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Land application has become a promising method for recycling energy and resources from sewage sludge; how-
ever, the changes that occur to the toxic metal concentrations in soil following the application of sewage sludge
have been poorly investigated in China. The present study attempted to investigate the spatiotemporal variations
of toxic metal concentrations in soil due to the land application of sewage sludge and the critical influencing fac-
tors. Overall, the results indicated that an increasing ratio of sewage sludge for land application, the concentrated
disposal measures, and a shallower soil may lead to elevated toxic metal concentrations in soil. The worst sce-
nario simulation showed that the cumulative discharge of toxic metals through sludge disposal were ranked
as: Zn > Cu > Cr > Pb > Ni > As > Cd > Hg. After sewage sludge was applied to previously unaffected soil,
i.e., background soil, the toxic metal concentrations in the soil increased annually over the period from 2006 to
2017. However, with respect to the affected soil, the concentrations of Zn and Cu increased, whereas the concen-
trations of As, Cd, Cr, and Pb decreased annually over the period from 2006 to 2017. The results indicate that, in
practice, the selection of soil for sewage sludge disposal depends on the background and actual concentrations of
toxic metals in a soil as well as the stress caused by the amount of sewage sludge application to cultivated land.
We propose to use sewage sludge containing relatively lower concentrations of metals than the disposal soil for
land application. Furthermore, land application of sewage sludge should be suited to local conditions in the future
sewage sludge management.
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1. Introduction

Sewage sludge is a by-product of wastewater treatment and in-
creased sharply between 2006 and 2017 in China from 5.5 × 106 t to
1.1 × 107 t (dry weight) due to population growth, industrialization,
and stricter discharge requirements (MOHURD, 2007; Hong et al.,
2009; MOHURD, 2018). There are many options for the management
of sewage sludge including landfill, incineration, land application, and
the production of buildingmaterials, whereby the final product is either
a resource or waste (Rizzardini and Goi, 2014). In an effort to increase
the recovery of energy and resources, landfills have gradually been
abandoned by numerous European countries, including Germany,
Finland, and Belgium (Kelessidis and Stasinakis, 2012). Although the re-
covery of resources and energy associated with incineration, land appli-
cation, and the production of building materials are much higher in
comparison to landfill, this has caused controversy due to the corre-
sponding toxic and harmful factors, includingheavymetals, organic pol-
lutants, and pathogenic microorganisms (Straub et al., 1993; Towers
and Paterson, 1997; Singh and Agrawal, 2008; Smith, 2009; Fang et al.,
2017; Lindholm-Lehto et al., 2017; Camotti Bastos et al., 2020).

Among the numerous pollutants in sewage sludge, heavymetals can
be highly toxic, difficult to degrade, and can easily accumulate in organ-
isms and environmental media (Towers and Paterson, 1997; Udom
et al., 2004; Toribio and Romanya, 2006). For instance, cadmium (Cd)
released from sewage sludge after long-term disposal can accumulate
in plant tissues such as roots and leaves, and eventually be transmitted
to humans via the food chain, thus resulting in the potential decline of
the human immune system and organ dysfunction (Udom et al., 2004;
Kyayesimira et al., 2019; Obiora et al., 2019). Elemental mercury (Hg)
has been found to vaporize from soil amended with sewage sludge
under the effect of sunlight; both Hg and methylmercury are harmful
to the human central nervous system (Carpi and Lindberg, 1997;
Beckers and Rinklebe, 2017). Although copper (Cu) is a micronutrient
for living organisms, foods containing excessive Cu can decrease the im-
mune defense ability (Obiora et al., 2019).

The accumulation of heavymetals can also cause ecotoxicological ef-
fects to soil ecosystems (Griffiths et al., 2005; Natal-da-Luz et al., 2009;
Bourioug et al., 2015). The biological and physical resilience of a soil can
be significantly affected by metal-contaminated sewage sludge
(Griffiths et al., 2005). The toxicity of metals can cause a decline in the
diversity of microorganisms and enlarge their respiration rate
(Carbonell et al., 2009; Obiora et al., 2019). In addition, a study found
that Cd and lead (Pb) could transfer easily via soil–plant–snail contin-
uum after 14 days of exposure in a soil amended with sewage sludge,
whereby the resultant Cd concentration in snails was significantly ele-
vated (Bourioug et al., 2015). Eventually, the magnification of toxic
metals in organisms with a higher trophic level may cause toxic effects
and decrease their growth (Natal-da-Luz et al., 2009). Therefore, it is
necessary to evaluate the increased concentrations of toxic metals in
soil due to the land application of sewage sludge.

The potential harmful effects of toxic metals in sewage sludge have
drawn the attention of environmental and agricultural regulators. Reg-
ulators have limited the maximum concentrations of toxic metals in
sludge prior to its agricultural application, and the cumulative pollutant
loading rate after the disposal of metal-contaminated sludge to land is
included in national standards (e.g., 40 CFR Part 503 in the United
States and GB 4284-2018 in China). Thus, these regulations facilitate
the mindful application of sewage sludge to agricultural land (Yoshida
and Antal, 2009; Ge et al., 2019). In order to meet national disposal
criteria, previous studies have focused on investigating the toxic metal
concentrations in sewage sludge in local districts and at a national
scale (Guo et al., 2014; Yang et al., 2014; Duan et al., 2017), and have
also addressed the harmful effects of sewage sludge to the soil proper-
ties and ecosystem (Carbonell et al., 2009; Natal-da-Luz et al., 2009;
Bourioug et al., 2015). However, only a few studies have evaluated the
variation in the concentrations of toxic metals after the land application
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of sewage sludge at a nationwide scale. Furthermore, there are gaps in
knowledge regarding the effects of land applicationmeasures, including
the degree of soil contamination, the percentage of the area of farmland
used for sludge disposal to the total area of farmland, and the percent-
age of disposal sludge for land application.

The present study collected nationwide sludge disposal data (dry
weight) from sewage treatment plants (STPs) in China for the period
from2006 to 2017, and concentration data for eight toxicmetals in sew-
age sludge from various regions in China. We simulated different sce-
narios of land application measures to estimate the change that occurs
in the toxic metal concentrations in soil after the land application of
sludge, and also carried out a nationwide analysis. The objectives of
this study are to (1) clarify the influencing factors that affect the concen-
trations of toxic metals in soil on which sewage sludge was applied
(hereafter called disposal soils), (2) depict the spatial and temporal var-
iations of eight toxic metals in disposal soils, and (3) disclose the effects
of the initial degree of soil contamination on the variations of the toxic
metal concentrations in disposal soils. The present study provides scien-
tific data that can beused for the rational development of sewage sludge
treatment, disposal, and resource utilization, as well as for the preven-
tion and control of toxic metals in soil.

2. Data and methods

2.1. Data collection

Nationwide dry sludge disposal data at the county (city) level
(Fig. S1) and provincial level in China for the period 2006–2017 were
collected from the China Urban Construction Statistical Yearbook
(MOHURD, 2007, 2008, 2009, 2010, 2011, 2012, 2013, 2014, 2015,
2016, 2017, 2018). The concentrations of eight toxic metals (arsenic
(As), Cd, chromium (Cr), Cu, Hg, nickel (Ni), Pb, and zinc (Zn)) in sew-
age sludge from various provincial regionswere obtained from relevant
literature and are summarized in Table S1. The cultivated land area of
each provincial regionwas obtained from the China Statistical Yearbook
(2019), and the median background concentrations of toxic metals in
the soil of various provincial regions, representing the unaffected soil,
were obtained from the book ‘Background Concentrations of Elements
in Soils of China’ (Table S2) (CNEMC, 1990; NBSC, 2019). The measured
concentrations of six toxicmetals in the actually anthropogenic-affected
surface soils of various provincial regions were summarized by Duan
et al. (2016)who compiled a database (see Table S3 for the average con-
centrations); however, Ni and Hg assessed in the present study were
not included in that database. The background soils and
anthropogenic-affected soils were used to mixed with sewage sludge
to estimate the impact of land application of sewage sludge on toxic
metals in “clean” soil and “dirty” soil, respectively.

The provincial regions in China are divided geographically into seven
regions (Fig. 1): north China (NC), northeast China (NEC), east China
(EC), central China (CC), south China (SC), southwest China (SWC),
and northwest China (NWC). NC includes Beijing, Tianjin, Hebei, Shanxi,
and Inner Mongolia; NEC includes Heilongjiang, Jilin, and Liaoning; EC
includes Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi, Shandong, and Fu-
jian; CC includes Henan, Hubei, and Hunan; SC includes Guangdong,
Guangxi, and Hainan; SWC includes Sichuan, Guizhou, Yunnan, Chong-
qing, and Xizang; NWC includes Shanxi, Gansu, Qinghai, Ningxia, and
Xinjiang.

2.2. Estimation of toxic metal concentrations in soil after sewage sludge
application

The estimations were based on the following assumptions: (1) the
sewage sludge was tiled on the selected disposal land; (2) no sewage
sludge was discharged into the soil before 2006; (3) the sludge was ap-
plied to the same cultivated land from 2006 to 2017; (4) the sludgewas
substantially mixed to a certain depth (H = 1 cm or 5 cm) of the same



Fig. 1.Discharge of dry sewage sludge (tons) at the county (city) level in 2006 (a) and 2017 (b), the variation trend (c) as indicated by the correlation coefficients (r) between the amount
of sludge and year for each county or city, and national discharge of toxic metals (d) from 2006 to 2017. Seven geographic regions are divided using black borderlines.
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soil every year; (5) the density of the dry sludge was the same as that of
the soil (ρ = 2.65 g cm−3); (6) the release of metals from the soil–
sludge mixture was negligible; (7) the concentrations of toxic metals
in the sludge were constant. Based on the mass balance principle, The
accumulative concentration (Mm) of toxic metals in surface soil after
the land application of sludge from 2006 to 2017 was calculated using
Eq. (1).

Mm ¼ Me � r1 þMb að Þ � H � A� r2 � ρ
Ms � r1 þ H � A� r2 � ρ

ð1Þ

where the cumulative discharge amount (Me) of toxic metals into the
environment through sludge disposal from 2006 is computed bymulti-
plying the cumulative sludge disposal amount (Ms) in each region by
the concentration of each toxicmetal in the sludge (Table S1) in the cor-
responding region for a given year.Mb is the background concentration
of unaffected soil in Table S2 and Ma is the actual concentration of af-
fected soils in Table S3. Various percentages of sewage sludge for land
application (r1 = 20% or 80%) (Kelessidis and Stasinakis, 2012; Wang
et al., 2015) and occupied percentage (r2 = 0.1%, 1%, or 10%) of the area
of cultivated land for land application of sewage sludge to total culti-
vated land area (A) alongwith two soil depths (H=1 cmor 5 cm)were
set as the application measures to simulate different scenarios.

To check the effects of the above applicationmeasures on concentra-
tions of toxic metals in the disposal soils, we selected the accumulative
concentration of Cr in 2017 to represent different scenarios. To empha-
size the extreme pollution of soil caused by land application, the worst
scenario condition with r1 = 80%, r2 = 0.1%, and H = 1 cm was taken
3

to present the spatiotemporal concentration variations of toxic metals
in the soil due to the land application of sewage sludge in China. We
also determined that 99.2% of the concentration data for toxic metals
in sewage sludge were below the B-class control standards for pollut-
ants in sludge for agricultural use in China (GB 4284–2018). However,
As in sludge from Yunnan and Cu in sludge from Shandong exceeded
the standards (GB 4284–2018). Therefore, the concentrations of As
and Cu in soil were calculated for reference only (Table S4). The concen-
tration variations of toxic metals in seven geographic regions were cal-
culated by geometric mean of concentrations of toxic metals in
provincial regions, which belonged to the same geographic regions.

2.3. Data handling

ArcGIS 10.6 softwarewas used to draw the spatial and temporal the-
matic maps of toxic metal concentrations. A principal component anal-
ysis (PCA) was performed using SPSS 26.0 software and a hierarchical
clustering analysis (HCA) was performed usingMatlab 2016b software.
The ward's method was used to connect the results calculated by the
Euclidean distance method in the HCA. The data were normalized ac-
cording to the variables of toxic metals concentrations before HCA.

3. Results and discussion

3.1. Discharge of toxic metals from sewage sludge in China

According to the dry sewage sludge disposal data at the county (city)
level in China from 2006 to 2017 (Fig. S1), the number of counties or
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cities that produced sewage sludge increased gradually from 310 in
2006 to 659 in 2017 (Fig. 1a and b). More than 60% of counties or cities
had an increasing trend in the amount of sludge disposed between 2006
and 2017 (Fig. 1c), which caused an increased discharge of toxic metals
(Fig. 1d and Table S5). Notably, the highest discharge of toxicmetals oc-
curred in 2010, which was due to the highest sludge disposal in the
same year (Fig. S2).We also observed that the fraction of STPs with sec-
ondary or tertiary treatment to the total STPs and the fraction of water
treated by secondary or tertiary STPs to water treated by total STPs
had similar temporal variations in the amount of sludge disposed
(Fig. S2); however, the amount of sludge disposedwas only significantly
correlated with the fraction of water treated by secondary or tertiary
STPs to total STPs (p< 0.05). The data suggest that STPs with secondary
or tertiary treatment contributed to sludge production, which was also
evidenced by the significant association between newly built STPs and
the amount of sewage sludge disposed (p< 0.05). According to the Chi-
nese national standard ‘Code for UrbanWastewater and Stormwater Engi-
neering Planning’ (GB 50318-2000), the STPs newly built from 2000 is
required to include secondary or tertiary treatment; thus, this also indi-
cates that newly built secondary or tertiary STPswere a critical factor af-
fecting the production and disposal of sewage sludge and the discharge
of toxic metals. In fact, the sewage sludge from the newly built STPs
could not be recycled in the treatment process by their anaerobic diges-
tion systems because the activation of this type of system typically re-
quires at least 6 months (Maranon et al., 2006; Zhang et al., 2019). In
addition, the application of the anammox and oxic-settling-anaerobic
processes might facilitated sludge reduction (Yang et al., 2016; Wen
et al., 2020).

According to the cumulative discharges from 2006 to 2017, the
amount of each toxic metal was ranked as: Zn (62,187.62 t) > Cu
Fig. 2. Cumulative discharges of toxic metals from sewage sludge in various provincial region
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(15,555.43 t) > Cr (8310.43 t) > Pb (5565.86 t) > Ni (3827.06 t) > As
(980.21 t) > Cd (178.99 t) > Hg (119.33 t). The spatial variation of the
cumulative discharges in 2017 revealed that the highest cumulative dis-
charges of As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn were found in Guangdong
(390.15 t), Shandong (85.09 t), Liaoning (3847.95 t), Shandong
(12,015.26 t), Beijing (77.26 t), Zhejiang (1488.36 t), Shandong
(905.78 t), and Zhejiang (16,349.25 t), respectively (Fig. 2). Among
them, Shandong was the most seriously affected as it had the highest
discharges of three metals in China, which was due to the relatively
high amount of sludge disposed in this region and the corresponding
concentrations of toxic metals in sludge (Fig. 1b and Table S1). Interest-
ingly, the top three provincial regions with respect to gross domestic
product (GDP) were Guangdong, Jiangsu, and Zhejiang, which disposed
of 1.10 × 107 t, 0.83× 107 t, and 0.69× 107 t of sewage sludge from 2006
to 2017, respectively. However, the discharge of toxic metals in Jiangsu
was the lowest, thus suggesting that Jiangsu made a great effort to re-
duce the toxic metal content of sewage sludge. Overall, the highest dis-
charges of As, Cd, Cr, Cu, Ni, Pb, and Zn, were in east China (Table S5),
which probably related to the high anthropogenic activities in this
area, as indicated by east China contributing 38.8% of China's GDP. How-
ever, the highest discharge of Hg was in north China, which was proba-
bly due to the high consumption of coal for heating during the cold
seasons (Guo et al., 2014).

3.2. Effects of land application measures on the toxic metal concentrations
in soil

3.2.1. Percentages of sewage sludge for land application (r1)
A study found that the r1 in Europe was up to 87% (Kelessidis and

Stasinakis, 2012), whereas another study reported it to be only 13.5%
s (tons) of China (2017). Seven geographic regions are divided using white borderlines.
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in China (Wang et al., 2015). In the present study, two different r1 values
of 20% and 80% were set to simulate how it affected concentrations of
toxic metlas in soil. The concentration of Cr in the soil of each region
was calculated using Eq. (1) with r1 of 20% or 80%, r2 of 1%, and H of
1 cm (Fig. S3). The calculated concentration of Cr for all regions was
<250 mg kg−1 when the r1 was set to 20%. When the r1 was increased
to 80%, the concentration of Cr in Liaoning Province exceeded
400 mg kg−1, and that in Shanxi Province exceeded 250 mg kg−1. Al-
though the land application of sludge is economical and effective
(Rizzardini and Goi, 2014), an increased usage of this disposal method
might elevate toxic metal concentrations in soil.

3.2.2. Occupied percentage of cultivated land area for land application of
sewage sludge to total cultivated land area (r2)

The calculated concentration of Cr in the soil of each regionwith r2 of
0.1%, 1%, or 10%, r1 of 80%, andH of 1 cm is shown in Fig. S4.When the r2
value was 0.1%, the concentration of Cr in the soil in Liaoning, Shanxi,
and Shandong was >400 mg kg−1, and that in Tianjin, Shanghai, and
Hubei ranged from 250 mg kg−1 to 400 mg kg−1. When the r2 value
was 1%, only the concentration of Cr in the soil in Shanxi reached
250 mg kg−1, and only that from Liaoning reached 400 mg kg−1.
When the r2 value was 10%, the concentration of Cr in the soil from all
provincial regionswas <250mg kg−1. Therefore, the dispersed disposal
measures of sewage sludgewith an r2 value of 10%would effectively re-
duce the load of toxic metals in the soil of cultivated land.

3.2.3. Affected depth of soil (H)
We assumed that the sewage sludge was mixed to an H value of ei-

ther 1 cm or 5 cm to simulate the short-term and long-term influences
of sewage sludge, respectively, on concentrations of toxic metals in soil.
Assuming an r1 value of 80% and r2 value of 1%, the concentration of Cr in
the soil from each region under long-term influence was much lower
than that under the short-term influence. When the H value was set
to 1 cm, the concentration of Cr in the soil from Liaoning, Shanxi, Tianjin,
and Shandong all exceeded 250 mg kg−1. When the H value was set to
5 cm, the concentration of Cr in the soil in Liaoning still exceeded
250 mg kg−1. Although concentrations of toxic metals would theoreti-
cally decrease with an increasing soil thickness, these metals could
also be transported into deeper soil and cause contamination of the
deeper soil.

3.3. Spatiotemporal variations of toxic metals in soil

3.3.1. Variations of toxic metals in unaffected (background) soil
The calculated average concentrations of toxic metals in previously

unaffected (background) soil after the disposal of sewage sludge to
the soil were ranked as: Zn > Cu > Cr > Pb > Ni > As > Cd > Hg
(Table 1), which was the same order as that for the national discharge
of toxic metal concentrations in sewage sludge, but different from the
Table 1
Statistical analysis of the concentrations of toxic metals in previously unaffected (background)

As Cd Cr

a. Land application of sewage sludge using unaffected soil (background values)
Mean 11.06 1.68 90.18
Median 14.68 2.41 108.74
Maximum 58.94 (YN) 9.91 (SD) 833.44 (LN)
Minimum 4.44 (GS) 0.10 (QH) 18.71 (FJ)
Ratio (maximum to minimum) 13.27 99.10 44.55

b. Land application of sewage sludge using affected soil (actual values)
Mean 14.46 2.58 102.79
Median 16.54 3.21 111.42
Maximum 71.95 (GX) 24.61 (XZ) 907.90 (SN)
Minimum 3.61 (QH) 0.24 (QH) 26.02 (QH)
Ratio (maximum to minimum) 19.93 102.54 34.89

Notes: YN – Yunnan, SD – Shandong, LN – Liaoning, TJ – Tianjin, ZJ – Zhejiang, AH – Anhui, GS
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background concentrations of toxic metals in soil (Table S2). The land
application of sewage sludge changed the sequence of Cu, Cr, and Ni
in the background soil, whereby Cu ranked higher due to an increased
concentration. This could lead to the bioaccumulation of Cu in vegeta-
tion and animals, thus ultimately affecting human health via the food
chain (Bourioug et al., 2015; Obiora et al., 2019). The spatial heterogene-
ity of Cu in soilwas also the largest of the eight toxicmetals, as indicated
by the ratio of themaximum concentration to theminimum concentra-
tion in Table 1, and was followed by Cd, Hg, Zn, Cr, Pb, Ni, and As.

The highest concentrations of As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn after
the disposal of sewage sludge to the soil were observed in Yunnan
(58.94 mg kg−1), Shandong (9.91 mg kg−1), Liaoning
(833.44 mg kg−1), Shandong (1402.21 mg kg−1), Tianjin
(9.90 mg kg−1), Zhejiang (243.43 mg kg−1), Anhui (181.97 mg kg−1),
and Zhejiang (2659.82 mg kg−1), respectively. The regional variation
of the highest discharge of toxic metals from sewage sludge revealed
that As was highest in Guangdong, Hg was highest in Beijing, and Pb
was highest in Shandong. These provinceswere associatedwith the cor-
responding lowest concentrations in the background soils before land
application of sewage sludge, which helped to dilute their concentra-
tions and alleviated their environmental effects. We still found that
there were two toxic metals with the highest concentrations in
Zhejiang and Shandong. Notably, even though we controlled the con-
centration of As in discharged sludge in Yunnan and the concentration
of Cu in discharged sludge in Shandong to be in accordance with the
class B standard in GB 4284–2018, the highest concentrations of As
and Cu in the soil were still observed in Yunnan (48.01 mg kg−1) and
Shandong (1201.86 mg kg−1), respectively (Table S4). Overall, the
toxic metal concentrations in soil in east China, central China, south
China, and southwest China were more serious than those in north
China, northeast China, and northwest China (Fig. 3 and Table S7). Spe-
cifically, after the disposal of sewage sludge to the soil, the highest As
concentration was found in south China, the highest concentrations of
Cd, Cr, Cu, and Zn were found in central China, the highest concentra-
tions of Ni and Pb were in east China, and the highest concentration of
Hg was found in north China.

Toxic metals will accumulate in soil under the continuous annual
discharge of sewage sludge as a result of their poor degradability
(Towers and Paterson, 1997; Toribio and Romanya, 2006). Accordingly,
the results (Fig. 4a and Table S8) revealed that the toxic metal
concentrations in soil increased between 2006 and 2017. Although the
temporal variations of Hg and Cd were not as clear as those of the
other toxic metals, their relative variations (as indicated by the concen-
tration ratios of toxic metals in unaffected (background) soils before
disposal to those after disposal) showed that they increased sharply as
a result of sludge application (Fig. 4 and Table S9). Additionally, the cal-
culated concentrations of Cd, Cu, Hg, Pb, and Zn in previously unaffected
soil after the application of sludge were elevated up to 21.2, 7.1, 33.4,
2.3, and 8.7 times with respect to the background concentrations in
and affected (actual) soils after land application of sewage sludge (mg kg−1).

Cu Hg Ni Pb Zn

148.64 1.11 41.38 56.74 590.89
125.33 1.19 41.84 57.32 588.04
1402.21 (SD) 9.90 (TJ) 243.43 (ZJ) 181.97 (AH) 2659.82 (ZJ)
9.03 (QH) 0.12 (SD) 11.56 (BJ) 8.31 (QH) 34.90 (QH)
155.28 82.5 21.06 21.90 76.21

162.74 n.a. n.a. 83.48 636.90
139.22 n.a. n.a. 76.95 628.72
1409.69 (SD) n.a. n.a. 548.93 (YN) 2670.51 (ZJ)
12.67 (QH) n.a. n.a. 3.03 (QH) 51.54 (QH)
111.26 181.17 51.81

– Gansu, QH – Qinghai, FJ – Fujian, BJ – Beijing, n.a. – not available.



Fig. 3. Spatial variations of toxic metals in previously unaffected (background) soils after the disposal of sewage sludge in China (2017) (mg kg−1). Seven geographic regions are divided
using white borderlines.
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2017, respectively (Table S9), whereas, the concentrations of Ni and Cr
were 1.5 and 1.4 times larger, respectively, and the smallest increase
was for As with only 1.2 times larger. Hence, concentrations of the Cd,
Fig. 4. Temporal variations of toxic metals in previously unaffected (background) soils after th
(background) soils (before disposal to those after disposal) (b).

6

Cu, Hg, and Zn in the sludge were much higher than the background
concentrations in soil (Tables S1 and S2). However, the concentrations
of Ni, Cr, and As in the sludge were not too different from the
e disposal of sewage sludge (a), and the concentration ratios of toxic metals in unaffected
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background value of the soil (Tables S1 and S2). In summary, the large
annual increases of the Hg and Cd indicate that these metals are of
great concern with regard to the land application of sewage sludge.
3.3.2. Variations of toxic metals in previously anthropogenic-affected soil
Owing to human activities, most of the soils in China have been ac-

tually affected in comparison to the background values (Duan et al.,
2016). Therefore, it is crucial and meaningful to evaluate the variations
of the toxic metals in soil following the disposal of sewage sludge. The
average concentrations of toxic metals in soil after the disposal of sew-
age sludge on already affected soil (Table 1) were ranked as:
Zn > Cu > Cr > Pb > As > Cd. This order of ranking was the same as
that for the national discharge of toxic metal concentrations in sewage
sludge, but different from the measured concentrations of toxic metals
in soil (Table S3). Similar to the results in Section 3.3.1, the land
application of sewage sludge also advanced the ranking position of Cu,
although the largest spatial heterogeneity was found for Pb instead of
Cu. The provincial regions with the highest concentrations of As, Cd,
Cr, Cu, Pb, and Zn were observed in Guangxi (71.95 mg kg−1), Xizang
(24.61 mg kg−1), Shanxi (907.90 mg kg−1), Shandong
(1409.70 mg kg−1), Yunnan (548.93 mg kg−1), and Zhejiang
(2670.51 mg kg−1), respectively (Table 1). Although we assumed the
concentration of Cu in discharged sludge in Shandong to be in accor-
dancewith the class B standards in GB 4284−2018, the highest concen-
trations of Cu in soil were still observed in Shandong (1223.30mgkg−1)
(Table S4). Notably, according to the median concentrations of toxic
metals in previously anthropogenic-affected soils (Table S4), Shandong
Province (63.2 mg kg−1) ranked in themiddle of the provincial regions,
however, land application made her the most contaminated place with
toxic metals from sewage sludge. The highest concentrations of As, Cd,
Cr, and Pb in soil in the corresponding provincial regions was mainly
due to the fact that their measured concentrations in soil were the
highest level in China. Overall, the provincial regions with a relatively
low contamination of toxicmetals (e.g., Qinghai)were primarily located
in northwest China and southwest China (Fig. 5 and Table S10), which
have related to lower concentrations of toxic metals in sewage sludge
corresponding to the relatively lower level of urbanization.
Fig. 5. Spatial variations of toxic metals in affected (actual) soils after the disposal of sewag
borderlines.
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Unlike the continuous annual increases of all concentrations of toxic
metals in the background soils (Fig. 4a and Table S8), concentrations of
As, Cd, Cr, and Pb decreased annually because their concentrations in
sewage sludge were much lower than those of the actual soils
(Fig. 6a). Sludge can have a diluting effect that can decrease the contam-
ination of toxic metals in soil if concentrations of toxic metals in the
sludge are lower than those in the soil. Among the two toxic metals
with increasing trends, concentrations of Zn and Cu in soil were 2.20
times and 1.84 times higher with respect to their previous concentra-
tions before land application (Table S12), respectively, whereas, con-
centrations of As, Cd, Cr, and Pb in soil were only 56%, 59%, 84%, and
55% of those before land application, respectively. The concentration ra-
tios of toxic metals in affected soils after disposal to those before dis-
posal in Fig. 6b further revealed that the concentrations of Zn and Cu
increased in affected soils after the land application of sewage sludge,
whereas concentrations of As, Cd, Cr, and Pb decreased over the periods
from 2006 to 2017.

3.4. Differences in concentrations of toxic metals in various disposal soils

3.4.1. Toxic metals
The variations of toxic metals after the application of sludge to

i) previously unaffected (background) soil and ii) anthropogenic-
affected (actual) soil were calculated by subtracting the back-
ground concentrations from the actual concentrations (Fig. 7a and
Table S13). The horizontal dendrogram of toxic metals from the
HCA (Fig. 7a) and the loading plot of toxic metals from the PCA
(Fig. 7b and Tables S14−S16) both indicate that the variations of
the Cu and As concentrations were similar, as were those of Pb
and Zn, whereas the variations of the Cd and Cr concentrations
were different from the other metals. In terms of mineralogy, Pb
and Zn are typically sourced from parent (geological) Pb\\Zn de-
posits (Balabanova et al., 2016). They are also associated with sim-
ilar anthropogenic activities, for example, agricultural activities and
atmospheric deposition (Niu et al., 2019). In addition, Cu, As, and Cd
are sulfide-like elements that are derived from industrial activities
and have been identified in household dust (Torres-Sanchez et al.,
2017). The geochemical behaviors and properties of Cr can be
e sludge in China (2017) (mg kg−1). Seven geographic regions are divided using white



Fig. 6.Temporal variations of toxicmetals in affected (actual) soils after thedisposal of sewage sludge (a), and the concentration ratios of toxicmetals in previously unaffected (actual) soils
(before disposal to those after disposal) (b).
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quite different from those of other toxic metals (Suresh et al., 2012).
The spatial variation of Cr in soil also differed to that of othermetals,
whereby Shanxi had the highest variation in the concentration of
Cr. In summary, it can be inferred that the observed variations of
toxic metals in soil depended on the comprehensive effects of geo-
chemistry and anthropogenic activities.

3.4.2. Spatial variations
The spatial variations of toxic metals were revealed by the vertical

dendrogram of toxic metals in the HCA (Fig. 7a) and the score plot of
toxic metals in the PCA (Fig. 7c). These showed that most provincial
regions had relatively small spatial variations of toxic metal
Fig. 7. Differences in concentrations of toxic metals in various disposal soils as revealed by a
component analysis with a loading plot (b) and score plot (c) using data from Table S13. The
HE: Hebei; AH: Anhui; GX: Guangxi; JX: Jiangxi; SN: Shanxi; YN: Yunnan; XZ: Xizang.
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concentrations, although those in some regions were much larger. For
instance, Hebei and Anhui scored highly in the second principal compo-
nent, which was associated with Cu and As (Fig. 7c). The spatial varia-
tions of Cu and As in Hebei and Anhui, respectively, were the largest
among the provincial regions (Fig. 7a). The main reason for the spatial
variation of Cu related to the actual concentration of Cu in soil
(139.15mgkg−1) being17 times higher than its background concentra-
tion (8.40 mg kg−1) in soil in Hebei. Moreover, the concentration of Cu
in sewage sludge (144.00mg kg−1) was also close to the actual concen-
tration of Cu in soil in Hebei. The spatial variation of As in soil in Anhui
related to the fact that the actual concentration of As in soil
(727.08 mg kg−1) was 35 times higher than the background
hierarchical clustering analysis with a heat-map and dendrogram (a), and by principal
color bar in sub-chart (a) denotes the normalized data from Table S13. In sub-chart (c),



Table 2
Guidelines for selecting soil for the land application of sewage sludge.

Conditions Cases
(fraction, %)

Selection
descriptions

Examples

Mc ∈ (Ma,+∞),
Mc ∈ (Mb,+∞)

128 (67) ▪ The concentrations of toxic metals in both disposed soils are increased.
▪ The soil with lower concentration of toxic metals is proposed for land application

All toxic metals in
Xinjiang

Mc ∈ [Ma,Mb] or
[Mb,Ma]

50 (26) ▪ The concentrations of toxic metals in the soil with less contamination are increased and those with more
contamination are decreased

▪ The soil with higher concentration of toxic metals is proposed for land application

As, Cd, and Cr in
Anhui

Mc ∈ (0,Ma),
Mc ∈ (0,Mb)

14 (7) ▪ The concentrations of toxic metals in both disposed soils are decreased.
▪ The soil with higher concentration of toxic metals is proposed for land application.

All toxic metals in
Qinghai

Notes:Ma is the actual concentrations of affected soils, Mb is the background value of unaffected soil, Mc is the concentration of toxic metals in sewage sludge.
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concentration (21.00 mg kg−1). The variation of toxic metals in soil in
Yunnan had the largest score in the first principal component, which
was associated with Pb and Zn (Fig. 7b). The large variations of the Pb
and Zn may also be explained by the considerable difference between
the actual and background concentrations.

3.4.3. Soil selection in practice
Overall, the toxic metal concentrations in affected soil were higher

than those in unaffected soil after the land application of sewage sludge,
as indicated by the most positive variation of the concentrations in
Table S13. Based on Eq. (1), the concentration variations (δMm) could
also be calculated using Eqs. (2) and (3):

δMm ¼ Ma−Mb
Ms�r1

H�A�r2�ρ þ 1
¼ Ma−Mb

M
33A þ 1

¼ Ma−Mb

K þ 1
ð2Þ

Mm ¼ Mb að Þ þ τ Mc−Mb að Þ
� �

, τ ¼ K
K þ 1

ð3Þ

where δMm depends on the background concentrations (Mb) and ac-
tual concentrations (Ma) of toxic metals in soil, and the ratio (K) of the
amount of sewage sludge disposed (Ms, t) to 33 times the cultivated
land area (A, km2). The K value denotes the stress caused by the applica-
tion of sewage sludge to cultivated land. A high stresswould cause a low
concentration variation, thus indicating that either unaffected soil or af-
fected soil could be used for land application. Take Beijing as an exam-
ple, the K value was 298.1 (Table S2) and τ ≈ 1 and Mm ≈ Mc, which
was independent of Mb or Ma; thus, δMm ≈ 0. This shows that concen-
trations of toxic metals in either affected soil or unaffected soil would
be equal to those in sewage sludge in regions with a high stress of sew-
age sludge application to the cultivated land (Tables S1). The other re-
gions with a high stress (K > 10) in China included Shanghai, Tianjin,
Zhejiang, and Guangdong.

According to Eq. (3) and based on the definition of the K value and
the concentrations of toxic metals in sewage sludge (Mc), we propose
several suggestions to guide the selection of soil for the land application
of sewage sludge as follows (Table 2). (1) Taking Xinjiang as an exam-
ple, the concentrations of all eight toxic metals in sewage were far
higher than those in the background soil and actual soil. As the concen-
trations of toxic metals in the disposal soil mainly depends on the those
in sewage sludge, it follows that the soil with the lower concentrations
of toxic metals should also have the higher environmental capacity of
toxicmetals. (2) TakingAnhui as another example, theAs concentration
in sludgewas between that in the background soil and that in the actual
soil. In this case, the disposal soil should be that for which contamina-
tion would be reduced by the application sludge (i.e., the actual soil).
(3) Taking Qinghai as a further example, the concentrations of all
eight toxic metals in sewage were far lower than those in the back-
ground soil and actual soils. In this case, the sewage sludge containing
relatively low concentrations of metals should be used to reduce the
more contaminated disposal soil, that is, the affected soil for Cd, Cu,
and Zn.
9

4. Conclusion

The cumulative discharges of the toxic metals were ranked as:
Zn > Cu > Cr > Pb > Ni > As > Cd > Hg. The discharges of toxic metals
were the largest in east China due to the high anthropogenic activities in
this region. An increasing ratio of sewage sludge for land application, the
concentrated disposalmeasures, and a shallower soilmay have elevated
the concentrations of toxic metals in soil. After applying sewage sludge
to previously unaffected (background) soil, the toxic metal concentra-
tions in soil increased annually over the period 2006–2017. However,
with respect to the affected (actual) soil, the concentrations of Zn and
Cu increased, whereas the As, Cd, Cr, and Pb concentrations decreased
annually. The toxic metal concentrations in the previously unaffected
soils that were applied with sewage sludge were more serious in the
southern part of China than those in the northern part of China, whereas
the toxic metal concentrations in soils already affected by sewage
sludge were lower in western part of China. In practice, the selection
of soil for the disposal of sewage sludge should take into account the
background and actual concentrations of toxic metals in soil as well as
the K value that indicates the stress caused by the amount of sewage
sludge application to cultivated land. To guide a reasonable land appli-
cation of sewage sludge, we propose to use sewage sludge containing
relatively lower concentrations of metals than the disposal soil.
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