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HIGHLIGHTS 28 

➢ Particle-promoted transport with rapid water flow was pivotal for PAHs 29 

mobilization to sediments. 30 

➢ Different sources and matrix components lead to the differences in PAHs 31 

concentrations and compositions in river sediments and spring sediments. 32 

➢ Coal combustion, biomass burning and vehicle emission account for 99.1% of 33 

sources of the total PAHs. 34 

➢ Significant correlations of PAHs compositions were observed in the multimedia 35 

environment of karst spring systems. 36 
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ABSTRACT 41 

Karst groundwater is an important water resource but it is vulnerable to contaminants, 42 

due to the distinctive geological features of abundant transmissive fractures and 43 

conduits which connect the surface to the underground system. Anthropogenic activity-44 

derived polycyclic aromatic hydrocarbons (PAHs) on the surface environment could 45 

enter groundwater easily and rapidly and threaten water security in karst areas. Samples 46 

in the multimedia environment from 10 specific karst spring systems from Western 47 

Hubei of Central China were collected to analyze 16 priority PAHs and to investigate 48 

their transport in these karst spring systems. The total concentrations of PAHs in the 49 

soil, river water, river sediments, spring water, and spring sediments ranged between 50 

6.04 and 67.7 ng·g-1, 4.56 and 11.4 ng·L-1, 29.9 and 1041 ng·g-1, 4.09 and 222 ng·L-1, 51 

and 5.88 and 83.0 ng·g-1, respectively. Levels of PAHs in this area were relatively low 52 

when compared to other karst areas. Proportions of low-molecular-weight (LMW)-53 

PAHs in the water, sediments and soil (average 58.2-78.8%) were much higher than 54 

those of high-molecular-weight (HMW)-PAHs. The proportion of LMW-PAHs in the 55 

sediments (especially in river sediments) was higher than that in the soil. Characteristic 56 

ratios analysis and principal component analysis showed that PAHs were from high-57 

temperature combustion of the mixture of coal and biomass, and vehicle emission, 58 

where coal and biomass combustion are the dominant sources. Significant correlations 59 

of PAHs compositions in different media of karst spring systems were observed, 60 

especially in the Yuquangdong (YQD), Jiuzhenziquan (JZZQ), Xianyudong (XYD) and 61 

Fengdong (FD) karst spring systems, indicating the rapid PAH transport from the 62 

recharge area soil to the discharge area of spring water and sediments. 63 

 64 

Keywords: Karst spring, Polycyclic aromatic hydrocarbons (PAHs), Transport, 65 

Source analysis, Hydrogeological conditions, Western Hubei  66 
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1. INTRODUCTION 67 

Polycyclic aromatic hydrocarbons (PAHs) are widespread in the multimedia 68 

environment; they are persistent, toxic, carcinogenic and mutagenic (Niu et al. 2017, 69 

Qu et al. 2019). PAHs mainly originate from incomplete combustion of fuels, such as 70 

petroleum, coal and biomass, and other fossil fuels. They are combustion-derived and 71 

semi-volatile, and therefore are easily to enter the atmosphere. PAHs in the atmosphere 72 

can enter the topsoil through dry or wet depositions and are then transported to the 73 

surface and groundwater systems by surface runoff and infiltration (Guo et al. 2009, 74 

Ligaray et al. 2016, Maliszewska‐Kordybach et al. 2007, Zhu et al. 2015), and 75 

threaten the hydro-ecosystem and human health. 76 

Karst systems are particularly vulnerable to contaminants due to their unique 77 

hydrogeological features. Contaminants can easily infiltrate through the thin and 78 

scattered karst soil layer or pass through the sinkholes and fissures (Zhang et al. 2017), 79 

and be transported from the surface to groundwater systems (Huang et al. 2021, Qian 80 

et al. 2020, Zeng et al. 2018). Karst spring water can provide abundant high-quality 81 

groundwater as drinking water and agricultural water for local residents. Once the 82 

groundwater is polluted, it will directly affect people's domestic water, livestock water 83 

and farmland irrigation in the karst region. Therefore, studying the pollution transport 84 

processes in karst spring systems has important scientific significance, especially for 85 

typical pollutants, such as PAHs. At the same time, in order to protect human and 86 

ecosystem health, it is vital to monitor contaminants in the karst springs. 87 

Some studies have reported the environmental behaviors and characteristics of 88 

PAHs in karst systems. Simmleit and Herrmann (1987) found that PAHs transport in 89 

the karst aquifer mainly depends on their physical-chemical properties. Schwarz et al. 90 

(2011) observed that PAHs usually accumulated in soils only, even in the highly-91 

vulnerable karst area. Some scholars investigated the PAHs pollution in surface water 92 

and soil in karst area (Levy et al. 2017, Ligaray et al. 2016, Maioli et al. 2011, Moeckel 93 

et al. 2014), and conducted ecological risk assessment (ERA) of PAHs in these karst 94 
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areas (Lan et al. 2019, Sun et al. 2020). 95 

However, to the best of our knowledge, few studies have focused on PAH 96 

contamination in both the surface and underground of the whole karst spring systems. 97 

Studying pollution only in the surface systems fails in capturing the potential transport 98 

of PAHs to groundwater. Since the surface system is connected with the underground 99 

system, especially in karst areas with thin and uneven soil and highly-developed 100 

fissures and conduits. Combining research of both surface and underground systems is 101 

helpful to understand the sources of groundwater pollution and the transport of PAHs 102 

in the karst systems, to help protect groundwater resources in the karst areas. Thus, the 103 

complete karst spring systems, including the recharge area soil, spring water and spring 104 

sediment, and the spring-discharged surface water and surface sediment, were 105 

considered as whole units in this study. The purposes of this study were therefore: 1) to 106 

determine the concentrations, compositions and distribution characteristics of PAHs in 107 

the multimedia environment in the rural karst area in western Hubei of Central China, 108 

2) to diagnose the sources of PAHs in the study karst area and 3) to analyze the transport 109 

process and characteristics of PAHs in karst spring systems with different 110 

hydrogeological and hydrodynamic conditions. 111 

2. MATERIALS AND METHODS 112 

2.1 Research area and sampling 113 

The study area is located on the south bank of the Yangtze River in Yichang, 114 

Central China (Figure 1). Carbonates from Sinian to Triassic are wide-distributed 115 

regionally. Due to the proper climate condition, karst geomorphology is well-developed. 116 

It belongs to the karst trough zone of China, with a large number of middle-low 117 

mountains and deep valleys (Liu et al. 2020). In this area, numerous sinkholes and 118 

grooves develop on the up-platform and large springs are generated at the bottom of 119 

valleys, and the relative height difference is between 500-1200m. Precipitation is the 120 
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main water source here. It can infiltrate through soil and small fissures slowly, and it 121 

also can converge into sinkholes in karst depressions and troughs rapidly. For the 122 

decentralized infiltration recharge, the groundwater is often discharged dominantly by 123 

karst fissure network and then flows into karst conduits or directly to the outlets, which 124 

is relatively slow. While for the concentrated recharge, the groundwater flows directly 125 

into conduits, which contributes to the peak flows greatly. Generally, underground 126 

rivers and big springs distribute at the bottoms of deep gullies and canyons, while 127 

smaller springs scattered distributes in valleys and gullies. 128 

It has a subtropical monsoon climate in the study area. The average annual rainfall 129 

is ca. 1440 mm and concentrates during the period from May to August. The primary 130 

water sources of springs are atmospheric precipitation and karst groundwater. The study 131 

area is located in a rural area, including agricultural and residential areas. Due to the 132 

unique hydrogeological condition of karst, impacts from agricultural activity and rural 133 

residences in the significant depressions on the up-platform are the primary pollution 134 

sources of springs. Pollutants could easily be transported with soil particles by the 135 

rainfall and runoff with the rapid water flow to springs. 136 

Totally ten typical spring systems, namely Zhoupinglongdong (ZPLD), Dayuquan 137 

(DYQ), Migongquan (MGQ), Yuquandong (YQD), Xianyudong (XYD), 138 

Xiachangchong (XCC), Jiuzhenziquan (JZZQ), Wuzhuaquan (WZQ), Chaoshuidong 139 

(CSD) and Fengdong (FD), were selected for sampling in October 2019 after intensive 140 

agriculture activity to avoid the impact of ploughing and fertilizing. Generally, spring 141 

water, spring sediments and soils from surrounding farmland were collected (Figure 1) 142 

for each spring, including 10 spring water (SW) samples, 8 spring sediment (SS) 143 

samples, 9 surface soil (S) samples (5 around spring outlets and 4 from spring recharge 144 

area), 10 river water (RW) samples and 10 river sediments (RS) samples. 145 

Water samples were collected into 2 L amber glass bottles at the spring outlets 146 

(SW) and in the rivers (RW). Sediment samples were collected from the spring outlets 147 

(SS) and in the rivers downstream of the springs (RS). Surface soil samples (S) were 148 
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collected from the surface layer (0-20 cm) of farmland. Solid samples (sediments and 149 

soils) were collected by a stainless-steel shovel. Each soil sample (ca. 1 kg) was 150 

collected and mixed from three to five sub-samples within a 100 m2 area. The solid 151 

samples were wrapped into the aluminum foil and sealed in polyethylene zip bags. The 152 

samples were temporarily stored in a car-cooler (ca. 4 ℃) during the sampling 153 

campaign and transportation. Afterwards they were delivered to the State Key 154 

Laboratory of Biogeology and Environmental Geology (Wuhan, China), water samples 155 

were stored in a refrigerator (4 ℃) before being pretreated within a week. Solid samples 156 

were freeze-dried, ground to pass through the 100-mesh sieve, and kept in the freezer 157 

(-20 ℃) before pretreatment. 158 

 159 

Figure 1. Sketch map of the karst study area and sampling sites in the spring systems 160 
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2.2 Sample pretreatment and PAHs analysis 161 

Samples was pretreated and analyzed in the State Key Laboratory of Biogeology 162 

and Environmental Geology in Wuhan, China. The pretreatment procedures of water, 163 

sediments and soil samples followed the description in the previous study from the same 164 

research group (Xing et al. 2016) with minor modification. Briefly, each water sample 165 

(2 L) was spiked with 5.0 μL of recovery surrogates (200 mg L-1, a mixture solution 166 

including five deuterated PAH compounds, namely Naphthalene-D8, Acenaphthene-167 

D10, Phenanthrene-D10, Chrysene-D12, and Perylene-D10, purchased from Dr. 168 

Ehrenstorfer, Germany). Each water sample was then extracted by liquid-liquid 169 

extraction (LLE) in a separation funnel. Dichloromethane (DCM, gas chromatography 170 

(GC) grade, purchased from Tedia, USA) was added 3 times to extract PAHs. The 171 

extract was then stored in a flask with anhydrous sodium sulfate and activated copper 172 

granules in the bottom for dehydration and desulfurization, respectively. 10 g of each 173 

solid sample (soil/sediment) was weighed and wrapped with filter paper, then spiked 174 

with 5.0 μL recovery surrogates (200 mg L-1) and Soxhlet-extracted for 24 h with 150 175 

mL DCM in a 45 ℃ water bath. At the same time, activated copper sheets were added 176 

into the flasks for the desulfurization step. 177 

The sample (water, sediments and soil) extracts were concentrated to ca. 2-3 mL 178 

and solvent-exchanged to n-hexane (GC grade, Tedia, USA) by a rotary evaporator 179 

(Heidolph RE-52, Germany). The concentrated extract was then purified by a column 180 

filled with alumina and silica (v/v=1/2), PAH fractions were eluted with a mixed 181 

solution of DCM and n-hexane (v/v=2/3). The eluent was concentrated to ca. 1 mL by 182 

the same rotary evaporator and transferred to a 2 mL sample vial. The sample volume 183 

was reduced to ca. 0.2 mL with a gentle nitrogen stream (purity> 99.999%). The internal 184 

standards (hexamethylbenzene, purchase from o2si smart solution, USA) were then 185 

spiked into the final samples before GC-MS analysis. 186 

A gas chromatography-mass spectrometer (GC-MS, Agilent, 7890N GC-187 

5975MSD) was used to detect 16 PAHs (Xing et al. 2016): naphthalene (Nap), 188 
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acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), 189 

anthracene (Ant), fluoranthene (Fla), pyrene (Pyr), benz(a)anthracene (BaA), chrysene 190 

(Chry), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene 191 

(BaP), indeno(1,2,3-cd)pyrene (InP), dibenz(a,h)anthracene (DahA), 192 

benzo(ghi)perylene (BghiP). Further information on PAHs is given in Table S1. A fused 193 

quartz capillary chromatographic column (DB-5MS, 30 m×0.25 mm×0.25 μm, Agilent, 194 

USA) was employed to separate the 16 PAHs, and the electron impact ion source was 195 

operated in 70 eV. The temperature program for the chromatographic column was as 196 

follows: kept the initial temperature 80 ℃ for 2 min, then rose to 290 ℃ at the rate of 197 

4 ℃/min, kept for 25 min. The temperature of the sample inlet was at 280 ℃. High-198 

purity helium (He, 99.999%) was loaded as the carrier gas flowing at 1.0 mL/min. 1.0 199 

μL aliquot of each final sample was injected for analysis at the no-split injection mode. 200 

2.3 Quality Assurance /Quality Control (QA/QC) 201 

To ensure the quality of pretreatment and GC-MS analysis, a procedural blank 202 

sample and a parallel sample was set during every batch of the experiments (no more 203 

than 16 samples), a solvent blank sample and a QC standard was injected in each day's 204 

analysis to check the possible interferences and cross-contaminations. No significant 205 

peaks were detected in solvent banks and procedural blanks. The relative deviations of 206 

PAHs in parallel sample analysis were <20%, which is an acceptable error range. The 207 

average recoveries of five deuterated PAH surrogates were in the range of 75.0-120%, 208 

the final results were corrected by recoveries, concentrations for solid samples (soil and 209 

sediments) are expressed in dry weight (dw) basis. For data statistics, concentrations 210 

below the method detection limits (MDLs) were calculated as the half of the MDL 211 

values. The MDLs of PAHs for water and solid samples were in the range of 0.02-1.80 212 

ng L-1 and 0.01-1.20 ng g-1 dw, respectively, as listed in Table S1. 213 
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3. RESULTS AND DISCUSSION 214 

3.1 Concentrations and distribution of PAHs in multimedia environment 215 

3.1.1 PAHs in spring and river water 216 

Detection rates of 9 PAHs (Ace, Flu, Ant, Fla, Pyr, BkF, InP, DahA and BghiP) 217 

were < 50% in both river water and spring water. Detection rates for other 5 PAHs (Nap, 218 

Phe, BaA, BbF and BaP) were 100% in the river water, but in spring water only 2 PAHs 219 

(Nap and BbF) were 100% detected (Table S2). The more abundant species in river 220 

water than in spring water indicated (1) the possible loss of certain PAHs during the 221 

transport of groundwater (spring water) from the spring outlet to the river water due to 222 

the adsorption by particles and (2) other sources of PAHs in the river water besides the 223 

spring water. 224 

The concentrations of ∑16PAHs (sum of total 16 priority PAHs) in the spring 225 

water (range: 4.09-222 ng·L−1, average: 37.3 ng·L−1) were higher (not significantly, p 226 

= 0.317, Mann-Whitney test) than those in the river water (range: 4.56-11.4 ng·L−1, 227 

average: 6.75 ng·L−1) (Figure 2a, Table S2). This may attributable to several reasons: 228 

(1) PAHs can quickly enter karst aquifers via the vadose zone because the thin and 229 

uneven soil layer might not be sufficient to filter PAHs from the surface system (Sun et 230 

al. 2019); (2) abundant precipitation in this area may also enhance the downward 231 

movement of PAHs (Li et al. 2019); (3) the highly vulnerable karst area with numerous 232 

sinkholes, fissures and fractures acts as pathways and conduits for rainwater and surface 233 

runoff to enrich pollutants in the spring water (Qin et al. 2021). Groundwater can have 234 

the optimum condition for long-term retention of organic pollutants. Because of low 235 

temperature, stable environment, and dormant bacteria with low metabolic activity 236 

(Ladd et al. 1982), the degradation of PAHs may be relatively slow. However, 237 

concentrations of ∑16PAHs at SW8 (WZQ, 222 ng·L−1) and SW9 (CSD, 88 ng·L−1) 238 

were much higher than those at the other sites (< 20 ng·L−1). Pollution from a pig farm 239 
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near WZQ and frequent agricultural and human activities near CSD are possible reasons. 240 

Compared to the karst areas in Southwest and North China, the ∑ 16PAHs 241 

concentrations of groundwater (range: 4.09-222 ng·L−1, average: 37.3 ng·L−1) in the 242 

study karst area were lower than those in the underground river from the karst Dashiwei 243 

Tiankeng (range: 54. 7-192 ng·L−1, average: 102 ng·L−1, (Kong et al. 2011)) in Guangxi, 244 

in the Laolongdong karst underground river (range: 289-15200 ng·L−1, (Lan et al. 2014)) 245 

and epikarst springs (range: 341-4968 ng·L−1, (Sun et al. 2014)) from Chongqing, and 246 

in the groundwater (range: 2137-9037 ng·L−1, (Shao et al. 2014)) from the Guozhuang 247 

karst system in Shanxi, North of China. Overall, the ∑16PAHs concentrations in the 248 

groundwater from the study area were relatively low across China. 249 
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Figure 2. PAHs concentrations (Y-axis in the left is expressed logarithmically) and proportions of 251 

LMW-PAHs in water (a), and soil and sediment (b); where LMW-PAHs mean low-molecular-weight 252 

PAHs with 2-3 rings, HMW-PAHs mean high-molecular-weight PAHs with 4-6 rings. 253 

3.1.2 PAHs in spring and river sediments 254 

Concentrations of ∑16PAHs in the spring sediments (range: 5.87-83.0 ng·g−1, 255 

average: 30.3 ng·g−1) were significantly lower (p=0.017, Mann-Whitney test) than 256 

those in the river sediments (range: 29.9-1041 ng·g−1, average: 227 ng·g−1) (Figure 2b, 257 

Table S3). This is contrary to the result in the water compartment stated above. In 258 

general, river sediments will reflect the cumulative burden from a wider catchment. 259 
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Spring sediments received materials from the discharge area (surface runoff and 260 

particles) and underground system (spring water and rock); but the sediments in surface 261 

streams or rivers received materials from the open environment, potentially with 262 

multiple sources of PAHs, such as the inputs from the source water/sediments (spring 263 

water and sediments are essential sources for the surface sediments in the karst area) 264 

and sedimentation from surrounding soils, surface runoff (Sun et al. 2019), and dry and 265 

wet depositions of atmospheric PAHs (Perrette et al. 2013). The matrix compositions 266 

of river sediments is mainly clay minerals, which has high total organic carbon (TOC) 267 

content (Xing et al. 2020) and larger specific surface area, enhancing the sorption 268 

capacity of both LMW-PAHs and HMW-PAHs (Cabrerizo et al. 2011). By contrast, 269 

spring sediments were collected from the outlets of isolated karst springs. The main 270 

matrix component was clastic rocks, which has lower adsorption capacity for PAHs 271 

(especially LMW-PAHs) than clay minerals (Lan et al. 2016). This could also be a 272 

reason why the average proportion of LMW-PAHs (63.2%) in spring sediments was 273 

lower than that of the river sediment (78.5%) (Figure 2b and Figure 3). Additionally, 274 

when the spring water is discharged rapidly at the spring outlet, some LMW-PAHs 275 

might volatilize due to the sudden change in micro-environmental conditions, e.g., 276 

temperatures, pressures and hydrodynamic conditions (Jiang et al. 2013). The 277 

groundwater temperature is lower than the surface temperature, pressures at the spring 278 

outlet may drop from the karst conduits, and the spring will produce more turbulence 279 

flow once water is released at the surface. 280 

3.1.3 PAHs in soils 281 

Concentrations of ∑16PAHs in soils were in the ranged of 6.04-67.7 ng·g−1 282 

(average: 25.8 ng·g−1) (Figure 2b, Table S4). Among 16 priority PAHs, 8 compounds 283 

including Nap, Acy, Phe, Pyr, BaA, Chry, BkF and BaP were 100% detected in all the 284 

soil samples of the study area. The detection rate of Ant was only 44.4%, which is 285 

lowest, that may be caused by its rapid photolysis. Nap (average: 4.54 ng·g−1) was the 286 
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most abundant PAH compound detected in soils, followed by Phe (4.03 ng·g−1), Fla 287 

(2.73 ng·g−1), Pyr (2.54 ng·g−1), BbF (2.13 ng·g−1), Chry (1.72 ng·g−1), BaA (1.53 288 

ng·g−1), InP (1.32 ng·g−1), BaP (1.31 ng·g−1) and BghiP (1.13 ng·g−1). These listed 289 

PAHs contributed 84.0% of the 16 priority PAHs in the study karst area. 290 

Soils from Sites S2 (YQD) and S8 (CSD) had the lowest and highest PAH 291 

concentrations at 6.04 ng·g−1 and 67.7 ng·g−1, respectively (Figure 2b). The low 292 

concentration of S2 (recharge area of YQD) likely reflects its remote location, which is 293 

distant from any anthropogenic activities. Highly-developed agriculture and dense 294 

population is the likely reason for the high PAH concentrations (S8), since the CSD 295 

karst spring system has a superior hydrogeological condition, which has a relative 296 

water-resisting layer (Shipai Formation (Є1sh)) that can retain water to provide suitable 297 

conditions for living and agricultural development. 298 

The concentrations of PAHs in the soils (range: 6.04-67.7 ng·g−1, average: 25.8 299 

ng·g−1) from the study karst area were lower than those from other typical karst areas, 300 

such as in the topsoil (range: 16.9-190 ng·g−1, average: 58.5 ng·g−1, (Wang et al. 2009)) 301 

from Guangxi, in karst valley topsoil (range: 161-3301 ng·g−1, (Zhu et al. 2020)) in 302 

Chongqing, in the soil (average: 185 ng·g−1, (Perrette et al. 2013)) of the mountain 303 

forest karst system from France and in the karst agriculture soil (average: 3250 ng·g−1, 304 

(Schwarz et al. 2011)) from Germany. 305 

3.2 Compositions and possible sources of PAHs 306 

3.2.1 PAHs compositions 307 

Generally, the PAH compositions in this study area varied among different 308 

environmental media (Figure 3). The proportions of LMW-PAHs in water, sediments 309 

and soil samples (average 58.2-78.6%) were much higher than those of HMW-PAHs, 310 

which suggested the existence of recent local PAH sources (Shao et al. 2014). The 311 

octanol-water partition coefficients (Kow) (Maliszewska‐Kordybach et al. 2007) of 312 
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PAHs increased with the number of aromatic rings (Table S1); HMW-PAHs are more 313 

hydrophobic than LMW-APHs. Thus, HMW-PAHs are more likely to distribute in the 314 

particle phases (soil and sediments) rather than in water. Soil layers can filter out PAHs 315 

by adsorption when PAHs transport to the groundwater (Sun et al. 2019), which is more 316 

efficient for HMW compounds (Lan et al. 2019, Wang et al. 2012). HMW-PAHs 317 

preferentially tend to bind to particles (Sun et al. 2009, Wang et al. 2017), and particle-318 

promoted transport with rapid water flow may be pivotal for their mobilization to 319 

sediments and soil (Schwarz et al. 2011). 320 

The average proportion (73.0%) of LMW-PAHs in spring water was similar as that 321 

in the river water (75.6%) (Figure 2a and Figure 3). It indicated the similar PAH 322 

source in spring water and surface water, e.g., spring water recharged surface water. 323 

The consistency of the PAH compositions (Figure 3) in the river water and spring water 324 

also confirmed the similar sources or/ and transport of PAHs between these two media. 325 

The PAH compositions in soil were similar to those in spring sediments, showing that 326 

the soils from recharge areas is the major PAH source in spring sediments. 327 

 

Soil

Spring water Sediment

Surface water sediment

Spring water 

Surface water

0 % 20 % 40 % 60 % 80 % 100 %

 2 ring    3 ring    4 ring    5 ring    6 ring

 328 
Figure 3. Average compositions/ proportions of PAHs in multimedia environment from the karst 329 

area in Western Hubei, Central China 330 

3.2.2 PAHs sources 331 

The detection rates of some PAHs, especially HMW-PAHs, were quite low in 332 

water (Table S2, both spring and river water) in this karst area (due to their low 333 



16 

 

concentrations and poor water solubility). Soil is the primary sink of contaminants in 334 

the karst systems (Qu et al. 2019), sediments come from soil transport and 335 

sedimentation. PAHs are more stable in the solid phases than liquid phases, so the 336 

measurements of soil and sediments (spring sediments and river sediments) were used 337 

to diagnose the PAHs sources in this area. 338 

The characteristic ratios method has been widely applied to identify the PAH 339 

sources (Guo et al. 2009, Lan et al. 2016, Santino 2010, Sun et al. 2017, Yunker et al. 340 

2002). According to Yunker et al. (2002), the following ratios can be used to identify 341 

the PAH sources: 1) the ratio of Fla/(Fla + Pyr) < 0.40, between 0.40-0.50, and > 0.50 342 

indicates petroleum source, petroleum combustion, and biomass and coal combustion, 343 

respectively; 2) the ratio of BaA/(BaA + Chry) < 0.20, between 0.20-0.35, and > 0.35 344 

means petroleum source, petroleum or mixed source of combustion, and combustion 345 

source; 3) the ratio of InP/(InP + BghiP) < 0.20, between 0.20 and 0.50, and > 0.50 346 

indicates petroleum source, petroleum combustion, and biomass or coal burning. 347 
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Figure 4. Plots for the characteristic ratios of BaA/(BaA+Chry) vs. Fla/(Fla+Pyr) (a), and 349 

InP/(InP+BghiP) vs. Fla/(Fla+Pyr) (b) for PAHs 350 

The diagnostic ratios of Fla/(Fla+Pyr) were in the range of 0.52-0.66 (Figure 4) 351 

indicating major source of the incomplete combustion of coal and biomass (such as 352 

grass, wood, etc.). Figure 4a showed that the ratios of BaA/(BaA+Chry) for most sites 353 

were > 0.35 and only 5 of them were < 0.20, suggesting that PAHs have mixed 354 

combustion and petrogenic sources, in which most PAHs were derived from high-355 

temperature combustion. Similarly, the InP/(InP+BghiP) ratios are mostly > 0.20 in the 356 

karst area, suggesting coal/biomass and petroleum incomplete combustion are the main 357 
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sources. Overall, the characteristic ratios method shows that the mixed sources from 358 

high-temperature combustion of petroleum, biomass and coal, were the major PAH 359 

sources in this karst area of Western Hubei, in which coal and biomass combustion were 360 

dominant. This result was in accordance with the actual socioeconomic circumstances 361 

in the study area: besides coal, biomass such as the wood and straw could be still an 362 

important energy source in the undeveloped area. 363 

Principal component analysis (PCA) method was applied to identify possible 364 

contributions from different sources of PAHs. The rotated factors of 16 priority PAHs 365 

from the study area are listed in Table S5. The analysis shows that four principal 366 

components explained approximately 38.4%, 32.6%, 28.1% and 0.9% of the total 367 

variance, respectively, and the top three principal components accounted for 99.1% in 368 

total contribution. 369 

Factor 1 was dominated by Acy, Chry, BbF, BkF, BaP, InP, DahA and BghiP. 370 

Among these compounds, BbF and BkF are the typical indicator compounds for coal 371 

combustion (Bao et al. 2020), considerable Chry and BaP were also produced by coal 372 

combustion (Chen et al. 2005, Li et al. 2003). HMW-PAHs, including InP, DahA and 373 

BghiP, are normally from the processes of high-temperature combustion (Mai et al. 374 

2003), such as gasoline and diesel combustion and emission (Simcik et al. 1999). 375 

Therefore, Factor 1 was suggested as coal combustion and vehicle emission sources, 376 

contributing 38.4% of the total PAH sources. Factor 2 was highly weighted by Nap, Flu, 377 

Phe and Ant. Flu and Ant are considered to be the tracer compounds of biomass 378 

combustion, such as wood/grass burning (Zhang et al. 2020). Thus, Factor 2 can 379 

represent the biomass combustion source and explained 32.6% of the total PAH sources. 380 

Factor 3 was mainly composed of Fla, Pyr and BaA. Fla and Pyr are indicator 381 

compounds for coal combustion (Bao et al. 2020, Simcik et al. 1999). Thus, Factor 3 382 

was identified as coal combustion source, and it was responsible for 28.1% of the total 383 

PAH sources. Factor 4 was dominated by Ace, which is the dominant molecular 384 

signature compound in the petrogenic sources, but it is only 0.9%, we can neglect it. 385 
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The PCA results were consistent with those from characteristic ratios for source 386 

apportionment, indicating that the PAH sources were well diagnosed in our study. 387 

Vehicle emissions have increased in this study area due to the development of 388 

tourism and the improvement of people living standards recently (Zhao et al. 2021). 389 

Coal is the most important energy in China, and the proportion of coal consumption has 390 

decreased by years, it accounted for 57.7% of the total energy consumption in 2019 391 

(National Bureau of Statistics of China 2020). According to the statistical data for the 392 

rural renewable fuel and satellite remoting sensing, 48% of straw were treated by 393 

burning in Hubei province, and the total emission of PAHs from straw combustion 394 

decreased due to the prohibition on open burning of straw (Satellite Environmental 395 

Centre 2016). Coal combustion, biomass burning and vehicle emission are the major 396 

PAH sources in China (Han et al. 2019). In our study, they account for about 99.1% of 397 

PAH sources in the karst area of the western Hubei, Central China. Thus, the PAH 398 

source diagnosis in this study area was consistent with the energy consumption in China. 399 

3.3 PAHs transport in karst spring systems 400 

3.3.1 Transport regularity of PAHs in karst spring systems 401 

According to the study by Medici et al. (2019), contaminants from the recharge 402 

area can reach the groundwater via the fractures and conduits in karst area, and then are 403 

discharged rapidly in spring outlets; at the same time, some particles and silt were 404 

washed out and then deposited by the spring outlet. The change of PAH compositions 405 

in the multimedia environment during their transport in the 10 karst spring systems is 406 

shown in Figure S1. Overall, the compositions of PAHs were similar among the soil, 407 

spring sediments and spring water in the same karst spring systems. Spearman 408 

correlation coefficients (ρ) were calculated for PAH compositions between paired 409 

samples (recharge area soil and spring sediments, spring water and spring sediments, 410 

and spring water and discharge area soil), to observe the correlations of PAH 411 
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compositions in 10 karst spring systems (Table 1). Significant correlations of PAH 412 

compositions were found in most of the karst spring systems, especially in the YQD, 413 

XYD, and FD karst spring systems: the correlation coefficients reached 0.86 and 0.92 414 

between recharge area soil and spring sediments, and between spring water and spring 415 

sediments in the YQD spring system, respectively; the correlation coefficients of PAH 416 

compositions reached 0.59 and 0.78 between spring water and spring sediments, and 417 

between spring water and discharge area soil respectively, in the XYD spring system. 418 

It indicated that the PAHs transmitted from the recharge area soil to spring sediments 419 

and the discharge area soil, i.e., the recharge area was the source of PAHs for discharge 420 

area. However, there is a poor correlation (ρ = 0.07) between the recharge area soil and 421 

spring sediments in the CSD spring system. This may reflect the different pollution 422 

sources and different transport paths (Sun et al. 2019, Yuan 2000), which will be 423 

discussed in Section 3.3.2. 424 

Table 1. Spearman correlation coefficients (ρ) of PAH compositions in different environment media 425 

at the karst spring systems 426 

Spring 

Correlation 
MGQ YQD JZZQ CSD ZPLD DYQ XYD FD XCC 

Recharge area soil-

spring sediment 
0.55* 0.86** 0.88** 0.07 - - - - - 

Spring water-spring 

sediment 
0.57* 0.92** 0.31 0.70** 0.31 0.41 0.59* 0.51* - 

Spring water-

discharge area soil 
- 0.58* - - - - 0.78** 0.51* 0.66** 

*: Correlation is significant at 0.05 level (2-tailed); **: Correlation is significant at 0.01 level (2-427 

tailed); -: lack of data for calculation. 428 

3.3.2 PAHs transport characteristics in typical karst spring systems 429 

Hydrogeological conditions (e.g., stratum and geological structure) and their 430 

hydrodynamic characteristics will affect PAH transport, so it is necessary to study PAH 431 

transport with different hydrogeological conditions. Soil, surface water and surface 432 

sediments in a karst system can be transported to the underground river by fast-flowing 433 
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conduit water or slow-flowing fissure water (Lan et al. 2018). Still, there are some 434 

differences among different karst spring systems. According to the actual 435 

hydrogeological conditions (Figure 5), three (or four) karst spring systems (JZZQ, 436 

MGQ-YQD and CSD) were taken for examples to analyze the transport characteristics 437 

in different hydrogeological conditions. 438 

The JZZQ spring system is located in the dolorudite rocks of the Loushanguan 439 

Formation (Є2O1l) with some faults developed near the spring (Figure 5 a1 and a2). 440 

Normally, bedding plane fractures of dolostone aquifer dominate the groundwater flow 441 

at shallow depths. They are sub-horizontal, sub-parallel and laterally persistent (Medici 442 

et al. 2019). While the faults developed proximity to the spring can provide the 443 

longitudinal channels for the groundwater flow. Both longitudinal and bedding-plane 444 

directions flows of groundwater would raise turbulent flows. The particles and 445 

sediments in karst conduits were easily washed out by turbulence. They then deposited 446 

at the spring outlet, causing the increased PAHs content in spring sediments. The 447 

multiple linear regression analysis (MLRA) (Larsen and Baker 2003) was applied to 448 

quantitively evaluate the PAH transport in these karst spring systems. The compositions 449 

of PAHs in the recharge-area soil and spring water, and in the spring sediments were 450 

used as two independent variables and the dependent variable, respectively, when 451 

running the MLRA. The MLRA results partly confirmed this process, which indicated 452 

that the recharge area soil made significant (p=0.013) contribution of PAHs to spring 453 

sediments, and the transport from the soils in recharge areas explained 51.4% of PAHs 454 

in spring sediments. 455 

The YQD-MGQ spring system is located in dolomite rocks of the Loushanguan 456 

Formation (Є2O1l), a strong permeable stratum convenient for particulates and 457 

sediments flowing along the underground river (Figure 5 b1 and b2). The lithology of 458 

YQD is carbonate clastic rocks (also argillaceous limestone rocks) of the Qinjiamiao 459 

Formation (Є2q), which is a weak permeable aquifer (Figure 5 b1 and b2). The 460 

concentration of HMW-PAHs in the spring sediments in MGQ was higher than that in 461 
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YQD (Figure 2b). It indicated that the strong permeable stratum is conducive to the 462 

rapid transport of organic pollutants, and the particulate matter may be the leading 463 

carriers of HMW-PAHs (Levy et al. 2017). While in the weak permeable aquifer, 464 

HMW-PAHs are easily hindered and adsorbed by carbonate rock debris and deposited 465 

in karst conduit (Ma et al. 2017). The MLRA results showed that the transport of PAHs 466 

from both the soil and spring water could explain 20.6% and 96.2% (R2=0.206, 0.962) 467 

of the PAHs in the spring sediments of MGQ and YQD spring systems, respectively. 468 

For the YQD spring system, both the recharge area soil (p=0.026) and the spring water 469 

(p<0.001) made significant PAH contributions to the spring sediments: transport from 470 

the recharge-area soil and spring water explained 28.6% and 67.6% of PAHs in the 471 

spring sediments, respectively. 472 

CSD karst spring is a siphonal spring (Guo et al. 2020), it had two groundwater 473 

flow systems: the dolomite of Shilongdong Formation (Є1sl) groundwater system and 474 

the limestone of Tianheban Formation (Є1t) groundwater system (Figure 5 c1 and c2). 475 

The underneath is a calcareous shale of Shipai Formation (Є1sh), a low-permeability 476 

layer that can prevent groundwater loss. The development of the karst conduits 477 

penetrated in these two groundwater systems, and siphon structure was developed in 478 

the limestone aquifer (Є1t) and connected with the solution cavity, thus forming the 479 

characteristics of intermittent discharge from CSD karst spring during the no-rain 480 

period. The PAHs concentration in spring sediments was relatively low though it is the 481 

most polluted area in the study area. It is speculated that the collected soil sample cannot 482 

represent the whole recharge area of CSD (can be seen from Figure 5 c1), but the 483 

sources of sediments are from the whole recharge area. There are still some other 484 

slightly-polluted recharge areas (in the north part) that were not sampled in this study. 485 

The diverse sources of spring sediments caused the diverse PAH sources in the 486 

sediments, leading to the low concentrations of PAHs and insignificant correlation 487 

between the spring sediments and soil in the CSD system. 488 
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Figure 5. The hydrogeological profiles of JZZQ (a1 and a2), YQD-MGQ (b1 and b2) and CSD (c1 490 

and c2) karst spring systems 491 

4. CONCLUSIONS 492 

The PAH concentrations were relatively low in surface soil and groundwater/spring 493 

water from the typical karst area of Central China. The ∑16PAHs in the surface water 494 

were lower than those in the spring water. However, the pattern in sediments was 495 

contrary: the concentrations of ∑ 16PAHs in the surface/river sediments were 496 
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significantly higher than those in the spring sediments. This could be due to different 497 

sources of PAHs and different matrix compositions in the sediments: the surface 498 

sediments from the open environment had multiple sources of PAHs, and their matrix 499 

component is mainly clay minerals with strong sorption capacity of PAHs. While the 500 

source of spring sediments was solely from the isolated environment, and their main 501 

matrix component is clastic rocks with relatively weaker adsorption on LMW-PAHs 502 

than clay minerals. Besides, the average proportion of LMW-PAHs in the surface 503 

sediments was higher than that in the spring sediments. LMW-PAHs were predominated 504 

in the soil, water and sediments, and the proportion of LMW-PAHs in sediments was 505 

higher than that in soil. Biomass burning, coal combustion and vehicle emission are the 506 

major sources of PAHs. 507 

Our results highlighted the process and characteristics of PAH transport in the karst 508 

spring systems: Significant correlations of PAH compositions in the different karst 509 

spring systems were observed. Due to the high dynamic of karst spring systems and the 510 

rapid transport of PAHs in various media without significant degradation, the 511 

vulnerability of groundwater in karst area is revealed. We can conclude that 512 

hydrogeological conditions will affect PAH transport: the strong permeable stratum is 513 

conducive to the rapid transport of particles, leading to a higher proportion of HMW-514 

PAHs in the sediment at the spring outlet. 515 
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Table S1. Chemical Abstracts Service (CAS) number, abbreviation, octanol-water 

partition coefficients (Kow) and method detection limits (MDLs) of target PAHs in 

this study 

PAHs Abbreviation CAS. No. logKow 
MDL for liquid 

samples (ng·L-1) 

MDL for solid 

samples (ng·g−1) 

Naphthalene Nap 91-20-3 3.37 1.80 0.50 

Acenaphthylene Acy 208-96-8 4.00 0.04 0.10 

Acenaphthene Ace 83-32-9 3.92 0.05 0.05 

Fluorene Flu 86-73-7 4.18 0.04 0.04 

Phenanthrene Phe 85-01-8 4.57 0.13 1.20 

Anthracene Ant 120-12-7 4.54 0.02 0.01 

Fluoranthene Fla 206-44-0 5.22 0.02 0.02 

Pyrene Pyr 129-00-0 5.18 0.05 0.30 

Benz(a)anthracene BaA 1718-53-2 5.91 0.10 0.10 

Chrysene Chry 218-01-9 5.86 0.02 0.05 

Benzo(b)fluoranthene BbF 205-99-2 5.80 0.10 0.06 

Benzo(k)fluoranthene BkF 207-08-9 6.00 0.05 0.10 

Benzo(a)pyrene BaP 50-32-8 6.04 0.20 0.20 

Indeno(1,2,3-cd)pyrene InP 193-39-5 6.50 0.02 0.01 

Dibenzo(a,h)anthracene DahA 13250-98-1 6.75 0.02 0.01 

Benzo(ghi)perylene BghiP 191-24-2 6.50 0.02 0.01 
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Table S2. Concentrations (ng·L−1) and detection rate (%) of PAHs in water in the rural karst area in Western Hubei, Central China 

Compound 
Spring water (n=10)  River water (n=10) 

Range Median Mean±SD a Detection rate  Range Median Mean ± SD Detection rate 

Nap 2.32-8.15 3.42 4.35 ± 2.06 100  2.42-9.97 3.29 3.95 ± 2.10 100 

Acy <MDL-0.80 <MDL 0.17 ± 0.23 60  <MDL-0.37 0.05 0.10 ± 0.11 50 

Ace <MDL-0.64 <MDL 0.10 ± 0.19 20  <MDL-0.24 <MDL 0.05 ± 0.07 20 

Flu <MDL-4.46 <MDL 0.58 ± 1.40 40  <MDL-1.29 <MDL 0.15 ± 0.38 30 

Phe <MDL-40.4 1.38 6.89 ± 12.7 80  0.06-1.82 0.75 0.76 ± 0.57 100 

Ant <MDL-4.81 <MDL 0.51 ± 1.51 30  <MDL-0.01 <MDL <MDL 10 

Fla <MDL-28.9 <MDL 5.10 ± 10.5 40  <MDL-0.73 <MDL 0.13 ± 0.26 10 

Pyr <MDL-161 <MDL 17.9 ± 50.5 40  <MDL-0.68 <MDL <MDL 10 

BaA <MDL-0.75 0.43 0.43 ± 0.19 90  0.34-1.37 0.45 0.53 ± 0.29 100 

Chry <MDL-0.13 0.05 0.05 ± 0.04 70  <MDL-0.34 0.02 0.06 ± 0.11 50 

BbF 0.17-2.40 0.37 0.68 ± 0.70 100  0.21-0.79 0.44 0.45 ± 0.17 100 

BkF <MDL-0.17 <MDL <MDL 20  <MDL <MDL <MDL 0 

BaP <MDL-1.11 0.28 0.44 ± 0.36 80  0.24-0.68 0.39 0.41 ± 0.14 100 

InP <MDL-0.08 <MDL 0.02 ± 0.02 10  <MDL <MDL <MDL 0 

DahA <MDL <MDL <MDL 0  <MDL <MDL <MDL 0 

BghiP <MDL-0.06 <MDL 0.02 ± 0.02 20  <MDL <MDL <MDL 0 

∑LMW-PAHs b 3.12-68.8 5.12 17.7 ± 24.6 100  3.43-10.1 4.55 5.14 ± 1.93 100 

∑HMW-PAHs c 0.89-163 1.36 19.6 ± 51.0 100  1.02-2.92 1.33 1.61 ± 0.58 100 

∑PAHs d 4.09-222 6.47 37.3 ± 69.8 100  4.56-11.4 6.13 6.75 ± 2.16 100 

aSD: standard derivation.  

b∑LMW-PAHs: the total concentrations of low molecular weight PAHs (2-3 ring PAHs).  

c∑HMW-PAHs: the total concentrations of high molecular weight PAHs (4-6 ring PAHs).  

d∑PAHs: the total concentrations of 16 PAH compounds.  
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Table S3. Concentrations (ng·g−1 dw) and detection rate (%) of PAHs in sediment in the rural karst area in Western Hubei, Central China 

Compound 
Spring sediment (n=8)  River sediment (n=10) 

Range Median Mean±SD a Detection rate  Range Median Mean±SD Detection rate 

Nap 0.96-8.45 5.43 5.00 ± 3.05 100  4.86-52.3 9.50 16.6 ± 15.2 100 

Acy 0.12-0.98 0.31 0.38 ± 0.29 100  0.25-45.0 0.92 8.33 ± 16.3 100 

Ace 0.06-0.29 0.13 0.16 ± 0.10 100  0.09-11.3 0.22 1.95 ± 3.96 100 

Flu <MDL-4.70 1.51 1.86 ± 1.58 87.5  1.71-358 3.60 65.6 ± 139 100 

Phe 1.76—13.5 4.72 6.47 ± 4.92 100  3.24-332 15.7 65.2 ± 118 100 

Ant 0.01-0.79 0.12 0.23 ± 0.28 100  <MDL-62.1 0.15 11.4 ± 24.4 60 

Fla 0.74-7.04 1.95 3.15 ± 2.67 100  0.03-56.1 7.15 12.3 ± 16.1 100 

Pyr 0.51-5.60 1.50 2.48 ± 2.21 100  0.66-45.6 5.39 10.6 ± 13.5 100 

BaA <MDL-2.52 0.51 0.88 ± 0.91 87.5  <MDL-20.5 2.03 4.12 ± 6.28 90 

Chry 0.19-12.7 0.83 2.82 ± 4.45 100  <MDL-20.9 1.57 3.42 ± 5.94 90 

BbF <MDL-12.2 0.97 2.88 ± 4.30 87.5  <MDL-16.6 2.05 3.74 ± 4.86 90 

BkF <MDL-2.81 0.30 0.68 ± 0.91 87.5  <MDL-5.78 0.49 1.29 ± 1.72 90 

BaP 0.23-4.35 0.66 1.35 ± 1.41 100  <MDL-9.14 0.89 2.08 ± 3.00 90 

InP <MDL-3.88 0.05 0.83 ± 1.39 87.5  <MDL-8.87 0.01 1.07 ± 2.65 50 

DahA <MDL-1.10 0.01 0.23 ± 0.42 62.5  <MDL-0.15 <MDL 0.02 ± 0.04 20 

BghiP <MDL-4.87 <MDL 0.96 ± 1.74 37.5  <MDL-1.66 <MDL 0.16 ± 0.50 50 

∑LMW-PAHs b 4.34-34.2 16.5 17.3 ± 11.9 100  13.7-913 43.0 181 ± 330 100 

∑HMW-PAHs c 1.53-48.7 6.95 13.1 ± 16.1 100  2.59-128 13.1 26.4 ± 37.2 100 

∑PAHs d 5.87-83.0 23.8 30.3 ± 25.9 100  29.9-1041 57.2 227 ± 379 100 

aSD: standard derivation.  

b∑LMW-PAHs: the total concentrations of low molecular weight PAHs (2-3 ring PAHs).  

c∑HMW-PAHs: the total concentrations of high molecular weight PAHs (4-6 ring PAHs).  

d∑PAHs: the total concentrations of 16 PAH compounds.
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Table S4. Concentrations (ng·g−1 dw) and detection rate (%) of PAHs in surface soil 

in the rural karst area in Western Hubei, Central China 

Compound 
Soil (n=9) 

Range Median Mean±SD a Detection rate 

Nap 0.94-13.2 4.32 4.54±3.85 100 

Acy 0.14-1.06 0.32 0.42±0.31 100 

Ace <MDL-0.46 0.17 0.21±0.13 88.9 

Flu <MDL-2.87 0.88 0.99±0.87 88.9 

Phe 1.32-7.13 3.83 4.03±2.18 100 

Ant <MDL-0.02 <MDL 0.01±0.01 44.4 

Fla <MDL-8.47 1.76 2.73±3.03 88.9 

Pyr 0.50-7.79 1.42 2.54±2.70 100 

BaA 0.21-4.61 0.68 1.53±1.91 100 

Chry 0.33-4.96 1.16 1.72±1.49 100 

BbF <MDL-8.22 1.06 2.13±2.84 88.9 

BkF 0.22-2.44 0.89 0.99±0.76 100 

BaP 0.21-5.03 0.85 1.31±1.55 100 

InP <MDL-9.77 0.02 1.32±3.42 66.7 

DahA <MDL-1.41 0.01 0.20±0.49 55.6 

BghiP <MDL-8.86 0.02 1.13±3.12 55.6 

∑HMW-PAHs b 1.98-51.0 6.11 12.8±16.6 100 

∑LMW-PAHs c 3.74-26.0 11.3 12.9±8.15 100 

∑PAHs d 6.04-67.7 18.1 25.8±21.2 100 

aSD: standard derivation. 

b∑LMW-PAHs: the total concentrations of low molecular weight PAHs (2-3 ring PAHs).  

c∑HMW-PAHs: the total concentrations of high molecular weight PAHs (4-6 ring PAHs).  

d∑PAHs: the total concentrations of 16 PAH compounds
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Table S5. Rotated principal component matrix of 16 PAHs in the study area 

PAHs Ring 
Principal component 

Factor 1 Factor 2 Factor 3 Factor 4 

Nap 2 0.052 0.798 0.173 -0.238 

Acy 2 0.622 0.421 0.545 -0.068 

Ace 2 -0.043 -0.009 -0.015 0.933 

Flu 2 0.264 0.948 0.009 -0.065 

Phe 3 0.102 0.887 0.372 0.114 

Ant 3 0.222 0.787 0.197 0.295 

Fla 3 0.18 0.378 0.892 -0.051 

Pyr 4 0.234 0.301 0.91 0.08 

BaA 4 0.459 -0.045 0.861 -0.022 

Chry 4 0.762 0.517 0.084 0.268 

BbF 4 0.83 0.407 0.244 0.102 

BkF 4 0.835 0.162 0.199 0.345 

BaP 5 0.932 0.121 0.208 0.004 

InP 5 0.908 -0.03 0.276 -0.2 

DaA 5 0.96 0.199 0.133 -0.085 

BgP 6 0.939 0.067 0.24 -0.144 

Variance/ %  38.4 32.6 28.1 0.9 

Estimated 

source 
/ 

Coal combustion and 

vehicle emission sources 

Biomass 

combustion source 

Coal combustion 

source 

Petrogenic 

source 
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Fig. S1. PAHs compositions in different environmental medium during the migration process of 9 karst spring systems 
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