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Abstract: Identifying sources of soil and sediment PAHs and apportioning their contributions are
key in building effective pollution abatement strategies, especially for Poyang Lake—the largest
freshwater lake in China. PAHs were detected in all the monitored soil and sediment samples
under three land use types, with the concentrations varying by area, ranging from moderate to
relatively high. The order of PAHs content in different the land use types was as follows: industrial
soil > grassland soil > agricultural soil. Although agricultural soil was dominated by LMW PAHs,
industrial grassland soils were dominated by HMW PAHs. Based on factor analysis, non-negative
matrix factorization analysis was effective in non-negative constrained skew rotation, especially for
clear and interpretable source analysis of PAHs.

Keywords: PAHs; source identification; land use; non-negative matrix factorization analysis;
Poyang Lake

1. Introduction

Thus far, 70–90% of the known cancers in humans and animals are caused by chemicals
in the environment [1]. PAHs comprise the largest category of environmental carcinogenic
chemicals, with the number of individual carcinogenic PAHs and their derivatives ex-
ceeding 400 [2,3]. PAHs composed of two or more fused aromatic rings of carbon and
hydrogen atoms are mostly caused by the incomplete combustion of fossil fuels, burning of
waste and biomass, automobile exhaust, and domestic heating [4,5]. As a form of global
pollutant, PAHs are widely distributed in water, soil, sediments, and crops [6–9]. Since
the 1990s, a series of studies have been conducted on PAHs pollution in soil and sedi-
ment in China, focusing mainly on four areas: (1) there has been focus on the content and
source of PAHs [10,11]; (2) the distribution, migration, and transformation characteristics
of PAHs [12,13]; (3) the impact of environmental factors on PAHs [14,15]; and (4) risk
assessment and management of PAHs [16,17]. Research on PAHs in multi-environmental
media in China has mainly concentrated on relatively developed coastal areas such as the
Pearl River Delta, the Yangtze River Delta, and the Bohai Sea Region [2,18,19]. The study of
aromatic hydrocarbons has also focused on the 16 PAHs prioritized for control by US EPA.

Poyang Lake is not only the largest freshwater lake in China, but also the largest bird
sanctuary in the world [20]. It is known as “White Crane World” and “Recipe Kingdom”. To
preserve the water quality in the lake, the protection of the surrounding soils and sediments
is critical [21]. In actuality, various pollutants from Jiangxi Province are channeled into
Poyang Lake Basin, and are detected at high rates in various media [22]. Research on the
Poyang Lake eco-economic zone has mainly been socio-political [23,24], with only a small
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fraction of research directed at water pollution. Heavy metal pollution and eutrophication
by nitrogen and phosphorus are the two most widely researched areas concerning Poyang
Lake [21,25], with relatively few studies conducted on the processes of distribution, transfer,
and impact of PAHs [26] on the lake. PAHs were detected in the soil around Poyang Lake,
and the detection rate of PAHs was 6–100%. As the most representative and toxic substance
in PAHs, the detection rate of benzo (a) pyrene (BAP) is 22.2%, and the content range
is 1.82–2.55 mg/kg (average content is 2.31 mg/kg) [5]. This implies that the sampling
size of these studies is small and lacks any multimedia data. With the rapid economic
development of the Poyang Lake basin, and the acceleration of urbanization, there has
been rapid change in land use structure and the obvious intensity of land development [24].
Here, the construction land area has increased by 39.1%, and urban land, rural settlement
and industrial land has increased by 51.2%, 14.5%, and 40.2%, respectively [27]. These are
the potential sources of PAHs and the drivers of the general increasing trend and ecological
risk in the Poyang Lake basin.

Receptor models are used to identify pollution sources and to apportion their relative
contributions to the overall PAHs pollution load in the environment [10,19] and for devel-
oping effective abatement strategies. Multivariate and chemical mass balance models are
all relatively advanced and widely used in such conditions [28,29]. Multivariate models
such as principal component analysis/multiple linear regression (PCA/MLR) recognize
and quantify the factors contributing to pollution with no prior knowledge of source pro-
files [11,30], despite the tendency for a negative solution or no solution. Non-negative
matrix factorization (NMF) is distinguished from other methods through its use of non-
negativity constraints [29]. These constraints cause part-based representation because
neither factor load nor negative factor score have a specific meaning [31]. Thus, analyzing
the PAHs source in sediments and the surrounding soils of Poyang Lake could be key in
controlling the polluting emissions from that source.

This study aims to: (1) evaluate the PAHs pollution levels in the soils and sediments
in Poyang Lake; (2) compare and analyze the content of PAHs in different soil types in
the region; and (3) use the ratio and NFM methods to comprehensively analyze the main
sources of PAHs in the study area. The results could lay the scientific basis for regional
PAHs pollution control and environmental protection.

2. Materials and Methods
2.1. Research Area and Sampling

Poyang Lake (28◦22′–29◦45′ N, 115◦47′–116◦45′ E) is the largest freshwater lake in
China and a key wetland in the world. The lake district is a base for commercial grain
production and freshwater products in China. The basin is characterized by a subtropical
humid monsoon climate with temperatures reaching 30 ◦C and higher in summer. The
annual precipitation is 1700 mm, with an average relative humidity of 80%. The region is
largely flat and lies at an elevation range of 11–12 m. Most of the landform is composed of
fluvo-alluvial plains or low hills.

Spatial uniformity and intensive sampling was conducted to investigate the three
main land uses in the inlet areas where rivers flow into lakes. The main land use types are
cultivated land, grassland, and industrial/construction land. There is also a developed
traffic network, including national and provincial roads. A total of 33 sampling sites were
established in the Poyang Lake district, covering the four counties (Hukou, Duchang,
Xingzi, and Poyang County) and the estuary plains of the lake (Figure 1). Although the
soil samples were collected from native, industrial, and agricultural soils, the sediment
samples were from the rivers passing through each soil type. At each site, 5 soil samples
were collected within a radius of 5 m. The topsoils and sediments (0–20 cm) were collected
at the four cardinal points (north, south, east, and west), following the circumference of
the 5 m radius circle, using a 5.0 cm diameter stainless steel auger. This was completed
after removing straw and litter on the soil surface, thoroughly mixing the samples from
the 5 points, and then taking only l.0 kg of the mixed samples for analysis. Moreover,
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the surrounding environmental information and GPS points of the sample points were
recorded. The samples were dried in a dedicated sample processing room and stored in the
refrigerator for later processing.
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Figure 1. A map depicting the location of the study area in China (left plate) and an extended map of
the area showing the Poyang Lake and the sampling sites in the lake region. Note: DCZX = Huaqiao
village in Zhouxi Town in Duchang County; DCXX = Jingtou village in Tunxi Town in Duchang
County; XZ1 = Xingzi Observatory; XZ2 = Yanhuachi village in Weinan Town in Xingzi County;
XZ3 = Xixi Street in Xi village in Weinan Town in Xingzi County; HK = Hukou CJW in Caijiawan
County; YGD = Yaogongdu; F1 = Shatan Bridge; JSW = Jinshawan Industrial Park; LJC = Liaojiachang;
HKSZ = Shuangzhong Town, Hukou.

2.2. Experimental Analysis

The collected soil and sediment samples were freeze-dried and passed through a 1 mm
sieve to get 5.0 g weights. The extraction solvent used in the accelerated solvent extraction
process was a mixture of n-hexane:dichlormethane—1:1, which was run twice at 100 ◦C and
1500 psi (about 10 min per run). After concentration by rotary evaporator, it was reduced
to 1.0 mL and then transferred to an activated silica gel cartridge with multiple dilutions
of dichloromethane solvent. The eluate was collected in a 20 mL brown vial, which was
nitrogen-blown, and stored in a refrigerator at 4 ◦C for testing.

The analytical instrument used was the gas chromatography-mass spectrometer (Ag-
ilent 7890A GC/5975C MSD). The ion source was 70 eV, and the electron bombardment
(EI) and electron multiplier voltage (EMV) source was 1600 eV. The column was DB-5MS
(60 m × 0.25 mm × 0.25 mm, J&W Scientific, Folsom, CA, USA). The carrier gas was high
purity He, column flow rate 1.0 mL/min, and column front pressure 11.2 psi. The inlet tem-
perature was 285 ◦C, the transfer line temperature was 280 ◦C, the ion source temperature
was 230 ◦C, the injection volume was 1.0 mL, and there was no split injection. The heating
program was set to an initial temperature of 50 ◦C for 2.0 min, then the temperature rose to
200 ◦C at a rate of 30 ◦C/min for 1.0 min, and then increased to 300 ◦C at a rate of 3 ◦C/min
for 15 min. The total measurement time of each sample was 56.333 min.

The quality control process included the blank method, matrix spike, and sample
parallel sample for quality assurance. The internal standard was added to each sample for
quality control. Both precision and recovery experiments were conducted. The recovery
rate of the three test additions was 82.64–116.28%. The relative standard deviation of the
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parallel samples was controlled within 15%. The detection limit of the instrument was
2.0–10.0 µg·kg−1.

2.3. Non-Negative Matrix Factorization (NMF)

The NMF analysis was calculated with the R-software and NMF definition problems
and notations of the Gaujoux [32] vignette used. For an n × p non-negative matrix X, (i.e.,
xij ≥ 0, denoted as X ≥ 0), it can be factorized by two matrices and defined as:

X ≈WH (1)

where W, H are n × r and r × p non-negative matrices (r > 0), respectively. In practice, the
factorization rank r often complies with r << min (n,p), which summarizes and splits the
information contained in X into r factors with columns of W.

Based on the practical conditions, these factors are named as—basis image, metagene,
and source signal. In this vignette, the terms basis matrix or metagene were equivalently
and alternatively used to refer to matrix W. Then, the mixture coefficient matrix and
metagene expression profiles were used to refer to matrix H.

A useful method for NMF is to achieve a local minimum of matrices W and H is:

min
W,H≥0

[D(X, WH) + R(W, H)] = F(W, H) (2)

where D is a loss function which measures the performance of the approximation. Common
loss functions are determined by either the Frobenius distance as:

D : A, B→ Tr(ABt)

2
=

1
2∑

ij

(
aij − bij

)2 (3)

or the Kullback–Leibler divergence as:

D : A, B→ KL(A ‖ B) = ∑
i,j

aij log
aij

bij
− aij + bij (4)

R is an optional function aiming to enforce desirable properties such as smooth and
sparse regulation on matrices W and H [32].

To determine the specific PAHs source represented by the selected factors, a similarity
comparison criterion SS was introduced to compare the similarity of factor loading with a
PAHs fingerprint from different sources [33] as:

SS =
l

∑
j=1

m

∑
i=1

∧
(Cik − Cij)

2 (5)

where Ĉik (k = 1, 2, . . . , p) and Cij (j = 1, 2, . . . , q) are the ratios of each PAHs obtained
by the non-negative constraint factor and the ratio to the corresponding to PAHs in the
fingerprint spectrum, respectively; p and q are the numbers of the factor load and the PAHs
source, respectively; l is the number of PAHs on the pollution source spectrum, as measured
and reported in the literature; and m is the number of PAHs per compound. The smaller
the value of SS, the more similar the model-inferred PAHs fingerprint characteristic is to
the measured PAHs pollution source. From this, the type of PAHs contamination can be
determined.

2.4. Data Analysis

The mass spectral data of the samples were obtained by processing using the Agilent
Chemstation (Agilent 7890, Santa Clara, CA, USA). Skewness and kurtosis coefficients were
calculated to depict the frequency distributions of PAHs concentrations. The violin plot
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was used to reflect the probability density of PAHs distribution finished by the R-software
(Vienna, Austria).

3. Results and Discussion
3.1. Soil Residual PAHs

The concentrations of PAHs were calculated for all the soil samples collected in the
Poyang Lake District. Except for Nap, Acy, Ace, and Flu which were present in 43%, 71%,
86%, and 93% of the samples collected, the other 12 PAHs were present in all the samples.
The concentrations of the PAHs are given as violin plots; not only reflecting the probability
density of the distribution, but also the median and quartile values (Figure 2). In the middle
of the violin curve, the central dot depicted the median, whereas the bottom and the top
denoted the minimum and maximum concentrations. The concentrations of the PAHs in the
topsoil composites ranged 45.1–3158.4 µg·kg−1 dw, with an average of 531.4 µg·kg−1 dw.
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At present, there is no evaluation standard for PAHs in the soil in China, except for
the maximum allowable content of agricultural sludge set at 3000 µg·kg−1 (GB4284-84).
Moreover, there is no unified evaluation standard for PAHs in the world. Only 10 of the
16 PAHs in Table 1 (Nap, Phe, Ane, Flu, Chr, BaA, BaP, BkF, B(ghi)P, and InP) are considered
in the soil restoration standard formulated in the Netherlands, with limits of 15, 50, 50, 15,
20, 25, 20, and 25 µg·kg−1, respectively. The evaluation and governance criteria adopted by
the Canadian Environment Commission were for 7 PAHs (Nap, Phe, Pyr, BaA, BaP, InP, and
D(ah)A), with a value limit of 100 µg·kg−1. Based on the target value of PAHs in the soil for-
mulated by the Netherlands and the Canadian Environment Commission, all the individual
components were above the standard to varying degrees, except for Nap. This implied that
there was a certain level of environmental risk in the lake district. Pyr, Phe, and Chr were the
main monomer PAHs pollutants in the region. According to Maliszewska-Kordybach’s soil
quality standard (1996), only 36% of the soil samples can be defined as being non-polluted
by PAHs (<200 µg·kg−1∑PAHs dw). Slightly polluted soil (200–600 µg·kg−1∑PAHs dw)
occupied 43%, moderately polluted soil (600–1000 µg·kg−1∑PAHs dw) occupied 7%, and
severely polluted (>1000 µg·kg−1∑PAHs dw) soil occupied 14%.
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Table 1. Target values of PAHs in the soils and sediments across the globe.

PAH

Soil (mg·g−1) Sediment (µg·kg−1) [10]

The Netherlands [34] Canada [35]
ERL ERM

NA NB NC CA CB CC

Nap 0.015 5 50 0.1 5 50 160 2100
Acy – – – – – – 44 640
Ace – – – – – – 16 500
Flu – – – – – – 19 540
Phe 0.05 10 100 0.1 5 50 240 1500
Ant 0.05 10 100 – – – 853 1100
Fla 0.015 10 100 – – – 600 5100
Pyr – – – 0.1 10 100 665 2600
BaA 0.02 5 50 0.1 1 10 261 1600
Chr 0.02 5 50 – – – 384 2800
BbF – – – – – – – –
BkF 0.025 5 50 – – – – –
BaP 0.025 1 10 0.1 1 10 430 1600

D(ah)a – – – 0.1 1 10 63.4 260
B(ghi)P 0.02 10 100 – – – – –

Inp 0.025 5 50 – – – – –
PAHs – – – – – – 4000 44,792

NA = target value for restoring soil to multiple purposes; NB = target value for restoring soil to higher governance
requirements; NC = target value for restoring soil under lower governance requirements; CA = governance
standard adopted by agricultural areas; CB = governance standard adopted by residential areas, parks, and
parking lots; CC = governance standard adopted by commercial and industrial areas; ERL = effect range—low;
and ERM = effect range—medium.

The concentrations of individual components remarkably varied among the locations
and PAHs. The highest PAHs value was found in the lakeside grassland at Xingzi Ob-
servatory (which belongs to the Nanjing Institute of Geography and Limnology, Chinese
Academy of Sciences, Xingzi County) and the grassland soil in Xiazhang village, in Hukou.
For the spatial distribution of PAHs concentration, the ranking based on the average val-
ues was as follows: Xiangyang County > Xingzi County > Duchang County > Hukou
County > Shatan Bridge (to the point where the Fu River discharges into Poyang Lake).
Analysis of the different PAHs components showed that the ratio of the 2-ring (Nap), 3-ring
(Ace, Acy, Flu, Phe, and Ant), 4-ring (Fla, Pyr, Chr, and BaA), 5-ring (BbF, BkF, BaP, and
D(ah)A), and 6-ring (B(ghi)p, Inp) PAHs accounted for 0.1, 30.8, 33.6, 24.6, and 10.8% of the
total PAHs, respectively. Phe had the highest mean concentration of an individual compo-
nent at 26.2 µg·kg−1 dw, followed by Ant (25.6 µg·kg−1 dw), and the lowest concentration
was D(ah)A (0.8 µg·kg−1 dw), with the other PAHs ranging from 1.3–16.7 µg·kg−1 dw. The
amount of high molecular weight macrocycle (HMW, ≥4 rings) PAHs was 2.2 times that of
the low molecular weight small ring number PAHs (LMW, ≤3 rings).

3.2. Sediment Residual PAHs

The PAHs content in the sediment was higher than that in soil. Similar to the soil,
PAHs occurred in sediment samples in the Poyang Lake District. Except for Nap and
Flu (occurring in 44% and 89% of the samples, respectively) the other 14 PAHs occurred
in all samples. As in Figure 2, the range of PAHs concentrations in the sediments was
142.1–3205.4 µg·kg−1 dw, with an average of 692.1 µg·kg−1 dw. In China, there are 2693 nat-
ural lakes of various types with areas larger than 1 km2 [36]. All lakes in China are classified
here into five regions, including the Eastern Plain Region, the Yunnan–Guizhou Plateau,
the Qinghai–Tibet Plateau, the Mongolia–Xinjiang Plateau, and the Northeast China Re-
gion [37]. After comparing ΣPAH concentrations in the sediment in Poyang Lake with those
in the Great Lakes region, the distribution of ΣPAH concentrations in descending order
is as follows: Northeast Lakes District > Eastern Lakes District > Yunnan–Guizhou Lakes
District > Poyang Lake District > Mongolia–Xinjiang Lakes District > Qinghai–Tibet Plateau
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Lakes District (Table 2) [38]. Lakes with more serious pollution are usually close to cities
with developed industries and dense population. Differences in geographic conditions,
and degrees of human impact on these lakes and their watersheds, may lead to different
magnitudes and types of pollution. Additionally, there are relatively few studies on PAHs
in lakes, and the collected data is limited, so it is necessary to strengthen monitoring of
PAHs pollution in China [38].

Table 2. Residues of PAHs in sediments of freshwater lakes/rivers in China (µg·kg−1).

Location PAH Concentration Reference

1 Caofeidian 52–806 (16) [10]
2 Yangtze River, Chongqing 221–3205 (16) [16]
3 Bohai 149.4–1212.0 (16) [2]
4 Langwang Cave, Yichang 5.05–82.6 (16) [14]
5 Yellow River estuary 10.8–252 (16) [29]
6 Gonghai Lake, Shanxi 17.43–459.6 (12) [13]
7 East China Sea 57.5–364.5 (16) [15]
8 Taihu Lake Basin 12.1–2281.1 (16) [39]
9 Dongting Lake 206.6–1059.0 (16) [40]

10 Northeast Lakes District 89.1–7935.21 (16) [38]
11 Eastern Lakes District 19.5–6993 (16) [38]
12 Yunnan–Guizhou Lakes District 21.8–6418 (16) [38]
13 This study 142.1–3205.4 (16)

The values in parentheses represent the number of individual PAHs detected.

Long et al. (1995) used the ERL (effects range—low, biohazard probability < 10%)
and ERM (effects range—median, biohazard probability > 50%) to determine the potential
ecological risk of organic pollutants in marine and estuarine sediments; this is regarded
as the ecological risk standard of sediment quality and is widely used today. If the PAHs
concentration is less than the ERL, there is little negative ecological effect. If, on the other
hand, the PAHs concentration is more than the ERM, there are frequent negative ecological
effects. Moreover, if the PAHs concentration lies between the ERL and ERM, then there
are occasional negative ecological risks. There is yet no environmental standard for PAHs
in sediments in China. In this study, sediment PAHs in the Poyang Lake District were
compared with the corresponding ecological risk indicators of sediments; see Table 1. The
results showed that the average concentrations of the PAHs and 16 individual PAHs were
less than the ERL, thus indicating that the river water in Poyang Lake posed a relatively
small potential ecological risk to the surrounding aquatic organisms; however, the contents
of Flu and Phe at some sites were between the ERL and ERM, suggesting the possibility of
some ecological risk. Poyang Lake is the main area for many aquatic products in China
and should therefore have a special focus.

Analysis of different PAHs components showed that 2-ring, 3-ring, 4-ring, 5-ring, and
6-ring PAHs accounted for 0.1%, 32.5%, 33.8%, 22.5%, and 11.3% of the total PAHs examined
in the study, respectively. The highest mean concentration of individual components was
for Phe (182.3 µg·kg−1 dw), and the lowest was for Nap (0.3 µg·kg−1 dw), with the
concentration range of the other PAHs extending from 3.0–99.6 µg·kg−1 dw. HMW PAHs
accounted for 67.5% of the total content, which was 2.1 times that of LMW PAHs.

3.3. Soil Residual PAHs for Different Land Use Types

The associated soils of the three main land use types in the study area were native soil,
industrial soil, and agricultural soil. The native soil refers to the long-term uncultivated
soils in Poyang Lake, which included only grassland soil with growing weeds. Industrial
soil refers to the land in industrial zones or near factories. Agricultural soil includes
farmland soils, such as cotton, paddy, and vegetable fields. Figure 3 shows the residual
amounts and component contributions of individual PAHs in different land use types.



Land 2022, 11, 843 8 of 14

Land 2022, 11, x FOR PEER REVIEW  8  of  14 
 

3.3. Soil Residual PAHs for Different Land Use Types 

The associated soils of the three main land use types in the study area were native 

soil, industrial soil, and agricultural soil. The native soil refers to the long‐term unculti‐

vated soils in Poyang Lake, which included only grassland soil with growing weeds. In‐

dustrial soil refers to the land in industrial zones or near factories. Agricultural soil includes 

farmland  soils,  such  as  cotton,  paddy,  and  vegetable  fields.  Figure  3  shows  the  residual 

amounts and component contributions of individual PAHs in different land use types. 

 

Figure 3. Proportion of different components of PAHs in the soils and sediments in the Poyang Lake 

District. 

The values  in parentheses  represent  the number of  individual PAHs detected.  In 

terms of the total amount, PAHs content in industrial, agricultural, and native soils were 

710.3, 238.0, and 672.6 μg∙kg−1, respectively. As shown in Table 3, these levels were similar 

to  that  in Yangtze River  (221–3205 g∙kg−1 dw)  [16] and Qinhuangdao  (341.61–4703.80 

g∙kg−1 dw) [41], and had higher PAHs contents than others that were previously reported 

in China, such as the levels in the Caofeidian (52–806 g∙kg−1 dw) [10], Bohai (149.4–1212.0 

g∙kg−1 dw) [2], Taihu Lake Basin (12.1–2281.1 g∙kg−1 dw) [39], and Pearl River Delta sur‐

face soils (67–1172.8 g∙kg−1 dw) [42]. 

Table 3. Residues of PAHs in soils in China (g∙kg−1). 

  Location  PAH Concentration  Reference 

1  Caofeidian  52–806 (16)  [10] 

2 
Yangtze River, Chong‐

qing 
221–3205 (16)  [16] 

3  Bohai  149.4–1212.0 (16)  [2] 

4 
Langwang Cave, Yi‐

chang 
5.05–82.6 (16)  [14] 

5  Yellow River estuary  10.8–252 (16)  [29] 

6  Gonghai Lake, Shanxi  17.43–459.6 (12)  [13] 

7  East China Sea  57.5–364.5 (16)  [15] 

8  Taihu Lake Basin  12.1–2281.1 (16)  [39] 

9  Dongting Lake  206.6–1059.0 (16)  [40] 

10  Pearl River Estuary  67–1172.8 (16)  [42] 

11  Qinhuangdao  341.61–4703.80 (16)  [41] 

12  This study  142.1–3205.4 (16)   
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The values in parentheses represent the number of individual PAHs detected. In
terms of the total amount, PAHs content in industrial, agricultural, and native soils
were 710.3, 238.0, and 672.6 µg·kg−1, respectively. As shown in Table 3, these levels
were similar to that in Yangtze River (221–3205 µg·kg−1 dw) [16] and Qinhuangdao
(341.61–4703.80 µg·kg−1 dw) [41], and had higher PAHs contents than others that were
previously reported in China, such as the levels in the Caofeidian (52–806 µg·kg−1 dw) [10],
Bohai (149.4–1212.0 µg·kg−1 dw) [2], Taihu Lake Basin (12.1–2281.1 µg·kg−1 dw) [39], and
Pearl River Delta surface soils (67–1172.8 µg·kg−1 dw) [42].

Table 3. Residues of PAHs in soils in China (µg·kg−1).

Location PAH Concentration Reference

1 Caofeidian 52–806 (16) [10]
2 Yangtze River, Chongqing 221–3205 (16) [16]
3 Bohai 149.4–1212.0 (16) [2]
4 Langwang Cave, Yichang 5.05–82.6 (16) [14]
5 Yellow River estuary 10.8–252 (16) [29]
6 Gonghai Lake, Shanxi 17.43–459.6 (12) [13]
7 East China Sea 57.5–364.5 (16) [15]
8 Taihu Lake Basin 12.1–2281.1 (16) [39]
9 Dongting Lake 206.6–1059.0 (16) [40]

10 Pearl River Estuary 67–1172.8 (16) [42]
11 Qinhuangdao 341.61–4703.80 (16) [41]
12 This study 142.1–3205.4 (16)

For component analysis, the contributions of individual PAHs in industrial and native
soils were similar. In original soil samples, the 2-ring Nap content was lowest (7.48 µg·kg−1)
and the 3-ring Phe content was highest (1349.99 µg·kg−1). The ranking of the average PAHs
content was as follows: 4-ring (34.3%) > 3-ring (26.9%) > 5-ring (26.5%) > 6-ring (12.2%)
> 2-ring (0.1%) PAHs. The 4-ring PAH was the dominant component in native soil samples,
followed by the HMW PAHs (≥4 rings), which accounted for 72.96% of the total PAHs
content, and was 2.7 times that of the LMW PAHs (≤3 rings). Similarly, in industrial soil,
HMW PAHs accounted for 56% of the total PAH content, which was 1.3 times that of the
LMW PAHs. The ranking of the average content of PAHs was as follows: 3-ring (41.1%)
> 5-ring (25.4%) > 4-ring (25.1%) > 6-ring (7.6%) > 2-ring (0.8%). Conversely, in cultivated
soil samples, the composition of 3-ring PAHs was the most dominant component. The
content of 2-ring Nap was lowest (2.77 µg·kg−1), and that of the 3-ring Phe content was
highest (477.96 µg·kg−1). The ranking of the average PAH contents was as follows: 3-ring
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(55.1%) > 4-ring (28.8%) > 5-ring (12.3%) > 6-ring (2.5%) > 2-ring (0.3%). PAHs in primary
and industrial soils were mainly HMW PAHs that were derived from the high-temperature
combustion of fossil fuels. The sampling site with the highest concentration of PAHs in
industrial soil was surrounded by factories that had incompletely combusted coal.

3.4. Ratio Analysis of PAHs Sources in Poyang Lake District

PAHs from different sources have certain composition ratios [28]. Phe/Ant, Flu/Pyr,
and Pyr/Bap are combined with the environmental characteristics of the study area, such
as industrial layout and pollution discharge type, to trace possible sources of PAHs in the
soil [11,30]. Table 4 lists these three ratios of compounds for each sampling point used in
the study. The Phe/Ant ratio for Hukou, Xingzi, and the Shatan Bridge was less than 10,
possibly due to industrial production processes and crude oil processing via cracking [31].
The ratio of Phe/Ant in Duchang and Fuyang was greater than 10, due to combustion in
the region [10]. The site with the maximum Phe/Ant ratio was DCXX, as it is located in
the sediment zone of Jingtou village, Duchang County; because it is close to the village,
this could be due to the combustion process [28]. The average Flu/Pyr ratio for the study
area was less than 1, and the source of contamination was likely the input from petroleum
cracking [19]. The site with the maximum Flu/Pyr ratio was DCXX (1.37), which is located
in the vegetable soil of Jingtou village, Duchang County; as it is near the village, the source
of pollution could be wood burning. Moreover, the average Pyr/BaP ratio was greater
than 1 for the study area, the probable source being emissions from vehicular exhausts [29].
It was concluded that all the counties were polluted with different levels of vehicular
exhaust and petroleum products. The pollutants in Hukou, Xingzi, and the Shatan Bridge
could have originated from industrial production processes and producing crude oil via
cracking [30]. The pollutants in Duchang and Fuyang were more likely to come from
combustion processes.

Table 4. Ratios of traceable characteristic compounds in the sampled counties in the Poyang Lake
District, China.

Ratio Level Hu Kou Du Chang Xing Zi Bo Yang Estuary

Phe/Ant
Minimum 1.02 2.02 0.37 4.84 –
Maximum 5.99 110.45 18.41 34.98 –

Mean 3.33 24.15 6.69 13.61 4.78

Flu/Pyr
Minimum 0.005 0 0 0 –
Maximum 0.65 1.37 0.76 0.23 –

Mean 0.41 0.29 0.23 0.08 0.04

Pyr/BaP
Minimum 1.52 0.78 0.61 1.68 –
Maximum 29.33 8.79 19.63 12.23 –

Mean 9.54 4.19 6.69 5.49 14.63

The ratio of LMW/HMW PAHs was used in combination with specific indicators to
distinguish the petroleum sources from the combustion sources of PAHs. Although HMW
PAHs are mainly produced by combustion, LMW PAHs are generated during petroleum
processing [43]. HMW PAHs such as Flu, Pyr, Chr, BbF, BkF, BaP, InP, and B(ghi)P are
considered to be derived primarily from combustion [44]. On the basis of soil type, LMW
PAHs were highest in agricultural soils (due to exhaust pollution from biomass burning
and petroleum combustion). HMW PAHs were second highest in industrial and native
soils, mainly due to the high-temperature combustion of fossil fuels.

3.5. NMF Analysis for PAHs Sources in Poyang Lake

A total of eight typical PAHs source types were noted in this study, including: five
coal-related sources (power plant, domestic coal burning, coke production and use, coal-
fired integrated sources, and coal-fired boilers); four fuel-related sources (gasoline vehicle
emission, diesel vehicle emission, traffic tunnel, and integrated traffic source); and biomass
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burning [45]. PAHs could be classified based on their degradation behavior and their
possible determined sources. Eigenvalues were ranked to identify the principal components.
Some 80% of variations were explained by the significant load being characterized by the
factor load. PAHs in soil and sediment samples in the study area were extracted using
four factor loads via NMF analysis (Figures 4 and 5). Equally, the contributions of the four
sources to PAHs in soils and sediments at each site were also quantitatively characterized
(Figure 6).
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Factor 1 included relatively high Ace and Flu levels in the soil samples in the Poyang
Lake District, corresponding to the minimum SS value of the coke boiler in eight PAHs
sources, thus suggesting that the coke boiler was the source. Factor 2 was dominated by
Phe, which is associated with the coal boiler. Factor 3 had high loadings of Acy, Baa, BbF,
BkF, BaP, D(ah)A, B(ghi)P, and InP, thus indicating that vehicular traffic was the source.
Factor 4 had high loads of Ant, which is an indication of biomass as the source.

For the sediment samples in the Poyang Lake District, Factor 1 had high loadings of
Acy, Ace, Fla, Pyr, and BaA, corresponding to the minimum SS value of the coal boiler in
eight PAHs sources, thus indicating that the coal boiler was the source. Factor 2 included
relatively high levels of Flu and Phe, which is associated with the comprehensive combus-
tion of coal, thus indicating that coal combustion is the source. Factor 3 was dominated
by BbF, BkF, BaP, D(ah)A, B(ghi)P, and InP, thus indicating that vehicular traffic was the
source. Factor 4 had high loads of Ant, which marked biomass as the source.

4. Conclusions

Poyang Lake is the largest freshwater lake in China and the largest bird sanctuary
in the world. Understanding the distribution and specific source contributions of PAHs
to soils and sediments is key for assessing PAHs risks and controlling pollution in the
Poyang Lake District. PAHs in the soils and sediments of Poyang Lake were mainly due
to the incomplete combustion of coal and coke at high temperatures, and from traffic and
biomass. Overall, the PAHs content in soil was less than that in sediment. The relative
content of 2-ring Nap was lowest, and the HMW PAHs content above 4-rings was the most
dominant, accounting for 69.0% and 67.5%, respectively. The spatial heterogeneity of PAHs
distribution in the Poyang Lake District was large. LMW PAHs was the most dominant
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type in agricultural soil, and HMW PAHs was the most dominant type in industrial and
grassland soils. The order of PAHs content in the soils for the different land use types was
as follows: industrial soil > native soil > agricultural soil. Pyr, Phe, and Chr were the main
monomer PAHs pollutants. The ecological risk posed by sediments in Poyang Lake to the
surrounding aquatic life was relatively small, but Flu and Phe needs special attention in
terms of monitoring.
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