Exposure and Health (2023) 15:933-950
https://doi.org/10.1007/s12403-023-00534-3

ORIGINAL PAPER q

Check for
updates

Integrated Insights into Source Apportionment and Source-Specific
Health Risks of Potential Pollutants in Urban Park Soils on the Karst
Plateau, SW China

Longchao Liang'? - Yaru Zhu3 - Xiaohang Xu*?® . Wanbin Hao' - Jialiang Han? - Zhuo Chen' - Xian Dong’ -

Guangle Qiu?

Received: 21 September 2022 / Revised: 10 November 2022 / Accepted: 2 January 2023 / Published online: 7 January 2023
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract

Polycyclic aromatic hydrocarbons (PAHs) and heavy metal(loid)s (HMs) pose risks to environmental and human health.
Identification of priority control contaminants is important in guiding the management and control of these synchronous
pollutants. A total of 247 soil samples were collected from 64 urban parks in the karst plateau city of Guiyang in SW China
to determine the concentrations, spatial distributions, and health risks of PAHs and HMs. The results indicate that dibenz(ah)
anthracene and benzo(a)pyrene are the main PAHs species of high ecological risk, and Cr, Mn, and Ni pose elevated eco-
logical risk among the HMs. Four sources were identified for PAHs (biomass burning, coke oven, traffic sources, and coal
burning) and HMs (traffic sources, coal burning, industrial sources, and natural sources). The non-carcinogenic risk (NCR)
and total carcinogenic risk (TCR) of PAHs were all determined to be negligible and at acceptable levels, several orders of
magnitude below those of HMs. The NCR and TCR values of HMs were relatively high, especially for children (11.9% of
NCR > 1; 79.1% of TCR > 10~%). Coal burning and natural sources make the greatest contributions to the NCR and TCR
values from karst park soils in Guiyang. Considering HMs bioavailability, NCR and TCR values were rather low, due to the
high residual HM fractions. Integrated insights into source specific ecological and human health risk indicate future direc-
tions for management and control of synchronous PAH and HM pollution, particularly for karst plateau areas.
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Introduction

Urban areas, with their dense populations, contain > 50% of
the world’s population and 3% of the global land surface area
(Edmondson et al. 2012; Li et al. 2018). Rapid urbanization
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and industrialization over recent decades have accelerated
the discharge of anthropogenic pollutants to the environment
(Sun et al. 2020), particularly in developing countries (Zhou
et al. 2004). Overcrowded urban areas are exposed to signifi-
cant loadings of polycyclic aromatic hydrocarbons (PAHs)
and heavy metal(loid)s (HMs), making such environments
a global public-health issue.

Both PAHs and HMs are of increasing concern in urban
soils (Huang et al. 2021; Peng et al. 2013), where their
accumulation has detrimental effects on plant growth and
results in secondary pollution of water systems (Zhang
et al. 2019a). Local populations are exposed to risk through
ingestion, inhalation, and dermal contact of HMs and PAHs
(Ciarkowska et al. 2021), with chronic exposure leading to
accumulation in various tissues and organs that may cause
long-term damage to nervous, endocrine, and immune sys-
tems, as well as effects on metabolism (Kim et al. 2013;
Mallah et al. 2022). An understanding of synchronous PAHs
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and HMs contamination in urban soil is therefore of particu-
lar significance.

Once released into the environment, particulate pollut-
ants are deposited on surface soil, from which they may be
re-suspended, making soil both a pollution sink and source
(Jiang et al. 2016). Urban soils play a major role in stabi-
lizing urban environments, with urban parks being particu-
larly important in the leisure activities of residents and in
regulating urban ecosystems (Huang et al. 2021). Users are
inevitably exposed to deposited PAHs and HMs by direct
contact with park soils.

Health risk evaluation is an effective tool for identifying
priority-control pollutants in different environment media
including soils, groundwater, and foodstuffs (Han et al.
2022; Liu et al. 2022; Wang et al. 2022; Wei et al. 2022;
Xu et al. 2020). Most evaluations to date have involved
deterministic models with fixed parameters (Brtnicky et al.
2019), with uncertainties leading to biased results (Sun et al.
2022). Traditional risk evaluation methods have been based
on conservative “reasonable” risk exposure, which is diffi-
cult to quantify, with weaknesses arising through the use of
fixed parameters or mean input data. More recently, a series
of methods, including Monte Carlo simulations (MCs) and
Bayesian analysis have been introduced in health risk evalu-
ations to overcome such uncertainties (Islam et al. 2019;
Jiménez-Oyola et al. 2021).

Although concerns about contamination of urban park
soils is increasing, previous studies have focused mainly
on contamination by single HMs or PAHs (Khan et al.
2016; Liu et al. 2022; Vega et al. 2022), and few have con-
sidered the combined effects of multiple contaminants (Wu
et al. 2019). In this study, MCs were applied together with
positive matrix factorization (PMF) modeling in health risk
evaluation to improve our understanding of source-based
non-carcinogenic risk (NCR) and total carcinogenic risk
(TCR) due to urban park soils.

The avoidance of further soil PAHs and HMs pollution
and associated health risks requires an understanding of pol-
lution sources and their contribution rates. Receptor models
are widely used in identifying pollution sources for surface-
soil and groundwater systems (Guan et al. 2018; Li et al.
2021; Liu et al. 2022). PMF modeling, as recommended
by the US Environmental Protection Agency (USEPA), has
been successfully employed in PAH and HM source identi-
fication for different environment media, with weighting of
the uncertainties in initial data and non-negative results (Sun
et al. 2020; Zhang et al. 2021). To improve result credibility,
PMF is often combined with multivariate analyses such as
Pearson correlation analysis.

Guiyang, a karst plateau city in the eastern Yunnan-
Guizhou Plateau, SW China, was selected as the study area
and is characterized by rugged and hilly topography. Soils
in karst regions generally have high HM backgrounds (Zhan
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et al. 2021). Most of Guiyang lies in an inter-mountain basin,
which blocks the atmospheric dispersion of pollutants. Tour-
ism is a principle economic industry, contributing ~38.7% of
the local gross domestic product (GSY 2021). Even during
the COVID-19 pandemic period, urban parks in Guiyang
received 152 million visitors during 2021. Previous studies
have shown the elevated HM levels in farmland soils and
soils from industrial sites around Guiyang (Cai et al. 2021;
Cui et al. 2022; Xuan et al. 2018). However, little is known
about HM pollution sources in park soils, and even less
about the effects of the combined PAH and HM contamina-
tion. Special attention is required to fill this knowledge gap.

The objectives of this study were to (1) determine PAH
and HM contamination characteristics in karst park soils; (2)
identify the sources of PAH and HM pollution; (3) evaluate
the combined human health risks of PAHs and HMs; and (4)
establish priority control factors through the understanding
of relationships between HMs, pollution sources, and health
risks associated with urban park soils. The findings of the
study will provide vital information for policy-makers for the
development of measures targeting exposure.

Methods
Study Area

Guiyang (106° 07'-107° 17'E, 26° 11'-27° 22'N) lies on
the eastern slope of the Yunnan—Guizhou Plateau, in an
extensive and well-developed karst area (Peng & Deng
2020). The karst geomorphology makes it an environmen-
tally fragile ecological environment. Karst areas in Guiyang
total ~6800 km?, or 85% of total area. Rocky desertification
areas make up~51% of the total area, and soil erosion is
severe. The Guiyang climate is dominated by a subtropical
monsoon season, with a mean annual temperature of 14.9 °C
and precipitation of 1378 mm (GSY 2021). Industry was the
pillar of the Guiyang economy, including coal-fired power
plants, non-ferrous metal smelting, further processing, and
cement production (Xu et al. 2016). Guiyang is rich in coal
resources, and coal is widely used by local residents.

Sampling and Processing

A total of 247 soil samples (0—15 cm) were collected from
64 parks across Guiyang during September—October, 2021,
including the Guanshanhu, Baiyun, Wudang, Huaxi, Yun-
yan, and Nanming districts (Fig. 1). Each sample of ~500 g
included three sub-samples. Samples were collected using
stainless shovels and placed in labeled sterile polythene
bags. After removal of impurities, samples were air-dried,
mixed thoroughly, and ground by mortar and pestle to pass
through a 200-mesh sieve.
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Fig. 1 Sampling sites in urban parks in the karst plateau city, Guiyang

HMs Analysis

Soil samples were prepared for analysis as follows (Han
et al. 2022). Each sample (~0.05 g) was weighed into a Tef-
lon-lined stainless-steel bomb and digested with ultrapure
3 mL HNO; (15.8 M) and 0.5 mL HF (23 M) at 160 °C for
48 h. After cooling, the solution was evaporated to near-
dryness and ultrapure water (4 mL) and HNO; (1 mL) were
added before further at 160 °C for 16 h.

Four HM fractions were obtained by the sequential
extraction method proposed by The European Community
Bureau of Reference (BCR) (Beane et al. 2016): Fraction 1,
acid-soluble fraction; Fraction 2, reducible fraction; Frac-
tion 3, oxidizable fraction; and Fraction 4, residual fraction.

Nickel, Cr, Cu, As, Pb, Sb, Zn, Cd, and Mn concentra-
tions were determined by inductively coupled plasma—mass
spectrometry (ICP-MS, Agilent Technologies 7700, USA),
using an Rh internal standard. Soil reference materials
(GBWO07405, Geophysical and Geochemical Prospecting
Institute, Chinese Academy of Geological Sciences, China),
duplicates, and reagent blanks were also analyzed.

PAHs Analysis

For PAH analysis, soil samples (~5 g) were extracted twice by
solvent extraction (ASE350, Dionex) at 100 °C and 10 MPa
with a 5 min static cycle, using acetone and n-hexane (1:1,
v/v). The extract was evaporated in a rotary evaporator, con-
centrated, and the solvent changed to n-hexane. Concentrated
extracts were purified using silica gel columns, with PAHs
being eluted using a mixture of dichloro-methane and n-hex-
ane (3:7, v/v). The mixed solvent was again concentrated and

the residue dissolved in n-hexane for analysis by ultra-perfor-
mance liquid chromatography (ACQUITY H-Class, Waters,
USA) (Fan et al. 2019).

Sixteen USEPA priority PAHs (Z;,PAHs) were also ana-
lyzed: naphthalene (Nap), acenaphthylene (Acy), acenaph-
thene (Ace), fluorene (Flu), phenanthrene (Phe), anthra-
cene (Ant), fluoranthene (Fla), pyrene (Pyr), benzo(a)
anthracene (BaA), chrysene (CHR), benzo(b)fluoranthene
(BbF), benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP),
dibenz(ah)anthracene (DBA), indeno(1,2,3-cd)pyrene (InP),
and benzo(ghi)perylene (BghiP).

PMF Model

As a receptor model, PMF is typically used to qualitatively
apportion pollutant sources in both soil and water environ-
ments. PMF v. 5.0 resolves sampling data into two matrices:
the factor contribution matrix and factor distribution matrix.
Factors were obtained using Eq. (1) (Guan et al. 2019):

p
X = Zk=1 ikfyj + € ()

where X indicates the concentration of the HMs, i is the
number of samples, j denotes the chemical species, p is the
number of sources, e is the error for each sample, and u is
the uncertainty, calculated as follows:

Forx; < MDL, u; = % X MDL 2)

Forx; > MDL, u; = \/ (6% %) + (0.5 X MDL)? 3)
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where MDL is the detection limit for each element, and o is
relative standard deviation.

Pollution Characteristics

To determine the level of contamination by a single element
or compound, pollution indices (P;, Eq. 4) of PAHs and HMs
were adopted for some individual PAHs (DBA, BaP, BaA,
BKF, BbF, InP, Nap, and CHR) and all studied HMs (Cr, Mn,
Ni, Cu, Zn, As, Cd, Sb, and Pb), as background levels were
available for these compounds (Table S1).

P, =C;/B, (@)

where C; is the concentration of PAH; (ng g™') or HM; (mg
kg™!) in soil sample, and B, is corresponding background
value.

Ecological Risk Model Based on PMF

To quantitatively assess potential ecological risks (PER) from
different sources of PAHs or HMs, a combination of PMF,
and PER or toxic equivalent concentration (TEQ) was applied
(Huang et al. 2022) with processing as follows:

# Cj = 0% X Cy (5)

where * C}k is the mass contribution of HM k from source i
for sample j; n% denotes the ratio of HM k in sample j from
different sources; and C;, is the original concentration of HM
k in the sample j.

Toxic equivalency factors (TEFs) were calculated to quan-
tify the carcinogenic and toxic potency of individual PAHs
relative to BaP and the total quantity of PAHs (XPAHs TEQ)
(Zhang et al. 2019b). The TEQ was obtained through Eq. (6):

TEQ = Z(* C}k x TEF,) (6)
where TEF; is the corresponding TEF (Table S1). The eco-
system potential ecological risk index (RI) of HMs was esti-

mated using Eq. (7) (Huang et al. 2022).

it i i i
(% Er)jk =T * CJ.k/Cb @)

RI = ; (D) ®)

where E; represents the single ecological risk index for HM
i; and Ti denotes the toxic response coefficient of that HM.
Values of Tir for As, Cd, Cr, Cu, Mn, Ni, Pb, Sb, and Zn were
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10, 30,2,5, 1, 5, 5, 40, and 1, respectively (Hakanson 1980;
Jiang et al. 2020).

Risk Assessments

Three primary exposure pathways (ingestion, dermal con-
tact, and inhalation) for soil pollutants were considered.
Human NCR and TCR were evaluated by MCs with Crystal
Ball 11.1.24 software © (Oracle,

Redwood City, CA, USA) software using the follow-
ing equations, with all the related parameters are given in
Table S2-S4 (Han et al. 2022). To ensure the reliability of
results, 10,000 iterations were performed.

, # Ci X IRg X EF X ED
%« ADD! = —2 )
JKingestion BW x AT X 106

+ Cjj X SA X SL x ABF x EF x ED

* ADD} = - (10)
Hdermal BW x AT x 10
‘ # C), x IR, X EF x ED
%« ADD! = —2 an
Kiana BW x AT x PEF
' * ADD;k]
HI = ZHij = 2 T (12)
TCR = ) CR = ) * ADD X SF, (13)
where * ADDi.k , % ADD! , % ADD! are the aver-
JKingestion JKdermal TKinha

age daily intake dose of HM or PAH i in sample j through
ingestion, dermal contact, and inhalation contact, respec-
tively, and HQ is the average hazard quotient. The sum of
one category of HQ is the hazard index (HI).

The incremental lifetime cancer risk (ILCR) model was
used to evaluate the carcinogenic risk from ingestion, der-
mal contact, or inhalation of PAHs (Ambade et al. 2022;
Ma et al. 2021). An ILCR < 107° indicates no significant
carcinogenic risk, 107® <ILCR < 10~ indicates acceptable
carcinogenic risk, ILCR > 10~ indicates unacceptable car-
cinogenic risk from PAHs (Chen et al. 2022).

* C}k X TEF; X CSFyeqion X VBW/70 X IR, X EF x ED
BW x AT x 10°

*ILCRE =
IKingestion
(14
* ILCR},
JK dermal

* C}k X TEF; X CSF g ma X VBW/70 X SA x SL x ABF x EF x ED
BW x AT x 10°

5
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‘ # Cl X TEF; X CSFjyy X 3/BW/70 X IR, X EF X ED
*ILCR, = (16)
Wi BW X AT x PEF

TCR = * ILCR),  +%ILCR}  +xILCR} (17)

ingestion ermal inhal

where IR, and IR, are the soil ingestion and inhalation rates,
EF is exposure frequency, ED exposure duration, BW body
weight, SA skin surface area, SL skin adherence factor, ABF
dermal absorption factor, SF carcinogenic slope factor for
HMs, and CSF is the carcinogenic slope factor of Bap. All
parameters are listed in Tables S2—S4.

Statistical Analysis

All statistical calculations involved Microsoft™ EXCEL
2016. The locations of sampling sites and the spatial dis-
tributions of pollutants were obtained using ArcGIS 10.4.
All other figures were prepared using ORIGIN 2021 soft-
ware. The Kolmogorov—Smirnov (K-S) test of initial and
log-transformed concentrations was applied to check distri-
butions. If data were normally distributed, the arithmetical
mean value was more representative; for log-normal data
distributions, the geometric mean value was more repre-
sentative; and where distributions were skewed, the median
value was more representative.

Results and Discussion

PAHs and HMs in Park Soils

Overall, after K-S testing, the concentrations of ;,PAH and
some individual PAHs (Nap, Ace, Flu, Fla, Pyr, BaA, Bap,
DBA, InP, and BghiP) in karst park soils displayed a skewed
distribution (Table 1). For the remaining PAHs, Acy, Phe,
Ant, CHR, and BKF followed a lognormal distribution, and
BDF a normal distribution. High PAH concentrations were
observed in the Baiyun, Huaxi, and Yunyan districts (Fig.
S1), which were industrial and old urban areas. The PAHs
followed the decreasing concentration order BbF > Phe > Bk
F>Nap > Ace>BaA > Ant>BghiP> CHR =Bap >DBA >
Pyr>InP > Acy > Flu > Fla. Z,,PAH concentrations ranged
from 142 to 7223 ng g~! with a median value of 434 ng g,
consistent with or slightly higher than those reported in park
soils in Malopolska (Poland), and Guangzhou and Beijing
(China), and substantially lower than those in Miami and
Milwaukee (USA), Nanjing, Shanghai, Xiamen, Urumqi,
Xi’an, Lanzhou, and Hong Kong (China) (Table 2); and
the reported average X,,PAH concentration in urban soils
in China (Yu et al. 2019). The relatively low X,,PAH con-
centrations in park soils may be due to a lack of pollution

sources, including lower vehicular emissions and less inten-
sified commercial districts in Guiyang.

Concentrations of low-molecular-weight (LMW) 2-3
ring PAHs and high-molecular-weight (HMW) 4-6 ring
PAHs were 136 and 287 ng g~!, respectively; HMW PAHs
thus accounted for most of the PAHs in park soils (Fig. S2,
Table 2). The high contribution of HMW PAHs may be
due to high-temperature processes such as combustion of
fuels in vehicle engines (Mostert et al. 2010). HMW PAHs
can persist for longer periods with lower rates of degrada-
tion than LMW PAHs so (Wang et al. 2011), despite the
lower X, ,PAH concentration, the high levels of HMW PAHs
require special attention.

The concentrations of most HMs (Ni, Cr, As, Sb, Zn,
Cd, and Mn) in park soils were lognormally distributed,
whereas, Cu and Pb followed normal and skewed distribu-
tions, respectively. Overall, the concentrations of Cu, As,
Zn, and Cd were higher than those recorded previously
in farmland in Guiyang (Cai et al. 2021). Except for Cd,
the concentrations of all HMs were greater than those of
Guizhou geochemical baselines (CNEMC 1990), implying
HM accumulation in park soils. The highest concentrations
recorded for Cr (363 mg kg™'), Pb (1045 mg kg™'), and
Cd (4.19 mg kg~!) were higher than values reported previ-
ously for Guanshanhu district, Guiyang, whereas, that of As
(139 mg kg™") was consistent with previous values (Cui et al.
2022). The coefficients of variation (CVs) of all HMs ranged
from 42.2 to 201%, indicating moderate to strong variation.
The high concentrations and CVs of Pb, As, Sb, Cd, and
Mn suggest they originate from anthropogenic sources
(Zhuo et al. 2020). Elevated concentrations were generally
observed in and around urban centers, with HM hotspots
in the southern part of the city (Fig. S3). Most HMs were
thus highly impacted by human activities. Furthermore, most
recorded Ni, Cr, Cu, As, Mn, Zn, and Cd concentrations
were higher than those of parks soils worldwide (Table 2),
possibly due to high geologic backgrounds in such in karst
areas (Kong et al. 2018). The element generally typical of
traffic sources, Pb had generally lower concentrations than
those in park soils worldwide, indicating relatively low emis-
sions (Bineshpour et al. 2021).

Source Identification for PAHs and HMs in Park Soils

To achieve convincing and quantifiable source identification,
diagnostic ratios, correlation analysis, and PMF receptor
modeling were used for PAHs, and correlation analysis and
PMF modeling for HMs. To verify source apportionments,
correlations between PMF factor contributions and concen-
trations of PAHs or HMs were also investigated (Huang et al.
2021). In PMF processing, four factors for both PAHs and
HMs were determined after comparing robust and true Q
values (Fig. 2a, d) (Kwon & Choi 2014).
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Fig.2 Source apportionment of

PAHSs and HMs. a, d PMF fac-
tor profiles of PAHs and HMs;
b, e percentage contributions of
each PMF factor. ¢, f Pearson
correlations among PAHs and
HMs, and between PAHs, HMs,
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PAHs combustion (Jiang et al. 2014). Factor 1 was therefore

Diagnostic ratios are commonly applied in PAHs source
identification (Fig. S4). PAH LMW/HMW ratios of < 1
indicate pyrogenic sources such as incomplete combus-
tion of biomass or fossils fuels (Tobiszewski & Namie$nik
2012). Here, Flu/(Flu + Pyr) ratios were in the range of
0.0137-0.983; 53.1% of ratios were > 0.5, indicating fossil-
fuel combustion (Ravindra et al. 2008). For Ant/(Ant+ Phe)
ratios, 87.5% were > 0.1 indicating pyrogenic sources includ-
ing oil, coal, and biomass combustion (Pies et al. 2008). For
BaA/(BaA + CHR) ratios 87.5% were > 0.5, again indicating
biomass and coal combustion sources (Yunker et al. 2002).
The mean Bap/BghiP ratio was 0.831, with 82.8% of the
ratios being > 0.6, indicating traffic sources (Katsoyiannis
et al. 2007). For InP/(InP + BghiP) ratios, 92.2% were in the
range of 0.2-0.5, indicating petroleum combustion sources
(Yunker et al. 2002). Preliminary analysis thus indicates that
PAHs in karst park soils originate from various sources, with
fossil-fuel, biomass, coal combustion, and traffic sources
predominating.

Further quantitative classification of PAH sources
involved the PMF receptor model. Factor 1, heavily loaded
with Phe (60.9%), Pyr (69.9%), and BaA (53.7%), was
significantly correlated with Phe, Pyr, and BaA concentra-
tions (Fig. 2c). Phe and BaA were previously apportioned
from wood/grass burning (Zheng et al. 2019); Phe and
Pyr were identified as being sourced mainly from biomass

@ Springer

defined as biomass burning.

Factor 2 was characterized by BbF (81.7%), followed by
Ace (31.6%) and Fla (31.4%), with the strongest relation-
ship with BbF (Fig. 2¢). Phe and Bap have loadings of 17.4
and 12.8%, respectively. BbF is an indicator of emissions
from coke ovens (Yang et al. 2013), together with Fla and
Phe (Simcik et al. 1999). Ace and Bap have also been
reported as originating from coke production (Khalili et al.
1995). Factor 2 thus indicates coke-oven sources.

Factor 3 was loaded predominantly with Fla (40.5%),
CHR (43.8%), BKF (63.9%), Bap (57.3%), DBA (53.9%),
InP (65.5%), and BghiP (61.4%), with strong correla-
tions with BKF, Bap, DBA, InP, and BghiP concentrations
(Fig. 2¢). These HMW PAHs are derived from high-tem-
perature combustion sources, including diesel combustion
(Simcik et al. 1999); CHR, DBA, InP, and BghiP represent
diesel emissions (Cetin et al. 2017); DBA, BkF, and BghiP
were identified as being due to petroleum combustion
(Konstantinova et al. 2020). Factor 3 is thus considered to
represent traffic sources.

Factor 4 had high loadings of Nap (36.5%), Flu (68%),
Acy (56.9%), and Ant (75.0%), with strong correlation
with Flu, Acy, and Ant concentrations (Fig. 2¢). Nap is
released during incomplete combustion (Simcik et al.
1999); Flu is typical of coal combustion (Jiang et al. 2021;
Larsen & Baker 2003); and Acy was previously identified
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as a coal-burning marker (Wang et al. 2015). Factor 4 thus
represents coal burning.

The PMF modeling results thus indicated that biomass
burning, coke ovens, traffic sources, and coal burning are
primary sources of PAH contamination in park soils on
the karst plateau. The average contributions of individual
sources to Z;,PAHs were 31.9% for Factor 1, 28.7% for Fac-
tor 4, 21.7% for Factor 3, and 17.7% for Factor 2.

HMs

For HMs, Factor 1 was heavily loaded with Pb (46.2%), Cd
(46.0%), and Zn (36.7%). Previous studies have suggested
that Pb and Zn are markers of vehicle emissions (Liu et al.
2021). Although the use of Pb in gasoline has been banned,
engine wear and braking still discharge Pb and Cd (Jin et al.
2019). Tires and lubricants also contain Cd, and Zn is a com-
ponent of tires, bitumen, hardeners, and exhaust emissions
(Huang et al. 2021). These HMs are initially deposited near
roads, and are resuspended to enter park soils (Dao et al.
2014). Factor 1 thus represents traffic sources.

Factor 2 was dominated by As (64.3%), Sb (59.8%), and
Pb (37.5%), with strong correlation with As and Sb con-
centrations (Fig. 2f). Coal consumed in Guiyang is char-
acterized by high As contents, and coal-borne arsenicosis
has been reported in Guizhou (Wang et al. 2019a). Coal
combustion also contributed to the increasing trend in Pb
emissions during 1980-2008 (Tian et al. 2012). Factor 2 is
thus attributed to coal burning.

Factor 3 was characterized mainly by Cu (58.8%) and Ni
(51.7%), with strong correlations with Cu and Ni concentra-
tions (Fig. 2f). The significant correlation (r=0.593, p=0)
between Cu and Ni concentrations implies a common source
(Han et al. 2022). Copper is attributed to industrial activities
(Zhao et al. 2019), whereas Ni is typically used in alloys (Gu
et al. 2014). Atmospheric deposition from industrial waste,
and incineration of domestic waste could thus be sources
of Cu (Huang et al. 2007). Therefore, Factor 3 is associated
with industrial sources.

Factor 4 had a high Mn loading (84.3%), followed by Cd
(32.9%) and As (23.4%) with strong correlation with Mn
concentration (r=0.908, p=0). Manganese is commonly
identified as arising from natural sources (Liang et al. 2017).
The geometric mean of Mn was lower than the correspond-
ing background values (CNEMC 1990). Manganese con-
centrations were closest to geochemical background values
when soil HMs were dominated by parent material (Liang
et al. 2017). Factor 4 thus represents natural sources.

Overall, anthropogenic activities, particularly coal burn-
ing (31.0%), are the primary sources of HMs in park soils.
Reductions in coal burning are thus critical for reducing HM
levels in park soils on the karst plateau.

Pollution Characteristics of PAHs and HMs

Pollution indices of PAHs were calculated using risk-
screening values for soil contamination of developed land,
and HM levels were calculated from their corresponding
background values.

The pollution indices of PAHs followed the order
DBA (1.05E-1) > BaP (5.76E-2) > BaA (1.16E-2) > BbF
(9.24E-3) > InP (4.17E-3) > NaP (1.35E-3) > BkF
(1.03E-3) > CHR (6.58E-5) (Fig. S5). Only 1.56% of the
values DBA exceeded 1, indicating the limited degree of
pollution by individual PAH species. The maximum P;
value of DBA was 2.37 times the relevant risk-screening
value, but only 0.237 times the risk-intervention value,
indicating the potential risk to residents. Furthermore, the
following classification criteria were used for X ,,PAH:
¥ ,(PAH <200 ng g~', non-contaminated; 200-600 ng g~',
weakly contaminated; 600—1000 ng g~!, contaminated,;
and > 1000 ng g~!, heavily contaminated, with recom-
mended values being used (Maliszewska-Kordybach
1996). Using these criteria, X,,PAH in 12.5% (8/64) of
karst parks were considered non-contaminated, 53.1%
(34/64) weakly contaminated, 17.2% (11/64) contami-
nated, and 17.2% (11/64) heavily contaminated.

Pollution indices of HMs decreased in the order As
(2.06) > Cu (2.00) > Pb (1.80) >Zn (1.72) > Ni (1.60) > Sb
(1.39)>Cr (1.15)>Cd (1.07) > Mn (1.06) (Fig. S5). All
mean single HM indices were > 1, indicating pervasive
HM pollution and the impact of human activities. For
HMs, 65.6% of Cr, 43.8% of Mn, 68.8% of Ni, 81.3% of
Cu, 84.4% of Zn, 81.3% of As, 32.8% of Cd, 54.7% of Sb,
and 59.4% of Pb were considered contaminated to differ-
ent degrees, with As, Cu, Zn, and Pb being of particular
concern.

This analysis demonstrates that PAH and HM contami-
nation is prevalent in park soils. Most PAHs in karst park
soils are derived from atmospheric deposition (Zhang et al.
2021), and HMs represent the superposition of background
and atmospheric deposition (Han et al. 2022). Industries
were previously the pillar of the Guiyang economy (Xu et al.
2016). Motor vehicle ownership has increased from 1.19 to
1.83 million, with increased petroleum PAH and HM emis-
sion (Stajic et al. 2016; Sun et al. 2021). Guiyang lies on
the eastern Yunnan—Guizhou Plateau, and most parks are
scattered over karst hill basins, which hinder the dispersion
of atmospheric PAHs and HMs (Ma et al. 2020). Several
other factors also enhance the deposition of atmospheric
PAHs and HMs, including a low mean annual temperature
(14.9 °C) and high precipitation frequency (236 d y~!) and
amount (1378 mm) (GSY 2021; Li et al. 2020), exacerbating
the accumulation of PAHs and HMs in park soils. Manage-
ment and control measures should therefore be undertaken
to avoid further soil contamination.
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Quantification of Potential Ecological Risks
for Different Sources

The total TEQ of X,cPAH for different park soils ranged
from 27.5 to 1979 (mean 110). Based on a safe BaP,, value
of 600 ng g~ recommended by Canadian soil-quality guide-
lines (CCME 2010), the TEQ values of most park soils
(98.4%) were below the safety limit. Nonetheless, the TEQ
value for the TSGY park may be 3.3 times the 600 ng g~!
limit (Fig. S6), and higher than the World Health Organiza-
tion standard value of 1000 ng g_1 (Qu et al. 2020). TSGY
park is in Baiyun district, which was previously an industrial
area (GSY 2021; Xu et al. 2016).

Toxic equivalent concentration values were lower than
that reported in Lanzhou (mean 138 ng g~!) (Jiang et al.
2016), Tianjin (124 ng g_l) (Shi et al. 2021). Furthermore,
TEQ values were strongly impacted by concentrations of
DBA (58.0 ng g!), Bap (mean 31.7 ng g”!), BaA (mean
6.34 ng g~!), BKF (mean 5.65 ng g~!), and BbF (mean
5.08 ng g_l), contributing 52.7%, 28.8%, 5.76%, 5.14%, and
1.89%, respectively, and amounting to 97.1% of the total
PAH concentration (Fig. S5b).

High TEQ values were distributed mainly in old urban
areas (Baiyun and Yunyan districts) and former industrial
areas (Baiyun district) (Fig. 3a). For old urban areas with
rapid urbanization, long-term intensive anthropogenic
activities may lead to elevated TEQ values in park soils.
The PMF-based TEQ model indicates that PAH Factor 3
contributed to the generally high TEQ values in the study
area. The contribution of Factor 3 (traffic sources) to TEQ

was 49.9%, followed by biomass burning (20.5%), coal
burning (18.0%), and coke oven (11.5%) (Fig. S7). The
TEQ values of PAHs in urban park soils were thus most
affected by traffic sources on the karst plateau, with con-
tributions of individual PAHs being quite different from
those of total X;,PAH.

The total RI value had a range of 27-647 (mean 141),
indicating a low potential ecological risk (Table S6). The
highest RI values were observed on the southern edge of
Huaxi district (SLNC park), and the north-western edge of
Baiyun district (YGSST) (Fig. 3f, Fig. S6), possibly as a
result of industrial discharges (Xuan et al. 2018). E; values
of the nine HMs followed the order Sb>Cd > As> Cu>
Pb> Ni> Cr>Zn> Mn (with all values other than that of
Sb being < 40), indicating low ecological risk. Most HMs
(100% of Cr, Cu, Mn, and Zn, 89.1% of As, 81.3% of Cd,
and 98.4% of Pb) were categorized as low risk (Table S6 and
Fig. S6). The maximum E; values of Cd, Pb, and Sb were
190, 148, and 376, respectively, which are considered high,
considerable, and extremely high risk levels, respectively.

HM Factor 2 was the predominant source of RI (Fig.
S7). The results of PMF-RI modeling indicate that Fac-
tor 2 (coal burning) made the highest contribution to RI
(41.7%), followed by Factor 1 (traffic sources, 27.5%),
Factor 4 (natural sources, 19.1%), and Factor 3 (industrial
sources, 11.7%). Effort in the monitoring and manage-
ment of coal-burning and traffic sources is thus required to
reduce the ecological risk posed by HMs in soil, although
industrial sources should not be overlooked as re-emission
may occur under certain conditions.

Factor 1

(b) Factor 2 7

(C) Factor 3 (d) Factor 4

Factor 1

(1) Factor 4

Fig.3 Spatial distribution of PAH TEQs and total potential risk index
(RI), and corresponding spatial distribution of associated source con-
tributions. a total TEQ distribution of PAH, and b—e spatial contribu-
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tion of different factors; f total RI distribution, and g—j spatial distri-
bution of different factors
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Human Health Risk of Different Sources

Human health risk evaluation is an effective tool for iden-
tifying toxic pollutants, exposure pathways, and pollution
sources. To determine the human health risk caused by
combinations of sources of PAHs and HMs, source-oriented
human health risk was evaluated by MCs.

For both NCR and CR from PAHs and HMs, ingestion
was the predominant exposure pathway (> 86.8%), followed
by inhalation with a relatively minor contribution (Fig. S8).
Ingestion of soil particles is thus the major exposure path-
way for HMs in urban park soils on the karst plateau, and
prevention is the key to risk reduction, as reported by previ-
ous studies (Huang et al. 2021; Liu et al. 2020).

With regard to NCR and TCR, children are exposed to
higher PAH and HM levels than adults (Fig. 4). PAH HIs
for children, male adults, and female adults were 3.47E-5,
3.84E-6, and 4.61E—-6, respectively, at least four orders of
magnitude lower than those of HMs (children mean 6.30E-1,
male mean 8.05E-2; female mean 9.14E-2) (Fig. 4a, c).
More attention should therefore be paid to HMs than PAHs
in park soils to protect urban residents from high exposure
risk. Among the HMs, As contributed most of the NCR
and CR (Figs. S9, S10). Due to the elevated HMs levels
recorded, their HI and TCR values were several times those
of park soils in Shanghai, Beijing, Xiamen, Guangzhou
(China), and Brno (Czech Republic) (Table 2).

The contributions of different factors contributing to
human health risk were similar for all categories (children,
female and male adults), regardless of their TCR and NCR
(Fig. 5). PAH contributions to NCR followed the order bio-
mass burning > traffic sources > coal burning > coke oven.

Fig.4 Non-carcinogenic risk 100 7=

However, for PAHs TCR, traffic sources contributed to 50%,
followed by biomass burning, coal burning, and coke oven.
The individual contributions of factors to health risk may be
quite different from those of X;,PAH concentration, due to
toxicity differences among PAHs.

For HMs, factors contributing to NCR and TCR were the
same, with both following the order coal burning > natu-
ral sources > traffic sources > industrial sources (Fig. 6).
Coal burning is thus the primary source of HM health risk,
although the traffic sources and coal burning were the same
sources of human health risk posed by PAHs and HMs
together. The NCR and TCR of PAHs were several orders
of magnitude lower than those of HMs, so the combined
health risk is dominated by primary sources of HM risk.
Coal burning plays a dominant role in health risk and HM
concentrations and is a priority factor for the management
and control of health risks posed by PAHs and HMs.

Human Health Risk and HM Bioavailability

As mentioned above, HMs contributed most to NCR and
CR, so our further analysis focused only on health risks of
HM fractions. Numerous studies have assessed HMs expo-
sure risk based on total HM concentrations, however, their
mobility and bioavailability vary. The sums of fractions 1,
2, and 3 were commonly considered as the bioavailable/
potential bioavailable fractions, which may result in higher
health risk relative to residual fractions (Zhao et al. 2020).
No bioavailability assessment was undertaken in this study,
the mobile and bioavailable fractions (1, 2, and fraction 3)
were considered in evaluating health risk (Gope et al. 2017).
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The concentrations of Ni, Cr, Cu, As, Sb, Zn, and Cd in
park soils were generally dominated by Fraction 4 (residual)
at 87.2%, 92.2%, 79.4%, 97.5%, 96.6%, 73.6%, and 42.3%,
respectively. Lead had the highest Fraction 3 content (oxi-
dizable, 36.8%), and Mn had a higher contribution of Frac-
tion 2 (reducible, 55.6%). In contrast, the relatively mobile
exchangeable Fraction 1 was generally low for all HMs Cd
17.7%>Mn 15.4%>7Zn 3.97%>Ni 1.18%>Pb 1.14% > Sb
1.03% > Cu 0.382% > As 0.271% > Cr 0.0914%. For bioa-
vailability (fractions 142+ 3), the order was Mn 78.5% > Pb
69.8% >Cd 57.7% >7Zn 26.4% > Cu 20.6% > Ni 12.8% > Cr
7.83% > Sb 3.42% > As 2.51%.

In terms of HM bioavailability, the exposure levels were
low for all HMs studied (Fig. 7), though children are exposed
to higher health risk than adult females and males, regardless
of HM bioavailability, likely due to the higher ratio of intake
to body weight. Soil ingestion is also more prevalent among
children (Wang et al. 2019b).

For NCR, the HIs for children, and adult males, and
females were reduced to 11.0%, 18.3%, and 16.4%, respec-
tively, of levels without consideration of bioavailability.
When including bioavailability, the highest HQ shifted from
As to Pb in all categories. With inclusion of bioavailability,
TCR values for children, adult females, and adult males were
1.33E-5, 1.81E-6, and 1.57E-6, respectively, or ~6.50% of
levels estimated without consideration of bioavailability; the
highest TCR values were dominated by As and Mn.

With inclusion of bioavailability, Pb and Mn were thus
identified as priority control pollutants. It is reassuring that,
although total HM concentrations in park soils were higher
on the karst plateau than other areas, the bioavailable frac-
tions were generally lower than in other areas (Akoto et al.
2019), with correspondingly low exposure risk.

Global Implications of Priority Factors for Karst
Urban Areas

The ecological environments of karst regions are fragile,
and their ecosystems are threatened by natural and anthro-
pogenic pressures. The high soil HM background is due
mainly to soils associated with endogenous parent material
and natural soil-forming processes in limestone areas, and
to mining activities (Zhang & Wang 2020). The superposi-
tion of both natural and anthropogenic activities may pose
higher potential health risks than those in non-karst areas.
The global area of karst landscapes accounts for ~12% of
global land areas, with such areas being distributed widely
across the Mediterranean region, North Africa, South Asia,
SW China, northern Australia, western North America,
and southwestern South America (Yang et al. 2021). For
urban areas experiencing rapid urbanization, soils in urban
parks have experienced stresses associated with increas-
ing populations and associated disturbances. Karst regions
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are also tourist attractions because of their unique scenery
and ecosystems (Peng et al. 2017). The health risk due to
soil contamination in urban karst areas is thus of special
significance.

Conclusion

A study was undertaken of a typical karst plateau city, Gui-
yang, to determine the source-oriented ecological risks, and
source-, pathway-, and speciation-oriented human health
risks of PAHs and HMs in park soils. DBA and As were

@ Springer
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the most concerning PAH and HM, respectively. Traffic
sources and coal burning contributed most to the TEQ and
RI, respectively. The NCR and TCR of HMs were several
orders of magnitude higher than those of PAHs. Coal burn-
ing was the biggest contributor of NCR and TCR, and As
was identified as a priority-pollutant. Ingestion is the pri-
mary exposure pathway for PAHs and HMs. Bioavailability
of HMs contributes < 18.3 and 6.50% of NCR and TCR,
respectively, based on total concentrations.

An integrated concept of priority control factors for the
management of combined PAH and HM contamination of
park soils in a karst high-background area is proposed. Con-
trol measures should include reduction in coal burning with
a change to clean energy, increases in vegetation cover to
reduce bare soil areas, and avoidance of soil ingestion by
children.
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