
Science of the Total Environment 556 (2016) 12–22

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Polycyclic aromatic hydrocarbons in soils from the Central-Himalaya
region: Distribution, sources, and risks to humans and wildlife
Xiang Bi a,b,1, Wei Luo a,⁎,1, Jiajia Gao a,i, Lan Xu a, Junming Guo c, Qianggong Zhang c,d, Kumar Y. Romesh e,
John P. Giesy f, Shichang Kang g,d, Jacob de Boer h

a State Key Laboratory of Urban and Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China
b Graduate University of Chinese Academy of Sciences, China
c Key Laboratory of Tibetan Environment Changes and Land Surface Processes, Institute of Tibetan Plateau Research, Chinese Academy of Sciences (CAS), Beijing 100085, China
d CAS Center for Excellence in Tibetan Plateau Earth Sciences, Chinese Academy of Sciences, Beijing 100101, China
e Department of Environmental Science and Engineering, School of Science, Kathmandu University, Kathmandu 6250, Nepal
f Department of Veterinary Biomedical Sciences and Toxicology Centre, University of Saskatchewan, Saskatoon, Canada
g State Key Laboratory of Cryospheric Sciences, Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy of Sciences, Lanzhou 730000, China
h Institute for Environmental Studies, VU University, De Boelelaan 1087, 1081 HV Amsterdam, The Netherlands
i Tibet Climatic Center, Lhasa 850001, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• PAH concentrations in soils were pre-
sented in a unique area of the
Himalayas.

• Altitude was a significant factor control-
ling PAHs in mountain soils.

• Sources of PAHs in soils were identified
by positive matrix factorization analy-
sis.

• 39% of soils had a slight risk to wildlife
and environment of the Central
Himalayas.
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The Central Himalayas are not only a natural boundary between China and Nepal but also a natural barrier for
transport of air masses from South Asia. In this study, 99 samples of surface soil were collected from five regions
of Nepal on the southern side of the Central Himalayas, and 65 samples of surface soil were obtained from the
northern side on the edge of the Tibetan Plateau, China (TPC). Concentrations of polycyclic aromatic hydrocar-
bons (PAHs) in soils were measured to determine their distribution, potential for accumulation, and sources,
as well as risks to humans and the environment. Mean concentrations of Σ16PAHs were 2.4 × 102 and
3.3 × 102 ng/g dry mass (dm) in soils collected from the TPC and Nepal, respectively. Significant correlations be-
tween concentrations of lower molecular weight PAHs (LMW-PAHs) in soils and altitude were found. Total or-
ganic carbon (TOC) in soil was positively but weakly correlated with concentrations of PAHs in the study area,
which suggested little role of TOC in adsorption of PAHs. The cities of Kathmandu and Pokhara in Nepal and
Nyemo (especially Zhangmu Port), Shigatse, and Lhasa on the TPC, were areas with relatively great
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concentrations of PAHs in soils. The main sources of PAHs identified by positive matrix factorization were emis-
sions from motor vehicles and combustion of coal and biomass in the Central Himalayas. Calculated total
benzo[a]pyrene potency equivalents of 0.23–44 ng/g dm and index of additive cancer risk of 3.8 × 10−3–
9.2 × 10−1 indicated that PAHs in almost all soils investigated posed de minimis risk of additional cancer to res-
idents via direct contact and had no significant risk of additional cancers through consumption of potable water.
Mean risk quotient values indicated that 39% of soils had a slight risk to wildlife and the ambient environment of
the Central Himalayas.

© 2016 Elsevier B.V. All rights reserved.
PMF model
Toxicity assessment
Mountain
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of pollutants
that are widely distributed, persistent and toxic and have potential for
bioaccumulation. They can migrate to remote alpine regions via long-
range, atmospheric transport (LRAT) and be deposited in environments
due to orographic, cold-trapping effects (Choi et al., 2009; Wania and
Westgate, 2008). Accumulation of PAHs in cold environments might af-
fect alpine ecosystems or pose risks to health of people relying on alpine
ecosystems for food and water (Vives et al., 2004; Fernández et al.,
2002).

In terrestrial environments, soils act as a sink for PAHs. More than
90% of the total mass of PAHs in the environment is stored in soils
(Wild and Jones, 1995). In warmer climates, soil can contribute PAHs
to the atmosphere (Dalla Valle et al., 2005). PAHs in soils might be fur-
ther deposited on or accumulated into vegetables or other biota via food
chains (Li et al., 2008). Further, leaching of PAHs from soils can contam-
inate groundwater (Bortey-Sam et al., 2014). Therefore, monitoring
concentrations of PAHs in soils is important for assessing their potential
effects on the environment or humans.

Investigation of patterns of accumulation of PAHs along altitudinal
gradients can elucidate factors affecting their fates inmountainous envi-
ronments. The Central Himalayas are a geographical zone separating
India, Pakistan, andNepal in SouthAsia fromChina. The Tibetan plateau,
China (TPC) is at the northern side of the Central Himalayas, and it is
also an important source of water for surrounding regions. Although
local emissions of PAHs in the TPC are limited, it is surrounded by the
most densely populated and rapidly industrializing countries such as
India and China. Emission of ΣPAHs in China was estimated to be
25,300 tons in 2003. China and India had the greatest emissions of
PAHs to the atmosphere in 2004 (Xu et al., 2006; Zhang and Tao,
2009). During the Indianmonsoon, PAHs are transported and deposited
to various environmental matrices, including soil, grass, snow and ice,
and sediments on the TPC (Wang et al., 2007; Wang et al., 2008;
Wang et al., 2010; Li et al., 2011). In recent years, emissions of PAHs in
Nepal have increased due to growth of local population aswell as devel-
opment of highways and additional usage of motor vehicles. Further-
more, valleys of the Himalayas in Nepal are channels for transport of
PAHs from the Indian subcontinent to the TPC (Yang et al., 1987).
Thus, the Himalayas are considered to be an ideal region for investigat-
ing the LRAT of PAHs. Thus far, few studies have investigated emissions
of PAHs from the Central Himalayas (Aichner et al., 2007; Guzzella et al.,
2011; Chen et al., 2015).

Investigations of spatial distribution and sources of PAHs in soils
from the Central-Himalaya region are important for understanding
cross-bordermigration of PAHs between South Asia and the TPC, factors
influencing accumulation of PAHs, and assessment of their potential ef-
fects on health people residing in this relatively pristine area. In this
study, concentrations of 16 indicator PAHs specified by the US Environ-
mental Protection Agency (EPA) were measured in 164 samples of soil
collected from both sides of the Central Himalayas on the TPC and in
Nepal. The information was used to determine the potential sources of
PAHs, the factors influencing their accumulation, as well as risks for
humans and the environment.
2. Materials and methods

2.1. Collection of samples

Distribution of PAHs in Nepal was determined by collecting samples
of soil along a West-to-East transect. Soils were also collected from the
TPC, where PAHs might be transported via monsoon and atmospheric
circulations and (Fig. 1). Nine samples of soil from a subarea in far-
western Nepal mountain area where, as suggested by Wang et al.
(2014), sparse PAHs emission andhuman activities existed,were select-
ed to investigate effects of altitude on accumulation of PAHs in soils
(Table 1 and Fig. 1B). The climate in the studied regions is dominated al-
ternatively by the Indian monsoon and westerly winds (Wang et al.,
2013). In total, 164 soil samples (99 from Nepal and 65 from the TPC)
were collected from remote sites (i.e., away from towns, roads, or
other human activities) on the two sides of the Himalayas between
2013 and 2014, using a stainless steel spade (Fig. 1). Among soils from
Nepal, 36, 27, 17, 17, and 2 samples of soil were collected from the cen-
tral, western, mid-western, far-western, and eastern parts of Nepal, re-
spectively. Newly fallen leaves were discarded before soils were
collected. Three or four surface samples (0–5 cm) were obtained over
an area of approximately 100 m2 from each part, and then composited
to form a representative sample of soil. Samples were wrapped in alu-
minum foil, kept in the dark, and transported to the laboratory and
maintained at−20 °C.

2.2. Sample extraction and analysis

Soils were air-dried, sieved through 2-mm mesh, and spiked with
chemical surrogates (four deuterated PAHs, i.e., naphthalene-d8 (NAP-
d8), acenaphthene-d10 (ACP-d10), phenanthrene-d10 (PHE-d10), and
chrysene-d12 (CHR-d12)) for calculating recoveries. Next, 16 PAHs, in-
cluding naphthalene (NAP), acenaphthylene (ACY), acenaphthene
(ACP), fluorene (FLR), phenanthrene (PHE), anthracene (ANT), fluoran-
thene (FLT), pyrene (PYR), benz[a]anthracene (BaA), chrysene (CHR),
benz[b]fluoranthene (BbF), benz[k]fluoranthene (BkF), benzo[a]pyrene
(BaP), indeno[1,2,3-cd]pyrene (IcdP), dibenz[a,h]anthracene (DahA),
and benzo[ghi]perylene (BghiP), were identified and quantified using
an Agilent 6890 gas chromatograph equipped with a HP-5MS capillary
column (30 m × 0.25 mm i.d × 0.25 μm film thickness) for separation
and an Agilent 5975mass spectrometer with an electron impact ioniza-
tion source as a detector. Further information about the extraction and
analysis methods is provided in Text SI-1. Samples of soils were treated
with 1 mol/L HCl to remove inorganic carbon. Subsequently, they were
cleanedwithMilli-Qwater until neutral pH (7±0.2) and dried at 80 °C.
The determination of total organic carbon (TOC)was performed by flash
combustion at 1025 °C followed by thermal conductivity detection in a
Vario TOC. The limit of detection was 0.1%.

2.3. Quality assurance/quality control

Interferences were checked by analyzing cross-contamination and
stability of the instrument during the entire analytical process, proce-
dural blanks, and spiked blank samples with each block of 10 samples.



Fig. 1. General pattern of atmospheric circulation systems (A) and map of soil sampling sites (B) in the Central Himalayas. Soil sampling subarea is identified by a black ellipse.

Table 1
Description of soil samples in a subarea and concentrations of individual PAHs (ng/g dm) in the Central Himalayas.

ID Latitude (°N) Longitude (°E) Altitude (m) LMW-PAHsa 4-ring PAHs HMW-PAHsb PAHs

1 29.01 80.63 1521 43 9.6 2.9 56
2 29.15 80.59 1793 2.0 × 102 30 13 2.4 × 102

3 29.29 80.64 1665 1.2 × 102 20 10 1.5 × 102

4 29.30 80.79 608 23 6.6 3.0 33
5 29.27 81.00 1464 90 19 7.5 1.2 × 102

6 29.24 81.12 1697 2.0 × 102 20 6.5 2.2 × 102

7 29.26 81.22 690 44 14 6.2 64
8 29.34 81.31 1138 60 16 13 90
9 29.41 81.43 1127 1.2 × 102 21 16 1.6 × 102

Mean 29.25 80.97 1300 99 17 8.7 1.3 × 102

a Low molecular weight PAHs (2–3 ring PAHs).
b High molecular weight PAHs (5–6 ring PAHs).
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Mean concentration of ΣPAHs in the procedural blank was 1.2 ng/g dry
mass (dm). The predominant PAH was naphthalene (NAP). Recoveries
from spiked blanks were 70%–106%. Mean recoveries of the spiked sur-
rogates in all samples were 68%–136% for the four deuterated PAHs. The
method detection limits (MDLs), defined as 3 times of signal-to-noise
value, were 0.4–7.2 ng/g dm for PAHs. The performance of the instru-
ment was routinely checked using quality control standards.

2.4. Positive matrix factorization analysis

Positive matrix factorization (PMF) was used for assessment of po-
tential sources of PAHs. The principles and usage of the PMF 5.0 model
are described in detail in the user manual (http://www.epa.gov/
heasd/documents/PMF_5.0_User_Guide.pdf). Input data for the model
require two input files: one for the measured concentrations (C) of
PAHs and the other for the estimated uncertainty (U) associated with
those concentrations. In the file containing concentrations, a surrogate
value equivalent to half the MDL was substituted for samples for
which the concentrationwas less than theMDL. The inputmatrix of un-
certainties was calculated using the MDL for each species andmeasure-
ment uncertainty (MU, %). If the concentration was less than the MDL,
then U=5/6MDL, otherwise U= [(MU×C)2+ (MDL)2]1/2. The proce-
dure was performed following guidelines specified in the user manual.
The number of factors in the PMF model was selected based on close-
ness of a robust Q value (robust Q is the goodness-of-fit parameter cal-
culated excluding outliers) to the theoretical Q value (theoretical Q =
nm for a small data set, where n = number of samples, m = number
of variables), the diagnostic plots, and the relevance of the resolved fac-
tors to known physical sources (Wang et al., 2015).

2.5. Environmental and human health risk assessment

The Canadian Soil Quality Guidelines for protection of environmen-
tal and human health were used for screening-level risk assessment
(http://ceqg-rcqe.ccme.ca/download/en/320). Factor assessment of
human health protection from direct contact with PAH-contaminated
soil was calculated as benzo[a]pyrene total potency equivalents (B[a]P
TPEs). To estimate B[a]P TPEs, each PAHwas assigned a carcinogenic po-
tential, and equivalency factors (EFs)were used to quantify carcinogen-
ic potencies of the remaining PAHs relative to BaP. The list of EFs
(Table 2) compiled previously (Tsai et al., 2004) was adopted to calcu-
late the B[a]P TPEs. Therefore, the toxic equivalent (based on carcinoge-
nicity) of each individual PAH was obtained by multiplying its
concentration with the appropriate EF, i.e., B[a]P TPE = Σ(Ci × EFi).
The human health soil quality guidelines (SQGHHs) for carcinogenic
contaminants require development of soil quality guidelines that em-
ploy a critical risk-specific dose, based on incremental lifetime cancer
risks (ILCRs) from exposure to PAHs in soil. Adult humans were consid-
ered as receptors when considering lifetime cancer risk. For non-
threshold contaminants, exposure of humans needs to be reduced to
the maximum extent possible. SQGHHs were calculated based on 10−6

ILCR.
The index of additive cancer risk (IACR) assesses potential risk posed

by drinking groundwater due to leaching of carcinogenic mixtures of
PAHs from soil. The IACR is calculated by dividing the concentration of
each carcinogenic PAH by its SQG value for the protection of potable
water component value and summing these hazard subindices for the
entire PAH mixture (Eq. (1)).

IACR ¼ BaA

0:33 mg kg−1 þ
B bþ k½ �F

0:16 mg kg−1 þ
BghiP

6:8 mg kg−1

þ BaP

0:37 mg kg−1 þ
Chr

2:1 mg kg−1 þ
DahA

0:23 mg kg−1 þ
IcdP

2:7 mg kg−1

ð1Þ
For protection of the environment andwildlife, PAHswere individu-
ally compared to SQGs, which were developed based on non-
carcinogenic effects. Since the mean risk quotient (m-RQ) could reduce
a large amount of chemical data into a single number for mixtures of
contaminants (McCready et al., 2006; Wang et al., 2015), the m-RQ
was used to assess combined ecological risks of target PAHs in Central
Himalayan soils. Based on the SQGs of 11 PAHs (ANT, BaP, FLT, NAP,
PHE, BaA, BbF, BkF, DahA, IcdP, and PYR), them-RQwas calculated bydi-
viding the concentration of each individual PAH by its respective mid-
range SQG, summing the quotients, and dividing by the total number
of all individual PAHs.

2.6. Air mass trajectory calculation

Backward extrapolations of trajectories of air masses were devel-
oped to probe the potential sources of PAHs. Two sites (28.1° N, 84.4°
E; 29.2° N, 86.0° E) at the centers of the Nepal and the study area in
the TPCwere selected as startingpoints (Fig. S2). Ten-day backward tra-
jectories starting at 1000 m above the ground were calculated using
HYSPLIT 4 with NCAR/NCEP re-analysis global meteorological data at
24 h intervals for 10 years from January 1, 2003 to December 31, 2012
to represent the air circulation in this area in general. The calculated tra-
jectories for each sub-areawere clustered into 5 or 6 categories with the
total spatial variance below 30%.

2.7. Statistical analyses and geographic information system mapping

Datawere checked to see if theymet assumptions of homogeneity of
variance and normality (Kolmogorov-Smirnov test). Differences in con-
centrations of PAHs between the TPC and Nepal were compared using
one-way analysis of variance, followed by least significant difference
test. Statistical analyses were performed using SPSS for Windows ver-
sion 20.0 (IBM, USA). A p value of b0.05was considered statistically sig-
nificant. Geographical information system (GIS) coordinates and
concentrations of PAHs in surface soils obtained from the Central-
Himalaya region were used to create distribution maps. Concentrations
of PAHs in the soils were interpolated by the inverse distanceweighting
method provided byGeostatistical Analyst in ArcGIS software (ver. 10.0,
ESRI, USA).

3. Results and discussion

3.1. Concentrations of PAHs

Concentrations of Σ16PAHs in soils of the Central Himalayas ranged
from 23 to 1.6 × 103 ng/g dm, with a mean of 3.0 × 102 ng/g dm.
Mean concentration of Σ16PAHs in soils of Nepal (3.3 × 102 ng/g dm)
was significantly higher than that in soils of the TPC (2.4 × 102 ng/
g dm; p b 0.05). Furthermore, mean concentrations of 2–3-ring PAHs
(low-molecular-weight PAHs (LMW-PAHs)) and 4-ring PAHs, as well
as 5–6-ring PAHs (high-molecular-weight PAHs (HMW-PAHs)) in
soils of Nepal were greater than those in soils of the TPC (p b 0.05).
LMW-PAHs were the dominant PAHs, accounting for 81% and 79% of
the mean concentrations of PAHs in soils of the TPC and Nepal, respec-
tively. In all studied soils, the most abundant PAH was PHE (26%),
followed by NAP (24%) and ANT (17%) (Table 2).

The mean concentration of Σ16PAHs in soils of the Central-
Himalayas region was greater than those in soils of Changbai Mountain
and mountains of Western Canada, but less than those in soils of
European mountain areas and subtropical Atlantic areas (Ribes et al.,
2003a; Choi et al., 2009; Quiroz et al., 2010; Zhao et al., 2015)
(Table S1). Unlike that in other studies conducted in Nepal, the mean
concentration of Σ16PAHs in soils of Nepal was greater than that in
soils of Sagarmatha National Park, but less than that in soils of
Kathmandu (Aichner et al., 2007; Guzzella et al., 2011), as well as
Agra, Delhi, Kurukshetra, and other cities located in the north of India

http://www.epa.gov/heasd/documents/PMF_5.0_User_Guide.pdf
http://www.epa.gov/heasd/documents/PMF_5.0_User_Guide.pdf
http://ceqg-rcqe.ccme.ca/download/en/320


Table 2
Concentrations and soil quality guidelines (SQGs) (ng/g dm) of PAHs in surface soils from the Central-Himalaya region (ng/g dm).

Compounds No. of ring EFa SQGsb Tibetan Plateau, China (n = 65) Nepal (n = 99) Total (n = 164)

Min–Max Mean ± SD Absc (%) Min–Max Mean ± SD Abs (%) Min–Max Mean ± SD Abs (%)

NAP 2 0.001 600 5.7–6.7 × 102 55 ± 90 23 5.0–4.5 × 102 79 ± 92 24 5.1–6.7 × 102 70 ± 91 24
ACY 3 0.001 320,000 0.091–8.3 1.9 ± 2.1 0.78 0.11–12 2.6 ± 2.7 0.80 0.091–12 2.3 ± 2.5 0.79
ACP 3 0.001 280 1.3–59 8.7 ± 9.9 3.7 1.8–50 12 ± 9.4 3.6 1.3–59 10 ± 9.7 3.7
FLR 3 0.001 250 0.33–1.1 × 102 21 ± 23 8.7 0.13–1.3 × 102 28 ± 30 8.5 0.13–1.3 × 102 25 ± 27 8.6
PHE 3 0.001 100 8.4–267 64 ± 54 27 6.3–3.8 × 102 82 ± 81 25 6.3–3.8 × 102 75 ± 71 26
ANT 3 0.01 2500 0.38–3.2 × 102 43 ± 74 18 0.45–4.5 × 102 54 ± 97 17 0.38–4.5 × 102 50 ± 88 17
FLT 4 0.001 50,000 1.9–67 16 ± 12 6.6 1.7–1.2 × 102 20 ± 21 6.2 1.7–1.2 × 102 19 ± 17 6.3
PYR 4 0.001 100 1.1–45 10 ± 8.4 4.3 1.2–73 14 ± 14 4.2 1.1–73 13 ± 12 4.3
BaA 4 0.1 100 0.16–9.8 1.4 ± 1.7 0.61 0.24–25 2.8 ± 4.2 0.87 0.16–25 2.4 ± 3.6 0.81
CHR 4 0.01 0.62–47 4.6 ± 6.7 1.9 0.73–33 6.5 ± 7.6 2.0 0.62–47 5.9 ± 7.5 2.0
BbF 5 0.1 100 0.26–55 3.9 ± 7.5 1.7 0.33–69 7.0 ± 11 2.1 0.26–69 6.0 ± 10 2.1
BkF 5 0.1 100 0.16–50 3.4 ± 6.7 1.4 0.28–62 6.5 ± 11 2.0 0.16–62 5.6 ± 9.8 1.9
BaP 5 1 20,000 0.048–13 1.4 ± 2.4 0.57 0.073–21 2.6 ± 4.6 0.80 0.048–21 2.2 ± 3.9 0.75
IcdP 6 0.1 100 0.0056–17 1.8 ± 3.2 0.76 0.041–30 3.5 ± 6.2 1.1 0.0056–30 2.9 ± 5.3 0.99
DahA 6 1 100 0.0024–2.6 0.26 ± 0.46 0.11 0.0017–4.6 0.49 ± 0.92 0.15 0.0017–4.6 0.42 ± 0.78 0.14
BghiP 6 0.01 0.053–17 2.0 ± 3.4 0.83 0.061–32 4.1 ± 6.6 1.3 0.053–32 3.4 ± 5.7 1.12
LMW-PAHs 19–1.4 × 103 2.0 × 102 ± 2.3 × 102 82 17–1.3 × 103 2.6 × 102 ± 2.9 × 102 79 17–1.4 × 103 2.3 × 102 ± 2.6 × 102 80
4-ring PAHs 3.8–1.7 × 102 32 ± 28 13 3.9–2.1 × 102 43 ± 44 13 3.8–2.1 × 102 40 ± 39 13
HMW-PAHs 0.61–1.3 × 102 13 ± 22 5 0.86–2.2 × 102 24 ± 39 8 0.61–2.2 × 102 21 ± 34 7
Σ16 PAHs 27–1.6 × 103 2.4 × 102 ± 2.5 × 102 100 23–1.5 × 103 3.3 × 102 ± 3.3 × 102 100 23–1.6 × 103 3.0 × 102 ± 3.0 × 102 100

a Equivalency factors.
b Canadian soil quality guidelines (SQGs) (ng/g, dm) for the protection of environmental and human health.
c Abundance.
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(Masih and Taneja, 2006; Agarwal et al., 2009; Kumar et al., 2013).
These results indicated that sources of PAHsmight be present in the vi-
cinity of the area. In this study, the mean concentration of Σ16PAHs in
soils of the TPC was approximately 3-fold greater than region back-
ground concentrations for the Qinghai-Tibetan Plateau (Tao et al.,
2011; Wang et al., 2013), but similar to those in the southeastern TPC,
which is considered to receive PAH input via the Indian monsoon
(271 ng/g dm) (Yang et al., 2013).

The pattern of concentrations ofΣ16PAHs in soils from the study area
was significantly different from that in other areas affected by human
activities, such as the traffic-affected and coal-related area of Dalian
and densely populated area in Agra, where 4-ring and HMW-PAHs
were dominant in soils (Masih and Taneja, 2006). LMW-PAHs were
also dominant in soils from mountain areas of Canada, southeast areas
of the TPC, and the Qinghai-Tibetan plateau (Choi et al., 2009; Wang
et al., 2013; Yang et al., 2013). Since LMW-PAHs that have greater vola-
tility usually occur in the vapor phase and travel more easily to remote
areas by LRAT, the relatively great accumulation of LMW-PAHs in sur-
face soils of mountains was likely due to preferential removal of com-
pounds of larger molecular mass, during the atmospheric transport
(Zhu et al., 2014; Tao et al., 2011).

3.2. Spatial distribution of PAHs

Mean concentrations of Σ16PAH in soils from various parts of Nepal
were in decreasing order: central region (5.9 × 102 ng/
g dm) N western region (2.8 × 102 ng/g dm) N far-western region
(1.2 × 102 ng/g dm) N mid-western region (7.0 × 101 ng/g dm)
(p b 0.05) (Fig. S1). Concentrations of LMW-PAHs (Fig. 2A), 4-ring
PAHs (Fig. 2B), and HMW-PAHs (Fig. 2C) had the same trend with
those of Σ16PAH in the soils from Nepal. In Nepal, the greatest concen-
tration of Σ16PAHs (1.5 × 103 ng/g dm) was found in soil collected
from forestland near Kathmandu (Fig. 2D). Since fresh liquid fuels
(petrogenic sources) release larger amounts of LMW-PAHs during com-
bustion (Aichner et al., 2007), greater concentrations of LMW-PAHs in
Fig 2.Distribution of 2–3 ring PAHs (A), 4 ring (B), 5–6 ring PAHs (C) andΣ16USEPA PAHs (D), B
(IACR) (F) in surface soils from the Central Himalayas.
soils from central Nepal, especially around Kathmandu, imply that
PAHs in this areamight have originated from vehicle emissions. Greater
concentrations of 4-ring PAHs and HMW-PAHs in soils from central
Nepal indicated that emissions of PAHs occurred from industries and
via combustion of biomass (Aichner et al., 2007). Furthermore, the
mean concentration of HMW-PAHs in soils from Central Nepal (50 ng/
g dm) was relatively high, which might indicate that local sources of
PAHs were in Kathmandu (Fig. S1). The second-greatest mean concen-
tration of Σ16PAHswas found inwestern Nepal, where Pokhara, the sec-
ond largest city with busy traffic and dense population, is located.
Concentrations of Σ16PAHs in soils from the far-western mountain
areas of Nepal were greater than those from the mid-western area.
Based on trajectories of masses of air in Nepal and the TPC (Fig. S2),
nearly 80% of air mass originated from north India in ten years. It indi-
cates that PAHs in the far-western area might originate from air masses
crossing north India, which was demonstrated by Sharma et al. (2007).
Long-distance transport of air masses from northern India was respon-
sible for the greater concentrations of LMW-PAHs in soils from themid-
western area of Nepal.

In the TPC, the greatest concentration of Σ16PAHs (1.6 × 103 ng/
g dm) (Table 2) was found at Zhangmu Port in Nyemo county
(Fig. 2D), which is the largest trading port connecting China with the
Indian subcontinent. Concentrations of PAHs in soils from the western
area to Jilong on the TPC were relatively small (Fig. 2A, B, C, D). Howev-
er, relatively great concentrations of LMW-PAHs were observed in soils
from the eastern area to Jilong, especially Nyemo, Shigatse, and Lhasa
(Fig. 2A). Relatively great concentrations of 4-ring PAHs and HMW-
PAHs were observed in soils near Lhasa (Fig. 2B, C). In the western
area to Jilong, no obvious local sources of PAHs were found. This result
suggested that PAHs found in this area had originated from LRAT. Vola-
tile LMW-PAHs and 4-ring PAHs, whichwere driven by the Indianmon-
soon (Wang et al., 2008), traveled through the valleys of the Himalayas
(Fig. S2) and were cold-trapped in soils from higher altitude areas such
as Nyemo and Shigatse in the TPC (Fig. 2A, B). Relatively great concen-
trations of HMW-PAHs in soils from Lhasa suggested that the primary
enzo[a]pyrene Total Potency Equivalents (B[a]P TPE) (E) and Index of Additive Cancer Risk
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source of PAHs was local emissions. This conclusion is supported by the
fact that Lhasa city has the largest population, and, therefore, it has great
emission of PAHs on the TPC (Liu et al., 2013).

3.3. Factors influencing the spatial distribution of PAH concentrations in
soils from the Central Himalayas

Significant linear regressions were observed between concentra-
tions of all LMW-PAHs (NAP, ACP, ANT, PHE, FLT and PYR) and ΣPAHs
in the mountain soils and altitude (p b 0.05) (Fig. 3), while concentra-
tions of 4-ring and HMW-PAHs exhibited poor correlations with alti-
tude (not shown here) (p N 0.05). Concentrations of some LMP-PAHs
(Acel, Ace, Phe and Ant), 4-ring PAHs (Flu and Pyr) and ΣPAHs in soils
around Mt. Qomolangma, China, which is located in our study area,
were also positively correlated with increasing altitude (Wang et al.,
2007). However, concentrations of Phe and Flu and ΣPAHs in soils at
Mt. Sagarmatha, Himalayas, which is also positioned in the north-
eastern region of Nepal within our study area, were inversely propor-
tional to altitude (Guzzella et al., 2011). Generally, the main input of
PAHs to mountain soils is from deposition from atmosphere (Wang
et al., 2007;Wang et al., 2013). Therefore, amain reason for different re-
lationships between concentrations of PAHs in mountain soils with lat-
itude might be distance from sources of emissions of PAHs to air in the
study area. Based on trajectories of masses of air (Fig. S2), distance from
cities such as New Delhi (main emission sources of PAHs) which were
mainly influenced by the Westerlies in northern India to the subarea
studied (Fig. 1) was obviously longer than that from counties and cities
such as Nyemo and Jilong in China, Kathmandu and Pokhara in Nepal,
whichwere the primary sources of PAHs. The transport of contaminants
was influenced mostly by Indian Monsoons that transported masses of
air to the study area of Wang et al. (2007), while the study area of
Guzzella et al. (2011) is nearer to local sources of PAHs. There is an in-
verse relationship between molecular masses of PAH congeners and
distance transported (Wang et al., 2007; Zhu et al., 2014). Consequently,
more species of LMW-PAHswhichwere significantly correlatedwith al-
titude were deposited to soils in our selected subarea than those ob-
served by Wang et al. (2007). The positive relationships between
concentrations of ΣPAHs and latitude observed in the present study
and those observed by Wang et al. (2007) were due to the dominant
proportion of LMW-PAHs to ΣPAHs (N80%) in soils (Table 1). However,
the negative relationship between concentrations of ΣPAHs in soils and
latitude reported by Guzzella et al. (2011) was caused by the dominant
proportion of ΣPAHs being 4–5 ring PAHs.
Fig. 3. Significant linear regression of concentrations of some PAH congeners, LMW-PAHs and
slope t-test, α = 0.05). R2: Coefficient of determination; p: Probability.
TOC plays a significant role in adsorption of PAHs to soil and is a pre-
dictor of concentrations of PAHs in soils (Tang et al., 2005). In the pres-
ent study, TOC was positively but weakly correlated with LMW-PAHs
(R2 = 0.11, p = 0.001), 4-ring PAHs (R2 = 0.10, p = 0.001), HMW-
PAHs (R2 = 0.16, p = 0.001) and ΣPAHs (R2 = 0.13, p = 0.001)
(Fig. 4). This result indicates that at least in the area studied, on the
basis of equilibrium adsorption between TOC and PAHs, TOC plays little
role in spatial distributions of PAHs, sequestration or degradation of
PAHs in surface soils (Hinga, 2003; Jiang et al., 2009; Nam et al.,
2009). Black carbon (BC) is a sub-fraction of TOC in soil. Since BC was,
under certain conditions a better descriptor of PAH air–soil partitioning
than TOC (Ribes et al., 2003b; Bucheli et al., 2004), investigation of BC in
soils would be better way to unveil PAHs in soils in the future.

Distributions of populations of humans play important role in deter-
mining the spatial distribution of PAHs. Population density is greater in
Nepal than in the TP study area (Luo et al., 2016). Areas in theHimalayas
at altitudes higher than 3.0 × 103 m are largely unpopulated (Loewen
et al., 2005). The distribution of human population (Luo et al., 2016)
partly explained the pattern of distributions of PAHs in soils (Fig. 2D).
Influences of densities of population of humans and soil organic carbon
(SOC) (and black carbon) on soil PAHs have been referred to as either
source (population) or sink (SOC) related factors (Nam et al., 2009). In
fact, profiles of relative concentration of PAHs in the environment
were not always conserved from their origins or during their transport
processing (Galarneau, 2008). Various weathering processes influence,
photochemical degradation and other secondary processes of PAHs
might have changed concentrations and distribution of PAHs in soils
of the present study (Marynowski et al., 2011; Górka et al., 2014;
Vane et al., 2014).

3.4. Assessment of sources

Characteristic ratios of relative concentrations of individual PAHs are
widely used to determine likely origins of PAHs in various environmen-
talmedia. In particular, diagnostic ratios of IcdP/(IcdP+BghiP) and FLT/
(FLT+PYR) can be applied to identify possible sources of PAHs (Yunker
et al., 2002). In this study, the ratio of IcdP/(IcdP + BghiP) in surface
soils from the Central Himalayas ranged from 0.04 to 0.90 (Fig. S3). Ap-
proximately 70% of samples of surface soil from the Central Himalayas
had IcdP/(IcdP + BghiP) ratios ranging between 0.20 and 0.50. There-
fore, PAHs observed in those soils likely originated from combustion
of fossil fuels. Ratios of FLT/(FLT + PYR) in soils ranged from 0.39 to
0.75, and 95% of soils had ratios larger than 0.5, which suggested that
ΣPAHs against altitude in the soils from the subarea in the Central Himalayas (regression



Fig. 4. Linear regression of concentrations of ΣPAHs (A), LMW-PAH (B), 4-ring PAH (C) and HMW-PAH (D) against TOC in the soils from the Central Himalayas (regression slope t-test,
α = 0.05). R2: Coefficient of determination; p: Probability.
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combustion of biomass and coal was the primary source of PAHs in soils
(Fig. S3). Therefore, values of diagnostic ratios of IcdP/(IcdP + BghiP)
and FLT/(FLT + PYR) indicated that sources of PAHs in soils collected
during the present studywere primarily due to combustion of coal, bio-
mass, and petroleum hydrocarbons.

Several potential sources of PAHs were identified by use of PMF
(Fig. 5). Factor 1 was predominantly loaded on ANT and moderately
weighted by ACY, ACP, PHE, FLT, and PYR (Fig. 5B). ANT, PHE, FLT, and
Fig. 5. Source profiles (F1: Factor 1, Coal; F2: Factor 2, Traffic; F3: Factor 3, Biom
PYR are the markers for combustion of coal (Harrison et al., 1996;
Larsen and Baker, 2003). Therefore, factor 1 represents combustion of
coal. Factor 2 was predominately loaded on BaA, CHR, BbF, BkF, BaP,
IcdP, DahA, and BghiP (Fig. 5B). Pyrogenic PAHs are characterized by a
greater proportion of N4-ring PAHs (Aichner et al., 2007). BghiP, BbF,
and BkF are indicative of emissions of exhaust from combustion of gas-
oline and diesel fuel in internal combustion engines (Duval and
Friedlander, 1981; Harrison et al., 1996). BaA andCHRare also produced
ass; F4: Factor 4, oil) of the soil samples obtained from PMF model analysis.
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during incomplete combustion of gasoline and diesel (Lee et al., 2005).
Therefore, factor 2 represented emissions from internal combustion en-
gines. Factor 3was dominated by FLT and PYR andmoderatelyweighted
by NAP, ACP, PHE, BaA, and CHR (Fig. 5B). Combustion of biomass (in-
cluding wood) is characterized by enrichment with ANT, PHE, FLT, and
PYR (Harrison et al., 1996). NAP is also produced during incomplete
combustion-related sources (Simcik et al., 1999). Therefore, factor 3
represented combustion of biomass (Fig. 5B). Factor 4 was dominated
by ACY and FLR and moderately weighted by NAP, ACP, and PHE.
Petrogenic PAHs are characterized by a predominance of LMW-PAHs
(Aichner et al., 2007). Therefore, factor 4 was designated as unburned
petroleum hydrocarbons (oil) (Fig. 5B).

Mean contributions of each source to Σ16PAHs in the soils as deter-
mined by the PMF analysis are shown (Fig. S4). Combustion of coal
was the primary source of PAHs in soils on the TPC (42%) (Fig. S4E),
far-western Nepal (33%) (Fig. S4A), and western Nepal (28%)
(Fig. S4C). Traffic contributed most to Σ16PAHs in soils from mid-
westernNepal (42%) (Fig. S4B), whereas unburned petroleum (oil) con-
tributed most to those in soils from central Nepal (52%) (Fig. S4D). Rel-
ative contributions to Σ16PAHs in the soils were 33% for combustion of
coal, 30% for unburned petroleum hydrocarbons (oil), 22% for combus-
tion of biomass, and 15% for exhaust from vehicles (Fig. S4F). Thus, PAHs
in soils of all studied areas were mainly from pyrogenic origins (includ-
ing unburned petroleum (oil), biomass, and coal combustion), because
the sources accounted for 85% of Σ16PAHs in the soils. These results
are consistent with the fact that wood, petroleum, and coal constitute
approximately 90% of the total energy consumption of Nepal (MOPE
and SACEP, 2001).

3.5. Risk of PAHs in soils to humans and wildlife

Based on the 16 USEPA priority pollutants, Maliszewska-Kordybach
(1996) classifiedmagnitudes of concentrations of PAHs in soils into four
categories: unpolluted (200 ng/g dm), weakly polluted (200–600 ng/
g dm), polluted (600–1000 ng/g dm), and severely polluted
(N1000 ng/g dm). According to this classification scheme, 68% of sam-
ples of soil on the TPC would be classified as unpolluted; 24%, weakly
polluted; 5%, polluted; and 3%, severely polluted with PAHs (Table 3).
The severely polluted soils on the TPCwere collected from the Zhangmu
Port area. Approximately 48% of samples of soil in Nepal were unpollut-
ed; 40%, weakly polluted; 6%, polluted; and 7% severely polluted with
PAHs (Table 3). The soils classified as being unpolluted with PAHs
were collected from far-western and western Nepal, whereas those
classified as being polluted and severely polluted were collected from
Pokhara and Kathmandu, respectively (Fig. 2D).
Table 3
Statistics of PAH pollution levels, carcinogenic risk and risk for potable water in the Central Him

Pollution level Central Nepal Far-western Nepal Mid-western Nepal

No.a No. No.

Unpolluted 3 15 17
Weakly polluted 24 2 0
Polluted 3 0 0
Severely polluted 7 0 0

Carcinogenic risk

Min–Max Mean Min–Max Mean Min–Max M

B[a]P TPE
(ng/g dm)

0.96–44 12 0.60–7.3 2.0 0.24–2.1 1.

Risk for potable water

Min–Max Mean Min–Max Mean Min–M

Index of Additive Cancer Risk (IACR) 0.097–1.1 0.25 0.019–0.13 0.053 0.0092

a Number within pollution level.
The mean concentration of B[a]P TPE in soils from Nepal (6.1 ng/
g dm) was greater than that in soils from the TPC (3.3 ng/g dm)
(Table 3). Carcinogenic potency of PAHs to human through direct con-
tact with soils from Nepal was approximately twice as great as that
from the TPC. Greatest concentrations of B[a]P TPEwere found in central
Nepal, especially in areas near Kathmandu and the border between
China and Nepal (Table 3 and Fig. 2E). This result suggested that the
greatest carcinogenic potency in Nepal. Since no sample of soil from
Nepal or the TPC had B[a]P TPE exceeding the SQGHH (600 ng/g dm
B[a]P TPE) (Fig. 2E), PAHs in soils from the studied area were unlikely
pose unacceptable risk to the local population due to direct contact.

Values of IACR for soils of the TPC ranged from 0.0067 to 0.93, with
an average of 0.078. No sample of soil from the TPC had IACP exceeding
the safe value of 1.0 set by the Canadian Council of Ministers of the En-
vironment (CCME). The IACR values for the soils from Nepal ranged
from0.092 to 1.1, with an average value of 0.14 (Table 3). Only one sam-
ple of soil from the study area had an IACR greater than the safe value
(Fig. 2F). This indicates that leaching of carcinogenic PAHs from all
soils except one posed no unacceptable risk to potablewater in the Cen-
tral Himalayas.

SQGs of 14 PAHs were proposed based on the non-carcinogenic ef-
fects of PAHs by the CCME (Table 2) (Wang et al., 2015). The SQGs for
agriculture were adopted because agricultural land predominated in
the present study area. Concentrations of 12 PAHs (NAP and PHE were
excluded from the 14 PAHsmentioned above) were less than their cor-
responding SQGs. In all, the SQG values of NAP and PHE for agriculture
use were exceeded by 1% and 27% of the soils, respectively. In the pres-
ent study, 39% of samples had an m-RQ value of b1, suggesting de
minimis risk caused by PAHs at these sites, whereas 61% of the samples
had an m-RQ value of b0.1, indicating negligible risk. This result sug-
gested that in 39% of the samples PAHs might pose a slight risk to wild-
life and the environment of the Central Himalayas.

4. Conclusions

The mean concentration of PAHs in soils of the southern side of the
Central Himalayas, Nepal (3.3 × 102 ng/g dm) was significantly greater
than that on the TPC at the northern side (2.4 × 102 ng/g dm). Soils from
the central and western regions of Nepal, especially the areas around
Kathmandu and Pokhara had relatively great concentrations of PAHs,
compared with those from the southern side of the Central Himalayas.
On the other hand, soils form the eastern area to Jilong, especially
Nyemo, Shigatse, and Lhasa on the TPC, had relatively great concentra-
tions of PAHs, compared with those from the north side of the Central
Himalayas. 13% of samples of soil from Nepal and 8% from the TPC
alayas.

Western Nepal Nepal Tibetan Plateau, China

No. No. Abundance (%) No. Abundance (%)

12 47 48 45 68
12 38 39 16 24
3 6 6 3 5
0 6 7 2 3

ean Min–Max Mean Min–Max Mean Min–Max Mean

0 0.49–34 4.5 0.24–44 6.1 0.26–23 3.3

ax Mean Min–Max Mean Min–Max Mean Min–Max Mean

–0.068 0.032 0.017–0.73 0.10 0.0092–1.1 0.14 0.0067–0.93 0.078
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were polluted by PAHs with concentrations N600 ng/g dm. LMW-PAHs
(2–3-ring PAHs), especially PHE, NAP, and ANT, were predominant
PAHs in the soils from the entire study area. Concentrations of ΣPAHs
in mountain soils were positively but weakly correlated with altitude.
High altitude and shorter distance from emission source were mainly
responsible for great concentrations of PAHs in soils from Central
Himalayas. TOC in soil was poorly correlated with PAHs, suggesting
the little role of TOC in adsorption of PAHs inmountain soils of the Cen-
tral Himalayas. Approximately 85% of PAH sources in the soils of the
Central Himalayas were from pyrogenic origins, among which 33%
were from combustion of coal, 30%, from unburned petroleum hydro-
carbons and 22%, from combustion of biomass. Based on the calculated
B[a]P TPE, PAHs in almost all soils were unlikely to pose a risk to the
local residents due to direct contact, whereas the leaching of PAHs
from the soils would have no risk to local potable water. The calculated
m-RQ values indicated that 39% of the samples of soil posed a low risk to
wildlife and the environment of the Central Himalayas.
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Fig. S1. Comparison of concentrations of PAHs in soils from different development regions in 
the Central Himalayas (ANOVA and multiple comparisons, p < 0.05).  
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Fig. S2. Ten-day backward air mass trajectories of two sites selected from the study area during 
2002 to 2013 
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Fig. S3. Bivariate plot for diagnostic ratios of IcdP/(IcdP+BghiP) vs Flt/(Flt+Pyr). 
FLT/(FLT+PYR) < 0.4: petroleum; 0.4 < FLT/(FLT+PYR) < 0.5: petroleum combustion; 
FLT/(FLT+PYR) > 0.5: grass, wood and coal combustion; IcdP/(IcdP+BghiP) < 0.2: petroleum; 
0.2 < IcdP/(IcdP+BghiP) < 0.5: fuel combustion; IcdP/(IcdP+BghiP) > 0.5: grass, wood and coal 
combustion.  
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Fig. S4. Average contribution of each identified sources to total PAHs in far-western Nepal (A), mid-western Nepal (B), western Nepal (C), central Nepal (D), the 
TP (E) and the whole study area (F).
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Text SI-1 Sample extraction and analysis 

Soil samples were extracted by accelerated solvent extraction (ASE) with mixed solvent 

(hexane/dichloromethane, 1:1, v/v). After rotary evaporation concentration, the extracts were 

cleaned up by a silica gel/alumina chromatographic column for the analysis of PAHs. The 

column was packed from 5 g of 3% deactivated silica gel, 4 g of 2% deactivated alumina and 3 g 

of anhydrous sodium sulfate from bottom to top. It was prewashed by 30 mL mixture of 

hexane:DCM (1:1, v/v) before use. The elution was subsequently conducted using a 50 ml 

mixture of hexane:DCM (4:1, v/v). The elutes were concentrated to a final 1 ml by rotary 

evaporation and a high-purity nitrogen stream. 20 ng internal standards 2-fluorobiphenyl were 

added before injection. The eluents were then concentrated and spiked with injection standards 

before instrumental analyses. 

 

The MS was operated in selective ion monitoring (SIM) mode. Helium was used as the carrier 

gas with a flow rate of 1.0 mL/min. The oven temperature was held at 80 ℃ for 2 min, ramped 

at 10 ℃/min to 200 ℃, held for 2 min, finally at 10 ℃/min to 280 ℃ and then held for 5 min.  
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Table S1. Comparison of concentrations of PAHs in soils (ng/g dm) from the present study area and other alpine areas 
 
Location Sampling size No. of PAHs Mean or range Reference 
Southern TP, China 66 16 2.4 × 102 (23-1.5 × 103) This study 
Nepal 99 16 3.3 × 102 (27-1.6 × 103) This study 
Central Himalaya 165 16 3.0 × 102 (23-1.6 × 103) This study 
Qinghai-Tibetan Plateau 88 16 52 (Tao et al., 2011) 
Qinghai-Tibetan Plateau 175 16 56 (Wang et al., 2013) 
Southeast TP, China 98 16 271 (Yang et al., 2013) 
Kathmandu, Nepal 39 20 1556 (184-10279) (Aichner, et al., 2007) 
Mt. Sagarmatha, Himalayas, Nepal - 17 6.4 (Guzzella et al., 2011) 
Kurukshetra, India - 16 632 (19-2538) (Kumar et al., 2013) 
Changbai Mountain, China 32 16 39-444 (Zhao et al., 2015) 
Delhi 12 16 1910 (Agarwal et al., 2009) 
Agra, India 319 14 12100 (Masih and Taneja, 2006) 
European mountain area  70 25 290-2300 (Quiroz et al., 2010) 
Subtropical Atlantic - 14 1.9-6000 (Ribes et al., 2003) 
Mountains of Western Canada - 16 16 (2-789) (Choi et al., 2009) 
-: Not available. 
a: Rural surface soil 
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