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Abstract

Background: Heavy metal pollution of aquatic systems is a global issue that has received considerable attention.
Canonical correlation analysis (CCA), principal component analysis (PCA), and potential ecological risk index (PERI)
have been applied to heavy metal data to trace potential factors, identify regional differences, and evaluate ecological
risks. Sediment cores of 200 cm in depth were taken using a drilling platform at 10 sampling sites along the Xihe River,
an urban river located in western Shenyang City, China. Then they were divided into 10 layers (20 cm each layer). The
concentrations of the As, Cd, Cr, Cu, Hg, Ni, Pb and Zn were measured for each layer. Eight heavy metals, namely Pb,

urban rivers.

Zn, As, Cd, Cr, Cu, Ni, and Hg, were measured for each layer in this study.

Results: The average concentrations of the As, Cd, Cu, Hg, and Zn were significantly higher than their background
values in soils in the region, and mainly gathered at 0-120 cm in depth in the upstream, 0-60 cm in the midstream,
and 0-20 cm downstream. This indicated that these heavy metals were derived from the upstream areas where a
large quantity of effluents from the wastewater treatment plants enter the river. Ni, Pb, and Cr were close or slightly
higher than their background values. The decreasing order of the average concentration of Cd was upstream > mid-
stream >downstream, so were Cr, Cu, Ni and Zn. The highest concentration of As was midstream, followed by
upstream and then downstream, which was different to Cd. The potential factors of heavy metal pollution were Cd,
Cu, Hg, Zn, and As, especially Cd and Hg with the high ecological risks. The ecological risk levels of all heavy metals
were much higher in the upstream than the midstream and downstream.

Conclusions: Industrial discharge was the dominant source for eight heavy metals in the surveyed area, and rural
domestic sewage has a stronger influence on the Hg pollution than industrial pollutants. These findings indicate that
effective management strategies for sewage discharge should be developed to protect the environmental quality of
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Background

With recent advances in industrialization and socio-
economic development, heavy metal pollution of aquatic
systems has become a global issue and has received

*Correspondence: yhbybx@163.com; ghjixh@sina.com

! State Key Laboratory of Environmental Criteria and Risk Assessment,
Chinese Research Academy of Environmental Science, Beijing 100012,
People’s Republic of China

Full list of author information is available at the end of the article

@ Springer Open

considerable attention due to high biotoxicity, wide
sources, non-biodegradability, and bio-enrichment in
food webs [1-3]. River sediments have been identified
as important carriers and sinks for the heavy metals dis-
charged into the aquatic systems [4, 5]. Heavy metals in
river sediments mainly stem from rock weathering, soil
erosion, runoff from agriculture, sewage treatment, and
atmospheric precipitation [6, 7]. The heavy metals loaded
into the river environment can be transferred to and con-
centrated in sediments together with organic matter, Fe/
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Mn oxides, and sulfides by adsorption and accumulation
on suspended fine-grained particles, however they can-
not be permanently fixed in sediments [8—10]. Under
ecological disturbances such as a decline in redox poten-
tial or pH and the degradation of organic matter, the
heavy metals in sediments can be released back into the
overlying water by various processes of remobilization,
which may lead to secondary pollution [11-13].

The degree of each heavy metal pollution in the sedi-
ment is different, so that it is essential to clarify the inter-
nal correlation of heavy metals with sediments, and trace
the potential factors of heavy metal pollution. Statisti-
cal method is used widely in studying the relationship
between different heavy metal concentrations and sam-
ples. Canonical correlation analysis (CCA) and principal
component analysis (PCA) are the most common multi-
variate statistical methods used in environmental studies,
which provide techniques for classifying interrelationship
of heavy metals and samples [14, 15]. CCA could elabo-
rate on the relationship between observed variables, and
track the latent factors [16]. PCA is widely used to reduce
data, extract a small number of latent factors, and dis-
criminate the similarity and dissimilarity for analyzing
relationships among the observed variables [17].

A variety of evaluation methods for heavy metals have
been developed by international organizations and con-
ventions, which have been applied to evaluate heavy
metal pollution and the potential ecological risks in
the sediments. These methods are associated with the
enrichment factor, pollution degree, pollution load index,
pollution factor, and geo-accumulation index, which may
be mainly used to evaluate the ecological risks accord-
ing to the ratio of a single heavy metal concentration to
the background value [18-23]. However, these methods
neither provide information on the toxicity of heavy met-
als nor indicate the comprehensive toxic effects in the
overall heavy metal assemblage. The potential ecologi-
cal risk index (PERI), developed by the famous Swedish
scholar Hikanson, is a well-known method for the poten-
tial risk of heavy metal pollution in soils and sediments,
which could fill this gap and consider both total contents
of heavy metals and the toxic response factors for each
heavy metal [24—26]. The PERI had been applied on the
diagnostic for water pollution control, the evaluation of
potential ecological risk of heavy metals in the Yellow
River sediments and the assessment of heavy metal pollu-
tion in marine sediments, and so on [24, 25].

Therefore, CCA, PCA and PERI were used to explore
the spatial variations and trace potential factors, to
identify regional differences, and to assess the potential
ecological risks of heavy metals, namely As, Cd, Cr, Cu,
Hg, Ni, Pb, and Zn, in the sediments of the Xihe River,
an urban river located in Shenyang City, China. The
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proposed studies on the distribution characteristics and
potential ecological risks of the heavy metals in sedi-
ments of Xihe River are expected to provide theoretical
support and scientific basis for the effective sewage dis-
charge management of Xihe River, and then effectively
improve the water quality of the urban river.

Materials and methods

Description of study area

The Xihe River, a tributary of the Hunhe River, is located
in the western part of Shenyang City, China, and extends
78.2 km through the Tiexi Industrial District (Fig. 1). It
experiences a temperate continental monsoon climate.
The mean width of the Xihe River is 10.5 m, with a mean
annual rainfall of 680.4 mm [27]. The industry in Tiexi
District is dominated by equipment manufacturing, auto-
mobiles and parts, industrial tourism and biopharma-
ceutical, and the industrial park has economic—technical
development zone, chemical industry park, metallurgical
industry park and export processing zone. The average
runoff volume of Xihe River is about 924,500 m® day~*
dominated by industrial wastewater (67.73%) and domes-
tic (19.79%), and effluents from wastewater treatment
plants are released directly into the river [28, 29]. There-
fore, large quantities of pollutants are discharged into
the river, which can lead to water quality deterioration
and ecosystem degradation. In particular, the continu-
ous accumulation of heavy metals in the sediments may
induce potential ecological risks.

Sampling and analysis

Field observations and sampling campaigns to collect
sediments in the Xihe River were conducted during July
15-25, 2019 (Fig. 1). Three regions were divided along
a human impact gradient, the centralized wastewater-
discharge region (upstream), the dispersed wastewater-
discharge region (midstream), and farmland region
(downstream). Ten sampling sites were selected cross
the urban river. Sampling sites #1-#3 were located
upstream, where a large amount of effluents from the
wastewater treatment plants (WWTP) was loaded
into the river. Sampling sites #4—#7 were situated in
midstream, where a small amount of dispersed waste-
water (domestic wastewater and livestock breeding)
wastewater were discharged into the river. Sampling
sites #8—#10 were located downstream, where the par-
tial return water from farmlands enters the river. Sedi-
ment cores 200 cm in length were collected at each
site and divided into 10 horizons (0-20 c¢m, 20-40 cm,
40-60 c¢cm, 60-80 cm, 80-100 c¢cm, 100-120 cm, 120—
140 cm, 140-160 cm, 160-180 cm, and 180-200 cm).
Each sediment horizon was thoroughly mixed and
homogenized after carefully removing gravel, shells,
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Fig. 1 Watersheds of the Xihe River and location of the sampling sites

and animal and plant residues. The samples were stored . C
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at 4 C until they returned to the laboratory. ¢ = ci’ (1)

In a given sediment sample, 5 g of freeze-dried and "
sieved (0 =100) sediment was digested in 5 mL solu- ) ) )
tion of HNO; and HCIO, at 140 °C for 3 h [30]. After E=T; - C, (2)
the samples were cooled, the content of each tube
was diluted to 25 mL with double distilled water. The n )

‘ . PERI =Y El (3)
digested samples were then filtered. The concentrations =1

of the As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn were deter-
mined for each sample using ICP-MS (ELAN DRC II
model, Perkin-Elmer Sciex, Norwalk, CT, USA), with
sediment standard substance (Chinese geological ref-
erence materials GBW07309) used for quality control
during the analysis process. Three parallel samples were
set up and the relative standard deviations of the heavy
metals for the multiple measurements were less than
5%.

Pollution assessment method

Recently, different indicators has been utilized to esti-
mate the heavy metal pollution and risk in sediments.
PERI was used in this study to represent the potential
ecological risk index of heavy metals in the sediments of
the Xihe River. It was calculated according to the follow-
ing formula:

where E! is the potential ecological risk associated with
the heavy metal i in the sediments, which is the product
of the toxic response factor 7' and the pollution factor C}.
T! is the toxic response factor of heavy metals i and has
values of 10, 30, 2, 5, 40, 5, 5 and 1 for As, Cd, Cr, Cu, Hg,
Ni, Pb, and Zn, respectively [31]. C} is the pollution factor
of heavy metals i, which is the ratio between the deter-
mined concentration in the sediment C! and the back-
ground value C/, (Table 1). The background value for the
soil in Liaoning Province were used as C’, [32]. According
to Zhang et al. [33], the individual ecological risk of heavy
metals and integrated potential ecological risk can be
classified into the categories shown in Table 2.

Statistical analysis
Variations in heavy metal values were presented using
sediment depth and sampling site matrices. CCA and
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Table 1 Background values (mg kg™') of heavy metals in Liaoning Province of China

Heavy metals As Cd Cr Cu Hg Ni Pb Zn
Background 8.80 0.16 57.66 24.57 0.05 25.60 2215 59.84

Table 2 Grade standards for potential ecological risks

Risk level Low risk Moderate High risk  Very high Disastrous
risk risk risk

Grade [ Il Il Y \%

E <30 30-60 60-120  120-240 > 240

PERI <100 100-200 200-400 >400

PCA were carried on the data matrices of the heavy met-
als to trace the potential factors and reveal the patterns of
the sediment samples [34, 35]. The score plots for heavy
metals can characterize the potential factors of each
principal components (PC), and the loading plots for the
10 sediment layers can be used to investigate the sedi-
mentary characteristics of the heavy metals. All statistical
analyses were performed using Canoco 5, SPSS 22, and
Origin 8.0 software for windows.

Results and discussion
Concentrations of heavy metals in sediments
The average concentrations of eight heavy metals in
sediment samples from the Xihe River are presented
in Table 3. Based on the average concentrations, the
pattern in sediment was: Zn (205.684243.96)>Cu
(45.25+83.14) > Cr (35.551+58.96) > Ni (35.06 £ 44.08) > Pb
(21.88+13.68)>As (11.19£21.04)>Cd (2.88+5.34)>Hg
(1.0142.17). The minimum concentration was observed
for the known toxic elements (such as Cd, Hg, and Pb)
while the maximum concentration was observed for Cu
and Zn. Copper and zinc pollution of sediments possibly
arisen from effluents from municipal and mining, further-
more the highest concentrations of Cu and Zn could also
be related to the geological sources in addition to anthro-
pogenic inputs [36].

Table 3 also summarizes the average concentration of
the eight heavy metals from other urban rivers to under-
stand the extent of heavy metal pollution of the study

Table 3 Average heavy metals concentrations (mg kg™') in sediment from Xihe River and other urban rivers of the world

As (@] Cr Cu Hg Ni Pb Zn Reference
Xihe River 11.19£21.04 2.88+534 355545896 4525+£83.14  1.01x£217 35.06+44.08 21.88+13.68  20568+243.96 This study
Dongbao - 1.27+0.16 713.004+169.00  2602.00 4 336.00 - 412.00£93.00 69.90£6.17 646.00+£30.00 [38]
River
(China)
Xixiang River - - 89.58 £43.99 168.82+£7229 048+£0.25 69.46 £30.58 6296+£2489 31033+£111.26 [39]
(China)
Gushu - - 112£55.25 16233£108.65 0.11£0.15 68.00 £45.40 7560+£23.78  48733+£31257 [39]
Chung
(China)
Shigiao River - 2794131 133.00 £ 26.00 100.00 £47.00 - 66.00 £ 25.00 96.00£30.00  327.00£76.00  [40]
(China)
Korotoa River  22.00+£16.00 1.00+0.53 99.00+38.00 71.00+27.00 - 86.00+34.00 54.004+15.00 - [41]
(Bangla-
desh)
Nakivubo - 0.0540.002 - 6.75+0.13 - - 10.0040.98 4825+1.04 [42]
Chan-
nelized
stream
(Uganda)
Karnaphuli - - 96.67+£11.14 31394857 - 42.94+6.04 25334127 7393+1374  [43]
River
(India)
Akai River - 2.60+0.20 18.30+1.02 2104001 - 14.6040.98 111.50£1.09 1030£0.02 [36]
(Ethiopia)
Strzyza - 0.19+£0.18 1822+£19.36 36.63+5649 - 868+7.87 45.89+63.00 149.51£201.38 [44]
Stream
(Poland)
Calore River 730£3.60 0234020 19.7049.00 3430£2030 0.08+0.19 24.60£11.90 24.00£21.20 6590+4944  [45]

(Italy)
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area. The Cd and Hg contamination in sediments of this
study was relatively higher than the values from all the
other studies. The average concentration of Cd was 17.98
times higher than its background value, and the Hg aver-
age concentration was 20.16 times higher than its back-
ground value, indicating that Cd and Hg pollution was
remarkable in sediment of Xihe River. The average con-
centrations of As, Cr, Cu, Ni, Pb, and Zn were within the
ranges observed in the other studies, and Cr and Pb were
lower than their background values. Additionally, the
average concentrations of As, Cu, Ni, and Zn were 1.27—
3.44 times higher than their background values, which
indicated the Xihe River sediments were seriously pol-
luted. Overall, this comparison indicated that there was
the high accumulation of heavy metals in the sediments
of Xihe River and that it requires special care and man-
agement interventions such as proper waste collection,
treatment, and disposal [37].

Spatial distributions of heavy metals in sediments

Spatial distributions were obtained through the matri-
ces of the heavy metals in the Xihe River (Fig. 2). The
average concentrations (mg kg™!) of the heavy metals
across all the sediments in decreasing order was as fol-
lows: Zn>Cu>Cr>Ni>Pb>As>Cd>Hg. The average
concentration of the As was the highest at the down-
stream sites, followed by the midstream and upstream
(Fig. 2a). As concentrations were highest at the surface
layers of all sites except for site #1 and site #2, which were
much higher than the background values at sites #6, #9,
and #10. Cd concentrations in all the layers of each site
were far higher than their background values (Fig. 2b).
The average concentration of Cd was the highest in the
upstream, followed by the midstream and downstream.
The concentrations in the 80—-100 c¢m layer of site #1 and
the 0—20 cm layer of site #6 were much higher than those
in the other sediment layers. The average concentration
trend of the Cr in the upstream, midstream, and down-
stream regions was similar to that of Cd. However, the
concentrations in the whole layers at all sites were lower
than their background value. The maximum concentra-
tion was observed in the 140—160 cm horizon of site #2
(Fig. 2c). For the midstream and downstream sites, the
concentrations were highest in the 0—20 cm layers. At all
sites, the Cu concentrations in all 10 layers were much
higher than their background values (Fig. 2d). The trend
of the mean Cu values in the upstream, midstream, and
downstream regions was similar to that of Cd and Cr;
being higher at the upstream sites. The maximum con-
centration of Cu occurred in the 60—-80 cm layer of site
#1.
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The background values of Hg were higher than the
concentrations found at any layer of any site (Fig. 2e).
The decreasing order of the average Hg concentration
was midstream > upstream > downstream. The maximum
concentration occurred in the 0-20 c¢m layer of site #6.
The maximum concentration of the Ni was found in
the 0-20 cm layer at all sites except for site #1, where
the maximum was in the 80—-100 cm layer (Fig. 2f). The
trend of Ni in the upstream, midstream, and downstream
regions was the same as that of Cd, Cr, and Cu. Further-
more, the Ni concentrations in the layers 60—100 cm of
site #1 and 0—20 cm of site #2 were higher than the back-
ground value, while the concentrations in the remaining
layers were close to the background value. Interestingly,
the concentrations of Pb were much lower at depths of
the 40-100 cm (Fig. 2g). This indicated that the Pb con-
tent in the sediments was very low during a period of
time. The Pb concentrations in all the layers were lower
than their background values at all sites, especially at
depths of 40-100 cm. Zn concentrations in all the layers
were far higher than their background values at all the
sites (Fig. 2h). The trend of the Zn concentrations was
similar to that of Cd, Cr, Cu, and Ni, being highest at the
upstream sites and getting lower as you go downstream.
The maximum concentration occurred in the 80-100 cm
layer of the site #1, while the minimum concentration in
the 80—100 cm layer at the site #10.

The average concentrations of As, Cd, Cu, Hg, and Zn
in all the sediments were significantly higher than their
background values in soils in the region. These heavy
metals mainly gathered in the top 0-120 cm of sedi-
ments in the upstream areas, in 0—60 cm midstream, and
0-20 cm downstream, indicating that these metals were
derived from the upstream region where a large quantity
of effluents from the wastewater treatment plants entered
the river [29]. Ni, Pb, and Cr were close or slightly higher
than their background values. The decreasing order of
the average concentrations of As was downstream > mid-
stream > upstream. The trend of Cd, Cr, Cu, Ni, and Zn
was opposite to that of As. The average concentration
of Hg was the highest in the midstream, followed by the
upstream and downstream regions, indicating that rural
domestic sewage has a stronger influence on Hg pollu-
tion than industrial pollutants [46].

Tracking potential factor and spatial classification

CCA was used to elaborate on an evident and graphic
comprehension of the relationship between water pollu-
tion and the heavy metals [47, 48]. In the CCA ordina-
tion biplot, the arrows for Cu, Cd, As, and Hg shoot in
the positive direction of the AX1, while the arrow for Pb
goes in the negative direction (Fig. 3). This indicates that
Cu, Cd, As, and Hg have negative correlations with Pb.
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Fig. 2 Spatial distributions of heavy metal parameters in the sediments of Xihe River
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The concentration values of Pb in the sediments were
close to their background value or slightly higher. A posi-
tive direction for the AX1 might be concerned with the
anthropogenic activities, while a negative direction might
be related to natural processes [49]. The arrow for Zn was
positive for AX2, while the arrow for Ni and Cr was nega-
tive. The trends of Zn, Ni, and Cr were similar to those of
Cu, Cd, Hg, As, and Pb. This indicated that the positive
direction of the AX2 was associated with anthropogenic
activities, while the negative direction was associated

with natural conditions [49]. Hence, the potential factors
of heavy metal pollution were Cu, Cd, and Zn, instead of
Pb, Ni, and Cr.

In the ordination biplot, the sediment layers of the
sampling sites were roughly divided into two clusters
by the straight line y=x (Fig. 3). Cluster A was located
under the straight line y=x and contained all sediment
layers of sites #1 and #2, and the minor partial layers of
sites #4—#10. Cluster B was located on the straight line
y=x and contained most layers of sites #3—#10. This
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indirectly indicated the pollution of heavy metals was
more serious upstream than pollution in the midstream
and downstream [29]. Moreover, in a given sampling
site, the dispersion of the ten layers was relatively larger,
which was situated in more than two quadrants. There-
fore, the ten layers in each site should be analyzed and
discussed independently.

Identifying regional differences

Kaiser—Meyer—Olkin (KMO) and Bartlett’s test of sphe-
ricity (P) are usually used to assess the feasibility of PCA
[50]. KMO is an index for testing whether the partial
correlations among variables are small and P is another
index for testing the null hypothesis that the variables in
the population correlation matrix are uncorrelated [50,
51]. In general, the KMO value is more than 0.5 and the P
value is lower than 0.001 can be viewed as acceptable for
PCA. For P<0.001 and KMO > 0.5, PCA was carried out
on the heavy metals of the ten layers of each sediment
profile, which yielded two PCs. The loadings of the PCs
could indicate the abundance of the heavy metals, where
values over 0.7 should be the potential factors [47]. The
scores of the PCs could discriminate the similarity and
dissimilarity of the sediment layers.

For site #1 (Fig. 4a), PC1, with 75.66% of the total vari-
ance, had strong positive loadings on Zn, Cd, Ni, and As,
and negative loadings on Pb. PC2 with 24.14% of the total
variance had positive loadings on Cu. The No. 3 to 5 lay-
ers were in the first and fourth quadrants, while the other
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layers were in the third quadrant and their dispersion was
much lower. These behaviors illustrated that Zn, Cd, As,
Ni, and Cu were potential factors of heavy metal pollu-
tion, whose variations were much higher in the No. 3 to 5
layers than those in the other layers (Fig. 4a). For site #2
(Fig. 4b), PC1 (30.87%) included Zn, Cr, and Cd, which
indicated that these heavy metals were potential factors.
The No. 2 to 5 layers were in the third quadrant, while the
other layers were in the other three quadrants. This indi-
rectly demonstrates that the variations of the heavy metal
in the former were lower than those in the latter. For site
#3 (Fig. 4c), PC1 (26.60%) contained Ni and Pb, and PC2
(20.37%) contained Zn. Interestingly, the PC1 and PC2
scores of the first layer were much larger than those of
the other layers, which indirectly proved that the concen-
trations of Pb, Ni, and Zn in the first layer were higher
than those in the other layers. Regardless of background,
the potential factors of heavy metal pollution mainly
included As, Cd, Cu, and Zn in the upstream region,
whose concentrations were much higher in the 0-120 cm
region than those in the 120—-200 cm depth, except for Ni
in site #2.

For site #4 (Fig. 4d), PC1 (72.39%) contained Cu, Cd,
Zn, Ni, Cr, and Hg, increased concentrations of which
were the potential factors of heavy metal pollution. The
first layer was located on the right side of the y-axis,
while the remaining layers were on the left side of the
y-axis. Furthermore, the No. 7-10 layers were clustered
intensively. These results indicate that the heavy metals
were enriched in the surface layer (except for the Pb),
and continuously decreased with the depth. For site #5
(Fig. 4e), PC1 (73.49%) contained Zn, Cu, Cr, Cd, Hg, and
As, which were potential factors of heavy metal pollu-
tion. The distributions of ten sediment layers were similar
to site #4, which also contributed to the variations of the
heavy metals being similar to site #4. For site #6 (Fig. 4f),
PC1 (81.64%) again contained Zn, Cu, Cd, Hg, and As.
The distribution of ten layers was roughly similar to
sites #4 and #5, so were the variations of the heavy met-
als. PC1 (69.45%) for site #7 (Fig. 4g) also contained Hg,
Cu, As, and Zn, and the variations of the heavy metals
were similar to those of #6. In the midstream, the poten-
tial factors of heavy metal pollution were As, Cd, Cu, Cr,
Hg, and Zn, whose concentrations were relatively higher
in the 0-60 cm layer than those in the 60—200 cm depth
range.

For site #8 (Fig. 4h), PC1 (59.28%) contained Cu, Zn,
Cd, and As, and PC2 (18.73%) with Pb. These heavy met-
als mainly occurred in the surface layer, as the scores in
the top layer were the highest. For site #9, PC1 (47.63%)
contained Cu and Hg, and PC2 (34.51%) Zn, Cd, and As.
The trend of these heavy metals was similar to that at site
#8. For site #10, PC1 (69.29%) had As, Cd, Hg, and Zn,
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(See figure on next page.)

Fig.4 Principal component analysis (PCA) based on the heavy metals of sediments: (a) site #1, (b) site #2, (c) site #3, (d) site #4, (e) site #5, (f) site #6,
(g) site #7, (h) site #8, (i) site #9, (j) site #10. No. 1 =0-20 cm; No.2 =20-40 cm; No.3 =40-60 cm; No.4 =60-80 cm; No.5=80-100 cm; No.6 = 100—
120 cm; No.7 =120-140 cm; No.8 = 140-160 cm; No.9 = 160-180 cm; No.10 = 180-200 cm. (variables with weaker impact located at lower left

corner)

whose trend was similar to sites #8 and #9. Downstream,
the potential factors of heavy metal pollution were the
same as the midstream, which contained As, Cd, Cu, Hg,
and Zn. Diversely, the distributions of the heavy metals
were higher at 0-20 cm than those at 20-200 cm.

Ecological risk assessment

Ecological risk of the single heavy metal

The E! values of the heavy metals in the sediments
were obtained using formula one. According to the
grading standards (Table 2), the risk grade of a single
heavy metal can be deduced from its E.. For the As
(Fig. 5a), Grade II was exhibited at 40-100 cm at site
#1, where a moderate risk occurred. Grade III exhib-
ited at 0-20 cm at site #6, at 0—40 cm at site #9, and
at 20—40 cm at site #10 where the high risk occurred.
Grade IV was observed at 0-20 cm at site #10, where
a very high risk occurred. For Cd (Fig. 5b), Grade V
in the upstream occurred at 0-200 cm at site #2, at
0-20 c¢m, 40-120 cm, and 160-180 cm at site #1, and
at 0-20 cm and 80-200 cm at site #3, where disastrous
risk was recorded. Grade V in the midstream occurred
at 0-20 cm at site #4, at 0-40 cm, and 80-100 cm at
site #5, in 0-20 cm, 40-60 cm, and 80-100 cm at site
#6, and at 0—40 cm and 100-120 cm at site #7. The risk
levels decreased with the depth from 120 to 200 cm
at sites #4 to #7, which indirectly indicated that the
sediment depth could be approximately 120 cm in the
midstream. Grade V in the downstream occurred at
0-20 cm at site #8, at 0-40 cm and 80-100 cm at the
site #9, and at 0-20 cm and 40-100 cm at site #10.
The trend of the risk levels with the depth was similar
to that of the midstream (Fig. 5b). For Cr, all Eﬁ values
reached Grade I at all sites, where a low risk occurred
(Fig. 5¢). For Cu in the upstream (Fig. 5d), the sediment
profile of site #1 showed the disastrous risk level (Grade
V) at 60-80 cm, and high risk (Grade III) at 40—60 cm.
The sediment profile of site #2 was high risk at 100-
120 c¢cm, and moderate risk at 0-100 c¢cm and 120—
140 cm. The sediment profile of the site #3 was low risk
at 0-200 cm. For the midstream (Fig. 5d), a moderate
risk occurred at 0-20 cm at sites #4 to #7, except for
the site #6 which showed high risk. For the downstream
(Fig. 5d), all sediment profiles were low risk.

For Hg (Fig. 5e), Grade V was found in whole sediment
profiles upstream, where the disastrous risk occurred. In
the midstream, Grade V was found within the sediment
profile of site #1 (except for 20-60 cm), at 0-40 cm and
60—100 cm of site #5, at 0—100 cm and 120—140 c¢m of site
#6, at 0—60 cm and 140-160 cm of site #7. In the down-
stream, Grade V was found at 0—60 cm and 80-160 cm of
site #8, at 20—140 cm at site #9, and at 0—80 cm and 160—
200 cm of site #10. The ecological risk levels of the heavy
metals in the sediments were higher in the upstream than
those in the midstream and downstream. For Ni (Fig. 5f),
Grade III was only found at 80—100 cm of site #1, Grade
II only at 60—80 cm of site #1 and at 0—20 cm of site #2,
and Grade I widely existed in the other layers. For Pb
(Fig. 5g), Grade I could be completely enriched within
the whole sediment profiles at all sites. For Zn (Fig. 5h),
Grade II occurred at 60—100 cm of site #1, at 140—-160 cm
of site #2, and at 0—20 cm of sites #6 and #7. Based on the
above analyses, the ecological risk levels of Cd and Hg
were far higher than those of the other heavy metals. Fur-
thermore, the ecological risk levels of Cd, Cu, Ni, and Zn
were higher in the upstream than those in the midstream
and downstream, while risk level of As was higher in the
downstream than those in the upstream and midstream.

Ecological risks of the whole heavy metals

The PERI of the heavy metals could be calculated
using formula one. According to the grading stand-
ards (Table 2), the ecological risks of the heavy metals
in each sediment layer can be deduced from its PERI
(Fig. 6). At almost all sampling sites (except site #4),
surface sediments (0-40 cm) were defined as being
a very high ecological risk. This may indicate that the
pollution is a consequence of recent anthropogenic
pollution. All sediment layers upstream were defined
as being a very high ecological risk, except for 180—
200 cm of site #1, where a high ecological risk occurred.
Very high ecological risk was found at approximately
0-100 cm in the midstream sites, high ecological risk
at 100-140 cm, and moderate and low risks at 140—
200 cm. The trend of the ecological risks downstream
was similar to that in the midstream. These indicated
that the ecological risk levels were much higher in
the upstream than those in the midstream and down-
stream. This indirectly proved that the heavy metals in



Page 9 of 13

Liu et al. Environ Sci Eur (2021) 33:42
— 2
54 a Al : b
2] i ?
s 1 LI
& i 3 H n 7
'é_rl gCuH § 10 59 Hg OC °
1 14 ' g - 2 |
3 : - ;AS 7 V) 1 — Nig Pb[: P AS
8 3 Crjeo n 8 24 S Cd
& 04 »-»--1-2-9.--»I..»-..»-..»-."-:.Cd ..................... &, c &
Pbadg | Ni 1] B
! & 34
7510 58 -+ i
41 1 B 0 ' 9
PC1 (75.66%) PC1 (30.87%)
2 :
i C d
H A
i\ Zn
1{3a 52 o 1
: Ni 7
= o 2 Cras! ° s| £0
2 w0 9 o [Ni® Cd
= T L R — o S—
= Hg (9 83 $Pb 9% Cu 4
&) TS ISR Hg Cr 1
1] T
FT6
2l ive] N
-1 0 1 1
PC1 (26.60%) PCI (72.39%)
9A a2 f
11 /29 i o Pb
gj g er Hg 12
= Solla i Ng. X Cu ...
= = 1
3) 3 | ed
& & i
: -1 :
3, 25 Sajad
24, | ‘ 34 ‘ .
-1 1 -1 1
PC1 (73.49%) PC1 (81.64%)
A2 L2
9 5 & 11,40 % e py h
SR xR As Cd 1a
& ; S 8 ¢ Hg ‘Sb
E 8 Cod Ni Cr 12 2 i B b 9§chu """"""""""
“oll200 . AR He s 6, )
a 65 : Z° Cu 5 a5 p Ni
£ 1 & -1 A3 Cr
=11 44 3
25 2] gl
-1 0 1 -1 0 1 2
PC1 (69.45%) PC1 (59.28%)
21 —~ -
3, | i 2° J
h Zn
] 42(;(1.?@/\5 22 1 As
S 1 3 o
'77 Pb ‘ ° e % 0..._6.IZ.§.,.?E .......... C%I_-Ig___._lﬁ_
3ol ] @S TS 810 o[%N
S 5 Hg 2 i ~Ulcd Zn
~ 74 1 A -1 3 . ;
1 9A i
=1 A8 i+
10A 24 : 4 A
-1 ‘ l -1 0 1 2

0 1
PC1 (47.63%)

PC1 (69.29%)




Liu et al. Environ Sci Eur (2021) 33:42

Page 10 of 13

Sediment depth (cm)

#2 #3 #4 #5 #6

Sampling sites
C E.-Cr

#7 #8

Sediment depth (cm)

#4 #5 #6
Sampling sites

i
- Hg

#1

Sediment depth (cm)

#4 #5 #6

Sampling sites
g E.-Pb

Sediment depth (cm)

#2 #3 #4 #5 #6 #8 #9 #10

Sampling sites

#1

#1

Sediment depth (cm)

#6

#5
Sampling sites

d E' - Cu

Sediment depth (cm)

2o RN wow A A
> U o u o W o W o

#2 #3 #4 #5 #6

Sampling sites

#1 #8 #9

f BN
— 5.0
45
E 4.0
<
= 35
2
3 3.0
g 25
£ -
3 20
w
15
10
#1 # # #4 #s #6 #1 #8 #9 #10
Sampling sites
h E-zn

Sediment depth (cm)

0 50
20 45
40

40
60
" 35

100 30
120 25
140

20

160
150 15

200 10

#1 #2 #3 #4 #5 #6 #1 #8 #9 #10
Sampling sites

Fig.5 Spatial distributions of the grades deduced from the £/ of the heavy metals in Xihe River

the sediments should be derived from upstream anthro-
pogenic activities.

Conclusions

The average concentrations of Ni, Pb, and Cr in all the
sediments were close or slightly higher than their back-
ground values in soils in the region, while As, Cd, Cu,
Hg, and Zn were significantly higher than their back-
ground values. The latter was attributed to a large
quantity of effluents from the wastewater treatment

plants that entered the river in the upstream region.
Furthermore, the average concentration of Hg was the
highest in the midstream, followed by the upstream
and downstream regions, indicating that rural domestic
sewage had a stronger influence on Hg pollution than
industrial pollutants. The potential factors of heavy
metal pollution were Cd, Cu, Hg, Zn, and As, whose
ecological risks were much higher than those of Ni, Cr,
and Pb, especially Cd and Hg. The ecological risk levels
of all heavy metals were much higher in the upstream
than those in the midstream and downstream. The
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Fig. 6 Distributions of the ecological risks of the heavy metals in Xihe River. No. 1 =0-20 cm; No.2 =20-40 cm; No.3 =40-60 cm; No.4 =60-80 cm;
No.5=80-100 cm; No.6=100-120 cm; No.7 = 120-140 cm; No.8 = 140-160 cm; N0.9 = 160-180 cm; No.10=180-200 cm

results showed that efficient solutions must be found to
protect the environmental quality of urban rivers.
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