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Spatial distribution and sources of dissolved trace metals
in surface water of the Wei River, China

Li Jing, Li Fadong, Liu Qiang, Song Shuai and Zhao Guangshuai

ABSTRACT

For this study, 34 water samples were collected along the Wei River and its tributaries. Multivariate

statistical analyses were employed to interpret the environmental data and to identify the natural

and anthropogenic trace metal inputs to the surface waters of the river. Our results revealed that zn.

Se, B, Ba, Fe, Mn, Mo, Ni and V were ail detected in the Wei River. Compared to drinking water

guidelines, the primary trace metal pollution components (B, Ni, Zn and Mn) exceeded drinking water

standard levels by 47.1, 50.0, 44.1 and 26.5%, respectively. Inter-element relationships and

landscape features of trace metals conducted by hierarchical cluster analysis (HCA) identified a

uniform source of trace metals for all sampling sites, excluding one site that exhibited anomalous

concentrations. Based on the patterns of relative loadings of individual metals calculated by principal

component analysis (PCA), the primary trace metal sources were associated with natural/geogenic

contributions, agro-chemical processes and discharge from local industrial sources. These results

demonstrated the impact of human activities on metal concentrations in the Wei River.
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INTRODUCTION

The Wei River is the largest tributary of the Yellow River in
China. The central Shaanxi plain, located midstream and
downstream of the Wei River, is one of the main Yellow
River irrigation areas. The irrigation water for 55,400 ltm^
of farmland and fruit gardens in the central Shaanxi plain
comes from the Wei River (Yang 2002). Although there are
stringent rules in China for treatment of industrial wastes,
disposal of untreated wastewater into drains and sub-
sequently into the Wei River is very common, posing
potential health and environmental risks to people living
in central Shaanxi and downstream (Liu et al 2on). Another
source of stream and river pollution is surface runoff, which
is directly discharged into streams without treatment. Pre-
vious studies have focused on eutrophication and hydro-
geochemistry in the Wei River (Liu et al. 2on; Ma et al.
2on); however, trace metal distributions are unknown.
Therefore, assessment of water quality and identification of
the sources of trace metal contamination in the Wei River
is critical to manage the resources of the Wei River and to
protect human and ecosystem health (Li et al. 2009).

Multivariate data analysis techniques are particularly
useful to conduct an assessment of inter-element
doi: 10.2166/wst.2012.608

relationships (e.g. Krishna et al 2009). Hierarchical cluster
analysis (HCA) can be used to group objects of similar compo-
sition (Cho et al 2009), and principal component analysis
(PCA) is useful for determining the likely sources of trace
metals (Ruiz et al 2on). This information can thus be used
to infer the primary sources of variability (Yalcin & Ilhan
2008).

The primary objectives of this study were to: (1) quantify
trace metals; (2) determine the spatial distribution of trace
metals and map their concentrations; (3) conduct an assess-
ment of inter-element relationships among dissolved trace
metals; and (4) identify the sources of trace metals and fac-
tors that infiuence the distribution of trace metals in surface
waters of the Wei River.

MATERIALS AND METHODS

Study area

The Wei River originates in Gansu Province and flows
from west to east through Gansu and Shaanxi Provinces
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and pours into the Yellow River. The Wei River area has a
continental climate with an average annual temperature of
6-13 °C; the annual precipitation is 500-800 mm, of which
the rainfall in June to September accounts for 60% and is
mostly comprised of shorf-term rain episodes. There is less
precipitation in winter and spring, with frequent droughts
in spring and summer. The annual water evaporation
capacity is 1,000-2,000 mm. The total water resource in
Shaanxi Province is 103,5 x 10^ m^/yr, of which indigenous
water comprises 69.92 x 10^ m^/yr and entry water is
33.58 X 10^ m^/yr (SPDWR 2002),

The irrigation areas of central Shaanxi total more than
1 million hectares; the effective irrigation areas total 0.75
million hectares and account for 71.4% of irrigation areas
of the Yellow River basin in Shaanxi Province, The Wei
River basin is one of the more developed regions in China,
Most of the Wei River basin comprises arid and semi-arid
regions where irrigation practices and efficiency are very sig-
nificant issues.

Water sampling

Water samples were collected from 30 June to 2 July in 2010
at 34 sites distributed around the midstream of the Wei
River and further downstream (Figure 1). Selected sites
were distributed in the old channels, irrigation ditches, reser-
voirs, and around cities, tovras and branch afflux sites.
Twenty-three sites were located along the main river, and
the other 11 sites in the tributaries.

Surface water samples of 100 mL were collected manu-
ally at < 1 m depth in the center of the river. The samples
were immediately filtered through acid treated millipore fil-
ters (0.45 |im mesh) into polyethylene-terephthalate (PET)
botties in field. The filtered samples were acidified to
pH < 2 with ultra-purified 6 M HNO3 and then stored at
4 C until analysis in the laboratory.

Metal analysis

Total concentrations of Zn, Se, B, Ba, Fe, Mn, Mo, Ni, V, Al,
Li, Sr, Be, Cd, Cr, Cu and Pb were analyzed using Inductively
Coupled Plasma - Optical Emission Spectrometer (ICP-
OES, PerkinElmer Co, Ltd, USA), The calibration curves
were made after measuring a set of samples and were evalu-
ated by the determination of quality control standards.
Reagent, procedural blanks and samples were measured six
times in parallel, and fhe average of the last three values is
reported. The detection limits for each element were
0,0001 mg/L for Zn, Ba, Fe, Mn, Mo, Ni, V, Al, Li, Sr, Be,
Cd, Cr, and Cu, and 0,001 mg/L for Se, B and Pb,

RESULTS AND DISCUSSION

Descriptive statistics

Several trace metals were detected in all of the surface water
samples. The values of Al, Li, Sr, Be, Cd, Cr, Cu and Pb were
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Figure 1 I Sampling sites along the Wei River.
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Tabie 1 I Concentrations of dissolved trace metals in surface water of the wei River (mg/L)

Trace
metal

B

Ba

Fe

Mn

Mo

Ni

Se

V

Zn

Min.

0.214

0.017

nd

nd

nd

nd

0.001

0.035

0.018

Max.

2.086

0.247

0.137

0.38

0.182

0.012

0.038

0.148

2.815

Mean

0.516

0.116

0.011

0.064

0.022

0.001

0.01

0.068

0.873

Median

0.499

0.124

0.001

0.008

0.007

0.001

0.01

0.058

0.639

S.D.

0.322

0.068

0.027

0.096

0.035

0.003

0.007

0.026

0.758

K-S

0.113

0.929

0

0.006

0.014

0.003

0.204

0.17

0.075

standards

china
driniiing
water"

0.5

0.7

0.3

0.1

0.07

0.02

0.01

1

USEPA

MCLG" M C L "

2 2

0.05 0.05

WHO

drmi<ing
water'

0.7

0.3

0.4

0.07

0.01

0.7

Reported studies

Baci<ground
concentrations
world average"

0.006

0.0003

0.01

Ciiang

Jiang*

0.003

0.0007

0.0002

0.001

0.0002

0.018

Riiine
River'

0.011

0.0004

0.0002

0.033

Danjiangitou
Reservoir*

0.219

0.019

0.006

0.002

0.015

0.071

0.002

"This standard (GB5749-2006) values indicate the maximum levels of various substances in drinking water in order to meet the health quality requirements of human beings (MEP 2006).

"uSEPA (2006) Drinking Water standards. Maximum Contaminant Level Goal (MCLG): Maximum Contaminant Level (MCL) (USEPA 2006).

'WHO (2006) Drinking Water Standards.

"Klavins et ai (2000).

Zwanget a;. (2011).

'Kiavins et ai. (2000).

^U eí al. (2008).

nd = below the detection line iimit.

small or helow the detecfion limits in most samples. The dis-
trihufions of Zn, Sr, B, Al, Ba, Fe, Mn, Li and V were further
analyzed hy multivariate stafisfical methods to idenfify the
infiuence of possihle sources.

The distrihution parameters of dissolved trace metals in
surface waters of the Wei River are provided in Tahle L Ni
and Fe were quanfifiahle in 50.0 and 55.9% of the samples,
respecfively; Mn and Mo were quantifiahle in 97.1%
of samples; the others were quantifiahle in all samples.
The skewness and kurtosis coefficients revealed that con-
centrations of Fe, Mn, Mo and Ni were not normally
distrihuted. Thus, the median values of concentrations of
Fe, Mn, Mo and Ni were used instead of the mean values;
mean concentrations were determined for all other elements
(Krishna et al. 2009). Metal concentrations were of the fol-
lowing order, from highest to lowest: Zn > B > Ba > V >
Se > Mn > Mo > Fe > Ni.

The detected levels of dissolved trace metals in surface
waters of the Wei River are generally higher than the esti-
mated world averages (Kiavins et al 2000) and higher than
other rivers impacted hy agriculture and urhan pollution in
China and ahroad, such as the levels in the Rhine River,
Changjiang, Han River and Danjiangkou Reservoir (Kiavins
et al 2000; Li et al 2008, 2009; Li & Zhang 2010). The water
in the studied area of the river is used for hoth irrigafion and
drinking. Considering that the drinking water sanitary

standard is more strict than the irrigation water standard,
the water quality was compared to drinking water standards.
Standards of water quality estahlished hy WHO (2006),
USEPA (2006) and China (GB5749-2006; MEP 2006)
were used to assess the water quality of the Wei River. On
average, the ratios of concentrations of B, Mn, Mo, Ni and
Zn in the Wei River, relative to the drinking water sanity
standards, were 47.1, 26.5, 5.9, 50.0 and 44.1%, respecfively.
The highest concentrafions of B, Mn, Mo, Se and Zn were 4,
3.8, 5.5, 3.8 and 2.8-fold higher than the standard for drinldng
water, respectively. Concentrafions of Ba, Fe, Se and V were
always helow the regulafion levels.

Spatial distribution of metáis aiong the Wei River

In this study, the mainstream of the Wei River was divided
into midstream [n = 8) and downstream (n = 15) sections at
the houndary of Xianyang city; other samples were
collected from trihutaries (« = 11). The elemental concen-
trafions and stafisfically derived values of the midstream
region were compared to those downstream and to those of
the trihutaries of the Wei River. The residual levels of Se, V
and Zn in midstream samples were greater than those down-
stream, while B, Ba, Fe, Mn, Mo and Ni showed the opposite
phenomenon. The concentrafions of B, Mn, Mo, Zn, Fe and
Ni in the mainstream of the Wei River were greater than
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Spatial variability of dissolved trace metals in surface v\/aters of the Wei River (the distance was calculated from the furthest upstream (left in Figure 1)).
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Figure 3 Scaled distance cluster combinations among dissolved trace metals (a) and among sampling sites (b) in surface waters of the Wei River.

those in the tributaries, while Ba, Se and V showed the oppo-
site trend.

The concentrafions of dissolved trace metals in surface
waters of the Wei River fluctuated irregularly and did not
exhibit a distinct spatial variance (Figure 2). Some sites
exhibited elevated levels for some elements but showed no
trend according to distance along the river. For example.
Se has the same concentration at the greatest distance
along the river as at distance = 0. Fe, Mn, Ni and Se exhib-
ited very high anomalies at site HX2 (at the distance of
279 m), which is primarily attributable to intensified agricul-
tural and urban industrial practices at this site (Li et al 2009;
Smail et al 2012). The highest value of B was observed at site
XY2 (at the distance of 164 m), which was more than twice
that of the standard for irrigation water. Meanwhile, the
highest value of Mo was at site WN3 (at the distance of
257 m) and was 5.5 times the standard for drinking water.

Inter-element relationships

Based on the correlation coefficient matrix of trace metal
concentrations, significant correlations were identified
between Fe and Mn, as well as Fe and Ni (P < 0.05). This
indicates that these elements may share a common origin
(Slirbic & Durisic-Mladenovic 2010). Additional positively
correlated relafionships, such as between B-Mo, B-Ni and
Ba-Ni, were also observed. On the other hand. Se and V
do not appear to be related, indicating that their distri-
butions were not controlled by the same factors (Wei et al
2on).

The result of HCA is shown in Figure 3(a). Five clusters
are observed from the dendrograms of the metals in the
water samples, with significant linkage distances indicating
relatively high independency of each cluster. Fe and Mn,
which were significantly correlated, are also associated
with Se and Ni. Thus, Fe, Mn, Se and Ni form the first clus-
ter; B and Mo are associated as the second cluster; Ba, V
and Zn are each isolated and form the third, fourth and
fifth cluster, respectively.

Source identification

The dendrogram obtained from HCA (Figure 3(b)) defined
three geochemical groups (Group 1-3) that depict the land-
scape features of trace metals in the study area. Group 1
includes only one sample (Case 27, HX2), which was affected
by high Fe, Mn, Ni and Se content, as discussed above.
Groups 2 and 3 do not show characteristics indicative of pol-
lution sources. Tributary sites did not appear as an isolated
group and were mixed evenly among sampling sites in the
main river; midstream and downstream sites were similarly
distributed in the cluster analysis. These observations suggest
that the tributary and main river sites do not exhibit unique
patterns of trace metal concentrafions in the Wei River,
and, excluding site HX2, there does not appear to be a dis-
tinct site of trace metal discharge. Given the general lack of
clustering of sites by region, it could be deduced that the
whole study area has a uniform source of trace metals.

Four principal components with eigenvalues >1 were
determined by PCA, accounfing for 78.0% of the variance in
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Tabie 2 Totai variance explained and component matrices of PCA

Totai variance expiained

Components

1.00

2.00

3.00

4.00

initiai eigen vaiues

Totai

2.75

1.71

1.55

1.02

Component matrices

Variabies

B

Ba

Fe

Mn

Mo

Ni

Se

V

Zn

Extraction sums of squared ioadings

% of Variance Cumuiative % Totai

30.58

18.98

17.16

11.30

Component matrix

F1

-0.07

0.47

0.68

0.79

-0.33

0.76

0.72

0.00

-0.50

F2

-0.12

-0.74

0.53

0.30

-0.15

-0.28

0.32

0.40

0.65

30.58

49.56

66.73

78.02

F3

0.87

-0.11

-0.01

-0.15

0.44

0.08

0.25

0.65

-0.27

2.75

1.71

1.55

1.02

F4

0.14

-0.14

0.03

0.23

0.69

0.27

0.07

-0.54

0.30

Rotation sums of squared ioadings

% of variance Cumuiative % Totai

30.58

18.98

17.16

11.30

30.58

49.56

66.73

78.02

2.40

1.94

1.36

1.33

Rotated component matrix

F1

-0.03

0.01

0.82

0.86

-0.14

0.59

0.78

0.08

-0.06

F2

0.16

0.86

-0.09

0.08

-0.14

0.56

0.13

-0.10

-0.90

% of Variance Cumuiative %

26.70

21.53

15.05

14.74

F3

0.51

-0.22

0.12

-0.17

-0.15

-0.21

0.22

0.93

-0.18

26.70

48.24

63.29

78.02

F4

0.71

-0.11

-0.20

-0.12

0.85

0.16

0.04

-0.01

-0.01

Note. Extraction method: principal component analysis. Rotation method: Varimax with Kaiser normalization. Rotation converged in five iterations.

the dataset (Table 2). Previous studies have reported compre-
hensive sources for trace metals; for example, Fe is abundant
in the earth, and Ba, Mn and Ni are contributed from natural
sources of weathering of parent material and subsequent ped-
ogenesis (Nriagu 1989). The first PC accounted for 30.6% of
the total variance and exhibited high loadings of Fe, Mn, Ni
and Se, which is indicative of a natural source. This interpret-
ation is further confirmed by the strong geochemical
correlation of these elements (Figure 3(a)).

The second PC accounted for 19.0% of the total var-
iance and exhibited positive loadings of Zn and Ba. Zn
can have a lithogenic source as it forms a number of soluble
salts or insoluble salts according to the prevailing pedogenic
processes (Pan & Wang 2012). However, Zn and its salts are
also used to manufacture goods (e.g. paints, automobile
tires, and electrical apparatus) and are added to agricultural
fertilizers. High Ba concentrations primarily derive from
geological processes (Krishna et al 2009). Therefore, this
component may be attributable to a mixed source of both
geogenic and anthropogenic origin.

The third PC, accounting for 17.2% of the total variance,
was mainly influenced by B and V. B is not abundant in
the earth's crust, but previous studies reported that

concentrations of boride could be unusually enriched in oil-
field brines (Tan et al 2on). Significant spatial differences of
B (site XY2; Figure 2) indicate an anthropogenic source. V
concentrations have been shown to be greatly influenced
by anthropogenic activities such as mining and agricultural
processes (Li et al 2008); therefore, the third PC can be
identified as combination of factors associated with natural
and agrochemical processes (Yalcin & Ilhan 2008).

The fourth PC accounted for 11.3% of the total variance
and is mostly influenced by Mo. It is worth noting that the
second largest molybdenum deposit in China was located
in the study region and molybdenum minerals were abtm-
dant. Thus, higher concentrations of Mo likely indicate the
presence of this large deposit and the influence of the
local Mo industry; and this PC could be considered to be
dominated by the local industrial factor.

CONCLUSIONS

This study assessed the water quality of the Wei River by
analyzing dissolved trace metals. The main conclusions of
this study are: (1) compared to other rivers reported in
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China and abroad, the detected residue levels of dissolved

trace metals in surface water of the Wei River are similar

to highly polluted rivers; (2) Zn and B were the most domi-

nant elements of these metals, whereas Fe and Ni were the

least dominant elements in the Wei River; (3) spatial distri-

butions of trace metals indicated a significant influence of

agricultural and urban industrial practices in the study

area at one site (HX2); (4) except for the anomaly at site

HX2, the landscape feature of trace metals identified a uni-

form source of trace metals for all sites, Multivariate data

analysis determined that natural sources contributed to

high loadings of Fe, Mn, Ni and Se; agro-chemical processes

and manixfacturing contributed to Zn, Ba, B and V; and the

local molybdenum deposit contributed to Mo,
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