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Abstract: The rapid increase of reclaimed water irrigation on agricultural soils requires investigation
of its impact on soil health. In this study, a simulation experiment for various lengths of long-term
reclaimed water irrigation time (98, 196 and 236 years, respectively) was conducted in the southeast
suburb of Beijing, China. Unirrigated soil served as the control. The environmental behavior
of seven trace elements (As, Cd, Cr, Cu, Hg, Pb and Zn) at different soil depths in 0-600 cm
profiles was analyzed. Results showed that the 0-30 and 200-300 cm soil layers were more likely to
accumulate trace elements under long-term reclaimed water irrigation, although the accumulation in
the 0-600 cm profiles was not particularly obvious. Correlation analysis showed that the trace element
concentrations and distribution were significantly related to clay fraction and organic matters (OM),
whereas they were not related to redox potential (Eh). The potential ecological risk assessment showed
that the long-term reclaimed water irrigation did not result in a significantly increased ecological
risk. However, Cd and Hg were identified as the metals with the highest potential ecological risk
in the study area and the trace element contents in the top 0-30 cm soil layer should be carefully
monitored. Future studies are required to clarify the environmental risks of trace elements under
long-term reclaimed water irrigation as they might slowly accumulate in soil with time.

Keywords: long-term reclaimed water irrigation; trace elements; distribution and transportation;
soil properties; potential ecological risk assessment

1. Introduction

Rapid economic development and sharp increases in population have greatly stimulated water
consumption in industrial, agricultural and domestic use and aggravated the shortage of fresh water
resources. The increase in water consumption has also exacerbated the volume of sewage discharge.
The use of reclaimed water can not only reduce the volume of sewage discharge but also alleviate the
pressure of demand for fresh water resources [1]. Wastewater has been recycled for use in agriculture
for centuries in cities such as Berlin, London and Paris [2]. In China, treated municipal sewage has
been used in urban areas and industry for nearly 30 years but large-scale use in agricultural irrigation
is not common. On the one hand, use of reclaimed water for irrigation has been commonly adopted
because of several advantages, such as increased utilization of water resources, alleviation of pressure
on fresh water sources, nitrogen and phosphorus nutrient recovery to crops, fertilizer use reduction
and decreased disposal costs [3-5]. On the other hand, unregulated irrigation using reclaimed water
over many years might lead to the accumulation of toxic and harmful substances, such as heavy metals
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and metalloids, in the soil of irrigated areas, causing soil pollution and groundwater pollution and
ultimately threaten human health through biological enrichment [6-8]. The potential health risks and
environmental impacts resulting from reclaimed water use in agriculture have been of great concern
around the world.

Municipal wastewater reclamation and reuse for agriculture have been practiced for several
decades, experiencing the emerging stage (before 1985), the demonstration stage (1985-2000) and the
developing stage (since 2000) [9-11]. Since 1957, China has used raw or primary-treated domestic
wastewater for farmland irrigation. With the increase in irrigation area and amount of wastewater
and reclaimed water being used, the problem of trace element pollution has received increasing
attention [11]. According to the National Survey of Soil Pollution Bulletin released in 2014 [12], 39 of the
55 monitored wastewater irrigation districts have suffered different extents of soil pollution and the
main pollutants included Cd and As. The increasingly serious environmental problems resulting from
raw or primary-treated wastewater irrigation stimulated the development of improved wastewater
treatment technology in China. Although the quality of reclaimed water has been greatly improved
in recent years and the amount of trace elements applied to soil with reclaimed water irrigation is
limited, the accumulation of environmental contaminants under long-term irrigation is still unknown.
The impact of long-term reclaimed water irrigation on soil health is still a key research focus.

Trace elements pollution in the soil is concealed, cumulative and irreversible. Trace elements
entering the soil are difficult to dilute or remove from the soil under natural conditions without human
intervention. For example, the half-lives of Cd, Cu and Pb are 15-1100, 310-1500 and 740-5900 years,
respectively [13]. Trace elements are toxic to organisms and harmful to soil ecosystem if present in
high concentration and the damage is difficult to recover [14]. Trace elements tend to accumulate
in soils. Chen et al. [15] found that the Cd content in the 0-20 cm soil layer was greatly elevated
and was more than 2 times higher than that in the deep soil layer under long-term reclaimed water
(Cd 0.26-1.30 ug/L) irrigation. However, Xu et al. [16] found that the highest levels of Cr, Cu, Ni and
Zn were determined in the 3040 cm horizons in soils irrigated with effluent for 8 years and at a
deeper depth of 40-50 cm in soils irrigated for 20 years. The leaching effect of long-term reclaimed
water irrigation might lead to increased risk of groundwater contamination with trace elements [17,18].
Beijing is the key city developing reclaimed water irrigation in China; the trace element content of
the reclaimed water in Beijing is far lower than that demanded by the Standards for Irrigation Water
Quality (GB 5084-2005) [19]. The question still remains about the effect of high-quality reclaimed water
irrigation on agricultural soil health.

In this study, an experiment was conducted to simulate the long-term irrigation with reclaimed
water in the typical irrigation area in Beijing. The main objectives were (1) to study the characteristics
of the occurrence and migration of trace elements in soil profiles under long-term reclaimed water
irrigation; (2) to analyze the effects of soil properties on trace elements distribution in soil; and (3)
to assess the potential ecological risk of trace elements in soil under the long-term reclaimed water
irrigation conditions.

2. Materials and Methods

2.1. Study Area

The study area was located near the Baita Sluice of the Dalong River in the Nanhongmen reclaimed
water irrigation area, northeastern part of Daxing District in Beijing (Figure 1). The region has a
semi-humid continental monsoon climate in the warm temperate zone with a mean annual rainfall
of 544 mm. The precipitation is mostly concentrated in the flood season from June to September,
accounting for about 80% of the annual average. The perennial average water surface evaporation was
1021 mm, the land surface evaporation was 450 mm and the groundwater depth was 10.62-11.53 m.
Sandy loam and silty loam are the main soil types. The main crop types are corn and wheat.
The Nanhongmen irrigation area was built in the 1950s and its area has grown to 26,000 hm? at
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present. The area had a sewage irrigation history about 20 years before 1970 and gradually shifted
to groundwater irrigation after 1980. Since 2002, reclaimed water irrigation has been vigorously
developed in this area because of its growing problem of groundwater over-exploitation. Dalong River
is an important canal system transporting reclaimed water from Xiaohongmen Sewage Treatment Plant
and the Huangcun Sewage Treatment Plant to the southern part of the Nanhongmen reclaimed water
irrigation area. The Baita Sluice is an important flood control and drainage project of the Dalong River.
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Figure 1. Location of the study area in China and sampling sites.

2.2. Experimental Design

The test arrangement is shown in Figure 1. On the east side of the Baita Sluice, three separated
percolation ponds T1, T2 and T3 were selected for the simulation experiment of irrigation years
treatment of long-term reclaimed water irrigation (Table 1). The ponds are 23.5 m in length and 18 m
in width. It was considered that there was little lateral infiltration effect as the hydraulic load can
ensure the vertical infiltration of reclaimed water in the central area of the infiltration pool because of
the large size of the ponds. The reclaimed water used in the experiment was from the Dalong River
and the water quality indexes are shown in Table 2. The infiltration was conducted in a rotational
mode with an irrigation interval of 1 day and approximately 150 m® of reclaimed water was pumped
into each percolation pond each time. During the experimental period, the cumulative infiltration
amount of T1, T2 and T3 ponds was 4952.6, 9962.2 and 11,981.5 mS, respectively. Thus, the irrigation
years were calculated as 98 years of T1, 196 years of T2 and 236 years of T3, according to the average
annual irrigation volume of winter wheat and summer corn (250 m?®/mu) and the utilization coefficient
of irrigation water (0.68). In order to simplify the simulation, the study hypothesized that the trace
elements brought in the soil by reclaimed water irrigation were not absorbed by crops, which was an
extreme case where the trace elements reached their upper limits in soil.

Table 1. Infiltration volume and converted irrigation years of each percolation pond.

Treatment T1 T2 T3

Infiltration volume (m?3) 4952.6 9962.2 11,981.5
Converted irrigation years (y) 98 196 236
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Table 2. Index of reclaimed water quality.

Index Unit Max. Min. Mean Standard Limit?  Standard Limit?
Electricity conductivity (EC) ~ mS/cm 1.291 0.967 1.13 — —
pH — 7.9 6.8 7.66 5.5-8.5 5.5-8.5
COD¢ mg/L 134 17 47.43 200 180
BODs mg/L 10.2 3.31 6.61 100 80
TN mg/L 16 4.85 9.92 — —
Total phosphorus (TP) mg/L 3.31 0.91 1.74 — —
Suspended solids (SS) mg/L 22 12 18 100 90
Total salt mg/L 834 722 778 1000 —
As ug/L 25.2 4.0 18.5 100 100
Cd ng/L 0.030 0.003 0.017 10 10
Cr ug/L 13.750 10.82 12.2 100 100
Cu ug/L 2.460 0.60 1.2 1000 1000
Hg ug/L 0.0084 0.002 0.005 1 1
Pb ng/L 1.163 0.299 0.7 200 200
Zn ug/L 249.0 6.620 115.2 2000 2000

2 Limit value of irrigation water quality for dry farming specified in GB 5084-2005 [19]; b 1 imit value of urban
recycling water quality for farmland irrigation specified in GB 20922-2007 [21].

2.3. Sample Collection and Analysis

The pond center was selected as the sampling point for each treatment group. Considering the
spatial variability of soil, samples of the control points were collected separately for each treatment
at 20 m east of T1, T2 and T3 samples, named control 1 (CK1), control 2 (CK2) and control 3 (CK3),
respectively. Soil samples of the treatment groups (T1, T2 and T3) and control groups (CK1, CK2 and
CK3) from 0-600 cm profiles were collected by stratified sampling at different depths to analyze
the vertical distribution of trace elements. Stratified soil samples were collected at intervals of 10,
20 and 40 cm for the 0-100, 100-300 and 300-600 cm soil layers, respectively and each sample was
approximately 1 kg. To avoid sample contamination, metal containers were not used during the
sampling, sample preservation and sample processing procedures. All soil samples were air dried
at room temperature, sieved through a 10-mesh (2-mm) nylon sieve to remove coarse debris and
then separated into two subsamples. One subsample was used to determine soil properties including
pH, clay content, organic matter, redox potential and total nitrogen (TN) and the other was ground
with a porcelain pestle and mortar until all particles passed a 100-mesh (0.149-mm) nylon sieve for
subsequent heavy metal and metalloid analysis. Table 3 summarizes the information of soil properties
in the 0-600 cm profiles in the study area.

Table 3. Soil characteristics in the 0-600 cm profiles in the study area.

Depth (cm) pH (min.-max.) Clay Content (%) OM (%) Eh (mV) TN (mg/kg)
Mean (min.-max.) Mean (min.-max.) Mean (min.-max.) Mean (min.-max.) Mean
0-30 (7.25-7.71) 7.49 (13.5-23.8) 18.9 (10.7-14.7) 12.5 (250-418) 320 (0.46-2.31) 1.27
30-100 (7.31-7.64) 7.50 (5.5-30.8) 16.2 (4.06-11.2) 7.03 (254-456) 339 (0.07-2.14) 0.79
100-200 (7.51-7.95) 7.67 (3.0-25.0) 8.1 (0.58-7.72) 2.46 (250-493) 329 (0.02-1.87) 0.48
200-300 (7.52-7.89) 7.76 (5.5-39) 17.9 (1.49-5.86) 4.04 (251-422) 340 (0.12-1.57) 0.65
300-600 (7.78-7.96) 7.88 (9.5-46) 22.9 (2.63-16.3) 9.34 (249-465) 332 (0.12-1.63) 0.83

For analysis of the total concentrations of soil As, Cd, Cr, Cu, Hg, Pb and Zn, soil samples
were digested by HNO3-H,O, mixture in Teflon tubes according to USEPA method 3050B [20].
The concentrations of As and Hg were determined by atomic fluorescence spectrometry (AFS).
The concentrations of Cd, Cr, Cu, Pb and Zn were determined by inductively coupled plasma mass
spectrometry (ICP-MS). The detection limits of the trace elements were 2 ug/kg for Hg, 30 ug/kg for
Cd, 1 mg/kg for As and Cu, 2 mg/kg for Pb and Zn and 5 mg/kg for Cr. All element concentrations
are presented on a dry matter basis.
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2.4. Methodology

2.4.1. Weighted Average Concentration Calculation

The soil samples were collected at different soil depth. The detected trace element concentration
of each sample was regarded as the concentration of its corresponding layer. The weighted average
concentration was calculated as follows:

_ Lio GoxAH;

C; = Skt kR Tk 1
Yk—1 PxAHy M

where C; is the weighted average concentration of trace element i (mg/kg), Ci is the measured
concentration of element i in soil layer k (k =1, 2, 3, ..., n) (mg/kg), p is the soil bulk density of the
layer k (g/ cm?) and AH; is the thickness of soil layer k (cm).

2.4.2. Potential Ecological Risk Assessment

The potential ecological risk index (PERI) was used to assess the contamination degree of trace
elements in the study area. The equations to calculate the PERI were introduced by Hakanson [22]
as follows:

Cp =Ci/C, )
E, = T\C} = T,CL/C, ®3)
PERI =Y EL=Y" TicCi/C] @)

where C} is the contamination factor of a single element, C! is the measured concentration of element i

in a soil sample (mg/kg) and C}, is its corresponding background value of the same element (mg/kg).
The average background values of the study area are 7.09 mg/kg for As, 119 ug/kg for Cd, 29.8 mg/kg
for Cd, 18.7 mg/kg for Cu, 57.6 ug/kg for Hg, 24.6 mg/kg for Pb and 57.5 mg/kg for Zn [23,24]. Ei is
the potential ecological risk factor of element i and T? is the biological toxicity factor of an individual
element, which were as follows: As =10, Cd =30, Cr =2, Cu=Pb =5, Hg =40 and Zn = 1 [25]. PERI is
the comprehensive potential ecological risk index of the elements, which is the sum of E.. It represents
the sensitivity of the biological community to the toxic substance and illustrates the potential ecological
risk caused by the overall concentration. The categories for E. and PERI of trace elements are shown
in Table S1.

2.4.3. Statistical Analysis

All statistical analyses were performed using SPSS 20.0 software for windows (IBM, Armonk, NY,
USA). A Pearson correlation matrix was used to relate trace element concentrations to soil properties
and among the trace elements themselves. A p-value of < 0.05 or < 0.01 was considered to be statistically
significant. A paired sample T-test was used to analyze the impact of reclaimed water irrigation by
comparing the significance of the difference in soil PERI between the treatment groups and the
control groups.

3. Results and Discussion

3.1. Vertical Distribution of Trace Elements in Soil

The vertical distribution of trace elements could help describe the soil contamination level
and characteristics. The vertical distribution of As, Cd, Cr, Cu, Hg, Pb and Zn concentrations
along the 0-600 cm soil profiles under three irrigation times and the three corresponding control
cases is illustrated in Figure 2. For all samples, the highest concentrations were obtained for soil
Cr, Zn and Cu. For the weighted average of 0-600 cm profiles, Cr, Zn and Cu concentrations
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of the treatment and control groups were in the range of 62.38-68.58 mg/kg (66.54 mg/kg),
53.07-60.86 mg/kg (58.06 mg/kg) and 16.80-22.26 mg/kg (19.88 mg/kg), respectively, which were
higher than the reported background concentrations in Beijing (29.8 mg/kg for Cr, 57.5 mg/kg for
Zn, 18.7 mg/kg for Cu) [23]. The trace element concentrations in soils in descending order were
as follows: Cr > Zn > Cu > Pb > As > Cd > Hg. Comparing with the previous studies, the contents
of seven trace elements in soils of the control and treatment groups were close to or even lower
than that in agricultural soils irrigated without sewage or reclaimed water in other regions of China.
In Lu et al.’s [26] survey of agricultural soils in Shunyi, Beijing, the mean values of the trace elements
were 7.85, 0.136, 22.4, 0.073, 20.4 and 69.8 for As, Cd, Cu, Hg, Pb and Zn, respectively, slightly higher
than the contents of the present study. And in Li et al.’s [27] research, the mean Cd, Pb, Cu and Zn
concentrations in the 0-20 cm soil of Shenyang were 0.10, 21.60, 16.88 and 46.46 mg/kg, respectively,
which showed a slightly lower values.

As (mg/kg) Cd (ng/kg) Cr (mg/ke) Cu (mgfkg)
0 50 100 150 200 20 40 60 80 100 0 60
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100 100 100 | 100 -
200 200 - 200 | 200 +
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Figure 2. Distribution of As, Cd, Cr, Cu, Hg, Pb and Zn concentrations along the 0-600 cm soil profiles
under different irrigation treatments.

In general, the As, Cd, Cu, Hg, Pb and Zn contents decreased with increasing depth on
the top 100 cm soil layer, suggesting the strong adsorption and fixation capacity of the surface
soil. Among them, Hg decreased the most. The concentration of Hg decreased sharply from
33.86-43.00 ug/kg in top 30 cm profiles to 6.84-10.92 pg/kg at 100 cm depth (68-83% decrease)
and did not change substantially in the 100-600 cm soil profiles. The results showed the strong
adsorption effect of the topsoil on Hg. Besides the clay fraction, atmospheric deposition might play
an important role in the accumulation of Hg in topsoil [28]. In the 200-300 cm and 450-550 cm soil
layers As, Cd, Cu, Pb and Zn showed an increase in concentration, which was because of the high
clay content in these soil layers. The increase in the adsorption efficiency can be explained by the
increasing surface area where the adsorption takes place [29]. The Pb concentration showed little
variation in the 100400 cm profile and had an increasing tendency in the 400-600 cm profile. In an
alkaline medium (pH > 7), the soil negative charge increases with the increasing pH and clay content,
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as in the 400-600 cm profiles, thus resulting in increased adsorption of Pb [30]. The Cr content had
a small fluctuation in the 0-200 cm soil layers and showed an increase with increasing depth in the
400-600 cm profiles. The mobility of Cr in soil depends on its oxidation state [31]. Cr added to the
soil tends to be oxidized to its mobile state, Cr(VI), generally in the anionic form, because of the
well-aerated soil in the surface layer. The alkaline environment and the negative charge of soil particles
enhanced the mobility of Cr(VI) in soils. With increasing depth, the soil conditions gradually changed
to reducing conditions where Cr(VI) might be converted to the stable form Cr(IIl). The trace elements
concentrations were relatively low at 300400 cm but relatively high at 400-600 cm, which might be
attributed to long-term leaching.

The vertical distribution of trace elements in soil profiles of other regions have been discussed in
many previous studies. Huang et al. [32] found that the heavy metals showed a slight enrichment at
the surface or subsurface and gradually decreased with depth in 0-200 cm agricultural soils. This trend
was similar as the distribution of the trace elements in 0-200 cm profiles in this study. By subtracting
the heavy metals which included the one brought by wastewater irrigation and the one in original
soil, Li et al. [27] found that the upper 0-20 cm soil layer have accumulated most of the exogenous
heavy metals than 2040 cm soil layer, indicating that the atmospheric precipitation was a significant
contributor to heavy metals in topsoil. It was likely that the reclaimed water irrigation and the
atmospheric precipitation were the main reason of relatively high concentration of trace elements in
the 0-30 cm soil layer.

The trace element concentrations in different soil layers of the treatment group (T1, T2 and
T3) and the control group (CK1, CK2 and CK3) and the percentage increase in the concentration
of the treatment group when compared with the control group are shown in Table 4. On average,
after long-term reclaimed water irrigation, the concentrations of As, Cd, Cr, Cu, Hg and Pb in top
30 cm soils increased by 10%, 6%, 2%, 10%, 4% and 2%, respectively; the Zn contents decreased by
2%. The trace elements showed an obvious accumulation in the 0-30 cm soil layer. At the depth of
30-100 cm, the concentrations of As, Cu, Hg and Pb increased by 8%, 14%, 15% and 1%, respectively
and the Cd, Cr and Zn contents decreased by 6%, 7% and 0.4%, respectively. In the 100-200 cm soil
layers, the As, Cu, Hg contents increased by 5%, 7% and 7%, respectively, whereas the Cd, Cr, Pb,
Zn contents declined by 13%, 15%, 2% and 8%, respectively. The concentrations of the seven trace
elements all increased in the 200-300 cm profiles, by 2% for As, 7% for Cd, 3% for Cr, 24% for Cu,
20% for Hg, 5% for Pb and 4% for Zn. At 300-600 cm depth, the contents of Cd, Cu, Hg and Pb
increased by 0.4%, 4%, 5% and 2%, respectively and the As, Cr, Zn contents decreased by 0.1%, 2% and
5%, respectively.

According to the change in trace element contents in soil profiles after long-term reclaimed water
irrigation, the top 30 cm and 200-300 cm soil layers were more likely to accumulate trace elements
especially As, Cu and Hg in the study area, which might be explained by the higher clay and OM
contents of these two soil layers (Table 3). Similarly, Bao et al. [33] studied the accumulation of heavy
metals in soil profiles with long-term sewage irrigation and found that the irrigation area showed the
greatest accumulation of Hg, Pb and Cu in topsoil (0-30 cm) due to the greatest topsoil OM contents.
Present and previous studies indicated that the reclaimed water irrigation could contribute to the trace
elements accumulation in soil which was similar to sewage irrigation [34,35]. However, the increases
in trace element concentrations in soils of the treatment groups relative to those of the control groups
in this study were less than 10% in the 0-30 cm profiles and less than 7% in the 200-300 cm profiles
except for Cu (20%) and Hg (20%). Overall, comparing the three pairs of treatment and control groups,
no obvious accumulation was observed in the 0-600 cm soil profiles with the increase in years of
reclaimed water irrigation.
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Table 4. Trace element concentrations in different soil layers of treatment and control group; and the percentage of the increase in the concentration of the treatment
group when compared with that of the control group, which was marked as 0.

Depth (cm)  Treatment As (mg/kg) Cd (mg/kg) Cr (mg/kg) Cu (mg/kg) Hg (mg/kg) Pb (ng/kg) Zn (mg/kg)
0-30 T1(CK1,5)  10.67 (11.35, —6%)  141.00 (145.83, —3%) 69.76 (68.73,2%) 22.30 (21.76, 3%) 33.86 (34.13, —1%) 21.48 (21.40, 0%) 62.30 (65.77, —5%)
T2(CK2,8)  11.61(9.91,17%) 161.40 (136.9, 18%) 69.78 (69.00, 1%) 2258 (19.21,18%)  42.18 (36.20, 17%) 22.35 (21.61, 3%) 64.67 (63.63, 2%)
T3(CK3,5)  11.60 (9.87, 18%) 153.97 (147.50, 4%) 69.68 (68.25, 2%) 23.05(21.02,10%)  41.13 (43.00, —4%)  21.99 (21.57,2%)  64.75 (67.08, —4%)
30-100 T1(CK1, 8) 8.31 (7.62, 9%) 89.97 (94.51, —5%) 64.30 (63.42, 1%) 19.76 (16.39, 21%) 14.28 (12.02, 19%) 18.48 (18.46, 0%) 54.46 (50.46, 8%)
T2(CK2,8)  6.20(6.23, —1%) 77.00 (90.63, —15%)  62.05(70.99, —13%) 1556 (14.50,7%)  12.75(15.99, —20%)  17.47 (18.11, —4%)  45.41 (51.06, —11%)
T3(CK3, §) 9.04 (7.85, 15%) 104.01 (101.00,3%) 6528 (71.26, —8%)  20.83 (18.14,15%)  28.13 (19.14, 47%) 20.06 (19.06, 5%) 57.49 (56.34, 2%)
100-200 T1(CK1, §) 6.87 (6.79, 1%) 68.88 (91.64, —25%)  57.11 (65.85, —13%)  15.06 (15.15, —1%) 10.92 (10.91, 0%) 1625 (17.11, —5%)  43.54 (48.58, —10%)
T2(CK2, 5) 4.23 (4.06, 4%) 64.18 (70.96, —10%) 55.59 (68.72, —19%) 13.74 (12.40, 11%) 7.04 (6.84, 3%) 16.98 (17.16, —1%)  43.06 (48.20, —11%)
T3(CK3, 5) 4.72 (4.36, 8%) 65.82 (69.09, —5%) 56.00 (65.1, —14%) 13.96 (12.51, 12%) 8.72 (7.33,19%) 17.08 (16.90, 1%) 43.46 (45.34, —4%)
200-300 T1(CK1, 5) 8.19 (7.86, 4%) 97.52 (83.62, 17%) 66.99 (60.56, 11%) 21.63 (15.90, 36%) 14.70 (12.02, 22%) 18.42 (16.70, 10%) 56.98 (49.18, 16%)
T2(CK2, §) 8.17 (7.79, 5%) 88.58(89.24, —1%)  65.08 (69.95, —7%)  20.02 (16.90,19%)  13.13 (10.58, 24%) 17.84 (17.46, 2%) 55.1 (58.42, —6%)
T3(CKS3, 3) 7.07 (7.27, —3%) 85.64 (82.22, 4%) 66.94 (63.13, 6%) 18.43 (15.74, 17%) 11.50 (9.98, 15%) 17.91 (17.37, 3%) 53.37 (52.90, 1%)
300-600 T1(CK1, 5) 9.89 (10.53, —6%) 121.35 (127.83, —5%)  70.08 (72.96, —4%) 25.42 (26.54, —4%) - 20.32 (20.69, —2%)  65.25(70.24, —7%)
T2(CK2, §) 7.46 (7.11, 5%) 93.55 (93.84, 0%) 63.23 (64.73, —2%) 19.91 (8.55, 7%) 16.27 (13.1, 24%) 1823 (17.53,4%)  56.48 (59.59, —5%)
T3(CK3, 8) 8.55 (8.47, 1%) 117.15 (109.81, 7%) 69.60 (69.71, 0%) 24.16 (22.24, 9%) 16.96 (19.57, —13%) 19.97 (19.31, 3%) 65.85 (66.64, —1%)
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3.2. Effects of Soil Properties on Trace Element Distribution

The distribution of trace elements in the soil profile is closely related to soil properties,
trace element species and sources [36]. Understanding the relationship between the trace elements
and the soil parameters could help clarify the behavior of these elements in soil. Pearson correlation
analyses between trace element concentrations and soil properties (clay, OM and Eh) of the treatment
group and control group soils and among trace elements were conducted in this study (Table 5).

Table 5. Pearson correlation matrix for trace element concentrations and soil properties in soils of
treatment and control groups.

Soil Properties As Cd Cr Cu Hg Pb Zn
Clay T1 0.753 ** 0.736 ** 0.717 ** 0.827 ** 0.761 ** 0.739 ** 0.793 **
CK1 0.358 0.439 * 0.247 0.426 * 0.363 0.438 * 0.389 *
T2 0.583 ** 0.496 ** 0.583 ** 0.718 ** 0.399 * 0.529 ** 0.704 **
CK2 0.763 ** 0.468 * -0.120 0.868 ** 0.440 * 0.418 * 0.771 **

T3 0.628 ** 0.599 ** 0.570 ** 0.655 ** 0.482 ** 0.563 ** 0.646 **
CK3 0.678 ** 0.592 ** 0.466 * 0.730 ** 0.471 * 0.625 ** 0.697 **

OM T1 0.757 ** 0.754 ** 0.668 ** 0.729 ** 0.841 ** 0.715 ** 0.759 **
CK1 0.781 ** 0.755 ** 0.643 ** 0.798 ** 0.363 0.748 ** 0.809 **

T2 0.470 * 0.559 ** 0.237 0.352 0.651 ** 0.468 * 0.364

CK2 0.491 ** 0.543 ** -0.136 0.419 * 0.613 ** 0.567 ** 0.372

T3 0.757 ** 0.803 ** 0.542 ** 0.661 ** 0.728 ** 0.751 ** 0.682 **
CK3 0.835 ** 0.870 ** 0.457 * 0.810 ** 0.839 ** 0.814 ** 0.815 **

Eh T1 0.143 0.087 0.267 0.184 0.117 0.143 0.157
CK1 —0.284 —0.320 —0.304 —0.326 —0.210 —0.379 * —0.330

T2 0.187 0.120 0.442 * 0.263 0.041 0.127 0.281

CK2 0.283 0.253 —0.186 0.388 * 0.248 0.146 0.293

T3 0.122 0.035 0.229 0.109 -0.011 0.085 0.105

CK3 0.358 0.439 * 0.247 0.426 * 0.363 0.438 * 0.389 *

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

The clay content was significantly positively correlated with the seven trace elements in all
treatments T1-T3 (Table 5; p < 0.01 except for Hg in T2 where p < 0.05). The clay in CK1 showed a
significant positive correlation with the contents of Cd, Cu, Pb and Zn (p < 0.05). In CK2, clay was
significantly positively correlated with As, Cu and Zn (p < 0.01) and with Cr, Hg and Pb (p < 0.05).
In CK3, clay was significantly positively correlated with As, Cd, Cu, Pb and Zn (p < 0.01) and with Cr
and Hg (p < 0.05). Positive correlations were observed between trace elements and soil clay fraction in
many different researches [37,38]. The correlations in treatment groups were more significant than that
in control groups, suggesting that the trace elements in soils of control groups have not reached their
saturation values. The clay was considered as the main soil component associated with trace elements
because of the high affinity of the trace elements for clay minerals [39]. The high correlation coefficients
shown in Table 5 confirmed the results obtained in Bradl’s [40] study that the fine-grained soil fraction
exhibited higher tendency for trace element adsorption than coarse-grained soils as it contains soil
particles with large surface areas such as clay minerals. This might explain the high content of trace
elements in the 250-300 and 450-550 cm soil layers in this study.

OM was positively correlated with the seven trace elements (Table 5). Trace elements tend
to adsorb on OM and form stable organic-metallic complexes. Therefore, soils rich in OM can
reduce the migration and biological activity of trace elements [41-43]. OM and clay content were
found to be significantly correlated [44]. Clay particles are more likely to adsorb OM and form
clay-organic complexes because of their higher surface area and charge density. The small pores
and poor ventilation of soil with high clay contents are responsible for inhibiting the activity of
aerobic microbes, by extension, weakening the decomposition of OM and benefiting its accumulation.
Therefore, soil with high clay contents has relatively high OM contents. Results showed that the
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correlation between trace element concentration and clay fraction is consistent with that of trace
element concentration and OM. Moreover, organic carbon (OC) content, as the amount of carbon found
in OM, is also found to correlate positively with trace elements by many researchers [39,45].

The Eh was not significantly correlated with trace elements (Table 5). Eh is an important indicator
reflecting the soil oxidation state, as such, Eh could induce a serious of complex chemical changes in
soil pH, OM contents and mineral components, which directly or indirectly affect the environmental
behavior of trace elements [46]. These complex chemical changes could make it difficult to quantify
the effects of Eh on trace elements.

Correlation analysis was also carried out between trace elements (Table 6). Inter-elements
relationships provide information on trace element sources and pathways. According to the Pearson
correlation coefficient values, all elements were highly correlated (p < 0.01) and the high correlations
suggest that the trace elements have a similar origin [47,48].

Table 6. Pearson correlation matrix among trace elements.

Elements As Cd Cr Cu Hg Pb Zn
As 1.000
Cd 0.882**  1.000
Cr 0.567 ** 0.701**  1.000

Cu 0.885** 0.859** 0.664**  1.000

Hg 0.694** 0.715* 0.410* 0.591*  1.000

Pb 0.844** 0.936* 0.738* 0.875* 0.703*  1.000

Zn 0.857** 0.900** 0.777** 0.944* 0.578* 0.896**  1.000

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

Results of the statistical analyses have shown the various and complex relationships between
trace elements and soil properties. Some of the correlation coefficients were low, although significant,
suggesting a weak linear dependence. Nevertheless, the main relationships described in the study
have been observed in many previous researches of trace elements [39,48].

3.3. Potential Ecological Risk Assessment

The contents of As, Cd, Cr, Cu, Hg, Pb and Zn in the soil of control groups were 0.95-1.30
(mean 1.10), 0.77-0.94 (0.85), 2.25-2.30 (2.28), 0.90-1.15 (1.02), 0.23-0.30 (0.27), 0.72-0.78 (0.75) and
0.99-1.06 (0.99) times those of the background values of trace elements in Beijing, respectively.
The contents of As, Cd, Cr, Cu, Hg, Pb and Zn in the soil of treatment groups were 1.00-1.27 (1.13),
0.75-0.89 (0.84), 2.09-2.24 (2.19), 0.99-1.19 (1.10), 0.26-0.34 (0.30), 0.73-0.78 (0.77) and 0.92-1.03 (1.03)
times those of the background values, respectively. The contamination factors followed the order
of Cr > As > Cu > Zn > Cd > Pb > Hg. The results revealed that the study area already has some
accumulation of Cr, As and Cu and that the Zn concentration was close to the background value.

The results of the potential ecological risk factor of single elements (E.) and the comprehensive
potential ecological risk index (PERI) for the seven trace elements in different soil layers are depicted in
Figure 3. The E! values of all trace elements were < 40 in the 0-600 cm soil profiles except for the E: value
of Cd, which was close to 40 in top 30 cm soils, implying a low ecological risk. The degree of pollution
from the seven trace elements decreased in the following sequence: Cd > Hg > As > Cu > Cr > Pb > Zn.
Although the contents of Cd and Hg were lower than the soil background values, their biological
toxicity factor was higher apparently than that of the other elements (Cd = 30, Hg = 40) resulting in a
higher degree of ecological risk. Cd and Hg were also revealed as the main contribution to the potential
ecological risk in previous studies [49,50]. Cd and Hg are highly toxic and can enter the human body
through the food chain and seriously endanger human health. The accumulation of Cd and Hg in soil
should be strictly controlled as they are priority pollutants in the study area. In addition, the PERI
values were all < 150, which was classified as low potential ecological risk. Comparing the E. and PERI
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of different soil layers, the top 30 cm soil layer had the highest values. The results suggested that the
trace element concentrations in the 0-30 cm soil layers should be monitored for pollution prevention.

50 4 (a) 0-30 cm 30 1 (b)30-100 cm
40 - - 40 -
30
20
10
g M
Cd Cr Cu
Trace elements Trace elements
50 4 (€) 100-200 cm 50 1 (d) 200-300 cm
40 40 -
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Figure 3. The E! of seven trace elements and PERI values in different soil layers of treatment and
control groups.

To study the impact of reclaimed water irrigation, the difference in soil PERI between the treatment
and control groups was analyzed using paired sample t-test (Table 7). All the P-values of T1-CK1,
T2-CK2 and T3-CK3 pairs were > 0.05, except 0.040 of T2-CK2 and 0.005 of T3-CK3 in the 30-100 cm soil
profiles, which showed no significant difference at a level of 0.05. It was concluded that the long-term
reclaimed water irrigation experiment in the study area did not result in a significantly increased PERI
of trace elements in the profiles.

Table 7. The difference in soil PERI between treatment and control groups by paired sample T-test,
shown by p-values.

Depth (cm) 0-30 30-100 100-200 200-300 300-600
T1-CK1 0.563 0.124 0.403 0.417 0.319
T2-CK2 0.057 0.040 0.076 0.724 0.310

T3-CK3 0.482 0.005 0.322 0.788 0.788
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Compared with previous studies about the impact of long-term reclaimed water irrigation on
soil [15], the trace element concentration of Dalong River reclaimed water in this experiment was very
low. Because many industries creating trace element pollution have been moved out of the city in recent
years and discharges of industrial wastewater are well regulated, the trace elements concentration
in reclaimed water in Beijing is largely negligible. In addition, trace elements can be effectively
removed from wastewater treatment processes and be concentrated in the sludge fraction. The trace
element input from reclaimed water is generally small in comparison to atmospheric deposition and
agrochemicals [51,52]. It is likely that the low trace element concentration of reclaimed water might be
one of the main reasons for little accumulation of trace elements in the soils in this study.

4. Conclusions

This paper studied the environmental behavior of As, Cd, Cr, Cu, Hg, Pb and Zn in soil
profiles of the study area under long-term reclaimed water irrigation and the potential ecological risk.
Cr, Zn and Cu concentrations were the highest in soil profiles of both the control and treatment groups.
The contents of As, Cd, Cu, Hg, Pb and Zn in the 0-100 cm soil profile all decreased with increasing
depth. Among them, Hg decreased the most, while Cr did not change significantly. The surface
soil showed strong adsorption characteristics. In the 200-300 and 450-550 cm soil layers there were
increased concentrations of As, Cd, Cu, Hg, Pb and Zn because of the high clay contents. According to
the change in trace element contents in soil profiles after long-term reclaimed water irrigation, the 0-30
and 200-300 cm soil layers were more likely to accumulate trace elements. The distribution of trace
elements in soil profiles was closely related to soil properties. Correlation analysis showed that trace
element contents were positively correlated with clay and OM but not significantly correlated with Eh.
As, Cr and Cu contents of the study area were higher than the background values. The ecological risk
assessment using the Hakanson method showed that Cd in top 30 cm soil layer was close to moderate
pollution and other six trace elements studied were slight pollution. The PERI values of different soil
layers were all <150, implying low ecological pollution. The long-term reclaimed water irrigation
did not result in the significant accumulation of trace elements in soil profiles or an increase in the
potential ecological risk. Considering the various complex factors of different districts including the
reclaimed water quality, soil type, irrigation method, environmental conditions, further research is

needed to objectively and comprehensively assess the effect of long-term reclaimed water irrigation on
soil health.
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