/kg. 313 

Comparing with the sediment, the overall occurrence level of PAHs in the soil phase in 314 

the drawdown area was similar to that in the sediment phase. The distribution of the 315 

PAHs in soil phase of FSBR was closely related to human activities (Li et al., 2020). 316 

There are more intensive human activities at S5, including agriculture, fishing and fish 317 

breeding, while the human activities at S4 were lesser. Among them, the point with the 318 

highest concentration was S5 (528.18 μg/kg), and the point with the lowest 319 

concentration was S4 (400.33 μg/kg). Similar to the occurrence of the PAHs in 320 

porewater and sediment samples, the Nap (170.25 μg/kg, 154.92 μg/kg) and Phe 321 

(108.43 μg/kg, 100.98 μg/kg) have the highest concentration. It can be seen from the 322 

results that the occurrence of Nap and Phe in soil phase was the same as that of Nap 323 

and Phe in water and sediment phase, which also proves that PAHs are more likely to 324 

be deposited in solid phase in water environment (Doong and Lin, 2004). However, 325 

since there are few reports on the occurrence of PAHs in the soil in the drawdown area 326 

of reservoirs, the results of this study cannot be compared with those of other studies. 327 

At the same time, it also reflects that the pollution of PAHs in soil in water-leveling and 328 

fluctuating areas is worthy of further study, especially for those large drinking water 329 

reservoirs. 330 

3.2 Sources of PAHs 331 

For the water phase, from Fig. 3 (A) and Table S5, the ratio of Fla/(Fla + Pyr) in the 332 

water samples was 0.54-0.63 > 0.5, indicating that the PAHs in the water phase were 333 



mainly derived from grass, wood and coal combustion, and the ratio of Ant/(Ant + Phe) 334 

in the water samples was 0.03-0.22, indicating that the PAHs in the water phase also 335 

came from combustion of petroleum. For the porewater phase, according to Fig. 3 (B) 336 

and Table S5, the ratio of Fla/(Fla + Pyr) in the porewater samples was 0.58-0.70 > 0.5, 337 

indicating that the PAHs in the porewater phase were mainly derived from the grass, 338 

wood and coal combustion and the ratio of Ant/(Ant + Phe) in the porewater samples 339 

was almost all < 0.1, indicating that PAHs in the porewater phase were also mainly 340 

derived from petroleum sources. For the sediment phase (Fig. 3 (C) and Table S5), the 341 

ratio of Fla/(Fla + Pyr) in sediment samples was 0.52-0.57 > 0.5, indicating that the 342 

PAHs in the sediment phase were derived from the grass, wood and coal combustion 343 

and the ratio of Ant/(Ant + Phe) in the sediment samples was 0.82-0.94 > 0.1, indicating 344 

that the PAHs in the sediment phase were mainly derived from combustion. For the soil 345 

phase, according to Fig. 3 (D) and Table S5, the ratio of Flu/(Flu + Pyr) in soil samples 346 

was 0.46-0.56, indicating that the PAHs in the soil phase were mainly derived from the 347 

mixed sources of petroleum combustion and grass, wood and coal combustion, and the 348 

ratio of Ant/(Ant + Phe) in the soil samples were 0.88-0.96 > 0.1, indicating that PAHs 349 

in the soil phase were also mainly derived from combustion. In conclusion, the PAHs 350 

in FSBR were mainly derived from biomass combustion sources such as grass, wood 351 

and coal, which may be due to the fact that FSBR is located in the natural environment 352 

area at the source of Dongjiang River, far away from mega-cities such as Guangzhou, 353 

Shenzhen and Hong Kong, and the forest coverage rate of Dongjiang River Basin 354 

reached 71.8% in 2009 (Ding et al., 2016). Compared with the four water bodies’ bank 355 



in Jamshedpur, India, where urbanization was accelerating, the main source of PAHs in 356 

water bodies was related to combustion and diagenesis (Ambade and Sethi, 2021), and 357 

for the Lake Ijssel, the Netherlands (Niu and van Gelder, 2020), its water source mainly 358 

comes from the Rhine River and passes through big cities like Amsterdam, making the 359 

PAHs in the lake mainly come from the coal combustion and petroleum source. 360 

3.3 Seasonal variations of PAHs in reservoirs 361 

For the water phase, the concentration of 2-ring PAHs in spring (191.45 ± 75.00 ng/L) 362 

was significantly lower than the concentration of 2-ring PAHs in summer (125.20 ± 363 

11.46 ng/L) and autumn (96.64 ± 23.83 ng/L) (one-way ANOVA, F = 5.42, P < 0.05) 364 

(Fig. 4 (A)). The concentration of 3-ring PAHs in autumn (38.79 ± 5.51 ng/L) was also 365 

significantly lower than the concentration of 3-ring PAHs in summer (58.88 ± 3.35 ng/L) 366 

and spring (63.39 ± 13.17 ng/L) (one-way ANOVA, F = 11.96, P < 0.01). The 367 

concentration of 4-ring PAHs in summer (17.38 ± 1.47 ng/L) was lower than the 368 

concentration of 4-ring PAHs in spring (23.25 ± 5.31 ng/L) (one-way ANOVA, F = 5.61, 369 

P < 0.05). In addition, this distribution trend was similar to the order of local rainfall: 370 

Autumn (28.5 mm) < Summer (218 mm) < Spring (316 mm) (Table S1). It also 371 

indicated that season had a significant effect on the distribution of total concentration 372 

of PAHs in the aqueous phase (Li et al., 2020). 373 

For the PAHs in the porewater phase, the concentrations of 3-ring PAHs 374 

hydrocarbons in spring (4.71 ± 0.81 μg/L) were lower than those in summer (5.75 ± 375 

0.22 μg/L) and autumn (5.60 ± 0.68 μg/L) (one-way ANOVA, F = 4.14, P < 0.043) (Fig. 376 

3 (B)). The concentration of 6- ring PAHs in spring (0.04 ± 0.01 μg/L) was significantly 377 



lower than that of 6-ring PAHs in summer (0.19 ± 0.12 μg/L) and autumn (0.06 ± 0.03) 378 

(one-way ANOVA, F = 6.57, P < 0.05). In addition, the variation trend of the total 379 

concentration of the PAHs was similar to that of Hydraulic retention time (days) in 380 

FSBR: 49 days in spring < 122 days in summer < 246 days in autumn (Table S1). 381 

For the PAHs in sediments, the concentration of 2-ring PAHs in autumn (88.26 ± 382 

29.30 μg/kg) was significantly lower than that in spring (114.43±24.45 μg/kg) (one-383 

way ANOVA, F = 6.10, P < 0.05) (Fig3 (C)). The 3-ring PAHs concentrations in 384 

summer (253.98 ± 53.14 μg/kg) were significantly higher than those in autumn (124.16 385 

± 11.08 μg/kg) and spring (120.15 ± 7.21 μg/kg) (Kruskal-Wallis H, P < 0.05). The 386 

concentrations of 6-ring PAHs in summer (27.40 ± 2.78 μg/kg) were significantly 387 

higher than those in spring (22.88 ± 1.83 μg/kg) (one-way ANOVA, F = 4.17, P < 0.05.). 388 

It is worth noting that there were significant differences in the PAH composition 389 

between the water phase and the pore water phase and the sediment and soil phases 390 

(ANOSIM, P < 0.01). It was further confirmed that the environmental behavior of the 391 

PAHs in storage systems with different environmental media was complex and diverse. 392 

At the same time, this also emphasized that when facing the problem of the PAHs 393 

pollution in large drinking water reservoirs, we should comprehensively consider the 394 

impact of multiple environmental media (environmental factors) on their environmental 395 

behavior. 396 

3.4 Relationship between environmental parameters and PAHs 397 

Redundancy analysis (RDA) is a commonly used multivariate analysis method that 398 

can be used to analyze the relationship between two sets of variables (Takane and 399 



Hwang, 2005). This study used RDA to further explore the relationship between 400 

environmental parameters and the PAHs in various media of FSBR (Opere et al., 2020). 401 

The blue arrows indicate specific PAHs, and the red arrows indicate specific 402 

environmental parameters. And these environmental parameters are shown in detail in 403 

Table S5-S8.  404 

For the water phase, the RDA results (Fig. 5 (A)) showed that 49.7% of the changes 405 

in PAHs were explained by these five significant environmental parameters: NTU 406 

(24.0%, P = 0.002), NO2
- (20.3%, P = 0.004), Chl-α (16.4%, P = 0.002), NH4

+ (5.3%, 407 

P = 0.036), IC (4.3%, P = 0.05). This result indicated that these environmental 408 

parameters have a significant impact on the distribution of the PAHs in the water phase 409 

of the FSBR. At the same time, it was worth noting that NTU and Chl-α were related 410 

to turbidity, thus affecting the photodegradation of PAHs in water (Sanches et al., 2011). 411 

The distribution of PAHs in the porewater phase was slightly affected by environmental 412 

parameters, such as pH (4.0%, P = 0.09) and NO3
- (3.0%, P = 0.166), and the P value 413 

was greater than 0.05 for porewater phase (Fig. 5 (B)). For the sediment phase, the RDA 414 

results showed (Fig. 5 (C)) that 26.8% of the changes in PAHs can be explained by 415 

environmental parameters, such as T (35.6%, P = 0.002) and NO3
- (17.9%, P = 0.006). 416 

For the soil in the drawdown zone, the results of RDA showed (Fig. 4 (D)) that these 417 

environmental parameters have little effect on the PAHs in the soil in the drawdown 418 

zone of FSBR, but the changes in pH, DOC, TOC and NO3- had significant influence 419 

on the distribution of Acy. 420 

3.5 Pseudo-partitioning coefficient calculation 421 



In order to better understand the potential dynamics between the PAHs in sediment 422 

and aqueous phase (water and porewater phase), the pseudo-partition coefficient (P-PC) 423 

method (Bai et al., 2014) was used. According to the following formula to explore their 424 

distribution behaviors: P-PCs,w (sediment phase to water phase) = Cs/Cw, P-PCs,p 425 

(sedimentary phase to porewater phase) = Cs/Cp , where Cs, Cw and Cp refer to the 426 

actual measured concentration of the PAHs in sediment phase (μg/kg), water phase 427 

(μg/L) and porewater phase (μg/L), respectively. The data of P-PCs,w and P-PCs,p 428 

were shown in Table S9 and S10. 429 

At the same time, some studies have reported that the distribution of the PAHs 430 

between sediment and aqueous phase may also be affected by basic environmental 431 

factors (such as pH, TOC and DOC) (Ekpo et al., 2012, Nascimento et al., 2017). In 432 

this study, Pearson analysis was used to explore the relationship between P-PC (LogP-433 

PCs,w and LogP-PCs,p) and the level of pH in the corresponding system. In the 434 

sediment to water phase system, only the value of Phe (LogP - PCs,w) and the pH value 435 

of water phase were positively correlated. It was indicated that the pH of water phase 436 

may affect the distribution behavior of Phe between water phase and sediment phase, 437 

while other target PAHs had no significant correlation with the level of pH. In the 438 

sediment to porewater system, it can be seen that the values of Ant, Fla, Pyr, BkF, BaP 439 

and DahA (LogP - PCs,p) were positively correlated with the pH of the porewater phase, 440 

while the values of Flo and Phe (LogP - PCs,p) were negatively correlated with the pH 441 

of porewater (Fig. 6), indicating that the pH of porewater may affect the distribution of 442 

Ant, Fla, Pyr, BkF, BaP, DahA, Flo, and Phe between the porewater phase and the 443 



sedimentary phase. 444 

3.6 Ecological and health risk assessment 445 

3.6.1 Ecological Risk Assessment 446 

Table S11 and Fig. 7 showed the NCs and MECs of the 16 USEPA PAHs in different 447 

environmental media, as well as the RQNCs, RQMECs and RQ∑PAHs of the USEPA PAHs 448 

in water phase, sediment phase and soil phase of FSBR. As can be seen from Table S11, 449 

12 and Fig. 7, RQNCs and RQMECs in the water samples were both significantly greater 450 

than 1, and RQMECs were also significantly lower than 1. Meanwhile, the total RQ of 451 

PAHs in the water phase of FSBR were found to be RQ∑PAH(NCs) = 88.88 and 452 

RQ∑PAH(MECs) = 0, therefore, the PAHs in the water phase of FSBR was in a state of 453 

Low-risk (Tobiszewski and Namiesnik, 2012). The value of RQNCs of Chr, BkF, BaP, 454 

IcdP, BghiP in sediment samples were approximately 0 and the value of RQMECs were 455 

almost 0, so their impact on the ecological environment was very low, while the other 456 

PAHs were in a state of Moderate-risk. And the total RQ of the PAHs in the sediment 457 

phase were found to be RQ∑PAH(NCs) = 276.30 and RQ∑PAH(MECs) = 0, so the PAHs of the 458 

sediment phase in FSBR was in a state of Low-risk level. The value of RQNCs of Chr, 459 

BkF, IcdP, and BghiP in the soil samples were approximately 0 and the value of RQMECs 460 

were almost 0, which had a very low impact on the ecological environment, and other 461 

PAHs were in a state of Moderate-risk in the ecological environment, except for Nap 462 

(RQNCs = 121.60, RQMECs = 1.22) was in a High-risk state. And the total RQ of PAHs in 463 

the soil phase of the drawdown zone were found to be RQ∑PAH(NCs) = 324.22 and 464 

RQ∑PAH(MECs) = 1.22, therefore, the PAHs in the soil phase of FSBR was in a Moderate-465 



risk1 state (Table S13). Compared with the FSBR in the nature reserve, the RQs study 466 

of PAHs in coastline waters on Khark Island, SW Iran (Akhbarizadeh et al., 2016) that 467 

is affected by the petroleum industry shows that PAHs are at a medium to high potential 468 

risk. This also reflects from the side that it was very correct to list the FSBR as a 469 

protected area (Chen et al., 2019). 470 

3.6.2 Health risk assessment 471 

According to equations (7), (8) and (9) and other parameters listed in Table S13, the 472 

total carcinogenic risk (∑ILCRs) of PAHs in the FSBR was 4.53×10-8 a -1 to 2.27×10-7 473 

a-1, with an average of 9.34×10-8 a-1 and a median of 8.07×10-8 a-1. The carcinogenic 474 

risk value (ILCRsintake) produced by direct ingestion was 4.53×10-8 a-1 to 2.27×10-7 a-1, 475 

with an average of 9.34×10-8 a-1 and a median of 8.07×10-8 a-1; the carcinogenic risk 476 

value (ILCRsskin contact) produced through skin contact was 1.30×10-13 a-1 to 6.53×10-13 
477 

a-1, with an average of 2.68×10-13 a-1 and a median of 2.32×10-13 a-1. By comparison, it 478 

can be concluded that the risk of carcinogenesis through ingestion was about 100 times 479 

that of skin exposure. The total carcinogenic risk (∑ILCRs) of PAHs in the water of 480 

FSBR was significantly lower than the carcinogenic risk recommended by USEPA (10-
481 

6 - 10-4 a-1), indicating that the impact of PAHs on health risks was negligible. Compared 482 

with the PAHs in the Shitoumen Reservoir, China (Sun et al., 2015) that posed a 483 

potential carcinogenic risk to local residents, the PAHs in the water body of the FSBR 484 

had almost no harm to the surrounding residents.  485 

4. Conclusions 486 

The total concentrations of 16 USEPA PAHs in water phase, porewater phase, 487 



sediment phase and soil phase of FSBR ranged from 109.72 – 393.19 ng/L, 5.75 – 35.15 488 

μg/L, 364.4 - 743.71 μg/kg, 367.81 - 639.89 μg/kg, respectively. The Nap was the 489 

dominant PAHs in the water phase, while it was Nap and Phe were dominant in 490 

porewater, sediment and soil phase. The main sources of PAHs in FSBR were grass, 491 

wood, biomass and coal combustion. In addition, the distribution of the PAHs in the 492 

water phase was affected by seasonal hydrological conditions, and Redundancy 493 

analysis showed that, the PAHs in the water phase was also affected by environmental 494 

parameters such as turbidity, NO2
-, NH4

+, Chl-α and IC. The distribution of the PAHs 495 

in sediment phase was affected by T and NO3
+, while the PAHs in porewater and soil 496 

phase was slightly affected by environmental parameters. Pseudo-partitioning 497 

coefficients indicated that the PAHs in the porewater phase were more likely to migrate 498 

to the sediment phase. Risk assessment showed that the PAHs in the water and sediment 499 

phases were generally in a Low-risk state, while the PAHs in the soil phase were 500 

generally in a Moderate-risk1 state and the Nap was in a High-risk state. The health risk 501 

assessment indicated that exposure to the PAHs in FSBR through drinking and skin 502 

exposure had little impact on consumers' health. In summary, Nap could be used as a 503 

key indicator to evaluate the existence and potential risk of PAHs in FSBR. 504 
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Figures

Figure 1

Map showing the location of Fengshuba Reservoir and sampling stations. S1 (northwest inlet of
reservoir); S2 (upstream of reservoir); S3 (southeast inlet of reservoir); S4 (midstream of reservoir); S5
(downstream of reservoir). Note: The designations employed and the presentation of the material on this
map do not imply the expression of any opinion whatsoever on the part of Research Square concerning
the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of
its frontiers or boundaries. This map has been provided by the authors.



Figure 2

Concentrations of the PAHs in the waters (A), porewaters (B), sediments (C), and soils (D) of Fengshuba
Reservoir.



Figure 3

Plots of PAH isomer ratios for the identi�cation of PAH sources: Fla/(Fla + Pyr) vs. Ant/(Ant + Phe) in
water samples (A), porewater samples (B), sediments samples (C), and soil samples (D).



Figure 4

Concentrations of the PAHs in the waters (A), porewaters (B), and sediments (C) with the seasons.
Compositions of the PAHs among the environmental compartments using the PCoA based on the Bray-
Curtis dissimilarity matrices (D). Error bars represent standard error of the mean.



Figure 5

RDA of the PAHs concentrations and environmental concentrations in the waters (A), porewaters (B),
sediments (C), and soils (D) of Fengshuba Reservoir.



Figure 6

Linear correlation analysis of the Log P-PCs, w plotted against the pH level of in porewater phase.



Figure 7

Calculated risk quotient (RQ) for the detected PAHs in the water, sediment, soil samples. Bottom right
shows the color band indicator of the level of ecological risk based on a log scale. Black boxes indicate
no ecological risks due to the corresponding PAHs undetected.
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