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ABSTRACT
To investigate the sources and spatial-temporal distribution of dissolved heavy
metals in river water, and to evaluate the water quality, a total of 162 water samples
were collected from 81 key sampling points in high and low flow seasons separately
in the Zhujiang River, Southwest China. Ten dissolved heavy metals (V, Cr,
Mn, Co, Ni, Cu, Mo, Cd, Ba, and Pb) in the Zhujiang River water exhibit little
variation at temporal scale, but vary with a significant spatial heterogeneity.
Furthermore, different metals present different variation trends along the main
channel of the Zhujiang River. Our results suggest that Ba (14.72 mg L-1 in low flow
season and 12.50 mg L-1 in high flow season) and Cr (6.85 mg L-1 in low flow
season and 7.52 mg L-1 in high flow season) are consistently the most abundant
metals in the two sampling periods. According to the water quality index
(WQI values ranged from 1.3 to 43.9) and health risk assessment, metals
investigated in Zhujiang River are below the hazard level (all hazard index
(HI) < 1). Application of statistical approaches, including correlation matrix and
principal component analysis (PCA), identify three principal components that
account for 61.74% of the total variance, the results conclude that the
anthropogenic heavy metals (V, Cr, Ni, and Cu) are greatly impacted by the
dilution effect, and the heavy metals in Zhujiang River are mainly presented a
natural sources signature from the perspective of entire basin. Moreover, our
results reveal that the estimated export budget of several heavy metals including V
(735.6 t year-1), Cr (1,561.1 t year-1), Ni (498.2 t year-1), and Mo (118.9 t year-1) to
the ocean are higher than the world average.
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INTRODUCTION
Along with the rapid development of social economy, the contamination levels and
environmental health effects of heavy metals aroused great public concern in the world due
to their toxicity, persistence, bioaccumulative nature, and mostly negative impact on
living organisms (Cameron, Mata & Riquelme, 2018; Farahat & Linderholm, 2015;Wilbers
et al., 2014; Zaric et al., 2018). There are two main sources of heavy metals in the
environment that significantly impact the biogeochemical cycling of heavy metals (Li &
Zhang, 2010). One is natural sources, such as bedrock weathering and volcanism,
which are controlled by geology and lithology (Krishna, Satyanarayanan & Govil, 2009; Li
& Zhang, 2010); the other is anthropogenic activities, including mining, metal smelting
and refining, energy producing and consuming, and waste incineration (Liu et al.,
2013; Meng et al., 2016). We can identify the heavy metal sources (natural and/or
anthropogenic) by detecting their contents and distribution in the ecosystem.

Studies about environmental heavy metals have a long history (Zhang et al., 2009).
These studies focused on various scales and different ecosystems, especially the fluvial
system (Iwashita & Shimamura, 2003; Li & Zhang, 2010; Wang et al., 2017).
Hitherto, numerous studies regarding heavy metal (or trace element) compositions and
their effects on fluvial environment have been published in different countries
(Gaillardet, Viers & Dupré, 2014; Iwashita & Shimamura, 2003; Thévenot et al., 2007;
Tripathee et al., 2016), including China (Li, Li & Zhang, 2011; Wang et al., 2017;
Xiao, Jin &Wang, 2014; Zhang & Zhou, 1992). As the second largest river in China and the
major river discharging into the South China Sea (SCS) (Xu & Han, 2009), several
researches have been performed to examine heavy metal compositions of water and
sediment in the Zhujiang River basin (Liu et al., 2017; Niu et al., 2009; Ouyang et al., 2004;
Zhang et al., 2018; Zhen et al., 2016). However, the spatial-temporal distribution, source,
health risk, and export flux of dissolved heavy metals in Zhujiang River from a whole
basin perspective, have not been investigated systematically up to now.

This study is conducted as a survey on water geochemistry characteristics of dissolved
heavy metals in the Zhujiang River from a whole basin perspective. The aims are to:
(1) analyze the spatial-temporal distribution of 10 dissolved heavy metals from the upper
reaches to the lower reaches, (2) explore the possible anthropogenic and/or natural
sources of these heavy metals, (3) define the water quality and health risk of dissolved
heavy metals, and (4) estimate the export flux of dissolved heavy metals to SCS
roughly. The results would greatly help manage and protect the water resources,
provide water resources guarantee for socio-economic development within the whole
basin, and deliver some support for the assessment of heavy metal fluxes input to
the ocean.

MATERIALS AND METHODS
Study area
The Zhujiang River (Pearl River) basin is located in Southwest China (21�31′–26�49′N,
102�14′–115�53′E), which is the largest river flowing into the SCS with a cover area of
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4.5 � 105 km2 and provides major water source for more than 30 million local population
of southern China (Li et al., 2019; Zhen et al., 2016). The Zhujiang River flows through
Yunnan, Guizhou, Guangxi, and Guangdong province with the elevation decreases
from northwest to southeast (Fig. 1). Five principal reaches are defined along the main
channel of Zhujiang River: the Nanpanjiang River (NPR), the Hongshuihe River (HSR),
the Qianjiang River (QJR), Xunjiang River (XUR), and Xijiang River (XJR) (Fig. 1).
Accordingly, the tributaries can also be divided into five parts. In addition, the significant
tributary (Beipanjiang River, BPR) located in the upstream area, is discussed as an
individual tributary here. The Zhujiang River basin is characterized by tropical to
subtropical monsoon climate, with a mean annual temperature varying from 14 to 22 �C.
The average annual precipitation ranges from 1,200 to 2,200 mm, where a majority of
annual rainfall (∼80%) occurs during the wet season (April–September) (Han et al., 2018;
Li et al., 2019). The Zhujiang River basin consists of various source rocks (Fig. 1).
Permian and Triassic carbonate rocks with intercalated coal-bearing formations are
extensively distributed in the mid-upper river reaches with an area account for 44% of the
whole basin area. Jurassic detrital sedimentary rocks are distributed sporadically in the river
source area and are intercalated fragmentarily in the middle and lower river reaches.
The mid-lower reaches consist mostly of Precambrian metamorphic rocks and magmatic
rocks (Han et al., 2018; Li et al., 2019, 2000). There are 24 large reservoirs/dams
(with capacity exceed 108 m3) and 212medium reservoirs/dams (capacity from 107 to108 m3)
located in the mid-lower reaches of the Zhujiang River (Han et al., 2018).
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Figure 1 Sketch map showing the lithology and sampling locations of the Zhujiang River system. The base map was modified from Han et al.
(2018). Full-size DOI: 10.7717/peerj.6578/fig-1
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Sample collection and analysis
Two sampling campaigns from 81 sites represent varying hydrologic period settings
throughout the Zhujiang River during July 2014 (high flow season) and January 2015 (low
flow season) are conducted (Fig. 1). And 9, 3, 3, 5, and 5 sites are located in NPR, HSR,
QJR, XUR, and XJR, while 5, 7, 7, 7, 11, and 19 sites are located in the corresponding
tributaries of NPR, HSR, QJR, XUR, XJR, and BPR. More detailed information of the
sampling points could be found in Table S1. Thus, a total of 162 river water samples are
collected at a depth of approximate 15 cm. After collection, the water samples are
immediately filtered in the field through 0.22 mm Millipore membrane filters.
Water samples for heavy metals analysis are acidified to pH < 2 with ultra-purified HNO3

and then sealed in a pre-cleaned polyethylene bottles and stored in a dark refrigerator
before analysis. The pH, electrical conductivity (EC), dissolved oxygen (DO), and
temperature (T) are immediately measured by a multi-parameter meter (MultiLine 3320;
WTW, Weilheim, Upper Bavaria, Germany) in the field. Ten heavy metals, including V,
Cr, Mn, Co, Ni, Cu, Mo, Cd, Ba, and Pb are analyzed by inductively coupled
plasma-mass spectrometry (Elan DRC-e; Perkin Elmer, Waltham, MA, USA) at the
Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of
Sciences. Standard reference materials (GSB 04-1767-2004) are used to perform the
method validation and quality control. All the samples and standards are analyzed in
batches with a procedural blank. Recovery percentage ranges between 90.0% and 110.4%.
Relative standard deviations for heavy metals are ∼±5%.

Statistical analysis and assessment methods

Multivariate analysis
Statistical approaches, including correlation matrix and principal component analysis
(PCA) are used to analyze the dataset to acquire descriptive statistics and explore the
possible sources of the selected dissolved heavy metals. PCA is the most common
multivariate statistical method to explore associations and origins of heavy metals
(Loska & Wiechu1a, 2003). PCA is generally via reducing the dimensionality of the dataset
to several influencing factors while trying to preserve the relationships presented in
the original data, a fact which commonly occurs in hydrochemistry (Li, Li & Zhang, 2011;
Wang et al., 2017). The suitability of the dataset for factor analysis is checked by
Kaiser-Meyer-Olkin (KMO) and Bartlett’s sphericity test (p < 0.001) (Li, Li & Zhang,
2011). Before performing the PCA, each variable is first normalized to avoid numerical
ranges of the original variables by z-scale transformation (Chen et al., 2007; Wang et al.,
2017). Then, PCA with varimax rotation is run. Only components with eigenvalues
exceeding one after rotation are extracted. All of the data processes are performed using
the Microsoft Office 2010 and the statistical software package SPSS 21.0 for Windows.

Water quality index

The water quality index (WQI), a powerful tool that reflects the integrated influence of
different water quality variables (heavy metals in this study), present a comprehensive
picture of river water quality (Wang et al., 2017; Xiao, Jin & Wang, 2014). V is excluded
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in the WQI calculations due to the lack of official drinking water standard. The WQI is
calculated as follows:

WQI ¼
X

wi � Ci

Si

� �� �
� 100 (1)

where wi is the weight of each heavy metal i and represents the relative importance
of different water quality variables in the overall quality of water for drinking, and is
depend on the foundation of the eigenvalues for each principal component and
factor loading for each parameter from the PCA results. Ci is the heavy metal
concentration of water samples (mg L-1), and Si is the Chinese Drinking Water Guideline
(GB 5749-2006) for each heavy metal (mg L-1). The obtained WQI values can be defined
as five classifications: excellent water quality (0 � WQI < 50), good water quality
(50 � WQI < 100), poor water quality (100 � WQI < 200), very poor water quality
(200 � WQI < 300), and WQI > 300 represents water that is unsuitable for drinking
(Meng et al., 2016; Wang et al., 2017).

Health risk assessment
To quantitatively evaluate health risks, the Hazard quotient (HQ) and hazard index (HI),
which are suggested by the US EPA and have been commonly used for the river water risk
assessments in previous studies (Meng et al., 2016; Wang et al., 2017), are calculated
in this study. Ingestion and dermal absorption are two main pathways potentially expose
to heavy metals in water for humans beings (De Miguel et al., 2007). HQ is the ratio
between exposure via each pathways and the reference dose (RfD). HI is the sum of the
HQs for each heavy metal from both the ingestion and dermal pathways to assess the total
potential non-carcinogenic risk of individual metals. If the HQ or HI exceeds 1,
non-carcinogenic risk/adverse effects on human health are a concern and the further study
is necessary. In contrast, there are no deleterious effects when HQ/HI is smaller than 1
(Wang et al., 2017). The HQ and HI are calculated as follows:

ADDingestion¼ ðCw � IR � EF� EDÞ
ðBW� ATÞ (2)

ADDdermal¼ðCw � SA � Kp � ET � EF � ED � 10�3Þ
ðBW� ATÞ (3)

HQ¼ ADD
RfD

(4)

RfDdermal ¼RfD� ABSGI (5)

HI¼
X

HQs (6)

where ADDingestion and ADDdermal are the average daily doses by ingestion and dermal
absorption (mg kg-1 day-1), respectively; Cw is the heavy metal concentration of
water samples (mg L-1); BW is the average body weight for adults and children (kg); IR is
the ingestion rate (L day-1); EF is the exposure frequency (days year-1); ED is the
exposure duration (years); AT is the average time (days); SA is area the exposed skin (cm2);
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ET is exposure time (h day-1); Kp is the dermal permeability coefficient in water of
individual metals (cm h-1); RfD is the corresponding reference dose (mg kg-1 day-1); and
ABSGI is the gastrointestinal absorption factor (dimensionless) (Wang et al., 2017;
Wu et al., 2009). The corresponding parameters are obtained from the United States
Environmental Protection Agency (EPA) (2004).

RESULTS
Kolmogorov–Smirnov test of data
The Kolmogorov–Smirnov test, as a non-parametric test, is generally used to data analysis
when the sample size is small. Thus, the normal distribution test of our data is using
Kolmogorov–Smirnov (K–S) statistics (Table 1). The test results show that the V, Cr, pH,
EC, and DO are normally distributed during low flow season, and the V, Cr, Mo,
pH, EC, DO, and temperature approach a normal distribution during high flow season.
The K–S test results and large standard deviation values for the remaining dissolved
heavy metals indicatives of that the average concentration might have been seriously
impacted by the outliers, which related to water samples with tremendously high or low
values. Thus, the median concentrations instead of arithmetic means for these heavy
metals are used in our calculations. In addition, based on the K–S test results, the median
concentrations of all studied dissolved heavy metals are used for comparisons, although
the limited values in the guidelines are widely given as arithmetic means.

Table 1 Concentrations of dissolved heavy metals (μg L-1), pH, electric conductivity (μS cm-1), dissolved oxygen (mg L-1), and temperature
(�C) in the Zhujiang River, China.

Low flow season High flow season Drinking water guidelines Source area of
Yangtze Rivere

Min Max Mean SD Median K–S
testa

Min Max Mean SD Median K–S
testa

Chinab WHOc US
EPAd

V 1.51 3.00 2.11 0.32 2.13 0.758 1.96 3.53 2.66 0.36 2.59 0.469 0.23

Cr 2.51 12.00 6.78 1.79 6.85 0.864 1.82 14.96 7.45 2.84 7.52 0.709 50 50 100 0.26

Mn 0.15 267.33 8.47 39.99 0.45 0.000 0.11 134.49 5.84 17.95 0.40 0.000 100 400 2.53

Co 0.03 1.57 0.15 0.18 0.11 0.000 0.04 0.51 0.12 0.08 0.11 0.001 1,000 0.24

Ni 0.47 37.35 4.10 6.33 2.39 0.000 0.47 49.03 4.43 7.50 2.08 0.000 20 70 0.18

Cu 0.33 115.73 3.93 13.83 0.90 0.000 0.24 136.80 8.24 23.34 0.77 0.000 1,000 2,000 1,300 0.63

Mo 0.11 95.75 1.89 10.58 0.63 0.000 0.13 0.96 0.49 0.21 0.44 0.134 70 0.72

Cd 0.02 2.09 0.09 0.23 0.04 0.000 0.02 1.36 0.06 0.15 0.03 0.000 5 3 5 0.02

Ba 7.99 46.79 16.59 7.12 14.72 0.000 4.00 48.40 14.22 7.59 12.50 0.001 700 700 2,000

Pb 0.03 0.60 0.07 0.07 0.06 0.000 0.02 0.45 0.06 0.06 0.04 0.000 10 10 15 0.76

pH 7.0 8.8 7.9 0.4 7.9 0.546 6.4 8.4 7.7 0.4 7.7 0.659 6.5–8.5

EC 76.0 602.0 354.6 123.3 353.0 0.606 90.0 533.0 307.7 114.2 319.0 0.627

DO 6.1 11.8 8.7 1.0 8.8 0.976 4.9 12.4 7.5 1.3 7.3 0.316

T 10.2 26.6 16.4 2.7 16.8 0.096 18.0 36.0 26.5 4.2 27.3 0.425

Notes:
a Kolmogorov–Smirnov test.
b Chinese drinking water standards (GB 5749-2006).
c WHO (2006) drinking water guidelines.
d US EPA (2003) drinking water standards.
e Zhang & Zhou (1992).
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PHYSICOCHEMICAL PARAMETERS
The statistics values of water quality parameters (pH, EC, DO, and T) in the water samples
from the Zhujiang River are given in Table 1. The average pH values are 7.9 (7.0–8.8) in
low flow season and 7.7 (6.4–8.4) in high flow season, presenting slightly alkaline
characteristics. The EC values of water samples vary from 76.0 to 602.0 mS cm-1, with an
average of 354.6 mS cm-1 in low flow season, and range from 90.0 to 533.0 mS cm-1, with an
average of 307.7 mS cm-1 in high flow season, respectively. The average DO values
are 8.7 mg L-1 in low flow season and 7.5 mg L-1 in high flow season, respectively. Overall,
the pH, EC, and DO values are consistently higher in low flow season than in high flow
season. However, since the river water is continuously heated by sunlight, the water
temperatures in high flow season (26.5 �C, with a range of 18.0–36.0 �C) are higher than
in low flow season (16.4 �C, with a range of 10.2–26.6 �C). The variations of water
temperature during the same season are primary caused by the differences of sampling
time of day, that is, the water temperatures in morning are generally lower than noon.

HEAVY METALS CONTENT
The descriptive statistics of studied dissolved heavy metals in Zhujiang River are presented
in Table 1. The concentration (median) of 10 heavy metals in low flow season is
decreased in the following sequence, Ba (14.72 mg L-1), Cr (6.85 mg L-1), Ni (2.39 mg L-1),
V (2.13 mg L-1), Cu (0.90 mg L-1), Mo (0.63 mg L-1), Mn (0.45 mg L-1), Co (0.11 mg L-1),
Pb (0.06 mg L-1), Cd (0.04 mg L-1). Whereas the declined sequence of these heavy
metals in the high flow season is as follows, Ba (12.50 mg L-1), Cr (7.52 mg L-1), V (2.59 mg L-1),
Ni (2.08 mg L-1), Cu (0.77 mg L-1), Mo (0.44 mg L-1), Mn (0.40 mg L-1), Co (0.11 mg L-1),
Pb (0.04 mg L-1), Cd (0.03 mg L-1). Ba and Cr are consistently the most abundant
metals in the two sampling periods.

SPATIAL DISTRIBUTION OF HEAVY METALS
Distribution of heavy metals along the main stream
The distribution of each individual heavy metal along the main stream exhibits an
extensive variation (Fig. 2). In the main stream water body, V concentration present a
gradually increasing trend from upstream to downstream overall, with a higher
concentration in the middle of the NPR reach. In contrast, Cr and Co exhibits a slowly
decreasing trend from upstream to downstream, but perform a higher concentration in the
middle of the NPR reach. Cu concentration is maintained at a low level, and present a
very high value for only a few sampling points (10 times more than other points).
Mo concentration gradually increase in the NPR reach and began to decline after entering
the HSR reach, until the QJR reach become stable. There is a great fluctuation of Ba
concentration in the upstream reach, with the highest concentration in the middle of NPR
reach, and subsequently decrease to the lowest value in QJR reach, and then exhibit a
slowly rising trend in the downstream reach (XUR and XJR). Pb concentration is
fluctuated in a relatively wider range in NPR and HSR reach, and tended to stabilize in QJR
to XJR reach. Mn, Ni, and Cd display obviously fluctuation along the main stream,
with no significant pattern of distribution. Moreover, there are 24 large reservoirs/dams

Zeng et al. (2019), PeerJ, DOI 10.7717/peerj.6578 7/21

http://dx.doi.org/10.7717/peerj.6578
https://peerj.com/


1.5

2.0

2.5

3.0

3.5

4

8

12

16

0

1

2

11

12

0.05

0.10

0.15

0.20

0.25

0

4

8

20

24

0

10

20

30

60

80

0.0

0.5

1.0

1.5

2.0

0

10

20

30

40

0.0

0.1

0.2

0.3

0.02

0.04

0.06

0.08

0.10

Low flow season High flow season

-1
)

A B

NPR HSR QJR XUR XJR

Upstream Downstream

NPR HSR QJR XUR XJR

Upstream Downstream

-1
)

C

-1
)

D

-1
)

E
-1

)
F

-1
)

G

-1
)

I

-1
)

NPR HSR QJR XUR XJR

Upstream Downstream

J

-1
)

H

-1
)

Figure 2 Spatial-temporal variations of 10 heavy metals in 25 sampling sites along the main stream from Zhujiang River. NPR, Nanpanjiang
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reaches. (A) V concentrations. (B) Cr concentrations. (C) Mn concentrations. (D) Co concentrations. (E) Ni concentrations. (F) Cu concentrations.
(G) Mo concentrations. (H) Cd concentrations. (I) Ba concentrations. (J) Pb concentrations. Full-size DOI: 10.7717/peerj.6578/fig-2
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located in the mid-lower reaches along the main channel of the Zhujiang River (Han et al.,
2018). The suspended particles, gravels that absorbed heavy metals would be separated
from the water physically as water flow slows down in the reservoirs (Li et al., 2008),
which could be considered as a potentially factor for the spatial variation of the dissolved
heavy metals, and may result in the variation of concentration of some dissolved heavy
metals in the mid-lower reaches.

Distribution of heavy metals in tributaries
The distribution of each individual heavy metals in tributaries of different river reaches is
exhibited in Fig. 3. Compare the median concentrations of heavy metals in tributaries, the
V concentration is lower in the upstream tributaries than the downstream tributaries
(except T-NPR), while Cr and Co are higher in the upstream tributaries than the
downstream tributaries. It is consistent with the V, Cr, and Co concentration distribution
in the main stream. Inconsistent with the main stream, Ni concentration present a similar
distribution pattern to Cr and Co in the tributaries of each reaches, which is higher in
the upstream tributaries than the downstream tributaries. In addition, Mn concentration
shows that the upstream tributaries are lower than the downstream tributaries, and the
fluctuated range is obviously increased in the tributaries of the downstream region.
The remaining heavy metals (Cu, Mo, Ba, Pb, and Cd) exhibit an extensive variation in the
tributaries of each reaches, with no significant pattern, but it should be noted that the
fluctuation of several heavy metals (Mo, Pb, and Cd) in the downstream tributaries are
relatively more intense than in the upstream tributaries.

SEASONAL VARIATION OF HEAVY METALS
On the seasonal scale, only V concentration exhibit a significant seasonal variation in both
of main stream and tributaries, which is consistently higher in high flow season than
in low flow season (Figs. 2 and 3). Along the main stream, Cr concentration is also higher
in high flow season than in low flow season (except for a few points in the midstream and
downstream) (Fig. 2). In contrast, Co, Mo, Ba, Pb, and Cd concentrations are higher
in low flow season than in high flow season for most of sampling sites. However, there are
no significant patterns of the seasonal variation of Mn, Ni, and Cu concentrations along
the main stream (Fig. 2). For tributaries, the seasonal variation patterns of the
concentrations of all heavy metals (except V) are not obvious (Fig. 3). Generally, the
concentration of dissolved heavy metals would be reduced by the dilution effect during the
high flow season, which is controlled by river flow (Li & Zhang, 2010; Olías et al., 2004).
Therefore, the Co, Mo, Ba, Pb, and Cd concentrations are higher in low flow season
than in high flow season at most of sampling sites along the main stream (Fig. 2) may be
mainly affected by dilution effect.

DISCUSSION
Concentrations of heavy metals in river water
The concentration of dissolved heavy metals are compared with the limited values for
drinking water guidelines of China EPA (2006),World Health Organization (WHO) (2006),
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Figure 3 Distribution of 10 heavy metals in tributaries from Zhujiang River. T-NPR, tributaries of Nanpanjiang River; T-BPR, tributaries of
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United States Environmental Protection Agency (EPA) (2003) (Table 1) and the surface
water standard of China EPA (2002) (Table S2). All the concentrations (median) of
heavy metals are within the limited values of three drinking water guidelines (except V,
without limited values in any guidelines), and the Cr, Cu, Cd, and Pb concentrations
(median) are of Grade I of surface water standard, which indicate that pretty clean water
without heavy metals pollution in Zhujiang River. In addition, the maximum
concentrations of Mn and Ni are lower than the limited values of WHO drinking water
guideline but are approximately two times higher than the Chinese drinking water
guideline, and the maximum concentrations of Mo in low flow season is higher than the
Chinese drinking water guideline. These heavy metals with maximum concentrations
exceed guideline values can be defined as pollutants, which could attribute to the
relatively high anthropogenic input from local sampling sites. For instance, although the
Cu concentrations at all sampling sites are well below the guideline values, but the Cu
concentrations at the two sampling sites (site 1 and 2, close to the Zhanyi county)
of NPR reach along the main stream are significantly higher than that of other sites
(Fig. 2), which shows the significant impact of the anthropogenic input from the Zhanyi
county (e.g., urban sewage discharge). Compare with the background values of the
source area of Yangtze River (Table 1) (Zhang & Zhou, 1992), the concentrations
(median) of V, Cr, Ni, Cu, and Cd in water within the Zhujiang River are significantly
elevated, while Mn, Co, Mo, and Pb are lower than the source area of the Yangtze River.
In low flow season, V, Cr, Ni, Cu, and Cd are 9.2, 26.4, 13.3, 1.4, and 2.9 times
higher than the river water background of the Yangtze River. In high flow season, V, Cr,
Ni, Cu, and Cd are 11.2, 28.9, 11.5, 1.2, and 2.2 times higher than the background values.

On a global scale, we compare our river samples with the data of other rivers both
from China and other counties or regions worldwide (Gaillardet, Viers & Dupré, 2014)
(Table S3). V, Cr, and Ni, concentrations of our study are higher than those
worldwide rivers (except Seine River, a river severely affected by human activities in
France). The Co and Mo concentrations are comparable to the worldwide rivers average
concentration, but the Co concentration is much higher than that in Yellow River of
China. Moreover, the Cu, Cd, Ba, and Pb concentrations are slightly lower than the world
river average, while the Mn concentration is much lower than world river average.

Statistical analysis and source identification of heavy metals

Correlation analysis

The correlation matrix is useful for exploring associations between variables via giving the
overall coherence of the dataset (Chen et al., 2007). A correlation matrix is employed to
distinguish correlations between the 10 heavy metals in the two sampling periods
(Table 2). Strong positive correlations (p < 0.01) are only observed between Co and Mn
(0.591), Pb and Mn (0.673), Cu and Ni (0.650) in low flow season, and the positive
correlations between Pb and Co (0.284) are also obtained in same season. In contrast, the
strong positive correlations (p < 0.01) between Co and Cr (0.477), Co and Mn (0.520),
Cu and Ni (0.538) are observed in high flow season (Table 2). The heavy metals
with high correlation coefficients in the water body could have similar sources, migration
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processes and hydrochemical behavior in the study area (Wang et al., 2017).
Therefore, Mn, Co, and Pb could origin from similar sources and input to the water body
after similar chemical processes in low flow season, while Co and Cr could have
similar sources in high flow season. Also, the consistently strong positive correlations
between Cu and Ni in the two periods indicate that the origins and migration of these
two metals are remarkably similar. However, the weak positive correlations, different
degrees of negative correlation or without significant correlation between each pair
of remaining heavy metals are also observed (Table 2), which indicate that there is strong
spatial and temporal heterogeneity of the sources of these heavy metals.

Principal component analysis

Principal component analysis is carried out for heavy metal concentrations along the main
channel of Zhujiang River to explore metal associations and their possible origins, three
principal components (PC, eigenvalues > 1) are extracted in our study, including the
eigenvalues, variance and communalities, are listed in Table 3. The PC 1 explain 22.59% of
total variance and predominantly include V, Cr, Co, and Ba; the PC 2 explain 20.91% of
total variance with significant loadings of Mn, Ni, and Cu; the PC 3 explain 18.23%
of variance which is mainly contributed by Mo, Cd, and Pb. These three PCs totally
account for 61.74% of the total variance, and are presented in a three-dimensional space, as
shown in Fig. 4. Our results of overall PCs loadings (61.74%) are relatively lower than other
studies, that is, PCs loadings for 14 heavy metals and 13 metals are 86.36 % and
79.31% (Meng et al., 2016; Wang et al., 2017), respectively. Previous studies have
performed PCA for heavy metals in numerous of river system and attained different results
(Li & Zhang, 2010; Wang et al., 2017; Xiao, Jin & Wang, 2014), we ascribe these

Table 2 Pearson correlation matrix of heavy metals and physicochemical parameters (pH, EC, DO, and T) in the Zhujiang River, China.

V Cr Mn Co Ni Cu Mo Cd Ba Pb pH EC DO T

V 1 -0.176 -0.144 -0.254* 0.126 -0.146 0.085 -0.069 0.124 -0.012 -0.462** -0.187 -0.625** 0.316**

Cr -0.017 1 -0.241* 0.477** 0.308** 0.081 0.209 -0.094 0.421** 0.006 0.563** 0.852** 0.117 -0.552**

Mn 0.021 -0.290** 1 0.520** -0.059 0.077 0.215 0.227* -0.119 0.079 -0.129 -0.081 -0.028 -0.076
Co -0.177 0.014 0.591** 1 0.122 0.046 0.215 0.040 0.252* 0.006 0.280* 0.481** 0.082 -0.372**

Ni -0.050 -0.148 0.312** 0.041 1 0.538** 0.178 -0.040 0.303** 0.012 0.235* 0.323** 0.029 -0.316**

Cu -0.025 -0.176 -0.005 -0.009 0.650** 1 0.103 -0.055 0.086 0.050 0.206 0.182 0.082 -0.328**

Mo 0.034 -0.172 -0.028 -0.063 -0.048 0.017 1 0.079 0.274* -0.006 0.493** 0.498** 0.243* -0.190
Cd 0.143 -0.159 -0.028 -0.036 -0.029 -0.025 0.114 1 -0.117 0.279* 0.018 0.084 -0.001 0.075

Ba 0.287** 0.219* 0.059 -0.011 0.155 0.021 -0.016 0.008 1 -0.035 0.216 0.446** 0.001 -0.216
Pb 0.008 -0.130 0.673** 0.284* -0.001 -0.008 -0.036 -0.044 -0.050 1 0.049 0.018 0.173 0.082

pH -0.494** 0.594** -0.241* 0.086 -0.280* -0.319** -0.032 -0.148 0.123 -0.089 1 0.702** 0.668** -0.400**

EC -0.360** 0.773** -0.237* 0.202 -0.100 -0.130 -0.154 -0.084 0.203 -0.111 0.771** 1 0.215 -0.660**

DO -0.125 -0.186 0.008 0.070 -0.015 -0.065 0.166 0.071 -0.013 -0.010 0.068 0.003 1 -0.040
T 0.202 -0.326** 0.053 -0.235* 0.136 0.154 0.016 -0.029 -0.147 0.057 -0.567** -0.532** -0.108 1

Notes:
* Correlation is significant at the 0.05 level (two-tailed).
** Correlation is significant at the 0.01 level (two-tailed).
Bold italics: correlation coefficients in high flow season; Normal font: correlation coefficients in low flow season.
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variations to the different fluvial environments (i.e., watershed area, discharge, and land
use) and different water variables.

In general, the Cr, Co, Ba, and Mo are from natural sources of rock weathering and
subsequent pedogenesis (Li & Zhang, 2010), and V is greatly impacted by anthropogenic
activities such as mining and agricultural processes (Li et al., 2008). Considering the high

Table 3 Varimax rotated component matrix for dissolved heavy metals along the main channel of
Zhujiang River (the significance of KMO and Bartlett’s sphericity test is <0.001).

Eigenvalues 2.26 2.09 1.82 Communalities
Variance (%) 22.59 20.91 18.23
Cumulative (%) 22.59 43.50 61.74
Variable PC1 PC 2 PC 3

V 0.18 -0.22 -0.73 0.60

Cr 0.85 -0.02 -0.12 0.74

Mn -0.20 0.81 -0.01 0.71

Co 0.84 0.04 0.12 0.72

Ni 0.10 0.67 0.03 0.46

Cu -0.08 0.89 -0.04 0.80

Mo 0.32 -0.29 0.47 0.40

Cd -0.03 -0.14 0.71 0.53

Ba 0.79 -0.15 -0.04 0.66

Pb 0.05 0.05 0.74 0.55

Notes:
Extraction method: Principal component analysis.
Rotation method: Varimax with Kaiser normalization.
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concentrations of V and Cr (much higher than the background value of the Yangtze River,
Table 1), and the most of elements in PC1 (V, Cr, Co, Ba) are lithophile elements
(Krishna, Satyanarayanan & Govil, 2009), hence we attribute this component (PC 1) to the
mixed sources of geologic and anthropogenic origins in the basin. The high concentrations
of Cu and Ni in PC 2 are observed in Zhujiang River (compared to the background
value), and Cu is used as markers of metal industries (Li & Zhang, 2010), while Ni is the
common pollutant discharge from the electroplating industry and metal smelting.
In combination with the negative loadings or weak positive loadings of Cu and Ni in PC 1
and the positive correlations between Cu and Ni (Table 2), the PC 2 with positive loadings
on Cu (0.89) and Ni (0.67) can be attribute to anthropogenic origins in the basin.
In addition, although Cd and Pb are major pollutants emitted from industrial wastes and
automobile exhausts (Krishna, Satyanarayanan & Govil, 2009; Pekey, Karakaş& Bakogˇlu,
2004), but the concentrations of these two heavy metals and Mo are not high in the
Zhujiang River, even lower than the background value of the Yangtze River. Therefore, Cd,
Pb, and Mo in PC 3 may be greatly contributed by natural sources.

In spite of the results of PCA that suggest that some heavy metals (V, Cr, Ni, and Cu)
are possibly caused by the anthropogenic inputs or the mixed sources of geologic and
anthropogenic origins, the rest of the heavy metals with low concentrations below the
background value are controlled by the natural sources or assuaged by the varying
landscape setting and the relatively weak rock weathering processes. Compared to
the polluted rivers such as Huaihe River (Cu (28.61 mg L-1), Pb (97.83 mg L-1),
Ni (16.00 mg L-1), Cr (19.7 mg L-1)) (Wang et al., 2017), the concentration level of heavy
metals in the Zhujiang River are fairly low (Table 1). Therefore, we hold that dilution
has a great impact on the anthropogenic heavy metals (V, Cr, Ni, and Cu) within
such a large catchment area. The dissolved heavy metals in Zhujiang River are mainly
presented a natural sources signature.

Water quality and health risk in river water
The allowable limit of pH for drinking water ranges from 6.5 to 8.5 (Table 1). The pH
values in 95.7% of the water samples are conformed to this regulation in our study. Based
on PCA results, the weights of each heavy metal (wi) are obtained and summarized in
Table 4. Therefore, the calculated WQI values using Eq. (1) are shown in Table S1. In this
study, the WQI values ranges from 1.5 to 43.9 and 1.3 to 27.9 for water samples during
the low and high flow season, respectively. The calculated WQI values based on the
median concentrations of heavy metals in the two seasons are 3.3 and 3.2. Only two sites
(site 61 and 74) are evaluated as a relatively high WQI value (43.9 and 33.5) in low flow
season. All the water samples can be defined as excellent water quality (the calculated
WQI values are less than 50), indicative of that the natural water within the Zhujiang
River drainage area is suitable for drinking, at least from the perspective of heavy
metal pollution.

The HQ and HI values of the heavy metals via ingestion and dermal pathways for adults
and children are calculated with the median concentrations based on Eqs. (2)–(6),
respectively. As shown in Table 5, for both adults and children, the HQingestion,
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HQdermal, and HIs for all heavy metals are smaller than 1, indicate that the metals
investigated in the Zhujiang River basin are all below the hazard level (through oral
ingestion and dermal absorption), and the health effects of these heavy metals are very
limited. It should be noted that the HQingestion and HQdermal values for children are
relatively higher than adults, suggest that children are more risky under the heavy metals
exposure. Moreover, at some sampling points with the maximal heavy metal
concentrations, the HI of Mo (0.539 and 0.826 for adults and children, respectively; site 68)
and Mn (0.573 for children; site 74) are relatively close to 1 in low flow season.
Consequently, we conclude that Mo and Mn could be a potential non-carcinogenic risk to
human health in some sites, especially in low flow season.

In spite of the risk, assessment indicates that widespread heavy metal pollutants are not
in the Zhujiang River basin, which is similar to the results fromWQI. Several studies have
reported the adverse effects of heavy metals, such as the toxicity of Pb on the nervous
and endocrine systems in the human body (Fang et al., 2014); the adverse effects of Cd in
the renal system and bone injuries (Bertin & Averbeck, 2006); the effects of Mo on
reproduction and foetal development (Vyskocil & Viau, 1999). Therefore, special measures
should be taken to prevent the input of heavy metals into the Zhujiang River for the
protection of its excellent water quality, and to provide a better water resources guarantees
for socio-economic development within the whole basin.

Heavy metals export budget of Zhujiang River to the South China Sea
By taking the concentrations of the dissolved heavy metals in low flow season
(October–March of the following year) and high flow season (April–September), and the
discharge at the mouth of the Zhujiang River of the two seasons (River and Sediment
Bulletin of China, http://www.mwr.gov.cn/sj/tjgb/zghlnsgb/), river fluxes of individual of
heavy metal to the SCS are estimated that range from 8.6 (Pb) to 3,713.5 (Ba) tons during

Table 4 Weights for the 10 dissolved heavy metals in the water samples from the Zhujiang River.

PC Eigenvalue Relative
eigenvalue

Variable Loading
value

Relative loading
value on same PC

Weight (relative
eigenvalue � relative
loading value)

1 2.26 0.37 V 0.18 0.07 0.02

Cr 0.85 0.32 0.12

Co 0.84 0.32 0.12

Ba 0.79 0.30 0.11

Total 2.66 1.00

2 2.09 0.34 Mn 0.81 0.34 0.12

Ni 0.67 0.28 0.10

Cu 0.89 0.37 0.13

Total 2.38 1.00

3 1.82 0.30 Mo 0.47 0.24 0.07

6.17 Cd 0.71 0.37 0.11

Pb 0.74 0.38 0.11

Total 1.91 1.00 1.00
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the hydrologic year of 2014–2015 (Table 6). It should be noted that 80%, 76%, 25%,
71%, 58%, 63%, 70%, 80%, 74%, and 63% of the V, Cr, Mn, Co, Ni, Cu, Mo, Cd, Ba, and
Pb flux produced in the high flow season, which is mainly controlled by the high discharge
(1.72 � 1011 m3, account for 74.1% discharge of whole hydrologic year) in this season.
Table 6 also presented the estimated heavy metal fluxes of Zhujiang River in 2002, which
are calculated by the heavy metal concentrations from previous study (Ouyang et al., 2004)
and the discharge in the corresponding year. Most of the estimated heavy metal
fluxes are decreased from 2002 to 2015 for the Zhujiang River (except V) (Table 6).
Thus, the environmental policy in last decade might reduce the anthropogenic heavy metal
inputs to the Zhujiang River in China. Compared with literature values (Gaillardet, Viers &
Dupré, 2014), the proportion of the annual estimated export fluxes of V, Cr, Mn, Co,

Table 5 Hazard quotient (HQ), dermal permeability coefficient (Kp), and reference dose (RfD) for dissolved heavy metals in the Zhujiang
River.

HQingestion HQdermal HI = SHQs Kp
a cm h-1 RfDingestion

b,c

μg kg-1day-1
RfDdermal

b,c

μg kg-1day-1
Adult Children Adult Children Adult Children

Low flow season

V 5.83 � 10-2 8.70 � 10-2 6.08 � 10-2 1.80 � 10-1 1.19 � 10-1 2.67 � 10-1 2.00 � 10-3 1 0.01

Cr 6.26 � 10-2 9.34 � 10-2 1.31 � 10-2 3.85 � 10-2 7.56 � 10-2 1.32 � 10-1 1.00 � 10-3 3 0.075

Mn 5.10 � 10-4 7.62 � 10-4 6.66 � 10-5 1.96 � 10-4 5.77 � 10-4 9.58 � 10-4 1.00 � 10-3 24 0.96

Co 1.02 � 10-2 1.53 � 10-2 1.07 � 10-4 3.15 � 10-4 1.03 � 10-2 1.56 � 10-2 4.00 � 10-4 0.3 0.06

Ni 3.27 � 10-3 4.89 � 10-3 8.55 � 10-5 2.52 � 10-4 3.36 � 10-3 5.14 � 10-3 2.00 � 10-4 20 0.8

Cu 6.16 � 10-4 9.19 � 10-4 1.61 � 10-5 4.74 � 10-5 6.32 � 10-4 9.67 � 10-4 1.00 � 10-3 40 8

Mo 3.45 � 10-3 5.15 � 10-3 9.47 � 10-5 2.79 � 10-4 3.54 � 10-3 5.43 � 10-3 2.00 � 10-3 5 1.9

Cd 2.40 � 10-3 3.58 � 10-3 2.51 � 10-4 7.39 � 10-4 2.65 � 10-3 4.32 � 10-3 1.00 � 10-3 0.5 0.025

Ba 2.02 � 10-3 3.01 � 10-3 1.50 � 10-4 4.44 � 10-4 2.17 � 10-3 3.46 � 10-3 1.00 � 10-3 200 14

Pb 1.10 � 10-3 1.65 � 10-3 1.92 � 10-6 5.66 � 10-6 1.10 � 10-3 1.65 � 10-3 1.00 � 10-4 1.4 0.42

High flow season

V 7.09 � 10-2 1.06 � 10-1 7.40 � 10-2 2.18 � 10-1 1.45 � 10-1 3.24 � 10-1 2.00 � 10-3 1 0.01

Cr 6.87 � 10-2 1.03 � 10-1 1.43 � 10-2 4.23 � 10-2 8.30 � 10-2 1.45 � 10-1 1.00 � 10-3 3 0.075

Mn 4.54 � 10-4 6.78 � 10-4 5.93 � 10-5 1.75 � 10-4 5.13 � 10-4 8.53 � 10-4 1.00 � 10-3 24 0.96

Co 9.86 � 10-3 1.47 � 10-2 1.03 � 10-4 3.04 � 10-4 9.96 � 10-3 1.50 � 10-2 4.00 � 10-4 0.3 0.06

Ni 2.84 � 10-3 4.25 � 10-3 7.43 � 10-5 2.19 � 10-4 2.92 � 10-3 4.47 � 10-3 2.00 � 10-4 20 0.8

Cu 5.27 � 10-4 7.87 � 10-4 1.38 � 10-5 4.06 � 10-5 5.41 � 10-4 8.28 � 10-4 1.00 � 10-3 40 8

Mo 2.41 � 10-3 3.60 � 10-3 6.63 � 10-5 1.95 � 10-4 2.48 � 10-3 3.80 � 10-3 2.00 � 10-3 5 1.9

Cd 1.80 � 10-3 2.69 � 10-3 1.88 � 10-4 5.55 � 10-4 1.99 � 10-3 3.24 � 10-3 1.00 � 10-3 0.5 0.025

Ba 1.71 � 10-3 2.56 � 10-3 1.28 � 10-4 3.77 � 10-4 1.84 � 10-3 2.93 � 10-3 1.00 � 10-3 200 14

Pb 8.50 � 10-4 1.27 � 10-3 1.48 � 10-6 4.37 � 10-6 8.52 � 10-4 1.27 � 10-3 1.00 � 10-4 1.4 0.42

Low flow season, calculated by the maximal concentrations

Mn 3.05 � 10-1 4.56 � 10-1 3.98 � 10-2 1.17 � 10-1 3.45 � 10-1 5.73 � 10-1 1.00 � 10-3 24 0.96

Mo 5.25 � 10-1 7.84 � 10-1 1.44 � 10-2 4.25 � 10-2 5.39 � 10-1 8.26 � 10-1 2.00 � 10-3 5 1.9

Notes:
a US EPA (2004).
b Wang et al. (2017).
c Wu et al. (2009).
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Ni, Cu, Mo, Cd, Ba, and Pb of Zhujiang River in the global rivers are 2.7%, 6.0%, 0.01%,
0.4%, 1.7%, 0.3%, 0.7%, 0.4%, 0.4%, and 0.3%, respectively. Based on the annual river
discharge of 3.74� 1013 m3 year-1 for global rivers (Xu&Han, 2009), the annual discharge
of the Zhujiang River in the total annual discharge of the world’s rivers is estimated as
0.6%. The proportion of V, Cr, Ni, and Mo export fluxes of Zhujiang River in global rivers
exceeds 0.6%, which suggests that the contribution of V, Cr, Ni, and Mo of Zhujiang River
export to the marine system are higher than the world average level.

In this study, the concentrations of heavy metals in the estuary of the Zhujiang River
present different degrees in the two seasons (Fig. 2). Given that most of the heavy metals
export occurred in the rainy season, and there may be large uncertainty in estimation
of heavy metal fluxes due to the limited temporal sampling interval in the Zhujiang River,
particularly in the high flow season with a conspicuous variation of heavy metal
concentrations after a storm event, our data from one sole sampling campaign may be
incomplete. Therefore, high-frequency sampling (monthly, weekly even daily sampling) is
necessary and is vital significance to precisely quantify heavy metal annual budget
from the terrestrial rivers to the ocean.

CONCLUSIONS
In conclusion, the dissolved heavy metals in the Zhujiang River water exhibit little
variation on temporal scale, but vary with a significant spatial heterogeneity. Ba and Cr
are consistently the most abundant metals in the two sampling periods. All the
concentrations of heavy metals are within the limited values for Chinese drinking water
guidelines except for few specific sites, and the water quality and health risk assessment
reveal that the metals investigated in Zhujiang River are below the hazard level with
a low risk. PCA results conclude that the dissolved heavy metals in Zhujiang River are
mainly presented a natural sources signature, while the anthropogenic heavy metals
(V, Cr, Ni, and Cu) are greatly impacted by dilution effect. Moreover, the estimation of
export flux suggest that the contribution of V, Cr, Ni, and Mo of Zhujiang River
export to the marine system are higher than the world average level. Overall, the water
quality is pretty good in the Zhujiang River, but corresponding measures should also be
taken to provide a better water resources guarantee for socio-economic development
within the whole basin in the future.

Table 6 Export fluxes estimation of heavy metals in two seasons (t), annual export flux of Zhujiang River (t year-1) to the South China Sea, and
the world riverine flux (kt year-1).

Flux V Cr Mn Co Ni Cu Mo Cd Ba Pb

Low flow season (This study) 148.3 380.0 79.5 5.7 210.1 65.1 36.1 2.3 968.1 3.1

High flow season (This study) 587.3 1,181.1 26.4 13.8 288.1 108.9 82.8 9.1 2,745.4 5.4

Zhujiang River (This study) 735.6 1,561.1 105.9 19.5 498.2 173.9 118.9 11.3 3,713.5 8.6

Zhujiang River (2002)a 257.3 2,860.9 11,178.5 35.3 1,904.8 1,455.6 339.3 12.6 6,007.6 99.0

World riverine fluxb 27.0 26.0 1,270.0 5.5 30.0 55.0 16.0 3.0 860.2 3.0

Notes:
a The data for fluxes calculation is from Ouyang et al. (2004).
b Gaillardet, Viers & Dupré (2014).

Zeng et al. (2019), PeerJ, DOI 10.7717/peerj.6578 17/21

http://dx.doi.org/10.7717/peerj.6578
https://peerj.com/


ACKNOWLEDGEMENTS
The authors thank Dr. Danyang Zhang from China University of Geosciences (Beijing)
for sample analyses.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the National Natural Science Foundation of China
(No. 41325010). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosure
The following grant information was disclosed by the authors:
National Natural Science Foundation of China: 41325010.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Jie Zeng conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the paper, approved the
final draft.

� Guilin Han conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, authored or reviewed
drafts of the paper, approved the final draft.

� Qixin Wu authored or reviewed drafts of the paper, approved the final draft.
� Yang Tang performed the experiments, contributed reagents/materials/analysis tools,
approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in Files S1 and S4.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.6578#supplemental-information.

REFERENCES
Bertin G, Averbeck D. 2006. Cadmium: cellular effects, modifications of biomolecules,

modulation of DNA repair and genotoxic consequences (a review). Biochimie 88(11):1549–1559
DOI 10.1016/j.biochi.2006.10.001.

Cameron H, Mata MT, Riquelme C. 2018. The effect of heavy metals on the viability of
Tetraselmis marina AC16-MESO and an evaluation of the potential use of this microalga in
bioremediation. PeerJ 6:e5295 DOI 10.7717/peerj.5295.

Zeng et al. (2019), PeerJ, DOI 10.7717/peerj.6578 18/21

http://dx.doi.org/10.7717/peerj.6578/supp-1
http://dx.doi.org/10.7717/peerj.6578/supp-4
http://dx.doi.org/10.7717/peerj.6578#supplemental-information
http://dx.doi.org/10.7717/peerj.6578#supplemental-information
http://dx.doi.org/10.1016/j.biochi.2006.10.001
http://dx.doi.org/10.7717/peerj.5295
http://dx.doi.org/10.7717/peerj.6578
https://peerj.com/


Chen K, Jiao JJ, Huang J, Huang R. 2007. Multivariate statistical evaluation of trace elements
in groundwater in a coastal area in Shenzhen, China. Environmental Pollution 147(3):771–780
DOI 10.1016/j.envpol.2006.09.002.

De Miguel E, Iribarren I, Chacón E, Ordoñez A, Charlesworth S. 2007. Risk-based evaluation of
the exposure of children to trace elements in playgrounds in Madrid (Spain). Chemosphere
66(3):505–513 DOI 10.1016/j.chemosphere.2006.05.065.

China EPA. 2002. Environmental quality standards for surface water (GB 3838-2002). Available at
http://kjs.mee.gov.cn/hjbhbz/bzwb/shjbh/shjzlbz/200206/t20020601_66497.shtml.

China EPA. 2006. Environmental quality standards for drinking water quality (GB 5749-2006).
Available at http://www.nhfpc.gov.cn/wjw/pgw/201212/33644.shtml.

Fang T, Liu G, Zhou C, Sun R, Chen J, Wu D. 2014. Lead in Chinese coals: distribution,
modes of occurrence, and environmental effects. Environmental Geochemistry and Health
36(3):563–581 DOI 10.1007/s10653-013-9581-4.

Farahat E, Linderholm HW. 2015. The effect of long-term wastewater irrigation on accumulation
and transfer of heavy metals in Cupressus sempervirens leaves and adjacent soils. Science of the
Total Environment 512–513:1–7 DOI 10.1016/j.scitotenv.2015.01.032.

Gaillardet J, Viers J, Dupré B. 2014. Trace elements in river waters. In: Holland HD, Turekian KK,
eds. Treatise on Geochemistry. Second Edition. Oxford: Elsevier, 195–235.

Han G, Lv P, Tang Y, Song Z. 2018. Spatial and temporal variation of H and O isotopic
compositions of the Xijiang River system, Southwest China. Isotopes in Environmental and
Health Studies 54(2):137–146 DOI 10.1080/10256016.2017.1368507.

Iwashita M, Shimamura T. 2003. Long-term variations in dissolved trace elements in the
Sagami River and its tributaries (upstream area), Japan. Science of the Total Environment
312(1–3):167–179 DOI 10.1016/S0048-9697(03)00251-1.

Krishna AK, Satyanarayanan M, Govil PK. 2009. Assessment of heavy metal pollution in
water using multivariate statistical techniques in an industrial area: a case study from
Patancheru, Medak District, Andhra Pradesh, India. Journal of Hazardous Materials
167(1–3):366–373 DOI 10.1016/j.jhazmat.2008.12.131.

Li C, Li S-L, Yue F-J, Liu J, Zhong J, Yan Z-F, Zhang R-C, Wang Z-J, Xu S. 2019.
Identification of sources and transformations of nitrate in the Xijiang River using nitrate
isotopes and Bayesian model. Science of the Total Environment 646:801–810
DOI 10.1016/j.scitotenv.2018.07.345.

Li S, Li J, Zhang Q. 2011. Water quality assessment in the rivers along the water conveyance
system of the Middle Route of the South to North Water Transfer Project (China) using
multivariate statistical techniques and receptor modeling. Journal of Hazardous Materials
195:306–317 DOI 10.1016/j.jhazmat.2011.08.043.

Li X, Wai OWH, Li YS, Coles BJ, Ramsey MH, Thornton I. 2000. Heavy metal distribution in
sediment profiles of the Pearl River estuary, South China. Applied Geochemistry 15(5):567–581
DOI 10.1016/S0883-2927(99)00072-4.

Li S, Xu Z, Cheng X, Zhang Q. 2008.Dissolved trace elements and heavy metals in the Danjiangkou
Reservoir, China. Environmental Geology 55(5):977–983 DOI 10.1007/s00254-007-1047-5.

Li S, Zhang Q. 2010. Spatial characterization of dissolved trace elements and heavy metals in the
upper Han River (China) using multivariate statistical techniques. Journal of Hazardous
Materials 176(1–3):579–588 DOI 10.1016/j.jhazmat.2009.11.069.

Liu J, Li S-L, Chen J-B, Zhong J, Yue F-J, Lang Y, Ding H. 2017. Temporal transport of major
and trace elements in the upper reaches of the Xijiang River, SW China. Environmental
Earth Sciences 76(7):299 DOI 10.1007/s12665-017-6625-6.

Zeng et al. (2019), PeerJ, DOI 10.7717/peerj.6578 19/21

http://dx.doi.org/10.1016/j.envpol.2006.09.002
http://dx.doi.org/10.1016/j.chemosphere.2006.05.065
http://kjs.mee.gov.cn/hjbhbz/bzwb/shjbh/shjzlbz/200206/t20020601_66497.shtml
http://www.nhfpc.gov.cn/wjw/pgw/201212/33644.shtml
http://dx.doi.org/10.1007/s10653-013-9581-4
http://dx.doi.org/10.1016/j.scitotenv.2015.01.032
http://dx.doi.org/10.1080/10256016.2017.1368507
http://dx.doi.org/10.1016/S0048-9697(03)00251-1
http://dx.doi.org/10.1016/j.jhazmat.2008.12.131
http://dx.doi.org/10.1016/j.scitotenv.2018.07.345
http://dx.doi.org/10.1016/j.jhazmat.2011.08.043
http://dx.doi.org/10.1016/S0883-2927(99)00072-4
http://dx.doi.org/10.1007/s00254-007-1047-5
http://dx.doi.org/10.1016/j.jhazmat.2009.11.069
http://dx.doi.org/10.1007/s12665-017-6625-6
http://dx.doi.org/10.7717/peerj.6578
https://peerj.com/


Liu G, Tao L, Liu X, Hou J, Wang A, Li R. 2013. Heavy metal speciation and pollution of
agricultural soils along Jishui River in non-ferrous metal mine area in Jiangxi Province, China.
Journal of Geochemical Exploration 132:156–163 DOI 10.1016/j.gexplo.2013.06.017.

Loska K, Wiechu1a D. 2003. Application of principal component analysis for the estimation of
source of heavy metal contamination in surface sediments from the Rybnik Reservoir.
Chemosphere 51(8):723–733 DOI 10.1016/S0045-6535(03)00187-5.

Meng Q, Zhang J, Zhang Z, Wu T. 2016. Geochemistry of dissolved trace elements and
heavy metals in the Dan River Drainage (China): distribution, sources, and water quality
assessment. Environmental Science & Pollution Research 23(8):8091–8103
DOI 10.1007/s11356-016-6074-x.

Niu HY, Deng WJ, Wu QH, Chen XG. 2009. Potential toxic risk of heavy metals from sediment
of the Pearl River in South China. Journal of Environmental Sciences 21(8):1053–1058
DOI 10.1016/s1001-0742(08)62381-5.

Olías M, Nieto JM, Sarmiento AM, Cerón JC, Cánovas CR. 2004. Seasonal water quality variations
in a river affected by acid mine drainage: the Odiel River (South West Spain). Science of the
Total Environment 333(1–3):267–281 DOI 10.1016/j.scitotenv.2004.05.012.

Ouyang TP, Kuang YQ, Tan JJ, Guo GZ, Li-Song GU. 2004. Spatial distribution of trace element
in rivers in the Pearl River Delta Economic Zone. Hydrogeology & Engineering Geology
31:66–69.

Pekey H, Karakaş D, Bakogˇlu M. 2004. Source apportionment of trace metals in surface waters
of a polluted stream using multivariate statistical analyses. Marine Pollution Bulletin
49(9–10):809–818 DOI 10.1016/j.marpolbul.2004.06.029.

Thévenot DR, Moilleron R, Lestel L, Gromaire M-C, Rocher V, Cambier P, Bonté P, Colin J-L,
De Pontevès C, Meybeck M. 2007. Critical budget of metal sources and pathways in the
Seine River basin (1994–2003) for Cd, Cr, Cu, Hg, Ni, Pb and Zn. Science of the Total
Environment 375(1–3):180–203 DOI 10.1016/j.scitotenv.2006.12.008.

Tripathee L, Kang S, Sharma CM, Rupakheti D, Paudyal R, Huang J, Sillanpää M. 2016.
Preliminary health risk assessment of potentially toxic metals in surface water of the
Himalayan Rivers, Nepal. Bulletin of Environmental Contamination & Toxicology
97(6):855–862 DOI 10.1007/s00128-016-1945-x.

United States Environmental Protection Agency (EPA). 2003. National primary drinking water
regulations. Available at https://www.epa.gov/ground-water-and-drinking-water/national-
primary-drinking-water-regulations.

United States Environmental Protection Agency (EPA). 2004. Risk assessment: “supplemental
guidance for dermal risk assessment”. Part E of risk assessment guidance for superfund, human
health evaluation manual (Volume I) August 16, 1014. Available at https://www.epa.gov/risk/
risk-assessment-guidance-superfund-rags-part-e.

Vyskocil A, Viau C. 1999. Assessment of molybdenum toxicity in humans. Journal of Applied
Toxicology 19(3):185–192 DOI 10.1002/(sici)1099-1263(199905/06)19:3<185::aid-jat555>3.0.co;2-z.

Wang J, Liu G, Liu H, Lam PK. 2017.Multivariate statistical evaluation of dissolved trace elements
and a water quality assessment in the middle reaches of Huaihe River, Anhui, China. Science of
the Total Environment 583:421–431 DOI 10.1016/j.scitotenv.2017.01.088.

World Health Organization (WHO). 2006. Guidelines for drinking-water quality. Third Edition.
Geneva: Word Health Organization.

Wilbers G-J, Becker M, Nga LT, Sebesvari Z, Renaud FG. 2014. Spatial and temporal variability
of surface water pollution in the Mekong Delta, Vietnam. Science of the Total Environment
485–486:653–665 DOI 10.1016/j.scitotenv.2014.03.049.

Zeng et al. (2019), PeerJ, DOI 10.7717/peerj.6578 20/21

http://dx.doi.org/10.1016/j.gexplo.2013.06.017
http://dx.doi.org/10.1016/S0045-6535(03)00187-5
http://dx.doi.org/10.1007/s11356-016-6074-x
http://dx.doi.org/10.1016/s1001-0742(08)62381-5
http://dx.doi.org/10.1016/j.scitotenv.2004.05.012
http://dx.doi.org/10.1016/j.marpolbul.2004.06.029
http://dx.doi.org/10.1016/j.scitotenv.2006.12.008
http://dx.doi.org/10.1007/s00128-016-1945-x
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
https://www.epa.gov/risk/risk-assessment-guidance-superfund-rags-part-e
https://www.epa.gov/risk/risk-assessment-guidance-superfund-rags-part-e
http://dx.doi.org/10.1002/(sici)1099-1263(199905/06)19:3%3C185::aid-jat555%3E3.0.co;2-z
http://dx.doi.org/10.1016/j.scitotenv.2017.01.088
http://dx.doi.org/10.1016/j.scitotenv.2014.03.049
http://dx.doi.org/10.7717/peerj.6578
https://peerj.com/


WuB, Zhao DY, Jia HY, Zhang Y, Zhang XX, Cheng SP. 2009. Preliminary risk assessment of trace
metal pollution in surface water from Yangtze River in Nanjing Section, China. Bulletin of
Environmental Contamination and Toxicology 82(4):405–409 DOI 10.1007/s00128-008-9497-3.

Xiao J, Jin Z, Wang J. 2014. Geochemistry of trace elements and water quality assessment of
natural water within the Tarim River Basin in the extreme arid region, NW China.
Journal of Geochemical Exploration 136:118–126 DOI 10.1016/j.gexplo.2013.10.013.

Xu Z, Han G. 2009. Rare earth elements (REE) of dissolved and suspended loads in the
Xijiang River, South China. Applied Geochemistry 24(9):1803–1816
DOI 10.1016/j.apgeochem.2009.06.001.

Zaric NM, Deljanin I, Ilijevi�c K, Stanisavljevi�c L, Risti�c M, Gržeti�c I. 2018. Assessment of spatial
and temporal variations in trace element concentrations using honeybees (Apis mellifera) as
bioindicators. PeerJ 6:e5197 DOI 10.7717/peerj.5197.

Zhang W, Feng H, Chang J, Qu J, Xie H, Yu L. 2009. Heavy metal contamination in surface
sediments of Yangtze River intertidal zone: an assessment from different indexes.
Environmental Pollution 157(5):1533–1543 DOI 10.1016/j.envpol.2009.01.007.

Zhang J, Yan Q, Jiang J, Song B, Chen T. 2018. Distribution and risk assessment of
heavy metals in river surface sediments of middle reach of Xijiang River basin, China.
Human and Ecological Risk Assessment: An International Journal 24(2):347–361
DOI 10.1080/10807039.2017.1383850.

Zhang LC, Zhou KH. 1992. Background values of trace elements in the source area of the Yangtze
river. Science of the Total Environment 125:391–404 DOI 10.1016/0048-9697(92)90403-F.

Zhen G, Li Y, Tong Y, Yang L, Zhu Y, Zhang W. 2016. Temporal variation and regional transfer
of heavy metals in the Pearl (Zhujiang) River, China. Environmental Science and Pollution
Research 23(9):8410–8420 DOI 10.1007/s11356-016-6077-7.

Zeng et al. (2019), PeerJ, DOI 10.7717/peerj.6578 21/21

http://dx.doi.org/10.1007/s00128-008-9497-3
http://dx.doi.org/10.1016/j.gexplo.2013.10.013
http://dx.doi.org/10.1016/j.apgeochem.2009.06.001
http://dx.doi.org/10.7717/peerj.5197
http://dx.doi.org/10.1016/j.envpol.2009.01.007
http://dx.doi.org/10.1080/10807039.2017.1383850
http://dx.doi.org/10.1016/0048-9697(92)90403-F
http://dx.doi.org/10.1007/s11356-016-6077-7
http://dx.doi.org/10.7717/peerj.6578
https://peerj.com/

	Geochemical characteristics of dissolved heavy metals in Zhujiang River, Southwest China: spatial-temporal distribution, source, export flux estimation, and a water quality assessment ...
	Introduction
	Materials and Methods
	Results
	Physicochemical parameters
	Heavy metals content
	Spatial distribution of heavy metals
	Seasonal variation of heavy metals
	Discussion
	Conclusions
	flink10
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


