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Concentrations of metals, sources and spatial distributions in soils around Guanting Reservoir were determined.
Abstract
Surface soil samples were collected from 52 sites around Guanting Reservoir in Beijing, China, and contents of ‘total’ metals (Cu, Zn, Pb,
Cd, As, Ni and Cr) were determined. The results indicate that the degree of heavy metal pollution in the soils declines in the order of
Cd > Cr > Zn > As > Cu > Ni > Pb. Based on the results of a combination of multivariate statistics and geostatiscal analyses, it was concluded
that land application of phosphate fertilizer, wastewater and sludge were the primary sources of Cd and Zn in soils. Whereas As, Cu, Cr and Ni in
some soils were due to natural rock weathering. The sources of Pb in soils only partially originated from land application of phosphate fertilizer,
but mainly from vehicle exhaust. The greatest concentrations of all metals, except for Pb, were found in Huailai County and the towns of Yanghedaqiao and Guanting.
Ó 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Due to their non-biodegradable nature and long-biological
half-lives for elimination from the body (Radha et al., 1997),
heavy metal contamination of the environment has attracted
a great deal of attention world-wide (Li et al., 2004). Some
heavy metals are toxic to plants and grazing animals by
restricting proper function of soil microorganisms, and
ultimately affecting the health of the people. Soils are the
critical interface environments where rock, air and water interact. Soils can also be a source of pollution to surface and
ground waters, living organisms, sediments, and oceans
* Corresponding author. Tel.: þ86 10 62849118; fax: þ86 10 62918177.
E-mail address: yllu@rcees.ac.cn (Y. Lu).
0269-7491/$ - see front matter Ó 2006 Elsevier Ltd. All rights reserved.
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(Facchinelli et al., 2001). The content of heavy metals in soil
and their impact upon ecosystems can be influenced by many
factors, such as parent material, climate and anthropogenic activities such as industry, agriculture and transportation. Each of
these factors has been investigated to prevent further environmental deterioration and to examine possible methods of remediation (Dijkstra, 1998; Sheppard et al., 2000).
Due to the heterogeneity of the soil and the often accidental
nature of contaminating processes, concentrations of heavy
metals can vary remarkably over very short distances. Since
natural variability and anthropogenic input vary over space,
the relationships of soil heavy metal concentrations are
scale-dependent (Xu and Tao, 2004). Because of the need
to quantify and reduce the uncertainties and minimize the
investigation costs geostatistical and multivariate statistical
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methods have been developed and applied to soil systems
(Ferguson et al., 1998).
Kriging and principal component analysis (PCA) are
common tools in geostatistical and multivariate statistical
methods. They have been widely used to identify pollution
sources, to apportion natural- vs. human-caused contribution,
and to describe spatial distribution of pollutants (Atteia
et al., 1994; Tao, 1995; Carlon et al., 2001; Facchinelli
et al., 2001). Applications of these methods to soils at a regional scale have been well documented (Ratha and Sahu,
1993; Carcia et al., 1996; Ruiz et al., 1998). Historically, the
Guanting Reservoir area has been used as one of the two
important water sources for agriculture, industry and municipalities in Beijing. Since the 1970s, the Guanting Reservoir
area has undergone significant agricultural and industrial development and consequently much water pollution has occurred. The sources of contamination include local industrial
or domestic wastewater discharge as well as non-point contamination (such as farming). Two well-known pollution
events took place in 1972 and 1989. Polluted water containing
high concentrations of As, Cr and Hg caused fish in the reservoir to die while residents who drank the water became sick
(Jiang and Wang, 2003; Du and Wu, 2004). Thus, since
1997, the Guanting Reservoir has no longer been used as
a source of drinking water for Beijing. This is a serious issue
since Beijing currently has a severe shortage of water. According to a preliminary environmental investigation of the reservoir in 2003, there were more than 300 industrial and
mining enterprises, producing about 7844.76  104 t of wastewater per year. Most of this wastewater was directly
discharged into the reservoir without any treatment (Du
et al., 2004). With regard to potential toxic impacts, the concentrations of these heavy metals continued to increase slowly
in recent years, though limited metal analyses of the reservoir
water showed As, Cd, Cr, Cu, Ni, Zn and Pb to be at concentrations that were not exceeding the criteria for the protection
of aquatic life (Liang et al., 2003). Also, there were apparent
effects of heavy metals in the sediments of the reservoir on
benthic invertebrates (Chen et al., 2001; Zhou et al., 2002).
Since irrigation accounted for approximately 80% of total water usage in the area, it was hypothesized that this might have
resulted in increased accumulation of heavy metals in soils
(Chen et al., 2001). This is due to the fact that the irrigation
water is predominantly wastewater. Thus, investigations of
heavy metal contamination of soils around the reservoir, natural and anthropogenic sources of soil and water contamination,
and regional variations in heavy metal concentrations in soils
were conducted. Results from these studies will provide critical data for policy makers in deciding which actions they will
need to undertake in order to resume drawing drinking water
for Beijing from this reservoir. However, only recently there
have been studies investigating heavy metal distribution in
the soils around the reservoir. The present study was conducted as a preliminary survey of soils contaminated by heavy
metals around the polluted reservoir, and the contributory relationships. The approach was to survey concentrations of
metals on a regional scale with multivariate and geostatistical

methods. The goals of the study were to (1) investigate average regional concentrations of several heavy metals (As, Cd,
Cr, Cu, Ni, Pb, Zn) in soils around the reservoir; (2) determine
their spatial variation; (3) identify possible sources; and (4) estimate the relative proportions arising from natural processes
and those arising from human activities.
2. Materials and methods
2.1. Study area
Guanting Reservoir is located approximately 100 km northwest of Beijing. It
has a surface area of 46,768 km2, and the total arable land in the watershed is
2  106 hm2 (Huang et al., 2003). The climate in the region is cool temperature,
continental monsoon with an annual precipitation between 370 and 480 mm. The
drainage area in the Guanting basin is approximately 25,000 km2, with an average soil erosion of 110 million t/a (Chen et al., 2001). The primary rock types are
intermediate and acidic igneous; and the soil types are fluvo-aquic (FAS), calcareous-cinnamon (CCS), fluvo-cinnamon (FCS) and meadow-wind sandy
(MWSS) (Gong et al., 2002). Land uses in the region include farms and orchards
as well as fallow lands. Most areas are dedicated to agricultural cultivation,
focusing mainly on corn and a variety of vegetables for cash crops.

2.2. Sampling
A total of 52 sampling blocks (100  100 m) were selected, based on the
distribution of industrial and agricultural productions around Guanting Reservoir. A nested sampling scheme was applied to the industrial and agricultural
areas. The more intensified the industrial and agricultural areas, the denser the
sampling blocks. Throughout the survey a global positioning system (GPS)
was used to locate the sampling locations (Fig. 1). A composite surface soil
sample (0e10 cm) was collected from each sampling block. The sampling
scheme took into account sites representing the most relevant characteristics
of the environment and each soil type. The sampling procedure was intended
to obtain a representative composite sample consisting of five sub-samples collected at each site. Therefore, the 52 soil samples were composed from a total
of 260 soil sub-samples collected. Samples were extracted using an automatic
core drill.

2.3. Analytical methods
Soil samples were air-dried, crushed in an agate mortar, passed through
a nylon sieve of 100 mesh, and digested with HNO3 and H2O2 using Method
3050B (USEPA, 1996). Careful handling was performed to avoid input or loss
of trace elements during preparation and analysis of the samples. All materials
used during analytical determinations were kept in Teflon or other metal free
containers. Concentrations of heavy metals (Cd, As, Cu, Ni, Pb and Zn) in the
digestion solution were determined using inductively coupled argon plasma
emission spectroscopy (ICAPES). The method detection limit (MDL), which
is defined as the minimum concentration of substance that can be measured
and reported with 99% confidence, was determined using EPA 40CFR Part
136, Appendix B. Standard reference materials, GSS-1 soils, obtained from
the Center of National Standard Reference Material of China were analyzed
as part of the quality assurance and quality control (QA/QC) procedures. Satisfactory recoveries were obtained for Cu (92e95%), Ni (101e108%), Pb
(94e106%), Cd (96e99%), As (97e101%) and Zn (94e103%).

2.4. Multivariate and geostatistical methods
The frequency distributions of heavy metal concentrations were investigated by calculating the skewness and kurtosis coefficients. For kriging estimation, the semivariogram r(h) was used to quantify the spatial dependence
of soil heavy metal concentrations. Then, based on the spatial structure of
r(h), the kriging estimator for heavy metal concentrations at unsampled locations were calculated (Isaaks and Srivastava, 1989). In this study, the
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Fig. 1. Map of soil sampling sites around Guanting Reservoir.

experimental semivariogram models were obtained using the software package
GSþ (Gamma Design, 1994), while kriging estimation was conducted using
the software of ArcGIS 8.2 for Windows.
Principal components analysis (PCA) was used to investigate the variation
of heavy metal concentrations among soil samples. PCA is a multivariate statistical analysis converting the variables (analytic concentrations) into factors
or principal components. These are linear combinations of the variables that
are themselves not correlated but together explain the total variance of the
data. The first factor explains the most variance, the second factor the next
greatest amount of variance and so on. It follows that the dimensionality of
the original data space can be reduced to a few factors, commonly two or
three, retaining most of the overall variance. Furthermore, the factors can be
rotated, in a way that each factor explains a different subset of correlated variables (i.e. analyzes). This makes the factors more comprehensive and potentially explicable. The PCA allows a factor score for each sample to be
calculated. When plotted by factor scores, samples with similar analytic compositions (i.e. scores) are aggregated closer than those with more dissimilar
compositions. The similarities among samples can then be used to elucidate
potential sources. Details of this method are provided by Einax et al. (1997).

3. Results and discussion
3.1. Preliminary data description
The descriptive statistics of metal concentrations in soils in
the vicinity of Guanting Reservoir are presented in Table 1.
Concentrations of Cd, Cr, Cu, Ni, Pb and Zn were transformed
by taking the natural logarithm (ln) to more closely approximate the normal distribution, since natural logarithm transformation significantly reduced both the skewness and the
kurtosis coefficients for these metals. According to the skewness and kurtosis parameters (Table 1), as well as one-sample

KolmogoroveSmirnov test, the concentration of As approached a normal distribution while those of Cd, Cr, Cu,
Ni, Pb and Zn approached a lnenormal distribution. Considering the concentrations of metals in the dominant soil and rock
types around Guanting Reservoir and its geography, geology,
landscape and climate, which are close to Beijing’s, the heavy
metal background levels in soils of Beijing (Chen et al., 2004)
were used as reference values for unpolluted soils around
Guanting Reservoir.
The results of the summary statistics (Table 1) indicate that
mean concentrations of most heavy metals, except Cr, were
significantly different from their corresponding reference
values using a one-sample t-test (P < 0.05). The mean concentration of Cd (0.68 mg/kg dry wt) was much greater than its
background value (0.15 mg/kg dry wt) and also significantly
greater than its alerting value (0.5 mg/kg dry wt) (Wei et al.,
1992) which would be predicted to have potential ecological
effects. All 52 composite soil samples exceeded the reference
value for Cd and concentrations of Cd in some samples even
exceeded the critical value (1.0 mg/kg dry wt) (Wei et al.,
1992) with serious ecological effects. It can thus be concluded
that the Cd contamination in surface soils around Guanting
Reservoir has been very heavy.
Pb had the least mean concentration (8.21 mg/kg dry wt),
while concentrations of only two soil samples exceeded the reference value of Pb. Thus, it can be concluded that Pb contamination in soils around Guanting Reservoir is very minimal.
The mean concentration of Cr was 32.35 mg/kg dry wt,
which was not significantly greater than its reference value
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Table 1
Descriptive basic statistics of the heavy metal concentration in the studied soils
Heavy
metal

Range
(mg/kg)

Min.
(mg/kg)

Max.
(mg/kg)

Mean  S.D.
(mg/kg)

Skewness
(mg/kg)

Kurtosis
(mg/kg)

Coefficient of
variation (%)

Reference values  S.D.b
(mg/kg)

Number exceeding
reference valuesc

As
Cd
Cr
Cu
Ni
Pb
Zn

7.84
0.81
42.58
61.51
27.38
163.14
86.34

3.06
0.39
16.78
2.86
5.95
1.74
22.99

10.9
1.2
59.4
64.4
33.3
165
109

6.88  2.11*
0.68  0.17*
32.35  8.65NS
13.54  9.95*
15.81  6.04*
8.21  22.5*
54.28  17.6*

0.03
0.01a
0.12a
0.19a
0.09a
2.50a
0.09a

0.83
0.17a
0.23a
0.54a
0.25a
11.03a
0.41a

30.66
24.67
26.73
73.44
38.17
274.04
32.36

7.81  3.22
0.15  0.11
31.3  9.29
19.7  6.33
27.9  7.90
25.1  5.08
59.6  16.29

13
52
21
7
2
2
10

Significant at the 0.05 (*) level of probability when compared with reference value.
NS, not significant, comparing with reference value.
a
ln-transformed data.
b
Chen et al. (2004).
c
The number whose value is significantly greater than the corresponding reference value (P < 0.05).

(31.30 mg/kg dry wt). However, concentrations of Cr in 21
soil samples did significantly exceed the reference value.
Thus, Cr contamination in soils around Guanting Reservoir
should also be given attention. The mean concentrations of
As, Zn, Cu and Ni were 6.88, 54.28, 13.54 and 15.81 mg/kg
dry wt, respectively. The number of samples significantly exceeding the corresponding reference value for As, Zn, Cu and
Ni were 13, 10, 7 and 2, respectively. Ratios of the mean concentrations in soils around Guanting Reservoir divided by the
corresponding reference value decreased in the order of
Cd > Cr > Zn > As > Cu > Ni > Pb. Multiplying the ratios
by the number of values significantly exceeding the respective
reference provides a combined estimate of both the magnitude
and the extent of contamination around the reservoir. This
weighted result suggests that the magnitude of heavy metal
pollution in soils around Guanting Reservoir decline in the order of Cd > Cr > As > Zn > Cu > Ni > Pb.
Coefficients of variation for most heavy metals, except Pb,
were small. It is expected that those elements having smaller
coefficients of variation may be dominated by natural sources,
while those with greater coefficients of variation are more
likely to be affected by anthropogenic sources.
3.2. Correlation coefficients between
heavy metal contents
Relationships between concentrations of metals were investigated using Pearson correlation coefficients of either lntransformed or non-ln-transformed concentrations (Table 2).
According to the values of Pearson correlation coefficients
(R), As, Cd, Cr, Cu, Ni and Zn were closely related
(P  0.01), which might suggest a common origin. Pb showed
strong positive correlations (P  0.01) with Cd and Zn, but
poorer correlations with As, Cr, Cu and Ni.
3.3. Principal component analysis (PCA)
Relationships among metals were investigated using PCA.
The components were ranked by their eigenvalues. The cumulative percentages of the variations explained by the first two
components, and the corresponding eigenvectors are given

(Table 3). The values of the first two principal components
(PCs) after rotation for the maximum variance are also given.
The first two PCs were chosen based on their eigenvalues
which were both greater than 1.0. The total variance explained
by the first two PCs was greater than 85.57%. The initial component matrix for the metals indicates that Cr, Ni, As, Cd, Zn
and Cu are associated, because they display relatively great
values for the first component (F1), while Pb is isolated with
the second factor (F2). The rotation of the matrix also supports
these results. Cd and Zn contribute some proportions to the
second PC, showing their associations with Pb, although the
second factor (F2) includes only Pb.
The relationships among the seven heavy metals can be
seen when scores of factor 2 are plotted as a scatter plot versus
scores of factor 1 (Fig. 2). The small distances in the factor
plots indicate a significant correlation between ZneCd,
NieCr and AseCu, which may suggest that the corresponding
pairs of elements have the same sources. Pb is separated from
the other heavy metals by a large distance (Fig. 2). This result
may suggest that Pb is poorly related with other heavy metals
and has different sources. However, the correlation coefficients
and PCA provide little information about the scale-dependent
relationships among metal concentrations. A poor correlation
between individual metals could be the result of the counteractions of different correlation behaviors at various spatial
scales. From this perspective, geostatistical analysis takes
advantage of providing insights into scale-dependent relationships of regionalized variables.

Table 2
Correlation coefficients of heavy metal contents (lower triangle)

As
Cd
Cr
Cu
Ni
Pb
Zn

As

Cd

Cr

Cu

Ni

Pb

Zn

1
0.74**
0.82**
0.60**
0.79**
0.18NS
0.65**

1
0.87**
0.54**
0.82**
0.42**
0.90**

1
0.72**
0.93**
0.17NS
0.76**

1
0.71**
0.08NS
0.60**

1
0.17NS
0.72**

1
0.56**

1

NS, not significant.
**P  0.01.
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Table 3
Total variance explained and component matrixes (two factors selected)a
Total variance explained
Component

1
2
3
4
5
6
7

Initial eigenvalues

Extraction sums of squared loadings

Rotation sums of squared loadings

Total

% of variance

Cumulative (%)

Total

% of variance

Cumulative (%)

Total

% of Variance

Cumulative (%)

4.85
1.14
0.45
0.28
0.17
0.07
0.04

69.31
16.26
6.43
4.01
2.45
0.96
0.59

69.31
85.57
91.99
96.00
98.45
99.41
100.00

4.85
1.14

69.31
16.26

69.31
85.57

4.35
1.64

62.20
23.38

62.20
85.57

Component matrixes
Element

Component matrix

Cr
Cd
Ni
Zn
As
Cu
Pb
a

Rotated component matrix

F1

F2

F1

F2

0.95
0.93
0.92
0.89
0.86
0.76
0.37

0.20
0.16
0.21
0.32
0.17
0.32
0.89

0.96
0.94
0.86
0.82
0.81
0.71
0.02

0.16
0.15
0.15
0.02
0.49
0.63
0.97

Extraction method: principal component analysis. Rotation method: varimax with Kaiser normalization. Rotation converged in three iterations.

3.4. Spatial structure and distribution analysis of heavy
metal concentrations in soils around Guanting Reservoir

rðhÞ ¼ C0 þ C½1  expð  h=aÞ

The best-of-fit models were retained for kriging. For As,
Cd, Cu, Pb and Zn, these were the isotropic spherical variograms, with nugget (see Eq. (1)):

rðhÞ ¼


3
C0 þ C 1:5ðh=aÞ  0:5ðh=aÞ
for h  a
C0 þ C h > a

ð1Þ

where h is the lag distance; C0, the nugget variance; C, the sill;
and a, the range. However, the fit of the geostatistical model
for Cd was not significant. For Cr and Ni, the best model
was isotropic exponential variogram (see Eq. (2)):

The fit of the geostatistical model for Pb was not significant.
The types of model and their coefficients are given in Table
4. The models are also represented as solid lines, with the experimental values plotted as points (Fig. 3). Apart from Cd and
Pb, the fit of geostatistical model for the other heavy metal
concentrations was significant (P < 0.05), indicating that
most models best described spatial dependence of the metal
concentrations.
The spatial structures of metals are dominated by geological
effects (with relatively long range) and human activities (with
relatively short range) (Webster et al., 1994). For the study
area, semivariograms of Cd, Pb and Zn are dominated by the
short-range structure, while those of As, Cr, Cu and Ni are

Initial

Rotated

1.2

1.2

1.0

1.0

Pb

.8

Pb

.8

.6

Factor 2

Factor 2

ð2Þ

Zn
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Cd

.2

Zn

.6
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.4
As Ni Cr

.2

0.0
As

-.2

Ni Cr

-.4
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Factor 1
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.9

Cu

0.0

Cu

1.0
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0.0
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Factor 1

Fig. 2. Factor score distributions for heavy metal concentration in soils around Guanting Reservoir.
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Table 4
Geostatistical models describing the concentrations of heavy metal in surface soils around Guanting Reservoir
Variable

Transformation

Model

C0

C0 þ C

C0/(C0 þ C)

a (m)

r2

As
Cd
Cr
Cu
Ni
Pb
Zn

None
ln(Cd)
ln(Cr)
ln(Cu)
ln(Ni)
ln(Pb)
ln(Zn)

Spherical
Spherical
Exponential
Spherical
Exponential
Spherical
Spherical

2.30
0.01
0.03
0.21
0.10
0.04
0.00

4.45
0.06
0.06
0.41
0.20
0.61
0.11

0.52
0.17
0.50
0.51
0.50
0.07
0.00

9420
2140
17,080
68,710
34,300
2140
2140

0.72**
0.01NS
0.49*
0.79**
0.49*
0.05NS
0.38*

Significant at the 0.05(*) or 0.01(**) level of probability.
NS, not significant.

dominated by the long-range structure (Table 4). The ratio of
nugget effects (C0) (nugget effect is used to quantify the sampling and assaying errors and the short scale variability) to sill
(C 0 þ C ) (sill is the total vertical scale of the variogram) is
a very important indicator for reflecting the spatial variation
on a regional scale (Robertson et al., 1997). The value of the ratio
shows which factor is predominant between regional factors
(natural factors) and non-regional factors (anthropogenic factors). If the value is less than 0.5, it means that the heavy metal
in soil has a strong spatial autocorrelation on the studied scale.
Therefore, the contents of As, Cr, Cu and Ni in soils around
Guanting Reservoir are mainly affected and controlled by natural factors, while Cd, Pb and Zn are dominated by human
activities.
Based on data description, analysis of correlation coefficients, PCA, and geostatistical analysis, it can be concluded
that the primary input of Pb has been due to human activities,
As

5
4
3
2
1
0

0

20000

30000

Cd

0

Cu

0.6

Semivariance

10000

0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

while the input of Cd and Zn is from both natural and human
activities. Only natural processes account for As, Cu, Cr and
Ni concentrations.
The variogram models were used as input to ordinary kriging and the resulting contour maps are shown in Fig. 4. The
contour maps illustrate several relatively great concentrations
‘hotspots’ exist for each of the metals studied. The greatest
concentrations of As, Cd, Cr, Ni, Zn and Cu are near Huailai
County, Yanghedaqiao and the entrance of the reservoir (approaching Guanting town). This is downstream of the Yanghe
and Sanggan Rivers e the two most polluted sub-water systems flowing to Guanting Reservoir (Ma et al., 2003). The
greatest concentration of As and larger concentrations of Cd,
Cr, Cu and Ni were observed near Yanqing County where
the Weishui River flows through. In general, pollution is
greatest in the east, less in the west, and least in the center
of Guanting Reservoir areas.
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Fig. 3. Semivariograms of In-transformed heavy metal concentrations (except As) plotted as points and fitted models shown as solid lines.
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Fig. 4. Contour maps for all heavy metal concentrations in surface soils (0e10 m) around Guanting Reservoir.

4. Source identification and discussion
The soils of Huailai County are deficient in phosphate.
Thus, phosphate fertilizer has been applied in large quantities
to increase agricultural production after the first phosphate

fertilizer plant was established in Huailai (Yang et al.,
2004). The local pyrite and phosphate rocks used by the phosphate fertilizer plant contained large concentrations of Cd
(1.94 and 0.258 mg/kg dry wt for pyrite and phosphate rocks,
respectively). According to the monitoring conducted in 1973,
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the concentrations of Cd in sludge and wastewater generated
by the phosphate fertilizer plant were as great as 6.53 mg/kg
dry wt and 87.5 mg/L, respectively (OLGGWP, 1977). Since
inputs of Cd in fertilizers, concentrations of Cd in sludge
and wastewater are greater than that already present in the
soil, application of phosphate fertilizer, wastewater and sludge
are the predominant sources of Cd in soils of Huailai County
and subsequent runoff to both Cd and PO3
4 to Guanting Reservoir (Sun and Hao, 2004).
According to contour maps the Cd and Zn distributions in
soils around Guanting Reservoir are similar. This is due to
the fact that they likely have similar sources, regardless
whether it is man-made or geochemical. Zn concentrations
are correlated with those of Cd (Table 2). Thus, zinc in the soils
around Guanting Reservoir may be due to the application of
phosphate fertilizer. It is well known that there are high concentrations of Zn and Cd in phosphate deposits (Adriano, 1986;
Eriksson et al., 1995; Nan et al., 2002). Alternatively, the predominant rocks (intermediate igneous rock and acidic igneous
rock) around Guanting Reservoir have levels of Zn (86.6 and
73.8 mg/kg dry wt, respectively) (NEPA, 1990) greater than
the reference value of Zn in soils. This, in combination with
the results of statistical analyses, suggests that both the natural
factors and the anthropogenic factors (such as fertilizing soils
with Zn-containing phosphate fertilizers) have affected concentrations of Zn in soils around Guanting Reservoir.
It was reported in 1973 there were 30 enterprises that released wastewater containing As into the Yanghe River, but
only three of these enterprises drained wastewater containing
As that exceeded National Discharge Standards of Wastewater
(OLGGWP, 1977). Furthermore, the As in wastewater can be
rapidly self-purified around the mouth of the drainage. Therefore, wastewater irrigation is not likely to be responsible for
As pollution in soils around Guanting Reservoir. Compared
with As concentrations (2e8 mg/kg dry wt) in soils in Huailai
County that were measured in 1973 (OLGGWP, 1977), present
As concentrations (3.06e10.90 mg/kg dry wt) are slightly
greater (Table 1). Also, the concentrations of As in two major
rock types around Guanting Reservoir were 8.1 and 7.7 mg/kg
dry wt (NEPA, 1990), approaching or exceeding its reference
value (7.81 mg/kg dry wt) (Table 1). This result suggests that
As pollution in some soils around Guanting Reservoir is due to
natural causes.
Wastewater drainage of Cr into Guanting Reservoir was relatively small compared to other metals. Although there were
27 enterprises discharging wastewater containing Cr, nine of
which released Cr with concentrations that exceeded the National Discharge Standards of Wastewater (OLGGWP, 1977).
The two predominant rock types in the watershed of Guanting
Reservoir had Cr concentrations of 58.3 and 46.8 mg/kg dry
wt (NEPA, 1990), greater than the reference of Cr (31.3 mg/
kg dry wt). It is thus certain that the greater Cr concentrations
in some soils around Guanting Reservoir are due to natural
weathering of rocks.
No enterprises had been reported to discharge wastewater
containing Ni (OLGGWP, 1977). The small concentrations
of Ni in soils were similar to that of the predominant minerals

around Guanting Reservoir, which had Ni concentrations of
22.6 and 19.9 mg/kg dry wt, respectively (NEPA, 1990).
Huailai County has a history of grape cultivation for more
than 1200 year. In recent years, the grape cultivation area in
the County has been expanded to 7333.3 ha (BSZ, 2004). Cu
pollution in some soils around Guanting Reservoir might be
the result of application of Cu-based fungicide in former vineyards or orchards. However, Cu concentrations in the predominant rocks of the Guanting Reservoir watershed were great
(NEPA, 1990). Combining results from our statistical analyses
with the information about sources, although there were possibilities of Cu pollution in soils, natural factors would be the
main reasons for the low-level Cu pollution in soils around
Guanting Reservoir.
Common sources of Pb in soils are manure, sewage sludge,
leadearsenate pesticides, vehicle exhausts and industrial fumes
(Kober et al., 1999). Because concentrations of Pb were correlated with those of Cd (P < 0.01) and As (P < 0.5) (Table 2),
land application of phosphate fertilizer containing Cd and
leadearsenate pesticides is likely to be one of the primary reasons for Pb pollution in the soils. But the most important reason, as in other areas of the world, is vehicle exhaust. The
patterns of the greatest concentrations of Pb correspond to
the major regional traffic axes on the south of the reservoir,
approaching Beijing.
Huailai County has a high density of population and industrial enterprises (such as iron-making plant, sulfuric acid plant,
plating plant, spinning mill, Zn and Pb mining, paper mill,
leather industry, nitrogen fertilizer plant, coking plant, pesticide plant and brewery) that discharge great amounts of wastewater and solid wastes (Du et al., 2004). This has caused
heavy metal pollution in soils around Guanting Reservoir.
On the other hand, Yanghedaqiao is located downstream of
the Yanghe River, which is a tributary of Guanting Reservoir
that is polluted by domestic sewage and industrial wastewater
(Ma et al., 2003). This may be a reason that Huailai County,
Yanghedaqiao and Guanting towns have the greatest concentrations for all metals studied except Pb.
Water quality of the Weishui River is relatively good because there are few small-sized industrial enterprises aside
from the Yanqing Paper Mill and Fertilizer Factory (Zhang
et al., 2001). This may explain the observation that pollution
is less in the western portion of the reservoir than in the east
(Fig. 3). Agricultural land in the east and west of the watershed, where Huailai and Yanqin are located, is more heavily
used than that in the center of Guanting Reservoir area (Du
et al., 2004). Therefore, the heavy metal pollution of soils in
the east and west of Guanting Reservoir is more serious than
that in the center.
Since the concentration of Cd in the soils around Guanting
Reservoir exceeds the national guideline value, the national
government should take appropriate action to protect the water
source of Guanting Reservoir. Clearly, it should not allow any
activities that would add any additional Cd. The metals of
greatest concern in soils around Guanting Reservoir seem to
be Cd, Cr and Zn. Control is needed to prevent further pollution in the sites with the greatest concentrations observed.
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And, the maps of heavy metals in soils around Guanting Reservoir are provided with the information for the purpose.
5. Conclusions
The average concentrations of Cd, Cr, Zn, As, Cu, Ni and Pb
in soils around Guanting Reservoir were found to be 0.68, 32.35,
54.28, 6.88, 13.54, 15.81 and 8.21 mg/kg dry wt, respectively.
The magnitude or enrichment in soil of metals investigated declines in the order of Cd > Cr > Zn > As > Cu > Ni > Pb.
When weighted for the extent of soil contamination the order becomes Cd > Cr > As > Zn > Cu > Ni > Pb.
Semivariograms of Cd, Pb and Zn were dominated by
a short-range structure, while those of As, Cr, Cu and Ni
were dominated by a long-range structure. Spatial variations
on a regional scale for Cd, Pb and Zn are greater than those
of other metals. Therefore, the contents of As, Cr, Cu and
Ni in soils around Guanting Reservoir are mainly influenced
by natural factors, while Cd, Zn and Pb are affected by either
human activities or both human and natural factors.
Based on data description, correlation coefficients analysis
and PCA and geostatistical analysis, the primary input of Pb is
due to human activities. Both human and natural activities influence concentrations of Cd and Zn.
Land application of phosphate fertilizer, wastewater and
sludge has been the primary process responsible for the relatively severe Cd pollution in soils around Huailai County.
Zinc pollution in some soils around Guanting Reservoir may
have resulted from land application of phosphate fertilizer
containing relatively great concentrations of Cd, as well as
from rocks. Pollution from As, Cr and Ni is likely due to natural sources (rock origin). Partial Cu pollution may have resulted from the application of copper-based fungicide in
former vineyards or orchards, but it is primarily due to natural
weathering of rocks. The sources of Pb in soils around Guanting Reservoir may have arised from land application of phosphate fertilizer, but more likely are accounted for by vehicle
exhaust. Huailai County, Yanghedaqiao and Guanting towns
are relatively large concentration hotspots for all heavy metals,
except Pb.
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