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Ecological risk analysis is a useful technique for monitoring 
heavy metal pollution and the associated threats to ecosys-
tems, especially in wetlands (Wang et al. 2015).

Environmental protection in China has resulted in 
improved water pollution control, but some challenges 
remain. Rapid economic development and urbanization 
have resulted in the construction of many wastewater treat-
ment plants. Increases in urban populations and GDP have 
also led to increased discharge of pollutants, which threaten 
river water quality (Tang et al. 2022). River ecosystems 
near cities are particularly fragile (Islam et al. 2015). The 
discharge of heavy metals into rivers through sewage from 
urban and industrial activities is rapidly increasing in China, 
particularly in areas undergoing economic development, and 
it is assumed that these heavy metals are deposited in river 
sediments (Tang et al. 2013). The spatial distributions and 
concentrations of heavy metals in different reservoirs are 
closely associated with anthropogenic activities and depen-
dent on hydrodynamic conditions, the type of sediment, and 
metal sources (Wang et al. 2014, 2018; Noronha-D’Mello 
and Nayak 2016). Heavy metals in aquatic ecosystems prin-
cipally originate from mining, smelting, and other industrial 
activities. The morphology of the water system can greatly 
affect the deposition of heavy metals (Sojka et al. 2018). 
Investigations of heavy metals in river systems could be 
used to identify natural and anthropogenic origins of heavy 

Rapid industrialization and urbanization worldwide have 
resulted in contamination of urban riverine sediments with 
heavy metals, which has attracted much attention (Yu et al. 
2011; Islam et al. 2015; Martínez-Santos et al. 2015). Met-
als, such as Fe, Zn, and Cu, are crucial components in the 
metabolism of biota (Wei et al., 2009). Heavy metals are 
widely distributed in the environment, and sediments and 
river water are important sinks for heavy metals. Because 
of their presence in food chains and associated toxicity to 
biota and the environment, the ecological risks of heavy 
metals have caused much concern globally (Deng et al. 
2014; Tagliaferro et al. 2018; Zahra et al. 2014). To con-
trol pollution and maintain water quality, a comprehensive 
understanding of the concentrations, sources, and spatial 
distributions of heavy metals in sediment is important. 
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Abstract
Human activities can introduce heavy metals to water bodies, where they are then deposited in sediments. The risks, 
spatial distributions, and toxicities of heavy metals in sediment were investigated along the North Canal in the densely 
Beijing–Tianjin area. The average geoaccumulation index ranged from 0.2 to 2.91 and the highest value was obtained for 
Cd. All the pollution load indexes were greater than one, indicating that the heavy metals originated from anthropogenic 
sources. The risk indexes at three sampling points were greater than 300, indicating high potential ecological risk. Two 
probable effect concentration quotient values greater than 0.5, suggesting potential toxicity to certain sediment-dwelling 
organisms. Identification and evalution heavy metals could assist in improvement of the water quality, and support man-
agement strategies to restore the environment.
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The main objective of this research was to determine the 
spatial distribution of metals in sediments and evaluate the 
ecological risk. Three different indexes were used to do this: 
the sediment quality guideline, enrichment factors (EF), and 
the geoaccumulation index (Igeo). Potential sources and fac-
tors determining the concentrations and spatial distribution 
of heavy metals were identified. The data could be used to 
develop environmental protection guidelines to improve 
water quality in the Beijing–Tianjin area.

Materials and methods

The North Canal is part of the Haihe River system. It flows 
south from the southern foot of Yanshan Mountain in the 
Changping District of Beijing to the Tongzhou District. 
At the upstream end of the Beiguan gate in the Tongzhou 
District, it is known as the Wenyu River. It flows through 
Xianghe County in Hebei Province, the Wuqing District of 
Tianjin, and joins the Haihe River at Dahongqiao in Tianjin. 
The river is used as the main sewage system in Beijing, and 
receives 76% of the total sewage discharge in Beijing (Yang 
et al. 2021).

In April 2019, 10 sediment samples were collected along 
the North Canal (Fig. 1). The North Canal was divided into 
three sections (Beijing, Hebei, and Tianjin) according to 
spatial location, human activities, population density, and 
land use types. Sampling sites S1, S2, and S3 were located 
in the Beijing section and were mainly affected by urban 
sewage discharge. Sampling sites S4–S7 were located in 
the Hebei section and were in a typical agricultural area. 

metals and determine the level of ecological risk. Ecological 
risk analyses could be used in decision-making processes to 
manage ecosystem health.

The Beijing–Tianjin area is one of North China’s most 
developed and populated areas. Water bodies in urban areas 
in this region receive wastewater from various sources, 
including sewage disposal plants, and unprocessed indus-
trial effluent. (Wu et al. 2021; Dai et al. 2015; Chen et al. 
2019) Remarkable deterioration of the aquatic environment 
has occurred along with rapid social and economic devel-
opment. Urbanization in this area has severely affected the 
deposition rates of organic matter and acid-volatile sulfide, 
which have further influenced heavy metal distributions 
and chemical patterns (Hong et al. 2010; Strom et al. 2011). 
Recently, concerns have been raised about the potential 
adverse health effects of pollutants because rivers are the 
main source of agricultural irrigation water in the region. 
The pollution status of heavy metals in sediments around 
this area has been investigated, with a focus on measure-
ment of the total amount of metals in sediments (Liu et al. 
2009; Tang et al. 2013). The metal concentrations and sedi-
ment mobility vary with geographic location and season, 
and this indirectly affects the bioavailabilities and toxicities 
of heavy metals in sediments (Huang et al. 2012; Zhang et 
al. 2014). Knowledge of the concentrations of heavy metals 
in sediments could provide vital information for assessing 
the state of the environment. Therefore, it is necessary to 
monitor the concentrations, bioavailabilities, and toxicities 
of heavy metals along with the mainstream and its tributar-
ies from Beijing to Tianjin.

Fig. 1 Location of sampling 
sites in the Beijing–Tianjin area
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The soil organic matter content was determined from the 
mass loss after ignition at 550 °C for 4 h (Song et al., 2018). 
The total carbon, total nitrogen, and total sulfur contents 
were measured using an elemental analyzer (Vario EL III, 
Elementar, Hanau, Germany). Samples were first digested 
with hydrofluoric and perchloric acids under microwave 
irradiation in Teflon vessels (MARSXpress, CEM). The 
obtained solution was stored at 4 °C for the analysis of 
heavy metals. An inductively coupled plasma optical emis-
sion spectrometer (ICP-OES) (Optima 2000DV, Perkin 
Elmer, Waltham, MA, USA), and an inductively coupled 
plasma mass spectrometer (ICP-MS) (7500a Agilent Tech-
nologies, Santa Clara, CA, USA) were used to measure the 

Sampling sites S8–S10 were located in the Tianjin section 
and mainly received discharge from upstream and industrial 
wastewater from Tianjin. Three samples were collected at 
each site using a hand-held PVC corer (150 cm × 80 mm 
i.d.). Each sediment sample was placed in a polyethyl-
ene plastic bag, which was first rinsed with acid and then 
air-dried to remove excess water. Before analysis, all the 
samples were freeze-dried, ground, and sieved using a pre-
cleaned 100-mesh sieve.

To prepare each sample for pH measurements, soil was 
shaken for 1 h with 10 mmol/L CaCl2 using a 1:5 ratio of 
soil to solution. The pH was then measured using a pH meter 
(8102BNDWP, Thermo Fisher Scientific, Waltham, MA). 

Fig. 2 Concentration of heavy 
metals in sediment samples
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calculated using SPSS Statistics 18.0 for Windows (IBM, 
Armonk, NY, USA), and Spearman’s correlation analysis 
was conducted to assess the relationship using R (Version 
3.4.3).

Results and discussion

The characteristic concentrations of selected heavy met-
als (As, Cd, Co, Cr, Cu, Ni, Pb, and Zn) in the sediments 
from 10 sites are shown in Fig. 2. The distributions and 
mean concentrations of the heavy metals at different loca-
tions varied greatly because of a number of factors. The 

concentrations of heavy metals in the solution. The detec-
tion limits of inductively coupled plasma optical emission 
spectrometry and inductively coupled plasma mass spec-
trometry were 0.003–0.050 mg/L and 0.025–0.200 µg/L, 
respectively. A certified reference material, GBW07401, 
was purchased from the Chinese Environmental Monitoring 
Center and used to test the precision and accuracy for As, 
Cr, Co, Cu, Ni, Pb, Cd, and Zn. The recovery ranged from 
91 to 102%, and the relative standard deviations were all 
lower than 3%.

Multivariate statistical analyses were applied to evalu-
ate and illustrate the relationship between the heavy metals 
and the sediment properties. Correlation coefficients were 

Fig. 3 Correlation analysis between heavy metals and sediment properties(The red and blue colors represent positive and negative correlations, 
respectively, and a darker color shows a higher correlation
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between soil organic matter and most of the heavy metals. 
Negative correlations were observed between the pH of the 
sediment and almost all heavy metals, except for Co and Cr. 
Strong positive correlations were found between Cd and Pb, 
Co and Cr, Cd and Zn, Cu and Ni, Cu and Pb, Cu and Zn, 
and Pb and Zn, possibly because these elements were chem-
ically similar or homologous. The only metals that were not 
positively correlated with each other were As and Al.

EFs were used to investigate the sources of heavy met-
als (Fig. S2). In most cases, EFs less than 1.5 suggest that 
heavy metals probably originate from natural weathering 
processes, and EFs more than 1.5 suggest that the heavy 
metals are from other sources, such as point and non-point 
pollution (Hanif et al. 2016). Taking into consideration the 
background values in the environment, the order of the 
EFs was as follows: Cd (5.33) > As (3.49) > Zn (1.15) > Cu 
(1.14) > Ni (0.96) > Pb (0.95) > Cr (0.87) > Co (0.68). Over 
the whole testing area, enrichment was significant for Cd 
and As, moderate for Cu and Zn, and low for Ni, Pb, Cr, and 
Co. The EFs for Cr, Co, and Ni did not exceed 1.5 at any of 
the sampling sites. Enrichment of Ni was probably caused 
by mining, and Cr was thought originate from agriculture, 
household waste, and industrial plants using metal raw 
materials (Zhang et al. 2017). For Pb, accumulators, batter-
ies, vehicle fuels, and paints are considered to be the major 
sources. Enrichment of Pb was highest at S7 (EF of 1.90). 
These results indicated that Pb was probably delivered from 
other sources, such as point and non-point pollution (Ma et 
al. 2013, Niu et al., 2009). The main anthropogenic sources 
for enrichment of As and Cd at most of the sampling sites 
were probably chemical fertilizer. Both As and Cd are the 
main components of phosphate fertilizers and could enter 
water during agricultural activity and rock formation.

The Igeo results decreased in the following order (Fig. 
S3): Cd (1.35) > As (1.16) > Cu (− 0.53) > Zn (− 0.58) > Ni 
(− 0.67) > Pb (− 0.76) > Cr (− 0.82) > Co (− 1.20). The Igeo 
values for Co, Cr, and Ni were below zero at all sampling 
sites, which meant that the sites could be classified as not 
polluted with these metals. The Igeo values for Cu, Zn, and 
Pb were below zero at most of the sites, with some excep-
tions. The results indicated that local contamination of bot-
tom sediments with Cu and Zn occurred at S2 and S10, and 
with Pb and Zn at S7 and S10. Therefore, these sampling 
sites must receive external inputs of Cu, Zn, and Pb. The Igeo 
values for As were mostly between one and two in all sam-
ples, which showed that there was little As contamination 
over the whole study area. The main anthropogenic sources 
of As are chemical fertilizers, geothermal sources, and fossil 
fuel use. Cd had the highest average Igeo value (0.2–2.91). 
The worst contamination with Cd (Igeo > 2) occurred at three 
sampling sites located around Tianjin. The sediments from 

highest concentration recorded for Zn was at S2, which was 
located close to the intersection of the Wenyu River and the 
Ba River. The average concentration of Ni was relatively 
consistent over all sampling sites. The concentrations of Pb, 
Cu, Zn, and Ni all increased suddenly at S7, which could 
be attributed to anthropogenic inputs as the river passed 
through Tianjin. In short ,the concentrations of most of the 
heavy metals increased remarkably downstream, which was 
possibly caused by the accumulation of heavy metals in the 
Haihe River estuary.

Possible sources of the metals and their transport mecha-
nisms were evaluated using Pearson’s correlation analysis. 
The results showed strong positive correlations between 
many specific metals (Fig. 3). The mobility of the heavy 
metals was an effective indicator to evaluate the potential 
risk connected with the environmental characteristics. Fig-
ure 4 shows the relationship between the heavy metals and 
the sediment properties. Organic materials play an important 
role in metal transport, and clear correlations were observed 

Fig. 4 PLI, RI, and Qm−PEC results for the heavy metals in the sediments
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The pollution load index (PLI) is widely used to assess 
pollution of bottom sediments with heavy metals. Interest-
ingly, we found that PLIs at all sampling points were higher 
than one, which indicated that the heavy metals originated 
from anthropogenic sources (Fig. 4). The highest PLI was 
recorded at S7, which was located in Tianjin. All PLIs were 
close to the average value, which was concerning because 
it indicated that the whole area was polluted. Like the PLI, 
the risk index (RI) can be used to evaluate the sensitivity of 
an organisms to toxic species. In this study, the RIs at three 
sampling sites (S5, S6, and S7) were higher than 300, which 
indicated high potential ecological risk. The RIs at three 
other locations were between 150 and 300, which indicated 
moderate risk. To assess the toxicity of the heavy metals 
in combination, we used a consensus-based sediment qual-
ity guideline. The probable effect concentration quotients 
(Qm−PEC) ranged from 0.31 to 0.58 (Fig. 4). Although the 
range in the Qm−PEC was not large, two Qm−PEC (S7 and S10) 
were higher than 0.5. These results indicate that the heavy 
metals in combination at these sites could be toxic to some 
sediment-dwelling organisms (Ji et al. 2019).

Conclusions

Heavy metal pollution of sediments was evaluated at 10 
sites along the North Canal. We focused on determining the 
extent of contamination of river sediments with trace met-
als. The mean Qm−PEC indicated there was moderate to high 
toxicological risk in terms of bioavailability, with the high-
est potential toxicity occurring in the middle of the study 
area. The presence of Cd, Pb, and Zn in the study area could 
be attributed to extensive use of phosphate fertilizer dur-
ing agricultural intensification, whereas Cu, Cr and Ni could 
originate from natural sources. Compared with background 
values, three sampling sites exhibited high potential eco-
logical risk, and another three showed moderate risk. The 
information from this study could be used to develop effec-
tive management strategies to control heavy metal pollution 
in the Beijing–Tianjin area.
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