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Abstract Heavy metals (HMs) contamination in

rivers has attracted wide concern due to its persistence

and potential risks to the natural environment and

human health. In this study, eight HMs (As, Hg, Cu,

Pb, Ca, Zn, Mn, and Ni) were measured by inductively

coupled plasma mass spectrometry in 24 water

samples to investigate HMs contamination levels in

the Xiangxi River of the Yangtze River basin. A

geographic information systems kriging interpolation

method was used to reveal the spatial distribution of

HMs contamination. The results indicate that most

HMs occurred at acceptable levels below the Surface

Water Quality Standard (GB 3838-2002), with the

highest concentration (23.23 mg kg-1) of Mn being

observed at sampling site X20. The values of the

potential ecological risk index (RI) suggest that high

potential ecological risks were present at sampling

sites X1, X3, X4, X14, X16, X17, and X24, which

reached moderate risk level. The highest value of RI

(279.56) was observed at site X17. HM spatial

distributions show that upstream pollution is more

severe than downstream. The hazard index was below

1 for all HMs except for Mn, indicating that HMs in

Xiangxi River pose a low risk to human health. HM

source identification was accomplished using princi-

pal component analysis and Pearson’s correlation. Cu,

Cd, Ni, and Hg originate primarily from agriculture,

while Pb, Zn, and As originate primarily from

transportation and mining. This research provides a

reference on the risks posed by HMs in Xiangxi River

and will support efforts to protect and improve water

quality in Xiangxi River.

Keywords Heavy metal � Xiangxi River � Spatial
distribution � Risk assessment

Introduction

HMs have strong geochemical activity and can easily

migrate in water, suspended particulate, and sediments

(Zhuang et al. 2018). Though most HMs exhibit strong

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10653-020-00614-2) con-
tains supplementary material, which is available to authorized
users.

B. Xiong � R. Li (&) � Y. Luo � Y. Xi � Y. Huang
College of Hydraulic and Environmental Engineering,

China Three Gorges University, Yichang 443002,

Hubei, China

B. Xiong � R. Li � Y. Luo � Y. Xi � D. Ren � Y. Huang
Hubei Engineering Technology Research Center for

Farmland Environment Monitoring, China Three Gorges

University, Yichang 443002, Hubei, China

B. Xiong � R. Li � D. Johnson � Y. Luo �
Y. Xi � D. Ren � Y. Huang (&)

Engineering Research Center of Eco-Environment in

Three Gorges Reservoir Region of Ministry of Education,

China Three Gorges University, Yichang 443002,

Hubei, China

e-mail: chem_ctgu@126.com

123

Environ Geochem Health

https://doi.org/10.1007/s10653-020-00614-2(0123456789().,-volV)( 0123456789().,-volV)

https://doi.org/10.1007/s10653-020-00614-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s10653-020-00614-2&amp;domain=pdf
https://doi.org/10.1007/s10653-020-00614-2


biological activity and are resistant to biodegradation,

they can accumulate through the food chain and end up

in the human body (Zhang et al. 2019). When their

concentration in the human body exceeds a particular

safety threshold, HMs can exhibit deleterious proper-

ties such as carcinogenicity, teratogenicity, and muta-

genicity (Rehman et al. 2018). For example, excessive

Pb concentrations can affect human intelligence (Lazo

et al. 2018), whereas excessive amounts of Cd can

have skeletal and hepatic consequences and increase

the risk of lung cancer (Liu et al. 2018a). Zhu et al.

(2019) analyzed six HMs (Cd, Cr, Cu, Ni, Pb, and Zn)

in sediment from Fuling to Zigui in the mainstream of

TGR to assess the contamination and ecological risk in

this area. The results showed that the study area was

contaminated by Cd, Cu, and Pb, which may have

originated from agricultural fertilizer, the mining

industry, and fuel combustion. Furthermore, Zhang

et al. (2017a) determined the HMs content in the

sediment of the Pearl River Estuary (PRE) and

assessed the degree of HMs contamination using the

geoaccumulation index method. The results indicated

that the levels of HMs had strongly increased.

The Three Gorges Reservoir (TGR), located in the

upper reaches of the Yangtze River, is the world’s

largest hydroelectric facility and provides important

benefits include flood control, power generation,

navigation, etc. (Huang et al. 2019). The TGR is an

anti-seasonal and periodic impoundment operation,

with a high water level (175 m) in winter (dry season)

and a low level (145 m) in summer (wet season). This

annual operating cycle provides irrigation water in the

dry season and enhanced flood control in the wet

season (Lin et al. 2018; Wu et al. 2016). After the

impoundment operation of the TGR, the concentra-

tions of the heavy metals (HMs) As, Cd, Cr, Cu, Ni,

Pb, Zn, and especially Hg, increased in the TGR

mainstream and approached the threshold value (Zhao

et al. 2017). Moreover, previous studies have identi-

fied that rapid economic development has increased

the discharge of sewage from chemical enterprises,

automobile exhaust emissions, and the use of agricul-

tural fertilizers and pesticides, which together have

increased the concentration of HMs in water environ-

ments over time (Bai et al. 2019).

Xiangxi River is the largest tributary to the lower

TGR, flowing into TGR 34.5 km above the dam with a

drainage area of 3099.4 km2. It is also the tributary

greatly affected by impoundment of water in TGR

(Yan et al. 2016). Since 2008, HMs may move into

Xiangxi River when water in the mainstream of the

TGR backflowed into the river during the water

impoundment period (Chuo et al. 2019). Thus, the

flow regulation by the TGR may affect the concentra-

tion and distribution of HMs in the water of the

Xiangxi River and may pose a potential ecological risk

and health threat to the residents who live around the

river. Moreover, the area around the Xiangxi River is

characterized by widespread agricultural develop-

ment, dense population, multiple phosphate mines,

and busy roads (Yan et al. 2016), which are all

potential sources of HMs pollution.

The water quality in the Xiangxi River has a great

influence on the whole TGR area. Therefore, the

surface water quality in the Xiangxi River has

attracted a large amount of research attention by

domestic and international scholars (Gao et al. 2016).

Although some researchers have explored the con-

tamination of HMs in the mainstream of the TGR, few

reports exist of the concentrations of HMs in Xiangxi

River (Lin et al. 2020). Previous research on the HMs

content of the Xiangxi River has focused on the

transfer and transformation of HMs in the soil along

the hydro-fluctuation belt and the reservoir bank (Xu

et al. 2014). HMs concentrations and the morphology

of HMs in sediments change after flooding (Wang

et al. 2017). However, the concentration of HMs in

surface water of the Xiangxi River, the spatial

distribution of HMs along the Xiangxi River, the

potential ecological risk of HMs, and the sources of

HMs have been less studied, and such data are urgently

needed to support pollution prevention and environ-

mental protection in the TGR. Therefore, it is of great

significance to evaluate the degree of HMs pollution in

water environments around the TGR.

This paper reports the first comprehensive investi-

gation to evaluate the concentration of HMs (As, Hg,

Cu, Pb, Ca, Zn, Mn, and Ni) in the Xiangxi River. This

study had three main purposes: (1) investigate HMs

contamination in the Xiangxi River and characterize

its spatial distribution; (2) evaluate the ecological risks

and health risks which this HMs contamination poses

to local residents; and (3) identify the possible sources

of this HMs contamination.
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Materials and methods

Study area

Xiangxi River is a tributary of Yangtze River, located

40 km upstream of the dam (Fig. 1). Originating in

Shennongjia in northwest Hubei Province, Xiangxi

River is 97.3 km long, with a basin area of 3099.4 km2

(Gao et al. 2018b; Yan et al. 2016). The average flow

of the Xiangxi River basin is about 40.18 m3/s, and the

basin is rich in phosphorus resources. The main type of

transportation on the river is shipping (Liu et al. 2017).

The Xiangxi River flows through Xingshan and

Zigui County from north to south and ultimately flows

into the Yangtze River. Both sides of the Xiangxi

River basin are largely covered by vegetation, with a

forest coverage rate of 70.9%, a farmland coverage

rate of 6.5%, a water resource coverage rate of 5.3%,

and a wasteland coverage rate of 4.4% (Luo et al.

2016).

Fig. 1 Study area and the distribution of sampling sites in the Xiangxi River
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Sample collection and preparation

Twenty-four samples were collected from upstream to

downstream in the Xiangxi River in November 2017.

The distribution of sampling sites is shown in Fig. 1.

Sampling sites X1–X9 are located upstream of the

river. Samples were collected in two upstream tribu-

taries in order to analyze the source of HMs. Sampling

sites X1–X4 are located in the Gufu River, a tributary

of the Xiangxi River, and sampling sites X6–X9 are

located in the Nanyang River, another tributary of the

Xiangxi River. Sampling site X5 is located at the

confluence of the Gufu and Nanyang rivers. Sampling

sites X10–X13 and X18–X23 are located along the

main stem of Xiangxi River. Sampling site X24 is

located at the intersection of the Xiangxi River and the

Yangtze River basin. Sampling sites X14–X17 are

located in the Gaolan River, another tributary of the

Xiangxi River. A mobile phone equipped with global

positioning system (GPS) was used to determine the

location of the sampling points, and the location

information was recorded in a notebook. Water

samples were collected in 1 L polyethylene bottles

near the center of the river at a depth of 20 cm. Sample

bottles were washed and rinsed with deionized water

in the lab and then rinsed with river water on site

before collecting the sample. Additionally, water

samples were filtered through a 0.45 lm membrane

filter acidized with 1% HNO3. All the samples were

transported to the laboratory, stored at - 4 �C, and
analyzed in triplicate.

Sample analysis

Metals were determined using ICP-MS (Thermo

Xseries II, Germany). This equipment can efficiently

and conveniently detect many kinds of HMs simulta-

neously with low detection limits. The standard curve

and recovery rate of standard solutions were used to

determine HMs concentrations (Zhang et al. 2018c;

Zhong et al. 2018). Prior to sample analyses, the

following steps were also taken: (1) calibration of the

mass spectrometer according to the manufacturer’s

instructions; (2) rinsing with HNO3 until the signal is

minimized; (3) addition of internal standard elements

(Zhang al. 2018d). If the sample concentration

exceeded the calibration curve range, it was diluted

with 1% HNO3 and reanalyzed. The detection limits

for As, Hg, Cu, Pb, Cd, Zn, Mn, and Ni are 0.12 lg/L,

0.03 lg/L, 0.08 lg/L, 0.09 lg/L, 0.05 lg/L, 0.67 lg/
L, 0.12 lg/L, and 0.06 lg/L, respectively (GB HJ

700-2014).

The quality assurance/quality control (QA/QC)

plan included blanks, duplicate samples, and calibra-

tion using standard solutions. Blanks were tested after

each two samples. Standard recovery rates were all

between 89% and 112%. Each sample was analyzed in

triplicate (n = 3). The deviation of the three duplicate

samples was routinely less than 5%, and the correla-

tion coefficient of the calibration curve was C 0.999.

The QA/QC results validate the results of HM

analysis.

Assessment of heavy metal pollution

The contamination levels of HMs in the Xiangxi River

were assessed using the comprehensive pollution

index (CPI) (Li et al. 2017a), which is defined as the

ratio of the actual concentration of HMs to the national

standard. The CPI is calculated by the following

equation:

CPI ¼ 1

m

Xi¼m

i¼1

Ci

Cs

ð1Þ

whereCi is the actual concentration of the ith HM (mg/

L), Cs is the reference value listed in the Environ-

mental Quality Standards for SurfaceWater (GB3838-

2002) (MEP 2002; Zhang et al. 2018a), and m is a

constant parameter. Since the Xiangxi River is closely

related to human activities and is an important source

of irrigation water, Cs values were set according to the

Grade III standards within the limits of GB3838-2002,

i.e.: As: 0.05 mg/L; Hg: 0.0001 mg/L; Cu: 1 mg/L;

Pb: 0.05 mg/L; Cd: 0.005 mg/L; Zn: 1 mg/L; Ni:

0.02 mg/L; Mn: 0.1 mg/L (Zhang et al. 2018a). The

level of HMs pollution was ranked from 0–3 based on

the CPI classification proposed by Li et al. (2017b),

which is summarized in Table S1 of the Supplemen-

tary Information.

Potential ecological risk index

The extent of ecological risk posed by HMs at the 24

sampling sites was estimated using the potential

ecological risk index (RI). This index combines the

HMs concentration with the toxicity of each individual

HM to quantify the ecological risks of the HMs present

123

Environ Geochem Health



in water (Ke et al. 2017; Zhang et al. 2018e). The RI is

calculated using the following equation:

RI ¼
Xm

i¼1

Ei
r ¼

Xm

i¼0

Ti
r

Ci

Ci
n

ð2Þ

Ei
r ¼ Ti

rC
i
f ð3Þ

where Ei
r is the ecological risk of an individual HM

(designated as i), and Ti
r and Ci

f are the toxic response

factor and contamination factor for HM(i); RI is the

comprehensive ecological risk of the total HM con-

tamination at a given sampling site, Ci is the measured

HM concentration at the sampling site and Ci
n is the

reference value of HM(i). Ti
r for As, Hg, Cu, Pb, Cd,

Zn, Mn, and Ni are 10, 40, 5, 5, 30, 1, 1, and 5,

respectively (Hakanson 1980; Wang et al. 2018a;

Chen et al. 2018).

The ecological risks of individual HMs were

divided into the following five levels: (1) low risk

(Ei
r \ 40); (2) moderate risk (40 B Ei

r \ 80); (3)

considerable risk (80 B Ei
r \ 160); (4) high risk

(160 B Ei
r \ 320); and (5) very high risk (Ei

r C 320)

(Zhou et al. 2018). Meanwhile, the RI value of HMs

was evaluated using the following classification

system: low risk (RI\ 150); moderate risk (150 B

RI\ 300); high risk (300 B RI\ 600); and very high

risk (RI C 600) (Zhang et al. 2018b). The details of

these two risk classification systems are presented in

Table S2 in the Supplementary Information.

Estimation of risk to human health

In order to estimate the health risk to the local

residents caused by exposure to HMs, the human

health risk evaluation method proposed by the US

Environmental Protection Agency (EPA; EPA 2013)

was used. There are three main ways of human

exposure to HMs: direct ingestion, inhalation, and skin

contact (Zhang et al. 2017b). Considering the large

number of residents along both sides of the Xiangxi

River who usually wash their clothes in the river, two

main exposure pathways—namely skin contact and

direct ingestion—were used to evaluate the risk of

HMs in water to human health:

EDIm ¼ Ci �
IR � EF � ED
BW � AT ð4Þ

EDId ¼ Ci �
SA � Kp � ET � EF � ED � CF

BW � AT ð5Þ

where EDIm represents the average daily HMs intake

through ingestion and EDId represents the average

daily HMs intake through skin contact. The other

evaluated criteria are listed in Table S3.

Additionally, the hazard quotient (HQ) from inges-

tion (HQm) and skin contact (HQd) was used to assess

non-carcinogenic risks. The hazard index (HI), which

is the sum of HQm and HQd, was employed to estimate

the total potential non-carcinogenic risk of each HMs:

HQm ¼ EDIm

rfDm

ð6Þ

HQd ¼
EDId

rfDd

ð7Þ

rfDd ¼ rfDm � ABSg ð8Þ

HI ¼ HQm þ HQd ð9Þ

where rfDm and rfDd are the daily reference amount of

HMs (lg/kg/day) through ingestion and skin contact,

respectively. The values of rfDm and rfDd were

obtained from the US EPA (2013), and ABSg is dermal

absorption factor which is a constant coefficient. There

was considered to be little adverse effect on the health

of the local residents when the HI is\ 1 and potential

adverse effects when the HI is C 1.

Statistical analysis

Tracing the source of HMs is valuable for effectively

controlling HMs pollution. Previous studies have used

principal component analysis (PCA) and Pearson

correlation analysis to identify the potential sources

of HMs (Islam et al. 2018). Pearson correlation is a

correlation analysis method that is used to measure the

strength of the correlation between data pertaining to

two sets of data. In this study, we used Pearson

correlation analysis to determine the correlation

between the concentrations of different HMs. The

correlations between the concentrations of individual

HMs at all sampling sites were analyzed by construct-

ing a Pearson correlation matrix. The results of

correlation analysis help to verify the results of factor

analysis (Gu and Gao 2018).

Principal component analysis uses dimensional

reduction to transform multiple indices into several
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independent comprehensive indices with little loss of

information, on the premise of losing little information

(Zhang et al. 2018c). The principal components which

represent most of the information about the original

metric are a linear combination of the original

variables (Liu et al. 2018b). The Kaiser–Meyer–Olkin

(KMO) value and Bartlett sphericity tests were used to

estimate the validity of PCA. To make the extracted

principal components more representative, the princi-

pal components were extracted after varimax rotation

(Cheng et al. 2018). All statistical analyses were

performed using the SPSS software (v.20.0; IBM,

Armonk, NY, USA).

Results and discussion

Concentrations and spatial distribution of heavy

metals in the Xiangxi River

The statistical analysis of HMs concentrations in the

Xiangxi River and the other sampled rivers is

presented in Table 1. The concentrations of most

HMs were low at all sampling sites. The exception was

Mn, whose concentration ranged from 570.75 to

2106.73 mg/L. The concentrations of Mn at sampling

sites X1, X3, and X4 were more than twice as much as

those at sampling sites X18–X23. This may be due to

the presence of mining companies upstream of these

sampling sites (Li et al. 2014). The order of the mean

values of HMs concentrations across all sampling sites

was: Mn[Hg[Ni[ Pb[Cd[As[Cu[Zn.

Compared to other rivers, the concentrations of most

HMs ranked at a medium level. The measured

concentrations of Cu and Cd were lower than those

which have been measured in the Wen-Rui Tang

River, China (Qu et al. 2018), and the Karnaphuli

River, Bangladesh (Ali et al., 2016), respectively.

However, the concentrations of Mn measured in the

Xiangxi River in the present study are much higher

than those measured in the Han River, China (Li and

Zhang 2010). In future studies, the levels of heavy

metals in aquatic organisms and sediment can be

investigated in order to further assess the HMs

contamination of the Xiangxi River.T
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cFig. 2 Kriging interpolation of heavy metal concentrations

within the Xiangxi River system
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The spatial distributions of each HM in the Xiangxi

River and its tributaries were obtained using the

kriging interpolation tool in the ArcGIS software

(v.10.2; Esri, Redlands, CA, USA) (Zhang et al.

2018b). The interpolation region was defined as the

sampled stream section (i.e., the section covered by

sites X1–X24). The results are shown in Fig. 2. As

shown in the figure, HMs at low concentrations do not

display a well-defined spatial distribution pattern.

Moving from the upstream to the downstream area, the

concentration of As gradually increases, while the

concentration of Mn gradually decreases.

High concentrations of Hg occur in the Nanyang

River; however, low concentrations occur in all other

locations. Generally, HMs pollution is higher in the

upstream reaches than the downstream. The concen-

trations of Zn and Ni do not appear to have a regular

spatial distribution. Additionally, there was no signif-

icant difference in the spatial distributions of the

concentrations of Cu and Cd from the north to the

south of the sampled area. Low concentrations of Cu

and Cd were observed at the intersection of the

Xiangxi and Yangtze rivers. The concentrations of Pb

were high in the central regions and decreased toward

the edges of the sampled area. Seasonal HM pollution

surveys in the Xiangxi River can be used to observe

the influence of periodic impoundment on HM con-

centrations in the TGR.

Pollution assessment based on the CPI

The results of the assessment of HMs contamination

using the CPI method are shown in Fig. 3. Figure 3a

shows the CPI results along the Gufu River and down

the main stem of the Xiangxi River to the TGR.

Fig. 3 Variation of the comprehensive pollution index (CPI) with sampling site moving down the Gufu River and the Xiangxi River

(a) and moving down the Nanyang River and Xiangxi River (b)

cFig. 4 The ecological risk values of different HMs at each

sampling sites
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Figure 3b shows the evaluation results along the

Nanyang River and down the main stream of the

Xiangxi River to the TGR. Sites X5 and X10–X24 are

the same sampling points in Fig. 3a, b. As shown in

Fig. 3a, the Gufu section is relatively polluted, which

may be related to the distribution of upstream mine

tailings. Meanwhile, CPI values along the Xiangxi

main stem, sites X10–X23, are lower and followed by

a spike at site X24. Site X24 is at the Xiangxi River

outlet to TGR and reflects the higher pollution levels in

Yangtze River. HM pollution in Nanyang River is

lower than in Gufu River (Fig. 3b). Additionally, HMs

pollution gradually decreases from upstream to down-

stream due to the deposition of sediment in the

upstream region.

Potential ecological risks

Ecological risk (Er) assessment of individual heavy

metals

To further evaluate the degree of HMs pollution in the

Xiangxi River, the ecological risk (Er) index was used.

As shown in Fig. 4, the Er values of most HMs were

below the minimum risk value (Er = 40) (Zhou et al.

2018). The Er values of the eight investigated HMs

over all sampling sites followed the following order:

Mn (2979.8)[Hg (456)[Ni (37.2025)[ Pb

(25.407)[Cd (25.14)[As (3.124)[Cu

(0.38505)[Zn (0.0575).

Despite the fact that the Hg contamination was the

lowest of the eight HMs, high Er values of Hg were

observed at five sampling sites, namely X6, X14, X15,

X16, and X17. It has previously been reported that

rural settlements are a major source of Hg pollution

(Zhang et al. 2018b). The area around the Xiangxi

River is densely populated, with inhabitants princi-

pally relying on coal for heating. Due to its high

volatility, most Hg is produced as a melt gas during

combustion and then transmitted to the soil under the

action of deposition (Lv and Liu 2019). Furthermore,

the soil which contains Hg was washed into the river

by rainwater. Therefore, the content of Hg in the

Xiangxi River is strongly positively correlated with

coal combustion in the surrounding areas. The Er

values of Mn at all sampling sites exceeded the low

risk level, and 12 sampling sites reach considerable

risk level. According to the classification of Er in

Table S2, the potential Er associated with Mn was

very high at sampling sites X1, X3, X4, X6, X14, X16,

and X17. This result indicates that Mn poses the

highest ecological risk index of all of the eight studied

HMs. Overall, the assessment of Er indicates that

water pollution control measures should be adopted in

the Xiangxi River, especially for Mn and Pb.

Comprehensive potential ecological risks of HMs

The calculation results of RI based on Eqs. (2) and (3)

are shown in Fig. 5. The RI values of the HMs ranged

from 80.82 to 279.56. None of the sampling sites had

Fig. 5 The assessment results for the potential ecological risk index (RI) across all sampling sites
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an RI value of more than 300. For most sampling sites,

the calculated RI values are lower than the lowest

ecological risk level. As shown in Fig. 5, no sampling

sites are at the very high or considerable risk level,

while a moderate risk was found at nine sampling

sites, and a low risk was found at 15 sampling sites.

There was a clear correlation between the distribu-

tion of RI values (Fig. 5) and the distribution of Mn

values (Table S2, Supplementary Information). Sam-

pling sites X1, X3, X4, X14, X16, X17, and X24

exhibited relatively high HMs contamination and high

ecological risks. Therefore, the results of the HMs

pollution assessment based on the CPI are consistent

with the results of the RI assessment. Overall, the RI

values of the tributaries were higher than those of the

main river. Meanwhile, the RI values of the upstream

area were generally higher than those of the down-

stream area. At sampling sites X10–X13, the RI values

of HMs were low and the pollution level was low.

In order to analyze the contribution of each of the

measured HMs to the total ecological risk at each

sampling site, the RI of each HM was converted to a

percentage of the total RI. As displayed in Figure S1

(Supplementary Information), Mn represents the main

ecological risk at each sampling site, followed by Pb.

Therefore, the sources of Mn pollution in the Xiangxi

River should be focused on and appropriate counter-

measures to such pollution should be implemented.

Human health risk assessment

The non-carcinogenic health risks of HMs to local

residents via exposure through different channels are

shown in Fig. 6. The results are presented in box plots

which can describe the discrete distribution of data in a

relatively stable way. As shown in Fig. 6, Mn has the

highest HI value of all of the measured HMs.

Since the Xiangxi River provides irrigation water

for agriculture, the presence of HMs in the river can

lead to the accumulation of HMs in crops and can

thereby lead to their accumulation in the human body

via crop consumption (Jiang et al. 2016). Thus,

ingestion of food and water is the primary exposure

pathway. The HI values of the HMs except for Mn

were less than 1 at all sampling sites indicating that the

human health risk posed by HMs in Xiangxi River is

low (Wang et al. 2018b). However, the HI value of Mn

exceeded 1, indicating that Mn presents risks to human

health.

Analysis of the possible sources of heavy metals

Correlation analysis

The correlation matrix of eight HMs is provided in

Table 2. The results showed that Hg, Cu, Ni, and Cd

were significantly positive correlated (p\ 0.01), but

they did not correlate with other HMs. The strong

correlations between these three metals indicate that

Fig. 6 Health risk assessment (HI) values for each heavy metal, averaged across sampling sites. In the right panel, Mn was omitted and

the HI scale expanded to more clearly show the box plots of the remaining heavy metals. HI values\ 1 indicate a low risk to health
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they may come from a common source (Li et al. 2018).

However, these three metals showed no significant

correlations with any other metals. Additionally, Mn

exhibited positive correlations with Hg and As

(p\ 0.05), which similarly suggests that these three

HMs may emanate from a common source. However,

these three metals showed no significant correlation

with any other metals. Cd is widespread in agricultural

materials (Lv and Liu 2019), and thus, the detected Hg

and Ni may also mainly emanate from agricultural

sources.

The correlations shown in Table 2 can be used to

estimate the sources of HMs (Ma et al. 2016). For

example, the fact that As is negatively correlated with

Mn and Hg, but Mn and Hg are positively correlated

with each other indicates that As comes from one

source andMn and Hg come from another (Wang et al.

2015).

Principal component analysis

Principal component analysis was used to further

confirm major sources of pollution in the study area

(Liu et al. 2018c). Table 3 shows the results of PCA

before and after rotation, with the latter better

reflecting empirical realities. The rotation method of

variance maximization was adopted to select factors

with eigenvalues greater than 1.

The KMO value (0.561) and Bartlett’s test value

(\ 0.001) prove that the PCA results are reliable (Ma

et al. 2018). Figure S2 shows the eigenvalues of all the

components. The eigenvalues of components 1 and 2

are greater than 1 and together explain nearly 70% of

the total variance. Thus, components 1 and 2 were

extracted as the main components.

The first principal component (PC1) explained

34.64% of the total variance. PC1 was related to Hg

(0.817), Cu (0.763), Ni (0.749), and Cd (0.732). This

result is consistent with the results of the foregoing

Pearson’s correlation analysis. PC1 probably reflects

agricultural activities since agriculture is the main

industry in the Xiangxi River basin (Chai et al. 2017;

Hubei Statistical Yearbook 2017).

Agricultural activity has previously been reported

as a source of Cu pollution (Marrugo-Negrete et al.

2017). Specifically, the accumulation of Cu in soil

may be caused by the excessive application of

pesticides, herbicides, or fertilizers in cropland

(Elumalai et al. 2017; Zhang et al. 2016). Furthermore,

HMs from various sources (transportation, industrial,

and human activities) can be washed into rivers by

storm runoff. Moreover, HMs in the reservoir bank

and the hydro-fluctuation belt can migrate into river

water. When the external conditions (i.e., redox, pH)

are appropriate, HMs in sediments will be released

into water and thus cause HMs pollution (Gao et al.

2018a). Therefore, it is imperative to take engineering

measures to control HMs pollution in bank soil, for

example ecological restoration by planting, the reduc-

tion of peripheral industries, and the conversion of

farmland to forest.

The second principal component explained 26.36%

of the total variance. This component was related to As

(0.838) and Zn (0.716). This is also consistent with the

results of the Pearson correlation analysis, in which Zn

was positively correlated with As. The second

Table 2 Correlation analysis between eight heavy metals

As Hg Cu Pb Cd Zn Mn Ni

As 1

Hg - 0.191 1

Cu 0.226 0.566** 1

Pb 0.309 0.170 0.333 1

Cd - 0.229 0.440* 0.517** 0.235 1

Zn 0.457* 0.032 0.225 0.374 0.014 1

Mn - 0.471* 0.432* - 0.008 - 0.087 0.349 - 0.180 1

Ni -.269 0.517** 0.536** 0.294 0.321 0.119 0.149 1

Significant correlations are in boldface

*Significant correlation at p\ 0.05; ** significant correlation at p\ 0.01
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principal component could plausibly be from trans-

portation and upstream mining activities (Cai et al.

2018; Men et al. 2018). Mining and smelting produce

large quantities of pollutants, such as fine-grained

mineral ores, alkaline As residues, and ore weathering

products (Wang et al. 2011). Chen and Lu (2018)

collected 193 samples of river water fromXian, China,

and used EPA positive matrix factorization (PMF)

software to identify HM sources. Their results showed

that Zn was related to traffic emissions.

By-products of mining activities may be discharged

into surrounding river channels and thereby result in

excessive HMs concentrations in water and sediments.

With the action of surface runoff, HMs in the topsoil

around mining areas may be transported into rivers,

which increases the concentration of HMs in the water

(Zhang et al. 2018e). To further identify the sources of

heavy metals, future studies can consider local geo-

morphological characteristics, population density, and

data from statistical yearbooks.

Conclusions

In this study, samples were collected from 24 sites in

the Xiangxi River system and analyzed for eight HMs.

The results were used to assess HM contamination of

Xiangxi River, the ecological risk and public health

threat posed by the HMs, and identify sources of

pollution. This was the first investigation of HMs in

the Xiangxi River, and the primary findings are as

follows: (1) The concentrations of Mn were high,

whereas those of the other seven metals were low. HM

levels in Xiangxi River were generally mid-range

compared to other rivers. (2) Comparison of the CPI

by site indicated that HM pollution is heavier in the

upper reaches of the study area. The spatial distribu-

tion of HM concentrations within the river system

supports this conclusion. (3) Mn and Pb were the

primary contributors to ecological risk posed by HMs.

(4) The HI indicates that only Mn poses a threat to the

health of local residents and Mn mitigation should be

given special attention. (5) HM pollution in Xiangxi

River arises primarily from agriculture and upstream

mining, with contributions from coal combustion and

transportation. The results of this study provide a

reference that will support prioritization and planning

for HM pollution control in the Xiangxi River region.
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