
Introduction

As a class of well known carcinogenic compounds origi-
nating from incomplete combustion, polycyclic aromatic
hydrocarbons (PAHs) are among the most important
environmental contaminants in China (Dong et al. 1999).
Soil is the primary storage and transfermedia for PAHs in
the environment. In the last 100 years, the occurrence of
PAHs in soil, especially in urban areas, has increased
significantly (Jones et al. 1989). Extensive studies have
been carried out (Trapido 1999). In China, however, there
is a general lack of information concerning sources, fates
and effects of PAHs. There is also a lack of comprehensive
regional investigation (Fu et al. 2003). Most studies have
only focused on a limited number of compounds, and on
selected areas (Fu et al. 2003).

In the soil, the concentrations and distributions of
PAHs are influenced by source, redistribution and
transformation processes. The geostatistical approach

has been widely identified as a useful tool in illustrating
the spatial patterns of variables (Wang and Tao 1998).
In recent years, geostatistics has been applied in studies
on the distribution and environmental behavior of
PAHs in soils in small areas (Carlon et al. 2001).

Polycyclic aromatic hydrocarbons in soils originate
from various sources under different spatial scales.
Therefore, the analysis of coregionalization is more
revealing than univariate geostatistical analysis. Scale-
dependent correlation structure of soil PAH compounds
can reflect the different sources of variability (Castrignano
et al. 2000). A particular statistical approach is required
that combines classical methods with geostatistics to
study the regionalized nature of the variables.

Factorial kriging analysis (FKA), developed by
Matheron (1982), is well suited for analyzing multivariate
spatial data sets. FKA enables the study of spatial dis-
tribution and relationships among pollutants and
soil parameters at varying spatial scales. The theory
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Abstract Polycyclic aromatic
hydrocarbons (PAHs) in soil origi-
nate from various sources under
different spatial scales. Coregional-
ization analysis is more revealing
than univariate geostatistical analy-
sis. Scale-dependent spatial features
of variables reflect different sources
of spatial variability. In this study,
188 topsoil samples in the Tianjin
area were collected. The contents of
16 PAHs and soil background
properties were determined for all
samples. A multivariate geostatisti-
cal approach was used for multi-
scale spatial analysis for PAH com-
pounds. Results show that coal
combustion was the major source

for the spatial distribution patterns
of PAHs in the topsoil of the studied
area. It worked mainly at the short-
range scale (5–10 km). Significant
spatial variation patterns were iden-
tified. In contrast, no significant
spatial distribution trends at the
nugget (0–5 km) or long-range scales
(10–50 km) were seen. Long-range
transport and site contamination of
PAHs might not be key contributors
in forming the distribution pattern
of PAHs in the topsoil of Tianjin
area.
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underlying FKA has been described and evaluated in
earlier papers (Goovaerts andWebster 1994; Castrignano
et al. 2000).

Tianjin is located in northernChina adjacent to Beijing
(Fig. 1). The city is highly urbanized and industrialized,
while a large portion of the surrounding land is used for
agriculture. Tianjin contains one main urban district, se-
ven sub-urban districts and five counties. Soil in the area is
heavily contaminated by many kinds of pollutants,
including PAHs (Wang et al. 2003). A detailed description
of the area can be found elsewhere (Li et al. 1991).

The primary objective of this study was to use a
multivariate geostatistical approach for a multi-scale
spatial analysis for 16 PAH compounds in topsoil of the
Tianjin area to identify sources and spatial distribution
features at different spatial scales.

Experimental section

Sampling

A total of 188 topsoil samples (0–10 cm) were collected
in the Tianjin area in April, 2001. The administrative
regions and sampling locations are shown in Fig. 1. At
each site, fresh soil samples were collected from five
locations in an area of about 10,000 m2 (at the four
corners and the center), and thoroughly mixed to form a
composite soil sample.

Soil samples were air dried at room temperature and
sufficiently ground in a grinder (Fritsch Pulveristte 2) to
pass through a 70-mesh sieve. Fine roots were removed
from the sieved samples using a glass bar rubbed on silk.
The samples were then stored at )18�C prior to analysis.
All soil samples were subjected to PAH measurement.
Contents of total organic carbon (TOC) and clay par-
ticles (<0.001 mm) content, as well as pH of the soil
samples, were measured.

Sample extraction, cleanup and analysis

Extraction and cleanup procedures were conducted on
each sample (Cui et al. 2002). The soil samples were
extracted using accelerated solvent extraction (Dionex
ASE 300). Reagent blank controls were analyzed
simultaneously for the presence of PAHs with each
series of samples. All samples were analyzed in dupli-
cate.

Quantitative analysis of the soil was done by gas
chromatography with a mass spectrometer detector.
Concentrations were determined for 16 PAHs in all
samples. PAHs studied were naphthalene (Nap), ace-
naphthene (Ane), acenaphthylene (Any), fluorene (Fle),
phenanthrene (Phe), anthracene (Ant), pyrene (Pyr),
fluoranthene (Fla), benz[a]anthracene (Baa), chrysene
(Chr), benzo[a]pyrene (Bap), benzo[k]fluoranthene
(Bkf), benzo[b]fluoranthene (Bbf), indeno[123cd]pyrene
(I1p), benzo[ghi]perylene (Bpe), and dibenz[ah]anthra-
cene (Daa). The analysis was conducted using a Agilent
6890 GC coupled with a Agilent 5973 mass spectrometer
and a 7683 autosampler (Agilent Technology). Recovery
of individual PAHs ranges from 57.0 to 140.0% with a
mean value of 80.4 for the 16 PAHs. TOC content of
soil samples was determined using a TOC analyzer
(Shimadzu5000-A). Soil clay particle content and pH
were also measured.

Data analysis

A distribution test (Ahrens 1954) was applied to the
data obtained. TOC, pH value (two samples were
eliminated as not significant using Grubb’s test at a
significant level of 0.05 prior to all statistical analysis)
and most PAH compounds followed log-normal distri-
bution. Log-transformation was then carried out for
these variables.

Fig. 1 Administrative areas of
Tianjin and sampling sites

1209



The multivariate statistics were performed using
statistical product and service solutions (SPSS) 10.0 and
Statistics5.1. The variogramanalysis was conducted using
Variowin2.2 (Pannatier 1996). FACTOR2D was used to
carry out factorial cokriging analysis (Pardo-Iguzquiza
and Dowd 2002). Kriging interpolation and contour map
generation were made using Surfer7.0 (Golden Software
1999).

For most calculations, Phe, Fla, Pyr and Bap (which
represent both low ring and high ring compounds) were
selected to illustrate the results of the analysis.

Results and discussion

Coregionalization analysis

The descriptive statistical results of all the parameters are
shown elsewhere (Wang et al. 2003). This work showed
that coregionalization analysis could be used to separate
the different sources of spatial variation (Castrignano
et al. 2000). Using the transformed data, experimental
simple and cross-variograms were calculated for all PAH
compounds, PAH16 (PAH16 is the total concentration of
16 PAH compounds) and soil physico-chemical parame-
ters. Some of the experimental cross-variograms and fit-
ting curves are illustrated in Fig. 2.

Most cross-variograms have similar structures
(Fig. 2). Nuggets exist at the origins. From the origin to
around 10 km, there were sections with steep rises. From
10 km to around 50 km, the curves become relatively
flat. The linear model of coregionalization (LMC) can be
used to fit all experimental cross-variograms. The LMC
includes three parts. The first structure represents nugget
effects, which present measurement errors and variation
within the smallest sampling intervals (approximately
5 km). The second structure, on a short-range scale,
illustrates the variation within a range of approximately
5–10 km. The third structure, on a long-range scale,
represents the variation within a range of approximately
10–50 km.

Structural correlation coefficients and regionalized
factors

The linear correlation coefficients between the contents of
PAHs and soil physico-chemical parameters could not
reveal the real relationships among the variables, since it
averages out distinct changes in the correlation structures
occurring at different spatial scales (Castrignano et al.
2000). To overcome this problem, the correlation coeffi-
cients at three scales were calculated, providing more
scale-based information. Table. 1 and 2 illustrate some of
the correlation coefficients among PAHs and soil physico-
chemical parameters at different scales.

Table 1 shows that, at the nugget scale, except for
anthracene, all other PAH compounds had significant
positive correlation with TOC. No significant correla-
tion between these compounds and soil clay particles
and pH values was observed. At the short-range scale
(5–10 km), significant positive correlations were seen
between soil clay particles and the contents of naph-
thalene, acenaphthene, anthracene, pyrene, benzo[b]flu-
oranthene, benzo[a]pyrene, dibenz[ah]anthracene and
benzo[ghi]perylene; between soil pH value and
fluoranthene, benz[a]anthracene, chrysene, benzo[b]flu-
oranthene, benzo[k]fluoranthene and indeno[123cd]-
pyrene; and also between TOC and naphthalene,
acenaphthylene, acenaphthene, benzo[b]fluoranthene,
benzo[k]fluoranthene and dibenz[ah]anthracene. At the
long-range scale (10–55 km), significant positive corre-
lations were found between soil physico-chemical
parameters and almost all PAH compounds.

Table 2 gives the correlation coefficients between
PAH16 and soil physico-chemical parameters at three
scales. At the short-range scale (5–10 km), significant
positive correlations were seen between PAH16 and soil
clay particles, while at the long-range scale (10–55 km),
significant positive correlations were identified between
PAH16 and soil pH value and TOC.

The estimation of the structural correlation coeffi-
cients indicates that the spatial variation of PAHs in
topsoil of Tianjin area has been affected by soil physico-
chemical parameters. Highly positive correlations
between most PAH compounds and TOC were found in
this study, and in other studies (Cousins et al. 1999).
PAHs particularly accumulate in organic matter-rich
soils because of their persistence and affinity for soil
organic matter.

Significant positive correlation between PAH16 and
soil pH value at the long-range scale could be explained
by the similar distribution patterns. For a big city in the
coastal area, soil pH values near the coast were higher
than inland soils. Industries and oil fields were also
found in coastal districts like Tanggu and Dagang.
Although no direct evidence shows that close relations
exist between pH value and PAHs, the distribution of
pH values and PAHs at the long-range scale presented
similar spatial patterns.

To summarize the relationships among the variables at
the different spatial scales, and the analysis on separate
variables, principal component analysis for 16 PAH
compounds were conducted based on the coregionaliza-
tion matrices. Principal component features under nug-
get, short and long-range scales, and the factor loadings
under different scales are shown in Tables 3 and 4.

At the nugget scale, the first principal component
explained nearly 70% of the overall variation. The
accumulative variance contribution of the first three
principal components exceeded 85%. Most PAH
compounds showed high loads on the first principal
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component, while anthracene and naphthalene had high
loads on the second principal component. The third
principal component represented mainly high ring
compounds.

At the short-range scale, the variance contribution of
the first principal component make up less than 50% of
the total, much lower than the contribution of the first
principal components at the nugget and long-range

scales. Most high ring compounds had high loads on the
first principal component. The second principal com-
ponent contained mainly low ring compounds. This
means that, unlike the nugget scale, at the short-range
scale, high ring compounds and low ring compounds
were characterized by two different structures. The
contribution of combustion source dominated the
spatial processes at this scale.

Fig. 2 Cross-variograms and
fitting curves of PAHs and soil
physico-chemical parameters

Table 1 Correlation coefficients among PAH compounds and soil physico-chemical parameters at different scales

PAHs Clay pH TOC Clay pH TOC

Nugget effect Phe 0.000 )0.016 0.512 ++
Fla 0.000 )0.036 0.253 ++
Pyr 0.000 )0.016 0.597 ++
Bap 0.000 0.000 0.648 ++

Short-scale Phe 0.005 )0.021 0.051
Fla )0.010 0.328 0.068 ++
Pyr 0.190 )0.063 )0.022 +
Bap 0.410 0.123 0.078 ++

Long-scale Phe 0.355 0.594 0.894 ++ ++ ++
Fla 0.320 0.414 0.345 ++ ++ ++
Pyr 0.172 0.511 0.809 + ++ ++
Bap 0.493 0.217 0.498 ++ ++ ++

Note: +/) positive/negative correlation at 95% confidence level; ++/)) positive/negative correlation at 99% confidence level
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For the long-range scale, the first principal compo-
nent made nearly 65% of the variance contribution, and
the accumulative variance contribution of the first three
principal components were nearly 85%. Most low ring
compounds at this scale showed high loads on the first
principal component. The second principal component
contained mainly high ring PAHs.

The differences of the spatial structures of the low
and high ring PAH compounds in the scale-based
principal component analysis could be attributed to the
differences of sources and physico-chemical and bio-
logical characteristics of these PAH compounds.

Cokriging analysis for PAHs, soil properties
and regionalized factors

Multi-variable geostatistics can be used to estimate the
spatial distribution of variables at different spatial
scales, and thus is a very helpful tool for understanding
the sources and distribution of pollutants.

Before the spatial interpolation was performed,
analysis on the precision of interpolation for ordinary
kriging and cokriging was made for all PAH com-
pounds. Figure 3 presents the estimation errors for
benzo[a]pyrene. Cokriging has higher estimation preci-
sion than the ordinary kriging analysis (Fig. 3).

Ordinary kriging analysis for the study area was
made elsewhere (Wang et al. 2003). Results showed that
the high concentrations of PAH16 were found in both
urban and suburban districts. Relatively low concen-
trations were found in counties far from urban areas.
The spatial distributions of individual PAH compounds
were similar to the PAH16, but presented some differ-
ences among the compounds. Compounds with similar
molecular weights and number of rings showed similar
spatial patterns.

The spatial structural analysis showed that the cross-
variograms for PAHs fell into three spatial structures:
nuggets (around 0–5 km), short scale (around 5–10 km)
and long-range scale (around 10–50 km). Spatial esti-
mations for individual compounds and PAH16 were
made at these spatial scales. Factorial kriging was

Table 2 Correlation coefficients for PAH16 and soil physico-chemical parameters at different scales

Spatial scale PAH16 Clay pH TOC

Nugget
Total 1.000 )0.001 )0.002 0.677
Clay 1.000 0.120 0.001
pH 1.000 )0.002
TOC ++ 1.000

Short-scale (spherical model, 10 km)
Total 1.000 0.178 )0.078 0.018
Clay + 1.000 )0.989 0.110
pH )) 1.000 )0.001
TOC 1.000

Long-scale (spherical model, 55 km)
Total 1.000 0.118 0.993 0.895
Clay 1.000 )0.003 0.549
pH ++ 1.000 0.834
TOC ++ ++ ++ 1.000

Note: +/) positive/negative correlation at 95% confidence level; ++/– positive/negative correlation at 99% confidence level

Table 3 Principal component
features of PAH compounds for
each spatial scale

PC Eigen value Variance
contribution (%)

Accumulative
variance
contribution (%)

Nugget scale PC1 11.15 69.67 69.67
PC2 1.53 9.54 79.21
PC3 1.05 6.57 85.78

Short-range scale PC1 7.76 48.52 48.52
PC2 2.30 14.35 62.87
PC3 1.70 10.65 73.52

Long-range scale PC1 10.20 63.73 63.73
PC2 1.76 10.99 74.72
PC3 1.56 9.76 84.48
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applied to carry out spatial interpolations. Contour
maps were generated. Some results are presented in
Fig. 4.

For most PAH compounds at the nugget scale, small
areas of high or low concentration were found separately
within the overall sampling area.Measurement errors and
variation within the smallest sampling intervals were
the major contributors to the distribution patterns.
Significantly different spatial distribution patterns were
identified for PAH compounds at the short-range scale.
For acenaphthylene, fluorene, phenanthrene, pyrene and
dibenz[ah]anthracene, one high value center at the
boundary areas of Beichen, Xiqing and the urban district
was found. A low value center was seen in Wuqing and
Baodi counties. For pyrene, benz[a]anthracene,
benzo[k]fluoranthene, benzo[a]pyrene and chrysene, the
highest values appeared in the Xiqing district. The low
content areas are distributed mainly in southern and
northern part of the study area. At the long-range scale,
no significant high or low content areas were identified,

and the distribution patterns for most compounds were
similar to each other.

Significantly different spatial distribution patterns
existed for particular PAH compounds at different
spatial scales. Taking benzo[a]pyrene as an example, the
high concentration areas at the nugget, short and long-
range scales were significantly different. The sources and
driving forces for transport at different spatial scales
must be different. Some pollution sources, such as
industrial wastewater discharge, might contribute only
to small areas. Other sources, especially from combus-
tion, might cause long distance effects. These contribu-
tions from different sources overlapped and formed the
existing spatial distribution patterns of PAH compounds
in the soil.

For PAH16 (Fig. 4), no clear spatial distribution pat-
terns were identified at any scale. This is attributed partly
to the differences of behaviors of low ring and high ring
PAH compounds. Therefore, FKA for principal compo-
nents obtained from PCA for PAH16 was conducted.
Results showed that the variance contributions of the first
three principal components were 67.39, 8.63 and 5.95%,
respectively. The cumulative variance contribution of the
first three principal components was 81.96%. High ring
PAH components had high loadings on the first principal
component, while low ring PAH components had high
loadings on the second principal component. Anthracene
had high loading on the third one.

Contour maps of principal components for PAH16
are presented in Fig. 5. Spatial distribution patterns
varied significantly among different principal compo-
nents. For the first principal component, which repre-
sented mainly the high ring compounds of PAHs, the
high concentration areas were distributed mainly in
Xiqing district and urban district. The low concentration
areas were concentrated in Wuqing County, Jinghai

Table 4 Factor loadings for PAH compounds at different scales

PAHs Nugget scale Short-range scale Long-range scale

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3

Nap 0.53 0.67 0.20 0.04 0.88 )0.02 0.94 0.25 0.03
Any 0.88 0.07 0.10 0.22 0.72 0.33 0.48 0.25 )0.09
Ane 0.62 0.46 0.46 0.15 0.93 0.02 0.86 0.39 0.24
Fle 0.71 0.53 0.32 0.24 0.84 0.11 0.88 0.31 0.14
Phe 0.74 0.08 0.42 0.51 0.54 0.55 0.86 0.40 0.17
Ant )0.06 0.98 0.08 0.03 0.02 )0.95 )0.04 )0.15 0.94
Fla 0.74 0.28 0.60 0.94 0.14 0.06 0.87 0.45 0.12
Pyr 0.77 0.27 0.61 0.93 0.15 0.06 0.84 0.46 0.10
Baa 0.62 0.19 0.69 0.88 0.16 0.03 0.73 0.64 0.14
Chr 0.67 0.23 0.60 0.92 0.15 )0.01 0.65 0.64 0.15
Bbf 0.64 0.13 0.59 0.13 )0.04 0.06 0.55 0.51 0.13
Bkf 0.68 0.41 0.42 0.64 0.20 0.01 0.32 0.57 0.70
Bap 0.69 0.00 0.45 0.67 0.38 0.55 0.07 0.89 )0.33
I1p 0.61 )0.01 0.75 0.08 )0.01 0.25 0.85 )0.29 )0.21
Daa 0.22 0.10 0.91 0.64 0.62 0.10 0.31 0.86 0.18
Bpe 0.22 0.28 0.90 0.64 0.10 )0.02 0.52 0.70 0.05

Fig. 3 Estimation errors of ordinary kriging and cokriging for
benzo[a]pyrene
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County, Baodi County, and Ji County. From the urban
district to the surrounding counties, the concentration
decreased gradually. For the second principal compo-
nent, representing mainly the low ring components of
PAHs, the high concentration areas were distributed
mainly in the urban district and the surrounding areas,
as well as in the Tanggu district, decreased toward the
south and north. The third principal component pre-
sented only anthracene. More studies are needed to
ascertain the sources and spatial processes of anthracene
distribution in this area.

Sources of PAH contamination

The identification of sources is essential for understanding
PAH distribution in soil, carrying out pollution risk
assessment, and taking mitigationmeasures. Studies have
shown that ratios of PAHcompounds can be used to trace
the sources of PAHs (Soclo et al. 2000). Soclo et al. (2000)

used phenanthrene/anthracene, fluoranthene/pyrene,
chrysene/benz[a]anthracene and low ring compounds/
high ring compounds to identify the sources of PAH pol-
lutants in marine sediment. Trapido (1999) used 3–4 ring
compounds/5–6 ring compounds inmaking a comparison
of pollution characteristics of different areas. In the pres-
ent study, two ratios (low ring/high ring, phenanthrene/
anthracene) were calculated. Low ring compounds in-
cluded phenanthrene, anthracene, pyrene and fluoranth-
ene. High ring compounds were benz[a]anthracene,
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[a]pyrene, dibenz[ah]anthracene, indeno[123cd]py-
rene and benzo[ghi]perylene. Experimental variograms
for these ratios after log-transformation were calculated
and presented in Fig. 6. A spherical model was applied to
fit the experimental variograms. Variograms were pre-
sented in three parts: nuggets, short scale with ranges
around 10 km and long scale with ranges around 60 km.

Studies elsewhere (Trapido 1999; Soclo et al. 2000)
showed that when low ring/high ring >1, a petroleum

Fig. 4 Distribution of PAH
compounds in topsoil of Tianjin
at different scales (the data in
this figure represents the con-
tent levels, not the exact con-
centration)
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source is indicated. If low ring/high ring <1, a com-
bustion source is indicated. Phenanthrene/anthracene
>15 represents a petroleum source, while phenanthrene/
anthracene <10 indicates a combustion source. Based
on the spatial structural analysis, kriging interpolations
for these ratios were performed. Contour maps are
presented in Fig. 7.

Studies have shown that combustion of coal was the
major contributor of PAH accumulation in topsoil of
the study area (Wang et al. 2003). Figure 7 supports this
conclusion. The scale-dependent variogram and cokri-
ging analysis indicates that a combustion source played
a key role, especially at the short-range scale.

As one of the major industrialized cities in China,
Tianjin consumes a large amount of coal. Statistics from
the Tianjin Environmental Protection Bureau (TEPB)
demonstrate that (TEPB 2001) the energy consumption in
Tianjin was dominated by coal (Fig. 8). The regional
distribution of energy consumption inTianjin city showed
that (TEPB 2001) in the year of 2000, Dongli District, Ji
County, Dagang District, Xiqing District, Heding Dis-
trict (part of the urban district) and Tanggu District
consumed 78.7% of the total coal used by the city.

Contributions from other sources may also influence
results. There is a large oil field and with refineries near
the urban district and coastal areas, which contribute to
the accumulation of PAHs from scattered petroleum
sources (Fig. 7). Road transportation in the urban areas
of Tianjin is quite heavy, and may also play an impor-
tant role in PAH accumulation from urban runoff.

Domestic and industrial wastewater has been used for
agricultural irrigation in Tianjin for quite a long time.
Wastewater irrigated agricultural lands are located in
scattered areas outside of the urban areas. Studies have
shown that untreated wastewater irrigation may add
contamination of PAHs (Wang et al. 2004).

Conclusion

The understanding of spatial distribution patterns of
pollutants is essential for pollution risk assessment and
remediation. The spatial distribution patterns of prin-
cipal components at different scales could be used to

Fig. 5 Contour maps of PCs of
PAH16 for topsoil in Tianjin
(the data in this figure repre-
sents the content levels, not the
exact concentration)

Fig. 6 Experimental vario-
grams and fitting curves of the
ratios of PAH compounds

Fig. 7 Spatial distribution of ratios of PAH compounds in the
topsoil of Tianjin area
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reflect the spatial processes of specific PAH groups, and
could also help to identify the pollution sources of PAHs
in the topsoil. Coal combustion was the major source for
the spatial distribution patterns of PAHs in the topsoil
of the studied area. It worked mainly at the short-range
scale (5–10 km). Significant spatial variation patterns
were identified. In contrast, no significant spatial dis-
tribution trends at the nugget (0–5 km) or long-range
scales (10–50 km) were seen. Long-range transport and

site contamination of PAHs might not be key contrib-
utors in forming the distribution pattern of PAHs in the
topsoil of Tianjin area.
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