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Polycyclic aromatic hydrocarbons in soils from the
Tibetan Plateau, China: distribution and influence of
environmental factors

Shuang Wang,b Hong-Gang Ni,a Jian-Lin Sun,a Xin Jing,b Jin-Sheng Heb

and Hui Zeng*ab

Thirty four sampling sites along an elevation transect in the Tibetan Plateau region were chosen. Soil cores

were divided into several layers and a total of 175 horizon soil samples were collected from July to

September 2011, for determination of polycyclic aromatic hydrocarbons (PAHs). The measured PAHs

concentration in surface soils was 56.26 � 45.84 ng g�1, and the low molecular weight PAHs (2–3 rings)

predominated, accounting for 48% and 35%. We analyzed the spatial (altitudinal and vertical)

distribution of PAHs in soil, and explored the influence of related environmental factors. Total organic

carbon (TOC) showed a controlling influence on the distribution of PAHs. PAH concentrations declined

with soil depth, and the composition patterns of PAHs along soil depth indicated that the heavy PAHs

tended to remain in the upper layers (0–10 cm), while the light fractions were transported downward

more easily. PAHs inventories (8.77–57.92 mg m�2) for soil cores increased with mean annual

precipitation, while the topsoil concentrations decreased with it. This implies that an increase in

precipitation could transfer more PAHs from the atmosphere to the soil and further transport PAHs

from the topsoil to deeper layers.
Environmental impact

Because of its unique meteorological and geographic characteristics, the Tibetan Plateau (the highest plateau in the world), is an area of particular interest for
the study of the environmental behaviors of persistent organic pollutants distribution in alpine regions. Soil is an important reservoir for many persistent
organic pollutants. The depth distribution of persistent organic pollutants in soil has been used as an indicator of the transport and transformation processes
they have undergone aer deposition. To date, the spatial and vertical distributions of PAHs in soils from the Tibetan Plateau, China and the inuences of
critical environmental factors have not been addressed adequately. The present study will provide information on it.
Introduction

The Tibetan Plateau, located in the southwest region of China,
is the highest plateau in the world and is called “the third pole”
of the world. Because of its unique meteorological and
geographic characteristics, it is an important area for the study
of the distribution of organic contaminants in remote regions.
Tao et al.1 suggested that part of the Tibetan Plateau region can
serve as an important receptor area for regional or even global
long-range transport studies, because some areas were
contaminated by local sources while some received contami-
nants primarily from long-range atmospheric transport in the
Tibetan Plateau. In this context, soil samples collected from the
omy, Shenzhen Graduate School, Peking
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n and Environmental Sciences, Peking

Chemistry 2013
Tibetan Plateau area can provide useful information about
the inuence of regional sources, long-range atmospheric
transport processes, compound retention, partitioning and fate
processes in remote environment.

Soil is an important reservoir for organic contaminants.
Contaminants can be deposited to surface soils directly through
dry and wet deposition.2 Furthermore, organic contaminants
would transfer from surface layer to underlying layers aer
entering the soil ecosystem. The depth distribution of organic
contaminants in soil had been used as an indicator of the
transport and transformation processes they have undergone
aer deposition.3 The potential processes inuencing
compound distribution in the soil proles include air–soil
surface exchange, degradation,4,5 and vertical transport.

As a class of ubiquitous organic contaminants, polycyclic
aromatic hydrocarbons (PAHs) result from the incomplete
combustion or pyrolysis of carbonaceous materials.6,7 Some
PAHs can originate from natural processes such as biomass
burning, volcanic eruptions and diagenesis,8 while others are
Environ. Sci.: Processes Impacts, 2013, 15, 661–667 | 661
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from anthropogenic sources including burning of coal and
wood for heating, power generation, vehicle emissions, wastes
burning and so on.9–12 PAHs, as semi-volatile compounds, could
migrate to remote areas through long-range atmospheric
transport13 as described by the theory of “global distillation”.14

To date, the spatial and vertical distributions of PAHs in soils
from the Tibetan Plateau, China and the inuences of critical
environmental factors were not addressed adequately. The
objectives of this study were therefore to dene the levels and
composition of PAHs in the Tibetan Plateau soil, to examine
their spatial distribution as a function of location, climate
conditions and soil properties, and to consider the environ-
mental processes governing organic contaminants in remote
area soils.

Materials and methods
Chemicals and materials

Internal standards (2-uorobiphenyl and p-terphenyl-d14) and
surrogate standards (acenaphthene-d10, phenanthrene-d10,
chrysene-d12 and perylene-d12) were purchased from Dr.
Ehrenstorfer GmbH (Augsburg, Germany). A standard solution
of 16 US EPA priority PAHs was purchased from Chem Service,
Inc. (West Chester, PA). The sum of these 16 PAHs is designated
as S16PAHs. All solvents were redistilled using a glass system.
Neutral silica gel (80–100 mesh) was Soxhlet extracted with
methanol and methylene chloride for 48 h, respectively, and
was activated at 180 �C for 12 h and deactivated with distilled
water (3%, w/w) prior to use. Sodium sulfate was baked at 450 �C
and stored in sealed containers. All glassware was hand-washed
with detergent and tap water, rinsed with deionized water, and
baked at 450 �C for at least 4 h before use.

Sample collection and pretreatment

The soil samples were collected from remote grassland areas on
an altitudinal transect through the Tibetan Plateau in summer
2011 (July to September) from 34 sites (Fig. 1). Table 1
summarizes detailed information for all sites and samples,
including location, soil properties and environmental
Fig. 1 Map showing all sampling sites.

662 | Environ. Sci.: Processes Impacts, 2013, 15, 661–667
conditions. Pedogenic features in soil horizons were apparent
and grassroots were distributed between 0 and 50 cm. Soils were
taken with a cleaned stainless steel soil auger (diameter, 5 cm),
aer clearing the surface plant residues. Each soil core was
divided into several layers (0–5–10–20–30–50–70–100 cm)
according to its depth. At each site, four or ve soil cores were
taken and the layers at the same depth were mixed well. The
samples were sealed in plastic bags, transported to laboratory
and stored frozen until extraction.

Samples (15 g, dry weight) were weighed into extraction
thimbles and Soxhlet extracted with 200 mL of a mixture of
dichloromethane and hexane (3 : 1, v/v) for 24 h. Surrogate
standards were added to samples prior to extraction. The
concentrated extracts were cleaned on an deactivated neutral
silica column (3 g) and eluted with 25 mL of a mixture of
dichloromethane and hexane (1 : 4, v/v). The sample was
reduced to a nal volume of 500 mL in hexane, and internal
standards were added before instrumental analysis.
Instrumental analysis and quality control

Samples were analyzed using GC-MS (Agilent 7890A GC and
5975C MSD, Agilent Technologies, Foster City, CA) with an
electronic impact ion source in selected ion mode. The carrier
gas was helium and samples were injected in a splitless mode.
The temperature program was as follows: 80–200 �C at 10 �C
min�1, 200–212 at 2 �Cmin�1, 212–254 �C at 6 �Cmin�1, 254 �C
(3 min), 254–290 at 18 �C min�1, 290 �C (29 min). A total of 16
PAH congeners were monitored as target compounds (Table 2).
Total organic carbon (TOC) was determined using an element
analyzer (Vario EL cube, Elementar) aer removal of all of the
inorganic carbon using a hydrochloric acid solution. Dry soil
bulk density (BD) was determined by drying and weighing a soil
core with a known volume.

Procedural, spiked blanks and matrix-spiked samples were
processed with each batch of 12 eld samples in the same way.
The matrix-spiked samples were randomly selected extracted
soil samples spiked with target analytes, which were extracted
again to monitor the effects of analytical method. The recovery
of the target analytes was used to judge whether there was any
potential interference with the analytical results from the
environmental matrix. The detection limit was calculated as
three times the standard deviation of the mean blanks. The
recoveries of the surrogate standards acenaphthene-d10, phen-
anthrene-d10, chrysene-d12, and perylene-d12, from all samples
were 72� 12%, 86� 15%, 66� 11% and 58� 15%, respectively.
Reported PAHs concentrations in this study were presented on a
dry weight basis but not corrected for the recoveries of the
surrogate standards.
Results and discussion
Topsoil PAHs concentrations

The means and standard deviations of PAHs concentrations in
the Tibetan Plateau surface soils (0–5 cm) are tabulated in
Table 2. In brief, the total concentration of 16 PAHs (n¼ 34) was
56.26 � 45.84 ng g�1. Tao et al.1 measured PAHs in surface soils
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Sampling informationb

Site number Alt (m) Lat Land use Cov. (%) Depth (cm) TOC (%)a BD (g cm�3)a MAT MAP

1 3633 35.87 Other 40 0–100 0.133 1.502 2.1 127.5
2 3066 36.85 CSG 98 0–100 2.821 1.220 3.2 386.8
3 4625 34.37 WSG 90 0–100 0.352 1.387 �4.2 294.9
4 4697 33.72 WSG 88 0–100 0.979 1.299 �3.4 336.6
5 4632 32.18 WSG 90 0–70 0.649 1.079 �2.3 436.1
6 3130 37.02 Other 40 0–30 0.452 1.229 3.8 219.6
7 3137 36.70 CSG 65 0–30 0.977 NA 1.4 244.1
8 4703 34.12 WSG 90 0–50 3.855 0.714 �3.8 298.2
9 3130 36.97 CSG 99 0–70 3.928 0.819 2.6 394.0
10 4702 31.07 WSG 90 0–50 1.223 1.486 0.0 474.4
11 4598 35.50 WSG 0–70 0.229 1.262 �1.2 205.4
12 3297 36.93 CSG 97 0–100 1.155 1.188 2.2 224.5
13 3241 37.13 CSG 97 0–50 1.535 1.080 0.3 309.0
14 3425 37.27 CSG 98 0–50 1.766 1.039 2.7 235.9
15 3319 37.48 Other 30 0–30 0.021 1.481 3.4 78.2
16 2918 37.35 Other 30 0–30 0.318 1.271 3.9 147.6
17 4594 31.57 WSG 88 0–20 4.438 1.257 �1.3 434.0
18 3181 37.43 Other 20 0–50 NA 1.418 3.0 66.4
19 4608 31.48 WSG 0–50 0.627 1.448 �1.1 423.1
20 4000 35.78 AYG 45 0–10 0.692 1.286 1.3 145.0
21 4664 31.50 WSG 90 0–50 2.350 1.298 �1.2 435.4
22 5228 32.93 WSG 85 0–20 2.948 1.228 �2.9 402.5
23 3370 37.40 WSG 98 0–70 7.363 0.994 �0.3 380.7
24 4284 31.82 CSG 94 0–30 4.327 0.775 �0.5 524.3
25 4836 33.32 WSG 70 0–20 1.409 1.298 �3.1 368.4
26 4542 30.62 WSG 95 0–50 10.260 0.937 1.7 509.6
27 4374 35.70 WSG 65 0–30 4.404 0.724 0.8 159.4
28 4619 33.95 WSG 65 0–70 1.022 1.316 �3.6 314.7
29 4256 30.45 WSG 98 0–50 12.092 0.500 2.1 474.4
30 4555 34.93 WSG 92 0–70 0.364 1.348 �4.9 291.6
31 4539 35.32 WSG 70 0–50 0.483 1.321 �3.9 259.4
32 4733 35.12 WSG 90 0–70 1.810 1.142 �5.2 289.2
33 4802 31.83 CSG 90 0–50 17.205 0.807 �1.8 434.4
34 4557 30.20 WSG 95 0–70 6.417 1.085 4.2 422.3

a Values for top soil; NA¼ not available; Cov.¼ coverage. b CSG¼ cold-season grazing; WSG¼ warm-season grazing; AYG¼ all-year grazing; MAT¼
mean annual temperature; MAP ¼ mean annual precipitation.
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collected from the Tibetan Plateau and showed a similar
concentration of 51.8 � 38.5 ng g�1. They found that a part of
the Tibetan Plateau with a relatively high population density
Table 2 Means and standard deviations of PAHs in the surface soils from the Tibe

Compound Abbreviation

Acenaphthylene Acy
Acenaphthene Ace
Fluorene Fle
Phenanthrene Phe
Anthracene Ant
Fluoranthene Flu
Pyrene Pyr
Benzo(a)anthracene BaA
Chrysene Chr
Benzo(b)uoranthene BbF
Benzo(k)uoranthene BkF
Benzo(a)pyrene BaP
Indeno(1,2,3-cd)pyrene Icdp
Dibenzo(a,h)anthracene DahA
Benzo(g,h,i)perylene BghiP

This journal is ª The Royal Society of Chemistry 2013
was contaminated by both local contaminant sources and long-
range atmospheric transport. PAH background levels of 13 �
6.9 ng g�1 were estimated in surface soils in the west and
tan Plateau in ng g�1

Rings Tao (2011) This study

2 0.86 � 0.79 1.10 � 0.88
2 1.71 � 1.51 0.89 � 0.63
2 6.25 � 5.03 3.90 � 2.21
3 11.7 � 6.62 14.5 � 7.84
3 0.72 � 0.45 0.74 � 0.60
3 2.42 � 1.91 4.47 � 5.94
4 1.46 � 1.20 3.24 � 4.39
4 0.20 � 0.24 0.78 � 1.21
4 0.53 � 0.88 1.49 � 2.12
4 0.49 � 1.02 1.09 � 1.51
4 0.53 � 0.89 0.53 � 0.83
5 0.23 � 0.44 0.84 � 1.37
5 0.02 � 0.04 0.39 � 0.51
5 0.23 � 0.50 0.92 � 1.74
6 0.32 � 0.66 1.06 � 1.99

Environ. Sci.: Processes Impacts, 2013, 15, 661–667 | 663
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northwest Tibetan Plateau, and these areas received PAHs most
likely from long-range atmospheric transport. Our result was
higher than this background level, though it was lower than
those reported in other remote areas, such as Arctic (157 ng
g�1),15 Antarctic/Australia (328 ng g�1),16 and grassland in
the Mt. Qomolangma area (168–595 ng g�1).17 We analyzed the
relative composition proles of PAHs in surface soils of the
Tibetan Plateau and found the 2-ring and 3-ring PAHs accoun-
ted for 48% and 35%, respectively. The light PAHs with higher
volatility usually occur in the vapor phase, and travel more
easily to remote areas with long-range atmospheric transport
than the heavier fractions. The predomination of low molecular
weight PAHs could be considered the evidence of long-range
transport.

Organic matter (OM) is commonly considered to play a
dominant role in the absorption and migration of persistent
organic pollutants in soils.18,19 Usually, organic pollutant
concentrations are TOC/OM normalized before analyzing their
distribution features to diminish this kind of geochemical
inuence.16,18,20,21 The soil organic matter content of the
Tibetan Plateau was low, as total organic carbon (TOC) varied
between 0.021% and 17.205% (Table 1). All selected PAHs
showed statistically signicant (p < 0.01) correlation with TOC
across the whole set of surface soils, and the strength of the
relationship was greater for the more volatile PAH congeners
than for the heavier homologues. This implies that the
processes of atmospheric transport and air–surface exchange
are important in inuencing soil concentrations. Some studies
have suggested that with repeated air–surface exchange,
contaminants would move toward an air–OC steady-state
condition. The strength of the relationship between %OC and
soil concentration (represented by the slope/regression coef-
cient and the signicance of the regression) indicated the
degree to which steady-state conditions between air and soil
organic matter had been approached.19,22 The relationship
between these two variables in this study not only provides
clear evidence of the role of TOC in retaining PAHs in soil, but
also shows the trends that, over time, the more volatile PAHs
are moving toward a steady-state with TOC.
Fig. 2 The relationship between normalized S16PAHs concentrations log(con-
centration/TOC) (ng g�1) in surface soils and mean annual precipitation.
Altitudinal distribution and the role of meteorological factors

Samples were taken along a wide range of elevation between 2918
and 5528 m. To examine the altitudinal gradient of PAHs
concentrations in topsoil, the altitude was regressed against the
logarithmic concentration normalized by TOC (log(concentra-
tion/TOC)). For individual PAH concentrations, the lighter PAHs
(2–3 rings) concentrations showed no good relationship (p >
0.05), and the trends of the heavier congeners (4–6 rings) could
not be explained clearly with the coefficients of determination (r2)
ranging between 0.14 and 0.28, though there was little negative
correlation (p < 0.05, slope value a < 0.001). For the total PAHs
concentrations, the correlation with altitude was not signicant
(p > 0.05), though many studies have found increases in soil
concentrations with elevation for various organic contami-
nants.20,23–25 This inconsistency need further study as no reason-
able explanation could be obtained in the present study.
664 | Environ. Sci.: Processes Impacts, 2013, 15, 661–667
Meteorological factors were supposed to be the decisive
factors leading to different organic contaminant concentra-
tions, besides soil conditions.5 Since precipitation and
temperature vary with elevation, investigation of their inuence
on the distribution of PAH concentrations could allow indirect
exploration of altitude effects. The mean annual temperature
(MAT) and mean annual precipitation (MAP) for each site were
calculated from meteorological records covering several
decades (1951–2012). These data were considered representa-
tive of general climate conditions in this area. MAT varied from
�5.3 to +4.2 �C, and decreased with elevation. MAP varied from
66.4 to 534.3 mm, and showed an increase with elevation. A
partial correlation analysis of these three factors affecting PAHs
distribution was made. The analysis found that total PAHs
concentrations of topsoil samples were negatively associated
with MAP at a signicant level of 0.01.However, no signicant
correlation was found between PAH concentrations and MAT.

Tremolada26 summarized that the precipitation effect on
PAHs altitudinal distribution played in two ways: by increasing
the deposition from atmosphere and decreasing the volatiliza-
tion from soil. From this point of view, precipitation should
theoretically add contaminants into soil. But as shown in Fig. 2,
the topsoil concentrations decreased with increased average
annual precipitation. Taking into consideration the particu-
larity of climate conditions of the Tibetan Plateau, we sampled
the soils in summer, and precipitation in the Tibetan Plateau is
mainly concentrated in summer in forms of discontinuous
showers. Due to poor soil organic content, the chemical and
water retaining capacity of soil in this area is low, so when heavy
rainfall occurs, the organic chemicals in the surface soil may be
washed away with surface runoff or go into deeper soil layers.

The transmission path of PAHs into the Tibetan Plateau is
signicantly affected by the monsoon climate. In summer from
June to September, water vapor transport to this region is mainly
from the Indian Monsoon, originating in the Indian Ocean and
going through central India and the Bay of Bengal. In winter,
most air masses reaching the Tibetan Plateau are from the west,
passing through some areas with dense anthropogenic activities,
such as northern India and Pakistan.27–29 Indoor heating in
winter could add more PAHs emission than other seasons, and it
has been found that PAHs in air increased in winter in India and
Pakistan.30,31 The air mass trajectories calculated by Tao et al.1
This journal is ª The Royal Society of Chemistry 2013
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also supported the theory that the air masses reaching the
Tibetan Plateau were mostly from the west, which could be the
distant PAHs sources. In the adjacent area or cities, higher rela-
tive PAH levels in air and soil were previously reported,32,33 thus
air masses from these area could provide additional input to the
accumulation of PAHs in the surface soil.
Fig. 4 Vertical distribution of PAHs concentrations, TOC and PAH patterns (% of
total PAHs) in soil profiles.
PAHs in soil cores and relationship with mean annual
precipitation

PAHs concentrations in all sampling sites, for both the indi-
vidual PAHs and the PAHs fractions divided by the number of
aromatic rings, had similar vertical distribution characteristics.
As shown in Fig. 3, PAH concentrations declined with depth,
and a sharp decline occurred in the upper layer (0–10 cm) for
the heavier molecular weight PAHs (4–6 rings). The total PAHs
concentrations showed the same trend with TOC along soil
depth, suggesting the vertical distribution of PAHs was gov-
erned by the organic carbon (Fig. 4). PAH patterns varied with
different soil horizons and 2-ring and 3-ring PAHs dominated in
all proles, accounting for more than 80% of summed PAH
concentrations. High proportion of PAHs in topsoil samples
and the marked decrease with depth indicate high atmosphere
input to the surface soil. Wang28 pointed out that vegetation
could absorb gaseous PAHs in atmosphere in the Mount
Qomolangma area. In the Tibetan Plateau grassland, grass roots
distribute in the 0–50 cm soil, and 0–10 cm roots make up a
large proportion.34,35 We analyzed the relationship between
vegetation coverage and TOC at depths of 0–5 and 5–10 cm, and
found positive trends, which may be partially due to the roots
distribution. This soil prole feature can help explain the
decrease of TOC with increasing soil depth.

The relative abundance of PAH congener groups in each
layer were also analyzed. For each group of PAHs fractions in a
certain layer, the relative concentration was expressed as a
percentage of this certain PAHs fraction in the whole soil core.
The relative abundance of heavier PAHs fractions (4–6 rings) in
topsoil (0–5 cm) were much higher than those of lower hori-
zons, while the lighter PAHs fractions (2–3 rings) showed less
differences between different soil proles. The preferential
distribution of PAHs reveals the selective vertical transport that
the contaminants have undergone. Usually, bioturbation and
Fig. 3 Concentrations of PAHs in soil profiles.

This journal is ª The Royal Society of Chemistry 2013
transport downward by water moving through the soil are two
important vertical transport processes. Bioturbation was
assumed to be a non-selective transport resulting from earth-
worm activity,36 so the preferential distribution mainly resulted
from water moving.

The preferential distribution of PAHs was partially attributed
to their organic matter/water partition coefficient (KOC), which
is linked to their water solubility.37,38 The octanol/water parti-
tion coefficient (KOW) also reects the tendency distribution
between organic matter and water. Low KOW means relatively
high water solubility and a low soil adsorption coefficient. The
light PAH congeners with low KOW

15 are less hydrophobic and
may undergo downward dissolved phase transport. The heavier
PAH congeners with high KOW are more hydrophobic
compounds, so the dissolved phase downward transport may
affect their distribution in the prole much less. It partially
explains why the heavier PAHs fractions had higher relative
concentrations in upper soil layers, whereas the lighter PAHs
easily experienced vertical transport from top to bottom
soil layers.

We have analyzed and found that the PAH concentrations in
topsoil samples decreased with increasing mean annual
precipitation. Since parts of the PAHs can be transported
downward by rainwater in particle-attached or dissolved pha-
ses, it is reasonable to calculate the total masses of PAHs in the
whole soil core (ranging from 0 to 50 cm) for each site to see its
correlation with precipitation. The calculation function is
shown as below:

PAHv ¼
Xn

i¼1

CiBDiSidi (1)

PAHs ¼ PAHv

Si

¼ 1=100
Xn

i¼1

CiBDidi (2)

where, PAHv is the PAHs inventory (ng) in the soil core with a
total depth of 50 cm; Ci, BDi, Si and di correspond to PAHs
concentration (ng g�1), dry soil bulk density (g cm�3), the area
of the ith soil layer and the depth (cm) of the ith soil layer
respectively. The soil cores were taken with the same soil auger
(diameter, 5 cm), so the area of the cross-section of the soil cores
should be the same. We could use PAHs (mg m�2), PAHs
concentration per squaremeter, for the same soil depth (50 cm),
Environ. Sci.: Processes Impacts, 2013, 15, 661–667 | 665
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to represent the PAHs inventory through the whole soil core. In
the calculation shown in Eqn 2, 1/100 is the conversion ratio of
the units.

PAHs inventories per square meter in the soil cores (n ¼ 21)
had a wide range from 8.77 to 57.92 mg m�2, and showed an
increasing trend with mean annual precipitation (p < 0.05)
(Fig. 5). Taken all together, we could assume that increased
precipitation could add more PAHs to the total soil cores, while
it could also transport PAHs from topsoil to deeper proles,
storing contaminants in deeper layers where air–soil exchange
is reduced. This precipitation effect explains why the surface
soil PAH concentrations decrease with MAP whereas PAHs
inventories in the core show the opposite trends.
Conclusions

Soil PAHs in the Tibetan Plateau could come from long-range
atmospheric transport and undergo long-term air–soil exchange
and accumulation. A good relationship between TOC and PAHs
content provides clear evidence of the role of TOC in the
retention of PAHs in soil. The distribution and composition
patterns of PAHs along soil depth indicated the vertical trans-
port processes they may have been undergoing. The opposite
trends of topsoil PAH concentrations and PAHs inventories for
soil cores with precipitation showed two aspects of “precipita-
tion effect” in the distribution of PAHs: enhancing deposition
and promoting vertical transportation.
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