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a b s t r a c t
Concentrations of arsenic (As) were determined in soils of 5 industrial sites in an urban area of Beijing,
China. Fifty seven typical surface soils were sampled to determine total concentrations of metals, pH
and dissolved organic carbon (DOC). One hundred and eight deep soils were submitted to a four-step,
sequential extraction to assess the relative mobility and bioavailability of As in the soil proﬁles. Total concentrations of As in surface soils ranged from 5.7 to 2.3  101 mg kg 1, dw with greater concentrations
inside the perimeter of the chemical plant which had greater concentrations than did other plants.
75.4% of surface soil samples in the industrial area contained concentrations of As that were greater than
was considered to be the background concentration of 7.8 mg kg 1, dw for the region. The mean concentration (9.9 mg kg 1, dw) in the industrial soils was greater than that soils from other type of land use.
Concentrations of As were signiﬁcantly and negatively correlated with soil pH and DOC in industrial soils.
Although mean concentration of total As in the soils from all sites were less at greater depths, the entire
range from 0 to 180 cm (especially 0–80 cm) contained concentrations of As that were greater than background. Sequential extractions of soil indicated that only some surface soils had relatively great amount
of extractable fraction of As. Most soils had relatively great amount of residual As. This result suggests
that most arsenic in Beijing industrial soils should be immobile and of limited bioavailability.
Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction
It is common for urban areas in China to be extended as result of
economic development. Due to the increased demand for dwellings, industrial sites are being moved from the centers of urban
areas to suburbs. People living in communities built on As-contaminated soils are at an increased risk of cancer and other adverse
health effects even long after the source is removed because of
the immobility and accumulation of arsenic in soil. Soil contamination with a range of contaminants such as metals and metalloids
including arsenic (As), PAHs, PCBs and mineral oil affect the health
of residents, especially children (Stephens et al., 2004; Wong et al.,
2006). Thus, the contamination of industrial sites is a critical environmental issue. Beijing is the capital of China and one of the biggest urban cities in the world and different areas have become
contaminated with a wide range of chemicals. Industrial activities
in the industrialized area, located in south-east Beijing began in the
1950s and ended in 2006. One of these contaminants is relatively
* Corresponding author. Tel./fax: +86 10 62849466.
E-mail address: yllu@rcees.ac.cn (Y. Lu).

great concentrations of As have been reported to occur in the soils
and ground waters in south-east of Beijing, where most industrial
activities previously took place (Gao et al., 2004; Wang et al.,
2004).
Soils in industrial sites can be contaminated with As due to a
number of applications to which As has been put, including electro-photography, catalysts, antifouling paints, dyes and soaps,
ceramics, battery plates, optoelectronic devices, semiconductors,
pigments, insecticides, herbicides, pressure-treated wood, fossil
fuel processing and combustion, fertilizer manufacturing, compounds in wood preservatives, insecticide and pesticide production, and disposal and incineration of industrial waste and
mining of arsenic containing ores and smelting (O’Neill, 1990; National Research Council, 1999; Popovic et al., 2001). As can also be
released from high temperature processes involved in industrial
production, because fossil fuel, which contained high level of arsenic (5.6  1 1 1.6  102 mg kg 1, dw) (He et al., 2002), was
the most important energy source for industrial production in Beijing (for example, the annual coal consumption was 2.5  107 tons
in 2002). Arsenic can also come from sludge from these plants
(Wang et al., 2004). For example, at a non-ferrous metallurgical
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industrial site in Reppel, north Belgium, arsenic migrated up
to 6 m beneath the soil surface, with the most contaminated
portions occurring within the top 2 m, just above the mean water
table (Cappuyns et al., 2002). Although current concentrations of
As in the environmental rarely cause morbidity or death in the
general population, continued exposure to lesser concentrations
of As has been associated with a wide range of adverse effects
(Chang, 1996; Nadal et al., 2004). Ingesting or inhaling As-bearing
particles may result in bladder, kidney, liver, lung, and skin
cancers.
Therefore, a detailed study of surface soils and soil proﬁles of As
in Beijing industrialized area was conducted. Measuring total As is
of limited value for assessing environmental samples because the
availability, mobility, (phyto)toxicity, and potential risk of arsenic
is strongly affected by arsenic speciation (Pongratz, 1998). The
European Community Bureau of Reference (BCR) suggests the use
of a method that fractionates metals into the operationally deﬁned
phases of acid-soluble, reducible, oxidizable and residual, with the
steps targeting exchangeable and carbonate bound metals, iron
and manganese oxide/hydroxide associated metals, metals bound
to sulﬁde and organic phases, and mineral phases, respectively
(Ure et al., 1993). Because this method is more operationally effective than others proposed previously, such as that of Tessier
(Fernández et al., 2004), it was used to determine and compare
the chemical speciation of arsenic to evaluate its relative mobility
and bioavailability in soils of industrial sites.

2. Materials and methods

2.3. Fractionation and quantiﬁcation
Soils were characterized by determining the total and 4 extractable fractions of As, pH and total organic carbon (TOC). Total metals including As were quantiﬁed by use of the USEPA Method
3050B (US EPA, 1996a). Prior to analysis, stones and foreign objects
were removed by hand, and the soil samples were air-dried at
room temperature for a few days, gently crushed in an agate mortar, completely passed through a nylon sieve of 100 meshes
(0.149 mm), and then stored in glass bottles. A four-step chemical
extraction procedure was used to separate the As into different
phases that represented differential bioavailability. These included
the following sequential extractions: (0.11 M HOAc, 0.1 M NH2OH–
HCl, H2O2/1 M NH4OAc, HF/HNO3) (Ure et al., 1993). Total concentrations of metals and 4 extractable fractions of As were determined by inductively coupled plasma-mass spectrometry (ICPMS) which had a detection limit of 0.04 mg kg 1, dw in soil. The
accuracy of the instrumental methods and the analytical procedures was determined by testing certiﬁed reference materials
(GBW07427) obtained from the Center of National Standard Reference Material of China every tenth sample. Precision was estimated by use of analysis of duplicate. Mean recoveries were
between 90% and 110%. Soil pH was determined by dissolving
15 g of soil in 15 ml of deionized water, and after mixing for
24 h, pH was measured with a pH-meter. DOC,was determined
by mixing 7 g of soil with 28 ml of distilled water for 1 h, and
the mixture was centrifuged and ﬁltered through 0.45 lm ﬁlters
(Wright et al., 2005). Extracts were analyzed for DOC by use of
the persulfate oxidation using a TOC analyzer (model 7000, OI Corporation, Texas, USA).

2.1. Site description
Five representative industrial sites in the industrialized area
located approximately 1–8 km southeast of downtown Beijing
were studied. Each of these areas, denoted as A, B, C, D and E, represent different factory areas. Plant A was established in 1958 and
its main products were chemical agents, ﬂuorescent, and photosensitive materials. Plant B was established in 1956 and produced
pesticides, PVC plastic, and rubber products. Plant C was built in
1959 and its main products were coke, coal gas, ammonium-sulfate, benzene, naphthalene, and hydroxybenzene. Plants D and E
were established, respectively, in 1954 and 1956. Plant D mainly
produced pesticides, lacquer, and building and industrial paint,
while Plant E mainly produced dyestuffs, paint products, and vitriol. Because some of these factories had arsenical lye desulfurization sections, they may have deposited a large amount of arsenic
pollution in the soils. All of the plants have now been closed or
moved, and some residential communities have been or will be
established on the land. There are also other facilities in the area,
such as hospitals, schools, residential communities, restaurants,
and guesthouses. The soils in the investigated area developed
on a sandy-textured alluvial deposit and are dominated by silt
and sandy loams; the predominant soil types are typical ﬂuvial
in origin. Sampling points were selected depending on the location of production and waste treatment sectors, which took up
most of the site and were potentially important sources of
contamination.
2.2. Sample collection
Fifty seven representative surface soils and 108 deep layer soil
samples from 27 proﬁle pits were collected from ﬁve regions
(Fig. 1). A representative surface soil sample (0–10 cm deep) was
made from the 4 sub-samples collected at each sampling point.
Samples were taken from each proﬁle pit at depths of 20 cm,
80 cm, 180 cm and 400 cm.

2.4. Statistical treatment
Statistical analyses were conducted by use of Microsoft Excel
and SPSS 10.01 (SPSS Inc., USA). The distributions of concentrations
were tested to determine if they approximated the normal probability function with the Kolmogorov–Smirnov method. Concentrations of As from each site were analyzed by one way analysis of
variance (ANOVA) to determine if they were different from one another. Differences between means were tested by Turkey’s means
comparison test for Post Hoc Multiple Comparisons. A signiﬁcance
level of P < 0.05 was used throughout the study. Correlations between the measured parameters were analyzed by Pearson product-moment correlation.
3. Results and discussion
3.1. Total As in surface soils
Total concentrations of As in surface soils varied among the
industrial sites (Table 1) with mean concentrations in the following
decreasing order: A > E > C > B > D. The mean concentration of arsenic in the soils of Site A (1.4  101 mg kg 1, dw) was signiﬁcantly
(P < 0.05) greater than that at any other site and exceeded the
background value of 7.8 mg kg 1, dw. This background As concentration was based on an extensive investigation of the entire Beijing region, in which 120 soil samples were collected from areas
absent obvious sources of metals (Chen et al., 2004). Chemical
industrial enterprises like Plant A, which produced chemical agents
and ﬂuorescent and photosensitive materials, present the greatest
possibility of adverse effects among these industrial sites. It has
been reported that the greatest number of environmental accidents occurred in Plant A. There were no signiﬁcant differences
among As concentrations in the soils of Sites B, C, and D. Although
the mean As concentration (8.3 mg kg 1, dw) in soils from Site D
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Fig. 1. Sampling scheme at the industrialized urban area of Beijing, China.

Table 1
Descriptive statistics of total arsenic concentrations and mean values of pH and DOC in the surface soils
Site

No. of samples

pH

DOC (mg kg

1

)

As (mg kg
*

A
B
C
D
E
*

6
13
14
10
14

8.0
8.2
8.5
8.4
8.3

375
628
523
484
585

1

)

Mean

Median

SD

Min.

Max.

1.4  101,a
8.9bc
9.6bc
8.3bd
1.1  101,cf

1.2  101
8.4
9.7
8.0
1.1  101

4.5
2.1
2.1
1.7
3.0

1.1  101
6.6
5.7
5.7
6.4

2.3  101
1.4  101
1.3  101
1.2  101
1.7  101

For the indicated elements, those values not showing a common superscript (a, b, c, d, f) are signiﬁcantly different (P < 0.05).

was the least, it still exceeded the background value for Beijing.
Therefore, attention should be paid to industrial land, especially
to land associated with chemical, dyestuffs, and painting factories.
Concentrations of As in soils from industrial sites were compared with those in non-industrial soils in Beijing (Table 2). The total concentration of As in surface soils from the industrial area
ranged from 5.7 to 2.3  101 mg kg 1, dw. The mean concentration
of As (9.9 mg kg 1, dw) in industrial soils was greater than that

soils from other types of land use. Most (75.4%) of the soil samples
taken from the industrial area during this study contained concentrations of As that were greater than the area-wide background value (Chen et al., 2004). The median concentration of As in all soils
from the industrial areas was 9.7 mg kg 1, dw. The greater heterogeneity among samples within a location, which is captured by the
standard deviation values observed (Tables 1 and 2) suggests more
human intervention at the industrialize sites.
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Table 2
Comparison of total arsenic concentration in industrial soils with those in nonindustrial soils in Beijing
Land use

Industrial land
Vegetable plota
Paddy ﬁelda
Orchard landa
Greenbelt landa
Corn ﬁelda
a

No. of
samples

57
77
14
37
12
290

Concentration
(mg kg 1)

P

Sample above background
value of As

Mean

SD

No. of
samples

Percentage
(%)

9.9
8.6
9.4
8.2
8.8
8.2

2.9
2.5
2.4
2.9
2.2
2.2

43
44
12
19
7
157

75.4
57.1
85.7
51.4
58.3
54.1

From Chen et al. (2005).

To assess the potential for non-cancer adverse effects on humans concentrations of As in industrial soils were compared with
action, which is also the non-carcinogenic reference limit for residential soil that is thought to be safe for people living in residential
areas (21.65 mg kg 1, dw) (US EPA, 2000). There were only two
samples (3.5% of total) in our study that contained As concentrations that were in excess of the action level. While based on noncancer toxicity it was concluded that the industrialized areas
investigated could be developed for residential purposes, the carcinogenic reference limit of residential soil included in the Preliminary Remediation Goals (0.39 mg kg 1) (US EPA, 2000), was
exceeded by all of the locations studied. Concentrations of As in
all of the soils from industrial locations 14–57-fold greater than
the reference limits. Thus, while the concentrations of As observed
in the industrial soils would not be expected to cause acute toxicity, long-term exposure to the soils, under the assumptions used to
derive the reference value, suggest that these soils could pose cancer risk to human if the industrial sites were developed for residential purpose.
The US EPA-soil screening levels (SSLs) methodology (US EPA,
1996b) was applied to estimate the potential concentration of As
that could be expected to occur in a well. According to the Preliminary Remediation Goals methods, generic soil screening levels
(SSL) to protect groundwater, if DAF (dilution–attenuation factor)
values of 1.0 or 20 (US EPA, 2000) were applied the predicted concentrations in groundwater would be 1.0 mg kg 1 and 29 mg kg 1,
respectively. Since concentrations of As in soil samples from all of
the industrial sites were greater than 1 mg kg 1, but less than
29 mg kg 1, it was estimated that, although there was dilution–
attenuation between the source of arsenic and the receptor well,
the contamination source areas would not be up to about
2000 m2. These comparative conditions indirectly conﬁrm the signiﬁcant hazard for environment and human posed by arsenic in
industrial soils. The results presented here also have some implications for managing the conversion of previously used land into
land suitable for residential purposes. However, the assumptions
of the models and threshold values applied in this analysis were
protective and very conservative, if long-term exposure to soils
at the site could be minimized with restriction on use or active
remediation, the sites could still be used for some residential
purposes.
3.2. Relationships between As, pH, DOC and metals
Mobility of arsenic in surface soils is dependent on various
parameters, among which adsorption of arsenate onto soil particles
is very important. Arsenate (As5+) and arsenite (As3+) are the primary forms of inorganic arsenic in soils. Of these forms, As3+ is
the most toxic, soluble and mobile species found in the environment while arsenate mobility is quite low in acidic soils. Conversely, in alkaline soils, As in the more soluble Na-arsenate form

can be more mobile in soils. Mobility of arsenate and As3+ is a function of their adsorption, which in turn is controlled primarily by pH
(Elkhatib et al., 1984; McBride, 1994). In present study, the concentration of As in soils was negatively correlated with pH (Table 3),
implying that as pH increases, arsenic mobility increases due to releases of As under alkaline conditions (pH > 8.0) (Table 1). Therefore, the arsenic would have short residence time in the soils and
tends to move downwards, as pH increases.
DOC can also be an important factor in controlling mobility of
As in soils (Kalbitz and Wennrich, 1998). The complexation of As
by organic ligands (DOC) in natural environments prevents sorption and co-precipitation with solid-phase organics and inorganic
ligands, which may increase its mobility in aquatic and soil systems. Therefore, leaching by rainfall or snowmelt usually results
in transport over only short distances (Welch et al., 1988). In the
present study DOC was signiﬁcantly (P < 0.05) and negatively correlated with concentrations of As in soils (Table 3). This suggests
that DOC is a major controlling factor for arsenic concentration.
The relationships of arsenic with Cr, Ni, Zn, Cd, and Pb suggest that
much of the arsenic in the soils comes from the same sources.
3.3. Total As in soil proﬁles
The proﬁle of total concentrations of As decreased as a function
of depth from the top soil (Fig. 2). This result is in agreement with
the results of other studies (Cappuyns et al., 2002). There was no
statistically signiﬁcant difference in concentrations of As among
soils from 20 cm, 80 cm and 180 cm. However, mean concentrations of As at these depths were signiﬁcantly great than those at

Table 3
Rank correlation coefﬁcients for pH, DOC and metals in the soils (n = 57) of the Beijing
industrialized urban area

DOC
pH
Cr
Cu
Ni
Zn
Cd
Pb
As
*
**

DOC

pH

Cr

Cu

Ni

Zn

Cd

Pb

As

1
0.33
0.18
0.1
0.37*
0.21
0.32
0.06
0.4*

1
0.04
0.09
0.36*
0.17
0.26
0.3
0.37*

1
0.34**
0.61**
0.54**
0.31*
0.45**
0.48**

1
0.2
0.31*
0.06
0.07
0.14

1
0.32*
0.23
0.36**
0.6**

1
0.3*
0.42**
0.33*

1
0.14
0.4*

1
0.63**

1

Correlation is signiﬁcant at the 0.05 level (2-tailed).
Correlation is signiﬁcant at the 0.01 level (2-tailed).

16

A
B
C
D
E
Background level

14

Arsenic (mg kg-1)

4

12
10
8
6
4
0
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Fig. 2. Arsenic concentration proﬁles with depth from different sites.
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Table 4
Descriptive statistics of arsenic concentrations at different depths of soils in the
industrial area
Depth
(cm)
20
80
180
400

No. of
samples
27
27
27
27

Minimum
(mg kg 1)

Maximum
(mg kg 1)
1

5.7
5.3
5.6
3.7

2.3  10
2.5  101
1.8  101
1.8  101

Mean*
(mg kg

1

)

1,a

1.1  10
1.1  101,a
9.9a
8.8b

SD
(mg kg

1

)

3.5
3.6
3.1
3.7

*
For the indicated elements, those values not showing a common superscript (a, b)
are signiﬁcantly different (P < 0.05).

400 cm (Table 4). The mean concentration of As for most sites decreased dramatically below 180 cm, and, at Site A, at 400 cm below
the surface, the concentration was not signiﬁcantly different from
background (Fig. 2). Because the concentrations of As in some soils
at 0–80 cm exceeded the residential soil guideline for protection of
human health, which is 20 mg kg 1, dw, some remedial restoration
actions should be taken. Moreover, the mean concentrations of arsenic at 0–400 cm were still higher than the background concentration for most sites. The depth proﬁle of As contaminations
suggests that contamination took place at approximately 0–
400 cm and that some movement of arsenic might have occurred
down to at least 400 cm due to leaching. Although these ﬁve plants
had almost the same period of production, they had different distributions of arsenic concentration in deep soils. The fact that Site
A had the greatest number of environmental accidents may be the
reason for the great variation of arsenic concentration in the soil
proﬁle.
3.4. As speciation in soil proﬁles
Understanding the speciation of As can help assess how
strongly it is retained in soil and how easily it may be released into
soil solution. The relative amounts of arsenic in each fraction, expressed as a percentage of the cumulative total extracted from
any given soil sample, are presented (Table 5). The proportion of
HAc-soluble As was generally greater in surface horizons and de-

Table 5
Mean sequential extraction results of arsenic of industrialized urban soils at different
depths of proﬁle for different sites, given in % of total concentration
Site

Fraction

Extraction yield at different depths (%)
20 cm

80 cm

180 cm

400 cm

A

HAc-soluble
Reducible
Oxidizable
Residual

8.8(2.5)
32.3(9.7)
24.4(7.2)
34.5(1.0)

9.1(2.6)
27.9(7.9)
21.8(6.0)
41.2(1.2)

8.2(2.3)
16.2(4.1)
13.5(3.2)
62.1(1.9)

7.7(2.0)
12.1(3.0)
10.3(2.1)
69.9(2.1)

B

HAc-soluble
Reducible
Oxidizable
Residual

6.2(1.6)
16.3(3.7)
10.2(2.2)
67.3(2.5)

6.3(1.6)
15.7(3.5)
9.9(2.1)
68.1(2.4)

5.1(1.3)
10.3(2.0)
7.4(1.5)
77.2(3.8)

4.7(1.2)
15.4(3.5)
8.3(1.8)
71.6(3.5)

C

HAc-soluble
Reducible
Oxidizable
Residual

7.3(1.9)
19.9(4.9)
15.4(3.8)
57.4(1.7)

7.2(1.9)
18.7(4.5)
14.8(3.7)
59.3(1.8)

6.5(1.7)
14(3.3)
11.3(2.6)
68.2(2.0)

7.3(1.9)
19.1(4.9)
14.2(3.7)
59.4(1.8)

D

HAc-soluble
Reducible
Oxidizable
Residual

5.1(1.3)
11.4(2.4)
4.9(0.3)
78.6(3.8)

4.7(1.0)
12.6(3.0)
5(0.3)
77.7(3.8)

3(0.7)
9.7(2.0)
4.1(0.3)
83.2(4.1)

2.1(0.5)
8.4(1.7)
3.3(0.2)
86.2(4.2)

E

HAc-soluble
Reducible
Oxidizable
Residual

7.8(2.3)
23.7(6.1)
20.1(5.4)
48.4(1.5)

7.9(2.3)
24(6.2)
21.4((5.8)
46.7(1.4)

7.1(1.8)
18.6(4.7)
16.6(4.4)
57.7(1.8)

7.7(2.2)
15.2(3.7)
14.1(3.8)
63(1.9)

The values in parenthesis give the SD, for example, 5.1(1) means 5.1 ± 1.

5

creased as a function of depth. The fact that the HAc-soluble As
fraction represented a relatively small proportion of the total As
in most samples, demonstrates the relatively greater mobility
and bioavailability (especially phytotoxicity) of this fraction. Thus,
the potential pollution risk for groundwater and plants is ordered
as follows: A > E > C > B > D. This suggests that As was more mobile
in the more contaminated soils (such as Site A) than in less contaminated soils (such as Site D). These results agree with the view
that metals from anthropogenic sources are more mobile than
those from soil parent materials (Chlopecka et al., 1996). Proportions of extraction of reducible As were relatively great in most
of the soils (Table 5). The order of proportions of this fraction of
the total As was: A > E > C > B > D. The extractability of reducible
As increased with the level of soil contamination. The relative proportion of oxidizable As in soils from Site A was less than that at
Site D, which can be explained by differences in chemical characteristics among sites. The oxidizable fraction of arsenic decreased
as the depth increased. Reduction and oxidation states of As are
also important, since these properties inﬂuence the transformation
of As into bioavailable states in response to changing soil properties, such as pH. Most As was associated with the residual fraction,
which is very immobile and of limited bioavailability. The proportion of As associated with the residual fraction increased as proﬁle
depth increased, which agrees with the results of McLaren et al.
(1998). This ﬁnding indicates that the arsenic-bearing phases present in the deep soils are more stable and less biologically available.
It is common for a greater proportion of the total arsenic present in
historically polluted soils to be extracted only from the residual
fraction (Voigt et al., 1996). The greater proportion of residual As
in the top layer most likely reﬂects the original pollutant’s dry
deposition, some of which has leached down the proﬁle. Most As
in soils of Site D is relatively immobile because the largest percentage of arsenic was found in the residual fraction (78.6%). This suggests that the major presence of As is in the residual phases of less
As-contaminated soils. However, in the presence of leachate and
water, these slightly contaminated soils may dissolve, releasing
As. Regardless, the residual material represents a long-term source
of As in the environment as the minerals are slowly oxidized, especially in extremely contaminated soils.
4. Conclusion
Concentrations of As in all soils within the industrialized urban
areas were elevated relative to background concentrations determined for the Beijing metropolitan region. Concentrations of As
were particularly great in soils from the chemical plant. Some soils
at depths of 0–80 cm contained As concentrations that exceeded
the reference limit for residential soil based on carcinogenicity.
This result indicates that remedial actions will be necessary at
these sites before further development as residential areas can proceed. Soil arsenic concentrations decrease as a function of depth increases. In the industrial area, most soils between 0 cm and 180 cm
were contaminated with As. Concentrations of As in the industrial
soils were signiﬁcantly and negatively correlated with both pH and
DOC. However, based on a four-step sequential extraction procedure, we can deduce that apart from the arsenic in some surface
soils, most arsenic in the industrial soils of Beijing should pose very
limited environmental and health risk.
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