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The research on polycyclic aromatic hydrocarbons (PAHs) in karst soil mainly

focuses on 16 kinds of parent-PAHs (p- PAHs), and little attention is given to

alkylated-PAHs (a-PAHs) with higher concentration and greater toxicity. Five

surface soils of coal mining area and their surrounding areas in karst area were

sampled as subject investigated, and the spatiotemporal pollution

characteristics of p-PAHs and a-PAHs were analyzed to discuss the impact

of karst soil properties and environmental conditions on the migration of

a-PAHs. The research results showed that the pollution concentration of

a-PAHs in the soil of the southwestern karst area, especially the coal mining

area, was significantly higher compared to the 16 kinds of p-PAHs, and the

average concentration of the p-PAHs was 177.29 ± 37.36 ng/g; the

concentration of a-PAHs was 346.87 ± 104.91 ng/g; the concentration of

PAHs presented a seasonal pattern of that in winter > spring > autumn >
summer. At the same time, seasonal rainfall could affect and change the

occurrence state of PAHs in karst soils, but the effect on p-PAHs was

weaker than on a-PAHs. The concentration of PAHs in the coal mining area

and forest soil were 651.68 ng/g and 755.38 ng/g, respectively, so they

belonged to contaminated soil, while the concentrations of two cultivated

soil and abandoned soil were 475.51 ng/g, 367.58 ng/g and 370.63 ng/g,

respectively, belonging to weakly contaminated. Toxicity assessment

showed that p-BaP with a maximum toxic equivalent of 62.35 ng/g, C1-BaP

(42.09 ng/g), DaA (37.82 ng/g) and C1-3 BaA (25.91 ng/g) were toxic PAHs with

higher risk. The results of the correlation study showed that soil organic carbon,

soil clay and soil calcium content were the dominant factors affecting the

spatiotemporal distribution of PAHs of soils in karst coal mining areas and their

surrounding areas. The research can provide data guidance for the

management, control and restoration of soil pollution in karst areas, and

offer a reference for Guizhou province to implement the big-ecological

strategy.
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Introduction

Global karst landforms were widely distributed, accounting for

about 15% of the terrestrial area (Larson and Mylroie, 2018).

Guizhou province was China’s distribution center of karst

landforms (Yan et al., 2019). Karst areas are vulnerable to

various exogenous pollutants due to their extremely fragile

ecosystems and thin soil layers. The coal-dominated energy

consumption structure, rapid urbanization, and the increasing

number of motor vehicles have made Guizhou province karst

soil a major “sink” of PAHs. Research pointed out that the total

emission of PAHs was 1730 tons in Guizhou province, ranking

fourth in the country in 2003 (Xu et al., 2006), and Guizhou

province’s overall emission intensity was also at a high level in

China (Zhang et al., 2007). Han et al. (2019) pointed out that China

emitted 32,700 tons of PAHs because of incomplete fuel combustion

in 2016, and the emission intensity of Guizhou province was high.

Zhang et al. (2022) pointed out that the pollutant concentration of

soil PAHs near the coal-fired power plant in the karst area of

Guizhou province reached 12.2 mg/kg.

The occurrence,migration and fate of 16 kinds of p-PAHs in the

environmental priority control pollutants in soil have been widely

studied, but the total polycyclic aromatic compounds (PACs) in the

environment not only contain 16 kinds of p-PAHs, but also include

a-PAHs, nitro-polycyclic aromatic hydrocarbons (n-PAHs),

dibenzothiophenes (DBTs), etc. In recent years, researchers have

found that aerosols (Wei et al., 2015), bituminous coal (Zhang et al.,

2021), coking plants and coal gangue (Lin et al., 2017; Liang et al.,

2018), oil-contaminated sites (Golzadeh et al., 2021), untreated

sludge and municipal wastewater (Hellou et al., 1999) include

not only 16 kinds of p-PAHs, but also a large number of

a-PAHs whose proportion was often greater than p-PAHs. The

main sources of a-PAHs included the accompanying products of

petroleum, namely diagenetic sources; a-PAHs also existed in raw

coal; the processing and combustion of petroleum and coal products

also released a part of a-PAHs. The substitution reaction of p-PAHs

in the environment also increased the concentration of a-PAHs in

the environment. Studies have found that a-PAHs may be

significantly more toxic than p-PAHs (Andersson and Achten

2015; Golzadeh et al., 2021). The study believed that PAHs with

a “Bay region” structure was the key molecular feature that affected

whether PAHs would lead to mutagenesis, carcinogenesis and

teratogenesis. The study also found that 38 kinds of a-PAHs had

the above three effects (Baird et al., 2007).

The climate, precipitation and various Earth surface

processes in southwest China’s karsts were extremely

complicated, which may affect PAH’s environmental

migration and final fate. Lan et al. (2016, 2018) showed that

rainfall events changed the distribution of PAHs in karst

groundwater, the mass concentration of PAHs in water

increased with the increase of rainfall or flow, and the

ecological risk of underground water changed during rainfall.

Zhu et al. (2022) showed that high ring PAHs were more

enriched in the soil of typical karst trough valleys in

Chongqing, and soil PAHs generally caused a low risk of

carcinogenicity. Qian et al. (2020) showed that low cyclic

PAH was mainly found in the karst cave sediment, and PAHs

distribution had no significant relationship with the sediment

particle size. Ye et al. (2015) believed that the migration of PAHs

in karst areas was mainly controlled by two mechanisms: organic

matter and water dissolution. They believed that energy

combustion and traffic pollution, and atmospheric deposition

were the main pollution pathway for PAHs in the study area. An

et al. (2021) believed that the migration of PAHs in karst soil was

closely related to natural ecological processes such as freezing and

thawing. Freeze-thaw cycles may affect the form of calcium ions

in the karst environment, thereby changing the microscopic

morphology and structure of soil organic matter, resulting in

chvvvanges in PAHs occurrence state and desorption process.

The research on PAHs in the karst environment mainly focused

on groundwater and 16 kinds of p-PAHs, while the more toxic

a-PAHs and 16 kinds of p-PAHs in soil had not been reported.

Meanwhile, the physicochemical properties of a-PAHs and

p-PAHs were quite different, which may affect the occurrence,

migration and toxicity in the environment (Kang et al., 2016).

The pollution of a-PAHs in southwestern karst areas, especially

in coal-rich areas, would inevitably affect soil health and

groundwater safety, and ultimately affected the safety of the

entire regional ecosystem and human health. In addition, the

unique climatic conditions in the karst area of Guizhou province

may change the occurrence and migration of p-PAHs and

a-PAHs. Hence, studying the pollution characteristics of

a-PAHs in karst areas was necessary. The main purpose of

this study was to find out the temporal and spatial

distribution tendency of PAHs in the soil of karst coal-rich

areas in different seasons, analyze the possible influencing

factors, calculate the ecological risk value. The research can

provide data guidance for the management, control and

restoration of soil pollution in karst areas, and provide a

reference for implementing the big ecology strategy in

Guizhou province.

Material and methods

Sample collection

The study selected five surface soils (0–10 cm) in a coal

mining area in Hezhang County, Guizhou province (Figure 1).

The coal mining area was 2.29 km2, and the production scale was
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0.45 Mt/a. The coal-bearing formation of the coal mine was

Xuanwei Group (P3x), which mainly was lignite with medium

high sulfur and low volatile anthracite. The study was conducted

in March, 2021 (spring, with continuous light rain for a week

before sampling), June, 2021 (summer, with a heavy rain for a

week before sampling), September, 2021 (autumn, without

rainfall for a week before sampling), and December, 2021

(winter, without rainfall for a week before sampling). 10 m ×

10 m surface soil mixed sample was collected by the W-type

sampling method, which was air-dried at room temperature in

the laboratory in the dark to remove plant roots and debris,

ground and screened through a 100-mesh stainless steel sieve,

and put in a sealed bag for later use. The basic characteristics of

the soil are shown in Table 1. The total organic carbon (TOC)

was measured by an organic element analyzer (vario Macro

cube), and the cation exchange capacity (CEC) was measured

by the NH4Cl-NH4OAcmethod. The total calcium amount of the

soil (TCA) was digested using aqua regia-perchloric acid and

determined by the ICP-OESmethod. Soil texture was determined

using a laser particle size analyzer (BT-9300ST).

Instruments and reagents

The main experimental apparatus included Agilent 6890/

5973B gas chromatography-mass spectrometer (equipped with

EI ionization source and automatic sampler); rotary evaporator

(VORTEX-5), ultrasonic cleaner (KG-250DE type), centrifuge

(TGL -16C).

N-hexane and dichloromethane were products of Thermal

Fisher, the United States; methanol and anhydrous sodium

sulfate were bought from Sinopharm Group Corporation. The

standard mixed samples of 16 kinds of p-PAHs were purchased

from AccuStandard, the United States, and the standard

FIGURE 1
Location of samples site of karst soil in Guizhou province.
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solutions of 12 a-PAHs were purchased from Ehrenstorfer,

Germany. Preprocessing standard internal D8-naphthalene,

quantitative internal standard D10-acenaphthene, D10-

phenanthrene, D12-perylene, D12-chrysen, and injection

internal standard D14-tribiphenyl were purchased from

Cambridge Isotope Laboratories.

Extraction and analysis

Ultrasonic extraction was used to extract the p-PAHs and

a-PAHs in the soil. Briefly, 5 g sample was put into a 10 ml screw-

top glass test tube, then 2 g high-temperature treated anhydrous

sodium sulfate was added, then 100 μL with 20 μg/ml recovery

internal standard D8-naphthalene was added, and meanwhile

10 ml of dichloromethane was added. At a constant water

temperature of 20°C, the sample was sonicated for 5 h, and

stirred once per hour during ultrasonication. The supernatant

was transferred to a centrifuge tube, centrifuged at 14,000 r/min

for 5 min, and then transferred to a rotary evaporator, which was

concentrated to 0.5 ml, transferred to a 1.5 ml brown injection

bottle. 100 μL with 400 ng/g quantitative internal standard (D10-

acenaphthene, D10-phenanthrene, and D12-perylene) was added.

The sample capacity was fixed to 1 ml using methanol, and

evenly was mixed in a vortexer for 5 min to tested on the

machine.

The sample was measured by GC-MS, and the specific

chromatographic parameters were as follows: temperature

programming of the chromatographic column (DB-5MS,

30 m × 0.25 mm × 0.25 μm, United States) started from 70°C,

and held for 1 min; the chromatographic column was heated to

180°C at 15°C/min, held for 2 min; heated to 220°C at 10°C/min,

held for 0.5 min, and finally heated to 300°C at 8°C/min, held for

5 min. The carrier gas was helium, the flow rate was constant flow

with 1.0 ml/min; the injection port temperature was 280°C, and

the injection volume was 1 μL without split sampling. Mass

spectrometry parameters: electron bombardment ion source,

ionization voltage 70 eV, ion source temperature 230°C,

interface temperature 280°C, mass scanning range m/z

50–550, in full scan mode, solvent delay for 4 min.

Data processing and quality control

The p-PAHs were determined by gas chromatography-mass

spectrometry, specifically referred to by Lan et al. (2016). The

a-PAHs were qualitatively and quantitatively analyzed using

MassLynx V4.2 software by referring to the mass spectrum of

the standard sample and the mass spectrum in the standard mass

spectrum database (NIST Mass Spectral Database), and

qualitative analysis was made based on retention time. The

relative response factor (RF) internal standard method was

used for quantitative analysis; the components of a-PAHs not

included in the standard sample were quantified according to the

response factors of PAHs or a-PAHs with the closest retention

time in the homologues or the chromatogram (Qian et al., 2022).

The RF calculation formula was as follows:

RF � KS−PAH
KIS

(1)

In Eq. 1, KS-PAH was the regression curve slope of a single

PAH standard substance; KIS was the regression curve slope of

the added standard internal substance corresponding to a single

PAH standard substance.

All samples were subject to a strict quality assurance and quality

control system: 3 parallel samples were set for each sample, and the

recovery standard sample was added; the actual recovery ranges

were D8-naphthalene (83.2% ± 6.3%), D10-Acenaphthene (79.2% ±

8.4%), D10-phenanthrene (95.1% ± 2.8%), D12-chrysen (98.2% ±

3.4%), D12-perylene (102.6% ± 6.5%); one blank was added for every

10 samples, and the concentration range of naphthalene was

0.03–0.95 ng/g in the blank sample; the final data were revised

from the blank and corrected for recovery.

Results

Concentration characteristics of ∑PACs

35 kinds of PACs (14 kinds of p-PAHs and 21 kinds of

a-PAHs) were detected in the samples, and the concentrations

of 14 kinds of p-PAHs ranged from 224.66 ± 55.78 ng/g to

TABLE 1 Physical and chemical properties of the soil at the sampling sites.

Sample pH TOC (%) CEC (cmol/kg) TCA (10−3 cmol/kg) Soil texture(%) Descriptions

Silt Clay Sand

S1 6.39 3.55 11.28 5.21 33.26 20.23 46.51 The soil in the mining area, without the vegetation

S2 7.62 3.84 23.57 3.22 19.24 43.92 36.84 Abandoned soil, with horsetail pine

S3 7.48 5.61 12.28 4.38 11.36 67.06 21.58 Slope soil, perennial planting pepper

S4 7.24 4.47 14.57 3.47 40.29 24.54 35.17 Cultivated soil, mainly planting corn

S5 7.37 9.46 26.45 6.35 26.48 39.03 34.49 Forest soil
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121.43 ± 26.89 ng/g, with an average value of 177.29 ± 37.36 ng/g;

21 kinds of a-PAHs concentrations ranged from 530.72 ±

172.17 ng/g to 444.04 ± 94.19 ng/g, with an average value of

346.87 ± 104.91 ng/g (Tables 2, 3). The two p-PAHs

(acenaphthylene and acenaphthene) were not detected in the

karst soil, but their alkyl-substituted hydrocarbons had high

concentrations. According to analysis from the polluted site, the

forest soil sampling site (S5) had the maximum concentration of

p-PAHs (224.66 ± 66.82 ng/g), and the soil sampling site of

traditional corn crop cultivated soil (S4) had the minimum

value of p-PAHs (121.43 ± 31.94 ng/g). The specific

concentration tendency was S5 > S1 > S3 > S2 > S4. Forest soil

sampling site (S5) had the maximum concentration of the a-PAH

(530.72 ± 172.17 ng/g), and cultivated corn crop soil (S4) still was

the minimum value (249.21 ± 94.69 ng/g). The specific

concentration tendency was S5 > S1 > S3 > S4 > S2. According

to analysis from the sampling season: the average concentration of

total PAHs in the five sampling sites was winter (588.01 ng/g) >
spring (573.26 ng/g) > autumn (499.41 ng/g) > summer

(435.95 ng/g). The average concentration of p-PAHs in the five

sampling sites was winter (203.09 ± 41.65 ng/g) > autumn

(177.56 ± 36.21 ng/g) > spring (169.31 ± 40.25 ng/g) > summer

(159.18 ± 60.17 ng/g). Except for the winter in which the

concentration of the S1 was higher than that of the other four

sampling sites, the concentration of the sampling site was exhibited

with S5 > S1 > S3 > S2 > S4 in other seasons. However, there were

differences in the seasonal distribution characteristics of a-PAHs.

The seasonal distribution order of the five soil samples was spring

(403.95 ± 41.65 ng/g) > winter (384.92 ± 113.38 ng/g) > autumn

(321.85 ± 104.19 ng/g) > summer (276.77 ± 91.31 ng/g). Except for

the spring sampling in which the content of a-PAHs in cultivated

soil (S4) was lower than that in the abandoned soil (S2), the general

trend of a-PAHs concentrations was S5 > S1 > S3 > S4 > S2 in the

four seasons. A comparison of the concentration distribution of

PAHs in different sites and in different sampling seasons with the

soil properties of the sampling sites revealed that the spatial

distribution of p-PAHs and a-PAHs were closely related to soil

organic carbon content.

The∑PACs in the mining area (S5) were significantly higher

than in the other 4 sampling sites (Table 4); the p-PAHs

concentration at all sampling sites was lower than the a-PAHs

concentration. The a-PAHs accounted for 63%–70% of PACs,

with an average value of 64%, which indicated that a-PAHsmight

be the main type of PAHs of the sampling sites surface soil in the

karst area. In different seasons, the concentrations of PAHs in the

soil were significantly different, with the total concentration of

PAHs in the soil in winter and spring higher than that in autumn

and summer.

TABLE 2 Concentration of ∑16 p-PAHs in samples of soil (ng/g).

p-PAH S1a S2 S3 S4 S5 Average

Nap 11.46 ± 1.17 5.26 ± 1.3 14.38 ± 1.42 4.95 ± 2.1 13.93 ± 3.97 9.99 ± 1.99

Acy ND ND ND ND ND ND

Ace ND ND ND ND ND ND

Flu 15.55 ± 2.13 11.25 ± 2.55 12.49 ± 3.83 10.74 ± 1.43 16.14 ± 2.48 13.23 ± 2.48

Phe 16.37 ± 2.42 8.72 ± 1.72 16.82 ± 3.11 9.6 ± 2.84 23.18 ± 3.46 14.93 ± 2.71

Ant 17.12 ± 1.77 10.39 ± 2.01 13.03 ± 2.27 10.36 ± 3.14 17.03 ± 2.98 13.59 ± 2.43

Fla 17.83 ± 2.62 12.51 ± 1.39 13.44 ± 2.71 11.46 ± 2.37 24.82 ± 5.19 16.01 ± 2.86

Pyr 23.47 ± 3.04 12.47 ± 2.48 17.27 ± 4.42 9.64 ± 1.64 16.73 ± 3.77 15.92 ± 3.07

BaA 12.33 ± 2.29 10.16 ± 1.57 11.7 ± 3.08 9.03 ± 1.09 16.99 ± 5.23 12.04 ± 2.65

Chr 11.06 ± 2.06 9.88 ± 1.84 12.89 ± 3.76 7.84 ± 1.69 18.6 ± 6.69 12.05 ± 3.21

BbF 19.39 ± 2.2 14.52 ± 2.31 20.42 ± 8.26 14.2 ± 1.29 27.92 ± 7.36 19.29 ± 4.28

BkF 6.47 ± 2.12 6.38 ± 3.06 11.41 ± 2.99 8.01 ± 1.98 10.31 ± 3.21 8.52 ± 2.67

BaP 14.15 ± 2.46 9.89 ± 2.06 15.2 ± 1.93 7.82 ± 2.13 15.3 ± 5.10 12.47 ± 2.73

DaA 13.2 ± 1.51 5.88 ± 1.35 13.18 ± 4.05 5.56 ± 2.43 ND 7.56 ± 1.87

InP 12.54 ± 1.06 7.13 ± 1.27 9.35 ± 2.95 5.28 ± 1.46 11.32 ± 3.26 9.12 ± 2.00

BgP 16.72 ± 1.62 12.25 ± 2.51 14.47 ± 3.5 6.97 ± 1.32 12.41 ± 3.09 12.56 ± 2.41

2–3 ring∑PAHs 60.49 ± 7.48 35.61 ± 7.58 56.72 ± 10.62 35.63 ± 9.50 70.28 ± 12.89 51.75 ± 9.62

4 ring∑PAHs 64.68 ± 10.01 45.02 ± 7.28 55.29 ± 13.97 37.96 ± 6.78 77.14 ± 20.88 56.02 ± 11.78

5–6 ring∑PAHs 82.47 ± 10.95 56.05 ± 12.56 84.03 ± 23.68 47.84 ± 10.61 77.25 ± 22.02 69.52 ± 15.96

∑PAHs 207.64 ± 28.45 136.67 ± 27.42 196.04 ± 48.27 121.43 ± 26.89 224.66 ± 55.78 177.29 ± 37.36

Note: ND was not detected (the same below).
aIndicates the average concentration of samples at the same location in the four-sampling season. [Abbreviations: Nap, Naphthalene; Acy, Acenaphthylene; Ace, Acenaphthene; Flu,

Fluorene; Phe, Phenanthrene; Ant, Anthracene; Fla, Fluoranthene; Pyr, Pyrene; BaA, Benzo(a)anthracene; Chr, Chrysene; BbF, Benzo(b)fluoranthene; BkF, Benzo(k)fluoranthene; BaP,

Benzo(a)pyrene; DaA, Dibenzo(a,h)anthracene; InP, Indeno(1,2,3-cd)pyrene; BgP, Benzo(g,hi)perylene].
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∑PACs pollution pattern

In all sampling sites, the a-PAHs were a significantly higher

proportion than p-PAHs, and the proportion of a-PAHs

accounted for 59%–70% of the total aromatic hydrocarbons.

In terms of 16 kinds of p-PAHs, the concentration of 2–3-ring

PAHs ranged from 35.61 ± 7.58 ng/g to 70.28 ± 12.89 ng/g, with

an average value of 51.75 ± 9.62 ng/g, accounting for 29.19%; the

concentration of 4-ring p-PAHs ranged from 37.96 ± 6.78 ng/g to

77.14 ± 20.88 ng/g, with an average value of 56.02 ± 11.78 ng/g,

accounting for 31.60%; the concentration of 5–6-ring p-PAHs

ranged from 56.05 ± 12.56 ng/g to 84.03 ± 23.68 ng/g, with an

average value of 69.52 ± 15.96 ng/g, accounting for 39.21%. The

2-ring a-PAHs had the highest value of 121.29 ± 33.29 ng/g in the

TABLE 3 Concentration of ∑21 a-PAHs in samples of soil (ng/g).

a-PAH CAS S1 S2 S3 S4 S5 Average

1-Methylnaphthalene 90-12-0 25.64 ± 2.79 17.81 ± 2.09 22 ± 3.57 20.78 ± 2.35 24.33 ± 7.96 22.11 ± 3.75

2-Methylnaphthalene 91-57-6 21.92 ± 2.03 21.38 ± 1.52 22.1 ± 4.01 16.81 ± 1.72 31.59 ± 4.92 22.76 ± 2.84

2 -Ethylnaphthalene 2949-26-0 7.83 ± 1.35 4.54 ± 4.43 5.74 ± 4.22 6.15 ± 4.23 11.58 ± 3.23 7.17 ± 3.49

2,7-Dimethylnaphthalene 582-16-1 24.22 ± 2.58 14.62 ± 1.92 13.74 ± 2.52 13.83 ± 2.17 25.33 ± 6.21 18.34 ± 3.08

2,3,5- Trimethylnaphthalene 2245-38-7 20.04 ± 4.33 10.8 ± 3.41 15.46 ± 4.46 13.56 ± 3.85 28.47 ± 10.99 17.66 ± 5.41

1-Methylfluorene 1730-37-6 25.93 ± 6.97 14.84 ± 3.15 16.17 ± 4.10 13.99 ± 3.56 27.74 ± 10.14 19.73 ± 5.59

9-Methylfluorene 2523-37-7 27.83 ± 7.95 11.07 ± 1.55 14.47 ± 3.36 13.87 ± 9.22 28.7 ± 4.99 19.19 ± 5.41

1,9-Dimethylfluorene 17057-98-6 22.96 ± 6.01 12.82 ± 4.47 16.75 ± 5.84 15.97 ± 5.05 34.82 ± 12.66 20.66 ± 6.81

1-Methylanthracene 610-48-0 29.97 ± 5.46 14.28 ± 4.07 14.15 ± 5.31 15.41 ± 4.60 53.5 ± 8.37 25.46 ± 5.56

2-Methylanthracene 613-12-7 27.52 ± 6.87 8.06 ± 1.01 10.44 ± 7.12 10.01 ± 6.53 21.07 ± 7.61 15.42 ± 5.83

9,10-Dimethylanthracene 781-43-1 23.93 ± 2.25 10.94 ± 2.82 14.3 ± 2.21 13.2 ± 3.18 28.85 ± 12.96 18.24 ± 4.68

2,9,10-Trimethylanthracene 63018-94-0 26.28 ± 5.05 10.4 ± 3.78 10.74 ± 4.92 7.89 ± 4.26 19.15 ± 9.66 14.89 ± 5.53

7-Methylbenz[a]anthracene 2541-69-7 20.78 ± 5.84 10.24 ± 4.36 13.36 ± 5.70 12.8 ± 4.92 26.97 ± 11.56 16.83 ± 6.47

12-Methylbenz[a]anthracene 2422-79-9 15.72 ± 1.74 12.44 ± 1.31 15.99 ± 12.56 14.52 ± 9.74 31.78 ± 13.22 18.09 ± 7.71

7,12-Dimethylbenz[a]anthracene 57-97-6 25.92 ± 3.57 9.57 ± 2.67 11.97 ± 3.52 11.94 ± 3.02 25.15 ± 8.61 16.91 ± 4.27

2-Methylphenanthrene 2531-84-2 22.12 ± 1.08 7.54 ± 3.66 10.79 ± 4.93 7.94 ± 7.87 25.97 ± 4.61 14.87 ± 4.43

9-Methylphenanthrene 883-20-5 14.16 ± 3.84 7.7 ± 2.86 9.25 ± 3.75 8.86 ± 3.24 18.65 ± 8.24 11.72 ± 4.39

4,5-Methylenephenanthrene 203-64-5 18.03 ± 8.99 3.79 ± 1.88 4.74 ± 3.8 5.19 ± 2.13 9.55 ± 4.99 8.26 ± 4.36

2,3,5-Trimethylphenanthrene 3674-73-5 12.7 ± 4.97 6.08 ± 3.71 7.79 ± 4.91 7.46 ± 4.19 15.72 ± 7.46 9.95 ± 5.05

1-Methylpyrene 3442-78-2 23.35 ± 3.90 16.3 ± 2.91 22.24 ± 3.81 12.04 ± 3.29 27.06 ± 5.88 20.2 ± 3.96

6-Methylbenzo[a]pyrene 2381-39-7 7.23 ± 6.64 5.73 ± 4.96 7.33 ± 6.45 7.02 ± 5.59 14.78 ± 7.95 8.42 ± 6.32

2 ring ΣA1-3 Nap
a 99.64 ± 13.07 69.14 ± 13.37 79.03 ± 18.76 71.11 ± 14.31 121.29 ± 33.29 88.04 ± 18.56

3 ring ΣA1-3 Flu/Ant/Phe
b 313.82 ± 70.59 139.75 ± 41.28 170.88 ± 71.97 159.04 ± 71.51 367.59 ± 125.05 230.22 ± 76.08

4–5 ring ΣA1-2 Pyr/BaA/BaP
c 30.58 ± 10.54 22.03 ± 7.87 29.57 ± 10.26 19.06 ± 8.88 41.84 ± 13.84 28.62 ± 10.28

Σa-PAHs 444.04 ± 94.19 230.92 ± 62.52 279.48 ± 100.99 249.21 ± 94.69 530.72 ± 172.17 346.87 ± 104.91

aMeans alkylated homologues of the 1-3 substituted of 2 ring naphthalene.
bMeans alkylated homologues of the 1-3 substituted of 3 ring fluorene, fluorene and phenanthrene.
cMeans alkylated homologues of the 1-2 substituted of 4–5 ring pyrene, benz[a]anthracene and benzo[a]pyrene.

TABLE 4 Distribution and ration of different kinds of PAHs content in sampling sites.

Sample ΣPACs (ng/g) Σp-PAHs (ng/g) Σa-PAHs (ng/g) Ratio (a/p) Ratio (p/Σ) Ratio (a/Σ)

S1 651.68 207.64 444.04 2.14 0.32 0.68

S2 367.58 136.67 230.92 1.69 0.37 0.63

S3 475.51 196.04 279.48 1.43 0.41 0.59

S4 370.63 121.43 249.21 2.05 0.33 0.67

S5 755.38 224.66 530.72 2.36 0.30 0.70

Total 2620.78 886.43 1734.35 1.96 0.34 0.66
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S5 and the lowest value of 69.14 ± 13.37 ng/g in the S2, with an

average value of 88.04 ± 18.56 ng/g, accounting for 25.38%. The

3-ring a-PAHs had the highest value of 367.59 ± 125.05 ng/g in

the S5 and the lowest value of 139.75 ± 41.28 ng/g in the S2, with

an average value of 230.22 ± 76.08 ng/g, accounting for 66.37%.

The 4–5-ring a-PAHs had the highest value of 41.84 ± 13.84 ng/g

in the S5 and the lowest value of 19.06 ± 8.88 ng/g in the S4, with

an average value of 28.62 ± 10.28 ng/g, accounting for 8.25%.

Seen from the analysis of different sampling seasons (Figures

2, 3), the average concentrations of 2–3-ring p-PAHs were

47.27 ± 7.10 ng/g (spring), 46.97 ± 9.37 ng/g (summer),

54.38 ± 6.99 ng/g (autumn) and 58.36 ± 8.60 ng/g (winter);

the average concentrations of 4-ring p-PAHs were 59.18 ±

13.04 ng/g (spring), 50.89 ± 22.75 ng/g (summer), 54.68 ±

11.22 ng/g (autumn) and 59.33 ± 11.90 ng/g (winter); the

average concentrations of 5–6-ring p-PAHs were 62.86 ±

12.33 ng/g (spring), 61.32 ± 17.36 ng/g (summer), 68.51 ±

10.86 ng/g (autumn) and 85.40 ± 12.65 ng/g (winter). The

average concentrations of 2-ring a-PAHs in spring, summer,

autumn, and winter were 116.70 ± 20.66 ng/g, 57.47 ± 16.23 ng/g,

95.39 ± 19.93 ng/g, and 82.63 ± 17.42 ng/g, respectively; the

average concentrations of 3-ring a-PAHs in spring, summer,

autumn, and winter were 250.15 ± 79.98 ng/g, 193.58 ± 66.12 ng/

g, 194.24 ± 74.46 ng/g, and 282.89 ± 83.74 ng/g, respectively. The

average concentrations of 4~5-ring a-PAHs were 37.10 ±

10.12 ng/g in spring, 25.72 ± 8.96 ng/g in summer, 32.25 ±

9.80 ng/g in autumn, and 19.39 ± 12.22 ng/g in winter,

respectively. As seen from the analysis of a-PAHs homologs

of the same type, the concentration of alkylated-naphthalene and

alkylated-anthracene homologs were significantly higher than

that of other a-PAHs homologs, while alkylated-BaP homologs

had the smallest concentration and proportion (Figure 4). The

4–5-ring p-PAHs was a relatively high proportion, and there was

a small difference between p-PAHs with different ring numbers,

with a maximum value of 50.44% in winter. The a-PAHs with

different ring numbers varied significantly, and the 3-ring

a-PAHs were significantly higher proportion than 2-ring and

4–5-ring, and the largest proportion was 70.03% in winter.

Polycyclic aromatic compounds risk
assessment

The soil PAHs pollution standard (Maliszewska-Kordybach

1996) was combined with the substance toxicity equivalent factor

(Table 5) to evaluate the toxic concentration of p-PAHs and

a-PAHs in the coal mining area and then conduct a risk

assessment of the sample site in the coal area (Figure 5). The

results showed that when only 16 kinds of p-PAHs were

considered, except that the average concentration of the S5

(0.22 μg/g) and the average concentration of the S1 (0.21 μg/g)

were slight pollutions, the samples of other sites were all non-

pollution (Figure 5B). The concentration of a-PAHs in different

sites and seasons was significantly higher than that of p-PAHs,

and the pollution level was also significantly increased. The

S5 was moderately contaminated in winter, and the S2 was

FIGURE 2
Distribution of p-PAHs and a-PAH in karst soils for different seasons.
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FIGURE 3
Triangle diagram of different kinds of PAHs for the seasonal distribution [Seasonal distribution of low and high ring of total PAHs (A); Seasonal
distribution of 2–3, 4 and 5–6 ring of p-PAHs (B); Seasonal distribution of 2, 3 and 4–5 ring of p-PAHs (C); Seasonal distribution of 2, 3 and 4–5 ring of
a-PAHs (D)].

FIGURE 4
Box plot of a-PAHs homolog [concentration (A); proportion (B)].
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non-pollution in summer and autumn, and the rest of the sample

sites were all weakly polluted (Figure 5C). As seen from the

analysis of total PAH concentrations, PAHs of all soil samples

were above the level of weak contamination. Except for the S1 in

summer, S1 and S5 samples of other sites and seasons were

moderately contaminated (Figure 5A).

The equivalent concentration factor of a-PAHs was

calculated based on p-PAHs (Chen et al., 2016). The toxicity

equivalent concentration results showed that (Table 5): the

maximum concentration of p-PAHs was BbF (96.44 ng/g); the

minima were Acy and Ace; the maximum concentration of

a-PAHs was C1-3 Nap (440.20 ng/g); the minimum was C1-

BaP (42.09 ng/g). The evaluation results showed that BaP with

a maximum toxic equivalent of 62.35 ng/g, C1-BaP (42.09 ng/g),

DaA (37.82 g/g) and C1-3 BaA (26.91 ng/g) were the most

important 4 types of PAHs with high toxicity risk. The risk

value of ∑p-PAHs accounted for 63.64%, and it was the most

important toxic risky PAHs in the soil of the karst coal mining

area. As seen from the analysis of monomers and homologs, BaP

and C1-BaP contributed 52.38% of the toxicity risk, which were

the most important toxic risky substances. It was worth noting

that both DaA and C1-3 BaA toxicity risk accounted for more

than 10%, which were also the main types of PAHs that affect the

regional ecological risk. In the cultivated soil S3 and S4, a certain

content of BaP may cause the enrichment of plants, which were

transmitted in the food chain and caused certain toxicity risks to

the local residents.

Discussion

Coal mining and consumption were the main sources of

PAHs in soil. The average concentration of p-PAHs in the soil of

karst coal mining areas was177.29 ng/g. Shang et al. (2019)

showed that the average concentration of p-PAHs in Chinese

surface soil was 1217 ng/g, and the average content in Guizhou

province was 117.8 ng/g. Compared with other chemical areas in

China (Table 6), the pollution concentration of PAHs in the coal

mining area of Guizhou province was at a low level. Compared

with the PAHs pollution concentration in other regions of

Guizhou province, the total concentration of PAHs in this

study was at a moderate level, but was significantly lower than

TABLE 5 Toxic equivalent factors (TEFs), and BaP equivalent concentration (BaPeq).

PAHs TEF Sites (1–5) (ng/g) TEQBaP Percentage (%)

Nap 0.001 49.970 0.050 0.03

Acy 0.001 0.000 0.000 0.00

Ace 0.001 0.000 0.000 0.00

Flu 0.001 66.155 0.066 0.03

Phe 0.001 74.673 0.075 0.04

Ant 0.010 67.928 0.679 0.34

Fla 0.001 80.055 0.080 0.04

Pyr 0.001 79.575 0.080 0.04

BaA 0.100 60.190 6.019 3.02

Chr 0.010 60.268 0.603 0.30

BbF 0.100 96.443 9.644 4.84

BkF 0.100 42.583 4.258 2.14

BaP 1.000 62.348 62.348 31.27

DaA 1.000 37.815 37.815 18.96

InP 0.100 45.615 4.562 2.29

BgP 0.010 62.815 0.628 0.32

C1–3 Nap 0.001 440.203 0.440 0.22

C1–2 Flu 0.001 297.895 0.298 0.15

C1–3 Ant 0.010 343.781 3.438 1.72

C1–3 BaA 0.100 259.143 25.914 13.00

C1–3 Phe 0.001 223.978 0.224 0.11

C1 Pyr 0.001 100.988 0.101 0.05

C1 BaP 1.000 42.088 42.088 21.11

∑p-PAHs 886.430 126.906 63.64

∑a-PAHs 1708.073 72.503 36.36

∑PACs 2594.503 199.409 100.00
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the regional pollution concentration of PAHs in Guizhou

province coal power plants (4866 ng/g on average). The

concentration in the karst area soil was at a moderate level,

which may be because coal was the main energy consumption

patterns in the southwest karst area. Most of the coal

consumption was at a low grade in northwest Guizhou

FIGURE 5
Sample soils contamination grade based on the Maliszewska-Kordybach criteria [Total PAHs (A); p-PAHs (B); a-PAHs (C)].

TABLE 6 Concentrations of PAHs in surface soils from different areas in China.

Study area PAHs Minimum Maximum Middle Average References Samples time

Surface soil, China 16 ND 65500 381.9 1214 Shang et al. (2019) 1999–2018

Surface soil, China 16 9.90 5910 159 377 Zhao et al. (2015) 2015

Agricultural soil, China 16 ND 27580 ND 772 Sun et al. (2018) 2015

Agricultural top-soil, 16 277.79 3217.20 ND 1023 Liu et al. (2016) 2013

Urban soil, China 16 92 4733 ND ND Han et al. (2019) 2001–2017

Urban soil, China 16 30.1 23300 661 584 Ma et al. (2015) 2004–2013

Rural soil, China 16 3.7 6250 147 148 Ma et al. (2015) 2004–2013

Tangshan mining area, Hebei 16 115.30 1042.31 349.17 486.37 Jia et al. (2017). ND

Yangtze River Delta Chemical Industry Park 19 16.3 4694 ND 688 Jia et al. (2021) 2019

Heshan coal district, Guangxi GGuangxi,China 16 79.56 4256.96 ND 1280.12 Huang et al. (2016) 2013

Coal mine district of Lu ling, Anhui 28 350 6210 ND 1690 Liu, (2014) 2010

Ningdong Chemical Industry District, Ningxia 16 ND 123120 ND 10190 Yang et al. (2020) ND

Niangziguan karst catchment, Shanxi ,Niangziguan 16 47.13 705.3 194.4 259.96 Li et al. (2019) ND

Suburb of Guiyang, Guizhou 16 61 511 339 281.8 Hu et al. (2006) ND

Urban area of Guiyang, Guizhou 16 247 1560 692 663 Hu et al. (2006) ND

Zunyi, Guizhou 16 0.8 251 ND 36.48 Zhang et al. (2009) 2008

Top-soil of Guiyang, Guizhou 16 10.02 1708.86 99.98 139.14 Zhang et al. (2021) ND

Bijie, Guizhou 16 196 11592 780 1500 Chen et al. (2016) 2014–2015

Power plants in Bijie, Guizhou 16 200 12200 5350 4866 Zhang et al. (2021) ND

Qiannan, Guizhou 16 3.7 259.6 ND 56.8 Lin et al. (2015) 2010

Coal mine district of Hezhang county, Guizhou 16 136.67 224.66 196.04 177.29 This study 2021

Coal mine district of Hezhang county, Guizhou 21 249.21 530.72 279.48 346.87 This study 2021

Note: ND means no data available in reference.
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province, and the emission of PAHs from coal was significantly

higher than that from high grade anthracite. Geng et al. (2014)

believed that the overall emission coefficient of Guizhou province

anthracite was 129.47 mg/kg, which was significantly higher than

that of anthracite in other parts of China. Therefore, the

accumulation of PAHs in the soil of Guizhou province coal

mining areas may be derived from coal combustion and the

emission of lithogenic PAHs during coal mining. In addition, the

southwest karst area with high altitude, humid air, relatively

closed terrain, and short illumination time hindered the diffusion

of PAHs in the atmosphere, thereby increasing the concentration

of PAHs in the soil matrix. The author’s previous research

showed that the karst soil with calcium-enriched

characteristics might reduce the adsorption of PAHs. The

main reason was that, in a complex karst environment, the

soil inorganic ions repeatedly dissolve and precipitate, and

occupied the high-energy sites for soil adsorption of PAHs,

and filled soil pores. As a result, the PAHs entering the soil in

karst areas may further migrate into groundwater or other

environmental substrates, thus increasing the risk of

environmental toxicity (An et al., 2021; An et al., 2022).

Soil organic matter, organic carbon, pH, particle

composition, and soil microstructure are all factors to affect

the occurrence state of PAHs. Many studies have shown that

SOM was the key component for the sorption of organic

pollutants by providing highly active combination sites, which

was the key component for the adsorption and desorption of

PAHs. It was believed that the PAHs desorption fractions and

fast desorption rate constants of soils decreased with SOM

increase (Li et al., 2007). Luo et al. (2012) illustrated that the

fast-migrating components of PAHs in soil were directly related

to organic carbon and the distribution of mesopores and

micropores in soil. Ukalska-Jaruga et al. (2019) pointed out

that different types of soil organic matter significantly affected

the availability and durability of PAHs, and soil organic matter

components of FA and HA were unstable components of organic

matter, which had a significant positive correlation with the

potential utilization of PAHs. HM was a stable organic matter

with high hydrophobicity and poor degradability, which was the

main factor affecting the durability of PAHs in soil. The sample

site of S5 was rich in woodland and less affected by human

activities.

The soil organic carbon content of S5 was significantly higher

than other 4 sample sites. The total concentration of PAHs, the

concentration of p-PAHs and a-PAHs of S5 was significantly

higher than other 4 sample sites, which showed that PAHs

concentration in the soil of the karst rocky desertification area

was mainly controlled by soil organic carbon. High-ring (4-ring

and 5–6-ring) p-PAHs and a-PAHs were more enriched for the

sample sites of S5 and S3 with higher organic carbon content,

indicating that high ring PAHs were more likely to bond with

colloids such as soil organic matter and had greater migration

difficulty in soil, which were consistent with previous findings

(Łyszczarz et al., 2021). At the same time, soil type was also an

important factor to affect the environmental migration of PAHs.

In this study, the soils of the S1 and S5 belonged to the clay soil

type (Figure 6), which had a large sorption capacity for PAHs.

The concentration of total PAHs in the study area had a good

positively correlated with the soil clay content (Figure 7) (R2 =

0.88). This was consistent with the findings of Luo et al. (2008)

found that PAHs were mainly enriched in soil clay components.

Pearson correlation analysis indicated that the total

concentration of PAHs in soil was not only correlated with

soil organic carbon and clay, but also had a significant

positive correlation with the total calcium content of soil

(Figure 7). Some studies pointed out that the higher the

content of water-soluble calcium ions was in the soil, the

greater the desorption components of PAHs were (An et al.,

2022). The complex environmental conditions of karst may

change the existing form of calcium ions in the soil, thus

affecting the occurrence state of PAHs. Soil calcium can be

divided into five forms: water-soluble calcium, exchangeable

calcium, acid-soluble calcium, organically bound calcium and

residual calcium. Soil calcium may also be an important driver of

karst rocky desertification (Tang et al., 2019). The author

believed that high calcium ions in karst soil might affect the

occurrence and environmental migration of PAHs from two

aspects: on the one hand, calcium ions affected the adsorption

and desorption environmental conditions of PAHs, such as the

cation exchange capacity; on the other hand, calcium ions was

chemically changed in the complex karst environment, by

forming inorganic precipitation or mineral polymer to affect

the specific surface area of soil and its organic matter, reduce the

high energy site of adsorption of PAHs, and the adsorption pores

FIGURE 6
Soil texture classes of sample sites.
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(An et al., 2021). The role of various forms of calcium in the

environmental transport of PAHs has not been systematically

reported. Therefore, the effects of different calcium forms on

PAHs carry great significance for karst soil management and

remediation, and more in-depth studies are needed.

The natural environmental conditions in the karst rocky

desertification area were complex, and the alternation of dry

and wet, freeze-thaw cycles, rainfall leaching, and temperature

fluctuations may change the occurrence state of PAHs in the

regional soil and affect their migration. Seasonal alternation,

temperature, rainfall, and large fluctuations in coal

combustion can significantly affect the pollution

concentration of PAHs in karst soils. Studies found that

soil samples of PAHs concentration were higher in winter

and spring than in summer and autumn, mainly due to the

excessive coal combustion and the higher concentration of

PAHs in the air in winter. In the karst mountain area, the

temperature was relatively low in spring, and the amount of

coal combustion was also high. In addition, there was

continuous light rain before sampling in spring, making a

large number of solid particles adsorb PAHs in the air and

settle on the soil surface. Meijer et al. (2003) believed that the

main factors affecting the distribution of PAHs between soil

and atmosphere were soil characteristics, PAHs type and

concentration, and air temperature. The concentration of

PAHs in the soil was lower in summer, mainly because the

amount of coal combustion was reduced and the temperature

was high enough in summer, which made PAHs with higher

volatility tend to re-volatilize in the atmosphere. At the same

time, after the leaching of heavy rain, the vertical migration of

PAHs concentration in soil was strengthened, which affected

the PAHs concentration in the surface soil. It was worth

noting that a-PAHs have greater concentration reduction

than p-PAHs during rainfall (the average soil concentration

of p-PAHs reduced by 5.98% in summer than spring, and the

average concentration of a-PAHs reduced by 31.48% in

summer than spring). In particular, the low-ring a-PAHs

had the most obvious reduction, which showed that the

a-PAHs were greater environmental migration

characteristics, so the environmental risk impact was more

obvious, which may be closely related to the properties of the

a-PAHs. Studies had shown that the physicochemical

properties of a-PAHs (such as solubility, partition

coefficient, etc.) were significantly different from those of

p-PAHs (Kang et al., 2016). The solubility of 9-

methylanthracene was 0.39 mg/L, which was significantly

higher than the 0.044 mg/L of anthracene, (Kwon and

Kwon, 2012), which related to the position and

symmetrical structure of the alkylated substituent (Pinal

2004). Rainfall can significantly alter soil water content,

affecting SOM’s ability to adsorb PAHs. Schneckenburger

and Thiele. (2020) pointed out that SOM matrix rigidity

varied with prehydration status; the water content of SOM

could change the soil matrix rigidity, which affected the

adsorption and desorption of PAHs, altering the

environmental migration of PAHs and their homologs. The

complex karst environmental conditions such as the dry-wet

cycle and freeze-thaw cycle also affect the migration behavior

of PAHs in soil. Dry-wet cycles and freeze-thaw effects can

alter the soil structure and affect the form of mineral ions in

the soil, thereby changing the occurrence state of PAHs.

Studies have shown that multiple freeze-thaw cycles of

karst soils would reduce the soil’s ability to desorb PAHs,

making more PAHs turn into isolated states (An et al., 2021).

FIGURE 7
Correlation analysis of ΣPAHs concentration and soil properties.
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Risk assessments of PAHs in soil tend to focus on the

16 kinds of p-PAHs. However, a-PAHs were more

environmentally toxic (Zhang et al., 2020; Huang et al., 2021),

which may be related to the structure (Bay region) of a-PAHs

(Baird et al., 2007). According to the air quality standards

published in Canada, the BaP equivalent toxicity of dimethyl

substituted BaA was 100 times that of parent BaA (Atmospheric

quality standards and criteria, 2021). Without considering the

concentration of a-PAHs, the S1 and S5 belonged to slightly

polluted soil, while the concentration of a-PAHs in the five

sampling sites was above the threshold of 200 ng/g of slight

soil pollution (Maliszewska-Kordybach 1996). In general, the

coal mining area soils and forest soils in the karst mining areas of

southwest China were moderately polluted, while the cultivated

soils were slightly polluted. Although the total concentration of

PAHs was not equal to the bioavailability concentration of PAHs,

the environmental risks of PAHs still should be paid more

concern from local governments and residents. Therefore, to

assess the risk of PAHs in soil, more consideration should be

given to PAH substitutions such as the alkylated and nitro

functional group to truly and accurately calculate the

environmental risk of PAHs.

Conclusion

The concentration of p-PAHs and a-PAHs in surface soils

of karst coal mining areas in Guizhou province, China

displayed significantly different spatial and temporal

distribution characteristics. The a-PAHs in the soil of the

coal mining area had significantly higher pollution

concentration than p-PAHs. The average concentration of

p-PAHs and a-PAHs were 177.29 ± 37.36 ng/g and 346.87 ±

104.91 ng/g, respectively. The pollutant concentrations of

PAHs exhibited a seasonal tendency with winter > spring >
autumn > summer. The two types of PAHs in the study area

were both affected by environmental events such as seasonal

rainfall, and the a-PAHs were more greatly affected by rainfall

than the p-PAHs, which closely related to the soil properties of

the sampling site and the properties of a-PAHs. The soils of

coal mining area and forest soils were moderately polluted,

while cultivated soil and abandoned soil were slightly

polluted. The toxicity results showed that p-BaP, C1-BaP,

DaA and C1-3 BaA were the most important four types of

toxic PAHs. Pearson correlation analysis illustrated that soil

calcium content in the karst area was also an important factor

affecting the distribution of regional PAHs. The

environmental migration and fate of PAHs under different

forms of calcium in karst soils require to be more deeply and

systematically study in future. The research is helpful for

guiding significance for the control and restoration of soil

PAH in the karst area of southwest China with fragile ecology

and complex environment.
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