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Abstract:    We investigated migration of pollutant at the base of the Suzhou landfill after it had been operated for 13 years. The 
investigation was carried out by performing chemical analyses on the soil samples taken from the silty clay deposit. Concentra-
tions of chloride, chemical oxygen demand (COD) and the heavy metals in the soil samples were determined using the standard 
methods. The experimental data showed that the maximum migration depth of chloride was more than 10 m, while the maximum 
migration depth of COD varied between 1 and 3.5 m. It is believed that the difference is attributed to the variation in diffusion rate 
and leachate-soil interaction. The chloride profiles also indicated that advection may be the dominant contaminant transport 
mechanism at this site. The total contents of Cu, Pb and Cr are very close to the background levels and the concentration values of 
these metals mainly are lower than the threshold values specified by the Chinese soil quality standard and the European one. The 
water-extractable concentrations of COD in the surface of the silty clay generally exceed the limit value specified by the Chinese 
standard. The concentrations of copper and chromium in pore water are 1~2 orders of magnitude less than the total concentrations 
of these heavy metals within the soils, implying that heavy metals are mainly adsorbed by the soil particles. Finally, remediation 
methods were suggested for this landfill site. 
 
Key words:  Uncontrolled landfill, Field investigation, Contaminant migration, Soil contamination, Heavy metals, Organic 

contaminants, Chloride 
doi:10.1631/jzus.A0820299                     Document code:  A                    CLC number:  TU42 
 
 
INTRODUCTION 
 

Sanitary landfills are land disposal of municipal 
solid waste (MSW), adopt engineering methods and 
have the advantage of accumulating a large volume 
of MSW (Hu and Chen, 2001). In China, more than 
90% of municipal domestic wastes are accumulated 
in sanitary landfills (Zhang and Wu, 2005). Bio-
degradation of waste buried within landfill sites 
occurs as a natural process producing contaminated 

liquids known as leachate. The leachate typically 
contains high concentrations of conventional, 
non-conventional, and hazardous chemicals, such as 
biochemical oxygen demand (BOD), chemical 
oxygen demand (COD), as well as so-called ‘haz-
ardous chemicals’ including heavy metals and nu-
merous chemical compounds that may severely 
pollute the environment (Jensen et al., 1999; Chris-
tensen et al., 2001; Freyssinet et al., 2002). There-
fore, the resultant pollutant plume from the leachate 
and its transport through the soil substrate must be 
examined to determine whether it poses a threat to 
the immediate surroundings (Yong, 2001). 

The migration of the leachate constituents into 
the landfill basal liners or the natural soil deposits is 
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usually studied by field investigation, laboratory 
testing and numerical modeling (Rowe et al., 2004; 
Du et al., 2004; 2005; Chen et al., 2006). Several 
researchers have reported the field investigation of 
migration of contaminants from solid waste landfills 
through both natural and compacted clay (Goodall 
and Quigley, 1977; King et al., 1993; Munro et al., 
1997; Lake and Rowe, 2005). The leachate level 
within the studied landfills is always kept below a 
specific height (e.g., a height of 30 cm as regulated 
by USEPA (1993)). Thus, the low hydraulic con-
ductivity (<1×10−9 m/s) natural clay deposits or 
compacted clay liners minimize the advective flux of 
contaminants through the clay resulting in diffusion 
becoming the dominant contaminant transport 
mechanism. However, at present, thousands of open 
dumps or uncontrolled landfills in Asia are generally 
lacking effective facilities for water management 
and leachate control (Karthikeyan et al., 2007; Swati 
et al., 2007; Sharholy et al., 2008). Thus, the 
leachate mound within the landfills as well as the 
leachate generation rate is quite high, particularly in 
humid regions (e.g., Southeast Asia) (Karthikeyan et 
al., 2007). Indeed, little field investigation has been 
carried out on the migration of the leachate con-
stituents from these uncontrolled landfills into the 
underlying soils. 

This study presented a field and laboratory in-
vestigation on the vertical and lateral migration of 
leachate pollutants from an unlined landfill which 
had been operated for 13 years. The main objective 
of this study is to: (1) investigate how deep the pol-
lutants had penetrated into the soil layer over 13 
years of landfill operation; (2) assess the background 
concentrations in the soil and determine the impact 
of contamination on the subsurface; and (3) ap-
proximately estimate the mobility of the heavy met-
als in the soil deposits. The field data presented here 
can be used to verify analytical models or more 
complex numerical models developed for solute 
transport through soils. The investigation results 
may also provide a guide for choosing effective and 
cost-effective remediation methods for the landfill 
site. Furthermore, the data reported in this study are 
necessary to predict further contamination trends 
under various conditions. 

 

MATERIALS AND METHODS 
 
Site investigation 

The Suzhou Qizishan landfill (120°37′ E, 31°18′ 
N) is located about 13 km southeast of Suzhou City in 
China. The landfill layout is shown in Fig.1. The site is 
about 2 km from the nearby river (the Xu River). 
Landfill operations began at Qizishan in July, 1993 
and it is expected to receive wastes for at least 15 years. 
At the time of this study, the landfill was receiving 
approximately 1600 t/d of MSW, which represents 
about 60% of the output originating from Suzhou, a 
city with a population of over 6.24 million. In March, 
2006 Qizishan contained 4.5×106 t of waste that was 
compacted to an approximate density of 1.1 t/m3. 
Fig.2 shows the main cross section of the landfill 
(A-A′ profile in Fig.1) as of April, 2006, when the 
field investigation was carried out. As shown in Fig.2, 
neither bottom liners nor leachate collection systems 
were constructed for the landfill. An injected grout 
curtain was installed under the retaining wall of the 
leachate pond to limit downstream movement of 
leachate (Zhan et al., 2008). The hydraulic conduc-
tivity of the wall was designed to be 1.0×10−6 cm/s. 
The grout curtain was made to extend to the underly-
ing fresh rock (with a hydraulic conductivity less than 
1.0×10−6 cm/s). The grout curtain and the fresh rock 
were expected to constitute a closed barrier system 
against the leachate in the landfill. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1  Location and layout of the Suzhou Qizishan landfill
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        The soil profile of the site typically consists of a 
surface layer of gravelly silty clay underlain by a 
gravel stratum. Below the gravel layer is a stratum of 
fully weathered quartzy sandstone underlain by a 
layer of weakly weathered quartzy sandstone and an 
unweathered quartzy sandstone, as shown in Fig.2. 
The average hydraulic conductivity of the gravel layer, 
fully weathered quartzy sandstone, weakly weathered 
quartzy sandstone, and unweathered quartzy sand-
stone are 1.6×10−3, 3.5×10−4, 1.1×10−4, and 1.3×10−7 
cm/s, respectively. 

The landfill is directly founded on the silty clay 
layer. The thickness of this layer is estimated to vary 
from 0 to 20 m across the site. Ten soil samples were 
analyzed with respect to their mineralogical compo-
sition and their soil mechanics properties, as pre-
sented in Table 1. Atterberg limit tests indicated that 
the silty clay had an average liquid limit of 35.2% and 
an average plastic limit of 20.8%. The average mois-
ture content of the soils was determined to be 25% 
and the porosity on average was 0.41. The average 
value of the silty clay hydraulic conductivity (meas-
ured using flexible wall hydraulic conductivity tests) 
was about 1.1×10−6 cm/s. The pH value was deter-
mined in a 1:5 (w:v) soil:de-ionized water slurry. The 
soils were slightly acidic with a pH value of 6.0. X-ray 
diffraction traces of the silty clay samples identified  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
quartz as the primary mineral constituent with lesser 
proportions of albite, clinochlore and muscovite. The 
cation exchange capacity (CEC) was 9.1 meq/100 g.  
 
Soil sampling 

As shown in Fig.1, six boreholes (BH1 to BH6) 
were drilled to the silty clay deposits to take the soil 
samples. Four of the boreholes (BH1 to BH4) on the 
upstream were drilled down to the bottom of the 
landfill, and then entered the underlying silty clay 
layer to the depths of 3.9, 1.9, 1.95, and 10.35 m, 

Table 1  Mineralogical and chemical data for the silty clay
 

Parameter Mean 
Property  

Porosity 0.41 
Liquid limit (%)  35.2 
Plastic limit (%) 20.8 
Moisture content (%) 25 
Wet unit weight (kN/m3) 19.8 
Hydraulic conductivity (cm/s) 1.1×10−6 

pH (soil-water ratio: 1:5 (w/v))  6.0 
Mineralogy (<74 μm)  

Quartz 59.6% 
Albite 15.3% 
Clinochlore 5.7% 
Muscovite 19.4% 
Cation exchange capacity 9.1 meq/100 g 

Fig.2  A-A′ cross section of the boreholes beneath the landfill site (Zhan et al., 2008) 



Xie et al. / J Zhejiang Univ Sci A  2009 10(3):439-449 442

respectively (Fig.2). The drilling was performed 
without the introduction of drilling mud and liquids. 
A system of steel casings was installed in each bore-
hole to avoid the contamination of the soil samples by 
the leachate in the boreholes. Continuous sampling 
was carried out within the silty clay layer in the four 
boreholes (BH1 to BH4). The other two boreholes on 
the downstream (i.e., BH5 and BH6) were drilled to 
depths of 6 and 20 m, respectively. Soil sampling in 
these two boreholes were executed at a spacing of 2 m. 
It is believed that the soil samples taken from BH5 
and BH6 were free from leachate contamination, at 
least at the deep soil layer.  

All soil samples recovered from the boreholes 
were waxed and packed in ice at the end of each day. 
Following the method described by Crooks and 
Quigley (1984), the soil samples were stored at 10 °C 
in the laboratory, and chemical analyses were carried 
out within 3 weeks of the completion of the field work. 
Leachate samples were also collected from the 
leachate pond, and were stored at 4 °C in the labora-
tory. The samples were of high quality and are be-
lieved to be representative of the in situ condition. 
 
Chemical analysis 

The chemical analysis was carried out to deter-
mine the concentrations of chloride, COD, copper, 
lead and chromium in the soil samples. Chloride (Cl−) 
was chosen to represent the inorganic contaminants in 
the leachate for the reason that it is not easily adsorbed 
by soil, difficult to decompose, and easy to measure 
(Kjeldsen, 1986; Chen and Wang, 1997). Another 
reason is that the leachate generally contains a high 
chloride concentration (e.g., 3638 mg/L for this site). 
The chemical oxygen demand (COD) represented the 
organic matter of the contaminants from the leachate. 
In addition, three common heavy metals, namely, 
copper, lead and chromium represented the heavy 
metals in the leachate. The reason for choosing these 
three metals is that their concentration values are rela-
tively high in the leachate than the others (Table 2). 

All reagents used in the experimental techniques 
described below were reagent grade for the analysis. 
Chinese standard solutions of Cu, Cr and Pb, and 
Chinese mineral standards (total digestion) were used 
to calibrate the quality of the obtained results by an 
inductively coupled plasma (ICP) atomic emission 
spectrometer (Varian Liberty 100, USA). Quality  

 
 
 
 
 
 
 
 
 
 
 

assurance and quality control procedures also in-
cluded duplicates, blanks an sample spies. Approxi-
mately 20% of the samples were digested and spiked 
in duplicate to assess the precision and accuracy of 
the analytical procedures. Excellent agreement was 
obtained in the measured values of the five contami-
nants and the precision of the technique was in the 
range of 1.5%~1.9%. The statistical package used 
throughout this study was SPSS11.0. 
 
Determination of pore water concentrations 

Pore water was extracted from the soil samples 
by the method described by Ohtsubo et al.(1995) and 
Du et al.(2005). An ion chromatograph was used to 
determine chloride concentrations, while an ICP 
atomic emission spectrometer was used for metals. 
COD concentration of the extract was determined 
using the method of dichromate described by NSPRC 
(1989).  
 
Determination of total heavy metals 

The total contents of Cu, Pb and Cr in the soil 
samples were determined following the methods 
described by NSPRC (1997a; 1997b). The air dried 
bulk soil was pulverized and a 2 g sample was suc-
cessively digested at 160 °C in a 100 ml Teflon 
beaker with 15 ml concentrated HNO3, 10 ml HClO4, 
and 10 ml HF. The final residue was dissolved in 1 
mol/L HCl and made up to 10 ml of solution. The 
solution was then centrifuged at 3000 r/min for 30 
min and Cr, Cu and Pb were analyzed on the clear 
supernatant by a Varian Liberty 100 ICP atomic 
emission spectrometer.  

 
Determination of water-extractable concentration 

The water-extractable concentrations of COD 
were determined following the methods recom-

Table 2  Physicochemical characteristics of leachate 
from the landfill 

Parameter Mean Parameter Mean 
Cl− (mg/L) 3638 Cd (mg/L) 0.004 
SO4

2− (mg/L) 15 Zn (mg/L) 0.03 
K+ (mg/L) 1666 Hg (mg/L) <0.001
Na+ (mg/L) 2080 COD (mg/L) 20 400
Cu (mg/L) 0.16 BOD (mg/L) 8800 
Pb (mg/L) 0.08 pH 8.0 
Cr (mg/L) 0.29   



Xie et al. / J Zhejiang Univ Sci A  2009 10(3):439-449 443

mended by NSPRC (1997c). 100 g prepared air-dried 
soil sample together with 1 L de-ionized water were 
placed into a 2 L Erlenmeyer flask. Then the flask 
was top sealed and placed in an end-over-end rotary 
mixer and shaken at 29 r/min for 8 h. After 16 h of 
stewing, the supernatant was filtered through a 
0.45-μm membrane filter. The filtrates were then 
analyzed for COD using the method of dichromate 
(NSPRC, 1989). 
 
 
RESULTS AND DISCUSSION 
 
Contaminant concentration in the leachate 

The physicochemical parameters of the leachate 
from the landfill site are shown in Table 2. It can be 
seen that the concentrations of the heavy metals in the 
leachate are much lower than those of COD, BOD, 
chloride, and sodium. The concentration of COD in 
the leachate was 20 400 mg/L, the concentrations of 
chloride and sodium being 8800, 3638, 2080 mg/L, 
respectively,, and the concentrations of heavy metals 
ranging from 10−3 to 10−1 mg/L. The relatively high 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

values of COD, BOD and chloride may be caused by 
the higher content of organic matter in the MSWs in 
China as compared to that in the developed countries 
(Kruempelbeck and Ehrig, 1999; Bonaparte et al., 
2002). 
 
Background values of the contaminants 

Fig.3 shows the vertical distributions of the five 
contaminants (i.e., chloride, COD, copper, lead, and 
chromium), which were determined from the soil 
samples taken from BH5 and BH6. Note that the 
concentrations of COD and chloride measured from 
the soil samples is about 1~2 orders lower than those 
measured from the leachate. The concentration of Cl− 
in pore water for BH5 is 3~10 times greater than that 
for BH6. This is because BH5 is much closer to the 
leachate pond and the grout curtain than BH6, and the 
soils are more readily contaminated by the leachate. 

In the upper 10 m of the soil layer, the concen-
tration values of the contaminants show a decreasing 
trend with the increasing depth. However, the con-
centration values below a depth of 10 m basically do 
not vary significantly. The result indicates that the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3  Vertical distribution of contaminant concentration in soil samples obtained from BH5 and BH6. (a) Chloride
concentration in the pore water; (b) COD concentration in the pore water; (c) Total content of Cu; (d) Total content of
Pb; (e) Total content of Cr 
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background values of the contaminant in the silty clay 
layer can be deduced from the data corresponding to 
depths greater than 10 m. The deduced background 
values in the natural clay layer are: COD, 1030 mg/L; 
chloride, 30 mg/L; copper, 25.3 mg/kg; lead, 29.9 
mg/kg, and chromium, 51.3 mg/kg. 
 
Vertical distribution of the five contaminants at 
the base of the landfill 

Fig.4 shows the vertical distribution of chloride 
concentration, which was obtained from the four 
boreholes inside the landfill (i.e., BH1 to BH4). For 
the purpose of comparison, the background value of 
chloride for the site is also shown in Fig.4. It can be 
seen that the chloride concentration is generally 
greater than 1000 mg/L, which is much higher than 
the background value (30 mg/L). It is unexpected that 
the chloride concentration does not change signifi-
cantly with the depth, even for a borehole extended to 
a depth of 10 m. The vertical distribution of chloride 
does appear to be an advection profile. These results 
seem to be inconsistent with those obtained by the 
other researchers (Johnson et al., 1989; Kugler et al., 
2002). The result implies that the chloride in the 
leachate had transported to a depth greater than 10 m 
after 13 years of landfilling operations. The deep 
migration of chloride may be related to the high 
leachate mound (10~20 m) existing on the base of the 
landfill (Zhan et al., 2008). Another reason may be 
that chloride is a non-reactive solute, thereby mi-
grating faster than other contaminants such as organic 
contaminant and heavy metal. 

Fig.5 shows the vertical distribution of COD 
concentration at the base of the landfill. The COD 
concentration generally shows a decreasing trend with 
the increasing depth in the four boreholes (BH1 to 
BH4). At the shallow depth, the COD concentration is 
significantly greater than the background value. 
However, the COD concentration decreases quickly 
and approaches the background value within a depth 
of 3 m for the three boreholes (BH2 to BH4). The 
COD in BH1 seemed to transport to a greater depth 
than that in the other three locations. The above re-
sults show that the organic contaminant tends to be 
retained in a relatively narrow band at the base of the 
landfill. As far as the data obtained from the three 
boreholes (BH2 to BH4) are concerned, the maxi-
mum thickness of the organic-rich band is in the order 
of 3 m. In other words, COD had transported into the 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
underlying soil at a depth of up to 3 m. The finding is 
in agreement with the result obtained by Ahle et 
al.(1998). 

It is obvious that the transport distance of COD is 
significantly less than that of chloride. The difference 
may be attributed to the following factors. First, the 
silty clay has a greater adsorption capacity for COD 
than for chloride; Second, the transport rate of COD is 
always much slower than that of chloride (Hrapovic 
and Rowe, 2002); Finally, it is noticed that the back-
ground value of COD is approximately 10%~20% of 
the concentrations measured at the shallow depth, 
while the background value of chloride is about  

 

 

Fig.4  Vertical distribution of chloride in the silty clay
beneath the landfill site after 13 years of operation. (a)
BH1; (b) BH2; (c) BH3; (d) BH4. The dashed line
means the background value of Cl−=30 mg/L 

D
ep

th
 (m

) 

Cl− (mg/L) 

0

−1

−2

−3

−4
0

−0.5

−1.0

−1.5

−2.0
0

−0.25

−0.50

−0.75

−1.00

−1.25
0

−2

−4

−6

−8

−10

 

 

 

 
 

 

 

101                     102                    103                    104

(a)

(b)

(c)

(d)



Xie et al. / J Zhejiang Univ Sci A  2009 10(3):439-449 445

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

1%~5% of the concentrations measured at the shallow 
depth. The finding is consistent with the earlier reports 
by Goodall and Quigley (1977) and Munro et 
al.(1997).  

Fig.6 shows vertical distribution of the total 
content of three heavy metals (lead, copper, and 
chromium), which were obtained from the four 
boreholes inside the landfill (i.e., BH1 to BH4). The 
total contents of the three heavy metals follow the 
order: Cr>Pb>Cu. For each of the heavy metals, the 
total content at the shallow depth is generally greater 
than the corresponding background value for the site. 

However, the maximal discrepancy in the two con-
centration values is less than 40%. For example, the 
maximum content of chromium for BH1 is 75 mg/kg 
compared to the background value of 50 mg/kg. The 
contamination levels for lead and chromium seem to 
be greater than that of copper. It also seems that lead 
and chromium had transported to a greater depth in 
comparison with copper. One possible reason for the 
difference is that the clay minerals in the soil samples 
have the greatest adsorption capacity with respect to 
copper. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Fig.5  Vertical distribution of COD in the silty clay
beneath the landfill site after 13 years of operation. (a)
BH1; (b) BH2; (c) BH3; (d) BH4. The dashed line
means the background value of COD=1030 mg/L 
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Fig.6  Vertical distribution of total heavy metal con-
tent in soil samples beneath the landfill site. (a) BH1; 
(b) BH2; (c) BH3; (d) BH4. The dashed lines from the 
left to the right mean the background values of 25.3 
mg/kg, 29.9 mg/kg, and 51.3 mg/kg 



Xie et al. / J Zhejiang Univ Sci A  2009 10(3):439-449 446

Comparisons of the contaminant concentrations 
with the limit values 

High toxicity was observed in leachate from 
landfills receiving MSW (Schrab et al., 1993). Based 
on multiple genotoxicity tests of leachate from MSW 
landfills, Schrab et al.(1993) found that three of four 
tested samples exerted genetic toxicity. The experi-
ment results of Helma et al.(1996) showed that land-
fill leachates had higher genotoxic potency than ef-
fluents from pulp production and wastewater. 
Moreover, risk calculations indicated that MSW 
leachates may present as great a cancer risk as those 
from co-disposal and industrial solid waste landfills 
(Schrab et al., 1993). Therefore, high attention should 
be directed to the toxic leachate constituents, which 
may migrate into soil and groundwater and pose a 
health risk to humans via food chain contamination 
(Bruder-Hubscher et al., 2002). 

In this subsection, the contaminant concentra-
tions measured from the top 3 m soil layer beneath the 
landfill were compared with the soil quality standards 
to assess the extent of soil contamination at this site. 
The allowable values of the contaminants for the 
Chinese and European standards are also stated in 
Table 3. The allowable values of heavy metals are 
obtained from soil environmental quality of China 
(NSPRC, 1995) and the European Union soil quality 
standards (Marzougui and Mammou, 2006), while the 
allowable value of COD is obtained from the Profes-
sion Standard of Environmental Protection of China 
(PSEPPRC, 2005). 

It can be seen that the concentrations of chromium 
and copper do not exceed the allowable values regu-
lated in Chinese standards, even at the shallow depth. 
The concentration of lead exceeds the first-level 
standard value of NSPRC (1995) only at the shallow 
depth. It can also be seen that the concentrations for all 
the three heavy metals are less than the allowable 
values regulated by the European standard (Mar-
zougui and Mammou, 2006). The above comparison 
indicates that unallowable soil contamination with 
respect to heavy metals occurred only at the shallow 
depth beneath the bottom of the landfill. The result is 
consistent with those reported by Yanful et al.(1988) 
and Marzougui and Mammou (2006). The above 
finding is understandable because the concentrations 
of the heavy metals in the leachate were much lower 
than those of chloride and COD. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The water-extractable concentration of COD 

measured from the top 0.2 m soil layer generally 
exceeds the allowable value, 60 mg/L, specified in 
HJ85-2005 (PSEPPRC, 2005). The concentration of 
COD for BH1 is significantly greater than the al-
lowable value down to a depth of 0.4 m, and keeps 
above the allowable level down to a depth of 2.2 m. It 
is also noted that the maximum concentration of COD 
in the two boreholes downstream of the grout curtain 
(i.e., BH5 and BH6) is close to the allowable value. 
The result indicates that the surfacial soil downstream 
of the grout curtain had been contaminated by the 
leachate. The surface contamination may be caused 
by occasional overflow of leachate from the leachate 
pond. Further studies should be performed to assess 
the extent of soil contamination caused by the 
leachate. 
 
Comparisons between pore water concentration 
and total content for the heavy metals 

In addition, to analyze the mobility of heavy 
metals retained within the sample, determinations of 
heavy metal in the pore water are required. This type 

Table 3  Pb, Cu, Cr, and COD concentrations in the 
soils with depths of 0~3 m compared to the specified 
threshold values 
 

 Depth 
(m) 

Cu 
(mg/kg)

Pb 
(mg/kg) 

Cr 
(mg/kg) 

COD 
(mg/L)

0~0.2 27.2 27.5 67.8 347
0.2~0.4 19.4 39.8 76.3 176BH1
2.0~2.2 28.6 26.1 64.7 69 
0~0.2 20.8 23.0 60.5 125

0.45~0.65 13.9 58.9 52.6 16 BH2
1.7~1.9 17.0 19.9 48.8 74 
0~0.2 25.3 37.4 54.0 152.5

0.5~0.7 21.1 35.8 41.7 28 BH3
0.9~1.1 22.6 26.4 46.6 46 
0~0.2 20.1 33.6 66.3 134.5

BH4
2.6~2.8 20.1 35.2 72.6 16 
0~0.2 29.1 39.0 69.4 62 

BH5
1.0~1.2 30.5 18.4 41.2 34 

0 27.6 35.0 62.5 58 
BH6

2 20.4 28.0 67.2 30 
A  35 35 90 − 
B  30~60 50~100 50~100 − 
C  − − − 60 

A: Chinese soil quality standard (first-level values); B: European 
soil quality standard; C: Chinese professional standard 
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of information is useful not only in determining the 
kinds of soil materials to be used in soil-engineered 
barriers, but also in assessing the environmental mo-
bility of these kinds of inorganic pollutants (Yong, 
2001). We can also develop strategies for remediation, 
based on the knowledge of the distribution of the 
heavy metal pollutants (Mulligan et al., 2001).  

The metals concentration profiles in the pore 
water together with the total content of the metals are 
shown in Fig.7. The data about Pb concentrations in 
the pore water were not given in the figure for the 
reason that the value is significantly lower (<0.05 
mg/kg). Results indicate that both Cr and Cu are 
minimal quantities in the pore water, with Pb being 
almost zero throughout the length of the sample. It 
can also be seen that the copper and chromium con-
centrations in pore water are 1~2 orders of magnitude  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

less than the total concentrations of these heavy met-
als within the soils. For example, as shown in Fig.7a, 
the chromium concentration in pore water is ap-
proximately 2 orders of magnitude less than the total 
content of this metal in the soils. Similarly, the copper 
concentration in pore water is approximately 1.6 
orders of magnitude less than the total copper in the 
soils (Fig.7b). It is argued that the heavy metals are 
mainly adsorbed by the soil particles and that the 
heavy metals in the pore water can be neglected. 

 
 
CONCLUSION 
 

Contaminant profiles below the Suzhou Qizishan 
landfill site have been established by measuring the 
concentrations of COD, chloride and heavy metals in 
the soil samples obtained from the Shelby tubes. 
Specific conclusions drawn from the site are as 
follows: 

(1) The maximum depth of migration of chloride 
was beyond the depths at each of the boreholes, while 
the migration distance of COD varied between 1~3.5 
m for the four boreholes (BH1~BH4) due to be 
caused by variations in diffusion rates and 
leachate-soil interaction such as adsorption. The 
chloride distribution profiles also indicate that ad-
vective transport may be the dominant mechanism 
controlling solute transport through the underlying 
soils. Though the maximum migration distances of 
lead and chromium reached 10 and 8 m, respectively, 
the concentration values of the total Cu, Pb and Cr are 
very close to the natural geological background 
levels.  

(2) The total contents of the heavy metals are 
mainly lower than the limit values given by the Chi-
nese soil quality standard and the European one, 
suggesting that soils below the landfill had been 
slightly contaminated by the heavy metals. The water- 
extractable concentration values of COD in the sur-
face of the soils are generally larger than the limit 
values, indicating that the surfacial soil downstream 
of the site had been contaminated by the pollutants. 
Results also show that the copper and chromium 
concentrations in pore water are 1~2 orders of mag-
nitudes less than the total concentrations of these 
heavy metals within the soils, indicating that the 
heavy metals are mainly adsorbed by the soil particles 
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Fig.7  Comparisons between pore water and total
content of the heavy metals in soil samples beneath the
waste. (a) BH1; (b) BH2; (c) BH3 
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and that the heavy metals in the pore water can be 
neglected. 

(3) Retro-fitted measures should be taken to 
lower the high leachate level and control the leachate 
generation rate. For example, the installing of pump-
ing vertical walls is suggested to lower the leachate 
level within the landfill and an impermeable clay 
layer should be provided for the landfill cover system 
to decrease the amount of the leachate generated in 
the landfill. Finally, it is recommended that more 
effective vertical barrier walls (lower hydraulic con-
ductivity and larger thickness) should be constructed 
for further preventing the leachate escape. 
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