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Abstract
The risk of heavy metal contamination of infiltrated water and underground soil on a permeable brick paving system was
investigated. The paving system was constructed as a frame structure base on top of a 1.0-m-thick clay layer with permeable
ceramic brick at the surface. The concentrations of heavy metals (Zn, Cu, and Pb) in infiltrated water and soil at different
underground depths under the paving system were measured. Speciation rates of Zn, Cu, and Pb at different clay depths were
further determined to ascertain the probability of downward migration of the unstable forms. The results showed reduced risk of
infiltrated water pollution by heavy metals due to underground soil acting as an effective trap. However, topsoil was more
susceptible to heavy metal pollution, with the different pollution soil depths of Cu, Zn, and Pb mainly attributed to the different
binding abilities between the heavy metals and soil. Soil Cu and Zn remained relatively stable, whereas there was a potentially
high risk of Pb migration. The study found that topsoil could accumulate non-degradable heavy metals to unacceptable levels
over a period of 30 years and that topsoil should therefore be replaced after 30 years to reduce the risk of soil pollution. This study
fills a knowledge gap by both determining the risks of heavy metal pollution to underground soil and infiltrated water and
exploring effective ways to reduce heavy metal pollution.
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Introduction

Rainfall runoff in urban areas has been identified as a major
non-point source of pollutants such as nutrients, organics,
sediments, and heavy metals (Ma et al. 2018). Low impact
development technologies (LIDs) currently being employed
to address urban rainwater challenges have proven to be ef-
fective in controlling rainwater runoff (Bai et al. 2019).

LID facilities such as constructed wetlands (Li et al.
2017a), rain gardens (de Macedo et al. 2019), grass swales

(Gavrić et al. 2019), and permeable pavement (Brattebo and
Booth 2003) seek to reduce the volume of runoff by increasing
the permeability of the existing soil. These infiltration prac-
tices promote groundwater recharge and reduce runoff peak
flows and volumes, with a secondary benefit being a reduction
in the transport of non-point source pollutants. However, an
emerging concern is whether these systems are resulting in the
infiltration of pollutants present in rainwater to groundwater
and underground soil (Li et al. 2019). Pitt et al. (1999) in a
review of the potential for rainwater infiltration practices to
contaminate groundwater found that nitrate had a low to mod-
erate groundwater contamination potential, whereas heavy
metals had moderate to high groundwater contamination po-
tentials. Dechesne et al. (2005) in a long-term study of the
evolution of soil pollution in four infiltration basins found a
high degree of pollution of the topsoil layer, with the main
pollutants being heavy metals and hydrocarbons. A research
reported that the concentrations of a range of metals detected
from urban road runoff near residential area and parking lot
were Cu 0.27–0.5 mg/L, Zn 0.38–1.27 mg/L, and Pb 0.23–
0.25 mg/L, respectively (Herngren et al. 2006). The concen-
trations were relatively high compared with the natural water.
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The heavy metals have properties that distinguish them
from other potential pollutants. First, even though there are
some natural background concentrations for some heavy
metals, much higher concentrations of heavy metals in the
environment result from human activities such as industry
and mining (Liu et al. 2018). Second, heavy metals do not
degrade easily in the soil, resulting in accumulation over time
(Aryal et al. 2006). Third, accumulated metals in the topsoil
will migrate downward under the influence of hydraulic load
andmay eventually pollute groundwater and underground soil
(Mikkelsen et al. 1997; Barraud 1999). Narain (2014) showed
that heavy metals were more likely to enter groundwater from
infiltration systems. Jin et al. (2017) in a study of the effect of
permeable pavements on groundwater quality identified a risk
of groundwater pollution, especially by the heavy metals Cr
and Pb. Winiarski et al. (2006) reported high soil concentra-
tions of heavy metals at a depth of 1.5 m due to the infiltration
of rainwater-runoff originating from an industrial area.

Among the LID technologies, permeable brick pavement
system (PPS) has poor pollutant removal efficiency compared
to bioretention or grass swales due to the lack of plant uptake
(Hager et al. 2019). This infiltration-based technology com-
prises structural layers of relatively high porosity to allow
infiltration of rainwater to the underlying soil and eventually
to a drainage system. Among the LID technologies, PPS is
therefore more likely to result in the pollution of groundwater
and soil due to its poor pollutant removal efficiency. For pave-
ments constructed of water-permeable brick, China’s technical
regulations specify either a minimum distance between the top
surface of the soil and the groundwater level of 1.0 m (CJJ/T
188–2012) or the construction of additional road drainage
facilities, which obviously reduce the practicality of PPS.
Groundwater levels are relatively high in the southern part
of Jiangsu, China, resulting in a shorter distance between the
bottom of the PPS and groundwater. The absence of extra road
drainage facilities for PPS combined with extreme rainfall
during the rainy season could aggravate groundwater and soil
pollution. Pb, Zn, and Cu are the primary heavy metals of
concern in urban rainwater runoff (Weiss et al. 2006), and
the risk of these heavy metals infiltrating groundwater and soil
cannot be ignored. Therefore, the study of the contamination
of groundwater and soil by these three heavy metals is of great
importance.

In the present study, a permeable brick paving system was
constructed, with the surface layer comprising permeable ce-
ramic brick and the base comprising a well-shaped frame of
typical Chinese characteristics on top of a 1.0-m-thick clay
layer. To investigate the potential risk of heavy metals infil-
trating groundwater, the concentrations of Cu, Zn, and Pb in
infiltrated water at different underground depths were mea-
sured. The risk to soil was investigated by measuring the con-
centrations and speciation of heavy metals at different clay
depths. Measures to improve the pollutant retaining features

of PPS were investigated such as adjusting the types of fillers
used inside the frame structure, and potential pollution period
was estimated based on the experimental results. The present
study fills a knowledge gap by both determining the risks of
heavy metal pollution to underground soil and infiltrated wa-
ter within the use of PPS and exploring effective ways to
reduce heavy metal pollution.

Materials and methods

Experimental setup

The PPS test device is shown in Fig. 1. The dimensions of the
device were 0.8 m × 0.8 m × 1.5 m. A total of 16 permeable
bricks measuring 20 cm × 20 cm × 5.0 cm were placed in
close proximity. Leving layer was coarse sand with diameter
0.5–1.0 mm, base layer was a frame structure while cusion
layer was gravel with diameter 15–20 mm. A total of six 10-
mm diameter outlet pipes were set, from top to bottom, at
heights of 0 cm, 20 cm, 40 cm, 60 cm, 80 cm, and 100 cm
from the top of the clay layer. An overflow pipe with a diam-
eter of 10 mm was set at the top of the device.

The prepared rainwater was pulled upward by a water
pump and evenly distributed over the top surface area of the
PPS by a rotating water distributor. The rainwater was sam-
pled after passing through the ceramic permeable brick and
the paving system. In addition, during the period of a stable
outflow from the outlet pipe of the pavement, samples were
taken every 10 min for a total of 2 h. Water samples were
collected using sterilized 500-mL polyethylene sampling bot-
tles and all samples were measured within 48 h.

Materials

Pervious brick

Ceramic permeable bricks measuring 20 cm × 20 cm × 5.5 cm
were purchased from Youbang (Yi xing, China) Building
Materials Co., Ltd. The main properties of the ceramic bricks,
including splitting tensile strength, permeability coefficient,
frost resistance, slip resistance, and porosity, met the require-
ments of the Chinese national standard for permeable paving
bricks and permeable paving flags (GB/T 25993-2010). The
main properties and chemical composition of the bricks are
shown in Table 1 and Table 2, respectively.

Base layer

The base layer employed a well-shaped frame structure with a
symmetrical shape measuring 40 cm × 40 cm × 25 cm with a
spare ratio of approximately 40%, which contained the fillers
with diameters of 3–5 cm. Volcanic rock, coal slag, iron
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filings, and gravel (Fig. 2) were selected as fillers to determine
their effect on reducing the contamination of infiltrated water
in the test device, and in the current study, the systems con-
taining the four fillers are referred to as the VC, CS, IF, and G
facilities, respectively.

Clay layer

Silty clay was collected from the campus of Nanjing Forestry
University. All clays used retained their original properties
during storage prior to use in the experiment. The clays were
subject to compaction during addition to the test device to
ensure a permeability coefficient consistent with that of soil
of approximately 10−6 cm s−1. Furthermore, a blank test was
carried out on the clay layer using clean water to eliminate the
influence of soil background concentrations of heavy metals.
The experiment indicated that up to 3.51 mg L−1 of total
nitrogen (TN) was dissolved from the soil whereas other pol-
lutants were not detected.

Simulated rainfall

As the experimental rainfall condition, the test replicated the
2-h rainfall duration and 5-year repetition period in Nanjing,
as shown in Fig. 3.

According to the existing monitoring rainwater data aside
an urban road, the concentrations of the heavy metals Cu, Zn,
and Pb in the artificially prepared rainwater were 0.4 mg L−1,

0.6 mg L−1, and 0.5 mg L−1. Concentrations of the other pol-
lutants in the rainwater were TSS 370 mg/L, pH 7.22, COD
250 mg L−1, TN 11.4 mg L−1, and TP 1.71 mg L−1,
respectively.

Test methods

A continuous experiment was conducted at the frequen-
cy of weekly rainfall for a total duration of 1.5 years,
during which time the quality of water infiltrating the
different clay layers was measured. At the end of the
experiment, soil samples were collected from the differ-
ent clay layers for the measurement of the concentra-
tions and distribution of heavy metals. The background
concentrations of heavy metals in the original soil sam-
ples were also measured to determine the changes in the
concentration of heavy metals over the experiment
duration.

Concentrations of Zn, Cu, and Pb in infiltrated water were
determined as according to the Chinese National Standard
Methods by atomic absorption spectrophotometry .

Crude soil samples were freeze-dried, finely ground, ho-
mogenized, and sieved (100mesh). The prepared sample (1 g)
was digested with mixed acid (9 mL HCl, 3 mL HNO3) in a
microwave digester. Then, the exchangeable (S1), carbonate-
bound (S2), iron-manganese oxide-bound (S3), organic-
bound (S4), and residual-bound fraction (S5) solution of
heavymetals were acquired step by step using Tessier method,

Fig. 1 Schematic of the device

Table 1 The main properties of ceramic permeable brick

Index Splitting tensile strength (MPa) Permeability coefficient (cm s−1) Frost resistance (%) BNP Porosity (%)

GB/T25993-2010 Average value ≥ 4.5 Minimum value ≥ 3.4 ≥ 2.0 × 10−2 Strength loss rate ≤ 20 ≥ 65 ≥ 15
Ceramic brick 5.3 4.7 3.1 × 10−2 4 89 24.82

BPN British Pendulum Number
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and the concentrations of Zn, Cu, and Pb were detected by
atomic absorption spectrophotometry.

Scanning electron microscope (SEM) analyses were exam-
ined on a Quanta 200 scanning electron microscope at an
accelerating voltage of 20 kV; energy-dispersive X-ray spec-
troscopy (EDS) analyses were conducted using TN-5502 X-
ray energy dispersive spectrum.

Results and discussion

Characterization of the fillers

Scanning electron microscope (SEM) micrographs of the
fillers are shown in Fig. 4 at 300 times magnification.
Figure 4 shows a homogeneous distribution of grain and
a well-developed porous structure. The sizes and distri-
butions of pores varied among the different fillers. The
volcanic rock contained smaller pores. Coal slag
contained a well-developed pore structure with pores
of varying size in a heterogeneous distribution, where
small pores were attributed to the evaporation of organ-
ic matter due to the combustion of coal. The iron filings
had a flat surface absent of pores, while silicate crystal
could be seen on the surface of the gravel.

Table 3 shows the results of the energy-dispersive X-
ray spectroscopy (EDS) analysis. The results show that
the main elements of volcanic rock and coal slag are
oxygen, aluminum, silicon, and calcium. The main ele-
ments of iron filing are oxygen and iron. Calcium, mag-
nesium, and aluminum in the fillers existed predomi-
nantly in the form of oxides whereas iron existed as
elemental iron.

Removal of heavy metals from infiltrated water
at different depths

The concentrations and removal rates of heavy metals (Cu,
Zn, and Pb) by the PPS filled by gravel at different clay depths
are shown in Fig. 5.

As shown in Fig. 5, the heavy metal contents of effluents in
the paving system filled by the gravel at a depth of 0 m com-
plied with the V-type surface water standard except for Pb.
The system showed a high heavy metal removal efficiency.
Although heavy metals were present in rainwater in the dis-
solved phase, a large fraction of most metals were typically
bound to suspended solids (Davis and McCuen 2005). Many
studies had found the removal efficiency of total suspended
solids (TSS) by PPS to be approximately 90.0% due to the
physical interception by the permeable brick (Li et al. 2017b).
Thus, the higher removal rates of heavy metals might result
from the tendency of Zn, Cu, and Pb to absorb to particles in
rainwater. In this experiment, the concentration ofTSS was
370 mg L−1, so it was inferred that a large fraction of heavy
metals were combined with it, thus improving the removal
efficiency of heavy metals (Yang et al. 2019). The effluent
concentrations of Zn and Cu met the surface water standard

 Volcanic rock          coal slag            iron filings             gravel 

Fig. 2 Schematic diagram of the
fillers

Fig. 3 Rainfall intensity-duration curve of Nanjing

Table 2 Chemical composition of ceramic permeable brick (%)

Composition SiO2 Al2O3 CaO K2O Fe2O3 MgO Na2O Else

Ceramic brick 69.32 17.50 2.58 2.23 1.42 1.32 3.98 1.65
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of type II, indicating that the water is of sufficiently good
quality to be released to the primary protection area of surface
source water. However, the effluent concentration of Pb
exceeded the very strict 0.1 mg L−1 surface water standard

of type V, and therefore, there remains a risk of Pb pollution
in receiving surface water.

Fortunately, we identified an approach to further improve
the quality of effluent in the pavement system. The

Volcanic rock Coal slag

Iron filings Gravel

Fig. 4 Scanning electron
microscope (SEM) photographs
of fillers at 300 times
magnification

Table 3 EDS analysis results for
the fillers Element Volcanic rock (%) Coal slag (%) Iron filings (%) Gravel (%)

O 40.62 42.70 23.12 55.85

Mg 4.01 0.85 ND 0.05

Al 7.94 13.93 0.71 6.11

Si 26.52 25.40 2.51 35.41

K 0.65 1.65 ND 0.29

Ca 7.55 4.25 0.19 0.27

Mn ND 0.60 0.48 ND

Fe 9.43 7.42 70.79 1.80

Na 2.37 ND ND 0.25

C ND 3.2 2.2 ND

Totals 100 100 100.00 100.00

ND not detected
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concentrations of heavy metals could be effectively reduced
by changing the fillers inside the frame structure.

The effect of the fillers on the quality of effluent produced
by the PPS was determined, with gravel, coal slag, volcanic
rock, and iron filing fillers investigated. As can be seen from
Fig. 6, the VC, CS, and IF systems all achieved better effluent
quality at a depth of 0 m compared to the gravel system,
thereby also improving the quality of the influent into the soil
and enhancing infiltrated water quality at different depths.

The rank of the different facilities in removing Zn was
VC > CS > IF > G. The effectiveness of VC could be ascribed
to its rougher surface with a natural honeycomb texture and
denser voids and gaps between particles, which was more
conducive to the interception of suspended solids (SS) bound-
ed to heavy metals.

The rank of the different facilities in removing Cuwas IF >
VC >CS >G. IF performed the best because zero-valent iron
reduces Cu2+ to Cu, i.e., Fe0 + Cu2+→ Fe2+ + Cu0 (Cheng
et al. 2007; Reddy et al. 2014; Statham et al. 2015).
Furthermore, the formation of iron-based flocculants through
the aforementioned reduction reaction is characterized by a
strong adsorption capacity which was beneficial for the re-
moval of SS and Cu (Reddy et al. 2014; Statham et al. 2015).

As can be seen from Fig. 6 c, the effluent produced by CS,
VC, and IF at a depth of 0 m showed a good improvement and
complied with the V-type surface water standard for Pb. The
rank of the different facilities in removing Pb was VC > IF >
CS >G. Similar to the case for Cu, the reduction potential of
IF was the reason for its good performance: Fe0 + Pb2+→
Fe2+ + Pb0 (Cheng et al. 2007; Reddy et al. 2014; Statham
et al. 2015). The effectiveness of fillers in removing Cu, Zn,
and Pb was different. This result may be due to their different
binding potentials to TSS in the runoff (Lin et al. 2019).

Zn concentrations of infiltrated water at depths > 0.4 m
were within the 0.05 mg L−1 groundwater type I standard.
Infiltrated water concentrations of Cu at depths > 0.4 m were
within the 0.5 mg L−1 type II standard. Therefore, in terms of

Zn and Cu, the infiltrated water was suitable for a variety of
applications. Pb concentration at a depth of 0.2 m was within
the 0.1 mg L−1 type IV standard, making this water suitable
for application to agricultural and industry. In general, infiltra-
tion water at different depths in the clay complied with
the type V standards for all the heavy metals investigat-
ed. This is because most of the heavy metals were
trapped by the surface soil through adsorption, complex-
ation, and precipitation once the heavy metals entered
the soil. This demonstrates the reduction of the risk of
contamination of infiltrated water by heavy metals.
However, the high removal efficiency of heavy metals
in soils makes it necessary to explore heavy metal pol-
lution of the underlying soil in the system.

The variation in heavy metal soil content at different
depths

Figure 7 shows underground soil contents of Zn, Cu, and Pb at
different depths. Zn, Cu, and Pb decreased with increasing
depth, most likely due to the shallower clay layers trapping
heavy metals from the infiltrated water before the water infil-
trated to the deeper clay layers. The results show that the
underground soil effectively removed heavy metals from the
groundwater. Therefore, the accumulation of heavy metals in
the soil was inevitable.

The Pb concentration of underground soil at a depth of
0.2 m was very close to the soil background value, demon-
strating the effectiveness of Pb removal from the upper 0–20-
cm soil layer. However, the concentrations of Cu and Zn were
closer to their background values at greater depths of 80 cm
and 100 cm, respectively, indicating that following an initial
accumulation of the metals in the upper soil, they tended to
migrate downward with water flow (Ghayoraneh and Qishlaqi
2017). These results show that removal efficiencies in under-
ground soil differed for the three metals, with the rank of
removal being Pb > Cu > Zn. This result was closely related
to the binding potentials of the different heavy metals to soil.
The results of Pitt et al. (1995) support the outcomes of the
current study, where it was found the ranking of adsorption
potential for the heavy metals to soil particles is Pb > Cu >
Ni > Co > Zn > Cd.

The average background values of Cu, Zn, and Pb at dif-
ferent depths are shown in Table 4. The background values for
Cu and Pb within the campus grounds were higher than those
of Jiangsu province. Since Cu mainly originates from dry
deposition in the atmosphere (Nicholson et al. 2003) and be-
cause of the higher degree of air pollution in the provincial
capital of Nanjing, it is not surprising that the Cu background
value within the campus was higher than the average value of
Jiangsu province. The higher background value of Pb can be
explained by the soil being collected from close to a highway.
Zn mainly originates from rainfall (Liu et al. 2018), and the
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background concentration on campus was consistent with the
average value for the province.

The Cu, Zn, and Pb soil contents all met the requirements
of national standards [soil environmental quality-risk control
standard for soil contamination of agricultural land
(GB15618-2018)], indicating that the risk of soil contamina-
tion was within the scope of control for application within
agriculture. However, soil accumulation of Cu, Zn, and Pb
continued, demonstrating the potential risk of pollution due
to the non-degradability of heavy metals. Previous research
into prolonged deposition (20 years) of heavy metals demon-
strated a high potential for leaching of heavy metals to the
underlying soil (Aryal et al. 2006). The leaching of accumu-
lated heavy metals to the underlying soil is likely a threshold
event as the finite sorption capacities of the soil media is
exceeded. Moreover, it is generally accepted that the risk
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0.0 0.2 0.4 0.6 0.8 1.0

0

10

20

30

40

50

60

70

80

90

Zn
Pb

)
g

K/
g

m(
t

n
met

n
oc

late
m

y
vae

H

Clay depths (m)

 Cu

 Zn

 Pb

--- background value-Cu 33.75

--- background value-Zn 59.03

--- background value-Pb 55.43

------------------------------------------------------------------------------

------------------------------------------------------------------------------
------------------------------------------------------------------------------

Cu

Fig. 7 Concentrations of heavy metals at different clay depths

Environ Sci Pollut Res (2020) 27:22795–22805 22801



and degree of soil contamination are determined by the
chemical forms of metals rather than by their total con-
centrations. Since the stabilities of the different forms of
heavy metals are different, it is necessary to analyze the
distribution of different chemical species of heavy
metals in soil.

Variation of different heavy metal species at different
soil depths

Figure 8 shows the exchangeable (S1), carbonate-bound (S2),
iron-manganese oxide-bound (S3), organic-bound (S4), and
residual-bound (S5) fractions of heavy metals at different

Table 4 Background values of
soil Cu, Zn, and Pb used in the
experiment

Standard Depth (cm) Cu (mg kg−1) Zn (mg kg−1) Pb (mg kg−1)

Nanjing Forestry University (NFU) – 33.75 59.03 55.43

Jiangsu province 0–20 22.3 ± 8.02 62.6 ± 20.95 26.2 ± 10.92

100 22.7 ± 9.18 62.9 ± 18.09 24.9 ± 8.95

GB15618-2018 100 250 120
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depths. Heavy metals in the soil are generally categorized into
five forms, among which the exchangeable- and carbonate-
bound forms are unstable, and therefore could be transported
downward with water in the soil.

Cu existed mainly in the form of the residual-bound frac-
tion (S5), with the proportions of the five forms (S1–S5) being
5.7–9.5%, 10.2–13.7%, 17.9–21.9%, 7.3–10.4%, and 44.9–
53.6% in the depth direction, respectively, with the rank
among the five chemical forms being S5 > S3 > S2 > S4 >
S1. The high percentage of S5 in Cu is likely due the easy
absorption of Cu to clay minerals, and Cu also adsorbs to
organic matter as it forms strong associations with oxygen
and sulfur atoms at the organic matter surface (Evans 1989).
The proportion of exchangeable and carbonate-bound forms
accounted for 16.7–23.2%, demonstrating the relative stability
of Cu among the heavy metals, which reduces the possibility
of downward migration of Cu in soil.

Zn existed mainly in the residual-bound fraction (S5),
with the proportions of the five forms (S1–S5) being
4.9–9.1%, 2.8–5.5%, 15.9–22.9%, 5.9–10.9%, and
59.3–63.3% in the depth direction, respectively, and
the rank among the forms being S5 > S3 > S4 > S1 > S2.
Several studies have concluded that Zn sorption to Fe-
Mn oxides is likely the most important mechanism con-
trolling the behavior of this element in soil (Mahanta
and Bhattacharyya 2011). However, the high proportion
of S5 suggests that this residual-bound form originated
from a natural source. The proportion of exchangeable
and carbonate-bound forms accounted for 9.5–12.8%,
demonstrating the relative stability of Zn among the
heavy metals and the low risk of downward migration
of Zn in soil.

Pb existed mainly in the exchangeable fraction (S1), with
the proportions of the five forms (S1–S5) being 30.1–49.8%,
14.8–27.2%, 7.1–12.2%, 8.5–15.5%, and 17.6–21.5% in the
depth direction, respectively, with the ranking among the
forms being S1 > S5 > S2 > S4 > S3. It has often been argued

that external sources of Pb result in Pb in soil existing initially
in unstable chemical forms, with precipitates forming after
continued pollutant accumulation (Lee 2006). The results of
the present study coincidentally show the content of unstable
forms of Pb being significantly higher than that of steady-state
forms within the morphological distribution of Pb. This indi-
cates that the soil has been polluted by the Pb originating from
the groundwater. The proportion of exchangeable and
carbonate-bound forms accounted for 54.0–64.5%, suggest-
ing that Pb is relatively unstable among the heavy metals and
therefore has a high probability of downward migration.
Fortunately, since the potential for absorption of Pb to soil
particles is relatively high, it is possible to control Pb
pollution.

In summary, considering both the content of heavy
metals and the distribution of their chemical species at
different depths, the risk of Cu and Zn pollution is high
but the risk of their downward migration is low, where-
as the risk of Pb pollution is low but the risk of its
downward migration is high.

Figure 9 shows the vertical distribution of steady and un-
steady heavy metals in soil. The concentrations of the un-
steady forms of Cu and Zn remained generally stable in the
vertical direction at 5–10 mg kg−1, whereas Pb remained sta-
ble in a relatively large concentration range of 27.5–
37.5mg kg−1. The mobilities of heavy metals have been found
to be influenced by the nature of soils, such as pH and organic
matter content (Kabala and Singh 2001). However, since these
factors vary with depth, it is difficult to fully understand the
vertical distribution of unsteady forms of heavy metals. In
addition, many studies have demonstrated that vertical migra-
tion of metals in soil cannot be fully understood given our
limited knowledge of soil properties and limited data for min-
eralogical transformation processes (Chrastný et al. 2012). In
the current study, it is speculated that the concentration range
of 5–10 mg kg−1 might represent the soil saturation threshold
for the unsteady forms of Cu and Zn since the metals had
migrated to soil depths of 0.8–1.0 m, whereas the concentra-
tions of the unsteady forms remained stable. The unsteady
distribution of Pb may be related to the original content of
Pb in the soil since Pb affected only the 0–20 cm layer of
topsoil. The concentrations of the steady forms of the three
metals all showed the same trend of decreasing with increas-
ing depth; therefore, it is speculated that the distribution of the
steady form may be related to the nature of the original soil
since the three forms were relatively stable. Alternatively, it is
possible that the unsteady forms of the metals in the upper
layer were transformed to the steady forms, thereby explaining
the decrease in the unsteady forms and the corresponding
decrease in the total content of heavy metals. Regardless, fur-
ther investigation of the changes in the morphologies of heavy
metals with depth are required, which can be achieved by
extending the experimental period used in the current study.
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Fig. 9 Vertical distribution of steady and unsteady heavy metals in soil
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Determination of potential pollution period

The strictest soil standard for Cu in the soil environmental
quality-risk control standard was used to evaluate the
potential pollution period. After 1.5 years of continuous
weekly rainfall experiments, the concentration of Cu in
the soil increased from 33.75 to 46.83 mg kg−1, an
increase of approximately 40%. At this rate (13 mg kg−1 every
1.5 years), only 6 years would be required to reach the
national standard of 100 mg kg−1. However, given the
frequency and intensity of rainfall, this estimate requires
further correction.

With the average annual precipitation of Nanjing City cal-
culated as 1110 mm and with the Chinese requirement of
sponge cities absorbing 70% of precipitation in situ, approxi-
mately 770 mm precipitation filtrated into the soils, indicating
about 10 similar rainfall events in a normal year. In the present
study, the annual rainfall was approximately 5 times that of a
normal year. Therefore, it would require approximately
30 years for the concentration of Cu to reach the national limit.
This indicates that upper soil should be replaced every 30 years
to reduce the risk of soil pollution due to accumulation of non-
degradable heavy metals.

Conclusions

A permeable brick paving system was constructed using ce-
ramic permeable brick as the surface layer and a well-shaped
frame as the base layer with a 1.0-m clay layer placed at the
bottom of the system. The potential risk of contamination of
the infiltrated water and soil by Cu, Zn, and Pb was studied.
Based on the results from the current study, the following
conclusions could be drawn.

(1) The concentrations of Cu, Zn, and Pb in infiltration water
at different clay depths generally were within the ground-
water quality standards. The risk of heavy metal pollu-
tion in infiltrated water was lower due to the good reten-
tion of the underground soil. The quality of infiltration
water in the system and of groundwater can be improved
by changing the types of additives, thereby further reduc-
ing the risk of pollution.

(2) Zn, Cu, and Pb concentrations in the soil decreased with
increasing soil depth. This was most likely due to the
metals absorbing to the soil, indicating that the topsoil
was more susceptible to heavy metal pollution. The vary-
ing pollution depths of Cu, Zn, and Pb in topsoil were
mainly attributed to the different binding abilities of the
metals to soil.

(3) Cu and Zn in soil existed mainly in the form of the
residual-bound fraction, with the proportions of this form
among the two metals being 44.9–53.6% and 59.3–

63.3%, respectively, suggesting that these metals remain
relatively stable in soil. The proportion of exchangeable
and carbonate-bound forms of Pb accounted for 54.0–
64.5%, suggesting that Pb was relatively unstable among
the heavy metals and has a high possibility of downward
migration.

(4) After 1.5 years of continuous weekly rainfall experi-
ments, the concentrations of Cu, Zn, and Pb in infiltrated
water and underground soil did not exceed their respec-
tive standards, indicating that the risk of pollution was
low. However, due to the accumulation of heavy metals
and their non-degradable nature, the topsoil should be
replaced every 30 years to reduce the risk of soil
pollution.
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